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Construction of Photosensitised Semiconductor Cathodes
Abstract

Recent studies suggest that the performance of dye-sensitised solar cells (DSC) has appeared
to have reached a limit, therefore solar cells based on semiconductor materials, such as
extremely thin absorber (ETA) solar cells and tandem solar cells are currently the subject of
intense research in the framework of low-cost photovoltaic devices as sources of harvesting
sunlight to generate electricity. Generally, semiconductor solar cells have been divided into
two different types, namely anodic and cathodic type solar cells. Extensive research and
development work has been focused on anodic semiconductor sensitised solar cells to date. In
contrast, the cathodic semiconductor sensitised solar cells have received no attention which is
very surprising. Developing the cathodic semiconductor sensitised solar cell concept is very
important in the development of tandem solar cells as well as other new solar cell
configurations. The main reason for the lack of research in this area was due to the rarity of p-
type semiconductor materials, which made it difficult to find suitable materials to match the
energy band edges for cathodic semiconductor sensitised solar cells (CSSC) as well as solid-
state cathodic semiconductor solar cells (SS-CSSC). The primary aim of this thesis was to
construct cathodic semiconductor sensitised solar cells as well as their solid-state analogues
(SS-CSSC). The work conducted within this doctoral study presents state-of-art materials and
thin film processing/preparation methods, their characterisation and developing CSSCs and
SS-CSSCs employing such films in cascade configurations. No reports have been published in
the literature on SS-CSSC to date.

The first stage of this thesis is focused on optimising the morphology and the texture
(porosity) of the Cul and NiO semiconductor photocathode, by the introduction of new
deposition methods — namely, pulsed-electrodeposition (PED) and Aerosol-Assisted
Deposition (AAD) and Aerosol-Assisted Chemical Vapour Deposition (AACVD). The
electrodes prepared by employing the methods mentioned above and controlling the
deposition parameters systematically, we have achieved significant improvement in the film
morphology and the texture of the deposited films. The resulting electrodes showed excellent
improvement in the photoelectrochemical performance which made it suitable for application

in construction of both CSSC and SS-CSSC. The photoelectrochemical performance of the

Page | 2



electrodes can be seen clearly through the photocurrent density data. For the case of bare Cul,
the PEC performance of electrode prepared by the AAD and PED compared against that of
continuous-electrodeposition (ED) electrodes. The photocurrent density achieved for the
electrodes prepared by AAD and PED was reported around 175 and 75 pAcm respectively

which are way higher than the ED case.

At the second stage of this study, the work focused on fabrication and characterisation
of the CSSCs. Cathodic sensitised PEC solar cells (Cul/Cu,S/(Eu®*/Eu*") and NiO/Cu,S/(I5/1I
)) were fabricated by deposition of p-Cu,S on the texture controlled Cul and NiO
photocathodes. The morphological properties of the photocathode, in particular layer
thickness, particle size and film porosity, play an important role in the PEC performance of
CSSCs. Optimisation of these parameters led to increased adsorption of the Cu,S light
harvester on the photocathode’s surface. As a result, the charge injection from Cu,S to the
wide band gap photocathode material (Cul and NiO) was significantly improved. Due to this,
the CSSC performance showed significant improvement as semiconductor sensitised cathodic
solar cells (CSSC). The IPCE and photocurrent density of the CSSC achieved in this study
was around (19 and 7 %) and (1 and 0.5 mAcm™) for the Cul/Cu,S and NiO/Cu,S electrodes

respectively.

Finally, the SS-CSSC has been fabricated by employing n-Fe,O3 electron transport
layer. The construction of SS-CSSC for the first time using the n-Fe,O3 electron transport
layer (Cul/Cu,S/Fe;O3 and NiO/Cu,S/Fe,03) allowed us to study the materials, optical and
photoelectrochemical properties of this device. Under AM 1.5 illumination, the SS-CSSC
shows a photocurrent density of 6 and 9 pAcm™ for Cul/Cu,S/Fe,03 and NiO/Cu,S/Fe,03
solar cells, respectively. The results of this work indicated low performance for both SS-CSSC
compared to CSSC results, due to the lack of adsorption between the absorber and Fe;Os
electrode. However, this study proved the concept of SS-CSSC based on semiconductor
material, which is valuable for the future work of cathodic semiconductor sensitised solar cells

as well as solid-state tandem solar cells.
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Chapter 1: Introduction

1.0 Introduction

1.1 Status of PV technology

Currently, many countries around the world are dependent on fossil fuels as their main
energy source. The fossil fuels are formed by natural processes and are depleting at an
unsustainable rate. These types of energy sources include petroleum, natural gas and coal [1].
Although these energy sources have made our everyday life much easier, they have proven to
be one of the main causes of our environmental problems. The environmental impacts of
energy consumption produced by fossil fuels have been known for some time and
unfortunately the climate change associated with the CO, emission from fossil fuels has
become a major issue [1]. These phenomena have encouraged the search for cleaner and more
efficient alternative energy sources to eventually replace fossil fuels.

Humans have been tapping into many different renewable energy sources such as
solar, wind, geothermal and water for thousands of years for their needs. However, to date,
they are not being employed for large scale uses. This is mainly due to the extraordinarily
cheap price of fossil fuels, disregarding the consequential environmental damage caused by its
production and consumption. However, there is a strong belief that the renewable energy
sector will become a key source of energy by replacing fossil fuels in the 21% century leading
the way out of the energy crisis that the world is facing today [2].

Among the available renewable energy generation technologies, photovoltaic (PV)
devices have the potential to play a significant role in the future. This is due to the large
abundance of solar radiation on Earth. The earth receives 1.2 x 10" W (or 3 x 10°* Joules of
energy per year) from the sun, meaning that if only 0.13% of the earth’s surface was covered
with 10% efficient solar cells, the energy generated by PV would easily satisfy our present
energy needs [3]. Apart from the abundance of potentially exploitable solar energy, PV cells
also have other competitive advantages such as environmental friendliness, relatively low
maintenance cost and off-grid operation which make them ideal for usage in a range of
territories and applications [4].

Up to now this field is totally dominated by conventional PV technologies such as

silicon or thin film solar cells. Great improvements in device construction have enhanced the
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overall solar energy conversion efficiency and thus have significantly reduced the cost of
fabrication [4]. However, due to certain fundamental properties of classical inorganic PV solar
cells, such devices will always require the use of extremely pure starting materials which
therefore results in the use of more expensive and sophisticated production procedures
competing with other semiconductor technologies, such as Si wafers. A very promising
alternative to classical, silicon p-n junction solar cells is the concept of nanocrystalline
photoelectrochemical (PEC) dye-sensitized solar cells (DSC), which was first introduced by
O’Regan and Gréatzel in 1991 [5], who were inspired by the energy and electron transfer
mechanisms the natural photosynthesis process in plants. The DSC consists of a
nanocrystalline wide band gap semiconductor such as TiO,, sensitized with a light absorbing
dye, with an electrolyte as a redox mediator and a counter-electrode to complete the cell.

By following a similar concept, in 1996, Konenkamp introduced the extremely thin
absorber-layer (ETA) solar cell [6]. The ETA cell has a more promising future since the
organic dye molecule absorber in DSC has been replaced by a strongly light absorbing
inorganic semiconductor material in ETA cell. Nevertheless, until now the overall efficiency
of ETA solar cells is still far behind those of the DSC as well as other solar cells. This is due
to many reasons such as poor energy band match and non-ideal contact between each
inorganic semiconductor phase in the ETA cell structures. Today, the DSC and ETA solar
cells have reported impressive efficiencies of up to 11.4% and 4%, respectively [7,8]. The
production cost of such cells is only a fraction of that of conventional solar cells, as they are
constructed from cheap starting materials using simple fabrication techniques [9]. In principle,
both DSC and ETA cells have similar charge generation, separation and collection
mechanisms, and the only difference between both types is that the light harvesting dye in the
DSC is replaced by a semiconductor absorber in ETA solar cells.

The ETA solar cells are based on single-junction solid-state solar cells. The use of
solvent free electrolytes (i.e. gel-based electrolytes) in the ETA solar cells has renewed the
expectations of developing very stable high performance cells. A solid-state p-type hole
conducting phase (p-type semiconductor materials or conducting polymers) was introduced to
replace the ionic liquid electrolyte in ETA solar cells. They seem to have a significant
potential for the development of highly efficient and flexible devices compared to the

traditional silicon based solar cells because of the advantages listed below [10]:
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1. The device performance is less sensitive to the defects in anodic or cathodic
semiconductor phases (in contrast to Si-based PV) due to efficient charge separation into
adjacent phases.

2. The high surface area semiconductor/electrolyte interface is easy to fabricate and cost
effective.

3. The ETA cell efficiency in indoor light conditions is better than that of existing silicon
based solar cells, because the semiconductor/absorber interface is effective in diffuse
sunlight as well as in indoor lightings (i.e. fluorescent lighting).

The ETA solar cells can be divided into two main types. The first is n-type (anodic)
semiconductor based ETA solar cell, of which a significant amount of work has been done in
order to understand the working principle and to improve the performance of this type of solar
cell [8,11,12]. Such cells can be made with ease and are cheap due to a variety of n-type
materials, with different range band gaps, being readily available [13-15]. The fact that the
preparation methods of n-type thin film solar cells are widely available has also significantly
contributed to this situation [16-19].

The second ETA cell concept can be described as p-type (cathodic) semiconductor
based ETA solar cell. Constructing cathodic semiconductor based ETA solar cell is very
challenging, and until now there are no reports available in the literature on such devices. This
is mainly due to the limited choice of materials available and the fact that research in this area
is at very early stage compared to the n-type counter-part today. Even if such cells were
constructed as working devices, there would still be further challenges remaining which would
need to be resolved (i.e. the contact between different adjacent phases in the device’s
structure), short-circuiting (shunting issues) and mass transport limitations of the ions
resulting in low conversion efficiencies compared with liquid junction solar cells [20].

The objectives of the present work were to investigate, construct and optimise the
photoelectrochemical cathodic semiconductor sensitised solar cells (CSSCs) as well as the
solid-state analogues of cathodic semiconductor sensitised solar cells (SS-CSSCs). It is
anticipated that such work will lead to the construction of tandem solar cells in the future. The
work presented in this thesis focuses on the PV performance of CSSCs and SS-CSSCs
prepared using Cu,S as the cathodic light absorbing semiconductor material. In order to
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complete the fabrication of SS-CSSC solar cells, Fe,O3 is employed as the anodic phase as its
energetic properties are favourable. The individual components in the device and the complete
solar cell were then characterised for material, optical and photoelectrochemical properties
using a range of techniques such as XRD, UV-Visible, FEGSEM, capacitance, J-V and IPCE

measurements.

1.2 History of PV

The history of PV began in 1839 when A.E. Becquerel discovered that platinum or silver
chloride electrode in contact with an electrolyte generates a voltage under illumination [21].
The next significant development of PV took place when Adams and Day investigated the
photoconductive effect in selenium in 1876. They noted anomalies when Platinum contacts
were pushed into a Selenium bar. This led them to demonstrate that it was possible to induce a
current in selenium merely by the action of light [22]. This study was extended by the finding
of the photoelectric effect by Albert Einstein in 1921 [3]. Einstein’s finding was the theoretical
framework for all PEC effect in all semiconductors and subsequent photovoltaic devices. In a
typical semiconductor, the photons excite electrons from the valence band into the higher-
energy levels (i.e. the conduction band), where they undergo recombination unless separated,
transported and then collected through appropriate contacts. The first semiconductor PV solar
cell was constructed by Russel Ohl of Bell Laboratories in 1941 [22]. Exploration of their
properties led to further understanding of the role of dopants in p- and n-type semiconductor
phases in controlling semiconductor properties and hence the microelectronic revolution [22].

The first silicon solar cell was thereafter developed by Chapin et al. [23], at Bell laboratories
in 1954 and the best reported device performance was about 6% overall energy conversion
efficiency at that time. It is 50 times more efficient than the selenium based solar cells
reported in the 1930s [23]. This device marked a major development of the area as it was the
first photovoltaic structure that converted light to electricity with appreciable efficiency. In the
following years, PV solar cells employing new materials such as CdS, GaAs, InP and CdTe
emerged. These cells found initial applications such as power sources in spacecraft as early as
1958 [21]. By the early 1960s, the design of cells for space use had stabilized, and over the
next decade, became the major application of solar cells. The early 1970s saw an innovative

Page | 24



period in silicon cell development due to the oil crisis of the 1970s. Since then the research of
PV has accelerated significantly and has undergone different stages to date. A complete table
detailing the history of solar cells is shown in Table 1-1 describing early discoveries by well-
known scientists such as Becquerel (in 1839) and various development stages since then. It
also shows that the cumulative worldwide installation of PV reached 2000 MW in the year

2002, which was a significant milestone.
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Table 1-1: Notable events in the history of photovoltaics [4].

Year Event

1839 e  Becquerel (FR) discovered the photogalvanic effect in liquid electrolytes

1873 e Smith (UK) discovered photoconductivity of solid Se

1877 e Adams and Day (UK) discovered photogeneration of current in Se tubes; the first
observation of PV effect in solids

1883 e Fritts (US) makes first large area solar cell using Se film

1954 o  First 6% efficient solar cells reported: Si (Bell Lab, USA) and Cu,S/CdS (Air Force, USA)

1955 e  Hoffman Electronics (USA) offers 2% efficient Si PV cells at $1500/ W

1958 e NASA Vanguard satellite with Si backup solar array

1959 e  Hoffman Electronics (USA) offers 10% efficient Si PV cells

1963 e Sharp Corp (JP) produces first commercial Si modules

1966 e NASA Orbiting Astronomical Observatory launched with 1 kW array

1970 e  First GaAs heterostructure solar cells by Alferov, Andreev et al. in the USSR

1972 e  First PV conference to include a session on terrestrial applications (IEEE)

1973 e  Abig year in photovoltaics: Worldwide oil crisis spurs many nations to consider renewable
energy including photovoltaics; Cherry Hill Conference in USA (established photovoltaics’
potential and legitimacy for government research funding); World’s first solar powered
residence (University of Delaware, USA) built with Cu,S (not c-Si!) solar modules

1974 e  Project Sunshine initiated in Japan to foster growth of PV industry and applications; Tyco
(USA) grows 2.5 cm wide Si ribbon for photovoltaics, first alternative to Si wafers

1975 e  First book dedicated to PV science and technology by Hovel (USA)

1980 e First thin-film solar cell >10% using Cu,S/CdS (USA)

1981 e 350 kW Concentrator array installed in Saudi Arabia

1982 e  First 1 MW utility scale PV power plant (CA, USA) with Arco Si modules on 2-axis
trackers

1984 e 6 MW array installed in Carrisa Plains CA, USA

1985 e A big year for high-efficiency Si solar cells: Si solar cell >20% under standard sunlight
(UNSW, Australia) and >25% under 200X concentration (Stanford Univ. USA)

1986 e  First commercial thin-film power module, the a-Si G4000 from Arco Solar (USA)

1987 o Fourteen solar powered cars complete the 3200 km World Solar Challenge race (Australia)
with the winner averaging 70 Rmph

1994 e GalnP/GaAs,-terminal concentrator multijunction>30% (NREL, USA)

1995 e  “1000 roofs” German demonstration project to install photovoltaics on houses, which
triggered the present favourable PV legislation in Germany, Japan and other countries

1996 e  Photoelectrochemical “dye-sensitized” solid/liquid cell achieves 11% (EPFL, Switzerland)

1997 e  Worldwide PV production reaches 100 MW per year

1998 e  Cu(InGa)Se, thin-film solar cell reaches 19% efficiency (NREL, US) comparable with
multicrystalline Si. First concentrating array for space launched on Deep Space 1 by US (5
kW using high efficiency GalnP/GaAs/Ge triple junction cells)

1999 e  Cumulative worldwide installed photovoltaics reaches 1000 MW

2000 e  Olympics in Australia highlight wide range of PV applications, and the awarding of the
first Bachelor of Engineering degrees in Photovoltaics and Solar Engineering (UNSW,
Australia)

2002 e  Cumulative worldwide installed photovoltaic reaches 2000 MW. It took 25 years to reach

the first 2000 MW and only 3 years to double it; production of crystalline Si cells exceeds
100 MW per year at Sharp Corp. (Japan). BP Solar ceases R&D and production of a-Si and
CdTe thin-film modules in USA ending >20 years of effort
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Modern research in the area of PV technologies has led to the creation of a variety of
solar cells, which are commonly classified in to three generations, differing from one another
based on the material and the processing technology used to fabricate the solar cells. The first
generation of solar cells (also known as silicon wafer-based photovoltaics) were first
developed in the beginning of the 1870 s [3] are the dominant technology for global
applications today, accounting for more than 85% of the solar cell market. Single-crystalline
and multi-crystalline wafers, used in commercial production, give power conversion
efficiencies up to 31% under 1 sun illumination (AM 1.5 global intensity). This upper limit is
known as the Shockley-Queisser limit [24], although the challenges in device construction and

incompatible materials limit the experimental value to about 20 to 25% at present [25].

The study therefore, predicts the lowest cost for high-efficiency in material and
processing for solar cell application. The second generation solar cells were introduced around
1958 [21]. From the early 1980s, it appeared that the PV industry was on the verge of
switching to the next generation of thin film solar cell technology (the so called 2™
generation). The second generation PV materials were based on the use of thin-film deposits
of semiconductors, such as amorphous silicon (a-Si), cadmium telluride (CdTe), copper
indium gallium diselenide (CulnGaSe;) or copper indium disulfide (CulnS,). The thin film
technology offers prospects for large reduction in material costs by eliminating the costs of
using crystalline silicon wafers. Thin film technology also offers other advantages, such as the
increased size of the unit of manufacturing. This increases the area of a silicon wafer (~ 100
cm?) to that of a glass sheet (~ 1 m?), about 100 times larger [26]. The efficiencies of thin film
solar cells tend to be lower compared to conventional solar cells, around 6% to 10% [25], but
manufacturing costs are also lower, such that the price of electrical output can be reduced.

In order to increase the light to electricity conversion efficiency beyond the Shockley-
Queisser limit, new approaches have been studied, and are generally referred to as the third
generation of PV cells. The third generation of PV cells is a research goal towards a dramatic
increase in efficiency whilst maintaining the cost advantage of second-generation materials.
Other approaches also have been introduced in order to achieve this target. These approaches
include dye sensitized nanocrystalline solar cells (also known as the Gratzel cell), extremely
thin absorber-layer solar cells, organic polymer-based solar cells, tandem (or multi-junction)

solar cells, hot carrier solar cells, multi-band and thermophotovoltaic solar cells. All of the
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above developments are focused on multi-junction solar cells that use a combination of
semiconductor materials to capture a wide range of photon energies efficiently. Multi-junction
solar cells have the highest theoretical limit of conversion efficiency compared to other
photovoltaics. In principle, in multi-junction solar cells, sunlight can be converted to
electricity at efficiencies close to the limit of 95% for the sun modelled as a black-body at
6000 K. This suggests the performance of solar cells could be improved up to 2-3 times if
fundamentally different underlying concepts were used in the design, ultimately to produce a
third generation of high performance, low-cost photovoltaic cell. A present record efficiency
of 43.5% was achieved with a multi-junction solar cell by Solar Junction Company in April
2011 [27]. Table 1-2 shows the performance of solar cells dominated by the Silicon (wafer)
based solar cells. However, since the volumes of silicon-based approaches are decreasing, the

thin-film solar cell technology is becoming increasingly attractive.
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Table 1-2: A brief summary of the latest data of the energy conversion efficiencies of PV.

Classifications Efficiency Voc Jsc FF
(%) (V) (mA/cm?) (%)
Silicon
Si (crystalline)[25] 25.0 0.706 42.7 82.8
Si (multi-crystalline)[29] 20.4 0.664 38.0 80.9
11-V cells
GaAs (crystalline)[30] 27.6 1.111 29.4 85.9
GaAs (multi-crystalline)[27] 18.4 0.994 23.2 79.7
InP (crystalline)[27] 22.1 0.878 29.5 85.4
Thin Film Chalcogenide
CIGS [31] 19.6 0.713 34.8 79.2
CdTe/CdS[27] 16.7 0.845 26.1 75.5
Amorphous/Nanocrystalline Si
Si (amorphous)[27] 10.1 0.859 16.75 67.0
Si (nanocrystalline)[27] 10.1 0.539 24.4 76.6
Photochemical
Dye sensitised[27] 10.9 0.736 21.7 68.0
Extremely thin absorber[32] 1.52 0.447 11.1 31.0
Organic
Organic polymer[27] 8.3 0.816 14.46 70.2
Multijunction Devices
GalnP/GaAs/Ge[27] 32.0 2.622 14.37 85.0
Tandem([33] 191 1.079 2.40 74.0

Page | 29



1.3 Relevant work reported by others to date

Very recently, CSSC and SS-CSSC have received wide attention because of the
potential application of photoactive semiconductor cathodes in tandem solar cells. It was first
introduced in dye sensitised solar cells by Peng Qin et al. [34] who studied the PEC
photoactive cathodes for tandem cell applications. The study achieved ~17% efficiency which
proves that the p-type materials can be used to construct Tandem cells. This led to the
introduction of SS-CSSC by J. Bandara and H. Weerasinghe [35] which achieved a
photocurrent density of 0.15 mA cm™. Until now, no research has been reported regarding
SS-CSSC. This is due to the difficulty in finding energetically matching cathodic
semiconductors for SS-CSSC which are stable. Later, the focus of research was turned
towards fully inorganic solar cells such as ETA solar cells. More research and development is
required for photoactive cathodic materials in tandem cells. Our study is focused on
construction and studies of CSSC and SS-CSSC based on ETA solar cells. In general, CSSC
and SS-CSSC solar cells comprise of a nanocrystalline, p-type semiconductor with a wide
band gap material. This is attached to a p-type light absorber material. If an electrolyte is used
to construct the cell, it’ll become CSSC whereas if an n-type semiconductor material or
electron conducting polymer is employed the device will become the SS-CSSC. Like any
other PEC cell, a platinum counter electrode and a redox electrolyte can be employed instead

of the electron conducting phase in the CSSC cell.

1.4 Scope of this thesis

The initial objective of this work was to construct SS-CSSC cells directly. This is
mainly due to the short life-times of PEC cells, which contain a corrosive and volatile
electrolyte, which can corrode other cell components and evaporate over time. Solid-state
devices based on cathodic study, were originally designed to be applied in tandem solar cell
applications to avoid such electrolyte-specific problems. However, to date, solid-state
analogues of photosensitised solar cells are still far from competing with their PEC
counterparts in terms of their performance. The other objectives of the present work were to
perform a systematic study of the performance limiting factors associated with the

photosensitised photocathodes. However, due to the difficulty of construction of SS-CSSC
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directly, CSSC solar cells were initially constructed and studied. At the final stage of this
work, attempts were made to construct SS-CSSC. The study is mainly of an experimental
nature, supported by different spectroscopic and electrochemical characterisation techniques.

The thesis is divided into seven main chapters: chapter 1 summarizes the fundamentals
of photovoltaics, history of photovoltaics and the latest performance of photovoltaic devices.
The second chapter gives the theoretical background of single-junction solar cell
designs/architectures and the limitations of CSSC and SS-CSSC, ending with key parameter
requirements for such cells. Chapter 3 presents the materials used for photosensitising the
wide band gap photocathodes in the present work, and practical issues that are encountered
and the attempts that were taken to overcome them. Chapter 3 also considers the device
preparation and experimental characterisation techniques. Chapter 4 presents the
characterization of photosensitised photocathodes such as Cul and NiO that are sensitised with
Cu,S using different methods. Chapter 5 shows the performance of CSSCs and the influence
of the electrolyte on the devices. Chapter 6 addresses the influence of the electron collector
replacing redox couple electrolyte in the solid-state analogues (SS-CSSC). The final section,
chapter 7 of this thesis presents the conclusions and suggestions for future work.
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Chapter 2: Theoretical

2.0 Theoretical Background

Semiconductors are essential components in solar cells. They come in organic and
inorganic forms and play a key role in the solar cell operation. For example, they play active
roles in light absorption and charge generation, charge separation, transport and subsequent
collection in all types of solar cells known today. Therefore, a brief introduction is given to
semiconductors at the beginning of this chapter. This is followed by the limitations of present
solar cells, emerging solar cell configurations such as Tandem solar cells. The final section of
this chapter will deal with cathodic semiconductor based solar cells which is one of the key

objectives of this doctoral research project.

2.0.1 Basics of semiconductors
Generally, there are three types of materials, and they can be classified as metal,

semiconductor and insulator based on their energetics as illustrated in Fig 2.1.

Fermi level

overlap

_

Bandgap

Electron energy

metal semiconductor insulator

Fig. 2-1: Comparison of energetics for a metal, a semiconductor and an insulator.
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As shown in Fig 2-1, the highest occupied energy band in a semiconductor, which
contains the electrons, is known as the valence band (VB) and the lowest unoccupied energy
band is called the conduction band (CB). The difference in energy between the valence and
conduction bands is defined as the band gap (Eg). For an intrinsic semiconductor, the
probability of an energy level being occupied by an electron is half and is called the Fermi
level (Eg). If the valence band and the conduction band naturally overlap each other, the solid
is a conductor (i.e. a metal). Such materials are able to carry charge current under any
condition [36,37]. In other words, the availability of empty states with similar energies makes
it easy for electrons in the VB to become excited into the CB and act as a carrier to conduct
heat and electric current. For insulator materials, the VB is fully occupied by electrons and
there is a large energy gap between this band and the CB. Due to this large energy gap, the
electrons do not promote from VB to CB in such materials. This class of materials therefore

do not conduct heat or electric current easily.

A semiconductor is a type of insulator which has a narrow band gap compared to that
of an insulator. Typical band gap ranges from 0.5 to 3 eV [21,38]. At low temperatures, a
semiconductor acts as an insulator which does not conduct electricity but at higher
temperatures the electrons in the VB will gain enough energy to excite across the band gap to
an available unoccupied level (i.e. CB). Then, the electrons in the excited state (i.e. CB) can
conduct charge resulting in a current flow. Semiconductors also have low conductivity in dark
conditions at room temperature because a small number of electrons in the VB have enough
kinetic energy at room temperature to be excited to the CB level [38].

Semiconductors can be generally classified into two types, namely intrinsic and
extrinsic semiconductors [39]. An intrinsic semiconductor material is chemically very pure
and possesses low conductivity. It has equal numbers of negative carriers (electrons) and
positive carriers (holes) in the conduction and valence bands and the Er is located in the
middle of the band gap as shown in Fig 2-2 (a). Whereas an extrinsic semiconductor is an
improved intrinsic semiconductor with a small amount of impurities added by a process,
known as doping, which alters the electrical properties and improves its conductivity.
Introducing impurities into the semiconductor materials (i.e. doping process) can control their

conductivity [39]. Doping processes produce two groups of semiconductors: the negative
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charge conductor (n-type) and the positive charge conductor (p-type). In n-type doping, the
addition of donor impurities (e.g. group V materials such as phosphorous are used for n-type
doping of silicon) shifts the Er closer to the conduction band as illustrated in Fig 2-2 (b). For
p-type doping, the addition of electron acceptor impurities (e.g. group Il materials such as

boron are used in silicon) shifts the Er closer to the valence band as shown in Fig 2-2 (c) [39].

A
> CB CB CB
2 :
g F
c | TTTTTTTTTTTTTTTTTT EF
o
8 T E;
L VB VB VB
(a) (b) (c)

Fig. 2-2: Energy level diagrams for various conduction types of semiconductor a) an intrinsic

semiconductor, b) an extrinsic n-type semiconductor and c) an extrinsic p-type semiconductor.

2.0.2 Semiconductor materials for solar cell application

The solar cell devices based on semiconductor materials mainly operate via two
separate mechanisms: Firstly, an electron in the valence band is excited across the band gap by
an incident photon of sufficient energy, leading to the formation of an electron-hole pair.
Secondly, the electron-hole pair must then be separated by an electric field before the charges
recombine, in order for a photocurrent to be generated and collected. The effect that light has
when incident on an ideal semiconductor principally depends upon the band gap of the
material, Eg, and the energy of incident photons, hv. The possible outcomes of this interaction
are listed below and illustrated in Fig 2-3 [3,40]:
> For photons with energy less than the material band gap (hv < Eg), no excitation across

the band gap may occur as the photons have insufficient energy.
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> For photons of energy, hv = Eg, an electron from the valence band is excited across the
band gap leading to the formation of an electron-hole pair
> For photons of energy, hv > Eg, the photon can raise the electron to the conduction

band but any excess energy is quickly lost as heat as the carriers relax to the band edge.

Conduction band

e %
Band gap

energy ' ' Photon

Valence band

. Electron . Hole

Fig. 2-3: A diagram that shows light absorption and charge generation within a

semiconductor.

2.1  Single-junction solar cell designs and their limitations

A single-junction by definition will have a single band gap as it employs only one
semiconductor [41]. In principle, a semiconductor with the smallest band gap should yield the
highest photocurrent as such a material can absorb the entire solar spectrum (i.e. absorption of
the maximum number of photons from the sunlight). Still, the photons with higher energy will
waste most of their energy in collisions with the lattice. The opposite scenario is not
satisfactory either. Having a large band gap implies that the photons at the lower energy end of
the solar spectrum will not be absorbed, and therefore only a small portion of the solar
spectrum will be used and hence, the resulting photocurrent will be significantly low
[3,21,40]. In order to design a highly efficient solar cell based on a single-junction, attention
should be paid to the solar spectrum factor (band gap engineering of the semiconductor

materials) as shown in Fig. 2-4.
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Fig. 2-4: Efficiency vs. band gap for thin-film photovoltaic materials for the solar spectrum in
space air mass zero (AM 0), on the surface of the Earth air mass 1.5 (AM 1.5) at 300 °K and C
IS concentration ratio corresponding to the air mass [42].

Knowing that the greatest number of electrons is emitted in the visible range, the band gap of
the prospective semiconductor should align with the visible region. Nevertheless, it appears
that the greatest balance between the current and the voltage is achieved by using
semiconductors with band gaps in the mid region of the solar spectrum [3]. The main problem
of the single-junction based solar cells arises from its single band gap. There will be a lot of
unused photons that will be wasted [3,21,40]. Fig. 2-4 also shows the Shockley-Queisser ideal
efficiency limit. Shockley and Queisser called this limit the nominal efficiency, to be
compared with ultimate efficiency (estimated for the limiting efficiency solar cell label as air
mass 1.5 (AM 1.5, C = 1000 (concentration ratio corresponds to AM 1.5)). The other two
curves are namely air mass zero (AM 0, C=1 (concentration ratio corresponds to the AM 0,
solar intensity as observed outside the earth atmosphere) and AM 1.5, C=1 (concentration

ratio corresponds to the AM 1.5, light focus on the cell by a mirror or a lens). The area above
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the label AM 1.5, C=1 is equal to the loss of current due to the inability of the semiconductor
to absorb below the band gap. The area above the band gap represents energy losses due to
thermalisation (the losses of energy by the photoexited electron-hole pair in excess of the band
gap [43]) of the electron-hole pairs only the area below the label AM 1.5, C=1 represents the
maximum efficiency that can obtained for a single junction solar cell constructed from a
semiconductor [3]. In addition, the air mass is the path length which takes light through the
atmosphere normalized to the shortest possible length. The air mass quantifies the reduction in
the power of light as it passes through the atmosphere and is absorbed by air and other

atmospheric objects such as dust. The air mass is defined as [21]:

1
M = 2—1
cos @ ( )

Where 6, is the angle from the vertical (Zenith angle). Zenith angle is how far away from
directly overhead the sun is.

For the limitation of short-circuit current (Js), under the ideal condition (AM 1.5, C =
1000), each incident photon on the cell with energy greater than the band gap gives rise to one
electron flowing in the external circuit, provided that all loss mechanisms are prevented [21].
Hence, the maximum Js;, can be estimated from the monochromatic energy distribution of
sunlight by dividing the energy content at a given wavelength (1) by the energy of an
individual photon (ho or hc/Z) of this wavelength. The maximum Js is then found by
integrating these distributions across the concerning wavelength window for a given
semiconductor. The relationship between photon energy E (in e€V) and its wavelength A (in

micro meters) is given in Eq. 2-2: [40]
E (eV) =1.24/ 1 (um) 2-2)

As a result, when the band gap is decreased, the maximum short-circuit photocurrent density is
increased and more photons have sufficient energy to promote an electron from VB to the CB.

The fundamental limitations on the open-circuit voltage (Vo) of a single-junction solar
cell is given by Eq. 2-3: [44]

Vocqu—Tln(I—)+1 2-3)

Io
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Where k is the Boltzmann constant, T is the temperature, q is the elementary charge, I, is the
light-generated current and 1, is the diode saturation current density. A reasonable estimation
of the minimum value of the saturation current density as a function of band gap (Eg) is given
by Eq. 2-4; [21]

I, = 1.5 x 10°exp (— i—‘;{) A/cm? (2-4)

The above relationship ensures that the maximum value of V. decreases with decreasing band

gap. It can be concluded that the optimum band gap (1.1 eV) gives relatively high efficiency.

In the Shockley-Queisser analysis for a single junction solar cell, the major limiting
factor is the maximum energy conversion efficiency (31%) and that the absorbed photon
energy above the semiconductor band gap is lost as heat through electron-phonon scattering
and subsequent phonon emission (thermalisation) [40,44]. In order to overcome this limitation,
a number of approaches have been taken. Construction of multiple p-n junctions (cascades)
and developments of tandem cells are notable among them [45-49].

The ability to absorb a wide range of the solar spectrum more effectively by utilising a
multi-junction structure is the key to construction of highly efficient solar cells. The
achievable efficiency of such cells exceeds beyond the Shockley Queisser limit of about 31%
for a single-junction device [50]. The multiple junctions are layered upon one another and are
connected optically, electrically and are stacked in series. Ideally, the multi-junction approach
requires that incident photons be directed on to the first junction, and then cascade through the
subsequent layers. These layers have been made in the decreasing order of their band gaps,
where the light travels through the semiconductor with the largest band gap, before passing
through to the lower band gap materials progressively. This arrangement makes use of the fact
that junctions act as low-pass photon energy filters, transmitting only the sub—band gap light.
In this way, the light absorption onset of the complete device is shifted to longer wavelengths.
In addition, high energy photons are converted more efficiently since thermalization losses of
the generated electron-hole pairs are reduced with the graded band gap structure. Firstly,
photons with hv > E43 get absorbed by the E43 junction, Eq2 < hv < E43 absorbed by the E42
junction and so on as shown in Fig 2-5. In other words, the junctions themselves act as optical

elements to distribute the spectrum to the appropriate junctions for multi-junction
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photoconversion. Theoretically, the photovoltaic conversion efficiency of a multi-junction cell
approaches the thermodynamic limit of about 85% if an infinite number of subcells and
maximum solar concentration is used [51,52]. The highest photovoltaic power efficiency is
reached with multi-junction concentrator solar cells based on I11-V semiconductors. Stunning
record conversion efficiencies of over 40% at concentrated sunlight have been measured with
epitaxial grown triple-junction GalnP/GalnAs/Ge devices [53]. Though this expensive
technology may be interesting for space and terrestrial concentrator applications, it plays a
marginal role in the large-scale PV market.

» A <
X %
» v 4
E,3
4
Eg2
L 4
E,1

Fig. 2-5: A schematic diagram of stacked-configuration approaches to distributing light to the

multi-junction cells from the high band gap material to the lower band gap material.

The tandem cell concept utilizes high-quality inorganic semiconductor materials, for
this application materials with different band gaps have been studied, but the focus to date is
on dye sensitised tandem solar cells (DSC) rather than extremely thin absorber-layer Tandem
(ETA) solar cells. A feature that makes the DSC and ETA solar cells particularly attractive for
tandem cell application is that their optical transmission and short-circuit photocurrent can be

readily adjusted by changing the film thickness, pore size, the nature of the dye/light-absorber
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and its loading. In theory, tandem solar cells based on the DSC and ETA cells can reach up to
45% efficiency which depends on the optimal band gaps for the top and bottom cells being
around 1.65 eV and 1 eV respectively [54]. To assemble tandem solar cells for these two types
of solar cells, the dye/light-absorber can be separated into two compartments namely the
photoanode and a photocathode in a simple sandwich configuration with a redox electrolyte
occupying the space in between as illustrated in Fig. 2-6. In the photoanodic compartment
which is closer to the light source, with the highly efficient dye/light-absorber absorbing in the
shorter wavelength region are attach to the highly transparent n-type wide band gap
semiconductor material such as TiO, particles. In the lower compartment, the photocathode,
dye/light-absorber molecules absorbing in the longer wavelength region which is the low
energy photons are not absorbed by the dye/light-absorber in the first compartment, may be
harvested in the second compartment. Note, in order to optimise the device performance, the
photocathode should be at least equally efficient in term of absorbance or electron injection
because it contributes to the number of photons converted to electrical current. A simple
mechanism can be used to explain the operation of a tandem dye-sensitised or an ETA solar
cell. The absorption of light by the two sensitizers, causes generation of an excited state, in
which an electron is injected into the conduction band (CB) of the anode and a hole is injected
into the valence band (VB) of a p-type semiconductor at the cathode. These charges are
transported through the respective semiconductor photoelectrodes and are collected at the
respective FTO substrate. To complete the overall photo-induced charge transfer reaction, the
oxidized and reduced forms of the redox mediator regenerates the dye/light-absorber at the
cathode and the anode, respectively. This is schematically presented in Fig. 2-6. As mentioned
above, in order to achieve high performance tandem cells, first it is important to optimise the
performance of individual photoelectrodes which have complimentary light harvesting
characteristics. The cell structure must be designed by matching photocurrent density at each
photoelectrode. For this, each photoelectrode should be considered separately. However, until
now such efforts have yielded relatively poor device performance mainly due to the limited
availability of desired materials and preparation techniques that are compatible.
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Fig. 2-6: Scheme for the electron transfer processes occurring in the tandem DSC and ETA

solar cell.

2.2 Cathodic semiconductor sensitised solar cells (CSSCs)

The issues of single junction solar cells have been briefly discussed in previous
sections of this chapter. In order to move beyond the current efficiency records, novel solar
cell structures with new materials that improve the light harvesting efficiency and
photovoltage need to be explored. Furthermore, it was discussed that light harvesting cathodic
half —cells play a key role in the development of successful Tandem solar cells. Unfortunately,
the progress of cathodic semiconductor sensitised solar cells (CSSC) has been painstakingly
slow during the last decade. This is due to the fact that the CSSC is inversing the working
principle of n-type solar cell where the semiconductor materials play the important role in
development of solar cells. It is well known that p-type semiconductor materials are very rare

and not highly stable under solar cell operational conditions which make it difficult to
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construct Tandem cells when the band gap energetics matching has to be considered. Wide
band gap p-type semiconductor materials are transparent to visible light, and only absorb in
the UV region of the solar spectrum. The majority charge carriers in p-type materials are holes
whereas the minority charge carriers are electrons. Many known and affordable cathodic
semiconductor materials have wide band gaps, hence only a small amount of electrons are
excited to the unoccupied band leading to poor light harvesting properties. Another drawback
is the crystal structure mismatch leading to defect rich solid-solid heterojunctions. High defect
densities at heterojunctions increase the losses leading to poor contact between the materials

which lead to the poor light to electricity conversion efficiency.

A schematic diagram of a CSSC based on the photosensitisation concept is displayed
in Fig 2-7.
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Fig. 2-7: A schematic diagram of a cathodic semiconductor solar cell based on the

photosensitisation concept.
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In a typical cathodic semiconductor sensitised solar cell (CSSC) the hole transporting
layer consists of wide band gap photocathodic semiconductor materials. Generally, it is not
expected that this material be a light harvesting component. It acts as a support for a thin layer
of light absorbing material over a large internal surface area. Hence, this wide band gap
cathodic semiconductor layer is preferred to be in a textured form (i.e. microstructured or
nanostructured). The light absorber material (often a narrow band gap cathodic
semiconductor) is then deposited on the surface of the wide band gap semiconductor
photocathodic material. The nature of attachment between light absorber and textured cathodic
wide band gap window material can be either chemisorption or physisorption type. For
chemisorption type attachment, organic linkers are required to provide the chemical bond.
Chemisorption of the light absorbing material on the wide band gap material makes it easy for
the charge transfer to occur [55]. Therefore, a chemisorption linker between the wide band gap
material and the absorber is necessary to establish the electronic communication. By
improving the hole transfer rate, the electrons can easily be injected in the opposite direction
(from light absorbing material to the electrolyte and ensure regeneration of light absorbing
material thereby preventing the material degradation (i.e. oxidation). If the adsorption of the
light absorber material on the wide band gap material is physisorption type, the interaction is
weak (i.e. Van der Waals). The obvious consequence of such electrostatic interaction is the
inefficient charge transfer rate [55]. In such a situation it is possible that the light absorber
looses the contact due to poor bonding. Bonding of such weakly attracted materials will not be
sustained for a prolonged period of time under illumination. This is due to the nature of the
weak interaction between these two materials.

As shown in Fig. 2-7, the CSSC was made from the simple sandwich structured device
composed of a visible light-sensitised photoelectrode (photocathode), Pt counter electrode
(anode), and a redox electrolyte. The main components in the making of a CSSC type solar
cell are fluorine-doped SnO, (FTO) glass substrate, nanostructured (or microstructured) p-type
wide band gap semiconductor thin film electrode, light absorber semiconductor material layer,
counter electrode (i.e. Pt) and the electrolyte containing a redox couple. In this study, Cul and
NiO have been used as the wide band gap p-type semiconductors, Cu,S as the light absorber

material and iodide/tri-iodide and europium nitrate solution as redox electrolytes.
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The operational mechanism of CSSCs can be explained as follows; after generation of
an electron-hole pair upon illumination, hole injection from the light absorber material to the
valence band of the wide band gap semiconductor material takes place. The light absorber
material is then regenerated by electron transfer to the reduced absorber from the oxidized
species in the electrolyte (from tri-iodide species if 17137)) before light absorber material
undergoes degradation. If the reduced light absorber material is not capable of transferring
electrons to the electrolyte at sufficient rate, electrons may recombine with the holes in the
valence band of the wide band gap semiconductor. In the absence of such recombination, the
hole in the semiconductor material moves to the hole collector layer (i.e. FTO substrate). This
charge collection gives rise to a cathodic photocurrent in the external circuit.

In order for charge transfer to take place in the CSSC, the valence band of the light
absorber semiconductor should be below the energy level of that of the wide band gap p-type
semiconducting material, whereas the conduction band of absorber should be located above
the potential of the redox system and far below the bottom of the conduction band of a p-type
semiconductor material (Fig. 2-7). In other words, the conduction and valence bands of a wide
band gap semiconductor must be higher than absorbers conduction and valence band but the
potential energy of the redox system in between the two materials. The open circuit voltage
(Voc) can be measured in between the potential energy level of the redox system and the
conduction band level of the p-type semiconductor material which is normally small compared
to n-type solar cells. There are two possible ways for electron transfer to occur after the
absorber is excited by the illumination of the light. The first way is electron transfer from the
valence band of the p-type semiconducting material to the valence band of the absorber,
followed by electron transfer from the reduced absorber to the oxidized species of the redox
couple in the electrolyte. The second way is that the excited electron in the conduction band of
the absorber transfers to the oxidized species in the electrolyte, followed by electron transfer

from the valence band of the p-type semiconductor material to the oxidized absorber.
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2.4  Solid-state cathodic semiconductor sensitised solar cells (SS-CSSC)

The novel solid-state cathodic semiconductor sensitised solar cell (SS-CSSC) as
illustrated in Fig. 2-8 is a new approach and until now published work especially in the field of
ETA solar cells are scarce. However, this challenge has been fulfilled in dye sensitized solar
cell successfully by constructing solid-state DSC cells successfully. Table 2-1 and 2-2 shows

the work conducted by others on the development of cathodic solar cells to date.

« n-type electron collector
' i< Pt

Fig. 2-8: Schematics of solid state cathodic semiconductor sensitised solar cell.

The concept of SS-CSSC is an extension of CSSC. In this solar cell type, the
electrolyte is replaced by the electron-collector and the function of it is to collect electrons
from the absorber. This can be a polymer (electron conducting polymer, PCBM, P3HT and
P30T) or an n-type inorganic semiconductor material (i.e. TiO,, In,S3, Fe,03, WO3, ZnO and
SnOy). In this study, Fe,O3 was used as the electron collector n-type semiconductor material.

The working principle of SS-CSSC is very similar to that of solid-state DSCs, when
the light is absorbed, electron hole pairs are generated inside the absorber layer. Hole is
injected into the valence band of the wide band gap photocathode semiconductor material and

the resulting excited electron in the conduction band of the absorber material is injected to the
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electron collector material. The hole reaches the working electrode (WE) via charge
percolation mechanism inside the porous photocathode matrix. On the other side, the electron
is transferred to the Pt electrode through a hopping type charge transfer mechanism. Whilst the
photogenerated electrons are being transferred to the collector contact of the wide band gap
photocathode they can be still lost through the recombination with the electrons (that still exist
inside the photocathode), so the lifetimes of both carriers have to be substantially longer than
the time they require to reach the contacting electrode in order to convert light to electricity
efficiently. In order to draw large photocurrent densities, the charge transport capacities of the
two interpenetrating networks need to be sufficiently high so that the cell efficiency is not
limited due to their high Ohmic resistances. These properties will mainly be governed by
material properties such as charge mobility and charge carrier concentration. A further
important prerequisite for a functioning SS-CSSC is finding suitable contact between the
materials and the window conductor (FTO). This is due to the internal short circuits (Ohmic
contact) between the charge transport material and the FTO. The charge transfer schematics of
an SS-CSSC and the corresponding energy diagram are shown in Fig. 2-9 and Fig. 2-10
respectively.

As shown in the desired energetic diagram (Fig. 2-10) the difference between the
valence band energies of the p-type semiconductor and the absorber, as well as the difference
between the conduction band energy of the absorber and electron acceptor, need to be
minimised in order to avoid energy losses in the solar cell. Such energy losses will reduce the
photovoltage, efficiency and overall performance of the solar cell.
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Fig. 2-9: The charge transfer schematic of solid-state cathodic semiconductor solar cells (SS-
CSSC).
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Fig. 2-10: Desired energy band diagram of a solid-state cathodic semiconductor solar cell (SS-
CSSC).

Page | 47



Table 2-1: Review of photoelectrochemical cathodic solar cells reported in the literature.

Cell structure PEC cells Jsc / Voo !/ FF ] Year Ref
electrolyte mAcm™ \Y; %

Cu / CuSCN / Rhodamine-C18 (WAEY 0.40 - - 0.09 1994 [56]
NiO/ Erythrosin B (WAEY 0.23 0.08 0.27 0.03 1999 [57]
NiO/Eosin B (WAEY 0.80 - - - 2005 [58]
NiO/Coumarin 343 (WAEY 0.55 0.09 0.29 0.02 2008 [59]
NiO/Fast green I/lg 0.14 0.09 0.32 0.04 2008 [60]
NiO/N3 (WAEY 0.15 0.11 0.31 0.18 2008 [61]
CuO/NK-2612 (WAEY 0.36 0.10 0.22 0.08 2008 [62]
NiO/Cu,S (WAEY 0.36 0.95 - 0.18 2009 [63]
NiO/C343 (WAEY 0.88 0.12 0.28 0.04 2009 [64]
NiO/PINDI I'/3 1.70 0.35 - - 2009 [65]
[33]

NiO/ Bithiophene (WAEY 4.64 0.19 0.35 0.30 2010
NiO/ P1dye (WAEY 5.48 0.84 0.33 0.15 2010 [66]
NiO/CdS (WAEY 0.38 0.35 0.21 0.027 2011 [67]
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Table 2-2: Review of solid-state cathodic solar cells reported in the literatures.

Cell structure Jsc / Voc / FF ] Year Ref
mAcm™? Vv %

TiO,/cyanidin/Cul 0.25 0.38 - 0.80 1995 [68]

TiO,/Selenium/CuSCN 3.00 . B} 0.13 1998 [69]

TiO,/ Rhodamine /CuSCN 0.50 0.6 - 0.02 2002 [70]

TiO,/N719/PEDOT-PSS/Cul 0.15 0.44 0.48 - 2005 [35]

TiO; / Ruthium(IDtrisbipyridyl 0.50 0.48 0.43 oo 2007 [71]

/NiO
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2.4.1 Device components and materials

A typical SS-CSSC consists of several layers of different materials as thin films in
textured cascade form. Generally, a SS-CSSC consists of a transparent conducting substrate
(i.e. FTO, ITO), porous wide band gap cathodic semiconductor window layer, narrow band
gap light absorber layer (i.e. a narrow band gap p-type inorganic semiconductor) and an
electron conducting phase (i.e. an electron conducting polymer or an n-type semiconductor).
Each component material should have specific energetic, physical and chemical properties to
play the desired role in the device. They must be complementing each other spectroscopically
and the deposition method of each layer should be compatible with other components within
the device. Each phase affects the overall performance of the device in some form or another.
A critical understanding of the behaviour of these individual components is essential for
designing and successfully constructing a SS-CSSC. The nature of interfaces of different
components is also equally important. For example, each layer of material has it’s own crystal
structure, microstructure, lattice constants, electron affinity/work function, thermal expansion
coefficient, diffusion coefficient, chemical affinity, mechanical adhesion and charge mobility.
Due to this, the interfaces can cause stresses, defects and interface states, surface
recombination centers, photon reflection/transmission/scattering, inter-diffusion and chemical
changes that directly influence the SS-CSSC device performances [72]. A brief review of the
current understanding of different SS-CSSC components is given in the following section.

The knowledge of the energy band diagram of a solar cell is essential for a
fundamental understanding of their function and mechanism. In other words the perfect match
in the energy gaps is one of the key and essential criteria for selecting materials in the
construction of SS-CSSC. In this study several materials were chosen by thorough
consideration of their properties to construct SS-CSSCs. The discussion of these components
is primarily limited to the major SS-CSSC technologies based on Cul and NiO as the wide
band gap p-type semiconductor, Cu,S as the light absorber and Fe,O3; as the electron
collection and transporting media from the reduced state of the light absorber material. The
conduction and valence band edges and band gaps of materials used in SS-CSSC device
structure in the present study are shown in Table 2-3. The redox potentials of the electrolytes
used in CSSC are presented in Table 2-4. All values presented in Tables 2-3 and 2-4 are
against the vacuum energy scale.
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Table 2-3: Conduction and valence band values of the materials used to construct SS-CSSC as

reported in the literatures.

Material/ Conduction band  Valence band Band gap Reference

eV vs. vacuum eV vs. vacuum  Egvs. vacuum

Cul -2.2 -5.3 3.1 [73]
NiO -1.4 -5.0 3.4 [74]
Cu,S -4.44 -5.70 1.26 [75]
Fe,O3 -4.78 -6.98 2.3 [76]

Table 2-4: Redox potentials of electrolytes used in CSSC in the present study.

Electrolyte Redox Potential Reference

eV vs. Vacuum

Eu’+/Eu’? -4.55 [77]

I/l5 -4.85 [74]

Therefore, the CSSC and SS-CSSC solar cells constructed in this work has been
referred as Cul/Cu,S/(EU*’Eu®"), NiO/Cu,S/(1715), Cul/Cu,S/Fe;0s,  NiO/Cu,S/Fe,0s,

respectively.

2.4.1.1 Hole conducting materials

The porous wide band gap semiconductor photocathode is a key component of both
CSSC and SS-CSSC. Due to the rarity of p-type semiconductor materials, there is a significant
challenge in finding a suitable cathodic semiconductor that fulfils the stringent requirements
demanded by such devices. These requirements are listed below [78-80];

% Significant hole conductivity.
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+« Small size nanocrystalline particles which support built-in electric field.

+«+ Transparent to visible light.

s Chemically stable.

% High porosity and large internal surface area (avoid pin holes).

¢+ Photoelectrochemically active.

+ Resistance to photocorrosion.

s Appropriate band energetics (the upper edge of the valence band of p-type
semiconductors must be located above the ground state level of the absorber, i.e.
negative in energy) and

« A suitable method of material deposition while preserving the properties of other

components during the construction of the rest of the device (compatibility of the

process).

Several semiconductor materials such as NiO, Cul, Cu,S and Fe,O3 satisfy most of

these requirements.

2.4.1.2 Light absorbing materials

Similar to the light harvesting molecular dyes in DSCs, the light absorber material
plays a central role in CSSC and SS-CSSC. Ideally this material is required to absorb the
entire solar spectrum in order to harvest the maximum number of photons from sunlight. The
second important aspect of this material is associated with the internal surface area of the wide
band gap p-type semiconductor. The wide band gap p-type semiconductor hosts the light
absorbing material in the form of a thin film (layer) on its surface which allows light
absorption and charge transfer. Hence, a large internal surface area is desirable for the wide
band gap p-type semiconductor. The light harvesting efficiency can be increased by having
many thin film cross sections of the light absorbing material. Such structures facilitate the
increase of the number of light absorber layers that encounter light. This effectively allows
reduction of the thickness of each light absorber layer that encounters light. The reduction of
light absorber layer thickness may significantly improve the charge separation and suppress
the charge recombination as a result of relatively short transport path length that

photogenerated charge carriers travel within the light absorber layer before arriving at the
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adjacent n- and p-type semiconductor phases. However, the reduction in the absorber
thickness also reduces the number of photons harvested. In order to solve this problem the
absorbing material should possesses very high light absorption coefficient (i.e. in the order of
10° cm™).

Light
Absorber — |

material

Light

Wide band gap

Photocathode

Semiconductor
material

—> Chargeseparation

—> Chargeseparation

Charge recombination

(a) (b)
Fig. 2-11: Schematic representation of the surface structure of light absorbing and wide band
gap photocathode semiconductor effected by the different thickness of (a) Ideal structure solar
cell where the electron/hole pair generation and separation and (b) High thickness of the light
absorbing and wide band gap photocathode semiconductor lead to charge recombination.

Light absorber semiconductors can be either n-type or p-type in nature. In this study, a
p-type semiconductor absorber material was preferred to construct the CSSC. There only a
limited number of p-type narrow band gap light absorber semiconductors available which are
suitable to be employed for the preparation CSSCs and SS-CSSCs. Cu,0, Cu,S, CdTe, CulnS;
and CulnGaSe, are among them. For this work, Cu,S has been chosen. The Cu,S has a
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relatively high absorption coefficient (in the order of 10* cm™) and a narrow band gap (about
1.2 eV) therefore it will absorb photons towards the infrared region of the solar spectrum. The
deposition method of Cu,S is also compatible with the other components of CSSC and SS-
CSSC.

2.4.1.3 Electron conducting materials

As already discussed previously, this study deals with the construction of CSSCs and
SS-CSSCs. If the device is CSSC, an electron acceptor redox media can be employed. Such
regenerative redox couple containing electrolyte is typically used to shuttle the electrons to the
counter electrode. A prospective redox electrolyte must fulfil the following requirements:

X Does not absorb photons in the visible region (400-800 nm) to avoid screening
the available photons to the absorber layer.

X Fast electron self-exchange rate with conduction band of absorber and high
electron diffusion coefficient to ensure a fast electron transport to the counter
electrode.

<> The redox potential must be more positive than the conduction band energy of
the absorber to afford the required driving force for the regeneration reaction.

X The redox potential needs to be more negative than the valence band energy of
the hole collector (p-type semiconductor) to ensure a good open circuit voltage.

In this study Eu®*/Eu ** and the well-known iodide/tri-iodide have been used as fast

redox couples in CSSC configuration.

An electron transporting material used in fabrication of SS-CSSC is required to meet a

number of key requirements. They are listed below:

> The electron transport material must be able to accept electrons at a sufficient
rate from the light absorber material, after the light absorber material injected

holes into the cathodic wide band gap material.

Page | 54



> It should have sufficient electron mobility (i.e. in the order of several hundred
cm?(Vs)™.
> A deposition method must be available to coat a conformal layer of the electron
transport material over the light absorber layer.
> The deposition method of it must be compatible with the light absorber material
(i.e. this method should not cause degradation/decay of the light absorber
material).
> Light must be able to penetrate the porous structure of the light absorber/wide
band gap cathodic semiconductor material heterostructure.
> It should be able to form a good contact with the charge collector material (i.e.
Pt, Au, C)
The electron transporting materials can be divided into two main types, namely n-type
inorganic semiconductor materials (i.e. ZnO, Fe,O3 and SnO,) and electron conducting
polymer (i.e. C60, PDI-FCN, and PCBM). In the present study, Fe,O3 has been used as an

electron conducting media for the construction of SS-CSSC.

2.5  Key solar cell parameters

Current density-voltage (J-V) analysis is an important technique to study solar cell
characteristics. In fact, it is the most common method by which the overall cell efficiency can
be determined. In this case, the current generated by a solar cell is measured as a function of
applied bias potential in either dark, or under illumination (typically the illumination source
provides AM 1.5 spectra, ~1000 Wm™). In addition to determination of the device efficiency,
standard device performance parameters such as the fill factor (FF), the open circuit voltage
(Voo) and the short circuit current density (Jso) may also be determined from J-V

measurements.

2.5.1 Equivalent circuit

The equivalent circuit diagram for a solar cell is shown in Fig 2-12. The circuit
consists of a diode representing the p-n junction, as well as series and shunt resistances to
account for the resistivity of the layers and any leakage currents, respectively.
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JLT Jp SZ R

Fig. 2-12: Equivalent circuit for a solar cell, including a current generator with light generated
current density J., a diode with dark current density Jp, shunt resistance Ry and a series

resistance Rs.

However, for an ideal device the resistances are deemed to have no impact on
performance and it is thus assumed that Rs = 0 and Rg, = . In the case of an ideal device, and
when the device is in the dark, the diode current density (J) may be determined as a function

of voltage using the Schockley diode equation [3,21,38]:
J = Jo(e®/A — 1) (2-5)

Where J, is the reverse saturation current density (a constant related to material properties), g
is the charge of an electron, k is Boltzman’s constant, T is the temperature and A is the diode
ideality factor. When the device is placed under a light source a light generated current density
term (J.) is added to the equation [3,21,38]:

J=Jo(e/AT — 1) —J, (2-6)

Typical light and dark J-V curves for an ideal device are shown in Fig.2-13, these represent

direct plots of equations 2-5 and 2-6.
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Fig. 2-13: Current density-voltage (J-V) curve of a solar cell, displaying the main
characteristics of a solar cell. Green line colour showed the dark current and red line colour

illustrated the under illumination with AM 1.5 spectrum using solar simulator.

The SS-CSSC solar cells constructed in this study can be treated as a form of thin film solar
cells due to its device configuration. The calculation of each of these parameters has been

discussed below.

2.5.1.1 Short circuit current density (Js)

The short circuit current density (Js) is the current generated by the device under no
applied bias, seen as the y-intercept in Fig. 2-13. From Eq. 2-6 for an ideal diode, when no
bias is applied (V = 0) the J, term become zero and the short circuit current density is

equivalent to J.. An upper limit for the short circuit current density J_ can be computed by

considering the normalized AM 1.5 spectrum and assuming that all photons with Ao>
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E g(Where h is the Planck constant, v = ¢/4 with ¢ the speed of light and A the wavelength, and
Eg is the energy gap of the semiconductor material considered) are absorbed and converted

into electron-hole pairs that can, in principle, be collected at short circuit conditions.

2.5.1.2 Open circuit voltage (Vo)

The open circuit voltage (Vo) of a device is defined as the applied bias at which no
current flows through the device. The V. can be determined from the x-intercept of the light
J-V curve as shown in Fig. 2-13. The V, for an ideal cell may also be determined from Eq. 2-6
by setting the condition J = 0, and rearranging Eq. 2-6 [3,21,38].

Z-=7)

e =——In|+—

T

Where J_ is the light generated current density, It can be seen from Eqg. 2-7 that V, is a
function of both dark and light generated current density terms, as well as the diode quality
factor A.

2.5.1.3 Fill Factor (FF)

The Fill factor (FF) is defined as a ratio of the size of the maximum power rectangle,
to the power rectangle formed by the product of the short circuit current density and open
circuit voltage (the ratio between two areas, namely Al and A2 in Fig.2-13). It describes the
quality of the diode behaviour of the solar cell. For an ideal solar cell, these two areas should
be similar; this means the fill factor should be nearest to 1 in good solar cells. The fill factor is

described by the following equation [3,21,38]:

P V
FF = mp _ ]mp mp

= (2-8)
]scvz)c ]scvz)c
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2.5.1.4 Power Conversion Efficiency (n %)

The device efficiency (#) is defined as the ratio of the maximum power generated by

the device (Pout), to the power of the radiation incident upon it (Pjn). It can be explained as
follows [3,21,38]:

_ Pour _ VocJscFF

P, P

(2-9)

The incident light power is usually standardized to AM 1.5 spectrums (e.g. illumination ~1000

Wm™) by employing a solar simulator as shown in Fig. 2-14.

Spectral Irradiance (W/m2/nm)

Solar Radiation Spectrum

Uv | Visible Infrared —

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands

H,0

0-
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Fig. 2-14: The AM 1.5 solar spectrum which indicated the estimation light can be absorbed in

different wavelength of light according to Shockley Queisser limit [81].
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Chapter 3: Experimental and Techniques

3.0 Experimental and techniques

This chapter describes the methods used for electrode preparation, characterisation and
analysis in this study. Details of the electrode growth techniques are presented in the first part
of this chapter. In the second part, the details of cleaning the fluorine-doped tin oxide coated
glass substrate are given. It also describes the assembling procedure of the CSSCs and SS-
CSSCs. In the final part, the experimental details of component/device characterisation are
described. Methods such as XRD and FEGSEM have been used to characterise the materials.
The optical and electrical methods used to study the individual components and devices.
Photoelectrochemical methods such as current-voltage plots and incident photon-to-electron
conversion efficiency have been used to study the light harvesting properties of individual
components and devices. In order to proved that the results are reproducible, all the

preparation and measurement have been repeated at least 3 times under the similar condition.

3.1  Electrode growth techniques

A number of methods have been used for sample preparation to match the
requirements of different characterization methods. In this study, electrodeposition, aerosol
assisted chemical vapour deposition and aerosol assisted deposition have been used in order to

produce high quality and uniform thin films to prepare CSSCs and SS-CSSCs.

3.1.1 Electrodeposition

Electrodeposition is a very promising and well established method which can be used
to deposit thin film semiconductor materials to be used in a range of devices including solar
cells. There are a number of key advantages of the electrodeposition technique. It is simple,
fast, can be used for the synthesis of multinary precursors for subsequent processing and most
importantly it is easy to scale-up for commercial applications. Fig. 3-1 shows a schematic
diagram of the electrodeposition system for the deposition of thin films used in this study.
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Fig. 3-1: Schematic diagram of the electrodeposition set up used in this study. The sample is
connected to the working electrode, and a Pt counter electrode and an appropriate reference
electrode (i.e. Ag/AgCl electrode) have been employed.

A typical electrolytic solution (used in the electrodeposition) contains positively
charged (cations) and negatively charged (anions). Under the applied external electric field,
the cations migrate to the cathode where they are discharged and deposited as a thin film [82].
In practical electrodeposition processes, the chemical reaction around the electrode area occurs
in a more complicated way than that shown in Fig. 3-2. Under the influence of an applied
potential, rearrangement of ions near the electrode surface results in an electrical double layer
called the Helmholtz double layer, followed by the formation of a diffusion layer as shown in
Fig 3-2. These two layers are referred to as the Gouy-Chapman layer.

The process can be explained as follows [83]:

e Migration: The hydrated metal ions in the solution migrate towards the cathode under

the influence of impressed current as well as by diffusion and convection.
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e Electron transfer: At the cathode surface, a hydrated metal ion enters the double layer,
where the water molecules of the hydrated ion are aligned. Then the metal ion enters
the Helmholtz double layer where it is deprived of its hydrate envelope.

e The dehydrated ion is neutralized and adsorbed onto the cathode surface.

e The adsorbed atom then migrates or diffuses to the nucleation point where the growth

starts on the cathode surface.
The thickness of the electrodeposited layer on the substrate is determined by the

duration of the electrodeposition.
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Fig. 3-2: The influence of an applied potential, rearrangement of ions near the electrode
surface results in an electrical double layer called the Helmholtz double layer, followed by the

formation of a diffusion layer.
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3.1.2 Aerosol Assisted Chemical Vapour Deposition (AACVD)

Aerosol delivery of precursors provides a viable alternative route to currently available
widely used thin film preparation methods. Aerosol Assisted Chemical Vapour Deposition
(AACVD) is an attractive method of depositing metal films for solar cell applications. The
film produced can be grown to the desired thickness, uniformity, the particle size can be
modify (compact to porous thin film), and it is possible to modify the particle growth direction
[84]. The AACVD method involves the atomization of a precursor solution into fine, sub-
micrometer-sized aerosol droplets which are delivered to a heated reaction zone undergoing
evaporation, decomposition, and homogeneous and/or heterogeneous chemical reactions to
form the desired products [85]. A schematic diagram of AACVD is shown in Fig.3-3 and the

deposition mechanism is illustrated in Fig 3-4.

Delivery
Tubes

|

Glass

I Chamber

[ e }——1— FTO
T 1 ? T T T Substrate Plttll!:'ﬂl
®*—— Huot Solution
Plate 2™ Flask to collect the Ultrasonic
liquid fromthe larger Humudifier

Fig. 3-3: The Aerosol-Assisted Chemical Vapour Deposition (AACVD) set up. The arrow
shows the gas carrier flow through the system before entering the heating chamber where the

aerosol decomposes to form thin film.
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Fig. 3-4: Schematic diagram of the AACVD process for the deposition of films.

In this method the precursor is first dissolved in a solvent which can be easily
evaporated and decomposed. The solution is then placed in a round bottom flask and is
positioned above an aerosol generator (ultrasonic humidifier). Then, micron sized aerosol
droplets containing small particles are generated and transported by a carrier gas into a
chamber, where both the solvent and precursor are evaporated and decomposed forming the
films. The aerosol droplets generated by the ultrasonic humidifier have a range of sizes. In this
instance, for thin film preparation, it is preferable that only small aerosol droplets (in order of
several micrometers) are used for the fabrication of thin films so as to obtain highly porous
film structures. For this reason, the larger aerosol droplets must be filtered out. In order to
filter out the large droplets from the aerosol a trap was used. Such a trap is illustrated by the
2" flask in Fig 3-3. After passing through the trap, the aerosol reaches the heated substrate

surface where thermally induced reactions and film deposition take place. The efficiency of
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aerosol delivery and subsequent decomposition enables a high mass transport rate of the
precursor to the substrate which can result in a high deposition rate without requiring a high
precursor vapour pressure at room temperature or long-term thermal stability of the precursor
at elevated temperature. In addition, this system also has the potential to be operated under
conditions where the precursor delivery rate and the composition of precursor in solution and
droplets do not change with time, which allows reproducible deposition of multi component

films, such as complex inorganic semiconductor materials [86].

The most interesting feature in the AACVD is chemical precursors need not
necessarily be volatile, but merely soluble in any solvent from which the aerosol can be
generated and thermally stable for sensitising the specific materials [87]. Because of that
reason, the AACVD method has a high possibility to produce high-quality thin films at a
lower cost. The key advantages of AACVD can be described as follows [85,87,88]:

» a wider choice and availability of precursors for high quality chemical vapour

deposition (CVD) products at low cost, which is a critical issue for mass production.

» simplification of the delivery and vaporization of precursors via the generation of a

precursor aerosol.

> high deposition rate, which may be obtained from a high mass-transport rate of the

precursor, and the possible improvement of precursor selection.

» a more flexible reaction environment, since AACVD can be operated under low

pressure, atmospheric pressure, or even in an open atmosphere.

» simplification of the synthesis of multicomponent products with precise stoichiometric

control.

As a result of the aerosol transport of precursor and the associated CVD deposition
mechanism, AACVD can combine the advantages of both conventional CVD and spray-
pyrolysis processes. The thickness of the film can be controlled by the deposition time and the
rate of aerosol delivery.

3.1.3 Aerosol Assisted Deposition (AAD)
Aerosol Assisted Deposition is almost similar to the AACVD method. AAD also

involves the atomization of a liquid precursor solution into fine sub-micrometer-sized aerosol
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droplets that are distributed throughout a gaseous medium. The aerosol is subsequently
transported into a heated reaction zone, where the solvent undergoes rapid evaporation and/or
decomposition, leaving the solid particles on the substrate as a thin film at the increased
temperature. The key difference between these two methods is that the precursor made for the
AAD technique is obtained by dispersing the desired material as very small particles (i.e. WO3
and Cul nanoparticles) but for AACVD requires a complex as a precursor which is involved in
a chemical reaction in the heated zone. In other words, the difference between the two is that
in AACVD, the precursor undergoes a chemical change upon film formation; whereas in
AAD, the precursor is already in the desired chemical form, so in this case, the aerosol simply
assists in the transportation of the small particles of material containing solvent to the
chamber. A schematic diagram of AAD used in this study shows the similarity to the
AACVD setup as shown in Fig. 3-3 and Fig. 3-4 but the difference is that AAD is done in a
furnace in which the aerosol flows in a horizontal manner rather than using a hot plate with a

vertical aerosol flow as shown in Fig. 3-5.
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Fig. 3-5: The Aerosol assisted deposition set up.

The temperature can be easily controlled using a tube furnace and this method will also
avoid the aerosol falling straight to the substrate. In other words, by using the horizontal

deposition method, unnecessary product formation (such as powder or carbon trap) on the
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substrate can be avoided, especially when deposition is taking place at relatively low
temperatures. Another advantage of AAD is that the precursor can be dissolved or suspended
in an appropriate carrier solvent [89]. This shows that the AAD method can avoid unnecessary
compound formation on the substrate during deposition and particle aggregation to large

clusters.

3.1.4 Preparation of Cul by electrodeposition

A simple electrochemical process has been employed to grow y-Cul thin films on FTO
through a reversible reaction using a copper iodide (Cul) powder in aqueous solution at room
temperature. The deposition was performed in a three-electrode cell with FTO as the working
electrode, platinum wire as the counter electrode and Ag/AgCl (3 M KCI) as the reference
electrode. Prior to electrodeposition, the FTO substrate was cleaned by the same method as
discussed in section 3.1.7. The Cul powder (98%) was purchased from Aldrich and potassium
iodide (K1, 99%) was purchased from Alfa Aesar.

The Cul complex solution was prepared by dissolving 1.5 g potassium iodide (KI) in
90 ml of acetone and 2 ml of deionised water. A presence of small amount of water into the
solution provides increased solubility of KI solution. First, a saturated solution of KI was
made up. Then the saturated KI solution was used to dissolve 0.2 g of Cul powder. It is well
known that Cul can be dissolved only in a saturated solution of I" ions. The mixture of the
solution will produce a low complex ion Cul,’, which will be used for the deposition of Cul on
the FTO substrate through electrodeposition. In the present work, y-Cul was deposited by
galvanostatic electrodeposition (~30 mAcm™) by continuous and pulsed electrodeposition for

various deposition times as shown in Table 3-1 below.
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Table 3-1: Deposition conditions for different samples. Here, the PED stands for pulsed

electrodeposition.

Sample Current Deposition cycle
Name applied x=2)
(s)

ED 15
PED-1 30 mA cm™ 5X5%5
PED-2 3X6x6
PED-3 1x3x5x6
PED-4 3x3x3x3x3

The electrodeposition was conducted on the FTO substrate provided by Pilkington
(dimensions, 1 cm X 2 cm; sheet resistance, 15 ©/[1) and in each case, the deposition area of
the electrode was kept constant (1 cm?). The amount of charge passed during the
electrodeposition (in both continuous and pulsed electrodeposition) was maintained at a
constant level (0.45 Ccm™).

When the electrodeposition was conducted in galvanostatic mode the following

reduction and oxidation reactions take place in each electrode.

Anode: 1™ — I, + 2e” 3-1)
Cathode: [Cul,]” + e~ —» Cu+ 21 (3-2)
Overall: [Cul,]™ - Cul + 1, + 2e~ (3-3)

As shown in the reaction scheme suggested above, films of Cul and I, will form on the
substrate during the deposition. As a result, Cul film is formed onto the FTO substrate under
the influence of the applied electric filed. The amount of charge passed during the
electrodeposition (in both continuous and pulsed electrodepositions) was maintained at a
constant level (0.45 Ccm™) as can be seen in Fig. 3-6. The nucleation of particle growth takes
place just after applying the current and is stopped when the current is turned off. The same
amount of charge is passed in each case and this was further confirmed by the analysis of the

film thickness. After the deposition, each film was washed with distilled water several times to
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remove any remaining adsorbed salts. Then, the samples were annealed at 200°C for 2 hrs

under N, atmosphere to improve the adherence onto the FTO substrate. The iodine is also

removed during the annealing process.
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Fig. 3-6: Current, charge, and voltage profiles of continuous and pulsed electrodeposition.
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3.1.5 Preparation of Cul by Aerosol Assisted Deposition (AAD)

Cul thin films were also prepared by AAD onto FTO glass substrates. A 0.1 M
solution of Cul (powder purchased from Aldrich) prepared in acetonitrile was used as the
precursor and the thin films were deposited at 75°C over a period of 10 minutes. All chemicals
were used without any further purification. Argon was used as the carrier gas and the flow rate
was maintained at 175 ml/min. Then the films were washed by distilled water several times to
remove salts accumulated on the films. The AAD of Cul thin films can be described as
follows:

Cul(solid) + acetonitrile(solvent) — Cul(aerosol) B3-4
75°C
Cul(aerosol) — Cul(film) + solvent vapors (3-5)

The final product contains only Cul as a thin film and the solvent will evaporate due to the
high temperature in the deposition zone.

3.1.6 Preparation of NiO by Aerosol Assisted Chemical Vapour Deposition (AACVD)
NiO electrodes were fabricated from a single source precursor solution. The NiO films
were deposited using Nickel (1) acetylacetonate [Ni(acac),] (95%, Aldrich) as a precursor. A
detailed precursor solution procedure can be described; 0.05 M Ni(acac), was dissolved in 100
ml toluene for 20 min whilst stirring. The chemical was used without further purification.
Heating during the dissolving process helps the Ni(acac), to dissolve faster [90], increasing
stability and volatility [91] of the precursor solution. Volatility is a prerequisite for
conventional CVD methods. Volatility of a compound is a function of intermolecular forces
(Van der Waals interactions, hydrogen bonds), which are affected to the lattice structure of the
solid [91]. By increasing the solubility, stability and volatility of the precursor better control of

structure and crystallization of the thin film results as major benefits [91].

In a typical deposition, 20 ml of 0.05 M solution of Ni(acac), was added to a 50 ml
round-bottom flask. The aerosols of the precursor solution were formed by keeping the round

bottom flask in a water bath above the piezoelectric modulator of an ultrasonic humidifier.
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The generated aerosol was transferred to another flask by carrier gas to trap the large aerosol
droplets and the aerosol was diluted by introducing more gas. Then the aerosol was transferred
into the reactor vertically above the FTO substrate. Decomposition of the precursor occurred
in the deposition chamber resulting in nanostructured NiO film formation on the FTO

substrate. The deposition can be described as follows:

Ni(acac),(solid) + Toluene(solvent)

— [Ni(acac),](solution) (3—-6)
[Ni(acac),](solution) — [Ni(acac),](aerosol) 3-7)
[Ni(acac),](aerosol) hd NiO(film) + volatile by — products (3—-98)

The thickness of NiO electrodes was controlled by varying the deposition times.

3.1.7 Preparation of Cu,S by Aerosol Assisted Chemical Vapour Deposition (AACVD)

First, the [Cu(en),]Cl, complex was prepared by drop wise addition of 2 ml of
ethylenediamine (en) (1.8 g, 0.03 mol) (99%, Alfa Aesar) to a 5 ml ethanolic solution of
CuCl,-2H,0 (1.7 g, 0.1 mol) (99%, Acros Organic) while constantly stirring. All chemicals
were used as received. A deep blue precipitate was obtained on evaporation in air. The product
was filtered, washed with aqueous ethanol, and dried over silica gel. This precursor has been
prepared as reported in the literature [92].

A mixture of 10 mM [Cu(en),]Cl, and 30 mM thiourea (CS(NH2)2, >99%, Fisons) in
ethanol (100 ml) was used as the precursor and the films were deposited at 330°C for various
deposition times using the AACVD technique. In order to avoid transformation of Cu,S into
CuO, argon was used as the carrier gas and its flow rate was maintained at 175 ml/min. Here,
the thiourea was used to supply the sulphur to form Cu,S film. The thickness was varied by
varying the deposition time. The deposition can be described as follow:

CuCl,2H,0(solid) + ethylenediamine (en)(liquid) + ethanol(solvent)
— [Cu(en,)]Cl, (complex solution) 3-9
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The reaction suggests that the thiourea is used as the sulphur source during the preparation of
CuzS films. By mixing thiourea into the [Cu(en;)]Cl, complex solution, the precursor has been
used for AACVD method. Finally, the aerosol is transported using argon as a carrier gas and is
decomposed in the chamber to form a Cu,S thin film. The undesirable products were removed

from the heated zone by carrier gas.

3.1.8 Preparation of Fe,O3 by Aerosol Assisted Chemical Vapour Deposition (AACVD)

Iron oxide (Fe,O3) thin films were prepared by employing a precursor solution
consisting of ethanolic iron chloride. The precursor solution was prepared by dissolving 0.2 M
iron (I11) chloride hexahydrate powder (> 98%, Aldrich) in ethanol at room temperature. This
precursor solution was used as a precursor for aerosol assisted transport to form Fe,O3 films
on FTO substrate or on light-absorber surface. A thin film of Fe,O3 was deposited on the light

absorber Cu,S surface when SS-CSSCs are constructed.

A typical deposition procedure is as follows: The precursor mixture was transferred to
the aerosol chamber, a customized silicate glass. A flow of air (rate ~ 175 ml/min) was passed
through the apparatus at all time as a carrier gas. The chamber temperature was maintained at
330°C during deposition. Once the temperature was stabilized, an aerosol was generated using
an ultrasonic humidifier and air passed through the aerosol mist, directing the aerosol into the
chamber. The aerosol entered into the chamber/reactor was decomposed to form a thin film of
Fe,Os. At the end of the process, the coated films were cooled down to the room temperature.

FeCl;(solid) + ethanol(solvent) — FeCl;(aerosol) (3-10)
330°C
FeClz(aerosol) — Fe, 05(film) + solvent vapors 3-11

3.2  Materials/electrodes preparation

The general idea behind the development of SS-CSSC is to solve the difficulties
caused by construction and operation of CSSCs. CSSC is a liquid based device and possesses
numerous challenges in the construction and operation stages. Furthermore, construction of
SS-CSSCs is anticipated to reduce the device production cost significantly compared to that of

CSSC counterpart. The conventional semiconductor sensitised solar cell based on anodic
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sensitisation consists of a nanocrystalline anodic wide band gap semiconductor electrode
decorated by a conformal coating of an anodic semiconductor absorber layer and a hole
conducting phase which is transparent to visible light. Typically, the first layer fabricated in
such devices is the nanocrystalline metal oxide wide band gap anodic semiconductor electrode
which is optically transparent to visible light (i.e. TiO,, ZnO, SnO;). However, in this study
the cell construction follows in the reverse order, such that the first deposited layer was a
transparent textured cathodic semiconductor layer. This was followed by the deposition of a
cathodic light absorber layer. Construction of the cell was completed by depositing an n-type

semiconductor material or electron conducting polymer as an electron acceptor.

3.2.1 Materials

3.2.1.1 Substrate cleaning

The substrate used in this study was fluorine-doped tin oxide conductive glass (FTO),
supplied by Pilkington Group Ltd. There are two main substrate types, namely TEC 8 and
TEC 15, which have sheet resistances of 8 and 15 /], respectively. The substrates were cut

to the desired size (typically 1 x 2 cm? in our case) and cleaned according to the following

protocol.
» Wash the substrates with distilled water for 15 minutes in ultrasonic bath.
> Rinse with distilled water 10-15 times.
» Wash the substrates with isopropanol for 15 minutes in ultrasonic bath.
» Wash with distilled water 10-15 times.
» Wash the substrates with distilled water for 15 minutes in ultrasonic.
» Wash in ultrasonic bath for 15 minutes in acetone.
» Lastly, clean in ultrasonic bath for 15 minutes in ethanol and stored in ethanol until

used.
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3.2.1.2 Cuprous iodide (Cul)

Copper (1) iodide (cuprous iodide) is a p-type inorganic semiconductor and is a
versatile candidate for a wide band gap material. Cul is a water insoluble solid and exists in
three stable crystalline phases in different temperature regions, namely o, B and y [93-96]. The
high temperature (above 440°C) a-phase cubic structure is a mix conductor, where the charge
carrier is predominantly Cu?* ions [94]. The wurtzite p-phase structure exists at temperatures
between 390°C and 440°C is an ionic conductor as reported in the literature [96]. At low
temperatures below 390°C, y-phase Cul is formed as a zinc blende structure of wide band gap
(~3.1 eV) p-type semiconductor and the conductivity depends on the presence of iodine in
stoichiometric excess [97-99]. The iodine atom acts as an electron acceptor that creates holes

in the valence band. The different crystalline phases of Cul are illustrated in Fig. 3-7.

Fig. 3-7: The different crystal structures of Cul at different phases [100].

Recently, y-phase of Cul prepared at low temperature attracted great attention because
it is a fast-ion conductor with low electronic conductivity, and is a wide band gap
semiconductor and easy to prepare as a thin film [101]. These properties make y-phase Cul
thin films very useful in dye sensitised solid state solar cells [102-104] as a hole collecting and
transporting component [105]. It is also potentially applicable in the fabrication of blue-light
emitting devices [106-108], field emission displays and vacuum fluorescent [109]. Cul also be
used as a catalyst in organic synthesis [110,111] and also in the formation of both inorganic

and biochemical supramolecular compounds [112,113].
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Various techniques have been employed for the preparation of Cul thin films such as
ionisation [114], radio frequency/direct current (rf-dc) coupled magnetron sputtering [115],
pulse laser deposition (PLD) [116], hybrid electrochemical/chemical synthesis [117],
electrodeposition [118], chemical bath deposition (CBD)[119], dip-coating [94], successive
ionic layer adsorption and reaction (SILAR) [119] and vacuum evaporation [120]. However,
some of the film preparation methods mentioned above require high temperature, high
vacuum, complex facilities and rigid experimental procedures, which would greatly hinder
their universal applications and would increase the cost. These reasons make it necessary to
explore alternative techniques to grow more reproducible and better quality films which are

simple to use and cost-effective.

3.2.1.3 Nickel oxide (NiO)

Nickel oxide is among the most widely investigated transition metal oxide p-type
semiconductor. It is a transparent semiconducting, electro-chromic and antiferromagnetic
material having a wide range of technological applications on the nanoscale [121,122]. NiO is
an interesting candidate material for this class with a wide band gap of 3.6 — 4.0 eV [121,123].
It is well known that bulk NiO has a cubic (NaCl-type) structure (see Fig. 3-8) with low
conductivity typically in the order of 10 - 10"** Q at room temperature [123-126].

Fig. 3-8: The crystal structure of NiO [127].

However, the conductivity is drastically increased when prepared in the form of thin
films or consolidated nanoparticles due to the holes generated by Ni vacancies in the lattice
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[128,129]. The electrical conduction is primarily ascribed to the hopping of holes associated
with the Ni?* vacancies [124,129]. Although stoichiometric NiO is an insulator, its resistivity
can be lowered by an increase of Ni** ions resulting from addition of monovalent atom or by
the introduction of nickel vacancies and/or interstitial oxygen in NiO crystallites [130].
Having excellent durability and electrochemical stability, low material cost, being a promising
ion storage material in terms of cyclic stability, having a large span optical density, and the
possibility of manufacturing by a variety of techniques make NiO extremely attractive
material [121].

These attractive properties of NiO make it suitable to be applied in a range of devices
including dye sensitized solar cells [131], chemical sensors [132], electrochromic devices
[133], antiferromagnetic layers [134], p-type transparent conducting films [135], smart
windows [136], electrochemical supercapacitors [137], negative electrode of lithium-ion
batteries [138] and catalysts [139].

To date, various methods have been employed to synthesize nanostructured NiO such
as thermal decomposition [140], evaporation [141], sputtering [133,142], electrodeposition
[143], sol-gel [144], metal organic chemical vapour deposition (MOCVD) [145], chemical
vapour deposition (CVD) [146], atomic layer deposition (ALD) [147], pulsed laser deposition
(PLD) [148], spray pyrolysis [149], hydrothermal [150], reactive pulsed laser ablation [151],
the solution method followed by calcinations [152,153], the tape casting and sintering process
[154] and chemical bath deposition (CBD) [155,156].

3.2.1.4 Copper sulphide (Cu,S)

Copper sulphide can be considered in some ways an ideal absorber material because it
combines a number of important characteristics including being non-toxic, low cost, in high
abundance (along with silicon) and excellent light absorption properties [157]. There are
several stable phases of copper sulphides at room temperature with different stoichiometry
(CusS, 1 < x < 2) [158]. The stoichiometry depends on the temperature [159], with the
extremes being Cu,S (chalcosite) and CuS (covellite), intermediate phases include Cujg7S
(djurleite), Cuy.gS (digenite), and Cuy4S (anilite) [159,160]. Among them, Cu,S is considered
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to be an ideal light absorber due to its high absorption coefficient (~ 10 cm ™) and narrow
enough band gap (1.2 eV) [161-163]. These compounds are p-type semiconductors with
copper vacancy defects as acceptors [164]. The crystal structure of Cu,S is illustrated in Fig.
3-9.

1—‘5

r‘,/fkwr}'

Fig. 3-9: The crystal structure of Cu,S [165].

Copper sulphide as thin films has been used in a wide range of applications such as
photothermal conversion [166], photovoltaic [167,168], solar control coatings [169], lithium
batteries [170], gas sensors that functioning at temperatures tending to room temperature
[171], polarizers of infrared radiation [172] and active absorbents of radio waves [173].

Many methods have been developed to prepare Cu,S thin films for various applications
such as chemical bath deposition (CBD) [174], solid state reaction [175], chemical vapour
deposition (CVD) [176], spray pyrolysis [177], successive ionic layer adsorption and reaction
(SILAR) [158], microwave assisted chemical bath deposition [178], the liquid-liquid interface
reaction [179], chemical vapour reaction (CVR) [180], electrochemical methods [181], atomic
layer deposition (ALD) [182], and spray-ion layer gas reaction (ILGAR) [183].

3.2.1.5 Iron Oxide (Fe;03)
Iron oxide is the fourth most common material in the earth’s outer layer as iron is
readily oxidized in the air to form the ferrous (Fe*?) and ferric (Fe*®) states [184,185]. At

ambient temperature, the common stoichiometric forms of iron oxides are magnetite (Fe3O,),
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maghemite (y-Fe,O3), and hematite (a-Fe,O3); in addition they form hydroxides [93]. Among
these, a-Fe,O3 or hematite photoanodes have received considerable attention on account of its
abundance, stability and environmental compatibility, as well as its suitable band gap (~2.2
eV) [184,186] valence band edge (~ -4.78 eV) and conduction band (~ -6.98 eV) position
[187,188]. The structure of hematite is illustrated in Fig. 3-10.

|ron(II) oxide

Fig. 3-10: The crystal structure of hematite [189].

Hematite is an interesting material due to its catalytic, magnetic and semiconducting
properties, and because it is produced during corrosion [190]. An important feature of
hematite which makes it suitable for many optoelectronic devices, including photovoltaic solar
cells, are sufficient light absorption, high chemical stability, favourable energetic positions of
the band edges with respect to the oxidation potential of water and low cost [191].

It has been intensively investigated for potential applications including gas sensors
[192,193], rechargeable lithium ion batteries [193], catalysts [194,195], pigments [194],
photoanode for efficient water splitting by sunlight [196], waste-water treatment [197] and
biological and medical fields [198].

The preparation of hematite thin films was first reported by Bard and Hardee using the
CVD method [199,200]. Then, many studies were done using different techniques such as,
sputtering [201] and thermal oxidation [202], ultrasonic spray pyrolysis (USP) and
conventional spray pyrolysis (SP) [196,203], atmospheric pressure chemical vapour deposition
(APCVD) [204], DC reactive magnetron sputtering [205], sol-gel method [206], potentiostatic
anodization [207], sintered disks [208] and single crystals [209,210], aerosol assisted chemical
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vapour deposition (AACVD) [211] which results in excellent quality thin films, and is cost

effective.

3.2.2 Device preparation

The SS-CSSC configuration containing solar cells have been fabricated using both Cul
and NiO wide band gap cathodic semiconductor electrodes. In this study, two different SS-
CSSC  structures have Dbeen investigated namely FTO/Cul/Cu,S/Fe,O3/Pt and
FTO/NiO/Cu,S/Fe,04/Pt.

3.2.2.1 FTO/Cul/Cu,S/Fe,04/Pt cell

Cul electrode was deposited on clean FTO glass substrates following the method
described in Section 3.1.2. During the deposition, the distance between nozzle and the
substrate was maintained at about 2 cm inside the glass chamber. The Cul film thickness was
recorded to be about 1 um after 15 minutes deposition time. Then the films were washed using
distilled water several times to remove unnecessary salts accumulated on the films. A narrow
area of one end of the FTO substrate was kept uncoated (with Cul) in order to provide
electrical contact. This was done by masking this specific area of the electrode during the Cul
deposition. Then, the absorber Cu,S was deposited on the textured Cul surface by AACVD
method (see the Section 3.1.7 for details). The variation in the thickness of Cu,S was achieved
by varying the deposition time. The effect of Cu,S thickness on PEC properties was studied.
Europium nitrate was used as an electrolyte in the photoelectrochemical characterisation of
photosensitised electrodes. This produces high photocurrent due to the fast electron transfer of
europium. Finally, in order to complete the fabrication of the solid state cell, a Fe,O3 layer was
deposited by AACVD method as discussed in Section 3.1.8. The effects of Fe,O3 thickness
investigated in order to optimize the cell performance. The cells fabricated were stored in air

under room temperature and dark conditions. The active area of the cell was 1 cm?.
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3.2.2.2 FTO/NiO/Cu,S/Fe,O3/Pt cell

The SS-CSSC cells based on NiO as hole collector were constructed using similar
techniques. The NiO photocathode was deposited by AACVD at 475°C for 40 min as
discussed in Section 3.1.2. This was followed by Cu,S film deposition on the NiO surface.
Cu,S functions as an absorber layer which will absorb photons and generate and separate
electron-hole pair. The photoelectrochemical properties of FTO/NiO/Cu,S electrode in I/l3
electrolyte was also studied for different Cu,S thicknesses deposited on the porous NiO layer.
The fabrication was then completed by depositing a Fe,O3 film on the Cu,S layer as an

electron collector in order to construct SS-CSSC device.

3.3 Characterization

In order to study the structural, surface and optical properties of the prepared
electrodes, XRD, FEGSEM and UV-Visible techniques were employed. Finally, the
photoelectrochemical properties of electrodes were studied by chopped and steady-state J-V
measurements and photocurrent spectroscopic measurements (i.e. external quantum efficiency

measurements or IPCE measurements).

3.3.1 Structural characterisation

3.3.1.1 XRD measurement

The X-ray diffraction (XRD) technique is a non-destructive analytical technique which
can provide information about the crystallographic structure of materials. In these studies,
XRD had been used in order to study structural characterization for extracting information on
the material such as type of atoms, crystal orientations and average grain size. It involves
directing incident X-rays into a material and using a detector that moves around in a circular
path around a sample or vice versa, and measuring the direction and intensities of any

resulting diffracted waves. Constructive and destructive interference of the diffracted waves
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produce “diffraction patterns” which can provide information regarding the crystal structure of
a thin film material [212].

In general, materials with long repeat distances exhibit diffraction at small angles and
materials with short repeat distances exhibit diffraction at large angles. Also, crystals with
precise periodicities over long distances have sharp diffraction peaks whereas those that
contain impurities, internal strains or other defects have broadened, shifted or weakened
peaks. The XRD peak locations can be used to calculate the interplanar spacing, d, by using
Bragg’s Law,

nl = 2d sinf (3-12)
Where 6 is the Bragg angle which is the angle which satisfies Bragg’Law, A is the wavelength
of the incident X-rays and n is order of the spectra.

The average grain size can be calculated using Scherrer’s Equation:

. 0.94
" Bcos#

(3—-13)

Where B is Full Width of Half Maximum (FWHM) of a particular peak, t is the crystallite
size, 4 is the Bragg angle and 4 is the wavelength of the incident X-rays [213].

The structural studies of the semiconductor films were investigated by an X-ray diffractometer
(Bruker D8) (Scanning angle between 20° and 60°), and operated with monochromatic high
density Cu Ka (wavelength, 2 = 0.1542 nm) radiation using a PSD detector. The XRD
machine is shown in Fig 3-11.

The crystallinity of the samples was obtained from the ratio of the total integrated
intensities scattered by the crystalline and the amorphous fractions. Peak positions and
intensities for many materials can be found in International Center Diffraction Data (ICDD)
reference databases of powder diffraction files (PDF). The data base is available from the

Diffraction equipment manufacturers or from ICDD direct.
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Fig. 3-11: Picture of the Bruker D8 XRD system.

3.3.1.2 FEGSEM measurements

Field Emission Gun Scanning electron microscope (FEGSEM) was used in this study
in order to measure thickness and surface morphology. The mechanism can be explained as
the image is created by scanning the focused electron beam in a raster pattern across the area
of the sample. Secondary electrons are then collected by a detector, generating a signal which
is displayed on a monitor. The most common imaging mode collects low-energy (<50 eV)
secondary electrons that are ejected from the specimen atoms by inelastic scattering
interactions with beam electrons. Due to their low energy, these electrons originate within a
few nanometers from the sample surface [214,215]. The brightness of the signal depends on
the number of secondary electrons reaching the detector. If the beam enters the sample
perpendicular to the surface, then the activated region is uniform about the axis of the beam
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and a certain number of electrons “escape” from within the sample. As the angle of incidence
increases, “the escape” distance of one side of the beam will decrease, and more secondary
electrons will be emitted. Thus steep surfaces and edges tend to be brighter than flat surfaces,
which results in images with a well-defined, three-dimensional appearance. A general
introduction to FEGSEM principles can be found in references [214,215].

FEGSEM was used to determine the surface nanostructure and the thickness of the
films using Leo 1530 VP (Carl Zeiss NTS Ltd., Cambridge, UK) field emission gun SEM
(FEGSEM) at an accelerating voltage of 5 kV, and a working distance of 6 mm. For the
sample preparation, the thin films were cut in two pieces, of which the first part was used to
study the thickness and the second part for surface morphology. Then the films were attached
to the sample holder by using silver paint concentrate solution between the conducting FTO
layer and the holder. Finally, the thin films were coated by gold prior to using a Polaron
Emitech SC7640 sputter coater (Quorum Technologies Ltd, West Sussex, UK) and ready to be
measured in FEGSEM measurement. The picture of the FEGSEM is shown in Fig. 3-12.

LEB 1530 WP

Fig. 3-12: Picture of the FEGSEM.
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3.3.2 Optical characterisation

Ultraviolet-visible (UV-Vis) spectrophotometeris a device used to study the
interaction between radiation and matter in regards to the wavelength of photons. The
interaction can be explained in the following equation;

1240
E=—— (3 —14)

Where E is photon energy (eV), and /1 is wavelength (nm). Specifically, it measures visible
light and the close-to-visible range of ultraviolet and infrared spectrum ranges. This allows
identification of the optical spectroscopy of solids specifically the optical density, absorption,
transmittance and reflectance and from this information (by plotting graph) the band gap of the
material can be calculated. Basically, UV-Vis spectrophotometer functions with the following
elements [216]:

(1) A light source (usually a deuterium lamp for the UV spectral range and a
tungsten lamp for the Vis and IR spectral ranges) that is focused on the
entrance to a monochromator.

(i) A monochromator, which is used to select a single frequency (wavelength)
from all of those provided by the lamp source and to scan over a desired
frequency range.

(iii) A sample holder.

(iv) A light detector (usually a photomultiplier for the UV-Vis range) to measure
the intensity of each monochromatic beam after traversing the sample.

v) A compulter, to display and record the absorption spectrum.

The spectral shape of the light after passing through each element has also been sketched in
Fig.3-13.
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Fig. 3-6: Schematic diagram of a double beam spectrophotometer.

As illustrated in Fig. 3-13, the beam intensity attenuation dl travelling through different
thickness dx can be written as
dl = —al dx (3—-15)
Where | is the light intensity at a distance X into the material and a is the absorption coefficient
of the material. By integration of equation 3-15, the law known as the Beer-lambert law is
obtained which is related to the incoming light intensity and the thickness of the film [216].
=1 (3 —16)

Where 1, is defined as incident intensity minus the reflection losses at the surface. All three
parameters, optical density (OD), absorbance (A) and Transmittance (T) work in different
modes for optical spectrophotometers measurement. These parameters are calculated using the

following equation, providing that the thickness of the sample is known:

I
0D = logT (3-17)

_(0D) 2303 (0D)
*= xloge X

(3 - 18)
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The other two modes have been directly measured by the instrument and can be related using a

well-known equation and according to Equation 3-16 the transmittance is determined by

I
T = — (3—-19)
Iy
And the absorbance determined by
I
A=1-— (3 —20)
Iy

That means using Equations 3-19 and 3-20, by measuring the absorbance, the transmittance
spectra can be determined or vice versa [216]. However, the equations above are for low
optical densities, the optical density spectra are more sensitive hence the absorbance will be
very close to the optical density (A = 1 — (1 — OD) = OD) so that the absorbance spectrum
displays the same shape as the optical density. At higher optical densities, the absorbance
spectrum gives different shapes compared to the actual absorption.

Another optical absorption parameter, which is of relevance when working with optical
thin films, is the reflectance. The reflectance provides similar information to the absorption
and transmittance via measurement in a different mode. For example an absorption coefficient
of a high value such as 10° — 10° cm™ can only be measured by using a very thin film sample.
According to these, the reflectivity spectra are advantageous due to the singularities in

measurement caused by the absorption process. The reflectivity at each frequency is defined

by

R=2 (3—21)
I,

Where I is reflected intensity. The reflectance can divided to two different modes such as
direct reflectivity and diffuse reflectivity. Direct reflectivity measurements are for well-
polished samples at normal incidence but the diffuse reflectivity is generally used for
unpolished or powder samples. Fig. 3-14 shows the schematic of diffuse or direct reflectivity
[216].
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Fig. 3-7: Schematic diagram of reflectance mechanism.

For direct reflectivity measurement, monochromatic light (produced by a lamp and
monochromator) is passed through a semitransparent lamina. This lamina deviates the light
reflected in the sample towards a detector. For diffuse reflectivity measurements, an

integrating sphere (a sphere with a fully reflective inner surface) is used as shown in Fig. 3-15.

Sample

Detector

Fig. 3-8: Schematic diagram of an integrating sphere for measuring diffuse reflectivity.
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Such a sphere has a pinhole through which the light enters and is transmitted toward the
sample. The diffuse reflected light reaches the detector after suffering multiple reflections in
the inner surface of the sphere. The integrating spheres can be incorporated as additional
instrumentation into conventional spectrophotometers.

In these studies, the absorbance, transmittance and diffuse reflectance of films were
measured by using a Lambda 35 Perkin-Elmer UV-Vis spectrophotometer. A bare FTO
substrate was used as the reference for absorbance and transmittance and an optical white filter
was used as the reference. The completed CSSCs were also studied for optical properties. The

scan range was typically 300 — 1100 nm. The instrument is shown in Fig 3-16.

Fig. 3-9: Picture of UV-Visible spectroscopy.
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3.3.3 Electrical characterisation

3.3.3.1 Capacitance measurements

Accurate determination of the band edges, flat band potential, donor/acceptor density
and type of material are extremely important to understand the solar cell performances. The
capacitance measurements are suitable for this because they can be performed under the
affected by defects. Other methods such as photocurrent onset and photopotential
measurements are less accurate and require higher light intensities [217]. The location of the
energies corresponding to the edges of the valence and the conduction bands, of the
semiconductor electrode with respect to electrolyte energy level is useful in the selection of
suitable electrolyte for optimizing solar cell performance. These are usually found by
determination of flat band potential, by measuring the semiconductor electrode capacitance as
a function of applied potential. The band-edge positions are derived from capacitance
measurements and flat band potentials can be determined by the following Mott-Schottky
relations [218];

n—typ 1 = 2 (E E ) 3—22
ype, C..>  €€eNg /b e ( )
p—typ 1 = (E' E k ) 3—23
ype, CSC2 gg,eNy /b e ( )

Where the Cy is the capacitance of the space charge region, ¢ is dielectric constant, ¢, is
permittivity of free space, e is the charge, Ny is the donor density, N, is the acceptor density,
Es, called flat band potential, E is potential, k is Boltzmann’s constant and T is temperature.
By constructing a Mott-Schottky plot from the measurement, the flat band potential and
donor/acceptor can be determined from the slope of the graph. Then the energy band edge,
Eube Can be determined by [218];

Ny
Eype = Ep — kTIn [—] (3 —24)
N,

Where E,ue and Ecpe are the energies of the valence and conduction band edges, and Nv is the
effective density of states in the valence band. From these values, the band gap and band

positions can be located. Finally, the conduction band edge E. can be calculated from [218];
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Ecpe = Evpe — Eg (3-125)

Where Epe is the valence band edge and Eg is the band gap of the material. The type of the
material (p or n-type) also can be observed from the slope of the Mott-Schottky plot. The
positive slope and the flat band potential towards a more positive value on the graph mean that
the material exhibits p-type behaviour where holes are the dominant charge carrier. For the
negative slope, the value of the flat band potential towards a more negative value mean the

material show n-type behaviour and the majority charge carrier are electrons.

Capacitance studies were conducted by performing scan rate measurements using
microAutoLab type Il and computer controlled GPES software. For this, a three-electrode
potentiostatic set-up was used, the potential ranges depend on the material being measured.
The reference electrode used was Ag/AgCI/3 M KCI, platinum were the counter electrode, and
the aqueous solution was the electrolyte in an electrochemical cell with a quartz window. All

potentials were expressed against the Ag/AgCl/3 M KCI reference electrode potential.

3.3.4 Performances

3.3.4.1 Current density-voltage (J-V)

Current—voltage (J-V) measurements of the cells were carried out using a potentiostat
(microAutoLab, type 111, Windsor Scientific, Berkshire, UK) while the cells were illuminated
using an AM 1.5 Class A solar simulator provided by (Solar Light 16S — 300 solar simulator,
Solar Light Company Inc., PA, USA), at 1000 mWcm™ light intensity, calibrated by a solar
pyranometer PMA2144 Solar Light pyronometre (Solar Light Company Inc., PA, USA)
traceable to NPL standard.

J-V performance of semiconductor cathodic solar cells was measured using two-
electrode and three-electrode configurations. In two-electrode mode, I/l3" was used as an
electrolyte and sandwiched between the photocathode and Pt counter electrodes. Then the
PEC cell was placed perpendicular to the solar simulator source. For the three-electrode
configuration the electrode cell was placed in 0.2 M Eu(NOgs); electrolyte solution in an
electrochemical cell with quartz window where the Ag/AgCI/KCI(3 M) was used as the

reference electrode, and a platinum wire as a counter electrode. In the electrochemical cell,
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light enters through a quartz window and travels about a 5 mm path length in the electrolyte
before illuminating the PEC cell. The PEC cell was illuminated through the electrolyte side
and illumination area was measured depend to the cell area. In both mode of configurations
steady-state and chopped J-V were measured. For the chopped measurements, the light was
manually chopped at regular intervals to record dark and photocurrent simultaneously. The
potential ranges selected depended on the open circuit voltage of the cell. The cell was studied
under dark and illuminated conditions. In order to measure the photocurrent response the
illuminated light was chopped every 0.02 V and the scan speed was 0.05 mV/s.

3.3.4.2 Incident Photon-to-Electron Conversion Efficiency (IPCE)

The incident photon-to-electron conversion efficiency (IPCE) at different wavelengths
is defined as the number of photo-generated electrons in the external circuit divided by the
number of incident photons at a certain wavelength or simply comparing the number of

incident photons to the number of electrons produced [219,220].

IPCE(A) — nelectron(a) — qulectron/S — I(A) (3 _ 26)
nphoton (l) quhoton/S quhoton/S
The incident power
oule N. N. hC,
P, (D) (Watt) = P,,(A) (J ) _ Jphoton p,_ Aphoton o (3 -27)
S S S A
With equations 3-28 and 3-29 can be written as
I(A) I(A) hC,1 I(A) 1240
IPCE(A) = = - = X 3—28
D =P~ P g 1 P ™ ) (5= 28)

hC,

Where I (A) correspond to measured current in pA/cm?, Piy (1) is the output optical power in
W/m?, and A the wavelength of the incident irradiation in nm. In general, the IPCE is measured
under short-circuit conditions and is graphically displayed versus the corresponding
wavelength. The IPCE corresponds to the photoresponse or external quantum efficiency.

The experiment setup is shown in Fig. 3-17. IPCE measurements were conducted using
a 75 W Xenon lamp connected to a monochromator (TMc300, Bentham Instruments Ltd.,
Berkshire, UK) and the system was calibrated using a silicon photodiode (Bentham).

Photocurrent spectra were measured at a constant potential vs. Ag/AgCl using a combination
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of a lock-in amplifier (Bentham 485, Bentham Instruments Ltd., Berkshire, UK) and an in-
house built potentiostat. The IPCE spectra of CSSC were recorded at zero bias and were
illuminated through the electrode over the 300-1100 nm range, using a chopping frequency of

21 Hz. The cells were measured using two and three electrode as explained in section 3.2.5.

Monochromator

Xenon lamp

0

Shutter

Computer

| |

Lock-in amplifier

Voltage offset

H Sample

Fig. 3-10: Schematic diagram for IPCE measurement.

Page | 93



Chapter 4: Experimental Results on p-Cul
and p-NiO Photocathodes

4.0 Introduction

In this chapter, the properties and photoelectrochemical performances of two wide
band gap p-type semiconductor materials used for solar cell construction are presented. The
materials are p-Cul and p-NiO. The studies are focused on their structural, optical, electrical
and PEC properties of the electrodes. As discussed in the previous chapter, the Cul electrodes
were prepared by electrodeposition and AAD technique whilst the NiO electrodes were
prepared by AACVD.

4.1  Electrodeposited Cul electrodes

The Cul films were prepared at room temperature by galvanostatic electrodeposition,
using continuous and pulsed methods. The influence of pulsed electrodeposition was
compared against the continuous electrodeposition and discussed in this section. As mentioned
in chapter 3, the so called continuous electrodeposition was conducted over a period of 15 s
and called ED for the simplicity. Pulsed electrodeposition was conducted in four different
ways. In the first pulsed electrodeposition, three pulses (each lasting for 5 seconds) were
applied and named as PED-1. In the second pulsed electrodeposition, again three pulses were
applied in a sequence of 3's, 6 s and 6 s and it was called PED-2. In the third pulsed
electrodeposition, different sequences of four pulses were applied (in the order of 1's,35s,5s
and 6 s) and it was called PED-3. Finally, in the fourth pulsed electrodeposition, five pulses
were applied (each lasting for 3 s) and it was called PED-4. The total deposition time was kept
at 15 s in all electrodeposition methods (ED, PED-1, PED-2, PED-3 and PED-4). The
properties of the deposited films were characterized by XRD, SEM, capacitance (i.e. Mott-
Schottky plots), UV-Vis spectroscopy, J-V measurement under AM 1.5 illumination and by
photocurrent spectroscopy (i.e. IPCE measurement).
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4.1.1 X-ray Diffraction (XRD) analysis

The phase and crystal structure of Cul was determined by conducting XRD studies.
The XRD patterns (20° < 26 < 60°) of ED and PED (PED-1, PED-2, PED-3 and PED-4) Cul
electrodes are given in Fig. 4-1. The peaks corresponding to the conducting FTO substrate are
indexed by an asterisk. Apart from the predominant (111) peak at 20 of 25.6°, no other
identifiable Cul peaks are present in the spectra corresponding to both ED and PED Cul

electrodes.

${111)

Intensity {(a.u)
-]
m
=
L)

20 0 40 0 60

26 (degree)

Fig. 4-1: X-ray diffraction patterns of Cul electrodes prepared by using continuous
electrodeposition (ED) and pulsed electrodeposition (PED-1, PED-2, PED-3 and PED-4)

methods.

The dominant crystallographic reflection (111) and also very low reflection of (200),
(220), (311) and (222) which have been attributed to the face-centered cubic (fcc) with y-
phase. According to the growth selection theory, two different growth modes can be
considered [221]. The growth is outward if the electrical field lines and the direction of the
highest growth rate are the same. However, if the growth perpendicular to the substrate is
inhibited, it takes place parallel to the surface and this situation is commonly known as the
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lateral growth mode. Previous studies show that materials with a cubic crystal structure, such
as ZnSe and Cul, can be electrodeposited particularly on FTO substrates with a strong
preferential orientation on (111) direction [222,223]. The Cul films electrodeposited on FTO
in the present work have also shown dominant preferential orientation in (111) direction and
agrees with observations made by others previously [222]. This could be explained on the
basis of lattice match between the Cul (111) plane and the (110) plane of the FTO substrate
[224].

The Cul crystallite size was estimated for ED and PED electrodes by using the
Scherrer equation (by taking the (111) peak into account in each XRD pattern). They were
found to be around 40, 59, 64, 67 and 63 nm for ED and PED-1, PED-2, PED-3 and PED-4
electrodes respectively. It could be suggested that pulsed electrodeposition resulted in
increased crystallite sizes. Among the pulsed electrodepositions, PED-1 showed the highest

XRD peak intensity as shown in the Fig 4-2.

(111)
A PED-4
e e . e e e e e = M e . o — ]
3 PED 3
L
£
@ PED -2
m *
= A
) PED -1
ED
2 24 26 28 30
20 (degree)

Fig. 4-2: X-ray diffraction patterns of Cul electrodes prepared by using continuous
electrodeposition (ED) and pulsed electrodeposition (PED-1, PED-2, PED-3 and PED-4)

methods.
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This suggests that the cycling time plays an important role in the growth of particles leading to
different thicknesses. Among the pulsed methods, PED-1 is the most interesting due to the fact
that it produces the highest (111) peak intensity presumably due to the high crystallinity of the
Cul electrode prepared by the PED-1 method. Our XRD data were also compared with the
data reported by others in previous studies. Sirimanne et al. reported the pulse laser deposited
Cul with an average crystallite size of 1 um [225]. Sankapal et al. estimated the crystallite size
of SILAR and CBD deposited Cul films and they found the crystallite size to be about 50 and
100 nm, respectively [226].

4.1.2 Surface morphology analysis

The surface morphology and cross-section of ED and PED Cul electrodes were studied
using FEGSEM. Fig. 4-3 shows FEGSEM topographical images of the surface morphology of
the Cul.
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Fig. 4-3: FEGSEM images of Cul electrodes deposited on the FTO glass substrates
corresponding to the (a) ED, (b) PED-1, (c) PED-2, (d) PED-3 and (e) PED-4.
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Overall, the surface morphology difference between ED and PED Cul electrodes is
distinguishable. Relatively small Cul particles are visible and interior voids are frequent in the
PED electrode, whereas such features are less frequent in the ED electrode. In other words, the
electrode prepared by pulsed electrodeposition resulted in a porous and textured film
compared to the ED electrode which produced a relatively compact electrode. As shown in
Fig. 4-3, it appears that the repeated nucleation and subsequent particle growth have resulted
in a relatively porous Cul microstructure in the PED case. Previous studies have shown that
the material’s morphology can be controlled by altering the PED parameters. For example,
Mathews et al. reported that highly porous of SnS films can be prepared on FTO substrate by
PED [227]. Baeck et al. have shown the deposition of WOj3; with a controlled microstructure
by adapting the same technique [228]. The material growth by the electrodeposition method
has been described as a five-step nucleation-coalescence mechanism; (i) formation of isolated
nuclei, (ii) growth to larger particles, (iii) coalescence of larger particles, (iv) formation of a
linked network, and (v) formation of a continuous deposit [227,229].

Particle size calculated from the SEM topography of ED, PED-1, PED-2, PED-3 and
PED-4 shows that the average feature sizes of Cul were 670, 360, 510, 440, and 560 nm,
respectively. These values are significantly smaller than the individual particle sizes of
electrodeposited films reported in the literature (~ 1-3 um) [222]. The formation of relatively
smaller Cul feature size in the PED case can be explained in terms of high nucleation rate with
a decrease in the crystallite coalescence. It has been claimed that the nucleation and growth by
PED reduces the internal stress that is directly related to crystallite coalescence [228,230].
Formation of relatively small Cul particles suggests that the growth of the new small particle
nuclei is more favoured in the PED process. On in contrast, it appears that the growth and
coalescence of existing particles forming larger particles are predominant in the ED process.
This result agrees with XRD analysis where the PED-1 sample shows highly crystalline phase
compared to other pulsed electrodeposited films (PED-2, PED-3 and PED-4) as well as
continuous electrodeposited films.

The FEGSEM cross sectional images of Cul electrodes shown in Fig. 4-4 indicate that
the thickness of the ED Cul electrode was about 680 nm, whereas the thickness for the
samples PED-1, PED-2, PED-3 and PED-4 was estimated to be about 818, 727, 636 and 909
nm, respectively. The mass of Cul films in both ED and PED electrodes found to be identical.
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The constant applied charge (0.45 Ccm™) and the identical mass in each case suggest that the
change of the texture within the Cul films may be the origin of this thickness difference.

Fig. 4-4: Cross-section of Cul electrodes for samples (a) ED, (b) PED-1, (c) PED-2, (d) PED-
3 and (e) PED-4.

Page | 100



4.1.3 Mott-Schottky analysis

To characterize the semiconducting behaviour of the deposited Cul, the Mott-Schottky
plots were constructed by conducting capacitance measurements in the range between 0 and
0.25 V (vs. Ag/AgCI/3 M KCI) where the depletion region is forward within the electrode
material. The negative slope in the Mott-Schottky plots confirms that Cul is a cathodic
semiconductor material (see Fig. 4-5).

The Mott-Schottky analysis can also be used to determine the flat band potential. The
flat band potentials derived from the plots are shown in Table 4-1. The shifts in the flat band
potential of the electrode towards more positive potentials for PED electrodes compared to
that of the ED electrodes indicate the changes in the surface morphology, porosity and
crystallinity. For cathodic semiconductors the majority charge carriers are holes. The acceptor
density (Na) for Cul was calculated from the slope of Mott-Schottky plot by taking into
account the dielectric constant of Cul which is 4.58 [231]. It was found that the acceptor
density varied between 1.13 x 10®° m®to 9.01 x 10** m™ for the Cul electrodes prepared in
this study (Table 4-1). The variations in the Na may be due to the changes in the internal
surface area of each electrode. The change of internal surface area is related to the changes in
the texture of each electrode resulted by altering the electrodeposition conditions and the

material growth.
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Table 4-1: The flat band potential and acceptor density calculated from Mott-Schottky plots.

Electrode Flat band potential Acceptor density (Na)
(V vs. Ag/AgCl/3 M KCI) (m?)

ED 0.04 9.01 x 10*

PED-1 0.14 3.79 x 10*

PED-2 0.05 7.70 x 10*

PED-3 0.04 4.41 x 10*

PED-4 0.15 1.13 x 10%

4.1.4 Optical absorption properties

The optical absorption spectra of the Cul films deposited on FTO substrates were

recorded by using a UV-Vis spectrometer. A bare FTO substrate was used as the background

reference in these measurements. The spectra for all Cul films prepared by continuous (ED)

and pulsed electrodeposition (PED-1, PED-2, PED-3 and PED-4) were very similar as shown

in Fig. 4-6. The absorbance beyond the 430 nm is due to the light scattering nature of the Cul

electrodes prepared in this study.
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Fig. 4-6: UV-Vis absorption spectra of Cul electrodes for samples (a) ED, (b) PED-1, (c)
PED-2, (d) PED-3 and (e) PED-4.

As can be seen in Fig. 4-6 the photoresponse at 420 nm corresponds to the on-set of the
band gap excitation and it is in agreement with the previously reported value for a Cul
electrode prepared by screen-printing [232].

The optical band gaps of ED, PED-1, PED-2, PED-3 and PED-4 Cul electrodes were
calculated from the plots of (aAv)? versus /v in each case (as shown in Fig. 4-7). According to
the extrapolated straight line portion to the energy basis at o = 0, the band gaps were estimated
and found to be about 2.97 eV. Our estimated band gap value agrees well with the literature
reported value (2.98 eV) [232].
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Fig. 4-7: (ahv)® versus hv plots of Cul electrodes for samples (a) ED, (b) PED-1, (c) PED-2,
(d) PED-3 and (e) PED-4.

4.1.5 Current-voltage analysis
The current-voltage measurements were conducted for all Cul electrodes under

chopped light conditions. The illumination light source is AM 1.5 simulated sunlight. The
light was chopped manually in 0.02 V intervals. The current-voltage plots obtained under
applied bias voltage between -0.2 and 0.2 V versus the Ag/AgCI/3 M KCI reference electrode
potential in 1 M Na,SOg3 are shown in Fig. 4-8. The strong negative photocurrent observed for

all electrodes confirmed that Cul prepared by the electrodeposition method (pulsed and

continuous) are cathodic.
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Fig. 4-8: The chopped photocurrent density vs. potential plots recorded in 1 M Na,SO3
solution for Cul electrode samples corresponding to (a) ED, (b) PED-1, (c) PED-2, (d) PED-3
and (e) PED-4. The illumination light source is AML1.5 simulated sunlight.

When the electrode is illuminated, electron-hole pairs are generated upon absorption of
light by Cul. The charge separation under applied bias and the subsequent collection at the
FTO substrate results in the photocurrent. The sharp negative photocurrent pulses that are
observed under illumination (following a chopping period which provides the dark current)
indicate that a portion of the photogenerated electrons are transferred to the electrolyte and the
corresponding holes are moved in the opposite direction to be collected at the FTO substrate.
A negligible current was observed for all electrodes in the dark (when the illumination is
interrupted). The sharp negative and positive spikes that are seen at relatively low applied bias
voltages suggest strong recombination of photogenerated electron-hole pairs in that region. As
the applied voltage is gradually shifted in the negative direction, such sharp spikes have
disappeared. However, even in that region the photocurrent pulses are associated with a slow

decay component.
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The comparison of photocurrent density for all Cul electrodes shows that the
photocurrent is significantly high in pulsed electrodeposited electrodes compared to that of the
continuous electrodeposited counter parts (Fig. 4-8). This observation is in good agreement
with the structural characterisation information of Cul electrodes. The PED electrodes in
general had more textured matrix, hence relatively high internal surface area. The improved
crystallinity in PED electrodes may have also been partly responsible for this behaviour. By
improving the surface structure of the electrodes, the photocurrent was enhanced by efficient
transport of majority holes towards the film to combine with the electrons transported towards

the electrolyte and enter the external circuit before arriving at the back contact of the film.

Fig. 4-9 presents the steady-state photocurrent density results of the Cul electrode in
the dark and under illumination. These data agree with the chopped photocurrent results as
shown in Fig. 4-8. The dark-current onsets are located in between 0.05 and -0.1 V for all Cul
electrodes. The dark-current is negligible for all electrodes over the entire potential window of
-0.2 V< Vppiied < 0.2 V. The photocurrent densities of the electrodes were increased gradually
when the applied voltage was scanned towards the negative region. In comparison with all
samples, the PED-1 electrode prepared by pulsed deposition exhibits the highest photocurrent
density. The results obtained at 0 V vs. Ag/AgCIl/3 M KCI potential bias were about 75 pAcm’
2 The other electrodes, namely ED, PED-2, PED-3 and PED-4, showed photocurrent densities
of 32, 42, 30 and 67 pAcm, respectively, at 0 V vs. Ag/AgCI/3 M KCI.
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Fig. 4-9: The steady-state of photocurrent density vs. potential measured in 1 M Na,SOj3
solution for Cul electrode corresponding to samples (a) ED, (b) PED-1, (c) PED-2, (d) PED-3
and (e) PED-4.

4.1.6 Incident Photon to Electron Conversion Efficiency (IPCE)

The monochromatic photocurrent data was recorded and IPCE was calculated in order
to understand the external quantum efficiency of Cul electrodes under illumination. The IPCE
spectrum for each electrode provides incident photon to electron conversion efficiency at
every 5 nm in the wavelength window of 340 — 600 nm. Fig. 4-10 displays IPCE plots for the
ED, PED-1, PED-2, PED-3 and PED-4 electrodes in 1 M Na,SO3 electrolyte under a cathodic
bias (at 0 V vs. Ag/AgCI/3 M KCI). The photocurrent drops at 420 nm, which corresponds to
the band gap energy of Cul as shown in Fig. 4-10. The recorded maximum IPCE values are
about 2.6, 5.3, 3.5, 2.5 and 5.0 % for the ED, PED-1, PED-2, PED-3 and PED-4 electrode
respectively. The IPCE results showed that the Cul films are photoactive and capable of
harvesting light in high energy end of the solar spectrum. The IPCE spectra are in agreement

with photocurrent density results, where the Cul prepared by pulsed electrodeposition (PED
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electrode series) exhibited the higher photocurrent density compared to the continuous-

electrodeposition (ED electrode).
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Fig. 4-10: The IPCE spectra for Cul electrode corresponding to samples (a) ED, (b) PED-1,
(c) PED-2, (d) PED-3 and (e) PED-4.

4.2  AAD Cul electrode

In an attempt to further enhance the electrode texture morphology and hence the
photoelectrochemical performance, the Cul was deposited from an acetonitrile suspension by
the AAD technique. The AAD technique has been previously reported by Parkin’s group in
2007 to deposit WQOj3 thin films from a toluene suspension of WO3; nanoparticles and Choy’s
group in 2008 to deposit D, L-lactic acid films [233,234].

4.2.1 X-ray Diffraction (XRD) analysis
The XRD pattern in Fig. 4-11 shows the normalized at 20 = 26.6° (FTO) X-ray
diffraction patterns of Cul electrode prepared by the AAD technique.
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Fig. 4-11: X-ray diffraction patterns of Cul electrode prepared by using AAD method.
Electrodes corresponding to 10, 20, 30, 40 and 50 min deposition time.

XRD patterns of electrodeposited Cul electrodes show predominant peak at (111)
crystallographic reflection and virtually no other Cul peaks were identifiable. However, in the
case of the AAD deposited Cul, in addition to (111) reflection, there are other Cul reflections
indicating the polycrystalline nature of AAD Cul electrodes. The reflections were observed at
20 values of 29.5°, 42.2°and 49.9° correspond to the Cul reflection of (200), (220) and (311),
respectively. Despite these noticeable XRD changes for the AAD electrode, the pattern is still
significantly dominated by the (111) reflection. The work reported by others shows that the
solvent associated chemical deposition techniques generally produce polycrystalline Cul
electrodes [233,234]. The average crystallite size of 10, 20, 30, 40 and 50 min deposition
times Cul electrode was estimated by the Scherrer equation by taking into account (111) peak

and it was found in between 39 and 46 nm as presented in Table 4-1.
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Table 4-2: Average crystallite size measured at different 20 and different deposition times for
AAD Cul electrodes.

Deposition 20 20 20 20 Average crystallite size
time (25.6°) (29.5°) (42.2°) (49.99) (nm)
(min) (nm) (nm) (nm) (nm)
10 43.69 44.87 47.63 47.68 46
20 43.69 41.78 46.22 45.70 44
30 44.01 39.99 44.02 44.29 43
40 40.13 36.50 39.21 41.40 39
50 45.88 47.74 44.62 46.09 46

Notably, in the present work the AAD technique produces electrodes with the smallest average
Cul crystallite sizes compared to that of electrodeposited Cul electrodes (i.e. ED and PED
electrodes). A search in the literature suggests that the AAD Cul electrode prepared in the
present study may consist of the smallest Cul crystallites reported for a thin film electrode to
date. This indeed shows the potential of the AAD as a technique to control the crystallite size,

texture and morphology.

4.1.2 Surface morphology analysis

Fig. 4-12 illustrates FEGSEM images of Cul films prepared by AAD technique at
different deposition times. The high resolution images showed that the small particles had
average sizes of 290, 120, 110, 210 and 280 nm for sample 10, 20, 30, 40 and 50 min

deposition times, respectively.
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Fig. 4-12: FEGSEM images of Cul deposited by AAD method on FTO substrates (a) 10 min
(b) 20 min (c) 30 min (d) 40 min and (e) 50 min deposition.
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As shown in Fig. 4-12, the individual Cul particles are fused to each other forming a 3-
D matrix. This analysis shows that the aerosol mediated growth technique has the potential to
produce electrodes with fine particles by varying deposition parameters such as the flow rate
of the carrier gas, precursor concentration and deposition temperature. In the previously
reported AAD work by Parkin et al., WO3 nanoparticles with an average size (radius) between
15-20 nm were used to prepare a suspension of WO3 in toluene and then transported to the
deposition chamber as an aerosol. The features of the resulting WOs3 film contained nanosized
particles as well as large agglomerated clusters in the micro meter range [233]. However, in
our case, the sizes of Cul particles are uniformly distributed throughout the electrode. This,
indeed, demonstrates the flexibility of AAD in which the appropriate control of parameters is
capable of producing the desired film texture (i.e. nanostructured). Our recent work [235-237]
as well as the work reported by other groups such as O’Brien, Parkin and Choy have already
shown that aerosol mediated growth (i.e. AACVD) is a powerful method to obtain textured
materials [233,234,238].

As it can be seen in Fig. 4-12(a), the substrate surface was not fully covered by the Cul
particles and the particle size was significantly bigger for the relatively short deposition times,
However, as the deposition time is gradually increased, the smaller particles (Fig. 4-12(b))
form and fuse together to form a matrix which produces high internal surface area and more
porosity. Improvements in the surface morphology of the electrode would result in improving
the photoelectrochemical performance of the electrode. After 40 min deposition, the FEGSEM
image shows that the film is compact in nature. This is due to the formation of excess Cul
particles at relatively longer deposition times (> 40 min).

The average thicknesses of the AAD Cul electrodes were determined from the cross-
sectional images shown in Fig. 4-13 and Fig. 4-14.
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Fig. 4-13: Cross-sectional images of Cul electrode deposited by AAD method on FTO
substrates (a) 10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50 min deposition.
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Fig. 4-14: Thickness of Cul deposited by AAD.

The thickness of the Cul films prepared by AAD was estimated to be 0.34, 0.64, 0.96, 1.28
and 0.87 um for sample 10, 20, 30, 40 and 50 min deposition times, respectively. The
deposition rate is calculated to be about 32 nm per min (up to 40 mins deposition time). The
cross-section image also shows that the particles are grown and fused to form a matrix which
gives a highly porous structure. However, due to the temperature difference, the by-product of
Cul is formed on the surface as discussed in the previous paragraph. This can be seen clearly
on the 40 min deposition electrode, where the electrode is really thick. Further increases of
deposition time to 50 min, resulted in formation of a powder on the surface and a more
compact film. It appears that the mechanical strength of Cul film beginning to lose as the
deposition time is increased. It is possible that a part of the Cul film is dissolved as a result of
this. That could be the reason for the uncharacteristic film thickness observed for the Cul

electrodes prepared over a period beyond 40 mins (i.e. 50 mins).
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4.1.3 Mott-Schottky analysis

Fig. 4-15 shows the Mott-Schottky plot constructed from capacitance data for a Cul
electrode prepared by AAD at different deposition times in 1 M Na,SOs3 solution under dark
conditions. It is well known that the negative slope of the Mott-Schottky plot indicates p-type
and a positive slope indicates n-type semiconductor behaviour. From the slope of the plots
shown, it is concluded that AAD Cul is p-type in nature. The variation in the deposition time
shows a similar flat band potential around 0.08 V (vs Ag/AgCI/3 M KCI). The values of Na
were estimated to be in between 2.08 x 10 m™ and 4.19 x 10** m™ (see the Table 4-3 below).

Table 4-3: The Flat band potentials and acceptor densities calculated from Mott-Schottky

plots.
Electrode deposition time Flat band potential Acceptor density (Na)
(min) (V vs. Ag/AgCI/3 M KCI) (m?)
10 0.05 2.08 x 107
20 0.08 5.57 x 107
30 0.05 2.08 x 10
40 0.09 419 x 10*
50 0.07 2.12 x 10
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Fig. 4-15: Mott-Schottky plot of Cul electrodes prepared by AAD method with deposition
time (a) 10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50 min.
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4.1.4 Optical absorption properties
Fig. 4-16 presents the optical absorbance of the Cul electrodes on FTO substrates

deposited from different deposition times in the wavelength range of 400-500 nm.
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Fig. 4-16: UV-Vis absorption spectra of Cul electrode prepared by AAD method at different
deposition times (a) 10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50 min.

The relatively low absorbance observed for these electrodes may be due to their low thickness.
It can be seen from Fig. 4-12 (surface morphology) that the substrate was not fully covered by
Cul particles and in certain parts of the electrode the bare FTO substrate can be clearly
observed. For deposited electrodes at longer deposition times (i.e. 40 min), the spectrum
exhibited higher absorbance than for the electrodes deposited at relatively low deposition
times. These electrodes have shown highly dense and non-uniform films. However, as the
deposition time is further increased beyond 50 mins, the optical absorbance is decreased. This
observation agrees with the surface morphology as presented in the Fig. 4-12. The spectrum

also shows a sharp absorption edge at 420 nm and it is in good agreement with the previously
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reported absorbance behaviour for a Cul electrode prepared by screen-printing method which
is an indication of good crystallinity of our electrodes [226].

The direct band gap transition energy value can be deduced from the absorption
coefficient vs. photon energy plot. Fig. 4-17 illustrates (ahv)? vs. hv plot for AAD Cul

electrodes.
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Fig. 4-17: Plot of (a/v)® versus hv of Cul electrode prepared at different deposition times (a)

10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50 min.

The band gap calculated by extrapolating the linear part of the curve to zero absorption was
2.96 eV for almost all Cul electrodes. The band gap value estimated for AAD Cul electrodes
is very similar to the values deduced for the Cul electrodes prepared by the electrodeposition

(ED and PED).
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4.1.5 Current-voltage analysis

The photocurrent density was measured whilst light was manually chopped. The
illumination was kept constant at 1000 mWcm™. The corresponding chopping photocurrent
density versus applied potential plots of Cul electrodes are presented in Fig. 4-18.
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Fig. 4-18: The chopping photocurrent density vs. potential measured in 1 M Na,SO3 solution
for Cul electrode corresponding to (a) 10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50 min
deposition time.

The Cul electrodes were scanned at potentials more positive than -0.2 (V vs.
Ag/AgCI/3 M KCI) as potentials more negative than -0.2 can possibly destroy the Cul due to
degradation. Evidence for degradation was seen at potentials more negative than -0.2 V in
which the colour of the electrode changed from its typical white colour to black and the film
peeled off from the FTO substrate. This could be due to the oxidation of Cul to other phases.
However, study of degradation products under extreme bias conditions is beyond the scope of
the present study.

Strong recombination spikes were observed when the light is interrupted by chopping

at every 0.02 V intervals. The spikes observed for AAD electrodes are relatively stronger than
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that of ED and PED electrodes indicating high recombination. The photocurrent density at 0 V
were about 75, 154, 174, 89 and 33 pAcm™ for AAD Cul electrodes deposited for 10, 20, 30,
40 and 50 min, respectively. The photocurrent density was progressively enhanced as the
deposition time was increased until 30 min. Interestingly, for the 20 and 30 min deposited
electrodes, the texture is uniform and the individual particles are uniformly distributed. This
appears to increase the internal surface area of such electrodes thereby improving the
photocurrent density. However, for the AAD Cul electrodes deposited for 40 and 50 mins the
photocurrent density is reduced, presumably due to the compact nature and increased
thickness of the electrode. This could be due to strong recombination that may take place
within the electrodes as the photogenerated electrons and holes are required to travel relatively
long distances before they reach the semiconductor/electrolyte interface and FTO substrate,
respectively. The 30 mins deposited AAD electrode provides a good compromise between
charge recombination and charge separation/transport/collection. In fact, that may be the
reason for observation of high photocurrent density for 30 mins deposited AAD electrode.
Overall, the AAD Cul electrodes have shown higher photocurrents than the electrodeposited
Cul electrodes. The variation of the steady-state photocurrent density has been presented by
the J-V characteristics shown in the Fig. 4-19.
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Fig. 4-18: The steady-state photocurrent density vs. applied potential measured in 1 M Na,SOj3
solution for Cul electrode prepared at (a) 10 min (b) 20 min (c) 30 min (d) 40 min and (e) 50

min deposition.

4.1.6 Incident Photon to Electron Conversion Efficiency (IPCE)
Fig. 4-20 shows the incident photon to electron conversion efficiency (IPCE) spectra

of AAD Cul electrodes deposited at different time intervals.
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Fig. 4-20: The IPCE spectra for Cul electrode corresponding to the samples (a) 10 min, (b) 20
min, (c) 30 min, (d) 40 min and (e) 50 min.

The photocurrent was observed up to 420 nm, which corresponds to the wavelength of band
gap threshold energy (2.96 eV) as shown in Fig. 4-17. The data agree well with the band gap
calculated for the same electrode using optical absorbance data. The IPCE spectra showed that
the Cul films are photoactive and useful to harvest light in the high energy end of the sunlight.
The maximum IPCE were recorded at 365 nm are 3.6, 7.6, 8.9, 4.3 and 1.7% for AAD Cul

electrodes corresponding to 10, 20, 30, 40 and 50 min deposition times, respectively.

4.3  AACVD p-NiO semiconductor electrode

Nanostructured NiO electrodes were successfully synthesized through a simple one-
step approach by employing the AACVD technique. The effect of deposition temperature,
carrier gas and solvent on preferred orientation, nanostructure and morphology of the
deposited films was investigated in detail. All films deposited exhibited excellent adhesion

properties on the FTO substrate as verified by the “scotch tape test” and are stable towards air
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and atmospheric moisture. The films deposited in the current work have a range of advantages
over the literature reported methods, such as, being a one-step process, having clean

deposition and good adhesion to the FTO substrate.

4.3.1 X-ray Diffraction (XRD) analysis

The NiO electrodes deposited by AACVD revealed the crystalline face-centred cubic
NiO system with indices of (111), (200) and (220) are formed. The XRD reflection pattern
shows no signs of any chemically or pyrolytically produce impurities suggesting that Ni(acac)
converts completely to a NiO electrode. Generally, the crystallographic orientation of the NiO
film varies with the deposition parameters such as temperature and oxygen content of the
deposition chamber. The NiO prepared in the (111) orientation shows the enhanced PEC
performance. The desired (111) orientation of NiO was prepared by controlling the
temperature as well as the oxygen content of the deposition chamber. The oxygen content of
the deposition chamber was controlled by changing the solvent ratio (methanol and toluene) as
well as carrier gas ratio (Argon and Air). Comparison of the XRD pattern of the deposited
electrodes with the standard ICCD pattern for NiO revealed that the deposited crystalline
material is NiO in its cubic form. The deposition solvent and carrier gas play a vital role in the

crystallographic orientation in the current NiO electrodes.

4.3.1.1 Effect of temperature on crystallographic orientation
The X-ray diffraction patterns of the films deposited at the substrate temperature from

400 to 500 °C using toluene as a solvent and air as a carrier gas are shown in Fig. 4-21.
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Fig. 4-19: The XRD patterns of the films deposited at different temperatures using 0.1 M

solution in toluene and air as a carrier gas.

The crystal structure of NiO films deposited at 400 °C to 425 °C was identified to be (111),
(200) and (220). The preferred orientation have changes with an increase in deposition
temperature, which indicating the dependence of preferred orientation on temperature. The
films deposited at 475 and 500 °C show the preferred orientation have change and the growth
of the NiO were identified to be (111) and (220). The deposition temperature above 500 °C
cannot be achieved due to the stability of the substrate and premature burning of the aerosol at

high temperature.

4.3.1.2 Effect of solvent and carrier gas on crystallographic orientation

Along with the temperature, the effect of oxygen content (solvent and carrier gas) on
the crystallographic orientation has been studied in detail. The 475 °C temperature was
selected to prepare the preferred (111) oriented film and the oxygen content of the deposition
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system was varied by changing the solvent between toluene (non oxygen containing solvent)
and methanol (oxygen containing solvent). The oxygen content of the deposition system was
also controlled by changing the ratio of carrier gases (argon and air). The X-ray diffraction
patterns of the films deposited at the 475 °C from toluene and methanol solution with different
ratio of argon to air as carrier gas are shown in Fig. 4-22 and Fig. 4-23, respectively. The X-
ray diffraction patterns (Fig. 4-22) of the films deposited using methanol as a solvent and pure
argon (100% Ar) as a carrier gas shows a dominant (111) reflection, which indicates a
preferred orientation of the NiO crystals along the (111) direction. This preferred orientation
of NiO films strongly depends on the oxygen content [239]. The oxygen content in the
methanol and argon is relatively small which results in the oxygen deficient (111) growth of
NiO film. While a change in the carrier gas from argon to 50:50 mixture of argon and air
initiate the dominant growth in the (200) direction which reflects in the suppressing of (111).
Further changes in the carrier gas flow to 100% air shows the dominant growth towards (200)
than the (111) orientations. The shift of preferred orientation growth from (111) to (200)
orientation by changing the carrier gas (oxygen content of the system) is also supported by
previously reported NiO films using different deposition techniques [239,240].
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Fig. 4-20: The XRD reflection patterns of the films deposited using different ratio of carrier

gas flow from 0.1 M solution in methanol at 475 °C.

In contrast, the films deposited using toluene as deposition solution and argon as a
carrier gas under similar conditions show a preferred orientation to (111) direction but the
intensity of the NiO reflection is very weak, which may be due to the lower crystallinity of the
films. As shown in Fig. 4-23, the preferred orientation sharply changed to (111) with the
increase in air content of carrier gas. The films deposited using only air (100% air) shows a
strong (111) orientation with better crystallinity. The crystallographic orientation of NiO
shows a dependence on the oxygen content of the system as shown in the Fig. 4-24. The ideal
preparation conditions, toluene as a solvent and air as a carrier gas for (111) growth has been

adopted to study the performance of NiO films.
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Fig. 4-21: The XRD reflection patterns of NiO films deposited using different ratio of carrier
gas flow from 0.1 M solution in toluene at 475 °C.

The decomposition mechanism of the precursor in the deposition chamber of AACVD
is always very complicated. The orientation, texture and morphology of the films can be
controlled by altering the deposition parameters, which in other words affects the kinetics and
thermodynamics of the deposition process. The dependence of preferred orientation on the
substrate temperature and on the oxygen content can be explained as follows. In AACVD, the
film growth starts with nucleation at the substrate surface. The nucleation and growth is
directly dependent on the deposition parameters. The films deposited using toluene solvent
and argon as a carrier gas are highly deficient of oxygen and the NiO films are only formed by
using only oxygen from the precursor molecule. The films have (111) predominant orientation
which is due to less oxygen content and intermediate decomposed material may have high
surface energy. On the other hand, films deposited using methanolic solution and air as a

carrier gas has a (200) predominant orientation which can be explained on the basis that
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decomposition of the precursor due to high oxygen content and NiO formed with low surface
energy. This trend is in agreement with other results (using different deposition techniques)

reported in the literature [241].
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Fig. 4-22: Ratio of (111)/(200) with the increase in oxygen content of the deposition system.

Similarly, the deposition temperature also shows a strong effect on the preferred orientation of
NiO films deposited from toluene as a solvent and air as a carrier gas. In the start of the
deposition, at relatively low temperature, NiO along with partially decomposed precursor
molecules adsorb on the substrate surface and nucleate in random orientations resulting in
polycrystalline films. When the substrate temperature increases up to 450 °C or above the
preferred orientation gradually changes from polycrystalline to the (111) orientation. At higher
substrate temperatures, the deposition of the precursor may almost complete in the gaseous
phase and only NiO particles adsorbed on the surface of the substrate and have enough energy
to arrange themselves to the (111) orientation. This minimizes the surface free energy of

growing NiO. Electrodes with controlled crystallographic orientation have previously been
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deposited for bismuth chalcogenides [242] and ZnO [243] using AACVD by tuning the

substrate temperature and carrier gas flow rate.

4.3.2 Surface morphology analysis

4.3.2.1 Effect of solvent and carrier gas

The surface morphology and thickness of the films was determined by using FEGSEM
and the films deposited under different deposition conditions shows different morphologies.
The surface topography of the films deposited using toluene or methanol as solvent and air or
argon as a carrier gas are shown in Fig. 4-25 and respective FEGSEM cross-sections are given
in Fig. 4-26.

Fig. 4-23: The FEGSEM surface topography of NiO films deposited using Ar and Air as
carrier gas using 0.1 M solution in toluene or methanol at 400 °C.
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The film densities were not measured. FEGSEM imaging (Fig. 4-25) indicated that films
deposited using argon as a carrier gas had the lowest porosity and those deposited using air
have comparatively more porosity. FEGSEM was also used to examine the film
microstructures. It was observed that changing the deposition conditions dramatically changed
the surface microstructure of the film. Fig. 4-25 also indicates that under similar deposition
conditions, the film morphology depends upon the oxygen content of the system. The films
deposited using argon as carrier gas showed an agglomeration of sub-micrometer particles.
The particles acquired a particular shape with well-defined boundaries by replacing argon to

air as a carrier gas.

| Ar/Toluene Air/Methanol

Air/Toluene

Fig. 4-24: The FEGSEM cross-section of NiO films deposited using Ar and Air as a carrier

gas using 0.1 M toluene or methanolic solution at 400 °C.
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Similarly, the particle size also changed with the change in oxygen content of the deposition
system. Films deposited using air/toluene have particles with size ranging from 15 — 20 nm,
while the films deposited from air/methanol system have particle sizes in the range of 35 — 50
nm, which is larger than the air/toluene system. The films deposited Ar/methanol system had a
structure somewhere between that of Air/toluene and that of Air/methanol system, while the
film deposited from Air/methanol system shows a large cubic crystallites sintered together to

form agglomerated structures growing perpendicular to the substrate surface.

4.3.2.2 Effect of temperature

The temperature of the substrate also affects the film morphology and could also be
used as a process parameter for controlling the morphology of the NiO film [243]. The effect
of temperature on the morphology of the films was studied by depositing films using air as a
carrier gas and toluene as a solvent at different substrate temperature. The FEGSEM images in

Fig. 4-27 prove the change in films morphology with the change in substrate temperatures.
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Fig. 4-25: The FEGSEM surface topography of NiO films deposited at 425-500 °C using 0.1

M solution in toluene and air as a carrier gas.

For the granular branched tree structure (cross-section), the precursor molecules were
deposited from the aerosol-phase to the substrate and underwent decomposition without any
restructuring once deposited. The branched tree structure become a fractal columnar structure
with the increase in temperature from 400 °C to 450 °C and the surface morphology of the
films became an arrangement of bundles of nanoparticles in flower shape. At this temperature
NiO nanoparticles underwent further restructuring and adopted columnar structure with
flower-like surface morphology. At relatively higher substrate temperatures (475 °C to 500
°C), we assume that the precursor in vapour-phase was completely decomposed, resulting in
the deposition of particles rather than vapour-phase precursor. Thus, the deposition regime
shifted from a vapour-particle mixed regime to a particle-dominant regime, and the
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morphology changed from fractal columnar structures to well-developed columnar structures
(Fig. 4-28).

Fig. 4-26: The FEGSEM surface topography of NiO films deposited at 425-500 °C using 0.1

M solution in toluene and air as a carrier gas.

Previous studies showed that the nanorod and columnar structures based films in DSC’s have
charge transport “tens to hundreds of times faster” than the films with nanoparticles structure
[244]. The preferred (111) orientation and columnar structures of the films fabricated at 475
°C makes it a promising photocathode for PEC and DSCs applications. The particle size
increases with increase in deposition temperature as shown in Fig. 4-29. Further increase in

deposition temperature cannot be achieved due to the stability of FTO at elevated temperature.
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Fig. 4-27: The effect of temperature on particle size of the films deposited using 0.1 M

methanolic solution and air as a carrier gas.

The growth rate of NiO electrodes was determined by depositing films under same
conditions for different deposition times. Films were deposited for times ranging from 10 to
40 min and thicknesses of the electrodes were calculated from cross sectional FEGSEM
images. Fig. 4-30 shows that the films thickness increased smoothly with increase in
deposition time. An average deposition rate of 34 nm/min was calculated from the thickness of
the films deposited at different deposition times, which shows great control over deposition of
NiO electrode through AACVD.
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Fig. 4-30: The effect of deposition time on thickness of the NiO films deposited using 0.1 M

methanolic solution and air as a carrier gas.

4.3.3 Capacitance analysis
Cyclic voltammograms of nanostructured NiO in aqueous electrolyte (0.2 M

Eu(NO3)3) were measured in a three electrode setup under dark condition at different scan

rates. Typical CVs for the electrode prepared at 475 °C are shown in Fig. 4-31 (a).
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Fig. 4-28: (a) Voltammograms of NiO electrode deposited at 475 °C using 0.1 M solution in

toluene and air as a carrier gas measured in 0.2 M Eu(NOg); electrolyte. Scan rates are 0.05,
0.1, 0.15, 0.2, 0.25, 0.3 and 0.35 V s™. (b-f) Mott—Schottky plot constructed using capacitance

data calculated from slope of anodic lines of current vs. scan rate at each potential. Inset;

current vs. scan rate plot demonstrates one example for both cathodic and anodic currents at -
0.05 V vs. Ag/AgCl/3 M KCI.
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The potential range is such that the NiO films are always under depletion conditions;
i.e., the applied potential is more negative than the flat band potential (Veg). An intriguing
feature of these CVs are that the current is an approximately linear function of the applied
potential in the directions of both the forward and the reverse scans. Furthermore, the current
at a given potential is linearly dependent on the scan rate (see insets of Fig. 4-31(b-f)). The
CVs of NiO electrodes prepared by AACVD in the current work shows no peak due to
electrochemical reaction as compared to the previous studies by Boschloo et al. [245]. In their
study, CVs of NiO films prepared by heating Ni(OH), sol-gel shows two strong oxidation
reduction peaks due to the conversion of Ni" to Ni¥' in (0.2 M KCI + 0.01 m KH,PO, + 0.01
M K,;HPO,) aqueous electrolyte. The absence of peak due to any electrochemical reaction
indicates that the origin of the current is capacitive.

Mott-Schottky plots (Fig. 4-31(b-f)) were constructed using capacitance data
calculated from CV measurements. In the absence of interfacial redox reactions, the scan-rate
(n) dependence of current can be attributed to charging and discharging of the space charge
layer. The CVs collected for a series of scan rates were obtained from plotting the current (i)
versus scan rate (n) at selected applied potential. The slope of the line in such a plot is a
measure of space charge layer capacitance (Csc) at each potential. The data from the backward
scans of the CVs in Fig. 4-31(a) are used to calculate the capacitance, which is presented in a
Mott—Schottky plot (i.e., C? vs V) in Fig. 4-31(b-e). The flatband potential (Vi) is an
important characteristic for predicting the PEC properties. From the Mott-Schottky results
shown in Fig. 4-31, the flatband potential was estimated by extrapolating the linear part of the
Mott—Schottky plots. The flatband potential calculated from Fig. 4-31 agrees with the
photocurrent onset potentials (inset of Fig. 4-31).

In energetic terms, the Vg of a semiconductor is an indication of the position of the
conduction and valence band energies relative to a reference energy scale or to a redox energy
level in the electrolyte. Interactions with the electrolyte depend on the chemical nature of the
semiconductor surface, which depends in part on crystallographic termination and Vgg can be
changed by altering the surface dipole potential [246]. Fig. 4-32 shows the dependence of NiO
Veg in 0.2 M Eu(NOs)3 electrolyte on the relative intensity ratio of (111)/ [(111)+(200)].
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Fig. 4-29: Flat-band potential and photocurrent onset vs. the relative ratio of (111)/
[(111)+(200)] orientation in 0.2 M Eu(NOg)s electrolyte.

At low deposition temperatures (400 °C), the relatively small (111)/ [(111)+(200)] intensity
ratio suggest that NiO is preferentially oriented in the (200) plane. According to Fisher [247],
the surface of the (200) crystal plane of NiO is a Type | surface in Tasker's scheme [248]
which is electrostatically neutral and formed with stoichiometric ratio. As the deposition
temperature is increased, the (111)/ [(111)+(200)] intensity ratio gradually rises towards a
maximum at 475 °C, suggesting that NiO is preferentially oriented in the (111) plane, which is
a Type Il surface in Tasker's scheme. The non-stoichiometric NiO oriented in (111) plane is
electrostatically polar and has a dipole moment in the repeat unit perpendicular to the surface.
The charged surface of (111) oriented films attract more ions towards the surface and help to
ease the redox reaction and should reduce the external bias required to obtain the optimum

conditions for PEC water splitting.
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4.3.4 Optical absorption analysis
The UV-Vis absorption spectra for NiO electrodes deposited at 475 °C for different
deposition time are given in Fig. 4-33.

Absorption (a.u)

400 500 GO0 700 800

Wavelength (nm)

Fig. 4-30: UV-Vis absorption spectra of NiO electrodes deposited at different temperatures.

A strong absorption in the UV range can be attributed to the NiO band gap absorption and the
optical band gap energy is determined from the UV-Vis absorption spectra by plotting (a/v)?
verses photon energy (hv) (Fig. 4-34), where a is the absorption coefficient, h is Planck’s
constant and v is the frequency of the light, and then extrapolating the linear portion of the

curve to zero.
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Fig. 4-31: Plot of (ahv)? versus hv of Cul electrodeposited at different temperature.

The linear relation observed for the (a/w)?vs. kv plot in the high energy region suggests that
the NiO nanostructure is direct band gap semiconductors. The long tail of the absorption
spectra observed in the long wavelength region can exist due to the scattered radiation of
nickel oxide nanostructure. The estimated band gap energy, 3.65 eV, is in agreement with the
band gap reported for NiO (3.6-4.0 e¢V) [249]. As the films are deposited under similar
conditions the crystallinity of the NiO films remains the same and only varies in thickness and
in principle, the optical absorption edge and band gap should remain the same. The unchanged
absorption edges corresponding to the variation in the film thickness are showing the
stoichiometric nature of the films grown by AACVD method.
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4.3.5 Current-voltage analysis

The J-V plots for NiO electrodes deposited at different temperature are shown in Fig.
4-35(a-e). The current-voltage characteristics under illumination clearly show p-type
(cathodic) behaviour for NiO electrode. Fig. 4-35(f) shows the influence of the deposition
temperature on the photocurrent behaviour. As the deposition temperature increases, up to 475
°C, the photocurrent gradually increases and then decreases with further increase in deposition
temperature up to 500 °C. We attribute this decrease in photocurrent density to the increase in
particle size and compactness of the film. The J%-V curves in the insets of Fig. 4-35(a-€) show
a shift of photocurrent onset towards more positive potentials with the increase in deposition
temperature. The shift is more pronounced for the films deposited at 475 °C (Fig. 4-35(d)
inset). The positive shift of the photocurrent onset is due to the preferred (111) plane
orientation of the crystallites as well as to the morphology of the electrodes. It seems that the
textural properties as well as the degree of crystallographic preferred orientation are the key
factors in defining the light harvesting properties.
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Fig. 4-32: (a-e) Current-voltage characteristics for NiO electrodes deposited at different
temperature using 0.1 M solution in toluene and air as a carrier gas. Inset: (a-e) J* V plot
showing the estimated photocurrent onset potential. (f) Effect of temperature on the
photocurrent density. The light was manually chopped to reveal photocurrent and dark current

simultaneously.
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For comparison, the steady-state J-V plots were superimposed on the transient plot in

each case. Steady-state and transient J-V plots agree well for all electrodes. Generally
negligible amount of dark current was observed for all the electrodes in 0.2 M Eu(NOs3);
electrolyte as compare to the earlier report on NiO [250]. We attributed this to the better
quality and complete coverage of FTO surface with NiO for the films deposited by AACVD
since the generation of dark current is considered to be a result of incomplete surface coverage
of the substrate surface [31]. The electrode deposited at 400 °C is the weakest electrodes in
term of PEC performance (Fig. 4-35(a)) and has highest recombination. The transient
photocurrent pulses acquire desirable squarer shaped indicating a decrease in recombination
with an increase in deposition temperature. In all cases the recombination is relatively high in
the positive applied potential region where the space charge width is relatively narrow.
The best NiO photoelectrode is the one prepared at 475 °C having photocurrent density about
5.5 pAcm™ at 0.0 V (vs Ag/AgCl/3 M KCI) under AML1.5 illumination which is the highest
reported so far. We attribute this to preferred orientation along the (111) plane. Along with the
preferred crystallographic orientation the columnar shaped growth of NiO structures vertical
to the substrate also enhanced the transport of the electron. It is well known that the charge
transport is “tens to hundreds of times faster” in nanorods and columnar electrodes [251]. For
comparison, the photocurrent densities of other electrodes were recorded at the same applied
potential (0.0 V vs Ag/AgCI/3 M KCI) and plotted against temperature as shown in Fig. 4-
35(f). This suggests that the light harvesting properties of NiO photoelectrodes depend on the
fabrication condition which is directly related to the morphology and preferred orientation of
electrodes [252].

4.3.6 Incident Photon to Electron Conversion Efficiency (IPCE)

Since the photocurrents produced by NiO electrodes were very small it was very
difficult to obtain any measureable IPCE. In order to study the efficiency of the NiO electrode,
a DSC cell was constructed and the efficiency of the cell was considered representative of the
efficiency of the NiO. The IPCE studies were conducted by sensitizing all electrodes with
C343 dye by soaking for 24 h and the electrodes showed impressive improvement which
meant that the electrode was suitable to be applied to DSC and semiconductor solar cells. The

performance result of the NiO-DSC, such as photocurrent and IPCE, are reported as follows.
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4.3.6.1 Application of the NiO electrode to DSCs

To assess the suitability of the above NiO electrodes in the fabrication of dye-
sensitized solar cells, we used the coumarin C343, since it proved to be one of the best
performing sensitizer among the commercially available dyes and also for straightforward
comparisons with other reported p-type DSCs [246,253-255]. Dye-sensitized solar cells were
constructed using NiO electrodes deposited at different temperatures with thickness of about ~
1 um. Sandwich-type solar cells were assembled using C343-sensitized NiO as the working
electrode, platinum conducting glass as the counter electrode, and 1.0 M Lil/0.1 M I, in
acetonitrile as the electrolyte. The open circuit photovoltage (Voc), the short circuit
photocurrent (Jsc), fill factor (FF) and the overall photoconversion efficiency () were
measured as a function of (111) orientation of the NiO film controlled by deposition

temperature. The J-V characteristics for these solar cells are presented in Fig. 4-36.
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Fig. 4-33: p-DSCs characteristics of NiO electrodes deposited at different temperature
measured under AM1.5 (1000 Wm™) illumination. The highly (111) oriented columnar
structured NiO electrodes fabricated at 475 'C showed best DSC performance.
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The open circuit photovoltage (Voc), the short circuit photocurrent density (Jsc), fill
factor (FF) and efficiency () of the electrodes increased with an increase in deposition
temperature and the highly (111) oriented films deposited at 475 "C exhibited the highest Voc
(135 mV), Jsc (1.69 mAcm™) FF (38%) and # (0.087%) reported for C343 sensitized NiO-
based solar cells [255-258]. We attribute the increase in Voc and FF to the (111) orientation of
NiO electrodes which increases with an increase in temperature. The morphology, which
consists of interconnected networks of NiO columnar structure, certainly provides an efficient
transport of the injected holes to the back conductive FTO electrode. But, most importantly,
the preparation of the NiO electrodes by AACVD method is more controllable and
reproducible, a feature which is not shared by the other electrode fabrication techniques such

as doctor blade.
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Fig. 4-34: Incident photon-to-current conversion efficiency (IPCE) spectra of C343 for NiO
electrode deposited at different temperatures. The highly (111) oriented NiO electrodes grown
at 475 'C showing maximum IPCE. Platinum-coated conducting glass (fluorine-doped tin

oxide) was used as a counter electrode.
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The incident photon-to-current conversion efficiency (IPCE) value also increases with
an increase in the (111) orientation controlled by the deposition temperature and the maximum
IPCE value of 20 % was obtained for the cell fabricated from the electrode deposited at 475
°C (Fig. 4-37). Significant improvement in the IPCE values are observed from AACVD
deposited NiO compared to earlier reports. In comparison with previously reported p-type
DSCs, high IPCE values were obtained [256,258,259]. The IPCE and other cell parameters
given in Table 4-4 are the highest among the reported to the best of our knowledge, for the
C343 sensitized NiO p-type DSCs. The photovoltaic performances of the solar cells made with
these oriented NiO films are higher than those prepared with other techniques. We believe that
this new fabrication method of orientation controlled NiO electrodes will be useful for
investigating new sensitizers and new electrolytes to design and construct more efficient p-

DSCs and tandem cell devices.

Table 4-4: IPCE and other cell parameters for NiO DSC.

NiO Voc Jsc Fill factor Efficiency IPCE
(V) (mAcm?) FF (%) (%)

400 °C 0.157 0.88 0.40 0.055 10.5
425 °C 0.145 1.04 0.36 0.054 12.4
450 °C 0.137 1.27 0.38 0.066 15.3
475 °C 0.135 1.69 0.38 0.087 20.1
500 °C 0.139 1.64 0.38 0.087 19.5

44  Conclusions
The preparation and characterisation of two different p-type semiconductor materials

namely Cul and NiO were discussed in this chapter. They were selected on the basis of their
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suitability in solar cell applications as photocathodic materials. The deposition of wide band
gap Cul photocathode was successfully achieved by conducting electrodeposition (continuous
and pulsed) and AAD method. NiO was also prepared by AACVD method. By altering the
surface morphology, porousity, individual particle size of these materials the optical and
photoelectrochemical properties of these electrodes were optimised. p-NiO is also a very
promising cathodic semiconductor electrode material. With further studies, these materials
could be used in development of cathodic semiconductor solar cells (CSSC) and solid state
cathodic semiconductor solar cells (SS-CSSC). Studies of such solar cells are reported in the

following chapters.
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Chapter 5: Experimental Results of
Photoelectrochemical Cathodic

Semiconductor Solar cells

5.0 Photoelectrochemical Cathodic Semiconductor Solar Cells (CSSC)

This chapter presents the characterisation of photosensitised cathodic semiconductor
photoelectrodes. Here, the cathodic wide band gap porous electrodes of p-Cul and p-NiO were
photosensitised by incorporating a thin light absorber-layer of p-Cu,S on the surface. The
construction of such photosensitised cathodic electrodes is relatively cheap and easy to
fabricate. The PEC properties of the CSSC were carried out in both Eu**/Eu®" and I5”I” redox

electrolytes.

5.1 FTO/p-Cul/Cu,S photoelectrode

In general, most of the studies conducted to date on PEC solar cells have been centred
on semiconductor photoanodes (n-type) as the active photoelectrode. Typically, an
electroactive cathode such as Pt, C or Au has been used to complete the construction of such
cells. When attention was recently turned to new solar cell configurations that are capable of
harvesting sunlight beyond the Shockley-Queisser limit for the theoretical maximum
efficiency of a single band gap solar cell, work started on incorporation of two photoactive
electrodes into a single solar cell (i.e. Tandem solar cell). Such novel concepts led to the
renewed interest on development of semiconductor photocathodic materials. With the concept
of tandem cells, researchers have been focusing on finding photoactive semiconducting
cathodic materials which can be replaced with traditional electroactive cathodes in PEC cells.
However, until now, only a few studies have been reported on the sensitization of p-type
semiconductors due to difficulties such as unavailability of photocathodic semiconductor
materials with desired physical and chemical properties and poor stability of known

photocathodic semiconductors.
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In the present study, p-Cul electrodes were used as photoactive wide band gap
semiconductor electrodes enabling facilitation as a support for light harvesting materials as
well as a hole-collecting phase. p-Cul electrodes have been sensitised with Cu,S. By
combining such photosensitised electrodes with a suitable kinetically fast enough electron
scavenging redox couple (i.e. Eu**/Eu*) construction of CSSC has been completed [260]. Our
studies have been focused on optimising various cell components. For example, this study
paid particular attention to different deposition times of the Cu,S photosensitizer on the
surface of porous p-Cul electrode. PEC performance of such electrodes was compared against
that of the bare p-Cul electrodes reported in Chapter 4. Here, the samples are referred to as
CS-1, CS-2, CS-3, CS-4 and CS-5 which corresponds to 1, 2, 3, 4 and 5 minutes deposition
time of Cu,S respectively as shown in Table 5-1. The AAD and AACVD methods were

employed to prepare p-Cul and Cu,S layers, respectively.

Table 5-1: The deposition times of Cul and Cu,S in the making of photoelectrochemical
Cul/Cu,S CSSC.

Sample Deposition Time of Cul Deposition time of Cu,S
(min) (min)

CS-1 40 1

CS-2 40 2

CS-3 40 3

CS-4 40 4

CS-5 40 5

5.1.1 X-ray Diffraction (XRD) analysis
Fig. 5-1 shows the XRD patterns of bare FTO, the Cu,S sensitizer and Cul deposited
on FTO substrate in the range of 20-60° (corresponding to sample CS-4).
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Fig. 5-1: X-ray diffraction patterns of 4 min deposition time Cu,S on porous p-Cul electrode
(CS-4).

The Cul consists of face-centred cubic (fcc) structure with y-phase. As discussed in Chapter 4,
the preferred orientation for Cul is along the (111) direction at 25.6°. Similar data were also
reported by B.R. Sankapal et al.[226]. The deposition of Cu,S photosensitisizer on p-Cul
(using the precursor already employed in the literature) caused new XRD reflection peaks in
the spectra [75]. The new reflections corresponding to Cu,S show hexagonal chalcocite crystal
structure. However, still the diffraction patterns were largely dominated by the reflections of
p-Cul and FTO, presumably due to their highly crystalline nature and the relatively high layer
thickness (compared to that of Cu,S). The three small reflections at 35.5°, 35.7° and 38.8°
correspond to the (142), (313) and (214) reflections of Cu,S, respectively. The overall
crystallite sizes of Cu,S were estimated according to Scherer equation and it is found that the
crystallite size varies within the range of 18 and 34 nm which were calculated using FWHM of
highest peak at 36.5°. These values are much smaller than the literature values reported for

Cu,S films prepared by chemical bath deposition (~60 nm) [261]. The crystallite sizes of Cu,S
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at various thicknesses are recorded in Table 5-2. The results show that the crystallite size

increases with increasing the deposition time.

Table 5-2: Crystallite particle size estimated by the strong peak of Cul and Cu,S at various

deposition times of CusS.

Sample Strong Peak FWHM Estimated
) @) crystallite size
(nm)
Cul 25.6 0.173 49
Cs-1 35.7 0.486 18
CS-2 35.7 0.456 19
Cs-3 35.7 0.339 26
CS-4 35.7 0.265 33
CS-5 35.7 0.257 34

The diffraction patterns recorded for p-Cul/Cu,S electrodes when the Cu,S layer
thickness is varied by altering the deposition time is illustrated in Fig. 5-2. The patterns show
the reduction of preferred orientation of Cul in the (111) direction as the deposition time of
Cu,S is gradually increased. The reflections of Cu,S become stronger with an increase of the

deposition time indicating the incremental growth of Cu,S on the surface of p-Cul.
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Fig. 5-2: X-ray diffraction patterns of p-Cul/Cu,S electrodes recorded for different Cu,S
deposition times (a) FTO, (b) Cul, (c) CS-1, (d) CS-2, (e) CS-3, (f) CS-4 and (g) CS-5.

5.1.2 Surface morphology analysis
The surface morphology and cross-section of Cu,S deposited on Cul thin films were
studied using FEGSEM. FEGSEM images of the Cul electrodes prepared by AAD method are

shown in Fig.5-3 (a) and the rest of the FEGSEM images correspond to various deposition
times of Cu,S on Cul electrodes (Fig. 5-3 (b-f)).
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Fig. 5-3: FEGSEM images of bare p-Cul electrode and Cu,S deposited on the Cul substrates
corresponding to (a) Cul, (b) CS-1, (c) CS-2, (d) CS-3, (e) CS-4 and (f) CS-5.
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As it can be seen from the FEGSEM images, the electrodes are reasonably uniform and
relatively crack-free. The surface morphology of porous p-Cul electrode consists of fine
particles forming a 3-D matrix as shown in Fig.5-3 (a). The nanoparticles have fused together
and have grown in a vertical order. This causes formation of pores and clusters on the nano-
scale. The individual Cul nano-particles show a good contact between each other. Having such
good contacts between individual nanoparticles may result in an improvement in the charge
transport properties leading to enhanced PEC performance in photoelectrochemical cell
configurations [262]. p-Cul electrodes showed a highly porous nano-structure and large
internal surface area which is desirable for a better coating of the sensitizing material. As
discussed in Chapter 4, the average nano-particle diameters were estimated from the FEGSEM
measurement of Cul electrode for 30 min deposition is about 110 nm. This is much larger than

the reported values form pulse laser deposition technique (~30 nm) [263].

For the construction of an efficient CSSC, the surface morphology and porosity of the
Cul/Cu,S electrodes are very important. Ideally, a conformal coating with uniform thickness
of Cu,S on the surface of Cul is preferred. However, such a conformal layer can only be
achieved by methods such as Atomic Layer Deposition. Such sophisticated methods are
beyond our reach. We had to rely on an aero-sol based AACVD method to deposit the Cu,S in
this study. Therefore, it is realistic to expect a patchy and non-uniform coating of Cu,S on p-
Cul surface. The purity of each material (i.e. defect free) should also be a vital factor for better
photoelectrochemical performance of the electrode. In this work a range of different
morphologies were obtained at various deposition times using the same deposition solution as
shown in Fig.5-3 (b) to 5-3 (f). Fig. 5-3 (b) shows a small difference of Cul electrode
morphology after the deposition of Cu,S for period of 1 minute (CS-1). This is due to the fact
that only a small amount of Cu,S is deposited during the 1 min deposition time. The XRD
spectra presented in the previous section provided the evidence for the presence of Cu,S on
the Cul surface. The particle size of Cu,S is relatively small compared to that of the Cul (~40
nm) and they exist in discrete fused clusters. Due to the small crystallite size of Cu,S
compared with Cul, the Cu,S crystallites are capable of penetrating in to the interior of the Cul
matrix and make intimate contact with each other. The particle size of Cu,S particles increase
with deposition time. For various thicknesses of the Cu,S deposited is illustrated in the Fig. 5-
4.
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Fig. 5-4: Estimated particles size of Cu,S and at various deposition times of Cu,S coated on
the Cul surface.

When the deposition time is increased to 2 min (CS-2), the Cu,S particles fuse and is
coated over the entire surface of Cul, forming a layer of Cu,S. This coating of Cu,S may have
improved the contact between Cul and Cu,S and hence increased the PEC performance of the
electrode. The average particle size of Cu,S was also increased with further increase of the
deposition time (Fig. 5-4). For this electrode, the crystallite size of Cu,S is estimated to be
about 70 nm, which is greater than that of Cu,S for the 1 minute deposited electrode (CS-1).
The crystallite size increased linearly against the deposition time as illustrated in Fig.5-4. This
indicates that as the deposition time is increased the particle growth has continued rather than
further agglomeration of smaller particles. Furthermore, when the deposition time is increased
up to 4 min (CS-4), the electrode appeared to be more uniform and the particles merge
together. This is expected to increase the PEC performance of the electrode. However, after 5
min deposition time (CS-5) the deposition leads to form a compact surface layer which could

result in poor PEC performance.
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Fig. 5-5 shows the cross section images of bare and Cu,S coated Cul electrodes. The
thickness was measured at various cross-sectional locations in each electrode and an average
value was calculated. Such calculation is necessary for analysis as the coating of Cu,S wasn’t
uniform over the surface of Cul. This average coating thickness value was considered in the
subsequent data analysis of this study. The thickness of the Cul electrode was estimated to be
1 um as seen from the cross-section SEM image of the bare Cul electrode in Fig.5-5 (a). The
cross-sectional image of bare Cul also further confirms that the individual Cul particles are
grown in such a way that they cluster together making a textured and high aspect ratio surface.
Such a textured film is preferred for the photosensitisation of Cul electrode by an appropriate
light-absorber material layer (Cu,S in this case). In the Fig.5-5, the individual Cul particles
seem to have grown in the vertical direction from the FTO substrate. The reason for such
growth is not well understood. We believe that the aero-sol flow in the heated zone as well as
temperature profile may be responsible for it. The cross section of Cu,S coated Cul electrodes
were also studied by the FEGSEM. Fig.5-5 (b) to (f) shows the Cu,S coating on the surface of
Cul as the growth time is gradually increased.
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Fig. 5-5: Cross-sectional images of bare Cul electrode and Cu,S coated Cul electrodes
corresponding to different deposition times (a) Cul, (b) CS-1, (c) CS-2, (d) CS-3, (e) CS-4 and
(f) CS-5.
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When the deposition time is increased the Cu,S layer gradually becomes thicker. The
thickness of the Cu,S and the deposition rate was estimated from FEGSEM images. The
analysis suggests that the deposition rate was ~28 nm/min. The relationship between Cu,S
deposition time and film thickness is illustrated in Fig.5-6. It is nearly linear for the period of 1
— 5 min deposition time. The deposition of Cu,S did not continue longer than 5 mins as the

photoelectrochemical performance of cells were poor.
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Fig. 5-6: The deposition times of Cu,S vs. the electrode thickness (analysed from SEM

images).

5.1.3 Optical absorption analysis
Fig. 5-7 shows the absorption spectra of Cul and Cul/Cu,S electrodes recorded at room

temperature. As shown in the figure, the absorption threshold for Cul is about 420 nm, which
agrees with the previously reported values for Cul electrodes prepared by screen-printing
[264]. The background absorbance beyond the steep absorbance at 420 nm suggests the light
scattering nature of bare Cul electrode. As it can be seen from the plot, beyond the absorption

threshold (at 420 nm), there is a steep slope clearly indicating the formation of Cu,S on the
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Cul surface. There is some evidence for the light scattering as well [265]. The SEM images
provide necessary evidence for it. The abrupt change in absorbance at 420 nm in the
absorption spectrum originates from light absorption and the excitation of electrons from the
valence band to the conduction band [265]. Furthermore, it is apparent that the absorption
threshold of Cul/Cu,S electrodes is around 570 nm whereas it was around 420 nm for bare Cul
electrode. The shifts in the absorption edge suggest that the decrease of optical band gap with

the presence of Cu,S layer.
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Fig. 5-7: Optical absorption spectra of bare Cul and Cul/Cu,S electrodes.

To discuss the band gap behaviour of all electrodes investigated here, their band gap
was evaluated by constructing Tauc plots. Before constructing Tauc plots, the optical
absorbance measurements of the band gap of Cu,S electrodes was calculated using the
relationship of (a4v)=B(v—Eg)", in which « is the light adsorption coefficient, B is constant,

hv is the photon energy, the exponent n equals 1/2 for direct band gap materials. As shown in
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Fig.5-8, the direct band gap energy of the Cul electrode was evaluated as 2.96 eV from the

Tauc plot. This value agrees with the previously reported values indicated in Chapter 4 [264].

ahp? x 10" (eW/cm)®

Photon Energy {eV)

Fig. 5-8: Plot of (ahv)? versus /v of Cul electrode and Cul/Cus,S electrodes.

According to the Tauc plot of Cul/Cu,S electrode in Fig. 5-8, the intercept of photon
energy was determined as the direct band gap of Cu,S. When the deposition time of Cu,S is
increased from 1 min to 5 min, the direct band gap was varied from 2.07 eV to 2.25 eV, which
was comparable with the band gap of Cu,S thin film reported by S.V. Bagul et al. [266] and F.
Zhuge et al. [267] (2.48 eV and 2.74 eV), however, the observed band gap for the electrodes is
much larger than the reported values. A sharp slope of the optical absorption feature is

obtained, indicating a good homogeneity in the shape and size of the particles as well as low

defect density near to the band edge [261].

5.1.4 Current-voltage analysis
In this work the cathodic semiconductor sensitised solar cells have been constructed

and studied. Cul has been used as the wide band gap semiconductor that facilitates the light
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absorbing Cu,S layer and collecting holes. The J-V data was obtained in the potential range of
-0.21t0 0.3 V (vs Ag/AgCl).

To demonstrate the PEC performance of Cul and Cu,S, the measurements were
conducted in 0.2 M europium nitrate (Eu®*/Eu*") aqueous electrolyte (pH ~2.9). For p-type
semiconductor materials, relatively negative redox potentials (compared to hole quasi Fermi
level) give rectifying contacts, while relatively positive redox potentials produce poor
rectifying contacts. Therefore, high photovoltages can be obtained with relatively large
negative redox potential containing electrolytes [268]. Therefore, PEC properties of Cul was
examined using the Eu®*/Eu®" redox couple, which has a more negative standard redox
potential (— 5.05 eV vs. vacuum) compared to the iodide/triiodide (1/13) redox couple (-4.44

V vs. vacuum) [74,77]. The redox reactions of Eu®*/Eu®* couple can be explained as follows;
Eu** + e — Eu®* (reduction) (1)
Eu®* — Eu**- e (oxidation) 2)

Fig. 5-9 and 5-10 shows the steady-state and chopping photocurrent density of the Cul and

Cul/Cu,S electrode in Eu**/Eu** redox electrolyte.
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Fig. 5-10: Chopped Current-voltage (J-V) curves for Cul, CS-1, CS-2, CS-3, CS-4 and CS-5.
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As the bias potential is increased towards more negative values, the photocurrent under
illumination becomes more negative and it is confirmed that Cul is a p-type semiconductor
and Cul/Cu,S is a cathodic type photoelectrochemical solar cell. As the potential swept in the
opposite direction, the cathodic photocurrent decreased because the band bending is lowered
and the rate of electron-hole recombination is increased as a result [269]. Increasing the bias
potential further in the negative direction shows that the cathodic photocurrent was reduced
above the potential of -0.2 V (vs Ag/AgCl). This is due to the influence of Cul
characterisation. When the potential is applied in the presence of light, photogenerated
electron and hole pairs are generated and separated in the space charge region of the electrode.
The transfer of electrons at the electrode/electrolyte interface will result in excessive
photogenerated majority carrier holes in the semiconductor. In other words, at the
electrode/electrolyte interface the electron will transfer from electrode to the electrolyte due to

the difference in energy level as illustrated in Fig. 5-11. The result is a cathodic photocurrent.
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to vacuum level

Fig. 5-11: Schematic of cathodic electrode/electrolyte junction.
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The electrode showed a relatively negligible dark current due to the uniform nature of
Cul electrodes. This also suggests the absence of shunting due to reasonably uniform and good
coverage of Cul on FTO surface. The high internal surface area associated with the
nanoparticles electrode provides a large contact area between the electrolyte/electrode
interface hence relatively high photocurrent. From the steady-state current-voltage plots of
bare Cul and Cul/Cu,S in Fig. 5-9 a number of other important device parameters have also
been obtained and summarised in Table 5-3. Fig. 5-10, the results show less recombination
(less spike) which leads to increase the performance of the cells. This can be related to the
better surface coverage of Cu,S on the NiO layer which can avoid the contact between the
FTO and the films.

Table 5-3: J-V characteristics of cathodic semiconductor sensitised solar cells under one sun

condition.
Voc Jsc Fill Factor efficiency

(mV) (mAcm™) (FF) (%)
Cul 0.18 -0.16 0.28 0.008
CS-1 0.28 -0.47 0.24 0.032
CS-2 0.26 -0.59 0.32 0.048
CS-3 0.28 -0.74 0.25 0.051
CS-4 0.26 -1.08 0.41 0.12
CS-5 0.26 -0.81 0.46 0.097

The characteristic PEC values such as the short-circuit current density (Js), fill factors
(FF), open circuit voltages (Voc), and the overall energy conversion efficiency (y) were
obtained for the bare Cul electrode and they were 1.08 mAcm™ vs. Ag/AgCl/3 M KClI, 0.41,
0.263 V and 0.12% respectively. The relatively high PEC performance of the Cul electrode is
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very encouraging. It is due to several factors such as the fast electron scavenger (Eu®*/Eu®")
redox couple containing electrolyte, large internal surface area of the electrode, and the

uniformity of the electrode.

As indicated in the absorbance and FEG-SEM studies, the gradual increase of the Cu,S
layer thickness led to an increase in the photocurrent density of the electrode. Fig. 5-12
summarizes the photocurrent density of Cul and Cul/Cu,S at different deposition times of
Cu,S at 0V (vs. Ag/AgCI).
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Fig. 5-12: The steady-state photocurrent density of Cul/Cu,S electrodes at different deposition

time of Cu,S. The photocurrent density of Cul is included as the reference in the plot.

The results given in Fig. 5-11 clearly show that the photocurrent density of the Cul/Cu,S
electrodes is much larger than that of the Cul electrode. This is due to the Cul
photosensitisation process which extends the spectral response of the device towards the more
visible region (i.e from 420 to 570 nm as shown in Fig. 5.7). The photosensitisation (charge
generation in Cu,S and subsequent transfer mechanism) at the Cul/Cu,S interface can be
illustrated as follows [270,271].
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Cu,S/Cul + hv— Cu,S*/Cul (excitation) (3)
Cu,S*/Cul— CupS*— /Cul (+) (charge separation) 4)
Cu,S*~/Cul (+) + Eu®" — CupS/Cul (+) + Eu?**~ +e”  (absorber regeneration) (5)

According to this scheme, the Cu,S absorbs the visible light (Equation 3) and generates
electron/hole pairs (Equation 4). Then the holes are injected to the Cul before being collected
at the FTO substrate and the absorber is reduced. Further, the oxidized species (Eu®*") of
electrolyte reacts to the reduced absorber and is regenerated to its ground state (Equation 5).
At the same time, electrons leaving the conduction band are injected to the electrolyte at the

interface. Finally the Eu®* is regenerated at the counter electrode, completing the cycle.

5.1.5 Incident Photon to Electron Conversion Efficiency (IPCE)
The IPCE measurements were carried out to further study the photo-response of bare

Cul and Cul/Cus,S electrodes with different Cu,S deposition times as shown in Fig. 5-13.
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Fig. 5-13: IPCE curves for bare Cul and Cul/Cu,S electrodes at various deposition times.
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As Fig. 5-13 shows, the spectrum edge has shifted to the visible region with the increase of
Cu,S deposition. The bare Cul electrode gives a spectrum edge of 365 nm, whereas deposition
of Cu,S moves the spectrum edge near to 480 nm. These changes of the spectrum edges of the
electrodes are well matched with UV-Vis absorption data in Fig 5-7. As indicated, the bare
Cul electrodes exhibited the maximum IPCE of 11.6% at 365 nm. The IPCE spectra of Cu,S
sensitized Cul electrodes showed a systematic increase as the Cu,S layer thickness is
gradually increased. The best IPCE was recorded for the Cul/Cu,S electrode that corresponds
to 4 min Cu,S deposition time. This trend correlates well with the steady-state photocurrent-
voltage data (Fig.5-11). Further increase of Cu,S deposition time results in a low IPCE. This
could be due to the increase of recombination that take place in thicker Cu,S layer upon
illumination. The maximum IPCE achieved for the 4 mins Cu,S deposited Cul/Cu,S electrode
is about 19.2% at 456 nm.

52  FTOI/NIO/Cu,S

The conversion efficiency of NiO photocathodes can be improved by replacing the
sensitised dye with an inorganic semiconductor sensitizer [272,273]. The advantages of
inorganic semiconductors as sensitizers are the high extinction coefficients which improve the
light absorption. Construction of band gap energies for appropriate arrangement of the valence
band edges and makes possible higher hole efficiency and smaller hole transport resistance for
quicker charge transport [274]. This chapter describes the preparation, characterization and
PEC performance of Cu,S sensitized NiO electrodes compared to the bare NiO electrodes. The
NiO electrodes and the Cu,S coatings were deposited by AACVD method and I37/1" electrolyte
was used in order to study the PEC properties of Cu,S-sensitised NiO solar cells. Studies have
been focused on different deposition times of Cu,S sensitizer on the surface of NiO, and the
results have been compared to the highest performance obtained for a bare NiO electrode
(reported in Chapter 4). The samples have been named NS-1, NS-2, NS-3, NS-4 and NS-5
corresponding to the 1, 2, 3, 4 and 5 minutes of deposition times as shown in the Table 5-4.
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Table 5-4: The deposition times of Cul and Cu,S in the making of photoelectrochemical
Cul/Cu,S CSSC.

Sample Deposition Time of Cul Deposition time of Cu,S
(min) (min)

NS-1 40 1

NS-2 40 2

NS-3 40 3

NS-4 40 4

NS-5 40 5

5.2.1 X-ray Diffraction (XRD) analysis

The NiO/Cu,S electrode was studied by varying the Cu,S deposition time. The phase
and crystallinity of the bare NiO and NiO/Cu,S electrodes were characterised by the X-ray
diffraction studies. Fig. 5-14 presents the XRD patterns of NiO/Cu,S electrodes at various

Cu,S deposition times.
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Fig. 5-14: XRD patterns of a bare NiO and as deposited Cu,S (on NiO) against the deposition

time.

The XRD spectrum of bare NiO electrode shows the crystalline nature of the NiO film. As
previously discussed, well-defined reflections of NiO can be seen at 37.20° 43.20° and 62.87°.
Two reflections belonging to the Cu,S can be identified at 36.4° and 38.8° corresponding to
the (313) and (214) reflections of Cu,S [92]. The corresponding peak positions for NiO and
Cu,S are in good agreement with previously reported values [275]. For the sensitized layer,
reflections of the Cu,S were well matched to the patterns of hexagonal chalcocite Cus,S.
However, the spectra are dominated by the reflections of NiO and FTO. This could be due to
their highly crystalline nature and relatively thick layers (compared to that of Cu,S). Both of
the reflections can be clearly seen in the spectra shown in Fig. 5-15 which arise from sample
NS-4.
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Fig. 5-15: XRD pattern of NiO/Cu,S electrode (NS-4).

Further information about Cu,S crystallite sizes were gathered from FWHM obtained from the
highest 35.7° reflection. The crystallite size was calculated using the Scherrer equation. These
values are much smaller than the literature values of Cu,S films prepared by chemical bath
deposition [261] (~60 nm). The crystallite sizes of Cu,S at various thicknesses are recorded in
Table 5-5. The results show that there was no significant effect of deposition time on the

crystallite size and all the films showed crystallite size of about 20-30 nm.
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Table 5-5: Crystallite size estimated using the strongest reflections of NiO and Cu,S at

various thicknesses. The XRD peaks used to make this estimation are 35.7°.

Sample Strong reflection FWHM Estimated
) ) crystallite size
(nm)
NiO 37.2 0.17 49
NS-1 35.7 0.37 24
NS-2 35.7 0.45 20
NS-3 35.7 0.38 23
NS-4 35.7 0.36 25
NS-5 35.7 0.30 30

5.2.2 Surface morphology analysis

The morphology of bare and Cu,S sensitised NiO electrodes were examined by
FEGSEM. The surface topographical images of bare NiO and Cu,S sensitised NiO electrodes
at various deposition times are shown in Fig. 5-16. The same structure of NiO for all
electrodes indicated that the electrodes were prepared under the same conditions. The overall
images suggested that the electrodes were relatively uniform, free from pinholes, cracks and
rich in highly porous surfaces. Such high porous surfaces are necessary for the solar cells

constructed in the present study and have been elaborated in detail in the following section.
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Fig. 5-16: FEGSEM images of bare NiO electrode and Cu,S deposited NiO electrodes (a)
NiO, (b) NS-1, (c) NS-2, (d) NS-3, (e) NS-4 and (f) NS-5.
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Fig. 5-16 (a) represents the porous NiO electrode deposited for a period of 40 min (the
details of NiO deposition were already discussed in chapter 4). The electrode is highly porous
as well as having a large surface area and is well adhered to the FTO substrate which fulfils
the requirement of PEC solar cell operation. The large internal surface area of the porous NiO
electrode allows for the deposition of enough fine Cu,S particles to ensure a complete
coverage on the NiO surface in order to photosensitise NiO. From the cross sectional SEM
images, it is clear that Cu,S crystallites are grown vertically on FTO glass substrates (see
Fig.5-17).

Fig. 5-16 (b) — (f) shows the surface morphologies of as deposited Cu,S on the NiO
electrode at different deposition times. In the case of relatively short deposition time (Fig. 5-16
(b) and (c)), not many Cu,S particles were observed on NiO suggesting a poor surface
coverage of Cu,S. As the deposition time is gradually increased, the nucleation and number of
particles formed on the NiO surface is increased. After 4 mins deposition time a fully covered
layer of Cu,S can be seen on top of the NiO (see Fig. 5-16 (€)). The Cu,S particles also show
good contact with the NiO particles. Such intimate contact is essential for transfer of
photogenerated charges to the NiO electrode [276]. However after 5 minutes deposition time
(Fig. 5-16 (f)), the Cu,S layer became relatively thick and exhibited compact nature and
particles were seen fused each other. Due to this reason the PEC performance of the electrode

was expected to be low [276].

The average particle size of Cu,S is found to be (40 nm). As discussed in section
4.3.2.2, the average particle size of NiO is about 50 nm. Because the Cu,S particles are
smaller than that of NiO, they were capable of penetrating in to the interior of NiO matrix and
make intimate contacts with NiO surface thereby providing necessary NiO/Cu,S interface in a
large area that enable the photosensitisation of NiO. In fact, this is evident from the

photoelectrochemical studies (see section 5.2.4 below).

The cross-sectional images of bare NiO electrode and as deposited NiO/Cu,S

electrodes are illustrated in the Fig. 5-17.
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Fig. 5-17: Cross-sectional images of NiO and Cu,S deposited electrodes corresponding to
various deposition times (a) NiO, (b) NS-1, (c) NS-2, (d) NS-3, (¢) NS-4 and (f) NS-5.
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The surface topographical and cross-sectional images illustrate clearly the Cu,S over coated
layer. The Cu,S crystallites are very small in size and form a thin layer on the NiO surface.
The Cu,S layer seems to have made a good contact with individual NiO particles. For the NS-
4 electrode, it shows a complete coverage of Cu,S. In fact, the NS-4 electrode shows the
highest photoelectrochemical performance (see section 5.2.4). When the Cu,S deposition was
continued further (i.e. for 5 mins), the NiO film appeared to be fractured. Certain NiO
particles have disintegrated from the film. This may be due to the high flow rate of carrier gas
and at relatively long deposition times. The result indicates that by increasing the deposition
time over 5 minutes does not vyield good NiO/Cu,S electrodes to construct
photoelectrochemical cell. In fact, such electrodes are photoelectrochemically poor,
structurally weak, appeared to have lost the porosity and hence have relatively low electrode

internal surface area.

5.2.3 UV-visible optical absorption

As reported in the literature, the optical properties of the thin films are strongly
dependant on their morphologies [277]. For example, the porousity of films may increase the
light scattering. The UV-Vis absorption spectra of the bare NiO film as well as, as synthesised
Cu,S on the NiO electrode (NiO/Cu,S) were illustrated in Fig. 5-18. The absorption spectra of
the electrodes were measured at room temperature in the wavelength range 300 — 800 nm. It
can be seen that the morphological changes of the NiO/Cu,S electrodes were followed by
some changes in the UV-Vis spectra. It appears that due to the considerable difference in
morphology associated with NiO and Cu,S nanoparticles, the optical properties have varied. It
is well known that the absorption of the electrodes increases with the increase of film
thickness linearly according to the beer-lambert low. However, the Beer-Lambert law only
follows for the compact films. In this case, the absorption increases with the thickness, but as
mentioned in section 5.2.2 due to fracturing of electrodes (i.e. reducing the film thickness), the
absorption was slightly dropped for the NS-5 sample.
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Fig. 5-18: Optical absorption spectra of bare NiO electrode and NiO/Cu,S electrodes
deposited for different growth periods (i.e. 1- 5 mins).

The strong absorption threshold at 390 nm observed for NiO electrode is due to band-
to-band excitation of NiO [278,279]. The background absorbance beyond the 570 nm for the
NiO is due to the defect and inter emerge of two materials at the interface. The gradual
broadening the UV-Vis spectra suggests the presence of Cu,S on NiO. This behaviour was
continued as the deposition time is gradually increased. As discussed earlier in this thesis, the
band broadening occurs due to structural change that originates with the photosensitisation
process [277,280]. It is evident from Fig. 5.18 that the absorption threshold position of
NiO/Cu,S electrodes have shifted to 570 nm. This can be clearly seen by comparing the bare
NiO and the 1 min Cu,S deposited sample (NS-1). However, the optical band gap energy is
difficult to determine in this study due to the difficulties in measuring the thickness of Cu,S
formed on the surface of the NiO electrodes. This difficulty is associated with the textured

nature of the electrodes.
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5.2.4 Current-voltage analysis

Fig. 5-19 and 5-20 presents the current-voltage characteristics of photosensitised

NiO/Cu,S electrodes under illumination. The NiO/Cu,S prepared at different Cu,S deposition

times were subjected to this study along with the bare NiO electrode.
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Fig. 5-19: Current-voltage (J-V) curves for Cul, NS-1, NS-2, NS-3, NS-4 and NS-5.
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Fig. 5-20: Chopped Current-voltage (J-V) curves for Cul, NS-1, NS-2, NS-3, NS-4 and NS-5.

The sign of photocurrents is a signature of determining the difference between the anodic and
cathodic sensitized solar cells. In this case, the cathodic photocurrent was found in the
presence of 1/l electrolyte with a Pt counter electrode. The data recorded are superior to the
previously reported best data for such a device presented by J.H. Rhee et al. [75]. Here the
NiO and Cu,S were prepared by using doctor blade and spray pyrolysis respectively. From
Fig. 5-20, the results show less recombination which leads to increase the performance of the
cells. This can be related to the better surface coverage of Cu,S on the NiO layer which can
avoid the contact between the FTO and the films. The photoelectrochemical performances of
the devices constructed in this study are presented in Table 5-6.
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Table 5-6: J-V characteristics of photosensitised NiO cathodic solar cells under one sun

condition. Here, the photosensitiser material is Cu,S.

Voc Jsc Fill Factor Efficiency

V) (mAcm™) (FF) (%)
NS-1 0.12 0.29 0.35 0.012
NS-2 0.12 0.33 0.34 0.013
NS-3 0.12 0.42 0.35 0.018
NS-4 0.12 0.51 0.36 0.022
NS-5 0.13 0.46 0.36 0.021

The results reported herein present the device performance, which emphasizes the
importance of sensitizers for cathodic semiconductor sensitised solar cells. The device
performances for various deposition times of Cu,S on NiO electrodes were evaluated by the
cell parameters such as Vo, Js., FF and #. The bare NiO electrode without sensitizer gave the
lowest photocurrent, as expected. In this study, the highest photoelectrochemical performance
for a NiO/Cu,S solar cell was recorded for the sample NS-4 which had a V. of 0.12 V, Js of
0.5 mAcm™, FF of 0.36 and 5 of 0.022%. The data indicate that gradual improvement of
photoelectrochemical performance with the increase of the Cu,S deposition time. This can be
related to the improvements in the surface coverage of the NiO/Cu,S electrode, where full
coverage is obtained with relatively longer deposition times (i.e. 4 mins). However, at above 5
min deposition times, the NiO/Cu,S electrode seems to have lost the porosity leading to a
reduction in the surface area as observed in Fig.5.16. Fig. 5-21 shows the summary of the
variation of the photocurrent densities with the sensitizer deposition time recorded at 0 V (vs.
Ag/AgCI).
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Fig. 5-21: Photocurrent density of bare NiO and NiO /Cu,S electrodes at different deposition
times of Cu,S.

On the basis of the above results, the charge transfer mechanism related to photosensitisation
of NiO can be proposed as follows [271,281-284];

In this case, the absorber (Cu,S) absorbs the light (hv) supplied from 1 sun illumination,
Cu,S/NiO + ho— Cu,S*/NIO (excitation) (6)

Then, charge separation occurs, which produce electron/hole pairs. The photogenerated holes
in the valence band of Cu,S are transferred to the valence band of Cul and the Cu,S is
reduced.

Cu,S*/Cul — Cu,S*~ /Cul (+) (charge separation) (7)

The photoexcited electrons in the conduction band of Cu,S were captured by the oxidised
species in the electrolyte and it is the desired path for a working solar cell. The reduced Cu,S

will react with the oxidized species (I3_) of electrolyte and regenerate its ground state.
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Cu,S" /Cul (+) + I3 — CupS/Cul (+) + 1," "+ (absorber regeneration) (8)

As reported in the literature [285,286], the I, *~ would be generated the same way as with
common TiO,- based DSCs. After oxidation, the absorber can react with NiO to give second

hole or disproportionation,

2L, 1 +13 (disproportionation) (9)
Or be oxidized at the anode

L~ —>e +1, (oxidize) (10)
Or regenerate s

l,b—1 +13 (regeneration) (11)
And regeneration of I; at the counter electrode

3l > I3 + 2 (regenerate) (12)

The regeneration of ls species at the counter electrode completes the charge cycle. As a result,
it is believed that the device performance could be greatly improved by optimizing the hole
collector electrode (in this case NiO) and the semiconducting light absorber layer (in this case
Cu,S), as well as the charge transport properties of the redox electrolyte. The schematic of the

cathodic photosensitised solar cell is illustrated in Fig. 5-22.
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Fig. 5-22: The schematic of mechanism for NiO/Cu,S characterisation.

5.2.5 Incident Photon to Electron Conversion Efficiency (IPCE)

The IPCE spectra of Cu,S sensitized NiO and bare NiO electrodes are shown in Fig. 5-
23. The bare NiO electrode exhibits almost 0% at 330 nm and the Cu,S sensitised NiO
electrode present greater IPCE at wavelengths below 800 nm. The highest IPCE obtained in
this study was ~7.6% at 400 nm for the NS-4 electrode. The IPCE was gradually increased as
the thickness of Cu,S increased up to 4 mins Cu,S deposition time. Further increase of Cu,S
reduced the device performance and IPCE. This may be due to charge recombination which is
due to the increase in thickness of the Cu,S layer. The IPCE spectra are consistent with the
absorption spectrum of NiO/Cu,S electrode (Fig. 5-18). Therefore, the results suggest that
holes are injected from the valence band of Cu,S to the valence band of NiO.
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Fig. 5-23: IPCE curves for NiO and NiO/Cu,S at difference deposition time.

5.3  Conclusions

This chapter presents the successful deposition of Cu,S on the surface of Cul and NiO
electrodes. The deposited Cu,S acts as an efficient sensitizer for p-type Cul and NiO cathodic
semiconductor solar cells. The photocurrent density values are found to be 1.0 and 0.6 mAcm’
2 for the Cul/Cu,S and NiO/Cu,S electrodes, respectively. It was shown that the
photosensitised cathodic semiconductor solar cells can be employed to fabricate SS-CSSC
which is discussed in Chapter 6.
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Chapter 6: Experimental Results of Solid
State Cathodic Semiconductor Solar

cells

6.0 Solid state cathodic semiconductor solar cells (SS-CSSC)

Up until now no reports have been published in the literature on solid-state cathodic
semiconductor solar cells (SS-CSSC). By extending the photosensitisation of cathodic
semiconductor concept, a fully solid-state cathodic semiconductor solar cell has been
constructed in this doctoral study. The SS-CSSCs were constructed by sensitising both Cul
and NiO wide band gap semiconductors using a Cu,S light absorber. Fe,O3; was used as the
electron transporting material in the SS-CSSC configuration. The SS-CSSCs constructed using
Cul and NiO cathodic wide band gap semiconductors can be given as FTO/Cul/Cu,S/Fe,03/Pt
and FTO/NiO/Cu,S/Fe,O3/Pt respectively. This chapter provides construction details of SS-
CSSC and material, optical and J-V characterisation results.

6.1  FTO/Cul/Cu,S/Fe,O4/Pt

In chapter 5, it was mentioned that the Eu**/Eu®* redox couple was used as the
electrolyte for the PEC measurements of cathodic semiconductor sensitised photoelectrodes
(i.e. Cul/Cu,S). The Eu**/Eu?* redox couple has fast charge transfer kinetics and is suitable to
be employed in the PEC characterisation of cathodic semiconductor sensitised photoelectrodes
such as Cul/Cu,S. Our electrodes studied in contact with Eu**/Eu* redox couple in wet liquid-
junction PEC cell have shown excellent PEC performance for a CSSC. However, due to the
volatile nature of the organic solvent and sealing difficulties, the wet liquid-junction PEC cells
would not be suitable for long term applications, due to evaporation of the solvent [287].
Therefore, replacing the wet liquid-junction by employing an n-type semiconductor as an
electron collector is considered to be a sensible approach to address the above mentioned
technological issues. In this section the SS-CSSC based on (Cul/Cu,S/Fe,O3) has been

introduced, cell construction and characterisation details have been discussed. For the

Page | 185



fabrication of SS-CSSC, Cul and Cu,S have been prepared by the methods as discussed in
chapters 4 and 5. In order to construct a working cell, Fe,O3 was used as the n-type electrode
collecting phase. After selecting the best performing Cul/Cu,S, Fe,O3 was then deposited on
the top layer (the Cu,S layer coated on Cul electrode) by using the AACVD method. Details
of the AACVD method have been discussed in chapter 3. The study focuses on different layers
of Fe,O3 on the Cul/Cu,S electrode.

6.1.1 X-ray Diffraction (XRD) analysis
The XRD patterns shown in Fig. 6-1 are that of the complete SS-CSSC
(Cul/Cu,S/Fe,053) at different deposition times of Fe,Os.

Intensity (a.u)

L._«_A ) .'l CuliCu,3

20 20 40 a0 =]

28 {degree)
Fig. 6-1: XRD spectra of Fe,O3 electrode, Cul/Cu,S electrode and Cul/Cu,S/Fe,0O3 cell
corresponding to the various deposition times of Fe,Os.

All the existing reflections in spectra can be identified as those of Cul, Cu,S and Fe,O3, and
impurities cannot be detected by XRD exist in the complete cell as well as the bare Fe,O3 and
Cul/Cu,S electrodes. The strong reflection for the bare thin film of Fe,O3 is (110) indicating
the growing direction of the thin film prepared by AACVD as reported in the literature [288].
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In addition, the other relatively weak reflections obtained correspond to the (012) and (104)

reflections.

6.1.3 Optical absorption analysis
The UV-Vis absorption spectra of Fe,O3 coated Cul/Cu,S electrodes are shown in Fig.

6-2 and 6-3.
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Fig. 6-2: Absorbance spectra of Cul/Cu,S/Fe,O3 cell corresponding to the various deposition

times of Fe,O3; on Cul/Cus,S.

The effect of the deposition time of Fe,O3 (that will act as an electron collector in the SS-
CSSC) on device performance was determined. The absorption spectrum of SS-CSSC shows
that it absorbs in the UV region and its absorbance is extended to the visible light range up to
590 nm. This agrees with the literature where the Fe,O3 absorbs light up to 590 nm, which
corresponds to a band gap of around 2.1 eV [289,290]. The results of the spectra suggest that

all the electrodes exhibit similar absorption intensity which is due to the band gap absorption
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in Fe,03. In other words, it is not possible to distinguish the contributions of the Cul and Cu,S

at 420 and 570 nm in the absorbance spectra.
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Fig. 6-3: Absorbance spectra for bare Cul electrode, Cul/Cu,S electrode and complete SS-

CSSC corresponding to the 60 s deposition time of Fe,Os.

6.1.4 Current-voltage analysis

The main objective of this study is to investigate the feasibility of fabricating SS-
CSSC. Hence testing the PEC properties of the device is paramount. Fig. 6-4 illustrates the
illumination current voltage behaviour for the different deposition times of Fe,O3 SS-CSSC

devices.
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Fig. 6-4: J-V characteristics of Cul/Cu,S/Fe,O3 cell corresponding to the various deposition

times of Fe,0s3.

The SS-CSSC cell made from 60 s Fe,O3 deposition exhibit the best solid state performance
compared to the other deposition times. As shown in Table 6-1, the short-circuit current
density (Jsc) of 6 pAcm™, open circuit-voltage (Voo) of 0.38 V and a fill factor (FF) of 0.47,
resulting in overall efficiency # of 0.0011% have been recorded. As deposited, the Js increases
with the amount of Fe,O3, which can be attributed to an enhanced absorption of the incident
light and charge separation [291]. The V. slightly increases from 0.26 V (PEC) up to 0.38 VV
which agrees with the V.. estimated by plotting band energy as shown in Fig 6-5. The band
energy diagram indicates that the Vo is supposed to be less than 0.5 V. The maximum V.

achieved in this study is about 0.42 V for 45 s deposition time.
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Table 6-1: The PV parameters of SS-CSSC measured based on Cul/Cu,S/Fe,O3 cell

performance corresponding to the various deposition times of Fe,Os.

Time deposition Voc Jsc Fill Factor Efficiency
(s) (mV) (MAcm?) (FF) (96)
30 0.31 -0.23 0.34 24x10°
45 0.42 -2.42 0.48 4.9x 10"
60 0.39 -6.08 0.47 1.1x10°
75 0.30 -0.28 0.36 3.0x10°
Vacuum
V <0.52 eV
ocC
-4.78 eV

N B

dv
ocC
-5.3 eV
I /B

Cul CusS Fe O

2 2 3

Fig. 6-5: Energy band diagram of the Cul/Cu,S/Fe,O3 cell.
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The fill factor (FF) increases as the deposition time is increased. The variation of FF suggests
a limitation in the built-in electric field [292] which comes from the fixed hole collector (Cul)
and absorber layer (Cu,S) deposition conditions. The decrease of FF is partly compensated by
the increase of Js.. The highest efficiency recorded in this study is about 0.0011% for 60 s
deposition time. Overall, from this set of data, it can be concluded that the thickness (amount
of Fe,03) of the bottom cell is very important for the total current of the SS-CSSC, which will
affect the performance of the cell.

The current voltage measurements also have been carried out in dark conditions as
illustrated in Fig. 6-6.
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Fig. 6-6: Dark and under illumination of J-V characterization of Cul/Cu,S/Fe,Oscell

corresponding to the 60 s deposition time of Fe;Os.

The result shows that the dark current exhibited linear J-V characteristic of the contact
between Pt and the electrode indicating an ohmic behaviour. This means without the light the
SS-CSSC is not forming any junction which can generate electron hole pairs. The ohmic

behaviour is in agreement with the poor solar cells performance [293]. However, under
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illumination the rectifying behaviour for the cell was attributed to the junction formation and
charge separation [294].

As can be seen in the results, the photocurrent density is lower if compared to the
CSSC, as presented in chapter 5. Although the current is generated and collected, the
photocurrent density of SS-CSSC remains very poor due to the electrical contact between
Cu,S and Fe,O3 layer (poor metal-metal contact). The second reason may be due to the p-type
behaviour which is governed by the holes as the majority charge carriers. The minority charge
carrier will inject easily in the presence of electrolyte. The electrolyte (electron scavenger), the
electron can move faster and produce appropriate amounts of photocurrent density. In this
situation less recombination will happen. The third possible reason may be due to the very
close gap between the conduction bands of Cu,S and Fe,O3. Because of the close energy band
gap different, only a small amount of electrons from the excited state of Cu,S will be injected
to the Fe,O3 as shown in Fig. 6-5. The gap difference between these two is 0.34 eV.

6.2  FTO/NiO/Cu,S/Fe,04/Pt

Solid state solar cells based on FTO/ NiO/Cu,S/Fe,O3/Pt have been constructed using a
series of different deposition times of Fe,O3. The SS-CSSC have been fabricated by using
AACVD method.

6.2.1 X-ray Diffraction (XRD) analysis
The XRD patterns of Fe;O3, NiO/Cu,S and the complete cell at different deposition

times of Fe,Osare illustrated in Fig. 6-7.
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Fig. 6-7: XRD spectra of Fe,O3 electrode, NiO/Cu,S electrode and NiO/Cu,S/Fe,O3 cell

corresponding to the various deposition times of Fe,Os.

All the reflections can be indexed to the four different materials, namely FTO, NiO, Cu,S and
Fe,O3 and no other detectable materials exist. After depositing the Fe,O3 layer on the surface
of the NIO/Cu,S electrode, the characteristic (104) and (110) reflections of Fe,O3; were
detected. The XRD pattern shows that the Fe,Os particles are growing in the (110) direction
and the reflection becomes stronger as the deposition time is increased hence the overlapping

Cu,S peaks become very difficult to identify.

6.2.3 Optical absorption analysis
The UV-Visible spectra for the complete SS-CSSC based on FTO/NiO/Cu,S/Fe,O3/Pt
electrodes are illustrated in Fig. 6-8. The increase in deposition time of Fe,O3; caused an

increase in light absorption.
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Fig. 6-8: Absorbance spectra of NiO/Cu,S/Fe,O3 cell corresponding to the various deposition
times of Fe,0s.

The spectra for the bare NiO, NiO/Cu,S and the complete SS-CSSC (as shown as 60 s in the
graph) are plotted together in order to study the difference between the electrode absorption.
The NiO/Cu,S electrode shows improved absorption after coating with a Fe O3 layer as shown

in Fig. 6-9 compared to the bare NiO electrode which only absorbs in the UV region.
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Fig. 6-9: Absorbance spectra for bare NiO electrode, NiO/Cu,S electrode and complete SS-
CSSC corresponding to the 60 s deposition time of Fe,Os.

6.2.4 Current-voltage analysis

The J-V characteristics of the SS-CSSC fabricated corresponding to the different
deposition times of Fe,O3 are shown in Fig. 6-10.
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Fig. 6-10: J-V characteristics of NiO/Cu,S/Fe,O3 cell corresponding to the various deposition

times of Fe,0s3.

The corresponding photovoltaic parameters extracted from the curves, as well as

photovoltage estimated in open circuit conditions, are reported in Table 6-2.
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Table 6-2: The PV parameters of SS-CSSC measured based on NiO/Cu,S/Fe,O3 cell

performance corresponding to the various deposition times of Fe,Os.

Deposition time Voc Jsc Fill Factor Efficiency
) V) (MACmM?) (FF) (%)
30 0.04 -0.76 0.25 7.6x10°
45 0.09 -3.67 0.23 7.8x10°
60 0.13 -9.37 0.29 3.6x10™
75 0.14 -0.48 0.30 2.1x10°

At relatively low deposition time (30 s), the J-V curves exhibited characteristics very
far from the ideal rectifying behaviour. Although some current is generated and collected, the
PV effect remains very poor (looks like ohmic behaviour) due to the small amount of Fe,0Os3,
which led to the leakages of charge carrier which can cause higher recombination and also
lead to high series resistance [295]. The increase in the film thickness, i.e. deposition time,
significantly improves the device performance. The shape of the graph shows rectifying
behaviour which indicates an improved SS-CSSC. As shown in Table 6-2, the short-circuit
current density (Js) of 9 pAcm™, open circuit-voltage (Voo) of 0.13 V and a fill factor (FF) of
0.29, resulting in overall efficiency # of 0.0004 % have been recorded. For the cell where the
deposition time of Fe,O3 is increased up to 75 s, the performance of the cell was found to be
reduced. This is due to the high amount of Fe,O3, which led to an increased thickness of the
cell. By increasing the thickness of the Fe,Os, the path that the electron has to travel before
reaching the Pt contact will increase and these phenomena will lead to charge recombination,
where the performance of the cell will reduce gradually [296]. These results indicate that the
thickness of the Fe,O5; plays an important role in the fabrication of the ideal SS-CSSC.
Compared to the SS-CSSC based on Cul as reported in Table 6-1, the SS-CSSC based on NiO
exhibited higher photocurrent density. This is due to the nature of the inherent properties of

Cul itself as superior to that of NiO in terms of suitability for this specific cell composition.
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For example, the valence band of the NiO is lower compared to that of Cul as illustrated in Fig
6-11.
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Fig. 6-11: Energy band diagram of NiO/Cu,S/Fe,O3 cell.

According to Fig. 6-11, the V. of the cell is estimated to be less than 0.22 V and it agrees with
the Vo achieved in the cell measured and recorded as shown in Table 6-2. The maximum V.
achieved is about 0.14 V which is the highest value reported. As mentioned above, a smaller
Voc Would lead to reduced performance of the cell. The other parameter that affects the Vi is
the dark current. This is due to the increase in dark current reducing the V. of the cell [297].
Fig. 6-12 shows the J-V measured photocurrent density under dark and illumination for the
best performing of the SS-CSSC.
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Fig. 6-12: Dark and under illumination J-V characterization of NiO/Cu,S/Fe,O3 cell
corresponding to the 60 s deposition time of Fe,Os.

As a result the dark current obtained in this study indicated ohmic behaviour where it crosses
at 0 V potential. This can be explained by the band energy level of the material at the interface
being in equilibrium [298]. The Fermi energy of Cu,S interface (corresponding to the free
energy of electrons in this film after thermalisation) equilibrates with the potential of the
valence band NiO resulting in zero output voltage. Under these conditions, the SS-CSSC is
effectively insulating, so no photocurrent can be observed. In contrast, in the presence of light
the hole injection to the NiO conduction band and the excited state electron in the conduction
band of Cu,S were injected to the conduction band of Fe,Os, resulting in the cell becoming
conductive. This is due to the shift in the Fermi level under irradiation which increases the free
energy of injected electrons and is responsible for the generation of the photovoltage in the
external circuit [295].
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6.3 Conclusion

The overall results achieved in this chapter confirmed our initial expectations that SS-
CSSC based on the p-type semiconductor material can be constructed. The absorbance
extended up to 590 nm, which is due to the incorporation of Fe,Os. Under illumination the
SS-CSSC shows very low performance of 6 and 9 pAcm™ for Cul/Cu,S/Fe,O; and
NiO/Cu,S/Fe,0s cell, respectively. This indicates that both of these cells do not function very
well but still show current flow due to hole injection. This may be due to the lack of contact
between the absorber and electron collector.
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Chapter 7: Conclusions and future work

7.0 Conclusions and future work

7.1 Conclusions

A key question in the development and operation of SS-CSSC is, ‘what is the
operation mechanism of the solid-state cathodic semiconductor solar cell (SS-CSSC)?” In
addition, further questions, such as: ‘is it possible to make SS-CSSC and what are the
strategies leading us to prove that it works?’ need to be answered. The work in this project was
aimed at answering these questions. The key objective of the current thesis was to prove and
develop a cathodic semiconductor sensitised solar cell. We have succeeded in constructing
both wet liquid-junction based cathodic semiconductor sensitised photoelectrochemical cell as
well as a complete solid-state cathodic semiconductor sensitised solar cell. The results provide
a range of new and original findings. However, the present performance of SS-CSSC is still
far lower than a respectable power output from a solar cell (The photocurrent density of a few
mAcm™ and the photovoltage of about 600 -700 mV could be a respectable target). The key

conclusions conducted within this doctoral project are summarised in this section of the thesis.

The Cul electrodes were deposited on FTO substrates by electrodeposition (ED and
PED) as well as by AAD technique and the detailed discussion of it is presented in chapter 4.
As far as we are aware, this doctoral thesis is the first report on the preparation of Cul films by
the PED and AAD techniques. Individual features in PED electrodes are relatively smaller
than that of ED electrodes indicating an improved electrode texture. The AAD electrode had
fine individual features and high texture compared to both ED and PED electrodes. Average
crystallite size estimated based on XRD data shows a similar trend. The orientation of both ED
and PED electrodes were predominant in the (111) direction. Despite the dominant (111)
peak, a number of other Cul peaks were also identified for the AAD electrode, indicating its
polycrystalline nature. The AAD electrode shows the highest reported photocurrent density for
a Cul electrode under AM1.5 illumination indicating the effect of its fine individual features,
improved texture and high internal surface area. The AAD Cul electrode showed a significant
dark current at relatively negative potentials whereas it was negligible for both ED and PED
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Cul electrodes. The cause for the dark current in AAD electrode was found to be the existence

of shunting paths through the direct contact between FTO/electrolyte.

A robust system involving AACVD has been developed in order to grow
nanostructured NiO electrodes on FTO coated glass substrates. The XRD and FEGSEM data
showed that the orientation, crystallite size and morphology of NiO electrodes can be
controlled. Studies of chopped J-V (current-voltage) characteristics show a direct relation
between (111) preferential orientation and the cathodic photocurrent density. The electrodes
deposited at 475°C have demonstrated the best photocurrent density of 5.5 uA cm™ at 0.0 V
vs. Ag/AgCI/3 M KCI as reported for a bare NiO photocathode. IPCE studies conducted by
sensitizing all the electrodes with C343 dye has shown that the best IPCE occurred for
nanostructured electrodes constructed at 475 °C (~20%). The trend of IPCE data recorded for
dye sensitized NiO electrodes correlate well with the trend that was observed in chopped
current-voltage studies of bare NiO electrodes. This work suggests that if a dye with better
light absorbing properties in the red region is employed to sensitise the NiO electrodes that are
preferentially oriented in the (111) direction, the light harvesting efficiency of the
photocathode in the red region can be improved.

Chapter 5 describes the successful fabrication of Cul and NiO electrodes with Cu,S as
the light harvesting material in cathodic semiconductor sensitised solar cells. The
photosensitised Cul and NiO electrodes were tested with the Eu?*/Eu* and 15/1" redox couple
electrolytes respectively. The UV-Visible absorption studies suggested that the photocathodes
exhibited enhanced absorption and extended the absorption threshold up to 570 nm in the
visible region of solar spectra by incorporating the light absorber material Cu,S. The PEC
performances of Cul/Cu,S and NiO/Cu,S electrodes were greater than the bare Cul and NiO
electrodes confirming the photosensitisation. It is clear that both Cul and NiO porous
electrodes sensitized by Cu,S can be used for fabricating complete solid-state solar cells (SS-
CSSC). Under illumination the external monochromatic efficiency (IPCE) achieved is
reasonably high for the cathodic sensitized solar which was around ~19 and ~7% for the

Cul/Cu,S and NiO/Cus,S electrodes respectively.

The final part of this work (Chapter 6) presents the fabrication of SS-CSSC based on

the Cul/Cu,S and NiO/Cu,S electrodes incorporating Fe,O3 as the electron collector. Fe,O3
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was selected as the electron conducting media considering its band energy positions
(comparable to that of Cul/Cu,S and NiO/Cu,S). However, we are aware that it is not the best
material in terms of light absorbance properties. The light absorbance of the device was
extended to 590 nm, which is due to the incorporation of Fe,Oz;. The Cul and NiO were used
as the p-type materials and Fe,O3; was used as n-type material Cu,S was used as the light
absorber layer. The results achieved confirmed our initial expectations that the SS-CSSC can
be constructed, although the power efficiency values are still low. Under illumination, the SS-
CSSC shows very low photocurrent density of ~ 6 and ~ 9 pAcm™ for Cul/Cu,S/Fe,05 and
NiO/Cu,S/Fe,0O3 solar cells respectively, indicating both of these cells need further
improvements. This may be due to the poor contacts between the individual interfaces (i.e. the
light absorber and electron collector contact). It is believed that high photocurrent and
efficiency can also be achieved by changing the electron collector from the semiconductor
material to an electron conducting polymer which will improve the contact to the Cu,S layer.
Finally, if the SS-CSSC can be further improved to a respectable light to electricity generation
performance, it will give new hope of fabricating tandem cells thereby offering further

opportunities and avenues to construct new generation solar cells.

7.2 Future work

One of the problems in the fabrication of SS-CSSC is their low efficiency. This is
partly due to the fact that majority charge carriers of the primary photoelectrodes are holes,
compared to that of the anodic solid-state semiconductor sensitised solar cells where the
majority charge carriers are electrons. However, SS-CSSC research has attracted much
attention due to the application in tandem solar cells which absorb a wide range of sunlight
compared to that of the single junction solar cells. This work demonstrates that such devices
can be prepared by using simple and low cost methods. The development and improvement of
the SS-CSSC s still at early stage compared to the other solid state solar cells, however, their
efficiencies are suitable to be applied in tandem solar cells because photoactive cathodic side
will generate more holes in order to complete the reduction and oxidation inside the redox
mediator which led improve the performance of the solar cell. Further optimization in the
fabrication of SS-CSSC is necessary. When it comes to further work and improvements in SS-

CSSC, one may want to consider the following factors in order to achieve high efficiencies:
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> Optimization of the hole collector morphology by controlling the particle size
distribution to avoid pinholes and hence obtain a large surface area. This will allow
lighter adsorption, high mobility of hole transfer and increase the surface coverage of
the absorbing material.

> Optimization of the absorber materials by using suitable band gap materials with high
light absorption. This is due to the absorption of the light being a very important
parameter to enhance light trapping and charge separation in the system.

> Development of new suitable band gap n-type materials from inorganic semiconductor
materials or electron conducting polymers. The material must be photoactive, have
high mobility electron transfer and must easily adsorb on the absorber layer.

> Optimization of the electrolyte by increasing the electron transport in the redox couple
and choosing a suitable redox potential electrolyte for CSSC.

However, the fabrication of the SS-CSSC based on inorganic semiconductor really depends on

the improvement of the particles size synthesis. The main problem in the fabrication of SS-

CSSC is finding materials with suitable band gaps, synthesis methods and reproducibility.

However, if all the problems are considered and appropriate actions are taken, there are no

reasons for SS-CSSC to not be able to match the efficiencies of the other type of solid state

devices and at the same time improve the device stability.
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Chapter 8: Dissemination

8.0 Dissemination of Results
The results founds during this PhD have been dissemination to other members of the
scientific community through presentation at conference and groups meeting. Below are the

list of conferences and meetings where the results have been published.

8.1  Conference and meeting

2009 Poster Presentation, Great Western Regional Electrochemistry Meeting, Bath.

2009 Poster Presentation, Electrochem 2009, Royal Society of Chemistry, Manchester.

2010 Oral Presentation, Midlands Electrochemistry Meeting, Leicester.

8.2 Articles in Preparation

1. Asif Ali Tahir, M.A. Mat-Teridi, S.Senthilarasu, K.G. Upul Wijayantha, “Enhanced
Solar Energy Conversion Efficiency of p-NiO Photocathode by Controlling the
Crystallographic Orientation”.

2. K.G. Upul Wijayanthas M.A. Mat-Teridi, “Enhanced Photoelectrochemical Properties
of Copper lodide by Manipulating the Electrode Texture”.
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