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Abstract

Photovoltaic technologies use light from the sun to create electricity, using a wide

range of materials and mechanisms. The generation of clean, renewable energy using

this technology must become price competitive with conventional power generation

if it is to succeed on a large scale. The field of photovoltaics can be split into many

sub-groups, however the overall aim of each is to reduce the cost per watt of the

produced electricity. One such solar cell which has potential to reduce the cost

significantly is the dye sensitised solar cell (DSC), which utilises cheap materials

and processing methods.

The reduction in cost of the generated electricity is largely dependent on two

parameters. Firstly, the efficiency that the solar cell can convert light into electricity

and secondly, the cost to deposit the solar cell. This thesis aims to address both

factors, specifically looking at altering the transparent conducting oxide (TCO) and

substrate in the solar cell.

One method to improve the overall conversion efficiency of the device is to im-

plement the DSC as the top cell in a tandem structure, with a bottom infra-red

absorbing solar cell. The top solar cell in such a structure must not needlessly

absorb photons which the bottom solar cell can utilise, which can be the case in

solar cells utilising standard transparent contacts such as fluorine-doped tin oxide.

In this work, transparent conducting oxides with high mobility such as titanium-

doped indium oxide (ITiO) have been used to successfully increase the amount of

photons through a DSC, available for a bottom infra-red sensitive solar cell such

as Cu(In,Ga)Se2 (CIGS). Although electrically and optically of very high quality,

the production of DSCs on this material is difficult due to the heat and chemical

instability of the film, as well as the poor adhesion of TiO2 on the ITiO surface.

Deposition of a interfacial SnO2 layer and a post-deposition annealing treatment

in vacuum aided the deposition process, and transparent DSCs of 7.4% have been

fabricated.

The deposition of a high quality TCO utilising cheap materials is another method

to improve the cost/watt ratio. Aluminium-doped zinc oxide (AZO) is a TCO which

offers very high optical and electronic quality, whilst avoiding the high cost of indium

based TCOs. The chemical and thermal instability of AZO films though present a

problem due to the processing steps used in DSC fabrication. Such films etch very

easily in slightly acidic environments, and are susceptible to a loss of conductivity

upon annealing in air, so some steps have to be taken to fabricate intact devices.
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In this work, thick layers of SnO2 have been used to reduce the amount of etching

on the surface of the film, whilst careful control of the deposition parameters can

produce AZO films of high stability. High efficiency devices close to 9% have been

fabricated using these stacked layers.

Finally, transferring solar cells from rigid to flexible substrates offers cost advan-

tages, since the price of the glass substrate is a significant part of the final cost of

the cell. Also, the savings associated with roll to roll deposition of solar cells is large

since the production doesn’t rely on a batch process, using heavy glass substrates,

but a fast, continuous process. This work has explored using the high temperature

stable polymer, polyimide, commonly used in CIGS and CdTe solar cells. AZO thin

films have been deposited on 7.5µm thick polyimide foils, and DSCs of efficiency

over 4% have been fabricated on the substrates, using standard processing methods.

Keywords: Dye sensitized solar cell, transparent conducting oxide, flexible solar

cell, tandem solar cell, high mobility, aluminium doped zinc oxide, titanium doped

indium oxide, sputtering.
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Chapter 1

Introduction

The energy demand of the world is staggering! Since 1965, cumulatively the world

has used the energy equivalent of over 350,000,000,000,000kg of oil to sustain its

energy demands[1]. The value is quite remarkable given that the available figures

only take into account the past 55 years, and ignores the previous two centuries

since mankind has really grown a hunger for energy. In 2010, the world’s power

usage was just under 16TW, and with an ever increasing population, this value is

growing every year. A new wave of industrial “superpowers” including China, India

and Brazil are pushing our energy demand to levels that 50 years ago were hard to

imagine, and growth does not appear to be slowing down.

Whilst this thirst for energy is clearly not diminishing, the resources from which

we gain this energy are. Oil, gas and coal are all products which are highly energy

rich and convenient to process, however come with a price. High CO2 emissions

create an imbalance in the earth’s atmosphere, the consequences of which are well

known and may prove to be cataclysmic. Whilst nuclear energy provides similar

energy outputs to traditional fossil fuels without the carbon footprint, the recent

nuclear disaster at Fukushima Daiichi in Japan[2] has served as a stark reminder of

the significant risks associated with this technology.

Given the vast amount of energy which the population has become accustomed

to consuming, there is a need to produce energy in a sustainable and renewable way

which has zero (or close to zero) CO2 emissions, with little to no environmental risk

associated with it. Renewable energy elements such as wind, hydro and biomass

systems all have great potential, however solar energy has the potential to be the

largest of them all[3]. The earth’s surface receives approximately 104PW of power

from the sun (assuming a solar constant of 1366W/m2[4]), which makes any yearly

power-use by mankind seem quite insignificant. The energy supply is clearly there

1



CHAPTER 1. INTRODUCTION 2

for the taking, however it is now up to mankind to utilise this impressive resource.

1.1 Power from the solar resource

The energy gained from the sun is converted for human consumption by various

different technologies. It can be argued that the majority of energy systems on

earth owes its roots in some way to the sun[5]. Wind energy (and subsequently

wave and hydro energy) derives its power in part by the differential in temperature

across the earth’s surface, due to the heating nature of the sun. Trees and plants use

energy from the sun for photosynthesis to grow, and in turn can be used in biomass

systems, which can also be said for the organic matter which makes up coal, oil

and gas. Finally, solar thermal systems and photovoltaics (PV) use energy from the

sun directly to create useful power either in the form of heat, or electricity. Whilst

energy from the sun is used in many diverse ways, it is important to understand the

make-up of the solar spectrum so that its properties can be fully optimised.
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Figure 1.1: Incident spectrum of sunlight just above the earth’s atmosphere (AM0)
and at the earth’s surface (AM1.5G), used as a measurement standard.

Figure 1.1 shows the spectrum of light which arrives to the earth from the sun.

The energy from the sun has a characteristic spectrum, since the sun emits as a

black body, with a temperature around 5800K. Whilst travelling through vacuum

from the sun to the earth, the shape of the spectrum is hardly altered from that of



CHAPTER 1. INTRODUCTION 3

a black body. This is the extraterrestrial spectrum of light, i.e. spectrum of light

outside the earth’s atmosphere. Once the light enters the earth’s atmosphere, the

intensity is attenuated by scattering from molecules, aerosols and dust particles, as

well as absorption by gases in the atmosphere[6]. These are highlighted in Figure 1.1

where there are dips in the spectral irradiance intensity from absorption by H2O, O3,

O2 and CO2. The level of change is highly dependent on the amount of atmosphere

the light has to pass through. When the sun is directly overhead, the distance

the light has to travel to reach the earth is the lowest possible. As the sun moves

away from the zenith through the sky, light has to pass through a greater portion

of the atmosphere, and so the intensity of light is reduced as it reaches the earth’s

surface. Assuming the sun is at an angle, θ, from the zenith, then the distance the

light has to travel through the atmosphere is the Air Mass = 1/cos θ. Assuming

the sun is overhead, the Air Mass is defined as 1, or AM1, and increases as it

passes through the sky. For standard measurement conditions, AM1.5G has been

used as an average spectrum for terrestrial applications, which is the global (both

direct and diffuse) irradiance from the sun at an angle of approximately 48° from

the zenith. In the case of just outside the earth’s atmosphere, this is defined as

AM0 since the light does not pass through any “air mass”. Both spectra are shown

in Figure 1.1, which highlights the amount of attenuation there is as light passes

through the atmosphere. The integral of the curve over the entire wavelength range

gives the total power density available from the sun under these conditions. In the

case of AM1.5G, this is just over 1000W/m2 and so provides a benchmark for future

experiments and measurements.

The solar resource is an abundant source of energy and successfully utilising

the energy is the ultimate aim. Much work and research is being undertaken by

hundreds of groups around the world to successfully utilise the properties of semi-

conductors (both organic and inorganic) for use in PV. The most common type of

PV device is based on that of a p-n junction, which will be explained in more detail

in the next section, along with other systems which can also utilise the PV effect.

1.2 Introduction to photovoltaics

1.2.1 P-N junction devices

The PV effect is the creation of free electrons in a material from impinging photons,

which are then separated spatially in some way, creating a potential difference.
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This potential difference can then be used to drive electrons around a circuit to

do work[7]. Solar cells typically (although not exclusively) utilise inorganic semi-

conductors to perform this process, the properties of which are well known, with

many textbooks written on the subject[8–10]. Most solar cells are p-n junction

based systems, which are made up of two semi-conductors in close contact with

each other, doped accordingly so that one material has an excess of electrons (n-

type) and the other has an excess of holes (p-type). When these two materials are in

contact with each other, free electrons and holes are able to diffuse into the opposite

material, leaving behind a charged region. In the n-type material, a net positive

charge builds up as a result of losing electrons to the other material, and the same

happens on the p-type material but in reverse; the diffusion of holes from the p-type

material to the n-type material leaves behind a net negative charge in the p-type

region. A field is created by the opposing charged areas and is called the space

charge region. Upon absorption of a photon of sufficient energy in the material, an

electron is able to cross the band-gap, Eg, creating an electron-hole pair, which can

be separated by the field at the space charge region, and can be extracted for useful

work. The band gap of the absorber is typically between 1.0 and 1.6eV, and is highly

material dependent. Figure 1.2 shows the band diagram of a simple p-n junction.

The open circuit voltage, Voc, of the system is determined by the difference of the

Fermi levels in the n and p-type parts of the device, EFN and EFP , respectively,

under illumination, whilst the short circuit current, Isc, is determined by the amount

of photons with energy high enough to promote electrons across the band-gap. This

system is the most common type of mechanism one would come across, however a

slight variation on this system, which includes an intrinsic layer in between the n and

p-type material (so called p-i-n junction solar cells), is very common in amorphous

silicon solar cells[11]. The band-gap of the absorber material plays an important

role in the efficiency of the device. A material with a low band-gap will be able to

convert a large amount of photons into current, however the Voc is low due to the

low band-gap of the material. Conversely, if the band-gap of the absorber is large,

only a small amount of photons will be able to create electrons, and so Isc is small,

whilst Voc is high. As a consequence, a compromise must be made between Isc and

Voc, with theoretical estimations suggesting that materials with a band-gap of 1.4

to 1.5eV will produce the highest efficiencies[12].

The p-n junction can be made of two of the same material but doped differently,

as is the case in silicon solar cells[13]. Such a device is called a homo-junction

since the two sides of the junction are made of the same material. Otherwise, the
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Figure 1.2: A schematic of a simple p-n junction under illumination, along with the
associated energy level diagram.

two materials either side of the junction are different, which is known as a hetero-

junction. An example of such a junction is that seen in Cu(In,Ga)Se2 (CIGS) and

CdTe solar cells with the absorber in both forming the p-type region and the n-type

region typically made up of CdS, or a similar material[14].

1.2.2 Common PV technologies

Solar cells based on silicon p-n junctions completely dominate the PV market, with

just over 92% of cell production in 2010. These include all forms of silicon materials,

including mono and multi-crystalline, thin film amorphous, and ribbon silicon. The

other 8% of the market is made up of a large share from CdTe based PV systems

(5.3%), some CIS based systems (1.6%) (both reliant on the p-n junction as a mode

of operation), and a very small percentage of other technologies[15]. Whilst PV

production capacity is expanding at an all time high, and cumulative installation

to 2010 was close to 40GW[16], the cost of electricity from PV for the domestic

user is still higher than that of conventional sources. Feed-in tariffs and government

subsidies are the main driver behind the growth in PV manufacturing over the last

few years, with the bulk of growth happening in the European market, particularly

in Germany. Whilst such schemes are successful, the cost of electricity from PV

sources still needs to be reduced to aid the growth on installed capacity, so that one

is not reliant on government incentives to boost growth.

The cost of electricity from PV naturally comes from the cost of the entire PV

system itself. The PV system is made up of several elements; the module, inverter,

batteries, installation etc, which all add to the final cost of the extracted power.

Ultimately though, a significant variation in cost comes from the material (or tech-

nology) which is driving the power generation. As previously discussed, the PV

market is dominated by silicon solar cell technology, with the vast majority based
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on crystalline wafers cut from silicon ingots. Mono-crystalline silicon solar cells are

made from single crystals of silicon which are grown using either the Czochralski

or float-zone process[8]. Since silicon has an indirect band-gap, its absorption co-

efficient is much lower than that of a direct band-gap semi-conductor, like GaAs,

and any absorption process needs to be accompanied by interaction with a phonon

to successfully promote an electron from the valence to the conduction band[17].

Thicker wafers of silicon (approximately 150 to 300µm) are needed to absorb all

photons, which contributes to the high material usage per cell. High purity grade

silicon is needed for this process to be successful, and along with the waste that is

produced from the sawing process, this also contributes to the high cost of silicon PV.

Multi-crystalline silicon solar cells utilise lower cost processes than mono-crystalline

silicon, however the material quality, and subsequently device efficiency is lower than

that of mono-crystalline silicon.

Although high in price, silicon solar cells are also high in efficiency, and so some

of the cost incurred can be gained back at the end of the process from the high

power production. The highest reported efficiency for a small area silicon solar cell

is 25%[18] under AM1.5G conditions. To serve as a comparison, this value is close

to the theoretical maximum of 30% which a single junction device with a band-

gap of 1.1eV can achieve receiving photons from a 6000K black body[19]. Typical

wafers which are put into commercial PV modules display lower efficiencies due to

the mass production nature of these wafers, but instead of efficiency, the important

parameter to consider here is the cost (and ultimately price) per watt of electricity

production by the module. The average price per watt of electricity from PV has

decreased substantially over the last few years, with the current (as of June 2011)

lowest silicon module at e1.22/Wp, based on multi-crystalline silicon, whilst mono-

crystalline silicon is slightly higher at e1.26/Wp [20]. Whilst certainly much lower

than it was 10 years ago (the average price approached e5.50/Wp in 2001), the price

of electricity from PV still needs to reduce further to make it competitive with con-

ventional sources. Thin film solar cells are a promising alternative to conventional

silicon solar cells, since they offer high efficiency, low material consumption and

rapid production. CdTe solar cells offer small area device efficiencies over 17%[21],

are easy to produce, and can be deposited on a large scale with relatively inexpen-

sive deposition equipment, compared to silicon solar cell production. First Solar,

Inc. have successfully implemented this technology on an industrial scale, and are

one of the market leaders in PV production, with just over 1.4GW of production

in 2010[15]. The lower material cost, and high throughput has put the price of PV
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from this thin-film manufacturer to e0.96/Wp which is significantly lower than its

crystalline silicon competitors. CIGS solar cells, although certainly more difficult

to deposit from a compositional point of view, offer very high small area device

efficiencies of over 20%[22], whilst again needing only small material consumption.

Although commercially not on the same scale as CdTe thin film solar cells, many

companies are working towards introducing this technology to an industrial pro-

duction environment. Both technologies also offer the possibility of deposition on

flexible substrates, which in turn will reduce the cost per watt of the module since

the price of the glass substrate makes up a large proportion of the overall module

cost[23].

Thin film PV certainly has the potential to be a major source of electricity at

competitive prices, however they do suffer from some limitations. The scarcity and

high cost of tellurium and indium cause each technology to start on a back foot,

whilst the deposition equipment which usually utilise high-vacuum conditions re-

quires an up-front investment. Other concepts and technologies are available though

as an alternative to thin film PV and crystalline silicon PV. Although from a com-

mercial point of view, these technologies are not as developed, they certainly offer

potential to be an alternative source of electricity generation in the future. The fol-

lowing section highlights some of the other types of PV conversion processes available

other than simple p-n junction devices.

1.3 Other routes for PV conversion

1.3.1 The photoelectrochemical solar cell

Whilst the p-n junction is the most common type of solar cell one would encounter,

the PV effect is not only limited to classical solid state p-n junctions. In fact, the PV

effect was first discovered in 1839 by Edmund Becquerel, who was experimenting

with metal electrodes immersed in a liquid electrolyte[24], and it was not until

some time later that the PV effect was seen in an all solid state system[25]. The

metal/electrolyte interface which Becquerel had discovered can be extended to a

semi-conductor/electrolyte interface in photo-electrochemical solar cells, which also

embodies the PV effect. Although many different photo-electrochemical systems

have been worked on over the years, typically such a solar cell is made from (but

not limited to) a semi-conducting sulphide or selenide combined with an appropriate

electrolyte (typically an iodine/iodide, or sulphur/sulphide based couple). Figure 1.3
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shows an energy diagram of a typical photo-electrochemical solar cell[26]. Upon

illumination, an electron is able to cross the band-gap of the semi-conductor, as is

the case in a simple p-n junction, however here the remaining hole is separated from

the valence band of the semi-conductor to the reduced species of the redox couple.

As the electrons pass through the conduction band of the semi-conductor, do work,

and arrive at the counter electrode, the electrons then transfer to the oxidised species

of the redox couple, regenerating the whole system. Here, Voc is determined by the

difference between the Fermi level of the semi-conductor, EF and the redox potential

of the electrolyte, EFredox, under illumination.

Ec

Ev

EF

EF redox

h+

Eg

E

hν

e-

Semi-conductor Redox couple Metal

EF metal
e-

qVoc

Figure 1.3: Energy diagram of a typical photo-electrochemical solar cell.

A comprehensive literature survey carried out by Kalyanasundaram in 1985 de-

tails intense work in photo-electrochemical systems taking place at the time, with

over 1300 publications spanning a nine year period from the mid 70’s to the mid

80’s[27]. Whilst this system was full of potential, reaching surprisingly high effi-

ciencies, in some cases approaching the 20% mark in multi-junction devices[28], the

electrolyte used in these devices tends to degrade the performance over time, espe-

cially under illumination[29]. This reduced the amount of research in this area after

the initial boom, however the understanding of the energetic processes involved in

these systems help pave the way for more stable electrochemical systems. This mech-

anism demonstrates the PV effect in systems other than p-n junctions. Although on

the surface quite dissimilar, they have to utilise the same underlying process; charge

generation and charge separation.
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1.3.2 The organic heterojunction

Thus far predominantly inorganic systems have been discussed, however the PV

effect is not only attributed to inorganic materials. The band structure of semi-

conductors lends itself to electron excitation across a band-gap, however electron

excitation from a low energy state to a higher state can also happen in organic

(and metal-organic) systems. Upon absorption of a photon in an organic system,

an electron can be excited from the highest occupied molecular orbital (HOMO) to

the lowest unoccupied molecular orbital (LUMO) forming an exciton (essentially a

bound electron-hole pair). Once this exciton is separated in some way into an elec-

tron and a hole, the PV effect has occurred. This effect can happen in stand-alone

molecules (such as dyes) where transport of the separated electrons predominantly

happens via a hopping mechanism between localised states, or in conjugated poly-

mer systems, where the molecular orbitals can align into a band structure to allow

transport of the free electrons in a band[30]. Although this mechanism can happen

in stand-alone polymer systems, the charge separation is dependent on the differ-

ing work-functions of the front and back electrode. Generally the exciton diffusion

length in conducting polymers is very low (around 10nm), so many of the excitons

recombine before separation can occur at the electrodes, and as such these structures

are always limited in photo-current.

h+

E

hν

e-

EF metal

EF ITO

h+

e-

ITO Donor Acceptor Metal
LUMO

HOMO

LUMO

HOMO

EF Donor

EF Acceptor
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Figure 1.4: Energy diagram of a typical planar hetero-junction solar cell.

A method to increase the efficiency of the charge separation is to introduce an ex-

tra phase into the system. Instead of having just one phase, where the whole process

happens, an extra phase is introduced where a) at the interface charge separation
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can occur and b) transport of one of the two charges happens. Figure 1.4 shows an

energy diagram of a bilayer hetero-junction organic solar cell. Here the acceptor ma-

terial has a higher electron affinity, whilst the donor has a lower ionisation potential,

and at the junction between the two materials, the electron moves into the acceptor

and the hole moves into the donor material[31]. The opposing charges are spacially

separated and are much less likely to recombine than if they were both in the same

phase. This concept can be extended to a bulk hetero-junction system, where the

two phases are intimately mixed rather than having a planar structure which is the

case in Figure 1.4. Thicker layers can be used, and so more excitons are generated,

and since the two phases are mixed, the exciton need only diffuse a short distance to

a boundary where the electron and hole can be separated. Typical bulk heterojunc-

tion systems are made of a conducting polymer like poly(3-hexylthiophene) (P3HT)

and a soluble fullerene derivative such as 1-(3-methoxycarbonyl)-propyl-1-phenyl-

(6,6)C61 (PCBM), with the highest efficiency reported over 8%[32].

The systems previously discussed have their own advantages, but do suffer from

some problems. For example, the photo-electrochemical solar cell has clear advan-

tages when it comes to device performance, as well as allowing a high range of

materials use, enabling energetic losses to be kept to a minimum. The corrosion

of the semi-conductor is the main problem associated with this system, and needs

to be addressed. The organic hetero-junction represents another system which can

be utilised based on excitation of electrons in organic molecules and polymers. The

ability to tailor organic molecules using different ligands, moieties and functional

groups allows a wide range of test materials with varying optical and electronic

properties to be explored. However, low exciton diffusion lengths (in the case of

polymers) or less than optimal electron transport mechanisms (in the case of dye

systems) hold back the potential of PV conversion using completely organic systems,

along with stability issues.

A possible solution to the problems associated with both systems is to combine

them both into one system where electron excitation happens in one medium with

relatively high efficiency, and charge transport happens in another medium, again

with high efficiency. Here, the benefits of using an organic system where careful

engineering of the molecule can create the most efficient electron excitation and in-

jection are combined with the semi-conductor where the electron transport is known

to be superior to that seen in polymer systems. The following chapter introduces

such a device, called the dye sensitised solar cell (DSC) which includes the high

surface area seen in organic bulk hetero-junction devices, the charge excitation pro-
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cesses seen in dye systems, and the charge transport and regeneration mechanism

seen in photo-electrochemical solar cells.

1.4 Scope of thesis

Energy generation from PV technologies has great potential to provide significant

amounts of power to the population, from a clean and renewable source. However,

for PV to be successful, it must be competitively priced to that of conventional

power generation, from fossil fuels and nuclear sources. Whilst research topics in

PV may be wide ranging, the ultimate focus is centred on two factors; reduction

in the processing cost and increasing the efficiency of solar cells. Both factors are

highly interlinked, and both affect the final “cost per watt” of the power generation.

The DSC is a promising technology which utilises low cost materials and pro-

cessing steps, however it suffers from lower efficiencies than other, more established

technologies. One method to improve the efficiency of such a device is to combine it

into a tandem solar cell structure, with a bottom, long wavelength sensitive material

such as CIGS, which has already demonstrated efficiencies over 15%[33]. Here, it

was clear that the transparent conducting oxide in the DSC played an important

part in the amount of photons available for current generation in the bottom cell.

Chapter 4 focuses on the development of DSCs for potential use as the top device

in a tandem solar cell, which utilises high mobility transparent conducting oxides to

allow infra-red photons through the device, avoiding free carrier absorption losses.

The use of conducting oxides which are highly transparent, highly conducting

and of low cost is another method to improve the device. Chapter 5 focuses on the

development of DSCs using ZnO based transparent contacts, which are a cheaper

alternative to high cost indium based conducting oxides, whilst optically and elec-

trically still of high quality.

Finally, the deposition of DSCs on flexible substrates is another way of reducing

the cost of solar cells, since the glass substrate is a significantly high cost component

of the whole solar cell. Also, a significant advantage lies in compact roll to roll

processing systems, compared to large batch processing systems used in rigid glass

substrates. Chapter 6 describes the development of DSCs on flexible substrates,

from the initial conducting layer on the flexible substrate, through to final devices.



Chapter 2

Dye sensitised solar cells

The previous chapter introduced different mechanisms used in PV conversion from p-

n junctions associated with high purity semi-conductors to organic systems utilising

exciton generation and separation. The photo-electrochemical system is particularly

promising since it is possible to generate relatively high device efficiencies with

low cost materials and fabrication processes. However the redox couple typically

corrodes any semi-conductor which is able to absorb enough photons for sufficient

photo-current generation. Wide band-gap inert oxide semi-conductors like TiO2 or

ZnO are much more resistant to corrosion from the electrolyte, however are only

able to absorb high energy ultra-violet (UV) photons, resulting in low photo-current

generation. Sensitisation of the wide band-gap semi-conductor with an organic

molecule (like a dye) which has a lower energy gap could increase the amount of light

absorbed, whilst still retaining the chemical stability of the oxide semi-conductor.

Such a concept forms the basis of the DSC.

The absorption of a sensitising dye bound to the surface of a compact planar

oxide layer presents a problem since the dye is unable to absorb a significant amount

of photons due to its small size[34, 35], and low extinction coefficient. However,

increasing the surface area of the supporting material to which it is bound increases

the amount of dye which is able to interact with incoming photons. A sensitized

network of nano-particles (approximately 20nm in diameter) annealed together, in

intimate contact with a regenerating electrolyte increases both the efficiency and

stability of such a photo-electrochemical solar cell. Although much work had been

undertaken by various groups through the 1980’s, it was not until 1991 that the

pioneering paper by O’Regan and Grätzel[36] reported the successful fabrication

of a sensitised solar cell using a ruthenium polypyridyl complex and an iodide/tri-

iodide (I–/I–3) based electrolyte with over 7% conversion efficiency.

12
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Figure 2.1: A schematic diagram of a basic DSC structure, commonly used in lab-
scale devices.

Figure 2.1 shows a schematic of a basic DSC structure. For the working electrode,

TiO2 nano-particles in a supporting medium are screen printed onto a conducting

glass substrate, usually fluorine-doped tin oxide (FTO), and is then annealed at

high temperature to sinter the individual nano-particles together. The TiO2 is then

immersed in a dye solution where dye molecules are able to bond to the surface

of the TiO2 through an anchoring group, typically a carboxylic or phosphonic acid

group[37]. The device is then completed with a platinum coated FTO counter

electrode, which is then sandwiched using a thermosetting polymer on top of the

prepared working electrode. Finally, an electrolyte is introduced into the space

between the working and counter electrode, usually through a pre-drilled hole in the

counter electrode, which can permeate the porous TiO2 network, thereby allowing

intimate contact with the adsorbed dye. The structure is illuminated through the

working electrode, and so the DSC is a device built in a superstrate configuration.

Figure 2.2 shows an energy diagram of a typical DSC, so that it is possible to

look more closely at the underlying kinetic principles involved in the operation of the

device. At first glance, it is very similar to that of a standard photo-electrochemical

solar cell, shown in Figure 1.3. The electron passes through the conduction band of

the semi-conductor, whilst the redox couple regenerates the positive charge which

is left behind. In this embodiment though, the electron comes from the excited

dye molecule which is bound to the semi-conductor surface, and it is the positively

charged dye which is regenerated by the redox couple, and not the semi-conductor.

Upon excitation in the dye molecule, S∗, the electron is injected into the TiO2

matrix which moves through the oxide to the front contact, leaving behind an ox-

idised dye state, S+. The electron then moves around a circuit, performing work,
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Figure 2.2: A simplified energy diagram of a DSC. After excitation of the dye, an
electron is injected in the TiO2, after which the redox couple regenerates the oxidised
dye species

where it reaches the counter electrode. In between the dye and the counter electrode

lies the redox couple, most typically a I–/I–3 electrolyte in an organic solvent. At

the oxidised dye species, I– regenerates the sensitiser, itself forming the I–3 species,

which then diffuses to the counter electrode, where it regains an electron, once again

forming an I– species. Overall, no permanent chemical change takes place, and so

it is possible for the overall system to undergo many cycles[38]. Once again, the Voc

is determined by the difference between the Fermi level of the TiO2 and the redox

potential of the electrolyte under illumination. As is the case with all solar cells,

the forward reaction must be as high as possible, while a reverse, or recombina-

tion reaction must be minimised. In this system, recombination pathways include

loss of electrons from the TiO2 to the redox couple, or oxidised dye, relaxation of

the excited dye state to its ground state[39], and loss of electrons from the bare

transparent conducting oxide (TCO) surface to the redox couple[40].

The DSC is an electrochemical system which is very successful at PV conversion.

Many different elements are employed, which all have to work in synergy for the

system to work efficiently. The desire to improve both efficiency and stability has

caused many groups around the world to explore different materials, techniques and

concepts in an effort to improve the performance of the DSC as can be seen in the

following sections. For an up to date, in depth review of the processes and materials

involved in DSCs, the reader should refer to the following review article[41].
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2.1 The sensitising dye

The sensitising dye drives the electron generation in the DSC. Without it, the wide

band-gap semi-conductor would only be able to contribute electrons from high en-

ergy photons arriving from the UV, resulting in very low photo-currents. Grafting

the dye to the oxide surface pushes the absorption window through into the visible,

making the whole system useful for PV conversion. The dye needs to satisfy many

requirements for it to be successful in a DSC. It needs to be able to absorb a wide

spectrum of light, ideally up to 900nm. It needs to easily (and permanently) attach

to the oxide surface, and its excited state needs to be more negative than the con-

duction band of the TiO2 to ensure fast charge injection. Conversely, the oxidised

state of the dye, S+, needs to be more positive than the redox potential, EFredox,

of the electrolyte so it is efficiently reduced back to its ground state, S. Finally,

it should be chemically robust and suffer little to no change over the course of its

operation[42].

The dye “standard” in the DSC community is a ruthenium centred polypyridyl

complex, cis-bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II),

named the N3 dye[43], which was followed by the tetrabutylammonium adduct of

the N3 dye called N719[44]. Figure 2.3 shows the structure of these two dyes.

Ruthenium centred complexes like these have shown the best promise over the

course of the development of the DSC since its initial breakthrough in 1991, to today.

Whilst many of these complexes have been synthesised over the years by different

groups to increase the performance of the DSC, the basic make-up of each molecule

is essentially the same. The d-orbital of the ruthenium centre largely defines the

HOMO (ground state) of the molecule, with some influence coming from the two

attached electron donating thiocyanate ligands, which push the HOMO to higher

energies[45]. In the case of the N3 and N719 dyes, two carboxylated bipyridine

ligands are attached to the centre ruthenium, with two of the carboxylic group

bonding to the TiO2 surface[46]. Here, the LUMO (excited state) is attributed to

the π* orbital of the bipyridine ligand, and so it is important that the molecule is

bonded to the TiO2 at this ligand, and interacts with the conduction band of the

TiO2, to ensure efficient charge injection into the supporting oxide. The charge

transfer is a metal to ligand charge transfer process[47], and as such many of the

ruthenium dyes which are explored mainly concentrate on altering only one (but in

some cases both) bipyridine ligand to alter the electronic properties of the molecule,

leaving the thiocyanate ligands untouched. The addition of long hydrophobic chains
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Figure 2.3: Molecular structures of two common dyes used in DSC research, achiev-
ing efficiencies over 10%.

on one of the bipyridines has resulted in dyes with much higher chemical stability[48–

50], whilst the inclusion of ligands with extended π-conjugated systems increases

the molar extinction coefficient of the dye, allowing thinner TiO2 layers to be used,

benefiting the performance of the device[51–55].

Whilst ruthenium complexes have been the most successful dyes used in DSC

research, other types of molecules have been explored as an alternative since the

centre ruthenium rare metal is a drawback from a cost and availability point of

view. Iron and copper centred polypyridyl complexes[56, 57] have been looked at

as potential cheaper analogues of ruthenium centred complexes, however these dyes

tend to suffer from much lower efficiencies, while zinc centred porphyrins[58–60] and

phthalocyanines[61, 62] have shown promise, especially porphyrin sensitisers which

have recently exceeded 10% efficiency. Moving away from metal-centred complexes,

entirely organic dyes have also shown a lot of promise in the last few years, which are
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generally simple to synthesise and design. They generally adopt a donor-acceptor

structure separated by π bridge with some of the most successful sensitizers based

on indoline[63, 64] and triarylamine[65–67] compounds.

2.2 The working electrode

Upon excitation in the sensitiser, the electron is injected into the TiO2 working

electrode. Unlike conventional solar cells, the semi-conductor employed in the DSC

has a very high surface area given the geometric size of the electrode, since it is

made of an interconnecting network of TiO2 nano-particles, and so the area of the

junction is much higher than that of a conventional (planar junction) solar cell[68].

Depending on the application of the TiO2 in the actual device, the particles range in

size from less than 20nm in one case, to greater than 200nm in another. The small

particle size and transparent layer, enables a very high surface area to be formed,

which lends itself well to light harvesting once the sensitiser has adsorbed to the

oxide surface. The larger particle size, which is deposited on top of the smaller

particles, aids in scattering of longer wavelength photons, improving photo-current

generation in the red region of the spectrum[69]. The use of commercially purchased

TiO2 powders is not uncommon, however the highest quality TiO2 nano-particles

are synthesised from the hydrolysis of a titanium precursor, and then hydrothermal

growth and crystallisation[70]. The growth and crystallisation allows close control

over the size, shape, and phase of the particle, creating the optimum conditions for

the best DSC performance.

The deposition of the TiO2 nano-particles is usually done by a screen printing or

doctor blading method, which requires the nano-particles to be incorporated into a

paste, usually made of a solvent, typically terpineol, and an organic binding material

such as ethyl cellulose[71]. The incorporation of the ethyl cellulose is important,

since the amount of binder in the paste very much determines the porosity of the

final TiO2 layer, which is usually around 60%. After deposition of a sufficiently

thick layer (around 10µm), the deposited film is annealed, usually in air at 450℃ to

burn off the supporting ethyl cellulose structure and sinter the individual particles

together, forming a porous, interconnected network of TiO2 nano-particles.

The optimisation of the TiO2 layer does not stop at the nano-particle structure,

since an extra, inter-facial layer is usually deposited prior to the porous layer, to aid

adhesion of the entire structure to the underlying substrate. This layer also lowers

the recombination losses seen at the bare substrate surface between free electrons
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in the conducting oxide, and I–3 species in the electrolyte[40]. This layer is usually

deposited using a chemical bath, or a spray pyrolysis method but sputtering the

inter-facial layer also allows a dense film to be deposited on the substrate surface.

Whilst this process is not required, but often necessary to ensure the porous TiO2

film is adhered well to the substrate, another optional process is a second chemical

bath deposition, involving the deposition of an extra thin layer of TiO2 around

each nano-particle in the working electrode. This is normally done with an aqueous

solution of TiCl4, heated to 70℃, with the whole working electrode immersed in the

solution, followed by another annealing step at high temperature. Such a treatment

generally improves the photo-current, possibly due to a shift in the conduction band

edge of the TiO2[72], as well as improving the inter-particle connections in the TiO2

film.

Interconnected nano-particle based films have thus far provided the most success

with regards to high performance DSCs, due to the very high surface area of these

types of structures. The random architecture of the interconnected nano-particles

though does lend itself to be improved, since more ordered structures should promote

more efficient charge transport through the film. A wide variety of nano-structures

including nano-rods[73], tubes[74, 75], trees[76] and even bamboo[77] have been

investigated in an attempt to make the charge transport process in the DSC more

unidirectional rather than random as seen in nano-particle based DSCs. In some

cases, composite electrodes of more than one material have been fabricated to try

and utilise the best properties of both materials, i.e. nano-particles (high surface

area) and nano-rods (direct charge transport down the length of the structure)[78].

In the case of a conventional DSC, the porous structure of the TiO2 network gives

rise to a very high junction area, since the liquid electrolyte used can penetrate the

entire network. Compared to planar junction solar cells, where a field exists at

the interface between the two different materials and aids in electron transport

across a flat junction, no such field exists within the DSC. Positive ionic species

present in the electrolyte at different points through the film render it impossible

to generate such a field in the DSC, and so charge transport through the TiO2 is

a totally diffusion based process[79]. The separation of the different carriers across

the TiO2/dye/electrolyte interface allows the use of low quality semi-conductors,

compared to that usually seen in silicon solar cells, which relies on high purity

crystalline material for its operation. Electrons are in one phase, whilst holes are in

another, and so recombination losses are much less than if a similar grade material

were used for a conventional, minority carrier solar cell. Such a concept is similar to
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that seen in organic bulk hetero-junction solar cells (see subsection 1.3.2). Indeed,

trap (defect) states play a large role in the electron transport through the TiO2 film.

It is generally considered that electron transport through the TiO2 electrode occurs

by a series of trapping and de-trapping events in defect states (the origin of which

are not fully understood) which tail off exponentially below the conduction band,

and so charge transport is highly intensity dependent[80].

Whilst TiO2 has been the focus in this discussion, other oxide materials have

been investigated as a possible replacement. TiO2 has thus far provided the high-

est efficiency devices, however ZnO is an alternative material which has a higher

mobility, and should provide a reasonable template for good performance[81]. The

material is very similar to TiO2, although the chemical stability is much less, and

can be easily attacked by acidic and basic solutions. SnO2 based DSCs are another

alternative which have received some interest[82]. Whilst un-doped materials have

so far achieved good success, doping the oxide can alter the band (and Fermi level)

positions to an extent, possibly giving rise to more favourable electron transfer mech-

anisms than in un-doped systems, as well as giving rise to higher photo-voltages[83].

Finally, a porous network of NiO has emerged as a potential material to be used

in p-type DSCs, where holes are injected from a dye into the valence band of the

supporting oxide, in contrast to the conventional process[84, 85].

2.3 The regenerative electrolyte

Whilst the working electrode provides a pathway for electrons to travel to the front,

negative contact, the remaining hole must be transferred in some manner to the

back, positive electrode. As is the case in classical photo-electrochemical solar cells,

this transfer is mediated through an electrolyte, and in the case of the DSC, the

most successful is based on a I–/I–3 redox couple in a non-aqueous solvent. To

avoid confusion, the movement of holes from the sensitizer to the counter electrode

shall be avoided in the following discussion, since this may be wrongly interpreted

as cation (positive) species in the electrolyte diffusing from the dye to the counter

electrode. Instead, the regeneration of the oxidised dye species with an electron from

the anion species in the electrolyte is more suitable. In the DSC, the regeneration

of the oxidised sensitiser is performed by diffusion of I– ions to the dye, which is

then formed to I–3 which in turn is then catalytically changed back to I– again after

diffusion to the counter electrode.

The electrolyte is typically made from a small concentration of iodine, around
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0.05M, and a higher concentration of an iodide salt, usually around 0.6M, in a low

viscosity solvent. The salt can either be a standard inorganic salt, with cations

from group I elements such as lithium, sodium or potassium, or more commonly

an organic cation, such as quaternary alkyl ammonium[86] or, in high efficiency

devices, an imidazolium anion[87]. The choice of the cation is not a trivial one,

since it affects the charge injection properties of the sensitiser since small cations

are able to adsorb onto the surface of the TiO2, altering the position of the con-

duction band edge[88]. Since the position of the conduction band edge changes,

this also affects the Fermi level in the TiO2, which manifests itself as a noticeable

change in voltage. A compromise of the band edge position to promote as efficient

charge transfer as possible (low energy conduction band) whilst allowing as high a

voltage as possible (high energy conduction band) needs to be attained, and this

is highly dependent on both the anchoring groups of the dye, and the composition

of the electrolyte. As a consequence, lithium iodide (in small quantities) is usually

added to the electrolyte along with the imidazolium salt to lower the energy of the

conduction band of the TiO2, promoting electron injection from the sensitiser to the

TiO2[89]. Conversely, other additives such as 4-tert-butylpyridine are also added to

the electrolyte, which has been shown to also adsorb onto the TiO2 surface. Here,

an increase in the band energy position of the TiO2 is seen, as well as reducing the

recombination of electrons from the TiO2 with I–3, which manifests itself as a signif-

icant improvement in voltage[90]. High efficiency devices also regularly incorporate

guanidinium thiocyanate, which has been shown to improve both photo-current and

voltage of DSCs by improving charge injection from the dye, as well as improving

electron lifetime[91]. It is clear that the multi-component nature of the electrolyte

plays a key role in the performance of the DSC, with each additive having to work

in synergy to improve the device.

The I–/I–3 redox couple has proven to be the most successful couple used in the

course of DSC research. The redox potential of the electrolyte is sufficiently high

enough to ensure efficient and fast regeneration of the oxidised dye, albeit at a fairly

significant energy loss to the whole system. In the DSC, the I– species regenerates the

dye, whilst the I–3 species needs to be regenerated to I–. The unwanted interception

of electrons from the TiO2 and the conducting substrate with I–3 contributes to the

dark current of the device. A reason for the success of the I–/I–3 couple is that the

chemical reactions involved are relatively slow. The regeneration of the I–3 (forward

reaction) to I– at the counter electrode is quite fast since it is catalysed, typically

by a layer of platinum, however the back reaction from electrons in the TiO2 to
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I–3 is relatively slow since it is not catalysed. It is the high net forward reaction

which contributes to the overall success of the DSC as a whole. The reason for the

relatively slow reaction speeds involving the I–/I–3 couple is that it is a two electron

transfer process involving an intermediate species (most likely the radical I–2)[92].

The use of fast outer-sphere, one electron transfer couples, such as those based

on the ferrocene/ferrocenium couple, have the advantage of having more simple

electron transfer kinetics[93]. As a result it is possible to optimise the voltage of the

device since it is simple to form complexes of different redox potentials, however such

couples tend to suffer from greater recombination losses (especially at the conducting

substrate) as a result of the easier electron transfer.

Electrolytes formed from low viscosity organic solvents have so far produced

the highest efficiency devices, due to the high diffusion coefficient of the I– and

I–3 in these solvents. Unfortunately though, the best performing devices tend not

to be the most stable, since the solvent employed usually has a low boiling point,

and is susceptible to degrading over time. High boiling point solvents, such as

3-methoxypropionitrile have been used successfully to improve the long term per-

formance of DSCs[94]. As a further extension of this, electrolytes composed entirely

of ionic liquids have emerged as viable alternatives to standard electrolytes due to

their high ionic conductivity and electrical stability, negligible vapour pressure and

non flammable nature. However, since these materials have a high viscosity, there

are certain mass transport limitations on the current which come from the bulky I–3

within the electrolyte which can not diffuse as easily as in standard electrolytes. As

a result, concentrations of I–3 seen in ionic liquid electrolytes are much higher than

that seen in standard electrolytes, to compensate the lower diffusion coefficient of

the I–3 and so the composition of the electrolyte needs to be re-optimised. The vis-

cosity of the electrolyte can be reduced by combining different ionic liquids together

to form melts[95], in some cases simply by adding an ionic liquid (with an anion

which does not contribute to the system such as a thiocyanate, dicyanoamide or

tetracyanoborate) of lower viscosity, or by combining multiple imidazolium iodide

salts together to form eutectic melts, the overall effect being that the combination of

the different salts have a lower viscosity than either one of the component salts[96].

Ionic liquids are a feasible alternative to conventional electrolytes employing a

series of components dissolved in an organic solvent. The problem associated with

sealing a liquid element of the device though still remains, even though in most

cases the ionic liquid is more easy to handle due to the high viscosity of the liq-

uid. Solidification of the electrolyte, either with polymers or gels[97], represents
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one method to improve the handling of the device, whilst still benefiting from the

well established processes associated with using a I–/I–3 couple. A way to further

develop the device is to employ totally solid state DSCs which have no liquid el-

ement associated whatsoever. This is most commonly done using an organic hole

conductor[98], however attempts have been made to use solid electrolytes[99], and

inorganic hole conducting materials[100]. The highest efficiencies are typically half

that of the highest efficiency liquid electrolyte DSCs, so there is certainly room for

improvement.

2.4 Conducting substrates

The previous subsections have highlighted the different elements of the DSC, which

make up the body of the device. Each element discussed so far is crucial to the

operation of the solar cell, and certainly the majority of research carried out in the

field focuses on improving the material properties of these three elements. New dyes

are constantly being synthesised, new oxide architectures are being explored, and

new hole conducting mediums are being investigated. Another element to the device

though which is sometimes not appreciated is the role of the TCO, which is vital to

the operation of not only DSCs, but all thin film solar cells.

The TCO is a degenerately doped oxide thin film deposited on a substrate which

has both high transmission in the visible wavelength range allowing a high amount

of photons through to the absorber, and is of high enough conductivity to col-

lect electrons efficiently without suffering from significant ohmic losses. The TCO

sandwiches the components of the DSC together, forming a pathway for generated

electrons to be removed from the device. At the working electrode, the TiO2 network

is printed onto a TCO coated glass substrate and annealed so that current collection

at this interface is as an efficient process as possible. The collected electrons then

travel down the TCO, travel around a circuit, and arrive at the counter electrode,

which is also usually a TCO with a catalyst deposited on its surface.

At both the working and counter electrode, the TCO which is used is normally

FTO. FTO is a chemically and thermally stable material[101], so it is able to un-

dergo the annealing steps necessary for DSC processing, as well as survive prolonged

contact with the I–/I–3 redox couple which is slightly corrosive. It can also withstand

the standard acidic treatments needed for processing the TiO2 layer.

Whilst highly used within DSC research, FTO is not the only type of TCO avail-

able for use. Doped oxides of tin, indium, zinc and cadmium are all able to present
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both transparent and conducting properties and have been used in various differ-

ent technologies other than solar cells[102]. Probably the most well known of the

materials is tin doped indium oxide (ITO), which displays very high transmission

in the visible, and high conductivity, mainly due to possessing a very high carrier

concentration. Commercially it is probably one of the most common materials since

it is regularly used in LCD televisions, plasma displays and touch screen electron-

ics (iPods, iPads, smartphones etc), however the high cost of indium contributes

to the high price of these types of electronics. FTO is often used in other appli-

cations, particularly in building applications for heat reflective windows, and is a

lower cost alternative to ITO. FTO is made of abundant, cheap materials and also

is deposited with a method which can be done at atmospheric pressures, in a large

scale continuous process. The quality of these films though are generally lower than

ITO, partly due to the deposition process, but mainly due to the material properties

themselves. FTO has a lower carrier concentration than ITO, and so the conduc-

tivity is usually lower, and FTO tends to absorb slightly in the visible and have

a noticeable haze, due to incorporation of undesirable phases in the film from the

(atmospheric chemical) deposition process. ZnO based TCOs currently represent

a compromise between the high quality properties of ITO films and cheaper FTO

films. ZnO films are already widely used in thin film solar cell research, particularly

in CIGS solar cells[103], and may also represent an alternative to ITO films in the

future for consumer electronics due to their high transmission and good conductiv-

ity. Finally, oxides of cadmium have shown very interesting properties with the first

reported work on highly transmitting and conducting oxides based on CdO[104].

Cd2SnO4 has extremely good optical and electronic properties with the highest re-

ported mobility of a TCO coming from Cd2SnO4 grown on single crystal MgO of

609cm2/Vs[105]. However the use of cadmium containing compounds make it dif-

ficult to justify using these materials in “everyday” electronics, due to the toxicity

of the cadmium in the material. It has proven though to be able to produce high

performance solar cells with, until recently, the highest reported efficiency CdTe so-

lar cell utilising a Cd2SnO4 front contact[106]. Whilst these materials represent an

overview of the most common types of TCO, there is a much wider range currently

under study. Many dopant materials have been explored to be used with each of the

core oxides, as well as binary and ternary oxides which are able to combine some of

the best properties of each material into one TCO[107]. Table 2.1 shows an outline

of some of the TCOs which have been explored.

Whilst there are many different types of TCO, the basic physics and requirements
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Table 2.1: Different oxides and their dopants used in TCO research taken from [108].

Material Dopant or compound

SnO2 Sb, F, As, Nb, Ta
In2O3 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te
ZnO Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf
CdO In, Sn
ZnO–SnO2 Zn2SnO4, ZnSnO3

ZnO–In2O3 Zn2In2O5, Zn3In2O6

In2O3–SnO2 CdIn2O4

CdO–SnO2 Cd2SnO4, CdSnO3

CdO–In2O3 CdIn2O4

MgIn2O4

GaInO3,(Ga, In)2O3 Sn, Ge
CdSb2O6 Y
ZnO–In2O3–SnO2 Zn2In2O5–In4Sn3O12

CdO–In2O3–SnO2 CdIn2O4–Cd2SnO4

ZnO–CdO–In2O3–SnO2

of each are the same. The opto-electronic properties are highly inter-related with

each other, and are entirely dependent on the band structure of the oxide. The band-

gap of TCOs are usually above 3.1eV, allowing high transmission of visible photons,

only absorbing in the UV. The wide band-gap of the un-doped stoichiometric oxide

renders it almost insulating, however this rarely occurs practically, and deviations

from stoichiometry, usually from the formation of oxygen vacancies, make the oxide

n-doped[109]. This is particularly the case in intrinsic SnO2. Interstitial metal

atoms also donate electrons for conduction, and so it is clear that the deviation

from the “imperfect” oxide actually makes it useful from an electrical point of view.

Whilst some control of the conductivity can be achieved with controlling the oxygen

content of these films, much greater control can be achieved by doping the oxide

usually with metal ions of a higher valency than the host metal ion. This introduces

energy (donor) states into the band-gap close to the conduction band. Also, doping

the oxide with halogen ions (almost exclusively fluorine but in some cases chlorine)

in place of oxygen ions leads to a similar effect. In the case of SnO2 doped with

antimony, this can be represented as Sn4+
1−xSb5+

x O2–
2 ex, and similarly with fluorine,

this can be shown as Sn4+O2–
2−xF–

xex[110]. With sufficient doping the oxide becomes

degenerately doped so the Fermi level lies in the conduction band, allowing efficient

conduction of electrons in the material. In doped oxides, electron donors are usually

either oxygen vacancies, metal interstitials (both the host metal and donor metal
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ion), or substitutional impurities.

The electronic properties of the TCO are highly dependent on the quality of the

material. The conductivity, σ, is described by the product of the carrier concentra-

tion, N , mobility, µ, and the electronic charge, q.

σ = µNq (2.1)

The resistivity, ρ, is given as the reciprocal of the conductivity, ρ = 1/σ, and can

be easily interchanged in the following discussion according to ones preference. An

increase in conductivity can be achieved by improving the mobility, which is highly

dependent on the crystallinity of the material, or the carrier concentration, which is

dependent on the type and degree of doping present. The mobility can be described

by

µ =
qτ

m∗e
(2.2)

Where τ is the relaxation time, and m∗e is the effective mass of the charge carriers.

As a result, the mobility can be improved by increasing the relaxation time, or by

reducing the effective mass. Since TCOs are largely confined to four different types

of oxide, it is common that the mobility is improved in these oxides by improving the

growth properties, and increasing the relaxation time. Altering the effective mass

can only be achieved by investigating new oxide systems, since it is an intrinsic

quality of the oxide, which changes from material to material. The relaxation time

can be improved by reducing the amount of structural defects within the oxide, which

are mainly from ionised impurities, neutral impurities, lattice vibrations and grain

boundaries[110]. TCO materials are often amorphous, however annealed TCOs are

generally of a higher quality and are polycrystalline, so grain boundary scattering

plays an important role in the electronic properties of TCOs.

The transmission properties of TCOs are very well defined, and only vary slightly

between each TCO depending on their individual material properties. It is charac-

terised by three parts; a strongly absorbing region in the short wavelength range due

to band-gap excitation of the oxide, a transparent region in the visible, and a reflect-

ing region due to free carriers past a characteristic wavelength in the infra-red (IR).

All these features are highlighted in Figure 2.4. The transmission in the visible may

be attenuated slightly by absorption of un-reacted species in the oxide, or reflection

by scattering at rough surfaces, however it is usually above 80%. For smooth films,

there is a characteristic periodic increase and decrease in transmission, associated
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Figure 2.4: Transmission, reflectance and absorption spectra of a typical TCO,
highlighting the different optical features associated with all TCOs. Adapted from
[111]

with the interference effect at different wavelengths. The plasma frequency, ωp, is

the frequency at which the electrons in the TCO resonate, and is given by

ωp =

(
Nq2

ε0ε∞m∗e

)1/2

(2.3)

where ε0 and ε∞ are the permittivity of free space and the high frequency di-

electric constant respectively. This can then be rewritten to express the plasma

wavelength, λp, as

λp = 2πc

(
ε∞ε0m

∗
e

Nq2

)1/2

(2.4)

where c is the speed of light in vacuum. As the wavelength approaches λp, a drop

in transmission combined with an increase in reflection is observed, up until λp where

the absorption is maximum. Beyond λp, the absorption decreases, along with trans-

mission, and reflection approaches unity. It is clear that the plasma wavelength

greatly affects the transmission properties of the TCO, so controlling the plasma

wavelength is of utmost importance[112]. The plasma frequency is a function of

the carrier concentration, so control of this value can alter both the electronic and

optical properties of the film. High carrier concentrations push the plasma wave-

length to shorter wavelengths thereby increasing absorption in the visible, whilst low

carrier concentrations push the plasma wavelength far into the IR. Relating back

to Equation 2.1, it can be seen that improving the conductivity of the material by
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raising the carrier concentration detriments the transmission of the film, however

increasing the conductivity by improving the mobility of the charge carriers, while

keeping their concentrations lower keeps the optical properties relatively unchanged.

2.5 Summary

The previous sections have served as an introduction to DSCs as a potential tech-

nology which can contribute to clean power generation. The DSC is a multi-layer

structure, which incorporates many different fields of research into one device; pho-

tochemistry, electrochemistry and solid state physics which are all tied together with

functional materials development. Whilst much work has been done on understand-

ing and developing the core materials of the DSC (dye, electrolyte and working

electrode) to improve the device performance and stability, the underlying conduct-

ing substrate has been largely ignored. FTO has been primarily used as the TCO

of choice for DSC research due to it’s high thermal and chemical stability, however

the opto-electronic properties are quite poor, so alternatives should be explored.

As a consequence, this thesis aims to produce high efficiency DSCs, on different

conducting oxides and substrates, which will be outlined in the following chapters.



Chapter 3

Experimental methods and

characterisation

3.1 DSC materials and fabrication

The fabrication of the DSC is a fairly straight forward process, however there is

a noticeable spread in device performance which varies from group to group. It

is necessary to define a bench-mark process which is able to produce devices with

reasonable efficiency, in order to compare all subsequent alterations made. The

following process is based on a method presented in [113], which has been adapted

slightly based on experience, for fabrication of DSCs on FTO coated glass. This

method is able to produce device efficiencies of 9-10%.

Unless otherwise stated the following materials and methods have been used in

the fabrication of DSCs in this work. Firstly, 3mm thick FTO coated glass (TEC-8,

8Ω/�, Pilkington Group Ltd, UK) have been used as the working electrodes. The

glass substrates are typically cut into 5×5cm pieces, which are then washed in de-

ionised (DI) water, acetone and isopropyl alcohol (IPA), before being placed in an

ultrasonic bath in IPA for 15 minutes. Next, the substrate is subjected to a chemical

bath deposition of an aqueous solution of 40mM TiCl4 at 70℃. The solution is made

by adding the appropriate amount of a 2M stock solution into a pre-heated bath

of DI water for 30 minutes. After the treatment, the substrates are removed, and

washed with DI water and IPA, and dried with nitrogen.

The prepared substrates then have the porous TiO2 film deposited on the TCO

surface. Firstly, mesoporous layers of TiO2 (DSL-18NR-T, Dyesol UK) are deposited

by screen printing a paste (made from 18nm sized TiO2 particles, terpineol and ethyl

28
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cellulose) in layers of approximately 2µm, with each layer followed by a drying step

at 125℃. This is repeated up to a total thickness of approximately 12µm. In some

cases, where an improved response of the device in the red region is required, a

2-3µm layer of scattering particles (DSL-18NR-AO, Dyesol UK) is deposited in the

same manner, once again followed by a drying step. The paste for the scattering

layer is made of 18nm and 200-300nm TiO2 particles, in the same medium as the

previous paste. In all cases, the size of the TiO2 layer is a 6mm diameter filled circle,

and the final thickness of the film is determined after the final drying step has been

performed. The films are then placed on the centre of a hotplate, and gradually

heated in steps up to 450℃ for 25 minutes (the overall annealing procedure usually

takes around 1 hour 20 minutes). The films are then allowed to cool down to 150℃
before being removed.

The films are then subjected to another TiCl4 treatment for 30 minutes, as de-

scribed previously, and then annealed again in air using a hot air gun at 500℃ for

20 minutes. The samples are then cut into individual cells, which are approximately

1.25cm×1.65cm, and are immersed into a 0.5mM N719 (Ruthenizer 535-bisTBA,

Solaronix SA, Switzerland) dye solution using a 1:1 ratio of tert-butanol and ace-

tonitrile, and dyed for around 20 hours.

After dyeing, the samples are removed and washed with acetonitrile and allowed

to dry. For the counter electrodes, a small hole is drilled (using a sand blasting

unit) into an FTO substrate of the same size as the working electrode, and a drop

of platinum containing solution (hexachloroplatinic acid in propanol) is placed on

the surface of the cleaned substrate, and annealed at 400℃ for 25 minutes. Hot

melt gaskets are then made from 1.25cm×1.25cm squares of Surlyn (25µm thick),

which have an 8mm diameter circle cut from the centre of the square. The working

electrode and counter electrode are then sandwiched together with the gasket in be-

tween, allowing some space on either electrode for a contact to be made, and heated

to 125℃ and sealed together. An electrolyte is introduced into the cell through the

pre-drilled hole with a vacuum filling method, and sealed with Surlyn and a glass

cover slip. The composition of the electrolyte is largely the same through the en-

tire work with a composition of 0.6M 1-butyl-3-methylimidazolium iodide (BMII),

0.03M I2, 0.5M tert-butylpyridine and 0.1M guanidine thiocyanate in 85:15 ratio

of acetonitrile and valeronitrile. In some cases, the imidazolium salt has been re-

placed with 1-propyl-3-methylimidazolium iodide (PMII), and in other cases a small

amount of lithium iodide (0.05M) is added to the original electrolyte composition.



CHAPTER 3. EXPERIMENTAL METHODS AND CHARACTERISATION 30

3.2 Deposition of TCOs

The deposition of TCOs can be achieved with many different methods, which in-

clude both physical and chemical methods. The deposition method largely deter-

mines the quality of the material which in turn affects the opto-electronic properties

of the TCO. Chemical methods mainly use atmospheric techniques, which require

chemical precursors to react with each other to form the desired material. Chemi-

cal vapour deposition (CVD) is one method which is used to commercially deposit

FTO on sodalime glass substrates, which is usually performed at the end of a glass

production line. The high temperatures of the processed glass aid in the deposition

since the vapour phase of the precursors are needed to successfully deposit on the

substrate surface. Spray pyrolysis is a process similar to CVD, however the de-

posited precursor is usually in a liquid state as it hits the substrate surface, rather

than in a vapour state. It also usually needs a very high substrate temperature

to form films of sufficient quality. These two methods can produce TCOs at high

deposition rates, however the composition of the material can be difficult to control

since the deposition is taking place at atmospheric pressure, usually with precursors

which may introduce impurities into the film.

Physical deposition methods offer an alternative, and are frequently used in the

deposition of thin films, including solar cell absorber materials (CdTe and CIGS).

Sputtering is such a method which is able to deposit a wide range of materials

with a high degree of versatility. Whilst the deposition is performed at relatively

low vacuum (approximately 1 to 5×10−3Torr), the chamber is previously pumped

down to high vacuum (below 1×10−7Torr) which ensures that there are close to zero

impurities in the final deposition. The only impurities which may be found in the

deposited film are either from the substrate itself (diffusion of sodium from the glass

to the deposited oxide is common at high temperature), or from impurities present

in the target which have been included in the manufacturing process.

3.2.1 RF magnetron sputtering

In this work, sputtering was used as the deposition method of the different TCOs

studied. Sputtering uses the bombardment of gas ions onto a target, which eject the

target material towards the surface of a substrate, forming a thin layer. Here, an

inert gas is introduced into an evacuated chamber, which includes a target material

(which is to be deposited), and a substrate (where the film will be deposited). In

the system, the target is the cathode, whilst the substrate is the anode and usually
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grounded. Once the target is held at a high negative potential, the introduced

argon atoms become ionised. As a plasma is formed, a potential is created between

the negatively charged target and the positively charged argon ions, and so the ions

accelerate towards the target. As the argon ions hit the target surface, neutral atoms

of the target are ejected via a momentum transfer process towards the substrate.

During the ion bombardment, secondary electrons are emitted as well as the neutral

target material. These secondary electrons are usually confined to the target surface

with a magnetic field, which in turn are used to ionise further neutral argon atoms,

keeping the plasma sustained. This magnetic field also prevents the substrate being

bombarded with electrons, which can damage and heat up the substrate. Whilst

electrons can encounter argon atoms, some free electrons also encounter argon ions

which in turn form atoms again and in the process emit a photon, which results in

a characteristic glow of the plasma. The sputtered atoms travel to the substrate,

where they deposit on the surface, nucleate, and grow into a thin film. The energy

of the arriving material is dependent on the sputtering pressure since changes in the

mean free path of the sputtered atoms occur with collisions from argon atoms. As

a result, the pressure can affect the properties of the grown material significantly.

The deposition of aluminium-doped zinc oxide (AZO) and molybdenum-doped

indium oxide (IMO) films in this work was done at the Centre for Renewable Energy

Systems Technology (CREST), Loughborough University, whilst the deposition of

titanium-doped indium oxide (ITiO) films was performed at Aoyama Gakuin Uni-

versity, Japan, in collaboration with Professor Tokio Nakada. The AZO and IMO

films (and other intrinsic oxides) were deposited on an ATC Orion 8 magnetron

sputtering system (AJA International, USA). All films were deposited from 7.62cm

diameter oxide targets using radio-frequency (RF) sputtering, since the deposition

of insulating ceramic targets is not possible with conventional direct current sput-

tering. The system allows variation in substrate temperature, sputtering pressure,

sputtering power, gas composition and time which provides a versatile platform to

work with. The main chamber is constantly under high vacuum (below 1×10−7Torr),

with substrates loaded via a load-lock. The ITiO films were deposited using a cus-

tom made magnetron sputtering system (ULVAC, Japan), from 10.16cm diameter

ceramic targets. This system also had accurate control of the deposition parameters,

so that the highest quality films were deposited.
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3.2.2 Glass substrate preparation

Soda-lime glass substrates (Menzel-Gläser, Germany) were used for the deposition of

both AZO and high mobility transparent conducting oxide (HMTCO) films during

this thesis. The glass substrates were 1mm thick, with a very small iron content,

and so had over 90% transmission across a very wide wavelength. It is important

to ensure a very clean surface before deposition, since the growth of the film is

dependent on the surface conditions of the glass. For the deposition of films at

CREST (AZO and IMO films), the substrates were subjected to a rigorous cleaning

procedure. Firstly, the substrates were scrubbed with DI water and a glass cleaning

soap, before being placed in an ultrasonic bath heated to 80℃, in soapy water

for 45 minutes. After this the substrates were cleaned again in DI water before

being immersed into a heated solution of water, ammonium hydroxide and hydrogen

peroxide (5:1:1 by volume) for 3 minutes. The substrates were then cleaned with

water again and then immersed in a final solution of water, hydrochloric acid and

hydrogen peroxide (5:1:1 by volume) for 3 minutes. Finally, the substrates were

removed, cleaned and kept in DI water until ready for deposition, at which point

they were dried with nitrogen. This method produced highly clean substrates, which

in turn produced reproducible high quality films. The cleaning procedure of the

ITiO films however is unknown since they were deposited in a separate laboratory,

however due to the quality of the deposited material, it is safe to assume that the

glass substrates were prepared appropriately.

3.3 Characterisation techniques

3.3.1 Current-voltage characterisation

The main technique used to characterise DSCs was to measure the current density-

voltage characteristics (J-V) of the device in the dark as well as under illumina-

tion. Fabricated devices were illuminated using a solar simulator (Sciencetech Inc,

Canada), which uses a high power (1kW) Xenon arc lamp (Osram, XBO1000W/ HS,

Germany), an AM1.5G filter and a series of faceted and elliptical mirrors to illumi-

nate a 15×15cm area. The cells are contacted using a custom made sample holder,

which can be mounted repeatedly in the centre of the illuminated area during each

measurement, using four locator posts. The illumination intensity was calibrated

prior to the device measurement using a silicon photodiode, mounted in a similar

sample holder, so that the photodiode and measured device were consistently in the
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same position. Due to the inhomogeneities of the light output, this was the most

reliable way to measure small area solar cells.

To avoid significant mismatch between the output light from the simulator and

the AM1.5G spectrum, a KG5 (Schott, Germany) filtered silicon photodiode was

used as the reference. The spectral response of the filtered silicon diode is similar to

a DSC sensitised with N719[114], and so ensures that the reference measurements

do not take into account wavelengths of light which the DSC would not be sensitive

to. This is particularly important when measuring devices with a Xenon lamp which

experiences multiple high emission peaks at wavelengths greater than 750nm, which

would contribute to photo-current generation in an unfiltered silicon photodiode.

The filtered photodiode was calibrated against a filtered reference silicon solar cell

(measured at ESTI, Italy) and was then cross checked using a high quality spectrum

flash simulator (SunSim 3b, Pasan SA, Switzerland).

To measure the current-voltage (I-V) characteristics, the device was contacted

using a 4-wire configuration, swept from positive to negative potentials (typically

1 to −0.2V) and a current response was measured using a LabVIEW (National

Instruments, USA) controlled source-meter (Keithley 2425, USA). The voltage set-

tling time, and measurement time per point were set at 40 and 50ms respectively,

to remove capacitive effects from the measurement[115]. The I-V curves were then

converted to J-V curves to allow comparison with literature values.

The I-V characteristics of a solar cell in the dark are that of a diode and exhibits

a characteristic dark current, Idark. Upon illumination, the solar cell generates a

photo-current, Iph, which shifts the diode characteristics vertically in the negative

direction, since the photo-current is in the opposite direction of the dark current.

Figure 3.1 shows a typical I-V curve of a standard DSC, with different parameters

highlighted.

The short circuit current, Isc, is the photo-current seen when there is no load on

the device, i.e. at V = 0, and the open circuit voltage, Voc, is the voltage when there

is an infinite resistance on the device, i.e. at I = 0. All devices exhibit a degree of

shunt resistance, Rsh, and series resistance, Rs, losses which are detrimental to the

performance of the device. The fill factor (FF) of the device is

FF =
ImpVmp

IscVoc
(3.1)

where Vmp and Imp are the voltage and current at the maximum power point,

respectively. The FF describes the “quality” of the diode, and is dependent on Rs
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Figure 3.1: The typical I-V characteristics of a solar cell, in the dark and under
illumination.

and Rsh. The efficiency, η, of the device is the ratio of the output power of the

device, Pout, with the input power of the solar irradiance, Pin

η =
Pin

Pout

=
IscVocFF

Pout

(3.2)

V

Rs

RshIdarkIph

Figure 3.2: An equivalent circuit diagram of a non-ideal solar cell, with series(Rs)
and shunt (Rsh) resistance losses

The electronic characteristics of a solar cell can be conveniently described by a

simplified equivalent circuit (the single diode model), which is shown in Figure 3.2.

The circuit is made up of a current source (Iph), a diode (Idark), and a shunt and

series resistor. A solar cell can also be described by the equation

I = I0
(
eq(V+IRs)/nkBT − 1

)
+
V + IRs

Rsh

− Iph (3.3)

where I0 is the diode saturation current, q is the charge of an electron, n is
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the ideality factor, kB is the Boltzmann constant, and T is the temperature, where

the first term in the equation describes the dark current. As can be seen from

Figure 3.2 and Equation 3.3, the solar cell can be improved by reducing Rs to close

to 0, increasing Rsh to close to ∞, and reducing I0.

During this work, Isc, Voc, FF and η are often reported in order to compare device

performance between each other. In some cases, I-V curves were modelled based

on a single diode model, using a MATLAB based Simplex algorithm, previously

developed at CREST[116]. In these cases, Rs and Rsh are reported based on the

results of this model.

3.3.2 Hall effect and 4-point probe measurements

The electrical characterisation of TCOs was primarily carried out using a 4-point

probe and a Hall effect measurement system. The 4-point probe was used as a fast

characterisation technique of deposited TCOs to measure the sheet resistance of the

film, whilst the Hall effect system was used to measure the fundamental electronic

properties of the film including, mobility, carrier concentration and resistivity. The

resistivity was then cross checked between each method.

I

V

s s s

d

d

t

Figure 3.3: A schematic representation of a 4-point prove measurement set-up. The
current, I, is supplied across the outer probes, whilst a voltage, V , is measured
across the two inner probes.

The 4-point probe method consists of placing four equally spaced sprung metal

point contacts onto a conducting surface, and applying a known current, I, across

the outer two probes, whilst measuring a voltage, V , across the inner two. Figure 3.4

shows a schematic of the set up. When the thickness of the film, t, is much smaller

than the probe spacing, s, the sheet resistance Rsheet is
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Rsheet = α
π

ln 2

(
V

I

)
(3.4)

where α is a correction factor based on the sample length, d, compared to the

probe spacing. When d/s > 20, α approaches 1, and so is removed from the ex-

pression. During this work, a 4-point probe (Jandel Ltd, UK) with probe spacing

1mm and tip radius of 100µm has been used, with a current-voltage source meter

(Keithley 2460, USA), to measure the sheet resistance of films. All films were at

least 20mm×20mm in size to remove the uncertainty in the measurement. To mea-

sure films quickly, a current of 4.532 (= π/ ln 2) mA was supplied across the outer

contacts, and the voltage was measured. The corresponding voltage measurement

was then easily changed to a sheet resistance measurement using Equation 3.4. The

sheet resistance of the film can also be described by

Rsheet =
ρ

d
(3.5)

Using the above expression, a value for the resistivity can be calculated and cross

checked using a Hall effect measurement system. Figure 3.4 shows a schematic of a

Hall effect set-up.

t

VH

B

- - - - - - - - - - - - - - - - - - - - -

+ + + + + + + + + + + + + + +

e-e-

Figure 3.4: A schematic diagram of a Hall measurement system on a thin film
(represented by the slab of thickness, t) under application of a constant magnetic
field, B. A current, I, is passed across the film, with the Hall voltage, VH measured
perpendicular to both I and B.

The Hall effect can be used to measure the carrier concentration, and mobility

of the electrons within a conducting material. A known current is passed through

a film, which is placed perpendicular to a magnetic field, B. As the electron passes

through the magnetic field, it experiences a Lorentz force perpendicular to both

the current and magnetic field, which pushes the electron to one side of the film.

The build up of charge on one side of the film creates a voltage, known as the Hall

voltage, VH
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VH =
IB

qNs

(3.6)

where Ns is the sheet carrier concentration of the film, which can easily be

converted to the bulk carrier concentration, N , if the thickness of the film, t, is

known. Finally, the mobility, µ, of the film can be calculated if the sheet resistance

of the film is known

µ =
1

qNsRsheet

=
|VH |

RsheetIB
(3.7)

A Hall effect measurement system (HMS-3000, Ecopia, South Korea) was used

to measure the fundamental electronic properties of TCOs, using the Van der Pauw

method. 1cm×1cm square samples were cut and placed in a holder, which were

then ohmically contacted at each corner of the film with a quick drying silver paste.

Each sample was then placed into the measurement system, whereNs andRsheet were

calculated. From these values, N , µ and ρ were calculated using the system software,

according to the above expressions. The thickness of the film was measured using a

profilometer (XP-2, KLA-Tencor, USA), the magnetic field strength was 0.55T, and

in most cases 1mA current was used. Sometimes, when highly resistive films were

measured, 1µA current was used. This process was repeated, and the average of the

two measurements was reported.

3.3.3 UV-Vis-NIR spectrophotometry

The optical properties of TCOs is of vital importance since it affects the generation

of photo-current in the absorber. The optical properties of TCOs and part made

solar cells were carried out using a Cary 5000 (Agilent Technologies, USA) spec-

trophotometer. Transmission and reflection measurements of TCOs were carried

out using an integrating sphere, with a wide spectrum sensitivity (up to 2500nm).

In some cases the absorption properties of films were calculated using the following

expression

A(λ) = 1− T (λ)−R(λ) (3.8)

where A(λ), T (λ) and R(λ) are the absorption, transmission and reflection of the

film (as a percentage) as a function of wavelength. For transmission measurements,

films were placed over the entrance port of the integrating sphere with the glass side

of the film facing the incoming light. This configuration is the most realistic in a
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solar cell, since in a device, the film encounters the light after it has passed through

the glass substrate, and so any changes due to the different refractive indices of

the glass and film are accounted for. A reference reflectance disk (pressed PTFE)

was placed at the reflectance port, and all transmission measurements included

direct and diffuse transmission. For reflectance measurements, films were placed

over the reflectance port, with the glass side again facing the incoming light, and

reflectance spectra (both specular and diffuse) was recorded. In all cases a baseline

correction was performed to remove measurement artefacts, using air as the baseline

measurement.

Transmission properties of DSCs were made on the same system, however using

the standard 2 beam measurement configuration. Completed devices were attached

to a mask with a 5mm diameter aperture area, with the active area (6mm diameter

circle) carefully placed over the opening. A similar mask was placed at the reference

beam, and a transmission measurement was performed. Once again, a baseline

correction was made (with the mask) to reduce the measurement error.

3.3.4 Optical, atomic force and scanning electron microscopy

The surface quality of the TCO is of high importance since the subsequent growth

of the solar cell is dependent primarily on the TCO/absorber interface. The TCO

must promote the adhesion of subsequent layers, and this is highly dependent on

both the surface quality of the TCO, as well as the material properties of the TCO

itself. The micro-structure on the surface also gives information on how the TCO

will behave during fabrication and testing, so it is important to understand these

properties as well.

Surface images of TCOs have been taken using a field emission scanning electron

microscope (SEM, Leo 1530VP). TCO materials required little sample preparation

prior to imaging since they are already conducting and are able to dissipate the build

up of charge on the film surface. However in some cases a thin layer of palladium-gold

was deposited on the surface of the TCO to aid in the imaging of the material. In all

cases, the surface of the film was initially cleaned with IPA to ensure no distortion of

the image from dust build-up or organic residue. The surfaces were imaged with an

in-lens detector, which detects low energy secondary electrons from the film, after

having an electron beam focused on the film using a 5 to 10kV acceleration voltage.

In most cases, a 100,000 times magnification was used to resolve the surface features

of the material. In some cases, a cross section measurement was made to determine
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the thickness of the film, using a focused ion beam to etch out a section of the film.

Optical images of chemically treated TCOs have also been taken. An optical

image was taken due to the fast measurement speed, as well as the ability to easily

focus on different layers through a bi-layer film, with little sample preparation. An

optical microscope (CX41, Olympus, Japan) was used with a 5× optical zoom to take

images. The images were saved with imaging software (Infinity Analyze, Lumenera

Corporation, Canada), which allowed scale bars to be added at a later point.

Atomic force microscopy (AFM) was used to image the surface of TCOs, specif-

ically imaging the roughness of the material, since it is able to render 3D images

accurately. The method uses cantilevers with very small probes (tip radius of 9nm)

to mechanically scan the surface of the film, measuring the variation in the deflection

of the cantilever using a laser and a position sensitive sensor. The images were taken

using a commercial AFM (MFP-3D AFM, Asylum Research, USA) in AC mode,

using silicon cantilevers (AC240, Olympus, Japan). The 3D images were resolved

using imaging software specific for the AFM application (ARgyle Light, Asylum

Research, USA).

3.3.5 X-ray diffraction

The electrical (and optical) properties of the TCO is highly dependent on the mate-

rial’s crystal structure. X-ray diffraction (XRD) is a common method used to probe

the preferred orientation of crystalline samples, and gives insight into the degree of

crystallinity in the sample. A monochromatic beam of X-rays is directed towards

a sample through different angles sequentially, and the reflection of the beam is

recorded in a detector. At certain angles, a high reflection of X-rays is seen which

is a consequence of the constructive interference of X-rays in a crystalline struc-

ture according to Bragg’s law. These high reflection peaks are from the different

crystallographic planes in the material, and so can be used to identify which crystal

phase is predominant. In this work, measurements were made using a diffractometer

(D8, Bruker, USA) using radiation with a wavelength of 1.5406 Å, with the results

compared to powder diffraction files from the International Centre for Diffraction

Data.



Chapter 4

High mobility TCO substrates for

DSCs

4.1 Advantages of using high mobility TCOs in

solar cells

Although a promising technology, DSCs are currently limited due to the difficulty to

engineer dyes with a spectral response which extends into the IR. Some panchromatic

dyes have been synthesised[117–119], which absorb in the visible up to 850-900nm,

however the difficulty to design dyes with the correct HOMO-LUMO energy levels

has prevented more successful panchromatic dyes from being developed. Whilst

high extinction coefficient dyes, such as the series of C coded ruthenium dyes[52–

54], and indoline dyes[63, 64] allow close to 100% absorption of photons (ignoring

absorption and reflection losses in the TCO), they are still limited by the maximum

amount of light available only in the visible wavelength range. Work by Snaith[120]

has shown that for a typical DSC system, assuming an absorption onset at 780nm

(which is common for many sensitisers including N719), and a “perfect” EQE, a

maximum photo-current of 21.7mA/cm2 is available for current generation. Since

high efficiency devices using N719 are currently producing around 18mA/cm2, there

is not much room for improvement, and so the narrow absorption limit of these dyes

will always limit the efficiency of these solar cells.

CIGS solar cells are able to respond at wavelengths longer than conventional

DSCs. Varying the band-gap of the absorber layer, depending upon the [Ga]/[In+Ga]

ratio[103], the highest efficiency CIGS based solar cells have recently reached over

20% conversion efficiency and empirically have been shown to have band gaps of

40
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around 1.15 eV[121]. However, these devices do suffer slightly in the shorter wave-

lengths, with an absorption onset at 520nm due to the n-type CdS buffer layer,

which reduces photon absorption in the p-type absorber layer. Combining a short

wavelength photosensitive DSC with a longer wavelength absorbing CIGS solar cell

in a tandem solar cell structure would be an ideal way of absorbing a wide range of

photons. A series connection would result in the summation of the two cells volt-

ages, increasing the efficiency of the tandem device. Such concepts have been used

in III-V multi-junction[122] and thin film silicon[123] solar cells to great success;

however only a few reports of using a top DSC with a bottom CIGS solar cell have

been reported. A mechanically stacked device[33] with one cell placed on top of the

other, has resulted in an efficiency of 15%, which is encouraging for an initial result.

Also, a monolithic structure[124], with the two cells connected across a common

interface has also produced encouraging results. Although suffering from current

mismatching problems, as well as corrosion problems of the CIGS absorber by the

iodine based electrolyte, both reports have indicated that it is possible to create a

voltage close to the sum of the two individual devices.

The above results on DSC/CIGS tandem solar cells are very promising, although

there are limitations associated with each design. As is common in DSC fabrication,

FTO electrodes were used as the conducting substrate in each report. Although

chemically and thermally very stable[101], FTO has high charge carrier density, N .

This causes the plasma frequency, ωp, (or wavelength, λp) generally, to be located

in the IR region (see Equation 2.4). As a result, the ensemble of electrons in the

film resonates at this frequency, which increases light absorption[112], reducing the

transmission of the film dramatically

λp = 2πc

(
ε∞ε0m

∗
e

Nq2

)1/2

(2.4)

At wavelengths longer than the plasma wavelength, reflection by free carriers

is dominant (see section 2.4). Ultimately, photons of wavelengths greater than

800nm are needlessly lost in, or at, the transparent conductors in the top DSC.

This reduces the amount of photo-current possibly generated by the bottom CIGS

solar cell. Although absorption losses were minimised by the work done by Wenger

et. al.[124] using only one FTO electrode in a monolithic structure, alternative

TCOs with improved transmission windows should be investigated.

High mobility TCOs such as indium oxide doped with molybdenum[125], zircon-

ium[126], tungsten[127] and titanium[128] have demonstrated very high transmission
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in the IR, whilst maintaining very low resistivity (∼ 10−4Ωcm).

ρ =
1

µNq
(4.1)

The higher mobility, µ, of the electrons within these films combined with lower

charge carrier density, N , allows the deposition of highly transparent films in the IR.

The plasma frequency of the electrons is shifted to longer wavelengths and absorption

losses are reduced in the visible and IR. At the same time, low resistivity, ρ is still

achieved, due to the compensation achieved by the high mobility of the film (see

Equation 4.1). Such TCOs have been used to improve current generation as a result

of higher transmission in bi-facial CIGS solar cells[129], as well as showing potential

for use in tandem solar cells employing a top CdTe absorber[111].

This chapter focuses on the development of using HMTCOs as the transparent

conductor in DSCs, for combination with a bottom CIGS solar cell, in a tandem

configuration. The choice of type of HMTCO will be explored, along with the

continued development of the device from the proof of concept, through to the most

successful devices so far.

4.2 Choice of high mobility TCO

As mentioned previously, there are many different types of HMTCOs available.

Impuritiy doped indium oxide films as well as cadmium oxide films exhibit high

mobilities and high transparencies, although the latter is limited in the visible with

a band gap less than 3.0eV[130]. It is for this reason that cadmium oxide based

TCOs were not explored in this work, since photons with wavelength less than

approximately 450nm would be lost before they encounter the absorber layer of

the already long wavelength limited DSC. Also, the practical aspects of depositing

cadmium containing TCOs presents a problem from a safety point of view, which

was another reason why it was omitted from this study.

Indium oxide films doped with molybdenum (IMO) and titanium (ITiO) have

been chosen as candidates for use in DSCs. IMO films have been deposited using

pulsed DC magnetron sputtering at CREST, using an ATC Orion 8 sputter system.

Much of the initial research carried out optimising the deposition parameters for

IMO films was performed previously at CREST[131], and was used as a reference.

ITiO films have been prepared using RF magnetron sputtering and were prepared

at Aoyama Gakuin University, Japan. The growth process of the ITiO films have
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been described in detail elsewhere[132], while Table 4.1 shows a summary of the

deposition conditions for both sets of optimised films.

Table 4.1: Deposition parameters for IMO and ITiO thin films

TCO Method Pressure Power Density Temperature Target composition
(mTorr) (W/cm2) (℃)

IMO PDC 10 2.74 450a 98:2 In2O3:Mo
ITiO RF 1 1.23 500b 99:1 In2O3:TiO2

a Followed by a post deposition anneal at 500℃ for 45 minutes
b Followed by a post deposition anneal at 530℃ for 45 minutes

Both sets of films have high transmission in the visible and IR regions. Both

IMO and ITiO exhibit good sheet resistance of approximately 8Ω/� and 6.5Ω/�,

respectively, which is ideal for solar cell applications. The following sections will

highlight the differing properties of the two candidate materials, and attempt to

choose the best material for a DSC in a tandem solar cell.

4.2.1 Chemical stability

Chemical stability is an important factor affecting the choice of TCO in the device.

Although the types of chemicals and materials used in processing a DSC is relatively

benign and non toxic, there are some elements which employ an acidic element to

the process. The deposition of the platinum catalyst on the TCO counter electrode

involves the use of an acidic precursor (hexachloroplatinic acid) in an alcoholic so-

lution. The prepared TiO2 nano-particles are synthesised in an acidic environment

(usually nitric or acetic acid) to aid particle growth, and so the final prepared paste

has a slightly acidic nature to it[70]. Finally an aqueous solution of TiCl4 is rou-

tinely used twice, initially to aid in adhesion of the TiO2 to the TCO surface, and

then improve inter-particle connections in the sintered TiO2 working electrode[133].

It is apparent then that the TCO ideally must not be etched by acidic solutions, or

in the worst case the etching is kept to a minimum. As previously highlighted, the

chemical stability of FTO is a reason why it is such a successful substrate for DSCs.

Table 4.2 shows the etching rates of various TCOs in a 40mM aqueous TiCl4

solution for 60 minutes, which is twice as long as the standard treatment used in

DSC fabrication[133]. The longer treatment time was used to resolve the etched

steps more easily. A polyimide adhesive tape was covered on one part of the TCO

during the deposition to protect the surface, and a step was then measured, using
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Table 4.2: Etching rates of various TCOs in TiCl4(aq) at 70℃during a 60 minute
treatment

TCO Thickness Etched thickness Etching rate
(nm) (nm) (nm/sec)

FTO 650 0 0
IMO 260 75 1.2
ITiO 250 30 0.5

surface profilometry between the treated and untreated part of the TCO. FTO is the

most chemically stable material, with no etching occurring on the surface of the film.

Since fairly aggressive chemicals are needed to etch FTO, for example a combination

of concentrated HCl and zinc, it is not surprising that a weak concentration of HCl

in the TiCl4 does not etch the surface. The next most stable film is ITiO, which

is then followed by the IMO film. Although the ITiO film is more stable than the

IMO film, both films are still etched by the solution. Longer, or harsher TiCl4

treatments would increase the etching effect, which is not beneficial to the final

device. Interestingly, although both films are predominantly indium oxide films,

with only small amount of doping, each film has quite different tolerances to an

acidic environment. The chemical stability of a TCO is highly dependent on the

composition of the material, and the bonding scheme of the dopant which helps

form the overall structural properties. In multi-component oxides thin films, the

etching rate of the layer can be controlled easily depending on the composition of

the material. For example, an increase in the etching rate of In4Sn3O12 thin films

has been seen with increasing Zn2In2O5 content[108]. In the case of IMO and ITiO,

the differing dopant oxides of titanium and molybdenum may affect the chemical

stability of the entire layer in a similar fashion, since TiO2 is generally stable in

most environments whilst MoO3 and other molybdates are soluble in water. Such

a difference in the dopant chemistry may explain the different chemical stability

properties of the different films, however this has not been further explored.

4.2.2 Transmission and electrical properties

As the name suggests, TCOs must be both highly transparent and conducting to

work efficiently, in not only a DSC, but any type of thin film solar cell. The TCO

governs how many photons are available for the absorber layer to create unbound

electrons, as well as how efficiently these electrons are carried once they pass through
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the device. Figure 4.1 shows transmission, reflectance and absorption data of IMO

and ITiO films, across a wide wavelength range. The corresponding data from an

FTO film has been added to serve as a comparison between a standard TCO and

one which has high mobility, and lower carrier concentration.
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Figure 4.1: Transmission, reflectance and absorption data of (a)FTO, (b)ITiO and
(c)IMO thin films deposited on sodalime glass.

Both high mobility films clearly exhibit a much better transmission in the IR,

compared to FTO. The ITiO film exhibits a slightly better transmission in the visible

compared to IMO and at wavelengths greater than 1500nm. The difference in the

visible can be attributed to the difference in the interference fringes between the

two films. ITiO has very well defined interference fringes, whilst the IMO fringes

are more blurred, which may be attributed to more pronounced surface roughness in

the IMO compared to the ITiO. This effect though was not investigated in this work

since the difference in the visible range is minimal. Also, the ITiO film is slightly

thicker compared to the IMO film, which is shown in the extra interference fringe
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in the visible.

The improved transmission at wavelengths greater than 1500nm, is explained

by the difference in free carrier absorption between the two films. The earlier ab-

sorption onset of the IMO compared to ITiO indicates that this film has a slightly

higher carrier concentration compared to the ITiO films. Since both films have a

comparable thickness, the gain in conductivity is achieved by the higher electron

mobility of the ITiO film compared to the IMO film. This is also shown, from a

spectrophotometry point of view, by the higher absolute absorption of the IMO film,

compared to the ITiO film[112].

Afc =
λ2q3Nt

4π2ε0c3nm∗2e µ
(4.2)

Equation 4.2 describes the degree of free carrier absorption in a semi-conductor.

Here, all terms have their usual meaning whilst n is the refractive index of the ma-

terial. The absorption by free carriers, Afc is inversely proportional to the mobility,

µ, of the electrons, and so absorption in the IR is lower for films of higher mobility,

which is seen in Figure 4.1[109, 134].

Table 4.3: Electrical properties of FTO, ITiO, and IMO films, determined by a Hall
effect measurement system, and a 4-point probe.

TCO Thickness Mobility Carrier concentration Resistivity Rsheet

(nm) (cm2/Vs) (×1020/cm3) (×10−4Ωcm) (Ω/�)

FTO 650 25.2 5.04 4.9 8
ITiO 250 105.0 3.06 1.9 6.5
IMO 260 71.7 4.00 2.2 8

Table 4.3 shows the electrical properties of the various TCOs determined using

a Hall effect measurement system, as well as a 4 point probe. The Hall effect data

corroborates the transmission data very well, with the lower carrier concentration

and higher mobility of the ITiO compared to the IMO film.

From the previous data, ITiO clearly has the best overall performance compared

to IMO. Although acidic chemical treatments do etch the surface, it is able to

withstand these environments far better than IMO films. Transmission in the visible

of both films is very good, but a higher carrier concentration creates more absorption

losses in the longer wavelengths in the IMO, compared to the ITiO. The conductivity

of the ITiO is slightly higher than IMO films as a result of the higher mobility, since

the carrier concentration of both films are very similar. It is for these reasons, that
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ITiO films were used as the main candidate for an alternative transparent conducting

oxide for DSCs, for potential use in tandem solar cells.

4.3 Transmission data and modelling

Figure 4.2 shows transmission data of various DSCs made with different combina-

tions of ITiO and FTO, of cells with and without a scattering TiO2 layer. These

cells were designed for optical measurements only, and serve as a comparison of

transmission between the different combinations of front and back contacts. There-

fore these cells were not optimised for performance and will be discussed later (see

section 4.4). Cells incorporating a scattering layer (cells 5, 6 and 7) exhibit a low

transmission through the device, as a result of higher light scattering in the longer

wavelength range, because of the additional layer incorporating a larger TiO2 par-

ticle size (approximately 200-400nm). This is a common procedure to improve the

quantum efficiency of the cell in the red part of the spectrum[69], by increasing the

optical pathway of longer wavelength photons, and so improves the overall efficiency.

Despite the increased absorption at wavelengths greater than 800nm, there is still a

dependence on what TCO is used for both front and back contacts. Using FTO as

both the front and back contact (cell 7) provides the lowest transmission through the

device, with the peak at approximately 1200nm barely reaching 10%. Substituting

an FTO front contact with an ITiO front contact (cell 6) improves the transmission

through the cell slightly, but it is only when both FTO contacts are substituted

with ITiO (cell 5) that the largest improvement is observed. Nearly 20% of light at

1200nm is able to pass through the cell, which is significant. The use of a scattering

layer in a DSC designed for tandem applications is obviously not beneficial. Much

light is needlessly lost in the top cell as a result of the greater light scattering, and

negates the point in using a DSC as a top cell. Removing the scattering layer has a

vast affect on the amount of light passing through the cell.

FTO contacts used both at the front and rear with no scattering layer (cell 4)

results in a much higher transmission of photons, compared to the corresponding

light scattering cell. Absorption by free carriers however, does cause the transmission

to decrease as it passes through the useful wavelength range of a CIGS solar cell

(650 to 1200nm). Substituting the front contact for ITiO (cell 3) improves the

transmission, however the most significant increase in transmission occurs once both

contacts are replaced with ITiO (cell 2). Interestingly, at approximately 700nm, the

transmission is very similar between cells 3 and 4 which both have at least one FTO
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Figure 4.2: Transmission data through DSCs using different TCOs as the front and
back contact. Absorption losses arise from the FTO contacts, and replacing these
contacts with ITiO reduces absorption losses. The use of a scattering layer in DSCs
designed for tandem solar cells is not beneficial since light through the cell is reduced
in this configuration.

conducting electrode. Though cell 3 still uses an ITiO front contact, it seems that

the majority of absorption at 730nm occurs from the worst TCO, i.e. FTO, and

the beneficial effects of the ITiO at this wavelength are totally lost. It is only at

wavelengths longer than 800nm that the beneficial effects of the ITiO layer become

apparent, however the increase is fairly small. In contrast, cell 2 shows the benefit

of having front and back ITiO contacts. A stepped increase of over 10% absolute at

730nm is seen, and this only improves as the wavelength increases. At 1200nm, the

transmission of cell 2 is nearly 50% greater than that of cell 3, and approximately

double that of cell 4.

Figure 4.2 clearly shows the benefit of using ITiO front and back contacts in a

top DSC. The transmission through the cell using ITiO front and back contacts is a

marked improvement on a standard, FTO based DSC. With this data, it is possible

to model the short circuit current density, Jsc of a bottom CIGS solar cell, with a

top DSC acting as an optical filter.

Figure 4.3 shows the AM1.5G spectrum and a typical CIGS external quantum

efficiency (EQE) curve under such a spectrum at 1 sun intensity, and with 2 different

DSC filters. The data was modelled using the transmission spectra from Figure 4.2,
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Figure 4.3: Modelled AM1.5G and EQE data of a CIGS solar cell, with cell 2 (ITiO
based DSC) and 4 (FTO based DSC) acting as an optical filter.

a real CIGS EQE spectrum, supplied by the Laboratory for Thin Films and Pho-

tovoltaics, EMPA (Switzerland), and the AM1.5G spectrum (IEC 60904-3 (2008)

edition 2). There is an obvious benefit on the filtered spectrum when using an

ITiO based DSC, and as a result, the EQE of the CIGS solar cell is much improved

at wavelengths greater than 700nm. The EQE spectra of the CIGS solar cell was

taken under open circuit conditions, and so it is possible to calculate Jsc using the

following relation

Jsc =

∫
qF (λ)EQE(λ) dλ (4.3)

where F (λ) is the photon flux, and EQE(λ) is the external quantum efficiency,

both as a function of wavelength, λ.

Table 4.4: Jsc calculated using modelled data from Figure 4.3

Configuration Jsc
(mA/cm2)

CIGS under AM1.5G 28.2
CIGS with ITiO DSC filter 10.9
CIGS with FTO DSC filter 8.2

Table 4.4 shows the photo-current calculated from Figure 4.3, and highlights
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the improvement in current density of the bottom CIGS solar cell. A 2.7mA/cm2

improvement on Jsc with the ITiO based cell is observed, compared to the FTO

based cell, which is high considering the CIGS is only able to produce just over

8mA/cm2 from the photons available through the FTO DSC. This highlights further

the potential improvement possible using a HMTCO as the front and back contact

of a DSC, since the higher photo-current available in the bottom CIGS solar cell

would also allow easier current matching between the top and bottom devices in a

tandem configuration.

Whilst the potential is certainly promising, in the context of the transmission

data and empirical analysis, the next section highlights problems associated with

using ITiO as a transparent conductor in DSCs, from a device performance perspec-

tive. The chemical and thermal stability of indium oxide TCOs is relatively poor

compared to FTO, and so this needs to be addressed. Also, the adhesion of the

TiO2 layer to the surface of the ITiO is very poor, and unless this problem can be

solved, ITiO would fail as an alternative TCO.

4.4 Stability and adhesion issues

ITiO has shown itself to be a promising transparent conductor to use in tandem

solar cells. Improved transmission to the bottom cell has been demonstrated using

a DSC with both electrodes made from ITiO. However, the studies reported in this

investigation highlight that there are three issues which must be solved if ITiO is

going to be used as a viable alternative TCO for use in tandem solar cell structures:

Adhesion - Preliminary trials using ITiO as the working electrode were not re-

producible. Initially, the TCOs were subjected to a standard TiCl4 treatment

which had been standardised within literature for FTO substrates. This con-

sisted of placing the TCO in a bath of aqueous TiCl4 heated at 70℃ for 30

minutes. This treatment is used to treat the surface of the TCO with a thin

layer of TiO2 so that the subsequently screen printed TiO2 layer adheres to

the surface well, upon sintering at 450℃. Using this treatment with ITiO sub-

strates did not increase the adhesion of the TiO2 to the surface, and so, all

TiO2 layers delaminated from the surface of the ITiO upon sintering.

Thermal stability - As-deposited ITiO has a very high conductivity, with films

exhibiting a typical resistivity of 1.9× 10−4Ωcm. However upon heating in air

the film is subjected to increased oxidation. As a result, the conductivity of
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the film deteriorates, and reduces the cells performance. The need to heat the

film in air is vital, since the TiO2 layer needs this step to anneal the individual

particles together, improving the charge transport characteristics of the porous

film. Also, the screen printed layer is made up of TiO2 nano-particles, held

together with a solvent, and organic binder. Only once the film is heated, in an

oxidising atmosphere above 400℃, is it possible to remove the organic binder.

The necessity to have oxygen present in the atmosphere is key to allow total

combustion of the carbon based binder, with CO2 released as a by-product.

This “balancing act” between over oxidation of the TCO, and under oxidation

of the TiO2 layer should be addressed.

Chemical stability - Following the issue of poor adhesion, upon subjecting the

layer to the aqueous TiCl4 treatment, the ITiO was etched by the acidic nature

of the TiCl4. Whilst the etch rate of the film is fairly slow using this concen-

tration of TiCl4 with the standard treatment, any increase in concentration,

or time, results in a more degraded film. As a result, the sheet resistance of

the TCO increases, and the series resistance of any device made with TCO

increases. Any unnecessary etching of layers needs to be removed, or kept to

an absolute minimum.

4.4.1 Adhesion and chemical stability

As discussed previously, cells presented in Figure 4.2 were not optimised for device

performance, and only served as a method of showing the optical properties of

these devices. A spray pyrolysis method using a solution of 75% weight titanium

diisopropoxide bis(acetylacetonate) (TAA) and 25% IPA, in ethanol was used[135].

The TCOs were placed on a hot plate, and heated to 450℃, upon which the precursor

solution was sprayed, with air, using a chromatography atomizer. The TCO was

sprayed twice, and then left for 30 seconds, to allow the organic solvent to evaporate

off, at which point the cycle was repeated. This cycle was repeated a total of 16

times, after which the substrate temperature was raised to 500℃ and sintered for a

further hour. The result of this process was a thin layer of TiO2 which effectively

covers the surface of the TCO, and provides an effective interface which the screen

printed TiO2 can adhere to. However, the need for such high temperatures, above

500℃ for a sustained duration, means that the TCO undergoes a high degree of

oxidation during this step. Coupling this step, with the standard sintering step of

the porous TiO2 layer results in a TCO with marked conductivity decrease. The FF
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of these devices are very low (∼25%), and have very low efficiency.

Instead, a TiCl4 treatment was used on the surface of the TCO to create the

thin interfacial layer of TiO2. This method allows lower processing temperatures to

be used, since the reaction temperature of the chemical bath is 70℃, and does not

require a post deposition sintering step. However, the standard TiCl4 treatment on

ITiO electrodes does not sufficiently alter the surface of the ITiO, and instead, all

screen printed TiO2 layers completely delaminate from the surface of the electrode,

after sintering at high temperature. It is therefore necessary to look at what is

happening to the surface of the ITiO once the TiCl4 treatment has been performed,

to try and resolve these adhesion issues.

(a) (b)

(c) (d)

Figure 4.4: SEM surface images of (a) As deposited bare ITiO substrate. (b) ITiO
substrate after 60 minutes treatment with 40mM TiCl4(aq). (c) ITiO substrate after

90 minutes treatment with 40mM TiCl4(aq). (d) ITiO substrate after 120 minutes
treatment with 40mM TiCl4(aq).

Figure 4.4 shows the evolution of the surface of the ITiO after TiCl4 treatments

of varying times, whilst maintaining the solution concentration and temperature

constant. Figure 4.4a shows the initially bare ITiO substrate, which consists of
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distinct pyramid like structures which cover the whole of the surface. The surface

of the substrate changes dramatically though after being immersed in the solution

for 60 minutes. The distinct pyramids appear to be cleaved, and small nucleations

of TiO2 are unevenly distributed across the surface of the electrode. This effect

evolves further, upon longer treatment time, with the TiO2 particles growing into

longer needle structures (Figure 4.4c), which eventually grow together to form a

mesh on the surface of the electrode (Figure 4.4d). Since this network of TiO2 is

eventually distributed over the surface of the electrode, the adhesion of subsequent

screen printed layers should be more reliable with increasing treatment time, which

is clearly indicated in Table 4.5.

Table 4.5: Percentage of cells which delaminate from the ITiO surface after varying
TiCl4 treatments

Treatment Delamination
(%)

30 min TiCl4 100
60 min TiCl4 75
90 min TiCl4 75
120 min TiCl4 25

Although there is a clear increase in adhesion with increasing TiCl4 treatment,

this method has its flaws. Clearly, to ensure 100% adhesion of TiO2 to the surface

of the ITiO, the treatment time has to be increased further beyond 120 minutes,

or the concentration of the TiCl4 has to be increased. The latter example is shown

in Figure 4.5a, where a clear network of TiO2 is shown across the surface of the

ITiO electrode, after being immersed in a 80mM TiCl4 solution for 120 minutes.

This provides a very good layer for the screen printed TiO2 to adhere to, however

with increased concentration of the treatment, there comes a drawback. Figure 4.5b

shows the surface of an ITiO film after being immersed in a 0.32mM HCl(aq). This

solution gives the same acidic concentration as an 80mM solution of TiCl4 but

without any TiO2 precursor. The image shows a clear etching of the surface of the

film, which is not beneficial for the film properties. Etching of the surface reduces

the film thickness, thus increasing the sheet resistance of the film. This will increase

the series resistance of any subsequent device made on the treated film, and so will

reduce the overall performance of the device.

This effect needs to be either avoided, or reduced, to enable a reproducible

device to be fabricated from these substrates. Clearly, the TiCl4 treatment is vital
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(a) (b)

Figure 4.5: SEM surface images of (a) ITiO substrate after 120 minutes treatment
with 80mM TiCl4(aq). (b) ITiO substrate after 120 minutes treatment with 0.32M
HCl(aq).

for the adhesion of the TiO2 to the substrate, so this treatment cannot be avoided.

Alternatively, a thin buffer layer, of another more stable oxide may be deposited on

top of the surface of the ITiO, to protect the surface, and aid the adhesion of the

TiO2 to the substrate. SnO2 is an obvious choice of material to use at this interface.

FTO is known to work very well with DSCs due to its high thermal and chemical

stability. SnO2 does not etch easily in acidic solutions, unless in the presence of

elemental zinc[136], and the electrolyte and dye solutions used in the processing of

DSCs do not attack SnO2. Also, since a thin layer of an un-doped oxide is used as the

protective layer, the optical properties of the ITiO/SnO2 stack should be very similar

to ITiO. Most importantly, an intrinsic oxide layer is selected to keep transmission in

the IR as high as possible. Depositing a stable conducting oxide on the surface of the

ITiO would perform a similar function in protecting the underlying ITiO, however,

a TCO with a high carrier concentration would result in high IR absorption losses,

negating the use of ITiO as a substrate. Finally, depositing a thin layer of SnO2

should reduce any resistive losses associated with adding an insulating layer to the

stack.

SnO2 layers were deposited on ITiO films at room temperature, 2.19 W/cm2

power density, 8mTorr sputtering pressure in an argon atmosphere containing ap-

proximately 2% oxygen by volume. The time was varied from 2, 5 and 10 minutes

giving films of approximately 10, 20 and 40nm in thickness. Figure 4.6 shows the

effect on the transmission of depositing the thin layers of SnO2 on top of the ITiO

layer. The effect in the IR is negligible, since the layer is thin, and intrinsic. The

main change occurs in the visible due to the overall increase in thickness of the layer.
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Figure 4.6: Transmission data of ITiO thin films with different thicknesses of SnO2

deposited on top. The transmission of the stack varies very little with increasing
SnO2 thickness, and most importantly, the transmission in the IR is not affected.

This thickness change results in a slight change in the location of the interference

fringes in the visible. Although the positions of the fringes are different, this does

not adversely affect the transmission of the stack in the visible.

Table 4.6: Percentage of cells which delaminate from the ITiO/SnO2/TiCl4 stack
with varying SnO2 thicknesses. Each stack has a 40mM TiCl4 treatment subjected
to it after SnO2 deposition for 60 minutes.

Treatment Delamination
(%)

60min TiCl4 75
SnO2(10nm)/60 min TiCl4 25
SnO2(20nm)/60 min TiCl4 0
SnO2(40nm)/60 min TiCl4 0

Table 4.6 shows the effect of including a SnO2 layer on top of the ITiO on the

amount of flaking the TiO2 layer suffers after sintering in air at 400℃. The degree of

delamination drops drastically from 75% without using a SnO2 layer, to 25% when

including only a 10nm SnO2 layer. This decreases further upon thickening the SnO2

layer to 20 and then 40 nm.

The addition of an interfacial SnO2 layer clearly improves the stability of the
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entire stack. Whilst the deposition of the porous TiO2 is a standard process, and

works well with conventional FTO/TiCl4 treated substrates, it is clear that the whole

stack is only as durable as the weakest interface present. The adhesion of a layer can

be affected by the roughness, and chemical composition of the underlying substrate.

Rough FTO substrates may aid in the adhesion of subsequent screen-printed porous

TiO2 layers, since a higher surface area on the substrate may “anchor” the TiO2

to the surface in a more pronounced way, whereas smooth films may not support

the TiO2 layer sufficiently. Figure 4.7 shows AFM images of the surface of the

FTO and ITiO films, and highlights the significantly different roughness between

the two different films. The roughness difference is mainly a result of the different

deposition methods used between the two films, with FTO films deposited using a

CVD process, whilst the ITiO films were deposited using sputtering.

(a) (b)

Figure 4.7: AFM surface images of (a) FTO and (b) ITiO films used in this study.
The images represent a 5µm×5µm area on the surface of the corresponding layer.

However, if the high roughness of the underlying layer was the only factor which

kept the porous TiO2 layer intact on FTO substrates, it would be expected that the

addition of an extra, smooth layer on an already smooth film (in the case of ITiO)

would be of no benefit. A sputtered SnO2 layer would form a conformal coating

on the substrate, with minimal roughness, compared to FTO substrates. In reality,

a sputtered SnO2 film does improve the adhesion properties of the TiO2 layer. It

appears then that the bonding scheme of the ITiO/TiCl4 treated film with the porous

TiO2 is the worse than the ITiO/SnO2/TiCl4 treated film, which may be explained

by the different atomic arrangements of the SnO2 and the In2O3 lattices. The

bonding between two materials can be explained by different mechanisms such as

hydrogen, ionic and covalent bonds, or short range forces such as the van der Waals

force, which is dependent on the lattice matching of the two different materials.

The unit cell of SnO2 is rutile which has a tetragonal structure containing 6 atoms
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which is fairly simple, however In2O3 has a cubic bixybite structure which contains

80 atoms in it’s unit cell, and is very complicated[110]. Whilst a range of bonds

and forces may be present at the TCO/TiO2 interface, the relatively simple SnO2

structure could bond (or attract) to the relatively simple anatase structure of TiO2

in an efficient way. In contrast, the complicated structure of In2O3 may not form

as good an interface with TiO2 especially since the method to deposit the porous

TiO2 layer is not considered to be “atom by atom” as is the case in methods such as

sputtering. In reality, screen-printing a colloid of TiO2 with a solvent and an organic

binder is a fairly crude deposition method, and can result in a interface which could

be full of voids and impurities. Figure 4.4 has already shown that the deposition of

TiO2 from the TiCl4 treatment does not produce a conformal coating of TiO2 and

rather nucleations of TiO2 which act as an anchor for the subsequent porous TiO2

to hold on to. In reality, a large fraction of the porous layer still has to bond to the

underlying surface (either In2O3 or SnO2), and so this interface is very important.

Although not detailed here, further computational studies would be needed to look

at the atomic interactions between the two different material structures.

4.4.2 Thermal stability

The thermal stability of the TCO is of critical importance if developing solar cells in

a superstrate configuration. The TCO must undergo, and survive, all the processing

steps of the solar cell, which may include chemical steps, as previously discussed, or

heating steps. FTO has high thermal stability, mainly due to the method in which

it is deposited. APCVD systems typically use high temperatures (600-650℃) to

decompose the metal precursors used to deposit the final material. Generally, the

reaction takes place in air, and only control over the use of carrier gases is available.

As a result, FTO is deposited at high temperatures, in highly oxidising atmospheres.

Subsequent films are always highly temperature stable, due to being deposited at

temperatures much higher than the subsequent solar cell processing temperature

(a maximum of 450-500℃). Figure 4.8a shows the response of a DSC made using

FTO as the conducting substrates. The response of the cell is good (8.2%), which

is characterised by a good FF of 67%, mainly as a result of the low series resistance

of the device, which highlights the high temperature stability of FTO.

Conversely, the ITiO films used in this work were RF sputtered, under vacuum,

where careful control over reactive gases was possible. Although the deposition tem-

perature was 500℃, the films were sputtered in a pure argon atmosphere, and were
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Figure 4.8: IV curves in the dark and under 1 sun of transparent DSCs using (a) FTO
and (b) ITiO substrates. The high temperature stability of the FTO is shown by the
good FF of the device, approaching 70%, whilst the high processing temperatures
adversely affect the ITiO based cell. The FF of the ITiO DSC is low as a result of
the high series resistance of the device.

not subjected to high temperature oxidation, unlike APCVD deposited FTO films.

The thermal instability of sputtered indium oxide films, like ITO, is well documented

within literature [137, 138], and sustained heating in air above 300℃ results in the

conductivity of the layer beginning to decrease. Furthermore, sustained heating at

temperatures close to 450℃ causes the conductivity of the layer to decrease dra-

matically, rendering the layer useless for current collection. Figure 4.8b shows the

response of a DSC made with ITiO substrates, and highlights the instability of the

layer. Although the cell exhibits similar Voc and Jsc to the corresponding FTO de-

vice, the FF of 51% is much worse compared to the FTO based cell. The low FF is

caused by the high series resistance of the device, as a consequence of the increased

sheet resistance of the TCO upon annealing in air. The high temperatures involved

cause excessive oxidation to occur in the film. Oxygen vacancies within indium

oxide based TCOs act as electron donors, and filling these vacancies with oxygen

from the ambient reduces the carrier concentration of the film. Also, for relatively

porous films, oxygen can penetrate the bulk via grain boundaries, which increases

the amount of defect states within the system, reducing the mobility[139]. Both

effects are shown in Figure 4.9a, where the carrier concentration and mobility de-

crease significantly upon heating. The resistivity increase begins at 300℃, where a

slight decrease in mobility and carrier concentration is observed, however the overall

effect on the films resistivity is fairly small. Once the film is heated to 400℃ the
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effect is clearly compounded, and an order of magnitude increase in resistivity is

observed. The adsorbed oxygen acts both as a scattering centre and trap for the

free electrons in the film, deteriorating the electronic properties of the film.
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Figure 4.9: Hall data of the ITiO film (a) After annealing in air from 250 to 450 ℃
in air and (b) After annealing in air from 250 to 450 ℃ and subsequently heating
in vacuum at 500℃ for 45 minutes. The conductivity decreases substantially due
to increased oxygen incorporation in the film upon heating in air, however once the
film is subsequently heated in vacuum, the good electrical properties are recovered.
The conductivity at room temperature is the same as upon heating in air at 250℃.

Options for this material are to try to prevent the film from being oxidised, or

reclaim the conductivity. As discussed previously (section 4.4), the need to heat the

screen printed TiO2 in air is vital, since the paste contains an organic binder. A

lack of oxygen upon heating the film would result in a messy black film, containing

a lot of carbon. Oxygen is therefore necessary to provide a good TiO2 network and

so the initial oxidation of the underlying ITiO is inevitable. However, the oxygen

which is bound on the surface and in the bulk of the ITiO is not joined indefinitely.

Heating in vacuum can drive off the excess oxygen from the film, and regain the

conductivity.

Figure 4.9b shows the effect of heating in vacuum on the electrical properties

of the film. The ITiO films were heated in air at different temperatures (as in

Figure 4.9a) and then heated under 9.0 × 10−8Torr at 500℃ for 45 minutes. The

results show a dramatic recovery of the film conductivity even when the film has

been annealed in air up to 400℃. The mobility of the film drops only once the film

is heated in air at 450℃; however the value is still very high considering how low

the mobility had dropped after heating in air initially. The excess oxygen in the

film is successfully driven from the film, and recovers the high mobility and carrier
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concentration of the thin film. This effect is completely stable, once exposed to air at

room temperature after the vacuum anneal, and no loss in conductivity is observed.

This effect provides a convenient way of using temperature unstable substrates, even

when a high temperature anneal in air is required.

4.5 J-V characteristics

The previous two sections highlight the problems associated with using ITiO as

a conducting substrate in a DSC, and provide solutions to these problems. A thin

interfacial layer of SnO2 deposited on the ITiO prior to the TiCl4 treatment increases

the adhesion of the screen printed TiO2 layer to the electrode surface, whilst a

vacuum annealing treatment after sintering in air recovers the high conductivity of

the ITiO film. These two results were combined to make DSCs.
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Figure 4.10: J-V curve of the highest performing ITiO DSC incorporating a TiCl4
treated SnO2 adhesion layer, and having been heated in vacuum at 500℃. The SnO2

layer is 20nm thick.

Figure 4.10 shows the characteristics of the best DSC fabricated using an ITiO/

SnO2/TiCl4 stack as the substrate. To serve as comparison, Figure 4.8a shows the

benchmark performance of a standard FTO based DSC, which does not incorporate

any scattering layer. The device is characterised by a good FF with an efficiency

of 8.2%. For the ITiO based device, the porous TiO2 layer was heated to 400℃
in air for 20 minutes and then heated to 500℃ under high vacuum for 45 minutes.

The “champion” cell presented here was fabricated using a 10nm layer of SnO2

to aid adhesion of the TiO2 to the TCO surface. Although it shows the highest

conversion efficiency of 7.4%, Table 4.6 indicates that this treatment did suffer from

some delamination, albeit a small amount (25% of the layers fabricated using this
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method peeled from the surface of the TCO). Thicker layers of SnO2 improves the

adhesion to the surface, whilst the J-V characteristics of the cells are very similar.

Table 4.7: J-V characteristics of DSCs using different SnO2 thicknesses.

Treatment Voc Jsc FF η
(mV) (mA/cm2) (%) (%)

SnO2(10nm)/60 min TiCl4 758 14.6 67 7.4
SnO2(20nm)/60 min TiCl4 748 14.0 62 6.5
SnO2(40nm)/60 min TiCl4 761 14.4 64 7.0

Table 4.7 shows the highest performing devices using the different stacked layers.

All the results are quite similar, however the stack incorporating a 20nm thick SnO2

layer has a slightly smaller Jsc, Voc and FF, which could be simply attributed to

slight variations in the fabrication process. When comparing these devices to the

FTO based cell in Figure 4.8a, the FF and Jsc are quite similar, however there is a

noticeable drop in Voc. This, in part, can be explained by the different electrolytes

used between the FTO (PMII based electrolyte) and ITiO (BMII based electrolyte)

DSCs at different stages of the work, which unfortunately could not be avoided.

Nonetheless, all cells exhibit a reasonable FF which demonstrates that the inclusion

of the extra treatment steps helps provide a standardised way of fabricating solar

cells on ITiO layers.

4.6 Conclusion

The high transmission of photons through the top cell in a tandem structure is vital

for charge generation in the bottom cell. Unnecessary absorption losses must be kept

to a minimum if such a structure is to be successful. Here, DSCs utilising TCOs with

high mobility and low carrier concentration, such as ITiO, have been fabricated, and

demonstrate that high transmission through the device is possible, benefiting the

current generation of a bottom CIGS solar cell. Unneccessary absorption by free

carriers in the TCO can be kept to a minimum, which would be beneficial to a long

wavelength sensitive absorber.

Whilst ITiO has shown promise, difficulties arose using this material as a contact

in the DSC due to low chemical stability, low adhesion of the porous TiO2 layer to

the oxide surface, as well as a loss of conductivity after annealing the stack at high

temperature in air. The addition of an extra SnO2 layer as well as a post-deposition

annealing treatment has proved beneficial in fabricating fully intact, working devices
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which do not suffer from significant series resistance losses. A device efficiency of

7.4% with Jsc of 14.6mA/cm2, Voc of 758mV and FF of 67% has been fabricated,

with further improvements possible using high extinction coefficient dyes, as well as

reducing the series resistance losses further through optimising the device structure.

The use of ITiO as a contact for use in a DSC/CIGS tandem device appears

to be encouraging. However, the development of a DSC/CIGS double-junction is

still some way off. Fabricating either a stacked or a monolithic tandem solar cell

both present their own challenges which would need to be overcome in order to

make the device concept successful. Whilst a stacked arrangement appears to be

the easiest method to make a tandem device, practically making the positive and

negative contacts of the device is quite difficult. Also, a stacked tandem device

still needs the use of two transparent conductors in the DSC, which still presents

some absorption losses[33]. A monolithic DSC/CIGS tandem solar cell could omit

the counter electrode, reducing absorption losses further[124], whilst keeping the

contact arrangement much more simple. In this case, a thin platinum layer would

be deposited on the surface of the top contact of the CIGS solar cell, and a DSC

working electrode would be placed on the bottom cell, with an electrolyte introduced

between the working electrode, and the platinum modified CIGS top contact. Here,

the stability of the entire stack is important since the electrolyte may attack the top

of the CIGS device.

As is the case with all multi-junction solar cells, current matching between the

top and bottom solar cell also have to be optimised to ensure that no unnecessary

losses are made. Here, the change in composition of the bottom CIGS solar cell

may help with the matching of the current of the top DSC. Although in this case,

CIGS has been used as the bottom cell in the tandem structure, this concept can

be applied to other long wavelength sensitive absorbers, including other dyes in the

future.



Chapter 5

Aluminium doped zinc oxide films

for DSCs

The role of the TCO is paramount in thin film PV, due to the need for light to pass

through the conducting layer into the absorber, unlike wafer based silicon PV which

relies on metal finger contacts. The choice of TCO differs from device to device and

depends on factors such as cost, surface conditions, configuration of the device, and

subsequent processing conditions of the solar cell.

The choice of TCO for use with a DSC may seem a trivial one. Fluorine doped

tin oxide (FTO) provides an easy choice of substrate, since it is both chemically

and thermally very stable. It is able to undergo the high temperature sintering

steps in air needed for the annealing of the mesoporous TiO2 layer, without loss

of conductivity, and is able to survive the sometimes acidic nature of the DSC

fabrication process. Certified device efficiencies of over 11% have be fabricated on

FTO substrates[140], while efficiencies of larger area mini modules on FTO over

8% have been reported[141, 142]. The FTO satisfies the structural needs for the

DSC, however from an electrical and optical point of view, it does fall far behind

other TCOs. As discussed in Chapter 4 it suffers from low conductivity and low

transmission, and is generally regarded as one of the poorest TCOs, both optically

and electronically. Other TCOs are available, which may suit the DSC better, and

provide higher performance than FTO. Impurity doped indium oxide films have

already been discussed, and exhibit interesting properties, such as high mobility

and high transmission. The main draw-back of these types of TCOs is the very high

price of indium, which is also in low abundance in the earth’s crust and may not be

a suitable long term option. Zinc oxide based TCOs represent a good alternative to

the high performance, high cost indium oxide based TCOs, and the low performance

63



CHAPTER 5. ALUMINIUM DOPED ZINC OXIDE FILMS FOR DSCS 64

tin oxide based TCOs.

This chapter explores the use of ZnO based materials as a TCO for DSC fab-

rication, including the deposition and characterisation of suitable films which are

temperature stable, methods of protecting the film surface from chemical attack,

and the best devices made so far using these films on glass substrates.

5.1 Advantages of Using AZO for DSCs

Impurity doped ZnO thin films have received a lot of attention in recent years

as an alternative to indium oxide based TCOs. Intentional impurity doping of

ZnO using gallium[143], boron[144], indium[145], fluorine[146] and aluminium[147],

among others, have all produced highly transparent films with resistivities on the

order of 10−4Ωcm, suitable for opto-electronic applications including PV. Also, the

lower limit of the resistivity of doped ZnO materials is yet to be reached, whereas this

value has plateaued within the last 20 years for doped SnO2 and In2O3 so there is

considerable scope for further improvement with these materials[108]. They exhibit

higher transparency than FTO, and better conductivity, and already have found use

in solar cell applications. CIGS solar cells use aluminium doped zinc oxide (AZO)

combined with an intrinsic ZnO as the front contact, which is deposited on top of the

n-type CdS layer[22], and results in device efficiencies over 20%. High temperature

stable AZO films have begun to be used in high efficiency CdTe solar cells, with 14%

efficient devices reported on all sputtered cells[148]. Thin film amorphous silicon

solar cells use AZO as the front contact which can be easily textured to increase

light scattering in the absorber[149].

Figure 5.1 compares the transmission properties of a typical, low sheet resistance

AZO film deposited at CREST, with commercial ITO and FTO. Whilst the sheet

resistances of the films are similar, the transmission properties are very different.

The onset of transmission for the different materials varies between 300 and 400nm,

since all three materials have a fundamentally different band-gap. At first glance, it

appears that FTO has a better optical gap than AZO, since the transmission onset is

earlier in FTO than AZO, however photons at such short wavelengths have very high

energy and may cause direct band gap excitation in the TiO2 which can contribute

to the long term degradation of DSCs through oxidation of the dye and/or iodine in

the electrolyte[150]. As a result, a UV cut off filter is frequently placed on top of the

DSC, which absorbs photons below 400nm, and significantly improves the long term

stability of the DSC. Secondly, the power density available between the transmission
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onset of the AZO and that of the FTO is approximately 2% of the total available

from the AM1.5G spectrum, so any loss in photo-current here would be negligible

compared to the gain available in the visible.
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Figure 5.1: Transmission data of an AZO thin film deposited on glass, compared
to commercial ITO and FTO. The AZO has considerably higher transmission in
the visible and IR, compared to FTO, and is comparable to ITO. All films have
comparable sheet resistance, suitable for solar cell applications.

As the wavelength increases, the advantage of using an AZO film is clear to see.

The peaks of the interference fringes reach 90% in the visible, and this behaviour

continues through to 750nm, with the minima reaching 80%. Although not relevant

for high performance dyes, the high transmission continues into the IR, where the

transmission only begins to drop below 80% at 1050nm. The high performance in

the long wavelength range would result in a greater improvement using new dyes

with extended absorption profiles into the IR. Overall, these transmission properties

are a clear improvement on the FTO film, whose peak transmission only just reaches

80% at 530nm, and begins to reduce again at 650nm. At 1050nm, the correspond-

ing transmission for the FTO film is approximately 65%, which is significantly lower

than that of AZO. The transmission of the AZO film also outperforms the ITO film,

especially at wavelengths greater than 850nm. In the visible, the main difference is

a result of the two films having a different thickness. The AZO film is approximately

900nm thick, whilst the ITO film is only 120nm thick. The higher number of inter-

ference fringes in the visible of the AZO film is a result of this thickness difference,

and is expected for smooth, thin films. The FTO does not show this effect since the

film has a very rough surface, which creates a lot of optical scattering, blurring out

the transmission curve. Despite the difference in the interference fringes of the ITO
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and AZO, the latter has a higher peak transmission compared to the equivalent in

the ITO film. This is very impressive considering that the AZO is 7 times thicker

than the ITO film, and certainly highlights the potential of AZO films as a successor

to ITO, in many applications.

Table 5.1: Electrical properties of FTO, ITO, and AZO films. The FTO and ITO
films are commercially bought, whilst the AZO film is a typical high quality film
deposited at CREST.

TCO Thickness Mobility Carrier concentration Resistivity
(nm) (cm2/Vs) (1020/cm3) (10−4Ωcm)

FTO 650 25.2 5.04 4.9
ITO 120 27.0 18.00 1.9
AZO 925 46.1 2.93 4.6

Table 5.1 shows the electrical properties of the same films presented in Figure 5.1.

The film with the lowest resistivity is the ITO, followed by the AZO and then the

FTO. The low resistivity of the ITO is due to the very high carrier concentration

which is nearly an order of magnitude higher than that of the AZO film. This

is typical of ITO films deposited by magnetron sputtering, and as a result, high

conductivity can be achieved with very thin films. A drawback of the high carrier

concentration is that the transmission properties suffer, since the plasma wavelength

of these films is shifted to shorter wavelengths, increasing free carrier absorption in

the IR. Of the three sets of films, AZO has the highest mobility, which allows for a

lower carrier concentration in the film, without compromising on conductivity. As a

consequence, the transmission of the AZO film is much better overall, especially in

the red part of the visible. Although FTO has a higher carrier concentration than

AZO, the resistivity is higher than the two other TCOs, since the mobility of FTO

is nearly half that of AZO. Overall, the optical and electronic properties of typical

AZO films appear to be perfect for use in DSCs. It is possible to have both high

transmission, and good conductivity, however the exact gains associated with using

AZO as a TCO for DSC applications should be explored.

Figure 5.2a shows the AM1.5G spectrum with a typical AZO film, and a com-

mercial FTO film as optical filters placed in front of it, whilst Figure 5.2b highlights

the useful part of the spectrum, typical of a standard DSC. Figure 5.2a highlights

the benefit of using the AZO film on the AM1.5G spectrum. The main improvement

arises in the IR, however there is also a benefit in the visible, which is highlighted

in Figure 5.2b. As mentioned previously, the small difference in band gap of the
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Figure 5.2: AM1.5G spectra with an FTO and AZO filter placed in front of it. (a)
is the spectrum across a wide wavelength range, while (b) highlights the useful part
of the spectrum, typical for a DSC.

two materials produces a small difference in the UV, with the FTO allowing shorter

wavelengths through the film. This loss is sufficiently made up for in the visible,

since the bulk of the photons are available beyond 400nm.

Table 5.2: Calculated maximum power density from the irradiation of the AM1.5G
spectrum, across different wavelength ranges, using different TCOs as optical filters.
The AZO consistently allows more photons through the film, which in turn allows
a high power density through for power generation in the solar cell.

Wavelength range Spectrum Power density Ratio to AM1.5G
(nm) (W/m2)

280-1800 AM1.5G 957.89 -
AM1.5G w/ AZO 755.73 0.79
AM1.5G w/ FTO 669.59 0.70

280-750 AM1.5G 536.02 -
AM1.5G w/ AZO 424.92 0.79
AM1.5G w/ FTO 403.85 0.75

Table 5.2 highlights the different power densities available using AZO and FTO

as an optical filter. The total maximum power density, Pmax, incident through to

an imaginary absorber can be calculated for each spectrum in Figure 5.2 according

to the following relation

Pmax =

∫
F (λ) dλ (5.1)

The power density available from the AM1.5G spectrum in the wavelength range
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280 to 1800nm is 958W/m2 whilst using an AZO filter reduces this to 756W/m2

and 670W/m2 for an FTO filter. Over this wide wavelength range, the AZO allows

nearly 10% absolute more power through to the absorber than using FTO. Over the

shorter, useful wavelength range of a typical DSC, this reduces to nearly 5% abso-

lute (425W/m2 for AZO versus 404W/m2 for FTO), which is still very significant.

This calculation may be further extended to look at the effect an AZO film would

have on the theoretical maximum photo-current a DSC can produce with the inci-

dent photons available. Assuming each photon is able to produce one free electron,

the maximum Jsc available from 280nm to 750nm under the AM1.5G spectrum is

23.9mA/cm2. The same calculation using the AM1.5G spectrum with an FTO filter

produces a Jsc of 18.3mA/cm2 whilst the equivalent using an AZO filter gives a Jsc

of 19.4mA/cm2. This is a significant increase given that the only change that is

being made is the TCO. It should be noted that these situations are the best case

scenario for each TCO, where the maximum Jsc generated is equivalent to a DSC

with a step function absorption onset at 750nm, and the absorption is maximum

across the whole of the visible. In reality, this is not the case, and so this only serves

as an indication of the possible benefits using AZO as the window layer.

5.2 Requirements of AZO for use in DSCs

The previous section highlights the benefits of using AZO as the TCO in a DSC.

The clear advantages of using AZO, with its excellent optical properties and good

electrical properties poses the question. . . If AZO is such a good TCO, why is it not

already widely used in DSCs?

This question is answered when the reasons why FTO have been used in the

first place are looked at. FTO has high temperature stability, and high chemical

durability, whilst AZO films do not possess the same robust properties. The heat

instability of ZnO films is well documented in literature[151], however the addition

of dopant atoms does improve the heat stability somewhat. Doping of ZnO with

indium results in high temperature stability regardless of annealing in vacuum or

oxygen ambient at approximately 400℃[152], although these films are deposited by

spray pyrolysis in air, and so may be slightly predisposed to being temperature stable

in air. AZO deposited by magnetron sputtering has been shown to be temperature

stable in vacuum, however heating in air increases the resistivity significantly[147],

rendering it useless for a PV device. Subsequent heating in a hydrogen ambient is

able to regain the conductivity without affecting the optical properties of the film.
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It remains to be seen whether high temperature stable AZO films in air can be

deposited, however for use in a DSC, the film must have good sheet resistance in

the end.

The low chemical stability of ZnO based TCOs presents a big challenge in using

AZO for DSC applications. In some cases, the low chemical stability is seen as an

advantage. AZO films are already successfully used in thin film amorphous silicon

solar cells as the front contact, which employs a dry process for the deposition of the

absorber layer in the device[153]. To increase the optical path of photons entering

the cell through the top, the AZO is often chemically etched with a 5% HCl(aq)

solution to create a rough surface. The etching time usually is around 40 seconds,

and sufficiently alters the surface to increase the haze of the film. However, in

a DSC application, the chemical instability of the film is a hindrance. As noted

previously, the use of TiCl4 in the DSC fabrication process is common to improve

the performance of the device. The introduction of an acidic solution of TiCl4 is

not beneficial and would degrade the good properties of the AZO. In reality, initial

experiments have shown that the entire AZO film is etched from the surface of

the glass when subjected to a 30 minute TiCl4 treatment. Reducing the treatment

time is not an option, since the etching rate of AZO in a 0.16M HCl(aq) is as high

as 3nm/second, and so a method of completely protecting the AZO surface from

attack by the acidic solution is of utmost importance.

The next section aims to produce AZO films which are suitable for DSC fabri-

cation. They must be temperature stable, and must not be attacked by any chem-

ical/solution which is used in the fabrication process. Attack from acidic solutions

has previously been highlighted, but also the film must be stable in the dye solution,

as well as the electrolyte, which ultimately will be in constant contact with the TCO

once the cell has been sealed.

5.3 AZO films deposited by RF magnetron sput-

tering

AZO films have been prepared by RF magnetron sputtering, using an AJA Orion

8 sputter system. The method has been described in more detail in Chapter 3.

The deposition of TCOs using magnetron sputtering allows precise control over

many operating parameters. Substrate temperature, target power density, operating

pressure, sputtering gas composition, target composition and sputtering time can
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all be controlled and optimised. For this work, the target composition was kept at

0.5%:99.5% ratio of Al2O3 to ZnO by weight, and the sputtering gas was argon only,

with no oxygen added to the process. The specified target composition was chosen to

promote films with high mobility[154], and lower carrier concentration, which results

in highly transparent films across a wide wavelength range. No oxygen was added

to the sputtering gas since ZnO is very easily oxidised[107]. Addition of oxygen

to the sputtering process would result in films with very high transparency but

very low conductivity. Table 5.3 summarises the different parameters used during

the deposition process. Using every possible combination of sputtering parameter

would have been a very drawn out process, so different parameters were changed

one by one, keeping all others constant. The current work looks at the effect varying

the pressure, power density, temperature and sputtering time has on the properties

of the TCO.

Table 5.3: Sputtering parameters of AZO films. The values highlighted in bold
represent the parameter varied within that set of samples.

Name Pressure Power density Temperature Time
(mTorr) (W/cm2) (℃) (hours)

PR-01 0.5 3.95 300 3
PR-02 1 3.95 300 3
PR-03 2 3.95 300 3
PR-04 5 3.95 300 3
PR-05 10 3.95 300 3

PO-01 0.5 3.07 300 3
PO-02 0.5 3.29 300 3
PO-03 0.5 3.51 300 3
PO-04 0.5 3.72 300 3
PO-05 0.5 3.95 300 3

TE-01 0.5 3.95 150 3
TE-02 0.5 3.95 300 3
TE-03 0.5 3.95 450 3

TI-01 0.5 3.95 300 1
TI-02 0.5 3.95 300 2
TI-03 0.5 3.95 300 3

All parameters were varied in as wide a range as possible to give an accurate

portrayal of the affect each parameter has on the deposition conditions. In the set

of films varying temperature (TE-01 to TE-03) a room temperature deposition was

not included in the set of data presented. Using this recipe, a plasma could not be
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sustained for the full 3 hour deposition, although multiple attempts were made. This

was due to the ageing of the target, and the difficulty in sustaining a plasma in older

AZO targets. Although AZO films deposited with a 2% Al2O3 doped ZnO target

by weight exhibit reasonable resistivity values when deposited at room temperature

(0.9 to 1.5×10−3Ωcm), the annealing of such films over 400℃ results in at best a

twenty-fold increase in resistivity[155]. A similar behaviour would be expected if

room temperature films were deposited in this study, and so subsequent films would

not be suitable for DSC applications.

5.3.1 Transmission properties of sputtered AZO films

All TCOs must be highly transparent to allow the maximum amount of photons

through to the absorber layer. Four parameters were varied to cover the widest

processing window, which gives an indication to the range of quality that is possible

using RF magnetron sputtering. Sample PR-01 was taken as the base sample,

meaning that when a parameter was varied, the other parameters were as they are

in PR-01. This is highlighted fully in Table 5.3. As a result, films PR-01, PO-05,

TE-02 and TI-03 are deposited with the same sputtering parameters, and should be

equivalent in quality and type. From an optical point of view, this is the case, and

will be presented later in this section. The electronic properties of the equivalent

films are however slightly different, and will be discussed later (see subsection 5.3.2).
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Figure 5.3: Transmission spectra of AZO films sputtered varying (a) power density
and (b) pressure.

Figure 5.3 shows the transmission properties of AZO films, varying power density

(Figure 5.3a) and pressure (Figure 5.3b). Both sets of films show high transmission
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properties, especially in the visible. Both sets of films average over 80% transmis-

sion in the visible, with the change in interference effects arising from the different

thickness of each film, which is detailed in subsection 5.3.2. Although the time,

temperature and pressure were kept constant in Figure 5.3a, the different power

density each film was deposited with would promote different deposition rates. As

a result, PR-01 (3.95 W/cm2 deposition power density) presents more interference

fringes in the visible compared to PO-01 (3.07 W/cm2), due to the higher deposition

rate of the first film. This trend is seen for all of the films presented in Figure 5.3a.

The same can be said for the films presented in Figure 5.3b, with films deposited at

lower pressures presenting more interference fringes in the visible. Sputtered mate-

rial in low pressure environments promotes quicker growth rates since the mean free

path of the sputtered material is much longer than in higher pressure environments.

As a result, the deposition rate is faster for lower pressures, and saturates around

1mTorr. Nonetheless, both sets of films show high transmission in the visible. After

1000nm, both sets of films start to exhibit different behaviour. Increasing the depo-

sition power density reduces the transmission in the IR. This can be attributed to

a higher amount of free carriers in the films deposited with higher power, suggest-

ing that these films would have a higher conductivity than films deposited with low

power. Similarly, increasing the sputtering pressure increases the transmission in the

IR, and so films sputtered at higher pressures should have a higher resistivity than

films sputtered at low pressures. These effects have been discussed and correlated

in subsection 5.3.2.
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Figure 5.4: Transmission spectra of AZO films sputtered varying (a) temperature
and (b) time.
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Figure 5.4 shows the transmission properties of sputtered AZO films, varying

temperature (Figure 5.4a) and time (Figure 5.4b). High transmission is once again

seen in these films, indicating that there is a very wide processing window to produce

films of high transparency, even without adding oxygen to the sputtering process.

Figure 5.4a shows the effect increasing the substrate temperature has on the films

transmission properties. The properties in the visible are similar, indicating a sim-

ilar thickness, whilst the properties in the IR differ greatly. The lower deposition

temperature of 150℃ has a marginally lower transmission in the IR, compared to

the film deposited at 300℃, whilst the film deposited at 450℃ has the highest trans-

mission in the IR. The lower temperature deposition appear to promote a higher

carrier concentration, due to the high absorption by the free carriers in the film,

compared to the film deposited at 450℃. Figure 5.4b shows the effect varying the

deposition time has on the properties of the film. Unsurprisingly, shorter deposition

times promote films with higher transmission in the IR, since there are less free

carriers available for photon absorption. All films have similar average transmis-

sion properties in the visible, however the difference in deposition time is shown in

how many interference fringes there are in the visible. Thicker films take longer to

deposit, and so have more interference fringes in the visible.

AZO films sputtered with varying conditions have shown that there is a fairly

wide processing window to deposit films of high transmission. All films present ex-

cellent optical properties in the visible, which is ideal for DSC applications, however

high transmission in the visible does not necessarily lead to good electrical conduc-

tivity. Whilst the IR transmission indicates some trend in the electronic properties,

the conductivity of the films need to be explored further to determine which deposi-

tion parameters are suitable to produce good enough films for solar cell applications,

especially DSCs.

5.3.2 Electronic properties of sputtered AZO films

The combination of high conductivity with high transmission is what is essential in a

TCO for use in solar cells. There is little point in depositing a highly transparent film

to create a large number of free electrons, if they can not be collected. Conversely,

there is also no point in depositing a highly conducting, although highly absorbing

film since there will be no free electrons to be collected. The previous section

has highlighted that it is possible to deposit highly transparent films with a fairly

wide processing window, whilst this section uncovers the electrical properties of the
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deposited films.

All films were measured with a Hall effect measurement system, using the van

der Pauw method, with the specific details of the measurement method highlighted

in Chapter 3. All films had a small section etched down to the glass substrate, using

a 5% HCl(aq) solution to determine the film thickness, with the subsequent step

measured using a profilometer. Sheet resistance measurements were made using a 4

point probe, and were used to cross check resistivity measurements calculated from

Hall measurements.

Table 5.4: Electronic properties of as-deposited AZO films, calculated using a Hall
effect measurement system, with corresponding sheet resistance measurements. The
films highlighted in bold correspond to the film with the lowest resistivity within
that data set.

Name Thickness Mobility Carrier concentration Resistivity Rsheet

(nm) (cm2/Vs) (×1020/cm3) (×10−4Ωcm) (Ω/�)

PR-01 915 39.2 2.96 5.38 5.9
PR-02 1010 43.6 3.10 4.62 4.5
PR-03 935 43.3 2.42 5.96 6.4
PR-04 845 30.2 2.26 9.15 10.8
PR-05 708 8.8 2.28 30.91 43.7

PO-01 645 41.0 2.70 5.64 8.7
PO-02 705 40.2 2.78 5.57 7.9
PO-03 780 42.3 2.89 5.11 6.6
PO-04 855 43.3 2.94 4.90 5.7
PO-05 926 46.1 2.93 4.62 5.0

TE-01 1035 47.1 2.73 4.85 4.7
TE-02 915 39.2 2.96 5.38 5.9
TE-03 815 28.0 2.03 10.95 13.4

TI-01 285 28.6 2.95 7.40 26.0
TI-02 590 37.5 2.73 6.10 10.3
TI-03 915 39.2 2.96 5.38 5.9

Table 5.4 shows the electronic properties of the as-deposited AZO films. Al-

though the wide range of deposition parameters are able to produce consistently

highly transparent films, the electrical properties vary greatly. As mentioned pre-

viously, films PR-01, PO-05, TE-02 and TI-03 should all be equivalent, since the

same deposition conditions have been used to deposit these films. In reality, PR-

01, TE-02 and TI-03 are equivalent, whilst film PO-05 has a much higher mobility

compared to the other films. This inconsistency is easily explained by the different
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sputtering targets which were used during the course of the study. Films PO-01 to

PO-05 were the first set of films to be deposited, at which point the target was de-

pleted in separate depositions, and so had to be replaced. Another target, with the

same composition was then installed, and the remaining set of films were deposited.

Although both targets were manufactured with the same specifications, by the same

company, no two targets are exactly the same, and each target was at a different

part of its working life (i.e. one target toward the end of its life, whilst the other was

at the very beginning). This can explain the slight variations between PO-05 and

the other films, and can not be avoided. Although the difference in mobility is fairly

significant, (46.1 cm2/Vs for PO-05 versus 39.2 cm2/Vs for the other films), the dif-

ference in carrier concentration is marginal, which explains the similarity between

all these films in their transmission properties in the IR. The thickness variation, as

expected, is also marginal, and so explains the similar transmission in the visible.

Although unfortunate, the difference is easily explained, and overall does not affect

the validity of the set of measurements made, if both sets of films are included, and

accounted for.

The thickness variation of the set of films varying pressure (PR-01 to PR-05) and

power density (PO-01 to PO-05) is as expected. A linear relation is seen between film

thickness and sputtering power density, whilst at high pressures a lower deposition

rate is observed. Sputtered particles in higher pressure environments have a lower

mean free path, and so suffer more collisions en route to the substrate surface,

arriving with lower energy and flux, resulting in low deposition rates. This occurs

from 10mTorr (low deposition rate) down to 1mTorr (high deposition rate), at which

point the rate reaches a peak. At 0.5mTorr, the deposition rate decreases due to

the lower amount of argon atoms available for ionisation, and subsequent sputtering.

TI-01 to TI-03 shows the obvious increase in thickness associated with increasing the

sputtering time. Films TE-01 to TE-03 show that high substrate temperatures result

in lower film thicknesses. The film deposited at 150, 300 and 450℃ results in a film

thickness of 1035, 915 and 815nm, respectively. Although the sputtering rate from

the target surface is the same, the higher substrate temperature allows sputtered

atoms to migrate on the substrate surface to the lowest surface energy possible.

Thinner films are observed as a result of the higher surface energy available for

the sputtered material in higher temperature deposited films, which in turn should

result in films with higher density.

Varying the sputtering pressure results in the widest range of films, in terms of

the quality of the electronic properties. Similar to the variation in film thickness, the
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resistivity of the films decreases with decreasing sputtering pressure, to a point where

it reaches a minimum of 4.62×10−4Ωcm (PR-02 at 1mTorr sputtering pressure). At

0.5mTorr, the resistivity increases slightly to 5.38×10−4Ωcm mainly as a result

of the decrease in the film’s mobility, since both films carrier concentration are

similar. The high carrier concentration, combined with the similar thickness of

films PR-01 and PR-02 explain the transmission of these films in the IR, because

of free carrier absorption. Although exhibiting very similar mobilities, film PR-

03 has a significantly lower carrier concentration than PR-02, which once again

explains the increase in the resistivity of the film to 5.96×10−4Ωcm. Increasing the

sputtering pressure to 5 and then 10mTorr reduces the resistivity mainly as a result

of a substantially decreased mobility.

The variation in the films electronic properties is less severe when changing

the sputtering power density. All films have a consistently high mobility (above

40cm2/Vs), as well as a similar carrier concentration, resulting in a narrow resistiv-

ity range (4.6 to 5.6×1020/cm3). Higher sputtering powers do result in films with

better electronic properties, even though the improvement is marginal. In contrast,

varying the substrate temperature during the deposition varies the result drasti-

cally. The lower the substrate temperature, the higher the mobility is. A mobility

of 47.1cm2/Vs is achieved at a substrate temperature of 150℃, which is the highest

mobility measured in the total set of films studied. Finally, increasing the deposi-

tion time of the film, whilst keeping all other parameters constant results in similar

carrier concentrations, whilst increasing the mobility.

From the previous data, it is apparent that low pressure depositions are vital to

deposit films with the lowest resistivity, mainly as a result of the high mobility (above

40cm2/Vs). Although the power which the deposition is carried out at does not affect

the electronic properties of the film too much, higher power density depositions are

preferred since thicker films are deposited quicker in this manner. The highest

quality films are deposited at lower temperatures, however long depositions are

needed to produce suitable films for use in solar cells. A wide range of deposition

conditions are suitable to produce films less than 10Ω/� as long as the deposition

time is long enough. However, as previously discussed in section 5.2, these films must

be stable in the high temperature annealing steps in air used in DSC fabrication,

which will be explored in the following section.
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5.3.3 Structural properties of sputtered AZO films

The electronic properties of TCO thin films are highly dependent on their structural

properties, and so it is important to investigate these aspects. SEM surface analysis

and XRD measurements of as-deposited AZO films have been used to characterise

the layers and explain the behaviour of the films before and after annealing in air

at high temperature. XRD and SEM measurements have been carried out using the

methods described in Chapter 3.

Table 5.5: Electronic properties of AZO films after being annealed in air, obtained
using a Hall effect measurement system. The films were ramped in 15 minutes to
400℃ before being annealed for 20 minutes, at which point they were allowed to cool
naturally to 100℃ before being removed. Rsheet i and Rsheet f is the sheet resistance
of the film before and after annealing.

Name Mobility Carrier concentration Resistivity Rsheet i Rsheet f

(cm2/Vs) (×1020/cm3) (×10−4Ωcm) (Ω/�) (Ω/�)

PR-01 28.6 1.78 12.28 5.9 13.4
PR-02 37.5 1.87 8.89 4.5 8.8
PR-03 26.2 1.52 15.62 6.4 16.7
PR-04 14.4 1.50 28.91 10.8 34.2
PR-05 0.2 0.89 3206.0 43.7 4528.4

PO-01 12.1 1.44 35.66 8.7 55.3
PO-02 16.0 1.52 25.65 7.9 36.4
PO-03 21.1 1.60 18.50 6.6 23.7
PO-04 26.0 1.80 15.04 5.7 17.6
PO-05 29.6 1.80 11.76 5.0 12.7

TE-01 31.0 1.53 13.20 4.7 12.7
TE-02 28.6 1.78 12.28 5.9 13.4
TE-03 12.8 1.18 41.37 13.4 50.8

TI-01 2.1 0.12 2578.0 26.0 9044.7
TI-02 7.7 1.52 52.98 10.3 89.8
TI-03 28.6 1.78 12.28 5.9 13.4

Table 5.5 shows the affect annealing in air at 400℃ has on the electronic prop-

erties of the AZO films. Although a wide range of deposition conditions produces

highly transparent films, with sheet resistance less than 10Ω/�, many of the films

under study become unstuck by the necessary annealing treatment in air. Only one

film, PR-02 shows a relatively stable resistivity, with the film still less than 10Ω/�

upon annealing in air. The rest of the films exhibit a 2 fold increase in resistivity

(PR-01) at best, and a 350 fold increase in resistivity (TI-01) at worst. An increase
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in resistivity is not unusual for a TCO, especially indium or zinc oxide based films,

if it has been annealed in an oxygen containing ambient. Oxygen vacancies within

the lattice act as electron donors, and so if any vacancies are subsequently filled

with oxygen, the carrier concentration is reduced[109]. Also, for relatively porous

films, oxygen is able to diffuse along grain boundaries, which increases the amount

of defect states across the boundary, increasing the barrier height, and reducing the

carrier mobility. Both effects result in a loss in conductivity, and are shown in all

films presented after annealing in air at 400℃. These effects manifest themselves in

differing degrees of scale, depending upon the physical properties of the film.

Figure 5.5 shows SEM surface images of films PR-01 to PR-05, which result in

a wide range of behaviour. Films deposited at low pressures (dense films) having a

much higher thermal stability than films deposited at high pressures (more porous

films). This can be seen in Figure 5.5, where the two films deposited at the lowest

pressure (PR-01 to PR-02) have a very similar surface to each other. PR-03 also has

a similar surface, although it is here where the grain growth is slightly smaller, giving

rise to a larger amount of grain boundaries. PR-04 (Figure 5.5d) appears to have

smaller sized grains than PR-03, as well as an apparent widening of the channels

between the grains, compared to the three films deposited at lower pressures. This

effect is compounded when the film is deposited at 10mTorr, with loosely packed

small irregular grains, of very different shape and structure to the previous four

films presented. It is apparent that oxygen is able to penetrate the film much easier

in PR-05 than PR-01, filling oxygen vacancies and creating more defects at grain

boundaries. However, the pressure difference between film PR-01 and PR-02 is only

marginal (0.5mTorr) and yet PR-02 is notably more thermally stable than PR-01.

The thickness difference between the two films can explain the difference in stability

between these two seemingly similar materials.

Figure 5.6 shows two hypothetical samples. Both samples are of the same com-

position, however sample B is thicker than sample A. Upon annealing, the equivalent

top section (both the same thickness) of each film is equally oxidised. As a result,

a higher fraction of the total thickness of sample A is oxidised, and so there are

less low resistance pathways through the bulk of the film, compared to sample B,

reducing the conductivity of sample A. Although this case is exaggerated, this can

explain why two films of similar composition, using similar deposition conditions,

have different thermal stabilities, such as PR-01 and PR-02.

Figure 5.7 shows XRD spectra of as-deposited AZO films PR-01 to PR-05 show-

ing a characteristic hexagonal wurtzite structure associated with ZnO films[156],
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(a) (b)

(c) (d)

(e)

Figure 5.5: SEM surface images of as-deposited AZO films (a) PR-01, deposited
at 0.5mTorr, (b) PR-02, deposited at 1mTorr, (c) PR-03, deposited at 2mTorr, (d)
PR-04, deposited at 5mTorr and (e) PR-05, deposited at 10mTorr. The variation
in pressure results in a wide range of structures on each film’s surface, with low
pressure films resulting in the most compact films.
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Oxidised TCO

TCO
Glass

Sample A
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Oxidised TCO

TCO
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Figure 5.6: Schematic of two separate TCO materials, of same composition but dif-
fering thicknesses, with the top section of both TCOs being oxidised upon annealing.
Both oxidised parts are of the same thickness in each film. Although both samples
are the same composition, sample A has less low resistance pathways through the
material, due to a higher fraction of the film being oxidised, than sample B.
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Figure 5.7: XRD spectra of AZO films deposited at 0.5mTorr (PR-01) up to 10mTorr
(PR-05) sputtering pressure.

displaying a predominant (002) peak. The peak intensity is highest for films sput-

tered at 1mTorr, followed by films sputtered at 2mTorr, 0.5mTorr and 5mTorr. At

10mTorr sputtering pressure, the (002) peak diminishes significantly whilst an ex-

tra peak corresponding to the (101) phase appears with a slightly higher intensity

than the (002) peak. The high degree of crystallinity in the (002) plane in the

films sputtered at lower pressures clearly promotes layers with high mobility, with

the film with the highest mobility (PR-02) having the corresponding highest peak

intensity. The order of intensity of the (002) peak follows the trend in the mobil-

ity of the as-deposited AZO layers, with the highest intensity peak associated with

PR-02 (43.6cm2/Vs) followed by PR-03 (43.3cm2/Vs), PR-01 (39.2cm2/Vs), PR-04

(30.2cm2/Vs) and PR-05 (8.8cm2/Vs). Such a trend can also be seen as well in

annealed films, apart from PR-01 which has a slightly higher mobility after anneal-

ing (28.6cm2/Vs) than PR-03 (26.2cm2/Vs). Since film PR-01 is 70nm thicker than

PR-03, this may explain the slight improved high temperature stability of PR-01,

as previously discussed. The SEM and XRD data appear to agree with each other,

since there is a clear change in the surface structure of PR-05 in Figure 5.5e com-
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pared to the other films, which can be attributed to the inclusion of the extra phase.

It can be concluded that thick dense films with a predominant (002) phase have

more favourable electronic properties, and are thermally very stable, compared to

thinner, low density films with the (101) phase present.

(a) (b)

Figure 5.8: SEM surface images of as-deposited AZO films (a) PO-01, deposited at
3.07 W/cm2 and (b) PO-05, deposited at 3.95 W/cm2. There is not much apprecia-
ble difference between the surface structures presented in both cases, even though
the power density used was at either end of the range studied.

Figure 5.8 shows SEM surface images of films varying the deposition power den-

sity, with the two extremes of the parameters shown. Film PO-01 was deposited

with the lowest power density (3.07 W/cm2), whilst film PO-05 was deposited with

the highest power density (3.95 W/cm2). Here, the film PO-05 exhibits a much

higher temperature stability than PO-01, although the surface images are very simi-

lar. Such an effect can be explained by the thickness dependence on thermal stability

as discussed previously. Although not presented here, films PO-02 to PO-04 have

similar surface structures, however the stability of the film increases with increasing

film thickness from PO-01 (645nm) to PO-05 (926nm).

Figure 5.9 shows the XRD spectra of the films deposited with varying power. All

films exhibit the predominant (002) phase with the as-deposited AZO films giving

mobilities above 40cm2/Vs. It is clear that upon annealing the thickness effect plays

a key role in the stability of the AZO, and not just the phase of the material, since

as-deposited films have similar structural characteristics.

A combination of both the effect of film porosity and film thickness can be seen

for films deposited varying the deposition time, as shown in films TI-01 to TI-03.

Figure 5.10 shows SEM surface images of films deposited for 1 to 3 hours.
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Figure 5.9: XRD spectra of AZO films deposited at 3.07 W/cm2 (PO-01) up to 3.95
W/cm2 (PR-05).

(a) (b)

(c)

Figure 5.10: SEM surface images of as-deposited AZO films (a) TI-01, deposited for
1 hour, (b) TI-02, deposited for 2 hours and (c) TI-03, deposited for 3 hours.

The hour deposition shown in Figure 5.10a shows relatively small sized grains

ranging from 50 to 100nm across, making up the majority of the surface of the film.
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Small sized grains give rise to a large amount of grain boundaries, where oxygen is

able to diffuse into the bulk of the film very easily, upon heating. As a result this

film is not stable in air, which is reflected in the very high increase in resistivity of

the film to 2.6×10−1Ωcm. The evolution of the film surface is seen after 2 hours

in Figure 5.10b, where the grains have coalesced together to form larger grains

approximately 100 to 200nm across. Since there are fewer grain boundaries for

oxygen to diffuse down, this film has a much higher stability, however since this film

is less than 600nm thick, it still results in a very high resistivity of 5.3×10−3Ωcm

after annealing in air. Figure 5.10c finally shows the surface of the film after a 3

hour deposition. The film surface resembles closely that seen in Figure 5.10b, with

similar grain sizes, in the range of 120 to 240nm. Although both films have similar

surface structures, the thicker film results in a much more stable outcome, since a

larger fraction of the thicker film remains unoxidised upon annealing in air.
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Figure 5.11: XRD spectra of AZO films deposited for 1 (TI-01), 2 (TI-02) and 3
hours (TI-03).

Figure 5.11 shows the evolution of the XRD spectra of the as-deposited AZO

films over time. Once again, the (002) peak is the predominant phase present in all

films. The differing intensities of the peaks show the varying degrees of crystallinity

present, which can also be seen in the SEM analysis, however some contribution from

the differing film thicknesses will affect the intensity of the peak. It is clear from

both sets of data that a longer deposition time promotes the growth of crystalline

AZO films, which results in films with improved electronic properties, whilst the

thicker films presented here offer a higher degree of protection in high temperature

environments.

Figure 5.12 shows surface images of AZO films deposited at different tempera-

tures. Films TE-01 and TE-02 have surfaces which are quite similar to films already
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(a) (b)

(c)

Figure 5.12: SEM surface images of as-deposited AZO films (a) TE-01, deposited
at 150℃, (b) TE-02, deposited at 300℃ and (c) TE-03, deposited at 450℃.

presented, however TE-01 (Figure 5.12a) appears to have slightly larger grains than

that seen in TE-02 (Figure 5.12b). This is consistent with the electrical properties

seen in Table 5.4, where film TE-01 presents the highest mobility of 47.1 cm2/Vs, of

all the samples produced, since this film has fewer grain boundaries where free elec-

trons are able to be scattered. Figure 5.12c shows quite an unusual surface of film

TE-03, deposited at 450℃, where the surface of the film appears to be interspersed

with small features, less than 20nm in size. This is a drastic change from all films

shown so far. From the image shown, these features are hard to see whether they are

pores (going into the film), or nucleations (coming out of the film). The deposition

of ZnO films at high temperatures are known to be relatively zinc deficient, since

the low vapour pressure at high temperatures of elemental zinc cause impinging

zinc atoms to evaporate from the surface of the substrate, before being incorporated

into the film[157]. This reduces the conductivity of the film. Also, the formation
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of the dopant oxide is much more thermodynamically favourable in ZnO films, and

so high temperature depositions may lead to an excess formation of Al2O3, rather

than substitutional incorporation of aluminium, reducing the conductivity of the

film[158, 159]. Both affects may explain the unusual growth seen in films deposited

at 450℃.

Nonetheless, all films present varying thermal stabilities when heated in air to

400℃ for 20 minutes. Films TE-01 and TE-02 are both quite stable upon annealing.

Although the film deposited at 150℃ (TE-01) presents a higher mobility, the resis-

tivity is less than the film deposited at 300℃ (TE-02), since the carrier concentration

is higher in TE-02 than TE-01. Also the relative increase in sheet resistance upon

annealing is higher in the film deposited at 150℃ than 300℃, as shown in Table 5.4.

The change in morphology of TE-03 (deposited at 450℃) seen in Figure 5.12c is

coupled with a significant decrease in conductivity upon annealing. Initially the

electrical properties of the film were not as good as the majority of the other films

deposited, with a fairly high sheet resistance of 13.4Ω/�. Upon annealing, the sheet

resistance increased further to approximately 51Ω/�, due to a large drop in carrier

concentration and mobility of the film. However, the relative change between the

initial and final sheet resistance is still fairly small, approximately a 4-fold difference.

The film appears dense, and crystalline, however it is still subject to oxidation after

annealing in air, reducing the performance of the material. The film is relatively

thin compared to other films studied (815nm for film TE-03 compared to 1035nm

for film TE-01), and so upon annealing, a relatively high fraction of the film can

still be oxidised causing the films properties to deteriorate significantly, as discussed

previously.
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Figure 5.13: XRD spectra of AZO films deposited at 150 (TE-01), 300 (TE-02) and
450℃(TE-03).
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Figure 5.13 shows the XRD spectra of AZO films deposited varying the substrate

temperature. The (002) phase is the predominant peak once again, with the intensity

of the peak increasing with increasing deposition temperature from 150℃ to 450℃.

Although it would be expected that higher deposition temperatures would improve

the crystallinity of the film since the deposited material could migrate to the lowest

surface energy possible, the electrical properties of the films do not follow due to

the two effects previously discussed. If the composition of the film can remain the

same, whilst the crystallinity is improved, this may improve the mobility further. A

post-deposition annealing treatment at high temperature may benefit the electronic

properties of lower temperature deposited films, as it does in indium oxide films[132],

however this has not been explored in this work.

All films presented show varying electronic and optical properties. It is clear

that it is possible to produce as-deposited films with good opto-electronic proper-

ties, however it is also clear that only a handful of deposition conditions are able

to produce films which are sufficiently stable at high temperatures, in an oxygen

containing ambient. Upon annealing, film PR-02 has the most stable properties

of all the films reported. This film was deposited at 300℃, 3.95W/cm2 sputtering

power density, 1mTorr sputtering pressure, for 3 hours. Although thermally stable,

such films are very easily etched in slightly corrosive solutions, and so a solution

needs to be presented to overcome this problem. The next section highlights efforts

to resolve the problem of the low chemical stability, whilst preserving the excellent

opto-electronic properties of the AZO film.

5.4 Protective layers for AZO thin films

The chemical stability of AZO films is a well known issue when using this material,

not just in solar cell applications, but also as a viable alternative to ITO films in

other applications such as flat panel displays. Such films are very easily etched

by slightly acidic or basic environments. The enthalpy of formation increases from

ZnO (3.6eV) to In2O3 (4.8eV) to SnO2 (6.0eV), and so thermodynamically ZnO is

the most unstable material, whilst SnO2 has the highest stability. This is why FTO

coated glass is the easy material to use when processing DSCs since the high stability

of the material lends itself well to processes involving tough chemical treatments, and

high processing temperatures. The advantages of using AZO in DSC applications

are large enough, however, to endeavour to find a solution to using AZO with these

solar cells.
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The interface between the AZO and the external environment is obviously key

to whether the material remains stable or not. Using corrosive acidic treatments

in the DSC process is necessary to ensure the best possible working electrode of

the device, whilst the use of I–/I–3 redox couples (also relatively corrosive to certain

materials) is currently mandatory to produce high efficiency solar cells. Avoiding

these materials, although possible, would not produce cells of such a high efficiency,

and would defeat the object of using a high quality TCO to improve the performance

of the device. As previously discussed in Chapter 4, an option is to cover the surface

of the AZO, with a chemically durable layer which is able to withstand corrosive

environments. Easy deposition of the layer, ideally by sputtering (after deposition of

the first AZO layer), with high deposition rates is also key to the process. Finally, the

deposition of the extra layer on top of the AZO must not overly degrade the optical

properties of the stack, keeping the transmission as high as possible. Chemically

stable materials such as SnO2 and TiO2 are candidates which are known to work

well in DSC applications. SnO2 is also commonly used as a buffer layer between

the TCO and CdS window layer in CdTe solar cells, and so the electronic properties

at the TCO/SnO2 interface are known to be favourable. Both materials are also

used commonly in double glazing applications, and as a result need to be highly

transparent.

From these two materials, SnO2 has been chosen as the best candidate to protect

the surface of the AZO layer. The easy, fast deposition of SnO2 by RF sputtering

provides a convenient method of depositing a protective interfacial layer. The details

of the SnO2 deposition have been discussed in detail in subsection 5.4.1. In contrast,

initial trials depositing TiO2 films from a ceramic target (TiO2, 99.995%) showed

that although sputtering in an atmosphere devoid of any reactive species provided

reasonable deposition rates, the addition of oxygen as a reactive gas reduced the

sputtering rate significantly. A 15 minute deposition of TiO2 without any reactive

gases produced a very absorbing film, 100 to 200nm thick. Figure 5.14 shows trans-

mission spectra of the effect the addition of oxygen has on the deposition of TiO2,

on an AZO film.

In such a case, addition of oxygen is important to increase the transmission of

dark oxide films, since the low transmission could be due to the formation of sev-

eral titanium rich sub oxides, which may absorb light. However in this case, the

addition of oxygen reduces the deposition rate significantly. Although the trans-

mission subsequently appears very high when oxygen is added, this is only because

the deposited film is very thin. Such a thin film does not protect the AZO surface,
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Figure 5.14: Transmission spectra of an as deposited AZO film (black) and a similar
film with a subsequent 15 minute TiO2 deposition on the AZO surface with no
additional oxygen (red) and 20% oxygen (blue) in the sputtering gas.

and subsequent immersion in a TiCl4 solution etches the underlying film completely.

An option would be to increase the deposition time, however even after a one hour

deposition of TiO2, the thickness of the TiO2 is still extremely limited using oxygen

as a reactive gas1. Also, longer deposition times do not become practical, when a

faster option is available, as is the case with SnO2.

5.4.1 Requirements and deposition of SnO2

The use of some kind of intrinsic oxide is fairly common in most solar cell applica-

tions. SnO2 is regularly used in CdTe based solar cells as a layer between the TCO

and the CdS layer, to prevent shorting pathways, and also to enable a thinner CdS

layer to be used[160]. Intrinsic ZnO is also used in CIGS based solar cells in a similar

fashion, between the top contact (typically AZO) and the CdS layer, which helps

with the junction formation with the p-type CIGS[161]. In both cases the film must

be as transparent as possible to allow the maximum amount of photons through to

the absorber layer, and thin enough so that electrons are able to pass through this

layer, to the TCO. The same requirements are needed with a DSC in mind, since

these aspects are important for all solar cell technologies. Moreover, the film must

protect the AZO from chemical attack. As such, the film must be compact enough

1In reality the measurement of the thickness of sputtered TiO2 films is very difficult. Surface
profilometry and cross sectional SEM images can not easily identify the thickness of the film, and
yields inconclusive results. Realistically, the film is below 50nm thick, however it was difficult to
estimate from the available SEM data.
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so that an acidic solution is not able to pass through the layer, which may etch the

AZO underneath.

All films have been prepared from a SnO2 target (99.999%), by RF sputtering.

Since compact films are required, low sputtering pressures, combined with high pow-

ers have been used, since higher sputtering pressures promote the slow growth of

porous films. This was originally presented for the case of sputtered metal films[162],

however the concept has been applied to sputtered ZnO films[163], and in turn a

similar mechanism is applied for sputtered SnO2 films. Higher substrate temper-

atures have also been used, since this also promotes the growth of densely packed

films, because sputtered particles have a higher energy to migrate on the surface of

the substrate upon arrival, and redistribute themselves to the lowest possible surface

energy configuration. Finally, the addition of oxygen to the sputtering gas is im-

portant to promote the growth of the stable SnO2 phase rather than the much less

stable SnO phase[164]. As a result, all films have been deposited at 1mTorr sput-

tering pressure, at 3.95W/cm2, with a 10% oxygen content in the sputtering gas.

Increased oxygen content above 10% in the gas causes the deposition rate to de-

crease significantly, in a similar mechanism to the slow deposition of TiO2 discussed

previously, although not as pronounced. The substrate temperature is set at 300℃,

since this is the temperature at which the underlying AZO film is deposited. As a

result, there should be little to no change in the structural and electronic properties

of the underlying layer. Deposition at higher temperatures may cause adsorption of

residual gases on the uncovered, underlying AZO, especially in an oxygen containing

ambient, increasing the resistivity of the film. Using these parameters, a sputtering

rate of approximately 7.5nm/min is obtained. SnO2 films of approximately 200,

400, 600 and 800nm have been deposited on AZO films, as well as soda-lime glass

substrates. Preliminary trials showed that thinner films gave very little resistance

to chemical attack of the AZO, and so thicker films were investigated. The thickness

was cross checked using an etched part of the film on the glass sample and mea-

suring with a profilometer. In addition to this, a separate set of samples have been

prepared, using the same deposition conditions as described above, however incor-

porating a post deposition anneal at 500℃ for 45 minutes. The annealing of films at

higher temperatures after deposition is known to improve the structural properties

of sputtered thin films, especially in TCOs[132, 165]. As a consequence, annealing

at a higher temperature than the deposition temperature may promote the removal

of any strain in the film or adsorbed gas species, and cause further growth of the

grains in the deposited film[166]. Although this process may affect the quality of
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the underlying material, the annealing step will take place under high vacuum, with

no oxygen present in the chamber. Also, the AZO is covered by the SnO2 layer, and

so should be protected from adsorbing any residual gases/water vapour present in

the deposition chamber.
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Figure 5.15: Transmission spectra of (a) 200 and 400nm thick and (b) 600 and
800nm thick SnO2 films deposited on top of a pre-sputtered AZO film. The bare
AZO film has been added to serve as comparison, whilst (c) shows the transmission
spectra of SnO2 layers on bare glass substrates.

Figure 5.15 shows transmission spectra of SnO2 films of varying thicknesses,

deposited on AZO films. The underlying AZO film has been added for comparison

in each figure. The thinner films presented in Figure 5.15a, as expected have slightly

better optical properties than the thicker films presented in Figure 5.15b, however

the transmission of films with such a thick SnO2 layer on top is still surprisingly

high. Figure 5.15c shows the transmission of the bare SnO2 film on glass, from

200nm to 800nm thick, to serve as a comparison with the films deposited on AZO.

The films on glass exhibit high transparency across a wide wavelength range, with
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the peaks and troughs of the transmission curve associated with the interference

effect. It is important to note that although the surface of the AZO/SnO2 stacks

are very insulating (checking with a 4 point probe gives an unmeasurable sheet

resistance value), due to the nature of the intrinsic SnO2 the transmission in the

IR is still fairly low. This is typical of a film with high carrier concentration, which

in this case is the AZO film below (bare SnO2 films deposited on glass have close

to 90% transmission at 1800nm). This shows that the underlying AZO film has not

undergone any significant change, from an electrical point of view.

The highly resistive SnO2 film may present problems when a contact is made in a

final device, if a 4 point probe is unable to measure a sheet resistance. To circumvent

this, a metal contact is ultrasonically soldered onto the surface of SnO2 layer. The

combination of the soldering utilising ultrasonic vibrations which forces the solder

into the crevices of the film and the solder itself (Cerasolzer, MBR Electronics

GmbH, Switzerland) which is able to bond to “unsolderable” materials like glass and

other oxides is able to create a high quality contact. To test the continuity of the

contacts, 2 small soldered contacts were placed on a AZO/SnO2 layer approximately

4cm apart, making sure that the solder would not pass onto the TCO at the edge

of the film. A standard multimeter was used and a resistance was checked, firstly

across the contacts, and then on the bare AZO/SnO2 layer adjacent to the contacts.

Whilst the resistance across the layer was so high it could not be measured, the

resistance across the soldered contacts was 15-20Ω, which is similar to that of a bare

TCO. It is clear that as long as an appropriate contacting scheme is implemented,

electrons can be collected at the contacts, since they are able to tunnel through the

insulating layer.

Figure 5.16 shows transmission spectra of SnO2 films deposited on an underlying

AZO film, however with an annealing treatment after the SnO2 deposition. Once

again, the transmission spectra of SnO2 films deposited on glass have been added

as a comparison, which are highly transparent across a wide wavelength range. The

transmission properties are largely similar to the equivalent unannealed films in the

visible, however the most dramatic difference is in the IR. At 1800nm, there is an

increase of over 10% in the transmission, for all annealed films, compared to the

equivalent film with no annealing treatment. As mentioned previously, transmission

at these wavelengths are mainly governed by electron-photon interactions by the free

carriers in the films. An increase in transmission, qualitatively means a decrease in

the film carrier concentration, and so this may affect the overall electronic properties

of any DSC fabricated on it. The heat treatment may affect the mobility of the film
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Figure 5.16: Transmission spectra of (a) 200 and 400nm thick and (b) 600 and
800nm thick SnO2 films deposited on top of a pre-sputtered AZO film, with all
SnO2 films subjected to a post deposition anneal at 500℃ for 45 minutes, under
high vacuum. The bare AZO film has been added to serve as comparison, whilst (c)
shows the transmission spectra of the different SnO2 films on glass, all subjected to
a post-deposition annealing treatment.

through grain growth of the underlying AZO, however this can not be estimated

from the present data.

5.4.2 Chemical stability of stacked SnO2/AZO layers

Optically, stacked SnO2/AZO layers appear transparent enough to allow a high

number of photons through to the absorber layer for photo-current generation. Im-

portantly though, these layers must be chemically sturdy enough to survive initially

any corrosive treatment steps during the fabrication of the DSC, plus long term

exposure to the electrolyte in the device. The most corrosive element of the device

fabrication is the acidic TiCl4 treatment. As seen in section 5.2, the etching rate of
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an AZO film in a dilute HCl solution with the same relative acidity (i.e. the same

amount of free H3O
+ ions in each solution) of TiCl4 is very high. SnO2 films do not

etch at all in such a dilute solution of HCl, although concentrated HCl combined

with zinc is able to etch samples of SnO2 completely. It is important to see if the

SnO2 serves as a sufficient layer to protect the AZO surface when exposed to a

corrosive element.

Figure 5.17: Optical microscope image showing the surface of an AZO film after
being exposed to a 0.16M HCl(aq) solution for 60 seconds. Below the red line is the
chemically treated part of the film which is highly etched by the acidic solution.
This highlights the necessity to successfully protect the AZO surface.

Figure 5.17 shows the surface image of an AZO film after being exposed to a

0.16M HCl(aq) solution, for 60 seconds. The top half of each image is the bare part

of the sample, which was masked with polyimide tape, whilst the bottom half of the

image is the etched part of the sample, exposed to the acidic solution. The etching

of the bare AZO film is so severe that had the etching time been much longer,

there would be no film left to be seen. Figure 5.18 shows optical surface images of

substrates with 200 to 800nm thick SnO2 films, deposited on top of AZO substrates

after chemical treatment. The films have been subjected to a 40mM TiCl4 treatment

for 30 minutes, at 70℃, with part of the film covered with a polyimide tape (below

the red line indicates the protected part of the film). These films also had a thin

layer of TiO2 (less than 50nm) deposited on top of the SnO2 to aid the adhesion of

the screen printed TiO2 (dark area at the top of the image), which is essential in

the fabrication process.

It is clear that the SnO2 improves the overall chemical durability of these stacks

considerably, compared to non protected films, however all films still show a degree
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(a) 200nm SnO2 (b) 400nm SnO2

(c) 600nm SnO2 (d) 800nm SnO2

Figure 5.18: Optical microscope images showing the surface of the stack after a
standard TiCl4 treatment, for 30 minutes. These films were not annealed in vacuum
after deposition. The etched pits occur due to the solution passing through the
protective layer, and attacking the AZO from underneath.

of chemical attack in small local areas. The increase in thickness of the protective

SnO2 layer improves the chemical durability of the stack, with the 200nm thick

SnO2 giving the lowest protection, whilst the 800nm thick film reduces the amount

of etching greatly. It should be noted that while 600nm thick SnO2 appears to

go against the trend, with a large amount of etching at the border, this may be

explained by slight differences in the sample preparation, rather than an intrinsic

difference with the material. There may have been an unusually large defect along

the border of the mask, where the acidic solution may have been able to attack the

AZO easier, than in other films.

Figure 5.19 shows surface images of the stacks which had SnO2 depositions fol-

lowed by a 500℃ anneal under high vacuum. The behaviour is much the same,

with thicker films protecting the surface from attack much more effectively than the
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(a) 200nm SnO2 (b) 400nm SnO2

(c) 600nm SnO2 (d) 800nm SnO2

Figure 5.19: Optical microscope images showing the surface of the stack after a
standard TiCl4 treatment, for 30 minutes. These films were subjected to a post-
deposition anneal at 500℃, for 45 minutes. These films also show etching pits, where
the film has come under chemical attack. The post-deposition anneal does not seem
to have improved the protective qualities of the SnO2.

thinner films. The post-deposition anneal was carried out to try and promote a

denser film, protecting the underlying film more effectively. It appears though, that

the desired effect was not obtained, with the films appearing very similar. Although

the purpose of the anneal was to encourage growth of the crystals together after

deposition, this does not seem to have taken place. Figure 5.20 shows SEM surface

images of the 600nm thick SnO2/AZO stack, with and without the post-deposition

annealing treatment. The SnO2 grains in the non-annealed film appear to be very

small as shown in Figure 5.20a, when comparing them to the AZO grains which

they were deposited on (see Figure 5.5), and so it is not surprising that it is possible

for the acidic solution to be able to pass through and attack the film underneath.

Figure 5.20b shows the film with the annealing treatment, and the structure appears
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to be very similar. There is no apparent growth of the grains, and therefore it is not

surprising that these films protective properties were not improved.

(a) No anneal (b) With anneal

Figure 5.20: SEM surface images of the surface of the AZO/SnO2 stacks (a) without
a post-deposition anneal and (b) with a post-deposition anneal at 500℃.

All films presented have undergone some chemical attack, to varying degrees

of severity. Unfortunately, the post-deposition annealing treatment did not have

the desired effect, however there is a slight improvement in the transmission at

short wavelengths, albeit very small. Also, the large thermal cycling associated

with the annealed films does not appear to have altered the surface of the stack,

indicating that the films are thermally robust with little stress induced between the

two different materials.

Although the films were chemically attacked, they were not attacked so severely

that the films became unusable; only small local areas were attacked (in the 200nm

SnO2 films), at worst, and at best hardly any etching appeared at all (in the 800nm

SnO2 films). To understand fully the effect of each of the surface treatments has

had on the underlying AZO, fully fabricated DSCs were made, using all sets of films

studied. The following section looks at the J-V characteristics of devices made using

the stacks under study.

5.5 J-V characteristics of DSCs using AZO con-

tacts

DSCs using the stacks under study were fabricated, largely using the method pre-

sented in Chapter 3. Briefly, the as-prepared stacks, which included a less than 50nm

layer of TiO2 sputtered from a TiO2 target, were ultrasonically cleaned in IPA. The
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stacks then had a 11.5µm transparent TiO2 layer screen printed onto the surface

of the film, followed by a 3.5µm scattering TiO2 layer on top. The films were then

ramped, on a hot plate, to 400℃ and annealed for 20 minutes, before being allowed

to cool down naturally to 80℃. The films were then subjected to a 30 minute, 40mM

TiCl4 treatment, after which the films were then dried, at 300℃ for 15 minutes. The

films were immersed in a 0.5mM solution of N719 dye, in tert-butanol/acetonitrile

(ratio 1:1), for approximately 20 hours. The devices were then completed with plat-

inum covered FTO counter electrodes, and an electrolyte. Finally, ultrasonically

soldered contacts were placed on each contact ready for characterisation. Although

not presented here, devices of around 9% are routinely fabricated using FTO based

contacts at CREST (using BMII based electrolytes), and so this value should be

used to serve as a baseline comparison in the following discussion.

Figure 5.21 shows J-V curves of the prepared devices, whilst Table 5.6 shows

the J-V data for all films presented, including the series resistance, Rs, of each

device. Devices presented in both sets of J-V curves exhibit very similar behaviour,

with increasing film thickness. The highest efficiency presented is 8.9% from the

AZO/200nm SnO2 stack, which was not subjected to a post deposition annealing

treatment. This efficiency is encouragingly high, and shows that although this film,

of all films presented, was one of the most attacked by the TiCl4 treatment, it still

presents a very good performance, comparable to a standard device fabricated using

FTO only. The device has a high FF of 70%, with good Jsc and Voc whilst Rs is the

lowest of all films presented. The corresponding film, but with the post-deposition

annealing treatment, gives a slightly lower response of 8.5%, with a lower Jsc (by

0.8mA/cm2) the cause of the decrease in cell efficiency. The difference in Voc between

the two devices is small (around 5mV), whilst the FF is the same. Rs presented in

the post-annealed film is slightly higher than in the as-deposited film, however the

FF is not overly effected, due to the difference in Jsc.

With increasing SnO2 film thickness, the efficiency of the device decreases, as

would be expected, since one would expect a higher series resistance through the

device, on addition of thicker intrinsic layers. This is confirmed when analysing

the J-V curves, with an increase in Rs of the device with increasing SnO2 thick-

ness. Remarkably though, the addition of extremely thick resistive layers on top

of the conducting AZO substrate still results in devices which offer a reasonable

efficiency. In both sets of films, the FF drops to 50-55% in films which have 800nm

SnO2 deposited on top of the AZO, resulting in an efficiency of around 6% in both

films. This SnO2 thickness is almost the same as the AZO layer in the stack (around



CHAPTER 5. ALUMINIUM DOPED ZINC OXIDE FILMS FOR DSCS 98

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8

- 1 5

- 1 0

- 5

0

5

1 0
 2 0 0 n m  S n O 2 -  a s  d e p o s i t e d
 4 0 0 n m  S n O 2 -  a s  d e p o s i t e d
 6 0 0 n m  S n O 2 -  a s  d e p o s i t e d
 8 0 0 n m  S n O 2 -  a s  d e p o s i t e d

Cu
rre

nt 
De

ns
ity

 (m
A/c

m2 )

V o l t a g e  ( V )

(a)

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8

- 1 5

- 1 0

- 5

0

5

1 0
 2 0 0 n m  S n O 2 -  a n n e a l e d
 4 0 0 n m  S n O 2 -  a n n e a l e d
 6 0 0 n m  S n O 2 -  a n n e a l e d
 8 0 0 n m  S n O 2 -  a n n e a l e d

Cu
rre

nt 
De

ns
ity

 (m
A/c

m2 )

V o l t a g e  ( V )

(b)

Figure 5.21: J-V curves of devices from all sets of films studied (a) with and (b)
without a post-deposition annealing treatment.

Table 5.6: J-V properties of devices made.

SnO2 thickness Jsc Voc FF Rs η
(nm) (mA/cm2) (mV) (Ωcm2) (%)

200 - as deposited 16.8 756 0.70 3.5 8.9
400 - as deposited 16.3 759 0.64 4.4 8.0
600 - as deposited 15.6 754 0.63 4.8 7.5
800 - as deposited 14.6 756 0.54 6.9 6.0

200 - annealed 16.0 761 0.70 3.7 8.5
400 - annealed 17.0 760 0.64 4.2 8.2
600 - annealed 15.6 750 0.67 4.9 7.8
800 - annealed 15.2 762 0.51 5.4 5.9

1µm), which is very significant. As mentioned in subsection 5.4.1, the sheet resis-

tance of these films were not able to be calculated with a standard 4-point probe

measurement, since the top layers were too resistive. However, transmission mea-

surements of all stacks, show high free carrier absorption in the IR, indicating the

film stack still has a conducting element, even films which were annealed after the

SnO2 deposition. Clearly, photo-generated charge carriers are still able to utilise the

conducting properties of the stack, even though they have to pass through a highly

resistive layer first, most likely via a tunneling mechanism. The decrease in efficiency

is also a consequence of the decrease in Jsc with increasing SnO2 thickness, which

can be explained by the slightly higher absorption in the visible of the thicker films

compared to the thinner films, in both the annealed and non-annealed substrates.
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5.6 Conclusions

The transmission of photons through to the absorber, as well as the collection of

photo-generated electrons is entirely dependent on the properties of the front TCO

layer. FTO contacts are routinely used in DSC research as the standard TCO due

to the ease of use of the material. However, FTO suffers from lower transmission

and poorer conductivity compared to other TCO materials. Here, AZO thin films

have been used as the front current collector in DSCs, in place of FTO thin films,

since AZO has very high transmission and good conductivity compared to FTO.

This work has outlined from start to finish, the optimisation of AZO films for

use specifically in DSCs. Whilst high transparency and high conductivity can be

produced in AZO with a relatively high processing window, the high temperature

stability in air was found only for a handful of thin films, with one film in particular

deteriorating only slightly (PR-02). Different mechanisms have been proposed to

explain the difference in stability of each film, which include a thickness dependence,

as well as a dependence on the porosity and crystallinity of the film. For successful

use in DSCs, AZO films must be chemically stable as well as temperature stable,

and so the deposition of a SnO2 layer on the surface of the AZO is vital, since acidic

treatments necessary in DSC fabrication attack the surface of the AZO aggressively.

The deposition of a SnO2 layer on top of the AZO reduced this etching drastically,

however all stacks exhibited some small degree of chemical attack. The deposition

of the SnO2 layer did not degrade the diode characteristics of the cell significantly,

although thick films did increase the series resistance present in the device slightly.

The increase in thickness of the SnO2 layer also reduced slightly the photo-current

of the DSC, since less photons were available for photo-current generation.

The highest efficiency reported was 8.9%, which is an encouragingly high result,

with scope for further improvement. The present work demonstrates the proof of

concept that AZO can be used within the DSC, and attack of the AZO can be

avoided if the correct steps are taken. Further optimisation of the SnO2 layer may

increase the efficiency further, if absorption losses can be reduced. Whilst both AZO

and SnO2 is highly transparent in the visible, the combination of the two materials

creates an unnecessary loss in transmission, either due to absorption, or reflection

losses at the interface. Other more suitable materials could be investigated to avoid

these absorption, or reflection losses at this interface, to increase the amount of pho-

tons reaching the device. Whilst working devices have been successfully fabricated,

long term stability investigations should be made in order to prove that AZO could
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be substituted with FTO in the long term. Nonetheless, AZO has presented itself

as an optimistic and interesting alternative to FTO contacts for use in DSCs.



Chapter 6

Flexible substrates for DSCs

Flexible DSCs have gathered increased attention over the last few years, due to

the possibility of creating an up-scaled, cheap, roll to roll process with continuous

solar cell production the ultimate aim. Conventional glass substrates are one of

the major cost components of a solar module[23] contributing 20 to 30% of the

cost of an amorphous silicon based module, and has caused research groups to

look for alternative, cheaper substrates. The cost of depositing solar cells on light-

weight substrates compared to glass reduces costs further since light-weight materials

do not need expensive automated systems to move heavy modules around, whilst

the transportation and installation of light-weight flexible modules is cheaper and

easier, compared to bulky rigid modules. A roll to roll process is also a much faster

production method compared to a slow batch processes. Whilst there are challenges

associated with using flexible foils, such as the heat stability and mechanical strength

of the substrate, the benefits are there to be seen.

The development of flexible DSCs is ongoing, and a fairly comprehensive review

written by Toivola et. al.[167] outlines recent developments by various groups. This

includes the use of flexible metal foils, such as titanium and stainless steel[168–

170], and TCO coated polymers, such as ITO coated polyethylene terephthalate

(PET)[171] and polyethylene naphthalate (PEN)[172]. Both methods have their own

advantages and disadvantages, with DSCs produced on metal foils allowing the use

of high temperature sintering steps, however suffering from optical losses since the

cell is illuminated through the counter electrode. Conversely, the low temperature

limit in using plastic substrates, with a maximum temperature typically around

150℃, is offset by the TCO coated polymer having very high transmission in the

visible, allowing the DSC to be fabricated in the standard superstrate configuration.

Initial trials in this group have attempted to combine both advantages, by using

101
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a transparent, high temperature stable polyimide substrate for use in the DSC[173,

174]. Here ITO coated polyimide foils 12 and 25µm thick were used as the substrate.

Encouraging results were initially reported, however problems encountered were the

low temperature stability of the ITO film, combined with poor adhesion of the screen

printed TiO2 to the substrate surface. This chapter explores the use of polyimide

foils as flexible substrates for use in flexible DSCs where the manufacturing methods

used have largely been transferred from standard glass substrates. The optimisation

of the process includes the deposition of TCO and interfacial layers on the polyimide,

as well as the development of the DSC on the flexible polymer.

6.1 Flexible substrates in use with DSCs

Much work has been undertaken by various academic groups, and industries, to

realise high efficiency flexible DSCs. Companies such as G24i (UK) and Dyesol

(Australia) are now at a stage where they are able to offer flexible DSCs for use in

niche consumer products. Their focus has been on using flexible metal foils since

currently there are no commercially viable ways of treating the porous TiO2 layer at

low temperatures which are essential for polymer foil substrates. As a result, these

devices are made with a transparent ITO coated PET or PEN counter electrode

with all illumination going through this part of the device. Small area, lab scale

devices have resulted in encouraging efficiencies, with Ito et. al. reporting initial

efficiencies of 7.2% on flexible titanium foils[170]. This was then followed by Park

et. al. who were able to produce cells with 8.6% efficiency using stainless steel

substrates, who utilised an SiOx blocking layer combined with a conductive ITO

layer[169]. An additional advantage of using metallic substrates lies in the fact that

back side reflections of photons which had not interacted with dye molecules on the

first pass through the device can be utilised. A substantial increase in photo-current

was observed in this system, just by adding a stainless steel foil on the back of a

standard glass based device.

Whilst the advantages of using high temperature stable metals to process DSCs is

clear to see, the high cost of the metal still presents some drawbacks. Whilst stainless

steel is a relatively cheap metal, the high efficiency reported using stainless steel

utilises a conducting oxide layer as the current collector, and not the metal itself.

Stability tests of DSCs fabricated on the stainless steel substrate itself have shown

that these substrates are not stable in the long term, with efficiencies degrading

approximately 90% in the dark after just a couple of weeks, although the exact
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cause is still open to debate[175]. Titanium substrates lend themselves very nicely

for use in DSCs. No foreign oxides are present to contaminate any device (since TiO2

would be the only one produced as a native oxide on the surface of the substrate)

and are stable against chemical attack. Unfortunately, once again, cost becomes the

main issue for up-scaling these devices, since the price of commercially purchased

titanium is 7 times higher than that of stainless steel[176]. This dilemma has led

some groups to concentrate on using TCO coated polymers as the working electrode

in a flexible DSC, which utilise low cost polymers with high transparency.

Generally, when a DSC is fabricated on a polymer, ITO coated PET or PEN

is used since high conductivity and high transmission can be achieved with the

ITO even though the deposition temperature is limited to a maximum of 150℃.

Such substrates are readily available to buy commercially, or easily deposited using

one’s own deposition equipment. The problem associated with these substrates is

the low temperature stability limit of the polymers, and so TiO2 films prepared on

these substrates can only be heated up to 150℃. As a result, the film generally is of

poor quality, suffering from low diffusion coefficients and electron lifetimes[177]. Low

temperature sintering does not sufficiently anneal the individual TiO2 nano-particles

together, and generally, conventionally processed films annealed at this temperature

provide a very high resistance path for electrons to migrate through[178]. Such

films suffer from low photo-currents compared to their high temperature processed

counterparts. Also, another problem associated with processing screen printed TiO2

films at low temperature, is the formulation of the TiO2 paste. Generally, the paste is

made of the TiO2 nano-particles, a solvent (often terpineol), and an organic binder,

such as ethyl cellulose[71]. The organic binder is used to create the viscous paste

needed to easily deposit the film, as well as create a porous TiO2 structure. Between

each printed layer, the structure is heated to 125℃ for 6 minutes, to dry the layer,

and the process is repeated until the desired thickness is achieved. The film is then

heated to high temperature, to drive off the organic binder, and to anneal the porous

TiO2 layer. The temperature range which the organic binder begins to burn off, is

330 to 380℃, and is characterised by the white film turning a dark brown colour.

Once the film turns back to a white colour again, all the organic binder has burnt

off, leaving only a TiO2 network left behind. Low temperature processing requires

the paste to be binder free, and as a result, the paste has very low viscosity, and

is very difficult to use practically. The viscosity of organic binder free TiO2 pastes

can be increased by careful preparation of the paste, by controlling the inter-particle

bonding between the individual nano-particles. This can be done by either mixing
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an aqueous TiO2 sol, with TiO2 nano-particles, which creates a TiO2 cement to

bind the TiO2 particles together[179], preparing an ethanol/TiO2 colloid prepared

with excess HCl to increase the viscosity by increasing the van der Waals attraction

between the individual particles[180], or altering the acid-base chemistry in colloids

containing acetic acid and ammonium hydroxide[181]. These types of paste though

have not been prepared on a large scale by companies/manufacturers selling DSC

materials (such as Solaronix SA (Switzerland) and Dyesol (Australia)), and are only

fabricated on a small scale by individual research groups.

Ideally, a substrate incorporating all the advantages of glass substrates, i.e. high

temperature stability and high transmission, with all the flexible qualities of a poly-

mer or a metal foil, is the ultimate aim. Possible candidates are thin films of

polyimide, typically Upilex foils (UBE Industries), which are highly flexible, ther-

mally stable up to 400℃ and highly transparent at wavelengths greater than 400nm.

Although thick films, over 15µm, have a characteristic dark brown/orange colour,

this can be reduced greatly by using sufficiently thin films to avoid unnecessary ab-

sorption. Figure 6.1 shows transmission curves of 7.5 and 12.5µm thick polyimide

films, and highlights the impressive transmission properties of the substrates.
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Figure 6.1: Transmission spectra of 7.5 and 12.5 µm thick polyimide foils.

The films are highly transparent in the IR, although are partially absorbing in

the visible, giving the characteristic orange/yellow colour. The transmission cut

off in the short wavelengths occurs at 400nm, and whilst this is at a wavelength

much longer than in glass (typically around 300nm), the absorption of high energy

photons in a DSC is not desired (see section 5.1), and so using a polyimide sub-

strate could be suitable. Specifically, the 7.5µm thick polyimide film has very good
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transmission properties, especially in the shorter wavelength range, compared to the

thicker film. This type of substrate has been successfully used in flexible CdTe based

solar cells (which actually employs the polymer under a superstrate configuration)

with efficiencies over 11%[182]. The lower efficiency compared to standard high ef-

ficiency CdTe solar cells is due to a decrease in photo-current since the polyimide

film absorbs slightly in the visible.

6.1.1 Polyimide foils as a potential substrate

Polyimide foils appear to be a very good candidate for the substrate in a DSC,

however the exact possibilities of maximum photo-current generated need to be

explored. Using the same method presented in section 5.1, it is possible to calculate

the power, and maximum possible photo-current attainable, using these substrates,

combined with a TCO deposited on the film. Figure 6.2a shows the transmission

spectra of both polyimide foils with an AZO thin film deposited on top, along with

a similar AZO film deposited on a glass substrate. The deposition parameters of

the AZO are the same as the optimised films presented in Chapter 5 which were

deposited on glass substrates. The films deposited on polyimide are all around

6Ω/�, whilst the film deposited on glass is around 5Ω/�, to serve as a comparison.

No attempt has been made to optimise the deposition for use on polymer substrates.
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Figure 6.2: (a) Transmission spectra and (b) calculated spectral irradiance data of
various AZO and glass/polyimide combinations.

Although there is a significant decrease in the transmission between the glass

substrate and polyimide substrates, the transmission is still sufficiently high to be

able to produce a good photo-current. Figure 6.2b shows what happens to the
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AM1.5G spectrum when using differing substrate/AZO combinations. The integral

of each curve provides the power density available to any solar cell which may be

used, and from this, the maximum photo-current has been calculated, assuming

unity quantum efficiency across the entire wavelength range (this is not a real case,

however it only serves as a comparison).

Table 6.1: Calculated maximum power density and photo-current available from the
spectra presented in Figure 6.2a.

Spectrum Power density Photo-current
(W/m2) (mA/cm2)

AM1.5G 536.02 23.9
AM1.5G with glass/AZO filter 424.59 19.5
AM1.5G with 7.5µm polyimide/AZO fiter 325.46 15.5
AM1.5G with 12.5µm polyimide/AZO filter 286.90 13.8

Given that a large part of the spectrum is absorbed by the polymer, the possible

photo-current density available is still quite large. Whilst 12.5µm thick polyimide

gives a relatively low Jsc of 13.8mA/cm2, the thinner film gives a nearly 2mA/cm2

increase in photo-current density to 15.5mA/cm2. Although this is the maximum

Jsc possible in this configuration, this is not realistic since no losses are assumed.

Nonetheless, the possible photo-current available in this configuration makes the

possibility of using flexible polyimide based DSCs worthwhile. As mentioned previ-

ously, the gains associated with using high temperature processes should outweigh

the losses associated with using an absorbing AZO coated polyimide foil.

6.1.2 Potential problems with polyimide

Although the gains associated with using polyimide foils in DSCs are there to be

seen, there are hurdles which will need to overcome. These problems are both from

a scientific, as well as an engineering point of view, and will need to be addressed

to make flexible polyimide based DSCs successful.

Firstly, the processing of DSCs on a flexible surface presents the most obvious

problem. The processing of solar cells generally is done on rigid substrates for the

very good reason that it is fairly straight forward and simple. Glass substrates are

easy to handle, provide easier lattice and expansion coefficient matching between the

substrate and the TCO than polymer foils, and does not posses as many temperature

stability limitations. Also, working with polymers present some practical problems.

Thin polyimide films are quite susceptible to building up a static charge, and very
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easily can become difficult to handle. The films can curl up on themselves, as well

as stick to objects during the fabrication process which it shouldn’t. Essentially the

film does not stay where it should. This presents problems all the way through the

fabrication process. Secondly, the introduction of a TCO on the film surface puts

another stress on this side of the film, and if not held in place, the film spontaneously

wraps up on itself. The thickness of the polyimide film is much smaller than that of a

standard PET film used for DSC fabrication (7.5µm for the polyimide versus 150µm

for the PET), and so the polyimide can not support itself as efficiently as PET. Both

problems can be solved by mounting the film in some kind of frame, to keep the

substrate flat and level all the way through the fabrication process. However, another

problem can arise from the expansion mismatch between the polymer and the frame,

when both are heated. For example, when heating the film under vacuum, there

can be a stress induced between where the polymer is held down on the frame, and

where it is not. After deposition, the TCO coated polyimide film is always slightly

uneven. This can cause problems further during the porous TiO2 deposition, and

the problem can be compounded when the film is heated further after the TiO2

deposition. During sintering, if the substrate is not flat to the hot-plate (as is

common using an uneven polymer), the TiO2 gets heated at different rates across

the area of the layer, which induces large cracks and causes the film to delaminate

from the substrate surface. Whilst these problems can be attenuated using suitable

ways to mount the polymer, and careful fabrication control, other problems can

arise from the intrinsic properties of the materials being used as discussed below.

Generally, ITO coated polymers are used for DSC research since high transmis-

sion, high conductivity ITO can be deposited at low temperatures on heat sensitive

polymers. Commercially made ITO coated PET is commonly used by research

groups when fabricating flexible DSCs. However, the fabrication of DSCs on indium

oxide based TCOs is very difficult (see section 4.4), with the TiO2 film easily delam-

inating from the substrate, as well as the ITO having insufficient thermal stability.

Chapter 5 has highlighted that it is possible to use AZO films as the current collec-

tor with a DSC, with appropriate surface treatments allowing a stable DSC to be

fabricated. In this study, AZO was chosen as the TCO since it can be deposited at

temperatures suitable for use with polyimide, whilst still being temperature stable

when heated at 400℃. The following section highlights the methods used to success-

fully fabricate flexible AZO devices, starting with the underlying substrate, through

deposition of the TCO, finally to the fabrication of the final device.
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6.2 Device fabrication

6.2.1 AZO deposition

Preliminary trials looked at how exactly to mount the film so that the best TCO

could be fabricated. Initially, oversized films were mounted on a 5cm×5cm glass

substrate, with the edge of the film folded under the glass substrate and held in

place. This method was slightly bulky, and was not able to keep the substrate

level and in intimate contact with the heater during deposition. Films which would

give 5Ω/� on glass, would give over 20Ω/� using this method. The next method

used was to place the polyimide on a glass substrate which had a doubled sided

polyimide tape attached on top. The substrate could be easily processed all the way

through the fabrication process, and removed at the last moment using a “lift-off”

technique by dissolving the glue with a solvent, if desired. Unfortunately, during

heated deposition, the substrate would become very uneven due to out-gassing of

the glue, creating a surface with a lot of bubbles trapped underneath the film. This

decreased the quality of the film due to large temperature variations. Also, the

mismatch in expansion coefficient between the glass, glue, polyimide tape, and the

polyimide foil caused the film to be very uneven. Although the film was of poor

quality, it represented a move forward in how to mount the sample effectively, since

it could be easily processed, similar to that of a standard glass substrate. With this

in mind, a final frame was used, which consisted of a glass substrate which had the

middle 4cm×4cm cut out using a sand blasting unit. Double sided polyimide tape

was then placed around the perimeter of the frame which held a 5cm×5cm piece of

the polyimide film. This method allowed the whole film to be handled easily, whilst

ensuring that the film was flat during each deposition process. AZO films deposited

on these samples produced sheet resistances of 6-7Ω/�, which are ideal for DSC

fabrication. To aid the screen printing process, the frame size was later changed to

10cm×10cm, which allowed the middle portion of the film to be totally flat during

TiO2 deposition.

The AZO films were deposited using the same method outlined in Chapter 3,

using the same parameters used in optimised films for DSCs, outlined in Chapter 5.

Briefly, the mounted polyimide films were cleaned with DI water, acetone and IPA,

before being loaded into a sputter system. After reaching a base pressure of less

than 1.5×10−7Torr, the substrate was heated to 300℃ and RF sputtering of the

AZO films was performed using an AZO target. The temperature was maintained
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at 300℃, the power density was 3.95W/cm2 and the sputtering pressure was 1mTorr.

The sputtering time was 3 hours. No oxygen was added to the sputtering gas during

the deposition.

6.2.2 Device fabrication on flexible foils

DSCs were fabricated in a method similar to that already mentioned in Chapter 3,

with some changes. As discussed in Chapter 5, the deposition of suitable interfacial

layers are needed on the AZO substrate, to protect the film from chemical attack, as

well as aid in the adhesion of the subsequently printed porous TiO2 layer. Much the

same methodology was used in this study, and so a 200nm thick SnO2 film was de-

posited to protect the AZO, whilst a subsequent thin TiO2 film (less than 50nm) was

deposited to improve the adhesion of the subsequent layers. The 200nm SnO2 layer

was used since this provides AZO based devices on glass of the highest efficiency,

and so was used as a benchmark in this study. It should be noted that due to the

flexible nature of the substrate, thicker SnO2 layers may be needed to provide extra

protection to the AZO surface from chemical attack, however this was not explored

in this study. Both films were deposited after the AZO, without breaking vacuum.

The 200nm thick SnO2 layer was deposited for 25 minutes, at 300℃ substrate tem-

perature, 3.95W/cm2 sputtering power density, 1mTorr sputtering pressure, using a

10% oxygen volume in argon, from a SnO2 sputtering target. This was followed by

a 10 minute TiO2 deposition, using the same parameters as the SnO2 deposition,

however no oxygen was added in this instance. After deposition, the substrate and

frame were removed, cleaned with acetone and IPA, and a transparent TiO2 layer

was screen printed on the substrate surface. To aid the screen printing process,

the frame was kept in place with two glass pieces, whilst a third 5cm×5cm glass

piece was placed under the polyimide foil. The whole layout was on a large area

vacuum chuck, and once the vacuum was turned on, the polyimide foil was held in

place, with the vacuum pulling the foil flat over the substrate in the middle of the

frame. This ensured that the substrate was in the same place every time during

each deposition, allowing each TiO2 layer to be deposited precisely on top of each

other. This configuration is shown in Figure 6.3, and proved to be very important

in developing the flexible DSC. Although the design of the substrate mounting as-

sembly appears here in this study in a fairly crude fashion, it has provided enough

experience towards refinement of the design in future implementations. Also, such

a method could by applied in a large area batch or roll to roll process.
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(a) Vacuum off (b) Vacuum on

Figure 6.3: Screen-printing set up with the polyimide film mounted in a 10×10cm
glass substrate. (a) The uneven surface of the polymer presents a difficult surface
to print on when there is nothing holding it in place. (b) Turning on the vacuum
chuck creates a flat surface to print on over the underlying glass substrate.

The screen-printed porous TiO2 film consisted of a 6-11µm thick layer of ap-

proximately 18nm TiO2 nano-particles (DSL 18NR-T, Dyesol), which were optically

transparent, followed by a thinner layer (approximately 2-3µm) of 18nm TiO2 nano-

particles combined with 200-300nm TiO2 particles (DSL 18NR-AO, Dyesol) which

created an optically opaque film on top. The prepared film was slowly heated to

400℃ and annealed for 20 minutes, and subsequently allowed to cool to room temper-

ature. The film was then immersed in a 0.5mM solution of N719 in acetonitrile:tert-

butanol (1:1), and dyed for 20 hours. Finally the cells were finished with a Pt covered

FTO glass counter electrode, and filled with an electrolyte. To aid the measurement

process, a solder was used to improve the contact on both the working electrode

and counter electrode, and the polymer side of the cells were mounted with a glass

piece with the middle cut out, so that during the measurement, light would only

pass through the polyimide into the sensitized TiO2.

6.3 Results

6.3.1 Flexible AZO characterisation

Figure 6.4 shows transmission data of the different thickness polyimide films before

and after AZO deposition. Both films exhibit low transmission in the IR due to

free carrier absorption, however the difference in the visible is remarkably small.

The 7.5µm thick polyimide film especially does not suffer from a large drop in
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transmission in the visible, compared to the uncoated polymer, and it is only at

800nm that the transmission begins to reduce. The effect is slightly more pronounced

in the 12.5µm thick film, however the overall effect is still quite small. The low

transmission in the IR is attributed to a high amount of free carrier absorption

indicating that these films have a high conductivity, which is corroborated by the

low sheet resistances of the films. Both films display a sheet resistance around

6-7Ω/�, which is excellent for solar cell applications.
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Figure 6.4: Transmission data of the films before and after AZO deposition on the
(a) 7.5µm and (b) 12.5µm thick polyimide foils. Upon AZO deposition, both films
exhibit the characteristic low transmission in the IR due to free carrier absorption,
however the difference in transmission in the visible is surprisingly small before and
after the AZO has been deposited, especially in the 7.5µm thick polyimide.

Table 6.2: Hall effect data of AZO films deposited on different substrates. The
film deposited on glass is the same data presented in Table 5.4. The thickness of
the AZO on the glass sample was measured using profilometry whilst the thickness
of the AZO on both polymer substrates was measured using a SEM cross section
image.

Substrate Thickness Mobility Carrier concentration Resistivity
(nm) (cm2/Vs) (1020/cm3) (10−4 Ωcm)

Glass 1010 43.6 3.10 4.62
7.5µm polyimide 1200 31.8 2.38 8.22
12.5µm polyimide 1200 31.4 2.29 8.69

Table 6.2 shows Hall data of the AZO films, deposited on different substrates.

The Hall data and transmission data appear to agree with each other, since both

films have similar carrier concentrations, and so the low transmission in the IR is
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attributed to free carrier absorption losses. The carrier concentration of the AZO

on both polyimide foils are lower than that of the glass, however are very similar.

The main loss in conductivity arises from the difference in the mobility between the

polyimide and glass based films, however it is still surprisingly high in the polyimide

film. The slight difference in the films resistivity is caused by the differing carrier

concentrations, and this is reflected in the sheet resistance of each film, with the

7.5µm thick polyimide having slightly lower sheet resistance (6.5Ω/�) than the

12.5µm thick polyimide (6.7Ω/�).

From the previous data, it is clear that the 7.5µm thick polyimide is the best

choice of substrate, from an optical and an electrical point of view. This film has

a lower resistivity than its thicker counterpart, due to it possessing a higher carrier

concentration and mobility, whilst retaining a higher transmission than the 12.5 µm

thick film. The data presented though is of AZO coated polyimide foils only, whilst

practically these substrates would not normally survive the fabrication process due to

the chemical instability of AZO films. As discussed in Chapter 5, practical substrates

for use in DSCs must be coated with a thin SnO2 layer to improve the chemical

stability of the film, and a thin TiO2 layer to improve the adhesion of the subsequent

layers. In reality, these additions have caused a slight decrease in transmission, and

so this should be taken into account. Figure 6.5 shows transmission spectra of

AZO coated polyimide foils before and after deposition of the protective SnO2 and

adherent TiO2 layers.
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Figure 6.5: Transmission spectra of substrates before and after addition of thin SnO2

and TiO2 layers. There is a marked drop in transmission across the entire wave-
length range, which reduces the possible photo-current generation for any absorber
to produce.
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The implications of adding these layers are clear to see. The films are more

absorbing in the visible and IR, and so the maximum photo-current available is

slightly less. Table 6.1 shows that an untreated AZO film on 7.5µm thick polyimide

allows a maximum photo-current generation of 15.5mA/cm2, however using the new

transmission data, this drops to 14.2mA/cm2. Whilst this is an inevitable loss in

photo-current, it is a necessary to produce repeatable results. As a result, flexible

DSCs which have been fabricated have used a 7.5µm thick polyimide foils, with a

triple layer coating of AZO (approximately 1µm), SnO2 (200nm) and TiO2(50nm).

6.3.2 DSC characterisation and results

Preliminary attempts at fabricating flexible DSCs proved to be quite difficult. Ini-

tially, 5cm×5cm substrates were used because this is the standard substrate size

when fabricating DSCs at CREST. The uneven edges of the substrate where the

polyimide was stuck down caused very uneven deposition of TiO2 which were not

suitable for device fabrication. This was later changed to a larger substrate, with the

middle portion of the film used only for processing. The next problem arose from

annealing the very uneven substrate. Large temperature variations would arise if

the film was not in direct contact with the hotplate, especially since the hotplate

was open to air, and as a consequence the TiO2 films would easily delaminate from

the substrate. Ensuring the film was totally flat to the hotplate surface, and heated

slowly to 400℃ solved this problem producing good quality adherent films. The final

problem arose from ultimately assembling the cells together. Each individual TiO2

layer had to be removed from the frame, which added to the possibility of the TiO2

layer becoming damaged due to mishandling of the flexible substrate. Also, if the

layer was successfully incorporated into a device, the measurement was a problem

because the polyimide foil was too delicate to be contacted using the usual method,

either with a crocodile clip, or sandwiched between two copper plates. This was

later solved using a glass piece, which was the same size as the working electrode

and had the middle section cut out using a sand blasting unit. To allow easy han-

dling, the flexible film was then kept in place on the supporting glass with a double

sided polyimide tape, ensuring that light to the active layer was not blocked by

anything. Light reaching the absorber layer during measurement would only have

passed through the flexible substrate, allowing an accurate measurement to be made.

Different fabrication steps were used during the development of flexible DSC. The

initial aim of the study was to successfully produce a fully intact working device, with
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a good diode behaviour. Once this was accomplished, the aim was then to improve

the performance as much as possible in the current set up. To reduce the risk of error

in the fabrication of the device, some steps which are usually employed to improve

device performance were omitted. The first TiCl4 treatment normally performed on

the bare TCO coated substrate was removed from the process, since this could attack

the underlying AZO if the protective SnO2/TiO2 failed in any way. In practice, this

was not needed anyway since the porous TiO2 adheres well to substrates which have

been treated with a sputtered TiO2 layer (see subsection 5.4.2). Next, a thin porous

TiO2 layer (approximately 8-9µm) was used compared to the standard thickness

(around 12-13µm) since thicker layers would produce a larger stress on a system

already vulnerable to large changes in stress and strain. This should reduce the

risk of the film delaminating from the surface of the substrate during fabrication.

It should be noted that it was not possible to accurately determine the thickness of

the porous TiO2 film using surface profilometry since the measurement was taking

place on an uneven polymer surface. Instead, the thickness was estimated from the

amount of screen printing depositions were performed, and cross-checked on a TiO2

film deposited on a glass slide. Usually, 1 deposition of the TiO2 paste would result

in a film approximately 2.2µm thick, and from this information the thickness could

be estimated. Finally, no post-treatment of TiCl4 was performed, which is usually

used to improve the photo-current in DSCs, for the same reason it was not used

initially. The acidic element of the solution may attack the substrate, degrading the

performance of the device. Once this basic fabrication process has been achieved,

additional treatments and processes will be optimised to improve the performance.

Table 6.3: Summary of the different methods used for the fabrication of the porous
TiO2 layer. Each method progressively makes the fabrication procedure more diffi-
cult, however the gains associated with each optimisation should improve the device.

Method TiO2 thickness TiCl4 treatment
(µm)

1 ∼8 No
2 ∼12 No
3 ∼8 Yes

Table 6.3 summarises the different methods used to improve the quality of the

TiO2 layer, and in turn, the performance of the device. Method 1 gives details of

the most basic porous TiO2 layer, while each subsequent method should improve

the performance, while at the same time increasing the risk that the film will fail
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in some way. Each method should improve the performance, mainly as a result of

improving the current generation/collection in the device. Some change in photo-

voltage should be seen, however the main improvement should be seen in the photo-

current. Sequentially improving the fabrication process should give insight into what

limits the device, reaching a point where the photo-current generated is near to the

maximum possible. To serve as a comparison, a current density of 14.2mA/cm2 has

previously been calculated as the maximum possible photo-current available using

the current substrates. Assuming a nominal Voc of 740mV, which is common in glass

based devices, and a FF of 0.70, an efficiency of just over 7% could be expected.

Method 1

As previously discussed, method 1 is classically the most basic method in fabricating

flexible DSCs. A thin layer of porous TiO2 is deposited which is not subjected to

any chemical treatments after deposition and annealing. The flexible DSC is then

completed with a glass based counter electrode and an electrolyte. Whilst this

method is considered the least advanced way of preparing the film, it still produces

a device with reasonable J-V characteristics. Figure 6.6 shows a J-V curve of the best

device fabricated using method 1. The device presents good diode characteristics,

characterised by the high FF of the device. This indicates that the TCO coated

polyimide film has not degraded either upon heating in air, or during the fabrication

of the solar cell. This is not surprising given the results presented in Chapter 5 since

high temperature stability is achieved in AZO films on glass substrates. It remained

to be seen whether this could be transferred to a polymer for use in a DSC, and it

appears that the result is fairly successful.

Whilst method 1 provides a device which has good diode behaviour, some param-

eters are lacking somewhat. The most striking loss is seen in the Jsc produced by the

device. Obviously, absorption losses in the polyimide and TCO count for a large part

of lost photons, however a higher photo-current should be possible given the pho-

tons passing through to the absorber, as discussed in subsection 6.1.1. 8.3mA/cm2 is

substanitally lower than the maximum photo-current available through the stacked

layer (including the thin SnO2 and TiO2 layers) of 14.2mA/cm2. The thin porous

TiO2 film presented in method 1 (approximately 8µm) can explain in part the lack

in photo-current, since films closer to 12-14µm are needed to successfully absorb all

incoming photons using the N719 dye used in this study. Dyes with higher extinction

coefficients such as C101[54] are known to have improved performance than N719
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Figure 6.6: J-V characteristics of a DSC fabricated on a 7.5µm thick polyimide foil
preparing the TiO2 film outlined in method 1. The device was not optimised and
had many aspects to a normal high efficiency device missing to increase the ease of
fabrication. The device though represents a promising initial result since it behaves
in a typical diode fashion with a reasonable FF.

in cells using thin TiO2 layers, and may be beneficial in this application, however in

this study these dyes were not available. The Voc presented in Figure 6.6 is also lower

than would be expected (around 740-760mV in a glass based DSCs), however the

current generation in this device is also much smaller (∼8mA/cm2 compared to over

16mA/cm2 in high efficiency DSCs) which would explain the lower than expected

Voc, since the quasi-Fermi level lies closer to the redox potential of the electrolyte in

the low current regime. Nonetheless, the Voc presented here is reasonable given the

current set-up, although further improvements could be made.

The aim of method 1 was to produce films with little complexity, but which

were reproducible and did not suffer from delamination problems. This method did

produce a set of films which did not flake off during the fabrication process, with

100% of the porous TiO2 films intact. The thin TiO2 films appear to suffer from

low stress on the flexible film, especially during the sintering process, and are not

inclined to peel off. Overall, method 1 appears to be a success, since solar cells

with fair diode properties have been fabricated, with the process being repeatable,

resulting in no delamination of the absorber.

Method 2

Method 2 presents an advance in the fabrication process of the porous TiO2 layer,

with an increase in thickness of the TiO2, as previously discussed. The overall film
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thickness is larger due to an increase of the “transparent” layer from approximately

6µm to around 10µm. The “opaque” layer thickness is the same as it was in method

1, around 2µm. The cell was completed as it was in method 1, using a glass based

counter electrode and an electrolyte. The increase in thickness of the TiO2 layer

should give rise to an increase in Jsc since more light should be absorbed in the

thicker film, compared to method 1.
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Figure 6.7: J-V characteristics of a DSC fabricated on a polyimide foil using a TiO2

film outlined in method 2. The device represents a step up in the difficulty of the
fabrication process compared to method 1. Whilst the performance is improved, the
increase in efficiency is not high as expected due to a loss in the photo-voltage of
the device.

Figure 6.7 shows the J-V characteristics of the best device obtained using method

2. Whilst it represents an improvement in performance, the increase is not as high

as expected. Given that the total film thickness increased by about 50%, the sub-

sequent increase in Jsc was very small (only 0.6mA/cm2). Although the device had

a higher Jsc, the Voc suffered slightly dropping over 30mV, which was consistent

with other cells measured in the set using method 2. Since there is an increase in

thickness of the device between method 1 and 2 by about 50%, there is likely to be

a higher amount of recombination at the TiO2/electrolyte interface, explaining the

loss in Voc. Despite these two results which lacked the high values intended, the FF

of the device still remained high, which is encouraging since it appears that devices

made on AZO coated polymers do not suffer from excessive shunting problems or

high series resistance losses.

Although some devices were able to be fabricated using films made in method 2,

some films did suffer from a degree of flaking and delamination. Only 4 cells from

a total of 12 were able to be fabricated fully, since at least some of the remaining



CHAPTER 6. FLEXIBLE SUBSTRATES FOR DSCS 118

8 films suffered from a small amount of delamination. This usually was localised

around the edge of the film in small areas, however would still considerably affect

the performance of the device. It also proved to complicate the measurement since

the active area of the device was compromised, leading to inaccurate photo-current

density measurements. Although detrimental to the fabrication process, it is not

entirely unexpected due to an increase in stress upon adding extra layers to the

TiO2 stack. Whilst further interface modifications and deposition set-up changes

can be made, this result pushes the need for use of thinner layers in flexible polyimide

based DSC fabrication.

Method 3

Finally, method 3 presents another advance in the fabrication of the TiO2 layer

from method 1. The film has been prepared in the same way as method 1, and

is of the same thickness (∼8µm, with the same thickness transparent and opaque

layer as presented method 1). In this method, the film is subjected to a post

annealing TiCl4 treatment, with the aim to improve the electron transport in the

device, hence increasing the photo-current somewhat. Although very beneficial for

the performance of the device, the treatment is quite acidic and may attack the

TCO/TiO2 interface. This has been seen in subsection 5.4.2, however in the previous

case, the attack of the AZO by the TiCl4 did not greatly affect the performance of

the device. The effect though may be compounded in this instance because of the

flexible nature of the substrate, and any defects created at the interface may be

aggravated by the handling of the flexible substrate during the fabrication process.

This may result delamination of the TiO2 layer from the surface of the substrate,

and a diminished performance due to insufficient electron injection and electron

transfer.

Figure 6.8 shows the J-V curve of the best device fabricated with the TiO2 film

fabricated using method 3. Once again, the device was finished in the same man-

ner as those in method 1 and 2, using the same electrolyte and counter electrode.

Although the device once again appears to have characteristics consistent with a

diode, the device is markedly worse than the previous 2 devices. The device suffers

from a very low Jsc and Voc, with the Jsc nearly a third of the best value reported

so far (3.3mA/cm2 in this device versus 8.9mA/cm2 reported for method 2). Whilst

this method had potential for success, the risk of chemical attack to the TCO was

high. After the TiCl4 deposition, there was a similar etching effect on the substrate
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Figure 6.8: J-V characteristics of a DSC fabricated on a polyimide foil using a TiO2

film outlined in method 3. The device represents a step up in the difficulty of the
fabrication process compared to method 1. The device suffers from the poorest
performance of all the results so far.

surface to that seen on TiCl4 treated AZO glass samples. As a consequence, the

interface between the TCO and the porous TiO2 was not continuous, and in some

cases could be seen with the naked eye where it manifested itself in a subtle differ-

ence in the colour of the film where the interface was not optimised. As a result, the

response of the device was largely limited to islands in the film where the interface

was continuous between the TiO2 and the substrate surface, which results in a loss

in photo-current. This has also been seen previously in standard devices using FTO,

where there has been no TiO2 deposited on the FTO surface, and the subsequent

screen printed TiO2 has not adhered properly to the surface. As a consequence of

this, 8 of the 12 cells deposited on the film had some form of delamination, and

was substantially more than that of method 2. Whilst the remaining 4 films were

largely intact, they all suffered from the mentioned TCO/TiO2 interface abnormal-

ities. Although only 4 films were made into working devices, the good FF provides

encouragement that the device can be improved further, by optimising the TiCl4

treatment, porous TiO2 thickness and the thickness of the protective SnO2 layer.

6.4 Conclusions

The deposition of solar cells on flexible substrates could present significant cost

savings, compared to deposition on rigid glass substrates. Lightweight, flexible sub-

strates lend themselves to the deposition of DSCs in a fast, continuous “roll to roll”
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way, and so the deposition of DSCs on flexible substrates has been explored. In

this work, DSCs have been fabricated on flexible polyimide foils, using processes

associated with the deposition of DSCs on standard rigid glass substrates.

Polyimide foils have been used since they are stable at the high temperatures

needed to anneal the porous films of TiO2 for use in DSCs. The development of

the device, from the deposition of the initial AZO conducting layer through to

the fabrication of the final device on the flexible substrate has been demonstrated.

With an appropriate mounting arrangement, it is possible to deposit thin films of

AZO with high enough conductivity on the flexible polymer for use in DSCs. A

sequential method was used to try and improve the device performance of the DSC,

with the best device having an efficiency of 4.2%. Unfortunately, the final treatment

used to try and improve the efficiency of the device significantly degraded the cell

properties due to attack of the AZO/SnO2 layers. An important point to note is

that all cells, although of relatively low efficiency, had good diode qualities, with

significantly high FF. Each cell suffered from absorption losses in the polyimide

foil, which absorbs highly in the short wavelength range, which manifests itself as a

significantly lower photo-current than would normally be expected. Possible losses

may also be present at the TiO2/TCO interface where electron injection dynamics

may not be as optimised in the flexible device as they would be in a solid structure.

The flexible polyimide based DSC is encouraging. The results presented here

show that there is significant scope for improvement in the device since the highest

current density generated in final devices is only approximately 60% of the maxi-

mum possible current density available. Device efficiencies of 6 to 7% are certainly

realistic if the necessary improvement steps are made. Whilst these results are very

encouraging, certain aspects of the flexible device need to be improved. The stabil-

ity of these devices were poor, with the TiO2 layer easily flaking off if the substrate

was not carefully handled. The substrate was almost too flexible and delicate to

practically handle, and so thicker polymer layers could be used to make the device

more sturdy. With current polyimide foils, thicker films are too absorbing and so

only negligible photo-current can be generated, however recent work by the Labo-

ratory for Thin Films and Photovoltaics at EMPA in collaboration with Dupont,

has shown a new transparent polyimide foil which can be used for superstrate based

CdTe solar cells, with an efficiency improvement up to 13.8% from 12.4%[183]. Here

the efficiency improvement is due to the higher amount of photons available, result-

ing in an increase in photo-current. Such a material could be employed in flexible

DSCs, with higher efficiencies certainly attainable. Despite these problems, flexi-
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ble DSCs utilising high temperature stable polyimide have given some encouraging

results, and should be explored further in the future.



Chapter 7

Conclusions

DSCs are a promising alternative to conventional PV technologies, and shows that

there are alternative methods to produce solar cells other than those based on p-n

junctions, using expensive manufacturing techniques. The drive to increase efficiency

and reducing cost is of utmost importance if DSCs and solar power in general is to

be cost competitive with conventional power generation technologies.

Three different methodologies have been implemented in an aim to improve the

device characteristics of DSCs. The development of DSCs on high mobility TCOs,

for potential use in tandem solar cells has been explored, in an attempt to increase

the efficiency of the stacked device. Highly transparent and conductive thin films of

AZO have been developed, specifically for use in DSCs, in an attempt to improve

the amount of photons available for current generation in the absorber, thereby

increasing cell efficiency. Finally, DSCs have been developed on flexible substrates

in an attempt to omit the rigid glass substrate, which adds significantly to the final

cost of the device.

The development of DSCs on high mobility TCOs presented many challenges due

to the inherent nature of the material. The ITiO film had little high temperature

stability, would corrode in acidic environments, and cause printed layers of porous

TiO2 to delaminate from the surface very easily. The addition of an extra interfacial

SnO2 layer combined with a modified TiCl4 treatment improved the adhesion of the

TiO2, whilst a post-deposition annealing treatment of the working electrode after

initial heating in air regained the conductivity of the ITiO considerably, and DSCs

with 7.4% efficiency were fabricated. Most importantly, these devices had very high

conductivity in the IR, which would be beneficial to any IR sensitive bottom cell

in a tandem structure. In this respect, the work was very successful with working

devices of relatively high current density reported. The natural progression here

122
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would be to implement the top HMTCO based DSC in a tandem structure with

a bottom CIGS solar, which was not able to be shown in this work. This further

work would be much more centred on the development of the tandem structure as

a whole, rather than optimisation of the DSC, since much of the ground work has

already been done. The incorporation of a monolithic tandem DSC/CIGS structure

presents many fabrication problems, and as is the case with all tandem structures,

current matching factors would need to be taken into account. The combination of

a high cost deposited TCO (ITiO) in a low cost solar cell (DSC), with a high cost

bottom device (CIGS) may seem slightly unusual, and so if the concept is to work

well, a low cost alternative should be explored. The spray deposition of a HMTCO

which is a cheaper alternative to sputtering should be explored, possibly with efforts

to move away from indium oxide based films. The low cost deposition of CIGS would

also need to be optimised, however this covers an entire field on its own, with much

work carried out by many groups around the world addressing this issue. Perhaps

a more realistic implementation of tandem structures in this context would be to

only implement the DSC itself, rather than combining different technologies. Such

a concept would require work and development of new IR sensitive dyes.

The use of AZO thin films in DSCs also presented similar problems to those seen

in ITiO films, however to a greater extent. In this case, the AZO layer was very

easily etched by only slightly acidic treatments, and suffered from heat instability

once again. Control of the deposition conditions of the AZO resulted in produced

films with a high degree of temperature stability, however the chemical instability of

AZO meant that an interfacial layer of SnO2 was needed to protect the film surface.

The addition of the extra layer protected the surface of the film to a certain degree,

however some small areas where the acid had penetrated the film were apparent, even

in films as thick as 800nm. Despite these problems, an encouragingly high efficiency

of 8.9% was reported, which demonstrates that it is possible to fabricate devices

on these films, and further work should be done to improve the device further. In

the present state, improvements in the temperature stability of the AZO could be

made only by altering each of the deposition conditions very slightly, creating an

optimised “recipe”. The mechanisms of the increase in resistance of the AZO layer

upon heating need further exploration, and if possible, to be eliminated completely.

In this work, 400℃ was used as the lowest temperature limit possible for processing

the porous TiO2 layer, however in reality higher temperature are normally used,

and the effect of the higher processing temperatures should be investigated. Whilst

AZO was used here, investigation of other ZnO based TCOs may be of relevance,
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especially if binary or ternary compounds could be implemented, combining the

good performance of ZnO based TCOs with the chemical stability of SnO2 in one

material. The addition of the SnO2 layer on top of the AZO film presented in this

work has shown that it is possible to protect the TCO surface, without affecting

the J-V characteristics of the cell drastically. Investigation of other materials and

deposition methods of this protective layer should be explored to improve this part of

the device, since even with thick films, some attack of the underlying AZO occurred.

Also, if AZO is to be a successful TCO for DSC applications, long term stability

testing needs to be done to make sure the entire stack is suitable for long term use.

The fabrication of flexible DSCs on polyimide foils has presented encouraging ini-

tial results of from 1.4 to 4.2% with good FFs in each device, which shows that the

AZO is of sufficient quality to avoid high resistance losses in the cell. Whilst success-

ful devices have been fabricated, some improvements still need to be made to make

DSCs on polyimide foils a worthwhile alternative. The current density presented

is much lower than the maximum calculated from spectroscopic data. Optimising

the deposition and fabrication process would improve the performance of the device,

since the main problem came from the handling of the flexible substrate. Another

consequence of this problem is the lack of stability of the device. Thicker polyimide

films may be needed to mechanically support the device, or new formulations of the

porous TiO2 need to be made, since the TiO2 film is very brittle. The limitations

associated with the “off the shelf” polyimide substrate are clear, since such poly-

mers have not been designed for PV applications, however the further development

of high temperature stable transparent polymers would be beneficial, and much of

the work here could be easily translated to such new materials.
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