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Summary

Dye-sensitised solar cells (DSCs) have the potential to be a low cost solar cell candidate due 
to the relatively low cost of materials and ease of processing. Also, unlike traditional silicon 
solar cells, DSCs can be lightweight and flexible, and perform well in diffuse sunlight and 
indoors which make them an extremely attractive prospect. This thesis investigates the time 
intensive heating stages associated with the fabrication of a DSC which are currently a 
bottleneck for translating this technology from the laboratory to an industrial scale. In 
addition some steps associated with the fabrication of a DSC share similarity to other 
technologies so these methods could be extremely applicable and versatile.

Near infrared (NIR) radiative heating was used here to drastically reduce the heating times 
associated with DSC fabrication steps. NIR heating involves the absorption of NIR photons by 
the free electrons of an infrared absorbing substrate which releases thermal energy rapidly. 
NIR radiation has previously been used for the heating of metallic substrates but this is the 
first tim e it has been used to heat glass based substrates, which significantly broadens the 
potential applications of NIR heating. Upon 12.5 s of NIR exposure FTO and ITO coated glass 
reached significantly high temperatures, temperatures corresponding well to those required 
for the DSC heating steps.

NIR radiation was used to sinter T i0 2 working electrodes and thermally platinise counter 
electrodes on FTO glass in 12.5 s, 144 times faster than the conventional oven heating of 30 
minutes. When assembled into DSC devices these electrodes performed identically to their 
oven equivalents. When combined with a faster dyeing process this enabled the overall 
laboratory manufacturing time of a DSC to be reduced from 123 min to 5 min with no 
compromise in efficiency which is an extremely promising step for the viability of DSC 
commercialisation.
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1. Introduction

1.1 Background

1.1.1 Electricity sources

Electricity has become essential to modern life. Fossil fuels have always been the main 

source of electricity generation but are becomingly increasingly less desirable due to 

depleting natural reserves, environmental impacts and rising costs. Another major drawback 

is location of reserves with many countries forced to import electricity or fuels to generate 

it. Still oil, coal and natural gas remain the main energy generation sources [1] despite being 

unsustainable, with the adoption of more renewable sources of energy extremely slow 

(including hydroelectricity, wave, tidal, geothermal, biomass, wind and solar energy). In 2012 

4.7% of the world's electricity generated by renewables but only 15 countries had over 10% 

of their electricity generated from renewables [2].

In the United Kingdom 10.8% of the electricity generated was from renewable sources in 

2012 and wind farms are currently the dominant contributor with only 3% of the renewable 

electricity coming from photovoltaics [3]. Photovoltaics are an extremely promising source 

of renewable energy that could easily be integrated into existing or new buildings so that 

electricity could be generated without using extra space or adding a significant cost.

Although there is less sunlight on average in the UK than countries to the south the potential 

electricity available to be generated from sunlight could meet the entire UK's demands. 

Certain solar cell technologies perform well or even better in diffuse sunlight than direct 

sunlight and even under indoor lighting conditions such as dye-sensitised solar cells.

1.1.2 Solar cell requirements

The photovoltaic effect is the direct conversion of light into electricity. In a solar cell a 

photon is absorbed to generate charge; this charge then requires separation and collection. 

Desirable criteria for an ideal solar cell material, both in terms of the material properties and 

commercialising into modules, are:

1. Band gap between 1.1 and 1 .7  eV

A band gap is the forbidden space between the energy levels of the conduction band and 

the valence band in a semiconductor. Materials with a band gap between 1.1 and 1.7 eV 

relate to the energy of visible light photons which is where the majority of electromagnetic
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radiation is em itted by sunlight (figure 1.1). For tandem solar cells (where more than one 

absorbing layer is used) often different band gaps o f materials are used so that a wide range 

of photons can be collected (some that absorb nearer the ultraviolet, some in the infrared 

etc). The sensitizers used in dye-sensitised solar cells are discrete molecules so the energy 

levels between the highest unoccupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) is what determines their absorption range.

UV Visible! Infrared

Upper atmosphere 

Sea level

Wavelength at which photon 
energy = 1.1 eV (Si band gap)

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1.1: Distribution o f the solar spectrum on Earth at the upper atmosphere and sea 

level w ith the absorption range of crystalline silicon shown in green (reproduced from [4])

2. Direct bond structure

For inorganic semiconductors it is more desirable fo r the material to have a direct band gap 

(the top o f the valence band aligns to the bottom of the conduction band gap), e.g. CdTe, 

than an indirect band gap, e.g. crystalline silicon. A direct band gap material has a higher 

light absorption coefficient which allows a thinner layer o f material, saving, cost, and making 

processing easier.

3. Readily available, abundant, non-toxic materials

Ideally the solar cell should be made o f abundant and easily available materials, so that the 

material source is secure for the future. Not only would non-toxicity be beneficial fo r the 

processing but it would enable the technology to be commercialised faster (easing the 

requirements of long term environmental impact testing and recycling after use).

4. Easy, reproducible deposition technique suitable fo r  large area production 

Ideally the material should be compatible w ith simpler deposition techniques w ith no 

requirements for vacuum and low temperatures to reduce the energy needed to make the 

device and thus improve the energy payback and lower the cost. It also needs to be suitable 

for large area production and fast processing is desirable.



5. Long term stability

Long term stability is critical especially for building integrated solar cells where they are not 

easily replaceable; silicon solar cells normally have a minimum lifetime guarantee of 25 

years. Solar modules need to withstand extreme tem perature cycling, exposure to moisture 

(usually encapsulated), and long term light exposure where the absorber or certain materials 

in the structure may be susceptible to certain types of light (e.g. ultraviolet).

6. Good photovoltaic conversion efficiency

A good energy conversion efficiency is necessary to validate the total cost of the module 

(materials, manufacturing and installation) and generate a certain amount of electricity.

1.1.3 Semiconductors and solar cell operation

In an inorganic solid material where the atoms are in close proximity to each other the 

electrons from surrounding atoms may influence each other and split into series of 

electronic states known as electronic energy bands. The space between these energy levels 

is called a band gap or forbidden band, where normally energies within this gap are not 

available for electron occupancy. The bands of greatest importance in terms of electronic 

and optoelectronic properties are those nearest the Fermi level (this is the top of electron 

energy levels at absolute zero, OK). The closest band above the Fermi level is called the 

conduction band and the closest band below it is called the valence band. In a metal there is 

no band gap; the conduction band and valence band overlap so its electrons are dissociated 

from their parent atoms resulting in high electrical and thermal conductivity. In an insulator 

and a semiconductor the valence band is filled with electrons but the conduction band is 

unoccupied. The band gap, Eg, between the valence and conduction band is wide for an 

insulator and narrow for a semiconductor, typically below 2 eV in the latter. For an electron 

to become free in an insulator or semiconductor it needs to be promoted across the band 

gap into an empty state at the bottom of the conduction band, the energy required to excite 

an electron is equal to Eg. This energy could be supplied by electricity, heat or light.

For use in electronic devices the semiconductor is doped to improve conductivity of charge 

carriers which shifts the bands as shown in figure 1.2. An intrinsic semiconductor is one with 

no doping where the Fermi level, Ef, lies in the middle of the band gap. For an n-type 

semiconductor an impurity atom is introduced which donates an electron to the conduction 

band shifting the Ef upwards in the band gap to within vicinity of the donor state. The 

majority charge carriers in these semiconductors are electrons and the minority carriers are

3



holes. For a p-type semiconductor the im purity atom introduced devoids one of the covalent 

bonds of an electron, this deficiency is seen as a hole weakly bonded to the impurity atom. 

The carriers created in this case are holes; the Ef is shifted downwards towards the acceptor 

state near the valence band which accepts electrons. Traditional inorganic solar cells, such as 

crystalline silicon, are typically based on a p-n junction (figure 1.3).

a

C onduction band C onduction band C onduction band

Ff: ' • .........-
D onor sta te Acceptor state

Valence band Valence band Valence band

Intrinsic (i) n -type p-type

Figure 1.2: Band energy diagram of an intrinsic (i), n-type and p-type semiconductor

Photons

Front contact

n-type
Drift

Drift
Depletion regionLoad

r  p-type

Back contact

Figure 1.3: Diagram of the operation of a generic p-n junction solar cell such as crystalline

silicon

In a p-n junction solar cell there is an n-doped layer and a p-doped layer and in between 

these is a junction where some of the electrons from the n-type have diffused into the p- 

type (depletion region). When a photon is absorbed a free electron and hole are created; the 

electrons d rift to the front contact and the external circuit, the holes flow  to the back 

contact to recombine w ith electrons that have been through the circuit. Only photons w ith 

sufficient energy to create an electron-hole pair (energy greater than the band gap) will
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contribute to the energy conversion process, photons of energy less than the band gap pass 

through the material and release energy as heat. Solar cells w ith an organic component such 

as dye-sensitised solar cells (DSCs) and organic solar cells operate in a different way (see 

section 1.2.1) producing excitons (tightly bound electron-hole pairs) rather than free 

electron-hole pairs.

1.1.4 Solar cell technologies

Solar cell technologies (see figure 1.4) can be categorised as first generation (e.g. crystalline 

silicon), second generation thin films (e.g. cadmium telluride, copper indium gallium selenide 

(CIGS), and amorphous silicon), and emerging photovoltaics (organic, dye-sensitised and 

perovskite solar cells).

(a)
double layer 
antireflection 
coating

finger •inverted" pyramids

■ P +

thin oxide 
p-silicon ( 2(X)A)

■P mam
rear contact oxide

(b)
Glass

TCO (e.g. FTO)

CdS (n-type)

CdTe (p-type)

Metal contact (e.g. Au)

(c) ZnO:AI
__________________________

CdS (n-type)

Cu(ln,Ga)Se2 (p-type)

____________________ Mo_________

Substrate
(Glass, metal or plastic)

Figure 1.4: Different solar cells; (a) crystalline silicon [5], (b) CdTe, (c) CIGS, and (d) a polymer 

bulk heterojunction organic solar cell

Crystalline silicon solar cells (figure 1.4.a) have been extensively researched since 1954 [6] 

and currently account for over 80% of all solar module shipments [7]. Crystalline silicon has a 

band gap o f 1.1 eV which is well suited for solar energy conversion but it is an indirect 

semiconductor (emission of a phonon is required to absorb a photon which costs additional 

energy) so it requires a thick layer o f high purity material for sufficient light absorption. The 

main breakthroughs for silicon solar cells have been in device structure (to improve light

PEDOT:PSS (hole collector)
Donor
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harvesting), wafer slicing techniques to minimise waste, and the employment of screen 

printing silver contacts.

Cadmium telluride (figure 1.4.b) has a band gap of 1.44 eV and is based on a heterojunction 

of p-type CdTe and n-type CdS. Research into CdTe solar cells began in the 1950s and recent 

progress resulting in over 20% efficiency in 2014. CdTe modules are very well developed 

with the main manufacturer being First Solar; they have a record module efficiency of 17% 

[8], a commercial module manufacturing time of 2.5 hours [9] and were the second biggest 

solar module manufacture in 2010 (the only manufacturer in the top ten not producing 

crystalline silicon) [10]. Issues for CdTe include the supply of Te which is mainly obtained 

from anode sludge waste during electrorefining of copper [11], the toxicity of cadmium, 

which has led to extensive studies of CdTe modules for the toxicity of Cd [12], and lower 

efficiencies on metallic substrates (13.6% on flexible metal foil [13]).

Copper indium gallium selenide (CIGS) solar cells (figure 1.4.c) have an absorber layer of the 

semiconductor compound CulnxGa(i.x)Se and CdS as the n-type layer. They have a similar cell 

efficiency to CdTe but high efficiencies are achievable on flexible substrates such as plastic 

[14]. Module efficiencies are currently lower than CdTe modules. The main issues for CIGS 

are the complexity and cost of manufacture and the low throughput with most research now 

focused on reducing the cost of manufacture and investigating alternative element systems.

Organic solar cells (figure 1.4.d) are based on small molecules or semiconducting polymer 

acceptor materials with small molecule donors. They are molecular absorbers so charge 

transport has to proceed by hopping between localised states which results in a lower 

charge carrier mobility than inorganic semiconductors and they produce excitons so efficient 

charge separation is necessary. The main developments of organic solar cells have been 

through the device architectures such as bulk heterojunctions [15] and the materials. 

Polymer based cells are now over 8% [16] and the record efficiency organic device is an 

oligomer based tandem [17].

Figure 1.5 shows the NREL research efficiency chart [18] which gives an indication of the 

performance progress of different types of solar cells over the last 40 years. The solar cell of 

interest in this work is the dye-sensitised solar cell which is extremely attractive for low cost 

and easily processed modules.
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Figure 1.5: NREL certified best research solar cell efficiencies as of May 2014 [18]

7



1.2 Dye-sensitised solar cells

A dye-sensitised solar cell (DSC) operates differently to the previously discussed inorganic 

solar cells. A DSC is an excitonic solar cell so upon light absorption rather than a free 

electron-hole pair being produced an exciton is generated which is a tightly bound electron- 

hole pair so the charge requires separation. A DSC also differs from traditional solar cells in 

that the electron charge carrier does not absorb visible light photons, the semiconductor is 

instead sensitised to extend this. The operation of a DSC will be discussed in detail shortly.

One of the earliest examples of photosensitisation was in 1887 when Moser used sensitised 

silver halides with an erythrosine dye to absorb in the visible range [19]. This later led to 

colour photography. The studies that laid the foundations for understanding the 

mechanisms of dye-sensitisation of semiconductors were from the late 1960s on electrodes 

such as ZnO and Sn02 [20][21]. This gave way to the understandings such as only the dye 

molecules in direct vicinity to the electrode contributed to the photocurrent. In 1977 a flat 

single crystal of rutile T i0 2 was sensitised using Ru(bpy)32+ in aqueous electrolyte solution 

[22] which shifted the focus to research on titanium dioxide as the semiconductor.

As well as single crystal electrodes there have been studies on the light induced electron 

transfer of colloids and particulates in aqueous media. Using particles of nanometres in size 

seemed counterintuitive because traps and defects in single crystal systems are detrimental 

to charge carrier transport. However because the particles are of similar dimension to the 

diffusion length of the charge carriers recombination of the charge carriers back into the 

semiconductor is extremely unlikely. The mechanisms of interfacial electron transfer of 

colloidal semiconductors in aqueous suspension with redox reagents present was published 

in many papers including work by Gratzel and co-workers [23].

Gratzel et al. used fractal polycrystalline T i0 2 in 1985 sensitised with RuL32+ with a roughness 

factor of 100 [24] which provoked many follow up studies. Dye-sensitisation of colloidal 

particles in aqueous suspension was demonstrated here two years later [25]. In 1990 

O'Regan et al. applied 8 nm colloidal particles of anatase T i0 2 onto FTO glass resulting in a 

film of 2.7 pm with a roughness factor of 50 [26]. A year later the first high efficiency dye- 

sensitised solar cell, 7.1%, was reported by Gratzel and O'Regan with a high surface area 10 

pm thick T i0 2 film comprised of 15 nm particles and cementing the standard design of a DSC 

device [27]. Later developments will be discussed in the relevant sections.
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1.2.1 Cell operation

Figure 1.6 shows the structure o f a standard dye-sensitised solar cell w ith typical materials 

which will be assumed for the explanation of cell operation, such as T i02 the most common 

and efficient semiconductor for a DSC.

Photons

Working electrode FTO glass
Dye monolayer

Load

Electrolyte

Platinum
Counter electrode FTO glass

Figure 1.6: Diagram of a standard DSC device showing some o f the simplified operation steps

When light enters a dye-sensitised solar cell a series of reactions take place. Firstly to be 

considered will be the processes at the working electrode. A photon is absorbed by the dye 

a.k.a the sensitizer (S) which promotes it from the ground state to an excited state (S*). This 

may also be considered as electrons moving from the highest occupied molecular orbital 

(HOMO) of the dye to  the lowest unoccupied molecular orbital (LUMO) by a process known 

as metal to ligand charge transfer (MLCT).

S + hv -> S* (photoexcitation) (1.1)

The molecule in the excited state can either decay back to ground state or undergo oxidative

quenching. The latter is energetically favourable so an electron from the LUMO is injected 

into the conduction band of adjacent T i02 which oxidises the dye (S+).

S* S+ + e-cb (Ti02 charge injection) (1.2)

The injected electrons diffuse through the mesoporous T i02 film  to reach the back-collector 

contact (FTO) where they are passed through the external circuit. Meanwhile the oxidised 

dye is reduced rapidly to  ground state by the iodide of the electrolyte.

2S+ + 31' -> 2S + l3' (regeneration of S) (1.3)

The electrons that reached the counter electrode through the external circuit reduce 

oxidised triiodide so that the sequence of electron transfer between the dye and redox 

mediator is cyclic.

9



I3‘ + 2e' -> Bf (regeneration of I ) (1.4)

Overall these reactions directly convert sunlight to DC electricity; the efficiency at which this 

occurs is called the sunlight-to-electric power conversion efficiency which will be known as 

efficiency, P/ for short. For a DSC this depends on the efficiency of light absorption by the 

dye, nabs/ efficiency of charge injection into the T i0 2, ninj, and the efficiency of charge 

collection in the mesoporous T i0 2 layer, Pcoii-

n =  la b s  X  riinj X  ricoii (1.5)

As well as the constructive processes driving photogeneration, collection and regeneration 

there are counteracting processes to compete with which include:

Recombination of an electron from the T i0 2 layer with the oxidised dye (S+) to reduce it in 

absence of the redox mediator returning the dye to ground state:

S+ + e (Ti02) S (1.6)

Reduction of oxidised species in the electrolyte, l3' and l2, by an electron from the 

conduction band of the T i02 (intercepting it on the way to the back-collector) to the reduced 

species I'. This is known as dark current and significantly reduces the maximum cell voltage 

obtainable. Dye is adsorbed onto most of the porous T i0 2 surface but any uncoated area is a

site for dark currents to be produced and in reality this always occurs. These also occur

where the FTO layer is exposed, due to the porous nature of the T i0 2 and the roughness of 

FTO grains (for the most common FTO deposition method) there is not a continuous layer 

coating the FTO.

2e' + l3' -> 31' (1.7)

A schematic diagram of the energy levels, electron transfer processes and the rates at which 

these reactions occur (for a typical Ru based dye and I-/I3 - electrolyte[28]) is shown in figure 

1.7. Electron injection into the conduction band of T i02 (1.2) competes with recombination 

(1.6) and dark current (1.7) competes with electron transfer through the T i0 2. Electron 

injection is ultrafast, much faster than the recombination between electrons in the 

conduction band of the T i02 and the dye cations [29] so charge separation is effective. In the 

case of N3 dye (a similar dye system to N719 used in this work) the distance required for 

charge injection (between the bipyridyl ligand and the T i0 2) is shorter than that required for 

recombination of the electron (between the T i02 and the Ru(lll) metal). Therefore 

recombination has a slower electron transfer rate and is less efficient than injection. 

Additionally reduction of the dye by the iodide (1.3) is a slightly faster reaction than
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recombination [29]. The transport o f photoinjected electrons through the nanocrystalline 

T i02 is relatively slow; T i02 is not very conductive although its conductivity is greatly 

enhanced by the electron injection and increasing light intensity [30]. The mechanism for 

charge transport through the T i02 has been proposed to be diffusion [30], electron 

tunnelling [30], trapping/detrapping [31], or insulator-metal (M ott) transition [32]. If the 

dark current reaction was dominant the DSC would not work so the rate of reaction must be 

slower than that o f charge transfer and has been estimated to be around 0.1 - several 

seconds [33].

Energy 
vs. 

vacuum 
(eV)

Electron injection (1.2)

Electron transfer (S+/S

CB

-4 -
Regeneration 
of dye (1.3)AV

Recombination
( 1.6 )

106 s'1

(I/I

Electrolyte

Other recombination routes

e (T iO , o r FTO)

VB
Dark current (1.7)

TiO:

Figure 1.7: Schematic diagram o f the energy levels and electron transfer processes in a DSC 

w ith typical rates for an Ru based dye and l / l 3 electrolyte obtained from [28]

1.2.2 Substrate

1.2.2.1 Conductive glass

The most common substrate for a DSC is fluorine-doped tin oxide (FTO) coated glass. This is 

the substrate that the highest efficiencies have been achieved on [34]. Although FTO glass is 

rigid and heavy which doesn't make use of a DSC's potential for flexible substrates it boasts 

quite a few advantages. The first requirement for a substrate is that it can withstand the 

high processing temperatures required to manufacture a DSC. The sintering of the T i02 film
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requires a temperature of 450-500°C [27][35] and FTO glass remains stable at and above this 

temperature [36]. FTO glass is easy to fabricate on compared to other substrates due to its 

superior robustness and chemical and thermal stability. It has good transparency in the 

visible region allowing for illum ination directly into the dyed T i02 film  w ithout absorbing too 

many photons, and allows for use as a w indow if desired in conjunction w ith a range of 

d ifferent colours offered by the dyes [37] (such as that on the SwissTech Convention Centre 

of EPFL's campus in Switzerland [38], figure 1.8). Tin-doped indium oxide (ITO) glass has also 

been used for DSCs but it suffers significant resistivity rise at temperatures above 300°C due 

to oxygen diffusion into its vacancies reducing the carrier concentration and mobility [39]. 

This results in low efficiencies for sintered T i02 working electrodes although there is slight 

discrepancy in the literature to the extent o f the impediment [40][41], This issue will be 

addressed in Chapter 6 of this work. FTO and ITO coated glasses will be discussed further in 

section 1.3. While the traditional atmospheric pressure chemical vapour deposited (APCVD) 

FTO coated float glass is rigid ultra slim flexible glass has been developed by Corning W illow 

which may facilitate roll-to-roll production and has been demonstrated for use in electronic 

displays [42].

Figure 1.8: Solar fagade on the SwissTech Convention Centre, EPFL, Switzerland 

1.2.2.2 M eta l

One o f the advantages of using a thin film  semiconductor for a solar cell is that flexible 

substrates can be feasible. For DSCs metal substrates offer a few benefits over glass. They 

can be flexible which allows greater freedom for ro ll-to-ro ll production as well as the use of
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thinner substrates consequently weighing less. They are conductors so won't have as many 

resistive losses over large areas. They can be less expensive, stainless steel for example is 

cheaper than FTO glass [43]. As with glass they can withstand the temperatures required for 

sintering. However the choice of metal substrates is slightly restricted in terms of their 

compatibility with the iodide/triiodide electrolyte. For example zinc coated carbon, which is 

a common roofing material and would be ideal for building integrated photovoltaics, cannot 

be used for this reason. The corrosion of electrolytes on metallic substrates for the purpose 

of DSCs has been reviewed here [44]. Titanium and stainless steel the most stable metals for 

a DSC [45].

DSCs using a metallic working electrode have not reached as high efficiencies as FTO glass 

but 7.2% has been reached using titanium [35] and 8.6% using stainless steel [46]. The 

opacity of the metallic substrate means the DSC has to be illuminated through the counter 

electrode, reverse illumination rather than forward illumination. This direction of 

illumination is a significant impairment to the efficiency. The main reason is a change in the 

photons that contribute to photocurrent. Generation of current is most efficient closest to 

the back-collector contact [47]. Under forward illumination the photons of wavelengths 

most preferential to the dye, those closest the maximum absorption range, are absorbed 

first. For N719 this is 522-530 nm (green). These are absorbed by the dye closest to the back 

contact because they are exposed to this first and have a relatively short distance to travel 

which decreases the chance of recombination. The longer wavelengths such as red have to 

travel further through the film to be absorbed so the injected electron takes longer to reach 

the back contact, increasing the rate of recombination and lowering the incident photon-to- 

current conversion efficiency (IPCE). The same is true in reverse that the photons of 

wavelength closest to the maximum are absorbed first but in this case these injected 

electrons are now furthest away from the back contact. The red photons are absorbed 

nearest the back contact so in reverse illumination the IPCE is lower for most wavelengths 

but higher for red [48]. Additional increases in the rate of recombination is from photons 

lost on the way to the dye molecules absorbed by the electrolyte (iodide absorbs highly 

around 400-600 nm) and the platinum [46] [49]. As a result of both of these factors current 

density [49] and subsequently efficiency is lower for metal working electrodes [46].

Using metal as a counter electrode would allow for forward illumination into the cell. 

Titanium was used as counter electrode for an impressively large 151 cm2 active area cell
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with an efficiency of 7.4% performing better than an equivalent FTO glass counter electrode 

[50]. The lower sheet resistance of the titanium allowed for less resistive losses across the 

large area. However in this case the platinum was sputtered and they used silver grids to 

enhance electron collection. Sputtering requires a vacuum so would not be suitable for roll- 

to-roll production of metal flexible substrates. Thermal decomposition of platinum was 

performed by Ma et al. on stainless steel via heating of chloroplatinic acid for 15 min at 

385°C [51]. A slightly lower efficiency was obtained than for the equivalent sputtered DSC 

due to a lower fill factor of 46%, they cite this reduction to be due to a poorer adhesion of 

the Pt to the substrate. Toivola et al. thermally platinised stainless steel and carbon steel 

using a solution of PtCI4 and heating at 385°C for 10-15 min [45]. Again they noticed a drop 

in fill factor and so efficiency and they postulate that the chemical composition and crystal 

structure of FTO may be more favourable for platinum physi- and/or chemisorptions. They 

noticed during sealing of the cells that platinum flakes stuck to the Surlyn if it was pulled off 

whereas platinum could not be removed from the FTO glass surface, agreeing with Ma et al. 

that adhesion was poorer on metallic substrates. This may be due to an oxide layer that has 

formed on the stainless steel and will be the subject of investigation in Chapter 7 of this 

work.

1.2.2.3 Plastic

Like metal, plastic presents an option as a flexible substrate for DSCs. This enables the 

feasibility of roll-to-roll production. Unlike metal they are transparent so are not restricted 

to reverse configuration illumination. They are extremely lightweight, lighter than metal or 

glass and inexpensive [52]. However they have a major drawback, their melting 

tem perature. The two most common plastic substrates for DSCs are ITO PET (polyethylene 

terephthalate) and ITO PEN (polyethylene naphthalate). The maximum temperature these 

plastics can withstand is about 150°C. ITO is the transparent conducting oxide in this case 

because FTO requires high temperature to deposit. The advantage of ITO is that it is slightly 

more transparent and has a higher conductivity than FTO [53] and is also smoother as it 

would be sputtered for this purpose. However ITO coated plastic has a higher sheet 

resistance than ITO glass due to the restriction of preparation conditions, annealing ITO 

during deposition achieves a better film, and the plastic may be permeable to humidity over 

extended outdoor exposure. Coupled with the expensive cost of ITO offsetting the savings 

slightly [54] a popular area of research is ITO free plastic substrates.
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For plastic working and counter electrode low temperature methods of T i02 deposition and 

platinisation need to be utilised. Low temperature heating methods for the working 

electrode include simply heating in an oven at 150°C to drive off the solvent with a binder 

free paste [55], spray deposition [52], using hydrothermal crystallisation from TiCI4, TiOS04, 

or Ti-tetraisopropoxide mixed with T i02 [56], chemical vapour deposition of Ti alkoxides [57], 

and turning these to T i0 2 with microwaves [58] or UV light irradiance [57]. Localised heating 

was used to heat T i02 without damaging the plastic substrate by electron bombardment [59] 

and laser sintering [60]. It would be intriguing to see if near infrared radiation (see section 

1.4) could also achieve this, as investigated in Chapter 7 of this work. The highest performing 

working electrodes on ITO PEN were obtained using a highly optimised pressed T i02 

technique by Yamaguchi et al. who achieved 7.4% on plastic [61] with an equivalent FTO 

glass cell of 10.2% [62], narrowing the gap between plastic and glass. Most of the methods 

here yielded efficiencies of over 6% so viable alternatives to sintering are indeed possible.

Plastic counter electrodes for DSCs have been prepared with chemical platinisation [49] 

(poor crystallinity in the case of [63]), Pt-enriched Sb:Sn02 suspension [64], and sputtering 

[65], with the latter yielding the highest results. Alternative catalysts such as carbon based 

ones are often employed for plastic counter electrodes; these are discussed in section 1.2.6.

1.2.3 Metal oxide layer

Wide band gap semiconductors are used as the electron acceptor and charge transport layer 

in DSCs. They require high transport mobility, preparation into a large surface area, and the 

ability to accept an electron from the sensitizer. The oxide film does not require doping 

because the injection of an electron from the sensitizer into the nanoparticle turns it from  

an insulating to a conducting state [30][66]. The presence of an electron already in the 

conduction band is undesirable for a DSC because it may quench the excited state sensitizer 

so wide band gap insulating semiconductors are used. Additionally they need to be 

extremely stable, especially in the presence of corrosive l'/l3' electrolyte, and ideally 

abundant, low cost and non-toxic.

Sn02 has a band gap of 3.8 eV but does not perform well in DSCs [67] due to problems of 

poor electron transport across the film and recombination being more favourable [68]. The 

highest efficiency for Sn02 alone has been 2.8% sensitised with the indoline based dye D149 

[69], it can be coupled with other semiconductors to improve its electron injection and open
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circuit voltage such as T i02 [70] and ZnO coated Sn02 [71]. Zinc oxide has a similar band gap 

and band edge position to T i02 and a higher electron mobility [72]. Unfortunately it is 

amphoteric and less chemically stable than T i02 [73]; Ru based dyes can dissolve ZnO and 

generate Zn2+/dye aggregates [74]. 6.6% efficiency has been achieved w ith a mesoporous 

ZnO film  [75]. The vast majority o f research efforts are focused on titanium  dioxide as it is 

very well suited to DSCs.

1.2.3.1 Titanium dioxide

There are three naturally occurring polymorphs of titanium  dioxide; rutile, anatase and 

brookite. Rutile and anatase are the most common, they are both based on the tetragonal 

crystal structure but have slightly different packing which influences their electronic 

properties, altering their band gaps o f 3 eV and 3.2 eV respectively [76]. Titanium dioxide is 

naturally slightly oxygen deficient, T i02„x (x = 0.01), which causes it to be self doped n-type 

but as mentioned previously it is relatively insulating until electron injection [30].

Single crystal rutile T i02 was used in earlier investigations during the development of a dye- 

sensitised solar cell [22] but as surface area was discovered to be crucial to the performance 

of a DSC fractal films of T i02 on titanium  were used in 1985 [24] and then colloidal 

mesoporous films from 1990 onwards [26][27]. TiCI4 treated films were demonstrated in 

1993 increasing surface area and consequently efficiency even further by introducing 

smaller nanoparticles w ithin the existing mesoporous film  [77] (figure 1.9).

Figure 1.9: SEM images outlining tw o of the developments of the film  structure for a DSC; (a) 

fractal T i02 [66], (b) mesoporous T i02, TiCI4 treated [77]

There is an extremely large difference in surface area between fractal T i02 and the 

mesoporous nanoparticles of anatase, enabling the mesoporous film  to adsorb a much
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larger number of dye molecules than the latter. Rutile is usually the more 

thermodynamically stable phase of T i0 2 [78] but this is not the case for small crystals around 

10-20 nm in size where anatase is the most stable [79], Therefore the nanoparticles of T i0 2 

synthesised for mesoporous films are more likely to be anatase.

For the working electrode of a DSC the T i02 can be synthesised directly onto the substrate 

such as by pyrolysis of titanium alkoxides onto titanium metal [80], anodic or thermal 

oxidation of Ti, sputtering, or aerosol pyrolysis [81]. However the most common method to 

create the mesoporous T i0 2 layer is to combine nanoparticles of T i0 2 (usually 15-20 nm) into 

a paste or slurry which is then deposited onto the substrate via doctor blading or screen 

printing and fired at around 450°C-500°C to remove the paste components and sinter the 

T i0 2 particles to achieve interconnectivity [27]. One of the main challenges for creating a 

mesoporous T i0 2 layer is preventing the particles from aggregating together so that 

sufficient porosity can be achieved. This is usually obtained by either electrostatic 

stabilisation, steric stabilisation, or both [82]. The nanoparticles aggregate together because 

of the phenomena Brownian motion; colloidal particles suspended in a fluid are in constant 

motion and may randomly collide with other particles in the surrounding medium. When 

they collide Van der Waal forces act and stick them together causing them to aggregate. 

These aggregations are undesirable because it effectively increases the particle size 

therefore decreasing the surface area.

Electrostatic stabilisation involves applying an identical charge to the particles so that as the 

particles approach each other they repel each other at a distance before Van der Waal 

forces can act. Charge can be applied by adding a low pH acid (e.g. H N 03) or a high pH base 

(e.g. NH4OH) to the paste (figure 1.10). At low pH concentrations the H+ protons present 

result in an OH2+ charge on the titanium atoms, at high pH a proton from the T i0 2 is lost 

resulting in an O' charge. Electrostatic stabilisation also causes an electroviscous effect which 

limits the particle concentration so only a limited amount of acid or base can be added 

without rendering the paste too viscous to use. The first sol-gel method mesoporous T i02 by 

Gratzel's group used this electrostatic stabilisation [27].
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Figure 1.10: Electrostatic stabilisation of T i02 particles charged negatively using a base (left) 

and positively using an acid (right)

The steric stabilisation method involves adding a water soluble polymer to the paste. If a 

T i02 particle carries a layer of polymer as it approaches another particle to potentially collide 

the polymer chains prevent this because it is unfavourable for the concentration of polymer 

to  be higher (figure 1.11). This has advantages over electrostatic stabilisation in that it is 

insensitive to ionic solutions. However the polymer needs to be burnt o ff so it is unsuitable 

fo r low temperature processing of DSCs but if temperature is not an issue it can create a 

very porous film  either as the only form of stabilisation or combined w ith electrostatic 

stabilisation.

Polymer chains

Figure 1.11: Steric stabilisation preventing two T i02 particles from colliding

Conventionally the T i02 paste is heated in an oven fo r 30 min at 450°C-500°C. The 

conversion o f anatase to  rutile occurs at around 610-1000°C depending on crystal size [83] 

and impurities [84]. This is an undesirable tem perature for the sintering of T i02 not only 

because crystals o f rutile are larger but also because there w ill be more energy fo r Ostwald 

ripening which will reduce the pore size and reduce the surface area further. So although 

sintering would occur faster at a higher tem perature it would also encourage uncontrolled 

growth of the nanoparticles therefore a long heating time is used. Alternative heating 

processes have been applied to T i02 films and will be discussed in section 1.4 as well as 

being the subject o f Chapter 5 o f this work. As thickness increases there is more T i02 surface 

area for dye adsorption and so photocurrent increases. However recombination also 

increases because there is further for the electrons to  travel and more grain boundaries to 

transgress. At least 10-15 pm is an optimal thickness for the mesoporous T i02.



1.2.4 Sensitizer

The sensitizer for a DSC has three main roles; absorbing photons to promote itself to an 

excited state, anchoring itself to the T i02 particle, and injecting an electron into the 

conduction band o f the T i02 particle. Therefore it requires the following:

• Good light absorption in the visible and near IR region for light harvesting (as the 

solar spectrum emits well in both these regions)

• Good solubility in organic solvents (for facile deposition from stock solutions in a few 

hours or less)

• The presence o f suitable peripheral anchoring ligands such as -COOH (to provide the 

effective interactions of the dye w ith oxide surface, thus coupling of donor and 

acceptor levels)

•  Suitable disposition of the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the dye molecule (to perm it quantitative 

injection charges from the electronically excited state)

• Good thermal stability and good chemical stability (to retain the chemical identify 

over repetitive oxide-reduction cycles)

Metal complex sensitizers based on ruthenium have been extensively studied throughout 

the development o f DSCs and remain one of the most efficient in terms of photovoltaic yield 

and stability. The first dye to achieve over 10% was Ru(2,2'-bipyridyl-4,4'-dicarboxylic 

acid)2(NCS)2, known red dye (N3) [77], w ith the similar black dye (N749) [85] and N719 

[86][87] (the dye used for the work in this thesis) succeeding this (shown in figure 1.12).

C O O H C O O T B A

C O O HC O O HH O O C H O O C

C O O H C O O T B A

- C O O T B AT B A O O C

T B A  =  le t r a b u t y la m m o n iu m  c a t io n

C O O H

N 3  d y e

Figure 1.12: Structures o f N3 (red dye), N749 (black dye), and N719 [88]
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They have a broad absorption spectrum in the visible range peaking at around 530 nm, 

suitable excited and ground state energy levels fo r electron transfer w ith T i02 and iodide, 

relatively long excited-state lifetime (so that injection into the T i02 occurs faster than 

decaying to ground state), and good electrochemical stability. Until recently the record for 

most efficient DSC was one sensitized w ith a Ru based sensitizer and l / l 3' redox couple [89], 

now succeeded by a zinc porphyrin dye and Co(ll/lll)tris(bipyridyl) redox electrolyte [90].

Generally dyeing the T i02 film  can take up to 24 hours particularly for N719 and related 

ruthenium based dyes (which take longer than organic dyes due to their larger molecules). 

For the conventional method of dyeing used in this work, which is immersion in a 0.3 mM 

N719 solution either in ethanol or 1:1 acetonitrile /tert-butanol in the dark at room 

temperature, the first stage o f dyeing is an initial rapid dyeing where dye uptake is about 

90% complete and takes 1.7 hours, stage 2 is when the film  is saturated w ith dye (uptake 

>99.5%) and occurs at around 16 hours [91]. This is unfeasible for the commercialisation of 

DSCs because it is extremely time consuming and restricts production output. Dyeing time 

can be reduced by an increase in temperature [92], pressure [93][94], and concentration 

[91][92]. Dyeing in 30 min and 10 min can be achieved using pressurised C02 treatm ent [93] 

and dipping in a concentrated solution [92] respectively but this can be reduced further to 

under 5 min using a pumping technique developed by Holliman and co-workers [95] (figure 

1.13).

Dye solution or 
electrolyte ingress

Eleclroconduciing substrate 
(metal, glass or polymer)

Outflow for excess dye 
solution or electrolyte

/ V

Metal contact

Electroconducting substrate 
(metal, glass or polymer)

Seal

Holethrongh electrode 

F-doped

I T  tin oxide

Electrolyte

Dyed metal oxide pbotaelectrode

Figure 1.13: Diagram of the pump dyeing technique cell, the dye is pumped through one of 

the holes as shown using a pump or syringe [95]

A working and counter electrode (w ith tw o holes rather than one) are sealed together as 

standard for a DSC device except the T i02 is left undyed. Then a dye solution is pumped 

through one of the holes at an extremely high pressure that keeps the T i02 surface exposed
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to fresh dye solution, this is usually performed at around 60°C to aid the adsorption further. 

This technique will be utilised in Chapter 8 of this work. Another benefit of this technique 

aside from time saving is the ease of co-sensitisation (using more than one dye). Co

sensitisation has traditionally been difficult to achieve as the uptake of different dyes needs 

to be controlled, selectively dyed, to achieve the desired absorption spectra. This has 

previously been achieved with slow dyeing, supercritical C02 and multi-phase 

photoelectrodes. However the pump dyeing technique can combine fast dyeing with co

sensitisation easily with two [96] or even three different dyes [97], which increases the 

efficiency by increasing the absorption spectra.

1.2.5 Electrolyte

Between the working electrode and the counter electrode is a redox couple. The function of 

the redox couple is to reduce the dye cation after it has injected an electron into the T i02 

(dye regeneration, equation 1.3) and to then retrieve an electron from the counter electrode 

so that the cycle can continue (equation 1.4). It is usually contained in a liquid electrolyte 

and aside from the properties of the redox couple it should also be:

•  Chemically stable

•  Low viscosity (to penetrate the mesoporous film and reach the dye molecules)

•  Contained in a suitable solvent that doesn't cause dissolution of the adsorbed dye 

and is compatible with the sealing material

•  As transparent as possible (particularly for reverse illumination)

The V/W redox couple has been heavily used during the development of DSCs and was used 

in the first high efficiency DSC [27]. It has been used in all record efficiency cells until 

recently when Co(ll/lll)tris(bipyridyl) redox couple was used in conjunction with zinc porphyrin 

dyes [90]. Although \ ' / \{  is an efficient redox couple but has a few  drawbacks. The maximum 

voltage of a DSC with a standard Ru-based sensitizer and r / l3‘ electrolyte is 0.7-0.8 V due to 

internal losses caused by T i02 and triiodide recombination (equation 1.7) [98], which has 

been one of the main factors that was stunting the growth of DSC efficiency in the last 15 

years. Also as previously mentioned it is corrosive to most metallic substrates [44] and if a 

cell is reverse illuminated it will absorb some photons reducing the light entering the cell. A 

problem with all liquid electrolytes is encapsulation. Over time solvent usually escapes the 

sealant so electrolyte is lost and the efficiency slowly declines. This is the biggest lifetime 

issue for DSCs. It is also problematic to upscale a solar cell containing liquid, especially on
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flexible substrates. Therefore replacing liquid electrolyte has been a key goal for DSCs. 

Organic solvents can be gelated, polymerised or dispersed with polymers to transform to 

quasi-solid state electrolytes [99] but the charge transport resistance is higher due to their 

viscosity and they remain at about 5% efficiency. This has been the main motivation for the 

development of solid state DSCs using hole transport materials as discussed in section 1.2.7.

1.2.6 Catalyst

The counter electrode of a DSC requires a catalyst so that the redox reaction of the 

electrolyte (triiodide reduction or equivalent, equation 1.4) can occur at a high rate to keep 

the reduced iodide available for dye oxidation [100]. The catalyst requires good adhesion, 

affinity for catalysing the redox couple and chemical stability. Possible catalysts include 

platinum, carbon, conducting polymers, and cobalt sulphide. Cost is a major drawback of 

platinum so if a low cost alternative reached the same efficiency and stability it would be 

highly desirable. Carbon has potential as a low cost and low temperature catalyst with many 

forms investigated such as graphene [101], carbon black [102], and a multiwall of carbon 

nanotubes achieving 7.7% [103], obtaining a good conductivity and stability are the main 

areas to improve. PEDOT:PSS was also used successfully as a triiodide reducing catalyst [104] 

and electrodeposited CoS on ITO PEN has been used as a suitable catalyst [105]. So far there 

are promising advancements for alternative catalysts but platinum remains the most widely 

used in research.

1.2.6.1 Platinum

Platinum is a very efficient catalyst; it has a high affinity and low overpotential for the 

reduction of iodine species (and Co(ll/lll)tris(bipyridyl) electrolyte [106]) and good chemical 

stability (more so than carbon alternatives). It has been used since the first embodiment of a 

DSC and has always remained the highest performing catalyst. The drawback of platinum is 

its high expense which is not desirable for commercialisation. However it continues to be 

researched heavily and is the catalyst used in this work. To be an effective catalyst the 

platinum has a few requirements. It should have a large surface area to maximise the 

available sites for triiodide reduction; this can be achieved by having a small particle size, 

with 5 nm reported as the average cluster size with the best catalytic activity [107]. Good 

adhesion is extremely important, poor adhesion may lead to Pt adsorbing onto the T i0 2 

surface and accelerating recombination at the T i02/electrolyte interface (equation 1.7) [108] 

and so reducing performance.
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There are a few  different methods suitable for platinum deposition; one of the original 

methods of platinisation was electrodepositon. An anode and a cathode are submerged in 

an aqueous solution of the source of platinum usually a chloride, sulphate-nitrite or hydroxyl 

complex [109], DC electricity is supplied to the anode and cathode driving a reduction 

potential for platinum to be deposited onto the cathode. This technique can be performed 

at room tem perature so is suitable for polymeric substrates [49], the thickness of the 

platinum layer can be controlled with a tolerance of a few pm [110], it has a fine structure 

which is continuous, and can achieve efficiencies close to that of other platinisation methods 

[111]. However it is reported to have poorer adhesion to the substrate than thermal and 

sputtered platinum [107] which contributes to its lower efficiencies and is also not a very 

fast process which limits its scalability. Another electrochemical method is electroless 

deposition which does not use an applied potential but rather the reaction occurs between 

the solution and the workpiece, it is also performed a low temperatures and creates a 

porous layer with large surface area [112]. Platinum can also be deposited by sputtering 

which also allows for a control of layer thickness and a continuous layer with good adhesion, 

2 nm is reported as optimum thickness [108] and is one of the highest performing methods. 

It is another room temperature method but costs more than the electrochemical method, 

requires a vacuum making it unsuitable for roll-to-roll mass production, and has a high 

platinum loading wasting a lot of material because deposition is not strongly directional 

meaning the entire chamber is coated and due to the concave shape that develops in 

sputtering targets some of the target cannot be utilised although they can be melted down 

and reshaped into a new target.

Thermally decomposed platinum involves the conversion of a platinum chloride precursor, 

normally in the form of H2PtCI6, chloroplatinic acid, to catalytic platinum. There are three  

main reactions associated with the conversion of chloroplatinic acid to platinum, all 

reversible, which occur around these temperatures [113]:

The optimum conditions for this were found to be at a temperature of 385°C heated for 30 

minutes, with 375°C - 410°C the outer limits that achieve almost similar exchange current 

[107]. The conventional heating method is slow and low energy; it takes up to 30 minutes for

Above 375°C

300-375°C

125-220°C cH30 ) 2P tC l6.x H 20  ^  PtC l4 +  2 HCl  +  (x  +  2 ) H 20  

P tC l4 ^  P tC l2 +  Cl2 

P tC l2 ^  P t  +  Cl2
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all of Pt-CI bonds to be broken and fully converted to platinum. Residual PtCI2 can impair the 

performance of the counter electrode as it is inactive and reduces the available number of 

sites for triiodide reduction. The focus o f Chapter 4 will be reducing the heating time 

required for thermal platinisation using a near infrared heating method discussed in section 

1.4. Aside from the high temperature requirement thermal platinisation does have a few 

advantages. It is a popular method used in literature and the most effective in terms of 

balancing efficiency and practicality [107][90]. It does not require a vacuum like sputtering 

and is less expensive because it only requires a low platinum loading of 5-10 pm /cm 2 which 

results in finely dispersed nanoparticles w ith an average cluster size of around 5 nm [107] 

(figure 1.14).

Figure 1.14: SEM of thermally decomposed platinum nanoparticles finely dispersed on FTO 

glass

1.2.7 Solid state analogues

Research on dye-sensitised solar cells has led to a solid state variation and another solar cell 

based on a slightly different concept. Solid state solar cells are more feasible to 

commercialise than the traditional liquid electrolyte DSC as mentioned in section 1.2.5 and 

although the content of this thesis is addressing the latter many of the concepts should be 

applicable to  solid state solar cells.

1.2.7.1 Solid state DSCs

Following efforts to prevent leakage and corrosion issues from the traditional liquid 

electrolyte DSCs solid hole conductors have been employed in dye-sensitised solar cells, 

these are termed solid state DSCs (ss-DSCs) [114]. They function similarly to a liquid state 

cell but the regeneration of dye molecules after they have injected an electron into the T i02 

occurs differently. Holes are transferred from the oxidised dye to the HOMO level of the
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hole transporter then via hopping between electronic states on the organic molecules to the 

counter electrode [115][116]. They are capable of higher V0cS than l / l 3 electrolyte, over 1 V 

has been demonstrated thus far [117]. Dye regeneration is also several o f orders of 

magnitude faster than w ith a l / l 3 redox couple [115] which together gives a potential 

attainable efficiency of over 20% [118]. The hole transport material (HTM) is usually made 

either from wide band gap small molecules (such as spiro-OMeTAD) or semiconducting 

polymers (such as PEDOT or P3HT). Due to insufficient pore filling by the relatively large HTM 

molecules and a fast back electron recombination rate (1-2 orders o f magnitude faster than 

liquid electrolyte) the effective electron diffusion length is reduced to only a few pm so 

currently the T i02 layer works best at only 2-3 pm thick (about a fifth  o f what is used for a 

liquid state DSC) [119]. A blocking layer o f compact T i02 is also required to prevent pinholes. 

Therefore D-n-A organic dyes w ith very strong light absorption are generally used fo r these 

thinner films.

1.2.7.2 Perovskite based solar cells

Since 2009 (CH3NH3)Pbl3 and related halide perovskite nanocrystals have attracted 

substantial attention as an absorbing material for solar cells where 3.8% efficiency was 

demonstrated as a sensitizer in a liquid electrolyte "DSC" [120]. They were unsuitable with 

the l / l 3 electrolyte due to rapid dissolution of the perovskite so were employed into the 

structure of a ss-DSC (figure 1.15) w ith a mesoporous T i02 film . It was found that the 

perovskite can act both as the absorber and the charge carrier enabling different 

architectures such as an insulating mesoporous Al20 3 scaffold and a perovskite planar 

heterojunction. Perovskite solar cells have developed very quickly w ith heavy contributions 

from Snaith's and Gratzel's groups; 9.7% was reported in mid 2012 [121] and over 15% in 

early 2013 [122][123]. Although the efficiency o f perovskites is rising explosively a big 

challenge lies in their poor stability and lead content.

^ ^ S p iro  OMeTAD 

I  Perovskite layer
Gold or silver 
contacts v

Mesoporous TiO 
or Al20 3

FTO glass Compact TiOActive area

k
Photons

Figure 1.15: Generic architecture of a perovskite solar cell
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1.2.8 Feasibility of dye-sensitised solar cells and industrial motivations

Dye-sensitised solar cells are an attractive solar candidate for commercialisation due to the 

relatively low cost of materials and ease of processing. DSCs are less efficient than 

traditional solar technology like silicon but have advantages such as cost, the ability to be 

lightweight and flexible, and superior performance in diffuse sunlight and indoors. This 

would potentially enable DSCs to have a lower price per w att ratio than silicon but 

unfortunately DSCs have not yet broken into the market. One of the bottlenecks in the 

commercialisation of DSCs is the time intensive heating steps which restrict process output 

both in terms of heating time and oven space. Another issue is the sealing of the liquid 

electrolyte which limits the lifetime to about 10 years at best whereas silicon is stable for 

over 25 years.

However a very viable use for DSCs is in portable applications such as personal electronics 

and cheap remote power in isolated areas where this shorter lifetime would not be an issue 

and the lightweight and low light and strong absorption in the visible range (for indoor 

lighting) becomes a huge benefit. Other solar cells such as perovskites also could become a 

future candidate in this area if their rapid development continues with similar advantages 

and superior performance. Crucially though DSCs are more likely to be accepted for these 

functions because it does not contain toxic materials and would be "safer" for indoor use 

than perovskites (which contain lead). Additionally perovskites may have difficulties reaching 

the market if tighter regulations regarding their lead content are imposed and at present 

they have a poorer lifetime than DSCs with extremely poor stability to moisture; both of 

these are of great importance and will become extensively researched in the field of 

perovskite solar cells.

Industries such as Tata Steel and NSG Pilkington are heavily linked to the motivations of this 

thesis through the SPECIFIC project (a Swansea University and multiple industry consortium) 

which in a wider sense aims to conduct research to aid the industrialisation of functionalised 

coatings, including photovoltaics, for applications related to buildings. The work in this thesis 

focuses on using the rapid heating technique NIR radiation for the application of 

components for DSCs. This is a first for glass substrates and significantly widens the potential 

application areas (NIR heating was previously only investigated for use on metallic 

substrates). The methods used in this thesis are extremely applicable and versatile because 

some of the DSC fabrication steps share strong similarity to other technologies. In particular
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the sintering of a mesoporous T i0 2 film which could also be used in solid state DSCs, 

perovskite solar cells and photocatalysts.

1.3 Transparent conducting oxides

1.3.1 Electrical conductivity

Electrical conductivity describes a material's ability to transmit an electric current. Ohm's 

law relates current, I, to the applied voltage, V, as follows:

V  =  I R  (1 .8 )

W here R is the electrical resistance (Q) of the material which is related to resistivity, p, (a 

size independent property) by:

RA . .
P =  y  (1.9)

A is the cross-sectional area perpendicular to the direction of current and I is the distance 

between two points at which the voltage is measured. Resistivity is a common measure for 

characterising conducting materials and has the units Qm. Conductivity, a, can also be used 

to characterise a material's current carrying ability and is the reciprocal of resistivity:

a =  -  (1.10)
p

In most solid materials current arises from the flow of electrons (electronic conduction) and 

the magnitude of this is dependent upon the number of electrons available to participate. 

Metals are conductors and so have many free electrons that are delocalised from the lattice 

and able to contribute. Insulators and semiconductors have a band gap between their 

valence band and conduction band (section 1.1.3); the size of this gap (in eV) dictates the 

probability a valence electron will be promoted into an energy state within the conduction 

band so that it can contribute to electronic conduction. A larger band gap results in a lower 

electrical conductivity. Assuming the free carriers are electrons, conductivity can be 

expressed as a product of a material's free carrier concentration, ne, and its carrier mobility, 

He/ by:

a  =  n e\e\ne (1.11)

Where |e | is the magnitude of electron charge which is a constant (1.6 x 1 0 19 C). For thin 

films of conducting material a common property to define them is sheet resistance, Rsh 

(Q /n ), which takes into account the thickness (t) of the conducting layer:

Rsh =  7  I 1-12)
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1.3.2 Introduction and applications

A transparent conducting oxide (TCO) is a material that is both optically transparent and 

electrically conductive when deposited as a thin layer. In 1907 it was discovered that CdO 

films possess these properties [124] with ZnO, Sn02/ ln20 3 and their alloys later also 

demonstrating transparency and conductivity [125]. These materials are wide band gap 

oxides and are transparent in the visible region due to their Eg of over 3 eV. Conductivity is 

achieved by either producing the oxide with a non-stoichiometric composition or by 

introducing dopants. Ternary compounds and quaternary compounds are self-doped due to 

their non-stoichiometric composition, for example cadmium stannate (CdSn04) which has 

achieved relatively low resistivity [126], but currently they are not used in commercial 

applications and are harder to control than binary compounds so will not be discussed 

further. Some free carriers do exist in the intrinsic binary oxides; e.g. ln20 3, which has a cubic 

bixbyite structure, has an oxygen deficiency with oxygen atoms missing from each cube 

either along the face or body diagonal [127] creating some free carriers but an insufficient 

contribution for significant electrical conduction. Therefore doping is used to increase the 

carrier concentration, and consequently conductivity, of binary oxides. Nearly all TCOs are n- 

type so their free carriers are electrons, p-type TCOs have only been discovered relatively 

recently and require great development [128]. Common doping elements for n-type TCOs 

include fluorine, tin, aluminium, gallium, and boron. Most TCOs are based on ZnO, Sn02 and 

lnz0 3 and are crystalline; CdO also has very low resistivity but is not used due to its toxicity. 

General properties for transparent conductors are shown in Table 1.1.

Table 1.1: Choice of transparent conductors, general properties [36]

Property Material

Highest transparency ZnO:F, Cd2Sn04

Highest conductivity ln20 3:Sn

Lowest plasma frequency Sn02:F, ZnO:F

Highest plasma frequency ln20 3:Sn

Highest work function, best contact to p-Si Sn02:F, ZnSn03

Lowest work function, best contact to n-Si ZnO:F

Best thermal stability Sn02:F, Cd2Sn04

Best mechanical stability Sn02:F

Best chemical durability Sn02:F

Easiest to etch ZnO:F

Best resistance to H plasmas ZnO:F

Lowest deposition temperature ln20 3:Sn, ZnO:B

Least toxic ZnO:F, Sn02:F

Lowest cost Sn02:F
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As well as the obvious desirable properties such as transparency and conductivity, there are 

many others that are important such as thermal stability, chemical stability, cost and 

method of processing. Plasma frequency is the frequency at which the material changes 

from a metallic to a dielectric response which affects the optical properties of a TCO in the IR 

region and is discussed in section 1.3.4. Work function is the energy required to remove an 

electron from the Fermi level at the surface to the vacuum, it can vary significantly for a 

material depending upon factors such as crystal alignment and surface chemistry. To form  

an ohmic contact (a junction where charge can flow easily in both directions) between two  

different materials the Schottky barrier height (potential energy between a metal and 

semiconductor interface) should be small, if too large then charge may flow in only one 

direction. A better ohmic contact is formed if the barrier height is small across the entire 

interface so it is desirable to match a semiconductor to a metal/TCO of specific work 

function to decrease resistive losses.

The most widely used TCOs are tin-doped indium oxide (ITO), ln20 3:Sn, fluorine-doped tin 

oxide (FTO), Sn02:F, and doped zinc oxides (Al, Ga). General applications of TCOs include 

transparent electrodes for flat panel displays, gas sensors, low emissivity windows, IR 

shielding, and transparent electrodes for solar cells. Zinc oxide is amphoteric and generally 

has poor chemical stability due to its low enthalpy of formation. However it does have good 

resistance to hydrogen plasma making it a suitable TCO for nanocrystalline silicon solar cells 

where this treatm ent is used in the manufacturing process. Low resistivity and 85% optical 

transmittance can be achieved with Al or Ga doped ZnO films. AZO is used in CIGS and 

amorphous silicon solar cells where high temperatures are not required. The resistivity of 

AZO rapidly increases at temperatures above 300°C [129]. For tandem solar cells (such as a 

DSC/CIGS stack) where extremely high transparency is needed to prevent optical losses 

alternative TCOs such as ITiO have been used [130]. ITO is heavily used for flat panel 

displays and OLEDs [131]. It has the highest conductivity of a TCO [53], its high carrier 

concentration is due to the good solubility of Sn in ln20 3 [53] where 10 wt% Sn02 in ln20 3 is a 

common doping ratio. It is used in a few solar cells such as OPVs and some silicon. ITO is the 

most successful TCO to be coated onto polymeric substrates which is advantageous for 

flexible solar cells. However due to the scarcity and cost of indium [54], as well as the high 

demand in the electronic display market, there are efforts to replace it in solar cells. ITO also 

rapidly increases in resistivity at temperatures above 300°C [39]. This is due to its natural 

oxygen deficiency sites becoming filled with oxygen which significantly lowers its free carrier
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concentration. It can be reversed by annealing the ITO in hydrogen to remove the excess 

oxygen and regain the natural deficiencies [41]. FTO is the lowest cost TCO and is produced 

in high quantities on glass during float glass production (see below). It has very good thermal 

stability and is used mostly for energy efficient windows and solar cells such as amorphous 

silicon, CIGS, CdTe and DSCs.

The optical, electrical and surface properties of TCOs are largely affected by the deposition 

method and parameters. For large scale production of TCOs the dominant technologies are 

sputtering and chemical vapour deposition (CVD). Sputtering involves bombarding a target 

with Ar+ ions to eject atoms from the material. The sputtered atoms then coat the substrate 

(and surrounding chamber). Different methods of sputtering exist as well as different power 

sources for the targets, where radio frequency (RF) is generally used for ceramic targets and 

direct current (DC) or mid frequency (MF) use for metallic and ceramic targets. Magnetron 

sputtering is the most suitable for cost-effective large scale TCO production. A tunnel of 

magnetic field lines is formed over the target using permanent magnets to confine the 

secondary electrons, increasing the plasma density and deposition rate. TCOs can be 

deposited from ceramic targets or by reactively sputtering metallic targets in the presence of 

oxygen. ITO is usually deposited by magnetron sputtering to achieve high quality low 

roughness films. AZO films are also usually sputtered. Attempts to deposit FTO by sputtering 

have been made but achieving an electrically conducting film by this method has proven 

difficult. For this reason FTO cannot be deposited onto a plastic substrate (as a high 

temperature technique is needed). ITO can be deposited onto plastic but at a lower quality 

of film because ideally the substrate should be heated to 200°C during sputtering deposition 

for desired grain orientation [131].

For CVD, precursors in the form of a vapour are decomposed into atoms or molecules which 

chemically react with each other on a hot substrate. Different pressures, activation methods, 

and precursors can be used. For TCOs atmospheric pressure CVD (APCVD), low pressure CVD 

(LPCVD), and metalorganic CVD (MOCVD) are the most common. LPCVD is used to deposit 

ZnO:B films and MOCVD has been used to grow complex TCOs of ternary or quaternary 

compounds. FTO glass is usually produced by APCVD. This process boasts a high deposition 

rate (~10 nm/s), no requirement for a vacuum and high throughput due to compatibility 

with the continuous processing of glass. For commercial producers of FTO glass, such as 

Pilkington NSG, the TCO layer is deposited during the latter stages of flat glass production; as
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the float glass exits the tin bath (at a temperature of around 590-650°C) it is directly coated 

with Sn02:F during cooling. A Si02 passivation layer is coated first to prevent leaching of 

fluorine into the glass at high temperature [36]. Commonly the produced film is textured 

and rough which helps promote light trapping.

1.3.3 Electrical properties

As mentioned in section 1.3.2 binary compound oxides require doping to achieve significant 

electrical conduction. In equation 1.11 (repeated below) it was shown that the conductivity 

of an n-type TCO can be expressed as a product of its electron concentration, ne, and 

electron mobility, |j.e, where | e | is the magnitude of electron charge:

o = n e\e\\ie (1.11)

Increasing the level of doping raises the carrier concentration but there are drawbacks to 

heavy doping. Firstly a high electron concentration increases the optical absorption which, 

for a solar cell, results in a compromise between the amount of light entering a cell to 

generate photocurrent and the conductivity of the electrode. A figure of merit can be used 

to describe the relationship between conductivity and absorption as a method for 

comparing different TCOs for solar cells [36]:

-a =  ~ {R sh\n (T  +  R ) } - 1 (1.13)

Where Rsh is sheet resistance, and transmittance and reflectance are defined for visible 

wavelengths. Secondly if the dopant concentration exceeds the solubility limit phase 

separation can occur. The solubility varies depending on the intrinsic oxide and dopant 

combination which limits the maximum carrier concentration. Finally the ionised dopant 

atoms act as scattering centres which reduce carrier mobility consequently there is a doping 

level after which conductivity no longer increases.

Free electrons in a lattice can be described as having an effective mass me* and feel a force 

in the presence of an electric field E:

* dv  (1.14)

e E = m ' T t
Collisions with imperfections in the crystal slow down the electrons hence why dopant 

impurities reduce the electron mobility. The electrons acquire an average velocity 

component in the direction of the force known as drift velocity, vd,to  take this into account:

vd =  —  E =  H e E  <1 1 5 >
m e *
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Electron mobility is proportional to the average time between collisions, t  (in the region of 5 

x 10"15 to 1 x 1 0 14 s for a TCO):

e r  ( i . i6 )

To keep conductivity high reducing the carrier mobility should be avoided. The major 

mechanisms that control electron mobility are scattering by ionised impurities, lattice 

vibrations, grain boundaries, and neutral impurities. A heavily doped TCO has a large 

number of ionised impurities which can be oxygen vacancies, dopants or excess metal atoms 

which can impede electrons. With increasing temperature the electron mobility also 

decreases because the atoms in the lattice vibrate more strongly causing acoustic phonon 

scattering (displacement of the atoms from their equilibrium position propagating like a 

wave). Grain boundaries can also trap electrons but for a typical TCO the free carrier 

concentration is sufficiently high that the mean free path for an electron is a few nm, less 

than the grain size, resulting in a low probability of this scattering. Neutral atoms and other 

electrons may also scatter the moving electrons but this is extremely unlikely. Generally for 

a heavily doped TCO impurity scattering is the dominant electron mobility loss mechanism.

1.3.4 Optical properties

The optical properties of a TCO are very strongly linked to its electrical properties. Generally 

a TCO absorbs in the ultraviolet region, transmits in the visible and reflects in the infrared. 

Heavily doped n-type TCOs are doped to such an extent that it causes the Fermi level to lie in 

the conduction band, more so than an n-type semiconductor where it would lie just below 

the conduction band (figure 1.16). This terms them as degenerate semiconductors. The 

lower states of the conduction band begin to fill when ne > Nc where ne is carrier 

concentration and Nc is the effective density of states for the conduction band (the states 

available for electron occupancy). E is the energy and k is the wavevector (term for 

expressing the motion of the electrons and the nature of an electrostatic potential in the 

crystal lattice). The Fermi wavevector, kF, is the radius of the "Fermi sphere" (where the 

electrons have occupied the lowest states of the conduction band and free electrons are 

modelled as a Fermi gas).
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Figure 1.16: Schematic band structure of a semiconductor w ith VB and CB separated by Eg0 

(left) and a degenerative semiconductor where high doping has widened the optical band 

gap by an increment of energy, Burstein-Moss shift (right) redrawn from [132]

Because the lowest states of the conduction band are now filled photons need a larger 

energy than the fundamental band gap Eg0 to excite a transition from the valence band to 

unoccupied states in the conduction band. This increment o f energy is known as the 

Burstein-Moss shift, AEgBM, and given by [133]:

Where h is Planck's constant, h is the reduced Planck's constant (b = h/2n), and m*vc is the 

reduced effective mass. The optical band gap, Eg, becomes:

Eg =  Eg0 +  A £■«" (1.18)

Low energy transitions from the Fermi level into unoccupied states higher in the conduction 

band have a low probability fo r photons from the visible region because TCO cations have 

filled d-shells, 4d10 for Sn and In, thus the TCO is still transparent.

For the TCOs Drude theory is used to model the electrons as a classical gas; the interaction 

between light and free carriers occurs via an electric field and by introducing conductivity o,

Conduction
band
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substitution for the drift velocity yields the complex frequency dependent conductivity of 

the TCO, hence:

n ee 2 t  1 1 4- io) t

(1.19)

At high frequencies, i.e. for shorter wavelengths such as ultraviolet, free carrier contribution 

becomes less important and other processes dominate (interband absorption) meaning the 

material acts as a perfect dielectric. At lower frequencies, i.e. for infrared wavelengths, the 

optical transmittance is determined by absorption and reflection of the free carrier plasma. 

In the low frequency regime (wx «  1) the free carrier term  shows a 1/u) dependence as w -> 

0 this term dominates. Drude theory shows that at low frequency a material with a large 

concentration of free carriers is a perfect reflector. In the IR region where the reflectance of 

an insulator like glass begins to decrease, for a TCO it does not and continues to increase. 

Indeed the infrared reflectivity of ITO leads to its use as a heat shielding material [134]. From 

the equation 1.19 cop is the plasma frequency and given by:

i ^ j

^0^o o^ -e

The plasma frequency is the frequency at which the material changes from a metallic to a 

dielectric response. Drude theory predicts this to be in the NIR region for TCOs and in a 

frequency range where interband absorption is not important the wp occurs near the 

minimum in reflectivity, the plasma edge shift.

1.4 Heating techniques

1.4.1 Introduction

A material's ability to absorb heat from its external surroundings is known as its heat 

capacity, C, which represents the amount of energy required, dQ, to produce a unit 

temperature rise, dT:

r  -  ( 1 .2 1 )
dT

Heat capacity can be specified as per unit mole of material or specific heat, c, can be used 

for heat capacity per unit mass. Temperature is proportional to the average kinetic energy 

for all the atoms or molecules in a given system. When heat is absorbed thermal energy is 

transferred to increase the vibrational energy of the atoms or molecules in the lattice which 

are coupled together by bonding. The vibrations can be thought of as elastic waves with 

short wavelengths and high frequencies that propagate through the crystal, a single
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quantum of vibrational energy is called a phonon and it has wave-particle duality. If there is 

a temperature gradient within the body the system will reach equilibrium, heat flows from 

the hot area to the cold area:

Where q (W /m 2) is the heat flow per unit time per area unit (heat flux), k is the thermal 

conductivity (W/mK), dT/dx is the temperature gradient through the conducting medium. 

Thermal conductivity is the ability of a material to transfer heat. Heat is transported within a 

solid material by phonons and free electrons. The total thermal conductivity is the sum of 

these:

Where k| is the thermal conductivity of lattice vibration (phonons) and ke is the thermal 

conductivity of electrons. Rather than the atoms or molecules vibrating, free electrons can 

transfer heat by gaining kinetic energy from hotter regions then migrating to colder areas 

and colliding with phonons or crystal defects to impart the energy, they have a higher 

velocity than phonons. The relative contribution of ke increases with free electron 

concentration; as more electrons are present to participate in this heat transfer process it 

becomes predominant as it is more efficient. This is the case for metals and, to a lesser 

extent, degenerate semiconductors which have a high thermal conductivity. Insulating 

materials rely on phonons alone so tend to have a low thermal conductivity. Since free 

electrons are responsible for both thermal and electrical conductivity in metals the two can 

be related by the Wiedemann-Franz law:

Where a is electrical conductivity, T is absolute temperature and L is a constant. Thermal 

conductivity is highest for pure metals; it diminishes with introduction of impurity atoms as 

they may act as scattering centres lowering the efficiency of electron motion (much as for 

electrical conductivity as discussed in section 1.3.3).

The heat transfer process discussed above occurs within the solid or between substances in 

direct contact with each other and is known as conduction. As well as conduction heat can 

also be transferred by convection and radiation. Convection is the thermal energy transfer 

that is predominant in liquid and gases. It is a combination of heat diffusion (random  

molecular motion) and advection (heat transfer by bulk fluid flow). Conventional heating 

(figure 1.17) in an oven heats an object via convection (the air in the oven transfers heat to 

the surface of the object) and conduction (by direct contact with the oven). Heat is

k  =  k t +  k e (1.23)

(1.24)
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transferred through the object by thermal conduction from the surface inwards by phonons 

and free electrons if they are present.

Flow o f heat by 
conduction

Convection

Substrate

Figure 1.17: Diagram of conventional oven heating showing the heat transfer via conduction 

and convection

The process time is limited by the rate of heat flow  into the body of the material from the 

surface as determined by its specific heat, thermal conductivity, density and viscosity so can 

be quite slow as is the case of DSC working electrode and counter electrode heating 

[27][107]. Additionally conventional heating is slow to respond to changes in temperature 

such as heating up and cooling down so it is d ifficult to control the temperature if quick 

changes are required. It is a low energy density process, about 2 kW for a lab scale oven, so 

heat transfer occurs slowly. Non-uniform heating could also be an issue, as the surface, 

edges and corners get hotter faster than the bulk o f the material although once it reaches a 

steady state the temperature is uniform.

1.4.2 Electromagnetic radiation

Radiative heat transfer does not require contact between the heat source and the object 

hence can occur through a vacuum as the sun's energy does. Energy is transm itted via 

photons which also have wave-particle duality. The sun is often modelled as a black body, in 

that it absorbs all thermal radiation but does not transm it or reflect any. At room 

temperature it would appear black as it would emit in the infrared but at higher 

temperatures a black body would appear white hot. Emissivity, e, is the ability o f a surface to 

emit heat by radiation relative to a black body, w ith an emissivity o f 1 corresponding to an

36



idealised black body and below 1 for a real object. Generally dull materials have a high 

emissivity and shiny materials have a low emissivity, highly polished silver has an e = 0.02. 

The electromagnetic spectrum is shown in figure 1.17 w ith corresponding frequencies, 

energies and wavelengths (as photons can act as waves and particles).
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Figure 1.17: Electromagnetic radiation expressed as energy, frequency and wavelength [135]

Radiation that has been utilised fo r heating includes microwaves, infrared, ultraviolet and 

near infrared (NIR) and have the advantage of heating the sample directly rather than 

requiring time to warm up the surroundings. The ability o f microwaves to heat materials was 

accidently discovered in 1950 while testing magnetrons in Raytheon's Microwave & Power 

Tube Division. They are now well established as a method of heating food and are also well 

used in industry. Microwaves interact w ith the material exciting the molecules or atoms 

causing them to vibrate rigorously heating the sample from the inside out. The most 

prominent characteristic o f microwaves is known as volumetric heating since it is possible 

fo r entire volume o f bulk to be heated [136]. This enables very fast heating times. 

Microwaves have a frequency range from around 0.3 GHz to 300 GHz corresponding to 

wavelengths from 1 m to 1 mm. Microwaves can be used for the sintering of ceramics and 

have been used to heat working electrodes for DSCs [58][137]. In this case 1 kW of 28 GHz 

frequency microwave radiation was used to achieve close to conventional method efficiency 

in 2-5 min. FTO absorbs microwaves well and heated to over 1000°C in 2 min, glass is 

transparent to microwaves, and T i02 absorbs moderately. Two concerns o f microwaves have
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been cost of electricity and uneven heating distribution. Similarly to other radiation 

techniques it is high energy so a sufficient reduction in heating time is required to offset the 

higher cost of the process itself. The nonuniformity of microwave heating can stem from an 

uneven distribution of electric field, differences in the absorbance of the materials, or heat 

loss on the boundary which can be significant at high temperature. It can be alleviated by 

the use of a variable frequency microwave furnace or hybrid heating solutions but these 

diminish the rapidness of the technique.

Infrared (IR) radiative heating is a common curing method in the powder coating industry; 

usually short wave (1.2-2 pm) or medium wave (2-3 pm) wavelengths are used due to their 

higher energies, long wave IR stretches beyond 3 pm and merges with microwaves at 

around 1 mm. Beneath 1.2 pm is the NIR region which merges into the red end of the visible 

and will be discussed shortly. Infrared radiation causes the bonds of functional groups to 

vibrate generating thermal energy. This phenomenon is also used in IR spectroscopy to 

detect organic molecules. Rather than the entire substrate needing to be heated the coating 

can absorb the radiation and so cure much faster with less than 2 min possible for specially 

formulated coatings and under 10 min in other cases [138]. IR heating is a suitable technique 

for heating organic coatings of a finite thickness but absorption of the molecules in this 

range is required. Also due to the nature of photons where wavelength is inversely 

proportional to energy (eV) IR has a lower energy density than NIR radiation so the photons 

absorbed transfer less energy thus limiting it to lower temperatures than NIR heating [139].

When NIR radiation is emitted it mostly transmits through the coating (organic molecules 

tend not to absorb in this region) allowing it to be absorbed and reflected by the substrate 

(figure 1.18). The NIR photons can excite the atoms to higher energy levels releasing thermal 

energy and rapidly heating the substrate. Due to the high thermal gradient created 

(equation 1.22) the coating on the substrate is heated very quickly by thermal conduction 

(equation 1.23). Particles that absorb well in the NIR can be added to aid heating but the 

main difference between the mechanisms of IR and NIR heating is that most of the radiation 

should pass through the coating rather than be absorbed by it so that it can instead be 

absorbed by the substrate. This allows for thicker coatings, higher temperatures and faster 

heating times, NIR radiation is capable of 30 s or less.
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Figure 1.18: Diagram of NIR radiative heating; heat transfer occurs primarily by radiation 

absorbed by the substrate and conduction of this heat by the coating

NIR heating is extremely suited to industry due to the speed of heating (which could be 

combined w ith a roll-to-roll process at certain line speed) and the availability o f large 

equipment. For example one supplier, Adphos (Bruckmuhl-Heufeld, Germany), produces NIR 

units in a range of sizes including large industrial sized installations using em itters capable of 

up to  1 M W /m 2. Adphos equipment uses tungsten halogen em itters which have a very large 

spectral distribution (figure 1.19) from the visible to the infrared w ith a peak at around 1200 

nm. The NIR equipment used in this work is an Adphos NIR Coil Lab LV2 unit which has a 

maximum power density of 25 kW /m 2.
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Figure 1.19: Comparison of the spectral distribution of d ifferent light sources (sunlight, metal 

halide and tungsten halogen) adapted from [140]

All substrates will heat to a certain extent when exposed to the NIR em itter, which covers a 

very wide range including some visible up to mid-IR but some transm it more in the NIR
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range than others. Metal absorbs highly in this region so can reach very high temperatures 

in seconds. Substrates such as glass do heat but to a lesser degree and the main task of this 

project is to investigate if TCO coated glass (which was discussed in section 1.3) will heat 

sufficiently upon NIR exposure.

NIR radiation is conventionally used for drying organic coatings such as paints onto metal 

[141]. Following on from this idea it was applied to the heating of T i0 2 pastes on titanium  

metal which enabled DSC working electrodes to be constructed [142] with identical 

photovoltaic properties [143] to oven heated working electrodes and reduced the heating 

time from 30 minutes in a conventional oven to just 12.5 s with NIR exposure. The NIR 

radiation transmitted through the T i0 2 paste and was absorbed by the metal causing rapid 

release of thermal energy which then resulted in a huge temperature gradient directionally 

heating the T i0 2 paste on metal, burning off the binder and sintering the T i0 2 particles 

together. The free carriers in metals are extremely efficient at distributing this heat so 

facilitate the thermal transfer extremely quickly. This demonstrated application to DSCs will 

be explored in this thesis for the heating of both the working and counter electrode of a DSC 

device on various substrates.

Lasers can be used to heat the surface of a material which then heats the subsurface via 

thermal conduction. Laser sintering [60][144] has also been used to sinter T i0 2 for DSCs. In 

the latter a Nd:YV04 laser of wavelength 355 nm was raster scanned to generate high local 

temperatures.

1.5 Characterisation techniques

1.5.1 IV curves

Air Mass (AM) is a measure of how much absorption in the atmosphere affects the spectral 

content and intensity of the solar radiation reaching the Earth's surface. Just above the 

Earth's atmosphere the radiation intensity is about 1.353 kW /m 2 which is known as AM 0 as 

there is no atmosphere. It is at least 1 on Earth at sea level, the standard illumination used 

to characterise solar cells is the AM 1.5 spectrum which equates to the average annual solar 

irradiance for mid latitude countries and has a power density of 1 kW /m 2 (also known as 1 

sun). Additionally sunlight at the Earth's surface has a diffuse component owing to scattering 

and refection in the atmosphere and surrounding landscape which can account for up to
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20% of the light incident on a solar cell, it is standard to include this component further 

defining the spectrum as AM 1.5g (global), AM 1.5d (direct) does not include it.

Solar simulators are used to obtain IV curves of a solar cell w ith a lamp that emits AM 1.5g 

and are ranked according to the ir ability to match the spectrum perfectly [145]. Solar cells 

are modelled as a current source in parallel w ith a diode. In the dark the cell behaves like a 

diode and in the presence o f light, current is generated. Figure 1.20 shows an IV curve for a 

DSC obtained under standard 1 sun illum ination conditions.
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Figure 1.20: IV curve for a typical DSC showing obtained parameters

The open circuit potential of the cell, Voc, is the voltage at which the resistance becomes too 

high for current to pass through. The maximum voltage o f a DSC with a standard Ru-based 

sensitizer and l / l 3 electrolyte is 0.7-0.8 V [98]. lSc is the current at short circuit where the 

voltage is 0 and is the maximum current value. Commonly short circuit current density, JSo is 

quoted instead which is the current over area so that the area can be taken into account. For 

the majority o f cells constructed in this thesis the active area is 1 cm2 so the Jsc is equal to 

the lSc- The photocurrent is largely dependent upon the working electrode of a DSC, both the 

generation o f electrons by the dye and the transport o f electrons by the T i02. The power 

(Watts) produced by the cell can be calculated along the IV curve by P = IV. The maximum 

power as shown in figure 1.20:

Pm a x =  Imp -Vmp (1-25)

lMP and VMP are the current and voltage at maximum power respectively.

M A X

M P

O CM P
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As well as a high current and voltage the squareness of the IV sweep is important. PT is the 

theoretical power, the output at both V 0c and lSc together and is equal to the product of 

these. The area under the IV  curve is known as the fill factor, FF, and is equal to:

p F  _  Pmax  (1.26)

hc-Voc

That is the maximum power divided by the theoretical one. For a DSC FF is affected by series 

resistance and sluggish electron transfer kinetics at the cathode. It can also reflect intrinsic 

non-ideality behaviour of the DSC. It is typically 50-80% for a solar cell (also represented as a 

decimal, 0.5-0.8). The electron conversion efficiency of a solar cell, r\, is equal to:

V =  Voc-Jsc-FF (1-27)

It is the ratio of electrical power output compared to solar power input.

The efficiency of a solar cell is reduced by the dissipation of power across internal 

resistances described as shunt resistance and series resistance. The slope labelled A in figure 

1.20 has a lower gradient than an ideal solar cell as a result of a decrease in the shunt 

resistance (which is ideally infinite so that there is no alternative path for current to flow). 

This manifests as a drop in PMAX and FF, and also a drop in V 0c if shunt resistance is 

decreased dramatically. Slope B (figure 1.20) has a higher gradient than an ideal solar cell 

due to the series resistance (which would be be 0 to achieve the maximum voltage), an 

excessive increase in series resistance also results in a drop in lSc.

1.5.2 Incident photon-to-current conversion efficiency

The incident photon-to-current conversion efficiency (IPCE) measures the spectral 

responsiveness of a photovoltaic device:
/ (1-28)

IPCE  (A) =  ^  
qio

Where j Sc is the current density of the cell under monochromatic light at wavelength \  and 

photon flux l0 and q is the elementary charge. It is also known as the external quantum  

efficiency (EQE):

electrons /sec  (1.29)
EQE =  —  j ------

photons/sec

The internal quantum efficiency (IQE) is related to EQE as follows:

EQE
IQ E  =  —

T o ta l  absorption

A typical EQE for a DSC sensitised with N719 dye is shown in figure 1.21.

(1.30)
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Figure 1.21: IPCE spectrum of an N719 dye-sensitised solar cell, showing peak efficiency at 

530 nm

IPCE can also be expressed as the product o f the efficiencies of three separate processes:

IPCE (A) =  n ih(X). n in j  (A ). n col (A) (1.31)

r||h is the wavelength dependent light harvesting efficiency, in a DSC this is usually the 

absorption and loading of dye but light scattering can also increase it. ninj is the injection 

efficiency which is based on the match between energy levels o f photoexcited dye and 

conduction band of T i02, the degree of electronic coupling between excited state of dye and 

CB states, and competition w ith other decay processes involving the excited state of dye. nCOi 

is the collection efficiency and is sensitive to key loss processes such as trapped states in the 

T i02, and back electron transfer to l3' as well as oxidised species.

1.5.3 Electrochemical impedance spectroscopy

Electrochemistry is the study of the processes and factors that affect the transport of charge 

across the interfaces of chemical phases. The system is studied by imposing a controlled 

potential or a controlled current and monitoring its response. Electrochemical 

measurements can be used to characterise processes in a DSC such as ionic transport in the 

redox electrolyte, and electron transfer at both the counter electrode and working 

electrode. The most widely used techniques for DSCs are cyclic voltam m etry (see section 

1.5.4), intensity modulated photovoltage/photocurrent spectroscopy (IMVS/IMPS) which 

has not been used in this work, and electrochemical impedance spectroscopy (EIS). Rather
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than driving the electrode far from equilibrium with large perturbations on the system, EIS 

perturbs the cell with an alternating signal of small magnitude to observe its response at 

steady state.

In EIS a DC bias potential applied to a system and perturbed by a small AC sine wave 

modulation (± 5-10 mV relative to bias potential). This modulation signal as a function of 

tim e can be expressed as:

W here Et is the potential at time t, w is the radial frequency and E0 is amplitude of signal. 

The resulting sinusoidal current response is measured as a function of modulation 

frequency, in a linear system it is represented by:

W here the system is by magnitude <J>, lt is the current response and l0 is the amplitude.

Impedance is AC equivalent of resistance, describing the opposition a circuit presents to a 

current when a voltage is applied and can be substituted into Ohm's law which describes the 

resistance in a DC circuit (R = V /l) as Z = Et/It. Impedance can be expressed in terms of 

magnitude Z0 and phase shift cj> by:

There are two additional mechanisms besides normal resistance for an AC circuit which are 

inductance and capacitance, collectively referred to as reactance and these are represented 

by the imaginary part of impedance. The resistance forms the real part of impedance. To 

analyse the impedance of a circuit it is represented as a complex function. Euler's formula is 

used:

Et =  E0sin (tot) (1.32)

l t =  I0 =  sin (tot +  tf>) (1.33)

Et EnSin (tot) sin (tot) (1.34)

=  cos<p -I- j sincj) (1.35)

W here the potential of imaginary unit j is given by:

Et =  E0ejo)t

And the current response of imaginary unit j is given by:

(1.36)

(1.37)

So impedance as a complex function is expressed as:

(1.38)
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A Nyquist plot (figure 1.22) is obtained by plotting the real part on the x-axis and the 

imaginary part on the y-axis and is the most common way to present impedance data. 

Impedance can also be presented by Bode phase and magnitude plots w ith impedance is 

plotted w ith log w on the x-axis, and phase shift 4) on the y-axis for the phase plot, absolute 

impedance | Z | on the y-axis for the magnitude plot.

0 R
Zreal

Figure 1.22: Nyquist plot of a resistor and capacitor in parallel

Each point represents impedance at a different value of frequency w ith the lowest 

frequencies on the right and the highest frequencies on the left. A resistor is a component 

which implements an electrical resistance to the circuit and is represented in a diagram by:

-\MAr-
A capacitor is an electric circuit element composed of tw o metal sheets separated by a 

dielectric material; its behaviour is governed by the equation:

c = f  (1.39) 

Where C is capacitance (in farads, F), q is charge stored on the capacitor (in coulombs, C) and 

E is the potential across the capacitor (V), it is represented in a circuit by:

H I—
A Nyquist plot o f a typical DSC is shown in figure 1.23.

45



20

15

5
> ce

Diffusion arc 
if present "~

0
3010 20 250 5 15

Zreal (Q)

Figure 1.23: Nyquist plot of a typical DSC at bias potential near VMAX

Rs is the series resistance which is the resistance across the TCO and contacts. Rce is the 

resistance across the counter electrode/electrolyte interface and Rr is the resistance across 

the T i02/electrode. At the lower frequency end a third arc may be seen but is mostly 

obstructed in figure 1.25 by Rr. The arc represents the Nernst diffusion impedance o f the 

electrolyte but can be ignored if just interested in the other two interfaces. Fast reactions 

are characterised by small resistance and slower reactions by high resistances. The 

differences in reaction speeds between iodide reduction by the Pt and recombination of T i02 

w ith electrolyte species (see section 1.2.1) helps w ith the interpretation of a liquid 

electrolyte DSC because usually the arcs are clearly visible and identifiable. If ignoring the 

Nernst diffusion impedance a DSC can be modelled simply as where the tw o arcs are 

represented by a resistor/capacitor pair (figure 1.24).
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Figure 1.24: Simple equivalent circuit model of a dye-sensitised solar cell 

The impedance of a resistor is:

Z ( oj) =  ZQe r t (1.40)
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And the impedance o f a capacitor is:

7  - _L (1 41)
jb)C

The capacitance of a system is not always ideal, which is shown by a depressed semicircle, so 

constant phase elements (CPEs) are introduced. The impedance of a CPE is:

( 1 ' 4 2 )

The equivalent capacitance can then be represented by:

_ ( R x Q 0) 1̂  (L43)
°e q  ~£

1.5.4 Cyclic voltam m etry

Cyclic voltammetry is a widely used electrochemical analysis technique that is very useful for 

obtaining qualitative and kinetic information about the redox reactions of electroactive 

species in a system. It involves using a potentiostat to apply a potential to an electrode 

between certain intervals, sweeping in both forward and reverse directions, and measuring 

the current response (figure 1.25). At a potential where no reactions occur no current will 

flow. At a more reducing potential it induces a reduction of oxidation species [0 ] to 

reduction species [R] and current starts to pass. It gets to a certain potential and current falls 

o ff and maximum is reached. The peak represents a balance between the rate of electron 

transfer reaction and the rate of O diffusion towards the electrode surface. Maximum 

current is called peak current (ip), indicating a diffusion controlled reaction. Thickness of the 

diffusion layer increases so 0  has to cross longer distance to electrode surface. The 

electrode potential governs its reaction and rate. The current generated by the transfer of 

electrons is governed by Faraday's law; the amount o f chemical reaction caused by the flow  

of current is proportional to the amount o f electricity passed.

A» -  e A
Switching time, \0

Figure 1.25: (a) Cyclic potential sweep and (b) resulting cyclic voltammogram [146]
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The electrode reaction may be reversible or irreversible, which is determined by its ability to 

follow the Nernstian equilibrium. In a reversible system the electrons transfer back and forth 

according to the Nernst equation and match criteria according to this which means the 

reaction is efficient and sustainable. The Nernst equation expressed with a base 10 

logarithm for a cell at 25°C is:

n 0 .05 91 6 1 / [0 ] ( !-44 )

E =  z log l0M

Where E is the electrode potential, E° is the standard electrode potential, z is the number of

moles of electrons transferred in the reaction, and [O] and [R] is the chemical activity of the

oxidation species and reduction species respectively.

The peak potential (Ep) is constant and independent of scan rate, the peak current ip will 

increase with increasing scan rate because there is less time for diffusion to occur which as 

previously discussed limits the peak. Diagnostic equations derived from the Nernst equation 

(1.44) to validate the reversibility of a cyclic voltammogram include [146]:

AEP = Eap -  Ecp = 59/n  mV 

I Ep -  Ep/2 | = 59/n mV 

|iaP/ i Cp l = l  

lp a  v1/2

Where c is the cathodic peak, where reduction occurs, and a is the anodic peak, where 

oxidation occurs and AEP is the peak potential separation. In an irreversible electrode 

reaction the rate of electron transfer is insufficient to maintain the Nernstian equilibrium. In 

a more irreversible reaction peak current will appear at more negative potential than that of 

reversible reaction; it has a higher over-potential. The scan rate can illustrate if a system is 

irreversible, at a low scan rate the system may behave reversibly because the sluggish 

electron transfer has enough tim e to occur, but as the scan rate is increased there is peak 

separation and the Ep will drift to a further over-potential with increasing scan rate. For a 

totally irreversible reaction the reverse peak is absent in the reverse sweep. The diagnostic 

criteria for an irreversible system include:

icp a  v1/2

Ecp shifts by -3 0 /a cna mV for each decade increase in v 

I Ep- E p/2 | = 4 8 / acna mV

In DSCs cyclic voltammetry can be used to study the redox potentials of reactions occurring 

between the dye, T i0 2 and electrolyte, and is commonly used for the triiodide reaction in
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evaluating the catalyst for the counter electrode [147][148][108]. A typical three electrode 

cyclic voltammogram of platinum in l / l 3 electrolyte is shown in figure 1.26.
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Figure 1.26: Cyclic voltammogram of platinum in a r / l3" system

This reaction is quasi-reversible; it is slower in the reverse direction than the forward 

direction. The redox reactions of greatest interest in evaluating the catalyst fo r a DSC are 

between I and l3' and these have been labelled Eap and Ecp. It should meet close to the 

reversible criteria described above if the catalyst performs well and facilitates the charge 

transfer effectively.

1.5.5 Transient photovoltage and photocurrent decay

Charge transport and recombination in the T i02 film  o f a DSC can be measured at open 

circuit conditions from the rise and decay times associated w ith small perturbations of 

photovoltage transients [149]. The bias light intensity can be varied so that parameters such 

as the effective electron diffusion coefficient, Dn, and effective electron lifetime, xn, can be 

determined as functions of photovoltage and electron trap occupancy. These can then be 

used to calculate the effective electron diffusion length, Ln:

K =  (»„T „ ) 1/2 ( l - « )
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Studying the transport and recombination close to open circuit conditions is useful because 

the electron concentration is high. It is also possible to compare between cells at open 

circuit because the quasi-Fermi level is approximately uniform across the mesoporous T i0 2 

film and measurable unlike at short circuit. Then by measuring at different light bias 

intensities the Voc can be varied so that the position of the quasi-Fermi level can be 

equalised between devices [149]. For photocurrent decay measurements the cell is 

illuminated for a few seconds to obtain a constant photocurrent at short circuit conditions. 

Then the light is switched off and the cell is switched to open circuit simultaneously; the 

resulting voltage gives an indication of the electrochemical potential under short circuit 

conditions [98]. For the work in this thesis a set up was used similarly to described here

[150] where photovoltage and photocurrent decay were both obtained.

1.5.6 Fourier transform infrared spectroscopy

Infrared spectroscopy involves the absorption of infrared radiation causing chemical bonds

to bend and stretch so it is very useful for identifying organic molecules. It uses the

vibrational portion of the infrared spectrum which lies between the wavelengths ( \)  of 2.5

pm and 25 pm. Wavelength is related to wavenumber (0) by:

1 (1.46)
0 (cm ) =

X (cm )

This corresponds to a range of 4000 to 400 cm'1. Wavenumbers are the preferable unit 

because they are directly proportional to energy (a higher wavenumber has higher energy). 

In Fourier transform infrared spectroscopy the optical pathways produce a pattern called an 

interferogram which contains all frequencies of the infrared spectrum. An interferogram is 

essentially a plot of intensity vs. time. To convert this to intensity vs. frequency a Fourier 

transform is used to separate the individual absorption frequencies from the interferogram  

producing a spectrum virtually identical to that of the older dispersive spectrometer 

technique with greater speed and sensitivity. Attenuated total reflectance (ATR), see figure 

1.27, is a different sampling method for FTIR which simplifies the preparation of solid and 

liquid samples and improves spectral reproducibility. When the infrared beam comes into 

contact with the sample, energy is absorbed and the beam is altered. The ATR crystal 

measures the changes in the internally reflected beam [151].
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Figure 1.27: Diagram of an ATR crystal used in FTIR spectroscopy
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 ►

1.6  A im s and objectives

This thesis aims to investigate methods to reduce the tim e intensive steps associated w ith 

the fabrication of a dye-sensitised solar cell (DSC) (shown in figure 1.28) which are currently 

a bottleneck for translating this technology from the laboratory to an industrial scale. DSCs 

have the potential to be a low cost solar cell candidate due to the relatively low cost o f 

materials and ease of processing. In addition some steps associated w ith the fabrication of a 

DSC share sim ilarity to other technologies so these methods could be extremely applicable 

and versatile.
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Figure 1.28: Traditional lab process and associated times for the construction of a DSC

The main focus was using near infrared (NIR) radiation to  rapidly heat components fo r a DSC. 

In Chapter 3 the effect o f NIR radiation on transparent conducting oxide coated glass was 

quantified to  estimate if suitable temperatures for DSC processing could be reached on 

those substrates. The resistivity changes of tin-doped indium oxide (ITO) and fluorine-doped 

tin oxide (FTO) coated glasses were also studied upon exposure to NIR heating as it is crucial 

for conductivity to be maintained fo r applications in electronic devices.
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In Chapters 4 and 5 NIR radiation was used on FTO glass, the most widely used substrate for 

DSCs, to thermally platinise counter electrodes and to heat T i02 paste to create a 

mesoporous T i0 2 working electrode. The aim was complete these heating steps as quickly as 

possible with the same or superior performance when implemented into a DSC device. 

Samples were directly compared to conventionally heated platinum and T i0 2 to compare 

their structure and behaviour. In Chapter 8 these components were combined into a device 

using only rapid NIR heating with other time saving methods such as fast dyeing to remove 

all time intensive steps from the lab fabrication procedure and make suggestions to how this 

would translate to industrial scale.

In Chapter 6 ITO glass substrates were subjected to NIR heating in an attem pt to create 

counter electrodes and working electrodes for DSCs. The aim was to investigate if high 

temperature platinisation and T i0 2 sintering can be achieved without rapidly increasing the 

resistivity of the substrate which is a current problem for ITO glass. Although not directly 

relevant to DSC fabrication this would demonstrate a high temperature application of ITO 

glass not possible with conventional heating; thus supporting the merit of using NIR heating 

for technologies that require ITO glass.

Titanium has been used previously with NIR radiation to rapidly produce a working electrode 

for DSCs and is a suitable metallic substrate in this configuration due to its compatibility with 

r / l3" electrolyte and semiconducting oxide layer of T i0 2 created during heating. However for 

thermal platinisation of counter electrodes the oxide growth hinders performance which has 

led to a less than optimal heating time used for conventional heating in an attem pt to 

balance preventing oxide growth with time required for platinum conversion. In Chapter 7 

NIR heating was used to rapidly heat a counter electrode for DSC devices on titanium to see 

if oxide growth could be prevented and high catalytic performance achieved. NIR heating of 

flexible polymeric substrates was also investigated in Chapter 7 to see if short repetitive 

exposures of radiation could achieve any level of thermal platinisation or mesoporous T i02 

film creation.
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2. Experimental Procedures

2.1 Near infrared radiative heating

2.1.1 Introduction and operation

Near Infrared (NIR) heating involves using high intensity NIR radiation to heat a substrate 

rapidly (see section 1.4.2). A portion of the radiation is absorbed by the substrate which 

causes the atoms to vibrate vigorously releasing energy as heat. This results in a huge 

temperature gradient between the substrate and the coating so the heat will rapidly transfer 

to the coating upwards from the inside out by thermal conduction. A material will 

predominantly transmit, absorb or reflect in the NIR region. If the material mostly transmits 

then the radiation will pass through and only a small portion will be absorbed or reflected 

resulting in a small rise in temperature; the amount the material absorbs determines its 

temperature gain. The emitters are encased in a reflective metallic box that will direct any 

radiation not absorbed inwardly. Typical materials used in coatings such as paints do not 

tend to absorb in the NIR region allowing the radiation to pass through and be absorbed by 

the substrate. Any radiation that is absorbed by the coating will aid the heating but the 

objective of NIR heating is for the substrate to heat up rather than the coating so that 

directional heating can be achieved which is more rapid than if the coating absorbed all the 

radiation (as usually occurs for IR heating which is a slower process) so it is desirable for 

most radiation to pass through the coating. All real materials will experience some heat gain 

upon exposure as no material is 100% transparent. Additionally NIR equipment usually emits 

in a wide range including the visible and short infrared region increasing the range of 

electromagnetic photons to be absorbed and has a high energy density compared to 

conventional and IR heating (25 kW for the lab model) enabling high temperatures of over 

500°C in seconds for highly absorbing substrates.

The NIR heating equipment used in this work was an AdPhos NIR Coil Lab LV2 unit (figure 

2.1). It primarily consists of a heater module, conveyor belt, platform and a control panel. 

Contained in the heater module are tungsten filament halogen lamps which have a 

combined power density of 25 kW. They emit from the visible range to the infrared range 

and peak between 800 and 1200 nm (figure 2.2). The intensity of the lamps can be varied on 

a non-linear percentage scale from 0-100% so that the amount of radiation emitted can be 

controlled. The sample is placed on a platform which moves under the lamp; the exposure 

time for the substrate is determined by the speed of the conveyor belt in m/m in.

63



Figure 2.1: The NIR oven and its components
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Figure 2.2: Measured absolute irradiance vs. wavelength per intensity of NIR lamp power [1]

The spectral emittance plotted in figure 2.2 was measured empirically using two portable 

Ocean Optics spectrometers, an HR2000+ UV/VIS (range 200-1100 nm) and NIRQUEST256 

NIR (range 900-2500 nm); the input fibre w ith cosine corrector was positioned 5 cm away 

and 10 cm above the exit of the lamps to avoid thermal damage and data was collected for 

each power setting at 1 m /m in speed (25 s exposure) [1]. This means the output spectra is 

not necessarily the energy density that the samples are exposed to but it gives a 

comparative assessment between different intensities o f lamp power and an idea of the 

peak wavelengths.

The samples fo r NIR heating were placed on the platform on a block of 

polytetrafluoroethylene (PTFE) (10 x 20 cm) which will henceforth be referred to as the 

platform . This material was used because it does not absorb strongly in the NIR which 

minimises additional heating from below and because it has a fairly good heat resistance, 

low thermal conductivity and toughness to withstand the thermal shock of rapid heating and 

cooling. The substrates used in these experiments do sometimes exceed PTFE's melting 

point which results in a slight marking o f the platform as seen in figure 2.1 rather than 

substantial damage. The lamp intensity and speed of the conveyor belt are selected using 

the control panel; a typical speed used was 2 m /m in which results in an exposure time of
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12.5 s. Prior to experimentation on samples the NIR was run once at typical settings to warm 

up the em itters and between each use the platform was allowed to cool for a few minutes to 

room temperature to increase reproducibility. This was important to keep each substrate 

consistent as the starting temperature will influence the temperature reached during 

exposure.

2.1.2 Estimating the tem perature of substrates exposed to NIR

The standard method for estimating the temperature of a metallic substrate under NIR 

radiation exposure is to weld a thermocouple to the substrate and log its temperature. For 

non-metallic substrates it was not possible to weld a thermocouple to the substrate or 

attach it in any other way to maintain the close contact needed to get a reading that could 

w ithstand high temperatures. Therefore a non-contact method was necessary to estimate 

the tem perature of glass substrates. To estimate the temperatures reached by NIR radiation 

exposure firstly the emissivity o f the substrates had to be calculated. Samples o f ITO glass, 

FTO glass and uncoated glass were placed on a hot plate (PZ 28-3TD, Gestigkeit) at 100°C 

and the surface was photographed using an IR camera (thermolMAGER TIM200, Micro- 

Epsilon) w ith a k-type thermocouple and TC-08 data logger to confirm the temperature of 

the hot plate surface (figure 2.3).

IR camera

Sample

Data logger Thermocouple

Figure 2.3: Diagram of the IR camera and hot plate positioning fo r true-IR temperature 

calibration

Using the USB IR CAM software the emissivity of a select area encompassing the substrate 

could be defined until the IR camera temperature matched the known temperature from the 

hot plate and thermocouple (figure 2.4). These calculated emissivities could then be used to
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estimate the temperature for each substrate when film ing the NIR oven in operation, which 

corresponded well to those in the literature.

nari»4« F«

Figure 2.4: Defining an area to change the emissivity o f an object for an IR camera snapshot

The same substrates were filmed w ith the IR camera after exiting the NIR oven as shown in 

figures 2.5 and 2.6. The camera angle was kept the same to minimise variations in emissivity 

as angle and temperature affect it. The camera had to be positioned to film  the samples as 

they exited the heating module because it was not possible to film inside w ithout 

dismantling the reflectors which would have altered temperatures measured from the 

normal operating conditions (figure 2.6.a). The field o f view was restricted (figure 2.6.b) so 

temperatures were obtained from the same position immediately after exit and can be 

assumed to be lower than the peak temperature during heating as cooling would have 

occurred. Using the same software as above each power at 2 m /m in speed was filmed and 

the emissivity values obtained from  the hot plate calibration substituted fo r each different 

substrate to estimate the temperatures obtained after NIR exposure.
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Figure 2.5: Diagram of the IR camera and the NIR equipment for estimating temperature

Edge of
em itters
module

IR camera

latform

Figure 2.6: Photographs of the NIR equipment; (a) IR camera position, (b) view from the 

camera and (c) the NIR equipment in operation

68



2.2 Fabrication of a liquid electrolyte dye-sensitised solar cell

Dye-sensitised solar cells (DSCs) were fabricated according to the method shown here with  

variations specified for each chapter.

2.2.1 Materials and preparation

The fluorine-doped tin oxide glass (FTO glass) used was 7.5 0 /□  (TEC 8) from NSG Pilkington 

and 2.2 mm thick. The tin-doped indium oxide glass (ITO glass) used was 13 Q /n  from Sigma 

Aldrich and 1.1 mm thick. 1 mm thick titanium was obtained from Goodfellow pre-cut to 15 

x 25 mm in size. Flexible ITO coated PET (EmiCare 15 0/m ) was obtained from Optical Filters 

and a substrate consisting of a nickel grid mesh embedded in PET (Epimesh 300s) was from  

Epigem.

The T i0 2 pastes were 18NR-AO and 18NR-T from Dyesol, and Ti-Nanoxide D from Solaronix. 

T i02 paste was also made from P25 T i0 2 (Degussa), nitric acid, water and polyethylene 

glycol. TiCI4 treatm ent solution was made from 1 g of titanium(IV) chloride tetrahydrofuran 

complex (Sigma Aldrich) dissolved in 100 ml of deionised water. The 0.3 mM dye solution 

used was N719 (Solaronix) in 1:1 acetonitrile/tert-butanol or ethanol when specified 

otherwise. The solution was sonicated for 1 hour in total with pauses if the solution rose 

above room temperature and kept in the dark once made. 5m M hexachloroplatinic acid in 2- 

propanol was prepared from hydrogen hexachloroplatinate(IV) hexahydrate (Sigma Aldrich). 

The electrolyte solution was made from 0.8 M l-propyl-3-methylimidazolium iodide (PMII), 

0.3 M benzimidazole, 0.1 M l2 and 0.05 M guanidinum thiocyanate dissolved in 3- 

methoxypropionitrile. The sealing material used was 25 pm thick Surlyn (Solaronix) which 

was cut using a laser cutter into 1 cm2 active area gaskets. Silver paint (Electrolube) was 

obtained from Farnell.

2.2.2 Standard glass based device

This is the standard DSC method upon which all others are based. It is used in this form for 

glass substrates, either FTO glass, ITO glass, or a combination of the two, which were built in 

Chapters 4, 5 and 6. TCO coated glass was cut into 15 x 25 mm sized pieces and cleaned 

thoroughly using detergent, deionised water and ethanol. The pieces were arranged 

conducting side up into 75 mm long sets with one layer of Scotch™ tape applied across the 

top and down both sides overlapping the glass by a few mm (figure 2.7). T i0 2 paste was 

deposited onto the tape at the top and using a glass rod the paste was firmly cast down in a
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clean, continuous motion. The tape was then carefully removed and any excess paste 

cleaned away.

Figure 2.7: Doctor blading of strip before (left) and after (right) casting paste

The T i02 paste coated glass was sintered to create working electrodes. Two different heating 

techniques were used; conventional oven heating or NIR radiation. For conventional heating 

the samples were heated in an oven at 450°C for 30 minutes. For NIR heating (section 2.1) 

the T i02 paste coated glass was exposed to 12.5 s o f radiation at lamp settings between 60 

and 100%. Variations involving TiCI4 treatm ent are discussed below in section 2.2.2.1. After 

sintering the T i0 2 films were shaped into 1 cm2 square active areas using a glass coverslip. 

They were heated to 100°C to  remove any water that may have adsorbed to the surface 

during rest before being immediately immersed into 0.3 mM N719 dye solution in 

acetonitrile /tert-butanol for 16-24 hours.

Counter electrodes were prepared from TCO coated glass of 15 x 25 mm in size and a 0.5 

mm diameter hole was drilled to align w ith the corner o f the T i02 square of the working 

electrode. These were then cleaned and coated evenly using a capillary tube w ith 3 drops of 

5 mM hexachloroplatinic acid in 2-propanol. Again tw o different heating techniques were 

used; conventional oven heating and NIR radiation. For conventional heating the counter 

electrodes were heated in an oven at 385°C for 30 minutes. For NIR heating (section 2.1) 

they were exposed to 12.5 s of radiation at lamp settings between 60 and 90%.

The devices w ith an active area of 1 cm2 were constructed by heat sealing the counter 

electrodes to the dyed T i02 film  using 25 pm thick Surlyn gaskets (figure 2.8) in a heat press 

at 120°C for 30 s. The electrolyte solution was injected into the cell using a vacuum and
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backfilling through the drilled hole of the counter electrode. The hole was sealed using 

Surlyn and a small microscope coverslip heated with a soldering iron and then silver paint 

was applied to the exposed conductive sides of the working and counter electrodes for 

measuring contacts (figure 2.9).

Hole for electrolyte 
in jec tionDyed T i02 film

Counter electrode

Surlyn gasket

Working electrode

Figure 2.8: Schematic o f DSC sealing assembly

Figure 2.9: Latter stages of DSC construction (a) finished working and counter electrodes, (b) 

heat sealing, (c) batch o f devices showing the sealed hole, (d) a finished cell forward 

illum ination side up

2.2.2.1 TiCI4 treatm ent variation

TiCI4 treated films were first demonstrated in 1993 [2], they improve the surface area of the 

mesoporous T i02 film by introducing smaller nanoparticles w ithin its pores allowing for more 

dye adsorption and improve the interconnectivity of any poorly sintered regions by bridging 

the T i02 particles together to transfer charge. Consequently this method improves the 

efficiency of a DSC by increasing the photocurrent w ithout the need to deposit a thicker 

layer of T i02. For DSC devices where the counter electrode was being investigated (Chapter
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4, and parts of Chapters 6 and 7), TiCI4 treated oven heated T i02 working electrodes were 

used. This would create higher efficiency devices w ith as little  variation being introduced by 

the working electrode as possible so that the performance and conclusions drawn could be 

solely influenced by the counter electrode. The traditional TiCI4 treatm ent method (figure 

2.10) is to sinter the layer of T i02 paste at 450°C for 30 min in an oven and then submerge 

the films in a 1 wt% TiCI4 in deionised water solution at a temperature of 80°C fo r 30 min. 

This allows the precursor to soak into the mesoporous film. This is then rinsed o ff w ith 

deionised water, dried and the films are again heated to 450°C for 30 min in an oven so that 

the T i02 nanoparticles can be formed, adhered and sintered.

1) Doctor bladed paste 2) Sintered 9 pm mesoporous film

4) Wash o ff solution, precursor
3) Submerge in TiCI4 solution loaded film

450°C

5) Enhanced T i02 film

Figure 2.10: TiCI4 treating steps; 1) Wet T i02 paste, 2) Paste is sintered into mesoporous T i02 

film , 3) Film submerged in TiCI4 solution at 80°C, 4) Precursor loaded film  is heated again at 

450°C, 5) TiCI4 treated mesoporous T i02 film  has superior coverage and surface area

A variation on this technique involving using NIR radiation instead of the high temperature 

oven heating steps was investigated in Chapters 6 and 8. This is described in Table 2.1 and 

figure 2.11. It was performed fo r both FTO and ITO glass w ith the optimum NIR settings used 

fo r each substrate, more detail in the relevant chapters. For the fast TiCI4 method the 1 wt% 

TiCI4 solution was dabbed onto the sintered T i02 w ith a cotton bud to cover the entire film 

and then exposed to NIR as soon as it had dried (at room temperature). For the slow TiCI4
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method the sintered films were submerged in TiCI4 solution at 80°C for 30 min in an oven as 

normal, washed off, dried and then subjected to a second run of NIR.

Table 2.1: Description o f different NIR TiCI4 variations and their relation to figure 2.11

Schematic Method name No. o f NIR runs TiCI4 treatm ent

a Single run 1 None

b Double run 2 None

c Fast TiCI4 2 Dab w ith solution

d Slow TiCI4 2 Soak in solution (80°C, 30 min)

Figure 2.11: Schematic o f different NIR TiCI4 treatments methods used in this thesis; (a) 

Single, (b) Double, (c) Fast, (d) Slow

2.2.3 Metallic substrates

This concerns DSCs built in Chapter 7 where the working or counter electrode was metal and 

the other electrode was FTO glass. The method was the same as in section 2.2.2 except in 

the case o f metallic counter electrode the electrolyte was injected through the FTO glass 

working electrode (figure 2.12).

Figure 2.12: Metal counter electrodes DSCs w ith the working electrode drilled
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2.2.4 Plastic substrates

This concerns DSCs built in Chapter 7 where the working or counter electrode was polymeric 

(ITO PET or Ni Epimesh grid) and the other electrode was FTO glass. The method was as 

section 2.2.2 but in the case o f a plastic counter electrode the FTO glass working electrode 

was drilled for electrolyte injection. For a conventional method plastic counter electrode 4 

nm o f platinum was sputtered using a Quorum Q150 ES desktop sputterer/evaporator. 

Additionally to improve sealing 2 pieces of 25 pm Surlyn were melted to the working 

electrode (figure 2.13) prior to dyeing (to avoid damage to the dyed T i02), fo r both glass and 

plastic. When sealing the cell another Surlyn was placed between the working and counter 

electrode as normal using a fairly low pressure and 15 s hot press time. This was as an extra 

precaution to prevent electrolyte leakage but the sealing of plastic/FTO glass DSCs still 

proved problematic.

I

Figure 2.13: Working electrodes w ith Surlyn prior to dyeing (left) and after (right)

2.2.5 Fast dyeing

For DSCs built in Chapter 8 a pump dyeing technique was used as developed by Holliman 

and co-workers [3]. DSCs were made based on the method in section 2.2.2 but w ith different 

dimensions as to facilitate the fast dyeing method (15 x 30 mm pieces of glass), the T i02 film 

area was 0.5 x 2 cm (1 cm2 active area), two holes were drilled in the counter electrode (in 

corners diagonally opposite), and the working and counter electrode were sealed prior to 

dyeing (known as a shell, figure 2.14.a). Dye was injected into the shells at 60°C on a hot 

plate using a pipette to force it through one hole and a glass pasteur pipette to collect dye 

that passes through (figure 2.14), w ith 3-4 passes the dyeing was complete in as little as 2 

min. The ease o f dyeing depended upon the sealing of the shell; if the shell was sealed too 

tightly (i.e. the 25 pm Surlyn spacer was melted for too long) dyeing would be difficult. 

Electrolyte was injected into one of the holes w ithout the need to use a vacuum and then 

the holes sealed.
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High pressure 
and flow  o f dye

Figure 2.14: Various stages of pump dyeing technique; (a) shell, (b) diagram of dyeing, (c) 

dyeing in progress, (d) after dye and before electrolyte injection, and (e) finished devices

2 .3  IV m easurem ents

Current-voltage (IV) measurements were used to obtain the im portant parameters of a solar 

cell such as its open circuit voltage, current density, fill factor and efficiency (as discussed in 

section 1.5.1). Solar cells were measured using a Sol3A class AAA solar simulator (94023A, 

Newport Oriel) as shown in figure 2.15.a. The 450 w att xenon lamp has an AM 1.5 optical
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f ilte r to replicate the solar spectrum as experienced on Earth for mid latitude countries. It 

was used in conjunction w ith a Keithley sourcemeter and Universal Arc power supply. An 

irradiance of 1.00 sun was used fo r all measurements and the light source calibrated using a 

NREL certified monocrystalline silicon reference cell (91150V, Newport Oriel). DSCs were 

measured in a four electrode set up shown in figure 2.15.b.

Figure 2.15: (a) The solar simulator and (b) electrical connections for a DSC

2 .4  Incident p h o to n -to -cu rren t conversion effic iency

An IPCE measurement system (QEX10, PV Measurements) was used to measure the external 

quantum efficiency (EQE) of a solar cell (theory in section 1.5.2). This allows the EQE of a cell 

to be plotted against wavelength.

2 .5  O ptoelectron ic  tran s ien t m easurem ents

The theory of photovoltage and photocurrent decay transients is discussed in section 1.5.5. 

Optoelectronic transient measurements of solar cells (as described by Barnes et al. [4]) were 

performed by pulsing light at various conditions and measuring the decay of certain 

parameters once the circuit had been changed and light removed. The testing rig is shown in 

figure 2.16 and the testing software was w ritten  using Igor Pro. The light was provided by a 

ba nk of white LEDs w ith the cells kept at a fixed height.
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ransient chamber

Power supplies

Figure 2.16: The transient testing rig (left) and inside the transient chamber w ith cell 

attached (right)

For each measurement the light source was kept at a constant voltage and the current was 

varied. There were 21 steps in tota l w ith the current varied from 2 to 0.011 A. The 

acquisition time fo r current and voltage decay increased w ith decreasing light current. At the 

end of the experiment each graph for voltage decay and current decay at various light levels 

was fitted using first order exponential decay equations. The modelling is not complex unlike 

impedance spectroscopy allowing for fast acquisition o f data as the software both fits the 

curves and generates graphs automatically (figure 2.17), but adjustments can be made to 

the fit if necessary.
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2 .6  E lectrochem ical im pedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed on DSC devices using a Gamry 

Reference 600 potentiostat/galvanostat/ZRA and Gamry Framework software. All cells were 

measured using a two electrode set up under darkness fo r consistent steady state 

conditions. Bias voltages of between 540 and 780 mV were measured, the AC amplitude was 

± 10 mV with a frequency range of 50 kHz to 0.1 Hz. The theoretical aspects o f EIS and 

details o f the simple equivalent circuit DSC model used are discussed in section 1.5.3.

2.7 Cyclic v o lta m m e try

Cyclic voltammetry was performed using a CompactStat potentiostat (Ivium Technologies) in 

a three electrode setup (figure 2.18). The theory of cyclic voltammetry is discussed in section 

1.5.4.

Reference■
electrodeWorkings

electrode jpunter
Jectrode

Figure 2.18: Overview of the three electrode setup (left) and close up of the working, 

reference and counter electrode in the electrolyte solution (right)

It was used to test the catalytic performance of the counter electrodes for DSCs. Platinised 

working electrodes (cyclic voltamm etry terminology) were prepared on pieces o f 3 x 1 cm 

sized FTO glass (TEC 7, NSG Pilkington) as per the method fo r DSC counter electrodes 

(section 2.2.2). A non-aqueous Ag/Ag+ reference electrode in acetonitrile (CHI112, CH 

Instruments Inc.) was used as the reference electrode and platinum mesh was used for the 

counter electrode. The spacing between each was kept equal as possible and the platinum 

side o f the working electrode was positioned facing the reference electrode. The exposed

78



area was also kept as constant as possible for each set of experiments. The electrolyte used 

for these experiments was 0.033 g 5 mM Lil, 0.006 g 0.5 mM l2/ 0.532 g 0.1 m M LiCI04 in a 

volumetric flask made up to 50 ml with acetonitrile. Cyclic voltammetry was performed 

between the potentials of 0.8 and -0.5 V with a step size of 5 mV, a scan rate of 50 mV/s, 20 

s equilibrium time and 10 cycles run.

2.8 UV/Vis/NIR spectrophotometry

A Perkin Elmer Lambda 750S was used to measure the transmission, absorbance and 

reflectance of a material from the UV to NIR region of light. Both transmission/absorbance 

measurements and reflectance measurements were taken from 250 nm to 3000 nm on 

various substrates. Total reflectance measurements were taken using the integrating sphere 

accessory.

2.9 Fourier transform infrared spectroscopy

The theory of FTIR is discussed in section 1.5.6. Attenuated total reflectance (ATR) was used 

in conjunction with a Perkin Elmer Spectrum 100 FTIR to obtain IR spectra of T i02 pastes.

The powders were placed on the ATR crystal and the spectra averaged over 5 scans.

2.10 Thermogravimetric analysis

Heated T i02 films (as per DSC manufacturing method in section 2.2.2) were removed from 

the FTO glass and placed in a platinum crucible for thermogravimetric analysis using a Pyris 1 

TGA (Perkin Elmer) at between 30 and 600°C with a ramping rate of 20°C/min in a nitrogen 

atmosphere.

2.11 Scanning electron microscopy

Scanning electron microscope (SEM) images were obtained using a FEG-SEM (S-4800,

Hitachi) with beam parameters of 10-12 eV and 10 pA and a 4-12 mm working distance.

2.12 Energy-dispersive X-ray spectroscopy

EDX analysis was performed with an Oxford instruments X Max detector which was an 

accessory to the FEG-SEM (section 2.11). This was used on counter electrode samples to 

image and detect the presence of platinum.
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2.13 X-ray diffraction

X-ray diffraction (XRD) was performed using a PANalytical diffractometer at 45 kV and 35 mA 

using Ni-filtered Cu-Kai radiation (\=1.5405°A) between the angle positions of 4 and 80 with 

a step size of 0.033 20 and a scan time of 50.8 s.

2.14 Profilometer

A profilometer (Veeco Dektak 150) was used to measure the thicknesses of film samples by 

obtaining the average step height. It was sat on a vacuum table to minimise vibrations and a 

probe force of 10 mg was used on T i02 films.

2.15 Four point probe

Four point probe measurements were taken with a RM3000 (Jandel) to obtain the resistivity 

of thin films in Q /n.

2.16 Light box and image analysis

An Ortery Photosimile light box with Canon DSLR camera was used to take photographs in a 

set illumination so that image analysis could be used to compare samples with no variation 

in light. Sigma scan pro was used to obtain colour values.
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3. Optical, Structural and Electronic Properties of ITO and FTO and 
their Suitability for Near Infrared Heating

3.1 Introduction

A transparent conducting oxide (TCO) is a material that is both optically transparent and 

electrically conductive when deposited as a thin layer and is discussed in detail in section 

1.3. The combination of conductivity and transparency is usually achieved by doping a wide 

band gap binary oxide such as ln20 3, Sn02/ or ZnO. Doping increases the conductivity of the 

oxide by increasing the concentration of free carriers; typically TCOs are n-type so these free 

carriers are electrons. A typical TCO for commercial applications has a high concentration of 

free electrons which results in a very low resistivity, in the region of 10'6 Qm. TCOs are 

usually deposited onto a substrate such as glass or plastic and used for electronic 

applications or their optical properties (which differ to glass) as discussed in section 3.3.1.

Tin-doped indium oxide (ITO), ln20 3:Sn, and fluorine-doped tin oxide (FTO), Sn02:F, are two  

of the most commonly used TCOs. ITO is used in a wide range of applications such as flat 

panel displays [1], touch screens, organic light emitting diodes [2], energy efficient windows

[3], gas sensors and some photovoltaics. ITO is a particularly desirable TCO for OLEDs [4] and 

flat panel displays due its very low roughness [5]. FTO is used mostly for solar cells such as 

amorphous silicon, CIGS and dye-sensitised, as well as energy efficient windows [6][7] and 

gas sensors [8]. ITO has a higher carrier concentration than FTO, almost by a factor of two, 

because the solubility of fluorine in Sn02 is inferior to that of Sn in ln20 3 [9]. Combined with 

its good carrier mobility of ~30 cm2/Vs, ITO also has an extremely low resistivity of 2 x 10'6 

Qm [3] whereas FTO has a resistivity of 5-8 x 10'6 Qm. The lower resistivity of ITO allows less 

material to be used to achieve the same sheet resistance (Rsh = p /t resistivity/thickness) as 

FTO which also results in a higher visible transparency. However ITO is still the highest cost 

TCO partly due to its demand in high cost electronics coupled with the scarcity of indium; its 

price has risen sharply in recent years [10]. Conversely FTO is the least expensive TCO [11] 

deposited with high throughput during float glass manufacture using atmospheric pressure 

chemical vapour deposition (APCVD).

As discussed in section 1.3.4, ITO and FTO are heavily doped degenerative semiconductors 

which results in a strong absorption in the infrared region. They undergo a transition from a 

dielectric (transmitting in the visible region) to a metallic (absorbing in the IR) response so it 

was hypothesised that this metallic behaviour in the IR region may be suitable for NIR
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radiative heating. An issue for high temperature heating steps in the manufacture of 

electronic devices (such as solar cells) on TCOs is slow heating times which limit throughput 

and increase cost (heating techniques are discussed in section 1.4). Conventional heating 

relies on convection and conduction requiring the oven and entire substrate to heat up. 

Faster heating processes include microwaves [12], lasers [13], near infrared (NIR) [14] and 

far infrared [15]. Out of these techniques NIR radiation has achieved the highest reductions 

in heating times; it has previously been demonstrated on metallic substrates to dramatically 

reduce the processing time of a DSC working electrode from 30 min to 12.5 s [14][16]. NIR 

heating emits high energy density NIR radiation which is transmitted through most coatings 

(organic molecules tend not to absorb in this region) allowing it to reach the substrate 

where if absorbed the NIR photons interact with and excite the atoms to higher energy 

levels releasing thermal energy as phonons and rapidly heating the substrate. Due to the 

high thermal gradient the coating on the substrate is heated very quickly by thermal 

conduction. If TCO coated glass substrates could also rapidly heat with NIR radiation it would 

enable fast heating of transparent substrates rather than the restriction to opaque metal 

substrates, drastically increasing the range of possible applications for electronic devices.

An additional issue for TCOs is thermal degradation; one of the main disadvantages of ITO 

films is that they are not suitable for high temperature applications where conductivity is 

required (they are still used in high temperature applications for heat shielding where 

conductivity is not needed). Above a temperature of about 300°C the resistivity increases 

substantially with rising temperature [17] due to oxygen deficiency sites becoming filled.

This limits their use in some photovoltaics such as dye-sensitised solar cells (DSCs) where 

high temperature heating steps (450°C) are required for the fabrication. There have been 

attempts to overcome the poor conductivity of ITO at high temperatures such as by 

combining ITO thin films with FTO [18] and annealing ITO after heating in a hydrogen 

atmosphere [19]. Although these approaches have had some success they are fairly 

complicated and time consuming severely limiting their feasibility especially when it would 

be easier to use an alternative TCO. It will be interesting to see how NIR radiation affects the 

conductivity of TCO coated substrates and if any tim e dependent kinetic diffusion of oxygen 

into ITO can be avoided.
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3.2 Experimental

Scanning Electron Microscopy (SEM) (section 2.11) was used to obtain micrographs of 7.5 

Q /n  FTO glass (NSG Pilkington) and 13 Q /n ITO glass (Sigma Aldrich). The absorbance and 

reflectance of ITO and FTO glass was measured using a Perkin Elmer Lambda 750S 

spectrophotometer (section 2.8). Both glasses were also etched, FTO using zinc powder and 

4 M HCI, and ITO using an aqueous solution of 20% HCI and 5% H N 03 at 60°C for 30 min. The 

TCOs were removed so the absorbance and reflectance of the identical thickness and 

composition glass could be measured.

To estimate the temperature reached by exposing glass to NIR radiation a non-contact 

method had to be utilised because attaching a thermocouple to glass was not possible. The 

emissivity of ITO glass, FTO glass and uncoated glass was calculated by placing the substrates 

on a hot plate (PZ 28-3TD, Gestigkeit) at 100°C and using an IR camera's software 

(thermolMAGER TIM 200, Micro-Epsilon) to define the emissivity as described in section 

2.1.2. The substrates were then exposed to 12.5 s of NIR radiation at power settings of 

between 10 and 100% using an AdPhos NIR Coil Lab LV2 unit (section 2.1.1) while filming 

with the IR camera (section 2.1.2) which was positioned to film the samples as they exited 

the NIR heating module (due to physical constraints). Using the IR camera software as above 

the emissivity values obtained from the hot plate calibration were substituted for each 

different substrate to estimate the temperatures obtained after NIR exposure, the maximum 

tem perature was chosen, 2 s after exit from the NIR lamps (due to problems of reflection 

real values could not be obtained immediately at exit).

To investigate any change in the resistivity of the ITO glass and FTO glass substrates a four 

point probe (section 2.15) was used to measure their sheet resistance before and after 

various heating methods. The substrates were subjected to heating in a conventional oven 

at varying times and temperatures. They were also exposed to 12.5 s (2 m /m in line speed) of 

NIR radiation varying the intensity of the NIR emitters.

3.3 Results and discussion

3.3.1 Optical and structural characterisation of TCO coated glass

The ITO glass used for this study was 13 Q /n  from Sigma Aldrich and consisted of a ~150 nm 

layer of magnetron sputtered tin-doped indium oxide on 1.1 mm soda lime float glass with a 

Si02 passivation layer. The passivation layer is present to prevent leaching of alkali oxides
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into the float glass during glass manufacture. The doping concentration was 10 wt% Sn02 to 

ln20 3. Indium oxide crystallises in the cubic bixbyite structure which has a slight oxygen 

deficiency introducing some carriers on its own but it is negligible compared to Sn doping. 

Figure 3.1 shows a micrograph of the ITO glass; the grains exhibit a bimodal microstructure 

typical o f an ITO film sputtered at a temperature o f around 200°C [4] and a small grain size 

resulting in a smooth film . The low roughness of ITO from  this deposition method is very 

desirable for some applications, such as OLEDs [5], as it both helps maintain a high work 

function and prevents pinholes on subsequent layers which, in an electronic device such as a 

solar cell, would present alternative paths for the current to flow  resulting in losses.

Figure 3.1: Scanning electron micrographs o f ITO on glass at (a) 50k and (b) 200k 

magnification

The FTO glass used for this study was 7.5 Q/n (TEC 8) from  NSG Pilkington. It consists o f a 

~600 nm layer o f fluorine-doped tin oxide on 2.2 mm thick soda lime glass w ith a Si02 

passivation layer. The transparent conducting oxide is deposited during the latter stages of 

flat glass production; as the float glass exits the tin bath (at a temperature of around 590- 

650°C) it is directly coated w ith Sn02:F during cooling by atmospheric pressure chemical 

vapour deposition (APCVD). This process boasts a high deposition rate (~10 nm/s), no 

requirement fo r a vacuum and high throughput due to compatibility w ith the continuous 

processing o f glass. Pilkington use (CH2)2SnCI2, dim ethyltin dichloride (DMT), as a precursor 

mixed with helium, water, oxygen and a dopant such as HF or organofluorine [20] and the 

deposited layer is textured to promote light trapping (although smooth layers can be coated 

using this process). Figure 3.2 shows an SEM of the APCVD coated FTO glass from NSG 

Pilkington.
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Figure 3.2: Scanning electron micrographs of (a) 7.5 Q/n FTO glass and (b) 15 Q/n FTO glass

FTO has a tetragonal crystal structure and the APCVD process introduces annealing twins 

(where there is m irror lattice symmetry between the atoms on each side of the boundary as 

a result o f atomic displacement during the annealing) into the grains which help improve 

light scattering. Both grades of FTO glass shown in figure 3.2 have much larger grains than 

the ITO glass and thus a much higher roughness. The grain size of FTO corresponds to the 

thickness of the deposited layer as demonstrated in figure 3.2.b, 15 Q/n FTO glass, which 

has a thinner coating of FTO than the 7.5 Q/n FTO glass that was used in this work, 320 nm 

compared to 600 nm, and consequently smaller grains and higher optica! transparency. The 

roughness of FTO glass is not an issue fo r liquid electrolyte DSCs where a thick layer of T i02 

(several microns) is usually used, but for related solid state devices (such solid state DSCs 

and perovskite solar cells) where films of 1 pm or less are used a blocking layer becomes 

desirable to prevent pinholes.

The absorbance and reflectance of FTO and ITO coated glass was measured using a Perkin 

Elmer Lambda 750S spectrophotometer along w ith identical uncoated glass substrates that 

had had the ir TCO removed by chemical etching, the absorbance is shown in figure 3.3.
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Figure 3.3: Absorbance of FTO glass, ITO glass, and the same glasses w ith their TCO removed 

between the wavelengths of 300 and 2400 nm

Each substrate absorbs in the UV region and transmits in the visible region. The TCO coated 

glasses absorb in the infrared region whereas glass continues to be transparent. The glass 

fo r the FTO is also 2.2 mm thick compared to 1.1 mm thick for the ITO glass explaining the 

slight difference between absorbance for the two glasses which are of identical composition. 

The FTO layer is 600 nm, thicker than the ITO layer's 150 nm meaning that it absorbs more, if 

the TCOs were o f equal thickness it is likely the ITO would absorb more due to its higher 

carrier concentration. Fundamental absorption, a valence band (VB) to conduction band (CB) 

transition, depends upon:

(3.1)

Where a is the absorption coefficient, E is the photon energy, Eg is the optical band gap and 

A is a fitting constant. This assumes that the conduction band is parabolic and unoccupied, 

such is the case for an intrinsic semiconductor and an insulator. For fundamental absorption 

to occur the energy of the photon must exceed the energy of the band gap. Glass absorbs in 

the ultraviolet light because the UV photons have sufficient energy to  excite an electron 

from  the valence band to an unoccupied state in the conduction band. Visible light photons 

do not have sufficient energy for this fundamental VB to CB transition so it transmits in that 

region and thus appears transparent.
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For doped semiconductors (section 1.1.3) the conduction and valence band edges are 

perturbed by Coulomb interaction w ith ionised impurities (dopants) which results in the 

Fermi level being shifted towards either the valence band or conduction band. If doping 

exceeds a certain threshold a semiconductor is known as a degenerative semiconductor (as 

discussed section 1.3.4). ITO and FTO are such examples; they are heavily doped resulting in 

a very high free carrier concentration.

ITO and FTO appear transparent in the visible region because low energy transitions from 

the Fermi level into unoccupied states higher in the conduction band have a low probability, 

the TCO cations have filled d-shells, 4d10 for Sn and In. Similarly to the glass ITO and FTO are 

opaque in the UV region because the photons have sufficient energy to make a VB to CB 

transition (to states higher than the filled ones in the CB). Another type of absorption that 

can occur in a material is free carrier absorption. Figure 3.4 shows both fundamental 

absorption (from the valence band to the conduction band as a UV photon would in this 

case) and free carrier absorption illustrated for a degenerative semiconductor.
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Figure 3.4: Schematic o f fundamental and free carrier absorption for a degenerative 

semiconductor



Free carrier absorption allows the absorption of a photon to excite an electron by the 

absorption or emission of a phonon to accommodate the change in electron momentum. 

This occurs fo r ITO and FTO in the infrared region where they begin to absorb. An NIR 

photon can excite an electron from near the bottom of the conduction band where it is 

occupied to higher w ithin the conduction band where it is empty em itting a phonon. Figure

3.5 shows the total reflectance of ITO and FTO glass w ith their respective TCOs removed.
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Figure 3.5: Reflectance of FTO glass and ITO glass and the same glass w ith their TCOs 

removed

Glass (w ithout a TCO) has low reflectance throughout the ultraviolet, visible and near 

infrared range because in these regions it is highly transparent. The FTO and ITO glass also 

have low reflectance in the visible region but start reflecting highly in the near infrared 

region. Drude theory is used to explain the behaviour o f the TCOs by modelling the electrons 

as a classical gas. The interaction between light and free carriers occurs via an electric field 

and by introducing conductivity o; substitution for the d rift velocity yields the complex 

frequency dependent conductivity o f the TCO, hence:



At high frequencies, i.e. for shorter wavelengths such as ultraviolet, free carrier contribution 

becomes less im portant and other processes dominate (interband absorption) meaning the 

material acts as a perfect dielectric just as the glass does. At lower frequencies, i.e. for 

infrared wavelengths, the optical transmittance is determined by absorption and reflection 

o f the free carrier plasma. In the low frequency regime ( got «  1 )  the free carrier term shows 

a 1/u) dependence as u) -> 0 this term dominates. Drude theory shows that at low frequency 

a material w ith a large concentration of free carriers is a perfect reflector. In the IR region 

where the reflectance of glass begins to decrease for a TCO it does not and continues to 

increase. Indeed the infrared reflectivity o f ITO leads to its use as a heat shielding material 

[21]. From the equation above cop is the plasma frequency and given by:

/  nee2 (3-3)

\E0£mm*e)

The plasma frequency is the frequency at which the material changes from a metallic to a 

dielectric response. Drude theory predicts this to be in the NIR region for ITO and FTO and in 

a frequency range where interband absorption is not im portant the d p occurs near the 

minimum in reflectivity, the plasma edge shift. Figure 3.6 shows the transmittance and 

reflectance of ITO and FTO glass against wavelength.
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Figure 3.6: Transmittance and reflectance of ITO and FTO glass
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It illustrates the crossover at which the transmittance decreases and the reflectance begins 

to increase, this is the high frequency dielectric constant e k . This occurs at around 1650 nm 

for both substrates and this maximum absorption corresponds well to the output of the NIR 

heating technique.

The ratio of conductivity to optical transparency is considered a figure of merit for TCOs, 

where a /a  = -{Rs ln(T + R )}1 [11]. For the commercial substrates used here, calculating with 

the average T and R values for the range 390 to 700 nm, the figures of merit are 1.5 Q'1 for 

the FTO glass and 2.49 Q'1 for the ITO glass suggesting that the ITO has a better ratio of 

conductivity to transparency.

3.3.2 Estimating emissivity of ITO and FTO glass to predict temperature after NIR exposure

An NIR heater emits high energy density NIR radiation which causes a rapid release of 

thermal energy if the substrate absorbs in this region. The NIR equipment used in this work, 

an AdPhos NIR Coil Lab LV2 unit (described in section 2.1), consists of a module of NIR 

emitters which have a total energy density of 25 kW surrounded by reflectors, and a 

conveyor belt for the sample platform to move at a certain line speed under the NIR 

emitters to determine the exposure time. The intensity output of the NIR emitters is 

controlled on a scale of % power from 0 to 100. Figure 3.7 shows the spectral output for of 

the NIR unit which was measured empirically using two portable Ocean Optics 

spectrometers, an HR2000+ UV/VIS (range 200-1100 nm) and NIRQUEST256 NIR (range 900- 

2500 nm); the input fibre with cosine corrector was positioned 5 cm away and 10 cm above 

the exit of the lamps to avoid thermal damage and data was collected for each power setting 

at 1 m/min speed (25 s exposure) [22].

The peak of radiation is in the NIR region at around 800-1200 nm but as the lamp is based on 

tungsten halogen (shown in section 1.4.2) it emits a wide range from visible to mid-IR. As the 

intensity of the lamps increase more radiation is emitted per wavelength. The increase 

between increments of 10% power is not linear and also varies by wavelength. Since FTO 

and ITO absorb in the NIR region it is believed they may significantly heat when subjected to 

this NIR equipment as occurs with metal [14].
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Due to the non-linear progression of the radiation em itted w ith lamp intensity it is difficult 

to predict the temperature. For metal samples the temperature can be measured by welding 

a thermocouple to the metal and plotting the heating profile w ith a data logger during the 

sample's exposure to the emitters. However this is infeasible for glass samples therefore a 

different approach is required. This involved using a thermal imaging camera to film  the 

samples as they exited the NIR lamp after having been exposed for 12.5 s (resulting from  a 

line speed of 2 m/m in). This speed was chosen because it suits continuous manufacture and 

suitably high temperatures were obtained at 2 m /m in previously on the same equipment for 

titanium  substrates [14].

The IR camera was set to assume an emissivity o f 1 fo r all objects, that o f a black body which 

is heavily idealised: a black body is one that absorbs all thermal radiation but transmits and 

reflects none. Emissivity is the ability o f a surface to emit heat by radiation relative to a black 

body. All real world materials will have an emissivity lower than 1 and to obtain the actual 

values of temperature from the IR camera footage o f NIR exposure the emissivity o f each 

substrate needed to be known. To calculate the emissivity o f ITO glass, FTO glass and 

uncoated glass (2.2 mm thick) they were placed on a hot plate at 100°C, which was
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confirmed using a thermocouple, and photographed with the IR camera. Using the IR 

camera's software an area encompassing each substrate was chosen in turn and the 

emissivity of that area was adjusted until the temperature displayed on the IR camera 

matched 100°C which the substrates should be. The obtained emissivities are shown in Table 

3.1.

Table 3.1: Calculated emissivities for glass substrates by calibrating a hot plate with IR 

camera

Substrate Emissivity

FTO glass 0.16

ITO glass 0.21

Glass 0.92

The emissivity of glass agrees well with values in literature where glass varies from around 

0.9 - 0.94 [23]. The emissivity of FTO glass and ITO glass is markedly different to that of glass, 

where they would appear to look fairly similar, but FTO and ITO follow the trend of metals 

which tend to have low emissivities due to their high reflectivity in the IR. As the FTO glass 

has a thicker layer of TCO than the ITO glass, 600 nm compared to 150 nm, its emissivity is 

lower because it has a higher reflectivity with the glass underneath having a reduced impact 

on the optical properties. If the two TCOs were the same thickness the emissivity would 

probably fairly similar or slightly lower for ITO glass which would have higher reflectivity due 

to its higher carrier concentration. The surface properties also greatly influence emissivity, 

such as polished metals having lower emissivity than dull ones, so a smoother TCO of 

identical thickness may have a lower emissivity than a rougher one. The emissivity of a 

material can depend upon the temperature, emission angle and wavelength of light. By 

doing the NIR filming and IR camera/hot plate calibration without adjusting the camera 

angle and tripod these factors should hopefully been kept constant. The rise in temperature 

should not have a significant impact on the emissivity for the temperatures obtained here 

because the phenomenon is more prominent at high temperatures (e.g. an object reaching 

such high temperatures that the IR radiation emitted shifts towards the visible and it glows 

red-white). The emissivity of the FTO glass was also checked using an emissometer (Devices 

and Services) and found to be accurate to within ±0.01 (0.15, figure 3.8). Using the emissivity 

values in Table 3.1 the temperatures reached by the substrates after NIR exposure could be 

estimated by inputting them into the footage in the IR camera software. The peak 

temperature was chosen for each NIR intensity. The resulting graph is shown in figure 3.9
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where temperature is plotted against NIR intensity after a fixed exposure tim e of 12.5 s for 

the FTO glass, ITO glass and 2.2 mm thick uncoated glass.

Figure 3.8: Emissometer measuring the emissivity o f 7.5 0 /□  FTO glass
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Figure 3.9: Estimated maximum temperature of glass based substrates after 12.5 s exposure 

of NIR radiation vs. intensity o f NIR lamps

The substrates were room temperature prior to each 12.5 s NIR exposure and heated during 

the run reaching their maximum temperature immediately prior to exit from the em itter 

modules. The warming during heating is partly influenced by the thermal conductivity of the
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material and partly due to the nature of the halogen emitters which get hotter while in 

operation. Therefore the temperatures shown in figure 3.9 are the maximum temperatures 

and the substrates would not have been those temperatures for the entire duration. 

Additionally due to the constraints of filming the substrates they would have begun to cool 

when the values were obtained and the maximum temperature may be higher but these 

temperatures give a good comparison between each substrate and NIR intensity and were 

taken at the same time, 2 s after exit, to maintain consistency. The progression of 

temperature is not linear because the NIR power intensity does not increase linearly as 

shown in figure 3.7 and it follows this same trend with high progressions in radiation and 

thus obtained temperatures at 50%, 60%, and 70% NIR. It should be noted that the spectra 

obtained in figure 3.8 was for a 25 s duration rather than 12.5 s but this would only affect 

the values of the irradiance rather than the positions of the peaks and relation between 

each NIR power.

Each substrate heats upon exposure to the NIR photons which interact with the substrate 

releasing thermal energy rapidly. The NIR module emits a large range of wavelengths 

including those into the mid-NIR (though not as much as in the NIR) which increase the 

chances of glass absorbing a photon as discussed previously. The lamps are also enclosed in 

a metal reflecting box causing the area around the samples to become hot which may 

contribute some heat. The TCO coated glasses heated significantly more than the glass alone 

due their enhanced absorption in the NIR region. A higher proportion of free carrier 

absorption occurred, when the photons are absorbed a phonon is emitted to conserve 

electron momentum and the associated energy of this is dissipated as heat. At maximum NIR 

power this results in the 600 nm FTO layer contributing an extra 300°C of heat compared to 

the glass and the 150 nm ITO layer contributing an extra 200°C of heat compared to the 

glass. Glass of 1.1 mm thick was also filmed but there was very little difference between the 

temperatures of 1.1 mm thick and 2.2 mm thick glass so it was not included. The increase in 

absorption of 2.2 mm thick glass over 1.1 mm thick (shown earlier in figure 3.3) is so 

miniscule that it has negligible difference in thermal energy gain as a result of photon 

interaction with the substrate. The TCO coated substrates, despite the difference in thermal 

expansion coefficients between the TCO and the glass, were undamaged by the rapid 

heating and cooling as a result of NIR exposure with no cracking or thermal stress induced.
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During the experiment it was noted that the temperatures reached varied across the 

platform (see figure 3.10). Identical samples of 1.1 mm glass were spread around the 

platform at the extremes so that the variations could be mapped (figure 3.11). These 

variations would be down to the positioning of the NIR lamps and uneven distribution of 

electromagnetic radiation emitted.

Figure 3.10: IR camera image at 100% lamp power of the platform  after exiting

95.2% 93.9% 98.8%

100%
mmm

86.3% 84.9% 88.4%

Figure 3.11: Mapping of the uneven radiation distribution w ithin the platform by showing 

average temperature deviations of 1.1 mm thick glass from  the centre of the platform by 

platform position

The average temperature reached for all powers was calculated and the deviation o f this as 

a percent for the colder samples was plotted onto the diagram corresponding to the 

sample's position. The 1.1 mm thick glass near the centre of the platform was the hottest 

w ith the samples along the top deviating slightly, most prom inently in the middle of the top, 

and the samples along the bottom  deviating more, most significantly in the middle of the 

bottom. This is crucial to note so to avoid inconsistency during future heating of samples 

they will be placed along the middle of the platform.
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It is extremely promising that the temperatures obtained for the FTO and ITO coated 

substrates for the higher power intensities at the line speed of 2 m /m in (12.5 s exposure 

time) correspond to those required fo r the heating steps of dye-sensitised solar cell 

manufacture which should allow the same reduction in fabrication time that was achieved 

on metal to  be achievable for the first time on TCO coated glass.

3.3.3 Effect of tem perature on resistivity by conventional and NIR heating

In order to be suitable for high temperature applications a TCO needs to withstand the 

temperature w ithout degradation of visible transparency or electrical conductivity. 

Unfortunately it is well known that ITO's conductivity drastically decreases after heating in 

air at temperatures above 300°C [17]. This is illustrated in figure 3.12 where ITO and FTO 

glass were heated for 30 minutes at various temperatures in a conventional oven w ith their 

sheet resistance, Rsh, measured before and after using a four point probe.
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Figure 3.12: Sheet resistance o f ITO and FTO glass vs. temperature after 30 min of heating in 

a conventional oven

At 200°C there was no change in the sheet resistance of the ITO glass. This is the 

temperature that ITO is deposited onto glass [4] and TCOs tend to be stable until just above 

their deposition temperature [11]. At this temperature no diffusion of oxygen into vacancies
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will occur. At 250°C there is a small rise in sheet resistance of about 1.4 Q /n  which indicates 

that some oxygen has diffused into the natural oxygen vacancies of ITO resulting in a 

reduced carrier concentration. This diffusion is accelerated at higher temperatures, with 

300°C showing a 30% increase in Rsh, 400°C showing a 234% increase in Rsh/ and 450°C 

showing a 312% increase in Rsh. This significant rise in sheet resistance is why ITO glass is 

incompatible with processes that require temperatures above 300°C. It may be worth noting 

that the ITO glass used in this work was supplied as "8-12 Q /n" and yet no pieces were 

below 12.9 Q /n  out of the packet (and for more than one batch) so this particular item of 

ITO glass is not of great quality and perhaps may degrade more easily than others reported 

in literature. ITO's increase in resistivity is reversible by heating the film in a reducing (H2) 

atmosphere [19] but this is a fairly cumbersome compromise.

The sheet resistance of the FTO glass remains unaffected at these temperatures, the thermal 

stability of tin oxide films is more limited by the softening of the glass substrate than by 

thermal decomposition of the FTO film [11]. FTO glass is deposited via APCVD at 

temperatures up to 700°C. Figure 3.13 shows the sheet resistance of ITO and FTO films after 

heating at a temperature of 450°C in a conventional oven for shorter times. 450°C was 

chosen because this is the highest temperature required for DSC processing. Although for 30 

min exposure at this temperature it results in a tripling of resistivity for ITO glass it was still 

useful to determine how long it took for a rise in Rsh to occur.
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Figure 3.13: Sheet resistance of ITO and FTO glass vs. time in an oven at 450°C w ith detail for

0-2 minutes (inset)

There was no rise in sheet resistance after 30 s exposure in an oven at 450°C although the 

sample is unlikely to have reached 450°C in 30s. However after 1 min there was a 0.5 Q /n 

rise in Rsh which was surprisingly fast, the sample would have exceeded the temperature for 

oxygen diffusion to begin occurring. After 2.5 min there was a 138% rise in Rsh which 

suggests there is an extremely high rate of diffusion of oxygen into the vacancies at 450°C. 

This trend continues and seems to plateau at around 5 min where the sheet resistance rise is 

more linear because oxygen diffusion into vacancies rises at a slower rate w ith the initial 

more exposed vacancies already filled and so further filling of vacancies at less readily 

available lattice sites. There is some inconsistency for times between 10 min and 20 min 

because each sample was a fresh sample and the quality o f the ITO films varied between 

samples w ith some more susceptible to oxygen diffusion than others. Nonetheless the trend 

would remain the same on average w ith a linear increase between 10 and 30 min. As 

expected the sheet resistance o f FTO remained unaffected. ITO and FTO glass were also 

heated using NIR radiation in an identical fashion to that used in section 3.2 where they 

were exposed for 12.5 s. Figure 3.14 shows the sheet resistance o f ITO and FTO glass vs. NIR 

lamp intensity.
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Figure 3.14: Sheet resistance of ITO and FTO glass vs. NIR lamp intensity for 12.5 s exposure

Again the FTO glass does not change in sheet resistance because it does not exceed the 

temperature necessary for its thermal degradation. The Rsh of ITO begins to increase at 

around 80% NIR lamp intensity after 12.5 s exposure w ith an increase of 18%, 38%, and 

196% in Rsh for 80, 90 and 100% NIR intensity respectively. As was shown in figure 3.13 an 

increase in Rsh occurs after only 1 min at 450°C in an oven and that is w ith slow heating 

where the substrate would have risen from room temperature approaching the temperature 

o f the air and would not have been close to 450°C for the entire duration. W ith the rapid 

heating of NIR radiation the temperature change would have been extremely sudden w ith a 

few seconds to allow some oxygen diffusion into the vacancies. To compare the effect of 

sheet resistance on ITO glass by the two heating processes more directly the NIR exposed 

samples could be plotted using the estimated temperature obtained at each lamp intensity 

from section 3.2 rather than the arbitrary NIR intensity. Shown in figure 3.15 are the oven 

heated samples and NIR heated samples against oven temperature and predicted maximum 

temperature after 12.5 s NIR exposure.
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Figure 3.15: Sheet resistance vs. estimated average temperature for NIR heated substrates 

and temperature for oven heated substrates

The maximum temperature obtained for the NIR exposed ITO glass samples was 481°C for 

70% NIR intensity w ith no change in Rsh. The NIR heating process was faster than the oxygen 

diffusion at this temperature or at least the time at which it peaked was faster. This is 

extremely significant if heating processes can be performed at this peak temperature w ith 

NIR radiation that are not possible w ithout a rise in Rsh otherwise. W ith the speed at which 

NIR radiation can process heating steps that require much longer w ith conventional heating, 

such as the NIR sintering of T i02 onto titanium  in 12.5 s [14], it does not matter that there is 

a still a short time constraint of less than a minute at which filling of vacancies and thus Rsh 

rise will occur. There is an 18% increase in Rsh when NIR exposure heats the ITO glass up to 

505°C but this is a smaller increase than that o f 300°C exposure in a conventional oven for 

30 min. The form er is a dramatically shorter timeframe than the latter so this comparison 

may seem unfair but in terms of raw heating power the 12.5 s NIR exposure w ill have 

achieved much higher and more effective heating than the oven w ith less of a rise Rsh. At 

100% NIR exposure w ith a maximum temperature o f 553°C there is a substantial increase in 

ITO's sheet resistance suggesting at this temperature the drive for oxygen diffusion into the 

film  is so strong it can occur in 12.5 s albeit still not as much as for 30 min. Although the NIR 

heating technique cannot prevent oxygen diffusion altogether it still presents a further
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200°C higher temperature range for processing on ITO substrates without causing significant 

degradation of the film's conductivity.

3.4 Conclusions

For the first time NIR radiation was shown to heat FTO and ITO coated glass to significantly 

high temperatures, high enough to be compatible with the fabrication processes associated 

with dye-sensitised solar cells (DSCs), in only 12.5 s of exposure. This dramatic time 

reduction is very attractive for industrial manufacture, especially if traditional heating steps 

can be replicated to the same efficacy with the NIR heating technique. Of additional 

significance is the compatibility of this technique for the heating of glass based substrates 

which will also enable a wider range of applications, especially where transparency is 

desired. Previously NIR radiation has only been demonstrated for reducing heating times on 

metallic substrates. Subsequent chapters will investigate the application of NIR heating on 

glass for the fabrication of DSCs.

A further benefit revealed when using NIR heating, particularly for ITO glass, was the ability 

to reach a higher temperature than conventional heating with no resistivity rise. A significant 

disadvantage of ITO is its resistivity increase at temperatures above 300°C which restricts its 

use, where conductivity is required, to processing below this temperature. However it was 

shown here that a maximum temperature of 505°C can be obtained using 12.5 s of NIR 

heating with no significant rise in sheet resistance (the same rise experienced for 30 min 

oven exposure at 300°C) which presents a further 200°C higher temperature range for 

processing on ITO substrates while preserving the conductivity. This potentially could widen 

the possible applications of ITO glass and will be investigated in Chapter 6 by demonstrating 

the DSC processing steps on ITO glass which by conventional heating are severely restrictive. 

It is believed that the short exposure of NIR limits the oxygen diffusion into ITO's vacancies, 

which are responsible for its reduction in carrier concentration and mobility, thereby 

reducing the severity of a high temperature.
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4. Rapid Platinisation of Counter Electrodes on FTO glass for Dye- 
sensitised Solar Cells using Near Infrared Radiation

4.1 Introduction

A dye-sensitised solar cell (DSC) is a potentially low cost solar cell [1] that typically consists of 

a porous titanium dioxide layer coated onto a conducting substrate and sensitised with a 

dye. A DSC differs from a traditional solar cell (based on a p-n junction) in that excitons are 

generated rather than free electron-pairs, and the roles of absorber and charge transport 

are not both performed by the semiconductor (section 1.2.1). The dye extends the 

absorption into the visible (Ti02 can only absorb in the UV) allowing injection of an electron 

into the conduction band of T i02, which transports the electron through the sintered T i02 

particles and charge is collected at the conducting substrate. The electrons flow through the 

circuit transferring their energy and are returned to the conducting substrate of the counter 

electrode. Meanwhile the dye accepts an electron from an I" ion in the electrolyte to reduce 

it back to ground state, this in turn oxidises the I' to an l3' ion. To sustain this regenerative 

process the l3* ions are reduced to r ions at the counter electrode, catalysed by platinum 

which has a special affinity for the reduction of iodine and its related species.

Alternative catalysts can be used for DSC counter electrodes (see section 1.2.6) but platinum 

(section 1.2.6.1) is the most widely used and performs well both in conjunction with the l / l 3" 

redox couple electrolyte [2]and Co(ll/m) species [3] which is used in the currently highest 

efficiency DSC. To be an effective catalyst platinum has a few requirements. The platinum 

should have a large surface area to maximise the available number of sites for triiodide 

reduction. This can be achieved by having a small particle size, with 5 nm reported as the 

average cluster size with the best catalytic activity [4]. Good adhesion is required, poor 

adhesion may lead to Pt adsorbing at the T i02 surface and increasing recombination at the 

TiCVelectrolyte interface [5] so reducing the photocurrent. Most other properties depend 

on the preparation method as the structure of platinum created varies with method.

Platinum can be electrochemically deposited which is a low cost method that can be 

performed at room temperature and allows control over layer thickness. However it is 

reported to be vulnerable to dissolution in the iodine electrolyte and easily damaged due to 

poor adhesion [4]. Sputtered platinum also allows control of the layer thickness and has 

strong adhesion resulting in good performance [5] but it is an expensive method due to the 

equipment required and amount of platinum used; it also requires a vacuum which is not
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favourable for roll-to-roll continuous production. Thermal decomposition of PtClx is 

commonly used in the literature and the most effective in terms of balancing efficiency and 

practicality [4]. Rather than creating a constant layer the thermal method results in clusters 

of platinum nanoparticles.

Thermally decomposed platinum involves the conversion of a platinum chloride precursor, 

normally in the form of H2PtCI6/ chloroplatinic acid, to catalytic platinum. Thermal energy 

breaks the Pt-CI bond at temperatures above 375°C [6]:

P t C l 2 (s) ->  ^ t (s )  +  C l 2 (g)

The optimum conditions for this reaction (with 5 mM H2PtCI6) were found to be at a 

temperature of 385°C heated for 30 minutes, with 375°C - 410°C the outer limits that 

achieve almost similar exchange current, and a platinum loading of 5-10 pm /cm 2 which 

results in an average cluster size of around 5 nm [4]. Residual PtCI2 can impair the 

performance of the counter electrode as it is inactive and reduces the available number of 

sites for triiodide reduction.

Thermal platinisation is one of the slowest steps of DSC manufacture requiring 30 minutes 

with conventional oven heating at 385°C. This is unfeasible for the commercialisation of 

DSCs because it is time consuming, is a batch process (would require an impossibly long 

oven if it were inline), and restricts production output. Conventional heating (section 1.4.1) 

requires the entire oven and sample to heat up which wastes energy and heats the substrate 

with convection and conduction which is quite slow. Near infrared (NIR) radiative heating 

(section 1.4.2) is a fast heating process that involves high energy NIR radiation transmitting 

through a coating (since most do not absorb in the IR) and being absorbed by any free 

carriers in the substrate which rapidly releases thermal energy. It has previously been used 

to reduce the heating time of T i02 sintered working electrodes to 12.5 s on titanium [7] but 

has not been applied to a counter electrode thus far or to a non metallic substrate.

In Chapter 3 FTO and ITO coated glass were shown to heat significantly compared to 

uncoated glass when exposed to NIR radiation due to their high concentration of free 

carriers. The ability of FTO glass to reach a high temperature in seconds may enable rapid 

processing of a DSC component on FTO glass. In this chapter the possibility of using NIR 

radiation to thermally decompose chloroplatinic acid to platinum on FTO glass is 

investigated.
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4.2  Experim ental

Prior to manufacturing DSC devices the prospective NIR heated counter electrodes were 

characterised as follows. 7.5 Q /n FTO glass (NSG Pilkington) was coated w ith 3 drops of 5 

mM chloroplatinic acid in propan-2-ol using a capillary tube (as per the DSC method in 

section 2.2.2). It was heated either in a conventional oven at 385°C fo r 30 min or using Near 

Infrared (NIR) radiation at a speed of 2 m /m in for a 12.5 s lamp exposure (section 2.1.1). The 

absorbance of an unheated and a heated sample of chloroplatinic acid on FTO glass was 

measured using a UV/Vis/NIR spectrophotometer (section 2.8). Samples were also 

characterised w ith scanning electron microscopy (SEM) (section 2.11) and energy-dispersive 

X-ray spectroscopy (EDX) (section 2.12).

Cyclic voltammetry was performed on the platinised FTO glass in a 3 electrode set up. The 

catalytic performance of NIR heated and conventionally heated Pt to reduce triiodide was 

tested using an r / l3 electrolyte solution in acetonitrile w ith a Ag/Ag+ reference electrode 

and platinum mesh counter electrode (section 2.7) between the potentials o f -0.5 and 0.8 V 

w ith a scan rate of 50 mV/s.

Dye-sensitised soiar cells were constructed (section 2.2.2) w ith TiCI4 treated oven heated 

T i02 film working electrodes and NIR heated counter electrodes (section 2.1.1) exposed for

12.5 s; see figure 4.1. Their photovoltaic properties were characterised using a solar 

simulator (section 2.3) and electrochemical impedance spectroscopy (EIS) (section 2.6).

Photons

f  4 f

Working
electrode

(conventional
oven)

Electrolyte
Counter
electrode
(NIR)

Platinum on FTO glass

Figure 4.1: Diagram of DSCs constructed in this work w ith heating method shown in brackets

106



4 .3  Results and discussion

4.3.1 Characterisation of rapidly heated chloroplatinic acid

FTO glass absorbs strongly in the NIR and IR region (as discussed in Chapter 3), due to the 

layer of FTO that has a high free carrier concentration. This enables it to heat significantly 

when subjected to the NIR heating technique; the NIR photons excite the free electrons in 

FTO's conduction band releasing thermal energy which is distributed extremely quickly by 

the free carriers. The absorbance of 5 mM chloroplatinic acid in propan-2-ol coated onto 

FTO glass was measured using a UV/Vis/NIR spectrophotometer (figure 4.2) to determine if 

the quantity used for the manufacture of a platinised DSC counter electrode would affect 

the temperature reached w ith NIR heating via any additional absorbance. Also included in 

the figure is NIR heated 5 mM H2PtCI6 on FTO glass, uncoated FTO glass and uncoated glass.

FTO glass 

— Chloroplatinic acid on FTO glass 

— — Glass (FTO removed)

  NIR heated Pt on FTO glass

1.8

1.6

1.4

0.6

0.4

0.2

300 600 900 1200 1500 1800 2100
W avelength  (nm )

Figure 4.2: Absorbance vs. wavelength for FTO glass and FTO glass w ith a layer o f 

chloroplatinic acid

There is no significant influence on the absorbance of the FTO glass w ith the low loading of 

platinum used here in the unheated 5 mM chloroplatinic acid which suggests that it would 

not affect the temperature reached by the FTO glass during exposure to NIR radiation. 

Therefore the maximum temperatures estimated for 12.5 s exposure of FTO glass in section 

3.3.2, shown in Table 4.1 for reference, will be an accurate guideline for deciding which NIR
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intensities may be suitable for the rapid thermal decomposition of chloroplatinic acid. The 

absorbance of NIR heated chloroplatinic acid (at an intensity determined to cause complete 

decomposition to  platinum) was also measured to see if as a result o f the heating to what 

extent the absorbance may change which may affect the absorbance in situ. There is a slight 

increase in the NIR region, as platinum absorbs in the IR more strongly than H2PtCI6 and IPA 

but again it would not impact the resultant temperature from NIR exposure.

Table 4.1: Temperatures estimated in Chapter 3 for 12.5 s NIR exposed FTO glass

NIR intensity (%) Max temperature (°C)

40 270
50 389.9
60 487.7
70 564.3
80 604.7

90 647.6
100 680.9

Figure 4.3 shows scanning electron micrographs of thermally decomposed 5 mM 

chloroplatinic acid on FTO glass. Figure 4.3.a is conventionally thermally decomposed 

platinum which was heated fo r 30 min in an oven at 385°C. The NIR heated chloroplatinic 

acid (figure 4.3.b) was exposed to 12.5 s of 80% NIR lamp intensity radiation in which the 

FTO glass would have reached a maximum of 605°C.

Figure 4.3: SEMs of (a) oven heated and (b) 80% NIR heated chloroplatinic acid on FTO glass 

at 100k magnification

Both thermal methods produced islands of nanosized platinum particles that are evenly 

distributed amongst the FTO grains. As is known in the literature [4] thermally decomposed
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platinum does not coat in an even discernible layer but rather produces discrete clusters of 

platinum nanoparticles which still achieve excellent catalytic activity while only requiring 

small platinum loadings. The NIR heated chloroplatinic acid produced platinum particles very 

similar in type and size, clusters typically below 20 nm, as those produced by conventional 

thermal decomposition but in a timeframe 144 times quicker (12.5 s compared to  30 min). 

The NIR exposure of FTO glass caused it to heat significantly and this temperature was 

sufficient to induce the thermal degradation of the chloroplatinic acid. The NIR intensity 

used to expose the FTO glass in figure 4.3.b was 80% which has a predicted maximum 

temperature of 605°C (from section 3.3.2). This means the necessary temperature fo r PtCI2 

decomposition to Pt (375°C) was exceeded fo r likely the majority o f the duration of the 12.5 

s which enabled efficient and rapid decomposition. Figure 4.4 shows SEMs of 12.5 s NIR 

heated 5 mM chloroplatinic acid on FTO glass at d ifferent intensities o f radiation.

Platinum chloride

Pt nanopa(ticles
S4800 8 OkV 11 9mm x50 Ok SE(U) 1 .OOum

Pt nanoparticles

S4800 8.OkV 11 5mm x50.0k SE(U) 1 .OOum

Figure 4.4: SEMs of 12.5 s exposed 5 mM chloroplatinic acid on FTO glass at lamp intensities 

o f (a) 60%, (b) 70%, and (c) 80% with 50k magnification

Clusters of nanosized platinum particles are again present in each sample (highlighted in 

blue) but 80% NIR intensity (figure 4.4.c) appears more evenly distributed than 60% and 70% 

NIR intensity. The 60% NIR intensity sample (figure 4.4.a) has some areas of what appears to
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be non-decomposed platinum chloride (highlighted in orange) and platinum nanoparticles 

which are quite isolated compared to 80% NIR and oven heating (figure 4.3.a). For 70% NIR 

intensity (figure 4.4.b) there does not appear to be any trace of residual platinum chloride 

and the areas of platinum nanoparticles are less isolated than in the 60% NIR sample but less 

numerous than the 80% NIR sample. To confirm the identity o f the nanoparticles and the 

residual platinum chloride precursor EDX was used to obtain elemental analysis o f the 60% 

and 80% NIR samples (figure 4.5).
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Figure 4.5: EDX analysis o f 60% and 80% NIR intensity 12.5 s heated chloroplatinic acid on 

FTO glass

The EDX showed that the 80% NIR sample contains platinum with no chlorine present which 

further demonstrates that the platinum chloride was fully decomposed and suggest that 

because the platinum nanoparticles as seen in figure 4.3 appear similar to the conventional 

oven method they should behave w ith identical catalytic affin ity in a DSC device. Some Cl 

was observed for the 60% NIR sample suggesting that the thermal energy it received was 

insufficient to  achieve complete degradation of the Pt-CI. From this technique it is not 

possible to identify which form each element is present in but it is established that the 

following reversible reactions involved in the conversion of chloroplatinic acid to platinum 

occur around these temperatures [6]:
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125-220°C ( H 30 ) 2P tC l6.x H 20  ^  P tC l4 +  2 H C l +  (x  +  2 ) H 20

300-375°C P tC l4 ^  P tC l2 +  C l2

Above 375°C P tC l2 ^  P t +  C l2

At temperatures above 300°C PtCI4 converts to PtCI2 and chlorine. According to the 

estimations in Chapter 3 the FTO glass reaches a temperature of about 488°C at 60% NIR 

lamp intensity upon exit from the lamp after 12.5 s exposure. Due to the warming of sample 

during heating and the lower temperature gradient it seems that the 60% NIR sample did 

not receive enough thermal energy to break all of the Pt-CI bonds in 12.5 s of exposure. The 

PtCI2 was most likely above the necessary temperature of 375°C for only a few seconds 

compared to the 80% NIR sample which is assumed to have been in excess of this for at least 

half the exposure duration. The incomplete conversion of platinum chloride to platinum 

reduces the potential amount of active platinum available on the surface of the FTO in turn 

limiting the counter electrode's ability to reduce triiodide in a DSC.

The electrochemical behaviour of NIR exposed chloroplatinic acid on FTO glass was 

investigated using cyclic voltammetry (section 2.7, theory discussed in section 1.5.4). In 

cyclic voltammetry the reversibility of the electrode is determined by its ability to follow the 

Nernstian equilibrium. The Nernst equation relates the reduction potential of a half cell at 

any point in time to standard conditions of the reactions and species used. For a reversible 

reaction the electrons transfer back and both according to the Nernst equation and 

diagnostic equations can be used to validate reversibility as described here [8]. To evaluate 

the performance of the platinum for use as a counter electrode in DSCs cyclic voltammetry 

was run in an Y/\{ system giving an indication of its ability to facilitate the charge transfer

reactions that occur between the species of:

- 2 e ~

2 /3-  ^  3 / 2
+2e~

- 2 e ~

37" * I 2<  J
+ 2 e

The reaction of importance in a DSC is the cathodic reaction, l3' + 2e' -> 31' (the reduction of 

triiodide to iodide), which occurs at the counter electrode. It is necessary so that the 

electrolyte can be regenerated and continue to donate an electron to the oxidised dye (2S+ + 

31' -> 2S + l3 ). If this reaction is sluggish, if the charge transfer reaction cannot be facilitated 

with sufficient speed, then the return of an electron to the sensitizer becomes a limiting step
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in the device as there will be a depletion of I' ions. A catalyst with an affinity to the \ ' / \{  

redox couple is required for this reaction as FTO alone is insufficient [9]. Because platinum is 

an extremely efficient catalyst for DSCs [4] it does not normally limit the DSCs performance 

but any suboptimal platinum here will manifest itself in the cell performance and reduce the 

fill factor. This will be shown in the cyclic voltammetry if the charge transfer is impaired by 

broader (because diffusion will be more dominant) less reversible peaks or no redox 

reactions will occur if there is no catalytic affinity. So the more reversible the reactions the 

more able the platinum is to facilitate the l'/l3‘ redox reactions and therefore the more 

efficient it will be as a catalyst in a DSC. The electrolyte used for cyclic voltammetry was an I' 

/ \ {  redox couple in acetonitrile, this differs to that used in subsequent DSC manufacture; it 

has a lower concentration to reduce the rate limiting diffusion so the redox peaks are more 

defined and a different solvent to be more compatible with the reference electrode which 

was Ag/Ag+ in acetonitrile. In this system the reaction is quasi-reversible; it is slower in the 

reverse direction than the forward direction (insufficient to maintain Nernstian equilibrium) 

so it cannot perfectly match the reversible diagnostic criteria but it is not totally irreversible.

Figure 4.6 shows cyclic voltammograms of 12.5 s NIR exposed chloroplatinic acid on FTO 

glass at different lamp intensities with a conventionally heated thermally decomposed 

platinum on FTO glass (in an oven for 30 min at 385°C). The current has been normalised to 

the approximate submerged area of the working electrode and the charge transfer reactions 

are annotated on each peak. Table 4.2 shows the corresponding data extracted from the 

cyclic voltammograms to give an indication of the reversibility. These are the peak 

separation (AEP) which is the distance between the anodic peak Eap (3F -> l3' + 2e ) and the 

cathodic peak Ecp (l3' + 2e‘ 31'), and the ratio of the peak current densities ( | jap/ j cp I ) where

jap is the height of the anodic peak and jcp.is the height of the cathodic peak [8]. These give 

an indication of the reversibility of the charge transfer reactions where a smaller AEP shows 

a more reversible reaction and a ratio of 1 also shows reversibility. Each NIR sample is 12.5 s 

of exposure unless otherwise stated and the oven was 385°C.
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Figure 4.6: Cyclic voltammograms of 12.5 s NIR heated and oven heated (385°C, 30 min) 

chloroplatinic acid on FTO glass in iodide electrolyte at a scan rate o f 50 mV/s

Table 4.2: Data from cyclic voltamm etry for peak separation and peak current density ratio

Sample AEp(V) j cp (mA/cm2) j ap (mA/cm2) jap/jCp
50% NIR 0.35 -0.33 0.47 1.43

60% NIR 0.305 -0.27 0.38 1.40
70% NIR 0.445 -0.32 0.55 1.73
80% NIR 0.33 -0.34 0.50 1.46
90% NIR 0.39 -0.29 0.47 1.64

100% NIR 0.31 -0.37 0.50 1.35
50% NIR (25 s) 0.34 -0.41 0.58 1.42
30 min oven 0.35 -0.33 0.52 1.58

30 s oven 0.39 -0.22 0.35 1.58

Chloroplatinic acid exposed to 12.5 s of 50% intensity NIR shows marginally broader peaks 

than the other cyclic voltammograms suggesting that rate of diffusion of species towards the 

electrode surface was overcoming the electron transfer reactions. This is most likely 

indicative o f less platinum nanoparticles present which would be expected as 50% NIR 

intensity would not receive as much thermal energy as other samples so less platinum 

chloride would convert to catalytic platinum. However it does have a comparable peak 

separation and current density ratio to the others suggesting the platinum present is still 

facilitating the electron transfer in both directions w ith sufficient quasi-reversibility. 60% NIR
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in te n s ity  show s th e  closest peak sepa ra tion , best peak c u rre n t de n s ity  ra tio  and has fa ir ly  

sharp peaks w ith  good re ve rs ib ility  suggesting th a t it w o u ld  p e rfo rm  w e ll to  th e  re d u c tio n  o f 

tr iio d id e  in a DSC. This w o u ld  seem to  co n tra d ic t figu res  4 .4 .a and 4.5 so m e w h a t th a t show  

th e  presence o f ch lo rin e  as PtCI2 b u t it m ay be th a t th e  p la tin u m  th a t is p resen t is ca ta ly tic . It 

should  also be n o ted  th a t the  peak cu rre n t d ens ity  is m uch lo w e r fo r  60% NIR than  th e  o th e r  

sam ples perhaps suggesting th e re  is less p la tin u m  p resen t and s u p p o rtin g  th a t som e 

p o te n tia l surface area o f p la tin u m  is lost to  res idua l p la tin u m  ch lo rid e . There is fa ir ly  s im ila r 

ca ta ly tic  a c tiv ity  fo r  th e  80% and 100% NIR and 30 m in  oven sam ples as show n by th e  s im ila r 

peak sepa ra tion  and cu rre n t d ens ity  ra tios . It was co n firm e d  in fig u re  4.5  th a t 80% NIR 

exposed c h lo ro p la tin ic  acid had fu lly  co n ve rte d  to  p la tin u m  n a n o pa rtic les  and in fig u re  4.3 

th a t th e y  look s im ila r to  oven hea ted  ch lo ro p la tin ic  acid so the  s im ila r ity  o f  th e  re v e rs ib ility  

o f 30 m in  oven to  p la tin u m  decom posed  144 tim e s  fa s te r is e x tre m e ly  p rom is ing  and 

suggests th a t th e  NIR hea ted  p la tin u m  cou ld  p e rfo rm  e qua lly  w e ll in DSC devices. Figure 4.7 

show s d if fe re n t cycles fo r  the  same sam ple (10 cycles w e re  run fo r  each e xp e rim e n t) , 80% 

NIR in te n s ity , to  show  th e  d r if t  in peaks.
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Figure 4 .7: D iffe re n t cycles fo r  80% NIR in te n s ity  hea ted  p la tin u m

The firs t cycle dev ia tes th e  m ost fro m  th e  no rm  as it th e  f irs t t im e  th a t th e  surface is 

exposed. It rem oves som e fo u lin g  fro m  th e  surface, such as oxygen th a t arises fro m  hea ting
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(bo th  NIR and oven samples are heated in air) and has the closest peak separation [8]. There 

ane some spikes in the first cycle around the cathodic peak which are due either to the 

reference electrode or fouling, the latter is more likely. It should be noted that the cyclic 

voiltammograms plotted in figure 4.6 were derived from the second cycle. Upon cycling a 

diffusion layer is established and the concentration of the species at the 

e lectrode/electrolyte interface depletes, meaning kinetics can only be calculated on first 

cytcle. So it was the lowest cycle possible to ensure what seeing is not a result o f diffusion or 

comcentration changes. As the cycling of the reactions stabilises the peaks stabilise and stop 

driifting. An additional test for the reversibility is to vary the scan rate which is shown in 

fig ure 4.8 fo r tw o oven heated and two NIR heated samples.
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Figure 4.8: CVs of 30 min oven, 30 s oven, 70% NIR and 80% NIR measured at different scan 

rates

These are of d ifferent samples to the ones shown earlier and the current has not been 

normalised to area. There is a d rift in peak cathodic and anodic potential fo r 30 min oven 

and 70% and 80% NIR which appears to be fairly consistent for each sample. If the reaction 

was truly reversible the peaks would stay in the same position regardless of scan rate. In this
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system the peaks drift because the kinetics of the reaction can't keep up w ith increase in 

scan rate, to catch up the reactions happen across a wider potential so get a broadening of 

the peaks. The current and sharpness of the peaks increase at higher scan rates because 

there is less time for diffusion to take place. It should also be noted that 70% NIR has a very 

similar peak position to 80% NIR in figure 4.8 suggesting that there was some experimental 

inconsistency earlier. The 30 s oven sample shows an arguable cathodic peak at 50 mV/s 

scan rate but no peak at 20 mV/s because the electron transfer is not strong enough to fight 

o ff the diffusion that has more time to take place w ith a slower scan rate. Figure 4.9 shows 

cyclic voltammograms o f oven heated chloroplatinic acid in lower timeframes as a direct 

comparison w ith bare FTO glass to illustrate that it has no catalytic affin ity for the reduction 

of triiodide [9].
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Figure 4.9: Cyclic voltammograms of oven heated chloroplatinic acid on FTO glass (at 385°C) 

w ith  bare FTO glass and chloroplatinic acid that has been dried at 60°C for 10 min in iodide 

electrolyte at a scan rate of 50 mV/s

FTO glass shows no ability to facilitate the redox reactions in this electrolyte which is why a 

DSC requires a catalyst to function. 12.5 s o f heating in an oven is insufficient to convert any 

platinum chloride to platinum because conventional heating is slow and relies on the entire 

substrate warming up which it would not have in this timeframe so it shows no catalytic
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activity. A sample o f chloroplatinic acid was dried in the oven to remove all IPA and test its 

catalytic activity to determine if any of the electron transfer reactions could be facilitated by 

platinum chloride alone and has shown that it is not catalytic in this system. 30 s o f oven 

heating at 385°C does begin show catalytic activity, it shows both sets of redox peaks and 

has a fairly similar peak separation and peak current density ratio (Table 4.2) to other 

samples. Some platinum nanoparticles must be present to show any activity so between

12.5 and 30 s in an oven a small fraction of platinum chloride was converted to platinum. 

Finally figure 4.10 shows cyclic voltammograms of NIR heated chloroplatinic acid at the same 

intensity (50%) w ith d ifferent exposure times, 12.5 s and 25 s.
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Figure 4.10: Cyclic voltammograms of 50% intensity NIR heated chloroplatinic acid on FTO 

glass exposed for 12.5 s and 25 s in iodide electrolyte at a scan rate o f 50 mV/s

50% NIR intensity at 12.5 s exposure shows very broad peaks and small peak current values 

This was attributed to an incomplete conversion of all platinum chloride to platinum 

nanoparticles because there was insufficient thermal energy in the 12.5 s. However w ith 

longer exposure, 25 s, at the same power the cyclic voltammograms suggests that all PtCI2 

has been converted to catalytic platinum and it has a smaller peak separation and better 

peak current density ratio. As was mentioned earlier from Table 4.2 it has the second best 

demonstration of reversibility for all platinum samples. If a DSC counter electrode can
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achieve comparable catalytic activity to the 30 min oven conventional method in only 12.5 s 

this would be more desirable than 25 s timewise. However using 50% NIR intensity could 

save energy and it is interesting that all the platinum chloride bonds can be broken with this 

intensity, as was hypothesised that there was insufficient time at the given temperature to 

produce the thermal energy required in 12.5 s.

4.3.2 Dye-sensitised solar cells with a rapidly heated counter electrode

To test the performance of the fast processed counter electrodes, DSC devices were created 

and their photovoltaic characteristics compared to those made conventionally (30 minutes 

at 385°C). Table 4.3 shows the four key parameters related to photovoltaic performance; 

open circuit voltage (V 0c), short circuit current density (JSc), fill factor (FF) and the efficiency

(n).

Table 4.3: Average parameters for 3 cells with 1 standard deviation of error shown

NIR (%)

>o>

Jsc (mA/cm2) FF (%) Efficiency (%)

60 0.74 ± 0.03 13.06 ± 0.24 5 0 .0 5 1 0 .1 9 4 .8 1 1 0 .1 0
70 0.75 ± 0.00 12 .5 9 ± 0 .7 8 54.63 1 6.18 5 .1 6 1 0 .2 7
80 0.76 ± 0.00 1 2 .7 61 0 .51 65.17 1 5.04 6 .3 3 1 0 .3 8
90 0.75 ± 0.03 12.87 1 0.23 63.97 1 6.82 6 .1 7 1 0 .8 0

Oven 0.77 ±0.01 13.08 1 0.75 64.33 1 2.03 6 .4 8 1 0 .1 9

Each DSC device was constructed identically with only the heating method of the counter 

electrode varied and used a TiCI4 treated 9 pm thick oven sintered working electrode with an 

active area of 1 cm2. It is clear that the dominant factor affecting overall performance to be 

that of the fill factor. This is related to the catalytic performance of the counter electrode. 

The platinum facilitates the charge transfer reaction of the reduction of triiodide to iodide 

(l3‘ + 2e' -> 31); if there are insufficient catalytic platinum nanoparticles present then this 

reaction is sluggish. This would cause a depletion of iodide ions that are necessary to donate 

an electron to the oxidised dye sensitizer (2S+ + 31' -> 2S + l3 ) which consequently limits the 

absorption of photons by the dye. Figure 4.11 shows IV curves of the NIR and oven heated 

counter electrode DSCs demonstrating this rise in fill factor with higher NIR intensities 

through the improving shape of the IV curves (as discussed in section 1.5.1) where the lSc 

and Voc does not vary significantly.
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Figure 4.11: Typical IV curves of 12.5 s NIR exposed and 30 min 385°C oven heated counter 

electrode DSCs demonstrating the variation in fill factor but similar lsc and V0c
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Figure 4.12 shows the average efficiency and fill factor of the 12.5 s heated NIR counter 

electrode devices against NIR lamp intensity with a conventional 30 min oven heated device. 

The trend for average efficiency and fill factor is identical. For the 12.5 s NIR heated counter 

electrode devices the efficiency and fill factor increases up to 80% NIR intensity and is 

slightly lower for 90%. Although 60% NIR intensity showed good catalytic affinity for the 

reduction of triiodide as indicated by cyclic voltammetry in iodide electrolyte (showing the 

smallest peak separation and best peak current density ratio), it does not have a large 

surface area of platinum nanoparticles due to incomplete conversion of platinum chloride to 

platinum as shown by EDX and SEM. This limits the platinum available for triiodide reduction 

and thus the fill factor. As mentioned previously the incomplete conversion to platinum 

chloride is due to insufficient thermal energy received during the 12.5 s timeframe as the 

maximum temperature reached by FTO glass of 488°C would not have sustained a 

temperature above 375°C (the ideal temperature for PtCI2 decomposition) for long enough. 

The average V0c value for these devices increases from around 0.73 V at 60% NIR power to 

around 0.75 V at 70% NIR power and around 0.76 V at 80% NIR power. The lower V0c values 

are likely due to incomplete H2PtCI6 decomposition so that some catalytically inactive Pt-CI 

still remains on the counter electrode substrate. 80% NIR intensity shows the highest 

average efficiency and fill factor for the NIR heated counter electrode devices. It has a 

similar efficiency, fill factor and V0c to the conventional oven DSC devices. This supports the 

cyclic voltammetry data well which showed a similar level of reversibility for both NIR and 

oven heated platinum, and SEM images which showed platinum nanoparticles almost 

identical in size and performance. The ability to produce a counter electrode in 12.5 s of 

equal performance to the conventional method is extremely useful as a time saving step for 

the manufacture of DSCs.

Figure 4.13 shows the average efficiency of 12.5 s NIR and 30 min oven heated counter 

electrode devices against temperature (estimated from Chapter 3 in the case of NIR). This 

gives an idea of the maximum temperature required to achieve sufficient thermal energy for 

such a rapid platinum chloride conversion to catalytic platinum. It also shows the wide 

processing window for the maximum temperature where, although suboptimal, similar 

efficiencies were obtained.

120



8

7 - 

6 -  

5 -

£

£  4 ' a»
'o
£  3 - 
iu

2 -  

1 - 

0 -
350 400 450 500 550 600 650 700

M ax im u m  te m p e ra tu re  (°C)

Figure 4.13: Average efficiency vs. temperature for oven and NIR heated counter electrode 

DSCs

12.5 seconds was chosen as an exposure time under the NIR lamp as this represents a target 

process line speed of 2m/m in. However in addition to NIR heating counter electrodes for

12.5 s a slower line speed, 1 m /m in resulting in an exposure time of 25 s, was used to 

construct DSC devices to investigate if a longer exposure time could utilise lower power 

intensities to  save energy as indicated by the cyclic voltammetry of a 25 s NIR sample which 

showed good catalytic activitiy. Table 4.4 shows the average PV parameters for 50% and 

60% NIR counter electrode devices that were exposed fo r 25 s rather than 12.5 s.

Table 4.4: Average parameters for 3 cells w ith 1 standard deviation of error shown for 

additional NIR settings and shorter oven heating times

Heating Time Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

NIR (50%) 25 s 0.76 ±0.01 12.30 ±0.37 55.39 ±5.59 5.14 ±0.30

NIR (60%) 25 s 0.73 ±0.06 10.50 ±3.62 55.46 ±3.00 4.13 ±0.89
Oven (385°C) 12.5 s 0.70 ±0.09 3.73 ±0.77 9.93 ±4.86 0.26 ±0.15
Oven (385°C) 25 s 0.72 ±0.02 6.72 ±3.32 13.18 ±9.08 0.76 ±0.77

Oven (385°C) 30 min 0.77 ±0.01 13.08 ±0.75 64.33 ±2.03 6.48 ±0.19

50% NIR exposure (25 s) shows a similar efficiency and fill factor to 70% NIR exposure (12.5 

s). Cyclic voltam m etry in section 4.3.1 also showed that it had good catalytic activity w ith a
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small peak separation and good peak current density ratio compared to the same NIR 

intensity exposed for only 12.5 s owing to the increased time available for the complete 

thermal decomposition of platinum chloride to platinum. The 60% NIR (25 s) cells had a 

poorer performance, it is believed this may be because they were too hot; it was observed 

that some of the FTO glass counter electrodes produced cracked during heating. Lower 

intensities at 25 s exposure could be investigated in the future to determine if less energy 

could be used. In terms of saving time further, shorter NIR exposure times (faster speeds), 

were not tried because 80% NIR intensity is close to the maximum power so a slightly faster 

speed and 100% NIR intensity would likely yield an equivalent result and the speed used 

here, 2 m/min, corresponded well to desired line speed. The speed and lamp intensity of NIR 

radiation used here would only be suitable for the same model and specifications of NIR 

radiating equipment but it shows that any NIR equipment can yield similar results with most 

likely a range of balancing speed and intensity settings with a wide possible temperature  

range suitable as shown in figure 4.13.

As a direct comparison DSC devices were also constructed for oven heated counter 

electrodes at 385°C for times equivalent to the two NIR heating times; 12.5 s and 25 s (see 

Table 4.4). As is expected 12.5 s and 25 s is not long enough to produce any platinum with 

conventional heating and the cell has no fill factor. The slightly longer heating for the 25 s 

oven produced an improvement in efficiency which is supported by the appearance of the 

two pairs of redox peaks from cyclic voltammetry in section 4.3.1 (figure 4.9) but the 

reaction is completely irreversibility as shown by the high peak current density ratio.

In DSC devices it is essential that the counter electrode must be catalytically active in order 

to ensure rapid reduction of the l3‘ ions. Platinum is a suitable catalyst as triiodide ions 

dissociate to iodine atoms upon adsorption, enabling a rapid one-electron reduction. The 

resistance of this charge transfer process can be analysed using impedance spectroscopy 

and so can serve as a measure of catalytic performance. A poor counter electrode will affect 

the current-voltage characteristics of the DSC by lowering the fill factor [10].

Electrochemical impedance spectroscopy (EIS) was performed on the NIR (12.5 s) and oven 

heated counter electrode DSC devices. Figure 4.14 shows a Nyquist plot for these cells 

illustrating the extraction of the charge transfer resistance ( R Ce ) and figure 4.15 shows R Ce v s . 

measuring bias for the different DSC devices.
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Figure 4.14: Typical Nyquist plot at -720 mV for NIR heated counter electrode DSCs showing 

the variation in RCE w ith increased NIR intensity heating but the similar Rr (resistance at 

T i02/e lectro lyte interface) as the working electrodes were prepared identically
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Figure 4.15: Charge transfer resistance against measuring potential obtained from 

impedance spectroscopy of NIR and oven heated counter electrode DSCs
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The charge transfer resistance (RCE) is the resistance between the catalyst and the 

electrolyte, the resistance to platinum reducing the triiodide. The charge transfer resistance 

influences the fill factor of a DSC and should ideally be £ 10 Qcm2 [11]. The general trend in 

figure 4.15 is that the RCE increases with decreasing NIR intensity. It is similar for both 80% 

and 90% NIR and the conventional oven device. Between these three the 80% device 

marginally has the lowest RCE with the 90% device slightly higher than the oven device. The 

trend for RCE matches that for the previous trends in both current density from cyclic 

voltammetry measurements and the fill factor from the IV curve. Greater resistance in the 

exchange rate may be caused by inactive PtCI2 which was shown to be present from EDX for 

the 60% NIR sample (section 4.3.1). In this instance, the increased charge transfer 

resistances of counter electrodes heated at lower power settings indicates that H2PtCI6 

decomposition is not as effective as conventional thermal decomposition which fits with 

observations made during EDX analysis on samples and with the device fill factor of 

assembled DSCs.

4.4 Conclusions

NIR radiation was used to thermally decompose chloroplatinic acid to catalytic platinum on 

FTO glass for use as a counter electrode in a DSC device in only 12.5 s of heating time, 144 

times faster than the conventional lab method. With 80% NIR intensity the DSC devices 

performed equally to conventionally platinised DSCs which normally require 30 min of 

heating in an oven at 385°C. This is the first example of a rapidly heated counter electrode 

for a DSC device and demonstrates the possibility of being able to drastically reduce the time 

required for one of the most limiting stages in DSC manufacture. 12.5 s of NIR exposure with 

adequate lamp intensity was capable of providing sufficient thermal energy to cleave all 

platinum chloride bonds and produce catalytically active nanoparticles of platinum of 

identical size and nature to conventional thermal platinisation.

Adequately performing DSCs from counter electrodes exposed to lower intensities of NIR 

radiation in 12.5 s were also produced. Even at 60% NIR intensity, which had PtCI2 

remaining, was incorporated into a working DSC device with suboptimum fill factor and 

slightly impaired V0c but still reasonable performance. This is very promising as it 

demonstrates a possible wide temperature processing window with NIR to still obtain 

sufficient performance, reducing the risk of wastage (due to  non tolerable low performance) 

if there were slight variations in the power output of Nl R lamps on an industrial scale.
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This is also the first application of using NIR radiation to heat FTO glass (which was 

investigated in the previous chapter) and confirms that FTO glass can indeed reach 

significantly high temperatures extremely rapidly as metallic substrates have previously 

been shown to. It suggests that similar heating stages should also be possible by exposing 

FTO glass to NIR radiation; this will be explored further in Chapter 5.
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5. Rapid Sintering of T i02 Films on FTO glass for Dye-sensitised Solar 
Cells using Near Infrared Radiation

5.1 Introduction

As discussed previously (section 1.2) a DSC consists of a dyed T i0 2 working electrode, a 

platinised counter electrode and a liquid iodide/triiodide electrolyte to facilitate 

regeneration of the dye's electrons. To function as a working electrode the titanium dioxide 

film of a DSC needs to have a high surface area and mesoporosity; this is to attain as much 

dye monolayer coverage as possible and allow the electrolyte to penetrate through the T i02 

(see section 1.2.3.1). To achieve this a colloid of nanoparticles is used as the source of T i0 2 

which was major breakthrough in the development of a DSC [1]. Anatase crystals are more 

desirable than the rutile phase of T i02 due to their smaller size. Most commonly they are 

incorporated into a slurry or paste and deposited by doctor blading, screen printing or other 

coating methods. The nanoparticles require a means of separation to prevent aggregation 

(as this would result in effectively larger particles reducing the potential surface area); steric 

stabilisation and electrostatic stabilisation are two such methods. The form er is a more 

common method, an organic binder is added to the paste such as ethyl cellulose or 

polyethylene glycol which both helps prevents the particles from aggregating together and 

binds the colloid together to enable easy deposition.

To obtain a mesoporous layer from the nanoparticle containing T i0 2 paste heating is 

required which performs two functions; (1) to remove the binder and (2) to sinter the T i0 2 

particles together. The binder needs to be removed so that the T i0 2 particles and pores can 

be exposed to maximise the available surface area for dye adsorption. The T i0 2 particles also 

require good interconnectivity so that electrons can be transported through them to the 

transparent conducting oxide (TCO) layer where they are extracted. Sintering involves fusing 

the particles as atoms on the surface diffuse together from pressure or heat, and occurs at a 

higher rate with increasing temperatures. The optimum temperature for sintering of T i0 2 

has been found to be 450-500°C [2]. Lower temperatures may not remove the binder and 

decrease the rate of diffusion but higher temperatures may drive the diffusion too strongly 

resulting in smaller pores and thus lower surface area. At a temperature of over 610°C the  

anatase phase is thermodynamically unstable so transformation to rutile may begin to occur 

but it is more dominant at temperatures between 700 and 1000°C [3].
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Currently the laboratory method for the manufacture of a dye-sensitised solar cell (DSC) 

(outlined in section 2.2) involves two major heating stages; thermal decomposition of 

platinum for the counter electrode and sintering of titanium dioxide for the photoelectrode. 

The traditional method for creating the working electrode of a DSC is to heat a binder 

containing T i0 2 paste in a conventional oven at a temperature of 450-500°C for 30 minutes 

which is a long time consuming process. This not very feasible on an industrial scale, 

especially in a roll-to-roll process where the substrate will move at speed through the 

system, both in terms of time and floor space. A faster process is required such as near 

infrared (NIR) radiative heating (section 1.4.2). This involves high energy density NIR 

radiation penetrating through the coating and being absorbed by the substrate which 

consequently heats up and rapidly heats the coating above it. NIR heating has been 

previously demonstrated to sinter T i0 2 working electrodes on metallic substrates [4][5] but 

this work will concern fluorine-doped tin oxide (FTO) coated glass as a substrate.

In Chapter 3 of this work it was shown that FTO glass absorbs in the NIR region due to the 

high concentration of free carriers in FTO. The plasma frequency of FTO (the frequency at 

which its behaviour switches from a dielectric to a metal) is in the NIR region so it is 

transparent in the visible but absorbs and reflects in the NIR and IR. Consequently it heats 

significantly upon exposure to NIR radiation compared to uncoated glass. In Chapter 4 

platinisation of an FTO glass counter electrode was addressed using NIR radiative heating to 

reduce the heating process dramatically from 30 minutes to 12.5 s (a time reduction of 144 

times) while still fabricating a DSC device of equal performance to an oven heated one. A 

similar ambition is proposed here for the working electrode. The main challenge is if the FTO 

glass can reach a temperature high enough to both remove all the binder from the T i02 

paste and fuse the T i0 2 particles together in such a short timeframe (12.5 s).

5.2 Experimental

Titanium dioxide films were prepared by doctor blading commercially available pastes onto

7.5 O /n  FTO glass (TEC 8, NSG Pilkington) and heated in a conventional oven or by NIR 

radiation (section 2.1.1). A UV/Vis/NIR spectrophotometer (section 2.8) was used to 

measure the absorbance and reflectance of the pastes. The efficacy of the binder removal 

was investigated by thermogravimetric analysis (TGA) (section 2.10) and Fourier Transform 

IR spectroscopy (FTIR-ATR) (section 2.9) to ascertain which paste would be suitable fora  

working electrode. X-ray diffraction (XRD) (section 2.12) and scanning electron microscopy
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(SEM) (section 2.7) was used to analyse the structure and appearance of the NIR heated 

films to observe the crystal sizes and surface porosity.

To determine the interconnectivity o f the NIR heated T i02 particles working electrodes were 

assembled into DSC devices (figure 5.1) (section 2.2.2) and their photovoltaic properties 

characterised using IV measurements (section 2.3) and optoelectronic transient 

measurements (section 2.5) to obtain data such as electron lifetime which will give 

information about the electron transport through the T i02 film  to compare against 

conventional heating.

Photons

FTO glassWorking
electrode
(NIR)

r

<

T i02 and dye

Electrolyte
Counter

electrode
(conventional

oven)
Platinum on FTO glass

Figure 5.1: Diagram of DSCs constructed in this work w ith heating method shown in brackets

5.3  Results and discussion

5.3.1 Investigation of binder removal for NIR heated T i0 2 pastes on FTO glass

As established in Chapter 3 FTO glass absorbs in the NIR region; greatly enhanced by the 600 

nm FTO layer compared to the glass alone. Commercial T i02 pastes were doctor bladed (at 

one tape height) onto FTO glass (figure 5.2) and their absorbance measured using a 

UV/Vis/NIR spectrophotometer (figure 5.3). This was to  determine if the pastes had any 

additional absorbance in the NIR region which would affect the temperature reached upon 

NIR radiation exposure.
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Figure 5.2: Appearance of doctor biaded wet films o f DSL 18NR-T (left) and DSL 18NR-AO 

(right)
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Figure 5.3: Absorbance vs. wavelength for commercial T i02 pastes on FTO glass alongside 

uncoated FTO glass and glass w ith FTO removed

The transparent paste (Dyesol 18NR-T) produces a dry film  about 7-8 pm thick and the 

opaque paste (Dyesol 18NR-AO) produces a dry film  about 9-10 pm thick; they contain the 

same solvent, binder and anatase T i02 particles of 20 nm in size. The opaque paste also 

contains larger particles of about 200 nm in size to induce scattering. As expected the pastes 

absorb very strongly in the UV region due to the presence of T i02 which in its anatase form 

has a band gap o f 3.2 eV. They also absorb in the visible region, wet DSL 18NR-T appears 

clear yellow when deposited and wet DSL 18NR-AO appears white (figure 5.2). The wet DSL 

18NR-T paste does not absorb much compared to FTO glass between 600 and 1400 nm so is
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essentially transparent in this region. Above 1500 nm the absorption is enhanced slightly 

which is still w ith in the range of IR radiation emitted by the NIR equipment but beyond the 

peak range. Also shown is a sintered DSL 18NR-T film (one exposed to 12.5 s o f 90% NIR 

intensity radiation) which is more transparent owing to the absence of the binder and 

solvents. The wet DSL 18NR-AO paste absorbs significantly more radiation than the 

transparent paste as expected by its opaque appearance. This continues into the NIR and IR 

region, it is extremely enhanced compared to FTO glass between 600 and 1500 nm which 

includes the peak irradiance range of the NIR em itter. The sintered DSL 18NR-AO film  (12.5 s 

o f 90% NIR intensity radiation) still absorbs significantly across the spectrum compared to 

FTO glass but is again more transparent due to the removal o f the solvent and binder. Figure

5.4 shows the reflectance of the same pastes doctor biaded onto FTO glass.
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Figure 5.4: Reflectance vs. wavelength for commercial T i02 pastes on FTO glass alongside 

uncoated FTO glass and glass w ith FTO removed

Reflectance is shown for dried paste films (heated for 10 min at 100°C) rather than wet films 

because it was not possible to measure wet films in the instrument. The dried DSL 18NR-T 

on FTO glass has similar reflectance to FTO glass w ith slightly higher reflectance between 

1400 and 1900 nm. This extra reflectance in a region where the NIR equipment emits (albeit 

not the most strongly) may reduce the temperature the FTO glass will reach upon exposure
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Dried DSL 18NR-AO 

90% NIR DSL 18NR-T 

90% NIR DSL 18NR-AO 

FTO glass

Glass (FTO removed)
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to NIR radiation (compared to what was predicted in Chapter 3) by blocking a small 

proportion of it but the effect is unlikely to be significant. The sintered DSL 18NR-T on FTO 

glass (12.5 s of 90% NIR intensity radiation) has a lower reflectance overall than the dried 

paste because it no longer contains any solvent or binder and is more transparent.

Both the dried and the sintered (12.5 s of 90% NIR intensity radiation) DSL 18NR-AO on FTO 

glass reflect in the visible region; the sintered T i0 2 to a greater extent because it is fairly 

opaque and contains larger 200 nm sized T i0 2 scattering particles which are more exposed 

after the removal of all of the solvent and binder. After 1650 nm the dried DSL 18NR-AO 

reflects less than the FTO glass which should allow most radiation from this region to pass 

through to the FTO and reach a similar temperature to that predicted in Chapter 3. After 

sintering the reflectance in this region is higher and similar to FTO glass.

Three different commercial pastes were investigated as potential candidates for an NIR 

heated T i0 2 film on FTO glass; DSL 18NR-T, DSL 18NR-AO and Solaronix Ti-D. TGA was 

performed on each w et paste to show at which temperatures weight loss occurs and relate 

this to a component of the paste (figure 5.5). In the case of both DSL 18NR-T and DSL 18NR- 

AO the solvent is terpineol and the binder is ethyl cellulose [6][7]. As such the TGA profiles 

are fairly similar, the difference between the pastes is the T i02 content; the transparent 

paste contains only particles of 20 nm anatase whereas the opaque paste contains some 

larger anatase particles in addition to the nanoparticles which scatter light and are about 

200 nm in size. For the Solaronix Ti-D paste [8] the solvent is water and ethanol so is 

removed by about 150°C. Solaronix have not disclosed what their binder is, it is assumed to 

be polyethylene glycol. It has a lower T i0 2 content than the other two pastes, which consists 

of nanoparticles (15-20 nm) and scattering particles (>100 nm). It is an opaque paste like DSL 

18NR-AO so should absorb and reflect similarly but to a lesser extent because it is a thinner 

film when doctor biaded with the same tape height. The weight % of each component as 

calculated from the TGA profiles is shown in Table 5.1 along with the dry film thickness for 

each paste.
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Figure 5.5: Weight % vs. temperature obtained from TGA for unheated DSL 18NR-T, DSL 

18NR-AO and Solaronix Ti-D T i02 pastes w ith annotation

Table 5.1: Weight % o f each component of the commercial pastes and their dry film  

thicknesses

Paste Content of paste (wt%) Dry film
Solvent Binder T i02 thickness (pm)

DSL 18NR-AO 65 15 20 9-10

DSL 18NR-T 62 10 28 7-8

Sol Ti-D 80 7 13 3

Complete binder removal was achieved at around 420°C for the Dyesol pastes and 380°C for 

the Solaronix paste. Therefore temperatures exceeding this would need to be attained by 

the NIR method to remove all binder and solvent. As mentioned previously the purpose of 

heating the T i02 paste for a DSC working electrode is to remove binder and solvent (which 

are there to prevent the T i02 particles from aggregating together so the film  can maintain 

mesoporosity) and to sinter the T i02 particles so that electrons can be transported through 

the film. If any binder remains in the film  it w ill reduce the available active area of the T i02 

for dye adsorption and so reduce the photocurrent o f the DSC device. To assess the extent 

that the solvents and binders had been removed TGA was performed (from 30-600°C) on
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films after heat treatment. If any weight loss occurs then this would be as a result o f binder 

and solvent which was not removed after heat treatm ent. This would give an indication of 

how sufficiently and evenly heated the films were and it was believed that if full removal 

was achieved the remaining T i02 would have started to sinter together. This was first 

investigated for oven heated pastes; figure 5.6 shows TGA profiles o f pastes after they had 

been heated in an oven at 450°C for varying lengths of time.
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Figure 5.6: TGA profiles (original weight % vs. temperature) for T i02 films following oven 

heating at 450°C for varying oven time; weight loss is as a result o f insufficient oven heating 

time and the profile shows at which temperature range this weight loss occurs to a ttribute it 

to solvent or binder

After 30 seconds of heating in the oven at 450°C both the Dyesol pastes experienced rapid 

weight loss in the TGA after 270°C due to the burning of the ethyl cellulose, the solaronix 

paste has rapid weight loss after about 300°C which is burning of the polyethylene glycol. 

This suggests that the short conventional heating was sufficient to remove most o f the 

solvent but not the binder which would be expected as conventional heating is very low 

energy intensive and the sample was still heating up from the outside in via thermal 

conduction. The DSL 18NR-T paste loses more weight % of binder than the opaque paste and
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also has sharper loss up to 180°C which may be trapped terpineol. The 5 min heated samples 

undergo almost no weight loss for the DSL 18NR-AO paste and relatively little  for the other 

two pastes indicating that the binder has been almost completely removed. It is anticipated 

that although the binder was removed in this short timeframe of conventional heating, the 

T i02 particles would have poor interconnectivity. At this temperature the diffusion across 

the grain boundaries of the T i02 is slow hence the optimum DSC working electrode sintering 

tim e at 450°C for conventional heating is at least 30 min. The 30 min oven and 3 hour oven 

TGA profiles are identical for all pastes indicating that there was no further binder to be 

removed. The 5 min, 30 min and 3 hour oven samples experience gradual weight loss which 

is attributed to water adsorption by the T i02 because the T i02 is porous [9]. The gradual 

weight loss is relatively absent for the 30 s sample which instead experiences a sudden sharp 

weight loss at the onset of binder burning temperature. This is because T i02 is not as porous 

(due to binder still being present) so less water was adsorbed. Figure 5.7 shows the weight 

remaining after thermogravimetric analysis for oven heated T i02 pastes against heating time 

to visualise the progression of binder removal more easily.
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Figure 5.7: Amount o f weight remaining after pastes were heated in an oven at 450°C for 

varying lengths of time as calculated w ith TGA (0-5 min shown inset for clearer detail)
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For the oven heated pastes the vast majority o f weight loss occurs in the first 30 second and 

this is attributed to the solvent evaporating which is 60-80 wt% of each paste. The weight 

remaining as calculated from the TGA is related to the proportion of binder each paste 

contains; the solaronix paste has the least binder content so had the least weight remaining 

and DSL 18NR-T had the highest binder content so had the most weight remaining. To 

perform TGA of the pastes they were heated on FTO glass slides and the paste had to be 

scraped o ff but this proved to be a problem for the 30 s oven samples which were extremely 

well adhered to the slides rendering removal difficult. As a consequence less material was 

obtained for testing and what was obtained was less representative of the overall T i02 film 

(because some of the binder remained on the slide) so the actual weight remaining may be 

underestimated. The m ajority of binder removal has been achieved after 5 min except for 

DSL 18NR-T which is most likely due to the higher binder starting content. TGA was 

performed on NIR heated pastes in an identical fashion to the oven heated pastes. Figure 5.8 

shows TGA profiles fo r 12.5 s NIR exposed T i02 pastes.
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Figure 5.8: Weight % vs. temperature TGA profile for films follow ing 12.5 s o f NIR exposure 

at various NIR lamp intensities; weight loss is as a result o f insufficient heating o f the paste 

by the NIR intensity and the profile shows at which temperature range this weight loss 

occurs to attribute it to solvent or binder
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All NIR samples of T i02 paste on FTO glass were exposed to 12.5 s of NIR radiation which 

should reach similar maximum temperatures as those predicted in Chapter 3 as shown in 

Table 5.2. As discussed previously from absorbance and reflectance of transparent and 

opaque pastes the transparent paste may shield some NIR radiation but not a significant 

amount resulting in a marginally lower temperature and the opaque paste may absorb some 

creating localised heating in the paste as well as the FTO layer.

Table 5.2: Temperatures estimated in Chapter 3 for 12.5 s NIR exposed FTO glass

NIR intensity (%) Max temperature (°C)

40 270

50 389.9
60 487.7
70 564.3
80 604.7

90 647.6
100 680.9

For the 40% and 50% lamp intensity samples there is rapid weight loss after about 270°C for 

the Dyesol pastes and 300°C for the Solaronix paste. These are both attributed to binder 

burning which was not completely removed during the NIR exposure at these lower lamp 

intensities. The Solaronix paste contains less weight proportion of binder than the two  

Dyesol pastes so experiences less weight % loss. The predicted maximum temperatures for

12.5 s NIR exposure of FTO glass is 270°C for 40% NIR intensity and 390°C for 50% NIR 

intensity which fits in well with the higher proportion of binder removal for the latter due to 

the higher temperature reached by the FTO glass. After 60% NIR exposure, which was 

predicted to achieve a maximum temperature of 488°C, there is a dramatic decrease in 

weight % loss because the temperature was sufficient in 12.5 s to burn off most of the 

binder. At 80% NIR intensity there is no weight loss (no binder or solvent remaining) which is 

to be expected as a maximum temperature of 605°C during the 12.5 s greatly exceeds that 

required for burning off binder. The 60% and 80% NIR samples were subjected to gradual 

weight loss throughout heating, which again is attributed to water adsorbed by the T i0 2 [9]. 

The gradual weight loss is relatively absent from the 40% and 50% samples which instead 

experience a sudden sharp weight loss at the onset of binder burning temperature. This is 

because T i0 2 is not as porous (due to binder still being present) so less water was absorbed. 

Table 5.3 shows the percentage of binder remaining out of the binder total for each NIR 

intensity assuming that after NIR exposure the paste contains only binder and T i02, no
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solvent and that all binder is removed by 80% NIR and this weight loss is water. This is safe 

to assume because it is also the case for conventional oven heating (450°C for 30 min) which 

showed weight loss which was not binder but water.

Table 5.3: Binder remaining after NIR exposure estimated from TGA profiles

Paste
NIR 40%

Binder remaining (%) 

NIR 50% NIR 60% NIR 80%

DSL 18NR-T 75.3 36.4 3.5 0

DSL 18NR-AO 97.4 66.2 3.8 0

Sol Ti-D 56 34.9 7.1 0

This shows that after 40% NIR intensity there is large proportion of binder remaining for DSL 

18NR-AO compared to the solaronix paste and is related to the thickness of film which is 

three times thicker for the Dyesol paste so there is more binder to be removed. By 60% NIR 

intensity there is only a small percentage of binder remaining for each paste, lowest for the 

two Dyesol ones. There appears to be no weight loss attributed to solvent in these samples 

suggesting each of them exceeded the temperature required for solvent evaporation.

Figures 5.9 shows weight remaining after thermogravimetric analysis for NIR heated T i0 2 

pastes represented against NIR intensity to map the progression of binder removal with 

increasing lamp power. This illustrates the sharp decrease of weight remaining from 40% NIR 

to 60% after which the weight remaining remains fairly constant and is expected to be water 

loss from the porous films. Although at lower NIR intensities, 40% and 50%, the solaronix 

paste showed more binder removal than the two Dyesol pastes (probably due to the smaller 

thickness of film) by 60% NIR these were fairly even with the Dyesol pastes slightly ahead. All 

of the commercial pastes were suitably heated by only 12.5 s of NIR exposure so for further 

investigation the best paste to make a DSC working electrode could be chosen. DSL 18NR-AO 

was chosen because it has scattering particles to improve light harvesting and because it 

creates the thickest layer with doctor blading under identical conditions keeping the method 

simple.
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Figure 5.9: Amount of weight remaining after pastes were exposed to 12.5 s of NIR radiation 

at various NIR lamp intensities as calculated w ith TGA

FTIR-ATR was used to analyse the organic functional groups present in oven and NIR heated 

DSL 18NR-AO paste. This would confirm if the weight loss of samples was solvent or binder 

and if the weight loss in the higher intensity NIR samples was water (by the lack of binder or 

solvent functional groups). Figure 5.10 shows FTIR spectra overlaid for the components of 

the paste (anatase T i02 [10], terpineol [10] and ethyl cellulose) w ith wet DSL 18NR-AO paste 

The relevant peaks for each functional group have been annotated A-J and are described in 

Table 5.4.

The terpineol peak A is attributed to an OH stretch as is the ethyl cellulose peak E which has 

a smaller range due to the fewer OH bonds. Peaks B and F correspond to stretching of CH 

bonds for terpineol and ethyl cellulose respectively and have different shapes. Peak C is a 

O C  stretch and D bending of CH bonds. The ethyl cellulose peaks G and H correspond to CH2 

and CH3 bending, and out o f plane bending o f CH bonds. Peaks I, J, and K are absorption 

peaks for anatase phase T i02. The wet DSL 18NR-AO paste shows each of these peaks, some 

differ slightly due to the different isomers of terpineol and crystal sizes of anatase T i02. FTIR-
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ATR was performed on oven heated samples of DSL 18NR-AO paste at 450°C to identify any 

organic functional groups present and is shown in figure 5.11.
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Figure 5.10: FTIR spectra of wet DSL 18NR-AO paste w ith T i02 [10], terpineol [10] and ethyl 

cellulose with annotation

Table 5.4: Functional group peak labels and locations as annotated in figure 5.10

Peak Source Range (cm 1)

A Terpineol 3600-3250

B Terpineol 3050-2750

C Terpineol 1800-1670

D Terpineol 1550-750

E Ethyl cellulose 3550-3450

F Ethyl cellulose 3050-2750

G Ethyl cellulose 1500-1300

H Ethyl cellulose 1300-900

1 T i02 3700-2700

J T i02 1800-1350
K T i02 800-500
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Figure 5.11: IR spectra for oven heated DSL 18NR-AO paste obtained w ith FTIR-ATR

For the wet paste all the peaks are present because it contains all components; T i02, 

terpineol and ethyl cellulose. A fter 30 s heating in an oven at 450°C the terpineol peaks A-D 

are absent indicating as suggested from the TGA data that all the solvent has been removed. 

Peaks E-H, which are attributed to ethyl cellulose, all still remain suggesting that the majority 

of the binder remains and it has not started to break down. After 5 min of heating all the 

ethyl cellulose traces seem to have disappeared although there may be a peak near G of a 

combustion product which is largely obstructed by the T i02 peak. This suggests almost all of 

the binder was removed as the TGA data showed. After 5 min heating each paste shows only 

T i02 peaks because all the binder has been removed. The tim e at which sufficient 

interparticle connectivity is achieved will be investigated in section 5.3.3 by constructing 

DSCs from oven heated working electrodes. Figure 5.12 shows transmittance vs. 

wavenumber for NIR exposed DSL 18NR-AO paste fo r 12.5 s at varying NIR lamp power 

obtained with FTIR-ATR.

140



100

W et DSL 18NR-AO

40% NIR

50% NIR

60% NIR

70% NIR

80% NIR

90% NIR

100% NIR

40 -|----------------- 1----------------- 1----------------- 1----------------- 1----------------- 1----------------- 1-----------------
4000 3500 3000 2500 2000 1500 1000 500

W a v en u m b er (c m 1)

Figure 5.12: IR spectra of 12.5 s NIR heated DSL 18NR-AO paste obtained w ith FTIR-ATR

Similarly to the oven heated FTIR spectra the same peak labels have been used as identified 

in Table 5.4. After 12.5 s o f 40% lamp intensity NIR exposure the peaks A-D that are 

attributed to terpineol are absent. This suggests that the maximum temperature reached by 

the FTO glass w ith 40% NIR exposure, 270°C, was sufficient to evaporate o ff all o f the solvent 

as maintained by the TGA data in which no weight loss was believed to be from solvent. The 

peaks that are attributed to ethyl cellulose, E-H, are present and fairly strong, 97% of the 

binder content remains as estimated using the TGA data (Table 5.3). At 50% NIR intensity 

the ethyl cellulose peak E has disappeared, which is an OH bond so has been readily 

combusted, and the peak H is heavily diminished. Peaks near F and G appear to be new and 

as a result of combustion products from the ethyl cellulose breaking down, about 66% o f the 

binder was estimated to remain in the 50% NIR sample. At 60% NIR intensity the ethyl 

cellulose peaks are mostly absent. There appears to be a trace of combustion products at 

around 1700 cm 1 but they are partly obscured by the T i02 peak J which is more prominent; 

there is estimated to be less than 4% of the binder remaining. This reinforces the conclusion 

from the TGA data that almost all the binder was removed w ith 12.5 s o f 60% NIR intensity 

exposure. Samples 70-100% NIR intensity show no ethyl cellulose or hydrocarbon peaks and 

only the T i02 peaks, I, J, and K. As expected all o f the solvent and binder has been removed 

for these samples which have exceeded the required maximum temperature in the 12.5 s
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timeframe to achieve sufficient thermal energy for rapid combustion of the organic 

materials. Both the TGA data and the FTIR-ATR data suggest that the prospect o f creating a 9 

pm thick mesoporous layer of T i02 onto FTO glass in 12.5 s is extremely promising. If there 

was sufficient heat energy to remove the majority of the binder there may have been 

sufficient heat energy to also sinter the T i02 particles together which w ill be investigated in 

sections 5.3.2 and 5.3.3.

As discussed in Chapter 3 the FTO layer is integral to the high temperature heating o f glass 

substrates w ith NIR radiation due to its higher absorption in the IR region causing over 300°C 

of extra heat in 12.5 s of exposure. To emphasis this point DSL 18NR-AO paste was heated 

on 2.2 mm thick glass (FTO glass that had had its FTO layer chemically etched away) by NIR 

exposure and conventional heating and analysed using TGA and FTIR-ATR to compare to the 

previous samples. The expected outcome fo r conventional heating is that the due to the 

paste being heated from the outside slowly inwards the substrate does not influence the 

temperature and therefore the lack of FTO layer will not affect the solvent and binder 

removal of the paste. However since the NIR heating method depends on the substrate 

absorbing NIR radiation causing it to release energy as heat using uncoated glass, which 

absorbs less radiation than FTO coated glass, should result in the films having less binder and 

solvent removed at identical NIR intensities. Figure 5.13 shows the weight remaining 

obtained from TGA profiles for uncoated glass vs. FTO glass when heated by an oven and 

heated by 12.5 s NIR exposure.
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Figure 5.13: Amount of weight remaining of DSL 18NR-AO paste on FTO glass and uncoated 

glass as calculated from TGA after heating at 450°C in an oven (left) and via 12.5 s NIR 

exposure (right)
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Uncoated glass seems to have very little influence on the weight remaining of oven heated 

DSL 18NR-AO opaque paste indicating that it did not impact the ability of the oven heating 

to remove the solvent and binder from the T i0 2 films. There is slight variation at 30 s of oven 

heating but this is understandable as the sample was still reaching temperature in this short 

time and even the time the oven door was left open before it was shut when placing the 

samples inside could have perturbed this. The 5 min samples and the 30 min samples are 

virtually identical so as expected the lack of FTO layer seems to have had little impact on the 

heating of the paste in an oven. In conventional heating the sample heats from the outside 

inwards with convection and conduction and the outermost exposed areas for both FTO 

glass and uncoated glass is the glass substrate and the top of the T i0 2 paste film where the 

thermal conductivity of these would be identical irrespective of the presence of an FTO 

layer. The FTO layer, which has a higher thermal conductivity than glass, is a relatively small 

surface area compared to the other exposed surfaces so has negligible influence on this 

method of heating.

For the NIR heated films the presence of an FTO layer on the glass substrate has a strong 

influence on the weight remaining after 12.5 s of NIR exposure. At 40% NIR intensity the 

weight remaining is fairly similar for both glasses. This may be explained by both the TGA 

profile for wet DSL 18NR-AO paste (figure 5.5) and the percentage of binder remaining after 

40% NIR exposure of FTO glass (Table 5.3) which was estimated to be 97%. This shows that 

there is a large temperature window between the majority of solvent weight loss and the 

majority of binder weight loss and according to Chapter 3 the uncoated glass should reach a 

temperature of around 133°C. Although this is lower than required to remove all solvent it 

could be possible if the absorbance - reflectance of DSL 18NR-AO paste was enough to 

increase the temperature slightly and aid the solvent evaporation which should not require 

too much energy. This suggests that the uncoated glass sample has reached the temperature  

for majority of solvent removal and the FTO glass sample has not quite reached the 

temperature required for rapid binder removal so both result in a similar weight remaining 

from the TGA. For the other NIR intensities the uncoated glass samples had less weight 

remaining for each respective NIR intensity up to 100% lamp power where there still 

appears to be binder present illustrating the significance of the FTO layer in heating the T i02 

paste where an identically thick glass substrate could not achieve this.
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Figure 5.14 shows transmittance vs. wavenumber obtained from FTIR-ATR for oven heated 

DSL 18NR-AO on FTO glass and uncoated glass which reinforces that the binder and solvent 

removal was almost identical and independent of the substrate for conventional heating. 

The two 30 s oven samples overlap showing the ethyl cellulose peaks as discussed earlier, 

and the two 30 min oven samples overlap confirming that the substrate has negligible 

influence on the conventional heating method. Figure 5.15 shows transmittance vs. 

wavenumber obtained from FTIR-ATR for DSL 18NR-AO paste heated by 12.5 s NIR radiation 

comparing FTO glass and uncoated glass.
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Figure 5.14: Transmittance vs. wavenumber for DSL 18NR-AO paste heated at 450°C in an 

oven on FTO glass and uncoated glass
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Figure 5.15: Transmittance vs. wavenumber for DSL 18NR-A0 paste heated by 12.5 s NIR 

exposure on FTO glass and uncoated glass

For 40% NIR heated DSL 18NR-AO on uncoated glass all o f the ethyl cellulose peaks (as 

identified in Table 5.4) are present. It is similar to the FTO glass 40% NIR sample but the 

peaks are slightly weaker in the latter. 60% NIR intensity on uncoated glass also shows the 

same ethyl cellulose peaks showing that most of the binder still remains. It overlaps w ith the 

40% FTO glass sample w ith similar strength peaks suggesting the same level of binder 

removal; that some binder has been removed but the ethyl cellulose has not yet been 

broken down. The samples 50% NIR FTO glass and 100% NIR uncoated glass almost overlap 

each other perfectly. There is a slight signal at peak H for the 50% NIR FTO glass film 

corresponding to ethyl cellulose which is stronger in this sample compared to the uncoated 

one which may explain the slightly greater weight loss experienced from the TGA profile. 

Otherwise these samples are extremely similar; the FTO glass was predicted to have reached 

40°C higher at 50% NIR intensity than the uncoated glass at 100% NIR intensity which 

suggests the temperature estimated for the uncoated glass may be underestimated but not 

significantly as both samples reached a similar temperature.
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Finally the colour change of the pastes was recorded by photographing samples prepared for 

TGA or FTIR-ATR in a light box fo r colour analysis. Figures 5.16 and 5.17 show DSL 18NR-AO 

paste heated by oven and NIR on FTO glass and uncoated glass respectively.

Oven

15 min 20 min 30 min

40% 50% 60% -  70% 80% 90% 100%

Figure 5.16: Oven heated and NIR heated DSL 18NR-AO paste on FTO glass fo r colour 

analysis

NIR

Oven

_ A _

80% I  60% 40% 30 min 15 m jn 30 s

m  *
Figure 5.17: Oven heated and NIR heated DSL 18NR-AO paste on uncoated glass fo r colour 

analysis

From these photographs it is clear that once DSL 18NR-AO has had all binder removed it 

appears white. This colour is similar to that in figure 5.2 of a wet opaque paste. So the paste 

begins as white once doctor bladed then as it is heated it turns light yellow gradually 

becoming darker until dark brown and then finally white again. This is as a result o f the ethyl 

cellulose burning and hydrocarbons being converted into carbon which would appear black.
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The 60% NIR sample on FTO glass shows the onset o f the film 's final transition to white 

where not all of the binder combustion products have yet been removed. Although a dark 

brow n/w hite  film would seem unsuitable for a DSC device oddly it was observed they 

sometimes work, it may be that the film underneath is sintered well and the char left behind 

by the binder has no affect in these cases. However there is some variation between the 

samples and the 60% NIR films that were used for construction of a working electrode in 

section 5.3.3 were almost completely white w ith only a few areas of brown. At 40% NIR and 

30 s oven on FTO glass the films appear yellow because all the solvent has been removed 

but the majority o f the ethyl cellulose remains w ith the T i02. Samples longer than 15 min in 

the oven and NIR 70-100% are white because only T i02 remains. For the uncoated glass 

samples 40% NIR is very pale yellow the lightest o f all o f the samples suggesting that it has 

the most intact ethyl cellulose out of the heated samples. Again 30 s heating in an oven is 

yellow and the longer times are white. For the NIR heated samples 60% on uncoated glass is 

still yellow with a bit of brown indicating some combustion of the binder. The 80% and 100% 

samples are both still brown because the heating was not sufficient to burn o ff all o f the 

binder. Average Red Blue Green (RBG) values were obtained from each film  in the areas 

shown in figures 5.16 and 5.17 and plotted in figures 5.18 and 5.19.
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Figure 5.18: Average RBG values for photographs of T i02 pastes heated in an oven at 450°C 

fo r varying time on FTO glass (solid line) and uncoated glass (dashed line)
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Figure 5.19: Average RBG values for photographs of T i02 pastes exposed to 12.5 s o f NIR 

radiation at varying NIR intensity on FTO glass (solid line) and uncoated glass (dashed line)

Pastes that are white have high values for blue, red and green; these are pastes w ith full 

binder removal. The pastes that still contain a lot o f binder, which appear quite yellow, have 

blue as the lowest value followed by red and then green as the highest value. Pastes that 

have partial binder removal and are approaching full binder removal, which are dark brown, 

have low blue, red and green values getting gradually and equally lower. Figure 5.18 

reinforces tha t the heating is extremely similar in an oven regardless o f the substrate. In 

figure 5.19 it is illustrated that the uncoated glass is continuing to get darker at a much 

higher NIR intensity and so binder remains, the FTO glass substrates begin to darken at 50% 

NIR intensity and at 70% are white. Using this technique the colours o f heated T i02 films of 

the same pastes could be quantitatively compared to each other, which may be useful fo r in 

situ monitoring of paste sintering, if the differences between blue and red/green intensities 

are easily distinguishable at the beginning of heating when the pastes are almost white and 

not to be confused with after sintering where the colour levels are identical.
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5.3.2 Micrographs and crystal structure of NIR heated titanium  dioxide

It was shown in section 5.3.1 that 12.5 s o f NIR radiation was sufficient to remove all the 

solvent and binder from T i02 paste on FTO glass which allows the creation of a mesoporous 

9 pm thick T i02 film. However the T i02 particles also require enough thermal energy to 

sinter them together to allow for efficient charge transport. SEM images of the NIR and oven 

heated DSL 18NR-AO paste films on FTO glass were taken are shown in figure 5.20.
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Figure 5.20: Micrographs of T i02 films from DSL 18NR-AO T i02 paste on FTO glass heated 

with 12.5 s of NIR radiation at 60%, 90% and 100% intensity and a conventionally sintered 

film, all at the 100k magnification

DSL 18NR-AO paste contains small 20 nm sized anatase particles as well as 100 nm scale 

scattering particles which tend to cluster together as shown in figure 5.20. At 90% NIR 

intensity the particles appear well sintered and comparable to the conventional oven film 

with good porosity. At 60% NIR intensity the film  appears less porous due to some charred 

binder remaining which has also manifested itself in the quality o f the SEM image as there is 

some interference from the organic residue. The sim ilarity o f the 12.5 s heated 90% NIR 

intensity film to the 30 min at 450°C conventionally heated film  is extremely promising and it 

is anticipated that they may function w ith identical effectiveness, which will be addressed in
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section 5.3.3 w ith their use in DSC devices. At 100% NIR intensity there appears to be some 

growth of the anatase crystals suggesting that the higher temperature accelerated the 

sintering of the particles and led to them coarsening. This was previously observed for the 

NIR heating of T i02 paste on titanium  and was attributed to a high peak metal temperature 

of 785°C [5]. The maximum temperature for FTO glass at this intensity is predicted to be 

around 680°C but its lower thermal conductivity compared to titanium  could mean it was 

subjected to a high enough temperature for grain growth for longer. It was also observed on 

the 100% NIR sample that the FTO glass appeared affected by the heating as shown in figure 

5.21.

Figure 5.21: FTO glass o f 100% NIR intensity heated T i02 at (a) 50k magnification and (b) 

100k magnification

There appears to be fragments evenly distributed on the grains o f FTO. Energy-dispersive X- 

ray spectroscopy was performed on these areas and showed peaks fo r titanium  which 

means that these fragments are T i02. This observation was unique to the 100% NIR sample; 

the FTO grains of all other films were free from debris. It is unclear how the FTO grains 

became scattered w ith T i02. It could be that it was contaminated w ith speck of paste at the 

edges perhaps while removing the scotch tape from the sample. However due to the 

consistency of the coverage and its jagged appearance on the FTO grains it may be the high 

temperature attained by the FTO glass from 12.5 s of NIR exposure at the maximum power 

setting, 681°C, caused such a sudden rise in temperature driving o ff the binder that some 

T i02 was physically ablated away. This was not observed for other NIR heated samples of 

T i02.

It is expected that because of the grain growth observed fo r the 100% NIR sample it would 

be a substandard film for a DSC working electrode because of the reduced surface area. SEM
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is lim ited to observing the surface of the films rather than a representing the entire film  so it 

is not possible to conclude the properties of the bulk from this technique. X-ray diffraction 

was used to determine the crystal structure of NIR and oven heated T i02 films on FTO glass 

and the obtained spectra are shown in figure 5.22.
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Figure 5.22: XRD spectra of NIR and oven heated T i02 films on FTO glass w ith annotated 

peaks

The XRD data for each film  looked identical w ith no significant differences. All o f the films 

show (101) and (202) anatase peaks and several peaks for the FTO grains. However no 

narrowing of the (101) anatase peaks was observed, which would to relate to  a growth in 

the crystal size, and no rutile T i02 peaks were present. The NIR heating technique heats from 

the surface of the FTO upwards so the areas w ith the most prolonged exposure directly 

above this would have received the most thermal energy, more thermal energy than the 

surface as observed using SEM. Therefore XRD was used to determine if any grain growth 

beneath the surface but it has shown that there was none, and none of the NIR films 

reached the temperature required for rutile transformation. W ith an identical crystal 

structure to the oven heated films it is again anticipated that the NIR heated T i02 should 

perform similarly in a DSC device.
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5.3.3 Using NIR heated Ti02 to produce working electrodes on FTO glass for DSCs

Following on from the thermogravimetric analysis of the T i0 2 pastes in section 5.3.1, DSL 

18NR-AO was chosen as the paste for NIR heated FTO glass working electrodes due to its 

complete removal of binder and solvent in 12.5 s and superior performance in DSC devices 

from scattering particles that increase photocurrent. 12.5 s NIR heated T i0 2 films were 

constructed into working electrodes for DSCs and compared to conventionally heated 

working electrodes that were prepared in oven at 450°C for 30 min (the average IV 

parameters under 1 sun illumination are shown in Table 5.5). The DSCs were assembled 

identically with a conventionally heated platinised counter electrode and had an active area 

of 1 cm2. Figure 5.23 shows a graph of average efficiency against NIR intensity with a 

conventional oven comparison and current density shown inset for the same.

Table 5.5: Average parameters for NIR heated working electrode DSCs for 3 devices with 1 

standard deviation of error

NIR (%) Voc (V ) Jsc (mA/cm2) FF (%) Efficiency (%)

60 0.61 3.37 69 .00 1.43
70 0.72 ±0 .01 8.44 ± 0.94 72.04 ±0 .99 4.37 ± 0.46

80 0.72 ±0 .01 8.00 ± 1.47 72.35 ±0 .11 4.16 ±0 .73

90 0.73 ± 0.00 9.57 ± 0.33 70.55 ±1 .9 8 4.94 ±0 .21

100 0.70 ± 0.00 8.90 ±0 .11 69.56 ±2 .1 0 4.32 ± 0.08

Oven 0.72 ± 0.00 9.29 ±0 .1 1 71.93 ±1 .93 4.83 ± 0.17

A maximum efficiency of 5.2% was obtained for 90% NIR DSC compared to 5% for a 

conventionally heated DSC for these simply constructed devices. The efficiency and current 

density show the same trend with the fill factors and open circuit voltages are fairly 

consistent for all cells except 60% NIR which has a poor V0c- At 60% NIR intensity although 

the majority of the binder was removed the particles do not appear to be sufficiently 

sintered for charge transport as indicated by the low current density. With a maximum 

temperature of 487°C after 12.5 s exposure it is unlikely that the film would have been at a 

sufficiently high enough temperature for long enough to allow complete sintering during the 

time scale. At 70% NIR the maximum temperature is about 80°C higher allowing enough 

heat energy to transfer to particles to sinter more effectively. This continues to 648°C at 90% 

NIR intensity where sintering comparable to conventional sintering has occurred. At 100% 

NIR the efficiency is slightly lower due to a lower surface area for dye adsorption as 

suggested by the SEM in figure 5.20 because the high temperature has accelerated the 

sintering into crystal growth.
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Figure 5.23: Average efficiency for 12.5 s NIR heated working electrode DSCs w ith 30 min 

oven DSCs on the left and average current density inset

As is shown the voltage is fairly constant (except 60% is rather low) and the fill factor is also 

fairly constant. As would be expected the main impact on efficiency in these devices is the 

current density which generally rises w ith increasing NIR lamp intensity. 60% NIR intensity 

has a very low current density and this was the only cell that worked. It suggests that the 

charge transport is extremely poor due to insufficient sintering of the T i02 film. So although 

TGA data shows at 60% NIR almost complete solvent and binder removal was achieved it 

appears as though adequate sintering was not. As w ith the current density the efficiency 

rises w ith increasing NIR intensity. 70% and 80% NIR intensity showed similar efficiencies but 

80% had a larger variation. This is probably merely due to disparities in the cell building. 90% 

NIR was the highest performing intensity and showed equal efficiency to the oven heated 

identically constructed devices. This shows that a T i02 working electrode film  produced in 

12.5 s can perform as well as one produced in 30 min, 144 times faster.

DSCs were also constructed from oven heated working electrodes at 450°C w ith varying 

times to see the threshold fo r sufficient charge transport to create a working device. Figure 

5.24 shows the average efficiency and average current density fo r these devices. A working 

electrode from 30 s heating in the oven was also attempted but due to the film  still
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containing binder it dissolved during the dyeing. TGA and FTIR data in section 5.3.1 showed 

that from 5 min oven heating all binder and solvent had been removed from the paste. The 

DSC devices show that a working electrode can be constructed from a 5 min heated film but 

w ith a compromise on current density. W ith increased time the T i02 particles continue to 

sinter together to improve charge transfer and thus increase current density as shown w ith 

30 min as the most efficient. This reinforces the time dependent nature o f the sintering of 

T i02 to achieve an equal charge transport to 30 min in a conventional oven and shows that 

the ability to do this in 12.5 s w ith the NIR absorption of FTO glass is extremely promising for 

achieving rapidly built DSCs with no compromise in efficiency.
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Figure 5.24: Average efficiency vs. time for oven heated working electrodes at 450°C with 

current density inset

Optoelectronic transient measurements as described in [11] were carried out to analyse the 

interconnectivity o f the NIR heated T i02 films by determining the charge transport and 

recombination kinetics in DSC devices. Figure 5.25.a shows the charge density at V0c 

measured via charge extraction. All devices except those exposed to 60% NIR lamp intensity 

have near identical charge densities, which could indicate a similar density o f electronic trap 

states. The 60% NIR heated samples have received insufficient thermal energy in order to 

sinter effectively resulting in a decrease in trap states at the particle interface boundaries.
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Figure 5.25.b shows the short circuit current transient lifetime vs. charge density at JSc giving 

an indication of electron transport kinetics as a function of charge density. For all devices 

except 60% NIR the transport lifetime is similar, suggesting that the particle connectivity and 

trap density is comparable for conventionally sintered T i0 2 films and NIR heated films above 

70% intensity; for 60% NIR the sintering the transport kinetics are faster due to fewer 

particle interface boundaries. Figure 5.25.C shows electron lifetime at open circuit voltage 

vs. Vqo and figure 5.25.d shows the electron lifetime at open circuit voltage vs. the charge 

density at open circuit voltage, both giving an indication of recombination kinetics. This is 

measuring the rate at which the electrons in the T i02 recombine with l3' or l2 to form I' ions 

rather than being collected by the FTO layer. The fastest rate of recombination is observed 

in the 60% NIR heated devices suggesting that there are less available neighbouring T i02 

particles to accept the electron, due to the poor sintering, increasing the chance of 

recombination. A broad trend is then observed whereby recombination increases with 

increasing NIR intensity. This supports an increasing density of trap states [11] as a 

consequence of improved sintering from increased thermal energy during NIR exposure. The 

exception to this trend is that devices sintered using the highest NIR lamp intensity at 100% 

show an increase in the rate of recombination. The increased crystal size shown in SEM and 

the slight decrease in JSc seen in these devices could indicate a decrease in dye loading whilst 

still allowing recombination to take place so that there is more available surface area for 

recombination with l3' than in the other devices where dye loading is greater.
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Figure 5.25: Optoelectronic transient measurements for (a) charge density vs. Jsc> (b) 

transport lifetime vs. charge density at Jsc, (c) electron lifetime vs. Voc, and (d) electron 

lifetime at V0c vs. charge density at V0c

5 .4  Conclusions

In this chapter NIR radiation was used to sinter T i02 onto FTO glass for the construction of a 

DSC working electrode w ith identical performance to a conventional device in only 12.5 s, a 

heating time reduction of 144 times. The use of NIR radiation to sinter T i02 films in 12.5 s 

has been previously demonstrated on metallic substrates but this is the first time it has been 

shown on glass based substrates. In the case of DSCs the ability to heat a working electrode 

on FTO glass eliminates the necessity o f reverse illum ination and any chemical 

incompatibilities associated w ith metals, allowing the potential for very high efficiency 

devices with fast manufacturing times.

Crucially the T i02 sintering stage of DSC manufacture shares many similarities to other 

technologies and applications, for example perovskite solar cells, solid state DSCs, and 

photocatalysts. So the use o f NIR radiation to significantly reduce heating times on FTO glass 

could easily be expanded to other devices. Additionally it should be possible to achieve a
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mesoporous film of any metal oxide similar, such as ZnO or Al20 3, that are contained in a 

similar paste where binder needs to be removed, with little modification to this method.

Finally this chapter again highlights FTO glass as a very compatible substrate for rapid 

heating to significantly high temperatures with NIR radiation. Potentially any electronic 

device based on FTO glass which requires a long heating step could benefit from this 

technique. The FTO layer was demonstratively shown to be an integral component for the 

NIR absorption, as discussed in Chapter 3, because TGA and FTIR data shows uncoated glass 

did not reach the temperatures required to remove binder from T i0 2 paste at NIR intensities 

where for FTO glass it did successfully remove it.
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6. Tin-doped Indium Oxide Glass as a Substrate for High 
Temperature Processed Dye-sensitised Solar Cells

6.1 Introduction

Fluorine-doped tin oxide (FTO) remains the transparent conducting oxide (TCO) of choice in 

dye-sensitised solar cells (DSCs) due to its high temperature stability and relatively low cost. 

Tin-doped indium oxide (ITO) is a widely used TCO in the electronics industry and used in 

some solar cell technologies but is usually not used in DSCs since the high temperatures 

required to process DSCs (namely sintering of T i0 2 and thermal decomposition of platinum) 

would cause its resistivity to significantly rise [1][2]. There appears to be some discrepancy 

in the literature over the extent that this impairs the photovoltaic performance. C. Sima et. 

al reported an ITO glass working electrode DSC of efficiency 1.93% after sintering T i0 2 at 

450°C for 2 hours in oxygen compared to an FTO glass device of 8.93% [2]. S. Lee et. al used 

hydrogen annealing and electrochemical treatm ent to produce an ITO glass work electrode. 

They used hydrogen to reduce the ITO film after sintering so that the oxygen vacancies were 

recovered, then the T i02 film was electrochemically oxidised because H2 annealing generates 

defects in T i0 2 [3]. The ITO glass working electrode device had an efficiency of 4.4%  

compared to 3.3% with no hydrogen annealing (untreated ITO) and the FTO glass device was 

4.3%, all were sintered in an 0 2 atmosphere at 450°C for 1 hour so the untreated ITO glass 

device does seem strangely efficient and even had the highest current density. However 

without resorting to lengthy rescue processes it still remains a problem to build a DSC on ITO 

glass if not using low temperature techniques. Vacuum annealing is another method to 

recover the lost oxygen vacancies in indium oxide films and regain some conductivity [4].

The main advantage of ITO over FTO is that it has a higher carrier concentration, almost by a 

factor of two, because the solubility of fluorine in Sn02 is inferior to that of Sn in ln20 3 [5]. 

There have been some attempts to combine ITO and fluorine-doped tin oxide (FTO) to utilise 

the high conductivity of ITO with the high temperature stability of FTO. An FTO coated ITO 

film was deposited via spray pyrolysis by T. Kawashima et. al with a resistivity of 1.4 x lO-4 

Ocm, visible transparency of >80% and after exposure of 300-600°C for 1 hour in air there  

was just a 10% increase in resistivity [6]. DSC devices have been constructed from double 

layer TCOs with efficiencies of 3.7% (FTO/ITO) [7] and 6% (SnO^ITO) [8]. This is another 

example of the desire to use ITO as a conducting layer in DSCs.
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In Chapter 3 of this work it was shown that an alternative heating technique, near infrared 

(NIR) radiation, can heat ITO glass without a large increase in resistivity. The ITO glass was 

exposed to 12.5 s of NIR radiation at various lamp intensities. It was shown that with NIR 

heating of ITO glass, as a consequence of the extremely rapid temperature rise, the 

detrimental rise in resistivity is severely reduced. The short exposure limits the time 

dependent oxygen diffusion up to an extent but at higher temperatures the oxygen diffusion 

is faster therefore there is some resistivity rise. At 90% NIR intensity and below the rise in 

resistivity is not significant, 90% NIR (max temperature 523°C) resulted in a sheet resistance 

of 18.3 O / d ,  s o  it is hoped that it may be possible to reach temperatures capable of creating 

a working DSC on ITO glass without a sharp rise in resistivity.

In Chapters 4 and 5 DSCs were constructed using an NIR heated FTO glass counter electrode 

and working electrode respectively with the optimal maximum temperature after 12.5 s NIR 

exposure of 605°C for platinisation and 648°C for sintering of T i0 2. This is higher than for the 

conventional methods, 385°C and 450°C, because the NIR method occurs much faster and 

requires an accumulation of enough thermal energy to achieve sufficient heating in such a 

short timeframe. This suggests that the potential thermal platinisation and T i0 2 sintering on 

ITO glass will be suboptimal if sheet resistance is to be maintained; because the substrate 

used in this work has a thin layer of ITO (150 nm of ITO compared to 600 nm of FTO for FTO 

glass) it does not absorb as highly in the IR region so fewer photons will interact to release 

thermal energy. However the NIR technique offers a range of processing temperatures for 

similar performance and sufficient platinisation and T i0 2 sintering on FTO glass was achieved 

at a minimum max temperature of 488°C and 564°C respectively. Although it is unlikely that 

an ITO glass DSC device will perform as well as an FTO glass one the main purpose of this 

work is to demonstrate that it can be done and that most importantly other TCOs are 

suitable for NIR treatm ent.

6.2 Experimental

Prior to manufacturing DSC devices the prospective NIR heated counter electrodes were 

characterised as follows. ITO glass (13 Q /o , Sigma Aldrich) was coated with 3 drops of 5 mM  

chloroplatinic acid in propan-2-ol using a capillary tube (section 2.2.2) and heated either in a 

conventional oven at 385°C for 30 min or using NIR radiation at a speed of 2 m /m in for 12.5 

s lamp exposure (section 2.1.1). Scanning electron micrographs were taken of one of the 

samples (section 2.11). Cyclic voltammetry was performed on the platinised ITO glass in a 3
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electrode set up. The catalytic performance of NIR heated and conventionally heated Pt to 

reduce triiodide was tested using an l / l 3' electrolyte solution in acetonitrile w ith a Ag/Ag+ 

reference electrode and platinum mesh counter electrode (section 2.7) between the 

potentials of -0.5 and 0.8 V w ith a scan rate of 50 mV/s.

To assess the performance of counter electrodes built on ITO glass DSCs were constructed 

(section 2.2.2) with TiCI4 treated oven heated T i02 film  working electrodes on FTO glass and 

NIR heated counter electrodes (section 2.1.1) on ITO glass exposed for 12.5 s. Their 

photovoltaic properties were characterised using a solar simulator (section 2.3) and 

electrochemical impedance spectroscopy (EIS) (section 2.6).

Titanium dioxide films were prepared by doctor blading DSL 18NR-AO paste onto ITO glass. 

They were heated in a conventional oven at 450°C or by 12.5 s o f NIR radiation (section 

2.2.2). The binder removal o f the films was investigated using FTIR-ATR (section 2.9) and the 

appearance of the films was imaged using SEM (section 2.11).

To assess the sintering of the NIR heated T i02 particles DSC devices were constructed 

(section 2.2.2) with NIR heated ITO glass working electrodes and oven heated FTO glass 

counter electrodes. IV measurements (section 2.3) and optoelectronic transient 

measurements (section 2.5) were used to characterise them. Finally DSC devices w ith both 

ITO glass working electrode and ITO glass counter electrode (figure 6.1) were built from the 

optimal NIR settings found.

Photons

ITO glassWorking
electrode
(NIR) T i02 and dye

ElectrolyteCounter
electrode
(NIR) Platinum and ITO glass

Figure 6.1: Diagram of DSCs constructed on ITO glass w ith heating method shown in brackets
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6.3 Results and discussion

6.3.1 Thermal platinisation of ITO glass using NIR radiation

6.3.1.1 Characterisation o f rapidly heated chloroplatinic acid

It was shown in Chapter 4 that 5 mM chloroplatinic acid does not absorb significantly in the 

NIR region at the quantities used fo r conventional thermal platinisation so NIR heated 

chloroplatinic acid coated onto ITO glass is expected to achieve but not exceed the 

temperatures estimated in Chapter 3 w ith 12.5 s exposure, shown in Table 6.1. That is, ITO 

coated w ith a layer o f chloroplatinic acid will heat up in the same way as the bare ITO glass 

investigated previously. Figure 6.2 shows a scanning electron micrograph of chloroplatinic 

acid on ITO glass exposed to 70% NIR intensity radiation for 12.5 s.

Table 6.1: Temperatures estimated in Chapter 3 for 12.5 s NIR exposed FTO glass

NIR intensity (%) Max temperature (°C)

40 200
50 300
60 382.4
70 481.1
80 504.9
90 523.3

100 552.6

Platjnum'ch'lorjcle %

Pt jnahp particles

1 OOumS4800 12 OkV 8 8mm x50 Ok SC(U)

Figure 6.2: SEM image of 70% NIR intensity chloroplatinic acid on ITO glass at (a) 50k and (b) 

250k magnification w ith some areas of Pt and PtCI2 labelled

At low magnification (figure 6.2.a) there appears to be a number of particles of various sizes 

spread evenly over the ITO grains. Some of these resemble platinum nanoparticles and this 

was confirmed with EDX. They are about 20 nm, similar in size to those on NIR heated FTO 

glass but the coverage appears to be more substantial which may be due to the smoother 

ITO grains either facilitating better adhesion. Alternatively it may be that in the case of the
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rough FTO grains the depth of field of the SEM does not allow all the nanoparticles to be in 

focus. At 70% NIR intensity the ITO glass should reach 481°C upon exit from the lamps which 

is similar to 60% NIR exposure for FTO glass. In some areas there are very large 

agglomerates; figure 6.2.b shows one of these agglomerates at higher magnification. It is 

approximately 100 nm in size and resembles platinum chloride (most likely as PtCI2 rather 

than PtCI4 because the high occurrence of Pt suggests most decomposition of platinum 

chloride would have occurred).

Cyclic voltammetry (theory in section 1.5.4) was used to assess the prospective NIR heated 

platinum counter electrodes on ITO glass (section 2.7). As discussed in section 4.3.1 to 

evaluate the performance of the platinum for use as a counter electrode in DSCs cyclic 

voltammetry was run in an l'/l3' system giving an indication of its ability to facilitate the 

charge transfer reactions that occur between the species of:

- 2 e ~

2 /3-  ^  3 I 2
+2e~

—2e~

3 r  * 17 <—  a
+2e~

The reaction of importance in a DSC is the cathodic reaction, l3' + 2e' -> 31' (the reduction of 

triiodide to iodide), which occurs at the counter electrode, as it keeps the supply of I- ions 

available to donate an electron to the oxidised dye (2S+ + 31' 2S + l3 ) so that this can then 

absorb another photon. If there is insufficient platinum present the charge transfer will be 

sluggish, this will be shown by the cyclic voltammetry as broader less reversible peaks. If 

there was no catalytic activity then no redox reactions will occur. The rise in sheet resistance 

of ITO after heating which was discussed in Chapter 3 will also affect the charge transfer 

increasing the difficulty for the electrons to reach the external circuit. This is a quasi- 

reversible system; it is slower in the reverse direction than the forward direction (insufficient 

to maintain Nernstian equilibrium) so it cannot perfectly match the reversible diagnostic 

criteria [9] but it is not totally irreversible and it is possible to compare against different 

platinum samples. Reversibility describes the ease of electron transfer for the reaction; if it is 

facilitated in both directions and sustainable then it is more efficient. If a platinum sample 

was more reversible in the l"/l3" system this suggests it would be a better catalyst in a DSC.
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Figure 6.3 shows cyclic voltammograms of 12.5 s NIR exposed and oven heated (30 min at 

385°C) chloroplatinic acid on ITO glass and Table 6.2 shows the corresponding data extracted 

from the cyclic voltammograms to give an indication of the reversibility [9]; peak separation, 

AEP, ratio of the peak current densities ( | j ap/ j cp | ) as well as the sheet resistance, Rsh, after 

heating of ITO glass from Chapter 3.

0.8 Anodic (Eap) 

31 -> l3 + 2e
0.6

0.4

0.2
AE

 30 min oven
- 0.2 60% NIR

 70% NIR

—  • -80%  NIR

 90% NIR

 ITO glass

3 -0.4

Cathodic (Ecp) l3 + 2e»  31

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
P otentia l (V)

Figure 6.3: Cyclic voltammograms of NIR heated chloroplatinic acid (12.5 s exposure) and 

oven heated chloroplatinic acid (30 min at 385°C) on ITO glass in iodide electrolyte at a scan 

rate of 50 mV/s

Table 6.2: Data from cyclic voltam m etry for peak separation and peak current density ratio 

w ith corresponding measured ITO glass sheet resistance from heating method

Sample AEP(V) j cp(mA/cm2) jap (mA/cm2) jap/jCp Rsh (O/n)
60% NIR 0.36 -0.35 0.51 1.48 12.91

70% NIR 0.265 -0.40 0.51 1.26 13.17

80% NIR 0.45 -0.34 0.58 1.70 15.39
90% NIR 0.395 -0.40 0.57 1.41 18.27

30 min oven 0.395 -0.36 0.48 1.34 39.5
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As is expected bare ITO glass substrate has no ability to facilitate the redox reactions in this 

electrolyte. However all of the NIR and oven thermally platinised ITO glass samples do show 

affinity to this redox system albeit with massive variations in the peak separations and peak 

current density ratios. The 60% NIR heated chloroplatinic acid on ITO glass has a close peak 

separation, an adequate peak current density ratio and fairly well defined peaks which 

suggests that the platinum is facilitating the redox reactions well. Similarly to lower NIR 

intensity heated Pt on FTO glass in section 4.3.1 it has lower current values than the other 

samples. This may indicate that there is less platinum present because there is some 

unconverted platinum chloride, as would be expected from the lower temperature reached 

of only 382°C, but that the platinum nanoparticles present are catalytic. The 70% NIR sample 

has the smallest peak separation, significantly smaller than the other samples, and the best 

peak current density ratio, much closer to 1 than the others suggesting better reversibility of 

the triiodide reduction reaction. The current values are fairly similar to 60% NIR and still 

fairly small. SEM did suggest that there was some unconverted platinum chloride and the 

temperature estimated for 70% NIR heated ITO glass corresponds well to 60% NIR heated 

FTO glass which also showed residual PtCI2 but still functioned in a DSC device with 

adequacy. Unlike 60% NIR heated ITO glass there is a slight increase in sheet resistance for 

the bare ITO glass heated in Chapter 3 (0.2 O /n) but this is most likely negligible.

80% NIR intensity has the further peak separation and poorest peak current density ratio 

which is out of the trend of 90% NIR which seems to recover some catalytic activity so may 

be an experimental abnormality. 80% NIR also has a very broad cathodic peak showing that 

the charge transfer here is sluggish and not very reversible. They both show much higher 

current values than the other samples which may indicate that the majority of platinum 

chloride has been converted to platinum so there is more platinum present to facilitate 

charge but it is not as reversible as others. As is reiterated in Table 6.2 there should be some 

resistivity rise for these samples as measured in Chapter 3, a rise of 2.4 and 5.4 Q /□ 

respectively, but it does not seemed to have manifested itself here as it is still relatively low. 

30 min oven shows marginally poorer peak separation and peak current density ratio but 

comparable to 90% NIR. It is predicted to have a sheet resistance of around 39.5 f i / □ 

(extrapolated at 385°C from the sheet resistance vs. temperature plot for 30 min oven 

heating in section 3.3.3) which is fairly high so it may be expected to manifest itself in the 

performance.
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Figure 6.4 shows the cyclic voltammogram of 70% NIR heated chloroplatinic acid on ITO 

glass w ith the optimal NIR heated FTO glass and conventional oven on FTO glass for 

comparison from Chapter 4. The peaks appear much closer in the platinised ITO glass and 

more defined which indicates it has higher reversibility fo r the iodide redox reactions than 

the NIR and oven platinised FTO glass samples. An important point to note is that 60% NIR 

intensity on FTO glass also showed the best catalytic reversibility but contained platinum 

chloride that reduced the potential platinum surface and thus its performance in a DSC 

device (but although suboptimal still very functional). 70% NIR intensity on ITO glass was 

shown in Chapter 3 to reach a similar temperature than 60% NIR exposed FTO glass, 481°C 

compared to 488°C, so it would suggest that in 12.5 s insufficient thermal energy would be 

received for full conversion as also indicated by the SEM images of 70% NIR heated ITO glass. 

However although the cyclic voltam metry may not be a direct correlation to DSC 

performance, as was observed in Chapter 4, it is still promising that the 70% NIR heated ITO 

glass sample shows great catalytic activity especially compared to the two FTO glass 

samples.

0.8

0.6

10
C
ai

T3
- 0.2

<3 -0.4 70% NIR ITO glass

80% NIR FTO glass
- 0.6

 30 min oven FTO glass

-0.
- 0.6 - 0.2 0 0.2-0.4 0.4 0.6 0.8 1

Potentia l (V)

Figure 6.4: Cyclic voltammograms of NIR heated chloroplatinic acid (12.5 s exposure) on ITO 

glass w ith the DSC device optimal NIR heated FTO glass and oven heated FTO glass (from 

Chapter 4) in iodide electrolyte at a scan rate of 50 mV/s
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6.3.1.2 Dye-sensitised solar cells with a rapidly heated ITO glass counter electrode

DSC devices were constructed incorporating an NIR heated counter electrode on an ITO 

glass substrate w ith a standard conventionally heated FTO glass working electrode. Figure

6.5 shows the average efficiency of these devices, which were all heated fo r 12.5 s, against 

NIR lamp intensity w ith an oven heated ITO glass counter electrode DSC included. Inset the 

graph is the average fill factor of these devices which is related to the ability o f the catalyst 

to reduce triiodide. Table 6.3 shows the average PV parameters for the ITO glass counter 

electrode DSCs and an oven heated FTO glass counter electrode device w ith identical 

working electrode as a comparison.

7 - 

6 -  

5 -

_  4 -
so

£ 3 -
U

1 - 

0 -

50 60 70 80 Oven
NIR in tens ity  (%)

Figure 6.5: Average efficiency vs. NIR lamp intensity fo r 12.5 s heated ITO glass counter 

electrode DSC devices and oven heated ITO glass; inset the same for average fill factor

Table 6.3: Average parameters o f 3 devices for ITO glass counter electrode DSCs and an 

equivalent FTO glass DSC, error is 1 standard deviation

NIR (%)

:>uo>

Jsc (mA/cm2) FF (%) Efficiency (%)

60 0.73 ±0.01 9.43 ±0.36 73.46 ± 2.13 5.09 ±0.25

70 0.74 ±0.00 9.80 ±0.34 76.32 ± 1.76 5.53 ±0.18
80 0.74 ± 0.00 9.49 ±0.27 76.86 ±0.35 5.43 ±0.15

Oven ITO glass 0.73 ±0.03 11.73 ± 1.84 69.05 ± 5.69 5.86 ±0.16
Oven FTO glass 0.77 ±0.01 13.08 ±0.75 64.33 ±2.03 6.48 ±0.19

Oven

50 60 70 80 Oven
NIR intensity (%)
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The efficiency of all devices is fairly consistent. For the oven devices the efficiency seems to 

be very high despite the significant rise anticipated in the sheet resistance (as proposed in 

Chapter 3) conversely the fill factor is lower than that o f the others. It is predicted to have a 

sheet resistance, Rsh, of around 39.5 Q / d  after 30 min of heating in an oven at 385°C, 

significantly higher than the starting Rsh of 13 0 /□ .  This should impair the transfer of 

electrons at the counter electrode to the triiodide. The oven heated counter electrode does 

show an extremely high variation in both the current density and the fill factor, the higher Jsc 

explaining why the average FF is lower, suggesting the behaviour of the oven heated cells is 

not very reproducible. There was noticeable noise in the IV curves of the oven DSCs likely 

due to this higher resistance but was not present for the NIR heated DSCs which had smooth 

IV curves. For the NIR heated counter electrodes there is a slight peak at 70% NIR intensity 

with 60% and 80% NIR intensity showing slightly lower although similar efficiencies. This 

supports the cyclic voltammetry data which showed 70% NIR to be the most reversible and 

thus suggested it to work well as a DSC catalyst, although it contradicts the cyclic 

voltammetry data obtained for the 80% NIR sample which was most likely experimental 

error. The optimum ITO glass counter electrode device, 70% NIR, is 0.85 times the efficiency 

of an oven heated FTO glass device and 0.87 times that of a NIR heated FTO glass device 

which is fairly acceptable considering the platinum conversion was predicted to be 

suboptimal at the temperature it reached. The ITO glass substrate also has a higher original 

as purchased Rsh than the FTO substrate, 13 O /d  compared to 7.5 O /d , which would possibly 

contribute to a lower efficiency.

The resistance of the triiodide charge transfer process was analysed for the DSC devices 

using electrochemical impedance spectroscopy (EIS) to serve as a measure of catalytic 

performance. Figure 6.6 shows the charge transfer resistance at the counter electrode, RCe, 

against V0c modelled from impedance measurements of the 12.5 s NIR heated and 30 min 

oven heated ITO glass counter electrode DSCs. The 60% and 70% NIR heated cells show the 

lowest RCe with 80% at higher RCE (this particular cell has slightly higher RCe than some of the 

other 80% cells which lie between this and 60% NIR but is more illustrative of the overall 

problem of rising RCE with higher intensity NIR exposure). The oven cell has the highest RCe 

and all cells show a sharp rise in RCE at less negative measuring potential. The low RCe of 60% 

and 70% NIR heated counter electrodes show that the charge transfer between platinum  

and triiodide is occurring with little resistance which suggests that the platinum is 

catalytically active. This is fairly well supported by the photovoltaic data and cyclic
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voltammetry data. Both 80% NIR and the oven cell have higher RCE because the ir sheet 

resistance has increased which impairs the TCO's ability to transfer electrons to the platinum 

to subsequently reduce the triiodide.
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Figure 6.6: Resistance at counter electrode vs. measuring potential obtained from 

impedance spectroscopy for NIR and oven heated ITO glass counter electrode DSCs

Series resistance, Rs/ was also obtained from the EIS data, at a bias of -0.78 V. The series 

resistance in this model is represented by a single resistor so the FTO Rsh and the ITO Rsh 

cannot be distinguished (of the working electrode and counter electrode substrates).

However for an FTO glass cell the Rs is usually the same value as the sheet resistance of the 

substrate e.g. 7 Q. For 60% NIR the Rs is 14 Q which closely matches the Rsh o f the ITO 

substrate used. The Rs steadily increases for the NIR heated cells and is extremely high for 

the oven cell. The series resistance obtained from EIS and sheet resistance measured in 

Chapter 3 for the bare ITO glass substrates was plotted together in figure 6.7 to compare the 

impact the resistivity rise is having on the cell performance compared to previous isolated 

substrate readings and give an indication of ITO's thermal degradation.
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Figure 6.7: Series resistance for ITO glass counter electrode cells vs. sheet resistance for ITO 

glass after heating w ith the same technique

This illustrates the discrepancy between the Rs obtained for the DSC devices and the Rsh 

measured for heated ITO glass, although there is an additional contribution for the DSCs 

from  the two different TCO types, since the working electrode is 7.5 Q /□ FTO glass. For the 

60% cell the values are fairly similar but the Rs becomes increasingly higher than the Rsh for 

uncoated ITO glass w ith higher NIR intensity. The series resistance of the oven cell is 

extremely high, even higher than predicted in Chapter 3, which explains the manifestation of 

high noise in the IV curve. Promisingly the series resistance isn't too much higher than 

predicted for the 70% NIR DSC. Together w ith its good performance as a catalyst shown by 

cyclic voltammetry and in DSC devices it appears to be a viable alternatively to sputtered 

platinum on ITO glass and entirely possible to thermally decompose platinum on ITO glass 

w ithout severely increasing the sheet resistance while still achieving 0.85 times the 

efficiency of an equivalent FTO glass device.
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6.3.2 Sintering of T i0 2 on ITO glass using NIR radiation

6.3.2.1 Characterisation o f rapidly heated T i02 paste

In Chapter 5 the binder removal of three d ifferent commercial pastes was investigated on 

FTO glass and it was discovered that NIR radiation was able to remove all binder for NIR 

heated DSL 18NR-AO paste (9 pirn dry film) on FTO glass. Therefore this paste was chosen for 

the NIR heating of ITO glass working electrodes as it produces DSCs w ith higher 

photocurrent than the other tw o pastes. It should also be recalled that DSL 18NR-AO 

absorbs some NIR radiation which may enhance its heating locally w ith in the film  which 

should also hopefully enable the T i02 to sinter w ith less damage to the ITO layer. To analyse 

the binder removal of the DSL 18NR-A0 T i02 paste for each heating technique on ITO glass 

FTIR-ATR was used. Figure 6.8 shows FTIR spectra overlaid for the components of the paste 

(anatase T i02 [10], terpineol [10] and ethyl cellulose) w ith wet DSL 18NR-AO paste. The 

relevant peaks for each functional group have been annotated A-J and are described in Table 

6.4.
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Figure 6.8: FTIR spectra of wet DSL 18NR-AO paste w ith T i02 [10], terpineol [10] and ethyl 

cellulose
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Table 6.4: Functional group peak labels and locations as annotated in figure 6.8

Peak Source Range (cm 1)

A Terpineol 3600-3250

B Terpineol 3050-2750

C Terpineol 1800-1670

D Terpineol 1550-750

E Ethyl cellulose 3550-3450

F Ethyl cellulose 3050-2750

G Ethyl cellulose 1500-1300

H Ethyl cellulose 1300-900
1 T i0 2 3700-2700

J T i0 2 1800-1350
K T i0 2 800-500

As discussed in Chapter 5 the terpineol peak A is attributed to an OH stretch as is the ethyl 

cellulose peak E which has a smaller range due to the fewer OH bonds. Peaks B and F 

correspond to stretching of CH bonds for terpineol and ethyl cellulose respectively and have 

different shapes. Peak C is a C=C stretch and D bending of CH bonds. The ethyl cellulose 

peaks G and H correspond to CH2 and CH3 bending, and out of plane bending of CH bonds. 

Peaks I, J, and K are absorption peaks for anatase phase T i0 2. The wet DSL 18NR-AO paste 

shows each of these peaks, some differ slightly due to the different isomers of terpineol and 

crystal sizes of anatase T i02. Figure 6.9 shows transmittance vs. wavenumber for NIR 

exposed DSL 18NR-AO paste for 12.5 s on ITO glass at varying NIR lamp power obtained with 

FTIR-ATR. 30 min oven heated T i0 2 paste on ITO glass was not measured because its spectra 

would be identical to that of other substrates as seen in Chapter 5 and it is established that 

450°C in a conventional oven is sufficient to remove all binder and sinter the T i02 film 

regardless of the substrate used so this can be safely assumed.
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Figure 6.9: Transmittance vs. wavenumber for DSL 18NR-AO paste heated w ith NIR for 12.5 s 

at various lamp intensities

The wet paste sample (unheated) shows all peaks as it contains each component o f the 

paste. Some peaks such as the two T i02 peaks are hard to distinguish and are masked by the 

other peaks present in the same range. As the ITO glass is heated by NIR radiation the 

terpineol associated peaks begin to diminish. 40% NIR heated ITO glass shows a very weak 

peak at C which corresponds to terpineol suggesting a low quantity of solvent may still be 

trapped in the film. It shows all the peaks associated w ith ethyl cellulose because all the 

binder remains. The trend is similar for 50% NIR heated ITO glass but the terpineol peaks 

seem to have disappeared, the T i02 peaks are becoming slightly more prom inent and the 

peak at H for ethyl cellulose is reducing. The difference between 50% and 60% NIR is 

extremely pronounced. All ethyl cellulose and terpineol peaks have disappeared and there is 

a very strong T i02 peak at J. 70% and 80% NIR are the same as 60% but their transmittance is 

higher and the peak at J smaller and also appears to be a slightly different shape. This may 

be simply due to the loading of T i02 particles on the ATR crystal.

The FTIR-ATR spectra of T i02 on ITO glass are similar to those on FTO glass fo r equivalent NIR 

intensities as shown in figure 6.10. This is slightly contradictory to the different 

temperatures obtained for each substrate The 60% NIR FTO glass sample is similar to the
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60% NIR ITO glass sample w ith the same shape and strength at peak J. They also both have 

less transmittance than the higher NIR intensity samples, the FTO sample slightly above the 

ITO sample. The two 70% and 80% NIR samples vary slightly around peak C but overlap 

elsewhere; these samples all have complete binder removal. This reinforces the remarkable 

lack of difference between the ITO glass and FTO glass samples suggesting that they reached 

a similar temperature to each other, both from underneath by the TCO and glass heating 

and from within from the T i02 paste absorbing radiation and heating to aid w ith the binder 

removal. It may be that each substrate is w ithin a similar stage of the binder removal 

temperature window for each intensity. It could also be that because the ITO layer is much 

thinner than the FTO layer, 150 nm compared to 600 nm, that it heats up faster and so is at 

an elevated temperature for longer despite not reaching the same temperature. Therefore it 

would receive a similar amount o f thermal energy overall.
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Figure 6.10: Transmittance vs. wavenumber for selected NIR heated ITO glass and FTO glass 

T i02 samples

Figure 6.11 shows scanning electron micrographs of 70% NIR heated T i02 on ITO glass 

compared to 90% NIR heated FTO glass from Chapter 5. The T i02 film  on ITO glass shown in 

figure 6.11.a appears fairly similar to the T i0 2 on FTO glass shown in figure 6.11.b. Both films 

appear porous with agglomerates of the large scattering particles. The T i02 film on FTO glass
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appears to have more cracks and gaps than the ITO glass film . This is likely due to better 

sintering and a stronger temperature gradient between the FTO glass and the paste as a 

result of the much higher temperature reached by the FTO (648°C) driving the sintering with 

more thermal stress. The ITO glass is predicted to have reached 481°C which is similar to 

that reached for 60% NIR FTO glass that proved to be inferior as a working electrode in 

Chapter 5. However the film  here appears better sintered and has good porosity. There was 

also no charging of the sample during SEM imaging (unlike the case for 60% NIR FTO glass), 

which would have indicated an insulator present and increased the d ifficulty o f obtaining an 

image, which suggests that the organic binder was removed during NIR heating further 

signifying that the paste approached sufficient temperature fo r sintering. This supports the 

theory that the ITO glass remained at a higher temperature for longer both due to its thinner 

film and higher free carrier concentration which would have facilitated the transfer o f heat 

extremely efficiently, thus enabling it to achieve sufficient sintering whilst obtaining a lower 

maximum temperature. The high magnification images, figure 6.11.C for ITO glass and figure 

6.11.d for FTO glass again reinforce that the FTO glass sample may have better porosity but 

they both appear well sintered.

5 OOum

S4800 12.0kV 8.8mm x100k SE(U) 500nm

Figure 6.11: SEM of 12.5 s NIR heated DSL 18NR-AO T i02 paste at 70% intensity on ITO glass 

(a) low magnification, (c) high, and 90% intensity on FTO glass (b) low magnification, (d) high
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6 3 .2 .2  Dye-sensitised solar cells with a rapidly heated ITO glass working electrode

DSCs were constructed from  12.5 s NIR heated T i02 coated ITO glass working electrodes and 

conventional oven heated FTO glass counter electrodes. Figure 6.12 shows the average 

efficiency for these devices, along w ith their current density shown inset, against NIR lamp 

intensity. Also shown is an oven heated ITO glass working electrode (30 min at 450°C). The 

average IV parameters are shown in Table 6.5.
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Figure 6.12: Average efficiency vs. NIR intensity for 12.5 s NIR heated ITO glass working 

electrode DSCs with an oven heated ITO glass DSC; inset the same for current density

Table 6.5: Average of 3 devices for ITO glass working electrode DSCs and an equivalent FTO 

glass working electrode DSC, w ith 1 standard deviation o f error

Heating Time

:>o>

Jsc (mA/cm2) FF (%) Efficiency (%)

NIR (60%) 12.5 s 0.29 ±0.13 0.13 ±0.09 38.71 ±3.67 0.02 ±0.02

NIR (70%) 12.5 s 0.69 ±0.00 9.66 ±0.95 68.17 ±0.27 4.56 ±0.47
NIR (80%) 12.5 s 0.70 ±0.00 7.86 ±0.60 68.36 ±0.01 3.78 ±0.26
NIR (90%) 12.5 s 0.69 ±0.01 8.64 ±0.05 68.22 ±0.20 4.06 ±0.01

Oven (450°C) 30 min 0.38 ±0.08 0.24 ±0.18 42.41 ± 1.38 0.04 ± 0.04

FTO glass 30 min 0.72 ±0.00 9.29 ±0.11 71.93 ± 1.93 4.83 ±0.17

The 60% NIR heated devices did not function well despite FTIR-ATR spectra showing no 

terpineol or ethyl cellulose peaks suggesting that all solvent and binder was burnt off. This
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was similar for the 60% NIR heated working electrodes on FTO glass. It is expected that there 

is insufficient charge transport for these cells due to the temperature being too low for 

diffusion of the T i02 particles to occur during the short 12.5 s exposure time and subsequent 

cooling of the film. At 70% NIR exposure the efficiency and charge density have risen 

significantly and it is almost comparable to an equivalent standard non-TiCL, treated FTO 

glass working electrode DSC. The high efficiency and JSc seem to suggest that despite the 

predicted temperature being lower for ITO glass it may indeed be receiving a similar amount 

of thermal energy, a sufficient amount for sintering, as the more optimal NIR exposed FTO 

glass samples. This is believed to be because the ITO may be heating faster than the FTO, 

both due to its thinner layer and higher free carrier concentration, enabling it to sustain a 

temperature high enough for sintering for longer than the FTO glass such as 60% FTO which 

has the same maximum temperature but does not function well.

As the NIR intensity increases beyond 70% there is a slight dip in efficiency and current 

density. The 90% NIR cells performed well and extremely reproducibly compared to the 70% 

NIR cells which had some variation. However it was decided that 70% NIR exposure should 

be used for future devices rather than 90% to err on the side of caution with respect to 

resistivity. Finally the 30 min oven cells also have almost nonexistent photovoltaic 

properties. This is unsurprising because the long exposure to 450°C would have increased 

the sheet resistance to at least 53.6 Q /n  severely impairing any flow of electrons through 

the TCO. There would have been no problem with binder removal or sintering of the T i0 2 

film because heating at 450°C for 30 min is well known to be sufficient as supported by the 

equivalent FTO glass cell shown in Table 6.5.

Optoelectronic transient measurements were taken for the ITO glass working electrode DSC 

devices to study the T i02 particle interconnectivity. Figure 6.13 shows a measurement taken 

at short circuit, charge density vs. current density. The charge density is fairly similar for 

70%, 80% and 90% NIR showing no significant different between the charges collected in 

each of the T i0 2 films. The charge density is also sufficient indicating a well sintered film for

12.5 s NIR exposed ITO glass at these intensities. The 60% NIR and oven heated films show 

lower charge density and are quite irregular. 60% NIR doesn't collect as much charge 

because T i02 film has more trapped states from particles not connected. For the oven 

heated film it may be that once the dye has injected an electron into the T i02 and this has 

been transferred to the TCO because it has more difficulty travelling through due to the
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large sheet resistance it is not being returned to the counter electrode as efficiently so that 

the electrolyte can subsequently replenish the dye and more charge be collected.

18
10 60% NIR 

70% NIR 
80% NIR 
90% NIR 
30 min oven

17
10

16
10

15

14
10

7 . _ -6 .--4 _-3 An-2
10 10 210 10 10

Jsc (A/cm )
10

Figure 6.13: Charge density vs. current density for NIR heated ITO glass working electrode 

DSCs

Figure 6.14.a shows recombination lifetime vs. open circuit voltage taken from 

optoelectronic transient measurements at open circuit. There is a trend w ith NIR intensity 

whereby 70% NIR has the best recombination lifetime, 90% and 80% NIR are slightly behind 

although again they are fairly similar to each other, and 60% NIR has an extremely poor 

recombination lifetime. This is that the rate at which T i02 electrons recombine w ith l3‘ or l2 

to form  I ions, rather than get collected by the TCO. As in the case of 60% NIR it is fast 

relative to charge transport the photocurrent is reduced which suggests there are less 

available neighbouring T i02 particles to accept the electron. The oven heated cell also has a 

poor recombination lifetime which may be due to electrons finding it harder to be 

transported from the ITO layer because of the high sheet resistance causing them to be 

exposed to the electrolyte longer giving them more opportunity to recombine. Figure 6.14.b 

shows transient tau at V0c vs. charge density at V0c- The trend for recombination lifetime vs. 

charge density is similar to figure 6.14.a and also but it also shows the lack of charge density 

in the 60% NIR and oven heated T i02 films as previously seen in figure 6.12. The other NIR 

heated cells have a good correlation between charge density and recombination lifetime 

measured at V0c further suggesting the T i02 is well sintered.
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Figure 6.14: (a) recombination lifetime vs. Voc and (b) Transient tau at Voc vs. charge density 

at Vqc for heated ITO glass working electrode DSCs

Using NIR radiative heating T i02 working electrodes for DSCs were built on ITO glass at an 

efficiency 0.95 times that of an equivalent simple oven heated FTO glass DSC device w ith a 

heating time o f 12.5 s. This was achieved by balancing the temperature required for 

sufficient T i02 sintering (controlled by the NIR lamp intensity) w ith that which would cause a 

rapid rise in resistivity by introducing oxygen into the oxygen vacancies of the ITO. The 

heating is believed to be not only due to the ITO glass substrate absorbing NIR radiation but 

also locally w ithin the T i02 paste due to additional absorption which may be a factor in the 

ability to achieve higher temperatures w ithout damaging the ITO. The FTO glass devices are 

built on a lower sheet resistance TCO and are also textured which assists w ith light 

harvesting for the dye through light scattering so if the substrate were equal in quality it may 

be possible to build a device on ITO glass of equal efficiency to  FTO glass w ithout requiring a 

low temperature method for the T i02 film.

6.3.3 All ITO glass and rapidly heated dye-sensitised solar cells

Using the optimum 12.5 s NIR exposure lamp intensity for an ITO glass counter electrode 

and an ITO glass working electrode, both found to be 70%, high temperature DSC devices 

were built entirely on ITO glass. As well as combining the ITO counter electrode and working 

electrode together different NIR heating methods were varied for the working electrode as 

described in section 2.2.2.1. These are shown in Table 6.6 and figure 6.15.
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Table 6.6: Description of different NIR TiCI4 variations and their relation to figure 6.15

Schematic Method name No. o f NIR runs TiCI4 treatm ent

a Single run 1 None

b Double run 2 None
c Fast TiCI4 2 Dab w ith solution

d Slow TiCI4 2 Soak in solution (80°C, 30 min)

Figure 6.15: Schematic o f different NIR TiCI4 treatments; (a) Single, (b) Double, (c) Fast, (d) 

Slow

The control of one single run of NIR for 12.5 s at 70% NIR intensity (as the optimum of 

section 6.3.2) was called single run "S". For the fast TiCI4 method "F" the 1 wt% TiCI4 solution 

was dabbed onto the sintered T i02 w ith a cotton bud to cover the entire film and then 

exposed to NIR as soon as it had dried (at room temperature). For the slow TiCI4 "T" method 

the sintered films were submerged in TiCI4 solution at 80°C for 30 min in an oven as normal, 

washed off, dried and then subjected to a second run o f NIR. To compare the effect o f a 

second NIR run films w ithout TiCI4 treatm ent were subjected to tw o non-continuous runs 

known as double run "D". Figure 6.16 shows the average efficiency of these devices and 

Table 6.6 their average PV parameters.

The single run ITO glass WE/CE DSC performs fairly well, although it has a lower Jsc than the 

NIR heated ITO glass WE with an FTO glass oven CE its performance is respectable as it 

undergoes a total heating time o f just 25 s and is constructed entirely on ITO glass heated in 

air. The "fast" TiCI4 treated cells (2 runs of 70% NIR on the working electrode, the second run 

after being coated with TiCI4 solution) are very interesting; it seems that the brief application 

o f T i02 precursor solution may have resulted in some small nanoparticle synthesis and 

adhesion to the existing mesoporous film  during the second run of 12.5 s NIR exposure. The 

Voc and current density have returned to a similar level that it was for the NIR heated ITO
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glass working electrodes with FTO counter electrode, w ith the high fill factor also of the ITO 

glass counter electrode cells. The average efficiency is higher than the best ITO glass working 

electrode/FTO counter electrode device and almost on par w ith the standard oven heated 

FTO glass device. This is an extremely promising demonstration of NIR radiation as a high 

temperature heating technique compatible w ith ITO for electronic devices.
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Figure 6.16: Average efficiency of fast heated NIR ITO glass DSC devices against working 

electrode variation

Table 6.6: Average of 4 devices for all ITO glass DSC devices w ith time and method shown for 

working electrode heating, 1 standard deviation of error

Method Time Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

Single NIR 12.5 s 0.66 ±0.02 7.17 ±0.54 68.87 ±3.73 3.32 ±0.41

Double NIR 25 s 0.61 ±0.04 3.21 ± 1.65 58.62 ±5.19 1.21 ±0.78
TiCI4 NIR 25 s 0.69 ±0.02 9.32 ±0.28 74.72 ±4.34 4.79 ±0.15

The ITO glass working electrodes prepared via the slow TiCI4 method "T" could not be used 

because the TiCI4 solution reacted w ith the ITO and stripped away the sintered T i02 layers as 

has been reported here [11]. This fu rther reinforces how remarkable it was that such a brief 

application TiCI4 solution managed to enhance the T i02 film  of an ITO glass working 

electrode where it would not have otherwise been able to be used. Further work will be
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required to assess whether the fast TiCI4 treatm ent has had an impact on the surface area or 

interconnectivity. It is also remarkable considering the stark difference in efficiency of the 

double run NIR devices which were built identically save for the application a few drops of 

1% TiCI4 solution in water. The second run of NIR may have lead to severe cracking, grain 

growth or other film defects which were either absent or offset by the addition of small 

nanoparticles increasing the photocurrent in the case of the fast TiCI4 DSCs.

6.4 Conclusions

In Chapter 3 it was shown that 12.5 s of NIR exposure on ITO glass would allow it to reach 

high temperatures without a significant rise in sheet resistance. In this Chapter 

chloroplatinic acid on ITO glass exposed to 12.5 s of NIR radiation was used as a counter 

electrode in a DSC device and it was 0.85 times as efficient as an equivalent oven heated FTO 

glass device and 0.87 times as efficient as a NIR heated counter electrode FTO glass device. 

This is extremely significant both in terms of the drastic time reduction attractiveness and 

producing an electrode for on ITO glass for a DSC without requiring a cumbersome post 

annealing step to regain the oxygen vacancies in the ITO. The optimal NIR setting for the 

thermal decomposition of chloroplatinic acid on ITO glass, 12.5 s of 70% NIR exposure, had a 

low charge transfer resistance and series resistance (obtained from EIS) suggesting that its 

sheet resistance did not rise significantly upon NIR exposure. It also showed extremely good 

catalytic affinity for the reduction of triiodide as observed from cyclic voltammetry, 

comparable to that of Pt on FTO glass, coupled with its good efficiency and fill factor in a DSC 

device suggests that an optimal balance of sufficient catalytic platinum thermally reduced 

and not overheating the ITO which would drastically speed oxygen diffusion into the 

vacancies even in a 12.5 s timeframe. The other NIR settings showed similar performance 

enabling a large processing window for the manufacture. The 30 min oven heated DSCs had 

catalytic platinum but also extremely high charge transfer resistance, series resistance and a 

low fill factor suggesting that the high sheet resistance was having an impact on the cell's 

performance.

Using NIR radiative heating at 70% lamp intensity T i02 working electrodes for DSCs were 

built on ITO glass at an efficiency 0.95 times that of an equivalent simple oven heated FTO 

glass DSC device with a heating time of only 12.5 s. This is extremely promising for the use of 

NIR radiation to heat ITO glass because an efficiency so close to that of the equivalent FTO
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glass DSC without necessary post sintering treatments to reintroduce the ITO vacancies has 

not been published before in the literature.

High temperature DSCs were also built entirely on ITO glass with only 25 s or 37.5 s total 

heating time. The optimum device utilised TiCI4 solution with a few  drops before a second 

run of NIR exposure increasing the efficiency dramatically to just above that of a simple 

standard FTO glass device. The average efficiency is higher than the best ITO glass working 

electrode/FTO counter electrode device and almost on par with the standard oven heated 

FTO glass device. This is an extremely promising demonstration of NIR radiation as a high 

temperature heating technique compatible with ITO for electronic devices. Although ITO 

glass is an unlikely candidate for the commercialisation of DSCs it is used for many other 

devices, such as OLEDs, especially where smoothness is required and NIR radiation could be 

used to reduce heating times and extend the temperature processing window for any 

application where ITO is desirable.
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7. Near Infrared Heating of Flexible Substrates

7.1 Introduction

One o f the greatest advantages of dye-sensitised solar cells (DSCs) is that their thin layers 

allow them to be flexible. This is extremely desirable for building integrated photovoltaics 

where the solar cell could be incorporated within the building material as a coating, and also 

lightweight portable applications such as remote power in poorer countries and personal 

electronics (which also tailors to DSCs good low light performance and tuneable dyes for 

high absorption of visible indoor lighting). Flexibility also enables greater compatibility for 

roll-to-roll production, thinner substrates saving material, weight and cost, as well as 

robustness for the finished device where a glass one would be brittle and fragile.

In this chapter metal and plastic, discussed in detail in sections 1.2.2.2 and 1.2.2.3 

respectively, will be subjected to near infrared (NIR) radiation in an attem pt to drastically 

reduce heating stages associated with the fabrication of DSCs on substrates capable of being 

manufactured into flexible DSCs to combine both of these desirable criteria towards 

commercialisation.

M etal substrates are generally flexible with high conductivity, which is extremely important 

for reducing resistive losses over large areas. The efficiencies for DSCs with a metal working 

electrode [1] [2] are lower than those for an FTO glass device predominantly because the 

form er requires reverse illumination through the counter electrode which results in reduced 

photocurrent [3] from increased recombination [4]. A metallic counter electrode would 

allow for forward illumination of the cell and so avoid this efficiency loss. The thermal 

decomposition of chloroplatinic acid on metal substrates is usually performed in a 

conventional oven at 385°C but for 15 min or less rather than 30 min to limit oxide growth

[5]. There lies a compromise in platinised metal counter electrodes between attaining a high 

surface area of catalytically active platinum nanoparticles (derived from cleaving as many 

platinum chloride bonds as possible) and not overexposing the metal to heat which forms an 

insulating or semiconducting oxide layer. Similarly to Chapter 6 where the tim e dependent 

diffusion of oxygen into ITO's oxygen vacancies was limited by using rapid NIR radiation it is 

hoped that the oxide formation of titanium can also be reduced through rapid processing to 

achieve efficient titanium counter electrode DSCs.
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Plastic is transparent so is not restricted to reverse illum ination. However its major 

drawback is thermal stability; the two most common plastic substrates for DSCs are ITO PET 

and ITO PEN and the maximum temperature these plastics can withstand is approximately 

150°C. NIR radiation is proposed here for both plastic working electrodes and counter 

electrodes in an attem pt to find a fast and vacuum free process. NIR radiation has been used 

for the curing of PEDOT:PSS onto PET substrates, where PEDOT:PSS is the main absorber of 

the radiation, which although a low temperature process required tight control to avoid 

degradation of the substrate [6]. In the case of ITO PET the ITO layer will be the main 

absorber of radiation and is expected to heat significantly compared to the PET as was the 

case for TCOs and glass. It is hoped that short repetitive exposures of NIR radiation can 

achieve some level of platinisation or functional T i02 film  such as by gradually cleaving 

platinum chloride bonds at a lower temperature than the melting point of the plastic 

w ithout overexposing the ITO and causing it to melt the PET.

7 .2  Experim ental

7.2.1 Metallic substrates

NIR heated titanium  working electrodes DSCs were constructed to discuss the NIR heating of 

metallic substrates (established here [7]) compared the NIR heating of FTO glass substrates 

from  Chapter 5. DSCs were fabricated (section 2.2.3) w ith an NIR heated titanium  working 

electrode and oven heated FTO glass counter electrode (figure 7.1) and characterised using 

IV measurements (section 2.3) and optoelectronic transient measurements (section 2.5).

Working
electrode
(NIR)

Titanium

T i02 and dye

Electrolyte
Counter r 

electrode ■<
(conventional 

oven) C

Platinum on FTO glass

Photons

Figure 7.1: Schematic of a DSC incorporating an NIR heated titanium  working electrode 

illuminated from the counter electrode
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NIR heated titanium  counter electrodes were investigated by firstly performing cyclic 

voltammetry on chloroplatinic acid coated titanium  substrates (Goodfellows 99.6% 1.1 mm 

thick). The catalytic performance of NIR heated and conventionally heated Pt to reduce 

triiodide was tested (section 2.7) between the potentials o f -0.5 and 0.8 V w ith a scan rate of 

50 mV/s. DSC devices (figure 7.2) were constructed from NIR heated titanium  counter 

electrodes and conventional oven heated FTO glass TiCI4 treated working electrodes (section 

2.2.3) and characterised using IV measurements (section 2.3).

Photons

Working r 
electrode^, 

(conventional 
oven) ^

FTO glass

T i02 and dye

ElectrolyteCounter
electrode
(NIR) Platinum on titanium

Figure 7.2: Schematic o f a DSC incorporating an NIR heated titanium  counter electrode 

7.2.2 Plastic substrates

Two plastic substrates were studied; ITO coated PET and an ITO free conducting plastic 

substrate consisting of a nickel grid embedded in PET called Epimesh (Epigem). The 

absorbance and reflectance of ITO PET (EM I-ito l5, Optical Filters) and uncoated PET (ITO 

PET with the ITO chemically removed) was measured using a Perkin Elmer Lambda 750S 

spectrophotometer (section 2.8). Prior to NIR exposure of chloroplatinic acid or T i02 paste, 

the optimal NIR settings were investigated for each plastic substrate to find the lim it of 

thermal degradation and any possible increase in resistivity. NIR settings were also tested for 

ITO PET that had been doctor bladed w ith different varieties of T i02 pastes to observe if 

there was any difference to the heating behaviour. Their thicknesses were measured using a 

profilometer (section 2.14) and they were immersed in dye to determine if there was 

sufficient porosity for dye adsorption resulting in significant colour change. Scanning 

electron microscopy was also used to image the T i02 coated substrates (section 2.12). DSCs 

were constructed using NIR heated ITO PET working electrodes follow ing the method in 

section 2.2.4 (figure 7.3) and characterised using a solar simulator (section 2.3).
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Figure 7.3: Schematic o f a DSC incorporating an NIR heated ITO PET working electrode

Counter electrodes on plastic substrates were also created using the optimal NIR settings 

and three drops of 5 mM hexachloroplatinic acid in 2-propanol was applied to ITO PET and 

Epimesh. As a conventional comparison platinum was also sputtered onto ITO PET using a 

Quorum Q150 ES desktop sputterer/evaporator. The plastic counter electrodes were 

constructed into dye-sensitised solar cells (section 2.2.4) w ith TiCI4 treated oven heated T i02 

film  working electrodes on FTO glass (figures 7.4 and 7.5). Their photovoltaic properties 

were characterised using a solar simulator (section 2.3).
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Counter
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Platinum on ITO PET

Figure 7.4: Schematic o f a DSC incorporating an NIR heated ITO PET counter electrode
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Figure 7.5: Schematic o f a DSC incorporating an NIR heated Epimesh counter electrode

Photons
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7.3 Results and discussion

7.3.1 Titanium

7.3.1.1 NIR sintered titanium working electrodes for DSCs

The ability of metal to heat when exposed to NIR radiation has been previously been 

demonstrated for use in DSC working electrodes [7][8] and will be briefly discussed here as 

an introduction to the NIR heating of titanium, which will also be explored in section 7.3.1.2, 

and in comparison to the NIR heating of T i0 2 on other substrates. Metals are conductors and 

absorb highly in the infrared region. Titanium is opaque and fairly dull and absorbs what it 

does not reflect resulting in high temperatures when exposed to 12.5 s of NIR radiation [8].

It has been shown that NIR radiation can sinter T i0 2 on titanium in 12.5 s with equal 

performance to oven heated titanium working electrodes that require 30 min [7], In Chapter 

5 it was shown that 12.5 s NIR exposed T i0 2 working electrodes on FTO glass also perform 

equally in DSC devices to oven heated working electrodes. Both substrates induce the binder 

removal of T i02 paste and sintering of the T i0 2 particles by creating a large thermal gradient 

between the surface of the substrate and the paste that transfers the heat by conduction 

extremely rapidly. In the case of the NIR heating of FTO glass the main absorbing layer is the 

FTO which only 600 nm thick. Although some heat does originate from the NIR exposure of 

uncoated glass (Chapter 3) when there is a coating of FTO the NIR photons will be absorbed 

by this layer first and only any transmitted photons will reach the glass. Therefore the 

thermal energy that is transferred to the T i0 2 paste will almost exclusively be from the FTO 

layer. The titanium used here is 1.1 mm thick and as a metal has many free carriers in its 

bulk available for absorption of the radiation to release phonons and transfer of the heat. 

Consequently it is capable of attaining higher temperatures than the FTO glass upon the 

same level of NIR exposure. However it is likely that the majority of the absorption of NIR 

occurs on the surface of the titanium as the photons interact with the nearest electrons and 

that less reach the bulk of the material so heating in a similar fashion to the FTO glass.

DSCs were constructed from 12.5 s (2 m /m in line speed) NIR heated DSL 18NR-AO T i0 2 paste 

on titanium with conventionally heated FTO glass counter electrodes with the average IV 

parameters shown in Table 7.1 and a graph of average efficiency and current density shown 

in figure 7.6. Additionally a longer exposed NIR heated working electrode DSC (1.5 m /m in  

corresponding to 19 s exposure) and a conventionally heated working electrode on titanium  

(30 min at 450°C in a conventional oven) are shown. The T i0 2 film thickness is the same as
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used in previous chapters, 9 pm, but due to the necessary reverse illum ination when 

measuring the cells the current density is lower.

Table 7.1: Average IV parameters for NIR heated titanium  metal working electrode DSCs 

(12.5 s of NIR exposure unless otherwise stated) and oven heated DSCs for 3 devices w ith 1

standard deviation of error

NIR (%)

:>uO>

Jsc (mA/cm2) FF (%) Efficiency (%)

60 0.69 ±0.06 3.77 ± 1.42 76.03 ± 2.35 1.99 ±0.86
70 0.71 ±0.00 5.61 ±0.30 75.50 ±0.45 3.01 ±0.14

80 0.73 ±0.00 5.30 ±0.86 70.94 ±4.27 2.77 ±0.60
80 (19 s) 0.77 ±0.01 3.40 ± 1.37 69.65 ±0.75 1.81 ±0.72

30 min oven 0.72 ±0.02 5.02 ±0.63 76.16 ± 2.05 2.75 ±0.22
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Figure 7.6: Average efficiency of NIR heated titanium  metal working electrode DSCs (2 

m /m in or 1.5 m/min) and average current density (inset)

As is shown in figure 7.6 NIR radiation can sinter T i02 on titanium  in 12.5 s w ith equal 

performance to oven heated titanium  working electrodes that require 30 min. For 12.5 s NIR 

exposure as the NIR intensity increases the current density increases which is due to better 

sintering of the T i02 particles improving the transport o f the electrons through the T i02. 70% 

NIR intensity has the best current density and thus efficiency. It also has the least variation 

between devices indicating very reproducible results. For 80% NIR intensity there is a larger
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variation which may mean that it is slightly above the optimum temperature window for 

sintering T i0 2 where there may be a chance some grain growth in T i02 films. Any grain 

growth would result in a lower surface area for dye adsorption therefore less photons 

absorbed and a reduced photocurrent density as shown by the lower average JSc for 80% NIR 

but the large error suggests this may not have occurred in every working electrode. The 

phase transformation of anatase to rutile T i0 2 occurs at temperatures above 610°C [9] which 

would have occurred at 80% for the slower speed of 1.5 m /m in (19 s) as the longer exposure 

time at elevated temperatures would have allowed more time for the kinetic diffusion of 

T i0 2 and phase transformation. The average JSc is significantly lower for the 19 s 80% NIR 

DSC devices so it suggests that this was the case and the grain growth and rutile T i0 2 

presents a smaller surface area for dye adsorption. The 30 min oven heated titanium  

working electrode DSC has comparable efficiency and current density to the optimum NIR 

exposed working electrode but with a slightly higher variation. There appears to be no 

compromise with the faster thermal processing of the T i0 2 on titanium substrate, 12.5 s 

compared to 30 min, which corresponds to what was previously found [7][8] that NIR 

heating of T i02 films can be achieve equal or greater performance than the conventional 

heating.

Optoelectronic transient measurements as described in [10] were carried out in order to 

determine the charge transport and recombination kinetics in fast sintered devices, the data 

obtained is summarised in figure 7.7. Figure 7.7.a shows the charge density at V 0c measured 

via charge extraction. The charge density is extremely similar for each T i0 2 film. Figure 7.7.b 

shows the short circuit current transient lifetime vs. charge density at JSc giving an indication 

of electron transport kinetics as a function of charge density. 60% NIR has slightly faster 

transport lifetime which could be attributed to fewer trap states indicating lower particle 

connectivity than the others. 70% and 80% NIR and conventional oven all have fairly similar 

transport lifetime suggesting similar particle connectivity and trap density. Figure 7.7.c 

shows electron lifetime at open circuit voltage vs. V0o All samples have fairly similar electron 

lifetime but strangely the oven sintered films seem to have the fastest rate of recombination 

and 60% NIR appears to have the slowest. It may be that each film has a similar level of dye 

loading from similar surface areas and that just the degree of sintering is stronger for above 

60% NIR which is affecting the charge transport rather than the recombination. Figure 7.7.d 

shows the electron lifetime at open circuit voltage vs. the charge density at open circuit 

voltage also giving an indication of the recombination kinetics but against the charge
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density. This presents a similar trend as figure 7.7.c but 80% NIR intensity showing an 

improved electron lifetime.
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Figure 7.7: Optoelectronic transient measurements for (a) charge density vs. JSC/ (b) 

transport lifetime vs. charge density at JSo (c) electron lifetime vs. Voc, and (d) electron 

lifetime at V0c vs. charge density at Voc

7.3.1.2 NIR heated titanium counter electrodes

Bare titanium substrates were heated w ith NIR exposure and conventional oven heating to 

observe any oxide formation. The titanium  oxide formed when heating although not 

detrimental when the substrate is used as a working electrode such as in section 7.3.1.1; is 

an issue when titanium is used as a counter electrode because it is semiconducting so 

reducing the electrical contact between platinum and the metallic titanium . In addition, a 

titanium oxide interlayer reduces the adhesion of the platinum to the titanium  thus resulting 

in less platinum catalytic sites for the reduction of triiodide in the electrolyte. A photograph
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o f the titanium  substrates heated by various heating conditions is shown in figure 7.8 under 

controlled lighting conditions (described in section 2.16) to give a comparative indication of 

the oxide formation. It is proposed that the NIR exposure of the titanium  may heat the 

substrate fast enough to avoid the kinetic oxygen diffusion into titanium ; akin to the NIR 

heating of ITO glass in Chapter 3 where higher temperatures were obtained w ithout 

resistivity increase as a result o f oxygen diffusion into ITO's vacancies.

Oven (450°C)

NIR (12.5 s)

0 min 1 min

50% 60%

5 min 30 min

Oven (385°C)

10 mil 30 min "\

70% 1 r f f S i |  90% |

100%

m  r

> Bare titanium

>- Platinised samples

NIR (12.5 s)

Figure 7.8: Light box photos of the titanium  substrates heated

The conventional oven heating of bare titanium  substrates was performed at 450°C and is 

shown on the top row of figure 7.8. After 1 min of heating (where the sample may still be 

heating to 450°C) the titanium  is still similar in colour to the unheated substrate (0 min) w ith 

a shiny grey appearance as it is has not had time form a noticeable oxide layer. A fter about 5 

min oven heating the substrate appears pale gold coloured which signals that an oxide layer 

is forming. At longer heating times this titanium  oxide layer is thicker as shown by the 

darkening of the gold colour. For the 12.5 s o f NIR exposure (middle row) 50% NIR intensity 

does not appear to have formed a noticeable oxide layer and looks similar in appearance to 

1 min of oven heating. At 60% NIR intensity there does appear to be oxide formation 

although less so than 5 min o f oven heating as indicated by the lighter colour. At higher 

intensities of NIR radiation the oxygen diffusion is accelerated by the higher temperatures 

attained by the titanium  substrate. 70% NIR appears to have a similar oxide layer to 30 min 

oven heating but the 80-100% NIR may have even thicker oxide layers as they have changed 

colour which is related to the thickness of the titanium  oxide [11]. Therefore at these 

intensities platinisation is unlikely to be suitable as the thick oxide layer would impede 

adhesion.
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Cyclic voltammetry (theory in section 1.5.4) was used to assess the prospective NIR heated 

platinum counter electrodes on titanium  (section 2.7) in an identical fashion to Chapter 4 

(section 4.3.1). As mentioned previously any oxide form ation on the titanium  may impede 

the adhesion of platinum to the titanium  [5] and create a semiconducting barrier which will 

cause an increased resistance for the transfer o f electrons. Both will result in poorer charge 

transfer between the iodide and triiodide which will manifest itself in the cyclic 

voltammograms as less reversible peaks. Figure 7.9 shows cyclic voltammograms (second 

cycle shown) o f 12.5 s NIR exposed chloroplatinic acid on titanium  at different lamp 

intensities w ith two oven heated platinised titanium  samples (5 min and 30 min at 385°C) 

and the unheated bare titanium  substrate. Table 7.2 shows the corresponding data 

extracted from the cyclic voltammograms to give an indication of the reversibility [12]; peak 

separation, AEP, and the ratio o f the peak current densities ( | j ap/ j cp | ).
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Figure 7.9: Cyclic voltammograms of NIR and oven heated chloroplatinic acid on titanium  

metal and bare unheated titanium  in iodide electrolyte at a scan rate of 50 mV/s
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Table 7.2: Data from cyclic voltammetry for peak separation and peak current density ratio 

to test for reversibility

Sample Q
.

L
U

<

j cP jaP jap/jcP
40% NIR 0.495 -0.19 0.36 1.91

50% NIR 0.385 -0.26 0.41 1.57

60% NIR 0.515 -0.37 0.69 1.87

5 min 0.47 -0.26 0.49 1.87

30 min n/a n/a n/a n/a
Titanium n/a n/a n/a n/a

As is expected bare titanium substrate has no affinity for the charge transfer of these 

reactions in this iodide electrolyte. 30 min of conventionally heating does not show any 

reversibility for the reduction of triiodide, there are no discernible peaks, which suggests 

that any platinum nanoparticles present are heavily impaired by a thick oxide layer which 

would have grown during the slow heating. 40% NIR also shows poor catalytic affinity for the 

iodine system although the two reduction and oxidation peaks are more obvious than for 

the 30 min oven sample, it has a large peak separation and a peak current ratio much higher 

than 1. For this sample it is likely that the titanium did not reach a high enough temperature 

to fully decompose the platinum chloride to platinum so there are not many platinum 

nanoparticles present to facilitate the charge transfer reactions. 50% NIR intensity has the 

smallest peak separation and the lowest current density ratio, although it is still higher than 

1 because this reaction is quasi-reversible. This means that it has the best reversibility out of 

the platinised titanium samples and should function well in a DSC device as a counter 

electrode. It is likely that there is not a thick oxide layer impairing the platinum nanoparticles 

as there is for the 30 min oven sample due to the fast heating of the NIR radiation whilst still 

attaining catalytically active platinum nanoparticles in 12.5 s. The 60% NIR sample has a 

higher peak current ratio and larger peak separation suggesting it would not perform as well 

in a DSC device and this is likely due to the higher temperature reached during the NIR 

exposure accelerating the growth of the oxide layer in 12.5 s (as also shown from the 

photograph in figure 7.8) which may have prevented as much platinum adhering to the 

surface as the 50% NIR sample had. The 5 min oven sample has a similar ratio to 60% NIR 

but a closer peak separation suggesting it may perform slightly better in a DSC device with 

this electrolyte. The colours of the substrates look fairly similar so there may be a similar 

thickness of oxide. The shorter oven time has allowed platinum nanoparticles to adhere to 

the titanium surface without the relatively thin oxide layer interfering to the extent that 30 

min heating does. However conventional heating is slow (as the thermal energy is delivered
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by convection and conduction) so it is likely there is an incomplete conversion of platinum 

chloride to  platinum in 5 min. This suggests there is a trade o ff between breaking all o f the 

platinum chloride bonds and not producing a thick titanium  oxide layer, which may not be 

an issue w ith NIR heating at the optimal intensity.

DSCs were constructed w ith conventional TiCI4 treated T i02 FTO glass working electrodes 

and titanium  counter electrode and measured through forward illum ination. Table 7.3 

shows the average IV parameters for these DSCs and figure 7.10 shows the average 

efficiency and fill factor. Figure 7.11 shows an IV curve fo r each heating variation o f the 

platinised titanium  counter electrode DSCs.

Table 7.3: Average IV parameters for NIR heated and oven heated titanium  metal counter 

electrode DSCs for 3 devices w ith 1 standard deviation o f error

Heating Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

5 min oven 0.72 ±0.00 9.39 ±0.23 64.37 ± 3.42 4.38 ±0.36
30 min oven 0.73 ±0.01 9.07 ±0.21 42.66 ±4.90 2.84 ±0.39

40% NIR 0.69 ±0.00 9.32 ±0.52 65.87 ±4.70 4.24 ±0.07
50% NIR 0.73 ±0.00 9.18 ±0.22 66.08 ±0.31 4.44 ±0.12

60% NIR 0.72 ±0.01 9.15 ±0.14 62.17 ±3.37 4.09 ±0.13
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Figure 7.10: Average efficiency of NIR and oven heated titanium  counter electrode DSCs and 

fill factor (inset) for 3 devices w ith 1 standard deviation of error

196



10

9

8

7

6
5 min oven

5 30 min oven

-40% NIR4
50% NIR

3
• -60% NIR

2

1

0
0 0.40.1 0.2 0.3 0.5 0.6 0.7 0.8

Voltage (V)

Figure 7.11: IV curves of NIR and oven heated titanium  counter electrode DSCs

Each NIR heated titanium counter electrode DSC performs fairly similarly w ith 50% NIR 

radiation achieving the highest average efficiency and fill factor. This suggests there is a large 

processing window for platinisation which was also observed both for FTO glass (Chapter 4) 

and ITO glass (Chapter 6). The NIR heated counter electrodes also have good reproducibility 

w ith small error compared to the oven heated ones. The slightly lower performance fo r the 

40% NIR heated counter electrode is likely due to a lower temperature attained during 

heating because there was lower intensity of radiation to  absorb so less thermal energy 

delivered in 12.5 s for platinum chloride to platinum conversion. So there may be less 

platinum nanoparticles present as supported by the less reversible cyclic voltam m etry data. 

The 50% NIR counter electrodes showed good reversibility in the cyclic voltam metry data 

and have the highest performance and reproducibility of the DSC devices. Unlike the 40%

NIR sample there did appear to be some oxide growth fo r 50% NIR but less significantly than 

for 5 min oven. The 60% NIR counter electrodes would have reached a higher temperature 

than 50% and 40%, in the same timeframe of 12.5 s, and this has accelerated the growth of 

the oxide layer. The thicker oxide layer for 60% NIR intensity is shown by the lower average 

fill factor due to fewer catalytically active platinum sites to facilitate the triiodide reduction, 

the poorer reversibility compared to 50% NIR intensity as shown by the cyclic voltammetry, 

and the colour of the substrate (figure 7.8). The 30 min oven sample had an extremely poor
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performance which was entirely limited by the counter electrode as shown from the poor fill 

factor and IV curve. This is likely due to poor adhesion of the platinum to the titanium  as a 

result o f a thick oxide layer. However the 5 min oven sample performed well and 

comparably to  the best NIR exposed titanium  counter electrode DSC although with larger 

variation which may be due to a thicker oxide layer manifesting in some cells more than 

others or just cell building. Although 5 min of oven heating at 385°C did achieve a good 

titanium  counter electrode, 12.5 s o f NIR exposure faster and may be more reproducible in 

DSC devices.

7.3.2 ITO PET

7.3.2.1 NIR exposure o f ITO PET substrate

The absorbance and reflectance of ITO coated PET and uncoated PET is shown in figure 7.12. 

As discussed in Chapter 3 the ITO absorbs in the infrared region due to its high free carrier 

concentration which also reduces the reflectivity. This w ill cause the ITO PET to heat 

significantly higher than uncoated PET.
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Figure 7.12: Absorbance (left) and reflectance (right) of ITO PET and identical PET w ith the 

ITO removed

Prior to NIR exposure o f chloroplatinic acid or T i02 paste on ITO PET, the optimal NIR 

settings were investigated to find the lim it o f thermal degradation which would be suitable 

fo r multiple exposure runs w ithou t damaging the substrate. The NIR equipment (described 

in section 2.1) can be varied by both the intensity o f the emitters and the speed of the 

conveyor belt which determines the exposure time for the substrate. For glass and metal 

substrates there was a higher processing w indow available fo r heating the substrates such 

tha t a specific line speed could be chosen and the intensity varied. However for the plastic
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substrates the temperature operation window was extremely small, as experienced here for 

the NIR heating of PET [6], so subtle variations in the speed and intensity were necessary to 

find the optimum. Samples of ITO PET of roughly 2 x 2 cm were subjected to various speeds 

and intensities of NIR to observe their physical degradation as described in Table 7.4 and 

shown in figure 7.13.

Table 7.4: NIR settings used on ITO PET samples and their sheet resistance

Sample
Speed

(m/min)
Intensity

(%)

No. of 
runs

Sheet resistance (Q/n) 

Before A fter Change

1 25 50 1 15.45 15.15 -0.3

2 25 50 2 15.68 14.82 -0.86

3 25 50 3 15.78 15.85 0.07
4 25 50 4 15.51 15.86 0.35

5 25 50 5 15.84 15.42 -0.42

6 12 50 1 16.31 n/a n/a
7 20 50 1 15.45 15.77 0.32

8 23 50 1 15.97 15.78 -0.19

9 25 60 1 15.2 n/a n/a

10 25 55 1 15.55 15.45 -0.1
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Figure 7.13: Samples 1-10 of ITO PET after NIR exposure corresponding to Table 7.4

Samples 6 and 9 did not have their resistivity measured afterwards due to the ir state of 

degradation. Table 7.4 shows that the resistivity of ITO was not affected by the small 

amounts of NIR radiation subjected to the ITO PET samples. This would be expected as PET 

would melt at temperatures exceeding 250°C, temperatures before which ITO is expected to
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increase in resistivity (section 3.3.3). The changes in resistivity before and after heating was 

assumed to be negligible and solely due to variations of resistivity within the ITO film. The 

integrity of the ITO PET was not affected after 5 runs of the speed 25 m /m in with an 

intensity of 50% NIR power. Keeping the intensity constant at 50% NIR power and slower 

speed melts the ITO PET although 23 m/min is slow enough to not warp it. Using a higher 

intensity of 60% and 55% was also too high for the ITO PET. Therefore 25 m /m in and 50% 

power was chosen as the optimum NIR setting for ITO PET which results in an exposure time 

of 1 second.

73.2.2 Rapidly heated Ti02 paste on ITO PET for DSC working electrodes

In addition to calibrating the maximum exposure of NIR radiation that bare ITO PET could 

withstand the substrate was also subjected to NIR radiation with a film of doctor bladed T i02 

paste coated as it would be for a DSC working electrode (section 2.2). It would be the case 

that if the T i0 2 paste did contribute to any NIR absorption it would heat more than the bare 

ITO PET and either assist with the heating of the paste or contribute to the temperature of 

the ITO PET and cause it to melt with less NIR radiation (because more radiation would be 

absorbed overall). The pastes used were DSL 18NR-AO and DSL 18NR-T (Dyesol) and two P25 

T i02 (Degussa) based pastes named "PEG 0" and "PEG 30". PEG 0 contains P25 T i02/ nitric 

acid and water, no binder. PEG 30 contains P25 T i0 2, 30 wt% polyethylene glycol (PEG) and 

water. PEG 0, PEG 30 and DSL 18NR-T had dry film thicknesses of 9.3 pm, 11 pm, and 8.3 pm 

respectively as measured from samples on ITO PET. Thermogravimetric analysis was 

performed on each paste to show weight loss over temperature (figure 7.14), only DSL 

18NR-T is shown for the Dyesol pastes because they both contain the same solvent and 

binder so experience weight loss at the same temperatures. For PEG 0 the vast majority of 

weight loss occurs before 250°C with all remaining weight assumed to be P25 particles of 

T i02. For the PEG 30 paste the majority of weight loss occurred before 250°C but there was 

also some further weight loss after 300°C which is attributed to the PEG binder and occurs 

gradually until 440°C. DSL 18NR-T has two distinct regions of weight loss, the terpineol 

solvent up until about 220°C and then the ethyl cellulose binder up until 420°C.
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Figure 7.14: Thermogravimetric analysis profiles for PEG 0, PEG 30 and DSL 18NR-T T i02 

pastes

Using the optimised heating regime fo r bare ITO PET (section 7.3.2.1), 25 m /m in and 50% 

NIR intensity, doctor bladed T i02 pastes coated onto samples of ITO PET about 2 x 2 cm in 

size were subjected to NIR radiation as described in Table 7.5 and shown in figure 7.15.

Table 7.5: List of the paste and no. o f NIR runs subjected to  each sample (25 m /m in, 50%

power)

Sample Paste No. o f runs

11 PEG 0 2
12 PEG 0 4
13 PEG 0 6
14 PEG 0 8
15 PEG 0 10
16 DSL 18NR-AO 4
17 DSL 18NR-AO 2
18 PEG 30 2
19 DSL 18NR-T 4
20 PEG 30 4

21 PEG 30 8
22 PEG 30 11
23 DSL 18NR-T 8
24 DSL 18NR-T 13
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Figure 7.15: T i02 pastes on ITO PET subjected to various runs of 25 m /m in, 50% power NIR 

for (a) PEG 0 paste, (b) PEG 30 paste, (c) DSL 18NR-AO, and (d) DSL 18NR-T

The PEG 0 paste experienced poor coating of the substrate during doctor blading so required 

multiple applications. As shown in figure 7.15.a w ith increasing runs o f NIR radiation the 

paste started to crack and flake o ff easily and the ITO PET began to warp after 4 runs. 

Therefore 2 runs was considered to be the most exposure PEG 0 paste could withstand while 

maintaining an consistent film and was chosen for subsequent experiments. The addition of 

binder in the PEG 30 paste made it easier to deposit than the PEG 0 paste. As shown in 

figure 7.15.b the paste seemed to withstand many runs of NIR, up to 11 runs. 8 runs was 

chosen fo r subsequent experiments. DSL 18NR-AO paste warped badly even after only one 

run (figure 7.15.c) but was left for 2 and 4 runs. The greater extent o f heating for DSL 18NR- 

AO supports what was proposed in Chapter 5 that this paste is absorbing NIR radiation and 

generating additional heat. Therefore DSL 18NR-AO was disregarded as a paste choice for 

ITO PET working electrodes. Figure 7.15.d shows that the DSL 18NR-T paste withstood the 

NIR runs quite well, up to 13 runs after which it warped. 8 runs was chosen for subsequent 

experiments. Using the optimised heating regime above, doctor bladed T i02 pastes coated 

onto samples of ITO PET were subjected to NIR radiation and observed using SEM (figure 

7.16).
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Figure 7.16: Scanning electron micrographs of T i02 paste on ITO PET heated w ith NIR 

radiation at low magnification (a) PEG 0 and (b) PEG 30, and high magnification (c) PEG 0 and 

(d) PEG 30

The NIR exposure was 50% intensity at 25 m /m in, the PEG 0 paste was subjected to 2 runs (2 

s total exposure) and the PEG 30 paste was subjected to 8 runs (8 s total) as was determined 

above to be the maximum number of runs each could withstand w ithout degradation to the 

substrate. The T i02 film appears to have some level o f porosity for both samples but it is 

unclear the extent of this and it is unlikely to be sintered. Figures 7.13.b and 7.13.d show 

that the PEG 30 paste still has binder present as would be expected from the TGA that shows 

weight loss attributed to binder until 440°C. It is unclear to  what extent any remaining 

binder would impair the active surface area of the T i02 film  and this will be observed in DSC 

devices.

Some o f the NIR heated T i02 paste on ITO PET samples were immersed in dye to obtain a 

crude indication of how much dye they would adsorb from the colour change which would 

indicate any porosity. They were firstly immersed in a dye solution o f 0.3 M N719 (Solaronix) 

in acetonitrile/tert-butanol (1:1) fo r 24 hr. Figure 7.17 shows a photograph of the samples 

a fter dyeing.
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Figure 7.17: Samples of paste on ITO PET after 24 hr dye immersion in ACN/T-But solution

As is clear from figure 7.17 most o f the T i02 film  remained in the dye. ITO is extremely 

smooth so this will reduce the adhesion of T i02 to the electrode. This is not usually an issue 

for FTO because FTO is quite rough and facilitates the adhesion of T i02 extremely well. The 

stripping of the ITO PET does vary by paste and no. of NIR runs. PEG 0 and DSL 18NR-T paste 

seem to fare the worst whereas PEG 30 seems quite resilient and was not stripped. The 

adhesion was also increased with no. of runs of NIR radiation. DSL 18NR-AO was immersed 

in the dye anyway despite not being a candidate for fu rther work and seemed to be less 

stripped than the all the pastes except PEG 30. The paste being removed by the dye was of 

course a drawback and it was unclear whether this was due to the films being too poorly 

adhered to the ITO PET or if the solvent was affecting it. Just in case it was the latter other 

samples of paste on ITO PET were immersed in an identical dye solution this time in ethanol 

(shown in figure 7.18).

The ethanol based dye yielded less aggressive results. Although stripping was present on 

some of the flakier T i02films it is nowhere near to the same extent o f the ACN/T-But based 

dye and the previous stripping can perhaps be attributed to  the bulkier solvent. As a direct 

comparison the PEG 0 (2 runs) sample is used in both (it was cut in half) and was almost 

completely removed in the ACN/T-But based dye but the film  remains intact in the ethanol 

based dye. Therefore ethanol based dye was used in the fabrication of ITO PET working 

electrodes for DSC devices.
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Figure 7.18: Samples of paste on ITO PET after 24 hr dye immersion in ethanol solution

Using DSL 18NR-T, PEG 0 and PEG 30 pastes, T i02 films were doctor bladed onto ITO PET 

exposed to non-consecutive runs of 1 sec each at 50% NIR intensity and dyed with N719 for 

use as DSC working electrode. As discussed in the appendix the use of acetonitrile /te rt- 

butanol solvent for the 0.3 mM N719 dye resulted in the T i02 films being stripped away. This 

was found to not be case when tested using ethanol solvent but as shown in figure 7.19 

when this was repeated for the manufacture of working electrodes it did strip away the DSL 

18NR-T paste.
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Figure 7.19: (a) A ttempt at DSL 18NR-T working electrodes on ITO PET showing that the dye 

had stripped away the T i02 film , (b) PEG 0 working electrode on ITO PET after dye 

immersion, and (c) ITO PET working electrode/FTO glass counter electrode DSC devices
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DSC devices (figure 7.19.c) were constructed w ith the PEG 0 and PEG 30 ITO PET working 

electrodes (figure 7.19.b) and conventional oven heated counter electrodes. Table 7.6 shows 

the IV parameters and figure 7.20 shows JV curves. PEG refers to the PEG 30 paste (only one 

PEG 30 DSC worked) and binder free refers to the PEG 0 paste (only two devices worked 

labelled as a and b).

Table 7.6: IV parameters

Paste

:>uO>

Jsc (mA/cm2) FF (%) Efficiency (%)

PEG 0.69 0.37 63.91 0.16

Binder free a 0.80 1.54 60.76 0.75
Binder free b 0.79 0.73 72.19 0.42

1.8

1.6 PEG paste

Binder free1.4

Binder free1.2
CvJ

Eu
<
E

0.6

0.4

0.2

0.6 0.80 0.2 0.4 1
Voltage (V)

Figure 7.20: JV curve of plastic working electrode DSCs

There was much difficulty in sealing the cells together due to constructing a device of a 

flexible and rigid substrate and the slight curviness of the ITO PET working electrodes as a 

result o f too much NIR exposure. As a result only a few cells were constructed successfully 

and these had sub Icm^ area because the electrolyte had not fully infiltrated the cell. As 

expected the cells were severely lim ited by the current density suggesting that the T i02 film 

has poor charge transport due to no sintering. The PEG containing paste has a noisy IV curve 

but the other two curves are smooth.
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7.3.2.3 Platinisation o f ITO PET fo r DSC counter electrodes

DSCs were constructed using NIR heated chloroplatinic acid on ITO PET at a speed of 25 

m /m in and intensity of 50% power w ith a conventionally heated TiCI4 treated T i02 working 

electrode on FTO glass. There was again d ifficulty in the cell building of FTO glass/ITO PET 

DSCs so on average only one of counter electrode type DSC worked. This was due to short 

circuiting problems and the difficulty o f assembly. The best cell from each is shown in Table 

7.7 and as a control platinum was sputtered onto ITO PET to represent the usual method of 

obtaining a platinum ITO PET counter electrode DSC device and reinforce that the lim itation 

is of the method of platinisation rather than the substrate. Figure 7.21 shows IV curves for 

each cell and figure 7.22 shows a graph of the efficiency vs. no. o f runs.

Table 7.7: The best cells for each no. of runs, sputter Pt on ITO PET is an average of 2 devices

No. o f runs Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

0 0.74 0.90 13.96 0.09
2 0.70 5.21 19.13 0.70

4 0.74 5.45 31.93 1.28
8 0.73 9.29 40.50 2.75

10 0.72 10.72 41.93 3.24
12 0.73 10.32 31.92 2.40

Sputtered Pt 0.77 ±0.00 11.72 ±0.14 62.84 ±0.80 5.67 ±0.01

14
—  • Sputtered Pt 
 0 runs
—  • 2 runs
—  - 4  runs 

 8 runs
 10 runs

12

10

8

6

4

2

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Voltage (V)

Figure 7.21: IV curves for ITO PET counter electrode DSCs
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Figure 7.22: Efficiency for various runs of NIR radiation at 25 m /m in speed and 50% intensity

For the NIR heated chloroplatinic acid on ITO PET counter electrodes the fill factors are quite 

low  which is to be expected as a low conversion rate of platinum chloride to catalytic 

platinum would be experienced at such low temperatures. However the NIR radiation was 

sufficient to create a working thermally produced counter electrode on ITO PET, w ith 10 

runs o f NIR radiation (10 s o f non-consecutive exposure at 50% NIR intensity) being the best 

perform ing w ith an efficiency of 3.2%. It is certainly not optimised in terms of 

reproducibility, since only one of each type worked the results cannot conclude that 10 runs 

is definitely the optimum and fu rther work would need to be done, but demonstrates that it 

is possible to use an NIR heated ITO PET counter electrode to create a working DSC device. 

W ith a FF of only 42% the counter electrode is very much the lim iting factor in the DSC's 

performance as would be expected. The sputtered Pt counter electrode works well as 

expected.

7.3.3 Platinisation of ITO free flexible polymeric substrate for DSC counter electrodes

Epimesh (Epigem) is an ITO alternative to a flexible polymeric substrate and consists o f a 

nickel-phosphorus alloy microgrid embed into a polymer coated onto a PET film  (figure 

7.23). The grid pitch is 40 pm w ith the lines 6 pm wide and 4 pm thick, protruding 100 nm
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above the polymer. This substrate was investigated for use as a plastic counter electrode for 

DSCs.

H I

Figure 7.23: Optical micrograph of the Epimesh substrate

The Epimesh substrate was subjected to 50% NIR intensity radiation but at a speed of 50 

m /m in (0.5 s exposure) due to its melting at 25 m/min. DSCs were constructed w ith NIR 

exposed chloroplatinic acid on Epimesh and conventionally heated TiCI4 treated T i02 working 

electrode on FTO glass. Table 7.8 shows the IV parameters and figure 7.24 shows the 

efficiency and fill factor vs. number o f NIR runs.

Table 7.8: No. o f runs of NIR exposure (0.5 s per run at 50% intensity) for Epimesh grid 

counter electrode DSCs, average of 3 devices where error is shown, bare grid for the

Epimesh substrate unheated w ith no chloroplatinic acid

No. o f runs

:>uo>
Jsc (mA/cm2) FF (%) Efficiency (%)

Bare grid 0.62 1.32 21.65 0.18

0 0.74 ±0.02 6.80 ±0.40 27.50 ±4.16 1.38 ±0.28

4 0.69 ±0.06 7.30 ±0.31 34.55 ±0.47 1.74 ±0.20

8 0.73 ±0.00 6.99 ±0.13 39.10 ± 1.08 2.00 ±0.02

12 0.78 4.15 40.39 1.31

16 0.55 6.74 32.14 1.19
20 0.75 6.75 24.36 1.23
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Figure 7.24: Efficiency for Epimesh grid counter electrode DSCs (average of 3 devices for 0-8

runs) w ith fill factor inset

The optimum exposure of runs seems to be 8 where an efficiency of 2% was achieved but a 

fill factor of only 39%. A major drawback w ith the conductive grid is that only Pt in contact 

with the grid (where electrons are present) will be catalytic active and able to contribute to 

the reduction of triiodide manifesting itself as a severely limited fill factor. The NIR radiation 

would be primarily absorbed by the metallic grid rather than the areas o f bare polymer so 

only the platinum chloride in these areas would have had some conversion to platinum.

7 .4  Conclusions

NIR heated titanium counter electrodes DSCs achieved equal performance to oven heated 

counter electrode on titanium but w ith higher reproducibility. This gives the potential for 

rapidly producing a flexible DSC which is highly desirable fo r commercialisation due to 

savings of cost, time, and the ability to incorporate into a building material. There is a 

compromise between the thermal energy delivered in 12.5 s to convert platinum chloride to 

platinum nanoparticles and the thermal energy to grow an oxide layer which would grow 

faster with a higher a temperature. The optimal setting for this is 12.5 s of 50% NIR intensity.
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NIR radiation was used to heat ITO PET substrates but extremely tight processing conditions

were necessary to avoid melting the substrate. It did show to be very suitable for high

tem perature applications but may be useful for lower temperature applications sub 150°C

where NIR can still be used to reduce any heating time.
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8. Optimising a Highly Efficient Rapidly Processed Dye-sensitised
Solar Cell

8.1  Evaluating th e  current system

Currently the laboratory method for the manufacture of a dye-sensitised solar cell (DSC), 

outlined in section 2.2 (figure 8.1), involves three lengthy processes; the two major heating 

stages (thermal decomposition of platinum for the counter electrode and sintering of 

titanium  dioxide for the photoelectrode) and dye uptake of the T i02. These stages are 

unfeasible fo r the commercialisation o f DSCs because they are extremely tim e consuming, 

batch processes, and restrict roll-to-roll production output. The traditional method for 

creating the working electrode of a DSC is to heat a binder containing T i02 paste in a 

conventional oven at a temperature of 450-500°C fo r 30 minutes [1] (see discussion of the 

T i02 layer in section 1.2.3.1). For thermal platinisation the most effective method is heating 

H2PtCI6 in a conventional oven for 30 min at 385°C [2] (see discussion of the platinum 

catalyst in section 1.2.6.1).

r
deposition

Seconds

Sealing
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f t  —  ■ '
Ti02

sintering

]TiO,
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Electrolyte
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r w
Ag paint 

application

1 minute Seconds
V J
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ITPt heating

30 min

Ag paint
drying
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Figure 8.1: Diagram of the assembly process and associated times fo r laboratory built dye- 

sensitised solar cells consistent w ith the method in section 2.2

Generally dyeing the T i02 film (see section 1.2.4) can take up to 24 hours particularly for 

N719 and related ruthenium based dyes which take longer than organic dyes due to their 

larger molecules. The dyeing method used thus far was passive dyeing (immersing the 

working electrode in a 0.3 mM N719 solution either in ethanol or 1:1 acetonitrile /te rt- 

butanol in the dark at room temperature) which becomes saturated (uptake >99.5%) after 

around 16 hours [3]. Dyeing time can be reduced by an increase in temperature [4], pressure
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[5][6], and concentration [3][4], Faster N719 dyeing can be achieved by immersing the 

working electrodes in solution at a temperature of 80°C for 1 hour as the temperature aids 

the diffusion of dye molecules. To achieve extremely fast dyeing times a pump dyeing 

technique was developed by Holliman and co-workers [7] to enable dyeing in under 5 min as 

well as easy co-sensitisation [8] (figure 8.2).

Dye solution or 
electrolyte ingress

Electro^onducting substrate 
(metal, glass or poly mer)

Metal contact

Electroconducting substrate 
(metal, glass or polymer)

Outflow for excess dye 
solution or electrolyte

/ V

Seal

Hole through electrode

F-dopcd 

I X  tin oxide

Electro lyte

Sealant

Dyed metal oxide photaelectrode

Figure 8.2: Diagram of the pump dyeing technique cell, the dye is pumped through one of 

the holes as shown using a pump or syringe [7]

In Chapter 3 FTO glass was shown to heat significantly upon exposure to 12.5 s of NIR 

radiation. In Chapter 4 this was applied to the thermal decomposition o f chloroplatinic acid 

on FTO glass which enabled DSCs to be built w ith platinum obtained 144 times faster than 

the conventional 30 min heating method w ith identical catalytic performance. In Chapter 5 

NIR radiation was used to sinter T i02 onto FTO glass in 12.5 s which achieved the same 

electron transport and efficiency when assembled into DSC devices as conventionally heated 

working electrodes but 144 times faster. In this chapter the lab making DSC method will be 

evaluated and time saving steps compiled together to build an efficient device as quickly as 

possible. Scale up processes will also be discussed. As mentioned previously the traditional 

DSC fabrication method is found in section 2.2 and the fast dyeing variation (using the pump 

dyeing technique [7]) is found in section 2.2.5. Table 8.1 shows a detailed analysis o f the 

laboratory manufacturing method for a liquid electrolyte DSC (a 1 cm2 device as used in this 

thesis) in chronological order w ith a tim e allocated for each task, whether each task can be 

applied to more than one cell at once, if the task can be prepared in advance and what the 

scaling up method could be (in terms of size and commercialisation).
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The T i02 paste, chloroplatinic acid, dye, and electrolyte was assumed to have been 

made/available in advance (which is generally the case). T i0 2 could be sintered in advance 

and then reheated but this wouldn't be done for upscale so is not considered as a step in 

advance. The NIR times are taken from the lab scale NIR (section 2.1) which although the 

heating time is 12.5 s for 2 m/m in lamp exposure the conveyor belt is longer and it takes 25 

s from start to finish. This would be different for an industrial sized NIR unit and could 

potentially be reduced because faster speeds could be used if the unit was more powerful 

(assuming faster heating and cooling is not a problem for the FTO glass). Three different 

dyeing processes (passive, heat assisted and pump dyeing) and two different heating 

processes (NIR and oven) are shown as well two different electrolyte injection processes.

The traditional lab method uses a vacuum to inject the electrolyte whereas the pump dyeing 

technique does not require a vacuum as there are two holes in the counter electrode so the 

electrolyte is injected in seconds. TiCI4 treatm ent (see section 2.2.2.1) is not included in the 

lists of tasks for standard manufacture but it would add 30 min for soaking, an extra working 

electrode heating step (25 s or 30 min) and 10 s per cell to wash off and dry. Using the times 

from Table 8.1 with different heating and dye methods the total processing time was 

estimated for 1 cell and for a batch of 15 (as a common batch size). Each group step was 

taken to be an entire batch of cells except for doctor blading where it would be limited to 5 

cells because doctor blading too many working electrodes at once decreases the uniformity 

of the hand drawn film. This would not be an issue for scale up where screen printing or an 

automated bar casting technique would be used. Each step that could be prepared in 

advance was disregarded for the purpose of calculating the lab processing times. Table 8.2 

shows the processing times for one DSC device with each heating and dyeing method and 

Table 8.3 shows the same for a batch of 15 devices (taken to be a typical lab batch size).

Table 8.2: Processing times for 1 DSC device with different heating and dyeing methods

Heating method
Passive dye

Dyeing method
Heat dye Pump dye

All Oven 17:07:37 02:07:37 01:08:47

Mixed heating 16:38:02 01:38:02 00:38:47

All NIR 16:08:27 01:08:27 00:09:12
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Table 8.3: Processing times for a batch of 15 DSCs w ith d ifferent heating and dyeing 

methods

Heating method
Passive dye

Dyeing method
Heat dye Pump dye

All Oven 17:21:30 02:21:30 01:50:30
Mixed heating 16:51:55 01:51:55 01:20:55

All NIR 16:22:20 01:22:20 00:51:20

The times shown are in hours:minutes:seconds. It would be unrealistic to make only 1 device 

w ith the slower dyeing methods but the times are shown for completeness. Mixed heating 

refers to one of the electrodes being heated in an oven and one w ith NIR such as the cells 

made in Chapters 4 and 5. Although the technique itself is fast, pump dyeing doesn't 

translate well to a batch of cells; it would take 30 min to dye 15 cells whereas passive heat 

assisted dyeing would take 1 hour and not be dependent upon the number of working 

electrodes, it is only limited by the size o f the dye bath and oven. However the pump dyeing 

technique is being developed elsewhere for upscaling. Additionally it could be automated so 

more than one shell could be dyed at once; these times assume one pair o f hands. Both NIR 

heating processes are assumed to be capable o f heating the entire batch of 15 cells, which is 

possible but not done in practice due to the variation of the module for this particular unit 

(see section 3.3.2) which meant every sample was kept in the centre line of the platform 

lim iting it to about 8 pieces of glass at a time. The estimations here assume that the glass 

takes a total o f 2 min to cool and that silver paint takes 3 min to dry (at room temperature) 

because this is not an issue when building cells in the lab to wait a few minutes for the glass 

to cool and the paint to dry before measuring cells; w ith fast cooling and drying they were 

estimated to be around 30 s which will be used fo r the summary best case scenarios. Passive 

dyeing unassisted will not be considered (16 hours) instead heat assisted dyeing (1 hour at 

80°C) will be used for the slow process estimation. This results in the following conclusions 

for 1 device manufacturing times:

A) Best case scenario oven - 2:03:07 (123 min)

B) Best case scenario one electrode oven, one NIR (Chapter 5) - 1:33:32 (93.5 min)

C) Best case scenario fast heating and passive dyeing - 1:03:57 (64 min)

D) Best case scenario all fast processing - 00:04:42 (<5 min)

E) Best case scenario all fast w ith fast TiCI4 - 00:05:07 (5 min)
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8 .2  All NIR h ea ted  FTO glass DSCs

Following the work from Chapter 4 on NIR heated counter electrodes and the work from 

Chapter 5 on NIR heated working electrodes the next logical step was to construct FTO glass 

DSCs comprising entirely of NIR heated components. The optimal NIR intensity for the 

working electrode was found to be 90% and the optimal intensity for the counter electrode 

found to be 80%, both with a line speed of 2 m /m in resulting in 12.5 s NIR exposure. 

Additionally to exposing the working electrode to one run o f NIR, as it is in Chapter 5, T i02 

films produced with different TiCI4 treatments were investigated as discussed in section 

2.2.2.1. The conventional TiCI4 treatm ent method achieves a higher photocurrent and thus 

higher efficiency than a single layer of paste. However it does add a processing step which 

trebles the time it takes to prepare the working electrode. Therefore alternative methods 

were investigated to accomplish some degree of improvement by introducing smaller T i02 

nanoparticles into the mesoporous T i02 film w ithout drastically increasing the processing 

time. DSCs were constructed with NIR heated counter electrodes and NIR heated working 

electrodes w ith variations of TiCI4 treatm ent as described in Table 8.4 and figure 8.3.

Table 8.4: Description of different NIR TiCI4 variations and the ir relation to figure 8.3

Schematic Method name No. o f NIR runs TiCI4 treatm ent

a Single run "S" 1 None
b Double run "D" 2 None
c Fast TiCI4 "F" 2 Dab w ith solution
d Slow TiCI4 "T" 2 Soak in solution (80°C, 30 min)

Figure 8.3: Schematic o f d ifferent NIR TiCI4 treatments; (a) Single, (b) Double, (c) Fast, (d) 

Slow
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The control o f one single run of NIR for 12.5 s at 90% NIR intensity (identical to that of 

Chapter 5) was called single run "S". For the fast TiCI4 method "F", the 1 wt% TiCI4 solution 

was dabbed onto the sintered T i02 with a cotton bud to  cover the entire film  and then 

exposed to NIR as soon as it had dried. For the slow TiCI4 method "T", the sintered films 

were submerged in TiCI4 solution at 80°C for 30 min in an oven as normal, washed off, dried 

and then subjected to a second run of NIR. To compare the effect o f a second NIR run films 

w ithout TiCI4 treatm ent were subjected to two non-continuous runs known as double run 

"D". These devices were all passively dyed and constructed as per the standard method in 

section 2.2.2, the average IV parameters of 4 devices are shown in figure 8.4 and the highest 

performing o f each cell is shown in Table 8.5.

NIR paste treatm ent NIR paste treatm ent

NIR paste treatm ent NIR paste treatm ent

Figure 8.4: Average parameters (4 devices, 1 standard deviation error) o f all NIR heated DSCs

Table 8.5: Highest performing cells o f varying NIR regime for working electrode and NIR

heated counter electrode

Cell

:>uo>

Jsc (mA/cm2) FF (%) Efficiency (%)

Single run "S" 0.71 9.28 68.63 4.53
Double run "D" 0.71 9.42 65.26 4.36

Fast TiCI4 "F" 0.73 9.39 71.93 4.92

Slow TiCI4 "T" 0.75 9.84 72.76 5.37
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The slow TiCI4 treated NIR film performs the best and has a higher current density and 

voltage than the other films. Surprisingly the single run of NIR performs better than the 

double run of NIR which were the worst DSC devices with the lowest average current density 

and fill factor. The second run of NIR may have lead to severe cracking, grain growth or 

other film defects. Interestingly the fast TiCU films performed similarly to the single NIR 

films. Dabbing the surface with TiCI4 then applying a second run of NIR seems to have little 

impact but it did not cause the decrease in efficiency associated with the double run DSCs. 

There was strong variation in the fast TiCI4 treated cells possibly due to the method of 

dabbing TiCI4 solution, it was to get an even spread on the surface but most likely the 

loading varies between working electrodes. A more effective method may be a short soak; 

after the initial NIR run the samples could be quenched in TiCI4 solution water to both cool 

and apply this treatm ent although would need to wash off the bottom and sides. However 

for the best devices there is an increase in V0c for the fast TiCI4 treated cell indicating some 

influence of the flash exposure of T i02 precursor to create a scattering layer and increase 

surface area. The single run NIR DSCs suffer a drop in the current density which is lower for 

these 90% NIR working electrodes than the cells produced in section 5.3.2, which were 9.6 

mA/cm2, the only difference between them being the counter electrode. The TiCI4 treated  

devices had the highest average current density of 9.7 mA/cm2, but still a slightly lower 

efficiency than the 90% NIR working electrode/oven counter electrode device, probably due 

to the lower fill factor. The open circuit voltage of these devices is also the highest at an 

average of 0.74 V and 0.75 V for the best device which could be due to better infiltration of 

the electrolyte as a result of the increased interconnectivity and surface area from the extra 

T i0 2 nanoparticles. SEM images were taken of NIR sintered T i0 2 films and are shown in 

figure 8.5.
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500nm  S 4800 12 OkV 3 9 m m  xIOOk SE(U )

5 00 nm S 4800 10 OkV 4 Omm x100k SE<U>

Figure 8.5: SEM images of (a) non TiCI4 treated, (b) double run, (c) fast TiCI4 and (d) normal 

TiCI4 treated 90% NIR radiation sintered DSL 18NR-AO T i02 films at 100k x magnification

There does not appear to be a significant difference between any of the NIR exposed films. 

Each film  was exposed at 90% NIR intensity, figure 8.5.a was for 12.5 s and figures 8.5.b-d 

were fo r 25 s total. There does not appear to be any grain growth on the surface that would 

reduce active area but it may be possible that beneath the surface and in closer proxim ity to 

the FTO where the heat is arising from there is some grain growth fo r the films exposed to 

two NIR runs, also the effect of the TiCI4 treatm ent is hard to detect w ith the FEG-SEM 

because the TiCI4 precursor T i02 nanoparticles are below 5 nm. The thermal energy derived 

from the second NIR exposure for figures 8.5.b-d may have been used for the form ing and 

sintering smaller T i02 nanoparticles from the TiCI4 for figures 8.5.C and 8.5.d, much more 

significantly in the latter as indicated by the much increased photocurrent and V0c because 

there was a saturation of T i02 precursor as a result of the 30 min TiCI4 soak. Although it may 

still be that there was some negative impact o f the extra NIR causing cracking to the T i02 

film . In figure 8.5.b rather than the thermal energy causing grain growth as this would have 

also occurred for the other double exposed films, the T i02 film  may have cracked due to the 

brittle  nature of porous T i02 and there was no increase in interconnectivity and surface area
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from  extra T i02 nanoparticles to offset this loss resulting in no voltage increase. 

Optoelectronic transient data was obtained for these all NIR heated cells and is discussed in 

section 8.3.

DSC devices comprising of both a NIR heated working and counter electrode performed 

slightly poorer than the equivalent oven built device with the current density lower than the 

identical 90% NIR working electrodes used previously. Still with a total combined heating 

tim e of only 25-37.5 s compared to 1 hour this is a step in the right direction and further 

work will be done to optimise the device.

8.3 Fast dyed 5 min DSC devices

In section 8.2 it was demonstrated that both the T i0 2 and the platinum oven heating steps 

can be replaced with NIR and obtain a similar efficiency to a conventional oven heated 

d evice. This is extremely promising as it reduces the heating time from 1 hour to 25 s or 37.5 

s total meaning that the bottleneck now lies with the dyeing of the T i0 2. As was discussed in 

section 8.1 techniques such as pump dyeing have enabled dyeing time to be reduced to 2 

min rather than a minimum of 1 hour for N719 [7]. Therefore the NIR exposure of FTO glass 

substrates to create working and counter electrodes of no compromise to oven heated ones 

in only 12.5 s each and the ultrafast dyeing of a T i0 2 film were combined as proposed in 

section 8.1 to manufacture a working DSC device as quickly as possible. DSCs were 

constructed following the method in section 2.2.5. The method was almost identical to the 

rest of the DSCs manufactured in previous chapters but the architecture of the cell was 

different. Rather than the film being a 1 x 1 cm2 square, a 2 x 0.5 cm2 film of T i0 2 was used 

with two holes drilled at either diagonal corner on the corresponding counter electrode 

which facilitates the pump dyeing technique better so that the dye can flow between two  

points with a shorter width allowing for better coverage and faster dyeing. Figure 8.6 shows 

the  architecture of the cell and the pump dyeing in progress. The dyeing is done on a hot 

plate at 50°C which further aids the diffusion of the dye molecules.
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Figure 8.6: Dyeing of a shell in progress (above) and finished devices (below)

DSC "shells", which consisted of an undyed NIR heated working electrode (90% NIR intensity 

for 12.5 s or 25 s w ith the fast TiCI4 method) and an NIR heated counter electrode (80% NIR 

intensity fo r 12.5 s) sealed together w ith 25 pm thick Surlyn and two holes in the counter 

electrode, were made corresponding to a manufacture time of around under 3 min. They 

were pump dyed using 0.5 mM N719 in 2 min and then electrolyte injected and the holes 

sealed. These were single sensitised 5 min DSC devices. However an advantage of the pump 

dyeing technique is the ease at which co-sensitisation can be achieved. It is possible to mix 

two or more d ifferent dyes together in solution and pump these through the DSC shells at 

the same time to achieve a broader absorption spectrum which would overlap between 

both dyes. So co-sensitised 5 min DSC devices were also manufactured. The dye used was a 

1:1 ratio o f 0.25 mM SQ1 with 0.5 mM chenodeoxycholic acid (CDCA) to N719 at half its 

saturation point. The results of these devices are shown in Table 8.6.
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Table 8.6: NIR heated and fast dyed "5 min" DSC devices with different sensitisation

Cell Dye Fast TiCI4?

>
,C
J

O>

Jsc (mA/cm2) FF (%) Efficiency (%)

1 N719 Yes 0.76 11.22 50.61 4.31
2 N719 Yes 0.77 9.68 57.34 4.26

3 N719/SQ1 No 0.71 11.35 62.05 4.98
4 N719/SQ1 Yes 0.77 10.38 63.62 5.10

5 N719/SQ1 Yes 0.77 10.90 61.28 5.11

For all of these devices the fill factor is slightly lower and current slightly higher than the 

previous NIR cells because of the different architecture allowing for better current collection 

across the FTO with the thinner strip of T i02. The best single sensitisation efficiency achieved 

was 4.3% with a low fill factor of 50.6% which is most likely due to insufficient dyeing as the 

pump dyeing technique relies on skill and practice to perfect complete dye coverage. It 

would be expected that a higher efficiency can be obtained from N719 only but not as high 

as a co-sensitised device. Devices no. 3-5 were co-sensitised with the N719 and SQ1 mix 

described above. One of these devices used a single exposed T i0 2 working electrode rather 

than the fast TiCI4 treated one which again showed a lower V0c compared to the fast TiCI4 

ones. The co-sensitised solar cells all showed efficiencies above 5% which is directly 

comparable to a single paste layer conventional oven cell enabling the manufacture time to 

be reduced from 123 min to 5 min (24 times faster) with no compromise in efficiency which 

is an important demonstration for the translation of laboratory manufacture to scale up 

where time is a major issue.

Figure 8.7 shows the external quantum efficiency measured using IPCE (section 2.4) of a 

slow dyed and fast dyed all NIR heated N719 sensitised DSC. The fast dyed cell is of a sub- 

optimal dyed device so the quantum efficiency is slightly lower but it demonstrates the ease 

at which dyeing can be achieved in less than 2 min.
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Figure 8.7: External quantum efficiency for a slow and fast dyed all NIR heated DSC

Figure 8.8 shows optoelectronic transient measurements [9] o f tw o of the co-sensitised 5 

min DSC devices w ith all NIR heated slow dyed devices from section 8.2. Figure 8.8.a is the 

charge density measured via charge extraction. The single, fast TiCI4 and slow TiCI4 slow dyed 

DSCs all show a similar charge density suggesting they have a similar level of trapped states. 

The double NIR exposed DSC has a slightly lower charge density and the tw o fast dyed 5 min 

cells have a lower charge density still. Figure 8.8.b shows the short circuit current transient 

lifetime vs. charge density at Jsc giving an indication of electron transport kinetics as a 

function of charge density. The slow TiCI4 treated device has the fastest transport kinetics 

possibly due to the scattering layer creating greater T i02 connectivity w ith a larger surface 

area. The double NIR exposed and fast TiCI4 treated device show fairly similar transport w ith 

the single NIR exposed layer slightly lower. The tw o fast dyed devices have slower transport. 

Figure 8.8.c shows the electron lifetime vs. V0c which is the recombination lifetime. Dye is 

adsorbed onto most of the porous T i02 surface but recombination can occur at any 

uncoated sites. The recombination lifetime is highest in the two co-sensitised DSCs because 

there is more dye coverage from both SQ1 and N719 molecules so less T i02 exposed for 

recombination to occur w ith the electrons travelling through the T i0 2 (2e + l3 -> 31'). The 

SQ1 can reach sites that the N719 cannot thus achieving a higher dye coverage. For the 

other cells the slow TiCI4 treated cell shows better recombination lifetime than the other
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three which may be due to the higher surface area from the TiCI4 treatm ent enabling better 

dye coverage. The others extremely are similar. Figure 8.8.d shows the electron lifetime at 

open circuit voltage vs. the charge density at open circuit voltage. This reinforces the higher 

charge density fo r the slow TiCI4 treated DSC showing a similar trend to figure 8.8.a w ith an 

increased density o f trapped states.
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Figure 8.8: Optoelectronic transient measurements fo r (a) charge density vs. Jsc, (b) 

transport lifetime vs. charge density at JSc, (c) electron lifetime vs. V0o and (d) electron 

lifetime at V0c vs. charge density at V0c

To summarise, figure 8.9 shows JV curves for typical NIR heated DSCs w ith a conventionally 

heated and dyed DSC with Table 8.7 showing the IV characteristics and time for each of the 

best cells. These correspond to the method outlined in section 8.1 as follows:

• Oven = method A, single layer o f DSL 18NR-AO, working and counter electrode 

heated in an oven for 30 min each, sensitised w ith N719 for 1 hour at elevated 

tem perature
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• NIR WE = method B, single layer of DSL 18NR-AO, working electrode heated with NIR 

for 12.5 s; counter electrode heated in oven for 30 min, sensitised with N719 for 1 

hour at elevated temperature (Chapter 5)

• All NIR = method C, both working and counter electrode NIR exposed fo r 12.5 s 

each, "single" run NIR cells shown in section 8.2

• All NIR* = method C but the "fast TiCI4" NIR cells from section 8.2

• Co-dyed = method E, all NIR heating with fast TiCI4 and pump dyeing, co-sensitised 

w ith N719 and SQ1

Table 8.7: DSC method, time taken and IV characteristics for each of the best cells

Method Time (min)

>
.<_>o>

Jsc (mA/cm2) FF (%) Efficiency (%)

Oven slow dye 123 0.72 9.64 71.55 4.99
NIR WE/oven CE 93.5 0.74 9.67 72.39 5.17
All NIR slow dye 64 0.71 9.28 68.63 4.53

All NIR* slow dye 64.5 0.73 9.39 71.93 4.92
5 min (N719) 5 0.77 9.81 56.39 4.27

5 min (co-dyed) 5 0.77 10.90 61.28 5.11

12

10

8

6

4 All NIR heated slow dyed

  -5  min DSC (N719)

 5 min DSC (co-dyed)

— — Conventional oven
2

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 8.9: JV curves fo r all NIR heated slow dyed and fast dyed DSCs and a conventional 

oven heated and dyed DSC
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Passive 16 hr dyeing was used for each slow dye rather than 1 hour elevated temperature 

dyeing but they are assumed to perform identically both reaching full dye loading.

8 .4  Conclusions

Co-sensitised DSCs built in 5 min showed efficiencies above 5% which is directly comparable 

to a single paste layer conventional oven cell enabling the manufacture time to be reduced 

from 123 min to 5 min (24 times faster) w ith no compromise in efficiency. This is an 

im portant demonstration for the translation of laboratory manufacture to scale up where 

time is a major issue. This was achievable w ith NIR radiative heating fo r the FTO glass 

working and counter electrodes and high pressure pump dyeing. W ith optimised materials 

this efficiency could be improved further. The final DSC assembly laboratory method w ith all 

time saving steps is shown in figure 8.10. The NIR heating step is very suitable for upscailing 

to industry although for the dyeing it w ill be more difficult.
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v________________
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Figure 8.10: Diagram of laboratory method DSC assembly steps w ith associated times from 

fast processes
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9. Conclusions and Further Work

9.1 Conclusions

For the first time NIR radiation was shown to heat FTO and ITO coated glass to significantly 

high temperatures, high enough to be compatible with the fabrication processes associated 

with dye-sensitised solar cells (DSCs), in only 12.5 s of exposure. This dramatic time 

reduction is very attractive for industrial manufacture, especially if traditional heating steps 

can be replicated to the same efficacy with the NIR heating technique. Of additional 

significance is the compatibility of this technique for the heating of glass based substrates 

which will also enable a wider range of applications, especially where transparency is 

desired, because previously NIR radiation had only been demonstrated for reducing heating 

times on metallic substrates.

NIR radiation was used to thermally decompose chloroplatinic acid to catalytic platinum on 

FTO glass for use as a counter electrode in a DSC device in only 12.5 s of heating time, 144 

times faster than the conventional lab method. This is the first example of a rapidly heated 

counter electrode for a DSC device and demonstrates the possibility of being able to 

drastically reduce the time required for one of the most limiting stages in DSC manufacture. 

In addition there appeared to be a wide temperature processing window either side of the 

optimal NIR intensity that achieves sufficiently catalytic platinum for a well performing DSC 

device. This is very desirable for industrial applications where a slight variation in the power 

output of the NIR lamps would not risk large scale wastage of the substrate.

NIR radiation was used to sinter T i0 2 onto FTO glass for the construction of a DSC working 

electrode with identical performance to a conventional device in only 12.5 s, a heating time 

reduction of 144 times. The use of NIR radiation to sinter T i0 2 films in 12.5 s has been 

previously demonstrated on metallic substrates but this is the first time it has been shown 

on glass based substrates. In the case of DSCs the ability to heat a working electrode on FTO 

glass eliminates the necessity of reverse illumination and any chemical incompatibilities 

associated with metals, allowing the potential for very high efficiency devices with fast 

manufacturing times.

A further benefit revealed when using NIR radiation to heat ITO glass to significantly high 

temperatures in 12.5 s was the ability to reach a higher temperature than conventional
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heating with no resistivity rise. A maximum predicted temperature of 505°C was obtained 

using 12.5 s of NIR heating with no significant rise in sheet resistance (the same rise 

experienced for 30 min oven exposure at 300°C) which presents a further 200°C higher 

temperature range for processing on ITO substrates while preserving the conductivity, 

broadening the possible applications. It is believed that the short exposure of NIR limits the 

oxygen diffusion into ITO's vacancies, which are responsible for its reduction in carrier 

concentration and mobility, thereby reducing the severity of a high temperature.

To explore the possibility of using ITO glass substrates outside their normal temperature  

processing range NIR radiation was used to heat electrodes on ITO glass for DSC devices. 

Although ITO glass would not replace FTO glass as the substrate of choice it would 

demonstrate that other higher temperature applications on ITO glass could be possible. In 

addition it directly compares against other methods of making DSCs on ITO glass usually 

involving a cumbersome post annealing step to recover the oxygen vacancies. Chloroplatinic 

acid on ITO glass exposed to 12.5 s of NIR radiation was used as a counter electrode in a DSC 

device and it was 0.85 times as efficient as an equivalent oven heated FTO glass device and 

0.87 times as efficient as a NIR heated counter electrode FTO glass device. NIR exposed T i02 

working electrodes for DSCs were built on ITO glass at an efficiency 0.95 times that of an 

equivalent simple oven heated FTO glass DSC device with a heating time of only 12.5 s. This 

is extremely promising for the use of NIR radiation to heat ITO glass because an efficiency so 

close to that of the equivalent FTO glass DSC without necessary post sintering treatments to 

reintroduce the ITO vacancies has not been published before in the literature.

High tem perature DSCs were also built entirely on ITO glass with only 25 s or 37.5 s total 

heating time. The optimum device utilised TiCI4 solution with a few drops before a second 

run of NIR exposure increasing the efficiency dramatically to just above that of a simple 

standard FTO glass device. The average efficiency is higher than the best ITO glass working 

electrode/FTO counter electrode device and almost on par with the standard oven heated 

FTO glass device. This is an extremely promising demonstration of NIR radiation as a high 

temperature heating technique compatible with ITO for electronic devices.

NIR heated titanium counter electrodes DSCs achieved equal performance to oven heated 

counter electrode on titanium but with higher reproducibility and in only 12.5 s. This gives 

the potential for rapidly producing a flexible DSC which is highly desirable for
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commercialisation due to savings of cost, time, and the ability to incorporate into a building 

material.

Co-sensitised DSCs built in 5 min showed efficiencies above 5% which is directly comparable 

to a single paste layer conventional oven cell enabling the manufacture time to be reduced 

from 123 min to 5 min (24 times faster) with no compromise in efficiency. NIR radiation was 

used to heat both FTO glass T i0 2 working electrodes and FTO glass platinum counter 

electrodes in just 12.5 s, 144 times faster than conventional heating and was combined with 

a fast pump dyeing technique developed elsewhere to further reduce the fabrication time. 

This is an extremely promising demonstration for the translation of laboratory manufacture 

to techniques compatible on an industrial scale and could benefit the commercialisation of 

dye-sensitised solar cells.

9.2 Further work

The NIR heating of TCO coated glass could be very useful for a range of electronic devices. 

Crucially the T i0 2 sintering stage of DSC manufacture shares many similarities to other 

technologies and applications. This proven ability to heat T i0 2 films rapidly on FTO glass 

could easily be expanded to other devices, for example other solar cells such as perovskites 

and solid state DSCs, and photocatalysts for water purification and solar fuel cells, with little 

modification and should be investigated. Additionally it should be possible to achieve a 

mesoporous film of any metal oxide similar, such as ZnO or Al20 3, that are contained in a 

similar paste where binder needs to be removed. Further investigation is needed to explore 

other options for the NIR heating of glass substrates; potentially any electronic device based 

on TCO coated glass which requires a long heating step could benefit from this technique.

A module sized device DSC was not demonstrated here but should be investigated to 

compare against conventionally heated large devices. The commercialisation of DSCs may 

not be viable for building integrated photovoltaics that need at least 25 years lifetime due to 

problems with sealing of the electrolyte and stability. However a very viable use for DSCs is 

in portable applications such as personal electronics and cheap remote power in isolated 

areas where this shorter lifetime would not be an issue and the lightweight and low light and 

strong absorption in the visible range (for indoor lighting) becomes a huge benefit. Although 

sealing will always be an issue for liquid DSCs and a limiting factor in their lifetime they do 

not have the drawbacks that solid state perovskite solar cells have, the presence of lead
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possibly restricting the market and their poor stability to moisture, so the commercialisation 

of DSCs is still possible and could benefit greatly from rapid NIR heating.

Although ITO glass is an unlikely candidate for the commercialisation of DSCs it is used for 

many other devices, such as OLEDs, especially where smoothness is required and NIR 

radiation could be used to reduce heating times and extend the temperature processing 

window for any application where ITO is desirable. The rapid high temperature heating of 

ITO glass should be explored further and could potentially benefit a wider range of 

technologies.

In addition other TCOs that exhibit resistivity problems with high temperature heating, such 

as aluminium doped zinc oxide (AZO), could also be investigated with NIR heating to see if 

higher temperatures can be attained compared to conventional heating with no increase in 

sheet resistance.
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