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liquid, gel or solid, thereby forming a photoelectrochemical cell. The phenomenal 
progress realised recently in the fabrication and characterisation of nanocrystalline 
materials has opened up vast new opportunities for these systems. Contrary to expect-
ation, devices based on interpenetrating networks of mesoscopic semiconductors have 
shown strikingly high conversion efficiencies, competing with those of conventional 
devices. The prototype of this family of devices is the dye-sensitised solar cell 
(DSSC), which realises the optical absorption and charge-separation processes by the 
association of a sensitiser as light-absorbing material with a wide-bandgap 
semiconductor of nanocrystalline morphology (O’Regan and Grätzel, 1991). 
 
 
8.2 Historical background 

 
The history of the sensitisation of semiconductors to light of wavelength longer than 
that corresponding to the semiconductor bandgap has been presented elsewhere 
(McEvoy and Grätzel, 1994; Hagfeldt and Grätzel, 2000). It represents an interesting 
convergence of photography and photoelectrochemistry, both of which rely on 
photoinduced charge separation at a liquid–solid interface. The silver halides used in 
photography have bandgaps of the order of 2.7–3.2 eV, and are therefore insensitive 
to much of the visible spectrum, as are the metal oxide films now used in dye-
sensitised solar cells.  

The first panchromatic film able to render the image of a scene realistically into 
black and white followed on the work of Vogel in Berlin after 1873 (West, 1874), in 
which he associated dyes with the halide semiconductor grains. The first sensitisation 
of a photoelectrode followed shortly thereafter, using similar chemistry (Moser, 
1887). However, the clear recognition of the parallels between the two procedures— 
realisation that the same dyes can in principle function in both systems (Namba and 
Hishiki, 1965) and verification that their operating mechanism is by injection of 
electrons from photoexcited dye molecules into the conduction band of the n-type 
semiconductor substrates (Gerischer and Tributsch, 1968)—dates only to the 1960s. 
In the years that followed it became recognised that the dye could function most 
efficiently if chemisorbed on the surface of the semiconductor (Tsubomura et al., 
1976; Anderson et al., 1979; Dare-Edwards et al., 1980). The concept of using 
dispersed particles to provide a sufficient interface area then emerged (Dung et al., 
1984), and was subsequently employed for photoelectrodes (Desilvestro et al., 1985).  

Titanium dioxide (TiO2) quickly became the semiconductor of choice for the 
photoelectrode on account of its many advantages for sensitised photochemistry and 
photoelectron chemistry: it is a low-cost, widely available, non-toxic and bio-



NANOSTRUCTURED AND PHOTOELECTROCHEMICAL SYSTEMS FOR SOLAR PHOTON CONVERSION 
© Imperial College Press
http://www.worldscibooks.com/chemistry/p217.html

Dye-Sensitised Mesoscopic Solar Cells 

 

505

compatible material, and as such is even used in healthcare products as well as 
industrial applications such as paint pigmentation. Initial studies of the TiO2-based 
DSSC employed tris-bipyridyl ruthenium(II) dyes, which are paradigm sensitisers for 
photochemical studies, functionalised by the addition of carboxylate groups to attach 
the chromophore to the oxide substrate by chemisorption. Progress thereafter was 
incremental, a synergy of structure, substrate roughness and morphology, dye 
photophysics and electrolyte redox chemistry, until the announcement in 1991 
(O’Regan and Grätzel, 1991) of a sensitised electrochemical photovoltaic device with 
an energy conversion efficiency of 7.1% under solar illumination. That evolution has 
continued progressively since then, with certified efficiencies now over 11%. 
 
 
8.3 Mode of function of dye-sensitised solar cells 

 
8.3.1   Device configuration 

 
Figure 8.1 is a schematic of the components of a DSSC. At the heart of the system is a 
mesoporous oxide layer composed of nanometre-sized particles that have been 
sintered together to allow electronic conduction to take place. The material of choice 
has been TiO2 (anatase) although alternative wide-gap oxides such as ZnO, SnO2 and 
Nb2O5 have also been investigated (Hoyer and Weller, 1995; Ferrere et al., 1997; 
Rensmo et al., 1997; Sayama et al., 1998; Green et al., 2005). Attached to the surface 
of the nanocrystalline film is a monolayer of a sensitiser dye. Photoexcitation of the 
latter results in the injection of an electron into the conduction band of the oxide, 
generating the dye cation. The original state of the dye is subsequently restored by 
electron donation from the electrolyte; this step is often referred to as the regeneration 
reaction. The electrolyte usually comprises an iodide/triiodide redox couple dissolved 
in a liquid organic solvent, although attention is increasingly focusing on alternatives 
for the solvent, including ionic liquids, gelled electrolytes and polymer electrolytes 
(Stathatos et al., 2003; Wang et al., 2003b; Nogueira et al., 2004; Durr et al., 2005). 
The regeneration of the sensitiser by iodide intercepts the recapture of the injected 
electron by the oxidised dye. The iodide is in turn regenerated by the reduction of 
triiodide at the counter electrode, with the electrical circuit being completed via 
electron migration through the external load.  

The high surface area of the mesoporous metal oxide film is critical to efficient 
device performance as it allows strong absorption of solar irradiation to be achieved 
by only a monolayer of adsorbed sensitiser dye. Whereas a dye monolayer absorbed 
on a flat interface exhibits only negligible light absorption (the optical absorption 
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cross-sectional areas for molecular dyes being typically 2–3 orders of magnitude 
smaller than their physical cross-sections), the use of a mesoporous film dramatically 
enhances the interfacial surface area over the geometric surface area, by up to a 1000-
fold for a 10 mm thick film, leading to high visible-light absorbance from the many 
successive monolayers of adsorbed dye in the optical path. Another advantage of the 
use of a dye monolayer is that there is no requirement for exciton diffusion to the 
dye/metal oxide interface, and also the non-radiative quenching of excited states often 
associated with thicker molecular films is avoided. The high surface area of such 
mesoporous films does however have a significant downside, as it also enhances 
interfacial charge-recombination losses, a topic we return to in more detail below. 

A recent alternative embodiment of the DSSC concept is the replacement of the 
redox electrolyte with a solid-state hole conductor, which may be either inorganic 
(Tennakone et al., 1995; O’Regan and Schwartz, 1998) or organic (Bach et al., 1998), 
thereby avoiding the use of a redox electrolyte. Such solid-state sensitised hetero-
junctions can be regarded as functionally intermediate between redox electrolyte-
based photoelectrochemical DSSCs and the organic bulk heterojunctions described in  
 

Figure 8.1     Schematic of a liquid electrolyte dye-sensitised solar cell. Photoexcitation of the sensitiser 
dye is followed by electron injection into the conduction band of the mesoporous oxide semiconductor, and 
electron transport through the metal oxide film to the TCO-coated glass working electrode. The dye 
molecule is regenerated by the redox system, which is itself regenerated at the platinised counter electrode 
by electrons passed through the external circuit.  

light 

external circuit 

electrons 

I
–
/I3

–
 based 

electrolyte
 

TCO-coated 

glass 

sensitiser 

dye 

I3

I
-
 

 

platinised TCO-

coated glass 

nanocrystalline 

TiO2 film 



NANOSTRUCTURED AND PHOTOELECTROCHEMICAL SYSTEMS FOR SOLAR PHOTON CONVERSION 
© Imperial College Press
http://www.worldscibooks.com/chemistry/p217.html

Dye-Sensitised Mesoscopic Solar Cells 

 

507

Chapter 7. Devices efficiencies for such solid-state DSSCs are as yet limited to ~4% 
(Snaith et al., 2005), in contrast to efficiencies of over 11% achieved for the more 
widely studied redox electrolyte-based DSSCs (Chiba et al., 2006).  
 
 
8.3.2   Device fabrication 

 
DSSCs are typically fabricated on transparent conducting oxide (TCO) glass 
substrates, enabling light irradiance through this substrate under photovoltaic 
operation. The conductive coating typically used is fluorine-doped SnO2 (FTO), 
preferred over its indium-doped analogue (ITO) for reasons of lower cost and 
enhanced stability. Prior to deposition of the mesoporous TiO2 film, a dense TiO2 film 
may be deposited to act as a hole blocking layer, preventing recombination (shunt 
resistance) losses between electrons in the FTO and oxidised redox couple.  

The TiO2 nanoparticles are typically fabricated by the aqueous hydrolysis of 
titanium alkoxide precursors, followed by autoclaving at temperatures up to 240 C to 
achieved the desired nanoparticle dimensions and crystallinity (anatase) (Barbe et al., 
1997). The nanoparticles are deposited as a colloidal suspension by screen printing or 
by spreading with a doctor blade, followed by sintering at ~450 C to ensure good 
interparticle connectivity. The film porosity is controlled by the addition of an organic 
filler such as carbowax to the suspension prior to deposition; this filler is subsequently 
burnt off during the sintering step. Figure 8.2 shows a scanning electron micrograph 
of a typical mesoporous TiO2 film. Typical film thicknesses are 5–20 µm, with TiO2 
mass 1–4 mg cm –2, film porosity 50–65%, average pore size 15 nm and particle 
diameter 15–20 nm. 

Figure 8.2     Scanning electron micrograph of a typical mesoscopic TiO2 film employed in DSSCs. Note 
the bipyramidal shape of the particles, with (101) oriented facets exposed. The average particle size is 
20 nm.  
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The classic sensitiser dye employed in DSSCs is a ruthenium (II) bipyridyl dye, 
cis-bis(isothiocyanato)-bis(2,2�-bipyridyl-4,4�-dicarboxylato)-ruthenium(II), which is 
usually referred to as ‘N3’, or in its partially deprotonated form (a di-tetra 
butylammonium salt) as ‘N719’ (Nazeeruddin et al., 1993). Figure 8.3 shows the 
structure of this dye. The incorporation of carboxylate groups allows ligation to the 
film surface via the formation of bidendate and ester linkages, whilst the (–NCS) 
groups enhance the absorption of visible light. Adsorption of the dye to the 
mesoporous film is achieved by simple immersion of the TiO2 film in a solution of 
dye, which results in the conformal adsorption of a dye monolayer to the film surface. 
The counter electrode is fabricated from FTO-coated glass, with the addition of a Pt 
catalyst to catalyse the reduction of the redox electrolyte at this electrode. Electrical 
contact between working and counter electrodes is achieved by the redox electrolyte, 
with capillary forces being sufficient to ensure the electrolyte efficiently penetrates 
the film pores.  
 
 
8.3.3   Energetics of operation 

 
Figure 8.4 illustrates the energetics of DSSC operation. In contrast to silicon and 
organic devices, the high concentration (~0.5 M) of mobile ions in the electrolyte 
effectively screens out any macroscopic electric fields. Charge separation is therefore 
primarily driven by the inherent energetics (oxidation/reduction potentials) of the 
different species at the TiO2/dye/electrolyte interface rather than by the presence of 
macroscopic electrostatic potential energy gradients. Similarly, charge-transport 
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Figure 8.3     Chemical structure of the N719 ruthenium complex used as a charge-transfer sensitiser in 
dye-sensitised solar cells. The N3 dye has the same structure, except that all four carboxylates are 
protonated. 
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processes are primarily diffusive, driven by concentration gradients in the device 
generated by the photoinduced charge separation. Photoinduced charge separation 
occurs at the dye-sensitised TiO2/electrolyte interface. Electron injection requires the 
dye excited state to be more reducing than the TiO2 conduction band, enabling 
transfer of an electron from photoexcited dye into the metal oxide. This energetic 
requirement is equivalent to the dye excited-state LUMO orbital having a lower 
electron affinity than the electrode conduction-band edge. Similarly, regeneration of 
the dye ground state by the redox couple requires the dye cation to be more oxidising 
than the iodide/triiodide redox couple. Charge separation in DSSCs can be regarded 
as a two-step redox cascade, resulting in the injection of electrons into the TiO2 
electrode and the concomitant oxidation of the redox electrolyte. Figure 8.4 shows 
typical values for the interfacial energetics in DSSCs. Both charge-separation 
reactions are thermodynamically downhill and can be achieved with near unity 
quantum efficiency in efficient devices. 

Following charge separation, charge collection from the device requires transport 
of the photogenerated charges to their respective electrodes. For an efficient DSSC 
under AM1.5 solar irradiance, these charge fluxes are of the order of 20 mA cm–2. 
The high ionic concentrations in the device effectively screen out any macroscopic 
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Figure 8.4     Energetics of operation of DSSCs. The primary free energy losses are associated with 
electron injection from the excited sensitiser into the TiO2 conduction band and regeneration of the dye by 
the redox couple. The voltage output of the device is approximately given by the splitting between the 
TiO2 Fermi level (dashed line) and the chemical potential of the redox electrolyte.  
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electric fields, thereby removing any significant drift component of these transport 
processes. The transport of both electrons and redox ions are therefore both primarily 
driven by diffusion processes resulting from concentration gradients. Under optimum 
conditions (e.g. good TiO2 nanoparticle interconnections and a low-viscosity 
electrolyte), these charge-transport processes (electrons towards the FTO working 
electrode, triiodide towards the counter electrode) can be efficiently driven with only 
modest concentration gradients, and therefore only small free energy losses 
(<50 meV). At the counter electrode, the triiodide is re-reduced back to iodide, the 
platinum catalyst enabling this reaction to proceed with minimal overpotential (again 
<50 meV). A similarly ohmic contact is achieved at the TiO2/FTO interface. It is 
apparent that the energetics at the TiO2/dye/electrolyte interface are of primary 
importance in determining the overall device energetics.  

Power output from the DSSC requires not only efficient charge collection by the 
electrodes but the generation of a photovoltage, corresponding to a free energy 
difference between the working and counter electrodes. In the dark at equilibrium, the 
Fermi energy of the TiO2 electrode (corresponding to the free energy of electrons in 
this film after thermalisation) equilibrates with the mid-point potential of the redox 
couple, resulting in zero output voltage. Under these conditions, the TiO2 Fermi level 
lies deep within the bandgap of the semiconductor, and the film is effectively 
insulating, with a negligible electron density in the TiO2 conduction band. Photo-
excitation results in electron injection into the TiO2 conduction band and concomitant 
hole injection into (oxidation of) the redox electrolyte. The high concentrations of 
oxidised and reduced redox couple present in the electrolyte in the dark mean that this 
photooxidation process does not result in a significant change in chemical potential of 
the electrolyte, which remains effectively fixed at its dark, resting value. In contrast, 
electron injection into the TiO2 conduction band results a dramatic increase in 
electron density (from the order of 1013 cm–3 to 1018 cm–3), raising the TiO2 Fermi 
level towards the conduction-band edge, as illustrated in Fig. 8.4, and allowing the 
film to become conducting. This shift of the TiO2 Fermi level under irradiation 
increases the free energy of injected electrons and is responsible for the generation of 
the photovoltage in the external circuit.  

The mid-point potential of the redox couple is given by the Nernst equation, and is 
therefore dependent on the relative concentrations of iodide and iodine. The 
concentrations of these species required for efficient device function are in turn 
constrained by kinetic requirements of dye regeneration at the working electrode, and 
iodide regeneration at the counter electrode, as discussed below. Typical concen-
trations of these species are in the range 0.1–0.7 M iodide and 10–200 mM iodine, 
constraining the mid-point potential of this electrolyte to ~0.4 V vs. NHE. It should 
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furthermore be noted that in the presence of excess iodide, the iodine is primarily 
present in the form I3

–, resulting in this electrolyte often being referred to as an 
iodide/triiodide redox couple. 

Determining the energetics of the TiO2 conduction band is more complex. As with 
most oxides, the surface of TiO2 may be more or less protonated depending on the pH 
of the surrounding medium. The resultant changes in surface charge cause the surface 
potential to exhibit a nernstian dependence on effective pH, shifting by 60 mV per pH 
unit (Rothenberger et al., 1992). In bulk metal oxides, surface charge can result in 
significant bending of the conduction and valence bands adjacent to the surface. 
However, in the mesoporous TiO2 films employed in DSSCs, the nanoparticles are 
too small to support significant band bending. As a consequence, the whole 
conduction band of such mesoporous films shifts with the surface potential. At pH 1 
in aqueous solutions, the conduction band edge for TiO2 has been reported at –0.5 V 
vs. NHE, shifting negatively as the pH is increased (Hengerer et al., 2000). DSSCs 
typically employ organic rather than aqueous electrolytes, complicating quantification 
of the effective pH. Nevertheless studies in organic solvents have demonstrated shifts 
of the conduction band of mesoporous TiO2 films of up to 1 V depending on the 
concentration of potential-determining ions (primarily small cations such as protons 
or lithium cations) in the electrolyte (Redmond and Fitzmaurice, 1993). For this 
reason, the concentration of such potential-determining ions in the electrolyte plays a 
key role in determining the energetics of the dye-sensitised interface, and thereby 
device performance. Additives added to the electrolyte to determine such energetics 
include Li+, guanadinium ions, N-methylbenzimidazol and t-butyl pyridine (which 
functions as a base). Further influence on these interfacial energetics can be achieved 
by variation of the extent of protonation of the sensitiser dye.  

The choice of suitable sensitiser dye energetics is essential to achieve suitable 
matching to the metal oxide and redox couple. The excited-state oxidation potential 
(Um(S+/S*)) must be sufficiently negative to achieve efficient electron injection into 
the TiO2 conduction band, whilst the ground-state oxidation potential must be 
sufficiently positive to oxidise the redox couple. The redox properties of adsorbed 
sensitiser dyes may differ significantly from those measured in solution, mainly due 
to the high surface-charge densities and dipoles, present at this interface (Zaban et al., 
1998). Notwithstanding this, typical dye redox energies empirically found to be 
compatible with efficient device function are Um (S

+/S) > 0.6 V vs. NHE.  
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8.3.4   Kinetics of operation 

 
Figure 8.5 is a photochemical view of the function of a DSSC, illustrating the 
sequence of electron transfer and charge-transport processes which result in photo-
voltaic device function. In addition to the forward electron transfer and transport 
processes, this figure also illustrates several competing loss pathways, shown as blue 
arrows. These loss pathways include decay of the dye excited state to ground, and 
charge recombination of injected electrons with dye cations and with the redox 
couple. Each charge-transfer step results in an increased spatial separation of electrons 
and holes, increasing the lifetime of the charge-separated state, but at the expense of 
reducing the free energy stored in this state. This functionality exhibits a close parallel 
to function of photosynthetic reaction centres. As in natural photosynthesis, kinetic 
competitions between the various forward and loss pathways are critical to 
determining the quantum efficiencies of charge separation and collection, and are 
therefore key factors determining energy conversion efficiency. 

The theory of interfacial electron transfer, and the dependence of electron-transfer 
rate on interfacial energetics, are addressed in Chapter 4 of this book, and the 
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Figure 8.5     State diagram representation of the kinetics of DSSC function. Forward processes of light 
absorption, electron injection, dye regeneration and charge transport are indicated by blue arrows. The 
competing loss pathways of excited-state decay to ground and electron recombination with dye cations and 
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dynamics of charge transport in mesoscopic electrodes are addressed in Chapter 11. In 
this chapter we will therefore confine ourselves only to consideration of the impact of 
these dynamics on the performance of DSSCs.  

Efficient electron injection requires the rate of electron injection to exceed excited-
state decay to ground. Typical rates of dye excited-state decay to ground are in the 
range 107–1010 s–1. The rate of electron injection depends on the electronic coupling 
between the dye excited-state LUMO orbital and accepting states in the TiO2, and on 
the relative energetics of these states. In model system studies of dye-sensitised metal 
oxide films, electron injection rates of >1012 s–1 have been reported for a range of 
sensitiser dyes, consistent with efficient electron injection (Anderson and Lian, 2005; 
Durrant et al., 2006). However it should be noted that fast electron injection dynamics 
require both strong electronic coupling of the dye LUMO orbital to the metal oxide 
conduction-band states, and a sufficient free energy difference to drive the reaction. 
As such, electron-injection dynamics are dependent on the energetics of the TiO2 
conduction band, and therefore on the concentration of potential-determining ions 
(e.g. Li+) in the electrolyte. Omission of such ions from the electrolyte can result in an 
insufficient energetic driving force, reducing the quantum yield of charge injection, 
and thereby reducing device photocurrent. 

It should be noted that the heavy metal ion in the ruthenium bipyridyl dyes widely 
employed in DSSCs results in ultrafast (up to 1013 s–1) intersystem crossing from the 
initially formed singlet excited state to a triplet state. This relaxation process reduces 
the excited-state free energy by ~400 meV. While several studies have reported sub-
picosecond electron injection from the singlet excited state of these dyes, electron 
injection from the triplet state is significantly slower (1010–1011 s–1), consistent with 
the lower free energy of this excited state, but still fast compared with decay of the 
triplet state to ground (107–108 s–1) (Anderson and Lian, 2005; Durrant et al., 2006). 
Recent studies of complete devices have suggested that this relatively slow electron 
injection from the dye triplet state may be the dominating injection pathway in 
efficient DSSCs (Haque et al., 2005). 

Efficient dye regeneration requires the rate of re-reduction of the dye cation by the 
redox couple to exceed that of charge recombination of injected electrons with these 
dye cations. This recombination reaction has been shown to be strongly dependent on 
the electron density in the TiO2 electrode (and therefore light intensity and cell 
voltage), accelerating by at least an order of magnitude between short-circuit and 
open-circuit conditions (Durrant et al., 2006). It is furthermore dependent on the 
spatial separation of the dye cation (HOMO) orbital from the metal oxide surface, 
with the rate constant decaying exponentially with distance, consistent with electron 
tunneling theory (Chapter 4). The regeneration reaction is dependent on the iodide 
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concentration, electrolyte viscosity and dye structure. For the N719 sensitiser dye, and 
employing a low-viscosity electrolyte such as acetonitrile, the regeneration reaction 
has a half-time of ~1 ms, sufficiently fast to compete effectively with the competing 
recombination reaction and ensuring that the regeneration reaction can be achieved 
with unity quantum efficiency (Green et al., 2005). 

Efficient charge collection by the external circuit requires the time constant for 
electron transport within the TiO2 matrix to be faster than charge recombination of 
injected electrons with the redox couple. Electron transport is a diffusive process, 
strongly influenced by electron trapping in localised sub-bandgap states, resulting in 
the dynamics being strongly dependent on position of the TiO2 electron Fermi level: 
raising the Fermi level towards the conduction-band edge resulting in increased trap 
filling. Typical electron-transport times under solar irradiation are of the order of 
milliseconds (Peter and Wijayantha, 2000; Frank et al., 2004). If a low-viscosity 
solvent such as acetonitrile is used, transport of the oxidised redox couple to the 
counter electrode is not rate-limiting. However, the use of higher viscosity solvents 
more suitable for practical device applications (for reasons of device stability) can 
result in significantly lower ionic diffusion constants, with the resultant iodide/ 
triiodide concentration gradients causing significant free energy (series resistance) 
losses, and also potentially accelerating interfacial charge recombination.  

Given the relatively slow timescale for charge transport in DSSCs compared with 
most other photovoltaic devices, and the extensive interfacial area available for charge 
recombination in the device (due to its mesoscopic structure), it is remarkable that the 
quantum efficiency of charge collection can approach unity. The key factor enabling 
this high efficiency is the slow rate constant for the interfacial charge recombination 
of injected electrons with the oxidised redox couple. This reaction is a multi-electron 
reaction, most simply being described by the equation 
 

 
3

I 2 e 3 I- - -

+ fi  (8.1) 
 

which must therefore proceed via one or more intermediates states. The mechanism of 
this reaction has been extensively studied, and while the details remain somewhat 
controversial, it is apparent that without a suitable catalyst such as platinum, one or 
more of these intermediates steps exhibits a significant activation barrier, resulting in 
a slow overall rate constant for this reaction. The low rate constant for this 
recombination reaction on TiO2, contrasting to the facile electrochemistry of this 
redox couple on the platinised counter electrode, is a key factor behind the remarkable 
efficiencies achieved to date for DSSCs. Nevertheless, eq. 8.1 is the primary recomb-
ination pathway in DSSCs. The flux of this recombination pathway increases with 
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increasing electron density in the TiO2 electrode (and therefore with the TiO2 Fermi 
level or cell voltage). In the dark it responsible for the diode-like leakage current 
observed in current–voltage scans, while under illumination it is the primary factor 
limiting the voltage output of the device. 

The kinetic competition between charge transport and recombination in DSSCs 
has been analysed in terms of an effective carrier diffusion length Ln, given by 
 

 effnL D t=  (8.2) 
 

where Deff is the effective electron diffusion length, and t the electron lifetime due to 
the charge-recombination reaction given by eq. 8.1 (Peter and Wijayantha, 2000). Deff 
increases with light intensity (due to the increased electron density in the TiO2 film) 
whilst t shows a proportional decrease, resulting in Ln being largely independent of 
light intensity. Typical values for Ln are 5–20 mm, and even 100 mm near the optimum 
power point for cells with >10% conversion efficiency, consistent with the high 
carrier-collection efficiencies observed in efficient DSSCs. 

It is important to emphasis that the energetics and kinetics of DSSC function are 
not independent considerations. The kinetics of the interfacial electron-transfer 
dynamics depend strongly on the energetics of the TiO2/dye/electrolyte interface and 
on the density of electrons in the TiO2 (i.e. the TiO2 Fermi level). Raising the energy 
of the TiO2 conduction band reduces recombination losses (as for a given TiO2 Fermi 
level, the electron density in the TiO2 film will be lower), and therefore may give a 
high cell output voltage, but at the expense of a lower free energy driving force for 
charge separation, which may result in a lower quantum efficiency for charge 
generation and therefore a lower output current. In practice, modulation of these 
energetics and kinetics to achieve optimum device performance remains one of the 
key challenges in DSSC research and development.  

 
 
8.4 DSSC research and development 

 
8.4.1   Panchromatic sensitisers  

 

The ideal sensitiser for a single-junction photovoltaic cell converting standard global 
AM1.5 sunlight to electricity should absorb all light below a threshold wavelength of 
about 920 nm. In addition, it must also carry attachment groups such as carboxylate or 
phosphonate to firmly graft it to the semiconductor oxide surface. On excitation, it 
should inject electrons into the solid with a quantum yield of unity. The energy level 
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