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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 Grétzel, 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 Gratzel, 1994; Hagfeldt and Gratzel, 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 VVogel 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 (TiO,) 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-
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compatible material, and as such is even used in healthcare products as well as
industrial applications such as paint pigmentation. Initial studies of the TiO,-based
DSSC employed tris-bipyridyl ruthenium(ll) 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 Grétzel, 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 TiO, (anatase) although alternative wide-gap oxides such as ZnO, SnO, and
Nb,Os 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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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.

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 m,m 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
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Chapter 7. Devices efficiencies for such solides2@ESCs are as yet limited to ~4%
(Snaithet al, 2005), in contrast to efficiencies of over 11%iaved for the more
widely studied redox electrolyte-based DSSCs (Chtitel, 2006).

8.3.2 Device fabrication

DSSCs are typically fabricated on transparent cotidg oxide (TCO) glass
substrates, enabling light irradiance through thkisbstrate under photovoltaic
operation. The conductive coating typically usedflisorine-doped Sn®(FTO),
preferred over its indium-doped analogue (ITO) feasons of lower cost and
enhanced stability. Prior to deposition of the npesous TiQ film, a dense Ti@film
may be deposited to act as a hole blocking layerygnting recombination (shunt
resistance) losses between electrons in the FT@xdded redox couple.

The TiO, nanoparticles are typically fabricated by the amse hydrolysis of
titanium alkoxide precursors, followed by autoctayiat temperatures up to 240 C to
achieved the desired nanoparticle dimensions aygtatlinity (anatase) (Barbet al,
1997). The nanoparticles are deposited as a callsigspension by screen printing or
by spreading with a doctor blade, followed by simg at ~450 C to ensure good
interparticle connectivity. The film porosity ismtoolled by the addition of an organic
filler such as carbowax to the suspension priateposition; this filler is subsequently
burnt off during the sintering step. Figure 8.2wha scanning electron micrograph
of a typical mesoporous Tidilm. Typical film thicknesses are 5-20n, with TiO,
mass 1-4 mg cis, film porosity 50-65%, average pore size 15 nm padicle
diameter 15-20 nm.

Figure 8.2  Scanning electron micrograph of a typical mesoscdpd, film employed in DSSCsNote
the bipyramidal shape of the particles, with (10tiented facets expose@he average particle size
20 nm.



