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Effect of Morphology on Electron Transport
in Dye-Sensitized Nanostructured TiO, Films
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The relationship between the morphology of nanostructured TiO, films and the photo-injected electron transport
has been investigated using intensity-modulated photocurrent spectroscopy (IMPS). For this purpose, three
different TiO, films with 5 um thickness are prepared: The rutile TiO, film with 500 nm-sized cluster-like spherical
bundles composed of the individual needles (T1), the rutile TiO, film made up of non-oriented, homogeneously
distributed rod-shaped particles having a dimension of approximately 20x80 nm (T?2), and the anatase TiO, film
with 20 nm-sized spherically shaped particles (T3). Cross sectional scanning electron micrographs show that all of
the TiO, films have a quite different particle packing density: poorly packed T1 film, loosely packed T2 film and
densely packed T3 film. The electron transport is found to be significantly influenced by film morphology. The
effective electron diffusion coefficient D, derived from the IMPS time constant is an order of magnitude lower for
T2 than for T3, but the Dy for the T1 sample is much lower than T2. These differences in the rate of electron
transport are ascribed to differences in the extent of interparticle connectivity associated with the particle packing
density. ’
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INTRODUCTION

Interest in the study of dye-sensitized nanocrystalline metal
oxide solar cells has grown notably in recent years from both
a fundamental and an applied perspective. The nanometer-
sized crystallites, which are interconnected, are the recipient
of injected electrons from optically excited dye molecules and
provides the conductive pathway from the site of electron
injection to the transparent back contact [1]. Regeneration of
the dye takes place with a redox electrolyte. During photo-
injected electrons traverse the nanoparticle network, not all of
the injected electrons are collected at the back contact; some
may react (recombine) with redox species (e.g., I;7) or dye
molecules at the particle/electrolyte interface. Since the
collection of electrons competes with recombination, slow
electron transport can lead to a low charge-collection
efficiency and hence a low solar-to-electrical conversion
efficiency [2,3]. In this context, the rate of electron transport
is a major determinant of the overall efficiency of dye-
sensitized nanocrystalline TiO, solar cells. The investigation
of factors affecting electron-transport kinetics is thus
important for improving cell performance. For instance, the
chemical bonding nature between dye molecules and TiO,,
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the morphology of the nanostructured TiO, films, and the
redox electrolyte can be all indispensable to influencing the
electron transport.

Intensity-modulated photocurrent spectroscopy (IMPS)
provides the information on the kinetics of the electron
transport and has been studied in nanocrystalline TiO, films
[2, 4-7]. Electron transport has been modeled in terms of an
effective electron diffusion coefficient (D.q) [7,8] because of
the absence of a significant electrical potential gradient in the
film [2, 4-11], and the time constants for IMPS (mtps) have
been correlated with D [2,4,7,12].

In this paper, we report on an effect of the TiO, film
morphology on the electron transport in terms of an effective
electron diffusion coefficient, based on our previous results on
the dye-sensitized anatase and rutile TiO, solar cells [13,14].
Electron diffusion coefficients, obtained from the data
measured by IMPS, of three different TiO, films sensitized
with Ru-based dye molecules are compared.

MATERIALS AND METHODS

The TiO, films with different morphology were prepared as
follows: 1) Rutile TiO, particles formed from the hydrolysis of
TiCl, were directly deposited on the surface of transparent SnO,
conducting glass (Libbey-Owens-Ford Co., TEC-8 (8 ohm/sq),
75% transmittance in the visible) and then heated in air for 1 h at
500°C [13]. 2) Rutile TiO, particles were prepared as a slurry and
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then deposited onto the glass substrate with a doctor blade and
then heated in air for 1 h at 500°C. The method for making a
slurry was reported elsewhere [14]. 3) Nanocrystalline anatase
TiO, films were prepared by depositing a colloidal anatase TiO,,
prepared by the hydrolysis of titanium tetraisopropoxide in the
presence of acetic acid [15], onto the conducting glass substrate
as detailed elsewhere [16]. The measured film thicknesses with a
Tencor Alpha-step profiler were ca. 5 pm.

The morphology of TiO, films was investigated by field
emission scanning electron microscopy (SEM; JEOL Model
6320F)

For photosensitization, the TiO, electrodes were immersed in
acetonitrile/t-butanol  (50:50 v/v%) containing 3x10™ M
Ru(LL)NCS), (where L=2,2"-bypyridyl-4,4'-dicarboxylic acid,
and  L'=22"-bipyridyl-4,4'-ditetrabutylammoniumcarboxylate)
for 24 h at room temperature. The dye-covered electrodes were
then rinsed with the acetonitrile/t-butanol mixture and dried
under a N, stream. A 60-nm thick Pt film on top of a 40 nm layer
of Ti on a glass plate was used as a counter electrode. The redox
electrolyte, consisting of 0.6 M 1,2-dimethyl-3-hexyl
imidazolium iodide, 0.2 M Lil, 40 mM I, and 0.2 M tert-butyl
pyridine in acetonitrile, was introduced into the assembled cell.

The setup for the intensity-modulated photocurrent
spectroscopy (IMPS) measurements is described elsewhere [2].
In the IMPS studies, the samples were illuminated with 680-nm
wavelength light, which is only weakly absorbed by the dye.

RESULTS AND DISCUSSION

In Figure 1, top and cross sectional SEM micrographs show
the morphology of the three different type of the TiO, films.
Each film has a unique morphology. The directly deposited
rutile TiO, film (T1) consists of cluster-like spherical bundles
with an average dimension of about 500 nm (Fig. 1(a)). The
individual needles with a dimension of approximately 20x80
nm appear to radiate out from the bundles. The slurry-based
rutile TiO, film (T2) in Figure 1(c) is made up of non-
oriented, homogeneously distributed rod-shaped particles
having an average dimension of 20x80 nm. Figure 1(e) shows
the anatase TiO, film (T3) with the spherically shaped anatase
particles (20-nm diameter). The cross sectional SEM
micrographs in Figure 1(b,d and f) reveal that the direct
deposit of rutile TiO, particles leads to poor packing across
the film layer (see Fig. 1 (b)), on the other hand, the slurry-
based rutile and anatse TiO, films exhibit a close-packing of
individual particle. The anatase TiO, particles (Fig. 1(f)) are
packed more densely than the rutile particles in the slurry-
based rutile TiO, film (Fig. 1(d)).

Figure 2 shows the effective electron diffusion coefficient
(D) as a function of light intensity at 680-nm illumination
represented by photocurrent density (J,.) for dye-sensitized 5
(m-thick TiO, films with different morphology. D is
calculated from the relation Doz=d*/4Typs. This equation is
valid only in the absence of recombination and for

homogeneously absorbed light. Recombination is not
important at short circuit for dye-sensitized solar cells for film
thicknesses used in this study [2,3,14]. In Figure 2, it can be
seen that at the same J,. the effective electron diffusion
coefficient D, for T1 is about 10" times lower than that for
T2, and D4 for T2 is about an order of magnitude lower than
that for T3, implying that electron transport becomes faster on
going from T1 to T2 and T3 electrode. When comparing the
densely packed 20-nm anatase particle film (T3) and the
relatively loosely packed 20x80 nm rutile film (T2), the
difference in the rate of electron transport in these materials
could be due to different densities of surface states or the
extent of interparticle connectivity. We first ponder the
possible role of surface states. It is generally accepted that the
transport of electrons through the nanostructured film is
slowed down by multiple trapping events, involving
principally surface states [5,6,11,12]. The number of surface
states is generally proportional to the surface area of a film. If
the number of surface states were the primary basis of the
difference in the rate of electron transport in these materials,
then one would expect that the surface area of the rutile film
would be substantially larger than that of anatase. However, a
comparison of the cross sectional SEM micrographs in Figure
1(d and f) shows just the opposite, as discussed above. The
surface area of the rutile film is smaller than that of the
anatase film. On this basis, one would predict that electron

TCO substrate

Figure 1. Surface and cross sectional SEM micrographs of (a and b)
the directly deposited rutile TiO, film T1, (c and d) the slurry-based
rutile TiO, films T2, and (e and f) the slurry-based anatase TiO, film
T3 coated on conducting glass and annealed at 500°C for 1 h
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Figure 2. Comparison of the electron diffusion coefficient D of
dye-sensitized TiO, films of the same thickness (5 wm) as a function
of the short-circuit current density J. at 680-nm illumination: symbols
(@), (l ) and (A ) represent Dg’s of T1, T2, and T3, respectively,
and solid lines are linear regression result.

transport would be faster in rutile than in anatase, which is
contrary to the data in Figure 2. This suggests that the
difference in the rate of electron transport in these materials
may be due to the extent of interparticle connectivity. In
support of this possibility, a comparison of the morphology
for the slurry-based rutile (T2) and anatase (T3) films implies
that within a given area or volume element, the number of
non-spherically shaped, large sized (20x80 nm) rutile
particles is less than that of the spherically shaped, small sized
(20-nm diameter) anatase particles. These considerations lead
to the conclusion that the rutile particles stack less efficiently
than the anatase particles and that the rutile films have a lower
density of interparticle connections per cell volume than that
of the anatase film. Thus the number of pathways encountered
by an individual electron en route to the collecting electrode is
effectively smaller for a rutile film than for an anatase film.
Restricting the number of conductive pathways through the
particle network is expected to slow electron transport
through the rutile film and lower the electron diffusion
coefficient. Based on the above interpretation, the much
slower electron transport in the directly deposited rutile TiO,
film (T1) is as a consequence of the poor interparticle
connectivity through the film distance.

CONCLUSION

The electron transport of the dye-sensitized TiO, solar cells
are strongly influenced by the film morphology. Analyses of
intensity-modulated photocurrent spectroscopy and scanning
electron microscopy data suggest that electron transport is

significantly dependent on the extent of interparticle
connectivity associated with the particle packing density.
Increasing the particle packing density as well as increasing
the surface area by producing a densely packed film of
nanosized particles is therefore expected to improve the
photoconversion efficiency in dye-sensitized nanocrystalline
semiconductor solar cells.
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