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Abstract

The efficient generation of a stable charge separated state is fundamental to the performance of dye sensitised photoelectrochemical solar
cells. In this paper we consider the parameters influencing the kinetics of electron injection and recombination. Our recent experimental
data on these processes is reviewed and compared to data expected for simple homogeneous kinetic models. For both charge injection and
recombination, such simple models are insufficient to explain experimental observations. The implications of this observation are discussed
and possible alternative models reviewed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Interfacial electron transfer kinetics are critical to the
function of dye sensitised solar cells [1]. These different
electron transfer reactions are summarised in Fig. 1. Ef-
ficient charge separation requires the electron injection
kinetics (kinj ) to be faster than decay of the excited state
decay to ground (k0). Efficient cation transfer to the redox
electrolyte (kRR) requires the dye cation re-reduction by
the redox couple to be faster than recombination between
injected electrons and photogenerated dye cations (kcr1).
Efficient charge collection requires charge recombination
between injected electrons and oxidised redox species in
the electrolyte (kcr2) to be slower than transport of the
these species to the SnO2 electrodes and counter-electrodes,
respectively. In this paper we will address some of the pa-
rameters influencing these dynamics, focusing particularly
upon the electron injection and recombination processes
kinj and kcr1 observed following pulsed laser excitation of
the dye sensitised nanocrystalline TiO2 films:

D∗kinj→D+ + e−
M.O. (1)

D+ + e−
M.O.

kcr1→D (2)
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From (1) it is apparent that the electron injection should ide-
ally exhibit first order, exponential kinetics. Similarly from
(2), second order dynamics should in general be expected for
the recombination reactionkcr1. However we note that the
density of electrons [e−M.O.] may result not only from pho-
toinjected electrons but also the density of electrons present
in the metal oxide conduction band/sub-bandgap states prior
to optical excitation, as defined by the position of the metal
oxide Fermi level. The metal oxides under consideration
here are n-type semiconductors. In the limit of low intensity
optical excitation and therefore a low density of photogen-
erated dye cations, the total electron density will be greater
than the density of photogenerated dye cations ([e−

M.O.] �
[D+]); under such conditions pseudo-first order recombina-
tion dynamics are expected.

Following theoretical treatments of interfacial electron
transfer processes developed in the 1960s, the rate constant
kinj for electron injection from the excited state of an ad-
sorbed dye molecule into the conduction band of an elec-
trode can be expressed as [2]:

kinj = A

∫
V 2(1 − f (E, EF))g(E) exp

×
(−(Em − E + λ)2

4λkBT

)
dE (3)

where kinj is the electron injection rate constant,V the
electronic coupling between the dye excited state and each
conduction band state of the electrode (assumed to be state
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Fig. 1. Schematic diagram showing the different interfacial electron trans-
fer processes: injection from dye excited state into conduction band of
semiconductor (kinj ); regeneration of the dye cation by electron trans-
fer from the redox couple (kRR); recombination of electron with the dye
cation (kcr1); electron recombination to the redox couple (kcr2) and excited
state decay to ground (k0).

independent) andEm the excited state oxidation potential
energy of the adsorbed molecule.E is the electrochemical
potential energy of conduction band states (and therefore
negative for most semiconductors). The equation corre-
sponds essentially to an extension of Marcus non-adiabatic
electron transfer theory by incorporating a continuum of
electronic states in the semiconductor.g(E) is the normalised
density of states of these electronic states,f(E,EF) is the
Fermi occupancy factor to account of the fact that electron
injection is only possible into unoccupied states.λ is the re-
organisational energy associated with electron injection. The
exponential term in this equation results in electron injection
occurring optimally to conduction band states lyingλ below
the dye excited state energy, corresponding to activationless
electron injection. A central prediction of this equation is
that as the Fermi level (or conduction band edge) of the
semiconductor is raised to an energy within∼λ of the dye
excited state oxidation potential, the rate of electron injection
is retarded. This retardation arises from the reduction in the
number of unoccupied acceptor states available for electron
injection. An analogous treatment can be made for the re-
combination reactionkcr1 [2]. Such recombination reactions
have been previously reported to lie in the Marcus inverted
region, with a significant activation barrier to recombination.

The dynamics of electron injection [3–12] and charge re-
combinational [3–16] have received extensive experimental
study in recent years. In this paper, we review some of our
own studies of these dynamics and consider the extent to
which they are consistent the simple non-adiabatic electron
transfer theory as detailed in Eqs. (1)–(3) above. We address
in particular the behaviour of nanocrystalline TiO2 films
sensitised by the dye ruthenium(II)cis-(2,2′-bipyridyl-4,4′-
dicarboxylate)2(NCS)2 (Ru(dcbpy)2(NCS)2), a dye/semi-
conductor combination of particular interest for the
commercial development of dye sensitised solar cells [17].

2. Materials and methods

Transparent nanocrystalline anatase TiO2 films (average
particle diameter of 15 nm and film thickness of 8�m) were
prepared as reported previously [10,13]. These films were
sensitised with Ru(dcbpy)2(NCS)2 by immersion in acid-
ified ethanol dye solutions at room temperature overnight.
Sensitised films were studied either covered by a drop
of 50:50 propylene carbonate:ethylene carbonate (PC/EC)
under a glass cover slide or incorporated as the working
electrode of a three electrode photoelectrochemical cell.
Details of the experimental apparatus employed for the
transient absorption experiments are given in detail else-
where [10,13]. For all such experiments, the intensity of
the excitation pulses was attenuated to ensure excitation
densities of<1 absorbed photon per nanoparticle.

3. Results and discussion

3.1. TiO2 density of states

The form of the TiO2 density of statesg(E) is critical to
evaluation of Eq. (3). A key consideration in experimental
determination ofg(E) is that, due to the small diameter
(approximately 15 nm) of the metal oxide nanoparticles
comprising the film,g(E) is strongly dependent upon the ad-
sorption of charged species to the film surface. In particular,
due to the protonation/deprotonation of surface bound hy-
droxyl groups, nanocrystalline TiO2 films have been shown
to exhibit Nernstein shifts of their conduction band energet-
ics by 60 meV per pH unit [18]. Potential determining ions
for the flat band potential of such films have been shown to
include not only protons but also small metal cations such as
lithium [19]. Experimental probes ofg(E) in the presence of
electrolytes have been largely limited to electrochemical and
spectroelectrochemical studies of electron density [e−

M.O.] as
a function of applied potential. Such experiments have, for
example, exploited the characteristic blue/black coloration
of nanocrystalline TiO2 films at negative potentials attributed
to the reduction of Ti4+ ions to Ti3+. Such studies have
typically found that the electron density increases approx-
imately exponentially with negative applied potentialEF:

[e−
M.O.] ∝ exp

(
−EF

E0

)
(4)

Typical experimental values forE0 lie in the range
60–100 meV [20–22]. Assuming thatg(E) is independent of
EF, the observation thatE0 > kBT suggests these electrons
do not primarily result from increased occupancy of the
TiO2 conduction band. This behaviour is however consistent
with an exponentially increasing density of states:

g(E) ∝ exp

(
− E

E0

)
(5)
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It has thus been suggested that nanocrystalline TiO2 films
exhibit an exponential tail of sub-bandgap states below
their conduction band. These states are typically assigned
to localised Ti3+ species.

3.2. Electron injection

Efficient charge separation requires the rate of electron
injection to be faster than the decay of the dye excited
state to ground. Following optical excitation of the main
metal-to-ligand charge transfer transition of Ru(dcbpy)2-
(NCS)2 (absorption maximum∼540 nm) in solution, a rapid
relaxation (<150 fs) of this excited state results in the gen-
eration of a lower energy excited state [3], thought to be
of primarily triplet character, with a emission maximum at
∼800 nm. Such behaviour is typical of ruthenium bipyrdyl
dyes [23]. The lifetime of this excited state is 50 ns in de-
gassed solvent [17], and 3–25 ns when absorbed to an in-
ert substrate (ZrO2) [3]. The kinetics of electron injection
for this dye can be monitored by the red shift of a pho-
toinduced absorption maximum from∼720 nm for the dye
excited state to 800 nm for the dye cation [3].

For Ru(dcbpy)2(NCS)2 sensitised TiO2 films covered in
an inert solvent (PC/EC), non-exponential kinetics are ob-
served on timescales from<150 fs to tens or hundreds of
picoseconds. In our own studies, multiexponential analyses
of such data have resolved components assigned to elec-
tron injection with lifetimes (relative amplitudes) of<100 fs
(0.29), 1.0 ps (0.25) and 13 ps (0.46) [4,10]. Similar ex-
periments reported elsewhere resolved similar components,
with the addition of a further component with lifetime of
100 ps [11]. Remarkably similar, multiexponential injection
kinetics have been reported for a range of other sensitiser
dyes adsorbed to nanocrystalline TiO2 films, including zinc
and free base tetracarboxyphenyl porphyrins (Zn and H2
TCPP, respectively) [4] and fluorescin 27 [9]. We note that
all of these dyes are expected to have excited state en-
ergies well above the TiO2 conduction band edge and be
bound such that the excited state is close to the TiO2 sur-
face. Studies of sensitiser dyes, employing for example,
spacers between the dye excited state and the film sur-
face have reported a significant retardation of the injection
kinetics [24].

The non-exponential nature of the injection kinetics are
clearly inconsistent with homogeneous, first order injection
kinetics as expressed by Eq. (1). This non-exponentiality is
not dye specific and therefore cannot be attributed to kinetic
competition between electron injection and relaxation dy-
namics of the dye excited state. (Such kinetic competition
has been observed to be significant where the dye excited
state is too low in energy for rapid electron injection [7].)
We have proposed elsewhere [12] that this non-exponential
behaviour may derive from local inhomogeneities in density
of acceptor statesg(E):

gi(E) = g(E + di) (6)

Fig. 2. Comparison of experimental electron injection kinetics (+)
with model calculations (—) employing the inhomogeneous model
with ∆/E0 = 1.5. Data obtained from transient absorption data for
Ru(dcbpy)2(NCS)2/TiO2 films (+) covered in PC/EC. The absolute ex-
cited state populations were determined from comparison of transient
absorption and emission data as detailed in Ref. [12].

where the local density of statesgi(E) of site i exhibits an
energetic shift from the ensemble averaged density of states
by an energy shiftdi . Shifts of the energetics ofg(E) have
been suggested elsewhere to be the origin of variations in
the yield [15] and kinetics [10] of electron injection for
similar dye sensitised TiO2 films as a function of the con-
centration of potential determining ions in the electrolyte
in which the film is immersed. Microscopically, local vari-
ations in surface charge will result in inhomogeneities in
the density of acceptor statesgi(E) for each dye molecule,
as indicated in Eq. (6). Fig. 2 shows a comparison of
numerical calculations using Eq. (3) and employing this
inhomogeneous model with experimental injection data.
The model calculations employs an exponential density of
states as given in Eq. (5) and a Gaussian distribution ofdi

with FWHM ∆. The non-exponential shape of the model
calculations was determined by the value of the ratio∆/E0,
with ∆/E0 = 1.5 providing the best fit to the data. Using
a value ofE0 of 100 meV, typical of recent experimental
observations, this yields a value of∆ = 150 meV. This
magnitude of inhomogeneous broadening seems reasonable
being, for example, of similar magnitude to the energetic
distribution of chlorine radical pairs reported for photosyn-
thetic reaction centres [25,26]. The energetic distribution
observed in such pigment/protein complexes has also at-
tributed to inhomogeneities in the charge environment of
individual pigments due to protonation/deprotonation of
neighbouring groups (in this case amino acids rather than
surface bound hydroxy groups). The presence of local in-
homogeneities is moreover consistent with single molecule
emission studies of cresyl violet sensitised ITO films,
which indicated an inhomogeneous distribution of injection
kinetics [27].
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Fig. 3. Comparison of the electrical potential dependence of the half
time for electron injection,t50%, observed experimentally (+) with that
calculated from non-adiabatic electron transfer theory as given by Eq. (3)
(�). Experimental data were obtained for a Ru(dcbpy)2(NCS)2 sensitised
TiO2 film in an MeCN/tetrabutyl ammonium perchlorate electrolyte. The
best fit to the experimental data, as shown (�) yielded fitting parameters
of Em = −0.75 ± 0.05 V versus Ag/AgCl andλ = 0.25 ± 0.05 eV.
Reproduced from Ref. [10].

Following Eq. (3), the rate of electron injection is ex-
pected to be retarded as the Fermi level of the TiO2 is raised,
as acceptor states for electron injection become occupied.
Fig. 3 shows a comparison of experimental data with model
calculations addressing this issue. Data were collected in
a three electrode photoelectrochemical cell, in which the
sensitised film comprised the working electrode [10]. Mod-
ulation of the potential applied to this electrode relative to
the Ag/AgCl reference electrode results in modulation of
the TiO2 Fermi level. In these experiments a full kinetic
analysis of the injection dynamics was not possible as suffi-
cient signal averaging was prevented by the limited stability
of the sensitiser dye at negative potentials. Our analysis is
therefore limited to consideration of the half time for elec-
tron injection (t50%) upon applied bias. It is apparent that
the application of negative potentials results in a retardation
of the injection kinetics by up to a factor 25. Model calcu-
lations employing Eq. (3) were found not to be sensitive to
the value ofE0 employed forE0 ≥ 100 meV. Such calcu-
lations provided a good fit to the experimental data with a
value for the reorganisational energyλ = 0.25± 0.05 eV.

3.3. Recombination dynamics

Following electron injection into the TiO2 film, the result-
ing charge separated state D+ e−

M.O. is remarkably stable.
Under the same experimental conditions as those employed
in Fig. 2, the half time for charge recombination (t50%)
is 0.4 ms. As for the injection kinetics, the recombination

Fig. 4. Charge recombination dynamics for Ru(dcbpy)2(NCS)2/TiO2 films
covered in PC/EC, monitored by the decay of the dye cation absorption
band at 800 nm. The smooth line is the best fit to the data employing
a stretched exponential (Eq. (7)), with fit parameters ofτ = 0.9�s and
α = 0.5. Adapted from Ref. [3].

kinetics are non-exponential. They can be reasonably fitted
to a stretched exponential:

�OD ∝ exp

(
−

(
t

τ

)α)
(7)

as illustrated in Fig. 4. Values ofα obtained from such
fits range from 0.25 to 0.5 dependent upon the electrolyte
employed.

Following Eq. (2), the recombination dynamics are ex-
pected to be first order in electron density [e−

M.O.]. Experi-
mental studies have indeed confirmed a strong dependence
of the recombination dynamics upon electron density [13].
Studies in which [e−M.O.] was increased by the application of
a negative potential to the TiO2 electrode resulted in rapid
acceleration of the recombination kinetics. Shifting the
applied potential from+0.1 V versus Ag/AgCl to−0.8 V
resulted in an acceleration of recombination half time,t50%,
by ∼108 from 1 ms to∼3 ps. Similarly studies conducted at
a constant applied potential, but in which [e−

M.O.] was mod-
ulated by employing different electrolyte solutions to vary
g(E), resulted in variations int50% by up to 106. However
these dependencies are too large to be consistent with a
first order dependence oft50% upon [e−M.O.]. The lower limit
for [e−

M.O.] in these experiments observed, for example, at
positive applied potentials, is the electron density generated
by the laser pulse, corresponding to approximately one
electron per nanoparticle. A linear dependence of recom-
bination rate upon electron density would therefore require
electron densities of up to 108 per nanoparticle, which is
clearly implausible. We further note that as the recombi-
nation process is thought to occur in the Marcus inverted
region(|�G| > λ), a more detailed consideration including
integration over all occupied TiO2 states would result in a
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Fig. 5. Plot of the electron density [e−
M.O.] against the half time for

charge recombinationt50% observed for a Ru(dcbpy)2(NCS)2 sensitised
TiO2 film in an ethanol/tetrabutyl ammonium perchlorate electrolyte. The
electron density was modulated by varying the potential applied to the
TiO2 electrode in a three electrode photoelectrochemical cell. Electron
densities were determined spectroelectrochemically in the absence of
absorbed dyes. Recombination half times were determined by transient
absorption spectroscopy. Adapted from Refs. [13,14].

sub-linear dependence oft50% upon [e−M.O.], in even greater
contrast with the experimental observations.

Fig. 5 shows a quantitative analysis of the dependence of
the half time for charge recombination,t50%, upon electron
density [e−M.O.]. For this plot [e−M.O.] was determined inde-
pendently by spectroelectrochemical studies of steady state
film optical density as a function of applied potential, em-
ploying the characteristic Ti3+ absorption associated with
e−

M.O. in TiO2. It is apparent thatt50% exhibits a power law
dependence upon [e−

M.O.]:

t50% ∝ [e−
M.O.]

−β (8)

whereβ = 2–4 dependent upon the electrolyte employed.
This behaviour is clearly inconsistent with a simple rate law
first order in [e−M.O.].

It has recently been shown that these experimental ob-
servations are consistent with a model in which the recom-
bination process is primarily controlled not by the rate of
interfacial electron transfer as expressed by Eq. (3), but by
the dynamics of electron transport within the TiO2 electrode
[14,28]. The model, developed from the continuous time
random walk model of Scher and Montroll [29], is based
upon a random walk of electron between an energetic dis-
tribution of trap sites in the film. Each step of the random
walk requires thermal excitation of the trapped electron up
to the conduction band and therefore is dependent upon the
trap depth. The non-linear dependence of the recombination
kinetics upon [e−M.O.] results from the increased mobility of
the electrons as the film Fermi level is raised, as increas-
ingly shallow trap become occupied. The model furthermore
predicts that, for an exponential density of states, the fitting

Fig. 6. Illustration of model of electron injection and charge recombination
in dye sensitised nanocrystalline TiO2 films.

parametersα andβ of Eqs. (7) and (8) obtained from analy-
ses of experimental data for different electrolytes should be
related by

α = 1

β
(9)

This correlation is in good agreement with experimental ob-
servations for a range of different electrolytes, providing
further support for the validity of this model.

3.4. A model of interfacial electron transfer dynamics

A model of the interfacial dynamics consistent with
the experimental observations discussed above is il-
lustrated in Fig. 6. Following optical excitation of the
Ru(dcbpy)2(NCS)2 sensitiser dye, an electron is injected
from the dye excited state into acceptor states of the
semiconductor. The non-exponential kinetics observed this
process, and their dependence upon TiO2 Fermi level, are
consistent with non-adiabatic electron transfer theory. The
injection proceeds primarily on timescales slower than re-
laxation of the dye excited state. The half time for electron
injection is, in the absence of applied bias,∼0.4 ps, al-
though the injection kinetics are non-exponential, with a
significant proportion occurring on timescales >100 ps.

Following electron injection, the electron relaxes to lo-
calised sub-bandgap states associated with Ti3+ formation.
Subsequent charge recombination requires thermal detrap-
ping of this electron and motion through the TiO2 film until
it is sufficiently close to an oxidised dye molecule such that
the direct electron transfer is possible. The initially injected
electron does not appear to remain adjacent or associated
with its corresponding dye cation as the recombination dy-
namics are controlled by the total density of electrons in the
film, with electrons injected by electrical bias and optical
photoinjection yielding similar recombination behaviour.
The electron motion within the TiO2 film can be well de-
scribed by the CTRW model, corresponding to anomalous
diffusion of electrons through an energetic distribution of
trap sites.
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