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Abstract

The efficient generation of a stable charge separated state is fundamental to the performance of dye sensitised photoelectrochemical sola
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 an
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 From (1) it is apparent that the electron injection should ide-
ally exhibit first order, exponential kinetics. Similarly from
Interfacial electron transfer kinetics are critical to the (2), second order dynamics should in general be expected for
function of dye sensitised solar cells [1]. These different the recombination reactiokyr1. However we note that the
electron transfer reactions are summarised in Fig. 1. Ef- density of electrons [¢ 5] may result not only from pho-
ficient charge separation requires the electron injection toinjected electrons but also the density of electrons present
kinetics (inj) to be faster than decay of the excited state in the metal oxide conduction band/sub-bandgap states prior
decay to groundkp). Efficient cation transfer to the redox to optical excitation, as defined by the position of the metal
electrolyte krr) requires the dye cation re-reduction by oxide Fermi level. The metal oxides under consideration
the redox couple to be faster than recombination betweenhere are n-type semiconductors. In the limit of low intensity
injected electrons and photogenerated dye catibgg).( optical excitation and therefore a low density of photogen-
Efficient charge collection requires charge recombination erated dye cations, the total electron density will be greater
between injected electrons and oxidised redox species inthan the density of photogenerated dye cationg (é >
the electrolyte K.r») to be slower than transport of the [D]); under such conditions pseudo-first order recombina-
these species to the Sp@lectrodes and counter-electrodes, tion dynamics are expected.
respectively. In this paper we will address some of the pa- Following theoretical treatments of interfacial electron
rameters influencing these dynamics, focusing particularly transfer processes developed in the 1960s, the rate constant
upon the electron injection and recombination processeskinj for electron injection from the excited state of an ad-
kinj and ker1 observed following pulsed laser excitation of sorbed dye molecule into the conduction band of an elec-

the dye sensitised nanocrystalline 3ifims: trode can be expressed as [2]:
Kinj
DMD* 4 o @) oy =A [ VL= B exp
—(Em—E+3)?
+ - ker1, -
D" +eyo—D (2) x < 4rkgT dE 3
where kinj is the electron injection rate constant, the
* Tel.: +44-20-7594-5321: fax+44-20-7594-5801. electronic coupling between the dye excited state and each
E-mail address: j.durrant@ic.ac.uk (J.R. Durrant). conduction band state of the electrode (assumed to be state
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Tio » Sensitiser Dye Redox 2. Materials and methods
K Couple _
@ D' /D Transparent nanocrystalline anatase ;Tfiins (average
Conduction Band L Y particle diameter of 15 nm and film thickness qf®) were

prepared as reported previously [10,13]. These films were
sensitised with Ru(dcbpy{NCS) 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.

Valence Band

Fig. 1. Schematic diagram showing the different interfacial electron trans-
fer processes: injection from dye excited state into conduction band of
semiconductor Kp;j); regeneration of the dye cation by electron trans-
fer from the redox couplekgr); recombination of electron with the dye

cation r1); electron recombination to the redox couptg+) and excited . .
state decay to ground). 3. Results and discussion

independent) andn the excited state oxidation potential -1 1102 density of states

energy of the adsorbed molecule.is the electrochemical ] ) o
potential energy of conduction band states (and therefore 1he form of the TiQ density of stateg(E) is critical to
negative for most semiconductors). The equation corre- €valuation of Eq. (3). A key consideration in experimental
sponds essentially to an extension of Marcus non-adiabaticdetermination ofg(E) is that, due to the small diameter
electron transfer theory by incorporating a continuum of (&pproximately 15nm) of the metal oxide nanoparticles
electronic states in the semiconductgE) is the normalised ~ cOmPprising the filmg(E) is strongly dependent upon the ad-
density of states of these electronic staf¢g,Er) is the sorption of charged species to the _fllm surface. In particular,
Fermi occupancy factor to account of the fact that electron due to the protonation/deprotonation of surface bound hy-
injection is only possible into unoccupied statess the re-  droxyl groups, nanocrystalline Tidilms have been shown
organisational energy associated with electron injection. The {0 €xhibit Nernstein shifts of their conduction band energet-
exponential term in this equation results in electron injection IS by 60 meV per pH unit [18]. Potential determining ions
occurring optimally to conduction band states lyngelow for the flat band potential of such films have begn shown to
the dye excited state energy, corresponding to activationlessnclude not only protons but also small metal cations such as
electron injection. A central prediction of this equation is lithium [19]. Experimental probes @f(E) in the presence of
that as the Fermi level (or conduction band edge) of the electrolytes have been largely limited to electrochemical and
semiconductor is raised to an energy within of the dye ~ SPectroelectrochemical studies of electron densffy ¢ as
excited state oxidation potential, the rate of electron injection @ function of applied potential. Such experiments have, for
is retarded. This retardation arises from the reduction in the €x@mple, exploited the characteristic blue/black coloration
number of unoccupied acceptor states available for electron®f hanocrystalline Ti@films at nega}ti/e potentials attributed
injection. An analogous treatment can be made for the re- 10 the reduction of Ti* ions to TP*. Such studies have
combination reactioker1 [2]. Such recombination reactions ~ YPically found that the electron density increases approx-
have been previously reported to lie in the Marcus inverted imately exponentially with negative applied potent!
region, with a significant activation barrier to recombination. .

The dynamics of electron injection [3-12] and charge re- [ey; o] exp(——) 4)
combinational [3-16] have received extensive experimental

study in recent years. In this paper, we review some of Our Tynical experimental values foEg lie in the range

own studies of these dynamics and consider the extent togn_100 mev [20-22]. Assuming thg(E) is independent of
which they are consistent the simple non-adiabatic electron Er, the observation thaig > kgT suggests these electrons
transfer theory as detailed in Egs. (1)—(3) above. We addressyq ot primarily result from increased occupancy of the

in particular the behaviour of nanocrystalline i@ims TiO, conduction band. This behaviour is however consistent
sensitised by the dye ruthenium(i§-(2,2-bipyridyl-4,4- with an exponentially increasing density of states:
dicarboxylate)(NCS) (Ru(dcbpy}(NCS)), a dye/semi-

conductor combination of particular interest for the B o ex E
commercial development of dye sensitised solar cells [17]. 8(E) ocexp| =+

Eo

()
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It has thus been suggested that nanocrystalline Tilgns 1.2
exhibit an exponential tail of sub-bandgap states below
their conduction band. These states are typically assigned 1.0

to localised T¥* species.

e
o

3.2. Electron injection

o
o

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)
(NCS), (absorption maximum-540 nm) in solution, a rapid

o
~

e
o

o
(e
T

Normalised excited state population

rela>_<at|on &150fs) of this excfced state results in the gen- 0 5 1015 2025 30 35 40 45 50 55 60
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 Fig. 2. Comparison of experimental electron injection kineties) (

dyes [23]. The lifetime of this excited state is 50 ns in de- with model calculations (—) employing the inhomogeneous model
gassed solvent [17] and 3—-25ns when absorbed to an in_with A/Eg = 1.5. Data obtained from transient absorption data for

Time / ps

ert substrate (Zrg) [3]. The kinetics of electron injection  ~U(dCPPYXNCSRITIO fims (+) covered in PC/EC. The absolte ex-
cited state populations were determined from comparison of transient

for this dye can be monitored by the red shift of a pho- absorption and emission data as detailed in Ref. [12].
toinduced absorption maximum from720 nm for the dye
excited state to 800 nm for the dye cation [3].

For Ru(dcbpy)(NCS) sensitised Ti@ films covered in
an inert solvent (PC/EC), non-exponential kinetics are o

served on timescales from150fs to tens or hundreds of b hift. Shifts of th ; B h
picoseconds. In our own studies, multiexponential analyses y an energy shitt;. Shiits of the energgtlgs YE) ave
been suggested elsewhere to be the origin of variations in

of such data have resolved components assigned to elec-h ol d Kineti f ol iniection f
tron injection with lifetimes (relative amplitudes) efL00 fs t_e_y|e [15] anc met_lcs_ [10] o eectrpn Injection for
(0.29), 1.0ps (0.25) and 13ps (0.46) [4,10]. Similar ex- similar dye sensitised Ti©films as a function of the con-
periments reported elsewhere resolved similar componentsf:entr"fltion of -pot(.anFiaI determining lons ?n the eIectroI){te
with the addition of a further component with lifetime of 'n,Wh'C_h the film is |mmers§d. M|cro§cqplcally, Iocal_ vart-
100 ps [11]. Remarkably similar, multiexponential injection 3;1“0”5 In.sun;ace charge will res;;lt in Ir;1h0moger|1elt|e|s in
kinetics have been reported for a range of other sensitiser"® _def‘s"y of acceptor stat_gg(E) or each dye mo ecule,
dyes adsorbed to nanocrystalline Fifims, including zinc S Indicated in Eq. (6). Fig. 2 shows a comparison of
and free base tetracarboxyphenyl porphyrins (Zn and H pumencal calculations using Eq. (,3) and e.”?p'o,y'”g this
TCPP, respectively) [4] and fluorescin 27 [9]. We note that inhomogeneous mpdel with experimental |nJ_ect|on Qata.
all of these dyes are expected to have excited state en-The model calculations employs an exponential density of

ergies well above the Ti©conduction band edge and be st_ates as given in Eq. (5) and a GQUSSian distributiod of
bound such that the excited state is close to the, B@r- with FWHM A. The non-exponential shape of the model

face. Studies of sensitiser dyes, employing for example, calculations was determined by the value of the raifi,

spacers between the dye excited state and the film sur-With 4/Eo = 1.5 providing the best fit to the data. Using

face have reported a significant retardation of the injection a value 9on of '100_meV, typical of recent expenmeptal
kinetics [24]. observations, this yields a value &f = 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

b- where the local density of statgs(E) of sitei exhibits an
energetic shift from the ensemble averaged density of states

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 excitegndividual pigments due to protonation/deprotonation of

state is too low in energy for rapid electron injection [7].) neighbom;ringdgrhoudps (in this case :mino acids r?tlher :han
We have proposed elsewhere [12] that this non-exponentialSUrface bound hydroxy groups). The presence of local in-

behaviour may derive from local inhomogeneities in density hor.nogeneltleds. IS mofreover Iconsllstent W'Fh S'lel?r(r)nc}l,?cme
of acceptor stateg(E): emission studies of cresyl violet sensitise ilms,

which indicated an inhomogeneous distribution of injection
gi(E) =g(E+d)) (6) kinetics [27].
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08 07 06 05 04 03 02 01 Fig. 4. Charge recombination dynamics for Ru(dch¥CS)/TiOs films
Applied Voltage vs AglAgCl 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
Fig. 3. Comparison of the electrical potential dependence of the half , ciretched exponential (Eq. (7)), with fit parameters ef 0.9 s and
time for electron injectiontsgy, observed experimentallyH) with that « = 0.5. Adapted from Ref. [3].
calculated from non-adiabatic electron transfer theory as given by Eq. (3)
(@). Experimental data were obtained for a Ru(dcbiyCS), sensitised
TiO> film in an MeCN/tetrabutyl ammonium perchlorate electrolyte. The

best fit to the experimental data, as shov@®) (yielded fitting parameters Kineti : :
inetics are non-exponential. They can be reasonably fitted
of Ey = —0.75+ 0.05V versus Ag/AgCl andr = 0.25+ 0.05eV. P - y y
to a stretched exponential:

Reproduced from Ref. [10].
o
AOD x exp(— <£> ) (7
Following Eq. (3), the rate of electron injection is ex- ‘

pected to be retarded as the Fermi level of thesTigraised, as illustrated in Fig. 4. Values af obtained from such
as acceptor states for electron injection become occupiedfits range from 0.25 to 0.5 dependent upon the electrolyte
Fig. 3 shows a comparison of experimental data with model employed.
calculations addressing this issue. Data were collected in Following Eqg. (2), the recombination dynamics are ex-
a three electrode photoelectrochemical cell, in which the pected to be first order in electron density, [g]. Experi-
sensitised film comprised the working electrode [10]. Mod- mental studies have indeed confirmed a strong dependence
ulation of the potential applied to this electrode relative to of the recombination dynamics upon electron density [13].
the Ag/AgCI reference electrode results in modulation of Studies in which [g 5] was increased by the application of
the TiO; Fermi level. In these experiments a full kinetic a negative potential to the TiCelectrode resulted in rapid
analysis of the injection dynamics was not possible as suffi- acceleration of the recombination kinetics. Shifting the
cient signal averaging was prevented by the limited stability applied potential from+0.1V versus Ag/AgCl to—0.8V
of the sensitiser dye at negative potentials. Our analysis isresulted in an acceleration of recombination half titggy,
therefore limited to consideration of the half time for elec- by ~108 from 1 ms to~3 ps. Similarly studies conducted at
tron injection {so9) upon applied bias. It is apparent that a constant applied potential, but in whicly,[g ] was mod-
the application of negative potentials results in a retardation ulated by employing different electrolyte solutions to vary
of the injection kinetics by up to a factor 25. Model calcu- g(E), resulted in variations ifsge by up to 1. However
lations employing Eg. (3) were found not to be sensitive to these dependencies are too large to be consistent with a
the value ofEp employed forEg > 100 meV. Such calcu- first order dependence tfos, Upon [g, 1. The lower limit
lations provided a good fit to the experimental data with a for [ey o] in these experiments observed, for example, at

value for the reorganisational energy= 0.25=+ 0.05eV. positive applied potentials, is the electron density generated
by the laser pulse, corresponding to approximately one
3.3. Recombination dynamics electron per nanoparticle. A linear dependence of recom-
bination rate upon electron density would therefore require

Following electron injection into the Tigfilm, the result- electron densities of up to §Qer nanoparticle, which is

ing charge separated state’ [, , is remarkably stable.  clearly implausible. We further note that as the recombi-
Under the same experimental conditions as those employecdhation process is thought to occur in the Marcus inverted
in Fig. 2, the half time for charge recombinatiotofs) region(|AG| > A), a more detailed consideration including
is 0.4ms. As for the injection kinetics, the recombination integration over all occupied TiOstates would result in a
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Fig. 5. Plot of the electron density &, ] against the half time for parameters _and'B of Egs. (V) a,nd (8) obtained from analy-
charge recombinatiosgy, observed for a Ru(dcbpyNCS) sensitised ses of experimental data for different electrolytes should be

TiO, film in an ethanol/tetrabutyl ammonium perchlorate electrolyte. The related by
electron density was modulated by varying the potential applied to the 1

TiO2 electrode in a three electrode photoelectrochemical cell. Electron , _ —

€ . ochem o= )
densities were determined spectroelectrochemically in the absence of B

absorbed dyes. Recombination half times were determined by transient o ] ]

absorption spectroscopy. Adapted from Refs. [13,14]. 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.
sub-linear dependence &by, upon [g, 5 |, in even greater

contrast with the experimental observations.

Fig. 5 shows a quantitative analysis of the dependence of
the half time for charge recombinatiogg, upon electron
density [§, o ]. For this plot [g, 5] was determined inde-
pendently by spectroelectrochemical studies of steady stat
film optical density as a function of applied potential, em-
ploying the characteristic ¥ absorption associated with
€y o, In TiO2. Itis apparent thatisoy, €xhibits a power law
dependence upon g, I:

3.4. Amodd of interfacial electron transfer dynamics

A model of the interfacial dynamics consistent with
the experimental observations discussed above is il-
eIustrated in Fig. 6. Following optical excitation of the
Ru(dcbpy}(NCS) 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 uponsTE2rmi level, are
consistent with non-adiabatic electron transfer theory. The
injection proceeds primarily on timescales slower than re-
where 8 = 2—-4 dependent upon the electrolyte employed. laxation of the dye excited state. The half time for electron
This behaviour is clearly inconsistent with a simple rate law injection is, in the absence of applied bias0.4ps, al-
first order in [§, 5 ]. though the injection kinetics are non-exponential, with a

It has recently been shown that these experimental ob-significant proportion occurring on timescales >100 ps.
servations are consistent with a model in which the recom-  Following electron injection, the electron relaxes to lo-
bination process is primarily controlled not by the rate of calised sub-bandgap states associated with farmation.
interfacial electron transfer as expressed by Eq. (3), but by Subsequent charge recombination requires thermal detrap-
the dynamics of electron transport within the %i€lectrode ping of this electron and motion through the Biim until
[14,28]. The model, developed from the continuous time it is sufficiently close to an oxidised dye molecule such that
random walk model of Scher and Montroll [29], is based the direct electron transfer is possible. The initially injected
upon a random walk of electron between an energetic dis- electron does not appear to remain adjacent or associated
tribution of trap sites in the film. Each step of the random with its corresponding dye cation as the recombination dy-
walk requires thermal excitation of the trapped electron up namics are controlled by the total density of electrons in the
to the conduction band and therefore is dependent upon thefilm, with electrons injected by electrical bias and optical
trap depth. The non-linear dependence of the recombinationphotoinjection yielding similar recombination behaviour.
kinetics upon [, 5] results from the increased mobility of ~ The electron motion within the Tigfilm can be well de-
the electrons as the film Fermi level is raised, as increas-scribed by the CTRW model, corresponding to anomalous
ingly shallow trap become occupied. The model furthermore diffusion of electrons through an energetic distribution of
predicts that, for an exponential density of states, the fitting trap sites.

t50% o [ey; o177 (8)
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