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Trap-limited recombination in dye-sensitized nanocrystalline metal oxide electrodes
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We use transient and steady-state optical spectroscopies to study the recombination reaction between elec-
trons and dye cations in a dye-sensitized nanocrystalline TiO2 electrode in several different chemical environ-
ments. Kinetic decay curves are approximately stretched exponential, and the cation half-life,t50% varies with
electron densityn as t50%}n21/a, wherea is a constant in the range 0.2–0.5. We have developed a model of
electron transport in the presence of an energetic distribution of trap states and consider two regimes. In the
first, the continuous-time random-walk~CTRW! electrons are free to diffuse through the lattice, by means of
multiple trapping events mediated by the conduction band. In the second, the hopping regime, trapped elec-
trons are allowed to tunnel to other, vacant trap sites, or to the dye cation, according to a Miller-Abrahams
model for the transition rate. We carry out Monte Carlo simulations of the recombination kinetics as a function
of electron density, trap state distributions and other parameters. The CTRW reproduces both the dependence
of t50% on n and the shape of the kinetic curves with only one free fitting parameter, for the case of an
exponential density of trap states. The hopping model is ruled out by subnanosecond measurements. We
conclude that multiple trapping with a broad energetic distribution of electron traps is responsible for the slow
recombination kinetics. When applied to recombination in a nanocrystalline photovoltaic junction at open
circuit, the model predicts a sublinear power-law variation of electron density with light intensityG, n}Ga,
compatible with the observed behavior.

DOI: 10.1103/PhysRevB.63.205321 PACS number~s!: 73.50.Gr, 73.50.Pz, 73.63.2b
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INTRODUCTION

A wide range of novel electronic materials, including p
rous, nanostructured, and molecular solids, are currently
ing developed for device applications. Porous nanocrys
line metal oxide films are an important example, w
applications in photovoltaics,1 electrochromics,2 and
biosensors.3 Such films comprise randomly organize
nanometer-sized crystallites sintered together into a por
electronically connected assembly that forms a large-a
heterojunction in contact with another medium. The funct
of devices based on such junctions relies on the mechan
of charge transport within the film. However, the unusu
morphological properties mean that conventional models
charge transport and transfer may not apply. Moreov
dominant charge-transport mechanisms will, in general,
different in the interparticulate and intraparticulate regim
leading to difficulty in interpreting measurements, such
photocurrent transients, which probe both. Appropriate n
experimental probes and theoretical models of the dynam
of charge carriers in such systems are needed.

A configuration of particular interest is the dye-sensitiz
nanocrystalline photovoltaic cell.4,5 Visible light is absorbed
by a molecular sensitizer adsorbed on the surface of a po
nanocrystalline TiO2 electrode, and charge separation occ
by rapid electron injection into the TiO2 while the dye cation
is regenerated by a redox active electrolyte. Photoinjec
electrons must travel through the porous film to the ba
contact to complete the circuit. At short circuit this process
apparently very efficient, although slow, and gives rise t
remarkably high internal quantum efficiency.6 A key ques-
0163-1829/2001/63~20!/205321~9!/$20.00 63 2053
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tion is what happens to the efficiency of electron transp
under applied bias, closer to solar cell operating conditio

It has been established that electron transport in nanoc
talline TiO2 films is dominated by electron trapping i
intraband-gap defect states.7–11 These are most likely native
defects due to oxygen deficiency and adsorbed species a
large film surface area. Transport is traditionally studied
time-resolved and frequency-resolved photocurrent meas
ments, which probe both interparticulate and intraparticul
electron transport. An alternative is to use transient opt
spectroscopy to study the kinetics of the recombination re
tion between electrons in the film and adsorbed electron
ceptors at the interface. This ‘‘back reaction’’ is most impo
tant under open-circuit conditions where charge carriers
recycled at the interface and interparticulate transport is a
least important. As is discussed below, by using a red
inactive electrolyte, this technique can be used to study
back reaction between electrons and photoionized dye m
ecules. This recombination reaction exhibits a wide range
time scales, which have been attributed to the dynamics
electrons in the TiO2 crystallites12–15 probably limited by
traps. Though extraordinarily slow under short-circuit con
tions, the reaction accelerates under applied bias, appar
due to the increased availability of electrons.12,13

In this paper we demonstrate a power-law correlation
tween the experimentally determined electron density
the observed recombination kinetics for the backreacti
We propose a model for the recombination process show
this behavior results from the capture of electrons in de
traps, and relate our observations to the performance of
solar cell at open circuit. We argue that the simultaneo
©2001 The American Physical Society21-1
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observation of electron density and recombination kine
can be used as a probe of local electron dynamics in o
systems.

EXPERIMENT

Nanocrystalline TiO2 films ~average particle diameter 1
nm, .90% anatase! were deposited on F-doped SnO2-
coated glass substrate and sensitized with
dye ruthenium~II ! cis-(2,28-bipyridyl-4,48-dicarboxy-
late!2~NCS!2 @RuI2~NCS!2# as previously described.6 Charge
recombination kinetics and electron densities were meas
in a three-electrode photoelectrochemical cell as a func
of bias applied between a Ag/AgCl reference electrode in
electrolyte and the conducting glass substrate. The app
potential raises the Fermi level in the TiO2, increasing the
electron density. A redox-inactive electrolyte was chosen
order to suppress electron transfer from TiO2 into electrolyte.
Charge recombination was measured by nanosecond-se
transient absorption spectroscopy, monitoring the decay
the photoinduced dye cation following excitation by a las
pulse, as described in Refs. 12 and 13. The increase in e
tron density in the film induced by the applied potential w
monitored by measuring the increase in film optical dens
at 800 nm.16,17,13 Absolute electron densities were derive
from this change in optical absorbance using published
ues for the extinction cross section per electron in this s
tem at 800 nm.18–20 Measurements were repeated for tw
different electrolytes,~a! ethanol containing 0.1M tetrabuty-
lammonium triflate and~b! anhydrous acetonitrile containin
0.1M lithium perchlorate and 0.1M tetrabutylammonium
perchlorate. For each electrolyte, the measurements wer
peated with different TiO2 samples.

Charge recombination data are presented in Figs. 1~a! and
1~b!. Kinetic curves are approximately stretched exponen
„D ~optical density! }exp@2t/t a#… with dispersion paramete
for ~a! a50.360.1 and for~b! a50.4560.1. Under applied
bias, kinetics accelerate with the half-life for re-reduction
the dye cation,t50%, decreasing by about one order of ma
nitude per 100 mV.12,13 A bias of 2500 to2600 mV corre-
sponds approximately to the operating bias of the solar c

As discussed previously,12,13 the acceleration in the
charge recombination process appears to be driven by
increase in the density of electrons in the TiO2. In principle
one should be able to extract the electron density from
applied bias, equating bias shift to a shift in electron qua
Fermi-level at the film-electrolyte interface. However, th
requires knowledge of the density of electron acceptor st
in the film, and in particular of intra-band-gap states. Mo
over, factors such as resistive losses in the film, electro
and contacts, charging of the nanoparticles, and Fermi-l
pinning at the interface mean that the relationship betw
applied bias and Fermi level shift is uncertain.

Instead, we use an experimental technique to mon
electron density. We take advantage of the well-known c
oration of the TiO2 films under applied bias, believed to b
due to the filling of Ti 3d states, resulting in red-infrare
absorbance by electrons in such states. We derive the in
electron density per nanoparticle,n, from the measured
20532
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change in optical density at 800 nm due to the applied b
DOD800, as follows

n5
2.303DOD800V

sextd
1ng , ~1!

wheresext is the electron extinction coefficient at 800 nm,V
is the volume occupied by a nanoparticle including void
and d the film thickness. The average number of electro
per nanoparticle at positive bias in the dark is much less t
1 and is ignored.21 ng is the photogenerated electron densi

FIG. 1. Charge recombination kinetics for~a! ethanol tetrabutyl
ammonium triflate and~b! acetonitrile containing 0.1M lithium per-
chlorate electrolytes as a function of electrical potential applied
the TiO2 electrode. The dots are experimental data, taken at bi
indicated. The solid gray lines are the results of numerical simu
tions based on the CTRW model, usinga50.25 for ~a! and a
50.5 for ~b!. See text for details.
1-2
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TRAP-LIMITED RECOMBINATION IN DYE- . . . PHYSICAL REVIEW B 63 205321
which is equal to the number of dye molecules per nanop
ticle excited by the laser pulse, assuming 100% efficient
jection. sext is taken as 4310222m2 ~a decadic extinction
coefficient of around 1000 dm3 mol21 cm21! from the
literature.18,19 The determination ofn was calibrated with a
second independent measurement, discussed in Ref.
where the charge accumulated in the electrode as a func
of applied bias was monitored by integrating the transi
current drawn in response to a potential step. Compariso
the bias-dependent accumulated charge with the chang
optical density implies a value ofsext which agrees with the
published values.V is taken to be 8310224m3 ~131014

nanoparticles in a film of volume 8310210m3! and the film
thickness as 8mm in all cases, as measured. We letng51,
given that light intensities are such that, on average, one
is excited per nanoparticle. The combined effect of the
certainties in the factors used in Eq.~1! is a systematic erro
of up to a factor of 2 in converting optical density ton. The
error in the measured absorbance is less than 5%.

In Figs. 2~a! and 2~b! the t50% values obtained from the
data shown in Fig. 1 are plotted against the initial elect
densities per nanoparticle, at the same biases. Additi
data points are taken from Ref. 13. The data indicate cle
that the relationship betweent50% andn is a power-law form,

t50%}n21/a ~2!

with a50.2560.05 for Fig. 2~a! anda50.4660.05 for Fig.
2~b!. The same value ofa was obtained, within the errors
for different repeats of the same experiment, showing t
the value ofa is not due to the particular TiO2 sample used.
Notice that in the bias range studied the electron density i
the range of 1 to 100 s of electrons per nanoparticle. T
power-law behavior is insensitive to uncertainties in the f
tors used to deriven, with a change insext of a factor of 2
changing the values ofa only slightly @by 60.01 for Fig.
2~a! and60.05 for Fig. 2~b!#. Such behavior has never pre
viously been reported for dye-sensitized systems. The ob
vation by others19,22 of a power-law dependence of recomb
nation kinetics on electron density refers to the da
recombination reaction between electrons andI 3

2 . This reac-
tion is in principle different, although the origin of th
power-law behavior may be related and is discussed be
The values ofa obtained from these plots agree within erro
with the values ofa obtained from stretched exponential fi
to the decay kinetics shown in Fig. 1. This behavior is e
pected for a diffusion-limited recombination process, as d
cussed below.

MODELS

To find a quantitative explanation for the observed beh
ior we consider the kinetics of the bimolecular reactionn
1S→0 between a population ofn mobile walkers~elec-
trons! and S stationary targets~cations!. Second-order reac
tion kinetics predict thatS(t) evolves with timet according
to
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dS

dt
52BSn, ~3!

where B is a constant. In the limit wheren@S(0), S(t)
varies likee2Bnt andt50% varies liken21, in clear disagree-
ment with our observations. The model of Eq.~3! is equiva-
lent to the situation where a random distribution of electro
is free to diffuse normally in the presence of a number of d
cations, with recombination occurring whenever an elect
and a dye cation meet.

To explain the range of time constants which is observ
experimentally we need to introduce some degree of dis
der. We do this through an energetic and spatial distribut
of electron trap states. The nanoparticle is modeled a
sphere or a spherical shell containing a regular cubic lat
of electron acceptor sites. Some fractionf of these sites are
traps with energiesE drawn from a distribution function
g(E); the remainder are conduction-band sites with ene
Ec . Initially n sites are populated with electrons and one s
is occupied by a dye cation. For consistency with Fer

FIG. 2. Double-logarithmic plots of the initial number of ele
trons per nanoparticle after excitation by laser pulse against the
t50% at which the cation density decays to half of its original val
for ~a! ethanol tetrabutyl ammonium triflate and~b! acetonitrile
containing lithium perchlorate. The straight lines are best fits to
data. The uncertainty int50% is indicated by the width of the filled
squares.
1-3
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Dirac statistics each site can be occupied only once. Rec
bination occurs whenever an electron arrives on a site o
pied by the dye cation.

We distinguish two regimes. In the first, the diffusio
limited regime, electrons experience no long-range for
but are free to wander throughout the lattice, moving to
nearest neighbor after an interval, called thewaiting time,
which depends upon the activation energy of the site c
rently occupied. This is a modification of Fickian diffusio
known as a continuous-time random walk~CTRW!.23–27 In
the second, the tunneling limited~hopping! regime, electrons
are normally immobilized in traps but experience long-ran
interactions from dye cations and vacant sites that allow
tunneling events from site to site.

Multiple trapping limited recombination „CTRW …

In the simplest form of the CTRW, steps to all neare
neighbors are equally likely and the waiting time depen
only upon the energy of the initial site. This is essentially
model of electron transport mediated by the conduction b
or multiple trapping. Physically, it is a model of thermal
activated electron transfer in a strongly screened envir
ment. In the case of the nanocrystalline electrode, str
screening of electrons results from the high dielectric c
stant and interpenetrating electrolyte.28,29 Apart from the
density of trap states and nanoparticle geometry, the o
parameter required is the time for the fastest electron
tmin . This need not be identical to the thermal hopping tim
~although that value provides a lower limit! since the abso-
lute time scale cannot be distinguished from the fraction
sites that are traps.

We are encouraged to use the CTRW for the followi
reasons. In the CTRW, the time for each step is taken fro
waiting time distributionx(t). Consider the case of an ex
ponential density of trap states,g(E):

g~E!5
aNt

kT
e2a~Ec2E!/kT, ~4!

whereEc is the conduction-band edge energy,Nt is the den-
sity of traps per unit volume~such thatf5Nta

3 wherea is
the lattice constant!, k is Boltzmann’s constant,T is the tem-
perature, anda is the dispersion parameter such that 0,a
,1. For this distributionx(t) has the power-law form

x~ t !}t212a. ~5!

Now, for a waiting-time distribution with a sufficiently long
tail theaverage number of steps taken by any walker in ti
t, H(t), increases more slowly thant. In the particular case
of the power lawx(t),30

H~ t !}ta. ~6!

This behavior ofH(t) determines the kinetics of the bimo
lecular reactionn1S→0. For mobile walkers and stationar
targets the rate determining step is the time taken fo
walker to reach a target~the first passage time!. In the limit
where the lattice is sparsely occupied and walkers outnum
targets (n@S) the target survival probability varies as31
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S~ t !5S~o!e2BnH~ t !, ~7!

wheren is the density of walkers andB is a constant. The
half-life t50% of the targets, defined byS(t50%)5 1

2 S(o), is
given in the case of a generalH(t) by

t50%5H21S ln 2

Bn D , ~8!

whereH21 is the inverse function ofH. In the special case o
the power lawx(t), which corresponds to an exponenti
density of states,S(t) is a stretched exponential

S~ t !}e2~ t/t!a
~9!

and t50%}n21/a @Eq. ~2!# exactly as observed above. This
in marked contrast with the behaviort50%}n21, which is
expected for homogeneous second-order reaction kine
and for a normal random walk whereH(t)}t. Thus, at least
for the case of an exponential distribution of trap states,
CTRW provides an explanation for both the remarka
power-law dependence oft50% on n and the stretched expo
nential kinetic behavior.

Tunneling-limited recombination „hopping model…

In the hopping model a trapped electron can reduce
dye cation by quantum-mechanical tunneling to the d
site.32 For weak electron-cation interactions, the electr
transfer ratekET is governed by Fermi’s golden rule and
expected to vary as the square of the overlap of electron
dye wave functions. We model the electron transfer ratekET
by

kET5kSe2r iS /aB, ~10!

where kS is a constant representing the strength of
electron-cation interaction,r iS is the electron-cation separa
tion, andaB is the effective Bohr radius. The extent of th
cation wave function is known to be short compared to
TiO2 lattice constant because of the relatively high elect
affinity of the cation, and therefore the dominant contributi
to aB is from the electron wave function.aB is assumed to
depend on the trap energyEi through

aB~Ei !5a0 /AEC2Ei , ~11!

wherea0 is a constant. Now, since an electron may be s
bilized in any vacant trap, an electron at sitei with a Bohr
radius ofaB(Ei) is also capable of hopping to vacant ele
tron acceptor sitesj. For the corresponding transfer rate w
invoke the Miller-Abrahams model33,34

ki j 5k0e2r i j /aB~Ei1Ei j !e2Ei j /kT, ~12!

where k0 is a constant representing the strength of
electron–vacant-site interaction,r i j is the separation of ini-
tial and final site, and
1-4
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Ei j 5H Ej2Ei if Ej.Ei

0 otherwise
~13!

represents the activation energy required to stepup to a
higher energy site. The argument ofaB ensures that the
higher of the two energiesEi andEj is used, that is, tunnel
ing is thermally assisted. The difference in rate constantskS
andk0 allows for differences in the Frank-Condon factors f
the two types of transition. Physically, this model shou
apply where the release time from deep traps is long c
pared to 1/kS . In this case we define, for purposes of co
parison,tmin as the mean time for an electron at the Fer
level in equilibrium to hop to a nearest neighbor of equal
lower energy,

tmin5
ea/aB~EF!

k0
. ~14!

RESULTS

For each model we carry out Monte Carlo simulations
the transport of electrons within a nanoparticle in the pr
ence of a dye cation. The standard case nanoparticle
radius 17 units, representing a 7-nm radius35 and a lattice
constant of 0.4 nm.36 Electrons may be constrained to o
cupy only sites within a few atomic layers of the surface
the nanoparticle~‘‘shell’’ ! or the entire volume~‘‘sphere’’!.
In all cases we use an exponential distribution of trap sta
~3! with a as a parameter. At the start of each simulationn
lattice sites are occupied at random by electrons. In
CTRW, every time an electron moves into a new site
adopts a waiting time given by

~ ln X!tmine
~EC2E!/kT, ~15!

whereE is the energy of the site currently occupied andX is
a random number between 0 and 1. At every step, the e
tron with the shortest waiting time moves to one of its neig
bors at random, and the waiting times of the remaining e
trons are advanced by that interval, as described in Ref.
Electrons implanted at random quickly relax into trap
When an electron walks to the site occupied by the dye
ion, the time is recorded and the simulation stops. The r
tionship between the rate of electron emission from an oc
pied trap, given bytmin

21e2(EC2E)/kT, and the rate of capture o
a conduction-band electron by a vacant trap,tmin

21 , together
with the condition of single occupancy of trap sites ensu
that the electronic energies obey Fermi Dirac statistics.
spection of the energies of a relaxed electron population c
firms that the Fermi Dirac distribution is reproduced.

In the case of the hopping model, the electrons are
tially implanted into trap sites. Theith electron adopts a wait
ing time that is the shortest of the hopping times to each
the other vacant traps in the lattice, given by

~ ln X!k0
21er i j /aBeEi j /kT, ~16a!

and to the dye, given by

~ ln X!kS
21er is /aB. ~16b!
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It is assigned a destination that is the sitej with the shortest
hopping time or the dye, whichever has the shorter time.~To
save computational effort transitions to conduction-ba
states are not considered since these are extremely unlik!
Then, the electron with the shortest waiting time moves to
destination, its waiting time is recalculated for its new loc
tion, and the waiting times of all other electrons are a
vanced. Again, once an electron arrives on the site of the
cation the simulation stops. Cation lifetime distributions a
compiled from 5000 simulations and the procedure repea
for the range of electron densities in Fig. 2 and variations
other parameters. The parameter

g52d~ logn!/d~ log t50%! ~17!

is evaluated from the results.
For the CTRW we use values ofa consistent with the

observed values in Fig. 2 and treattmin as a fitting parameter
In the case of the acetonitrile electrolyte where it is not
ways true thatn@S, the observed value ofa is expected to
be smaller than the theoretical value.37 In this case we use fo
a a value of 0.50, slightly larger than the observed expon
of 0.46. In the case of the ethanol electrolyte wheren@S, we
use a50.25, as observed. Best fits are obtained withtmin
52310215s for the ethanol electrolyte and 2.531029 s for
the acetonitrile electrolyte, when the fraction of trapsf is 1.
SimulatedS(t) are compared with experimental curves
Fig. 1, showing that both the shape of the kinetic curves
the n dependence is reproduced.

In Fig. 3, simulated and measuredn vs t50% are presented
for the ethanol system, confirming the power-law behav
predicted by the model. Then vs. t50% behavior expected for

FIG. 3. Comparison of experimental results forn vs. t50% for
the ethanol electrolyte~filled squares!, with results of the CTRW
model witha50.25 ~curveA! and the hopping model in the limi
wherekS@k0 ~curveB!. Notice that over narrow ranges oft50% the
hopping model appears to resemble the data and can only be
out by the subnanosecond data, which is capable of distinguis
between the models. CurveC shows the variation expected for no
mal diffusion whenn}t50%

21 . The recombination times predicted i
that case are clearly incompatible with the data.
1-5
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NELSON, HAQUE, KLUG, AND DURRANT PHYSICAL REVIEW B63 205321
simple diffusion, as expected from Eq.~3!, is presented for
comparison. Clearly, the CTRW model is consistent with o
observations while simple diffusion is not.

Notice that in the CTRW, kinetics are dominated by t
energetic distribution of trap states rather than the geome
Variations inf and in the geometry of the nanoparticle~shell
or sphere! do not affect then vs t50% behavior but merely
increase or decrease thetmin needed for best fit.

In the case of the hopping model we usea, f, kS /k0 , and
a0 as parameters and seek some combination that gives
to the strong sensitivity oft50% to n that is observed. We
consider the effect of varying each of these parame
within the range of values that is physically reasonable
our system.kS /k0 is varied between 1 and 1000.a0 is varied
between 0.2 and 5 lattice units eV1/2, spanning the range
between the value quoted for the Bohr radius of
conduction-band electron in rutile38 and an upper limit esti-
mate for the Bohr radius in anatase.38 f is varied between 1
and 0.01 for both sphere and shell geometries, varying
number of trap states per nanoparticle from thousands
few tens.a is varied between 0 and 1. Illustrative results f
g are summarized in Table I.

It is clear that in this case kinetics are dominated by
spatial rather than theenergeticdistribution of trap states
For the default case parameters, the sensitivity oft50% to n
that is observed for either system cannot be reproduced
the hopping model. Instead, values ofg rather close to 1 are
obtained irrespective of the breadth of the trap distribut
~a!. Strong sensitivity oft50% to n can only be obtained by
making kS@k0 and reducing the number of traps. In th
limit, electron hopping directly to the cation is much mo
likely than hopping to another vacant site. This widens
spread of hop distances and hence range of time const
For some parameter combinations in this limit, values og
similar to those observed can be obtained forn in the range
1–100. However, because the recombination occurs aft
very small number of hops, the model fits the data only
very small values are used fork0 , leading to long times
~.ms! for the nearest-neighbor hopping timetmin . Such time
scales for hopping are physically implausible, and are

TABLE I. Value of g52d(log n)/d(log t50%) for n in the range
1,n,150 from simulations using the hopping model. Strong
dispersive behavior results only for cases where the electron-ca
interaction is very strong or the fraction of trap sites is small, i
where tunneling to the dye cation is greatly preferred to tunne
between trap sites.~Results fora0.1 do not differ substantially for
a051 and are omitted.!

a Sphere or shell a0 f kS /k0 g

0.25 Sphere 0.5 0.1 1 1.00
0.25 Shell 1 0.1 1 1.00
0.25 Shell 0.2 0.1 1 0.86
0.5 Shell 0.5 0.1 1 0.96
0.75 Shell 0.5 0.1 1 0.96
0.25 Shell 0.5 0.01 1 0.63
0.25 Shell 0.5 0.1 1000 0.45
0.25 Shell 0.5 0.01 1000 0.37
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consistent with multiphasic behavior on nanosecond ti
scales observed in for the ethanol electrolyte.

To illustrate the point, we consider the limit wherek0
→0 and traps are isoenergetic. In this limit, the problem c
be simplified to one of competition between immobilize
electrons for the cation. The cation density evolves appro
mately as

dS

dt
5S0(

i
exp@2k~er is /aB!t#, ~18!

wherer is is the separation between thei th electron and the
dye cation. Simulatedt50% vs n values are presented in Fig.
and recombination kinetics in Fig. 4. It is clear that althou
log t50% vs logn is approximately linear over a limited rang
of n, at very fast~subnanosecond! times the simulation di-
verges from the data, while the CTRW model does n
Moreover, the recombination kinetics do not resem
stretched exponentials and do not fit the data well, as sh
in Fig. 4. Thus we conclude, on the basis of our subnanos
ond observations, that the hopping model on its own does
explain the data.

We would like to comment on the rather surprising d
ferent behavior of the two models in the other limit, whe
the number of trap states is large. For shortaB , the hopping
model approaches a nearest-neighbor hopping variant o
CTRW, where the time for an electron hop to a near
neighbor is determined by the increase in energy betw
initial and final states. It has previously been shown that
asymptotic form of the waiting time distribution for this var
ant approaches that of the simple multiple-trapping CTRW39

leading to similar asymptotic kinetics in simulated photoc
rent transients.40 The different behavior forrecombination

FIG. 4. Simulations using the hopping model in the limit whe
kS@k0 in comparison with the data set for the ethanol electroly
The comparison shows that although the observedt50% values can
be fitted approximately by the hopping model, the shape of
curves is not reproduced.
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kinetics, when electron and ‘‘hole’’ populations are asy
metric, is due to the fact that recombination samples only
fastestelectron hops. The dye cation will be reduced by t
first electron to arrive at the dye site, and electrons that
trapped for a long time are irrelevant. In this short tim
range, the waiting times sampled are those for the eas
hops and the asymptotic waiting time distribution is n
reached. In the case of the multiple trapping CTRW sl
eventsmustbe sampled because the electron that reduces
cation must, at some point in its trajectory, escape from d
traps.

DISCUSSION

From the above results it is clear that multiple trapping
electrons on a energetic distribution of trap states is cap
of explaining the observed recombination kinetics while
model based on electron tunneling alone is not.

Multiple trapping has been invoked to explain other d
namic phenomena in nanocrystalline TiO2 electrodes such a
frequency dispersion in intensity-modulated photocurre
photovoltage spectroscopy11,19,41and dispersive photocurren
transients.8 The advantages of the present approach are
our technique probes electron dynamics on the intrapart
late scale and is not influenced by electron transport ac
grain boundaries between nanoparticles, and that chang
quasi-Fermi-level in the course of the experiment are re
tively small.

We should comment on the nature of the trapped e
trons and the form of the density of trap states. In both a
tase and rutile TiO2 intra-band-gap Ti~III ! states result from
the localization of an electron in the Ti 3d orbital in the
presence of an electron donating defect.42 These defect-
induced states are observed to lie 2–3 eV above the vale
band maximum and act as electron traps. Although oxy
vacancies are the best studied defects, surface binding
intercalation of cations43,44and proton insertion45 also lead to
the formation of Ti~III ! states. In our systems, adsorbed s
cies and nonstoichiometry at the large and disordered sur
of the nanocrystalline TiO2 electrode are expected to lead
a range of defect states, extending over a range of ene
into the band gap. The quantitative differences in the ex
nenta for the different electrolytes indicate that theelectro-
lyte influences the density of trap states. We attribute this
differences in the nature and density of localized states
sulting from the intercalation or surface binding of Li1 ions
~in the case of the acetonitrile electrolyte! and proton inser-
tion ~in the case of the weakly acidic ethanol electrolyte!.

There is some debate about whether the species res
sible for the visible absorption in biased TiO2 electrodes are
conduction-band or trapped electrons.16,46 This distinction is
rather blurred as the conduction in TiO2 is generally believed
to be by small polaron hopping with the electron movi
between Ti 3d states that are relatively localized on Ti ion
while ‘‘trap’’ states are similar in nature but more strong
localized. We believe that the electrons we observe
trapped in defect states, because the range of time cons
points to a spread in activation energies that would not re
for small polaron hopping in a perfect crystal. In any cas
20532
-
e

e
re

st
t

he
p

f
le

-

t/

at
u-
ss
in
-

c-
a-

e-
n
nd

-
ce

ies
-

o
e-

on-

re
nts
lt

it

is clear that the electrons in TiO2 are functionally trapped.
The choice of anexponentialdensity of states is arbitrary

However, ~i! we have bias-dependent capacitance stud
that indicate an exponential increase in stored charge w
bias,20 ~ii ! it has been shown previously47 that similar disper-
sive transport behavior results from a small number of d
crete trap energies as from exponentials, and~iii ! the factor
that influences CTRW kinetics is the shape of the density
states over the range of electron Fermi levels sampled du
the simulation, i.e., those states close to the Fermi level
are which are most likely to be occupied or emptied. Wh
the electron density is a small fraction of the density of ava
able trap states this means the tail of the distribution. Thi
likely to be approximated by an exponential even when
density of states closer to the conduction-band edge has
ferent structure.

Despite the success of the CTRW in modeling the o
served recombination kinetics it is not possible to rule o
some dependence of observed recombination kinetics on
dye-cation recombination step. This step is also likely to
termine the absolute time scale of the recombination proc
throughkS . Such a dependence is beyond the scope of
paper.

Multiphasic kinetics are commonly found in disordere
systems, and many examples of stretched exponential de
have been reported.48 These have been attributed variously
hopping or thermal activation of carriers between a distrib
tion of trap states and to the geometry of the underly
structure. A stretched exponential decay by no means sp
fies the carrier dynamics uniquely. Here by studying the c
relation of recombination kinetics with electron density w
have provided evidence for thermal activation out of tr
states as the cause of stretched exponential kinetics in
case. The principle and the techniques should be applic
to other porous and heterogeneous electronic materials.

Relevance for the solar cell

In the solar cell the most important recombination rea
tion is reduction of the oxidized species orholes in the
electrolyte—usually I3

2—by electrons in TiO2. Now if we
suppose that the hole moves slowly compared to the elec
so that it is more or less fixed at a surface site and that
first encounter between electron and hole is the rate-limit
step, the rate of disappearance of electronsper hopcan be
written

dn

dH
52Arpn, ~19!

wherep is the concentration of holes andAr is a constant.
Under constant illumination electrons are generated at a
G per unit time and volume, so that one new electron
introduced into a nanoparticle everytg seconds wheretg
51/VG. Now since the number of hops in timetg varies as
(tg)a,30 the rate of electrons generated per hop is prop
1-7
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tional totg
2a and hence toGa. Consider the situation at ope

circuit. If diffusive currents are small~i.e., internal fields are
negligible and generation uniform! then recombination bal
ances generation at every point and, balancing the rates
hop,

dn

dH
5AgGa2Arpn50, ~20!

whence

n}Ga, ~21!

Electron density thus decreases sublinearly with light int
sity. Such behavior has been observed in the frequency
main by Schlichthorl, Park, and Frank, who reportn}G0.45

~Ref. 22! and Francoet al., who reportn}G0.6 ~Ref. 19!.
Indeed such behavior is believed to be responsible for
good performance of the solar cell at low light intensitie
Elsewhere49 this behavior has been explained in terms o
recombination reaction between the electron and tri-iod
which is second order inn. Ours is an alternative explanatio
which is compatible with first-order recombination: trappi
alonecould lead to the observed recombination behavior
low intensities.50 To a first approximation we do not expe
trapping to influence the dependence of the open-circuit v
ageVOC on light intensity: it is straightforward to show from
Eq. ~20! and an exponential density of states thatDVOC
}kT ln G, assuming thatVOC is controlled only by the elec
tron Fermi level.

As a further note in support of multiple trapping, we poi
out that the model leads to a density of conduction-ba
electrons,nc , that varies with the total electron density lik
nc}n1/a. This is again consistent with Ref. 22, which repo
nc}n2.7.

CONCLUSION

In conclusion, we have studied the recombination reac
between electrons and dye cations in dye-sensitized T2
electrodes in different redox inactive environments. We fi
that the kinetic decay curves are approximately stretched
ponential and the cation half-lifet50% varies with electron
densityn like as t50%}n21/a, wherea is a constant in the
eg

u

.
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range 0.2–0.5. The wide range of observed time const
and high sensitivity of kinetics to electron density cannot
explained by homogeneous second-order reaction kine
which predict thatt50%}n21, but can be explained by a
continuous-time random-walk model of electron transport
the presence of an energetic distribution of trap states.
have shown that this model, in which electrons diffu
through the lattice undergoing multiple trapping events
intra-band-gap trap states, leads to the observed depend
of t50%}n21/a for an exponential distribution of states, thu
explaining the strong dependence of kinetics upon app
electrical bias. It also reproduces the temporal shape of
kinetic curves with only one free-fitting parameter. In a se
ond model, where electrons are essentially immobilized
traps on the time scale of the experiment but are allowed
undergo tunneling events to other, vacant trap sites or to
dye cation observed kinetics can only be reproduced in
limit where electron-cation transitions dominate, and th
only for slower ~.nanosecond! measurements. Howeve
some influence of the dye-cation recombination step on
served recombination kinetics cannot be ruled out.

We conclude that electron trapping is responsible for
observed recombination kinetics and that the distribution
trap states is likely to be critical. When the same mode
applied to the recombination reaction between electrons
oxidized species in the electrolyte~which is the primary re-
action determining the voltage output of the solar cell! in a
nanocrystalline junction at open circuit, the model predict
sublinear power-law variation of electron density with lig
intensityG, n}Ga. This has been observed by other autho
but has not previously been explained in terms of elect
transport. The optical measurement of recombination kin
ics between conduction electrons and surface adsorbed
cies is sensitive to local electron dynamics can be used m
generally as a probe of electron transport in other por
materials or heterogeneous systems.
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