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Continuous-time random-walk model of electron transport in nanocrystalline TiO, electrodes
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Electronic junctions made from porous, nanocrystalline,Tilns in contact with an electrolyte are impor-
tant for applications such as dye-sensitized solar cells. They exhibit anomalous electron transport properties:
extremely slow, nonexponential current and charge recombination transients, and intensity-dependent response
times. These features are attributed to a high density of intraband-gap trap states. Most available models of the
electron transport are based on the diffusion equation and predict transient and intensity-dependent behavior
which is not observed. In this paper, a preliminary model of dispersive transport based on the continuous-time
random walk is applied to nanocrystalline Gi@lectrodes. Electrons perform a random walk on a lattice of
trap states, each electron moving after a waiting time which is determined by the activation energy of the trap
currently occupied. An exponential density of trap states) ~e*(Ec~®/kT js used giving rise to a power-law
waiting-time distribution,(t)=At™1~¢. Occupancy of traps is limited to simulate trap filling. The model
predicts photocurrents that vary like'~ ¢ at long time, and charge recombination transients that are approxi-
mately stretched exponential in form. Monte Carlo simulations of photocurrent and charge recombination
transients reproduce many of the features that have been observed in practicea 5618y, good quantita-
tive agreement is obtained with measurements of charge recombination kinetics in dye-sensitizel®d-iO
trodes under applied bias. The intensity dependence of photocurrent transients can be reproduced. It is also
shown that normal diffusive transport, which is representedtt)=\e ' fails to explain the observed
kinetic behavior. The model is proposed as a starting point for a more refined microscopic treatment in which
an experimentally determined density of states can be easily incorpor&64b3-182609)00420-9

INTRODUCTION nally applied bias. The wide range of time scales is consis-
tent with the assumption that electron transport within the
Porous, nanocrystalline semiconducting films of wideTiO, is the rate limiting step.
band-gap oxides such as THiONO;, and ZnO are an impor- The slow processes are attributed to the trapping of elec-
tant new class of electronic materials. They exhibit extraorirons by a high density of localized states in the TiSince
dinary optical and electronic properties on account of thehe TiO, grains are normally crystallin€, the localized
small grain size and large surface-area-to-volume ratiostates are believed to be concentrated at the grain boundaries
When contacted with electrolytic or solid-state hole conduc-and on the very large surface. There is evidence for
tors they form electronic junctions of enormous area. Thes@ntraband-gap states in bias-dependent optical absorbance
are useful in applications such as photovoltaics, photocatapectra* and surface photovoltage spectrdt would, there-
lyisis, and electrochromic, electroluminescent, and bioanafore, be extremely useful to correlate the density and nature
lytical devices: Nanocrystalline TiQ is of particular rel-  of those states with the electronic transport properties of the
evance for dye-sensitized photovoltaic cells wherematerial.
photovoltaic action occurs at the junction between a porous A number of models have been applied to current trans-
nanocrystalline Ti@ film and an electrolyté® The elec- port in nanocrystalline TiQusing conventional semiconduc-
tronic properties of this junction are of interest for optimiz- tor transport theory. The argument is used that since the crys-
ing the electrical performance of the photovoltaic device andallites are small(5-25 nm in diameter and the dopant
have been widely studied in that context. density in naturallyn-type TiO, is low (~10%cm3) (Ref.
Various observations indicate that electron transport in6) the electric field, which is established spontaneously
the nanocrystalline Ti9dominates the transient response ofwithin the semiconductor when it comes into contact with
the system. Transient photocurrent measurements revealtlae electrolyte, is extremely weak, and the potential is not
very slow(~millisecond, multiphasic response to both con- expected to vary by more than a few meV across a
tinuous wavé&® and pulsell”®illumination. The characteris- crystallite’® If, moreover, the density and mobility of charge
tic rise or decay time of the response is dependent upon thearriers in the electrolyte is as high in the nanoporous geom-
the intensity of the light sourck’®° Comparison with the etry as it is in the bulk then negligible potential variations are
transient response without electrolyte indicates that it is thexpected across the semiconductor and the electrolyte will
TiO,, and not the electrolyte, which is responsible for themaintain the semiconductor surface at a nearly constant po-
very long tail!®!! A slow and multiphasic time dependence tential, so that negligiblenacroscopicelectric fields will be
has also been observed in the rereduction of oxidized dypermitted across the semiconductor phase. Then electron mi-
molecules in a redox inactive environméfthe same work gration can be neglected and transport can be modeled with
indicates that the rate of dye reduction is controlled by thehe diffusion equation alone. For a system where the carrier
concentration of electrons introduced into the Ty exter-  densityn varies only in thex direction the electron current
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densityJ,, contains only the diffusion component energiesienergetic disorderor carrier locationgconfigura-
tional disordey or both?* Energetic disorder is important for
systems where carriers move predominantly by thermal acti-
vation out of and capture into trap states. Configurational
) ) ] ) disorder is most important when carrier move by tunnelling,
whereq |s_the electronic charge ar[pl is the.ele_ctron diffu- o hopping, between localized states. The formygt) is

sion coefficient. Then applying carrier continuity to the elec-getermined by the dispersion in those quantities: for the case

J,= Dan 1
n=a &, ()

tron population we obtain the diffusion equation of activation out of trap stateg(t) is directly related to the
on 2n density of stateg(E) of the.tra}ps._ It is strai_ghtforward tq
—=D—-—%+G—R, (2)  show that an exponential distribution of activation energies
ot IX g(E)~e EFact’kTo a5 would be expected for an Urbach tail
whereG andR represent the volume generation and recom_in the conduction-band edge, leads to the power-law form for
bination rate. Y(t)
The diffusion equation has been applied to nanocrystal- W) =At" 1" 3)

line TiO, by Sodergrenet all’ and Stangl, Ferber, and

Luther® to model steady-state electric currents, and by othwhere 0<«<1 and
ers, e.g., Ref. 6 to model transient currents. The valu® isf
derived by fitting data. However, diffusion predicts a mo- a:l
noexponential time dependence in the limit of long times, To'
and photocurrent rise and decay times which are independent
of intensity, in contradiction with observation. The carrier ~The exponent: is a measure of the degree of disorder. A
density dependence that is observed in practice can be reprdmall « implies a long tail in the intraband-gap distribution
duced by a modified diffusion equation where the diffusionof states, and hence a highly disordered medium.
constantD is made a function of the carrier densitye.g., It has been shown that a power-law WTD can arise from
Ref. 4. However the physical basis for the choicédgh) is  either trapping/detrapping, hopping, or thermally assisted
not clear. Moreover, estimates of the valuefdiffer by =~ hopping between states which possess an exponential energy
orders of magnitud&® It is doubtful whether these ap- distribution?® Therefore, the WTD alone does not specify
proaches can relate observed behavior to materials propertiggiquely the mechanism of carrier transport.
in a useful predictive way. With a power-lawy(t) the model predicts a power-law
The role of intraband-gap states in transport within nanobehavior for the photocurrent transier(t) such thatl(t)
crystalline materials has been recognized by some authors:t™*"* at short timesi (t)~t~*~* at long times. In their
Schwartzburg and Willig, de Jongkt al, and Dloczik original model SM include an asymmetry in the stepping
et al”22jnclude terms for trapping and detrapping at a con-probability to represent the electric field in a biased photo-
stant rate in the rate equations. This would apply to material§onductor. They need to consider only one carrier type to
with a dominant trap state at a particular energy within thesimulate the time of flight experiments since the initial sheet
band gap. Vanmaekelbergh and van Pietétfsgmesent a Of charge is narrow and only one carrier type is capable of
formulation for the photocurrent that includes thermal acti-moving away from the illuminated surface, when the sample
vation out of adistribution of intraband-gap states, and apply is biased. More recently similar models have been applied to
it to nanocrystalline gallium phosphide films. This methodexplain dispersive transport in semiconducting polyrffers
could be applied to nanocrystalline i@ the distribution of ~ and metal oxide$®
trap-state energies were known. Variants have been developed to model charge recombi-
Here we present an alternative approach based on tHeation inside disordered materidtiie “target annihilation”
continuous-time random-wallCTRW) model of dispersive mode)*® and charge trapping. In the target annihilation
transport, which includes the distribution of intraband-gapmodel the survival probabilityS of an immobile species
states implicitly. We apply it to the experimental situationsWhich reacts with the walking electron is expected to vary
of transient photocurrent and charge recombination and ifike a stretched exponential at long timeS(t)~e
the latter case, show that it is capable of explaining experiwhereX is proportional to the number of walkers, provided

4

mental results. that walkers greatly outnumber targets.
The CTRW includes “normal” diffusion as the special
THEORETICAL BACKGROUND case wherej(t)=(1/7)e"¥". Here, the Poisson distribution

_ follows from a unique “activation” energy as would be ex-
The CTRW was introduced by Scher and MortfdBM)  pected for a uniform conduction band. The diffusion constant
and subsequently developed by other auttfoirs order to s then related to the mean step timand the step length
explain anomalous slow charge transport in disordered semihrough D=L2/67. The CTRW with Poisson distribution

conductors such as ASe;. Time of flight measurements in- y(t)=1/re Y7 is also statistically identical to the simple
dicated a power-law dependence of the induced current, g\ of time stepr.

variance with conventional theory. In the CTRW, charge car-

riers execute a random walk independently on a lattice, tak- MODEL
ing each step after an interval which is drawn from a
waiting-time distribution(WTD) #(t). This distribution of In this paper, we apply the CTRW to nanocrystalline 7iO

waiting times can represent the disorder in either activationn order to simulate the two experimental simulatiofe,
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transient photocurrent in response to a cw illumination andconduction-band edge ener@y. is set to 0. Equationgb)
(b) the rereduction of oxidized dye molecules by mobileand(6) are equivalent to drawing a tintefrom the distribu-
electrons(here calledcharge recombinationas studied by tion

Haqueet al}? We are encouraged to use this model by the )

observations thai) current transients drawn from Ti@lec- t=7n[RNA0, )], t=1y,,

trodes are nonexponential at long times, varying algebraghere Rnd(0,1) is a random number between 0 and 1. This

ically with time in at least one caleand (i) charge recom- delivers the power law WTD, Eq3), with prefactor

bination rates are approximately stretched exponential in

form. A=artf,. )
Choosing the CTRW involves making a number of as-

sumptions. First, electric fields are neglected. For nanocrys- At the start of the simulatiom; carriers per unit volume

talline TiO, this is justified above. Second, only one carrierare located at random on lattice sit@s.is the sum of the

type is involved in transport. This is likely to be true for the dark electron densitny and a photogenerated electron den-

case where electrons are generated by excitation of a dysity ng. The dark carriers are located completely at random,

rather than by band-gap excitation, since no mobile holes ar@hile for the photogenerated carriers theoordinate is cho-

created. Clearly the motion of charge carriers in the electrosen from the distribution

lyte through the pores of the semiconductor is an important

feature of the nanocrystalline junction, but it is not included e
in this model. Rather, the electrolyte is considered as an ef- (1—e—ﬂa) !

fective medium that screens out Coulombic forces and al- i ) ) - .
lows the electrons to move within the semiconductor in aWherea is the optical absorption coefficient adds the film

truly Brownian manner. Third, motion afntrappedcarriers ~ thickness. Each carrier adopts the waiting time of its host
is neglected. This is supported by estimates that the popul&ite- The carrier with the shortest tirsemoves in a random
tion of trapped carriers greatly outnumbers the untragpeddiréction to a neighboring site and adopts the waiting time of
And by the very much longer times for release from deepthat site while the release times of the other carriers are ad-
traps than for thermal hopping within the conduction bandvanced byt,. o _ .

In fact, the diffusion of carriers between trapping events can N case(@) optical generation is dominant am is ne-
be included within areffectiveWTD, and so the model can 9lected. For cw illumination one new photogenerated carrier
be extended in this way. For nanocrystalline films where tragS introduced every @y seconds, whergy is the optical
states are most likely situated on the surface the specific filrgeneration rate. For illumination by a pulse of light, car-
morphology is likely to be important. This is the subject of afiers are introduced &t=0. We apply the boundary condi-
separate stud$? tions that no carriers pass through the boundarsab, (i.e.,

In our application of the CTRW we make the further as-& blocking contact, which represents the F-éectrolyte in-
sumptions that charge recombination with defects and théerface while all carriers that reach the Ohmic contacixat
electrolyte, can be neglected, and that the energetic distribi=d (TiOz-conducting glass interfageare collected. The
tion of electron trap stateg(E) is exponential below the Same boundary conditions are applied by @@l to the
conduction band. Recombination with holes, iodide, or im-same problem. This is consistent with experimental
purities would be straightforward to include if appropriate evidencé*for a space charge layer at the SnQO; inter-
values for the recombination lifetime were known. A differ- face, which aids electron collection. Periodic boundary con-
entg(E) would be equally easy to include. ditions are applied in thg andz directions. Carriers reaching

Finally, in applying a current transport model to the dy- the collecting boundary are recorded and constitute the pho-
namics of reduction of dye cations we have made an assumgcurrent.

tion that electron transport in the TjQs the rate limiting In case(b), we have
step in this process. It is not at all obvious that this should be —n(Eo) + 8
the case, however the results presented below are plausible M =Nq(Er) + S, (8)

enough to indicate that ¢ould be. A detailed assessment of where
other possible mechanisms controlling this reaction is in

progress. ("

The nanocrystalline film is modeled as a regular, cubic Na(Er) = Jiwg(E) (el ©
lattice where each site possesses a trap erfedpawn from
the distribution whereEg is the electron quasi-Fermi level in the film. For

the exponential distribution of trap staté@s, with To>T this

1 approximates to
O(E)= i €™ E<Eo 5 PP

nd = ndOeAEF /kTO, (10)
If carriers leave the site by thermal activation through

- . I whereny, is the density of electrons in the dark at zero bias,
E..=E.— E, the release or waiting time is given by do y

andAEg is the increase ifEg due to the applied bias. In an
—E/KT 6) ?deal systen_ﬁ Er shoqld be equ_al to the applied bis S,

' is the density of optically excited dye molecules, each of
where Ty, is a minimum thermal activation time, determined which is assumed to contribute one electron to the semicon-
by the thermal frequency of the semiconductor, and thaluctor. In addition,S, static target sites are created, repre-

t= Tthe
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FIG. 1. Test simulations of photocurrent transient in response to log(Time)
a pulse of light for normal diffusion. The curves represent simula- o )
tions of a normal random walk with constant time stepL.2/6D; a FIG. 2. Charge recombination data from Ref. 12 replotted in a

CTRW with waiting times drawn at random from the distribution form that shows that the form of the oxidized dye densy) is
(1/r)e Y7, and a CTRW where the waiting times are drawn from approximately stretched exponential with=0.39+0.4. The sur-
the same distribution but are associated with lattice sites. All agre¥ival probability S(t)/S, is obtained by dividing the change in op-
with the analytic solution of the diffusion equation, with diffusion tical density, as reported in Ref. 12, by its initial value.

coefficientD =L2/67, whereL is the RW step length, also shown. ) ) )
lations of dispersive transpéttused a WTD governed either

senting the oxidized dye molecules with which the mobileby the difference in energies of the original and destination
electrons may recombine. In this case, periodic boundargites (to represent thermally assisted hoppir by the
conditions are applied in all directions. This supposes thatriginal site energy alongo represent thermal activation out
the the optical depth of the film is small and that the col-of trap9. Since the kinetics resulting from these were indis-
lected current over the time taken to reduce all oxidized dyetinguishable we choose to use the latter model as it is slightly
is negligible. In these conditions the film is statistically ho- easier to compute. Also for reasons of computer time we
mogenous and the continuity equatideg. (2)] reduces to a include carrier transfer only to nearest-neighbor sites rather
time-dependent problem. During the simulation, when a carthan to several orders of nearest neighbors. In contrast to
rier moves into a site occupied by a target and both ar¢hose simulations, we do not include a bias in our modeling
annihilated. The simulation finishes when all targets are exef the transient photocurrent since this is not appropriate for
hausted. the experimental data we consider. We do, however, intro-

As a test of the CTRW we apply it to caséy and (b) duce a rule to prevent multiple occupancy of sites, in order to
with a Poisson waiting-time distribution, representing normalsimulate trap filling as explained above. Our modeling of
diffusion. In these cases the diffusion equation can be solvedharge recombination in cagl) is comparable with the nu-
analytically. We obtain identical results to the diffusion merical simulation of target annihilation reported in Ref. 24,
equation for the cases when the waiting time is drawn awhen that is extended to three dimensions.
random from the distribution for each step, and when the
wait time is associated with the lattice site. RESULTS

Figure 1 shows the results of test simulations of a time-
of-flight photocurrent transient. Notice how the three ver-
sions produce identical results, and agree with the analytic For both types of simulation we need the two parameters
solution. Similar agreement is obtained for the different ver--, anda, which determine the WTD. Far,, we have used a
sions in the other cases. value of 510" *°s, which gives good agreement with the

We make one further modification to the SM model: as aexperiment in caséb), and compares fairly well with the
simulation of the trap filling effect we allow lattice sites to be thermal hopping time of 1510~ °s derived from the pub-
occupied by only one electron. This means that as carriefshed diffusion constant and activation energy for electrons
density increases the deeper states are likely to be full, and $g rutile TiO,.%? We estimatex by “stretched exponential”

mobile carriers are more likely to occupy shallow traps andanalysis of the charge recombination data of Hagjua!. By
so are more likely to move, on the whole, more quickly. Thisfitting a function of the form
is what is observed in practice. The trap-filling effect is less

Choice of parameters

relevant for the time-of-flight measurements modeled by SM S(t)=S,e M (11)
since they were concerned with reverse bias conditions
where carrier densities are low. to the data we obtain values @f in the range 0.35 «

It may be useful to compare our model with previous <0.43 for applied biases in the range 0 to 0.5Rig. 2). We
Monte Carlo simulations of the CTRW reported in Refs. 25usea=0.37 in the simulations below.
and 26. In common with those simulations, our simulation is The density of trap state¥, is needed in both cases. In
carried out on a regular cubic lattice with each carrier mov-case(a), N; depends on the lattice constantthrough N;
ing to one of a number of neighboring sites after a waiting=L "3, while in case(b) it is the ratio of traps to targets that
time associated with its position. Original Monte Carlo simu-matters. The density of trap sites on #efaceof nanocrys-
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FIG. 3. Simulated photocurrent transients in reponsewdlu- Time (arb. units)

mination, in comparison with photocurrent data taken from Ref. 4.
The ratio of photocurrent to intensity is plotted in order to empha- FIG. 4. Simulated photocurrent transient in response to an initial
size the effect of state filling on the transients. For the simulationpulse of light, witha=0.37, and photogenerated electron densities
a=0.37 and values of the minimum release timeand generation of 10 (dashed ling and 100(full line) electrons per 64 000 trap
rate g, are taken to produce a curg&), which matches the low- states. Notice how the normalized photocurrent decays more
intensity data. The high-intensity curier) was obtained by in- quickly asn; is increased. The inset shows the power law form of
creasingg, by a factor of 80. the photocurrent (t) varying like like t™1¢ at short time and
t~17 at long time.

talline TiO; is quoted as of the order of 1m 2" which 5o with data is not possible since we do not presently have
means several hundred traps in a nanoparticle of 10 N rgycess to data for which all relevant parameters are known.
dius. For cw illumination, the simulations resemble the ob-
served intensity dependence. Figure 3 shows the simulated
Case(a) Simulation of photocurrent transients normalized photocurrent(t)/g, in comparison with mea-
sured intensity dependent data from Ref. 4, replotted as a

: . > fraction of intensity. Plotting this quantity emphasises the
the CTRW through a film containing realistic numbers of oga ot of trap filling sincel (t)/g, should have a universal

traps. For instance, with 500 traps per nanoparticle we woulgorm if trap occupancy has no effect on the motion. For this
need a lattice several thousand units wide to represent &mparisonr,, and g, were chosen to fit the low-intensity
8-um thick film. To improve speed of simulation we renor- yansient from Ref. 4, and the simulation repeated wggh
malize the lattice into a “superlattice” where each trappingincreased by a factor of 80 to simulate the higher intensity
event at a superlattice site represents the net delay due {fnsient. The value ofy, was 5x 10 3s longer than the
trapping in agroup of sites. It can be shown by examining thermal hopping frequency discussed above. This disagree-
the WTD’s in the Laplace domain that a power-law WTD ment may be in part due to the neglect of recombination with
gives rise to a WTD for the group of sites of sitleXN  the electrolyte in the present model, or to the distortion of the
X N, which also varies like "1~ at long times, but is re- short-time behavior of the WTD after renormalization. A
duced in magnitude by a factdd. For the simulations re- more quantitative comparison is not possible without know-
ported here we use a superlattice 40 units wide. This isng the optical depth of the films and the quantum efficiency
roughly equivalent toN=50 to 70, for a trap density of for current collection. Nevertheless, the encouraging agree-
100-500 per particle. Below we present exemplary resultsnent shows that the CTRW model has the capability of mod-
that demonstrate qualitative features. Quantitative comparieling photocurrent transients.

With the present model it is prohibitively slow to simulate

TABLE I. Values of the initial dark electron densityy as a fraction of initial oxidized dye densig for
different values of the electron quasi Fermi lexdt , used in simulations of charge recombination. In the
left-hand set of columns series resistance is neglected and it is assumed that the shift in Fermi level is equal
to g times the applied bias. The values on the right are calculated using a series resistance 6f 5000
estimated from measurements of the dark cur(Batf. 33.

Applied bias Neglecting series resistance Including series resistance
(mv) AEg (meV) Noa/So AEr (meV) Nod/So
0 0 0.1 0 0.1
100 100 0.4 90 0.4
200 200 1.8 190 1.8
300 300 7.4 280 55
400 400 31.0 370 20.1

500 500 130.1 430 47.7
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the target density. The model underestimates the survival
probability S(t) at high forward biases if it is assumed that
all of the change in electrostatic bias translates into a chage
in electron Fermi level, i.e AEgr=qV. However if part of

the bias is dropped through series resistance in the conduct-
ing glass and electrolyte or elsewhere in the system then
AEE<qgV and agreement improves. In fact there is prelimi-
nary experimental evidence which indicates that at these bi-
ases there is a small dark current and a series resistance of
around 500Q2.%%3 When this is taken into account the effec-
tive bias is reduced as shown in Table | and good quantita-
tive agreement is obtained for biases up to 300 mV. At low
biases where;— S, the model predicts a decreasing sensi-
tivity to bias and theS(t) converge on a universal curve.

| ‘ This is observed experimentalf.

10 102 10°  10° 10° 10° 107 10° To compare model and data at high forward bias we may
consider the bias dependence of the half tigg,, defined
such thatS(tsge) = 3S,. By a straightforward theoretical ar-

FIG. 5. Simulated dye survival probability(t)/S, at various gurpgﬁr\]/t/kLTJSIng .EqS(IZLO) and (1D the model predictdsoy,
applied biases in comparison with charge recombination data from © at fjlgggl(lilgfgzséyl_p Comra.St with the.?Xpe“memal
Ref. 12, replotted as the change in optical depth relative to its initiareSUIt’t50°Av°ce ! R The different limiting forms
value (full diamonds. Simulations were made wita=0.37, mini-  Suggest thahEg<V at highV. There are a number of pos-
mum release time,=5x 10" 15s and initial dark electron densi- Sible explanations. One is that the Coulombic exchange en-
ties as given in Table I. The full gray lines were obtained when theefdy experienced by electrons inside the nanoparticles is sig-
electron Fermi level was adjusted for series resistance. The dashé&dficant. Another is that a second recombination avenue
gray lines show the simulation results for biades 300 and 400 competes for the electrons with the oxidized dyes, constitut-
mV when series resistance is neglected. ing a dark current.

Alternatively, the different limiting behavior could be due

Simulated time-of-ﬂight experiments reproduce theto oversimplifications in the model. For example, the model
power-|aw transient behavior d)(t) reported by SM. When assumes a homogenous distribution of trap states while in
trap filling is included in the model the characteristic decayreality traps are likely to be concentrated on two-dimensional
time is dependent on the intensity of the original pulse, while(2D) surfaces embedded within the 3D medium. Another
the power-law form at long is the same. These effects are pOSSIbI'Ity is that rereduction of the oxidized dye is not dif-
illustrated in Fig. 4 showing simulation results fit)/n; at ~ fusion limited, i.e., the probability does not depend directly
two differentn; , representing two different pulse intensities. On the product of electron and oxidized dye densities but
more weakly on the electron density. In RW terms that
means the electron visits the oxidized dye several times be-
fore reducing it. All of these issues are being addressed in a

In this case, the spatial resolution has no effect Alhd more detailed model currently under developmiént.
appears through theelative population of trap states and  Disagreement in thehapeof the transients is likely to be
target sitesN,/S,. Since Haqueet al. excite approximately related to the shape of the density of trap states. The expo-
one dye per nanoparticlé; should outnumbe®, by several nential form was assumed here in the absence of any better
hundred. In the simulations below we use/S,=640. Pro-  information. Once a more realist@g(E) is available, it will
vided that it is large, changing this ratio primarily affects thebe easy to incorporate.
time scale and sl is not independent ofy,.

The initial electron population in the dark is estimated
from the natural doping density of nanocrystalline J.i@s-
ing Ng=1072m™3 (Ref. 16 we expect an average electron  Conventional semiconductor transport theory based on the
density in the darkgy, of around 0.1 per 10 nm radius nano- diffusion equation fails to explain the observed asymptotic
particle in an unbiased film. With an increase in applied biasehavior and intensity dependence of current transport in
of 8V this density is increased by the fac&#9°V/XT, from  nanocrystalline Ti@electrodes. A model of dispersive trans-
Eq. (10 using the exponential distribution of trap statés  port using a continuous-time random walk, where the wait-
and assuming that a shift in bias translates entirely into éng times for electron motion are directly related to the en-
shift in electron Fermi level. The relative densities of elec-ergetic distribution of trap states, explains several features.
trons and targets as a function of shift in Fermi level areNotably, the asymptotic time behavior is roughly consistent
given in Table I. To avoid dealing with fractiona| we set  with an exponential energy distribution of trap state energies;
Sy to a multiple of 10 so that the lattice represents severalhe intensity dependence of photocurrent transients can be
nanoparticles, which share the dark electrons. explained by trap filling; and shape and bias dependence of

Results of simulations are presented in Fig. 5. The modetharge recombination kinetics are partly explained. At large
reproduces the shape of the transients fairly well, and preforward biases the model overestimates the charge recombi-
dicts the change in shape as the electron density overtakastion rate and it is not clear whether this is due to uncer-

Relative density of excited dyes S(t)/S0

Time (ns)

Case(b) Simulation of charge recombination

CONCLUSION
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tainties in the experimental conditions or oversimplificationswide range of time scales for charge recombination. All of
in the model. these are the subject of future studies.

The model offers the possibility of relating the form of
transient features to the density of trap states. Further issues
remain to be resolved before we can fully develop a micro-
scopic model. For instance, we need to establish whether This work was supported by the Engineering and Physical
transport is dominated by hopping or thermal activation andsciences Research Council and the Greenpeace Environmen-
understand how properties are changed by the presence otal Trust. | am grateful to Saif Haque for the communication
contacting layer at the surface. These can be resolved by @ dark current measurements prior to publication and for
series of systematic time, intensity, and temperaturepermission to use data from Ref. 12 in the form presented
dependent measurements of nanocrystalline, Tilhs. We  here. | would also like to thank James Durrant and Jeff
also need to examine other possible mechanisms causingMiller for many helpful consultations.
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