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Germà Garcia-Belmonte a, Juan Bisquert a,∗∗
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bstract

The study of electron transport by transient surface photovoltage (SPV) measurements, in compact and nanoporous TiO2 layers sensitized
ith dye at the outer surface, is summarized, extending previous results with continuous time random walk (CTRW) simulations in order to

ccount for energy dispersion in the observed electron diffusion. In the case of nanoporous layers anomalous diffusion is observed immediately
fter electron injection for a wide temperature range, and the diffusion is consistent with an exponential distribution of traps that is affected by

emperature variations. In the case of short-range diffusion in ultrathin compact TiO2 layers, followed by electron recombination with the oxidized
ye molecules, numerical simulation of electron transport with exponential distribution of traps with the CTRW approach provides an accurate
escription of the main features and time scales of the observed decays.

2006 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 nanoparticle structures have received intense scrutiny
ue to the fact that this material has become very important
or recent technological developments in broad fields: photo-
oltaics, photocatalysis, energy storage (batteries, supercapac-
tors), sensing, medicine and biophysics, catalysis, etc. The
lectron-transport dynamics in nanoporous electrodes plays a
rucial role from both a fundamental science and device appli-
ation perspectives. A large amount of research work has been
eveloped in the study of diffusion, recombination and charge
eparation phenomena that determines the electronic processes
n this material and its devices.
The surface photovoltage (SPV) technique is a contactless
ethod [1] what makes it extremely attractive for the charac-

erization of a wide spectrum of materials. One of the multiple
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ariants of this technique studies the SPV time evolution after the
ample was illuminated with a laser pulse, the so-called transient
PV. Time evolution of SPV allows investigating the carrier dif-
usion and recombination processes in the sample [1–6] as well
s spatial charge separation process [7] in very short distances of
he order of nm, and has the possibility to distinguish diffusion
nd recombination regimes even at very short timescales which
re beyond the capabilities of the low frequency photoelectro-
hemical techniques. Regarding to a parallel plate capacitor
onfiguration, a separation by only 1 nm of positive and negative
harges with a density of 1012 cm−2 will already lead to a poten-
ial difference of the order of 5 mV which can be nicely measured
y transient methods. This makes the SPV method interesting
or charge separation even on molecular systems which do not
ave a space charge region.

The SPV transient of excess electron density injected in a
ayer, �n(x,t), is calculated from the double integration of the
oisson equation of the time dependent distribution:
PV = U(t) = e

εε0

∫ LS

0
dx

∫ x

0
�n(y, t) dy (1)
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length, λS, would be the Debye-screening length, λD:

λS ≈ λD =
√

εε0kT

ne2 (8)
I. Mora-Seró et al. / Journal of Photochemistry

here e is the elementary charge, ε0 = 8.85 × 10−14 F cm−1 and
is the dielectric constant. The SPV can provide direct informa-

ion of charge separation due to the fact that it can be split up in
wo contributions: total amount of charge and distance between
he centres of charge of the positive and negative carriers. It can
e shown that [7]:

PV(t) = e

εε0
N(t)〈xn〉(t) (2)

here N(t) is the total amount of electrons (holes) per unit area
t time t:

(t) =
∫ LS

0
�n(x, t) dx (3)

nd 〈xn〉(t) is the mean position of electrons, i.e. their centre of
harge:

xn〉(t) = 1

N(t)

∫ LS

0
x �n(x, t) dx (4)

In the more general case in which there are spatial distribu-
ions of both positive and negative charge carriers in the bulk,
he separation formula adopts the form [7]:

PV(t) = e

εε0
N(t)(〈xn〉(t) − 〈xp〉(t)) (5)

xp〉(t) is defined in the same way that in Eq. (4), but considering
he excess distribution of holes, �p(x,t), instead of �n(x,t). N(t)
s the same for both distributions because recombination reduces
dentically positive and negative charge.

The direct interpretation of the time evolution of SPV in terms
f the electronic processes is not straightforward and appropri-
te models are required to describe the experimental results.
n the following sections we analyze the characteristics [5–7]
f electron transport in nanoporous and compact TiO2 layers,
ensitized with N3 dye molecules in their outer surface, by tran-
ient surface photovoltage (SPV) measurements, with a view to
xtending the previous results [5–7] with more advanced models
egarding the effect of traps on electron diffusion. First in Sec-
ion 2, we discuss macroscopic diffusion in an assembly of TiO2
anoparticles and the observation of anomalous transport. It is
lso of great interest to investigate the electronic processes in the
ndividual constituents of a network of interconnected nanopar-
icles, and to this end we have measured previously [5] SPV in
ltrathin (few nanometer thick) TiO2 layers as a model system to
nvestigate the coupling of intra-particle transport with interfa-
ial charge transfer. In Section 3, we present briefly the results of
he observation of tunneling recombination of dye-photoinjected
lectrons at low temperature, and also an elementary model for
lectron diffusion and surface recombination along the layer
5]. While this model captures the main features of the exper-
mental results, it has some important limitations. This is why
e have developed a simulation method that takes into account
oth electron transport with trapping in the conditions of SPV

easurement, and interfacial charge transfer. Numerical simu-

ations based on CTRW approach, a method used previously for
nalyzing electron dynamics in dye-sensitized solar cells [8,9],
re applied to SPV for the first time, and the results show a very

F
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t
a
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ealistic description of the measurements. The main conclusions
nd new research possibilities will be presented in the final sec-
ion. We consider that these results can be taken as an example of
he possibilities of SPV transients in the study of a broad range
f mechanisms of charge injection, spatial charge separation,
iffusion and recombination processes.

. Long range diffusion in nanoporous TiO2

A representative set of SPV transients at different temper-
tures for nanoporous TiO2 sensitized with dye in the outer
urface is shown in Fig. 1 [6]. The pulsed laser produces elec-
ronic excitation in the dye. Electrons are injected from the
hotoexcited dye into the TiO2 layer leaving an uncompen-
ated positive charge in the dye. This charge separation process
ay proceed within tens of fs during ultra-fast injection from

ye molecules into TiO2 and produces an initial distribution
f electrons close to the surface and the starting SPV signal.
ubsequently, electron diffusion increases the extent of charge
eparation and consequently the SPV signal.

For simplicity we consider the TiO2 layer as an effective
omogeneous medium with the outer surface positioned at x = 0
nd the interface layer/substrate positioned at x = LS. In a first
pproximation we assume that the motion of electrons photoin-
ected in the TiO2 layer follows the ordinary diffusion equation:

∂�n(x, t)

∂t
= D

∂2�n(x, t)

∂x2 (6)

In the case of semi-infinite half-space and blocking boundary
onditions at x = 0 the analytical solution of Eq. (6) is a semi-
aussian:

n(x, t) = ni√
πDt

exp

(
− x2

4Dt

)
(7)

The presence of additional shielding charges in the bulk of the
orous TiO2 film [10] may screen the electrical filed formed by
he diffusing electrons. In a homogenous medium the screening
ig. 1. Double logarithmic plots of SPV transients for different temperatures
intensities of the laser pulse 0.05 mJ cm−2). The laser pulse has been shifted
o 16 ns. The arrow indicates the duration of the laser pulse, the straight lines
pproximate the power laws to this time.
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Fig. 2. SPV transients (log–log scale) obtained by Eq. (9), continuous lines takes
into account a boundary for integration given by different λ values indicated
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ear each curve in nm, considering D = 10−6 cm2 s−1 and ni = 1014 cm−2. For a
creening length of 100 nm the effect of changing D (dash-dot line) or ni (dashed
ine), i.e. changing the incident light intensity, is also shown.

here k is the Boltzmann constant and T the temperature. Under
he assumption of a screening length we consider that only the
lectron charge between x = 0 and x = λS contributes to the SPV
ignal due to the screening of the charge diffusing away from
= λS. In this case the SPV can be calculated [6] as

PV(t) = 2eni√
πεε0

√
Dt

(
1 − exp

(
− λ2

S

4Dt

))
(9)

Fig. 2 shows some examples of calculated SPV transients
ni = 2 × 1014 cm−2, ε = 10), using different values of λS, D and
i. The amplitude of SPV depends linearly of λS. In all the
ases the transients present a peak. The peak time of the SPV
ransient is proportional to the transit time, tt (see the inset of
ig. 2, tpeak ∼= 2.5tt). tt is defined as the time in which the width
f the semi-Gaussian σ = √

2Dt attains a value σ = λS:

t = λ2
S

2D
(10)

Considering the relation (8), the dielectric relaxation time
efinition and the Einstein relation D = kTµ/e a simple relation

t = τM/2 is obtained. The peak time of the SPV transient is pro-
ortional to τM (tpeak ∼= 1.25τM). It is important to bring out
hat the dielectric relaxation time that is a bulk property can be
btained by SPV measurements that is a local technique, under
he assumption (8).

Let us indicate the main predictions of the model. The evo-
ution of SPV transients is better understood if we consider the
otal amount of electrons, N(t), and the mean position of elec-
rons 〈xn〉(t) in this case, given by [7]:

(t) = ni erf

(
λS

2
√

Dt

)
(11)

√
2

xn〉(t) = 4Dt

π

(1 − exp(−λS/4Dt))

erf(λS/2
√

Dt)
(12)

At short times N(t) is constant and 〈xn〉(t) evolves with a
ower law with slope 1/2, as in the case of pure diffusion in a

t
e
[
c
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emi-infinite space, until for certain ts, 〈xn〉(t) reaches a constant
alue 〈xn〉ct = λS/2. The apparition of this constant value of the
harge separation is due to the finite nature of the region that
ontributes to the SPV. The SPV time dependence is only due to
he charge separation and evolves with a power law with slope
/2, see Fig. 2. ts depends of the screening length and of the
iffusion coefficient, and for t > ts the electron density �n(x,t) is
ractically uniform in the region between 0 ≤ x ≤ λS producing
he saturation of the 〈xn〉(t) value to the half of the screening
ength of the sample. For long times the carriers diffuse away of
he unshielded region 0 ≤ x ≤ λS and do not contribute anymore
o the SPV. At these long times with 〈xn〉(t) constant the SPV time
ependence is due to the reduction of charge that contributes to
he SPV. The series expansion of N(t), Eq. (11), predicts a power
aw with slope −1/2, and consequently, following Eq. (2), the
PV present the same time dependence, see Fig. 2. In summary

he rise of the SPV is controlled by spatial separation 〈xn〉(t) and
he decay by number of carriers N(t). This analysis shows that
q. (5) constitutes a useful tool to visualize and to study the time
volution of the spatial charge separation.

The previous model illustrates the effect of a shielding length
n the SPV when the transient is governed by regular diffusion
f electrons. The data in Fig. 1, however, show an additional
rend that is not represented in that model. The SPV pattern fol-
ows a power law at low times with positive slope, αi, which
hanges with temperature, and is smaller than 0.5 for temper-
tures different than the higher ones, indicating the occurrence
f anomalous diffusion of electrons in the spatial range that
s probed by SPV, 0 ≤ x ≤ λS. It should also be noticed that the
ower law dependencies at the short times can be nicely approx-
mated to a common intersection point at about 150 ps, i.e. the
uration time of the laser pulse, see Fig. 1. The SPV at this point
cales linearly with laser intensity [6] as predicted by the model,
ee Fig. 2 (tpeak does not scale linearly with laser intensity as
xpected, probably due to tpeak dependence on additional fac-
ors as dielectric relaxation, local screening and diffusion to a
ertain distance including in-homogeneities). Therefore, an ini-
ial distribution of excess electrons is formed within the duration
f the laser pulse and anomalous diffusion of excess electrons
an be observed immediately after switching off the laser pulse.
t very long times and higher temperatures, the slope is practi-

ally independent of temperature and laser intensity, being about
f = 0.5, see Fig. 1. These observations indicate that the diffu-
ion process is changing its character from anomalous diffusion
t short times to normal diffusion at long decays.

Anomalous diffusion can be described with the fractional dif-
usion equation [11]. The mean square displacement is r2 ∝ tα

12], where α, 0 < α < 1, is the dispersion parameter. A com-
on way to explain the occurrence of anomalous diffusion in

emiconductor materials is the presence of energy disorder in
lectronic states. In fact the CTRW model is related to the mul-
iple trapping mechanism [13,14] in an exponential distribution
f states. It has also been shown that a fractional diffusion equa-

ion is equivalent exactly to the CTRW formalism [15,16]. This
quivalence holds when the total charge in traps is monitored
17], which is the case in SPV technique. We remark that cal-
ulations based on CTRW model have provided insight into the
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ig. 3. Dependence of the power coefficient of anomalous diffusion (for the
ncreasing parts of the SPV transients) on the thermal energy.

olecular mechanism of recombination dynamics in dye solar
ells [18–20].

If the charge is conserved, the SPV is determined by the
entre of charge, as discussed above in Eq. (2), and the voltage
hanges with time as U ∝ r ∝ rα/2. In this case the SPV transients
ill follow a power law with a power coefficient being half of

he dispersion parameter of anomalous diffusion [6] instead of
he coefficient 1/2 obtained for normal diffusion:

PV(t) ∝ tα/2 (14)

In the case of a multiple trapping mechanism in an exponen-
ial distribution one has [21,22]:

= T

T0
(13)

here T0 is the parameter of the exponential distribution.
In Fig. 3, the values of α = 2αi are plotted as a function of kT.

he increase of α with temperature is close to linear but a change
f slope is observed, corresponding to a variation of the temper-
ture parameter of the exponential distribution, T0, from 800 to
00 K as the measurement temperature increases. It should be
bserved that one could expect changes of the distribution of
tates in the bandgap, as found recently in first-principle simu-
ations of density of states (DOS) in TiO2 quantum dots [23].
he change of the DOS is mainly an effect of the variation of the
ielectric constant with temperature, which affects the energy of
onfinement of electrons in the quantum dots.

Therefore, while a single value of the exponential distribution
oes not describe all the results at different temperatures, it is
ound that energy disorder through the CTRW model constitutes
good first approximation to the experimental results.

. Recombination and short-range diffusion in ultrathin
iO2 layers
A representative set of SPV transients for several nm thick
iO2 layers, sensitized with dye, at different temperatures is
hown in Figs. 4 and 5 [5]. The signal remains stationary and

t
t
o
T

nt thickness, 1–2 nm/dip, for low temperature (T = −70 ◦C). (a) Lin–Log scale.
b) Log–Log scale, theoretical results from Eq. (18), considering τ0 = 2 ps, for
ifferent a and b values in nm are also plotted.

ecreases abruptly for high temperatures, Fig. 5, otherwise it
ay decrease from the first instant for low temperatures, Fig. 4.
he SPV transient for low temperatures, Fig. 4, is independent of

he film thickness. However at high temperatures, Fig. 5, as the
ayer thickness increases, the retardation of the SPV becomes

uch larger, providing the plateau region for the thickest sample.
or reason of clarity we will analyze separately the results for

ow and high temperatures.
Since the low temperature results are independent of layer

hickness, one may assume that the initial distribution of injected
lectrons remains stationary in space and decays only by tun-
eling recombination [2,24]. The rate R of recombination of
lectrons at a distance x from the surface is

(x) = �n

τ0
e−2x/a (15)

here τ0 is a phenomenological parameter, the lifetime for van-
shingly small spatial separation, and a is the electrons Bohr
adius. It has been determined in the study of SPV transients in
anoporous TiO2 [6] that the value τ0 = 2 ps is the shortest possi-
le time for back charge transfer of an electron into a charged dye
olecule in TiO2. The exponential distance dependence of the
unneling phenomenon should lead to an exponential distribu-
ion immediately after injection, considering that photoinjection
f electrons from dyes into TiO2 occurs also by tunneling [25].
he spatial distribution of excess electrons, �n(x,t), can be
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btained in the case of low temperatures from the equation:

∂�n

∂t
= −�n

τ0
e−2x/a (16)

hich can be solved exactly and yields the time dependent elec-
ron distribution:

n(x, t) = n0 exp
[
−x

b

]
exp

[
− t

τ0
exp

(
−2x

a

)]
(17)

It was shown that for this distribution the SPV can be quite
ell approximated by the expression [5]:

(t) = en0aLS

2εε0
Γ
( a

2b

)( t

τ0

)−a/2b

(18)

The photovoltage obeys a time dependent power law so that a
traight line will be obtained in a log–log plot with a slope −a/2b.

ig. 4b shows the experimental value of SPV at low temperature
or different layer thicknesses and the SPV transients calculated
rom the model of Eq. (18). It is found, averaging the slopes
btained for the three samples, that the ratio of electron Bohr

i
c
p
A

oltage at t = 1 ns, for various layer thickness indicated in nm, D = 10−5 cm2 s−1,
= 2 ps, and a = 0.25 nm. The injected distribution at t = 0 is an exponential func-

ion with �n(x = 0) = 1 × 1016 cm−3 and b = 1 nm.

adius and the exponential parameter in the initial distribution
s a/b = 0.28 ± 0.04. Most probable values obtained from this
imulation of the experimental process are: a between 0.2 and
.3 nm and b between 0.6 and 1.4 nm.

As the measurement temperature increases the SPV transients
epart from the curve of decay at low temperature that is deter-
ined by recombination only (Fig. 5). This fact indicates that

he electrons diffuse away from the injection region until they
eturn also by diffusion to the high recombination region near
he dye-covered surface, producing the fast decay observed at
onger times. In zero-current measurement conditions, as in the
ase of transient SPV, the back contact behaves as a blocking
nterface limiting the extent of spatial charge separation. One
xpects that the larger the layer, the longer the PV remains high,
nd this is observed in the thickness dependence of the SPV
ransients at T = 80 and 230 ◦C, Fig. 5b and c.

In order to model the high temperature transients, the spa-
ial distribution, �n(x,t), is obtained integrating the transport
quation with tunneling recombination near the surface:

∂�n

∂t
= D

∂2�n

∂x2 − �n

τ0
e−2x/a (19)

q. (19) can be solved numerically allowing to calculate the
PV time evolution using Eq. (1) [5]. Fig. 6 shows simulated
PV transients for varying thickness of the film. The progressive
etardation of the decay of the PV at increasing layer thickness
ue to longer diffusion time is clearly observed in the simula-
ion as well as in the measurement in Fig. 4c and d. For the
hinnest layer considered (2 nm), the charge separation by diffu-
ion is strongly limited by the layer thickness producing a rapid
PV decay. For thicker samples the decay due to recombina-

ion is partially compensated by the spatial charge separation
nduced by diffusion. Charge separation increases progressively
rom low times until it attains a saturation value [7], as in the
anoporous layer, but in this case limited by the layer thickness

nstead of the screening length. The time at which the spatial
harge separation attains its saturation coincides with the time
osition of the shoulder observed in the SPV transient, Fig. 6.
fter this time, the SPV signal exhibits a fast decay governed
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y the back diffusion of electrons into the region of high recom-
ination probability.

. CTRW model simulations

The SPV patterns calculated from Eq. (19), can explain qual-
tatively the general trends observed in Fig. 4 but in the model
imulation of Fig. 6 the SPV signal is observed to decay in
few time decades comparing with the experimental results
hich show the decay much more extended in time. This is
ot surprising since it is most likely that electron diffusion is
trongly affected by the presence of traps, which tend to slow
own considerable the rate of transport. In fact a wide variety
f techniques have found that electron transport in nanoscale
iO2 is well described with a model of energy disorder with an
xponential trap distribution in the bandgap [9,26–28]. In par-
icular, short-range electron dynamics into TiO2 nanoparticles,
receding recombination of the electron with acceptor redox
pecies, was described with CTRW formalism [19,20]. Also the
PV measurements discussed above, for the nanoporous TiO2,

ndicate the presence of strong energy disorder.
For describing the decays of SPV in very thin films, it is

andatory to consider the highly inhomogeneous spatial elec-
ron distribution, which in combination with energy disorder,

ake it difficult to obtain an analytical solution for electron
ransport and surface recombination. Therefore we have applied
he method of CTRW simulations of the time evolution of pho-
oinjected electrons in the thin TiO2 layer, used previously for
nalyzing electron dynamics in dye-sensitized solar cells [8,9],
n order to obtain a more realistic description of the SPV tran-
ients in the ultrathin films.

In the previous sections we applied the one-dimensional dif-
usion equation to describe the SPV transients. In the following
e study in detail the electrons random walk in a distribution of

raps in the film. An electron in a site can hop in any direction,
herefore we used a three-dimensional network of nx × ny × nz

ites or traps with x being the direction perpendicular to the film
urface. This direction is special concerning the recombination
roperties, as stated below in Eq. (22), therefore the simulation
s still a one-dimensional model with symmetry in the y and z
irections that neglects surface roughness and other similar geo-
etric features. The number of sites in the x direction is fixed

o correspond to the experimental film thickness. The lattice
arameters is taken to be aL = 1 Å. The optical depth utilized
as b = 0.5 nm and the electrons Bohr radius a = 0.5 nm. The
umber of sites in the y and z directions is selected so that the
ystem reproduces the experimental surface electron density.

The energies of the traps are taken from an exponential dis-
ribution defined by

(E) = Nt

kT0
exp

(
E

kT0

)
(20)
here E is the energy separation of the trap with respect to the
onduction band (definite positive). Thus, deep traps correspond
o large E-values and shallow traps to small values of E. Large
alues of T0 imply a trap distribution with a large proportion of

r
l

a
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eep traps. Each trap i is given a release time according to

i = −ln(r)t0 exp

(
Ei

kT

)
(21)

here r is a random number uniformly distributed between 0 and
and t0 is the inverse of the so-called attempt-to-jump frequency.

n these calculations t0 is an adjustable parameter. Analogously,
ach trap i is given a recombination time extracted from

R
i = −ln(r)tR

0 exp

(
2x

a

)
(22)

he recombination times are scaled by tR
0 , which acts as an

djustable parameter. This corresponds to the recombination
ime of an electron for vanishingly small spatial separation. Eq.
22) is introduced to reproduce removal of electrons from the
ample by tunneling recombination as described above.

The calculation is carried on by running a number of simu-
ations for different realizations or samples of the distribution
20) for the network of traps. The final result is averaged over
he total number of samples utilized. For each simulation a cer-
ain number of electrons are injected into the sample with a
robability proportional to exp(−x/b), where x is the distance to
he film surface. As indicated in Ref. [8], electrons are moved
ccording to the release times specified by Eq. (21). During the
imulation the electrons adopt the release times and the recom-
ination times of the sites that they visit. For each simulation
he electron with the shortest release time (tmin) is moved to a
eighbouring site chosen at random. This time is then used to
dvance the total simulation time and to reduce accordingly the
elease and recombination times of the rest of the electrons. If
he recombination time of a certain electron exceeds tmin, this
lectron is removed from the sample. The simulation is finished
hen all the electrons in the box run out. During the simula-

ion both the injecting and the opposite surface acts as blocking
ontacts. Periodic boundary conditions are applied along the y
nd z directions. The electron density as a function of x and
ime was extracted from a histogram in which the position of
he electrons is recorded for specific time intervals distributed
ogarithmically. The SPV is then obtained employing Eq. (1).

Most of the simulations were carried out using 4 electrons
nd 200 × 200 sites in the y and z directions. In this case the sur-

ace density is 4/(200 × 200 × 1 ´̊A2) = 1.00 × 1016 m−2. It has
een observed that using more electrons with the same surface
ensity (for instance 10 electrons and 300 × 300 sites give equiv-
lent results). The number of numerical samples utilized ranged
etween 100 and 5000. More samples are needed to obtain
smooth” curves although a few samples are sufficient to see
he trend in the photovoltage decays.

In order to cover most of the cases studied in the experiments
5] we considered three temperatures, 200, 300 and 500 K, and
wo film thickness, 2 and 20 nm, corresponding to 20 and 200
ites on the x-direction, respectively. As for the characteristic

ecombination time tR

0 , it has been observed that the choice that
eads to a better accord with the experiments is tR

0 = 50t0.
We can distinguish two regimes for the calculated photovolt-

ge decays:
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Fig. 7. Normalized surface photopotential as extracted from continuous time
random walk simulations for ultrathin TiO2 samples considering that the ener-
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ies of the traps are exponentially distributed. Three different characteristic
emperatures were considered in this graph. All calculations were carried for
= 300 K, d = 2 nm and using tR

0 = 50t0.

1) The photovoltage is controlled by tunneling recombination.
This predominates at lower temperatures (or deep trap distri-
butions) and the characteristic shape is an exponential-like
decay.

2) The photovoltage is controlled first by diffusion and then by
recombination. This predominates at larger temperatures (or
shallow trap distributions) and the characteristic shape is a
slowly decaying “plateau” followed by a rapid decrease.

When the photovoltage is controlled by tunneling the decay
s observed to be independent of the film thickness, as observed
xperimentally for low temperatures. When the photovoltage is
ontrolled by diffusion the “plateau” reaches longer times for
hicker samples.

Three different trap distributions corresponding to T0 = 400,
50 and 1000 K have been analyzed (see Fig. 7). The first of them
orresponds to a situation with very shallow traps. The result
s that the photovoltage exhibits very long “plateaus”. On the
ontrary, for T0 = 750 and 1000 K the photovoltage is controlled
y diffusion only at high temperatures. The traps are now deeper
nd this makes the electrons to stay longer in sites close to the
njecting surface (for which the recombination times are shorter).

The CTRW method reproduces the basic observations of the
xperiments. An exponential trap distribution with T0 = 750 K
eems to be the one that reproduces more faithfully the obser-
ations found in the SPV measurements, as shown in Fig. 8.
mportantly, in the temperature range where diffusion is active,
he simulation shows a two-step decay, first with a low and then
ith a high slope, as in the measurements shown in Fig. 5. Fur-

hermore the SPV decay is extended over several decades in
ime, in contrast with the simpler model without traps discussed
bove.
These results of CTRW simulation are encouraging towards
complete description of electron transport and recombination

n ultrathin layers by means of energy disorder. However, it was
ot possible to find an unique exponential trap distribution that is

C
I
C

ig. 8. Same as Fig. 7 but now showing the effect of ambient temperature and
lm thickness. A single exponential distribution with characteristic temperature
50 K was utilized in all cases.

apable to explain the experimental results for all temperatures
nd film thicknesses. In this context the use of trap distribu-
ions different from the exponential function [8] or affected by
emperature variation might be a good choice to fit more realis-
ically the experimental observations. Additionally a degree of
tructural disorder [29], not considered in the model, may affect
he recorded data. The thicker compact samples analyzed in this
tudy consist of anatase and amorphous phases after annealing
t 400 ◦C, as it has been checked by Raman spectroscopy, and
he thinner layers present a considerable roughness indicating a
oor layer thickness uniformity, and trap distribution may vary
ith layer thickness.

. Conclusions

The transient SPV technique has allowed us to observe
nomalous diffusion, in the case of nanoporous TiO2 layers,
or a wide temperature range, taking into account that the
PV is locally limited to the region where charge separation

akes place, i.e. to a near surface layer with a thickness of the
creening length. In the case of ultrathin samples diffusion and
unneling recombination have been observed. At low temper-
tures (100–250 K) the dynamics is governed exclusively by
patially dependent tunneling recombination. For high temper-
tures (250–540 K), the dynamics of surface recombination is
etarded by the diffusion of electrons towards the interior of the
lm. The CTRW method based on energy disorder with an expo-
ential distribution describes detailed features of the decays, as
ell as their extended time scales, but does not explain with a

ingle exponential trap distribution the decays observed in all
ases.
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I. Mora-Seró et al. / Journal of Photochemistry

eferences

[1] L. Kronik, Y. Shapira, Surf. Sci. Rep. 37 (1999) 1.
[2] T. Dittrich, V. Duzhko, F. Koch, V. Kytin, J. Rappich, Phys. Rev. B 65

(2002) 155319.
[3] V. Duzhko, F. Koch, T. Dittrich, J. Appl. Phys. 91 (2002) 9432.
[4] V.Y. Timoshenko, V. Duzhko, T. Dittrich, Phys. Stat. Sol. (a) 182 (2000)

227.
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