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Abstract

The electron transport in nanostructured Jt@s been investigated in an electrochemical system using laser flash induced photocurrent
transient measurements with additional continuous monochromatic bias light. Significant effects are found on the photocurrent transient
depending on the wavelength of the bias light (360—-480 nm). The electron transport time is shorter and the total collected charge is higher
when the bias light is in the UV region, while increased transport times and a decreased charge is found with visible light bias. These
effects can be explained by trap filling by the UV bias light in the first case and by emptying of traps by visible bias light in the latter.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction on the concentration of ions in the electrol\fi€9]. The
latter effect can be explained by the fact that electrons in
Dye-sensitized nanostructured solar cells (DNSCs) are athe nanostructured films are charge-compensated by ions in
new class of potentially low cost solar cells. In these pho- the solution. The diffusion coefficient that is measured is a
toelectrochemical cells, a nanostructured metal oxide film so-called ambipolar diffusion coefficient, that depends on
with dye molecules chemisorbed at its surface forms the both concentration and diffusion coefficient of the electrons
photoactive material. TiQin the anatase crystalline form in the nanostructured film and the ions in the electrolyte
is the most studied material for nanostructured electrodes.[5,9]. In practical DNSCs, the ion concentration in the elec-
An interesting feature of the DNSC is that the transport trolyte (0.5M cations+ 0.5M anions= 6 x 10°°cm™3)
of electrons in the nanostructured film is relatively slow. exceeds the electron concentration (1 electron per particle,
Time- and frequency-resolved photocurrent measurementsl0' particles cni3) by orders of magnitude, so that the mea-
show that time needed to collect photoinjected electrons sured diffusion coefficient is essentially that of the electrons.
at the back contact depends strongly on the light intensity, The measured diffusion coefficient in nanostructured,TiO
ranging from less than a millisecond at high light intensities is much lower than that in Tig(anatase) single crystals and
to more than a second in near-dark situatifirsb]. thin dense films. Furthermore, it is a function of the electron
Because of their small size and low doping density, the concentration in the nanostructured film. Both observations
individual particles from which a nanostructured metal ox- can be explained by trapping of electrdfis3,5] If part of
ide electrode is built up do not contain a significant electric the electrons is trapped, the apparent diffusion coefficient
field inside. As the nanoparticles are surrounded by elec- decreases as only the free conduction band electrons diffuse.
trolyte, no significant macroscopic electric field exists in the The change in apparent diffusion coefficient with total elec-
nanostructured film. Electron transport is therefore thought tron concentration can be explained by a change in the ratio
to occur by diffusion/5-7]. Experimental data is to a large  of free to trapped electrons, which occurs if the quasi-Fermi
extend in agreement with diffusive transport of electrons. level changes with respect to the conduction band.
The diffusion coefficients that are calculated are, how- Little is known about the nature of traps in nanostructured
ever, strongly dependent on the light intensity and electron metal oxide films. Because of the high surface-to-volume
concentration in the nanostructured filih-5,8] and also ratio of the nanostructured film, it is quite likely that traps
are located at the semiconductor—electrolyte interface. Al-
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distribution of trap state energies is frequently proposed in
order to fit the electron transport d48-10]. Most of these Laser|
traps are located within 0.1 eV of the conduction band edge.
Van de Lagemaat and Frafikl] modeled the electron trans-
port in a dye-sensitized nanostructured Fifdm using a
random walk approach. They estimated that the density of
trap states is in the order of 1 per particle. Reflecting
A relatively deep trap state in nanostructured Fji@bout mirror
0.5eV below the conduction band, has been observed by
transient photocurrent measuremefit&], spectroelectro-
chemistry[13] and chronoamperometf¢4]. The energetic
level of the traps shifted with 72 meV per pH unit and the
density of the traps ranged from about 1 per nanoparticle
at pH 4.7 to about 100 at pH 134]. These observations RE c
. . omputer
clearly suggest that this trap is a surface state. CE
In this paper, we investigate the effect of a continuous
monochromatic bias light on laser pulse-induced photo-
currents in nanostructured T3OThe idea behind this is that
bias light, even at low intensities, may affect trap states in
the TiO, and can give a change in the transport of electrons digital oscilloscope (Hewlett-Packard 54600A) in order to
through the nanostructured film. Indeed, significant effects monitor the current transients. A single-shot excimer laser
are found on the electron transport time and on the total (ELI-94 Estonian Academy of Sciences) provides light
collected charge in the photocurrent transient when using pulses with a duration of 30 ns at a wavelength of 308 nm.
bias light with a wavelength of 360—-480 nm. The results are The intensity of the laser is measured before and after exper-
explained in terms of filling and emptying of traps by the iments using a joulemeter and shows reasonable equal val-
bias light prior to the laser pulse. ues that assures good reproducibility. The intensities used in
this study were between 0.10 and 0.35mJ. Monochromatic
bias light is provided from a 450 W xenon lamp, fitted with a
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Fig. 1. Experimental setup for laser-induced photocurrent transient mea-
surements modified with monochromatic bias light.

2. Experimental 60 mm water filter, in combination with a 1/4 m monochro-
mator. The intensity from the bias light was held at constant
2.1. Preparation of TiO, electrodes at ~10uW. Each photocurrent transient is an average of

at least eight recordings with intervals long enough to as-
Nanostructured Ti@ electrodes were prepared by a sure good reproducibility, allowing the transient to decline
compression metho@l5]. A TiO, suspension was pre- completely (approximately 60s). The nanostructured,TiO
pared by adding Degussa P25 %i@owder (20 wt.%) to electrode is illuminated from the electrolyte/electrode inter-
spectrograde ethanol and stirring overnight. The suspen-face side. The electrode is illuminated homogeneously by
sion was applied onto a conducting glass substrate (TEC8,defocusing the laser beam, with approximately 20% of the
Libby—Owens—Ford) by doctor blading using scotch tape as laser pulse hitting the electrodes. If not otherwise stated the
frame and spacer. After drying, the tape was removed andelectrolyte used was 0.7 M LiCldn ethanol (air saturated)
a 50um thick aluminum foil was placed on the film. The and the applied potentiad300 mV vs. Ag/AgCl in ethanol.
package was then put in between two planar steel plates
and pressure of 1500kgcrh was applied. Finally, the
nanostructured electrodes were sintered at°45 air for 3. Results
5min to improve their mechanical stability.
Typical laser pulse-induced photocurrent transients are
2.2. Laser-induced photocurrent transients shown inFig. 2a. The UV laser pulse is absorbed in the out-
ermost few hundred nanometers of the nanostructured TiO
The electron transport in nanostructured Jifdms was film [7], resulting in the creation of electron—hole pairs. A
studied using time resolved photocurrent measurenjéhts  large part of the electrons and holes recombines directly. At
The setup consists of an electrochemical system, a pulsedhe lowest laser intensity the recombination is about 50%,
laser and a continuous monochromatic light source, seebut this fraction increases strongly with pulse intensity. The
Fig. 1L A quartz cuvette serves as the electrochemical cell, holes that do not recombine with electrons react with the
with a nanostructured Tielectrode as working electrode electrolyte, as ethanol is an effective hole scavenger for
(area 1crf), an Ag/AgCl reference electrode and a large TiO». The remaining electrons can travel through the nano-
area platinum counter electrode. The potential is controlled structured TiQ film to the conducting substrate, where they
with fast potentiostat (EG&G 273), which is connected to a are collected and registered as a current.
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Fig. 2. (a) Photocurrent transients of a nanostructured, Tilth (thickness 1Qum) with and without bias light (400 nm). (b) Total amount of charge
vs. laser pulse intensity, with and without bias light, plotted on a logarithmic scale. The electrolyte was 0.7 M LiGthanol and the potential was
+300mV vs. Ag/AgCl.

Application of a continuous monochromatic bias light electrolyte was deoxygenated by purging with BeeFig. 4.
with a wavelength of 400 nm has a significant effect on the A few laser shots were fired before the actual measurement
photocurrent transient, sd¢ég. 2a. The time at which the  to ensure removal of any oxygen adsorbed at the, B@-
maximum current is recordeth§ay) is shortened and the to-  face. The collected charge was slightly increased compared
tal collect charge, obtained by integrating the photocurrent to the experiment in air, because the losses of electrons to
transient, has increased. These effects can only be observedxygen in the electrolyte are lower.
if the laser pulse intensity is relatively low, sE&y. 2b. The The effect of composition and concentration of the elec-
effect of the wavelength of the bias light on the photocur- trolyte on the photocurrent transients of nanostructured
rent transients was investigated and the results are showrTiO, was also investigated. The same general effect the
in Fig. 3 Bias light with a wavelength 0£400nm givesa  monochromatic bias light was found when tetrabutylammo-
decrease irpeal, While wavelengths of 420 nm and higher nium perchlorate (TBA-CI@) was used instead of lithium
gives an increasd-(g. 3a). At the same time the total charge perchlorate (LiCIQ), although the transient was somewhat
collected increases with bias light400 nm and decreases slower and less charge was collected. In the electrolyte
with bias light>400 nm. The experiment was repeated sev- series 0.7, 0.07 and 0.007 M LiCjOn ethanol the current
eral times with different TiQ@ electrodes and same trend transient also slowed down and a reduction of the collected
was always found. The same trend was also found when thecharge was observed. The general effect of monochromatic
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Fig. 3. (a) Peak current time of the photocurrent transient vs. wavelength of the bias light. (b) Total amount of charge collected vs. wavelength of the
bias light. The dotted line parallel to theaxis corresponds to the values obtained without bias light. Conditions ig.ir2.
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Fig. 5. Charge of the photocurrent transient vs. wavelength of the bias light in aqueous electrolyte. The electrolyte was an aqueous solution,of 0.1 M K
pH 6.6, and the applied potential300 mV vs. Ag/AgCl. The dotted line is the total charge collected without bias light.

bias light was unchanged. The same was found when thefilm [1-3,5] Only the fraction of electrons that is free in
electrolyte was changed to 0.1 M Kl in water (pH 6.8), see the conduction band contributes to the diffusion. By apply-
Fig. 5. ing monochromatic bias light in the photocurrent transient
measurement information on the traps can be obtained.
) ) The compressed films are made from Degussa P25 TiO
4. Discussion powder, which contains approximately 75% anatase and
25% rutile nanocrystals with a size of about 25nm. The

The general characteristics of the laser-induced pho- bandgaps of anatase and rutile are 3.2 and 3.0eV, respec-
tocurrent transient of the compressed nanostructured TiO tively. Bias light with a wavelength shorter than 410 nm

electrodes are similar to those recorded with transparent,qgits in the generation of electron—hole pairs in the nano-
sol-gel type nanostructured Ti@lectrodes published pre-  gycrured TiQ film. While the holes are scavenged by the
viously [7]. The shape of the photocurrent transients can be gjecirolyte, the electrons can move through the film and will
well-described by assuming that the electrons travel throughpaye two functions: first they will fill up part of the available
the nanostructured film by diffusion. An apparent diffusion 555 and second, they can react with electron acceptors in
coefficient D) can be calculated from the film thickness ¢ glectrolyte. Electrons from the laser pulse will encounter

(W) andtpeak usingEq. (1) [7} less empty traps and reach the conducting substrate more
w2 rapidly. Furthermore, these electrons will encounter less
B Btpeak 1) acceptors in the electrolyte, resulting in an increased col-

lected charge from the laser pulse. The shorter peak current
Values ofD in the order of 10 cn? s~ are typically found time and the increase in collected charge in the presence of
in this study. The electrons in the nanostructured;Tidn UV bias light can therefore be easily explained. The appar-
are charge compensated by ions in the electrolyte solution.ent diffusion coefficient increases fromilix 10~%cné st
The movement of electrons is therefore affected by the elec-(without bias light) to 19x 106 cn? s~1 (360 nm bias light).
trolyte. When the concentration of the electrolyte is lowered, The effect of the bias light with a wavelength of
electron transport in the nanostructured Fi€ows down. 420-480nm can be explained by assuming that additional
If the concentration of ions in the electrolyte is much higher traps are created by this light. This would result in a slower
that that of the electrons in the Tixthe measured diffusion  photocurrent response and a decreased collected charge. The
coefficient is equal to the apparent diffusion coefficient of most likely mechanism is that initially filled traps are emp-
electrons in nanostructured TiO tied by excitation with visible light. A small photocurrent
The value ofD in the order of 108cm?s™1 is orders (less than L.A) is in fact detected upon visible bias light
of magnitude smaller than the diffusion coefficients derived illumination, in accordance with this assumption. Boschloo
from mobility measurements of anatase dense fjlt6$and and Fitzmaurice[13] found in a spectroelectrochemical
single crystal§17] (0.1-0.5cms™1). This large difference  study that electrons trapped in surface states of a nano-
can be due to trapping of electrons in the nanostructuredstructured TiQ electrode exhibit an optical absorption in
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