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Impedance spectroscopy was applied to investigate the characteristics of dye-sensitized nanostructured TiO2

solar cells (DSC) with high efficiencies of light to electricity conversion of 11.1% and 10.2%. The different
parameters, that is, chemical capacitance, steady-state transport resistance, transient diffusion coefficient, and
charge-transfer (recombination) resistance, have been interpreted in a unified and consistent framework, in
which an exponential distribution of the localized states in the TiO2 band gap plays a central role. The
temperature variation of the chemical diffusion coefficient dependence on the Fermi-level position has been
observed consistently with the standard multiple trapping model of electron transport in disordered
semiconductors. A Tafel dependence of the recombination resistance dependence on bias potential has been
rationalized in terms of the charge transfer from a distribution of surface states using the Marcus model of
electron transfer. The current-potential curve of the solar cells has been independently constructed from the
impedance parameters, allowing a separate analysis of the contribution of different resistive processes to the
overall conversion efficiency.

1. Introduction

After more than one decade of development, the photosen-
sitization of wide-band gap nanocrystalline semiconductors by
adsorbed dyes has become a realistic option for solar cell
applications, and dye-sensitized solar cells (DSC) currently
present the most promising alternative to the conventional solar
cells.1-5 The fundamental component of the DSC is a photo-
anode consisting of a monolayer of sensitizer (dye) adsorbed
onto a mesoporous semiconductor oxide (typically TiO2). In
contrast to conventional solar cell systems, where the semicon-
ductor assumes both the task of light absorption and charge
carrier, in dye-sensitized solar cells light is absorbed by the
anchored dye and charge separation takes place at the interface
via photoinduced electron injection from the dye into the
conduction band of the solid. In a porous film consisting of
nanometer-sized TiO2 particles, the effective surface area for
dye adsorption can be greatly enhanced and efficient light
absorption is achieved from dye monolayers. During the
illumination of the cell, electrons are injected into the conduction
band of TiO2 by photoexcited dye molecules adsorbed on the
nanoparticle surface, which is in contact with an electrolyte.
Redox species in the electrolyte transport holes from the
oxidized dye molecules to the counter electrode. Ruthenium
polypyridyl complexes have proved to be the most efficient TiO2

sensitizers, with thecis-RuL2(SCN)2 (L ) 2,2′-bipyridyl-4,4′-
dicarboxylic acid) dye (N3 dye) demonstrating incident photon-
to-electron conversion efficiencies (IPCEs) of up to 85% from

400 to 800 nm, corresponding to almost unity quantum yield
(electrons per absorbed photon) when light losses are taken into
account.2,6,7

Pursuing high efficiency is always the core task for photo-
voltaic devices. For DSC, an overall energy conversion ef-
ficiency (η) of 11.0% has been achieved at AM 1.5.6,7 However,
it is still a big challenge approaching higher efficiency. Except
for judicious molecular engineering of panchromatic sensitizers
for enhanced light harvesting (especially in the near-infrared
region),3,8 it is believed that optimized mesoscopic TiO2 films
and dye-sensitized TiO2-electrolyte interfaces for fast electron
propagation and slow electron recombination are equally
important for achieving higher efficiency. This is apparent from
the fluctuated efficiencies of the same dye-sensitized cells with
different films and electrolytes.

Impedance spectroscopy is a useful technique to investigate
the kinetic processes of DSC.9-18 At the proper conditions,
electron transport in the mesoscopic TiO2 film, electron
recombination at the TiO2-electrolyte interface, charge transfer
at the counter electrode, and diffusion of the redox species in a
electrolyte can be well distinguished according to the spectral
shapes of the impedance response as a function of frequency.
A series of recent papers has explored extensively the properties
of DSC using impedance spectroscopy under different conditions
of illumination, bias potential, electrolyte composition, and
nanocrystalline TiO2 preparation routes.11,15,16,18These works
employ the diffusion-recombination model10 for the electronic
processes in the metal oxide and additional elements for the
electrolyte and contact processes. Therefore, this model has been
well established and can be considered a major tool for the
practical characterization of the DSC. However, several impor-
tant aspects of the interpretation of this model and the application
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for determining the solar cell performance require further work,
and this is the aim of the present paper.

Here, two highly efficient DSC with 10.2% and 11.1% power
efficiency at AM 1.5 are characterized by this technique. The
factors that influence the photovoltaic performance are discussed
in light of the parameters derived from the impedance spectra.
In addition, because of the ideal electron transport and recom-
bination behaviors, these high efficiency cells provide a good
platform to demonstrate the transport-recombination model.
Compared with other techniques, such as photocurrent/photo-
voltage transient19,20 and intensity modulated photocurrent
spectroscopy (IMPS)/intensity modulated photovoltage spec-
troscopy (IMVS),21-23 the advantage of impedance spectroscopy
is that we can obtain all of the parameters at the same time, so
we can test models by the correlation between parameters.

2. Experimental Section

2.1. Materials. 4-tert-Butylpyridine (Fluka), acetonitrile
(Fluka), and valeronitrile (Fluka) were purified by vacuum
distillation. Guanidinium thiocyanate (Aldrich) and H2PtCl6
(Fluka) were used as received. H2O was purified by distillation
and filtration (Milli-Q). TiCl4 (Fluka) was diluted with water
to 2 M at 0°C to make a stock solution, which was kept in a
refrigerator and freshly diluted to 40 mM with water for each
TiCl4 treatment of the FTO-coated glass plates. Iodine (Aldrich)
was purified by sublimation. The syntheses ofcis-di(thiocy-
anato)-N,N′-bis(2,2′-bipyridyl-4-carboxylic acid-4′-tetrabutylam-
monium carboxylate) ruthenium (II) (N-719) and butylmeth-
ylimidazolium iodide (BMII) were reported in our previous
paper.24,25 The chromatographic purification of N-719 was
carried out three times on a column of Sephadex LH-20, using
water as an eluant. Two kinds of TiO2 paste containing
nanocrystalline TiO2 (20 nm, paste A) and submicroparticle TiO2

(400 nm, paste B) were prepared by a previously reported
procedure.26

2.2. Fabrication of Dye-Sensitized Solar Cells.For the DSC
working electrodes, the FTO glass plates (solar 4 mm thickness,
10 Ω/0, Nippon Sheet Glass) were first cleaned in a detergent
solution using an ultrasonic bath for 15 min and then rinsed
with water and ethanol. After treatment in a UV-O3 system
(model no. 256-220, Jelight Company, Inc.) for 18 min, the
FTO glass plates were immersed into 40 mM TiCl4(aq) at 70
°C for 30 min and then washed with water and ethanol. The
FTO glass plates were coated with a layer of paste A by screen
printing (90T, Estal Mono, Schweiz. Seidengazefabrik AG
Thal), kept in a clean box for 3 min so that the paste could
relax to reduce surface irregularity, and then dried for 6 min at
125 °C. The screen characteristics are as follows: material,
polyester; mesh count, 90T cm (or 230T inch/mesh); mesh
opening, 60µm; thread diameter, 50µm; open surface, 29.8%;
fabric thickness, 83µm; theoretical paste volume, 24.5 cm3 m-2;
K/KS volume, 17.0 cm3 m-2; weight, 48 g m-2. This screen-
printing procedure with paste A (coating, storing, and drying)
was repeated 4 times to get an appropriate thickness, that is,
12-14 µm, for the working electrode. After drying paste A at
125°C, paste B was deposited twice by screen printing, resulting
in light-scattering TiO2 films containing 400-nm-sized anatase
particles of 2-5 µm thickness. The electrodes coated with the
TiO2 pastes were gradually heated under an air flow at 325°C
for 5 min, at 375°C for 5 min, at 450°C for 15 min, and then
at 500°C for 15 min. The surface images of the TiO2 electrodes
were obtained by an optical computing system and then
integrated over the resulting image to analyze the surface area.
After further treatment with 40 mM TiCl4, the TiO2 films were

rinsed with water and ethanol and then sintered at 500°C for
30 min. After cooling to 80°C, the TiO2 electrodes were
immersed into the N-719 dye solution (0.5 mM in a mixture of
acetonitrile andtert-butyl alcohol, 1:1 volume ratio) and then
kept at room temperature for 20-24 h.

For the counter electrodes, the FTO plates (TEC 15Ω/0,
2.2 mm thickness, Libbey-Owens-Ford Industries) were drilled
by sand blasting, washed with H2O and 0.1 M HCl in ethanol,
and then subsequently cleaned in an ultrasonic bath with acetone
for 10 min. After surface organic contamination was removed
by heating at 400°C for 15 min, the counter electrodes were
prepared by coating with a drop of H2PtCl6 solution (2 mg of
Pt in 1 mL of ethanol) on the FTO and then heating at 400°C
for 15 min.

The dye-stained TiO2 films and the Pt counter electrodes were
assembled into sealed sandwich-type cells by heating with a
hot-melt of ionomer films (Surlyn 1702, 25µm thickness, Du-
Pont) used as spacers between the electrodes. A drop of
electrolyte solution (0.60 M BMII, 0.03 M I2, 0.10 M guani-
dinium thiocyanate, and 0.50 M 4-tert-butylpyridine in a mixture
of acetonitrile and valeronitrile (85:15 volume ratio)) was put
on each of the drilled holes in the counter electrodes of the
assembled cells. Subsequently, the cells were put into a small
chamber and the air in the chamber and inside the cells was
pumped out for 5-10 s until the bubbling of the electrolyte
was finished. Opening the chamber to air caused the electrolyte
to be driven into the cell via vacuum backfilling. Finally, the
holes were sealed using hot-melt ionomer films (Bynel 4702,
35 µm thickness, Du-Pont) and cover glasses (0.1 mm thick-
ness). To remove the thin TiO2 layer on the FTO and to have
a good electrical contact for the connections to the measurement
setup, the edge of the FTO outside of the cells was scraped
with sandpaper or a file. A solder (Cerasolza, Asahi Glass) was
applied on each side of the FTO electrodes. To prevent the
collection of scattered light, masks made of black plastic tape
were attached to the ARKTOP filter.

2.3. i-V Measurements.Photovoltaic measurements of the
DSC employed an AM 1.5 solar simulator (100 mW cm-2)
equipped with a Schott 113 filter between the sample and a
350 W xenon lamp. The power of the simulated light was
calibrated by using a reference Si photodiode equipped with an
IR-cutoff filter (KG-3, Schott) to reduce the mismatch in the
region of 350-750 nm between the simulated light and the AM
1.5 to less than 2%.3,27The photovoltaic characteristics of DSC
were obtained by applying an external potential bias to the cell
and measuring the generated photocurrent with a Keithley model
2400 digital source meter. The voltage step and delay time of
the photocurrent were 10 mV and 40 ms, respectively, in
accordance with the report by Koide and Han.28 It was
confirmed that thei-V curve of the DSC showed no hysteresis
under these conditions.

2.4. Electrochemical Impedance Measurements.Impedance
measurements of cell A were performed with a computer-
controlled AutoLab PSTA30 with a frequency range of 0.005-
105 Hz. Cell B was measured with a potentiostat (EG&G, M273)
equipped with a frequency response analyzer (EG&G, M1025),
with the frequency range being 0.05-105 Hz. The magnitude
of the alternative signal was 10 mV. The impedance measure-
ments were carried out under different voltage biases in the dark
and under AM 1.5 solar radiation.

3. Results and Discussion

3.1. Photovoltaic Performance.The photocurrent-voltage
characteristics of the two efficient DSC are shown in Figure 1.
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With the Ru complex N-719 as the photosensitizer, the overall
energy conversion efficiencies of cells A and B were measured
under AM 1.5 solar radiation to be 10.2% (Voc, 795 mV; Jsc,
17.48 mA/cm2; ff, 0.733) and 11.1% (Voc, 856 mV;Jsc, 17.05
mA/cm2; ff, 0.759), respectively, where the electrolyte consisted
of 0.60 M BMII, 0.03 M I2, 0.10 M guanidinium thiocyanate
and 0.50 M 4-tert-butylpyridine in a mixture of acetonitrile and
valeronitrile (85:15 volume ratio). These values are close to the
highest efficiencies reported for the DSC so far.7,29,30Compared
with other less efficient cells, the outstanding parameter is the
high open circuit photovoltage, exceeding 850 mV for cell B.
At the same time, the reasonable value for the short circuit
photocurrent and the excellent fill factor render these cells highly
efficient. In the following discussion, impedance spectroscopy
will be employed to discover the origins of this superb
photovoltaic performance.

3.2. Impedance Results.Cells A and B were characterized
by impedance spectroscopy in the dark at different temperatures
and forward biases. As shown in Figure 2, the impedance spectra
of cell B present the characteristic kinetic processes of DSC in
different frequency domains. With a decrease in the bias
potential from 0.70 V to 0.60 V, electron transport in the
mesoscopic TiO2 film appears as a distinguished Warburg-like
diffusion behavior in the high-frequency region and the inter-
facial charge recombination process grows to a large semicircle
in the low-frequency region.

In the dark, the DSC behave as a leaking capacitor.10 Upon
forward bias, the electrons are injected from the FTO substrate
into the TiO2 and the film is charged by electron propagation
through the mesoscopic TiO2 network. Meanwhile, a fraction
of the injected conduction band electrons are lost by the
reduction of I3- ions present in the electrolyte. These electronic
processes in the DSC are well described by a transmission line
model, as shown in Figure 3, where the model developed in
previous works10,15has been completed with recent results from
Hosikawa.17 In the transmission line, there are two channels in
parallel, representing electron transport through TiO2 and redox
species transport in the electrolyte in the pores, respectively.
The charge-transfer process related to the reaction of the
electrons with the I3- ions at the TiO2-electrolyte interface
connects these two channels. IfL is the thickness of the
mesoscopic TiO2 film, the electron transport resistance in the

TiO2 film is Rt () rtL), while the interfacial charge recombina-
tion resistance isRct () rct/L).

Clearly, the spectra of cell B show the ideal characteristics
of the diffusion-recombination model withRct . Rt.10,15

Inspection of the spectra reveals that the fractionRct/Rt is so
large that the efficiency is not affected by the diffusion at such
high bias.

The bias potential relates to the electrochemical potential of
the electrons,EFn, as V ) (EFn - EF,redox)/e, wheree is the
elementary charge andEF,redox is the redox potential in the
electrolyte, that equals the electron Fermi level atV ) 0, EF0.
SinceEFn is practically homogeneous under the measurement
conditions used in this work, it will be denoted, hereafter, as
the electron Fermi level. It should be noted that, in the dark,
the infrared (IR) drop across the resistances contributing in series
during the impedance measurement is negligible as the current
passing through the cell is very small (<0.03 mA) at the applied
bias potentials. Thus, these potentials were taken directly without
further correction. Similarly, it can be calculated that, in the
dark, the Fermi level through the mesoscopic TiO2 film remains
almost flat at various forward biases, because of the small
potential drop (IdarkRt).

The chemical capacitanceCµ () cµL) reflects the change of
electron density on a small variation of the chemical potential.
For a given Fermi level, it has the form31,32

whereF(E - EFn) is the occupation factor given by the Fermi-
Dirac distribution function andg(E) is the density of states. A
common finding in nanostructured TiO2 is an exponential
distribution of the localized states in the band gap,33,34 as
described by the expression

Here,NL is the total density of the localized states andT0 is a
parameter with temperature units that determines the depth of
the distribution below the lower edge of the conduction band,
Ec. The precise location of the exponential distribution of the
traps (eq 2) in nanostructured TiO2 has not been established to
date. There are few traps, typically one,35 within an isolated
TiO2 nanoparticle. When they are made into a nanocrystalline
film, the necking between the particles affects their electronic
structure. Hence, it is very plausible that these traps are mainly
located at the particle-particle contact. In addition, Ti(IV)
surface states could act as electron traps. However, the energy
of the latter states depends on surface protonation and may be
raised into the conduction band by dye adsorption or proton
removal. Hence, their role as an electron trap is questionable.

The density of states in nanostructured TiO2 films has been
measured by several methods, such as cyclic voltammetry (CV),
and the results are consistently described by eq 2 with a good
approximation.36-38 However, the measurements of the capaci-
tance from impedance spectroscopy, or CV and similar methods,
only probe the Fermi level at the substrate, which is determined
by an average of the electronic states in the whole film. It is,
therefore, not possible to obtain a spatial resolution of the
position of the traps in the nanoparticles by these methods, nor
is it possible to determine their origin. A theoretical explanation
of eq 2 has been presented in terms of the effects of impurities
and dielectric mismatch at the boundary between the semicon-
ductor nanoparticle and the surrounding medium39,40 over the

Figure 1. Photocurrent-voltage characteristics of two DSC. The
sensitizer used was N-719. The electrolyte consisted of 0.60 M BMII,
0.03 M I2, 0.10 M guanidinium thiocyanate, and 0.50 M 4-tert-
butylpyridine in a mixture of acetonitrile and valeronitrile (85:15 volume
ratio). The film thickness consists of a 12µm transparent layer plus a
2 µm (cell A) or a 4µm (cell B) scattering layer. The overall energy
conversion efficiencies of cells A and B are 10.2% (Voc, 795 mV;Jsc,
17.48 mA/cm2; ff, 0.733) and 11.1% (Voc, 856 mV;Jsc, 17.05 mA/cm2;
ff, 0.759), respectively. A light source simulating global AM 1.5 solar
radiation was employed.

Cµ ) e2 ∂

∂EF
∫E2

E1F(E - EFn)g(E)dE ≈ e2g(EF) (1)

g(E) )
NL

kBT0
exp[(E - Ec)/kBT0] (2)
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electron wave functions. Some recent papers41,42 have also
emphasized the role of impurities in the nanoparticles and
indicated that traps are located predominantly at the particle
interface. It appears that the most salient manifestation of the
traps in nanostructured TiO2 is their effect on the dynamics of
electrons, such as electron transport and interfacial charge
transfer. Therefore, in the following, eq 2 will be adopted to
develop detailed models for electron transport and recombination
that explain the experimental results, which support the as-
sumption of the exponential distribution; however, we note that
microscopic information about electron traps cannot be obtained
by these methods.

The capacitance measured by impedance spectroscopy is, in
fact, the sum of the capacitance contributed by the electronic
states (Cµ) and the space charge (Csc) on the semiconductor side
and by the Helmholtz layer (CH) and the surface adsorbed ionic
species (Cad) on the electrolyte side, whereCµ andCsc, CH and
Cad are in parallel (Cµ|Csc-CH|Cad), respectively. Since there is
no space charge region for nanocrystalline TiO2, Csc can be
neglected within the entire potential region. The double-layer
capacitance (CH|Cad) has only a small contribution to the total
capacitance at the higher bias potentials.

In addition to the elements in the transmission line, there are
other elements in the equivalent circuit model that describe

additional processes in the DSC: the charge-transfer resistance
RPt and the interfacial capacitanceCPt at the platinized counter
electrode-electrolyte interface, the charge-transfer resistance
RTCO for electron recombination from the uncovered layer of
the conducting glass (TCO) to the electrolyte, the sheet
resistanceRS of the TCO, the capacitanceC at the exposed
FTO-electrolyte interface, the resistanceRCO and the capaci-
tanceCCO at the TCO-TiO2 contact, and, finally, the impedance
Zd(sol), with the direct current (dc) resistanceRD showing the
diffusion of redox species in the electrolyte.11 All impedance
spectra in this study were fitted with this transmission line
model. For better fitting, all capacitor elements were replaced
by constant phase elements that, in any case, keep the constant
phase element (CPE) exponentγµ quite close to the perfect
capacitor value,γµ ≈ 1. From the fitted data, we could calculate
the evolution of parameters such as the electron diffusion
coefficient Dn ) (RtCµ)-1, the lifetime τn ) RctCµ, and the
effective diffusion lengthLn ) (Dnτn)1/2. At the potentials
measured,RTCO and CTCO were negligible and, at only 1 sun
illumination, a small effect of diffusion in the electrolyte
appeared.

Figure 4 presents the fitting results of the parameters of the
capacitance and transport of the two cells measured in the dark
at different forward biases and temperatures.

Figure 2. Impedance spectra of cell B at forward biases of 0.60, 0.65, and 0.70 V in the dark. The enlarged spectra of (a) are shown in (b) and
(c).

Figure 3. General transmission line model of DSC.rct is the charge-transfer resistance of the charge recombination process between electrons in
the mesoscopic TiO2 film and I3- in the electrolyte;Cµ is the chemical capacitance of the TiO2 film; r t is the transport resistance of the electrons
in the TiO2 film; Zd is the Warburg element showing the Nernst diffusion of I3

- in the electrolyte;RPt andCPt are the charge-transfer resistance and
double-layer capacitance at the counter electrode (platinized TCO glass), respectively;RTCO and CTCO are the charge-transfer resistance and the
corresponding double-layer capacitance at the exposed TCO-electrolyte interface, respectively;RCO andCCO are the resistance and the capacitance
at the TCO-TiO2 contact, respectively;Rs is the series resistance, including the sheet resistance of the TCO glass and the contact resistance of the
cell. L is the thickness of the mesoscopic TiO2 film.
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According to eqs 1 and 2, an exponential distribution of the
localized states in the band gap of TiO2, with a characteristic
temperatureT0, gives the chemical capacitance

where the coefficientR ) T/T0. Accordingly,Cµ(V) should be
independent of temperature and the slope∂ ln Cµ/∂V should
have a constant value ofe/kBT0. This is fairly consistent with
the experiment results. As shown in Figure 4a, the obtained
chemical capacitance of cell A barely changes with the
temperature within the potential range. In terms of the slope of
Cµ, R is calculated to be 0.36-0.40, ande/kBT0 is ∼166 mV/
dec, which is much larger than that obtained by Frank et al.23

When the bias potential is higher than 0.55 V, the slope
decreases slightly, because of a small contribution byCH|Cad.
In addition, from the larger slope at a lower potential, cell B
has a largerR compared to that of cell A.

As shown in Figure 4b, the transport resistance,Rt, is
characterized by an exponential dependence with bias with a

slope that changes with the temperature. This dependence
indicates the presence of a transport level that, hereafter, will
be identified with the lower edge of the conduction band,Ec. If
the temperature dependence of the mobility is neglected, then
the transport resistance is inversely proportional to the density
of carriers at the transport level, which is governed by the
Boltzmann distribution, provided thatEF , Ec. Therefore,15

In Figure 4a and b, the data from sample B are shifted from
those of sample A. This shift,+70 mV in both cases, may be
explained by eqs 2 and 4 as a shift in the conduction band edge
of TiO2, Ec, toward higher values in cell B, and it is in quite
good agreement with the higher open circuit photovoltage (+61
mV) found for this sample.

On the other hand, at a fixed conduction band edge, the
dependence of the transport resistance on the bias potential is
given by the thermal energykBT. In terms of the fitted slope∂
log Rt/∂V, Figure 4c compares the experimental slopes ofRt

obtained from Figure 4b at various temperatures with the
theoretical values (-e/2.303kBT). For cell A, the experimental
slope values are very close to those predicted by eq 4. In Figure
4c, the average ratio is 1.06, suggesting that the motion of
electrons is limited by the rate of thermal excitations to a well-
defined transport level, a question that is further discussed
below. The slope ofRt for cell B is 58.4 mV/dec at 20°C,
which is almost identical to the theoretical value of 58.2 mV/
dec. Since the measured transport resistance is an averaged value
of the local contributions over the whole semiconductor,
obtaining the ideal statistics indicates that the Fermi level is
practically homogeneous, as assumed in the impedance model.
This indicates excellent potentiostatic control of the Fermi level
in the semiconductor film from the substrate.43

From the point of intersection of all the tendency lines ofRt

in cell A (Figure 4b), the position of the conduction band edge
is obtained asVcb ≈ 0.75 V. This value is below the open circuit
potential found at 1 sun illumination (0.80 V), indicating that
some shift of the conduction band edge occurs at high applied
potentials due to the contribution by the surface polarization
with CH|Cad.

The results on chemical capacitance and transport resistance
are consistent with a classical multiple trapping (MT) model
for electron transport,44 which is indicated schematically in
Figure 5a. In this approach, the total electron density is
composed of electron densities in a conduction bandnc (with
an effective density of states (DOS)Nc) and in localized states
nL. Transport through extended states is slowed by trapping-
detrapping events to localized states, while direct hopping
between localized states is neglected. Figure 5b quantitatively
shows the equilibrium carrier distribution in the band gap. It is
observed that the overall distribution is not significantly affected
by the temperature variation from 300 to 400 K, provided that
the Fermi level is fixed. In both cases, the majority of the carrier
density lies in the energy region around the Fermi level, which
explains the stationary values of the chemical capacitance in
Figure 4a. However, the density of electrons atEc increases
markedly with an increase in temperature. It should be noted
that the transport resistance in the MT framework relates to the
dc transport and is not affected by trapping-detrapping events.13

Hence,Rt indicates the density of carriers at the conduction band,
which does increase with the temperature as noted before.
Activation energies of the transport resistance are reported in
the Supporting Information.

Figure 4. (a) Chemical capacitanceCµ and (b) electron transport
resistanceRt obtained from impedance in the dark. (c) Comparison
between the experimental and theoretical values of∂ log Rt/∂V of cells
A and B.

Cµ ) C0 exp( Re
kBT

V) ) C0 exp( e
kBT0

V) (3)

Rt ) Rt0 exp[- e
kBT(V +

EF,redox- Ec

e )] (4)
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The chemical diffusion coefficient,Dn, is the diffusion
coefficient that is measured in transient methods.13 Using the
quasi-static approximation,13 it can be shown that the chemical
diffusion coefficient in the MT framework contains, in addition
to the diffusion coefficient at the transport level,D0, another
factor related to the local equilibration of charge in the energy
axis:

The term∂nc/∂nL in eq 5 is the relationship of the free to trapped
number of electrons for a small variation of the Fermi level. If
this term is small, which occurs whenEFn < Ec - kBT, eq 5
reduces to the expression

The prefactor∂nc/∂nL describes the delay of the response of

the chemical diffusion coefficient, with respect to the free
electron diffusion coefficient, by the trapping and detrapping
process.13 The calculation of the chemical diffusion coefficient
in eq 6 for an exponential distribution gives an exponential
dependence on the Fermi-level position as follows:45

The functional dependence in eq 7 is a consequence of the
exponential variation of the time constant for detrapping when
the Fermi level scans the band gap in Figure 5a. On another
hand, the MT model (eq 5) also predicts that, when (∂nc/∂nL)
g 1 atEFn ≈ Ec - kBT, Dn ≈ D0; that is, the chemical diffusion
coefficient should coincide with the constant diffusion coef-
ficient of the free electrons at the transport level. This is due to
trap saturation that removes the variation ofDn with the Fermi
level. The complete dependence of the chemical diffusion
coefficient on the Fermi level position in this model, at different
temperatures, is illustrated in Figure 5c.

Measurements of the electron (chemical) diffusion coefficient
in DSC have been realized by small perturbations over different

Figure 5. (a) Schematic energy diagram of the electronic processes governing electron transport in a TiO2 nanoparticle in DSC.EF0 shows the
position of the Fermi level in the dark, which is equilibrated with the redox potential (EF,redox) of the iodide-triodide couple.EFn is the Fermi level
of the electrons accumulated in the nanoparticles, andEC is the conduction band energy. The shaded region indicates the band gap states that are
occupied by electrons below the Fermi level (zero-temperature approximation of the Fermi-Dirac distribution). The arrows show the transport of
the electrons at the transport level and at a trapping-detrapping event. (b) Quantitative representation of the thermal occupation atT ) 300 K
(thick line) of an exponential DOS in the band gap (thin line) withT0 ) 800 K andNL ) 1020 cm-3, as determined by the Fermi-Dirac distribution
function (dashed line). The dotted line indicates the distribution of the carriers atT ) 400 K. (c) Quantitative representation of the chemical
diffusion coefficient of the electrons in the multiple trapping model, assuming the density of the transport statesNc ) 7 × 1020 cm-3 andD0 ) 0.01
cm2 s-1. The thin lines indicate the exponential dependence on the Fermi level.

Dn ) 1

1 +
∂nL

∂nc

D0 (5)

Dn ) (∂nc

∂nL
)D0 (6)

Dn )
NcT0

NLT
exp[(EFn - Ec)( 1

kBT
- 1

kBT0
)]D0 (7)
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steady states using a variety of techniques: IMPS,21,22 time-
resolved photocurrents,46 and impedance spectroscopy.15,47All
of these results have found an exponential dependence ofDn

either on bias voltage or on steady-state illumination, which
has been generally rationalized in terms of the MT model with
an exponential density of states.21 The highest values measured
barely exceed 2× 10-4 cm2 s-1.22,46 Additional experimental
confirmation of the MT theory exposed above was reported by
van de Lagemaat et al.48 However, the validity of the MT model
has, thus far, not been established by a temperature dependence
of the slope of logDn(EF), which is given by [1- R(T)]/kBT,
according to eq 7. Recent results by Kopidakis et al.49 failed to
find any temperature dependence of logDn(EF). It should be
noted that the linearity ofR with the temperature is a classical
landmark of the MT model in amorphous semiconductors.50

Our experimental results onDn(EF), shown in Figure 6, are
in very good agreement with the MT model. This is, to our
knowledge, the first confirmation of MT electron transport in
DSC by the temperature dependence of the slope [1- R(T)]/
kBT. We should point out that the determination ofDn by
impedance spectroscopy is supported by the spectral shape of
the impedance shown in Figure 2, which, moreover, warrants
that the steady-state distribution of the electrons in the TiO2

film is fairly homogeneous, as already mentioned, so thatDn-
(EF) is univocally determined. Furthermore, the maximal values
measured forDn (4 × 10-4 cm2 s-1) at room temperature exceed
those reported before, which is another distinctive feature of
the high-efficiency solar cells described here.

In common with all previously reported measurements by
small perturbations over steady-state techniques, the data in
Figure 6 show the variation ofDn(EF) corresponding to the
region of trapping-detrapping in MT transport (eq 5) but not
to the region of free-electron transport with a constantD0

implicit in the model, as shown in Figure 5c atEF ≈ Ec. It
appears that the electron diffusion coefficientD0, corresponding

to the Fermi level reaching the transport level, has not been
determined by any of the measurements of this type. There are
several possible reasons for this: It is well-known51 that when
the electron density in the TiO2 nanoparticles becomes large,
the corresponding ionic charge in the surface produces a
displacement of the semiconductor energy levels with respect
to the electrolyte energy levels. Therefore, increasingEF also
produces a displacement ofEC, which is known as the band
unpinning effect. Because of this effect, it is difficult to approach
the semiconductor conduction band with the Fermi level, since
the former starts to move when the latter becomes close.

In addition, in impedance spectroscopy measurement, the
Warburg feature associated with electron transport becomes
ummeasurably small at very negative potentials. Measurements
of the electron conductivity, using an electrochemical transistor
configuration, show the saturation of the conductivity when the
Fermi level approaches the conduction band,52 but a detailed
interpretation of this effect in terms of the transport mechanism
has not been provided. Therefore, direct proof of the existence
of a transport level for electron transport in nanostructured TiO2

permeated with a conductive medium, and the value ofD0

thereof, remains elusive.
By observing the features of the MT model in Figure 5c, it

is noted that the lines logDn(EF) at different temperatures
intercept at an activationless point. This point is close but below
Ec because of the T-prefactor in eq 7. With reference to the
experimental data in Figure 6, we observe that the intercept
places an upper constraint on the free electron diffusion
coefficient,D0 ) 10-2 cm2 s-1. We note again that the transport
mechanism in the energy region whereD0 should be separately
observed is not accessed in our measurements; however, it is
not reasonable to expect a substantial increase ofDn in the region
whereEFn ≈ Ec, with respect to the MT prediction. Therefore,
the experimental data indicate that the free electron diffusion
coefficient stands in a window where 4× 10-4 cm2 s-1 e D0

e 10-2 cm2 s-1. These values are in agreement with the results
of high-frequency techniques,53-58 summarized in Table 1, that
probe the ultrafast relaxation of the electrons into TiO2

nanoparticles. It should be noticed that the suggested values
for trap-free electron diffusion in nanoporous TiO2 are, in
general, much lower than those of single-crystal or compact-
film TiO2,53 as shown in Table 1.

Charge-transfer resistance dependence on potential and tem-
perature is presented in Figure 7(a). It follows an exponential
behavior similar to the Tafel law

with A andâ being constants. The transfer coefficientâ increases
with an increase in temperature, as shown in Figure 7b.

Figure 6. Chemical diffusion coefficients obtained fromRt andCµ at
different bias potentials and temperatures.

TABLE 1: Electron Mobilities in TiO 2
a

TiO2 type
mobility

(cm2 V-1 s-1)
D0

(cm2 s-1) technique

large single crystal
n-type anatase

20 0.5 four-probe dc resistivity53

1.5µm film
n-type anatase

4 0.1 Hall mobility54

Degussa 25 nm
diameter particle

1.5 4× 10-2 terahertz spectroscopy55

Degussa 25 nm
diameter particle

0.01 3× 10-4 terahertz spectroscopy56

anatase 9 nm
diameter particle

0.034 9× 10-4 microwave conductivity57

a T ) 300 K.

Rct ) A exp[- eâ
kBT

V] (8)
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The interpretation of the value ofâ ≈ 0.6 found in Figure
7b is not immediately clear in terms of the models that describe
the charge transfer between semiconductor nanoparticles and
redox acceptors.59,60 The direct transfer of electrons from the
conduction band to the redox couple, which has been suggested
in previous works at potentials close to the conduction band
level,32,60 demands a value ofâ ≈ 1.

Another suggested mechanism is the electron transfer from
a distribution of surface statesgs(E) toward the electrolyte.32,59,60

The probability of isoenergetic transfer from a surface state at
the energy levelE to an acceptor species in the electrolyte with
concentrationcox is given by the expression of the Marcus model

where k0 is a time constant for tunneling andλ is the
reorganization energy. The current per unit macroscopic area
of an electrode of thicknessL is

The equilibrium occupancy of the surface states in the semi-
conductor is described by the Fermi-Dirac distribution function:

The recombination resistance is

Note that

Equation 13 is introduced in eq 12, and the latter can be
integrated by parts. Applying the zero temperature limit of the
Fermi-Dirac distribution, the following result is obtained:

Assuming thatgs(E) has the exponential form of eq 2 with
parametersNs andT0, the resistance in eq 14 takes the form

where

Equation 15 can also be expressed as

where

According to eq 17, the resistance dependence on voltage,V )
e(EFn - EF,redox), consists of a Gaussian function centered at
the energyEµ indicated in eq 18. (A similar result was first
given in ref 60.) The centerEµ of the Gaussian is shifted to a
negative potential, with respect to the point of maximum
(activationless) charge transfer atEox ) EFn - EF,redox) λ, by
the amount 2λR; in other words,Eµ ) Eox + 2λR. The behavior
of Rrec(EFn) in this model is illustrated In Figure 8. When the
Fermi level is sufficiently below the minimumEµ, eq 17 can
be approximated as an exponential dependence,

where

Therefore, this model satisfactorily explains the Tafel de-
pendence indicated in eq 8. In addition,â1 is predicted to
increase linearly with the temperature, and this is, in fact, found
in Figure 7b. However, the model simulations in Figure 8a
indicate thatRct must show some bending as the Fermi level
approachesEµ, which is not appreciated in Figure 7b. To
investigate in more detail the application of this model, a series
of impedance measurements were taken over a broader potential
window at different aging treatments of cell A, and the
experimental data are shown as points in Figure 9. The data
displayed a modest bending at very high potentials and were

Figure 7. (a) Electron recombination resistance (Rct) of cells A and B
at different forward biases and temperatures. These parameters were
obtained by fitting the impedance spectra of the cells measured in the
dark. (b) Charge-transfer coefficients (â) of cells A and B obtained
from (a).

dF(E,EFn)

dEFn
) -

dF(E,EFn)

dE
(13)

Rct(EFn) ) [e2Lgs(EFn)νel(EFn)]
-1 (14)

Rrec(EFn) ) R0 exp[(EFn - Eredox- λ)2

4λkBT
-

EFn - Ec

kBT0
]
(15)

R0 )
T0xπλkBT

e2Lk0coxNsT
(16)

Rrec(EFn) ) R0 exp[(EFn - EF,redox- Eµ)
2

4λkBT
+

Ec - EF,redox- λ(1 + R)

kBT0
] (17)

Eµ ) λ(1 + 2R) ) λ(1 + 2T/T0) (18)

Rrec(EFn) ) R′0 exp[-â1

(EFn - EF,redox)

kBT ] (19)

â1 ) 1
2

+ R(T) (20)

νel(E) ) k0

2coxkBT

x4πλkBT
exp[-

(E - EF,redox- λ)2

4λkBT ] (9)

jrec(EFn) ) eL∫EF,redox

Ec gs(E)F(E - EFn)νel(E) dE (10)

F(E - EFn) ) 1
1 + exp[(E - EFn)/kBT]

(11)

Rct
-1 )

djrec(EFn)

dV
) -e2L ∫gs(E)νel(E)

dF(E,EFn)

dEFn
dE

(12)
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fitted to eq 17, taking theR values from the capacitance. The
results of the fit are shown as lines in Figure 9, and the
parameters are given in Table 2. We note that the Tafel
parameterâ ) 0.71, obtained from a linear fit at the low
potentials of Figure 9, takes much larger values in Figure 9
than in Figure 7, mainly due to the effect of the correction of

series resistance in the voltage scale in Figure 9. Excellent
agreement is found between the linear approximation of eq 20
and theR-values shown in Table 2.

On another hand, the values obtained from the data fitting
for the reorganization energy are in the range of 2 eV, which is
much higher than those found in previous works (λ ≈ 0.5 eV),
where the direct transfer from the conduction band states was
obtained at high voltages.32,60 However, this is probably an
artifact because of the slight curvature obtained at the higher
potentials, and the absence of a minimum forRct yields, as
shown in Table 2, a very inaccurate determination of the value
of λ. A more systematic investigation of DSC in different
conditions of electrolyte and surface treatments is required to
clarify the role of the different charge-transfer mechanisms, and
this work is in progress.

The competition between the collection and the recombination
of electrons can be expressed in terms of the electron diffusion
length. The effective diffusion length (Ln) can be expressed as

As shown in Figure 10, the obtainedLn increases by about 1
order of magnitude with the bias potential and it becomes larger
at lower temperatures, as predicted by eq 21. It is shown that,
in the dark and at room temperature, the effective diffusion
length of the electrons at 0.65 V is even longer than 100µm,
indicating the excellent transport properties of the mesoscopic
TiO2 film. In comparison, cell B has a shorter diffusion length
at a similar temperature and bias potential, concordant with the
higher position of the conduction band.

It should be noted that the potential dependence ofLn is
dramatically different from that obtained under illumination,
where the effective diffusion length barely changes with the
incident light intensity. The reason lies in the fact that, under
illumination, the evolution ofRct is very similar to that ofRt,
keeping the validity of eq 8 and, thus, leavingLn nearly
independent of bias light. This behavior is characteristic of DSC
as first reported by Peter and co-workers.21,61-65

3.3. Correlations between the Impedance Parameters and
the Photovoltaic Performance.The following discussions will
be focused on the relationship of the impedance parameters to
the photovoltaic performance of the cells.66 The overall conver-
sion efficiencyη of the DSC is calculated from the integral
photocurrent density (jsc), the open-circuit photovoltage (Voc),

Figure 8. Model simulations of (a) the electron recombination
resistance (Rct) normalized to the minimum value, as a function of the
Fermi level position, for the model of charge transfer in an exponential
distribution of the surface states with the parameterT0 ) 800 K and
(b) the charge-transfer probability normalized to the maximum value,
as a function of the Fermi level position. Results are shown for the
different values of the reorganization energy,λ, at T ) 300 K and at
different temperatures in the case whereλ ) 0.8 eV. The position of
the conduction band,Ec, is indicated.

Figure 9. Charge-transfer resistance of sample A as a function of the
bias potential (corrected from theiR drop due to series resistance) before
and after aging treatment. The lines are fitted to the surface states
charge-transfer model described in the main text. A slight displacement
of Rct determines the lowerVoc found for the aged sample.

TABLE 2: Data Obtained from the Fits of the
Charge-Transfer Resistance Assuming Electron
Recombination through a Distribution of Surface States

sample R â λ (eV)

0 °C before light soaking 0.20 0.70 2( 1.2
0 °C after light soaking 0.19 0.69 1.9( 1.2

Figure 10. Ratios of the effective diffusion length to the film
thickness (Ln/L) of cells A and B at different forward biases and
temperatures in the dark.

Ln ) xDnτn ) LxRct

Rt
) L′ exp[(1 - R)e

2kBT
V] (21)
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the fill factor of the cell (ff), and the intensity of the incident
light (Iph), namely,

Consequently, the high efficiency of the cell at full sun
illumination is given by factors affecting these parameters.

TheVoc values of DSC are obtained as the difference between
the Fermi level of the electrons in TiO2 in the light and the
redox level in the electrolyte, which is almost constant under
illumination at open-circuit conditions. Consequently, the
establishment of a high Fermi level from the balance between
the charge injection in TiO2 and the recombination to I3

- in
the electrolyte is the central factor for a high photovoltage. In
this sense, the relatively high values ofRct and Cµ that yield
the excellent value of lifetimeτn (>100 ms at high bias potential)
contribute to keepingVoc at a high level by avoiding electron
loss in the semiconductor. Furthermore, the high recombination
resistance, even at the highest potentials studied, is reduced only
moderately under illumination. For example, theRct of cell B
is reduced by only 25% under 0.1 sun illumination (0.768 V)
and this decrease inRct also seems to occur at 1 sun illumination,
by ∼45%.

An additional contribution to the highVoc of cell B is given
by the higher position of the TiO2 conduction band that, at the
same time, maintains excellent electron injection from the
excited dye molecules. This is a key reason for these highly
efficient DSC. It is generally accepted that the potential-
determining ions in the electrolyte have a major impact on the
conduction band position of TiO2.15,23,67-70 Here, the presence
of guanidinium cation in the electrolyte and its interaction with
TiO2 or other potential-determining ions are believed to be
responsible for this. However, the detailed mechanism needs
further study.

The short-circuit photocurrent is another parameter that is
fundamental to the efficiency of DSC. First of all, a good charge-
injection efficiency from the excited dye to TiO2 is basic for
this. For the Ru-complex used here, it has been proved in many
papers71-78 that the injection from the excited molecule to the
conduction band of the semiconductor is fast enough to compete
with other processes (almost unity IPCE). So, the charge
collection/extraction efficiency of the injected electron is critical
to the photocurrent of the cell. The effective diffusion length
of the charge in a TiO2 film is widely accepted to be a good
indicator for charge extraction. As shown in Figure 10,Ln is
much longer than the film thickness, especially at a high bias
potential. The excellent charge-transport property and the large
recombination resistance, in conjunction with the large rate of
injection from the dye, provide the good photocurrents of these
cells even though the conduction band on TiO2 (and thus the
photovoltage) is rather high. The difference between the
positions of the conduction band is believed to be the main
reason to explain the difference between thejsc values of cells
A and B.15,23,68-70

In addition, the good fill factor is an important reason for
the high efficiency. A low total series resistance of these cells
contributes to the goodff value. The series resistance can be
expressed as a sum of the different contributions:

It was found that these cells presented smallerRStot values than
other small-size solar cells with lower efficiencies and that cell
B had half of theRStot of cell A. This fact explains the betterff

value found for the first one.79 Moreover, the fill factor is also
limited by the transfer coefficientâ of electron transfer from
TiO2 to the electrolyte. It has been shown in another work that,
at a givenVoc, the larger theâ value, the better the fill factor.79

According to the model outlined above, in eq 20, the largerâ
value is associated with a smallerT0 value, which means a
shallower distribution of the surface states. Thus, the higher
fill factor of cell B in comparison with cell A is partly due to
the relatively higher transfer coefficient. The influence of the
transfer coefficient on the fill factor implies that the preparation
of a TiO2 film with an optimum surface state distribution is
critical for obtaining high-performance DSC.

Finally, the i-V curve of the cell can be reproduced with
the parameters obtained by impedance measurements under
illumination. Taking into account that the total resistance is the
sum of all the contributions,

we can obtain the current flowing through the cell at a certain
potentialV by using the short circuit photocurrentIsc through79

By taking theISC of cell A under 1 sun illumination, Figure
11 reveals thei-V data of the cell deduced from the impedance
measurements and the comparison with the curve obtained from
the voltammetric measurements. It shows that the impedance
data fit very well to the voltammetric curve, suggesting, on the
other hand, the validity and reliability of the impedance
measurements.

A major contribution to series resistance is given by the sheet
resistance of TCO, and it could be diminished with a better
design of the sample. Also,RPt may be lowered by increasing
the porosity of the deposit at the counter electrode andRD may
be lowered by increasing the conductivity of the electrolyte and
moving the counter electrode closer to the TiO2 film. The
potential effect of such improvements is shown by the dashed
line in Figure 11 that simulates thei-V curve after complete
subtraction ifRStot:ff increases by 10%.

4. Conclusions

Impedance spectroscopy has been demonstrated to be a very
helpful technique to investigate the electron transport and
recombination mechanisms of DSC in this study. The measure-

η ) jscVoc(ff/Iph) (22)

RStot ) RS + RPt + RCO + 1
3
Rt + RD (23)

Figure 11. Photocurrent-voltage curve of cell A obtained at AM 1.5
solar radiation. The dots show the calculated values based on the
impedance measurements carried out at different voltage biases of the
cell with the same illumination. The dashed line represents the simulated
curve after subtraction of the series resistance. A 10% increase in the
fill factor is obtained.

Rtot ) RStot + Rct (24)

i ) Isc - ∫0

VdV
Rtot

(25)
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ments have also allowed an insight into the origins of the high
efficiency of the cells.

The analysis of the impedance parameters at different bias
potentials, that is, at different electron Fermi levels, shows that
the exponential distribution of the localized states in the band
gap of the TiO2 nanoparticles plays a dominant role in charge
accumulation, transport, and recombination. All of the associated
parameters, that is, the chemical capacitance, the steady-state
transport resistance, the transient diffusion coefficient, and the
charge-transfer (recombination) resistance, have been interpreted
in a unified and consistent framework. By changing the
temperature and bias potential of the cell, the diffusion coef-
ficient has been shown to exhibit the behavior expected in the
multiple trapping model of electron transport within mesoscopic
TiO2 films. Electrons in the localized states within the band
gap of TiO2 transport through trapping and detrapping processes
between the trap states and the conduction band, and only free
electrons in the conduction band edge contribute to the steady-
state diffusion process. With respect to the interfacial charge
recombination process, the behavior of recombination resistance
versus bias potential suggest a surface state-mediated charge-
transfer mechanism within the studied potential range. However,
the charge-transfer mechanism remains the most complex aspect
of the DSC and requires further investigation. In addition, the
transport mechanism at the transport level has not been
separately observed.

It can be concluded from the impedance measurements that
the high efficiency of the cells in this study is ascribed to the
excellent transport and low recombination rate of electrons in
TiO2. It was shown that a high conduction band position that
also maintains excellent electron injection from the excited dye
molecules is the key reason for these highly efficient DSC. The
high quality of the mesoscopic TiO2 film and the optimized
TiO2-electrolyte interface are believed to be responsible for
this. In addition, the low series resistance and an optimum
distribution of the surface states in TiO2 result in an excellent
fill factor.
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