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Abstract

Recent results of research and development on dye-sensitized solar cells in Japan will be reviewed. Current main issues are
the luck of wide absorption organic dyes and high efficient hole transport layers. To solve the issues, various organic dyes and
nano-composite ionic gel electrolytes were developed. In parallel to these, mechanism of charge transport and recombination in
the solar cells were investigated. These studies provide several strategies to improve the efficiency and durability of the dye-
sensitized solar cells. To cite this article: S. Yanagida, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Cet article résume les travaux de recherche et de développement réalisés au Japon sur les cellules solaires à colorant. Les défis
à relever sont ceux des besoins en colorants organiques possédant une grande fenêtre d’absorption et en matériaux bons con-
ducteurs de trous. Pour résoudre ces problèmes, différents colorants organiques et électrolytes ioniques à base de gels nanocom-
posites ont été développés. En parallèle, les mécanismes de transport de charge et de recombinaison ont été étudiés. Ces études
indiquent plusieurs stratégies possibles pour améliorer le rendement et la durée de vie des cellules solaires à colorants. Pour
citer cet article : S. Yanagida, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

In 1991, O’Regan, and Grätzel [1] reported highly
efficient dye-sensitized solar cells (DSC). Organic solar

cells called bulk heterojunction solar cells used to have
been thinned because of low diffusion length leading
to low light absorption coefficient. The DSCs suc-
ceeded to increase the light absorption efficiency by
utilizing the huge surface area of nanoporous TiO2 films
as a nano-scale three-dimensional electrode where sen-
sitizing dye molecules were adsorbed. Since the film
was prepared from nanoparticles by sintering in air, the
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fabrication cost was expected to be much lower than
the conventional solar cells, while the energy conver-
sion efficiency showed comparable values with that of
conventional amorphous silicon solar cells. Thus, since
their publication, intensive research and development
on DSCs have been carried out to understand the
mechanism, and to improve the efficiency and long-
term reliability of the solar cells.

DSCs typically consist of a dye-adsorbed nanopo-
rous TiO2 film prepared on transparent conductive
oxide. The film is immersed in an electrolyte contain-
ing a redox couple and placed on a platinum counter
electrode. Here, the energy conversion efficiency is
determined by (1) light harvesting efficiency, (2) charge
injection efficiency, (3) electron transport and collec-
tion efficiency in TiO2 electrodes, and (4) hole trans-
port and collection efficiency in electrolytes.As for light
harvesting efficiency and charge injection efficiency, a
series of ruthenium dyes with carboxylic groups show
wide absorption and high injection efficiency.

An issue of sensitizing dyes is its cost performance.
Since Ru is a rare metal of very low annual yield,
ruthenium-free organic dyes have been desired. With
regard to electron transport and collection efficiency,
electron diffusion length (L), which is given by square
root of product of electron diffusion coefficient (D) and
electron lifetime (s), is an important factor. To collect
most of injected electrons, L must be at least the thick-
ness of the TiO2 electrodes. The thickness is deter-
mined by the light absorption coefficients of the dye-
adsorbed electrodes. Hole transport and collection
efficiency depend on the dye-cation reduction effi-
ciency, conductivity in the bulk electrolytes and the
I–/I3

– redox efficiency at counter electrodes.
Highly efficient DSCs employ an I–/I3

– redox couple
and organic liquid solvents. However, the long-term
durability of the cells is low due to the difficulty of the
sealing of such volatile electrolytes and sublimable I3

–.
This problem must be solved for long-term reliability
in commercialization. Thus, large efforts have been
made to replace the liquid solvents and the redox couple
with solidified or gelled electrolytes. On the other hand,
alternative hole transport systems containing another
redox couple like Cobalt complexes may result in
shorter electron lifetime, and consequently shorter dif-
fusion length. Here, evaluation and mechanistic under-
standing of charge transport is needed to design DSC’s
giving long enough electron diffusion length.

To solve the issues mentioned above, our group and
collaborators have been working on replacing organic
liquid electrolyte, synthesizing organic dyes, and study-
ing the properties of electron transport in nanoporous
TiO2. In this proceeding, the overview of the achieve-
ments during the course of the research works is given.

2. Alternative dyes

In general, metal free organic dyes have higher
absorption coefficient compare to the metal complexes
and can be tuned to wide range of absorption spec-
trum. In addition, the sensitizing dyes with narrower
absorption band lead to colorful and thinner DSCs with
improving fill factor. For better performance of DSC,
metal-free organic sensitizers must have the following
features: (1) Extended p-conjugated system reducing
the HOMO-LUMO gap. (2) Appropriate redox poten-
tials of LUMO and HOMO levels towards TiO2 con-
duction band level and electrochemical potential of
redox couples in the electrolytes. (3) Anchoring
group(s) which can chemically react with the TiO2 sur-
face. (4) Intramolecular charge transfer (CT)-type
absorption that derives from electron donating part to
the electron accepting part that bears anchoring groups
in the dye molecules. (5) Chemical stability towards to
the chemicals in electrolytes.

For several years, Japanese groups have made great
contribution to develop novel organic dyes. Dr.Arakawa
and his group reported benzothiazole merocyanines
[2,3], coumarin dyes [4–7] and polyene molecules [8]
as shown in Scheme 1. Merocyanines form J-aggregates
on the surface of TiO2 to have strong absorption in red
light region. Absorption range of coumarine and poly-
ene was expanded to red region by introduction of
methine and oligothiophene units. More recently, Mit-
subishi Paper Mills Ltd. and Tohoku University reported

Scheme 1.
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novel dyes containing indoline unit (Scheme 2) [9,10]
to expand the absorption band. The reported conver-
sion efficiency of 8.00% is the record in organic dye
based DSC. The molecular designs bring high and wide
absorptivity of the dyes and vectorial electron transfer
and long-term durability in the DSC system.

Nippon Kayaku Co., Ltd. and our group also exam-
ined polyene dyes and proved that the polyene dye
(Scheme 3) gave the conversion efficiency of 6.6%
with > 80% IPCE. Collaboration with Prof. Lian of
Emory University in USA revealed the ultra fast elec-
tron injection to the TiO2 electrode (Fig. 1) [11].

Our group also examined the possibility of applica-
tion of conjugated polymer as the sensitizer. Poly-
thiophenes with carboxylic group shown in Scheme 4
were applied to mesoporous TiO2 and SnO2/ZnO com-
posite electrodes [12,13].Although it takes several days
for complete penetration of dyes molecules into nano-
scale pores of the electrodes, polythiophene-based DSC
shows 2.4% and 1.5% conversion efficiencies for

respective TiO2 and SnO2/ZnO electrodes. This sys-
tem can be achieved by enhancing the electron diffu-
sion coefficient of nano-metal oxides electrodes by
introducing imidazolium cations on the metal oxide sur-
faces.

3. Hole transport layer

The requirements for the hole-transport materials are
effective reduction of oxidized dye cations, fast enough
hole transportation and methods to fill them into the
nano-sized porous space of electrodes. To satisfy these
and to achieve high conversion efficiency, an electro-
lyte containing high concentration of I–/I3

– redox couple
in fluid organic solvents has been used. On the other
hand, as it was mentioned in the introduction, the high
vapor pressure of organic solvents and iodine has been
the reason of low durability of DSCs. A solution would
be to replace the liquid with solid p-type semiconduc-
tor materials [14]. However, no materials satisfying the
above criteria have been found. Another strategy will
be gelation of the liquid electrolytes containing the I–/I3

–

redox couple, and replacement of the liquid electro-
lytes with room temperature molten salt (ionic liquid)
or the gelation of ionic liquids [15–18].

Scheme 2.

Scheme 3.

Fig. 1. Transient mid-IR absorption of polyene dye-adsorbed meso-
porous TiO2 for probing the injected electron signal at 2000 cm–1

after femtosecond 400-nm excitation.

Scheme 4.
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We have fabricated DSCs using ionic liquid consist-
ing of imidazolium cations having various alkyle chains
[15]. Improved durability was found from these DSCs,
but the energy conversion efficiency could not reach
that of DSCs using liquid electrolytes. This was mainly
because that the viscosity of the ionic liquids was higher
than that of liquid solvents. This fact required higher
concentration of I–/I3

– redox couple to provide enough
conductivity. On the other hand, the higher concentra-
tion of the redox couple increased the undesired light
absorption, and also facilitated the charge recombina-
tion of the electronsin the TiO2 with the I–/I3

– redox.
Ionic liquids can be gelled by the co-dispersion of

nanoparticles with the ionic liquids. It has been reported
that the gelation by silica particles does not decrease
the efficiency of DSCs [18]. We have also tried various
materials of nanoparticles for the geleation of ionic liq-
uid (Table 1), and found that the dispersion of nanopar-
ticles, especially TiO2, increased the energy conver-
sion efficiency. The diffusion coefficients of I–/I3

– ions
in the gelled ionic liquid were also measured, showing
the increases of the conversion efficiency values. This
can be interpreted as due to the increased ion exchange
mechanism, i.e. Grotthuss mechanism [15,19]. The larg-
est increase was found when TiO2 particles (P-25) were
employed as a nano-particle gelator, impling that
adsorption of imidazolium cations on the TiO2 [18b]
would align the anionic redox couple by electrostatic
force, facilitating electron transport by the ion exchange
mechanism (Fig. 1). At the moment, influence of the
particle size could not be observed. This may be due to
the comparable aggregation trend of the particles, and
we expect the better performance once the mono-
dispersion methods were developed for organization of
nanoparticles like morphology of photonic crystals
(Fig. 2).

4. Electron transport in nanoporous TiO2

In DSC, the electron transport can be characterized
with diffusion and recombination. Since the cations in
the electrolyte solution surround the electrons in the
nanoporous TiO2, large electric field gradient cannot
be formed in the TiO2 film. Thus, the transport should
occur mostly with diffusion. The recombination can
occur with I3

– and oxidized dye cations during the dif-
fusion. The diffusion coefficient and lifetime of elec-
tron in TiO2 have been examined by several groups
[21–27]. The measured diffusion coefficients showed
power-law dependence on electron density. This has
been modeled with the events of trapping/de-trapping
by intra-band charge traps [24,27]. The measured elec-
tron lifetime showed inverse power-law dependence.
Apart from the diffusion coefficients, several models
have been proposed to explain the observation of the
long electron lifetime in TiO2 [22,23,27,28].

4.1. Measurement methods

The electron diffusion coefficients and lifetime can
be measured by photo-current or photo-voltage re-
sponse against change of incident light intensity. The
perturbation method of light intensity can be chosen

Table 1
Performance of Solar cells having different nanoparticles for gela-
tion

Nanoparticles
for gelation

Jsc (mA cm–2) Voc (mV) FF g (%)

TiO2 12.5 696 0.65 5.7
SnO2 12.1 679 0.61 5.0
SiO2 12.5 719 0.64 5.8
ITO 12.5 685 0.60 5.1
Carbon black 11.0 672 0.65 4.8
MW-CNT 12.0 706 0.57 4.8
Ionic liquid 11.8 661 0.60 4.7

Fig. 2. Schematic drawing of a proposed charge transport mecha-
nism in the nano-composite ion-gel electrolyte.
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arbitrary. Relationship between D and the current
response is obtained by solving the diffusion equation,
and the D can be obtained by fitting techniques. Most
of groups have used delta (pulsed laser) or sinusoidal
function (modulated diode laser or LED) for the per-
turbation. One concern is that the D itself has depen-
dence on electron density, in other words, light inten-
sity. This means that the diffusion equation should be
solved with taking into account of the dependency, or
the measurement should be performed under the con-
dition that the D can be approximated to be a constant.
The later evaluation was achieved by measuring cur-
rent response against change of partial light intensity.
On the other hand, measurements under continuous
light irradiation limit the sample condition, i.e. the
sample needs hole transport layer, and should be sen-
sitive against the irradiate light. These required condi-
tions make it difficult to study some influences such as
the influence of dye-adsorption. To check the influence
of continuous light irradiation, identical samples were
measured with and without bias light. Against the
expectation, measured values showed the same order
and tendency regardless of the bias light (Fig. 3). The
result showed also that both methods are valid for semi-
quantitative analysis, but both results contain some error
and need further development for more quantitative
analysis.

Electron lifetime has been measured by photovolt-
age response at open-circuit conditions. Typically, small

intensity sinusoidal moderated light with large and
steady intensity light is used [23]. The photovoltage
response is plotted on a complex plane and the fre-
quency giving the minimum of the imaginary compo-
nents is related with the electron lifetime.

4.2. Parameters influencing diffusion length,
i.e. D and s

4.2.1. Diffusion coeffıcients, D
As it was mentioned, intra-band charge traps largely

influence the electron diffusion coefficients. In addi-
tion to this, since the TiO2 film consists of unified TiO2

nano-particle regarded as network of nano-TiO2 wires,
the conditions and number of boundary among the par-
ticles should influence the D. These suggest that the
diffusion coefficients would be significantly influ-
enced by synthesis methods of TiO2 particles, particle
size, and film calcination temperatures. Actually, large
values of D were observed from the electrode con-
sisted of better crystalline particles and larger particle
size, and the electrodes prepared at higher calcination
temperatures [25,29]. These can be interpreted as due
to less number of deep charge traps and crystalline
boundaries.

Another prominent feature of the TiO2 electrode is
its large surface area. This leads to the expectation that
the surface conditions also influence the D. Typically,
several cationic species in electrolytes and dye mol-
ecules are adsorbed or anchored on the surface TiO2.
We have measured the influence of such cations in the
electrolyte, and found that the adsorptive cationic spe-
cies increase the values of D [20]. We have also mea-
sured that the influence of dye adsorption and found
that the adsorption also increase the D (Fig. 4) [26].
The rate of the increase was nearly proportional to the
surface area. This result can be interpreted as due to
that the surface charge traps are filled by the adsorp-
tion or reaction of carboxyl groups. On the other hand,
no influence on the electron density dependence implies
that shallow traps still exist in the nano-net-wire-like
TiO2 electrodes.

4.2.2. Electron lifetime
Electron lifetime would be related with the density

of change traps and/or the energy level of the charge
traps. One of important questions is if the charge traps
are recombination center. So far, the TiO2 films having

Fig. 3. Electron diffusion coefficients in dye-adsorbed nanoporous
TiO2 films. The values were obtained by a UV laser pulse induced
current transients (closed triangle) and by a green pulsed laser under
a continuous light irradiation (open square).
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larger values of the D tend to have shorter lifetime
[25,30]. This suggests that the electron lifetime is lim-
ited by the electron transport and most of the traps are
not recombination center. This implies also that, in view
of electron diffusion length, the slow electron diffu-
sion in DSC is intrinsically compensated by the long
electron lifetime because the origin is the same. How-
ever, slow electron transport caused by electron scat-
tering at particle boundaries or deep traps cannot be
compensated by the trap related electron lifetime. In
particular, the boundary conditions such as the number
and cross section area, should be paid more attention
to increase electron diffusion length.

In DSC, all recombination occurs through the elec-
tron transfer at TiO2/dye/electrolyte interfaces. To
increase the electron lifetime, increasing the distance
or energy barriers between dyed TiO2 and the electron
acceptors like I3

– is one strategy. The addition of thin
metal oxide layer on TiO2 films has been shown to
increase the electron lifetime [31]. In view of electro-
lytes, several species of cations and additives are dis-
solved to improve the performance. tert-Butylpyridine
has been known to increase the open-circuit voltage.
The increase could be interpreted with the increase of
electron lifetime as due to the adsorption of such bulky
compound onto the TiO2 surface. However, this postu-
lation was denied by the electron lifetime measure-
ments [23]. In addition, what is the role of the cationic

species in electrolytes? Do they increase or decrease
the electron lifetime?

To answer the questions, we measured electron life-
time in DSC employing various compositions of elec-
trolytes [32]. Fig. 5 shows some of results. It was found
that DSC using TBA+ showed the longer lifetime than
DSCs using Li+ and DMPIm+. The lifetime was inde-
pendent from the concentration of the cations at least
above that of 0.1 M. Here, the interfacial electron trans-
fer rate depends on the difference of free energy, the
distance between I3

–and dyed TiO2, and reorganization
energy between the electron in TiO2 and I3

–, and the
concentration of electrons and I3

–. As for the effect of
TBA+, it has been reported that the cations are too large
to penetrate into dye molecules on TiO2, while smaller
cations would do. This difference will change the thick-
ness of electrical double layer on the TiO2. Since the
concentration of I3

– in the vicinity of the double layer
should be lower than that in the bulk electrolyte solu-
tion, thicker double layer will result in improvement of
the longer lifetime. On the other hand, for the DSCs
employing a cationic redox couple, e.g. Co(dtb-bpy)3,
the addition of Li cations resulted in the longer lifetime
of electrons due to the relative decrease of cationic
redox concentration on the electrical double layer of
the surface (Fig. 6) [32].

4.3. How to improve diffusion length

As it was mentioned, the increase of D would results
in the decrease of s, ending little influence on the dif-

Fig. 4. Electron diffusion coefficients in nanoporous TiO2 films with
(closed) or without (open) dye adsorption. Electrolytes were 0.7 M
of LiClO4 (square) or 0.5 M of TBAClO4 in acetonitrile.

Fig. 5. Electron lifetimes in DSCs employing different cations as a
counter charge of I–/I3

–.
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fusion length. Thus, the diffusion length should be
improved for example, by the decrease of electrical
resistance of the TiO2 particle boundaries. This could
be realized by reducing the amount of amorphous state
from the TiO2 particles, and by optimizing the cross
section area of particle-particle boundaries.

In view of electrolyte, adsorption of Li+ cations and
imidazolium cations in electrolytes especially increases
the D. On the other hand, non-adsorptive bulky cations
like TBA+ increase the electron lifetime. Thus, the
admixture of several cationic species at appropriate con-
centration ratio is desired to increase the L, leading to
increase not only of incident photoelectron efficiency
(IPCE) but also of fill factors.

4.4. How to improve the performance
of dye-sensitized solar cells

The energy conversion efficiency of DSC is never
determined only by electron diffusion length. Photo-
current of short circuit, Jsc, and open circuit voltage,
Voc, must be increased at the same time. To obtain high
Jsc’s, Li+ seems to be needed with balance of diffusion
length and electrode thickness. On the other hand, Li+

is not desired in view of open-circuit voltage, and thus,
the minimum amount of Li+ should be dissolved, and
the rest of counter cations of I– and I3

– should be cho-
sen from others. The surface conditions of the unified
nano-TiO2 particle also influence flat band energy level,
thus, the TiO2 electrodes in DSC should also be opti-

mized from both the diffusion length and interfacial
structures of these nano-net-wire-like TiO2 electrodes.

5. Conclusions

Dye-sensitized solar cells have multi-pn junctions,
composing of unidirectional charge separation devices
using dye molecules as a diode. Nano-TiO2 layers can
be regarded as excellent and inexpensive nano-net-
wires for collecting photoelectron from sensitizing dye
molecules. The research on DSCs as death-valley-free
devices is advancing competitively both in academic
and in industries. Recent two special issues of the Jour-
nal of Photochemistry and Photobiology A are also
reporting the fruitful research progresses especially in
Japan [33]. At IPS-15, Professor Dai and his group of
Institute of Plasma Physics in China reported photo-
electric conversion efficiency around 6% with 15 ×
20 cm2 module. This is the highest conversion effi-
ciency for the large scale DSC tested for outdoor prac-
tical use. Further effort for reliability at temperature as
high as 80 °C will approve of DSC’s feasibility as low
cost solar cells for outdoor long-term use.

Acknowledgements

The author could introduce here some works on DSC
that could be accomplished by the following scientists
and their group; Professor Yuji Wada and Dr. Takayuki
Kitamura, Dr. Yasuchika Hasegawa (Osaka Univer-
sity), Dr. Shogo Nakade (Nokia Research Center), Mr.
Teruhisa Inoue (Nippon Kayaku Co.), Professor Tim
Lian (Emory University in USA), Dr. Nobuo Tanabe
(Fujikura Co.), Professor Masayoshi Watanabe (Yoko-
hama National University). This proceeding manu-
script was written through collaboration with Dr. Shogo
Nakade, Dr. Takayuki Kitamura and Dr. Nobuo Tanabe.
The author also greatly appreciates financial supports
form NEDO and Ministry of Education, Science and
Culture of Japan.

References

[1] B. O’Regan, M. Grätzel, Nature 353 (1991) 737.

Fig. 6. Electron lifetime in DSCs using a Co redox couple with various
concentration of Li cations.

603S. Yanagida / C. R. Chimie 9 (2006) 597–604



[2] K. Sayama, K. Hara, N. Mori, M. Satsuki, S. Suga, S. Tsuka-
goshi, Y. Abe, H. Sugihara, H. Arakawa, Chem. Commun.
(2000) 1173.

[3] K. Sayama, S. Tsukagoshi, K. Hara, Y. Ohga, A. Shinpou,
Y. Abe, S. Suga, H. Arakawa, J. Phys. Chem. B 106 (2002)
1363.

[4] K. Hara, K. Sayama,Y. Ohga, A. Shinpo, S. Suga, H. Arakawa,
Chem. Commun. (2001) 569.

[5] K. Hara, Y. Tachibana, Y. Ohga, A. Shinpo, S. Suga,
K. Sayama, H. Sugihara, H. Arakawa, Sol. Energy Mater. Sol.
Cells 77 (2003) 89.

[6] K. Hara, T. Sato, R. Katoh, A. Furube, Y. Ohga, A. Shinpo,
S. Suga, K. Sayama, H. Sugihara, H. Arakawa, J. Phys. Chem.
B 107 (2003) 597.

[7] K. Hara, M. Kurashige, Y. Dan-oh, C. Kasada, A. Shinpo,
S. Suga, K. Sayama, H. Arakawa, New. J. Chem. 27 (2003)
783.

[8] K. Hara, M. Kurashige, S. Ito, A. Shinpo, S. Suga, K. Sayama,
H. Arakawa, Chem. Commun. (2003) 252.

[9] T. Horiuchi, H. Miura, S. Uchida, Chem. Commun. (2003)
3036.

[10] T. Horiuchi, H. Miura, K. Sumioka, S. Uchida, J. Am. Chem.
Soc. 126 (2004) 12218.

[11] T. Kitamura, M. Ikeda, K. Shigaki, T. Inoue, N.A. Anderson,
X. Ai, T. Lian, S. Yanagida, Chem. Mater. 16 (2003) 1806.

[12] (a) G. K. R. Senadeera, K. Nakamura, T. KitamuraY. Wada, S.
Yanagida, Appl. Phys. Lett., 83 (2003) 5470; (b) Y. Kim, J.
Walker, L. A. Samuelson, J. Kumar, Nano Letters 3 (2003)
523.

[13] S. Yanagida, G.K.R. Senadeera, K. Nakamura, T. Kitamura,
Y. Wada, J. Photochem. Photobiol. A: Chem. 166 (2004) 75.

[14] K. Tennakone, G.R.R.A. Kumara, I.R.M. Kottedoda,
V.P.S. Perera, P.S.R.S. Weerasundara, J. Photochem. Photo-
biol. A: Chem. 117 (1998) 137.

[15] W. Kubo, S. Kambe, S. Nakade, T. Kitamura, K. Hanabusa,
Y. Wada, S. Yanagida, J. Phys. Chem. B 107 (2003) 4374.

[16] P. Wang, S.M. Zakkeruddin, I. Exnar, M. Grätzel, Chem.
Commun. 24 (2002) 2972.

[17] S. Mikoshiba, H. Sumino, M. Yonetsu, S. Hayase, in: Proc.
16th European Photovoltaic Solar Energy Conference, Glas-
gow, 2000, p. 47.

[18] (a) P. Wang, S.M. Zakeeruddin, P. Comte, I. Exnar, M. Grätzel,
J. Am. Chem. Soc. 125 (2003) 1166; (b) H. Usui, M. Matsui,
N. Tanabe, S. Yanagida, J. Photochem. Photobiol. A: Chem.
164 (2004) 87.

[19] R. Kuwano, M. Watanabe, Chem. Commun. (2003) 330.

[20] S. Kambe, S. Nakade, T. Kitamura, Y. Wada, S. Yanagida,
J. Phys. Chem. B 106 (2002) 2967.

[21] F. Cao, G. Oskam, G.J. Meyer, P.C. Searson, J. Phys. Chem.
100 (1996) 17021.

[22] A.C. Fisher, L.M. Peter, E.A. Ponomarev, A.B. Walker,
K.G.U. Wijayantha, J. Phys. Chem. B 104 (2000) 949.

[23] G. Schlichthörl, S.Y. Huang, J. Sprague, A.J. Frank, J. Phys.
Chem. B 101 (1997) 8141.

[24] N. Kopidakis, E.A. Schiff, N.-G. Park, J. van de Lagemaat,
A.J. Frank, J. Phys. Chem. B 104 (2000) 3930.

[25] S. Nakade, Y. Saito, W. Kubo, T. Kitamura, Y. Wada,
S. Yanagida, J. Phys. Chem. B 107 (2003) 8607.

[26] S. Nakade, Y. Saito, W. Kubo, T. Kanzaki, T. Kitamura,
Y. Wada, S. Yanagida, Electrochem. Commun. 5 (2003) 804.

[27] J. Nelson, S.A. Haque, R.D. Klug, J.R. Durrant, Phys. Rev. B
63 (2001) 205321.

[28] J. Bisquert, A. Zaban, P.J. Salvador, J. Phys. Chem. B 106
(2002) 8774.

[29] S. Nakade, M. Matsuda, S. Kambe, Y. Saito, T. Kitamura,
T. Sakata, Y. Wada, H. Mori, S. Yanagida, J. Phys. Chem. B
106 (2002) 10004.

[30] N. Kopidakis, K.D. Benkstein, J. van de Lagemaat, A.J. Frank,
J. Phys. Chem. B 107 (2003) 7759.

[31] E. Palomares, J.N. Clifford, S.A. Haque, T. Lutz, J.R. Durrant,
J. Am. Chem. Soc. 125 (2003) 475.

[32] S. Nakade, T. Kanzaki, W. Kubo, T. Kitamura, Y. Wada,
S. Yanagida, J. Phys. Chem. B 109 (8) (2005) 34804.

[33] (a) The special issues for dye-sensitized solar cells and
relatead area are: J. Photochem. Photobiol. A: Chem. 164
(2004); (b) J. Photochem. Photobiol. A: Chem. 166 (2004).

604 S. Yanagida / C. R. Chimie 9 (2006) 597–604


	Recent research progress of dye-sensitized solar cells in Japan
	Introduction
	Alternative dyes
	Hole transport layer
	Electron transport in nanoporous TiO2
	Measurement methods
	Parameters influencing diffusion length, i.e. D and 
	Diffusion coefficients, D
	Electron lifetime

	How to improve diffusion length
	How to improve the performance of dye-sensitized solar cells

	Conclusions

	Acknowledgements
	References

