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Abstract

Various kinds of cyanine and merocyanine organic dyes having short anchoring groups as

sensitizers on nanocrystalline TiO2 electrodes were investigated to promote the short-circuit

photocurrent (Jsc) and the solar light-to-power conversion efficiency (Zsun). The Jsc and Zsun
improved when the three different three dyes (yellow and red cyanine dyes, and blue

squarylium cyanine dye) were adsorbed simultaneously on a TiO2 electrode, as compared with

the Jsc and Zsun of the TiO2 electrodes adsorbed by each single dye. The maximum Zsun was

3.1% (AM-1.5, 100mW/cm2). The Jsc and Zsun were influenced by the solvents for the dye

adsorption on the TiO2 electrode, and the efficiencies were improved by the addition of some

cholic acids into the dye solution for adsorption. The electron transfer and/or the energy

transfer from the red cyanine dye to the blue cyanine dye was observed on a SiO2 film using

emission spectroscopy, suggesting a strong interaction between two dyes. The J-like aggregates

of the blue cyanine dyes hardly showed sensitization efficiency.
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1. Introduction

Dye sensitization of nanocrystalline TiO2 semiconductor electrodes is of
considerable interest for applications in highly efficient solar cells [1–3]. Some Ru
complexes such as Ru(dcbpy)2(NCS)2 (dcbpy: dicarboxy bipyridine) and Ru(tcter-
py)(NCS)3 (tcterpy: tricarboxy terpyridine) have been usually used as photosensi-
tizers. On the other hand, little attention has been paid to the use of organic dyes,
and not many studies on the sensitization of the nanocrystalline semiconductor
electrodes by organic dyes are reported, compared with those of metal complex
cases, because the efficiencies of organic dye solar cells were considered to be
relatively low [4–14]. We have investigated various organic dyes for the dye-
sensitized cell, and found recently that nanocrystalline TiO2 solar cells sensitized by
benzothiazole type merocyanine dye [15,16] and coumarin-derivative dye [17]
showed excellent efficiencies up to Zsun=5.6% (AM-1.5, 100mW/cm2 calibrated by a
Si standard solar cell). This efficiency is the best value among organic dye solar cells
reported so far, and is the next highest to the Ru complex sensitizers. Both the short-
circuit photocurrent (Jsc) and the incident photon-to-current conversion efficiency
(IPCE) spectrum of the cell with the coumarin dye were almost as good as those with
the Ru(dcbpy)2(NCS)2 sensitizer, suggesting a great potential for organic dye
sensitizers in the future. The long-term stability of the TiO2 cells sensitized by eosin
Y and merocyanine organic dyes was examined, and the total turnover number of
the dye for the photon-to-electron conversion exceeded 1� 106 cycles, suggesting
that these dyes were fundamentally stable during the photoreaction in the cell [8,16].
It is worthwhile to develop highly efficient organic dye sensitizers from the
standpoint of low cost, saving of limited precious metal resources and easy handling
for cell recycling without removal of metal. The absorption coefficients of organic
dyes are generally much higher than those of metal complexes, however, the sharp
and narrow absorption band of organic dyes is one of serious disadvantages. The
development of new organic dye sensitizers having a wide and strong absorption
band is important for utilizing the solar light efficiently.
There are several approaches to control the absorption spectra of organic dyes.

First, the absorption is shifted by the length of the conjugated system (chromophore)
in the dye. Many cyanine and merocyanine dyes having methine chains (–CH=CH–)n
have been studied in the field of photosensitization of silver halide of photograph
film. The extension of methine chain length caused a significant red-shift of the
spectra of cyanine dyes [18,19]. The length of the conjugated system may affect not
only the absorption spectra but also the redox potentials of the ground and excited
states of the dyes. In the second approach, the absorption is shifted by the formation
of dye aggregation. Some cyanine dyes formed J- and H-aggregates on the surface of
silver halide [20,21]. The J-aggregates show the shift of the absorption to the longer
wavelength region and the H-aggregates show the shift of that to the shorter
wavelength region. The relationship between the dye aggregation on the oxide
semiconductor electrode and the photoelectrochemical properties is very interesting.
We reported that some merocyenine dyes formed J-aggregates on TiO2 surface, and
that the J-aggregates of merocyanine having a long alkyl chain showed a high
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photosensitization efficiency [15,16]. Kamat et al. reported that the IPCE of a
monomeric form of merocyanine-540 dye on TiO2 electrode was nearly five times
greater than that of the H-aggregate form [9]. The IPCE of a porous ZnO electrode
sensitized by ruthenium complexes was decreased by agglomeration of the complex [22].
In the case of porphyrin derivatives on TiO2, SnO2, ITO and Au electrodes, the
formation of the J-aggregate caused the decrease of the quantum yield and the
fluorescence lifetime due to the self-quenching of excited state in the aggregate [23–
27]. In the third approach, the simultaneous adsorption of many different dyes which
have different absorption wavelengths on the TiO2 electrode may be useful in order
to harvest the solar light effectively. However, the reports on such an approach were
limited [19,28,29]. The extension of the IPCE spectrum was reported on the sintered
ZnO electrode sensitized by Rhodamine B and a Ru complex at the same time [28]. A
slight improvement of the IPCE spectrum and the Jsc (15.0-15.2mA) was reported
on the nanocrystalline TiO2 electrode using the mixture of two dyes: the
Ru(dcbpy)2(NCS)2 and a squarylium cyanine dye (100:1 in molecular ratio), but
the photocurrent and the efficiency decreased drastically when the ratio of two dyes
was 1:1 [29]. Spitler et al. reported that the shape of the IPCE spectra of TiO2

electrode sensitized by plural cyanine dyes was in accord with that of the absorption
spectra of the electrode, and that the photocurrent was promoted when special
combinations of two different dyes were used compared to the photocurrent
sensitized by single dye [19]. However, when the mixture of three different dyes,
yellow, red and blue cyanine dyes was used to harvest the whole visible light, the
quantum efficiency of current production was very low (10%) in the whole
wavelength region. This cooperative sensitization effect of plural dyes is very
interesting but not simple. It is considered that the photocurrent efficiency was
influenced seriously, if there is a strong interaction between different dyes such as
electron transfer and energy transfer.
In this paper, we studied various cyanine and merocyanine dyes as shown in

Scheme 1. A series of indolenine type cyanine dyes (Cyn) having a short carboxyl
anchoring group (Scheme 1(a)) and merocyanine dyes (Scheme 1(c)) were mainly
used as standard dyes. In the study by Spitler [19], cyanine dyes having propionic
acid, –(CH2)2–COOH, was mainly used as anchoring group. However, it was found
that in previous studies [13], the Cyn having a short carboxyl anchoring group, –
COOH, showed higher IPCE than the dye having a long propionic group, because
the electron injection from the dye chromophore to the conduction band of the
semiconductor takes place effectively when the distance between the chromophore
and the TiO2 surface decreased. Therefore, these Cyn dyes having short anchoring
groups in Scheme 1 were mainly used in this experiment in order to obtain high
efficiencies. Here, the dependence of the photoelectrochemical properties on the
length of the conjugated system in these dyes, the relationship between the
aggregation of these dyes on the porous TiO2 electrode and the photoelectrochemical
properties, the simultaneous adsorption of different organic dyes on the TiO2

electrode were investigated. Moreover, it was reported, in the case of the
nanocrystalline TiO2 solar cell sensitized by porphyrin and Ru(tcterpy)(NCS)3, that
the efficiencies were increased by the addition of various kinds of cholic acid into the
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Scheme 1. Structures of various organic dyes: (a) Cyanine dye (Cyn), (b) Squarylium cyanine dye (SQ),

(c) Merocyanine dye (Mc), (d) Merocyanine dye with long methine chain (LMc) and (e) Merocyanine dye

with two rhodanine rings (TMc[m]).
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dye ethanol solution for the dye adsorption on the TiO2 electrode [3,23]. Therefore,
the effect of co-adsorbate were also investigated to obtain a highly efficient solar cell.

2. Experimental section

2.1. Preparation of porous TiO2 film

A screen printing method was used to prepare porous TiO2 film photoelectrodes.
Solvents, titanium isopropoxide, nitric acid and acetic acid were purchased from
Kanto Chemical Co. Two kinds of TiO2 particles, small colloid particle (particle size:
10–20 nm) in solution and large (150–250 nm) particle, were used as described
elsewhere [30]. The large anatase particle was purchased from Wako Chemical Co.
The TiO2 film prepared using only the small colloidal solution of nano-size TiO2

particles was transparent. The large particle (40% w/w TiO2) was added to the small
colloid (60% w/w TiO2) in order to increase the passage length of incident light
through the dye-coated film by scattering on large particles. The colloidal liquid was
concentrated using a rotary evaporator to a final TiO2 concentration of 12wt%. The
TiO2 colloid was washed well with ethanol and was concentrated by a centrifugal
machine. The colloid was dispersed well using a high-speed homogenizer (Jank and
Kunkel Ultra turrax T25, 20,000 rpm) by adding an ethanolic solution of ethyl
cellulose (10% by weight, Kanto Chemical Co.) as a binder and a-terpineol (Kanto
Chemical Co.) as a solvent for TiO2 paste. The paste was concentrated by an
evaporator to a final concentration of 20wt%.
The TiO2 paste was printed on a conducting glass support (Nihon Sheet Glass

Co.; fluorine-doped SnO2 overlayer; sheet resistance: 10O/sq) using a screen printing
machine (Mitani Electronics Co., MEC 2400) with a suitable screen mesh and
calcined for 1.5 h at 500�C in air atmosphere. The thickness (standard: 1572 mm) of
the TiO2 film was controlled by selection of screen mesh size (standard: 150 mesh)
and repetition of printing (standard: twice). The heated electrode was soaked in a
0.1mol/l titanium tetrachloride solution for 18 h at room temperature, and was then
re-calcined for 1 h at 500�C in air. The crystal structure of the prepared TiO2 film
was determined as anatase phase by XRD.

2.2. Sensitization of semiconductor film electrode

All dyes were synthesized at Hayashibara Biochemical Laboratories Inc. Before
dye adsorption, TiO2 film was calcined at 500�C for 1 h in air to remove water
adsorbed on the TiO2 surface, and was then cooled down to 80�C and immediately
soaked in a dye solution. Adsorption of the dye on the TiO2 surface was carried out
by soaking the TiO2 electrode in a dry ethanol solution of the dye (standard
concentration: 3� 10�4mol/l) at room temperature for 12 h, and then the electrode
was washed with pure ethanol. After dye adsorption and drying (more than 10min in
air at room temperature), the photoelectrochemical measurement was conducted
immediately. The amount of adsorbed dye was determined by spectroscopic
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measurement of dye desorbed from the semiconductor surface in a mixture of water
and ethanol containing NaOH (0.1mol/l). In some experiments, the dye concentra-
tion was changed, and the ethanol solvent was replaced by other solvents such as
butanol and acetonitrile.

2.3. Photoelectrochemical measurement and characterization of dye-sensitized film

The dye-sensitized semiconductor electrode was incorporated into a thin-layer,
sandwiched solar cell. The area of the semiconductor electrodes was 0.5� 0.5 cm2.
The counterelectrode was a thin platinum layer sputtered on conducting glass, which
was treated with H2PtCl6 aqueous solution and calcined to coat platinum particles.
A polyethylene spacer (0.03mm thickness) was used to prevent the cell from short-
circuiting when the counter- and working electrodes were clamped together. The
electrolyte solution consisted of a mixture of LiI(0.1mol/l), 1,2-dimethyl-3-propyl-
imidazolium iodide (0.6mol/l), iodine (0.05mol/l) and methoxyacetonitrile as a
solvent.
The dye-coated semiconductor film was illuminated through the conductive glass

support. Overall solar-to-electric energy conversion efficiency was measured under
simulated solar light (Wacom Co., WXS-80C-3, Japan Industrial Standard: A-class
AM-1.5, 100mW/cm2). The intensity of the illumination source was calibrated using
a standard solar cell for quasi-amorphous silicon cell authorized by Japan Quality
Assurance Organization and a thermopile power meter (Eppley Lab., Inc., Newort,
R. I., J3). The photocurrent, photovoltage and potential–current (V2I) curve were
measured using a Keithley Model 2400 digital source meter and a date acquisition
system (Eiko Seiki Co.). A 500W halogen lamp, a monochrometer (Jasco, CT-10), a
scanning controller (Jasco, SMD-25C) and a multimeter (Keithley, 2000) were used
for IPCE measurement of the solar cell. The monochromatic light intensity was
measured using a power meter with a Si PIN photodiode sensor (Advantest,
TQ8210). IPCE was defined as

IPCEðlÞ ¼ 1240ðIsc=lFÞ;

where l is the light wavelength, Isc the current at short circuit (mA/cm
2) and F the

incident radiative flux (W/m2). Losses of light reflection and absorption by the
conducting glass were not corrected.
Diffused reflectance spectra of the TiO2 electrodes were measured using a

Shimadzu MPS-2000 spectrometer. Reflectance (R; %) and transmittance (T ; %) of
the electrode were obtained using a Shimadzu 3101PC spectrometer and an
integration sphere. Light harvest efficiency (LHE) of electrode was calculated as

LHE ð%Þ ¼ 12R2T :

Film thickness was measured after film calcination using a Tencor Instruments
alpha-step 300 apparatus. Surface area of the powder and the electrode was
evaluated by BET method using nitrogen gas. Cyclic voltammetry was carried out in
an electrochemical cell. A three-electrode cell was composed of a glassy carbon as
working electrode, a platinum wire as counterelectrode, and a Ag/AgCl as reference
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electrode. The supporting electrolyte was 0.1mmol/l tetrabutylammonium perchlo-
rate in DMF.

3. Results

3.1. Absorption spectra and photoelectrochemical properties of the nanocrystalline

TiO2 electrode sensitized by Cyanine dyes (Cyn)

The absorption spectra of Cyn in ethanol (EtOH) solution are shown in Fig. 1.
The colors of Cy0, Cy1 and Cy2 were yellow, red and blue, respectively. The light
absorption peaks shifted to the longer wavelength by ca. 100 nm with each increase
of one in n number (increasing length of the conjugated methine chain, (–CH=CH–)n).
The narrow absorption band of each Cyn dye has a serious disadvantage due to
the limitation of light harvesting when one dye was used alone. Therefore, the
simultaneous absorption of different Cyn (n ¼ 022) dyes on the same TiO2 electrode
was attempted for effective absorption of solar light in a wide wavelength region.
Fig. 2 shows the absorption spectra of (a) Cy0, (b) Cy1, (c) Cy2 and (d) the mixture
of Cyn (n ¼ 0; 1; 2) on the TiO2 electrode. All dyes were adsorbed on the TiO2

electrode in ethanol solution (0.3mmol/l). The peak and the threshold wavelength of
absorption band of Cyn in ethanol solution and on TiO2 electrode are summarized in
Table 1. The wavelength of the absorption peak (lmax=590 nm) of Cy2 on the TiO2

surface was significantly shifted to the shorter wavelength compared to that in
ethanol (lmax=660 nm). The shoulder of the absorption was observed at around
740 nm, and the threshold was shifted by ca. 50 nm to the longer wavelength.
Cyanine dyes were known to form H- and J-aggregate on silver halide [19–21]. In the
case of Mc dyes, the formation of J-aggregate was observed, with a large red-shift
more than 100 nm of the absorption threshold, on the TiO2 electrode [16]. The large
difference between the absorption spectra on TiO2 and in ethanol suggests that Cy2
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Fig. 1. Absorption spectra of Cyn dyes (n ¼ 0; 1, 2) in ethanol solution.

K. Sayama et al. / Solar Energy Materials & Solar Cells ]] (]]]]) ]]]–]]] 7



dye formed both H- and J-aggregates on the TiO2 surface. The J-aggregates of dyes
on silver halide generally showed a strong and narrow absorption band, while those
of the J-aggregates on the TiO2 in this study were broad. The absorption of the
J-aggregates was influenced by the size of the aggregate, the interfacial distance
between the neighboring dyes and the slipping angle of the stacked dyes [16,31]. The
strong fixation of the dye on the TiO2 surface by the carboxyl anchoring groups
probably caused the broad absorption spectra because of a wide distribution of
different arrangements of the adsorbed dye. We refer to the aggregates showing a
broad absorption at a longer wavelength region as ‘‘J-like’’ aggregates mentioned
below. The absorption thresholds of Cy1 and Cy0 were also red-shifted by adsorbing
on the TiO2 surface. However, the shift of the absorption peak was small. It is
suggested that J-like aggregates were partially formed on the TiO2, but that most of
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Fig. 2. Absorption spectra of: (a) Cy0/TiO2. (b) Cy1/TiO2. (c) Cy2/TiO2. All dyes were adsorbed on the

TiO2 electrode in ethanol solution (0.3mmol/l). (d) Mixture of Cyn (n ¼ 0;1,2) adsorbed on the TiO2

electrode. Each dye concentration of the mixture of Cyn in ethanol solvent was 0.1mmol/l. (e) TiO2

electrode only without dye. These were measured by diffused reflection spectrum mode.

Table 1

Photochemical and electrochemical properties of Cyn (n ¼ 0; 1; 2)

Dye Solution

color

Absorption in EtOH Absorption on TiO2
a Emissionb Redox potential (vs. SCE)

lmax
(nm)

lthreshold
(nm)

lmax
(nm)

lthreshold
(nm)

lmaxðemÞ

(nm)

E0ðDþ=DÞ
(V)

E0ðD=D�Þ
(V)

E�ðDþ=D�Þc

(V)

Cy0 Yellow 443 500 — 530 — 0.92 �1.36 �1.56
Cy1 Red 555 600 570 650 560 0.56 �1.05 �1.51
Cy2 Blue 660 730 590 780 665 0.50 �0.76 �1.20

aAbsorption spectra of dye adsorbed on the TiO2 film.
bEmission spectra were measured in EtOH.
cE�ðDþ=D�Þ was oxidation potential of dye in the excited state, calculated by E0ðDþ=DÞ and lthreshold in

ethanol.
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Cy0 and Cy1 dyes remained as monomeric form. The formation of the H-aggregates
of Cy0 and Cy1 were not clear. In the three wavelength regions (l: 400–450, 450–550
and >550 nm), Cy0, Cy1 and Cy2 dyes showed efficient absorption on the TiO2,
respectively. Therefore, the TiO2 electrode adsorbed with these three dyes
simultaneously had a sufficient absorption in whole visible light region, as shown
in Fig. 2d.
Table 2 shows the photoelectrochemical properties of the TiO2 solar cells

sensitized with various Cyn dyes. All dyes were adsorbed on the TiO2 electrode in
ethanol solution. The IPCE spectra of the Cyn/TiO2 cells are shown in Fig. 3. The Jsc
and IPCE of the Cy0/TiO2 cell were small, because the overlap of the absorption of
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Table 2

Photoelectrochemical properties of various cyanine dyes on the TiO2 electrode adsorbed in ethanol solvent

Dye Chenodeoxychoric acid mmol/l Jsc (mA/cm
2) Voc (V) ff (%) Zsun (%)

Cy0 0 2.0 0.52 66 0.6

Cy1 0 5.1 0.48 61 1.5

Cy2 0 4.7 0.39 62 1.2

Cy0+Cy1+Cy2 0 7.9 0.42 55 1.8

Cy1 1 6.9 0.56 64 2.5

5 6.7 0.57 65 2.5

20 6.2 0.59 61 2.2

60 4.7 0.57 62 1.7

1a 6.8 0.51 63 2.2

Cy2 1 6.5 0.42 56 1.5

Cy0+Cy1+Cy2 1 9.9 0.45 59 2.6

a tauro-chenodeoxychoric acid Na salt.

Fig. 3. The IPCE spectra of: (a) Cy0/TiO2, (b) Cy1/TiO2, (c) Cy2/TiO2 and (d) mixture of Cyn (n ¼ 0; 1; 2)
adsorbed on the TiO2 electrode. The preparation conditions of the electrodes were the same as in the

caption of Fig. 2.
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both Cy0 and the I3
� ion in the electrolyte was one of serious problems. The Jsc

(5.1mA/cm2), IPCE (51% at 505 nm) and Zsun (1.5%) of the Cy1/TiO2 cell were
highest among the three dyes. The IPCE spectra of Cy1/TiO2 had two peaks at 505
and 550 nm, and the shape and the peak wavelength were different from the
absorption spectra in Figs. 1 and 2. It is surmised that the IPCE peak at 505 nm in
Fig. 3b was related to the H-aggregate of Cy1 dye, and that it had an efficient ability
for sensitization. On the other hand, the IPCE spectrum of the Cy2/TiO2 was very
broad, but the value of IPCE was small (o 20%). Therefore, the Jsc of the Cy2/TiO2

cell was not high. There are some reasons for the low efficiency of Cy2. This may be
generally explained on the basis of the redox potentials of Cyn as shown in Table 1.
The redox potential of Cyn+/Cyn in the ground state (E0(Cyn+/Cyn) in Table 1
shifted negatively with increase in n number. Therefore, the electron transfer from
the I� ion to the oxidized dye became difficult with the increase in n: The redox
potentials of Cyn+/Cyn� in the excited state (E�(Cyn+/Cyn�)) were roughly
estimated by the E0(Cyn+/Cyn) and the excitation energy. The E�(Cyn+/Cyn�) in
Table 1 shifted positively with the increase in n number, suggesting the increase of
the difficulty of the electron transfer from the excited dye to the conduction band of
TiO2 with the increase of the methine chain length. These results indicate the
difficulty of the sensitization in the Cy2/TiO2 cell compared to the Cy1/TiO2. It is
reported in the case of a cyanine dye on AgBr that the electron injection from the dye
to the conduction band became difficult by the formation of J-aggregate due to the
change of E�(Dye+/Dye�) [20]. The potential difference (DE) of Cy2+/Cy2 and I3

�/
I� (+0.2V vs. SCE) was 0.3V, and that of Cy2+/Cy2� and the conduction band of
TiO2 (�0.7V vs. SCE) was 0.5V. The study how large DE is enough for the electron
transfer is very important, but it is not clear now. If the DE ¼ 0:3V is not enough,
the inefficient electron transfer from I� to Cy2+ may result in the low efficiency of
the Cy2/TiO2 cell.
Some other reasons are also considered for the low sensitization efficiency of the

Cy2. It was found, through the comparison of the spectrum thresholds of each Cyn

dye in Figs. 1–3, that the J-like aggregates of Cyn had an ability of the sensitization,
but the efficiencies of J-like aggregates were not large compared to those of
monomers. Especially, the J-like aggregate of Cy2 hardly showed the sensitization
property. The relationship between the aggregation and the sensitization efficiency is
a very interesting subject. In the case of Mc/TiO2 cells, a disorder of the packing of
the dye chromophores in the J-like aggregate caused the decrease of IPCE [16]. In the
case of porphyrin derivatives, the formation of J-aggregate caused a decrease of the
quantum yield and the fluorescence lifetime due to the self-quenching of the excited
state in the aggregate [23–27]. The Cyn dyes have various cis–trans isomers, which
may cause the disorder of the packing of dye in the J-like aggregates. Therefore, it is
surmised that the disorder of alignment of the chromophores in the J-like aggregates
and the self-quenching in the aggregate might be responsible for the low IPCE by
J-like aggregates of Cyn: Furthermore, the electron injection process from the excited
state of the dye to the semiconductors generally competes with other undesirable
processes such as photoisomerization, which is one of the major decay pathways for
methine dyes [9]. The length of the methine chain of Cy2 was longest and Cy2 has
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many cis–trans isomers. Therefore, the disorder of the arrangement of Cy2 molecules
in the J-like aggregates was considered to be present to a great degree, and that the
Cy2 with many double bonds might be quenched easily by the photoisomerization
due to the rotation at the double bonds. It is noted that the Cy2 on the TiO2 was
decolorized easily under a weak UV light compared to the Cy0 and Cy1, suggesting
the instability of the long methine chain (LMc) in Cy2. Assuming that the electron
transfer or energy transfer from monomer to J-like aggregate took place effectively,
the low IPCE of the J-like aggregate caused the decrease of IPCE in the whole
wavelength region. Therefore, the sensitization efficiency of the Cy2/TiO2 cell was
low due to many reasons mentioned above.
As regards the open-circuit potentials (Voc), the Voc of the Cyn/TiO2 cells

decreased in the order Cy0/TiO2>Cy1/TiO2>Cy2/TiO2. The cathode current of the
I2V curve in dark flowed easily in the order TiO2 without dye oCy0/TiO2 oCy1/
TiO2 oCy2/TiO2. These results indicate that the Cyn dyes, especially Cy2, seemed to
operate as a catalyst to promote the current leakage from TiO2 to I3

�. Therefore, not
only the Voc but also the Zsun (=Jsc�Voc� ff) of the Cy2/TiO2 cell were worse than
those of the Cy1/TiO2. It was reported that the Voc increased by the addition of 4-
tert-butylpyridine in the electrolyte solution or the treatment of the electrode with
the pyridine [2]. We attempted with the pyridine method in this experiment.
However, the Jsc was significantly decreased in all Cyn dye/TiO2 cells, while the
increase of the Voc was small. Thus, the Zsun was not promoted by the pyridine
method. The Voc of the TiO2 cell sensitized by organic dyes was mostly low
compared to that by Ru complexes. It is essential for the improvement of the Zsun to
develop a new method of increasing Voc without decreasing Jsc:
It was reported, in the case of the nanocrystalline TiO2 solar cell sensitized by

porphyrin and Ru(tcterpy)(NCS)3, that the efficiencies were increased by the
addition of various kinds of cholic acid into the dye ethanol solution for the dye
adsorption on the TiO2 electrode [3,23]. Therefore, we also checked the effect of
cholic acid on the Cyn/TiO2 cell, as shown in Table 2. The Jsc; Voc and Zsun were
increased by the addition of chenodeoxycholic acid. Other cholic acids such as
deoxycholic acid and taurochenodeoxycholic acid Na salt were also effective. But the
Jsc decreased when a large amount of cholic acid was used, because the amount of
adsorbed dye on the TiO2 decreased.

3.2. Efficiency of the TiO2 electrode sensitized by plural Cyn dyes

Next, the multi-dye system, the simultaneous adsorption of three Cyn dyes on the
TiO2, was carried out, and it was found that the Jsc of the TiO2 electrode sensitized
by three dyes was greater than those of each simple Cyn/TiO2 cell, as shown in Table
2. The Voc of the multi-dye system was located between the values of Cy1/TiO2 and
Cy2/TiO2 cells. Accordingly, the Zsun of the multi-dye system was better than that of
Cyn/TiO2 cell. The IPCE spectra (Fig. 3d) were broad, but the IPCE value was
approximately 30%, which was between the maximum IPCE values of Cy1/TiO2 and
Cy2/TiO2. It should be noted that the IPCE of the multi-dye system at l > 600 nm
was higher than that of the Cy2/TiO2 cell. The same behavior was also observed in
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the merocyanine dye/TiO2 cells mentioned later. The IPCE at 450–570 nm of the
multi-dye system was smaller than that of the Cy1/TiO2 cell in spite of the sufficient
light absorption, possibly due to one or both of the following two reasons: First, the
absorption bands of Cy1 and Cy2 overlapped in this wavelength region. Therefore, a
part of the incident light was absorbed by Cy2 having a low sensitization efficiency
before the absorption by Cy1 (filter effect). Second, the occurrence of the energy
transfer or the electron transfer from Cy1 to Cy2 might be expected from the data of
the redox potentials and the absorptions (Table 1), if a strong interaction between
Cy1 and Cy2 is present.
In order to investigate the possibility of the energy transfer or the electron transfer

from Cy1 to Cy2, the emission spectra of dyes on porous SiO2 electrode were
measured. The emission of Cyn on TiO2 could not be measured because the dye in
the excited state was quenched by TiO2, but not by SiO2. Fig. 4 shows (A) the
emission spectra and (B) the excitation spectra of Cyn/SiO2. The Cy1 showed the
emission with the peak at 560 nm, and the shape of the excitation spectrum was
almost same as that of the absorption spectrum. The Cy2 showed the emission with
the peak at 665 nm by the excitation of light of l more than 600 nm. The shape of the
excitation spectrum of Cy2 was also the same as the absorption spectrum, and the
emission of Cy2 was not observed by the excitation at l ¼ 500 nm (Fig. 4A(c)).
However, when the SiO2 electrode adsorbed by both Cy1 and Cy2 was excited by
light of l ¼ 500 nm, not only the emission at 560 nm from the excited Cy1 but also
the emission at 660 nm from the excited Cy2 were observed. The excitation spectrum
of the multi-dye system for the emission from the excited Cy2 had two peaks at 555
and 650 nm (Fig. 4B(c)). These results indicated clearly that the energy transfer or
the electron transfer from the excited Cy1 to Cy2 took place on the SiO2 surface.
These results suggested the possibility of the occurrence of the similar behaviors
between Cy1 and Cy2 dyes on TiO2, if the arrangements of Cyn dyes on the TiO2 are
similar to those on the SiO2. These Cyn dyes seemed to be adsorbed homogeneously
on the TiO2 film in a macroscopic scale, because the dye-mixed solution was used. In
order to obtain an additive property of the photocurrent, a stacked structure of TiO2

films adsorbed with each dye separately is ideal, that is, on conducting glass the first
layer is Cy0/TiO2, the second is Cy1/TiO2 and the third is Cy2/TiO2, because of this
undesirable filter effect and the energy transfer and/or the energy transfer between
different dyes might be avoided.
The effect of cholic acid on the multi-dye system was checked, and it was found

that the Jsc of the Cyn/TiO2 cell increased by the use of cholic acid, as shown in Table
2. The Voc and ff were also improved, then the Zsun increased up to 2.6%.

3.3. Efficiency of the TiO2 electrode sensitized by squarylium cyanine dye (SQ)

The serious problems of this multi-dye system using Cyn dyes were the low IPCE
and the low Voc of the blue Cy2 dye which absorbed light in the longest wavelength
region. We investigated the sensitization efficiency of many kinds of blue organic
dyes on the TiO2 electrode, and found that a squarylium cyanine dye (SQ, Scheme
1(b)) showed a higher efficiency than Cy2. Interestingly, however, a significant effect

ARTICLE IN PRESS
K. Sayama et al. / Solar Energy Materials & Solar Cells ]] (]]]]) ]]]–]]]12



of the solvents for the adsorption of SQ on the TiO2 electrode was observed. Table 3
shows the effect of the solvents for the SQ dye, and Fig. 5 shows the absorption
spectra of SQ in ethanol and on TiO2. The absorption peak was at 631 nm, and the
absorption band was narrower than that of Cy2. The SQ dye hardly adsorbed on the
TiO2 surface in ethanol solvent (Fig. 5b), which was normally used for dye
adsorption. Therefore, the Jsc in the case of ethanol solvent was very low due to the
low light harvesting efficiency. On the other hand, it was found that the SQ could
adsorb to a great degree on the TiO2 in toluene, acetone and acetonitrile, and the Jsc;
Voc and Zsun of the SQ/TiO2 cell were higher than those of the Cy2/TiO2. The broad
peak was observed in the absorption spectrum of SQ on TiO2 at 460 nm (Fig. 5c),
whereas there was no absorption of SQ in ethanol and acetonitrile solutions. It is
suggested that the H-aggregate of SQ was formed by the adsorption on TiO2. A
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Fig. 4. (A) The emission spectra of Cyn/SiO2: (a) Cy1/SiO2 excited by light l ¼ 500 nm, (b) Cy2/SiO2

excited by light l ¼ 610 nm, (c) Cy2/SiO2 excited by light l ¼ 500 nm, and (d) (Cy1+Cy2)/SiO2 excited by

light l ¼ 500 nm. (B) The excitation spectra of Cyn/SiO2: (a) Cy1/SiO2 monitored by the emission at

l ¼ 610nm, (b) Cy2/SiO2 monitored by the emission at l ¼ 700 nm, and (c) (Cy1+Cy2)/SiO2 monitored

by the emission at l ¼ 700 nm.
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slight red-shift of the absorption edge, suggesting the formation of J-like aggregate,
was observed by adsorption on the TiO2, but the red-shift was small compared to
that of the Cy2/TiO2. The anchoring group of the SQ was n-butyl ester, not carboxyl
group. There is a possibility that the butyl ester was partially hydrolyzed on the TiO2

due to the acidic and basic sites on the TiO2 surface. Additionally, it is also
considered that the carbonyl group of the n-butyl ester in SQ could adsorb on the
TiO2 surface. Because, it is known that acetylacetone having two carbonyl groups
can adsorb strongly on TiO2 via a chelating linkage [32], and that the catechol group,
phendione, phendioxime and bromopyrogallol red, which have two anchoring
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Table 3

Effect of the solvent for dye adsorption on the photoelectrochemical properties of the SQ and Cyn on TiO2

electrode

Dye Solvent for adsorption Jsc (mA/cm
2) Voc (V) ff (%) Zsun (%)

SQ Acetonitrile 8.1 0.50 59 2.4

Acetone 7.8 0.50 51 2.0

Toluene 7.0 0.44 64 1.9

Methoxypropionitrile 5.1 0.52 69 1.8

Diethylether 5.5 0.43 58 1.4

Propyonitrile 2.2 0.49 70 0.7

n-butanol 1.2 0.52 61 0.4

Ethanol 0.8 0.39 54 0.2

Cy0 Acetonitrile 3.0 0.47 61 0.8

Cy1 Acetonitrile 8.8 0.46 56 2.3

Cy0+Cy1+SQ Acetonitrile 11.5 0.47 57 3.1

Fig. 5. The absorption spectra of SQ in ethanol and on TiO2: (a) SQ dye dissolved in ethanol solution, (b)

SQ/TiO2 electrode adsorbed in ethanol solution (0.3mmol/l), (c) SQ/TiO2 electrode adsorbed in acetonitril

solution (0.3mmol/l), (d) (Cy0+Cy1+SQ)/TiO2 electrode adsorbed in acetonitril solution, and (e) TiO2

without dye. Each dye concentration of the mixture of Cy0, Cy1 and SQ in acetonitril solvent was

0.1mmol/l, respectively. These spectra were measured by diffused reflection spectrum mode.
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groups such as carbonyl and hydroxyl groups, could also adsorb on TiO2 [10,33,34].
Moreover, it is noted that, even if the anchoring groups (–C2H4–COO–C4H9) in the
SQ were replaced by methyl groups, the dye could adsorb weakly on the TiO2

surface. But a Cyn dye without a carboxyl group could not adsorb at all. It is
suggested that the carbonyl group of the squarylic ring in SQ could also act as an
anchoring group.
Fig. 5d shows the absorption spectrum of the TiO2 electrode adsorbed with Cy0,

Cy1 and SQ simultaneously using an acetonitrile solution containing these three
dyes. All dye concentrations were 0.1mmol/l. The absorption at 600–700 nm was not
strong, suggesting that the three dyes adsorbed on the TiO2 surface competitively,
and that the adsorption of SQ was not strong in acetonitrile compared to that in the
Cyn: The formation of the J-like aggregate of SQ seemed to be suppressed in the case
of the multi-dye system, because the absorption at 680 nm of the multi-dye system
(d) was smaller than that of the SQ/TiO2 (c). The properties of the TiO2 solar cells
sensitized by various dyes adsorbed in acetonitrile solvent are shown in Table 3. The
Jsc and Zsun of Cyn/TiO2 using acetonitrile solvent were also promoted compared to
those using an ethanol solvent (Table 2), whereas the absorption spectra and the
amount of adsorbed dye (ca. 2.5� 10�7mol/cm2) using the acetonitrile solvent were
approximately the same as those using ethanol solvent. The properties of the Cyn/
TiO2 cell were not changed by the treatment with pure acetonitrile after the dye
absorption on the TiO2 electrode using the ethanol solvent, suggesting that the
acetonitrile solvent itself did not affect the efficiency even if the acetonitrile remained
on the electrode. Therefore, it is considered that the arrangement of adsorbed dyes
on the TiO2 surface was probably different in each solvent, and the difference of the
dye arrangement influenced the solar cell efficiencies. A similar effect of solvent for
dye adsorption was also observed on a merocyanine dye/TiO2 electrodes [16]. Fig. 6
shows the IPCE spectra of the SQ/TiO2 cell and the multi-dye system composed of
Cy0, Cy1 and SQ. The shape of the IPCE spectrum of the SQ/TiO2 cell was similar
to the absorption spectrum, and it was found that not only the monomer and the
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Fig. 6. The IPCE spectra of: (a) the SQ/TiO2 cell and (b) the (Cy0+Cy1+SQ)/TiO2 cell. The preparation

condition of the electrodes were the same as in the caption of Fig. 5.
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J-like aggregate but also the H-aggregate at 460 nm had good abilities for
sensitization. The maximum IPCE of the SQ/TiO2 was 37%, which was higher
than that of the Cy2/TiO2. The following reasons that SQ had a higher efficiency
than Cy2 were considered: The squarylic ring was more solid than the LMc of Cy2.
Therefore, the cis–trans isomerization of SQ, which caused the quenching of the
excited state, was more difficult than that of Cy2. It is known that the IPCE
increased with decreasing distance between the chromophore of dye and the TiO2

surface [13,16,32,35]. Assuming that the carbonyl group of the squarylic ring as well
as the two carbonyl groups of the butyl esters in SQ dye worked as anchoring
groups, the distance for the electron injection from the dye chromophore to the TiO2

was very short and the electron transfer from dye to TiO2 was easy. Moreover, the
SQ was more stable than Cy2.
When the three dyes (Cy0+Cy1+SQ) were used simultaneously, the Jsc and the

Zsun were 11.5mA and 3.1%, respectively, which were the highest values in this
study. It is significant that we could actually demonstrate a large promotion of the
Zsun of the solar cell by the multi-dye system. The IPCE spectrum of the multi-dye
system was very high in a wide wavelength range, and the maximum was ca. 60% at
500 nm. This IPCE value was much higher than that of the TiO2 electrode sensitized
by three different cyanine dyes reported by Spitler (10%) [19]. The decrease of the
IPCE of Cy1 at 500–600 nm, shown in Fig. 3d using Cy2, was not observed in Fig. 6b
using the SQ dye, because the filter effect by the absorption of SQ was small due to
the narrow band and the amount of the adsorbed SQ dye was small. Furthermore,
the arrangement of the adsorbed SQ on the TiO2 surface was probably different
from that of Cyn because of the difference of the anchoring groups. Therefore, it is
surmised that the interaction between Cyn and SQ might not be strong, and that the
possibility of the energy transfer or electron transfer from Cyn to SQ was small
compared to the case of the multi-dye system using the Cy2 dye. In conclusion, the
use of an efficient dye which absorbs light in the longest wavelength region and the
inhibition of the interaction between each dye are important for the development of
an efficient multi-dye system.

3.4. The nanocrystalline TiO2 electrode sensitized by merocyanine dyes having LMc

We have reported that the merocyanine dye having a long alkyl chain (Mc,
Scheme 1(c)) showed an excellent sensitization efficiency up to Zsun=4.5% [16]. The
absorption threshold of the Mc in ethanol solution was 570 nm, but that on the TiO2

was shifted to ca. 670 nm due to the formation of J-like aggregates on the TiO2

surface. In order to promote the Zsun further, the extension of the absorption to
longer wavelength is profitable. Therefore, a new dye having LMc to prolong the
conjugated system was synthesized (LMc, Scheme 1(d)). The absorption spectra of
LMc in ethanol and on TiO2 are shown in Fig. 7. The absorption band of LMc was
red-shifted compared to that of Mc, and the absorption peak and threshold were 580
and 700 nm, respectively. When the LMc absorbed on the TiO2, the absorption band
became broad significantly, and the absorption threshold was more than 850 nm.
The absorption of LMc at l > 700 nm was negligible in ethanol. Therefore, the
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presence of the absorption at l > 700 nm on the TiO2 electrode indicates the
formation of J-like aggregates of LMc. This broad absorption was profitable for the
solar energy harvesting. However, the Zsun and Jsc of the LMc/TiO2 cell were very
low (Zsun: 0.4%, Jsc: 2.62mA, Voc: 0.31V, ff: 50%). Figs. 8a and d show the IPCE
spectra of the Mc/TiO2 and the LMc/TiO2 cells. The LMc/TiO2 cell could utilize the
light up to 730 nm, which was longer than the light wavelength used by the Mc/TiO2

cell. However, the IPCE of the LMc/TiO2 was very low. Therefore, the Jsc was low.
It was found from the comparison of Figs. 7 and 8 that the J-like aggregate of LMc
hardly showed the sensitization on the TiO2, while the J-like aggregate of Mc showed
a high IPCE. The reasons for the low IPCE of the LMc may be discussed in terms of
factors similar to those mentioned in the case of Cy2; low excitation energy, the
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Fig. 8. The IPCE spectra of the TiO2 electrodes sensitized by Mc and LMc dyes: (a) TiO2 electrode

adsorbed in ethanol solution of Mc (0.3mmol/l), (b) TiO2 electrode adsorbed in ethanol solution of a

mixture of Mc (0.286mmol/l) and LMc (0.014mmol/l), (c) TiO2 electrode adsorbed in ethanol solution of

a mixture of Mc (0.25mmol/l) and LMc (0.05mmol/l), and (d) TiO2 electrode adsorbed in ethanol solution

of LMc (0.3mmol/l).

Fig. 7. The absorption spectra of Mc and LMc in ethanol and on the TiO2. (a) Mc in ethanol, (b) LMc in

ethanol, (c) Mc/TiO2 electrode, (d) LMc/TiO2 electrode and (e) TiO2 electrode without dye.
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occurrence of cis–trans isomerization, and disorder of the alignment of chromo-
phores in J-like aggregate. In particular, the most serious problem of LMc was its
low stability, because the color of LMc in ethanol disappeared for several days even
in dark, and the discoloration was irreversible. It is suggested that the decomposition
of LMc dye similarly took place during the process of the dye adsorption on the
TiO2 electrode, and that the decomposed dye may affect the efficiency. The Voc was
also very low. It was found from the I2V curve in dark that the cathodic dark
current flowed easily, suggesting that the LMc dye may catalytically promote the
current leakage from TiO2 to I3

�.
Next, the mixing effect of Mc and LMc dyes was investigated. The Mc dye formed

J-like aggregates with a good packing of the chromophore [16,36]. The structures of
Mc and LMc dyes are similar each other. Therefore, it is expected that the
arrangement of LMc would be ordered finely when the LMc was surrounded by
many J-like aggregates of Mc dyes on the TiO2 surface. The absorption spectra of
the (Mc+LMc)/TiO2 electrodes adsorbed in the mixture of Mc and LMc ethanol
solution are shown in Fig. 9. The increase of the absorption at l > 670 nm was
observed with an increasing amount of LMc, while the absorption at around 600 nm
was not changed. The absorption at around 500 nm decreased and that at o400 nm
increased with an increasing amount of LMc, and the isosbestic point was observed
at ca. 440 nm, suggesting that both Mc and LMc adsorbed competitively on the
limited surface area of the TiO2 electrode. Fig. 10 shows the dependence of the
efficiencies on the ratio of LMc to Mc. The Zsun and the Jsc decreased significantly
with an increasing ratio of LMc, and the promotion effect of the efficiency by the
multi-dye system was not observed. The Voc and ff also decreased gradually. The
IPCE spectra of the TiO2 cell adsorbed with two dyes simultaneously are shown in
Figs. 8b and c. The IPCE of the LMc dye at l > 650 nm was promoted by the mixing
effect with Mc, similar to the case of the Cyn/TiO2 cells. However, the IPCE at
lo650 nm decreased significantly by mixing with LMc compared to the TiO2 cell
adsorbed with only Mc dye. Therefore, the Jsc was not improved by the multi-dye
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Fig. 9. The absorption spectra of Mc and LMc on the TiO2 electrodes. The mole ratio of Mc and LMc in

the ethanol solution for the adsorption on the TiO2 electrode was changed. Total concentration

(Mc+LMc) was 0.3mmol/l. These were measured by diffused reflection spectrum mode.
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system. The following three reasons were surmised for the decrease of IPCE of Mc
dye at lo650 nm. First, the LMc having low IPCE absorbed light in this wavelength
region before the light absorption of Mc dye, the so-called filter effect. Second, the
disorder of the chromophore in the J-like aggregate of Mc dye probably increased by
the addition of LMc, if the LMc dye wedged itself into the J-like aggregate of Mc.
Third, the interaction of Mc and LMc dyes were very strong due to the similarity of
their dye structures. Therefore, the energy transfer or the electron transfer from Mc
to LMc could take place easily. In conclusion, the Zsun was not improved always,
even though the absorption spectrum is expanded in the multi-dye system. Many
factors such as the overlap of the absorption bands, the changes of the adsorption
condition of dyes on the semiconductor surface, the electron transfer and the energy
transfer between dyes should be considered in order to improve the Zsun by the
simultaneous adsorption of plural dyes.

3.5. The nanocrystalline TiO2 electrode sensitized by merocyanine dyes having two

thiazolidine rings

The new types of merocyanine dyes (TMc[m]), shown in Scheme 1(e), were
investigated. In these dyes, the conjugated systems were prolonged by the addition of
the thiazolidine ring to the Mc dye, and the extension of the absorption toward
longer wavelength was expected. These dyes were stable compared to the LMc dye
having the LMc. It was reported that the TMc[m] dye showed a good quantum
efficiency in the case of the dye multilayer photovoltaic cells [37]. Figs. 11a–c shows
the absorption spectra of TMc[m] in ethanol solution. The absorption bands were
broad and the thresholds were red-shifted compared to the absorption of the Mc dye
(Fig. 7a). The absorptions of the TMc[1] and the TMc[2] dyes showed a peak at
500 nm and a shoulder at 570 nm. The TMc[3] had an absorption peak at 580 nm,
and the spectrum shape was different from those of TMc[1] and TMc[2]. The TMc[3]
dye had a large –CH(CH3)2 group at the methine chain. Therefore, it is considered
that one cis–trans isomer was formed predominantly due to the steric hindrance,

ARTICLE IN PRESS

Fig. 10. The dependence of the relative efficiency on the ratio of LMc to Mc. The relative efficiencies of

the Mc/TiO2 cell were taken as one unit.
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while various isomers were formed in the case of the TMc[1] and the TMc[2].
Another explanation is also possible on the basis of the formation of aggregate. The
TMc[1] and TMc[2] may form a H-aggregate even in ethanol, while the TMc[3] could
not form H-aggregate due to the steric hindrance of the large group at the methine
chain.
When the dyes were adsorbed on the TiO2 electrode, the shapes of spectra of these

dyes were similar to each other, and were different from those of TMc[1] and TMc[2]
in ethanol, suggesting that the configuration of the dye structure of TMc[1] and
TMc[2] dyes in ethanol was changed by the adsorption on the TiO2 surface. The
threshold of spectra of TMcn was red-shifted by the adsorption on the TiO2.
However, the red-shift of TMc[3] between the absorption peak in ethanol at 580 nm
and that on the TiO2 at 610 nm was not large, and the slope of the absorption band
at 600–700 nm was gentle. It is suggested that the packing of chromophore in the
J-like aggregate or the growth of the J-like aggregate was poor. The difficulty of the
packing of the dyes in aggregate on the TiO2 surface is expected by the complicated
structure of dyes and by the position of anchoring groups. Table 4 shows the
performance of the TMc[m]/TiO2 solar cells. The efficiencies of all cells were worse
than that of the Mc/TiO2 cell. We think the efficiency will be promoted if the packing
of the dye chromophore is finely ordered on the TiO2 surface. The design of a new
organic dye for the panchromatic light absorption is under investigation.

4. Discussion

4.1. Relationship between the aggregation formation and the sensitization efficiency

Much information were obtained from the photoelectrochemical properties of the
TiO2 electrodes sensitized by various organic dyes as follows: (i) the absorption
spectra could be expanded by the multi-dye system. However, the Jsc and Zsun were
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Fig. 11. The absorption spectra of TMc[m] in ethanol solution and on the TiO2. All dyes were adsorbed

on the TiO2 electrode in ethanol solution (0.3mmol/l). These were measured by diffused reflection

spectrum mode.
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not always improved by this method. The dye which absorbed light in the longest
wavelength region (the reddest dye) generally showed the worst efficiency. The
improvement of the efficiency of the reddest dye is very important to increase the cell
efficiency, if the energy and/or the electron transfer take place between dyes easily.
Therefore, the improvement of the efficiency of J-like aggregates is also important.
(ii) In this experiment, most of methine dyes formed J-like aggregates, and the
sensitization efficiencies of the J-like aggregates of the reddest dyes such as Cy2 and
LMc were very low. (iii) The addition of cholic acid in the solvent for the dye
adsorption improved the Jsc and Zsun: (iv) The cell efficiency was changed by the
kinds of solvents for the dye adsorption. (v) The IPCEs of the Cy2 and LMc
increased when other dyes co-adsorbed on the TiO2 electrode simultaneously. (vi)
The electron transfer or energy transfer from Cy1 to Cy2 was observed on a porous
SiO2 film, suggesting a strong interaction between Cy1 and Cy2 dyes.
From these results mentioned above, it is suggested that the alignment of the dye

on the TiO2 surface and the circumstances around the dye affected the sensitization
efficiency. The conceptual diagram is depicted in Fig. 12. The stacking angle (y) of
the chromophore in the J-aggregate is small, and the red-shift and the bandwidth of
the absorption spectra become larger and sharper with increasing the number of dyes
in the typical J-aggregate [16,20,21]. This typical J-aggregate was not observed on the
TiO2 electrode, because the dyes were fixed on the TiO2 surface strongly by the
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Table 4

Photoelectrochemical properties of various TMc[m] dyes on the TiO2 electrode

Dye Jsc (mA/cm
2) Voc (V) ff (%) Zsun (%)

TMc[1] 3.1 0.32 59 0.6

TMc[2] 3.9 0.42 66 1.1

TMc[3] 5.6 0.41 65 1.5

(a) J-aggregate (b) H-aggregate

Self-quenching

(d) J-like aggregate with disorder(c) monomer

Electron or energy transfer

�
�

Fig. 12. The conceptual diagram of the interaction between dyes.

K. Sayama et al. / Solar Energy Materials & Solar Cells ]] (]]]]) ]]]–]]] 21



carboxyl anchoring group and the degree of freedom for the aggregate formation
may be restricted. We surmise that the disorder of the chromophore arrangement in
the aggregate cause the decrease of the efficiency due to the self-quenching between
neighboring dyes [16]. The disorder may increase with the length of methine chain,
because the number of the cis–trans isomer increases. Spitler et al. reported that the
wide assortment of aggregates may provide an efficient quenching mechanism for
electronic excitation and be responsible for the lower photocurrent of the reddest
cyanine dye [19]. In our experiment, the J-like aggregates of the reddest dyes with
LMc, Cy2 and LMc, showed hardly sensitization efficiency, therefore, it is suggested
that the suppression of formation of the J-like aggregates is attributed to the
promotion of the solar cell efficiency.
It should be noted that the IPCE of the multi-dye system at l > 600 nm was higher

than that of the Cy2/TiO2 cell, as shown in Fig. 3c and d. This wavelength region
mostly overlapped the absorption by the Cy2 monomer. The same behavior was also
observed in the merocyanine dye/TiO2 cells (Fig. 8). The absorption of the multi-dye
cell (Fig. 2d) at l > 750 nm was smaller than that of the Cy2/TiO2 cell (Fig. 2c),
suggesting that the formation of J-like aggregates of Cy2 seemed to be suppressed.
This is because the amount of Cy2 on the TiO2 electrode in the multi-dye/TiO2 cell
was one-third smaller than that in the Cy2/TiO2 cell. It is surmised that the
arrangement and the orientation of the Cy2 dyes on the TiO2 surface were changed
by the co-adsorption of the other dyes, and that the decrease of the Cy2 J-like
aggregate with less efficiency led to the increase of the IPCE.
In the case of the multi-dye system, the shape of the IPCE spectrum is influenced

by the ratio and the velocity of the electron injection from dye into the TiO2 and by
the interaction between dyes such as the electron transfer and the energy transfer.
For a ruthenium dye [38] and a coumarin organic dye [39], very fast electron
injections after photon absorption were reported. If the velocity of the electron
injection from dye into TiO2 is faster than the interaction between dyes, the IPCE
spectrum is controlled by the quantum efficiency of each dye. Contrariwise, if the
interaction between dyes occurs rapidly and effectively compared to the electron
injection, the IPCE in the whole wavelength region may be controlled by the
quantum efficiency of the reddest dye. The results of emission spectra of Cy1 and
Cy2 on SiO2 film in Fig. 4 indicated the possibility of the electron and/or energy
transfer from Cy1 to Cy2, but quantitative information could not be obtained. The
measurement of the velocities of the electron transfer in each step under the real
condition is essential for the understanding of the significance of the interaction
between dyes.

4.2. Effect of the addition of cholic acid

The Jsc; Voc and Zsun were increased by the addition of chenodeoxycholic acid, as
shown in Table 2. Kay et al. proposed [23] the following four factors for the effect of
cholic acid on the porphyrin/TiO2 cells: (i) the spacer effect to divide the aggregate
into monomers, (ii) the positive shift of the conduction band edge of TiO2 in the
presence of the carboxyl acid group, (iii) the decrease of current leakage by the
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adsorbed molecule which blocked the approach of I3
� to the TiO2 surface, (iv) the

tuning of the redox potentials of dyes by the interaction with the nonpolar backside
of the cholic acid molecule. In this experiment, factor (i) was not important, because
the definitive depression of the J-aggregate formation of Cyn by the addition of
cholic acid were not observed in the absorption spectra when the amount of cholic
acid was small (o5mmol/l). Factor (ii) was not important either, because the
neutralized Na salt, taurochenodeoxycholic acid Na salt, was also effective. On the
other hand, the cathodic current in dark of the Cyn/TiO2 cell decreased by the
co-adsorption of cholic acid. Therefore, it is concluded that factor (iii) is very
important. Now, any evidence for factor (iv) was not present, but this might be
possible for Cyn dyes. In addition, we have the other explanation for the effect of
cholic acid. It is considered that the arrangement of dye monomer and aggregates on
the TiO2 surface is very important, and that cholic acid led to a good arrangement
without disorder. Moreover, assuming that the cholic acid adsorbed at vacant
surface sites located between monomers and aggregates on the TiO2 and that the
cholic acid surrounded the dyes, the quenching via the interaction between adjacent
dyes and via the photoisomerization may be suppressed.

5. Conclusion

In this paper, we investigated the photoelectrochemical properties of various kinds
of cyanine and merocyanine organic dyes having short anchoring groups as
sensitizers on nanocrystalline TiO2 electrodes in order to promote the Jsc and the Zsun
by means of the extension of the absorption spectra of the dye/TiO2 electrodes.
There are three approaches to expand the absorption spectra: (1) extension of the
length of the conjugated system in the dyes, (2) control of dye aggregation and (3)
simultaneous adsorption of plural dyes which had different absorption spectra on
the TiO2 electrode. In the case of the series of indolenine-type cyanine dyes (Cyn;
n ¼ 0; 1, 2) having different methine chain lengths, the IPCE and Zsun of the Cy1/
TiO2 cell were higher than those of Cy0 and Cy2/TiO2 cells. These Cyn dyes formed
J-like and/or H-aggregates on the TiO2 surface. The sensitization ability of J-like
aggregates of Cyn was not efficient, while the H-aggregate of Cy1 showed an efficient
sensitization ability. The electron transfer and/or energy transfer from Cy1 to Cy2
was observed on a porous SiO2 insulator film, suggesting a strong interaction
between Cy1 and Cy2 dyes. It was found that the Jsc and Zsun were improved, when
these different Cyn dyes (n ¼ 0; 1, 2) adsorbed simultaneously on a TiO2 electrode,
compared to the efficiency of TiO2 adsorbed by only one dye. The increase of the
IPCE of Cy2 was observed by the simultaneous adsorption with Cy0 and Cy1 dyes.
The squarylium cyanine dye (SQ) had an absorption spectrum similar to that of the
Cy2 dye, and the IPCE of the SQ/TiO2 cell was higher than that of the Cy2/TiO2.
The TiO2 electrode sensitized simultaneously by Cy0, Cy1 and SQ showed a high
efficiency (Jsc=11.5mA, Zsun=3.1% at AM-1.5, 100mW/cm2) in this study. The Jsc
and Zsun were affected by the solvents for the dye adsorption on the TiO2 electrode,
and the efficiencies were also improved by the addition of some cholic acids into the
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dye solution for adsorption on the TiO2 electrode. It is suggested that the
arrangement of dyes such as aggregation and ordering of chromophore influenced
the solar cell efficiency. The improvement of the efficiency of the reddest dye which
absorbed light in the longest wavelength region is very important to increase the
total cell efficiency, when the energy and/or the electron transfer take place between
dyes easily.
In the case of the merocyanine dye having a LMc, the absorption spectrum on the

TiO2 surface was very broad due to the formation of the J-like aggregates. However,
the IPCE and Zsun of the LMc/TiO2 cell was low. The sensitization efficiency of the
J-like aggregates of LMc was very low, while the J-like aggregate of a merocyanine
dye having a short methine chain (Mc) had an excellent ability of sensitization. The
expected positive effect by the simultaneous adsorption of Mc and LMc dyes was not
observed, while the absorption spectra of the electrodes were expended.
In order to improve the Zsun by the simultaneous adsorption of plural dyes, many

factors such as the overlap of the absorption bands, the changes of the adsorption
condition of dyes on the semiconductor surface, the electron transfer and the energy
transfer between dyes should be considered. Generally, organic dyes having a LMc is
not stable. However, the stability could be improved if a part of the methine chain is
cyclized or the H- of methine is replaced with bulky substituent groups such as
C2H5–. Aside from the approaches for a high efficiency, the present study is also
meaningful to develop a colorful solar cell for stained-glass window or fancy goods
such as clock and toys. The light intensity is weak for the indoor applications.
Therefore, some problems such as sealing, heat and stability can be avoided.
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