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Abstract

Broadening of the spectral response of dye-sensitized semiconductor devices is one of the major issues confronting practical
application of dye-sensitization. It is the main factor limiting the energy conversion efficiencies of dye-sensitized solar cells.
Synthesis of dyes with broader spectral response has been attempted as a possible strategy. The other method is to adopt more
than one pigment. However, the straightforward ways of doing this has been unsuccessful owing to the quenching and the
insulating effect of thick dye layers composed of many components. Again, if several dyes are homogeneously dispersed over
the nanocrystalline surface at sub-monolayer coverage of each dye, the problem of quenching and insulation may be avoided.
Here we face another constraint. In order to achieve full absorption at the peak wavelength of each dye, the film thickness needs
to increase, the limit for which is the diffusion length of carriers in the nanocrystalline matrix. We have found some ways of
circumventing the above difficulties and construct model solar cells sensitized with more than one pigment. A solar cell of the
configuration n-TiO2/D1–D2/p-CuSCN was constructed, where D1 = an ionic dye bonded to the TiO2 surface and D2 = ionic dye
of opposite charge, electrostatically bonded to D1. In another cell, two dyes D1 and D2 are used form the heterostructure
n-TiO2/D1/ S/ D2/p-CuSCN, where S is an ultra-thin barrier of a high band gap semiconductor. Each of the above double dye-
systems showed efficiencies above the equivalent single dye systems. These methods can also be extended to liquids cells. A
better suppression of electron-hole recombination was found to be an additional advantage of multiple dye systems. The mecha-
nisms of operation of these devices via electron or energy transfer or electron tunneling will be discussed. To cite this article:
P.K.D. Duleepa P. Pitigala et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Élargir le domaine de réponse spectrale des dispositifs semiconducteurs sensibilisés par un colorant est un des problèmes
majeurs auxquels est confrontée l’application de la sensibilisation par un colorant. Il s’agit du facteur principal limitant le
rendement de conversion de l’énergie des cellules solaires à colorant. La synthèse de colorants possédant un spectre d’absorption
plus large est considérée comme une stratégie possible. Une autre méthode possible préconise l’utilisation de plusieurs pigments
(colorants). Toutefois, les manières les plus directes de le faire n’ont pas été couronnées de succès, à cause de l’effet bloquant et
isolant des couches épaisses de colorants à plusieurs composants. Néanmoins, si plusieurs colorants sont dispersés de façon
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homogène sous forme de sous-couches sur une surface nanocristalline, le problème de blocage et de passivation peut être évité.
Cependant, on se trouve en face d’une nouvelle contrainte à résoudre, à savoir que, pour obtenir une absorption complète au pic
d’absorption de chaque colorant, il est nécessaire d’augmenter l’épaisseur du film dans la limite de la longueur de diffusion des
porteurs dans la matrice nanocristalline. Nous avons trouvé plusieurs façons de surmonter ces difficultés et construit des cellules
solaires modèles sensibilisées avec plusieurs colorants. Une cellule solaire fondée sur la configuration n-TiO2/D1–D2/p-CuSCN
a été construite, dans laquelle D1 est un colorant ionique lié à la surface de TiO2 et D2 est un colorant ionique de charge opposée,
lié électrosttiquement à D1. Dans une autre cellule, nous avons utilisé les colorants D1 et D2 dans une hétérostructure n-
TiO2/D1/S/D2/p-CuSCN, dans laquelle S est une barrière ultra-mince d’un semiconducteur à grand gap. Chacun des dispositifs
à double colorant présente des rendements de conversion supérieurs à ceux des cellules solaires équivalentes à un seul colorant.
Ces méthodes peuvent aussi être étendues aux cellules liquides. Une meilleure suppression de la recombinaison électron–trou a
été obtenue, ce qui met en évidence un avantage supplémentaire des dispositifs à colorants multiples. Le mécanisme opéra-
tionnel de ces dispositifs sera discuté via le transfert d’électrons ou d’énergie, ou encore le tunneling des électrons. Pour citer
cet article : P.K.D. Duleepa P. Pitigala et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSCs) continue to attract
much attention as viable systems for conversion of solar
energy [1–4]. The highest efficiency achieved is of the
order of 10% for a TiO2 based cell sensitized with
RuN3 dye [1]. An increase of the open-circuit voltage
by suppression of recombination could increase the effi-
ciency by an additional few percent, however, in order
to increase the efficiency of DSCs to a level compa-
rable to that of the silicon solar cell, broadening of the
spectral response become an essential requirement.
DSCs have narrower spectral response corresponding
to the absorption spectrum of the dye. Synthesis of dyes
with broader spectral response has been attempted as a
possible strategy. The other method is to use more than
one pigment. Unfortunately, the straightforward way
of doing this by using mixtures of dyes is unsuccessful
owing to the quenching and insulating effect of thick
dye layers composed of many components [5]. Direct
application of dye mixtures, in almost all cases result
lowering of both energy and quantum conversion effi-
ciencies compared to at least that of the cell based on
the best single dye. If several dyes are homogeneously
dispersed over the nanocrystalline surface at sub-
monolayer coverage of each dye, the problem of
quenching and insulation may be avoided. This leads
to another constraint involving material properties of
the semiconductor film. In order to achieve full light

absorption at the peak wavelength of each dye, the film
thickness T needs to be increased, the limit for which is
the diffusion length L = (D s)1/2, where D = diffusion
coefficient and s = recombination time. Suppose we use
two dyes of same ‘molecular area’, in order to satisfy
the constraint T ≤ L, a fourfold increase in the diffu-
sion coefficient is necessary (as the roughness factor is
proportional to film thickness). This is hard to achieve,
because the diffusion coefficient depends on the film
material and film morphology and attempts to adjust
film morphology would also change the roughness fac-
tor.

We have found some ways of circumventing the
above difficulties and construct model dye-sensitized
solid-state solar cells [6,7] (DSSSCs) with more than
one pigment, showing energy and quantum conversion
efficiencies above that of the cells sensitized with the
individual dyes. One method we adopted was to sepa-
rate the two dye layers by a barrier of a high band-gap
semiconductor or an insulator [5]. Here a monolayer of
dye D1 coated on TiO2 is followed by an ultra-thin bar-
rier of p-CuSCN (denoted by p-CuSCN) and the outer
surface of p-CuSCN is coated with the second dye D2

and followed by a thick layer of p-CuSCN to form the
heterojunction n-TiO2/D1/p-CuSCN/D2/p-CuSCN.
Choosing D1 = Fast Green and D2 = Acridine Yellow,
we could show that the energy and quantum conver-
sion efficiency of double dye system is higher than that
of the cells n-TiO2/D1/p-CuSCN or n-TiO2/D2/p-
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CuSCN. The difficulty of this technique is making the
barrier sufficiently thin and at the same time prevent-
ing formation of pinholes. The other method, we
attempted was to bond anionic (cationic) dye D1

covalently to TiO2 by suitable ligands and electrostati-
cally couple a cationic dye (anionic dye) D2 to D1 to
form the heterostructure n-TiO2/D1–D2/p-CuSCN. Here
again, with suitable choices for D1 and D2 (i.e.
D1 = mercurochrome, D2 = methyl violet) we suc-
ceeded in demonstrating that the double dye system has
higher energy and quantum conversion efficiencies
compared to cells based on individual dyes [8]. In this
paper, we discuss the possibilities of constructing effi-
cient dye-sensitized solid-state solar cells by coupling
two dyes to each other and to n and p-type semicon-
ductors (N and P) to form the heterojunction N/D1–
D2/P.

2. Experimental

Nanocrystalline films of TiO2 of the type suitable
for constructing DSSSCs were deposited on conduct-
ing fluorine doped tin oxide glass plates (0.5 × 1.5 cm2,
active area = 0.25 cm2) by the method described previ-
ously [9] Briefly, the procedure involves spreading of a
colloidal solution of titanium dioxide (prepared by
hydrolysis of titanium isopropoxide in the presence of
acetic acid) on CTO glass plates heated to 150 °C and
sintering at 450 °C in air for 30 min. After cooling, the
loose crust on the surface is removed and the process is
repeated until the film thickness reaches ~ 10 µm. Films
prepared by the above method are largely free of inter-
connected pores leading to the back contact and have
roughness factors in the order 200–300. Films are
washed with propan-2-ol, dried and exposed to UV light
for 20 min to burn out any organic contamination on
the surface. Dyes used in this investigation are bro-
mopyrogallol red (BR), mercurochrome (MC), methyl
violet (MV), and IR786 purchased from Aldrich .The
anionic dyes BR and MC that get readily adsorbed on
the TiO2 surface were coated on the nanocrystalline film
by soaking it in an alcoholic solution (~ 10−3 M) of the
dye for about one hour. The cationic dyes (MV, BR or
IR786) were deposited on anionic-dye-coated surface
by exposing this film to a solution of the cationic dye
in 75% alcohol. The amounts dyes adsorbed on the film
was estimated by extraction of the dyes into the alka-

line alcoholic solution and spectrophotometric estima-
tion after adjustment of pH (sample plates of identical
batch were used). The heterojunctions n–TiO/D1–D2/p-
CuSCN, where D1 = anionic dye BR or MC and
D2 = cationic dye MV, or IR 786 were formed by depos-
iting p-CuSCN from a solution of propyl sulfide [10]
over the structure n-TiO2/D1–D2. Graphite was painted
on the outer surface of CuSCN, and a gold plated CTO
glass plate pressed onto to graphite served as the back
contact. A schematic diagram showing the construc-
tion of the cell is presented in Fig. 1.

I-V characteristics of the cells were recorded with a
Keithley 2420 Source Meter and a xenon lamp at inten-
sity 1000 Wm−2 as the light source. Photocurrent action
spectra were recorded using a Nikon (G 250) mono-
chromator and light intensities were measured with an
Eko Pyranometer.

3. Results and discussion

Different possible configurations for double-dye
DSSSCs are presented in Fig. 2. In the configuration
shown in Fig. 2a, the dye layer is homogeneously mixed
and thick Here it is unlikely that excitation of every D1

or D2 molecule will lead to efficient vectorial injection
of electrons to N region and holes to the P region and
the quenching processes, i.e:

(1)D1
* + D2 → D1 + D2

Fig. 1. Schematic diagram showing the construction of the cell
n-TiO2/D1–D2/p-CuSCN.
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(2)D1 + D2
* → D1 + D2

(3)D1
* + D2

* → D1 + D2

predominate.
In the situation depicted in Fig. 2.(b), dye molecules

do not interact with each other but each molecule is
anchored to both N and P- type semiconductors. As the
dye molecules are non-interacting, the quenching pro-
cesses will be absent. However, the coverage of each
dye will be at sub-monolayer level and the absorption
cross-section of light at two peak wavelengths will be
below the optimum. In the configuration shown in
Fig. 2c, the two dye molecules D1 and D2 are coupled
to each other and also anchored to N and P regions
respectively. If the location of the ground (So) and
excited (S*) levels of the dye relative to the two semi-
conductors are as in Fig. 3, excitation of D1 could result
electron injection to N region and hole injection P
region. The latter process involves hole conduction
through the molecule D2. Similarly, excitation of D2

could result hole injection to P region and electron injec-
tion to N region via conduction through the dye mol-
ecule D1, i.e:

(4)

ht1 + n-TiO2/D1–D2/p-CuSCN

→ n-TiO2/D1
*–D2/p-CuSCN

→ n-TiO2(e–)/D1–D2/p-CuSCN(h+)

(5)

ht2 + n-TiO2/D1–D2/p-CuSCN

→ n-TiO2/D1–D2
*/p-CuSCN

→ n-TiO2(e–)/D1–D2/p-CuSCN(h+)

If the electron and hole injection rates are faster than
quenching, [i.e. processes (1)–(3)], the quantum effi-
ciency of charge separation would be nearly unity.

The use of anionic and cationic dyes as described in
the experimental section is a simple way coupling two
dyes to form a structure of the configuration N/D1–
D2/P as shown in Fig. 2c. Consider the sodium salt
D1Na of an anionic chromophore D1. When the TiO2

film is exposed to a solution of D1Na, surface chelation
would form a complex, which we represent by
TiO2/D1Na. The subsequent treatment of the film with
a solution of D2Cl (a chloride of the cationic chro-
mopore) produces the structure TiO2/D1–D2 via the
double decomposition reaction:

(6)TiO2/D1Na + D2Cl → TiO2/D1–D2 + NaCl

Figs. 4 and 5 indicate how MC, MV and BR, IR
786 gets attached to TiO2 surface by the above reac-
tion. The mode of interaction of MV and IR 786 with
CuSCN remain uncertain. Presumably, nitrogen sites
in MV or IR 786 bonds to Cu atoms on the surface of
CuSCN. The incident photons to photocurrent conver-
sion efficiencies (IPCEs) of cells sensitized with MC,
MV, MC-MV as reported earlier [8] and those of cells
sensitized with BR, IR 786, BR-IR 786 are summa-

Fig. 2. Schematic diagrams illustrating possible configurations of
double-dye solid-state solar cells, (a) homogenously mixed thick-
layer two-dyes cell, (b) a monolayer consisting of two non-interacting
dye molecules coupled to n and p-type semiconductors, (c) dye layer
consisting of two electronically coupled dye molecules bonded on
opposites sides to n and p-type semiconductors (circles indicate two
types of dye molecules).

Fig. 3. Schematic energy level diagram indicating the relative posi-
tions of conduction bands (CB) and valence bands (VB) of TiO2 and
CuSCN and ground and excited levels of the D1 and D2: (a) charge
transfer on excitation of D1, (b) charge transfer on excitation of D2.
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rized in Tables 1 and 2. It is interesting to note that the
IPCEs at the peak absorption wavelengths are higher
for the double dye systems. Photocurrent action spec-
tra of the cells sensitized with BR and BR- IR786 pre-
sented in Fig. 6 shows that in the latter system, sensi-
tization is extended to near IR region. Table 3
summarizes the energy conversion efficiencies of cells
sensitized with different dyes. The efficiencies of the

double-dye cells are seen to be higher than those sen-
sitized with individual dyes.

Light-induced charge transfer in the systems that we
have studied could involve intermediate steps. If we
neglect extraneous interactions between dye mol-
ecules, the basic operating unit we need to consider is
constituted of two chromophores (D1 and D2) linked
by a bridge B and each chromopore bonded to n and
p-type semiconductors on the opposite sides (Fig. 2c).
The ionic nature of D1, D2 chromophores could result
formation of a zwitterionic structure inducing a dipole
electric field favoring charge transfer. Furthermore,
these chromophores have donor- acceptor properties
(e.g., anionic D1 and cationic D2 being the acceptor

Fig. 4. The mode of anchoring of mercurochrome to TiO2 and atta-
chment of methyl violet cation by replacement of Na+.

Fig. 5. The mode of anchoring of bromopyrogallol red to TiO2 and
attachment of IR 786 cation by replacement of Na+.

Table 1
Incident photon to photocurrent conversion efficiencies (IPCEs) of
the cells (1) TiO2/ MC-MV/ CuSCN, (2) TiO2/ MC/ CuSCN, (3)
TiO2/ MV/ CuSCN at the peak absorption wavelengths of the two
dyes

Cell IPCE%
(k = 550 nm)

IPCE%
(k = 620 nm)

MC-MV 22.2 13.8
MC 15.2 –
MV – 13.1

Fig. 6. Photocurrent action spectrum of the cells (a) TiO2/BR/CuSCN,
(b) TiO2/BR-IR786/CuSCN.

Table 2
Incident photon to photocurrent conversion efficiencies (IPCEs) of
the cells (1) TiO2/ BR-IR786/ CuSCN, (2) TiO2/ BR/ CuSCN, (3)
TiO2/ IR786/ CuSCN at the peak absorption wavelengths of the two
dyes

Cell IPCE%
(k = 590 nm)

IPCE%
(k = 800 nm)

BR- IR786 9.7 4.1
BR 6.9 –
IR 786 – 1.0

Table 3
Open-circuit voltage (Voc), short-circuit photocurrent (Isc), fill factor
(FF) and Energy conversion efficiency (g) of the cells: (1) TiO2/
MC-MV/ CuSCN, (2) TiO2/MC/CuSCN, (3) TiO2/MV/CuSCN, (4)
TiO2/BR-IR786/CuSCN, (5) TiO2/BR/CuSCN, (6) TiO2/IR786/
CuSCN

Cell Voc

(mV)
Isc (mA cm−2) FF (%) g (%)

MC -MV 629 4.6 47.3 1.37
MC 603 2.4 40.9 0.60
MV 407 1.3 38.5 0.21
BR- IR 786 495 < 3.2 41.5 < 0.44
BR 494 < 0.9 45.3 < 0.14
IR 786 420 < 0.2 35.5 < 0.02
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and donor respectively). Self-explanatory schematic
diagrams indicating possible intermediate stages of
charge-transfer schemes are presented in Fig. 7.
Superexchange-type interactions and molecular recti-
fication are likely advantageous features of double dye
systems that may be exploited to broaden the spectral
response and suppress recombinations. It is known that
zwitterionic units of the structure E1/D–B–A/E1

(D = donor, A = acceptor, B = bridge, E1, E2 = external
leads) have rectifying properties [11–14]. The dark rec-
tification ratios for the cells MV, MC and MC-MV are
found to be 12.6, 15.4 and 23.2, respectively and indi-
cate that, as expected, the cell MC-MV has the best
rectification property.

4. Conclusion

The above investigation suggests that coupling of
two dye molecules to each other and to n- and p-type
semiconductors would be a way of broadening the spec-
tral response of dye-sensitized solar cells to enhance
the efficiency. An additional advantage of this tech-

nique is suppression of recombination by molecular rec-
tification. Models presented are suggestive of this effect.
However, construction of practical systems based on
this idea requires resolution of many technical prob-
lems. Methods will have to be found to avoid extrane-
ous interactions between coupled molecules. If fast
charge separation and good molecular rectification is
achieved, quenching by these interactions will be less
significant. Again more effective methods will have to
be found to attach the dye D2 to the p-type semicon-
ductor.
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