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1 Introduction

There have been persistent attempts to formulate and design solid matrices
for use as either photo-catalysts or electrodes for photo-electro-chemical cells
for generation of hydrogen from the decomposition of water. Though a vari-
ety of guidelines have been evolved and applied, these methodologies have not
yet yielded predictive power. There can be various reasons for this situation,
possibly one of the reasons is the research has been mostly focused on band
gap engineering with a view to utilize the major portion of solar sprctrum.
Band gap engineering has certainly provided a variety of methodologies for
the formulation of modifying existing materials with a view to reduce the
band gap but it has not yet fully provided means for the generation of new
materials. In recent times, there have been consistent attempts to generate
new visible light active systems by doping the conventional semiconductors
like TiO2 or Titanium based other semiconductors with Nitrogen, Phospho-
rus, Sulphur, Carbon and Boron. It is generally believed that the top of the
valence band of the semiconductor is altered towards negative values of elec-
trochemical potential thus possibly reducing the band gap without altering
the position of the bottom of the conduction band. However there are al-
ternate postulates to account for this expectation like creation of additional
allowed energy states in the forbidden gap, altering the density of states of
the valence band which can possibly explain the shift of the absorption wave-
length to the visible region. It has also been postulated that the metal ion -
anion bond character (extent of ionicity of the bond formulating more ionic
character will give rise to higher band gap value)could be one of the pos-
sible ways of shifting the absorption to visible region and possibly this will
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Figure 1: The periodic table representation of active elements for Photoelec-
trochemical applications

also account for the life time of the exciton which is the main contributing
factor for the observed photo-catalysis or Photo-electro-chemical decomposi-
tion of water. Even though sensitization of the semiconductor is one means
of enhancing the activity of the system, inherently itself one has to look for
opportunities to enhance the activity of the semiconductor.This may be pos-
sible only when one can formulate the governing principle for photoactivity
of the system itself. Along these lines the first postulate that is predominant
in literature is based on the electronic configuration of the cation of the semi-
conductor. Taking the example of TiO2 and ZnO, it is usually considered
that the d0 and d10 configuration may be the suitable one. This postulate is
possibly the reason the active metals shown in Fig 1 for photoactivity. This
type of rationalization have some implications. Let us list them.
(1) These semiconductors will be mostly ionic and hence the band gap will
be high (nearly or more than 3 eV).
(2) This rationalization can not be extended to ternary and other higher
order type of semiconductors unless otherwise if one can visualize the multi-
component systems in terms of binary system.
(3) Even for binary systems, this governing principle does not provide the
details for other (sulphide) semiconductors.
When the percentage ionic character increases, the CB becomes more nega-
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Table 1: Some data on typical semiconductors[reproduced from
B.Viswanathan.. Bull. Catal. Soc. India, 2 (2003) 71
semiconductor Bond percent band gap

ionic character (eV)
SrTiO3 Sr-Ti-O 68.5 3.2
TiO2 Ti-O 59.5 3.0
WO3 W-O 57.5 2.8
Fe2O3 Fe-O 47.3 2.3
CdS Cd-S 17.6 2.4
CdSe Cd-Se 16.5 1.7

Figure 2: Band positions for Cd2SnO4 and CdSnO3

tive and VB becomes more positive, The more the percentage ionic character
of the, the larger the band gap

Let us revert back to the original postulate that d0 configuration of the cation
of the semiconductor will be active systems. Two typical d0 systems consid-
ered are Cd2SnO4 and CdSnO3. Their band positions are shown in Fig.2.
It has been shown that both these systems do not decompose water to gen-

erate hydrogen even though one of them does possess band positions suitable
for the decomposition of water. Hence it may be postulated that the elec-
tronic configuration of the cation though determines the value of the band
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gap this parameter cannot be employed for deciding if a given semiconductor
is capable of splitting water. The second attempt has been to make use of
semiconductors which can utilize visible light since the component of visible
light in solar radiation is around 45%. It is always a debate if we need to
use such high percent of solar radiation since even harnessing the solar radi-
ation for a day is sufficient to meet the energy needs of earth for many years.
Leaving this aspect, there may be other aspects in harnessing UV light in
solar radiation but the number of semiconductors with the band gap in UV
region are small in number and their efficiency also is poor. These aspects
have not been adequately addressed to in the literature since the focus has
been mostly on band gap engineering.
Another aspect that has received considerable attention in recent times is
the so called Dye Sensitized Solar Cells (DSSC). There have been efforts put
in to make it a viable energy conversion device. However, the promise and
progress are not proportionate to each other or to the demand. There are
a variety of aspects on which the success of this form of energy conversion
device stand.
The phenomenon of sensitization is well known to mankind. The semicon-
ducting materials are often functioning by the sensitization of their charge
carriers namely the electrons and holes. In the case of wide band gap semicon-
ductors, the separation of the charge carriers requires considerable expansion
of energy.
The life on earth has always been sustained by solar power either directly or
indirectly. It appears that mankind has resorted to the direct use of solar
power for their energy needs and hence a variety of options are being exam-
ined including direct conversion of photons into electricity which is termed
as photo-voltaics. Since the photons are used for the separation of electron
hole pair, one has to resort to materials where the occupying state of the
electron(valence band) should be different from the state (conduction band)
from which the electron is displaced in terms of energy and symmetry. Since
the energy levels of both occupied and unoccupied states are continuous in
conductors, the excited state of the electron will tend to recombine easily
with the hole generated. Hence it is necessary that the states from which
electrons are removed must be energetically different from the states at which
the electrons are placed on excitation. This situation is obtainable in semi-
conductors or insulators where valence band (the state from which electron
is excited) and conduction band (the state to which the electron is excited
to) are separated both in terms of energy and the symmetry of the wave
functions. However, the anxiety to utilize solar energy for excitation places
a restriction on the use of semiconductors and that too only small band gap
semiconductors since most of the solar radiation (in terms of energy) from
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the solar spectrum can be harnessed. However, not all small band semicon-
ductors are stable under strong illumination conditions or amenable to be
used as photo-anodes in the photo-voltaic devices. Among the available and
exploited semiconductors (nearly 400 in number [1]), only a handful of them
appear to be promising. For application in Dye Sensitized Solar Cells (DSSC)
the most studied systems are TiO2, ZnO and tin oxide [2]. Unfortunately all
these three systems are wide band gap semiconductors and absorb only UV
radiation which is only about 5-8% of the total solar radiation. Secondly the
conversion efficiency,( photon to electricity) is also governed by the process
of recombination which is the predominant mode of decay when excitation
is carried out in the semiconductor itself. It appears therefore, necessary
that some kind of charge injection is resorted to. This may be possible if
the excitation by photon is carried out in another system and the excited
electron takes occupancy in the conduction band states of the wide band
gap semiconductor so that the electron can be moved in the external cir-
cuit. The auxiliary system where photo-excitation is taking place is termed
as the sensitizer. It is therefore clear that the sensitizer has to fulfill some
specifications. The important ones are:

i. The system chosen should be capable of absorbing light in visible and
infra red region of the solar spectrum.

ii. The energy state of the electron on excitation in the sensitizer should
be on par or suitable with that of the conduction band of the semicon-
ductor so that charge injection can be feasible

iii. The sensitizer employed should be capable of being dispersed on the
semiconductor so that the photon absorption can be maximized

iv. The sensitizer should be stable under strong illumination conditions
since electron excitation may ultimately after electron transfer lead to
an oxidized form of the sensitizer and it should be capable of easily
reduced by the shuttled electron from the counter electrode

v. The sensitizer should be stable on the semiconductor surface (good
adhesion). It is therefore appropriate to note that the sensitizers may
be any substance that can absorb low energy photons (visible and IR
region) and also is capable of providing the electrons in the external
circuit to draw the power.

There are various motivations for including this dicussion. We list them as
follows:
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(i) This technology is threatening to be a viable for the conversion of solar
energy into electricity for nearly 20 years now.

(ii) Efficiency of this type of solar cell has been consistently improving over
the years either from the point of utilizing major portion of the solar ra-
diation by appropriate choice of the dyes (the HOMO and LUMO levels
of the dye could be altered to suit the available solar radiation) and/or
their suitability with the semiconductor which is being sensitized.

(iii) Various structural modifications of the dye are feasible and also tried.

(iv) The cost of these solar cells has been considerably reduced with respect
to time.

(v) As of now, these devices appear to be environmentally acceptable and
the available infrastructure may be able to sustain this technology

(vi) These devices may be universally accepted, and

(vii) Above all, market penetration is possible.

In view of these reasons, in recent years there have been a number of per-
spective articles and reviews on this topic [only selected ones in 3-7]. It is
a fact that vast literature is already available on this topic, as this topic is
very contemporary and hence it is necessary to assess the scientific and tech-
nological developments at periodical intervals so that one does not miss out
the important advances that are taking place in such an application area.
The contents of this presentation therefore will be focusing on the various
possible sensitizers that have been already examined for DSSC applications
as well as other relevant aspects of this emerging technology.
It may be appropriate at this stage to draw the comparison with the nat-
ural photosynthesis. Both DSSC and photo synthesis make use of photon
absorption by a molecular dye (it is chlorophyll a and b in the case of pho-
tosynthesis). The excited electron is transferred effectively in the case of
photosynthesis since it is an escalator type redox species and hence most of
the excited electrons are effectively transferred and utilized in the reduction
reaction. In photo synthesis the excited electron gets transferred to a variety
of species so that effective and efficient electron transfer can take place to
the species undergoing reduction. In essence, in photosynthesis after initial
photo-excitation the electron takes appropriate energetic position in terms
of reduction potential so as to be suitable for the species undergoing re-
duction. Such a situation is not realizable in the case of laboratory driven
reduction processes since one has only fixed value redox couples and hence
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effective transfer of electron and thus efficient reduction of carbon dioxide or
water could not realized in the laboratory. However, in the case of DSSC,
the excited electron has to be transported via the conduction band of the
semiconductor and hence it is necessary to match the LUMO level of the
molecular dye employed for sensitization and that of the bottom edge of the
conduction band of the semiconductor. In addition, the electron mobility in
the semiconductor has to be high enough so that fast electron transfer takes
place without the concurrent recombination process. This similarity makes
the DSSC to be considered as a form of bio-mimicry. However it should be
emphasized that the efficiency of DSSC cannot reach the levels of efficiency
of photosynthesis.

2 Configuration of a Dye Sensitized Solar Cell

There are various forms of Photo-electrochemical cells (PEC). Some of these
forms are considered,. Among them, Dye Sensitized Solar Cells (various ab-
breviations are employed in the literature the prominent ones are DSSC,
DSC or DYSC) are the prominent ones. These cells are simpler in construc-
tion compared to solid state solar cells. The first cell was constructed by
Michael Gratzel and Brain ORegan in 1991 [8]. Dye sensitized solar cells
(DSSC) have been claimed to be promising for energy conversion to electric-
ity with the possibility of low fabrication cost, easy manufacturing feasibility
and fairly high efficiency. In general, the conversion efficiency is less than
that of the best thin film cells, but this could be compensated in terms of
price/performance ratio which could be as much favourable as that of fossil
fuel to electricity generation and hence these types of cells can be expected
to be possible mode of energy converters in the near future.
If one were to combine an electron rich semiconductor (n type) with an elec-
tron deficient semiconductor (p-type) then one can visualize the transfer of
electrons from n to p due to the difference in the electro-chemical potential
of the electrons in the two semiconductors. This shuttling of the electron
(partly formed by photo-excitation in n type semiconductor) in the external
circuit is made use of to derive energy so that the electron returns back to
the n semiconductor in the valence band as it was in the original state before
photo-excitation. Therefore, the harnessing of energy is related to the extent
to which one can make use of the photons for increasing the electrochemical
potential of the electrons. This manifests itself in the extent of the avail-
able number of appropriate energy photons and also the absorption capacity
of the semiconductor employed. The origin of the dye sensitized solar cells
is in this direction meant to increase the extent of photon absorption (as
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dyes are good photon absorbers) and possibly also favours smooth trans-
port of the electrons through the conventional semiconductor namely TiO2

in the external circuit. Configurationally, dye sensitized solar cells consist of
conventional semiconductor (usually TiO2 which is the work horse semicon-
ductor for photo-electrolysis) and a counter metallic (Pt) electrode usually
in supported mode to reduce the extent of requirement of the noble metal.
However, the oxide semiconductor has a surface coating of the dye (mostly
mimicking chlorophyll in the leaves). This coating can be achieved in a vari-
ety of ways like dipping the semiconductor in a solution of the dye whereby
the dye molecules are adsorbed on the semiconductor by probably covalent
bonding. However other variations of the loading of the dye on the semicon-
ductor can also be pursued. These include loading the dye with appropriate
binder, preparing the electrode ( in this case it functions as anode) materials
from semiconductor oxide and the dye from a slurry. Improvements in the
stability of DSSC have also been achieved in alternate use of the plasticized
polymer electrolyte instead of the conventional I−3 /I− system. For an elemen-
tary description of the dye sensitized solar cells, readers are referred to the
site http://www.science20.com/mei/blog/dye sensitized solar cell-75581.

3 Sensitizers

It may be appropriate if one makes some comments on the sensitizers (not
necessarily dyes alone) normally employed in DSSC since this is the central
part of these cells. In a sense, they are the real converters of photon energy
into electrons which are injected into the semiconductor to be passed on to
the counter electrode for the reduction reaction. A variety of substances
have been employed probably taking the clues from the natural photosyn-
thesis process. The type of molecules that have been tried include a variety
of ruthenium based complexes like cis Ru(L)2(NCS)2 where L is bipyrine
carboxylic acid, or RuL(NCS)3 where L is a tripyridine carboxylic acid or
RuL3, [9] or the corresponding analogs of Os [10] (These species give rise to
intense (in the visible region) metal-to-ligand charge transfer (MLCT) bands
with a favourable energetics for possible activation-less charge injection into
the semiconductor. In essence, several organic [11] and inorganic compounds
have been investigated for the sensitization of the semiconductor which in-
clude chlorophyll derivatives [12], porphyrins [13], phtalocyanines [14,15],
platinum complexes [16,17], fluorescent dyes [18], carboxylated derivatives
of anthracene [19] , polymeric films [20], and coupled semiconductors [21,22]
with lower-energy band-gaps, natural dyes like anthocyanin [23] from black
rice, carotenoid [24] from erythinka and chlorophyll from variegata, rose ben-
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gal, porphyrin complexes especially that of zinc [25],inorganic species like
copper diselenium, [26], and iodide (doped in ZnO)[27], and organic dyes
without the metal ions. A complete listing of 86 sensitizers that have been
tried and their characteristics are given in a recent book [28]. In recent years
a number of other possibilities are being examined. The relevant data on
these systems are briefly given in Table in the appendix. Based on cost
considerations, attempts have been made to use metal free dyes for DSSC
applications. However, these systems exhibit lower efficiency as compared to
the metal containing dyes. [3, 4, 29-31]. It may be useful to consider some
general remarks on the dyes or essentially on the types of sensitizers conven-
tionally employed in DSSC in terms of materials selection and logistics for
consideration.

(i) . The sensitizers conventionally provide the excited electrons to the
semiconductor and hence they should be stable enough in the oxidized
state such that it will return to the original state by electron injection
from the cathode. This means that the dyes chosen should be capa-
ble of providing electrons of suitable energy so that the electrons can
be injected into the conduction band of the semiconductor employed.
This brings a condition that the energy of the excited electron in the
dye must match at least with bottom of the conduction band of the
semiconductor.

(ii) Since the electrons are directly injected into the conduction band of the
semiconductor from the excited state of the sensitizers, the holeelectron
recombination within the semiconductor does not take place or at least
less likely.

(iii) The choice of the semiconductors are based on the spectral region where
the absorption of photons can take place and it is usually preferred
to extend the absorption region as low energy as possible namely to
visible and IR region. Hence the molecular structures of the sensitizers
are chosen such that they will have absorption in the spectral region of
the choice.

(iv) Since sensitizers (for this presentation it can be read as dyes) and the
semiconductor are in electrical contact, there can be alterations of the
electronic energy levels at the interface and it is preferable that the
electron energy state in the sensitizers must be on par with that of
the energy of the bottom of the conduction band of the semiconductor.
This means that the energy band positions must be suitably altered at
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Figure 3: Schematic diagram of a dye sensitized solar cell. The photo-anode
consists of semiconductor usually TiO2 and occasionally, ZnO or other semi-
conductors to which the dye is covalently attached and the photon absorption
by the dye gives rise to electron injection into the semiconductor conduction
band from where it is transported in the external circuit through the load to
the cathode which is conventionally carbon supported metal system which in-
jects the electrons to carry out the reduction reaction in the tri-iodide/iodide
couple I−3 / I−. Other couples or electron shuttles can be employed to facili-
tate the electron reinjection into the dye. A variety of electrolytes have been
employed.
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the semiconductor/sensitizer interface. This brings us to a limitation
that the sensitizers chosen should be such that their energy levels of
the excited electrons should be capable of stabilizing the bottom of the
conduction band edge. This is usually termed as moving the bottom of
the conduction band edge downwards or negative conduction band shift
due to favourbale dipolar field exerted by the sensitizer to the semicon-
ductor. This may be at variance to conventional metal ion containing
sensitizers like heteroleptic Ru(II)-dyes for which an opposite dipole
effect has been reported thus increasing the value of the open circuit
voltage , V(OC) [32].[

(v) In a recent publication, [33] there has been an attempt to use an in-
verse sensitized photocathode in combination with the conventional
sensitized photo-anodes (where electron injection was conceived to take
place) so as to increase photon to electron yield several times as com-
pared to the conventional n-DSCs. This type of tandem pn-DSCs may
be one of the possible alternatives however, it should be remarked that
the available dyes for p-DSC are till now poor performers and hence
there is a need to develop new systems which can function in this
mode. It has been claimed that the donoracceptor dyes, studied as
photo-cathodic sensitizers, comprise a variable-length oligothiophene
bridge, which provides control over the spatial separation of the photo-
generated charge carriers.

(vi) It is appropriate that some comments are also available in the nature
and structure of the sensitizers that have been tried for DSSC.
The logic for the selection of sensitizers must be (i) the required exci-
tation energy must fall in the IR or visible region so that most part of
the solar spectrum can be used. It means one has to have a fair idea of
the available solar spectrum which is shown in Fig.2. (ii) The chosen
sensitizer should be capable of covalently bonded to the semiconductor
employed.

(i) As mentioned elsewhere, there must be appropriate energetic position
of the conduction band of the semiconductor which must be overlap-
ping with the excited state energy of the electron in the sensitizer.

(ii) The hole electron recombination within the sensitizer should be min-
imum, this can be achieved to an extent from smaller size (length in
case of polyene dyes) of sensitizers or in other words the electron path

11



Figure 4: The typical solar spectrum with relevant details marked in terms
of energy and some typical semiconductor absorption maximum

in the dye system should be as short as possible so that the electron is
injected into the semiconductor before recombination takes place.

(iii) The sensitizers in the excited state should not prefer the de-excitation
route through intermolecular interaction with the acceptor species in
the electrolyte.

(iv) The dyes in general used in DSSCs tend to degrade over time, thus
leading to decreased efficiency and also the life time of the dyes are
also limited and hence needs replacement of costly dyes. Attempts are
being made to enhance the life time of the dyes in DSSCs in a variety of
ways [34, 35] and it is hoped that the stability problems may eventually
be overcome in the near future.

(v) Even though it is generally claimed that the DSSCs are affordable
in terms of cost, it is to remarked that most of the contemporary
DSSCs use complexes of the relatively rare metals like ruthenium or
osmium and other noble metals as sensitizing species which may not
be amenable for large scale applications. Research efforts are made for
designing alternate dyes including metal-free organic and natural dyes
[36-38]. However, it should be remembered that metal free and natu-
ral dyes are generally show lower efficiencies as compared to the metal
containing dyes [6, 38, 39-42].

(vi) The reported efficiencies of dyes sensitized solar cells are in the range of
5-11%. This is lower than most other solar cells like solid state photo-
voltaics. DSSCs with metal free sensitizers show lower efficiencies in
the range of 5%. The reason for this may be that metal free dyes may
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show high molar extinction coefficients (50,000-20,000 M−1cm−1) but
narrow range of absorption (∆λ ≈ 250 nm) while metal containing dyes
may show low molar absorption coefficient (5000-20,000 M−1cm−1) but
fairly broad absorption spectra (∆λ ≈ 350 nm)[43]. The overall conver-
sion efficiency of the dye sensitized cell is normally estimated form the
measured values of photo-current measured at short circuit current,ISC ,
the open circuit photo-voltage,Voc , the fill factor of the cell (ff) and
the intensity of the incident light (IS) and is given as =[IPh.Voc.(ff)]/IS.
The search for the type of dyes employed for sensitization has centred
around the following points: The dyes normally employed in DSSCs
have good capacity to convert a photon into an electron almost around
80% efficiency. However efforts are on for improving (in terms of the
structure of the dye and also increasing the range of wavelength of
absorption to visible and IR region this is essentially attempted by
bringing in conjugation in the side chain) it to almost perfect conver-
sion in the new dyes that are introduced, an overall efficiency of 90%
has been achieved with the ”lost” 10% being largely accounted for by
optical losses.
This limitation can indicate that the DSSC based arrays may have to
be sufficiently larger than solid state photovoltaic arrays to produce
the same amount of power. However this disadvantage is offset by the
lower cost and greater construction flexibility of DSSCs. Any improve-
ment in efficiency will make DSSCs to be competitive to other types of
energy conversion devices.
Since DSSCs employ a liquid electrolyte, its operation at lower tem-
peratures will be of still lower efficiency and also will lead to other
problems due to freezing of the electrolyte.[44] Even though alterna-
tives that would prevent the freezing problem are being considered, it
is unlikely that DSSCs will probably be suitable for cold climates in
the near future.
The net conversion efficiency of the DSSC depends on the dynamics of
the various processes that take place in the cell. Unfortunately all the
possible processes in a DSSC are not of the same time scale and hence
some processes proceed faster than others and hence the net conver-
sion efficiency does not reach high and desirable levels. Secondly the
electron has to be transported from the excited state of the dye to the
conduction band of the semiconductor and there-from it is transported
in the external (load) circuit to the cathode where it reduces the charge
carriers which regenerate the dye from its oxidized state. Generally the
diffusion length of the electron generally controls this process and the
diffusion length is given by the equation, Ln = (DnX n)1/2 where Dn is

13



Table 2: Values (in ranges) of the rate constants (in sec−1) for the various
electron transfer process in a dye sensitized solar cell
Specific electron transfer process
in DSSC

Values(ranges)of rate constant in sec−1

Electron excitation in the dye 108 - 1010

Electron transfer from excited
state of the dye to the semicon-
ductor (electron injection)

1010 - 1012

Back electron transfer from semi-
conductor to the dye

106 - 107

Electron transfer from semicon-
ductor to external circuit

100-102

Oxidized state to the reduced
state in the electrolyte at the
cathode

108 - 109

Direct electron transfer in the
electrolyte at the anode

108 - 101

the diffusion coefficient of the electron, n is the life time of the electron.
It is therefore necessary that we know the time scales of the various
processes that take place in a DSSC. Some estimates of these times are
given in terms of the values of rate constants in Table 1. The second
important parameter of concern is the life time of the dye and various
governing criteria have been evolved either in terms of number of cycles
(a figure 50 million cycles is claimed) or in terms of time of continuous
exposure (this is of the order of 1000s hours) before the dye degradation
sets in. (iii)There is always a concern on the nature of the dye with
respect to the electrolyte medium employed. If the electrolyte medium
is aqueous then the dyes chosen should have hydrophobic character so
that they will be fairly well anchored on the semiconductor electrode.
(iv) For improving the stability of the DSSC (either with respect to
temperature or chemicals) solid state gel or polymer gel electrolyte or
melt of multiple salts have been employed. These studies showed some
improvements in terms of efficiency, however, improving the efficiency
alone cannot be considered as a sole criterion for designing DSSCs.
(v) Designing of appropriate dyes for DSSCs (either with or without
metal linkages) has been made by a variety of ways. The main factors
considered in these studies include the HOMO-LUMO energy gap in
the dye (usually estimated through semi-empirical quantum mechani-
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cal calculations like DFT or variations thereon [45], the estimation of
the life time or properties (dipole moment) of the excited states of the
dye and other relevant spectroscopic properties.
(vi)In order to increase the light harvesting in DSSCs electron relay
dyes have been employed where in the excitation takes place in energy
relay dye from which the transfer takes place by Foster energy transfer
process to the sensitizing dye. This architecture permits broader spec-
tral absorption, increase in the amount of the dye loading and gives
rise to flexible design features for the DSSCs. An increase of nearly
25% in power conversion efficiency has been already achieved.[43].
(vii)The degradation of the dye and the long term durability of the
DSSCs are other factors of concern and it has been briefly mentioned
above.
Conventional photon induced de-carboxylation or decomposition may
take place and it is possible that one can device methods to restrict
this kind of degradation. However, it should be remembered that the
dye molecules are in the presence of relay species which can be I−/I3−

(alternatively Br− /Br3−) or other amine in the electrolyte and these
can also induce (or at least promote) the degradation of the dye. Since
the DSSCs cannot be operated without these kinds of electrolyte me-
dia, more attention is needed on the dye degradation process[[46].

4 The semiconductor Electrode

The commonly used anode material is based on TiO2 (ZnO is also employed
and a variety of other materials are also employed [47-58]) for the following
reasons. (i) The energetics of the conduction band of TiO2 is well established
and hence the appropriate dye could be employed so that the electron trans-
fer from the excited state of the dye can be facilitated. This transfer probably
restricts the recombination of the electron with the hole generated. (ii) Since
this transfer has to take place between the dye and the semiconductor, the
dye should be capable being adsorbed on the semiconductor and also the
coverage (θ) by the dye on the semiconductor should be almost near to 1,
since otherwise, the photon will be absorbed or scattered (loss) by the semi-
conductor. (iii) The semiconductor employed must be amenable for surface
modification so that the dye molecule can be easily anchored on the surface
and also the excitation energy (the difference between HOMO and LUMO
levels of the dye) can be suitably modulated so that the absorption range
can be extended to visible and even to IR region of the solar spectrum.[59]
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5 Electrolyte

The electrolyte and the medium to be used in DSSC generally control the
potential of the positive electrode. In any form of electrochemical cells, the
electrolyte has a significant role in the electron transfer since the medium per-
mits the diffusion of the redox species forth and back to the counter electrode.
Generally,high conversion efficiencies are reported in DSSCs in which elec-
trolyte is an acetonitrile solution of iodine ions (I−/I−3 ). The physical prop-
erties of the organic medium in this case acetonitrile (like melting/boiling
point and the decomposition potential) control the concentration (due to
evaporation at higher temperatures or decomposition due to potential) and
hence causes drop of conversion efficiency at higher temperatures or with
long-term use. Alternate methodologies have also been tried like sealing the
electrolyte (that controls the evaporation loss) solidification of the electrolyte
or employing solid electrolytes like CuI or CUSCN, Conductive polymers like
polypyrrole , low molecular weight materials like triphenyldiamine or amor-
phous organic compounds. At this moment, the selection of electrolyte does
not seem to attract much attention though there are sporadic reports on the
use of alternate electrolyte medium.

6 Counter electrode

The counter electrode acts as the conduit for the return of the electron to the
dye. Since the electrolyte can be corrosive, it is essential that the material
of the counter electrode is fairly corrosion resistant, and is also capable of
reducing tri-iodide to iodide ion. The appropriate material can be conduc-
tive glass electrode having a dispersion of Pt. However carbon electrodes
and conductive polymers can also be the alternate choices. However, these
materials cannot come up to Pt in terms of the reduction rate.

7 Packaging of the DSSCs

It is known that this technology is threatening to be commercially viable
for a number of years in recent times. This means a neat packaging of this
technology must be in place if this technology were to be adopted for energy
conversion process. Since packaging may lead to efficiency loss, it is necessary
to encapsulate DSSC appropriately like in optical nanofibers [60,61] Various
single cell configurations for long term stability and also for grid connection
possibilities are being examined with plastic substrate [62,63]
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8 Possible Routes for Electron Transfer in

DSSC

The values of rate constants of for electron transport in DSSC have already
been considered in an earlier section. It is essential that one considers the
dynamics of this transport both from the points of view of electron trans-
port feasibility and also the flexibility. This section addresses these aspects
in some detail. A pictorial representation of the various possible processes
for the electron excitation, de-excitation, electron injection, transport, re-
combination, and utilization in regeneration is given in Fig.3. The photon
is absorbed by the dye and the electron is excited from the HOMO level of
the dye to the LUMO level of the dye. The excited electron from the LUMO
level of the dye is injected into the conduction band of the semiconductor.
This injection rate constant is assumed to be of the order of 5× 1013s−1 for
perylene derivatives [64] and it is of the order of 4 × 1014s−1 for Ru com-
plexes. It is also assumed that the injection rate of the electrons from the
sensitizer to the semiconductor is of the same order of magnitude in both
electrolyte and solid state solar cells. However it should be remarked that
the transfer rate may depend on the density of states in the conduction band
of the semiconductor and also the symmetry of the wave functions that con-
stitute the electronic states in the conduction band of the semiconductor.
The excitation in the dye takes place in femto-second time scale while the
charge injection from the excited state dye D∗ to the conduction band of
the semiconductor (typically in TiO2 (CB) takes place in sub-pico second
time scale. This statement of the time scales is based on the assumption
that the excited state dye does not undergo intra-molecular relaxation which
not only can alter the time scale of electron injection but also may compli-
cate the injection process itself. The electrons in the semiconductor can be
thermalized by lattice collisions and phonon emissions in the time scale of
femto-seconds. If the relaxation of the excited state dye takes place in the
time scale of nanoseconds, then the efficiency of electron injection process in
the semiconductor can become nearly unity. In this case, the excited state
dye has to be regenerated by the iodide ions from the mediator. This process
will be in the domain of microsecond. This regeneration may prevent the
recombination of the electron from conduction band of the semiconductor
with the HOMO level of the dye which could be in the range of mill-second
time scale. This favourable time scales facilitate the electron percolation and
the capture of the electron by the oxidized relay namely I−/I3

− which takes
place in millisecond or higher time scales. The processes that take place in
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Figure 5: Schematic representation of the various possible process for the
generation, transfer, recombination of the electron that is electron transfer
processes occur in parallel and in completion in DSSC [reproduced from
ref.64]

a DSSC are given in the form of equations below:

D/TiO2 + hν → D∗/T iO2(Excitation of the Dye) (1)

D ∗ /T iO2 → D+/T iO2 + e(CB TiO2)(Charge injection into SC) (2)

D∗/T iO2 → D/TiO2 + hν + ∆(Relaxation) (3)

D+/T iO2 + 2I− → D/TiO2 + I2(Regeneration of the dye) (4)

D+/T iO2 +
3

2
I− → ‘D/TiO2 +

1

2
I−3 (5)

D + /T iO2 + e(CB)→ D/TiO2(Recombination) (6)

1

2
I−3 + e− → ‘

3

2
I−; I−3 + 2e→ 3I−Cathode reactions (7)

It may be appropriate if some general remarks are made on the statements
made in this section

(i) The electron transfer routes outlined in equations (1-6) are only indica-
tive of the various possibilities. It should not be considered exhaustive
since the possibilities like the trapping of the electrons in defect or sur-
face states of the semiconductor, and other possible electron transfers
with impurities and other species present in the system are not consid-
ered and they can also contribute for the loss of efficiency.

18



(ii) The life times that are given are indicative and they may not be exact.
In addition the life times given are for pure species namely the time
indicated for the excitation in the dye is when the dye is in the isolated
state while in the experiments the dye will be in the adsorbed on the
semiconductor and hence the time required for excitation can be dif-
ferent. This could be due to the fact that in the adsorbed state, the
molecular structure of the dye molecule might have changed depending
on how and with what functionalities the dye molecule is adsorbed on
the semiconductor. Similar arguments may hold good for the mediator
species as well.

(iii) Even though the reactions are shown in a sequence, the process can take
place in a competitive and also concurrent manner thus accounting for
the loss in efficiency.

(iv) The other parameters on which the rate of electron injection depends
include the length of the spacer between the electron donor and accep-
tor, the density of acceptor states in the semiconductor, the interaction
between the dye and the semiconductor (already mentioned).The total
electron transfer rate is related to the density of states (DOS) at the ap-
propriate energy relative to the bottom of the conduction band edge of
the semiconductor, the reorganization energy and the temperature T.
The electron injection in the semiconductor depends on the magnitude
of DOS in the semiconductor in the conduction band. When the dye
is adsorbed on the semiconductor (most probably through functional
groups (like carboxyl groups in the dye) the electron transfer essentially
takes place between the * orbital of the sensitizer dye and the conduc-
tion band energy levels (which is essentially the unoccupied d states
of the transition metal in the semiconductor for example Ti d states).
Since the density of states in the conduction band of the semiconductor
can be large (of the order of Avogadro number) the electron injection
into the semiconductor takes place at a higher rate compared to the
relaxation from the excited state to the ground state (that is relaxation
through emission). It may be realized that this electron injection is the
key for the higher efficiency and hence the choice of the semiconductor
and the dye should be such that the energetic positions of the conduc-
tion band of the semiconductor and the energy of the excited state are
appropriately matched.

(v) The injected electron is transported through the semiconductor to the
back contact and this could be slower in the nano-crystalline semicon-
ductor as compared to single crystal dye sensitized semiconductor.
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(vi) The recombination of the electron with the excited state of the dye can
occur over a time period of picoseconds to millisecond. This wide time
scale arises due to the charge trapping possibilities by the localized
surface states in the semiconductor. In addition the photon field may
alter the energy states of the semiconductor (thus altering the position
of the quasi Fermi level) and thus may favour the occupancy of the
trap states.

(vii) The electron transport can also be controlled by the composition of the
electrolyte employed and also the applied potential.

(viii) The recombination is also dependent on the nature and structure of
the dye employed.

In the operation of DSSC, the regeneration of the dye is an important step.
The life time of the cationic form of the dye can be of the order of mil-
liseconds in the presence of pure solvents and can be altered by the nature
of the electrolyte. The most widely employed redox system is I−/I−3 . The
regeneration of the dye depends on the concentration of iodide ions. The
relative energetic positions of the mediator and dye decide the open circuit
potential achievable. Till now I−/I−3 redox system is the best electrolyte
for DSSC. Efficiency of more than 11% with acetonitrile based electrolyte
and 8% and long term stability with other low volatile electrolyte have been
reported.[65-68].Other ionic liquids with fairly ionic conductivity have also
been examined like pure imidazolium I−/I−3 [69 -73]. Quasi solid electrolytes
by gelation with aliphatic gels, polymer and even nano particles have also
been examined for DSSC application.[74-78]. Other redox couple that has
also been tried is Br−/Br−3 [79]. In addition hole conductors like CuSCN,
CuI, organic hole conductors like triarylamines, polymer hole conductors like
poly(3-alkyl thiophene, polyaniline) have also been tried in DSSC.[80-88].

9 Current Voltage Characteristics of DSSC

The standard illumination on a DSSC is usually referred as AM 1.5 with an
intensity of 1000 W/m2 also referred to as 1 sun. This spectrum corresponds
to sunlight that passes through the atmosphere 1.5 times longer than when
the sun is directly overhead. The current voltage characteristics of DSSCs
are monitored under standard illumination conditions by varying the external
load from zero value (short circuit condition) to infinite load (open circuit
condition). A parameter called fill factor is defined as follows:

FF = Jpowermax × Vpowermax/JSC × VOC (8)
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The solar cell efficiency is given by the ratio of the power generated and
power of the incident light

η = Pout/Pin = (JSC × VOC × (FF )/Pin (9)

Another parameter of relevance is the Incident Photon to Current Conver-
sion Efficiency (IPCE) which denotes how efficiently the light of a particular
wavelength is converted into current and is given by the expression

IPCE = h× c/λ×JSCmA/cm2/q)/PinmW/cm
2 = 1240JSCmA/cm

2/λnm.PinmW/cm
2

(10)
The parameter Absorbed Photon to current conversion efficiency (APCE)
denotes how efficiently the absorbed photons are converted into current, the
IPCE and APCE are related to each other through light harvesting efficiency
(LHE), Transmittance (T) and Absorbance (A) according to the following
equation

APCE(%) = [IPCE(%)/LHE(%)]× 100LHE = 1− TandT = 1− 10−A

(11)
IPCE itself can be expressed as

IPCE(%) = LHE × Φinj × ηreg × ηcc (12)

Where (Φinj), (ηreg), and(ηcc) denote the quantum yield of charge injection,
dye regeneration and charge collection efficiency respectively. The efficiency
of a DSSC can also be examined from another point of view. Essentially
the efficiency of DSSC depends on how many photons are converted and col-
lected in the external circuit in the form of electrical power. This conversion
efficiency (IPCE)(λ)(incident photon to current efficiency) depends on three
factors namely, the light harvesting efficiency (LHE) which denotes the num-
ber of photons absorbed by the dye, the electron injection efficiency (Φinj)
which is a measure of how many absorbed photons result in injection of elec-
trons into the semiconductor, (this probably accounts for the return of the
excited of the dye to the ground state) and charge collection efficiency η(c)
(probably accounts for the loss in the semiconductor itself without transfer
to the external circuit).

IPCE(λ) = LHE(λ)× Φinj × ηc (13)

All of three processes in the DSSC are kinetic in nature and hence their effi-
ciency is determined by how fast they occur relative to competing processes
like de-excitation of the dye, electron loss in the semiconductor and processes
internal to the system. One has to therefore consider the essential charac-
teristics of the dye since the photon to electron conversion critically depends
how best the dye absorbs the photon.
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Figure 6: Typical representation of current Voltage characteristics of a DSSC
denoting the short circuit current (JSC), open circuit voltage VOC Current at
maximum power point (Jmax) and voltage at maximum power point (Vmax)
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Figure 7: Typical and possible bonding scheme of the ruthenium based dye
with the TiO2 surface

10 Dye Characteristics

In this section, the important characteristics of the dye will be considered in
addition to what has already been discussed in the section on sensitizers. The
light harvesting dye is clearly the crucial and central component of the DSSC
design. These dyes need to fulfill several functions: adsorption onto metal
or semiconductor surface, its absorption spectrum must overlap effectively
with the solar spectrum, the dyes should be capable of injecting electrons ef-
ficiently into metal oxide and must be stable for many cycles. These aspects
have been already outlined. Adsorption of the dye onto the metal oxide sur-
face is normally facilitated by inclusion of a functional substituent that will
adsorb readily. In the case of metal complexes like ruthenium species, ligands
which have capacity to bind to the metal ions, are preferred, the well studied
ligands are those containing carboxyl-substituted ligands. The possibility of
adsorbing the ruthenium complex on TiO2 surface is shown pictorially in Fig
5. It is given as an example for the process of adsorption and one can visu-
alize alternate modes of adsorption of the dye on the semiconductor surface.
In the table given in the appendix to this chapter the typical listing of some
of the sensitizing species so far employed and their structures are given. It
may be conceived that these species will be adsorbed on the semiconductor
surface (TiO2, or ZnO or any other semiconductors) through the functional
groups contained in them. The spectral absorption of the dye or adsorbed
sensitizer should be such that it overlaps with the solar spectrum so that as
much of the suns energy as possible is utilized in exciting the sensitizer. Most
of the dyes or sensitizers normally employed in DSSCs absorb in the visible
and near infrared region (in the region 400 to 700 nm), capturing about half
the available power and a third of the available photons from the solar radi-
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ation. The ruthenium complexes which are currently employed as sensitizers
have a limitation in that their extinction coefficients (approxmately 2×104

M−1cm−1) are comparatively low. This means that one must have sufficient
number of sensitizers adsorbed on the semiconductor surface thus necessi-
tating the metal oxide semiconductors have to be prepared with very high
surface areas. It is expected that normally efficiencies of greater than 15%
is preferable, the designed DSSCs will have to absorb about 80% of light
between 350 to 900 nm. In order to extend the spectral region, complexes
of osmium has been examined in place of ruthenium, which extended the
absorption further into the low energy red region and enhanced the response
of the cell to light relative to the ruthenium analogues. The charge transfer
transitions in osmium are more intense than in ruthenium complexes. Or-
ganic dyes have also been used successfully as seen from the data given in the
table in the appendix. For facile electron transfer from the excited state of
the dye to the semiconductor, it is necessary that the energy of the excited
state of the dye is suitable with respect to the bottom of the conduction
band of the semiconductor so that energetically the electron transfer process
will be a downhill process in addition the electron injection process into the
semiconductor must be faster than the relaxation process in the excited state
of the dye by luminescence or non-radiative decay. It has been pointed out
elsewhere in this presentation the relative time scale of each of these pro-
cesses. In the case of ruthenium species, the injection takes place in the time
scale of femto second while the decay process is taking place leisurely in the
sub-picosecond time scale. However as pointed out earlier, it is necessary to
assess if these time scales determined in the molecular scale will be applica-
ble to the adsorbed state.[89] .Nevertheless, the very fact that fairly efficient
DSSCs are available supports these contentions , it is necessary that caution
is required in ensuring that efficiency of the DSSCs is not reduced by other
design factors of the cell. One way of ensuring that the dye or sensitizer
absorbs sufficiently in the red region, one has to lower the LUMO level of
the dye or sensitizer, but this option has to be carefully considered since
this lowering cannot be done in such way that the LUMO is lower than the
conduction band of the semiconductor and also the position of LUMO level
should be such that facile electron injection will take place without consider-
able activation barrier. In a recent publication, the group from Stanford has
coupled luminescent choromophores which absorb high energy photons and
pass their energy to the sensitizing dyes. These options possibly can show
some improvement in the net efficiency. [43].
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11 Semiconductor Material

After the successful injection of the electron into the semiconductor, the
electron should be transported in the external circuit through the load to
the working electrode. Semiconductors like TiO2 or ZnO are the common
material employed in DSSCs. The normal criterion for the choice of the
type of semiconducting material is that they must be relatively inert, cheap,
and must be amenable for flexible and scalable synthesis with high surface
area. The factors that contribute to the choice of anatase form of TiO2 as the
choice of the semiconductor are: (i) Anatase has a higher band gap (3.2 eV) as
compared to rutile (3.0 eV). Hence the anatase phase absorbs limited range
of the solar spectrum and the remaining region is available for absorption
by the sensitizer. (ii) The recombination of the electron with the hole in the
valence band is slower than it has been observed with Rutile form. It must be
remarked that the multilayer semiconductors with varying nm sized particles
have been advocated as best materials from the point of view increasing the
exposed surface area which could sustain considerable layers of the sensitizer
molecules so that improved photon absorption condition could be ensured.
The time taken for the electron to percolate through the external circuit to
the transparent conducing electrode is of the order of 100s of microseconds.
Even though this time scale is longer, it is lower than the conduction band
dye recombination or other conduction band decay process within the semi
conductor. In order to effectively transfer the electron in the external circuit
it will be advantageous to employ one dimensional nano tubes or nano rods
rather than bulk materials. These configurations can be expected to facilitate
vectorial transfer of charge [90]. . This aspect may be addressed in the future
[90]

12 Electrolyte and Regeneration

The electrolyte contains the redox couple, which regenerates the oxidized dye
D+ which was formed by the injection of electron from the dye to the semi-
conductor layer. The redox couple should be efficient enough at reducing
the dye cation (D+) back to the original state for another cycle, but should
not intercept or capture the electrons being injected. The most commonly
employed redox couple for this electron transfer is tri-iodide/iodide (I−3 /I

−)
system for the transfer of electron from the conduction band of the semicon-
ductor to the oxidized form of the dye or sensitizer. Even though the time
scales of this electron transfer process in the tri-iodide/iodide couple may be
favourable for the DSSC application, the redox chemistry of tri-iodide/iodide
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couple is not very well understood even now. This places some restrictions in
the selection of appropriate dyes as sensitizers. One of the alternate possibili-
ties may be to use solid state redox couples. This may allow the use of higher
concentrations of the redox couple and possibly can extend the applicability
of the device.

13 Summary

Dye-sensitized solar cells is receiving considerable attention in recent times
and threatening to be one of the possibilities for alternative renewable en-
ergy provider. The principle of operation is to harvest light efficiently by
a sensitizer and pass on the energy to a semiconductor surface, which con-
nects to an external circuit generating current. The light harvesting dye is
regenerated by mean of a suitable redox couple. It appears that each of the
process steps in DSSC like the electron excitation, electron injection into the
semiconductor, electron transport in the external circuit, the redox species
that facilitates the back transfer of the electron to the sensitizer, and the
times scales for each of these processes can offer a wide variety of options
and examining them and making an appropriate combination appears to be
the job on hand in this exciting area.section
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Table 3: Data of the Dye Sensitized Solar Cells
System Name of the dye VOC (mV) ISC(mA/cm2) % Ref
P1 N-[2’,7’-bis-(N,N- 839 0.324 0.27

diphenylamino)-9,9’
spirobifluoren-2-yl]-1,7,-bis-
(4-t-butylyphenoxy)-
perylene-3,4-dicarboxylic
acid anhydride-9,10-imide

P4 N-(pentafluorphenyl)- 626 0.114 0.04
perylen-3,4,9,10-
tetracarboxylic acid-3,4-
anhydride-9,10-imide

P7 Perylene dicarboxylic acid- 652 0.153 0.06
3,4-anhydride

P8 N-(diisopropylphenyl)- 687 0.306 0.13
3,4,9,10-perylene tetra
carboxylic acid-3,4-
anhydride-9,10-imide

P9 1,7-(4-t-butylphenoxyl)- 647 0.181 0.07
3,4,9,10-perylene
tetracarboxylic dianhydride
Ru(L)(NCS)(L = 4,4’,4”- tricaroxy upto920 nm
2,2’6’2”-terpyridine
2-cyanoacrylic acid-4-(bis-
dimethylfluoreniline)dithiophene
[M(H3teterpy)LY]+ M = Os(II) or near IR 0.050
Ru(II)(H3teterpy) is tridendate
4,4’,4”-tricarboxy-2,2’,6’,2”-
terpyridine and L is a bidentage
ligandlike bipyridine or
or 2,2’pyridylquinoline
Ruthenumm complex with 2-(2,4-
difluorophenyl)pyridine

27



Table 4: Data on Dye sensitized Solar cells (Data assembled from literature)
Dye IPCE (%) JSC (mA/cm2) VOC(mV) fill factor (FF) efficiency(%)
Z910 80 17.20 777 0.76 10.20
Z907 72 13.60 721 0.69 6.80
Z955 80 16.37 707 0.6 8.00
K8 77 18.00 640 0.75 8.64
K19 70 14.61 711 0.67 7.00
K73 80 17.22 748 0.69 9.00
K51 70 15.40 738 0.69 9.50

Anthocyanin 67 0.425 0.83
Black Rice 1.142 551

Dye1 67 11.18 661 0.57 4.21
Dye2 51 12.35 644 0.56 4.41
Dye3 9.07 559 0.57 2.88

Monoporphyrin acid 1 73 8.86 654 0.71 4.11
Monoporphyrin acid 2 75 9.70 660 0.76 1.80
Monoporphyrin acid 3 5 1.35 490 0.69 0.45
Monoporphyrin acid 4 30 2.05 589 0.75 0.89
Monoporphyrin acid 5 4 1.1 561 0.67 0.41

E490 9.17 482 0.6 2.7
E491 8.6 499 0.66 2.84
E513 4.91 472 0.72 1.68

hline SG74-5 7.82 479 0.68 2.53
SG-72-5 7.06 487 0.71 2.43

Rose Bengal 7.84 560 0.51 2.4
Rosin-Y 4.56 560 0.59 1.5

Rhodamine-B 1.88 510 0.62 0.6
Fast Green IXC 1.50 480 0.58 0.4
Acridine orange 0.36 370 0.50 0.06
Blended dye of 27.9 590 0.51 7.9
the above five

NKX-2553 10.4 710 0.74 5.5
NKX-2554 9.9 740 0.74 5.4
NKX2569 12.9 710 0.74 6.8
NKX-2600 12.5 680 0.69 5.9
IndolineD1 70 14.8 589 0.54 5.11
Indoline D2 80 10.0 622 0.65 4.03

TC301 4.93 1041 0.71 3.66
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Table 5: Data on Dye sensitized Solar cells (Data assembled from literature)
Dye IPCE (%) JSC (mA/cm2) VOC(mV) fill factor (FF) efficiency(%)

TC306 7.36 915 0.75 5.07
N-719 85 17.0 820 0.72 10.1

N-749(black dye) 21.8 720 0.65 10.4
N3 (red Dye) 83 15.8 726 0.71 8.2

N945 16.5 790 0.72 9.60
D29 7.98 660 0.47 2.22
D35 12.02 780 0.54 5.07
PT 7.57 580 0.59 2.3
TT 0.39 260 0.45 ¡0.05
P1 1.26 529 0.68 0.52
P4 0.39 450 0.61 0.12
P7 0.50 477 0.61 0.17
P8 0.51 455 0.62 0.16
P9 0.52 503 0.62 0.18
L0 2.89 735 0.73 2.89
L1 5.42 735 0.69 542
L2 6.42 710 0.68 6.42
L3 6.55 635 0.66 6.55
L4 4.56 560 0.64 4.56

ZnO 42 9.0 612 2.3
ZnO1 61 14.0 4.5

29



8. Brian O’Regan, Michael Grtzel (24 October 1991). ”A low-cost, high-
efficiency solar cell based on dye-sensitized colloidal TiO2 films”. Nature 353
(6346): 737740. doi:10.1038/353737a0
9. M. K. Nazeeruddin, A. Kay, I. Rodicio, et al., Conversion of light to
electricity by cis-Xbis(2,2-bipyridyl-4,4-dicarboxylate)ruthenium(II) charge-
transfer sensitizers (X=Cl, Br, I, CN, and SCN) on nanocrystalline TiO2
electrodes, Journal of the American Chemical Society, vol. 115, no. 14, pp.
63826390, 1993.
10. G. Sauv, M. E. Cass, G. Coia, et al., Dye sensitization of nanocrystalline
titanium dioxide with osmium and ruthenium polypyridyl complexes, Jour-
nal of Physical Chemistry B, vol. 104, no. 29, pp. 68216836, 2000.
11. Tamotsu Horiuchi, Hidetoshi Miura and Satoshi Uchida, Highly efficient
metal-free organic dyes for dye-sensitized solar cells, Journal of Photochem-
istry and Photobiology A: Chemistry, 164,29, (2004).
12. A. Kay and M. Graetzel, Artificial photosynthesis. 1. Photosensitiza-
tion of TiO2 solar cells with chlorophyll derivatives and related natural por-
phyrins, The Journal of Physical Chemistry, vol. 97, no. 23, pp. 62726277,
1993.
13. F. Odobel, E. Blart, M. Lagre, et al., Porphyrin dyes for TiO2 sensitiza-
tion, Journal of Materials Chemistry, vol. 13, no. 3, pp. 502510, 2003.
14. M. K. Nazeeruddin, R. Humphry-Baker, M. Grtzel, et al., Efficient near-
IR sensitization of nanocrystalline TiO2 films by zinc and aluminum ph-
thalocyanines, Journal of Porphyrins and Phthalocyanines, vol. 3, no. 3, pp.
230237, 1999.
15.J. He, A. Hagfeldt, S. E. Lindquist, et al., Phthalocyanine-sensitized
nanostructured TiO2 electrodes prepared by a novel anchoring method, Lang-
muir, vol. 17, no. 9, pp. 27432747, 2001.
16.W. Paw, S. D. Cummings, M. A. Mansour, W. B. Connick, D. K. Geiger,
and R. Eisenberg, Luminescent platinum complexes: tuning and using the
excited state, Coordination Chemistry Reviews, vol. 171, no. 1, pp. 125150,
1998.
17. A. Islam, H. Sugihara, K. Hara, et al., Dye sensitization of nanocrys-
talline titanium dioxide with square planar platinum(II) diimine dithiolate
complexes, Inorganic Chemistry, vol. 40, no. 21, pp. 53715380, 2001.
18.J. M. Rehm, G. L. McLendon, Y. Nagasawa, K. Yoshihara, J. Moser,
and M. Grtzel, Femtosecond electron-transfer dynamics at a sensitizing dye-
semiconductor (TiO2) interface, Journal of Physical Chemistry, vol. 100, no.
23, pp. 95779578, 1996.
19.P. V. Kamat and W. E. Ford, Photochemistry on surfaces: triplet-triplet
energy transfer on colloidal TiO2 particles, Chemical Physics Letters, vol.
135, no. 4-5, pp. 421426, 1987.

30



20.S. Das, C. S. Rajesh, C. H. Suresh, et al., Photophysical and photo-
electrochemical behavior of poly[styrene-co-3-(acrylamido)-6-aminoacridine],
Macromolecules, vol. 28, no. 12, pp. 42494254, 1995.
21.D. Liu and P. V. Kamat, Photo-electrochemical behavior of thin CdSe and
coupled TiO2/CdSe semiconductor films, Journal of Physical Chemistry, vol.
97, no. 41, pp. 1076910773, 1993.
22.K.T. Ranjit and B.Viswanathan, Photocatalysis, Principles and some
selected results,in Selected Studies in Heterogeneous Catalysis, Editor: B.
Viswanathan, Department of Chemistry, Indian Institute of Technology, Madras
(Chennai), India, pp 150-178, May, 1996.
23.Cherepy, Nerine J.; Smestad, Greg P.; Grtzel, Michael; Zhang, Jin Z.
(1997). ”Ultrafast Electron Injection: Implications for a Photoelectrochemi-
cal Cell Utilizing an Anthocyanin Dye-Sensitized TiO2 Nanocrystalline Elec-
trode”. The Journal of Physical Chemistry B 101 (45): 934251. doi:10.1021/jp972197w.
http://solideas.com/papers/JPhysChemB.pdf.
24.Sancun Hao, Jihuai Wu, , Yunfang Huang and Jianming Lin, Natural dyes
as photosensitizers for dye-sensitized solar cell, Solar energy, 80, 209, (2006)
; M.S. Roy, P. Balraju, Manish Kumar and G.D. Sharma, Dye-sensitized
solar cell based on Rose Bengal dye and nanocrystalline TiO2, Solar Energy
Materials and Solar Cells 92, 909 (2008)
25.PORPHYRIN-BASED PHOTOSENSITIZER DYES FOR DYE-SENSITIZED
SOLAR CELLS, United States Patent Application 20100125136
26.http://en.wikipedia.org/wiki/Dye-sensitized solar cell
27.Y-Z Zheng, X.Tao, Q.Hou, D T Wang, W L Zhou and J F Chen, Iodine
doped Zno nanocrystalline aggregates for improved dye-sensitized solar cells,
Chem.Mater., 23, 3 (2011)
29.Tamotsu HoriuchiJun-ichi FujisawaSatoshi UchidaMichael Gratzel, Data
book on Dye-sensitized Solar Cells, CMC Publishing CO.,LTD (2008).
30.Patrocnio, A., Mizoguchi, S., Paterno, L., Garcia, C., and Iha, N. (2009).
Efficient and low cost devices for solar energy conversion: Efficiency and sta-
bility of some natural-dye-sensitized solar cells. Synthetic Metals, 159(21/22),
2342-2344. doi:10.1016/j.synthmet.2009.08.027
31.http://www.elp.uji.es/juan home/research/solar cells.htm
32.Horiuchi, T., Miura, H.,and Uchida, S. (2004). Highly efficient metal-free
organic dyes for dye-sensitized solar cells. Journal of Photochemistry and
Photobiology A: Chemistry, 164(1-3), 29-32.
33. Chen P, Yum JH, De Angelis F, Mosconi E, Fantacci S, Moon S J, Baker
RH, Ko J, Nazeeruddin M , Grtzel M. Nano let., 2009 Jun;9(6):2487-92.
34 A. Nattestad, A. J. Mozer, M. K. R. Fischer, Y.-B. Cheng, A. Mishra, P.
Buerle and U. Bach, Nature Materials, 9, 31 (2010)
35. Sommeling, P., Spth, M., Smit, H., Bakker, N., and Kroon, J. (2004).

31



Long-term stability testing of dye-sensitized solar cells. Journal of Photo-
chemistry and Photobiology A: Chemistry, 164(1-3), 137-144. doi:10.1016/j.jphotochem.2003.12.017
36.Nogueira, V., Longo, C., Nogueira, A., Soto-Oviedo, M., and Paoli, M.
(2006). Solid-state dye-sensitized solar cell: Improved performance and sta-
bility using a plasticized polymer electrolyte. Journal of Photochemistry and
Photobiology A: Chemistry, 181(2/3), 226-232. doi:10.1016/j.jphotochem.2005.11.028
37.T.Horiuchi, H.Miura, and S.Uchida, Highly efficient metal free organic
dyes for dye-sensitized solar cells, Journal of photochemistry and photobiol-
ogy, A Chemistry, 164, (2004) 29-32.
38 T.Horiuchi, H.Miura, K.Sumioka and S.Uchida, High eficency of dye sen-
sitized solar cells on metal-free indoline dyes J.Am.Chem.Soc., 126 (2004)
12218.
39. C.Teng, X.Yang, C.Yuan, C.Li, R.Chen, H.Tian, S.Li, A.Hagfeldt and
L.Sun, Two novel carbazole dyes for dye-sensitized solar cells with open cir-
cuit voltagtes upto to 1 V based on Br-/Br3- electrolytes, Organic Letters,
11 (2009),5542.
40. F.O. Lenzmann and J.M.Kroon, Recent advances in Dye sensitized solar
cells, Advances in optoelectronics, (2007) Article ID 65073 DOI:1155/2007/76507.
41. Tannia Marinado, Ph D Thesis, Photoelectrochemical studies of dye-
sensitized solar cells using organic dyes, School of chemical Science and En-
gineering, Kungliga Tekniska Hogskolar, Stockholm, (2009)
42. M.Sokolsky and J Cirak, Dye-Sensitized solar cells: Materials and pro-
cesses, Acta Electrochimca et informatica 10, (2010)78.
43. K.Hara, T.Sato, R.Katoh, A.Furube, T.Yoshihara, M.Murai, M.Kurashige,
S.Ito, A.Shinpo, S.Suga and H.Arakawa, Novel conjugated organic dyes for
efficient Dye-sensitized solar cells, Advanced functional Materials,15 (2005)
246 and references cited therein.
44. B.E.Hardin, E.T.Hoke, P.B.Armstrong, J-Hyum, P.Comte, T.Torres,
J.M.J.Frechet, M.K.Nazeeruddin, M.Gratzel and M D McGehee, Increased
light harvesting in dye-sensitized solar cells with energy relay dyes, Nature
Photoniccs 3, (2009)406.
45. Nogueira, V., Longo, C., Nogueira, A., Soto-Oviedo, M., and Paoli, M.
(2006). Solid-state dye-sensitized solar cell: Improved performance and sta-
bility using a plasticized polymer electrolyte. Journal of Photochemistry and
Photobiology A: Chemistry, 181(2/3), 226-232. doi: 10.1016/j.jphotochem.2005.11.028
46. B.N.Wong and J G Cordaro, Coumarin dyes for Dye-sensitized solar cells
A long range corrected density functional study.
47. H Tananka et al,, Solar energy Materials and Solar cells, 93, 1143 (2009)
48. He, J. J., Lindstrom, H., Hagfeldt, A. and Lindquist, S. E. Dye-sensitized
nano-structured p-type nickel oxide film as a photocathode for a solar cell.
J. Phys. Chem. B 103, 8940-8943 (1999).

32



49.Borgstrom, M. et al. Sensitized hole injection of phosphorus porphyrin
into NiO: Toward new photovoltaic devices. J. Phys. Chem. B 109, 22928-
22934 (2005).
50 He, J. J., Lindstrom, H., Hagfeldt, A. and Lindquist, S. E. Dye-sensitized
nanostructured tandem cell-first demonstrated cell with a dye-sensitized pho-
tocathode. Sol. Energy Mater. Sol. Cells 62, 265-273 (2000).
51. Mizoguchi, Y.and Fujihara, S. Fabrication and dye-sensitized solar cell
performance of nanostructured NiO/Coumarin 343 photocathodes. Elec-
trochem. Solid State Lett. 11, K78-K80 (2008).
52. Morandeira, A., Boschloo, G., Hagfeldt, A. and Hammarstrom, L. Pho-
toinduced ultrafast dynamics of coumarin 343 sensitized p-type-nanostructured
NiO films. J. Phys. Chem. B 109, 19403-19410 (2005).
53.Morandeira, A. et al. Improved photon-to-current conversion efficiency
with a nanoporous p-type NiO electrode by the use of a sensitizer-acceptor
dyad. J. Phys. Chem. C 112, 1721-1728 (2008).
54. Mori, S. et al. Charge-transfer processes in dye-sensitized NiO solar cells.
J. Phys. Chem. C 112, 16134-16139 (2008).
55. Qin, P. et al. Design of an organic chromophore for p-type dye-sensitized
solar cells. J. Am. Chem. Soc. 130, 8570-8572 (2008).
56. Vera, F. et al. Preparation and characterization of Eosin B- and Ery-
throsin J-sensitized nanostructured NiO thin film photocathodes. Thin Solid
Films 490, 182-188 (2005).
57. Zhu, H., Hagfeldt, A. and Boschloo, G. Photoelectrochemistry of meso-
porous NiO electrodes in iodide/triiodide electrolytes. J. Phys. Chem. C
111, 17455-17458 (2007).
58. Nattestad, A., Ferguson, M., Kerr, R., Cheng, Y.-B. and Bach, U. Dye-
sensitized nickel(II) oxide photocathodes for tandem solar cell applications.
Nanotechnology 19, 295304-295313 (2008).
59. Nakasa, A. et al. A high voltage dye-sensitized solar cell using a
nanoporous NiO photocathode. Chem. Lett. 34, 500-501 (2005).
60. H. Burcksummer et al, Organic letters, 12, 3666(2010)
61. Bourzac, Katherine (2009-10-30). ”Wrapping Solar Cells around an Opti-
cal Fiber”. Technology Review. http://www.technologyreview.com/energy/23829/.
Retrieved 2009-10-31.
62. Benjamin Weintraub, Yaguang Wei, Zhong Lin Wang (2009-10-22). ”Op-
tical Fiber/Nanowire Hybrid Structures for Efficient Three-Dimensional Dye-
Sensitized Solar Cells”. Angewandte Chemie International Edition 48 (47):
NA. doi:10.1002/anie.200904492. PMID 19852015
63. http://innovation.nikkeibp.co.jp/etb/20080228-00.html; and also large
scale module for direct outdoor se[http://www.fujikura.co.jp/rd/field/mt.html.
64. Chrubin, Noumissing Sao, Dye-sensitized solar cells based on perylene

33



derivatives, Dissertation, for the Degree Doctor of Natural Sciences, Univer-
sitt Kassel (2009).
65.P. Wang, C. Klein, R. Humphry-Baker, S. M. Zakeeruddin, M. Grtzel, J.
Am. Chem. Soc. 2005, 127, 808
66. M. Grtzel, J. Photochem. Photobiol. A 2004, 164, 3.
67. P. Wang, C. Klein, R. Humphry-Baker, S. M. Zakeeruddin, M. Grtzel,
Appl. Phys. Letts. 2005, 86, 123508
68. D. Kuang, C. Klein, S. Ito, J. E. Moser, R. Humphry-Baker, S. M. Za-
keeruddin, M. Grtzel, Adv. Func. Mater. 2007, 17, 154.
69. P. Wasserscheid, T. Welton, Ionic Liquids in Synthesis; Wiley: Wein-
heim, Germany, 2002.
70. R. D. Dogers, K. R. Seddon, Science 2003, 302, 792.
71. J. Dupont, R. F. de Souza, P. A. Z. Suarez, Chem. Rev. 2002, 102, 3667.
72. W. Xu, C. A. Angell, Science 2003, 302, 422.
73. D. B. Kuang, P. Wang, S. Ito, S. M. Zakeeruddin, M. Grtzel, J. Am.
Chem. Soc. 2006, 128, 7732.
74. W. Kubo, K. Murakoshi, T. Kitamura, Y. Wada, K. Hanabusa, H. Shi-
rai, S. Yanagida, Chem. Lett. 1998, 27, 1241.
75. W. Kubo, S. Kambe, S. Nakade, Kitamura, T. K. Hanabusa, Y. Wada,
S. Yanagida J.Phys. Chem. B 2003, 107, 4374.
76. P. Wang, S. M. Zakeeruddin, I. Exnar, M. Grtzel, Chem. Commun.
2002, 2972.
77. F. Cao, G. Oskam, P. C. Searson, J. Phys. Chem. 1995, 99, 17071.
78. P. Wang, S. M. Zakeeruddin, P. Comte, I. Exnar, M. Grtzel, J. Am.
Chem. Soc. 2003, 125, 1166.
79. J. Desilvestro, M. Grtzel, L. Kaven, J. Moser, J. Am. Chem. Soc. 1985,
107, 2988.
80. B. ORegan, F. Lenzmann, J. Phys. Phys. Chem. B 2004, 108, 4342.
81. B. ORegan, F. Lenzmann, R. Muis, J. Wienke, Chem. Mater. 2002, 14,
5023.
82. B. ORegan, D. T. Schwartz, S. M. Zakeeruddin, M. Grtzel, Adv. Mater.
2000, 12, 1263.
83. T. Taguchi, X. T. Zhang, I. Sutanto, K. Tokuhiro, T. N. Rao, H. Watan-
abe, T. Nakamori, M. Uragami, A. Fujishima, Chem. Comm. 2003, 2480.
84. A. Konno, T. Kitagawa, H. Kida, G. R. A. Kumara, K. Tennakone,
Cuur. Appl. Phys. 2005, 5, 149.
85. G. R. A. Kumara, A. Konno, K. Shiratsuchi, J. Tsukahara, K. Ten-
nakone, Chem. Mater. 2002, 14, 954.
86. H. Snaith, S. M. Zakeeruddin, Q. Wang, P. Pechy, M. Grtzel, Nano Lett.
2006, 6, 2000.
87. D. Gebeyehu, C. J. Brabec, N. S. Sariciftci, Thin Solid Film 2002, 403-

34



404, 271.
88. S. Tan, J. Zhai, M. Wan, Q. Meng, Y. Li, L. Jiang, D. Zhu, J. Phys.
Chem. B 2004, 14. 108, 18693.
89. ChunHung Law, Shehan C. Pathirana, Xaioe Li, Assaf Y. Anderson,
Piers R. F. Barnes, Andrea Listorti, Tarek H. Ghaddar, Brian C. ORegan
, Water-Based Electrolytes for Dye-Sensitized Solar Cells, Advanced Ma-
terials, 22, (2010), pages 45054509; Koops SE, O’Regan BC, Barnes PR,
Durrant JR., Parameters influencing the efficiency of electron injection in
dye-sensitized solar cells., J. Am. Chem. Soc., 2009, 131, 4808).
90. Pagliaro, http://photochemistry.wordpress.com/2009/08/17/dye-sensitised-
solar-cells-dssc/ ; Nanochemistry aspects of titania in dye-sensitized solar
cells, Pagliaro, M., Palmisano, G., Ciriminna, R. and Loddo, V., Energy En-
viron. Sci., 2009, 2, 838 844.
Advancing beyond current generation dye-sensitized solar cells, Hamann,
T.W., Jensen, R. A., Martinson, A. B. F., Van Ryswyk, H and Hupp, J.
T., Energy Environ. Sci., 2008, 1, 66-78.

35


