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a b s t r a c t

Dye sensitized solar cells (DSSCs) assembled with nano-crystalline TiO2 adsorbed with pyronine G (PYR)
dye as photoanode and polar solvent-treated poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) coating on a conductive glass (fluorine-doped thin oxide, FTO), as a counter electrode were
studied. It was found that the DSSC using carbon black (0.2 wt%) modified DMSO-PEDOT:PSS conductive
coating as a counter electrode resulted highest power conversion efficiency. This is attributed to the role of
DMSO in enhancing the conductivity of a PEDOT:PSS film and carbon black plays a vital role in increasing
the catalytic activity of the film due to its larger surface area. The solar cell performance was studied as
a function of sintering temperature and thickness of TiO2 layer, dye sensitization time of TiO2 electrode
and electrolyte composition. The DSSCs consist of TiO2 electrode sintered at a temperature of 450 ◦C
shows higher photocurrent attributed to the formation of higher crystalline film. This enhancement in
the interconnection between particles results a swift diffusion of electrolyte and good transportation of
electrons in the film. All types of DSSC possess the same dependence of performance on the photoanode
thickness, i.e. the efficiency increases with the anode thickness to a maximum value, and then decreases

slightly when the thickness of photoanode increases further. The effect of pyridine derivative addition in
electrolyte on the performance of photovoltaic parameters of DSSCs has also been investigated. A reduced
interface defect density and a resulting reduction of charge carrier recombination were found to be the
main mechanism for an increased open circuit voltage of DSSCs with TBP addition in the electrolyte. The
negative shift of conduction band edge of TiO2 after the addition of TBP in electrolyte was also to be a
factor in improving the open circuit voltage. The over all power conversion efficiency of the DSSCs with

bout
TBP in the electrolyte is a

. Introduction

The dye sensitized solar cell (DSSC) is a device for the conver-
ion of visible light into electricity based on the sensitization of
ide band gap semiconductors [1]. The structure of DSSC is con-

istent with a counter electrode of conductive glass coated with
latinum (Pt), a photoanode of TiO2 porous film on a conductive
lass substrate anchored a monolayer of dye and an electrolyte of

ertain organic solvent containing a redox couple such as iodide/tri-
odide. The absorption spectrum of the dye and anchoring of the
ye to the surface of TiO2 are important parameters determining
he efficiency of the cell [2]. Nano-crystalline TiO2, has been exten-
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sively investigated as a potential material for dye sensitized solar
cells [3,4].

When a DSSC is irradiated by sunlight, the electrons of the dye
are excited from ground state to excited state by absorbing the
photons. The excited electrons are injected into the conduction
band of TiO2 porous film and then transferred to the conducting
glass through the porous TiO2 film. In a DSSC, a sputtered plat-
inum (Pt) coated conducting glass is usually employed as a counter
electrode of the DSSC to catalyse the reduction of I3−/I− in redox
electrolyte. However, Pt is one of the expensive rare metals in
the earth; the use of the counter electrodes with other cheaper
materials expected to reduce the production cost of the device is
needed. Therefore, Yahannes and Inganes [5] have reported that

the electrochemically polymerized and doped poly(3,4-ethylene
dioxythiophene) (PEDOT) can catalyse the reaction of I3−/I− redox
couple in DSSCs. It is also reported that conducting polymers such as
PEDOT, polypyrrole (PPy) and polyaniline (PANI) can be substituted
for the sputtered platinum counter electrode of DSSC [6]. PEDOT

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:sharmagd_in@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2009.05.014
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2.3. Preparation of dye sensitized TiO2 films

The conducting glass substrate (fluorine-doped tin oxide) (FTO)
was cleaned and rinsed with water and 2-propanol. The FTO sub-
4 P. Balraju et al. / Journal of Photochemistry

oped poly(4-styrene sulfonate) (PEODT:PSS) has also attracted
uch attention during the last decade [7]. Recently, it was reported

hat the conductivity of PEDOT:PSS film is enhanced by more than
00-fold, if a liquid or solid organic compound, such as di-methyl
ulfoxide (DMSO), N-N-dimethyl formamide (DMF) or tetrahydro-
uran (THF), is added to the PEDOT:PSS aqueous solution [8,9].
he choice of deposition method of conducting polymers onto the
onducting glass is also significant for the performance of DSSC.
ifferent methods such as spin coating [10] and chemical polymer-

zation [11] were employed in order to form a conductive polymer
eposited counter electrode that has good electrochemical stability.

Generally, transition metal coordination compounds (ruthe-
ium) polypyridyl complexes are used as the effective sensitizer,
ue to their intense charge transfer absorption in whole visible
ange and highly efficient metal-to-ligand charge transfer [12].
owever, these complexes contain a heavy metal, which is unde-

irable from the point of view of the environmental aspects [13].
oreover, the process to synthesize these complexes is complicated

nd costly. Alternatively, commercially available natural dyes can
e used for the same purpose with an acceptable efficiency [14,15].
owever, other organic dyes such as phthalocyanines, cyanine dyes,
nd coumarin dyes usually gave poor photovoltaic response in DSSC
ecause of weak binding energy with TiO2 film and low charge
ransfer absorption in the whole visible region range, but these
yes are very cheap and can be prepared easily, compared to ruthe-
ium polypyridyl complexes. For example, indoline and perylene
erivatives and xanthene dyes are known to be good photosensi-
izer [16] and have been used for DSSC [17]. The highest energy
onversion efficiency achieved so far for DSSC is 10% using N719
1], while employing metal free organic dyes it is about 8% [18].

In this study, we report the systematic investigation on the
ye sensitized solar cell consisting of pyronine G (PYR) sensitized
ano-structured TiO2 on fluorine-doped tin oxide (FTO) photoelec-
rode, PEDOT:PSS aqueous solution coated onto a FTO as a counter
lectrode and an electrolyte with 0.5 ml KI and 0.05 ml iodine in
cetonitride solvent. PYR dye belongs to a group of xanthane dye.
hese dyes have high absorption coefficients and can be easily pro-
essed and also can be functionalised to obtain the specific optical
nd electrical properties. This dye is used for present investiga-
ion, since this is a metal free dye and has the band gap around
.96 eV, which is very close to that for ruthenium based dyes, which
re costly in comparison to PYR dye. In addition, carbon black
0.2 wt% with respect of PEDOT:PSS aqueous solution) was added
nto DMSO treated PEDOT:PSS solution to enhance the conductiv-
ty. The effect of different counter electrodes on the photovoltaic
esponse of DSSC was studied. Highest efficiency has been found
n the DSSC when carbon black (0.2 wt%) DMSO treated PEDOT:PSS
sed as counter electrode. This may be attributed to the low charge
ransfer resistance and improved catalytic activity of the film due
o its larger surface area. We have investigated the effect of sin-
ering temperature and thickness of TiO2 film, dye sensitization
ime and temperature of device on the photovoltaic performance
or FTO/TiO2-, PYR-electrolyte/carbon black (0.2 wt%) DMSO treated
EDOT:PSS/FTO device. Finally, the effect of TBP addition in the elec-
rolyte on photovoltaic parameters has also been discussed in detail.

. Experimental details

.1. Cyclic voltammetry and optical absorption measurement

Cyclic voltammetry (CV) of the dye and dye sensitized TiO2 was

erformed using a potentiostat–galvanostat (PGSTAT 30, Autolab,
co-Chemie, Netherlands) in a three-electrode cell at room tem-
erature. The three-electrode cell was composed of a gold working
lectrode, a platinum counter electrode and an SCE reference elec-
rode, calibrated against the Fc/Fc+ couple (+0.470 V vs. SCE). It was
otobiology A: Chemistry 206 (2009) 53–63

conducted in a distilled N,N-di-methyl formamide (DMF) solution
containing 10−3 M of the dye and 0.1 M KCl as supporting electrolyte
at a scan rate of 60 mV/s.

The optical absorption spectrum of the materials used for
present investigation was recorded on Perkin Elmer UV–visible
spectrophotometer. The fluorescence spectra were recorded on
Hitachi fluorescence spectrophotometer.

2.2. Fabrication of symmetric devices

The configuration of symmetric device FTO/DMSO-
PEDOT:PSS/electrolyte/DMSO-PEDOT:PSS/FTO is shown in Fig. 1(a)
was fabricated as follows. The gap between two DMSO-PEDOT:PSS
coated FTO plates electrodes was filled with a electrolyte with the
concentration of iodine varying from 0.05 to 0.5 M. The active area
of the symmetric devices was 1 cm2.
Fig. 1. (a) Schematic view of symmetric FTO/PEDOT:PSS/electrolyte/PEDOT:PSS/FTO
device. (b) Schematic layout of FTO/TiO2-PYR/electrolyte/PEDOT:PSS/FTO device
along with molecular structure of pyronine G (PYR) dye.
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trate was dried in vacuum prior to film preparation. The TiO2
olloidal solution was prepared by grinding in a mortar with pestle
mg of TiO2 (P25 Degussa) powder in 2 ml of distilled was water
nd 0.2 ml of acetylacetone, the substances were ground for 40 min.
inally 8.0 ml of distilled water and 0.1 ml of Triton X-100 were
lowly added with continuous mixing for 10 min. The finely grinded
aste was coated over FTO glass by doctor blade technique. After
ir-drying, the FTO glass coated with TiO2 film was sintered at dif-
erent temperatures, i.e. 250, 350 and 450 ◦C for 30 min in ambient
ondition and film was cooled to room temperature. A solution of
.1 mM pyronine G (PYR) dye in DMF was used to sensitize the nano-
orous TiO2 film. The fresh nano-porous TiO2 film was dipped into
he dye solution, while its temperature was 60 ◦C and then kept in
he solution for different sensitization times at room temperature.
fter sensitization, the films were washed with DMF and dried at
0 ◦C for 30 min.

.4. Counter electrode preparation

Counter electrode was prepared using modified PEDOT:PSS as
ollows: the PEDOT:PSS aqueous solution and the organic solvent
DMSO) were mixed in the volume ratio of 3:1. The solvent-treated
EDOT:PSS film was formed on FTO by dip coating method. In
rder to improve the conductivity and roughness of the films, a
mall amount of carbon black was added with the solvent-treated
EDOT:PSS aqueous solution. The film was dried at 80 ◦C for 30 min
n air.

.5. DSSC assembling and measurement

The two electrode sandwich cell for photovoltaic measurements
onsisted of a dye sensitized TiO2 FTO photoelectrode, a organic
lectrolyte containing tri-iodide and iodide and a PEDOT:PSS coated
TO electrode. The counter electrode and dye sensitized TiO2 elec-
rode were clamped firmly together and redox electrolyte typical of
.5 M KI/0.05 M I2 in acetonitrile solution was introduced into the
orous structure of the dye sensitized TiO2 electrode by capillary
ction. The cross-sectional view of the DSSC is shown in Fig. 1(b).
he photovoltaic performance of the DSSCs was recorded with HP
emiconductor analyzer. A 100 W halogen lamp was used as light
ource. The intensity of the illumination light is 100 mW/cm2. The
ark current measurement of the devices was conducted in a dark
ox with same instrument.

The flat band potential of devices was measured by the
ott–Schottky analysis method [19,20]. The Mott–Schottky

nalysis was performed on potentiostat (PGSTAT 30, Autolab, Eco-
hemie, Netherlands) with frequency response analyzer (FRA) in
he potential range from 0 to −1.5 V.

. Results and discussion

In dye sensitized solar cell (DSSC), the iodide in the electrolyte
egenerates the positively charged photo-excited dye by electron
onations, i.e.

I− + (2dye)+ → 2dye + I3−

The tri-iodide is reduced back to iodide at the counter electrode,
.e.

3
− + 2e− → 3I−
Therefore, the diffusion of iodide and especially of tri-iodide
n the electrolyte as well as the charge transfer at the counter
lectrode/electrolyte interface is an important parameter that influ-
nces the performance of the DSSC. Therefore, we have investigated
Fig. 2. Cyclic voltammogram of symmetric devices using different counter elec-
trodes.

the charge transfer mechanism in symmetric device using different
counter electrodes.

3.1. Symmetric cells

We have recorded the cyclic voltammetry of symmetric device
using different counter electrodes, i.e. PEDOT:PSS, DMSO treated
PEDOT:PSS (DMSO-PEDOT:PSS) and carbon black (0.2 wt%) DMSO
treated PEDOT:PSS (DMSO-PEDOT:PSS (C 0.2 wt%) and shown in
Fig. 2. The saturation in current density denotes the limited current
density (Jlim). The relationship between the diffusion coefficient
and the limited current is described as follows [21]

Jlim =
2nqDI3

− CI3
− NA

l
(1)

where n denotes the number of electron transferred in the reaction
(here n = 2), q the elementary charge, DI3

− the diffusion coefficient
of I3

−, CI3
− concentration of I3

−, NA the Avogadro constant and l
denotes the distance between the electrodes. It can be seen from
Fig. 2, the limited current (Jlim) is more for the treated PEDOT:PSS
electrodes than untreated electrodes indicates the enhanced elec-
troactivity for this electrode [22].

We have recorded the cyclic voltammogram (CV) of the sym-
metric devices at different temperatures and the Jlim and diffusion
coefficient were obtained from CV response at different tempera-
tures and shown in Fig. 3 for symmetric cell with DMSO-PEDOT:PSS
(C 0.2 wt%) used as counter electrode. According to Arrhenius’s law,
the diffusion coefficient exponentially varies with temperature as
described in Eq. (2) [23], therefore an exponential increase of Jlim
with increasing temperature is also expected as shown in Fig. 3.

D = D0e−Ea/RT (2)

where D denotes the diffusion coefficient, D0 is the tempera-
ture independent pre-exponential, Ea is the activation energy, R is
the gas constant and T denotes the absolute temperature. Similar
results have been obtained for other symmetrical devices employ-
ing other counter electrodes. It is found that the activation energy

extracted from these data are 3.4, 2.3 and 1.7 J/mol for devices using
PEDOT:PSS, DMSO-PEDOT:PSS and DMSO-PEDOT:PSS containing
carbon black coated thin film over ITO as counter electrodes. This
indicates that the low value of activation energy also have impact
on the device performance.
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ig. 3. Variation of limited current density (Jlim) and diffusion coefficient (D) with
emperature for symmetrical device with DMSO-PEDOT:PSS (C 0.2 wt%) counter
lectrode.

Another important parameter is the charge transfer resistance
Rct) that acts as a barrier for electrons reducing tri-iodide to
odine. The 2 Rct of two interfaces with electrolyte have been
etermined from the impedance spectrum of the symmetric cells
easured in the frequency range 1 Hz to 1 MHz and shown in

ig. 4 for ITO/PEDOT:PSS/electrolyte/PEDOT:PSS/ITO device. Similar
esults have been obtained for other devices fabricated with DMSO-
EDOT:PSS and DMSO-PEDOT:PSS (C 0.2 wt%) counter electrodes. 2
ct is taken as the impedance difference when the phase become
ero in the high and low frequency regime as shown in Fig. 4.
he values of charge transfer resistance (Rct) for the devices are
3.5, 15.6 and 11.4 � for PEDOT:PSS, DMSO-PEDOT:PSS and DMSO-
EDOT:PSS (C 0.2 wt%) coated ITO counter electrodes, respectively.
his indicates the counter electrode DMSO-PEDOT:PSS thin film
ontaining carbon black has lower charge transfer resistance, can

fficiently induce the reduction of I3− to I− in the electrolyte. The
bove results show that both the activation energy and charge
ransfer resistance will be responsible for the photovoltaic perfor-

ance of the DSSC as discussed in the later part of discussion.

ig. 4. Impedance spectra of FTO/PEDOT:PSS/electrolyte device at room tempera-
ure.
Fig. 5. Optical absorption spectra of TiO2, PYR and PYR-TiO2 thin films.

3.2. Dye sensitized solar cells

3.2.1. Optical and electrochemical properties
We have used PYR dye as sensitizer, whose chemical

name is N-(6-(dimethylamino)-3-xanthane-3-ylidene)-N-methyl
methanaminium ion. The molecular structure of PY dye has been
already shown in Fig. 1(b). In Fig. 5, the typical UV–vis absorption
spectra of TiO2, PYR and TiO2/PYR in thin film form are shown. The
molecular system of the PYR (Fig. 1(b)) shows the phenomena of
extended conjugation which in fact is responsible for its absorp-
tion in the longer wavelength side, i.e. absorption peak and edge
around at 540and 640 nm, respectively. The absorption peak of PYR
at 540 nm, ascribed to the � → �* transition of the conjugated dye.
The spectrum of the TiO2/PYR is apparently formed of two com-
ponents contribution and no wavelength shift with respect to PYR
is observed, thus indicating a negligible ground state charge trans-
fer at the interface formed between TiO2 and PYR [24]. In Fig. 6(a)
and (b), the fluorescence (FL) spectra of pure PYR and that of its
mixture with TiO2 nano-crystals in solution and film, respectively,
were shown. The emission feature of the PYR is not affected by the
presence of TiO2 nano-crystals, however, slight quenching of the
fluorescence intensity has been observed in solution. A remark-
able quenching in the fluorescence intensity has been observed,
when the fluorescence spectra recorded in thin film form as shown
in Fig. 6(b). The fluorescence quenching in the presence of TiO2
nano-crystals can be attributed to either energy or charge transfer
from PYR to the inorganic semiconductor. Although a Forster energy
transfer mechanism has been invoked for CdSe, InP and PbS nano-
crystals embedded in conjugated polymers [25,26]. Since, we have
not observed any overlapping between the TiO2 absorption and
PYR emission spectrum, the above energy transfer mechanism is
not accounted for the present system. Consequently, the transfer of
photogenerated electrons from PYR to TiO2 conduction band should
be responsible for PYR emission quenching as shown in Fig. 6(a) and
(b). In the present system, the charge separation and transfer pro-
cesses took place at the interface with the PYR, irrespective of the
organic capping on the TiO2 surface.

Fig. 7(a) shows the cyclic voltammetric behavior of PYR film
deposited on ITO substrate. The reduction of PYR shows a quasi-
reversible electrochemical doping/de-doping process, while the
PYR oxidation (p-doping) is characterized by a quasi-reversible

electrochemical response. The energy band gap of the PYR
(Eg = q��) has been estimated from the difference between the
energies of the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) levels, which can
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Fig. 6. (a) Fluorescence spectra of (a) PYR

e evaluated from the onset potential of the n-doping (�n) and
-doping (�p) processes, respectively. The energy levels can be
stimated with respect to saturated calomel electrode (SCE) as ref-
rence electrode by adding 4.4 eV to the corresponding measured
lectrochemical potentials [27], using following expressions.

LUMO = −q(�n + 4.4) (3a)

nd

HOMO = −q(�p + 4.4) (3b)

The estimated value of energy band gap (Eg) is quite close to that
xtrapolated from the absorption onset, i.e. the optical energy band
ap (1.96 eV). In Fig. 7(b), the cathodic current/potential behavior
f TiO2 nano-crystalline electrode is shown. In Fig. 8(a) and (b), the
- and p-doping processes for PYR sensitized TiO2 electrode are
isplayed. In the reduction cycle, the PYR sensitized TiO2 electrode
xhibits n-doping and n-de-doping peak shifted to higher potentials
ith respect to those found for pure PYR. In oxidation cycle, only

n irreversible p-doping is observed, appearing shifted to higher
otential as compared with that for pure PYR. The shift to higher
otentials of both the n- and p-doping curves suggests a lower ionic
onductivity of the PYR/TiO2 film than PYR. The lower oxidation
urrent can be attributed to a decrease in the p-type conductivity
f the PYR by the presence of the TiO2.
.2.2. Effect of counter electrode on photovoltaic response
We have prepared three different DSSCs using different modified

ounter electrode to get insight into the effect of counter electrode
n photovoltaic performances of the DSSCs. Fig. 9 shows the incident

Fig. 7. Cyclic voltammetry (reduction and oxidati
YR-TiO2 in (a) solution and (b) thin film.

monochromatic photon to electron conversion efficiency (IPCE) as
a function of the wavelength of the incident light, which is defined
as the number of electrons generated by light in the external circuit
divided by the number of incident photons and is calculated using
the following equation [28].

IPCE (%) = 1240Jsc (�A/cm2)
�(nm)Pin (W/m2)

(4)

where Jsc is the short circuit photocurrent density, � is the excitation
wavelength, and Pin is the incident light intensity. All the devices
exhibit photoelectric activities over their whole absorption bands
(Fig. 5), indicative of the participation of the excited state (S*) in
the electron injection process. The IPCE at a wavelength is the pro-
duction of three efficiencies [29,30], i.e. IPCE = LHE (�) × ˚in × ˚c,
in which LHE (�) is the light harvesting efficiency at a wavelength
of �, ˚in is the electron injection efficiency and ˚c is the collec-
tion efficiency of the injected electrons at the back contact of the
photoanode. ˚c is associated with (i) the electron transport within
the TiO2 network, (ii) the recombination of the injected electrons
with the electrolyte (I3−), and (iii) the recombination of the injected
electrons with the oxidized dye and therefore should be indepen-
dent of excitation wavelength. Since we have used different counter
electrodes having same configuration, the improvement in IPCE for
DMSO treated PEDOT:PSS is due to only increased conductivity of

counter electrode. As we have already discussed in Section 3.1 that
the charge transfer resistance (Rct) depends on the reduction of I3−

into I− in the electrolyte. It is observed that the charge transfer resis-
tance is highest and lowest for PEDOT:PSS and DMSO-PEDOT:PSS
containing carbon black counter electrodes, respectively. This lower

on cyclic) of (a) PYR and (b) TiO2 thin films.
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Fig. 8. Cyclic voltammetry of PYR sensiti

alue of charge transfer resistance indicates that the more sites are
vailable for reducing I3− to for I− in the electrolyte for dye sen-
itized solar cell with DMSO-PEDOT:PSS containing carbon black
s counter electrode than other counter electrodes, responsible for
he increase in IPCE.

Fig. 10 shows the photocurrent–photovoltage characteristics of
he DSSCs with different counter electrodes made of PEDOT:PSS,
MSO-PEDOT:PSS and DMSO-PEDOT:PSS (C 0.2 wt%). Table 1

ummarizes the performance of data of all devices under the
llumination of intensity 100 mw/cm2. For a DSSC containing the
EDOT:PSS counter electrode, it is seen from the table that the
hotovoltaic characteristics, including the short circuit current den-
ity (Jsc), the open circuit voltage (Voc), the fill factor (FF) and
ower conversion efficiency (�) are improved, when PEDOT:PSS

s treated with DMSO. The J–V characteristics were dramatically
mproved, and the conversion efficiency of DSSC made of a DMSO.
he photovoltaic parameters are further enhanced when the suit-
ble amount (0.2 wt%) of carbon black was added to the DMSO
reated PEDOT:PSS. This indicates that the DMSO play a role of
nhancing conductivity of the PEDOT:PSS film. Moreover, carbon
lack plays an important role in further increasing the catalytic

ctivity of the film due to its large surfaces area. This indicates
hat the charge transport of the redox couple in the electrolyte and
harge transfer at the counter electrode/electrolyte interface have
een improved for the DSSC with DMSO-PEDOT:PSS (C 0.2 wt%)
ounter electrode. This also indicates the counter electrode DMSO-

Fig. 9. IPCE spectra of DSSC using modified PEDOT:PSS counter electrodes.
O2 electrode (a) reduction (b) oxidation.

PEDOT:PSS thin film containing carbon black has lower charge
transfer resistance, can efficiently induce the reduction of I3− to
I− in the electrolyte.

3.2.3. Effect of dye sensitization time, thickness and sintering
temperature of TiO2 layer

A requirement for the dye structure is that it should possess
several O or –OH groups capable of anchoring to the Ti (IV) sites
on the TiO2 surface. The molecular structure of pyronine G (PYR)
dye shown in Fig. 1(b), exhibits the O group, which is responsible
for the transferring of excited electrons into TiO2. Since the DSSC
having the carbon black added (0.2 wt%) DMSO treated PEDOT:PSS
coated FTO substrate gives the highest power conversion efficiency,
we have carried the further investigation only on this device. The
effect of dye sensitizing time on the IPCE action spectra is shown
in Fig. 11. The dye sensitization has been achieved by immersing
the nano-structured electrode into a PYR dye solution in DMF. The
following processes may describe the dye sensitization into TiO2:
(i) diffusion of dye into TiO2 nano-structured, (ii) adsorption of the
dye to the TiO2 surface, and (iii) dissolution of Ti surface atoms
from TiO2 and formation of Ti2+/PYR complex in the pores of the
TiO2 film. Depending upon the rate of these different processes, the
outer part of the electrode form Ti2+/PYR complexes in the pores,

when dye molecules reach, the interface between the bulk contact
and the TiO2 film. Therefore, the latter process increases the effi-
ciency, whereas the former is responsible for the decrease in the
efficiency. The results in Fig. 11 are consistent with such phenom-

Fig. 10. Current–voltage characteristics of DSSC under 10 mW/cm2 illumination
with different PEDOT:PSS counter electrodes.
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Table 1
The performance of the DSSC with different counter electrodes used including PEDOT:PSS, DMSO treated PEDOT:PSS and DMSO treated PEDOT:PSS with carbon black contents.

Counter electrodes Short circuit Current (Jsc) (mA/cm2) Open circuit voltage (Voc) (V) Fill factor Power conversion efficiency (�) (%)

PEDOT:PSS 3.36 0.60
DMSO-PEDOT:PSS 4.1 0.65
DMSO-PEDOT:PSS (C 0.2 wt%) 5.7 0.72
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Fig. 11. Effect of dye sensitization time on IPCE spectra.

na. The IPCE and short circuit photocurrent decreases with longer
ime of sensitization time. The results indicate that protons from
yes causes the dissolution of Ti surface atoms and formation of
i2+/PYR complex in the pores of the nano-structured film, which
ives rise to a filter effect (inactive molecules).

The effect of sintering temperature of TiO2 film on the perfor-
ance of DSSCs consist of the structure ITO/TiO2/PYR/electrolyte/
MSO treated PEDOT:PSS/ITO was also been investigated. Fig. 12

hows the photocurrent–photovoltage curves nano-structured TiO2
lms sintered at 250, 350 and 450 ◦C. These curves clearly show
hat the sintering of TiO2 nano-structured TiO2 film at high tem-
eratures results high photocurrent and high power conversion

fficiency. The thickness of film is 8.0, 6.2 and 4.5 �m, when fab-
icated at 250, 350 and 450 ◦C, respectively. It is also observed
hat the thickness of film is large although these films were fab-
icated by doctor blade method already mentioned. However, the

ig. 12. Photocurrent–photovoltage characteristics of FTO/TiO2-dye/electrolyte/
MSO-PEDOT:PSS (C 0.2 wt%) FTO device.
0.52 1.06
0.55 1.46
0.58 2.38

DSSC consisting of TiO2 nano-structured thin film sintered at higher
temperature results higher power conversion efficiency. We have
mentioned that such a film can absorb smaller amount of dye than
that formed at low temperature, indicating that the film structure
play a key role in DSSC. Zukalova et al. [31] have also reported that
the performance of DSSCs fabricated with organized TiO2 meso-
porous film is improved, if the crystallinity of the TiO2 film is
enhanced by high sintering temperature. The increasing tempera-
ture leads to the formation of high crystallinity film, which improve
the network structure of the film and enhances the interconnec-
tion between particles resulting in swift diffusion of electrolyte and
good transport electrons in the film [32].

We have investigated the effect of the thickness of TiO2 layer
sintered at 450 ◦C in electrode, on the DSSC current–voltage char-
acteristics. The variation of short circuit photocurrent (Jsc), open
circuit voltage (Voc), fill factor (FF) and power conversion efficiency
(�) are presented in Fig. 13(a) and (b). These results show that as the
thickness of electrode increases, Jsc first increases abruptly, reaches
to its peak value and gradually decreases afterwards. Such vari-
ation in Jsc can be explained by electron photogeneration. For a
given porosity and pore size, an increase in electrode thickness
directly increases internal surface area, resulting in a higher dye
loading. Therefore, thicker electrode can absorb more photons,
leading to a higher Jsc. However, if the electrode thickness is greater
than the light penetration depth, the number of photons useful for
electron photogeneration will reach the limit and, therefore, Jsc can-
not be increased any further. Instead, an increase in the thickness
beyond the light penetration depth yields more recombination cen-
ters that cause a higher electron loss and thus a gradual reduction
in Jsc. Fig. 13 also shows that Voc decreases with increasing elec-
trode thickness. This phenomenon can be explained by the electron
dilution effect [33]. As the light is transmitted into the depth of
an electrode, the light intensity gradually decreases. Therefore, as
thickness increases, the excessive electron density becomes lower
resulting in a lower Voc. The higher series resistance of a thicker
electrode also contributes to the reduction in photovoltage. The
decrease in Voc can also be attributed to the increased charge recom-
bination and restricted mass transport in thicker films [33,34]. The
fill factor was found to decrease with increasing electrode thickness
indicating an increase in internal resistance of the device.

We have investigated the effect of temperature on the photo-
voltaic performance. It is observed that when the temperature of
the device increases from room temperature to 80 ◦C, Voc decreases
from 0.79 to 0.71 V, while the Jsc rises from 8.5 to 10.6 mA/cm2.
The fill factor shows practically no change with temperature for the
device. The observed decrease in Voc attributed to the increase in
dark current with the increase in temperature. An increased dark
current implies a higher value for the rate constant of tri-iodide
reduction, which accordingly leads to a lower value of Voc.

Voc =
(

kT/q
)[

ln

(
Iinj

ncbket[I3
−]

)]
(5)
where Iinj is the flux of charge resulting from sensitized injection
and ncb is the concentration of electrons in the conduction band of
TiO2.
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Fig. 13. (a) Effect of TiO2 thickness on (a) short circuit current and open ci
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ig. 14. Effect of TBP addition in liquid electrolyte on current–voltage characteristics
nder the illumination of DSSC.

.2.4. Effect of TBP addition in the electrolyte
Fig. 14 refers to the effect of 4-tert-butyl pyridine (TBP) addi-

ives in the liquid electrolyte on the current–voltage characteristics
nder the illumination of DSSC based on optimized TiO2 thickness
intered at 450 ◦C. The values of photovoltaic parameters are shown
n Table 2 for different concentration of TBP in the liquid electrolyte.
he addition of TBP in the liquid electrolyte improves the fill fac-
or and Voc of the device significantly, without affecting the Jsc. The
ncrease in the Voc and FF by TBP is due to the suppression of the
ark current at TiO2/electrolyte junction. The dark current arises
rom the reduction of tri-iodide by conduction band electrons.

3
− + 2e−

cb
TiO2 → 3I−
hich occurs despite of that the TiO2 surface is covered by a layer
f PYR dye. The tri-iodide, due to its relatively smaller size, either
rosses the dye layer or has access to nanometer sized pores into
hich dye cannot penetrate, i.e. where the surface of TiO2 is bare

nd exposed to redox electrolyte. The effect of TBP is to decrease

able 2
ffect of TBP additives on the photovoltaic properties of DSSC using TiO2 sintered at 450 ◦

dditives Short circuit Current (Jsc) (mA/cm2) Open circuit volta

one 9.5 0.72
.1 M TBP 9.38 0.78
.5 M TBP 9.27 0.82
rcuit voltage, (b) power conversion efficiency and fill factor of DSSC.

the rate of the reduction of tri-iodide. It is observed that the onset
of dark current is shifted by 0.2 V, when TBP is added into the elec-
trolyte. The decrease in the rate constants for tri-iodide reduction
(ket) should lead to an increase in the Voc of the device. The open
circuit voltage of the DSSC is thermodynamically determined by the
difference between the electron quasi-Fermi level in the TiO2 film
under illumination and the redox potential of the redox couple in
the electrolyte [35,36]. In dynamic processes, two possible factors
influence the Voc [37]. One is the change in the charge recombina-
tion at the TiO2 electrode/redox electrolyte interfaces, and the other
is the band edge shift of TiO2 with respect to the redox potential to
the electrolyte.

We evaluated the flat band potential Vfb of TiO2 electrode in
different electrolytes using the Mott–Schottky analysis method
[19,20]. We have estimated the differential capacitance from the
impedance analysis of the devices at different applied potential. The
relationship between the capacitance and applied potential can be
expressed by the following equation

1

(Csc)2
=

2
(∣∣V − Vfb

∣∣ − (kT/q)
)

εεoqNd
(6)

where Csc is the space charge capacitance, ε is the dielectric con-
stant for semiconductor, εo is the permittivity of free space. Nd
is the dopant density, Vfb is the flat band potential and V is the
applied voltage. Fig. 15 shows the typical Mott–Schottky curves
versus applied potential for TiO2 film in the electrolyte contain-
ing different concentration of TBP. The inset shows the plot for
the TiO2 film in the electrolyte without TBP. The plot 1/(Csc)2 ver-
sus the applied potential shows x-intercept corresponding to Vfb.
The deviation from linearity may result from the effect of surface
states, recombination effects and non-negligible contributions of
the Hemholtz layer to the interfacial capacitance [38]. Table 3 sum-
maries the effects of TBP on Vfb. It is observed that the addition
of TBP additives to the electrolyte, Vfb shifted to a more negative

value. A higher concentration of TBP additives gives rise to a more
negative potential.

There was a dramatic improvement on Voc after the TBP was
added into electrolyte as shown in Table 2. One of the possible
explanations for the improvement of Voc can be related to the

C.

ge (Voc) (V) Fill factor Power conversion efficiency (�) (%)

0.64 4.58
0.67 4.88
0.69 5.24



P. Balraju et al. / Journal of Photochemistry and Ph

n
t
t
f
t
t
t
f

k

w
f
c
d
f
e
t
F
o
b
o
w
o
G
4
T
o
o
a
t
l
[
a

T
F
b

A

N
0
0

Fig. 15. Mott–Schottky curves (1/C2–V) for the DSSC.

egative shift of Vfb of the TiO2 electrolyte in the different elec-
rolytes. It can be seen from the Table 3 that the �Voc was smaller
han the corresponding �Vfb for TBP additives. In addition, another
actor to affect the Voc is the back electron transfer at the elec-
rode/dye/electrolyte interfaces. According to the Marcus–Gericher
heory [39], the interfacial transfer rate constant from the conduc-
ion band of the redox species in the electrolyte is expressed by the
ollowing equation

et = ıvth	
[

kT


�

]1/2

exp

(
− (Eredox − � − Ecb)2

4�kT

)
(7)

here ı is the reaction layer thickness for interfacial electron trans-
er, vth is the thermal velocity of the electron, 	 is the reaction
ross-section and � is the solvent reorganization energy. When con-
uction band of TiO2 shifts negatively, the driving force increases
or the charge recombination from the conduction to the redox in
lectrolyte, resulting in the enhancement of the rate of back elec-
ron transfer and thus the decrease of open circuit voltage (Voc).
rank and coworkers [40] have also reported that with the addition
f some additives such as ammonia in the electrolyte, caused the
and to move negatively and recombination to increase, the effect
f which was to improve Voc. Therefore, we believe that the �Voc

as smaller than �Vfb, which is in part due to the enhancement
f back electron transfer after the addition of TBP in electrolyte.
ratzel and coworkers [28] have also reported that adsorption of
-TBP at the TiO2 surface is caused by interaction between the
i (IV) ion, which has Lewis acidity, and the lone electron pair
f 4-TBP. Therefore, the larger the partial charge on the nitrogen
r oxygen atom of the pyridine derivatives additives is, the easier

nd the more often the pyridine derivatives can be adsorbed onto
he Lewis acid sites of the bare TiO2 surface, which would cause a
arger Voc by negative shifting of the conduction band edge of TiO2
41]. For higher concentration of TBP, more pyridine could be easily
dsorbed onto the Lewis acid site of TiO2, which led to the fast rate of

able 3
lat band potential of TiO2 (Vfb) and changes in Vfb (�Vfb) and Voc (�Voc) of DSSC
efore and after the addition of TBP in electrolyte.

dditives Flat band potential (Vfb) (V) �Vfb (V) �Voc (V)

one −0.68 0.0 0.00
.1 M TBP −0.73 −0.05 0.06
.5 M TBP −0.83 −0.15 0.1
otobiology A: Chemistry 206 (2009) 53–63 61

back electron transfer. Under illumination, the dye adsorbed on the
TiO2 nano-particles inject electrons into the conduction band, and
the conduction band edge of the TiO2 electrode dramatically shifts
towards negative, especially after TBP was added [42]. The nega-
tive shift of the conduction band enhances the driving force for the
recombination at the interface between I3−/I− in the electrolyte,
leading to a decrease of Voc according to the Marcus–Gericher the-
ory. However, Voc is enhanced after the addition of TBP as shown in
table.

The dark current in DSSC arises from the reduction of tri-iodide
by the conduction band electrons [28]. We have recorded the J–V
characteristics of the devices in dark and observed that the dark cur-
rent was reduced after the addition of TBP in the electrolyte. The
small dark current leads to a large open circuit voltage [28,43]. With
the addition of TBP additives, we assume that the distance between
the TiO2 and I3− increases [44]. The dark current is a qualitative
measure of interface charge recombination at the dye sensitized
TiO2 in DSSCs. The results of dark current strongly support the con-
clusion that the negative shift of the conduction band edge of TiO2
is the predominant factor determining the Voc.

In the case of open circuit conditions, the absolute value of the
recombination current density Jrecomb equals the absolute value of
the current density of photogenerated electrons Jinj, i.e. Jrecomb = Jinj.
Since, the electron concentration in dark is negligible, it holds
that Jrecomb = ntqketCoxn, where nt being the number of electrons
involved in the charge transfer process to the oxidized species of
concentration Cox with the transfer rate ket and q is the electronic
charge. The electron density n can be approximated by an exponen-
tial dependence on photovoltage V.

n = NC exp
[
−Eref − eV

kT

]
(8)

where NC is the effective density of states in the conduction band
and the reference energy Eref being the difference between the con-
duction band edge energy Ec and the redox potential of the active
redox couple Eredox, Eref = EC − Eredox. This leads to [45]

Jrecomb = qntketCoxNC exp

[
−Eref − qV

kT

]
(9)

The open circuit voltage can be expressed as [35]

Voc =
(

kT

q

)
ln

[
Jinj

qntketCoxNC

]
+ EC − Eredox

q
(10)

Within the limits of its approximation, the above equation leads to
the interpretation that the open circuit voltage is determined, on
one hand, by a constant contribution given by difference between
the semiconductor’s conduction band edge and the redox poten-
tial of the redox active species in the electrolyte. On the other
hand, Voc is reduced by the recombination of charge carriers at
the TiO2/electrolyte interface i.e. when the recombination rate is
high then Voc will be low. The above equation therefore suggests
temperature dependent measurements of photocurrent–voltage as
an ideal tool to differentiate between effects related to band edge
movement and the influence of a change recombination rate. Fig. 16
shows the variation of open circuit voltage as a function of temper-
ature both for a device treated with TBP as well as for untreated
device. The device consisting of untreated electrolyte shows not
only the overall lower values of Voc but also a stronger depen-
dence of Voc on temperature. According to Eq. (10), this implies
a higher recombination rate for the device without TBP treatment.

The increase in Voc with the addition of TBP in the electrolyte may
also be ascribed by the adsorption of TBP on the TiO2 surface, which
is responsible for the reduced recombination rate. Since the TBP
molecule adsorb only on a small fraction of the TiO2 surfaces, it is
likely that these sites are responsible for an increased recombina-
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ig. 16. Open circuit voltage as a function of temperature for DSSC with and without
BP additive in electrolyte.

ion rate in case they are not reacted by adsorbents such as TBP.
his adsorption is sufficient to quench electronic states effectively
n the band gap of the TiO2. These electronic states are therefore
ttributed to minority sites on the TiO2 surface, which both exhibit
higher binding energy for TBP adsorption as well as intra-band

ap states that are responsible for the effective charge recombina-
ion of conduction band electrons with redox couple in electrolyte.
he adsorption of TBP at those sites, the electronic states is then
uenched and as a result, Voc is increased by the suppression of
harge carrier recombination. Because of TBP adsorption, the TiO2
and edges shifts towards more negative side. A change in Fermi

evel pining before and after quenching the minority site induced
ntra-gap states is most likely for this change of the band edge
ositions.

. Conclusions

In this article, dye sensitized solar cells (DSSCs) with different
odified PEDOT:PSS as counter electrodes have been fabricated and

haracterized. The device with 0.2 wt% carbon black added DMSO
reated PEDOT:PSS as counter electrode shows highest power con-
ersion efficiency (PCE), which is attributed to low charge transfer
esistance and improved catalytic activity. The effect of sintering
emperature of TiO2 layer on the PCE shows that the DSSC fab-
icated with TiO2 sintered at 450 ◦C showed highest photovoltaic
erformances. This attributes to the high adsorption of dye and low

nterface resistance between TiO2 and FTO glass and TiO2 and redox
lectrolyte. The photovoltaic performance of the DSSC was studied
s a function of TiO2 film thickness, sensitization time of electrode
n the dye, addition of TBP additives in the electrolyte and temper-
ture of the device. The over all PCE of the device increases as the
hickness of TiO2 layer increases up to a certain thickness, after that
t slightly decreases. This is attributed to the more dye adsorption,

hich leads to more photon absorption resulting higher photocur-
ent. The effect of TBP addition in the electrolyte is that it increases
pen circuit voltage without affecting much short circuit photocur-
ent. Results from the Mott–Schottky analysis demonstrates that

he increase in photovoltage is generated from the negative shift
n the conduction band edge of TiO2 nano-crystalline, as well as
he increase of back electron transfer from the conduction band of
iO2 to tri-iodide in electrolyte. Further improvement of power con-
ersion efficiency of dye sensitized solar cell can be achieved, with

[

[

otobiology A: Chemistry 206 (2009) 53–63

further optimization of solar cell parameters including the choice of
dye sensitizers with better match with solar spectrum, dispersion
of nano-particles, structures of the film, composition of electrolyte
and selection of counter electrode. We have achieved the over all
power conversion efficiency 5.24%, which is quite high. On the basis
of the above results, we suggest that pyronine dye can be used as
photosensitizer instead of ruthenium based dyes, since this dye has
band gap close to that for ruthenium base dye. This will lower the
cost of fabrication of DSSCs.
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