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The influence of compact layer of TiO, between FTO and nano-porous TiO, on the charge transport and
photovoltaic properties of quasi-solid state dye sensitized solar cells with polymer gel electrolyte and
perylene derivative dye as sensitizer was investigated. The PEDOT:PSS/graphite/FTO was used as counter
electrodes for present investigation. The modification of photo-electrode significantly improve the power

conversion efficiency (2.94%) of the solar cells attributed to the higher electron lifetime and reduction
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in recombination processes as indicated by the electro-chemical impedance spectra of the solar cell.
The compact layer provide a large TiO,/FTO contact area, reduce the electron recombination by blocking
the direct contact with the redox couple in the electrolyte and efficient collection of electrons by FTO
electrode. Finally, the incorporation of TiO, nano-particle in the polymer electrolyte further improves
the power conversion efficiency (3.2%) of the device attributed to the improved ion transport.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Inrecent years, there has been growing interest in organic based
solar cells to replace the conventional inorganic solar cells due to
their low cost and low temperature processing [1-10]. Among them
dye sensitized solar cells have attracted much attention because of
their comparable power conversion efficiency with conventional
inorganic photovoltaic devices at relatively low cost. Since the dis-
covery of DSSCs in 1991s [11], these devices have been regarded as
promising next generation photovoltaic devices because of their
unique characteristics such as transparency and various colors
as well as low cost. The DSSCs are composed of a dye-adsorbed
wide band gap nano-crystalline oxide film on transparent con-
ducting substrate used as photo-electrode, a redox electrolyte and
a metallic counter electrode. The dye molecules play an impor-
tant role in generating photo-excited electrons, the wide band gap
nano-crystalline film provides a pathway for photo-excited elec-
trons to move from dye to transparent conducting substrate and
the redox electrolyte delivers electrons from counter electrode to
oxidized dye to regenerate dye. The photovoltaic performance of
these devices influenced by many factors such as morphology, film
structure, porosity and particle size of the nano-crystalline semi-
conductor used as photo-electrode, molar absorption coefficient,
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absorption wavelength of photo-sensitizer dye, type of electrolytes,
solid-solid and/or solid-liquid interfaces and electron transporta-
tion and recombination rates occurring in the device.

The improvement in the solar cell performance has been
achieved by extensive studies on the optimization of dye, semi-
conductor film and redox electrolyte [12-16]. The DSSCs based
on ruthenium dye sensitized nano-crystalline TiO, electrodes and
liquid redox electrolytes have already reached power conversion
efficiency in the range 9-11% [17,18]. However, in view of high
cost and environmental issues related to ruthenium dye will limit
the large scale application of DSSCs. Metal free organic dyes, which
have many advantages such as large absorption coefficient, easy
molecular design for desired photophysical and photochemical
properties, are also adopted as sensitizers for DSSCs and recently,
the highest over all conversion efficiency of DSSCs based on these
organic dye has reached a considerable level of 9%, indicating that
these would be a promising type of sensitizers for DSSCs [19-25].

The main problems caused by the liquid electrolytes such as
such as the leakage and volatilization of liquid, are the critical fac-
tors that limits the long-term performance and practical use of the
DSSCs. Thus, many efforts have been made to replace the liquid
electrolyte with solid or quasi-solid-type charge transport mate-
rials such as polymer gel electrolytes [26-28] and solid polymer
electrolytes [29-31] to overcome above critical factors.

To improve the power conversion efficiency of the DSSCs, a
unidirectional charge flow in the device is essential. According
to the unidirectional electron transporting principle of DSSCs,
there are four important interfaces, such as FTO/TiO,, TiO,/dye,
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dye/electrolyte and electrolyte/counter electrode. Recently many
researchers have paid much attention to modify the interface of
FTO/TiO, [32-35]. It has been reported that the back transfer of
electrons to the electrolyte from FTO substrate can be prevented,
when the TiO, thin layer is coated directly on to the FTO glass
substrate through spray pyrolysis technique [36-38], sputtering
method [39,40] and chemical vapor deposition method [41].

Counter electrode with high electro-chemical activity is also an
important requirement of an efficient DSSCs. Usually, a transpar-
ent conducting oxide (TCO) substrate coated with platinum (Pt)
is being used as a counter electrode in DSSCs. Pt electrode shows
superior electro-chemical activity, but it is highly expensive for the
fabrication of low cost DSSCs. As a counter electrode PEDOT doped
with polystyrene sulphonated (PSS) (PEDOT:PSS) [42-44] has been
studied in liquid and gel electrolyte assemblies.

We are particularly interested in dyes based perylene deriva-
tives owing to their unique outstanding chemical, thermal and
unique photochemical stabilities [45-47] and have been investi-
gated as sensitizers for DSSCs [48,49]. In the present investigation,
an effort have been made to prepare a low cost quasi-solid
state dye sensitized solar cell with sputter deposited TiO, photo-
electrodes, PEDOT:PSS/graphite coated FTO counter electrode,
perylene derivative dye as sensitizer and a quasi-solid state poly-
mer electrolyte with and without containing TiO, nano-particles
as nano-filler. The optical properties of the resulting TiO, photo-
electrodes and photovoltaic properties of the quasi-solid state dye
sensitized solar cells have been investigated. The electro-chemical
impedance spectroscopy measurement was used to examine the
kinetic processes in quasi-solid state DSSCs.

2. Experimental detail
2.1. Synthesis of perylene-3,4,9,10-teracarboxylic acid (PTCA)

Perylene-3,4,9,10-tetracarboxylic acid (PTCA) was obtained
according to literature [50]. 3,4.9,10-Perylenetetracarboxylate was
prepared by dissolution of 3,4, 9,10-perylenetetracarboxylic dian-
hydride (Aldrich) (1 mmol) into a dilute solution of KOH. Then, 1M
HCl was added dropwise until a precipitate formed, which was col-
lected, kept from heat, and vacuum dried at room temperature to
yield red powder of perylene-3,4,9,10-tetracarboxylic acid (PTCA).
The molecular structure of the PTCA is shown in Fig. 1.

Cyclic voltammetry (CV) of the dye and dye sensitized TiO, was
performed using a potentiostat-galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, Netherlands) in a three-electrode cell at room tem-
perature. The three-electrode cell was comprised of a gold working
electrode, a platinum counter electrode and an SCE reference elec-
trode, calibrated against the Fc/Fc* couple (+0.470V vs. SCE). It
was conducted in a distilled N,N-dimethylformamide (DMF) solu-
tion containing 10~3 M of the dye and 0.1M KCl as supporting
electrolyte at a scan rate of 60 mV/s. The highest occupied molec-
ular orbital and lowest unoccupied molecular orbital energy levels
were estimated from these measurements are 6.01 and 4.0eV,
respectively, which are same as reported earlier [51]. The optical
absorption spectrum of the materials used for present investigation
was recorded on PerkinElmer UV-vis spectrophotometer.

HOOC 0.0 COOH
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Fig. 1. Perylene-3,4,9,10-tetracarboxylic acid (PTCA).

2.2. Preparation of dye sensitized TiO, coated FTO electrode

The conducting glass substrate (fluorine doped tin oxide) (FTO)
was cleaned and rinsed with water and 2-propanol, then, soaked in
2-propanol for 12 h. The FTO substrate was dried in vacuum prior
to film preparation. The TiO, colloidal solution was prepared by
grinding in a mortar with pestle 6 g of TiO, (P25 Degussa) powder
in 2 ml of distilled was water and 0.2 ml of acetylacetone, the sub-
stances were ground for 40 min. Finally 8.0 ml of distilled water and
0.1 ml of Triton X-100 were slowly added with continuous mixing
for 10 min. The finely grinded paste was coated over florine doped
tin oxide (FTO) glass by doctor blade technique and dried at room
temperature. The thickness of the porous layer of was controlled
by an adhesive tape. Thereafter, the film was sintered at 450 °C for
30min in ambient condition. After sintering, the film was cooled
to room temperature and the TiO, film shows good adhesion with
FTO surface. The thickness of the obtained porous TiO, film was
approximately 5-10 pm.

Dye sensitization was carried out by soaking the nano-porous
TiO, film in 5 x 104 M solution of PTCA, in ethanol for more than
12 h at room temperature and, then rinsed. After the sensitization,
a quasi-solid state polymer electrolyte containing 0.038 g of P25
TiO, powder, 0.5M KI/0.05 I, 0.26 g of PEO and 44 .l of 4-tert-
butylpyridine in 1:1 acetone/propylene carbonate was spread on
the dye sensitized TiO, film by spin coating to form a hole conduct-
ing layer.

Counter electrode was made by developing a thin film of
PEDOT:PSS over graphite coated FTO glass substrate. In this pro-
cess, first the FTO is coated with graphite and then DMSO treated
PEDOT:PSS was grown over the top of the film by dip coating
method. The film was treated dried at 80°C for 30 min. Finally
both electrodes were clamped together to form a layered structure
of quasi-solid state dye sensitized solar cell. We have fabricated
following devices:

(D1) FTO/np-TiO,/dye/polymer electrolyte/PEDOT:PSS/graphite/
FTO.

(D2) FTO/compact TiO, layer/np-TiO,/dye/polymer elec-
trolyte/PEDOT:PSS/graphite/FTO.

(D3) FTO/compact TiO, layer/np-TiO,/dye/polymer electrolyte
with np-TiO,/PEDOT:PSS/graphite/FTO.

The structure of the quasi-solid state DSSC with compact layer
in the photo-electrode and polymer electrolyte is shown in Fig. 2.
The electro-chemical impedance spectra (EIS) measurements were
carried out by applying bias of the open circuit voltage (Vo¢) and
recorded over a frequency range 1 mHz to 10° Hz with ac ampli-
tude of 10 mV with an electro-chemical analyzer equipped with
FRA. The current-voltage (J-V) characteristics in dark and under
illumination intensity of 100 mW/cm? were measured with Keith-
ley electrometer having built in power supply. A 100 W halogen
lamp was used as light source

3. Results and discussion
3.1. Optical properties

Fig. 3 shows the optical absorption spectra of TiO;, PTCA
and PTCA dye sensitized TiO, photo-electrode. The optical band
gap (Egopt) of PTCA estimated from the band edge of absorption
(~620nm) was 2.01 eV. As can be seen from Fig. 3 that when the
PTCA was adsorbed on TiO,, the absorption peak was broaden and
slightly shifted to longer wavelength. The carboxylate group of
C-0-Ti served as an interlocking group which enhanced the elec-
tric coupling between 7* orbital of the perylene and Ti(3d) orbital



P. Balraju et al. / Synthetic Metals 160 (2010) 127-133 129

Compact Porous TiO2 Polymer electrolyte

film +dye with redox couple
ﬁ-’t r PEDOT:PSS -
FTO 4— ¢ L graphite coated
Solar e R
energy | -
=D r
=1
— e 3
= £
P | €
&
&

.

Fig.2. Schematic diagram of quasi-solid state DSSC with compact TiO, layer, porous
TiO; +dye, polymer electrode with redox couple and PEDOT:PSS-graphite coated
FTO counter electrode.
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Fig. 3. Optical absorption spectra of PTCA TiO, nano-porous film and PTCA sensi-
tized TiO, films.

manifold of the semiconductor. Thus it would increase the delocal-
ization of the 7* orbital of perylene, which result in the red shift of
the absorption spectra [52].

The binding mode of the PTCA molecules to the TiO, surface,
which is associated with the interfacial electron injection, was ana-
lyzed by the FTIR technique. Fig. 4 shows the FTIR spectra of PTCA
power and PTCA sensitized TiO, film. For PTCA, the peak appeared
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Fig. 4. FTIR spectra of PTCA (powder) and PTCA adsorbed TiO, film.
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Fig. 5. Optical absorption spectra of the PTCA dye sensitized TiO, sensitized photo-
electrode (a) without compact layer and (b) with compact layer.

at 1713 cm! attributed to the stretch band of carboxyl (COOH)
group and the peak at 1400 cm~! results from the plane bending of
C-0-H. After the PTCA was adsorbed into TiO, surface, the peaks
attributed COOH at 1713cm~! and peak at 1400 cm~! due to the
plane bending of C-O-H, disappeared, while a symmetric peak at
1420cm™! for COO~ group was observed. This observation shows
that the deprotonation of ~-COOH group is taking place on the TiO,
surface, indicating a bidentate chelating mode for the anchoring of
the PTCA on the TiO, surface. Other main vibration bands located
at 1504 cm~! for C-C stretching, 1367 cm~! for C-H bending were
not influenced after the PTCA adsorption onto the TiO, surface.

The effect of dye adsorption on the TiO, electrode was inves-
tigated by absorption measurements in the wavelength range
360-740 nm. Fig. 5 illustrate the absorption spectra of the dye sen-
sitized photo-electrode with and without TiO, compact layer. It
was observed that there is slight change in the absorption spectra
of dye sensitized TiO, photo-electrode with and without com-
pact TiO, layer in wavelength range 440-640 nm. The intensity of
absorbance is slightly more in the photo-electrode with compact
layer for whole range. The slight change in the spectrum may due
to a slightly different dye adsorption time or different extension of
the surface of the porous TiO, layer.

3.2. Photovoltaic properties

The current-voltage characteristics of the DSSCs (D1 and D2)
based on different photo-electrodes under illumination are illus-
trated in Fig. 6 at the illumination intensity of 100 mW/cm? and the
photovoltaic parameters are summarized in Table 1. Fig. 7 shows
the IPCE spectra of the quasi-solid state DSSCs. The IPCE spectra
of both DSSCs follows the absorption spectra of PTCA sensitized
photo-electrodes. This indicates that the photo-electrodes are the
photoactive layers of the solar cells. As can be seen from Fig. 7 that
the IPCE is higher for the DSSC D2 than that for D1. The IPCE of
the DSSC can be expressed in terms of the light harvesting effi-
ciency (LHE), the quantum yield of the charge injection (¢iy;), and
the efficiency (1) of collecting the injected charge at back contact
as shown in following expression:

IPCE = LHE(A)ghinj N

The LHE (A), is mainly proportional to the adsorbed dye
molecules per square centimeter, ¢;,; and r. are related to the crys-
tallinity of the TiO, nano-particles. The 7. depends upon the film
resistance and the electron lifetime (7).
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Performance comparison of the quasi-solid state DSSCs employing with and without compact TiO, layer in photo-electrode at illumination intensity 100 mW/cm?.

Photo-electrode Short circuit photocurrent (Jsc) (mA/cm?) Open circuit voltage (Vo) (V) Fill factor Power conversion efficiency (1) (%)
Without compact layer 74 0.64 0.43 2.03
With compact layer 9.3 0.66 0.48 2.94
8 a constant illumination intensity and amount dye adsorbed, the
-~D1 o number of photogenerated electrons is almost same for both DSSCs.
=o=-D2 Therefore, 1. and recombination rate will determine the IPCE. An
= 4 =0=D3 increased contact area of compact TiO, layer with FTO surface and
£ decrease in electron transfer resistance leads to an increase in the
é nc. At the same time, the compact layer also reduces the reaction
E sites, which are responsible for the back electron transfer, lead-
s ing to suppression of back electron transfer. The combination of
2 above factors together, leads to the improvement in 7, results an
2 enhancement in IPCE.
347 The DSSC D2 shows high short circuit photocurrent (Jsc) than
E DSSC D1. The short circuit photocurrent of DSSC is mainly influ-
E O’O_O",—O’( enced by two factors: dye loading and charge recombination at
© -8F photo-electrode [53,54]. Since the amount of dye loading is almost
P s same in both photo-electrodes, suggesting that the amount of dye
i C'_O__O_.: loading has little effect on the Js.. Therefore, the main factor influ-
-2 . L L L L . encing the Js. of the DSSCs may be the charge recombination at
06 -04 -0.2 0 0.2 04 06 08 1 FTO/electrolyte interface. When a compact layer TiO; is inserted

Voltage (V)

Fig. 6. Current-voltage characteristics of D1, D2 and D3 quasi-solid state DSSCs
under illumination.

In order to identify the mechanism of the IPCE enhancement
in D2, the dye loading on the TiO, surface of both electrodes was
investigated. The adsorbed dye of TiO, surface on both electrodes
was first eluted completely in the NaOH solution then subjected
to the qualitative analysis using UV-vis spectroscopy. We found
that the number of dye molecules absorbed on the surface of
photo-electrode with compact layer is almost same for both photo-
electrodes (slightly higher for photo-electrode with compact layer).
Therefore, the enhancement in IPCE is not due the dye absorbed
in the photo-electrode. We assume that the LHE and ¢;;; played
a minor role in the enhancement in IPCE and the dominating fac-
tor may be the increased electron collection efficiency (7). The
increased value of 7., may be due to the increased number of
electron pathways to the compact layer and blocking effect of
back electron transfer to the electrolyte. The former mechanism
originates from the dense structure of the compact layer. Under
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Fig. 7. IPCE spectra of quasi-solid state DSSCs D1, D2 and D3.

between FTO and nano-porous TiO, film, the recombination sites
are reduced and charge recombination in the DSSC is effectively
suppressed as demonstrated by the dark current (dark current is
smaller for DSSC D2). The increase in Jsc is generally related to the
enhancement of the number of photogenerated electrons, which
are efficiently transferred to TiO, electrode. The enhancement of J¢
with compact layer may be due to following reasons: (i) the com-
pact layer act as seeding layer, which modify the microstructure
of the upper TiO, thin films, that in turn induces the different dye
absorption, (ii) results the increase in the protection effect against
the ionic penetration from the electrolyte through the blocking
layer, and (iii) the TiO, blocking layer has both rutile and anatase
phase having band gap between 3.0 and 3.2 eV and upper nano-
porous sol gel TiO, film has only anatase phase having band gap
3.2 eV.Therefore, the injected excited electrons moves in the direc-
tion lower than energy conduction band from the porous TiO, to
the blocking TiO; layer, thus resulting smooth electron movement
as shown in Fig. 8. Since the dye adsorption by both the electrodes
is almost same, we conclude that the enhancement in the Js. is only
due to the (ii) and (iii) reasons.

The fill factor for DSSC D2 is higher than that for D2. The resis-
tance of TiO, photo-electrode contributes to total series resistance
of the solar cell. The DSSC D1 has only nano-porous TiO, photo-
electrode, which increase over all series resistance of solar cell,
which in turns decrease the fill factor. Additionally, the density
of compact layer is higher than that of porous structure of nano-
porous TiO,. As a result, more effective electron pathways are
generated via this compact layer to facilitate electron transfer. Con-
sequently, more electrons can be collected at the conduction band
of the photo-electrodes and transferred to external circuit, results
an improvement in Js. of the DSSC D2.

The open circuit photovoltage decay (OCPVD) technique has
been employed to get information about the electron lifetime
and also provide some quantitative information about information
about electron recombination in DSSC [55]. In order to conduct the
OCPVD measurement, the DSSC was illuminated by light, steady
state voltage was obtained, and subsequent decay of V, after stop-
ping the illumination was monitored under open circuit condition
[56]. The decay of the photovoltage reflects the decrease of the elec-
tron concentration at the FTO surface, which is mainly caused by
the charge recombination. Fig. 9 shows the OCPVD decay curves of
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quasi-solid state DSSCs D1 and D2. It was observed that the OCPVD
response of the D2 was slower than that D1. From the OCPV exper-
iment, the electron lifetime (7, ) is derived by fitting an exponential
function of the photovoltage decay to exp(—t/t,). The lifetime cal-
culated from the exponential fit of the decay are found to be 34
and 21 ms for the D2 and D1, respectively. The electron lifetime
(tn) control the extent of electron recombination with the redox
electrolyte couple. Since the dye adsorption due to the introduc-
tion of compact layer is negligible, the difference in the OCPVD was
mainly due to the blocking effect of the compact layer. This sug-
gested that the electrons injected from excited dye could survive
for longer time hence can facilitate the electron transport without
the undergoing losses at the FTO surface. Therefore, the compact
layer is able to reduce the photo-electron recombination.

Since the amount of the photogenerated electrons is directly
related to the illumination intensity (P;,) of light, the dependence
of Jsc with the Pj, also provide the useful information about the
electron kinetics due the introduction of compact layer in the quasi-
solid state DSSC. Fig. 10 shows that the Jsc of the D1 and D2 follow
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Fig. 9. Open circuits photo voltage decay curves of the quasi-solid state DSSCs with
and without compact layer in photo-electrode.
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Fig. 10. Variation of short circuit photocurrent (Jsc) with illumination intensity (P;, ).

the power law dependence with P;, with different exponent, i.e.
0.29 and 0.24, respectively. The value of exponent for D2 with com-
pactlayeris 21% higher for than that for D1, indicates that 21% more
electrons are collected from the same amount of photogenerated
electron at the FTO surface.

3.3. Electro-chemical impedance spectroscopy

Electro-chemical impedance spectroscopy (EIS) has proven to
be useful technique for the characteristics of electronic and ionic
processes in DSSCs [57,58]. Fig. 11(a) shows Nyquist plots of quasi-
solid state DSSCs. Three typical semicircles in the Nyquist plots
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Fig. 11. (a) Nyquist plots of EIS spectra of quasi-solid state DSSCs made fro different
photo-electrodes. (b) Bode plots of impedance of quasi-solid state DSSCs employing
different photo-electrodes.
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Table 2

The values of kinetic parameters within the photo-electrodes employed for quasi-solid state dye sensitized solar cells.

Photo-electrode Charge transport resistance (R) (£2)

Transport resistance (Ry ) (£2) Electron lifetime ()

Without compact layer 43.5
With compact layer 39.4

26.6 23 ms
24.7 34ms

were observed, which corresponds to the I3~ transport in the elec-
trolyte (low frequency semicircle), electron recombination at the
TiO, /electrolyte interface together with the electron transport in
the TiO, network (middle frequency semicircle) and charge trans-
port process at the interface between redox couple and counter
electrode (high frequency semicircle) in order of increasing fre-
quency [55-63]. The identical semicircles for both D1 and D2
in high frequency region indicates that the compact TiO, layer
do not have any impact the charge transfer at counter elec-
trode/electrolyte. It is interesting that the semicircle corresponding
to TiO,/dye/electrolyte interface gets larger for the DSSC D2 than
that for D1. At open circuit, the electrons which are injected from
the adsorbed dye to the TiO, nano-particles partially accumulate at
the interface of the TiO, /dye/electrolyte and react with electrolyte,
thereby decreasing the impedance of the this network. Therefore,
the larger semicircle of the DSSC (D2) shows that the recombi-
nation of photogenerated electrons with the electrolyte by the
backward transfer is retarded by using modified photo-electrode.
Fig. 11(b) shows the Bode phase plots of EIS spectra for the DSSC,
made with different photo-electrodes. Two peaks associated with
the transfer of the photogenerated electrons at the surface of TiO,
nano-particles and the conducting electrodes, are clearly observed.
The frequency peak at the high frequency region can be ascribed
to the charge transfer at the interfaces of the electrolyte/counter
electrode, and the other low frequency region to the accumula-
tion/transport of the injected electrons with TiO, porous film and
the charge transfer at the interfaces of electrolyte, respectively.

The middle frequency semicircles in Fig. 11(a) can be fitted with
a charge transport resistance (R¢t), which is shunt wound with a
constant phase element (CPE) and both of them are connected in
series with a transport resistance (Ry ) on injected electrons within
the TiO, film. According to the EIS model developed by Kern [64],
the lifetime (t,) of injected electrons in TiO, film can be esti-
mated from the position of the low frequency peak in Fig. 10(b),
through the expression t,=1/2(xf), where f is the frequency of
superimposed ac voltage. The fitted values of R, Rw and t, for
the quasi-solid state DSSC made for different photo-electrodes are
shownin Table 2. The lower value of R,y and higher value of electron
lifetime for the quasi-solid state DSSC D2 result an enhancement
in power conversion efficiency as compared to the DSSC D1.

3.4. Effect of np-TiO, nano-fillers in the polymer electrolyte

We have investigated the effect on TiO, nano-particles
incorporation in polymer electrolyte on charge transport and
photovoltaic response in quasi-solid state DSSC (D3) having struc-
ture FTO/compact TiO, layer/np-TiO,/dye/counter electrode. The
current-voltage (J-V) characteristics of the device under illumina-
tion of the device D3 is also shown in Fig. 6. It is observed that the
short circuit current (Jsc) (10.9 mA/cm?) is significantly enhanced
by the incorporation of TiO, nano-particles in the polymer elec-
trolyte, and slight decrease in open circuit voltage (Voc). The J-V
characteristics of D2 and D3 quasi-solid state DSSCs, in dark are
shown in Fig. 12. This shows that nano-fillers in polymer elec-
trolyte, causes a reduction in dark current and attributed to the
lower concentration of free tri-iodide ions near the dye attached
TiO, surface because the surfaces of the nano-filler can immobi-
lize the ions. This also results slightly smaller V. due to the high
electron concentration at TiO, surface of electrolyte. The charge

01

- D2

0.08

0.06

0.04

Current density (mA/cm?)

0.02

0 : A " A

0 02 0.4 06 08 1
Voltage (V)

Fig. 12. Current-voltage characteristics of quasi solid state DSSC in dark based on
different polymer electrolytes.

transport in electrolyte medium may be effectively facilitated by
adding nano-particles to the polymer electrolyte. The enhanced
ion mobility of the nano-particles polymer electrolyte gel may be
explained by an ion exchange mechanism with the formation of
an electron transport path [65-68]. We have also measured the
EIS spectra of the quasi-solid state DSSC under illumination at
a bias voltage equal to open circuit voltage of the cells. It was
observed that the impedance in low frequency range is signifi-
cantly reduced by the nano-particles in the polymer electrolyte
due to the improved ion mobility. The electron lifetime was calcu-
lated from the Bode plots of impedance spectra. The DSSC based
on TiO,-polymer electrolyte shows the longer electron lifetime
mostly due to the reduction in dark current.

The IPCE curve of quasi-solid state DSSC (D3) is also shown
in Fig. 7. The introduction of nano-filler induces a significant
improvement in IPCE through out the whole wavelength region.
The over all power conversion efficiency of the quasi-solid state
DSSC with electrolyte containing TiO, nano-particles is about 3.2%.
The enhancement in the solar cell performance upon the introduc-
tion of the TiO, nano-fillers in the polymer electrolyte is due to the
improved ion conductivity and enhanced electron lifetime.

4. Conclusion

The modified TiO, photo-electrode was prepared for the fab-
rication of quasi-solid state dye sensitized solar cells based on
polymer gel electrolyte, perylene derivative as sensitizer and
PEDOT:PSS/graphite/FTO as counter electrode. The result indi-
cates the increase of power conversion efficiency with the TiO,
photo-electrode with compact TiO, layer inserted between FTO
and np-TiO, layer, attributed to not only in the improvement of
light harvesting property of the photo-electrode but also efficient
electron transfer and reduced recombination. The compact TiO,
film only provide a larger TiO,/FTO contact area, but also effec-
tively reduce the electron recombination by minimizing the direct
contact between redox couple in electrolyte and conductive FTO
surface. The addition of TiO, nano-particles in polymer electrolyte
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further improve the power conversion efficiency (3.2%) attributed
to the enhanced ion transport. It is expected that these finding
will provide good insight into the design of quasi-solid state dye
sensitized solar cells with efficient polymer gel electrolyte with
nano-fillers.
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