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Abstract

A low temperature (<150 °C) fabrication method for preparation of TiO, porous films with high efficiency in dye-sensitized solar cells (DSSCs)
has been developed. The Ti(IV) tetraisopropoxide (TTIP) was added to the paste of TiO, nanoparticles to interconnect the TiO, particles. The
electrochemical impedance spectroscopy (EIS) technique was employed to quantify the charge transport resistance at the TiO,/dye/electrolyte
interface (R.,) and electron lifetime in the TiO, film (t.) under different molar ratios of TTIP/TiO, and also at various TiO, thicknesses.
It was found that the R., decreased as the molar ratio increased from 0.02 to 0.08, however, it increased at a molar ratio of 0.2 due to
the reduction in surface area for dye adsorption. In addition, the characteristic frequency peak shifted to lower frequency at a molar ratio
of 0.08, indicating the longer electron lifetime. As for the thickness effect, TiO, film with a thickness around 17 wm achieved the best cell
efficiency. EIS study also confirmed that, under illumination, the smallest R., was associated with a TiO, thickness of 17 wm, with the R
increased as the thickness of TiO, film increased. In the Bode plots, the characteristic frequency peaks shifted to higher frequency when
the thickness of TiO, increased from 17.2 to 48.2 wm, indicating the electron recombination increases as the thickness of the TiO, electrode
increases.

Finally, to make better use of longer wavelength light, 30 wt% of larger TiO, particle (300 nm) was mixed with P25 TiO, as light scattering
particles. It effectively increased the short-circuit current density and cell conversion efficiency from 7.44 to 8.80 mA cm~2 and 3.75 to 4.20%,
respectively.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction DSSC is based upon the injection of electrons from a pho-

toexcited state of the sensitizer into the conduction band of

The dye-sensitized solar cells (DSSCs) have attracted much
attention as the next-generation solar cell. It is generally
accepted that the low production costs and good efficiency
for energy conversion, reaching single cell efficiency of 11%
and module efficiency of 7% in some cases [1], will make
this technology competitive. The working principle of the
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the semiconductor. A charge mediator, i.e., a suitable redox
couple, must be added to the electrolyte for reducing the oxi-
dized dye. The mediator also needs to be renewed in the
counter-electrode, making the photoelectrochemical cell regen-
erative.

At the present time, research pursues the development of
the inexpensive solar cell based on flexible plastic substrate
as the nanocrystalline TiO, electrode and counter electrode
[2]. However, the conventional method for the preparation
of TiO; electrodes for DSSCs using colloidal suspensions
of TiO, nanoparticles includes high-temperature sintering at
450-500 °C, which is necessary to establish a good interconnec-
tion between the TiO» particles and to remove organic additives
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such as precursor or polymer for cementing the connection
between TiO, particles and the substrate, cannot be applied
to prepare films on plastic substrates because plastic substrates
structure would crack at such high temperature.

The development of low-temperature fabrication methods
should overcome two main problems such as incomplete necking
of the particles and presence of residual organics in the film [3].
These problems lower the diffusion coefficient and decrease the
lifetime of the electrons. The film revealed a larger inherent resis-
tance than the conventional ones. Recently, some efforts have
been made to develop methods compatible with plastic substrate
such as electrophoretical deposition [4], gas phase hydrothermal
preparation [5], chemical sintering [6], mechanical compression
of crystalline particles [7], and sol-gel method with UV/ozone
treatment [8].

In this study, we prepared porous TiO; film based on sin-
tering of colloids and precursor at a low temperature (150 °C).
TTIP mixed with nanocrystalline TiO, powder is hydrolyzed
and crystallizes into TiO, when they are treated by low tem-
perature sintering in the oven. The newly formed TiO; acts as
“glue” interconnects of the TiO; particles as well as that between
the film and the substrate [5]. It would improve the connection
between TiO; particles resulted from the low sintering temper-
ature which caused a poor electric contact between particles in
the film.

In addition, electrochemical impedance spectroscopy (ELS)
is a useful method for analysis of charge transport process. EIS
is a steady state method measuring the current response to the
application of an ac voltage as function of the frequency [9].
EIS has been widely employed to study the kinetics of elec-
trochemical and photoelectrochemical processes including the
elucidation of salient electronic and ionic processes occurring
in the DSSCs [10—13]. In this study, we utilize the EIS not only
analyze the charge transport resistance in DSSCs but also fit
the curves in Nyquist plots. After obtaining the exact resistance,
capacitance and time constant in DSSCs, the effects of low-
temperature fabrication parameter of TiO; electrodes on DSSCs
were discussed.

2. Experimental
2.1. Materials

Anhydrous I, ethanol (99.5%), tertiary butanol and 4-
tertiary butyl pyridine (TBP) were obtained from Merck and
titanium(1V) tetraisopropoxide (TTIP) (+98%) was purchased
from Acros and all were used as such. The N3 dye was the
commercial product obtained from Solaronix S.A., Aubonne,
Switzerland.

2.2. Preparation of TiO electrodes

The preparation of TiO; precursor and the electrode fabrica-
tion were carried out according to the procedures mentioned
in literatures [8]. Degussa P25-TiO,, titanium(1V) tetraiso-
propoxide (TTIP), and ethanol were mixed at different molar
ratios and dispersed using an ultrasonic horn for 30 min, After

stirring for 1h, the paste was coated on fluorine doped SnO,-
coated conductive glass (FTO glass) by a glass rod. The ethanol
evaporated in the air at room temperature after a few min-
utes. Then the films were sintered at 150°C for different
times.

2.3. The cell assembling of DSSCs

An active area of 0.25cm? was selected from sin-
tered electrode and the electrodes were immersed in
3 x 107*M solution of cis-di(thiocyanato)bis(2,2’-bipyridyl-
4,4’ -dicarboxylate)ruthenium (II) (N3 dye) containing acetoni-
trile and tertiary butanol (in the volume ratio of 1:1) overnight.
Pt (100 nm thick) sputtered on FTO was used here as the counter
electrode.

The cell was fabricated by applying an ionomer resin (Surlyn
1702, Dupont, a thickness of 50 wm) between the two electrodes.
The resin also acts as a spacer and the cell gap was therefore
fixed at 50 wm. Two holes were made on the resin and the whole
set-up was heated at 100 °C on a hot plate till all the resin had
been melted. The electrolyte was then injected into the space
between the electrodes through these two holes. Finally, these
two holes were sealed completely by the Torr Seal® cement
(Varian, MA, USA). The electrolyte was composed of 0.8 M
1-methyl-3-propylimidazolium iodide (MPII)/0.1 M Lil/0.05 M
1,/0.5M TBP in CH3CN.

2.4. Instruments and measurements

The photoelectrochemical characterizations of the DSSCs
were carried out by using an AM 1.5 simulated light radia-
tion (1 sun). The light source was a 450 W Xe lamp (Oriel,
#6266) equipped with a water-based IR filter and AM 1.5 fil-
ter (Oriel, #81075). UV-vis absorption data were measured
by an UV-vis spectrophotometer (Jasco, V-570). Photoelec-
trochemical characteristics and the electrochemical impedance
spectroscopy (EIS) measurements of the DSSCs were recorded
with a potentiostat/galvanostat (PGSTAT 30, Autolab, Eco-
Chemie, the Netherlands) under 100 mW cm™2. The frequency
range was explored from 10 mHz to 65 kHz. The applied bias
voltage and ac amplitude were set at open-circuit voltage of
the DSSCs and 10 mV between the FTO-Pt counter electrode
and the FTO-TiO,-dye working electrode, respectively, starting
from the short-circuit condition [14]. The impedance spectra
were analyzed by an equivalent circuit model interpreting the
characteristics of the DSSCs [15]. The photovoltage transients
of assembled devices were recorded with a digital oscilloscope
(LeCroy, model LT322). Pulsed laser excitation was applied by a
frequency-doubled Q-switched Nd: YAG laser (Spectra-Physics
laser, model Quanta-Ray GCR-3-10) with 2 Hz repetition rate
at 532 nm, and 7 ns pulse width at half-height. The beam size
was slightly larger than 0.25cm? to cover the area of the
device with an incident energy of 1 mJ/cm?. The average elec-
tron lifetime (7.) can be estimated from a near-linear fitting
of the photovoltage in a logarithmic scale against the lapsed
time.
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3. Results and discussion

3.1. The effects of different TTIP/TiO; molar ratios on the
performance of DSSCs

To optimize the molar ratio of TTIP with respect to TiO»
powder for film preparation, the films made up of pastes with dif-
ferent TTIP concentrations were investigated. In this study, TTIP
not only was used as the precursor which effectively binds the
TiO; nanoparticles together, but also used to control the viscosity
of the TiO; paste. We had prepared the TiO, paste under the same
experimental condition, except without adding TTIP, however,
the TiO; film such prepared had very weak adhesion properties
and peeled off easily from the conducting glass. Therefore, we
do not present the data for the zero ratio of TTIP/TiO; in this
study. The properties of TiO» films with different molar ratios of
TTIP/TiO; between 0.02 and 0.20 were measured. The change
of their surface parameters and cell performances are given in
Table 1. When the TTIP/TiO, molar ratio was increased from
0.02 to 0.20, it was found that the interconnections were poor
among TiO» particles at molar ratio of 0.02 and the best result
was obtained at the molar ratio of 0.08, as judged by the cell
efficiency. At this condition, the surface area and the pore diam-
eter were measured as 46.7m” g~ ! and 11.0 nm, respectively.
Higher molar ratios not only led to the formation of amorphous
TiO; in large quantity around the P25 TiO; particles but also
decreased the pore diameter from 11.0 to 6.9 nm. Consequently,
it became difficult for I" /I3~ ions to diffuse into the inner pore
of TiO; electrode to reduce the oxidized dyes, resulting in poor
conversion efficiency. This observation could be explained by
the fact that the pores with a diameter of about 7 nm, in which
3 nm is occupied by the N3 dye molecules and leaves an aper-
ture of only 3—4 nm for the diffusion of the electrolyte. This size
is only slightly larger than the size of the I3~ ion, however, if
one considers the solvation shell of the ions and Fick’s law of
diffusion maybe not valid [16].

From the BET data, when the molar ratios increased from
0.02 to 0.08, surface areas did not vary significantly, which
were around 47-49 m? g~!, and the pore diameters have slightly
decreased from 11.8 to 11.0 nm. However, when the TTIP/TiO,
ratio was increased to 0.20, the TiO, particles turned to flake
and thus reducing the surface area to 36.8 m? g~ ! as well as the
pore diameter 6.9 nm. The morphology of TiO, film prepared at
optimized molar ratio of 0.08 was studied with the aid of SEM
images and the corresponding pictures are shown in Fig. 1. The

Table 1
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Fig. 1. SEM images of TiO, electrodes prepared in different TTIP/TiO» molar
ratios (a) 0.08 and (b) 0.20.

results depict similarity to that film prepared by the conventional
method such as prepared by annealing under 500 °C. Its high
porosity and high surface area caused the increase in amount of
adsorbed dyes and the photocurrent. However, the film obtained
at molar ratio of 0.20 had larger amount of amorphous TiO; due
to the ambient hydrolysis of TTIP, which ultimately decreased
the surface area and pore diameter of the film. Hence, the addi-
tion of optimum TTIP in TiO, powder is to cover the surface
of TiO; particles and to promote the good interconnection. It

The BET data, electron lifetimes and cell performances of DSSCs (measured under 100 mW cm™2) based on different TTIP/TiO> molar ratios in the paste used for

TiO; electrode preparation

TTIP/TiO; (molar ratio) Surface area® (m? g_l) Pore diameter® (nm) 7.? (ms) Jsc® (mA cm™2) Voc© (V) FF¢ n° (%)
0.02 48.4 11.8 1.43 3.58 0.746 0.67 1.80
0.04 47.8 11.2 1.86 5.73 0.782 0.72 3.22
0.08 46.7 11.0 1.97 6.08 0.770 0.70 3.28
0.20 36.8 6.9 0.94 1.33 0.622 0.63 0.52

2 Measured by BET.

b The average electron lifetime () in the TiO5 electrode was obtained from the laser induced photovoltage transient technique.

¢ The thickness of TiO; film was about 9 wm.



C.-P. Hsu et al. / Electrochimica Acta 53 (2008) 7514-7522

was expected that the TTIP was completely converted into TiO,
after annealing to transport electrons rapidly which obtained
from excited dyes so as to have longer electron lifetime.
Furthermore, using electrochemical impedance spectroscopy
(EIS) the internal resistances and the electron transport kinetics
of the TiO; films in DSSCs were also studied. Fig. 2(a) and
(b) shows the Nyquist plots of the electrochemical impedance
spectra of the DSSCs for different TTIP/TiO, ratios measured
under 100mW cm~2, and the equivalent circuit is shown as
the inset of Fig. 2(a). Generally, all the spectra of DSSCs
exhibit three semicircles, which are assigned to electrochem-
ical reaction at the Pt counter electrode, charge transfer at the
TiOy/dye/electrolyte and Warburg diffusion process of I7/I3™
[14,15]. In our case, it was found that the charge transport resis-
tance at the TiO,/dye/electrolyte interface (R.(2) decreased as the
molar ratio of TTIP/TiO; was varied from 0.02 to 0.08 (as seen
in Fig. 2(b), which is enlarged from Fig. 2(a)), and increased at
a molar ratio of 0.20. This phenomenon may be due to decrease
in pore size of TiO; film and thus decreasing the dye adsorp-
tion as well as penetration of redox couples into the pores of
TiO, electrode (Fig. 2(a)). Correspondingly, the characteristic
frequency peaks (1-10° Hz) in Bode phase plots were shown in
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Fig. 2(c). The characteristic frequency peak shifted to lower fre-
quency when the molar ratio increased to 0.08 and then shifted
back again to higher frequency when the ratio was 0.20. The
characteristic frequency can be related to as the inverse of the
recombination lifetime (z;), or electron lifetime () in TiO; film
[17-19]. This implies that a molar ratio of 0.08 has the longer
electron lifetime in the TiO; film. From the results, it is found
that the TiO, film prepared at the ratio of 0.20 not only has a
higher transport resistance but also has a lower electron lifetime
in TiO; electrode.

It is generally accepted that the average electron lifetime can
be estimated by fitting a decay of the open-circuit voltage tran-
sient with exp(—#/t¢), where t is the time and 7. is an average
time constant before recombination. For comparison, the effect
of molar ratio on the average electron lifetime was studied by the
laser induced photovoltage transient technique. The results are
shown in Fig. 3 with Y-axis plotted in a logarithmic scale. It can
be seen that a near-linear fitting has been satisfied, thus the aver-
age electron lifetime can be obtained from the slope. It was found
that the electron lifetimes () in TiO; films enhanced from 1.43
to 1.92 ms when the molar ratio increased from 0.02 to 0.08.
Further increase of the molar ratio to 0.20, the 7. decreased sig-
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Fig. 2. Electrochemical impedance spectra of DSSCs based on different TTIP/TiO, molar ratios measured at Voc, 100 mW cm~2. (a) and (b) are Nyquist plots. (b)
Shows an enlargement of (a). (c) Shows Bode phase plot. The equivalent circuit of this study is shown in the inset of (a).
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Fig. 3. Transient photovoltage measurements of various TiO; electrodes pre-
pared with different molar ratios of TTIP/TiOs.

nificantly to 0.94 ms. This result is consistent with the previous

results obtained from cell performance and EIS analysis.
Electrochemical impedance was also measured in the dark

to elucidate the correlation of electron transport with differ-
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ent molar ratios. In these cells, the electrons were transported
through the mesoscopic TiO; network and react with I37. At
the same time, I~ was oxidized to I3~ at the counter electrode.
Hence, the net current was largely dependent on the applied
bias. The fitted data of the electron transport resistances and the
capacitances obtained from the Nyquist plots at various molar
ratios measured under different biases are plotted in Fig. 4(a)
and (b), respectively. The time constant can be calculated by Eq.
(1):

Tn =Rct2XCu (])
where R.; and C,, are the charge transport resistance and the
chemical capacitance at TiO,/dye/electrolyte interface, respec-
tively. The chemical capacitance (C,,) is an equilibrium property
that relates the variation of the carrier density to the displace-
ment of the Fermi level. C,, is a positive quantity, as it represents
the equilibrium property.

It can be seen that the ratios of 0.04 and 0.08 reached higher
resistances than the others measured in the dark (Fig. 4(a)),
indicating the DSSCs based on TTIP/TiO; ratios of 0.04 or
0.08 have less recombination and higher open-circuit voltage
(Voc). The cell capacitances for all TTIP/TiO; ratios increased
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Fig. 4. (a) Electron transport resistance, (b) capacitance, and (c) time constant of DSSCs based on different TTIP/TiO, molar ratios were obtained from impedance

measurement in the dark by applying various biases.
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Table 2
The dye loading, electron lifetimes and cell performances of DSSCs (measured under 100 mW cm™2) based on different thickness of TiO, electrodes
Thickness of TiO, (m) Dye loading (10~7 mol cm2) 7 (ms) Jsc (mA/em™2) Voc (V) FF 1 (%)

6.3 0.81 N/A 4.82 0.780 0.73 2.74
17.2 1.20 1.92 7.44 0.760 0.67 3.69
23.7 1.52 1.69 7.01 0.719 0.63 3.17
48.2 2.13 1.46 2.22 0.662 0.76 1.12

2 The average electron lifetime () in the TiO, electrode was obtained from the laser induced photovoltage transient technique.

with the increase of the bias (Fig. 4(b)). The time constants
increased with the increase of the forward bias. It is interesting
to note that higher time constant was observed at the ratio of 0.08
than the other ratios as shown in Fig. 4(c), which confirmed the
devices containing TiO electrode with molar ratio of 0.08 had
larger time constant due to slower recapture of conduction band
electrons by I3 ™. This finding is consistent with our previous
argument.

3.2. The effects of TiO> electrode thickness on the
performance of DSSCs

As for the thickness effect, the variation of dye loading and
photovoltaic characteristics such as Jsc, Voc, fill factor (FF)
and the conversion efficiency (1) are summarized in Table 2.
It was noted that the dye loading increased from 0.81 x 10’
to 2.13 x 107" molcm™2 as the thickness of TiO; films is
increased from 6.3 to 48.2 wum. However, the TiO, film with
a thickness around 17 wm achieved the best cell efficiency of
3.69%, and further increasing of the thickness caused the lower-
ing of the short circuited current density (Jsc), the open-circuit
voltage (Voc) and the conversion efficiency (7). Thatis, although
larger film thickness tends to increase the amount of dye adsorp-
tion, it also causes higher electron transport resistance and
increases the recombination of electron with I3~ on the TiO;
surface, resulting in smaller Voc and 7. It is noticed that when
the thickness of TiO5 film is larger than 48 pum, the film starts to
peel off, resulting in the decrease of the current density to only
of 2.22mA cm~2.

EIS study also confirms the above results under illumina-
tion that the smallest R, is associated with a TiO, thickness
of 17.2 pm. With the increase in the thickness of TiO; film, the
capacitance and R¢p, which were fitted from the Nyquist plot,
were increased (Fig. 5(a)). In the Bode phase plot, the character-
istic frequency peaks shifted to higher frequency, which means
a lower electron lifetime is obtained when the thickness of TiO,
is increased from 17.2 to 48.2 wm (Fig. 5(b)). This observation
implies that with the increase in the thickness of TiO; elec-
trode, the electron transport encountered a longer distance and
is easier to recombine with I37, thus increasing the electron
transfer resistance and decreasing the electron lifetime in the
TiO, film.

Similarly, the laser induced photovoltage transient technique
was also used. The electron lifetimes were found to be 1.92,
1.69 and 1.46ms for 17.2, 23.7 and 48.2 pm of TiO; elec-
trode thickness, respectively. Those data are included in Table 2.
This observation is rationalized in terms of an increase in the

number of traps encountered by the conduction band electrons
with increasing TiO, film thickness. This slows down the elec-
tron motion, thus lowering the electron collection efficiency
[20].

3.3. The effect of light intensity on the performance of
DSSCs

We also have investigated the effect of light intensity on
the performance of DSSCs by using EIS. Fig. 6 shows the
impedance spectra of DSSCs with TiO, electrode prepared at
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Fig.5. Electrochemical impedance spectra of DSSCs based on various thickness
of TiO; electrodes measured at Voc, 100 mW cm™2. (a) Nyquist plot and (b)
Bode phase plot.
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Fig. 6. Electrochemical impedance spectra of DSSC based on TTIP/TiO, molar
ratio of 0.08 and the TiO; thickness of 17.2 wm measured under 10, 60, and
100 mW cm™2. (a) Nyquist plot and (b) Bode phase plot.

a molar ratio of 0.08 and a thickness of 17.2 pm under dif-
ferent light intensities. The results indicated that R.;» decreased
(Fig. 6(a)) and the characteristic frequency peaks (Fig. 6(b)) also
shifted to higher frequency as the light intensity is increased.
Those results suggested that more electrons are injected into the
TiO, electrode, but the injected electrons are lost more rapidly
with the increase in the light intensity. Meanwhile, under illu-
mination, Voc can be expressed as [10,21]:

RT ( Al )
—In — 2
BF noki[I5 1+ nok2[D7]

where k; and ky being the kinetic constants of back reaction
of injected electrons with triiodide and recombination of these
electrons with oxidized dye, respectively, and ng being the con-
centration of accessible electronic states in the conduction band.
Neglecting the loss term due to recombination with the oxidized
dye molecules, Voc depends logarithmically on the inverse con-
centration of I3~ and increases with incident photo flux /. The
Voc of DSSCs measured at the molar ratio of 0.08 and 17.2 wm
of TiO; electrode under 100, 60 and 10 mW cm~2 illuminations

Voc =
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Fig. 7. (a) The variation of current density and cell conversion efficiency of
DSSCs based on the TiO; electrode treatment at 150 °C for various annealing
times up to 12 h. (b) The XRD patterns of P25 TiO, without and with sintering at
500 °C for 0.5 h are shown, respectively, in curves (1) and (2). The XRD patterns
of TiO, film obtained from the TTIP precursor and sintered at 150 °C for 0.5 h
and 12 h are shown, respectively, in curves (3) and (4).

were found to be 0.760, 0.735 and 0.695 V, respectively, follow-
ing the predicted logarithmical relation. Any variations of the
local triiodide concentration due to light illumination appear to
have a small effect [10].

3.4. Optimization on the TiO; electrode and DSSC
performance

It is important to study the effect of annealing time on the
performances of DSSCs. Hence, the TiO, films annealed at
150°C under various times were studied. The short-circuited
current density and conversion efficiency increased gently with
the increase in the annealing time as shown in Fig. 7(a). The crys-
tallinity of the P25 TiO, powder with and without annealing at
500 °C and the crystallinity of TiO, film obtained from the TTIP
precursor, which is to imitate the thin film material covered on
P25 TiO, particles to increase the interconnection between TiO»
particles, treated at 150 °C for both 0.5 and 12 h were analyzed
by XRD and shown in Fig. 7(b). It was found that there were no
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Fig. 8. (a) The sketch plots of different collocations of TiO, electrodes. (b) I-V
curves of DSSCs based on different collocations of TiO; electrodes.

changes in XRD patterns for P25 TiO, powders before and after
annealing at 500 °C. Also, the TiO» films obtained from the TTIP
precursor are amorphous. These observations suggested that the
enhancement of the cell performance is due to neither the heat
treatment of P25 TiO, particles at 500 °C nor the formation of
crystalline TiO, film from the TTIP precursor. It is vary likely
due to the decomposition of organics originating from the TTIP
on the TiO, surface after thermal treatment like the treatment of
UV/ozone [8].

Finally, in order to develop high efficiency DSSCs, the tun-
ing of TiO, photo electrode’s morphology towards optimization
has to be taken into account. To reduce the light loss ascribed
to the back scattering, double layer film with light scatter-
ing particle has been shown to achieve better performance
[22,23]. In this study, TiO, films were fabricated by mixing
up of nano-particles (~25nm) and large particles (300 nm)
at a weight ratio of 7:3. Finally, the cell performances were
compared for different types of TiO; films such as: film con-
tains (i) only nano-particles (case AA in Fig. 8(a)) and (ii)
first layer nanoparticle and second layer mixture of both (case
AB in Fig. 8(a)). Both configurations are shown in Fig. 8(a).
The cell fabricated using this double layer film (AB), which
including light scattering particles in TiO; electrode as the work-
ing electrode could increase the Jsc ~19% which from 7.44
to 8.84mAcm~2 due to decrease the loss of light ascribed
to the back-scattering, and achieved a high cell conversion
efficiency of 4.20%. This result is evidently better than that
of the cell fabricated without using light scattering particles
(Fig. 8(b)).

4. Conclusions

A low temperature fabrication method for preparation of
TiO, porous films on conducting glass substrate with high cell
efficiency in the DSSC has been developed. TiO; film with a
molar ratio of 0.08 and a thickness around 17 wm achieved the
best cell efficiency. The EIS technique was employed to quantify
the charge transport resistance and electron lifetime. The charge
transport resistance at the TiO»/dye/electrolyte interface (R)
decreased as a function of the molar ratio of TTIP/TiO; from
0.02t00.08, and the TiO, film prepared with a molar ratio of 0.08
also shows the longest electron lifetime. As for the thickness
effect, the smallest R.r» was associated with a TiO, thickness of
17 pm, and when the thickness of TiO; is increased from 17.2
to 48.2 um, the characteristic frequency peaks shifted to higher
frequency and increased in the electron recombination was also
noticed.

Due to the decomposition of organics originating from
the TTIP on the TiO, surface, the cell conversion effi-
ciency increases gently with the annealing. Finally, adding
30wt% of larger TiO, particle into TiO; nanoparticles as
light scattering particles could enhance the photocurrent den-
sity and cell conversion efficiency of 8.81 mA cm ™2 and 4.20%,
respectively.
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