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Abstract In this study, Electrophoretic Deposition (EPD) technique was used to fabricate TiO,/Nb,Os composite
thin films on FTO coated glass for application as photoelectrodes in Dye Sensitized Solar Cells (DSSC). A
TiO,/Nb,Os ratio of 1:1 was used in a 2-propanol suspension solution with a solid loading of 0.25g/L. Optical
investigations showed that the film with thickness of 5.5 um deposited at 35.0 VV for 90.0 s had the highest
transmittance of 55.0 % at a wavelength (1) of 1,300 nm. The optical band gap energy (E,) was 3.884 eV and was
found to be dependent on the annealing time. The solar cell fabricated from this film had an open circuit voltage
(Voc) of 0.66 V, fill factor (FF) of 57.0%, short current density (Jsc) of 5.25 mA/cm® and photo conversion
efficiency (PCE) of 2.0%. Electrochemical Impedance Spectroscopy (EIS) analysis indicate that the DSSC device
with thinner photoelectrodes have more efficient electron transport in the photoanode compared to thicker
photoelectrodes to achieve higher conversion efficiencies.
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1. Introduction

The continued consumption of fossil fuels poses
challenge of depletion of these energy sources and affects
climatic conditions due to CO2 emission. One strategy has
been to invest in renewable energy generation using
photovoltaic (PV) technologies. A lot of research is
currently geared towards developing low cost PV solar
cells with adequate conversion efficiencies [1]. Dye
sensitized solar cell (DSSC) is among the emerging
technologies that has gained widespread attention
owing to their relatively low production costs, simple
manufacturing techniques, great aesthetic features like
colour, potential for indoor and outdoor applications and
fair photon to electron energy conversion efficiencies [2].
A major component of a DSSC is the photoelectrode,
whose function is to transmit light and inject electrons to
an external circuit. A good photoelectrodes should have
high optical transparency and good electrical conductivity
[3], in order to achieve high conversion efficiency of a
DSSC. Titanium (IV) oxide (TiO,) is a key semi-
conducting material for fabricating photoelectrodes since
it was first successfully employed in 1991 by O’Regan
and Gratzel for DSSCs [4]. To realize improvement in the
efficiency of DSSCs, composite materials of TiO, and
other metal oxides have been explored as well as several
thin film deposition techniques.

Several studies have initiated to modify the electrical
transport properties of TiO, using composite electrodes,
core/shell structures, and doping with other metal
oxides such as Nb,Os, ZnO, GeO,, ZrO,, SiO,, Al,O3,
MgO and SrTiO; [5]. When used in DSSCs, niobium
oxide (Nb,Os) has both good absorption of Ru dyes as
well as a higher conduction band which is 100 mV
above the conduction band of TiO,. This enhances charge
separation and collection, with resultant effect of
increased photo conversion efficiency (PCE) [5]. On the
other hand, Doctor blade [6], spin coating [7], sputtering
[8,9], dip coating [10], screen printing [11] and
electrophoretic deposition (EPD) [12,13] are some of the
methods used to manufacture titanium dioxide films.
The EPD technique involves movement of charged
particles in a suspension medium followed by deposition
of the particles on a substrate under an applied DC
voltage [14-21]. This technique has not been fully
exploited in the fabrication of photoelectrodes for DSSCs
despite its many advantages which include simple
equipment, high reproducibility, rapid coating and low
cost of film fabrication. Additionally, the EPD technique
also offers easy manipulation of the thickness of deposited
films via control of the deposition parameters and the
deposition conditions such as the DC voltage and
deposition time [22,23,24]. In the present work, the use of
EPD technique is explored for the fabrication of mixed-
particle TiO,/Nb,Os composites films for application in
DSSCs.
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2. Materials and Methods

2.1. Optimization of EPD Deposition
Parameters

Commercial glass substrates (16.0 mm x 25.0 mm x 1.0
mm) coated with a conducting layer of fluorine doped tin
oxide (FTO) (Pilkington, Inc., USA) having sheet
resistances of 8.0 Q/m® were used as electrodes in the
EPD cell. The EPD suspension was created by dispersing
0.25g/L of commercial TiO, nanopowder (CAS No.
13463-67-7, Aldrich) and Nb,Os nanopowder (CAS No.
1313-96-8, Acros Organics BVBA, Belgium) in the ratio
1:1 in 2-propanol (Scharlau Chemie) contained in a Pyrex
beaker. 5.0 mg of Mg(NOs), pellets (Aldrich) were added
to the EPD cell to form the electric charging system
thereby controlling the zeta potential. The suspension was
stirred for 1.0 h using a power sonicator (Sonic 405)
before being used in the EPD cell. The EPD set up
consisted of a cell (Pyrex glass beaker) and a DC power
supply (Thurlby Thadar TS30225) with the electrodes
partially immersed in suspension as shown in Figure 1.
The cross section part of the substrate (cathode) and the
counter electrode that was under the suspension was 1.6 x
1.5 cm? and they were placed 1.5 cm apart.

@
O

4— (Cathode Anode»

«—0O +—0O

O -
2o W
O O Ti0:Nb>0s in 2-propanol O

Q

Figure 1. Schematic set-up of the EPD cell.

To achieve deposition, various DC voltages ranging
from 15.0 — 60.0V were applied across the electrodes for
various deposition times ranging from 60.0 to 180.0s. The
films were then annealed at 450.0 °C for 3 — 6 hours at a
heating rate of 5.0 °C per min to achieve good adhesion.
Optimal deposition conditions of voltage and time were
obtained from the analysis of the transmittance data
through the films.

2.2. Optical Characterization of TiO,/Nb,Os
Composite Films

Spectroscopic transmission measurements of the
TiO,/Nb,Os films were carried out using Shimadzu-DUV
spectrophotometer. The film thickness was measured
using Micronstat FD/ND - coating-thickness with
(FD/ND) G-22-type probe. Surface morphology was
investigated using scanning electron microscope (SEM)

model S4100 HITACHI to determine the quality of the
deposited films while sstructural analysis was conducted
using Shimadzu X-Ray Diffractometer with Cu Ka
radiation with a scanning range of 26 from 10°-80°.

2.3. DSSC Assembly and Photovoltaic
Characterization

The thin films for DSSC were chemisorbed with a dye
(Ruthenium-dye solution (Ru — N719) of 0.5 mM)
supplied by Sigma Aldrich. The dye solution was prepared
by dissolving 6.0 mg of Ru-719 in 10.0 ml of ethanol and
sonicated until thoroughly mixed. The TiO2/Nb205
composite films were preheated to 200.0 °C for 10.0 mins
to remove adsorbed water and thereafter soaked in the dye
solution for 24 hours to enable proper dye chemisorptions.
They were then washed with ethanol to remove
unabsorbed dye molecules before being used as DSSC
photoanodes. The DSSC electrolyte composed of an
iodide/triiodide (17/I3) red-ox couple was prepared by
dissolving: 0.101 g (0.04 M) iodine (CAS 7553-56-2),
0.134 g (0.1M) lithium iodide (CAS 10377-51-2), and
1.477 g (0.5M) tetra-n-butylammonium iodide, in 10.0 ml
of acetonitrile (CAS 75-05-8). The 4-tert-butylpyridine
(CAS 3978-81-2) was added to electrolyte to increase the
voltage output. The counter electrodes (CE) consisted of
platinum(Pt)-coated catalyst and were prepared by evenly
spreading drops of 5.0 mM hexachloroplatinic acid
(H,PtClg) (Fluka) on cleaned FTO glass and heating the
FTO glass at 450.0 °C for 45.0 mins.

The cell was assembled by placing the platinum coated
counter electrode (CE) over the dye-sensitized porous
TiO,/Nb,O5 composite photoelectrode to form a sandwich
arrangement as shown in Figure 2. The edges of the cell
were sealed by hot pressing the two electrodes together
with a 25-um thermal-plastic Surlyn spacer. A proper
amount of liquid electrolyte was then injected in the
gap between the two electrodes through small holes
drilled in the counter electrode (CE). The holes were
sealed using a piece of microscope covering plastic. The
current and voltage characteristics of the cell were
performed using a digital source meter (Keithley-2400)

under simulated sunlight of one sun illumination
(AM 1.5G, 100.0 mW/cm?).
_ FTO glass
Ti0,/Nb,Os5 __ Surlyn
film l Spacer

| I — |
Platinum  Electrolyte  Holes for FTO
layer injecting counter
electrolyte

Figure 2. Assembly of dye sensitized cell based on TiO2/Nb,Os
composite thin film
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2.4. Electrochemical Impedance Spectroscopy
(E1S) Measurement

The EIS measurements were performed using an
AUTOLAB (PGSTAT204) equipment (Metrohm,
Switzerland) in the frequency range 10.0 kHz to 0.1Hz by
applying an AC amplitude of 5.0 to 15.0 mV. The
sinusoidal current response was measured using the
NOVA software and the impedance at each frequency
computed. The biasing DC voltage of 0.5V was used in
the EIS measurements because this value is approximately
the V.. of the fabricated solar cells. The real and
imaginary parts of the impedance were then plotted to
yield the Nyquist plot used to analyze the solar cell.

3. Results and Discussions

3.1. Optimized EPD Parameters for
TiO2/Nb,Os Composites Films

Figure 3 shows the variation in film thickness of
TiO2/Nb205 composites with deposition voltage at
constant deposition time. It was observed that the film
thickness increased, initially slowly (indicating a slow
deposition rate) at lower voltages, followed a rapid growth
in film thickness in the voltage range 30.0 - 55.0 V. This
behaviour was attributed to increase in the dragging force
(and hence higher charge mobility) with increase in DC
voltage resulting in rapid deposition rate. However, at
high deposition voltages (> 55.0 V), the growth in film
thickness tended to plateau. This could be attributed to
increase in the resistance of the film caused by formation
of TiO,/Nb,Os agglomeration on the film as a result of
high currents that cause rapid particle deposition.
Subsequently, electrophoretic mobility reduced such that
fewer particles reached the substrate and the deposit mass
remains nearly constant with time. Similar observations
were made for high EPD deposition voltages of TiO,
particles [14,25].

18.0

150 |

120 |

9.0 |

6.0 |

Film Thickness (um)

30 |

0.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0
Deposition voltage (V)

Figure 3. Variation in film thickness of TiO./Nb,Os films with EPD
deposition voltage

The optimized deposition voltage and hence the film
thickness for DSSC, was obtained by studying the
variation in the transmittance through films of various
thickness as shown in Figure 4 using films annealed at
450.0 °C. It was observed that the transmittance of the

films first increased (and hence light absorption decreased)
with increase in film thickness reaching a peak at a film
thickness of 5.5 um and thereafter, it decreased with
further increase in film thickness. The deposition voltage
that corresponds to film thickness of 5.5 um is 35.0 V
(from Figure 3) with a deposition time of 90.0s. SEM
micrographs of films deposited at 90.0s showed nearly
uniform deposit mass before annealing (Figure 5a) while
extended deposition times (> 90.0s) resulted in formation
of agglomeration (Figure 5b). After annealing, micro
cracks were observed in thicker films of 12.0 um
(Figure 5c) that were most probably caused by
evaporation of the solvent during the annealing processes.
Such micro cracks, combined with agglomerations,
contribute to light scattering and absorption phenomena
resulting in less transmittance in thicker films.
Comparatively, thinner films of 5.5 um showed absence
of micro cracks (Figure 5d).

60

——0.5um

Transmittance (%)

250 750 1250 1750 2250 2750 3250

Wavelength (nm)

Figure 4. Variation of transmittance with wavelength in TiO2/Nb,Os
composite films of various thicknesses deposited at 35.0 V for 90.0s.

Figure 5. SEM images of TiO./Nb,Os composite films (a) 5.5 um film
showing uniform coating before annealing, (b) 12.0 um film before
annealing showing agglomeration (c) 12.0 um film showing micro
cracks after annealing at 450.0°C and (d) 5.5 um film showing absence
of micro cracks after annealing

Notably, these agglomerations and micro cracks could
also be responsible for the observed decrease and shifting
of the transmittance peaks towards the long wavelengths
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regions with increase in film thickness (Figure 4). As such,
the transmitted photon has less energy (hence longer
wavelength). The highest transmittance of 53% at
A=1,300.0 nm was observed in films deposited at 90.0s at
35.0 V with film thickness of 5.5um. This film thickness
falls within typical TiO2 film thickness for DSSC which
range between 5.0 - 15.0 um [15]. Consequently, applied
voltage of 35.0V and deposition time of 90.0s was chosen
as the optimum EPD deposition conditions for the
Ti0O,/Nb,O5 composite thin films.

3.2. Photovoltaic Performance of DSSC

Figure 6 shows the photocurrent density - versus
voltage (J - V) curves of the TiO,/Nb,Os composite
photoelectrodes of varying thicknesses. It is observed that
whereas the circuit voltage remains nearly constant at 0.66
V, the current density decreases with increase in film
thickness. This behaviour is attributed to the decrease in
the transmittance with increase in film thickness earlier
observed in Figure 4, a phenomena that reduces the
incident light intensity to the dyes. Further, since the
charge transfer resistance increases with increase in film
thickness, the charge recombination between electrons
injected from the excited dye to the conduction band of
TiO,/Nb,Os and the I3 ions in the electrolyte is higher in
thicker films due to the long diffusion lengths such that
most of the photoelectrons do not reach the FTO. These
factors, in additionally to the defects such as clusters and
micro-cracks observed in thicker films (Figure 5c),
contribute to lowering the electron mobility in the film
thereby resulting in reduced current density. The highest
current density was obtained with a film thickness of
5.5 um.

6 -
+—5.5um
3 —=—91um
12.0 um
4 \\" “—11.1 um
e — Y 12.6 um
s, .

Current density (mA/cm?)
[¥]

0 L L L
0 01 02 03 04 05 06 07 08
Deposition Voltage (V)

Figure 6. The photocurrent density — photovoltage (J — V) curves based
on TiO/Nb,Os composite thin films

The open-circuit voltage (Voc), short-circuit current
density (Jsc), fill-factor (FF), and energy conversion
efficiency (n) were derived from the J-V curves of
Figure 6 together with Eq. (1) and (2) respectively.

FE = PMax — JMaxVMax (1)
Pn o JIscVoc

JscVoc FF
n=———
PRR

where Vi, is the maximum voltage, Jyax is the maximum
current density (mA/cm?) and Pirs is the light intensity
(mW/cm?). Table 1 shows the solar cell characteristics
(Voc, Jsc, FF and cell efficiency, 1) for photoelectrodes of
various film thicknesses. It is observed that the photo
conversion efficiency () decreases from a maximum of
2.0% to 0.1% respectively with increase in film thickness.
This observation indicates that although thicker
TiO,/Nb,Os composite films may adsorb relatively more
of the dye molecules leading to enhancement in the
photocurrent of the cell, thicker films are less transparent
which negatively affect their light harvesting and
performance of the DSSC since the current density and
hence the photo conversion efficiency (n) decreases with
increase in film thickness.

(2)

Table 1. DSSC characteristics of TiO,/Nb,Os composite thin films

d EPS‘ th'FLIm Voc Jsc FF g
o | e | W | ol | 50| 79
90.0 55 0.66 5.25 057 | 20
1200 6.2 0.63 383 061 | 15
150.0 6.6 0.69 2.08 055 | 08
180.0 9.1 0.66 1.80 058 | 07
240.0 121 0.58 0.13 065 | 01
270.0 120 0.65 0.23 059 | 01

Table 2 shows a comparison of DSSC parameters with
other references [26,27,28]. Our experimental values
compare well with those obtained by other authors for
TiO,/Nb,O5 composite structures. These results are also in
agreement with observation made by other authors that
N,Os decreases the loss due to carrier recombination, i.e.,
it increases the shunt resistance resulting in increased FF
and Voc of composite electrode cells thereby enhancing
the photo conversion efficiency [5,28].

Table 2. Comparison of DSSC parameters of TiO2/Nb205
composites with other references [26,27,28].

Film structure Voc Jc | FF(%) | n(%) | Ref
TiO2/Nb,O5 066 | 525 | 057 20 | This
composite study
80TiO,/20Nb,05
composite 0.645 6.83 0.42 1.9 [28]
TiO,/0.1 Nb,Os
(Doped) 0.841 3.1 0.69 1.8 [28]
TiO2/Nb,Os
(core shell) 0.732 11.4 0.56 4.7 [28]
TiO,/Nb,0Os
(core shell) 0.730 114 0.51 49 [26]
TiO2/Nb,Os 0.77 4.26 0.56 1.9 [27]

3.3. Evaluation of Optical Band Gap Energy

The Tauc model has been devised as an empirical
model for determining the optical gap in semiconductors
and gives the relationship between the absorption
coefficient (o) to photon energy (hv) by Eq. (3) below [8].

(ahv)% = ﬁ’(hv - Eq ) (3)
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where B is the band tailing parameter, E, is the absorption
band gap energy and n denotes the type of transition with
n = % for direct transitions and n = 2 for indirect
transitions of anatase TiO, [29]. For crystalline materials,
direct transitions are valid [8,29] and subsequently, for our
present TiO,/Nb,Os thin films, n = %, hence, the tangent
intercept in the Tauc plot of (ahv)? versus (hv) represents
Eg

Figure 7 shows a plot of (ahv)? versus hv used for
evaluating the band gap of TiO,/Nb,Os composite thin
films, pure TiO, (anatase) and pure Nb,Os films. From the
graph, the optical band gap energies for pure TiO, are
3.932 eV, pure Nb,Os is 3.858 eV and for TiO,/Nb,Os
composite is 3.884eV. The band gap energy values
obtained for the composite film lie between that of pure
TiO, and pure Nb,Os. Our experimental values are
consistent with many authors who have reported Eg
values of TiO, (anatase) in the range 3.25 — 4.14 eV
[26,30,31,32,33,34] and E4 values of NbOs in the range
3.49 — 3.90 eV [35,36], but are slightly higher compared
to the theoretical direct band gap value of anatase TiO,
(Eg = 3.25 eV) [28] and Nb,Os (E; = 3.49 eV) [30]
respectively. This difference between theoretical and our
experimental Eg4 values of both pure TiO, and Nb,Os films
could be attributed to the development of sub-band gap
states in the TiO,/Nb,Os composite films that lie deep in
the tail of the density of states in the films and result in
decreasing the optical energy gap and shifting the
absorption edge towards the higher wavelength of the
incident photons.
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Figure 7. Variation of (ahv)? versus hv for direct band gap transitions in
(a) TiO2/Nb,Os composite (b) TiO, and (c) Nb,Os films.
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Figure 8. Variation in Band gap energy with annealing time for
TiO,/Nb,Os composite films annealed at 450.0 °C.

The effect of annealing (dwelling) time on optical band
gap was studied by annealing the TiO,/Nb,Os composite
thin films at 450.0°C for different dwelling times ranging
from 1.0 and 6.0 hrs. The results are shown in Figure 8. It
is observed that the band gap energies decrease linearly
with increase in annealing time. This behaviour could be
attributed to improvement in the crystalline structure
of the TiO,/Nb,Os composite films with increase in
annealing time. Such behaviour has also been reported in
literature and this narrowing of the band gap is thought to
be caused by the decrease in transitions due to reduction
of the oxygen defect width as a result of air annealing
which fills up the vacant oxygen levels [37].

3.4. Electrochemical Impedance Spectroscopy
(EIS) Analysis

Electrochemical Impedance Spectroscopy (EIS) is
widely used to investigate the dynamics of interfacial charge
transfer process occurring in each component in DSSC.
The electron transport in a DSSC encounters internal
impedances at the three spatially separated interfaces
formed by the FTO/TiO, contact, TiO,/dye/electrolyte,
and electrolyte/Pt-PTO. The frequency response of the
impedance at these interfaces can be analyzed by the
Nyquist diagram and the lifetime of the electron in TiO,
photoanode can be calculated from Bode phase plots [33].
Nyquist diagram features typically three semicircles, that
in the order of increasing frequency are attributed to the
Nernst diffusion within the electrolyte, the intermediate
semi-circle corresponds to the electron transfer
resistance/recombination at the TiO,/electrolyte interface,
while the third corresponds to the redox reaction at the
platinum counter electrode [33,38]. The Bode phase
features three characteristic frequency peaks in low-
frequency, mid-frequency and high-frequency range
according to those three processes respectively. The
electron recombination lifetime (t,) within the TiO,
photoanode can be calculated from the maximum angular
frequency (mmax) Of the impendence semicircle arc at
middle frequencies according to the relation [38,39].

1 1

Omax 27 fmax

(4)

T =

where f,,, is the maximum peak frequency.

Figure 9 shows the Nyquist and Bode plots of DSSC
based on TiO,/Nb,Os composites of varying thickness. It
can be seen (Figure 9a) that the EIS exhibits only one
major semicircle in intermediate-frequency regime. The
radius of this semicircle represents the impedance due to
electron transfer from the conduction band of the TiO,
film to I3 in the electrolyte. It is observed that thicker
films exhibit progressively larger radius of the semi-circle
compared to thinner films, an indication that the charge-
transfer resistance (or the so-called recombination
resistance), Rr at the TiO,/dye/electrolyte interface
increases with increase in film thickness, resulting in
decreased Jsc (Figure 4) and consequently, reduced power
conversion efficiency in thicker films.

It is further observed that the central semicircles (Figure 9)
are skewed to the positive side of the real impedance
indicating that the charge transport resistance (Ry) in
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TiO,/Nb,Os composite films was less than the charge
transfer/recombination resistance (Rg). The absence of the
arc in the low frequency region could mean the mass
transport impedance (Zy) due to Nernst diffusion of tri-

iodide species in the electrolyte was negligible in this case.

This factor could be explained by use of high performing
electrolytes in cell fabrication. Also not evident are the
arcs associated with high frequency regions where
impedance contributions originate from the double-layer
capacitances and the platinum coated-counter-electrode
transfer resistances. This could be related to the small
currents flowing through the complete cell thus causing
little diffusion effects.
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Figure 9. (a) Nyquist plot. Inset is the equivalent circuit (b) Bode plot
and (c) Bode phase plots of DSSC assembled using TiO,/Nb,Os
composite electrode films. The cells were subjected to 0.5V forward
biasing

This shape of Nyquist plot with only one arc
demonstrates evidence of the Gerischer impedance where,
the Nyquist plot reduces to one main arc generated by

parallel arrangement of charge-transfer resistance (Rg) and
the chemical capacitance (C,) of TiO, film/electrolyte
interface. The presence of Gerischer impedance confirms
that the electron recombination reaction is faster than the
transport of charge carriers through the film. This fact can
explain why measured short circuit currents were very low,
thus contributing to low conversion efficiencies (Figure 5).

Inset in Figure 9(a) shows the equivalent circuit
consisting of a series resistance (Rs), parallel resistance
(Rp) and chemical capacitance (C,) represented by
constant phase element (CPE). The series resistance (Rs)
represents the sum of TCO resistance, charge-transfer
resistance at counter electrode, and the diffusion resistance
in electrolyte [39,40] while the parallel resistance (Rp)
represents the charge-transfer/recombination resistances
(RR) at the TiO,/dye/electrolyte interface. Figure 9b shows
the Bode plot for photoelectrodes of various film
thicknesses. It is observed that there is a shift of frequency
peaks in order of increasing film thickness as well as the
transition of the high impedance values at low frequencies
(0.1-100Hz) to low impedances at high frequencies (100 -
10,000Hz). A similar trend is observed in Bode phase
plots (Figure 9c). Table 3 lists the measured values of Rg,
Rp, CPE and the calculated values of the electron lifetime
(tn). It is observed that the electron lifetime decreases with
increase in photoelectrode film thickness and this may be
the reason for faster recombination in the cells with
thicker photoelectrodes. The cells with photoelectrode of
5.5um thickness yielded longer electron lifetime. Notably,
our values of Rs and Rp, are large (in the KQ range)
compared to other authors [38,41] implying that our
samples had high internal impedances most likely
attributed to the strong bonding of the TiO, to the glass
substrate.

Table 3. EIS data based on TiO,/Nb,Os DSSC photoelectrodes of
varying thicknesses.

Thickness

2 (um) CPE (uF) Ry (k) | R (k) | t(ms)
55 6.627 4532 4,507 5.08
9.1 6.633 4531 4,507 2.86
111 9.295 5.949 5.886 2.85
12.6 1.817 2.247 2.224 2.84
12 6.633 4531 4,507 176

4. Conclusions

This paper presents the results of experimental study of
Characterization of TiO,/Nb,Os composite thin films for
Dye Sensitized Solar Cells prepared by the EPD method.
Salient conclusions arising from the study are summarized
as follows. Performance of DSSC is dependent on film
thickness, which in turn is dependent on EPD deposition
parameters. Higher deposition voltages are associated with
rapid film deposition resulting in formation of
agglomeration which reduces the optical transmittance.
The highest optimal transmittance of 55.0 % at a
wavelength () of 1,300 nm was observed in film
thickness of 5.5 um deposited at 35.0 V for 90.0 s using a
TiO,/Nb,Os ratio of 1:1 in a 2-propanol suspension
solution.
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The DSSC characteristics were dependent on film
thickness. The highest open current voltage (Voc) of 0.66
V, fill factor (FF) of 57.0%, short current density (Jsc) of
5.25 mA/cm? and photo conversion efficiency (PCE) of
2.0% was obtained with a film thickness of 5.5 um. The
band gap was found to be depended on annealing time
duration and it decreased with increase in annealing time.
The EIS analysis revealed that the charge transfer/
recombination resistance at the TiO,/dye/ electrolyte
interface increases with increase in film thickness. The
electron lifetime was longer in cells with thinner
photoelectrodes compared to thicker Photoelectrodes. It is
therefore suggested that decreasing the film thickness
could improve the charge recombination in DSSC as well
as the electron transport properties.
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