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Abstract: This paper is concerned with the influence of TiO; films growth time on the performance parameters of a DSSC. The films
were prepared via microwave irradiation technique by varying growth times, 3, 5, 7, 10 and 12 minutes. The XRD results reveal that ana-
tase phase exists at (101) and (004) plane with the biggest crystallite size was obtained at the growth time of 3 minutes. The FESEM ima-
ges show that morphological shape of nanotablet was obtained at shorter irradiation time. The particle size and thickness were found to
increase with growth time. However, the particle density decreases with growth time. The uncoated dye and coated dye samples grown at
10 minutes possesses the highest optical absorption and the broadest absorption window. The DSSC utilizing the TiO, samples did not
show rectification property. It was found that the photovoltaic parameters of the DSSC are greatly influenced by the growth time of TiO,
films. The DSSC utilizing the sample prepared for 10 minutes demonstrated the highest Jsc, Vo and 1 of 2.60 mA cm™, 0.62 V and 0.86%,
respectively due to broadest absorption window, the highest recombination resistance (R.,) and longest charge carrier lifetime (z).
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1. INTRODUCTION

Photoanode in DSSC acts as a medium to collect electrons in-
jected by dye molecules upon light illumination on the device.
Wide band gap metal oxide semiconductors are normally used in
DSSC such as TiO,, ZnO [1,2], SnO; [3], WO; [4], Nb,Os [5] and
Zn,SnOy [6]. The bandgap of TiO,, ZnO, SnO,, WO;, Nb,Os and
Zn,SnOy are 3.20, 3.20, 3.80, 2.60, 3.40 and 3.60 eV, respectively.
Among these materials, TiO,or titaniais the most popular pho-
toanode in DSSC since it is the most stable material, cheap, easily
available and non-toxic. There are various techniques have been
reported in preparing TiO, films on various substrates such as
screen-printing [7], RF magnetron sputtering [8], pulsed laser abla-
tion [9], spray pyrolysis [10], sol-gel [11], liquid phase deposition
[12] and hydothermal [13].

In this work, TiO, films have been prepared on ITO substrate
via microwave irradiation technique [14]. Microwave irradiation
technique has been chose since it produces thin films for short
duration at low temperature. The originality of this work is the
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addition of boric acid and surfactant, CTAB into a growth solution
in order to alter the morphology of TiO, films. The objective of
this work is the investigation of the effect of TiO, growth time on
the properties of the films such as structure, morphology and opti-
cal absorption. These properties were then linked to the perfor-
mance parameters of DSSC. The growth time was also correlated
with EIS data such as Ry, R..and t.

2. EXPERIMENTAL

2.1. Preparation of TiO, nanostructures

TiO, filnms nanostructures were grown on ITO substrate by
using a chemical wet microwave-assisted method. A cleaned indi-
um tin oxide (ITO) substrate purchased from Zhuhai Kaivo Elec-
tronic with a sheet resistance of ~10 cm/square was immersed into
a growth solution consisting of 5 mL of 0.1 M ammonium hex-
afluorotitanate, (NH4),TiFs (Sigma Aldrich), 5 mL of 0.2 M
H;BO; (R&M Chemical) and 0.1 mL of 0.1 M CTAB (Sigma
Aldrich) surfactant. The substrate was vertically suspended in the
solution and the reaction was then transferred into a microwave
oven (Panasonic Home Appliances, NN-GD577M, 1100 W, 2.45
GHz) and heated at 180 W for 3, 5,7, 10 and 12 minutes, respec-



60 M.Y.A. Rahman et al. / J. New Mat. Electrochem. Systems

0TiO, (JCPDS No: 00-021-1272;
(101) (004) % ITO (JCPDS No: 01-89-4598
bJ . 12 minutes
| dviupansPongy, " -
v
%*
: . * 10 minutes
AL A - A
=
< N 7 minut
[ minutes
) * [] *
£ Lo A A
=
2
E %
. % 5 minutes
A A A
*
3 minutes
*
*
o A
T
50 60

26 (degree)

Figure 1. XRD patterns of TiO, films prepared at various growth
times

tively. The growth temperature was in the range 100-150 °C. The
preparation of TiO, nanostructures was completed by rinsing the
sample with adequate amount of deionized water and then subject-
ed to an annealing process at 400 °C for 30 minutes in air.

2.2. Fabrication and characterization of DSSC

TiO, nanostructures grown on ITO were dipped into 0.5 mM
ethanolic solution of dye N719 (Sigma-Aldrich) at 50 °C for 15
hours. The sample was rinsed with ethanol and dried with nitrogen
gas flow. Counter electrodes for these DSSCs were prepared by the
deposition of platinum layer on ITO substrate using sputtering
method. The dye coated TiO, film and the counter electrode were
sealed using Surlyn film of thickness 100 um. The DSSC consist-
ing of TiO, films as photoanode and platinum film as counter elec-
trode with iodine electrolyte were fabricated. The TiO, films were
prepared on ITO substrate via liquid phase deposition technique.
An electrolyte containing 0.5 M Lil/0.05 M [,/0.5 M TBP in ace-
tonitrile was used as a redox couple. A DSSC was fabricated by
sandwiching the parafilm between TiO, film and platinum counter
electrode film. The electrolyte, idololyte-Z50 (Solaronix) was in-
jected into a space between N719 coated TiO, film and platinum
counter electrode via a capillary action.

The photovoltaic performance of the DSSC was investigated by
current-voltage measurement under 100 mW cm™ tungsten light
using Keithley 237 source measurement unit. The dark current was
also observed by the same measurement set-up. The illuminated
area of the cell was 0.23 cm® The electrochemical impedance spec-
troscopy (EIS) technique was also performed to study the bulk
resistance (R}), the recombination resistance (R.,) and charge carri-
er lifetime at the applied voltage of 0.4 V.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD spectra of the TiO, film samples with
various growth times. The spectra show two dominant anatase
peaks at the (101), and (004) planes for all samples, corresponding

with the diffraction angles, 25.4 and 38.2", respectively. These re-
sults agree well with the data reported in [15]. The diffraction peak
at 21.3, 31.2, 37.1, 47.0 and 51.5 are referred to ITO substrate.
This result is consistent with with that reported in [16]. It is found
that the peak intensity of ITO at 31.2° decreases with growth time
since the thickness of TiO, film increases with growth time as illus-
trated in Table 1. The thicker film allows weaker x-ray signal to
penetrate, causing lower peak intensity. Also, from the spectra, it
was found that the the phase structure of TiO, does not change with
its growth time. The crystallite size at (101) plane for each sample
is presented in Table 1. From the table, it is observed that the crys-
tallite size decreases with growth time and increases at the opti-
mum growth time of 10 minutes.

Fig. 2 shows the top view FESEM images of TiO, films prepared
at various growth times. At 3 minutes growth time, the morphologi-
cal shape of TiO; film is nanotablet with the particle size and densi-
ty is 129 nm and 30 particle/um?, respectively as illustrated in Ta-
ble 1. The morphology is inhomogeneous and the particle distribu-
tion is not packed since there are a lot of spaces between the parti-
cles. Once the growth time was increased to 5 minutes, the size of
nanotablet becomes bigger. On the other hand, the particle density
decreases as shown in Table 1. Further increment of growth time to
7 minutes causing shape of the particle transforms into nanosheet.
The particle size increases drastically to 421 nm. However, the
particle density drops to 5 particle/um”. The shape of particle was
found to change from nanosheet to compact nanoparticle when the
growth time was further increased to 10 minutes. However, the
particle size and density cannot be estimated since the particle dis-
tribution is very compact. At the growth time of 12 minutes,
cracked nanoparticle film has been observed since 12 minutes is
not an appropriate time to grow nanoparticle via microwave tech-
nique. The morphology becomes cracked due to the compact nano-
particles touch each other and increases the surface tension of the
sample [17].

Fig. 3 shows the cross-sectional view of FESEM images of TiO,
films prepared at various growth times. The images clearly show
two layers with different materials, namely, TiO, film and ITO film
forming the sample. The sample grown at 3 minutes shows the
smoothest surface, while that prepared for 5 and 12 minutes pos-
sess rough surface since they display many humps on ITO layer.
The thickness of TiO, film is presented in Table 1 and it is found
that the thickness increases with growth time. The increase of the
thickness with growth time is due to the increase in the amount of
TiO, deposited on ITO substrate as the growth time is increased.

Table 1. Crystallite size, particle size, particle density and thick-
ness of the samples at various growth temperatures

Sample Crystallite Particle Particle density ~ Thickness
(minutes) size (nm) size (nm) (particle/pm?) (nm)
3 16.38 129432 30+8 105£15
5 12.11 253+47 7£1 184+45
7 12.39 421429 5+1 225421
10 14.44 - - 362+19
12 13.16 - - 369+41
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Figure 2. Top view FESEM images with the 20k magnification of TiO, films prepared at various growth times, (A) 3, (B) 5, (C) 7, (D) 10
and (E) 12 minutes. The insets are the images with the 50k magnifaction.

Figure 3. Cross-sectional view of FESEM images of TiO, films prepared at various growth times, (A) 3, (B) 5, (C), (D) 10 and (E) 12
minutes
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Figure 4. UV-Vis spectra of TiO, films prepared at various growth
times
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Figure 5. UV-VIS optical absorption spectra of TiO, sample pre-
pared at various growth times after dipping dye for 15 h

Fig. 4 illustrates the UV-Vis spectra of TiO, films prepared at
various growth times. According to the figure, all samples absorbs
more photons in ultraviolet region with low absorption in visible
region since the bandgap of TiO, film is wide that is 3.37 eV. The
absorption peaks are observed in ultraviolet region. The absorption
window area is significantly influenced by growth time. The sam-
ple grown for 3 minutes possesses the smallest absorption window
and the one prepared for 10 minutes shows the largest absorption
window area.

Fig. 5 illustrates the UV-Vis spectra of TiO, films coated N719
dye prepared at various growth times. It is observed that from the
spectra, all samples possess dominant absorption in visible region
except the sample grown for 3 minutes that has normalized absorp-
tion of 0.34. The other samples show the normalized absorption
above 0.5 as seen from Fig. 5. The sample prepared for 10 minutes
shows the highest area of window absorption compared with the
other samples. By comparison of the UV-Vis spectra of uncoated
dye samples with those of N719 dye samples, it is confirmed the
dye has shifted the optical absorption of TiO, films from ultraviolet
to visible region.
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Figure 6. I-V curves of the devices in dark with various TiO,
growth times
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Figure 7. J-V curves of the devices with various TiO, growth times
under illumination of 100 mW cm™

Fig. 6 depicts the I-V curves in dark of the DSSCs utilizing the
TiO, films with various growth times. It is observed that the dark
current in reverse bias is slightly higher than that in forward bias
for all devices. The device utilizing 10 minutes TiO, sample
demonstrates the highest dark current in forward bias, while the
other devices shows quite similar dark current. For the dark current
in reverse bias which is also called leak current, the device utilizing
7 minutes sample possesses the lowest leak current and the one
utilizing 12 minute sample shows the highest leak current. It is
concluded that the device does not exhibit as a rectifier as the de-
vice with 3, 5, 7 and 10 minutes have quite similar dark current in
forward bias.

Fig. 7 displays the current density-voltage (J-V) curves of the
DSSC utilizing the samples prepared with various growth times
under 100 mW cmlight illuminations. The photovoltaic parame-
ters are extracted from Fig. 7 and illustrated in Table 2. The device
with 10 minutes TiO, sample shows the largest area of J-V, mean-
while that utilizing 3 minutes sample has the smallest area of the
curve. These results indicates that the DSSC with 10 minutes sam-
ples demonstrates the highest output power and that with 3 minutes



Dye-sensitized Solar Cell (DSSC) Utilizing TiO, Films Prepared via Microwave Irradiation Technique: Effect of TiO, Growth Time

/J. New Mat. Electrochem. Systems

600
500 —3 mt
7 mnt
400 =10 mnt
=12 mnt
300

=5 mnt

200

100

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Figure 8. Nyquist plots of the DSSCs utilizing TiO, films prepared
at various growth times

sample generates the lowest output power. It is also found that the
slope of each curve is quite high, leading to small fill factor (FF)
which is in the range 0.46-0.53 as presented in Table 2. Small FF'is
due to high output power loss which is caused by high leak current
as illustrated in Fig. 6.

Fig. 8 shows Nyquist plots of the DSSC utilizing the samples
with various growth times. The plots clearly show complete semi-
circular curves representing the recombination resistance (R) of
electron-hole. A straight line just before the semicircle represents
the bulk resistance (R},) of the device. The device with 3 minute
sample shows the smallest semicircle and the one utilizing 10
minutes sample displays the biggest semicircle denoting the 3 and
10 minutes device exhibits the lowest and the highest R, respec-
tively. The Ry, for all devices and R, for the other 3 devices are
presented in Table 2.

Fig. 9 illustrates Bode plots of the devices utilizing the samples
with various growth times. The plots show bell-shaped curves
which are symmetry about a resonant frequency. Carrier lifetime is
computed from the resonant frequencies which are taken from the
peak of each curve. It is observed that 7 and 10 minutes device has
the smallest resonant frequency, while that with 12 minutes sample
shows the highest resonant frequency. These data signify that the
device with 7 and 10 minutes have the longest carrier lifetime and
the one with 12 minutes sample possesses the shortest carrier life-
time as presented in Table 2.

Table 2 illustrates the photovoltaic parameters, Ry, R and carrier
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Figure 9. Bode plots of the DSSCs utilizing TiO, films prepared at
various growth times

lifetime with various growth times. According to the table, the Jsc
and 7 increase with growth time until the optimum time of 10
minutes. This trend is also seen for the R. and 7. It can be
concluded that the higher these photovoltaic parameters, the higher
R, and 7. Tis is consistent with the theory that the higher resistance
for the recombination of electron-hole and longer carrier lifetime
results in the improvement in those photovoltaic parameters. At the
optimum growth time of 10 minutes, these photovoltaic parameters
drop which is due to the decrement in the R, and 7 as illustrated in
Table 2. On the other hand, the 3 minutes device performs the
lowest Jsc and # since it has the lowest R.; and shortest 7 as shown
in Table 2. The performance of the device in term of Jsc and 7 is
also influenced by the optical absorption of TiO, films as depicted
in Fig. 5. According to the figure, 10 minute sample shows the
highest peak absorption at 455 nm in visible region and 3 minute
sample possesses the smallest area of window absorption. The
higher peak absorption and the larger area of absorption window
caused the higher those photovoltaic parameters. It is also found
from the table that the Vo is quite similar to each other, indicating
that the growth time does not affect the V.

Also, according to Table 2, the highest # obtained is 0.86%. It is
higher than that reported in [18] that was 0.77% for the DSSC uti-
lizing TiO, films and coumarin dye. This is because N719 dye
possesses higher optical absorption than coumarin dye in visible
region. However, it is lower than that reported in [19] which was
1.69% obtained from the DSSC utilizing TiO, films prepared via

Table 2. Photovoltaic parameters and EIS data of the device utilizing TiO, prepared by various growth times

Growth time (minute) Voc (V) ( mA] S;n_z) FF 1 (%) Ry (Q) R (Q) 7 (ms)
3 0.60 0.87 0.48 0.25 20 165 2.0
5 0.62 2.04 0.50 0.63 20 400 2.0
7 0.62 2.30 0.57 0.81 20 600 32
10 0.62 2.60 0.53 0.86 50 2400 32
12 0.61 2.36 0.46 0.67 10 1000 0.5
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liquid phase deposition technique. It is also lower than that reported
in [18] that was 5.36% for the DSSC utilizing N719 dye. The lower
n of this work compared with that reported in [18, 19] might be due
to the thickness of TiO, films in this work is smaller than that in
[18,19]. The thicker films provide more number of free electron-
hole pairs upon light illumination.

4. CONCLUSIONS

The films have successfully been prepared via microwave irradi-
ation technique at low temperature for short period, 3-12 minutes.
The XRD analysis confirms the presence of anatase phase for all
samples with variation of growth times. The FESEM images reveal
that morphological shape of nanotablet was obtained at shorter
irradiation time, followed by nanosheet and nanoparticle at longer
growth time. The particle size and thickness increase with growth
time but the particle density decreases with growth time. The un-
coated dye and coated dye samples grown at 10 minutes possesses
the highest optical absorption and the broadest absorption window.
The DSSC utilizing the sample prepared for 10 minutes demon-
strated the highest performance with the Jsc, V. and 7 of 2.60 mA
em?, 0.62 V and 0.86%, respectively due to broadest absorption
window, the highest recombination resistance (R.) and longest
charge carrier lifetime (7).
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