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Abstract—A TiO, blocking layer in DSSC provides good adhesion between the fluorinated tin oxide (FTO) and an
active TiO, layer, and represses the electron back transport between electrolyte and FTO by blocking direct contact.
In addition, it offers a more uniform layer than bare FTO glass. In this study, a dense TiO, layer is prepared by elec-
trodeposition technique onto an FTO substrate, and it is further used for efficiency measurement of dye-sensitized solar
cell (DSSC). The thickness of TiO, blocking layers is controlled by applied voltage and deposition time. The morphology
and crystalline structure of TiO, blocking layers are characterized by scanning electron microscopy (SEM), atomic
force microscopy (AFM) and X-ray diffraction (XRD). The effect of thickness of TiO, blocking layers on transmittance
is also examined by UV-vis spectrophotometer. For the best performance of the cell efficiency, the optimum blocking
layer thickness is about 450 nm fabricated at 0.7 V for 20 min. The conversion efficiency from the DSSC including
the optimum blocking layer is 59.34% improved compared to the reference cell from 2.41% to 3.84%. It demonstrates

that the electrodeposition is a useful method to produce TiO, blocking layer for DSSC applications.
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INTRODUCTION

Production of energy from fossil materials has polluted the envi-
ronment. The conversion of solar radiation to electricity has become
more and more important, because sunlight is a clean and limitless
energy source compared to the traditional fossil energy source [1-
3]. DSSC, a device that converts sunlight into electricity based on
dye-sensitized TiO, nanocrystalline film, has attracted considerable
attention due to its low cost and easy process. However, DSSC has
a problem of relatively low conversion efficiency compared to other
silicon-based solar cells. Some hot issues to increase the efficiency
are the suitable structure of porous TiO, film at nanoscale in order
to increase the amount of dye adsorption and an effective model to
expedite the transport of electrons [2,4].

In DSSC, an electron transfer cycle is completed by the follow-
ing process. The electrons excited from dye are transferred through
the conducting band of TiO, nanocrystallite and FTO electrode, step
by step [5]. The dye is regenerated by electron donation from the
redox system of the electrolyte, such as the iodide/triiodide (I7/15)
couple. The iodide is recovered by reduction of triiodide on the plati-
num layer of the counter electrode. Among the interfaces described
previously, serious recombination of electrons can be conducted
between the interface of TiO,/FTO. The electron transfer on the FTO
is intercepted by reduction of the electrolyte penetrated onto the
electrode. Thus, considerable attention has been focused on reduc-
ing electron recombination at the interface between FTO substrate
and electrolyte. Previous investigations have demonstrated that it is
effective to introduce a compact and thin TiO, blocking layer onto
the transparent conducting glass substrate [6-9]. The schematic on
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Fig. 1. Schematic view of the DSSC including a blocking layer for
preventing electron recombination.

the effect of the blocking layer is shown in Fig. 1. Various preparation
methods for the blocking layer have been reported, such as sputter-
ing [10,11], sol-gel [12,13], spray-coating [14,15], spin coating [16],
and dip coating [17] techniques. However, these methods suffer from
high cost and difficult process control, as well as other problems.

In this study, which is targeted to overcome the faults of these
methods, the electrodeposition is proposed with its simple process
and easy control [18-20]. Several researches have tried to apply the
electrodeposition to produce a densely packed blocking layer [21,22].
However, those reports are limited to just mentioning without fur-
ther specific investigation. Therefore, more detailed researches on
the formation of the blocking layer are required. We systematically
examine the effect of the experimental parameters such as deposi-
tion time and applied voltage on the formation of the blocking layer
and investigate the optimal thickness of TiO, blocking layer to apply
for DSSC by controlling voltage and deposition time.
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EXPERIMENTAL

1. Materials

TiCl, solution of 20 weight percentage was purchased from Alfa
Acsar Co. Ltd. (USA) for electrodeposition. The colloidal TiO, paste
for doctor blade was obtained by adding 0.375 g polyethylene oxide
(PEO, Sigma-Aldrich), 1.5 g TiO, particles (P25, Degussa) and 0.3
ml Triton X-100 (Sigma-Aldrich) into 20 ml mixed solution of deion-
ized (DI) water and ethanol (50 : 50 ratio). The solution was stirred
for 24 h and then kept at room temperature for further use. H,PtClg
(Sigma-Aldrich), N719 (Solaronix), I'/1; electrolyte (HC-DII, TG-
energy) were also used for cell fabrications. FTO conductive glass
of 18 Q/cm” was used as substrates.
2. Electrodeposition of a TiO, Blocking Layer on a FTO Sub-
strate

Before electrodeposition, the FTO glass was dipped in a solu-
tion of ethanol and acetone (50 : 50 ratio), and it was thoroughly
cleaned with ultrasonication in DI water. For preparation of TiO,
blocking layer, 16 vol% of TiCl; electrolyte solution was prepared
by diluting with DI water, and then pH of the solution was adjusted
to 2.1-2.2 to increase deposition efficiency as reported elsewhere
[23]. A schematic diagram of the electrodeposition system is shown
in Fig. 2. Three-electrode electrochemical cells were equipped with
a Pt-mesh counter electrode, an Ag/AgCl reference electrode, and
a FTO conductive glass (1.5%1.5 em?®) working electrode. Working
voltage ranged from 0.1 V to 1.0 V using a potentiostat (Iviumstat,
Netherland) for various deposition time periods. After the electrodepo-
sition, the substrates were washed with ethanol and sintered for 30
min at 450 °C.
3. Fabrication of DSSC

The TiO, paste was coated by a doctor blade method on the elec-
trodeposited blocking layer, and it was sintered at 450 °C for 30 min.
The thickness of the resulting layer was measured to approximately
17 um. The active area of the prepared mesoporous TiO, electrode
was 25 mm’” (5 mmx5 mm). Dye adsorption was carried out by dip-
ping the TiO, electrode in dye solution at room temperature for 24 h.
The working electrode was then washed, dried, and used for fabri-
cation of DSSCs. The counter electrodes were prepared by placing
a few drops of 0.007 M H,PtCl, isopropanol solution on FTO sub-
strates and by sintering at 450 °C for 30 min. The counter electrode
was assembled with the dye adsorbed TiO, working electrode with
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Fig. 2. Schematic diagram of the electrodeposition cell system with
three-electrodes.

Surtyn resin (Peccell-Technologies) by heat treatment (90 °C). Finally,
the electrolyte was filled to the internal space between two elec-
trodes for electrical measurements.
4. Measurements

X-ray diffraction (XRD, D/MAX 2500, Rigaku, Japan) patterns
were measured for crystalline structure analysis of TiO, blocking
layers using Cu K o radiation. Scanning electron microscope (SEM,
SUPRA 55VP, Germany) and atomic force microscope (AFM, Digi-
tal Instrument Nanoscope Multimode Iva, USA) were employed
to inspect surface morphologies and thicknesses of the TiO, block-
ing layers. A UV-vis spectrophotometer (S-4100, Scinco, Korea)
was used for measuring the transmittance of various thicknesses of
the TiO, blocking layers. Finally, the open-circuit voltage V,,. (V),
short-circuit current density J,. (mW/cm?), fill factor (%) and energy
conversion efficiency (%) of DSSCs were measured using a solar
simulator (PEC-L11, Japan) and a potentiostat. The light source
was a 100 W Xe lamp with light density of AM 1.5 (100 mW/cnr’).

RESULTS AND DISCUSSION

1. XRD Analysis

Fig. 3 shows XRD patterns of the electrodeposited TiO, films
formed at various voltages from 0.1 V to 1.0 V for different time
periods. The characteristic peaks of all the TiO, films consist of mostly
anatase crystalline phase mixed with some extent of rutile phase.
The peak at 26=25.4 becomes sharp as voltage is increased, which
means that the grain size of anatase crystalline TiO, phase increases.
The mean grain size of the crystalline phase can be calculated using
Scherrer’s equation [24]: t=0.94/os6), where A is the X-ray wave-
length 1.54056 (A), Bis the full width at half maximum (FWHM)
of peaks, and @is the Bragg angle. The calculated grain size was
grown to about 15 nm for the thickest film, and good crystalline
structure of TiO, film was generated on FTO substrate by elec-
trodeposition.
2.SEM Analysis

Fig. 4 shows the SEM images of surface structures of the TiO,
films on FTO substrate fabricated at various applied voltages (0.5 V,
0.7V, 0.9 V) for various deposition times (5 min, 10 min, 15 min).
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Fig. 3. XRD patterns of the TiO, blocking layers electrodeposited
at various applied voltages and deposition times.
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Fig. 4. SEM images showing variation of surface morphologies formed at various applied voltages and deposition times.

From the morphologies, uniform surface structure with no cracks
was obtained at the applied voltage of 0.7 V in Fig. 4(b), (e), and
(h). It demonstrates that there is an optimal voltage condition for
film fabrication by electrodeposition method. Two competitive crys-
tal growth mechanisms are reported [25] by electrodeposition reac-
tion, and these are parallel or perpendicular directions to the FTO
substrate. For example, applied voltage other than the optimum value
produces non-uniform film structure due to the unequal crystal growth
in parallel and perpendicular directions. The cracks are clearly seen
on the TiO, films formed at 0.5V and 0.9 V for all the reaction cases.
Therefore, finding an optimum voltage condition for electrodeposi-
tion reaction is important for further investigations of DSSC effi-
ciency measurements using the films as blocking layers.

The film thicknesses of TiO, blocking layers on FTO substrates
were also measured by SEM, and three example pictures are shown
in Fig. 5. The film thickness increases with increasing applied volt-
age and with increasing deposition time. For instance, the film thick-
ness increased from 194.1 nm to 247.1 nm as the voltage was in-
creased from 0.6 V to 1.0V, and it increased from 247.1 nm to 458.8
nm as the depositing time was increased from 5 to 10 min. Film
thicknesses measured from all our experimental conditions are shown
in Fig. 6, which shows linear increment with applied voltage and
deposition time. However, one should be cautious of using high
voltage for electrodeposition because it can lead to fall-off prob-
lems of the formed particles due to the excessive deposition speed
of particles [26].

3. UV-vis Spectrophotometer Analysis
The light transmittance is highly dependent on the thickness of

March, 2012

films, and it is an important parameter for DSSC applications. As
explained above, thickness of the TiO, blocking layer increases with
applied voltage and deposition time. Fig, 7 shows UV-vis transmit-
tance spectra of the TiO, blocking layers prepared by electrodepo-
sition at 0.7 V for various deposition times including a bare FTO
substrate as a reference. As expected, the light transmittance decreased
with increasing thickness because light is more absorbed and reflected
in thicker film. Through the visible wavelength region, the trans-
mittance decreases gradually until a deposition time of 20 min, but
it drops abruptly at 30 min of deposition time. Generally, the N719
dye has good light absorbance at visible light; thus the collection of
enough light is expected for the high energy conversion efficiency.
Clearly, the light conversion efficiency of DSSC can be affected by
the transmittance reduction, for example, around at 480 nm from
42.4% (20 min) to 12.4% (30 min). It will be further discussed in
the following cell efficiency section.
4. AFM Analysis

The surface morphologies of (a) electrodeposited blocking layer
and (b) bare FTO glass were investigated by AFM as shown in Fig,
8. To quantitatively determine the surface roughness, the roughness
factor (Ra) of each film was measured. The Ra value on the elec-
trodeposited blocking layer was about 59 nm, but it was about 174
nm from the bare FTO glass. This demonstrates that the electrode-
posited TiO, layer provides much smoother and more uniform sur-
face than the bare FTO substrate case, and it further offers excel-
lent surface flatness after the TiO, particle layer from the doctor
blade process. In addition, the flatness of this TiO, blocking layer
might possess a good characteristic for preventing electron recom-
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Fig. 5. Cross-sectional SEM images of electrodeposited blocking
layers with different film thicknesses.

bination through the surface compared to the rough surfaces hav-
ing many possible electron doors for passages.
5. Analysis of Electrical Properties

As shown in Fig. 6, the thickness of the blocking layer increases
at high voltage and at high deposition time. In addition, light trans-
mittance through this blocking layer decreases for thick films. There-
fore, it is necessary to examine photocurrent-voltage characteristics
of DSSC using the blocking layers deposited with different voltage
and deposition time. Fig. 9(a) shows the conversion efficiency for
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Fig. 6. TiO, film thickness as a function of applied voltage for three
deposition times.
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Fig. 7. Transmittance spectra from the blocking layers fabricated
at 0.7 V for various deposition times on FTO substrates.

all experimental conditions, and it clearly shows the maximum values
from the blocking layer fabricated at 0.7 V and incorporated into
the DSSC. It is mainly attributed to the uniform and clean layer char-
acteristics (no cracks) as explained in the SEM analysis. We fur-
ther explored the conversion efficiency for thicker blocking layers
which were deposited at 0.7 V for longer deposition time (Fig. 9(b)).
The thickness of the blocking layer increases proportionally to the
electrodeposition time, but the conversion efficiency shows high
values for only the blocking layer thickness of 400 nm to 600 nm,
with the maximum efficiency at about 450 nm. The reduction of the
conversion efficiency for the thick blocking layer possibly results from
the reduction of light transmittance, as discussed in UV-vis spectro-
photometer analysis. Other articles [27,28] also reported the optimal
thickness in DSSC for a blocking layer made from a sputtering method
to be 400 nm to 450 nm, and it is consistent with this study.

Fig. 10(a) shows the comparison of photocurrent density-voltage
(J-V) characteristics from the reference DSSC (no blocking layer)
and from the DSSC with the blocking layer formed at 0.7 V for 20
min. The cell efficiency was improved about 59.34% from 2.41%
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Fig. 8. AFM images from (a) the blocking layer and from (b) a bare FTO glass.
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Fig. 9. Conversion efficiency of DSSCs including various thicknesses of blocking layers made from different voltages and deposition times
(a), and conversion efficiency of DSSCs as a function of thickness of blocking layer made at 0.7 V (b).

to 3.84% by introducing the electrodeposited TiO, blocking layer.
In addition, Fig. 10(b) demonstrates the dark current-voltage char-
acteristic curve to see the effect of the blocking layer, and shows
that the onset of the dark current occurs at high forward bias with
the blocking layer due to suppressing the recombination reaction.
It is attributed to the reduced electron recombination without much

loss of light transmittance by introducing effectively the TiO, block-
ing layer between the FTO substrate and the TiO, paste film.

CONCLUSIONS

A flat, dense, and compact TiO, nanocrystalline film on bare FTO
March, 2012
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Fig. 10. I-V curves of DSSCs for photocurrent (a) and dark current (b) densities from the cells with the blocking layer and no blocking

layer.

substrate was fabricated by electrodeposition method. The block-
ing layer has similar crystalline structure regardless of deposition
time and applied voltage, and the layer thickness increases with in-
creasing the deposition time and applied voltage. A clear boundary
of the applied voltage for electrodeposition was observed for mini-
mizing crack formation on the blocking layer. The optimum volt-
age and thickness in DSSC application with the blocking layer were
found to be approximately 0.7 V and 450 nm. Applying this block-
ing layer to the DSSC, the cell efficiency was enhanced by 59.34%
from 2.41% to 3.84%, compared to the reference cell case without
the blocking layer.
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