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A commercial TiO, powder was deposited on F-doped SnO, (FTO) glass substrates by a spray coating
technique with different thicknesses (6, 10 and 14 um) to be used as photo-anode in dye-sensitized
solar cells (DSSCs). N3 dye was adsorbed on each TiO; film for 16 h. The resulting electrodes were
used to form dye-sensitized solar cells in combination with conventional electrolyte and counter-
electrode. The cells were investigated by I-V characteristics and electrochemical impedance spectra.
The cell formed with a TiO; film of 10 pm thickness reached the best performance. This thickness
resulted as the best compromise in terms of absorption of incident light on the N3 dye, reduction of the
recombination processes and suitable series and charge transfer resistance
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are potentially low-cost photovoltaic devices alternative to
p-n junctions [1-5]; they consist of a sensitizing dye, a nanoporous metal oxide film, an electrolyte and
a counter electrode [6-10]. Light is absorbed by the sensitizer, which is anchored to the surface of a
wide band gap semiconductor. The use of sensitizers having a broad absorption band in conjunction
with oxide films of nanocrystalline morphology permits to harvest a large fraction of sunlight [11-13].
Usually the working electrode in these systems is a TiO, nanocrystalline film comprising of a three-
dimensional network of interconnected 15-20 nm-sized nanoparticles sintered onto a conductive glass
substrate [14]. As opposed to silicon-based devices where the semiconductor absorbs the light and
transports the released charge carriers, the two tasks are separated in a DSSC system [6]. On
illumination, the surface-adsorbed panchromatic dye absorbs photons giving rise to a jump of electrons
from HOMO to LUMO which lies above the conduction band of the semiconductor. The dye in the
excited state injects electrons into the conduction band of the semiconductor resulting in charge
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separation. The oxidized dye is quickly reduced to its ground state by the iodide/tri-iodide redox
species in the electrolyte before it can recapture the injected electron. Meanwhile, the injected electron
is transported in the conduction band of the semiconductor by diffusion [15] to the charge-collecting
conductive glass substrate from where it performs useful work in an external circuit. Through this
circuit, electrons return to the cell at the counter electrode to reduce the redox species in the
electrolyte.

Suitable photoconversion efficiencies [15] have been reported with these systems. The best
efficiencies have been measured on a very low geometrical area (about 0.25 cm?) and by using a
multilayer approach which consists in expensive and time consuming procedures [16-20]. Usually, an
optimized electrode is formed by using various procedures and treatments to give high electrochemical
performance. FTO, after cleaning, is usually immersed in 40 mmol L™ TiCl, aqueous solution at 70°C
for 30 min and successively washed with water and ethanol. The glass is then treated at 450°C for 30
minutes [16]. Afterwards, a TiO, paste is coated on this modified FTO glass by doctor blade or screen
printing techniques to obtain a TiO, film of 8-15 um. This film is dried at 125°C. Successively, a TiO,
light-scattering layer of 4-5 um is added by using titania particles of about 200 nm in size. The double-
layer TiO, film is gradually heated under an airflow up to 500°C [16]. According to this procedure, the
preparation of an optimized electrode is quite expensive and time consuming for a large scale
production. Moreover, the use of pre- and post-layers to improve adhesion and favour light-scatter
properties, respectively, makes more complicate the understanding of the absorption layer properties
that usually play the main role in the electrochemical cells. In this work, our approach was consisting
of a very simple procedure to deposit the TiO; layer on the F-doped SnO, (FTO) glass substrates by a
spray technique and successive heat treatment at 450°C, without any further process. The effect of
TiO; layer thickness on the photo-electrochemical performance was investigated and the different
results were interpreted on the basis of electrochemical diagnostics. A geometrical area of 1 cm? was
used in our investigation.

2. EXPERIMENTAL

Photo-anodes and counter-electrodes were prepared on FTO glass (sheet resistance: 15Q/o)
substrates [21]. The TiO, paste for the photo-anode was prepared from commercial powder (Degussa
P25) and deposited by a spray technique onto the substrate [21]. Afterwards, electrodes were sintered
at 450°C for 30 minutes; the sintering process allowed the titanium dioxide nanocrystals to sinter and
join together, in order to ensure electrical contact and mechanical adhesion on the glass. Dye
sensitization was carried out by immersing the sintered electrodes in 0.2 mM N3 solution (Solaronix)
in ethanol for about 16 hours. Electrolyte consisted of 0.4M Lil, 0.04M 1,, 0.3M 4-tertbutylpyridine
(TBP) and 0.4M tetrabutylammonium iodide (TBAI) in Acetonitrile [22]. The Platinum counter
electrode was prepared by depositing the hexachloro platinic acid based solution on FTO glass
substrate, followed by sintering at 450°C for 30 minutes.

Current-voltage curves of the devices were recorded under simulated AM 1.5 solar illumination
(Osram, 300W) at 25°C. The incident light intensity was adjusted to 100 mW cm™ by using a
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photometer (3M Photodine Inc.). The cells operating under simulated solar illumination were
connected to an Autolab Potentiostat/Galvanostat (Metrohm) equipped with a Frequency Response
Analyzer (FRA). The active area of the cells was 1 cm?® Electrochemical Impedance Spectroscopy
(EIS) measurements were carried out at room temperature in the frequency range 1 MHz-0.1 Hz at
open circuit voltage (OCV); the amplitude of potential pulse was 0.01 V.

Scanning Electron Microscopy (SEM) analysis of TiO,-coated FTO glasses was carried
out by a FEI XL30 SFEG microscope. UV/vis spectra were carried out on a Hewlett-Packard model
8453 spectrometer.

3. RESULTS AND DISCUSSION

Figure 1. SEM cross-sectional images of TiO,-coated FTO glasses at low magnification (a) and at
high magnification (b), (c) and (d) with the estimation of TiO, thickness.

Fig. 1 shows cross-sectional SEM images of the TiO,-coated FTO glasses after the sintering
process at 450°C. The grains appear well connected each other with suitable mesoporosity to allow for
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a formation of an extended electrode-electrolyte interface. The different TiO, thicknesses (6, 10 and 14
um) onto the FTO glass are clearly observed in Fig. 1 b, c and d.
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Figure 2. ]-V curves for DSSCs using TiO; at different thicknesses as photo-anodes.

Fig. 2 shows the photocurrent-voltage characteristics for the DSSCs based on TiO; films with
different thicknesses.
The conversion efficiency was calculated as follows:

Ve jsc FF
0p) = —OC JsC
1(%) =55
where Ps stands for the power density of the incident illumination, and the fill factor is
calculated by:

FF — me Jmm

VOC jSC

where j, and V, are respectively current density and voltage for maximum power output.

The conversion efficiencies (1), fill factors (FF), short circuit current densities (jsc) and open-
circuit photo-voltages (Voc) for the different DSSCs using various TiO; thicknesses at the photo-anode
are summarized in Table 1.
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Table 1. Performance characteristics for the different DSSCs using various TiO; thicknesses at the
photo-anode.

TiO, thickness

(nm)
6 0.68 3.6 0.5 1.2
10 0.69 4.3 0.5 1.44
14 0.71 3.3 0.42 1.0

The photo-electrode with a thickness of 10 um showed the best performance in terms of
conversion efficiency, short circuit current density and fill factor; the open-circuit photo-voltage was
the largest for the electrode of 14 um.
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Figure 3. Variation of Open Circuit Voltage (a) and Short Circuit Current Density (b) as a function of
TiO, thickness of the photo-anodes.
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Fig. 3 shows the variation of Voc and jsc as functions of TiO, film thickness at the photo-
anode. A linear increase of Voc was recorded as the thickness of the TiO, films increased. This
indicates that the uptake of the N3 dye in the TiO, layer, which acts as absorber of the incident light,
increases with the thickness, as can be observed in Fig. 4; whereas, the jsc showed a volcano shape

behaviour with a maximum at 10 pm.
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Figure 4. Absorbance spectra of the photo-anodes with different thicknesses (6, 10 and 14 um).

This can be explained by the fact that being the diffusion lengths (Lp) similar in the three
electrodes (same materials), a smaller thickness reduces the probability of recombination for the
charge carrier.
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Figure 5. Variation of Fill Factor (a) and Efficiency (b) as a function of TiO, thickness of the photo-
anodes.

Also the fill factor (see Fig. 5a) was lower for the thick electrode, indicating an increase of
recombination processes caused by the high thickness of the film. On the contrary, the thinnest photo-
anode is characterized by low recombination phenomena and also low capability to adsorb sun-light
(Fig. 4). As a consequence of all these results, the best efficiency was achieved for the intermediate
thickness of 10 um for TiO; layer deposited by a spray technique (Fig. 5b).
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Figure 6. Electrochemical Impedance Spectra for DSSCs using TiO; at different thicknesses as photo-
anodes.
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Electrochemical Impedance Spectroscopy (EIS) has been widely used to investigate the
interfacial charge transfer processes occurring in DSSCs [23]. The Nyquist plots reported in the
literature for DSSCs consist of two [24] or three [23] semicircles. These are generally related, in order
of decreasing frequencies, to counter-electrode/electrolyte interface, TiOj/electrolyte interface and
ionic diffusion of I3 species in the electrolyte. Our ac-impedance spectra essentially show two
semicircles (Fig. 6). In addition, at very low frequencies, the onset of a linear behaviour with a slope
of about 45°C is observed (Fig. 6). This is indicative of a Warburg-like diffusion component possibly
related to the diffusion of ionic species at the TiO; interface. The ac response due to the diffusion of
ionic species in the bulk electrolyte should occur at lower frequencies. This effect is possibly not
recorded in the present spectra characterized by a low-frequency limit of 0.1 Hz (a large scattering was
recorded below this frequency).

Rt is the charge-transfer resistance of the electrochemical reactions at the photo-anode and the
counter electrode. It is observed that the counter electrode is the same in all cells, thus the R reflects
the contribution for the photo-anode. The high frequency intercept measured under open circuit
condition is related to the series resistance (Rs). It accounts for the resistance of the conductive
materials in the cell with contributions from the FTO substrate layer, porous electrode material, current
collector and resistivity of the electrolyte.
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Figure 7. Variation of Series (a) and Charge Transfer (b) Resistance as a function of TiO; thickness of
the photo-anodes.

Rs and R values are reported in Fig. 7. It seems that there is not a strict correlation between Rs
values, which represents the ohmic contribution, and conversion efficiencies. Obviously, Rs increases
as the TiO; film thickness increases due to the fact that TiO; is a wide-gap semiconductor. On the
contrary, conversion efficiencies appear related to reaction kinetics (Rc). The reaction rate on the
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photo-anode is strictly related to the number of oxidized dye species that are reduced by I" ions at the
interface. This trend may also indicate that beside the recombination effect and absorption
characteristics, an important role is played by the amount of light (Fig. 4) that effectively reach the
electrode-electrolyte interface to promote the dye transition from ground to oxidized state. Thus, it is
related to the amount of dye absorbed on the TiO, surface and, hence, to the TiO, surface area and
porosity. Yet, a large thickness determines a large recombination and, thus, a lower charge transfer
resistance (Fig. 7). Accordingly, the photo-electrochemical performance, in terms of conversion
efficiency and jsc, decreased for the thick (14 um) TiO, electrode (Figs. 3 and 5).

4. CONCLUSIONS

An investigation of the optimal TiO, film thickness at the photo-anode of a DSSC was carried
out, without the use of pre- or post-layer in the photo-anode that may improve the performance, but
also make more complicate the analysis of the effect played by the absorber layer. Three different
thicknesses (6, 10 and 14 um) of the TiO, layer were prepared by using a spray technique and a
thermal treatment. Compared to the various reports in the literature, we used an easy, fast and low cost
preparation procedure. A thickness of 10 um for the TiO, photo-anode resulted the best compromise in
terms of intensity of incident light on the N3 dye, reduction of the recombination processes, suitable
series and charge transfer resistance properties. This was determined by a suitable compromise in
terms of absorption of sun-light and appropriate thickness in relation to the diffusion length of photo-
generated charge carriers.
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