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THE MORPHO-STRUCTURAL CHARACTERISTICS OF TiO,
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Mesoporous TiO, photoelectrodes using picosecond lasers (8 ps) with a high repetition
rate (50 kHz) and low energy/pulse (20 puJ) were successfully used in the fabrication of
dye-sensitized solar cells (DSSCs). The variation of the morpho-structural characteristics
of TiO, films deposited on indium tin oxide (ITO) substrates in the presence of different
oxygen pressures (0.04-1 Torr) was investigated. The oxygen pressure had a significant
influence on the film crystallinity, porosity and adherence, and as a result, on the cell
global efficiency. In the specific experimental conditions (532 nm laser wavelength, 0.17
J/em? fluence, 0.3 Torr oxygen pressure, 450 °C annealed film), a TiO, phase mixture of
rutile/anatase (85/15), with a grain size of 17.8 nm, was sintered. Using these films as
photoelectrodes, solar cells illuminated with AM 1.5 (100 mW/cm?) provided a maximum
power of 1.56 mW/cm” and an integral power conversion efficiency of 1.81%.
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1. Introduction

The need for renewable energy resources has driven research in the field of solar cells.
DSSCs are potential candidates for solar energy due to low-cost production, high-energy
conversion efficiency (~11%) and transparency.

Since 1991, DSSCs based on dye-sensitized porous nanocrystalline titanium dioxide
photoelectrodes have been extensively researched by the academic and industrial community
[1-7].

Nanocrystalline TiO, film is a basic component of DSSCs. A large variety of TiO, film
fabrication procedures can be found in the literature. The most common methods are doctor-
blading and screen printing, which begin with a mixture of TiO, nanoparticles and organic
additives. These methods have some drawbacks. TiO, photoelectrode fabrication requires an
additional high temperature process (~ 450 °C) to remove the organic additives, which implies
extra cost and environmental effects. Moreover, the shrinkage resulting from the decomposition of
the organic additives produces cracks, especially when the film is thicker (5-15 um).

Other fabrication methods have been also developed for deposition of TiO, such as
magnetron sputtering [6-9], chemical vapor deposition [10, 11], electron beam evaporation [4],
electrophoresis [5].

Progress in laser coating technology has provided new possibilities for film sintering.
Deposition of thin films by laser ablation (pulsed laser deposition, PLD) has been continuously
developed, and a great variety of materials have been synthesized, among them, TiO,. The TiO,
photoelectrodes made by pulsed laser deposition offer more advantages:
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(a) it is not necessary to use organic additives (binders and dispersants) as in conventional
photoelectrode sintering methods; (b) crack-free thick films can be sintered without difficulty; and
(c) the TiO, film thickness can be easily and precisely controlled.

Generally, conventional PLD uses high power pulsed lasers with a high energy/pulse
(xmJ-x100 mJ) and relatively low repetition rates (xHz-x100 Hz). The TiO, films grown by this
technique have micron-sized particulates in or on the film, are compact and often show columnar
growth. From the point of view of DSSCs, a compact TiO, film is disadvantageous because
without pores the penetration of the dye in the TiO, film is insignificant. Therefore, conventional
PLD is not suitable for the synthesis of solar cell TiO, photoelectrodes. In fact, the large majority
of the papers on TiO, films grown by conventional PLD [12-18] deal with film synthesis and
characteristics but do not demonstrate their efficiency as TiO, photoelectrodes in DSSCs .

There are very few reports on TiO, films produced by conventional PLD and used in
DSSCs [19, 20]. For example, standard PLD with a nanosecond excimer laser was used in [19] for
the deposition of very thin (30 nm) TiO, films, but only for use as electrical isolators; afterward, a
mesoporous TiO, layer was deposited by laser-induced forward transfer, starting from a colloidal
TiO, paste.

The development of high repetition rate (xkHz-xMHz) ultrafast lasers with low
energy/pulse (xulJ) offered new opportunities for laser deposition technology. The availability of
advanced high repetition picosecond or femtosecond lasers led to significant changes in the
ablation process and, therefore, in the structure of the deposited films [21]. In this case, the film is
formed by ablation from the target of a very small quantity of material, inhibiting the ablation of
micron-sized droplets; on the other hand, due to the high repetition rate, a continuous flow of
nanoparticles is possible. In this way, such systems allow a fine control over the quality of the
film.

This is why we considered this technique for the fabrication of TiO, films, with a final
application as photoelectrodes in DSSCs. To the best of our knowledge, this is the first
demonstration of this method for the synthesis of DSSC TiO, photoelectrodes.

In this article, we present the characteristics of mesoporous titania films grown by PLD
using a high repetition rate, low energy/pulse, picosecond laser. The influence of the sintering
conditions on the effectiveness of the photoelectrode was studied, and DSSC performances are
presented.

2. Experimental

The dye-sensitized solar cells studied in this work had a standard structure. The TiO,
photoelectrode was prepared by PLD using a picosecond Nd:YV Oy laser (8 ps pulse duration, 532
nm wavelength, 1 W average power, 5x10" pps pulse repetition rate, 0.17 J/cm® fluence). As target,
titanium (99.9%) was used; the substrate-target distance was 3 cm. The deposition was performed
in an oxygen atmosphere at different pressures in the range of 0.04 -1 Torr. In order to have good
electrical contact between the TiO, particles, after deposition the TiO, films were subjected to
thermal treatment at 450 °C for two hours in an oxygen atmosphere.

After cooling to 90 °C, the photoelectrodes were stained by immersion in a solution of
Ruthenium 535 dye (Solaronix) for 12 hours.

The substrate was ITO deposited on glass (Kintec, 25 mm % 25 mm, with 18 ohm/sq
resistivity). The resistivity increased to 52 ohm/sq after thermal treatment at 450 °C.

The platinum-coated conducting glass was used as a counter electrode (from Solaronix,
with ~14.5 Q/sq resistivity). For easily electrolyte filling, two holes (1 mm diameter) were drilled.

The two electrodes were assembled by means of a thermoplastic sealing gasket, 60 um in
thickness, heated to 120 °C. The cell was filled with the electrolyte iodolyte AN50 (Solaronix).
The two holes were sealed with the same thermoplastic membrane.

The morpho-structural analyses were performed by scanning electron microscopy (SEM)
with a Quanta Inspect F microscope and X ray diffraction (XRD) with a Ital-Structures model
GNR APD2000 diffractometer.

In order to evaluate the global efficiency, the cells were irradiated with a 100 mW/cm?,
lamp model OSRAM 600 W with a 1.5 AM filter. The device illumination was made through a
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mask of 10x10 mm” in order to avoid any additional light, which could be transmitted by the glass
edges or reflections from the silver paint. The current-voltage (I-V) characteristics were recorded
by a Keithley 6517 A electrometer and a Keithley 2400 sourcemeter.

3. Results and discussion

The morpho-structural characteristics of the TiO, films deposited at different oxygen
pressures are presented below.

XRD spectra of the films deposited at oxygen pressure of 1-0.04 Torr at room temperature
(RT) and annealed at 450 °C are plotted in figures 1-3.

In figure 1 (a) and (b), it is evident that the films deposited at 1 Torr oxygen pressure
present characteristic peaks of the TiO, rutile phase and ITO (used as the substrate). The TiO,
films deposited at RT exhibit only an incipient rutile phase superposed on an amorphous
background. After the thermal treatment, the film was very well crystallized, and an additional
Ti;0 peak appeared. The grains size evaluated from XRD spectra using the Debye-Scherer
formula was 18.2 nm.
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Fig.1 XRD spectra of the TiO, films deposited at 1 Torr oxygen pressure: a) RT,
b) annealed at 450 °C.

In figure 2 (a) and (b) XRD spectra are presented for the films deposited at 0.3 Torr. In
this case, in addition to the rutile phase, an incipient anatase phase appeared (fig. 2a) at RT. After
annealing, the films became better crystallized, but a mixture of anatase and rutile phases formed
(fig. 2b): 15% anatase and 85% rutile. The grain size was 17.8 nm.

We must mention that also at 0.5 Torr, the film exhibited similar XRD spectra as at 0.3
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Fig. 2 XRD spectra of the films deposited at 0.3 Torr oxygen pressure:a) RT,
b) annealed at 450 °C.
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The films deposited at 0.04 Torr oxygen pressure, fig. 3 (a) and (b) show that at RT no
rutile phase formed, but only the peak characteristic of the anatase phase (112) was observed.
After thermal treatment, anatase and rutile phases appeared;

quantitative analysis indicated a mixture of approximately 28% anatase and 72% rutile
with 18 nm grain size.

The XRD results indicated that the thermal treatment was critical for film crystallization.

On the other hand, the phase composition also was dependent on the oxygen pressure. At
higher pressures, the rutile phase was more dominant.

At higher oxygen pressures (concentration), the rutile phase was promoted than anatase
because in the laser beam-target interaction region, the temperature was higher due to the
oxidation reaction, and at higher temperatures, rutile phase was formed.
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Fig.3 XRD spectra of the films deposited at 0.04 Torr oxygen pressure: a) RT, b)
annealed at 450 °C.

One of the factors which determines the performance of the cells is specific surface area
and film porosity because it is needed for TiO, photoelectrode dye impregnation. Therefore, we
were interested in the film structure, particularly after thermal treatment (as the films were to be
utilized as photoelectrodes in DSSCs).

In figure 4, the SEM images of the films deposited at RT and different oxygen pressures
are presented after thermal treatment.
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Fig. 4 SEM cross section images of the films deposited at different oxygen pressures and RT;
after deposition the films were annealed at 450 °C.
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The investigations show that at higher deposition pressure the films became more porous,
but at the same time the adherence on the ITO/glass substrate decreased despite the thermal
treatment. The films deposited at 1 and 0.3 Torr (fig. 4(a)-(d)) had a porous structure consisting of
nanometric particle agglomerations.

At 1 Torr, it was obvious that the film had larger pores. At higher pressure, the collision
rate of the ejected nanoparticles with oxygen molecules is higher, leading to larger agglomerations.
On the other hand, due to the fact that the velocity of the agglomerated particulates toward the
substrate decreased significantly at 1 Torr, their adherence to the substrate and to other
agglomerations was weaker. Thus, films deposited at an oxygen pressure of 1 Torr had practically
no adherence and were easily wiped away. In addition, the particle packing density decreased, and
the pores became larger.

On the other hand, if the pressure was decreased drastically to 0.04 Torr (fig. 4 (e),(f)), a
major change in the film structure was observed. These films were compact, showed columnar
growth and had much lower porosity and very good adherence. The lower porosity of the films
deposited at low pressure was also confirmed by the fact that after the dye impregnation, the color
of the film was much more pale in comparison with the films grown at higher pressures.

Taking into account the above facts, from morphological point of view, the most suitable
films were those fabricated at 0.3 Torr.

We must also mention another advantage of the method used in this work: all films
regardless the deposition pressures are crack free. This feature is very important; the films
deposited by the standard “doctor blade” method, for example, have some drawbacks. If the film is
thicker (> 5 um), it is difficult to avoid the cracks.

The performances of the solar cells based on the TiO, films described above are presented
below.

Fig. 5 shows plots I-V characteristics in the fourth quadrant (a) and power-voltage (P-V)
(b) curves for a cell fabricated with the TiO, film deposited at 0.3 Torr and annealed at 450 °C
(film thickness: 13 pm) illuminated by an integrated power of 100 mW/cm?®. The typical cell
parameters were a maximum output power P,.,= 1.56 mW/cmZ, a short-circuit current 1,,=3.72
mA/cm?, an open-circuit voltage V=767 mV, and a fill factor FF=0.61.
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Fig. 5 -V (a) and P-V (b) characteristics of the cell with a TiO, photoelectrode sintered at 0.3 Torr,
450 °C, film thickness: 13 um.

The estimation of the series and shunt resistances of the cell were based on I-V
characteristics. The equivalent circuit of the cell deposited at 0.3 Torr is drawn in fig. 6. From
calculation, the value of the series resistance is 58 €, and the shunt resistance is 2.6 kQ.
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Fig. 6 Equivalent circuit of the cell obtained using a TiO, film deposited at 0.3 Torr.

It is clear that the poor efficiency of the cell was in principal due to the low amount of
absorbed dye and low diffusivity of the iodine species. Presence of the rutile phase and high series
resistance, are also responsible for additional losses. In our case, ITO had an initial resistivity of
18 ohm/sq, but it increased to 52 ohm/sq after thermal treatment at 450 °C.

Table 1 summarizes the main characteristics of the solar cells with photoelectrodes
prepared at different oxygen pressures.

Table 1. Characteristics of the cells using TiO, photoelectrodes obtained directly by laser ablation.

n(%)
Without n(%)
Oxygen Tin film T v I p tas:king chking
Cell no. | Pressure thickness (o ) (m%j) ( mA/SE:mz) (ran/I::xrnz) into into
(Torr) (um) account account
reflection | reflection*
*
1 1 11.4 450 532 0.32 0.09 0.09 0.10
2 0.5 13.4 450 730 1.66 0.6 0.6 0.69
3 0.3 8.3 450 723 4.16 1.5 1.5 1.74
4 0.3 13.0 450 767 3.72 1.56 1.56 1.81
5 0.3 8.0 RT 488 0.83 0.14 0.14 0.16
6 0.04 5.7 450 348 0.41 0.06 0.06 0.07

(* reflection of the incident light on the cell).

First of all, one can note that the cells prepared at 0.3 Torr and annealed at 450 °C
provided the highest efficiency. The insignificant difference of the efficiency between the cells
with film thicknesses of 8.3 and 13 pum (cells 3 and 4) indicated that the optimal thickness of the
TiO; film is around 10 pm. Comparing the cells with annealed and unannealed films (see cell no 3
and 5), the efficiency decreased dramatically for those that were not annealed. This result can be
explained by the poor crystallinity and low electrical connectivity of the particles, which cannot
ensure a high mobility of the photocharge carriers and good collection.

In the case when the film was deposited at higher pressure, the efficiency diminished
considerably to 0.69% or 0.1% for the 0.5 or 1 Torr deposition oxygen pressures, respectively.
This is caused by low particle connectivity in terms of the particle packing density. Because the
particles or clusters ejected from the target slow down considerably at higher pressures, the film
had a lower packing density, larger pores and consequently a lower interparticle connectivity. In
addition, as XRD investigation (fig. 1) showed, at higher pressures the film structure presented
only the rutile phase; this contributed to the decrease in the cell performance because the electron
transport is slower in the rutile layer than in the anatase layer [22].

In addition, the cells deposited at very low pressure, 0.04 Torr, were very poor, but the
explanation is different. As we mentioned above, in this case, the TiO, electrode was a very dense
layer with very low porosity (figures 4 (e),(f)), which does not allow the dye absorption in the
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TiO, film (also demonstrated by the film faint color after dye impregnation). This decreased the
photoactive area responsible for the photovoltaic response.

4. Conclusions

Laser ablation method for directly producing TiO, photoelectrodes using high repetition
rate (50 kHz) and ultrafast lasers (8 ps) with a low energy/pulse (20 puJ) was successfully
demonstrated.

We underline that the nanoporous crack-free films can be sintered without difficulty,
regardless of the film thickness, without the need for organic additives. The study indicated an
optimal oxygen pressure of 0.3 Torr at which the film was nanoporous and crack-free, consisting
of a rutile/anatase mixture with a 17.8 nm grain size.

The maximum power and conversion efficiency were 1.56 mW/cm® and 1.81%,
respectively.

Despite the fact that the cell efficiency was still lower in comparison with those fabricated
by conventional methods, new possibilities are opened. This method is expected to be further
improved by additional relevant experiments under carefully tailored conditions (laser wavelength,
repetition rate, fluence, etc., high specific surface area and obtaining of anatase phase).
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