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Abstract

Techniques of TiO, film fabrication for dye-sensitized solar cells having a conversion efficiency of global air mass 1.5 (AM 1.5, 1000 W/m?)
solar light to electric power over 10% are reported. Newly implemented fabrication technologies consist of pre-treatment of the working
photoelectrode by TiCly, variations in layer thickness of the transparent nanocrystalline-TiO, and applying a topcoat light-scattering layer as well
as the adhesion of an anti-reflecting film to the electrode’s surface. TiCl, treatments induce improvements in the adhesion and mechanical strength
of the nanocrystalline TiO, layer. Optimization of the thickness of the TiO, layer, acting as the working electrode, affects both the photocurrent
and the photovoltage of the devices. Covering of the TiO, photoanode by an anti-reflecting film results in enhancement of the photocurrent. Each
of these components of film fabrication exerts a significant influence on the overall photovoltaic parameters of the devices resulting in

improvements in the net energy conversion performance.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Dye-sensitized solar cells; Porous TiO- film; Screen printing: High conversion efficiency; Reproducibility; TiCl, treatment; Light-scattering layer; Anti-

reflecting film

1. Introduction

Dye-sensitized solar cells (DSC) show great promise as an
inexpensive alternative to conventional p—n junction solar cells.
Investigations into the various factors influencing the photovol-
taic efficiency in this novel approach have recently been
intensified [1-4]. Highly efficient photovoltaic conversions,
combined with ease of manufacturing and low production costs,
make the DSC technology an attractive approach for large-scale
solar energy conversion [3]. For the optimization of the DSC
components, i.c., the oxide semiconductor, the sensitizer and the
electrolyte, exactitude in reporting the experimental procedures
used is indispensable in order to compare the data between the
many different laboratories active in this field.

* Corresponding authors. Tel.: +41 21 693 3112; fax: +41 21 693 6100.
E-mail address: michacl.gractzel@epfl.ch (M. Gritzel).
' Tel: +41 21 693 3112; fax: +41 21 693 6100.

0040-6090/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doiz10.1016/1.1s1.2007.05.090

Amongst the concepts fundamental to the development of the
dye-sensitized solar cell is the association of a highly porous
nanocrystalline TiO, film (affording a large inherent adsorptive
surface area), enhanced in recent designs by a light-scattering
topcoat, with a high molar extinction coefficient dye as sensitizer
to form the working electrode of the solar cell. Techniques in TiO,
film fabrication are, thus, a very important aspect in the
production of highly efficient DSCs. TiO, film preparation
utilizes the techniques of screen-printing for the nanocrystalline
and submicron-crystalline-TiO; film layers as well as a chemical
bath deposition for the TiCly treatment [6]. A photon-trapping
effect is induced by the use of the so-called “double layer” [7], i.c.,
the combination of a transparent nanocrystalline TiO- film with a
microcrystalline light-scattering layer, in conjunction with an
anti-reflecting film (ARF), thus, enhancing the incident photon-
to-electricity conversion efficiency (IPCE), also referred to as the
“external quantum efficiency”.

This manuscript describes the methodical fabrication of the
TiO, electrodes exploring the optimal cell design, while analyzing
the influence of various technical procedures on the photovoltaic
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performance of highly efficient DSC. A detailed procedure is
presented for fabrication of cells showing reproducible conver-
sion efficiencies over 10% under standard reporting conditions.

2. Experimental details
2.1. Materials

4-tert-butylpyridine (Aldrich), acetonitrile (Fluka), and valer-
onitrile (Fluka) were purified by vacuum distillation. Guanidi-
nium thiocyanate (Aldrich) and H,PtCl, (Fluka) were used as
received. H,O was purified by distillation and filtration (Milli-Q).
TiCly (Fluka) was diluted with water to 2 M at 0 °C to make a
stock solution, which was kept in a freezer and freshly diluted to
40 mM with water for each TiCl, treatment of the FTO coated
glass plates. Iodine (99.999%), (Superpur®, Merck) was used as
received. |-butyl-3-methyl imidazolium iodide (BMII) was
prepared according to the literature method [8].

2.2. Preparation of TiO, screen-printing pastes

Two types of TiO; pastes yielding nanocrystalline-TiO,
(20 nm, paste A) and microcrystalline-TiO, (400 nm, paste B)
particles were prepared, forming respectively the transparent and
the light-scattering layers of the photoanode. Scheme 1 depicts the
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stepwise preparation procedures for the paste (A) containing
nanocrystalline-TiO, (20 nm) particles.

2.2.1. 20 nm particle sized TiO, colloid: preparation and
characterization

An amount of 12 g (0.2 moles) of acetic acid was added all at
once to 58.6 gm (0.2 moles) of titanium iso-propoxide under
stirring at room temperature. The modified precursor was stirred
for about 15 min and poured into 290 ml water as quickly as
possible while vigorously stirring (700 rpm). A white precipitate
was instantancously formed. One hour of stirring was required to
achieve a complete hydrolysis reaction. After adding a quantity of
4 ml of concentrated nitric acid, the mixture was heated from
room temperature to 80 °C within 40 min and peptized for 75 min.
Water was then added to the cooling liquid mixture to adjust the
volume to a final 370 ml The resultant mixture was kept in a
570 ml titanium autoclave and heated at 250 °C for 12 h.
Following this step, 2.4 ml of 65% nitric acid was added and the
dispersion was treated with a 200 W ultrasonic titanium probe ata
frequency of 30 pulses every 2 s. The resultant colloidal solution
was concentrated with a rotary-evaporator to contain 13 wt.%
TiO-. Finally, it was triply centrifuged to remove nitric acid and
washed with ethanol three times to produce a white precipitate
containing 40 wt.% TiO; in ethanol and only trace amounts of
water.

Modification of Ti(IV)-isopropoxide with acetic acid
1:1 mole ratio CH;COOH/Ti(IV)

Add precursor rapidly to water under
constant stirring for 1 h

Acidification with HNO, refluxed at
80°C for 75 min

Autoclaving 12 h at 250°C. 70 atm

Ultrasonic horn, 200 W (2 sec work + 2 sec rest),
repeated 30 times

Rotovap: 45°C, 30 mbar

Conversion of water medium to ethanol solution,
triple centrifugation to remove trace H,0

—* Ethanol evaporated by rotary evaporator

3-roll mill (EXAKT), 15 min

Annealing:500°C, 15 min

Scheme 1. Flow diagram depicting TiO, colloid and paste used in screen-printing technique for DSC production.
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2.2.2. Preparation of screen-printing pastes

Two kinds of pure ethyl cellulose (EC) powders, i.e., EC (5-15
mPas, #46070, Fluka) and EC (30—50 mPas, #46080, Fluka) were
dissolved prior to usage in ethanol to yield 10 wt.% solutions. 45 g
of EC (5-15, #46070) and 35 g of EC (30-50), #46080) of these
10 wt.% ethanolic mixtures were added to a round bottomed
rotavap flask containing 16 g pure TiO2 (obtained from pre-
viously prepared precipitate) and 64.9 g of terpineol (anhydrous,
#86480, Fluka) and diluted with 80 ml of ethanol to obtain a final
total volume of 280 ml. This mixture was then sonicated using an
ultrasonic horn (Sonics & Materials, Inc), alternating stirring,
with a hand mixer (Ultraturrax, IKA), and sonication, for three
consecutive times. Ethanol and water were removed from these
TiOa/ethyl cellulose solutions by rotary-evaporator (initial
temperature 40 °C and pressure 120 mbar subsequently reduced
to a final pressure of 10 mbar at 40 °C). The final formulations of
the pastes were made with a three-roll mill (M-50, EXAKT,
Germany). The final screen-printing pastes correspond to 18 wt.%
Ti02, 9 wt.% ethyl cellulose and 73 wt.% terpineol (paste A).

For the paste used in the light-scattering layers (paste B), 10 nm
TiO, particles which were obtained following the peptization step
(particle size is determined at this stage of fabrication) and in a
procedure analogous to those of 20 nm TiO, outlined in Scheme 1,
were mixed with 400 nm TiO, colloidal solution (CCIC, Japan) to
give a final paste formulation of 28.6% 400 nm-sized Ti05, 2.9%
10-nm-sized TiO, and 7.2% ethyl cellulose [EC 30-50 (#46080)]
in terpincol.

2.3. Synthesis of ruthenium sensitizer

The synthesis of cis-di(thiocyanato)-N-N'-bis(2,2/-bipyridyl-
4-carboxylic acid-4'-tetrabutylammonium carboxylate) rutheni-
um (1) (N-719) was reported previously [9]. The chromato-
graphic purification of N-719 was carried out three times on a
column of Sephadex LH-20 using the literature procedure [10].
The N-719 complex was dissolved in water containing two
equivalents of tetrabutylammonium hydroxide. The concentrated
solution was filtered through a sintered glass crucible and charged
onto a Sephadex LH-20 column, which was prepared in water.
The adsorbed complex was eluted using water. The main band
was collected, and the solution pH was lowered to 4.3 using
0.02 M HNOj acid. The titration was carried out slowly over a
period of 3 h. The solution was then kept at =20 °C for 15 h. After
allowing the flask to return to ambient temperature (25 °C), the
precipitated complex was collected on a glass frit and air-dried.
The same purification procedure was repeated three times to get
pure N-bonded isomer complex.

2.4. Fabrication of porous-TiO, electrodes

In order to obtain an efficient and reproducible photovoltaic
DSC performance, surface contamination by iron cations should
be avoided, because these ions or iron oxides formed during the
subsequent sintering of the TiO, layer enhance charge recombi-
nation in photocells [11,12]. Indeed we found that deposition of
Fe’* by application of an aqueous FeCl; solution to the TiO,
electrode quenches the dye-sensitized photocurrent (J,.) effec-

tively. The J.. decreased by 30% upon addition of 400 ppm Fe, 05
[13]. In order to exclude iron contamination the equipment used
during the preparation of mesoscopic TiO, was made of plastic,
titanium or glass, and was washed with an acidic solution prior to
usc. Plastic tweezers and spatulas were employed throughout. The
treatment as mentioned below with solutions of 0.1 M HCI in
ethanol or TiCly (aqueous) had the effect to remove the iron
contamination source.

As shown in Scheme 2, to prepare the DSC working electrodes,
the FTO glass used as current collector (Solar 4 mm thickness,
10/, Nippon Sheet Glass, Japan) was first cleaned in a
detergent solution using an ultrasonic bath for 15 min, and then
rinsed with water and ethanol. After treatment in a UV-0; system
(Model No. 256-220, Jelight Company, Inc.) for 18 min, the FTO
glass plates were immersed into a 40 mM aqueous TiCl, solution
at 70 °C for 30 min and washed with water and ethanol. A layer of
paste A was coated on the FTO glass plates by screen-printing
(90T, Estal Mono, Schweiz. Seidengazefabrik, AG, Thal), kept in
a clean box for 3 min so that the paste can relax to reduce the
surface irregularity and then dried for 6 min at 125 °C. However,
this “leveling” (i.e., reduction in surface irregularity) time must be
controlled visually by the experimentalist since the speed at which
this leveling occurs depends on the viscosity of each paste
employed. The screen characteristics are as follows: material,
polyester; mesh count, 90T mesh/cm (or 230T mesh/inch); mesh
opening, 60 pm; thread diameter, 50 pm; open surface, 29.8%;
fabric thickness, 83 pm; theoretical paste volume, 24.5 cm*/m?;
K/KS volume, 17.0 ¢cm®/m®; weight, 48 g/m”. This screen-
printing procedure with paste A (coating, storing and drying) was
repeated to get an appropriate thickness of 12—14 pm for the
working electrode. After drying the (paste A) films at 125 °C, two
layers of paste B were deposited by screen-printing, resulting in a
light-scattering TiO, film containing 400 nm sized anatase
particles of 4-5 pm thickness. The electrodes coated with the
TiO, pastes were gradually heated under an airflow at 325 °C for
5 min, at 375 °C for 5 min, and at 450 °C for 15 min, and finally, at
500 °C for 15 min.

The TiO, “double-layer” film thus produced is once again
treated with 40 mM TiCl, solution, as described previously, then
rinsed with water and ethanol and sintered at 500 °C for 30 min.
After cooling to 80 °C, the TiO, electrode was immersed into a
0.5 mM N-719 dye solution in a mixture of acetonitrile and tert-
butyl alcohol (volume ratio, 1:1) and kept at room temperature
for 20-24 h to assure complete sensitizer uptake.

2.5. Preparation of counter Pt-electrodes

To prepare the counter electrode, a hole (1-mm diameter) was
drilled in the FTO glass (LOF Industries, TEC 15 /[], 2.2 mm
thickness) by sandblasting. The perforated sheet was washed
with H,0 as well as with a 0.1 M HCI solution in ethanol and
cleaned by ultrasound in an acetone bath for 10 min. After
removing residual organic contaminants by heating in air for
15 min at 400 °C, the Pt catalyst was deposited on the FTO glass
by coating with a drop of H,PtCl, solution (2 mg Pt in 1 ml
ethanol) with repetition of the heat treatment at 400 °C for
15 min.
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Scheme 2. Schematic representation for fabrication of dye-sensitized-TiO, electrodes.

2.0. Electrolyte

The electrolyte employed was a solution of 0.6 M BMII,
0.03 M L, 0.10 M guanidinium thiocyanate and 0.5 M 4-tert-
butylpyridine in a mixture of acetonitrile and valeronitrile (volume
ratio, 85:15).

2.7. DSC assemblage

The dye-covered TiO, electrode and Pt-counter electrode
were assembled into a sandwich type cell (Fig. 1) and sealed
with a hot-melt gasket of 25 um thickness made of the ionomer
Surlyn 1702 (Dupont). The size of the TiO, electrodes used was
0.16 cm* (i.c., 4 mm x 4 mm). The aperture of the Surlyn frame
was 2 mm larger than that of the TiO, area and its width was
I mm. The hole in the counter electrode was sealed by a film of
Bynel using a hot iron bar (protectively covered by a fluorine
polymer film). A hole was then made in the film of Bynel by a
needle. A drop of the electrolyte was put on the hole in the back
of the counter electrode. It was introduced into the cell via
vacuum backfilling. The cell was placed in a small vacuum
chamber to remove inside air. Exposing it again to ambient
pressure causes the electrolyte to be driven into the cell. Finally,
the hole was sealed using a hot-melt ionomer film (Bynel 4702,
35 um thickness, Dupont) and a cover glass (0.1 mm thickness).

In order to have a good electrical contact for the connections
to the measurement set-up, the edge of the FTO outside of the
cell was roughened slightly with sandpaper or a file. A solder
(Cerasolza, Asahi Glass) was applied on cach side of the FTO
electrodes. The position of the solder was 1 mm away from the
cdge of the Surlyn gasket and hence 4 mm away from the side of
the photoactive TiO,; layer.

Light reflection losses were eliminated using a self-adhesive
fluorinated polymer film (Arktop, Asahi Glass) that served at the
same time as a 380 nm UV cut-off filter Masks made of black
plastic tape were attached on the Arktop filter to reduce scattered
light.

2.8. Photovoltaic measurements
Photovoltaic measurements employed an AM 1.5 solar

simulator equipped with a 450 W xenon lamp (Model No.
81172, Oriel). The power of the simulated light was calibrated

Cover glass (0.1mm thiCKNESS) mep @

End sealant (Bynel 4164, 35;1m)—{|%

—

iz

Glass substrate —p
FTO layer—p
Pt layer—>

Sealing spacer
(Surlyn 1702, 25ym)

Light-scattering layer (5 pm) wi >
submicroncrystalline-TiOz layer

Transparent layer (14 um) with
nanocrystalline-TiOz layer
FTO layer =

Glass substrate —p

Fig. 1. Configuration of the dye sensitized solar cells.
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Fig. 2. Dark I-V curves of smooth electrodes measured in the absence of Ru-dye sensitizer. Left graph: linear current scale: dotted line, bare FTO: solid line, FTO
covered with TiO, layer. Right graph: logarithmic current scale; FTO (bare) [dotted line], FTO/TiO, [solid line]. Compact layer TiO, on FTO was made using a dual

TiCly treatment. Sandwich cell configuration as depicted in Fig. 1.

to 100 MW/cm” by using a reference Si photodiode equipped
with an IR-cutoff filter (KG-3, Schott) in order to reduce the
mismatch between the simulated light and AM 1.5 (in the region
of 350-750 nm) to less than 2% [14,15] with measurements
verified at two solar-cnergy institutes [ISE (Germany), NREL
(USA)]. I-V curves were obtained by applying an external bias
to the cell and measuring the generated photocurrent with a
Keithley model 2400 digital source meter. The voltage step and
delay time of photocurrent were 10 mV and 40 ms, respectively.

3. Results and discussion
3.1. TiCl, treatments

Two consecutive TiCly treatments were performed when
preparing the TiO, photoanodes for dye sensitized solar cells, one
prior to and one following the screen printing of the mesoscopic
(porous)-TiO, films (Scheme 2). The initial TiCl, treatment
influences positively the TiO, working clectrode in two manners,
firstly through enhancing the bonding strength between the FTO
substrate and the porous-TiO, layer, and secondly, by blocking
the charge recombination between electrons emanating from the
FTO and the I3 ions present in the I7/I5 redox couple. Frank et al.
[16] concluded from Intensity-Modulated Infrared Spectroscopy
(IMIS) analysis that recombination occurs predominantly in the
region of the FTO substrate rather than across the depth of the
TiO, film, underlining the utility of applying a TiO, compact
“under” layer to the FTO glass surface, The second TiCly
treatment has itself been shown to enhance the surface roughness
factor and necking of the TiO, particles thus augmenting dye
adsorption and resulting in higher photocurrent [6].

Fig. 2 exhibits the dark current—voltage characteristics of two
types of eclectrode surfaces, one consisting merely of FTO
conducting glass with the other being TiCly treated FTO glass.
The onset of the dark current emanating from the non-treated FTO
substrate occurs at low forward bias as is clearly discernible on the
right diagram where the current is plotted on a logarithmic scale.
TiCly treatment is shown, however, to suppress the dark current,
shifting its onset by several hundred millivolts. This can be

attributed to the fact that the SnO, is highly doped and its
conduction band edge is positively shifted by about 0.5 V with
respect to that of TiO, resulting in a much higher electron density
in the FTO glass within the investigated potential range. The
suppression of dark current following compact TiO, film
formation is indicative of the tri-iodide reduction being enhanced
at any exposed part of the FTO substrate in addition to occurring
at the TiO, film itself or at the interface of the dye sensitized-TiO,
and the electrolyte employed in cell fabrication.

Table 1 shows the influence of TiCl, chemical bath deposition
on the characteristics of nanocrystalline-TiO, layers which have
been treated versus those layers prepared according to the original
procedure [6] used in nanocrystalline-TiO, film formation.
Although the specific surface area decreased by 7.9% following
the TiCl, treatment, the overall weight of TiO, increased by
28.1% leading to an increase in the TiO, roughness factor. The
augmentation in the roughness factor leads to an absorbance
increase of 15.7%. The increase of particle diameter (by 1.9 nm)
following the TiCl, treatment implics the gencration of an

Table 1
Characteristics of nanaocrystalline TiO, layers illustrating the effects of the
TiCly treatments [1]

Film characteristics Electrode description

Nano-TiO, TiCls-treated nano-TiO,
Average pore diameter/nm 20.2 18.3
Specific surface area/m’g™" 86.0 79.7
TiO, weight*/mg cm™ *pm™! 0.135=0.003 0.173+0.003
Roughness factor"/um™" 1163 138+2
Absorbance at 540 “nm/pum™' 0.159=0.05 0.184+0.06

The optical reference background was obtained using an identical TiQs electrode
after desorption of N-719 by soaking in a 0.1 M solution of tert-butylammonium
hydroxide in acetonitrile. A cover glass was attached to the TiO- layer surface
and the pores in nanocrystalline TiO; layers were filled with butoxyacetonitrile
to decrease the light-scattering effect. Note: the last three characteristics
tabulated are “per pm” electrode thickness.

* The weight-measurement sample area was 16 cm’ for a 15 um thickness.

® Roughness factor was obtained by multiplying the specific surface area and
TiO, weight.

© Absorbance measurements were performed with a N719-covered nano-
crystalline TiQ, layer at 540 nm.
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Fig. 3. I-V curves comparing TiO; electrodes produced using the standard
procedure [6] (thick line), without TiCl, treatment (dotted line), and without a
light-scattering layer (thin line). Cell characteristics described in text. The total
active area of the cell was 0.25 cm’; the illuminated part corresponding to the
aperture area of the black mask was 0.16 cm® The ¥, loss due to partial
illumination of the active area is about 20-30 mV depending on J... Pho-
tovoltaic characteristics on TiO, electrodes were: standard procedure: J,.=
18.2 mA cm 2, ¥,.=789 mV, FF=0.704 and 5=10.1%; no TiCl, treatment,
Je=16.6 mA cm™?, ¥,.=778 mV, FF=0.731 and n=9.4%; no light-scattering
layer, J,.=15.6 mA em™?, ¥,,=791 mV, FF=0.740 and 5=9.12%.

additional TiO, layer (of approximately 1 nm thickness) on the
surface of the nanocrystalline-TiO, film present in the porous
layer. The photocurrent and the conversion efficiency increased
by 9.6% and 8.0%, respectively, attributed to the increase of the
roughness factor, with its resultant enhanced dye adsorbance,
leading to DSC conversion efficiencies of more than 10%.

3.2. Effect of the light-scattering TiO, (anatase) layer

A photon-trapping system, the so-called “double-layer” (i.c.,
TiO, filns consisting of transparent nanocrystalline and micro-
crystalline light-scattering anatase particles), was used for DSC
photocurrent enhancement. Fig. 3 exhibits the photovoltaic
improvements engendered by using the double-layer TiO-
films. The total active cell area was 0.25 ¢cm® and the cell area
illuminated through the aperture of the mask was 0.16 cm?,
respectively. With no light-scattering layer present the photo-
voltaic parameters measured were J,,=15.6 mAcm™ >, V.=
791 mV, FF=0.740 and #=9.12%. Upon addition of the light-
scattering layer, these same photovoltaic characteristics dis-
played an enhancement, i.c., J,.=18.2 mAcm™2, ¥,.=785 mV,
FF=0.704 and n=10.1%.

The light-scattering layer has been shown to act not only as a
photon-trapping system but to be equally active in photovoltaic
generation itself [17]. Cell efficiencies measured were 5% in
dye sensitized solar cells using only the light-scattering TiO,
layer.

Losses of approximately 4% on the glass substrate due to
reflection of incident light in DSC can be partially circumvented
by adding an anti-reflecting film, which acts simultaneously as a
380 nm UV cut-off filter. Fig. 4 compares the incident photon-
to-clectron conversion efficiency (IPCE), or “external quantum
efficiency” of a cell with and without the anti-reflecting layer.

100
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Fig. 4. IPCE of DSC with and without adhesion of ARKTOP anti-reflecting
film.

3.3. Impact of nanocrystalline-TiO- layer thicknesses on
photovoltaic performance

Variation in thickness of the nanocrystalline-TiO; layer is a
crucial factor in optimizing photovoltaic performances of DSC.
Although precise measurements of the exact layer thickness is
difficult to perform following formation of the “double-layer”
clectrode, the nanocrystalline-TiO, layer can be measured prior
to sintering using a surface profiler. In order to facilitate depth
estimations and to make useful projections of the final thickness
of the nanocrystalline-TiO, layer comprised in the “double
layer” electrode following sintering, a calibration curve was
made. The ratio “before sintering”/“after sintering”, described
by a linear relationship going through the origin, yiclds a
shrinkage factor of slightly under unity (i.e., 0.942) for 20 nm
TiO, sized particulate films. By using this calibration line, a
relationship between nanocrystalline-TiO, film thickness and
the resultant DSC conversion efficiency can be obtained, the
optimum film thickness to produce highly efficient DSC being
12-14 pum (with the addition of an adhered ARF), as shown in
Fig. 5.
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w
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Fig. 5. Photoconversion efficiency as a function of nanocrystalline TiQ, layer
thickness. Iluminated-TiO, and aperture arcas of cells are 0.16 ¢m® and
0.25 em”, respectively [18].
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Fig. 6. Histogram depicting reproducibility of DSC conversion efficiencies.
Reported values of 12 DSC devices produced with a 24 hour time period.

3.4. Reproducibility of DSC fabrication

Fig. 6 depicts a histogram showing the performance statistics
of twelve devices produced within 24 hours of each other by
following the procedure described above, optimizing cell
performance parameters through TiCl, treatments, nanocrystal-
line-TiO; layer thickness selection as well as by use of an anti-
reflecting film (Arktop). Conversion efficiencies greater than
10% were obtained with all devices, the average being 10.2+
0.2%. This statistical graph shows convincingly the excellent
reproducibility of the method elaborated here for the fabrication
of highly efficient dye sensitized solar cells.

4. Conclusions

The present study systematically outlines the step-by-step
procedures to follow in producing screen-printing pastes used to
form both the transparent and light-scattering layers of TiO,
electrodes used in DSC devices. A methodological approach to
the actual TiO, electrode fabrication is likewise outlined
complementing other systematic studies of experimental proce-
dures [18]. Adhesion of an anti-reflecting film (ARF) is seen to
enhance the IPCE or “external quantum efficiency” of the devices
to reach up to 94% at wavelengths close to the absorption
maximum of the sensitizer. Optimization of the nanocrystalline-
TiO;, layer thickness (12—14 pm) is shown to play a crucial role in
cell design.

The protocol established here should assist researchers
involved in the fabrication and characterization of small DSC
laboratory cells as well as in the production of commercialized

panels. Combination of all of these “state of the arts™ procedures
renders the production of reproducible, highly efficient (> 10%)
dye-sensitized solar cells easily attainable.
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