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Abstract

Spray deposition of powder suspensions followed by room temperature compression was

studied as a method for preparing nanostructured TiO2 films for dye-sensitized solar cells. The

structure of the films was analyzed with optical and scanning electron microscopy and the

films were applied to dye-sensitized solar cells. Continuous and fast deposition of crack-free

7–14 mm thick films was achieved by heating the substrates during the deposition. Scanning

electron microscopy revealed small amount of structural imperfections in the compressed films

due to the nature of the deposition method. An energy conversion efficiency of 2.8% was

achieved at 100mW/cm2 light intensity.
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1. Introduction

A dye-sensitized solar cell (DSSC) is an electrochemical device based on light

absorption by sensitizer dye molecules adsorbed as a monolayer on the surface of a

wide band gap semiconductor oxide nanoparticles, usually TiO2, that form a

mesoporous nanocrystalline film permeated with redox electrolyte [1,2]. The DSSC

has attracted considerable interest during the past decade due to low estimated

manufacturing costs combined with reasonably high energy conversion efficiencies

reaching 11% at the laboratory scale [3].

Transparent conducting oxide (TCO) coated glass has been the standard choice

for the substrate material of the DSSC, due to its excellent optical, electrical and

encapsulation barrier properties, and compatibility with high-temperature proces-

sing. However, considerable benefits from application point of view of could be

achieved if the DSSCs could be manufactured on lightweight flexible substrates such

as plastic or metal foils. Flexible substrates are also a prerequisite for roll-to-roll

production techniques that are considered promising for cost-effective mass

production of thin film solar cells [4].

The TiO2 photoelectrode films are usually prepared by depositing a suspension or

paste containing TiO2 nanoparticles of desired size onto a TCO coated glass or

polymer substrate. The deposited film is then subject to a post-treatment with the

purpose of forming a continuous nanoparticle network with sufficient adherence and

electrical contact to the substrate and between the nanoparticles. Organic binders,

surfactants and porosity controlling agents, which evaporate or burn off when the

TiO2 film is sintered at about 450 1C, are often used in the paste to optimize the

quality of the resulting nanostructuted film. The use of plastic substrates restricts the

choice of the TiO2 suspension media and additives to those volatile at temperatures

below the upper limit of the substrate material, which is about 150 1C for the

commonly used polyethyleneterephtalate (PET). A mixture of TiO2 nanoparticles

and ethanol [5–8] or water [9–12] has often been used, enabling the post-treatment of

the film at room temperature. Methods used for the TiO2 film depositing include spin

coating [9,13], doctor blading [5–8,10,11,14–18], electrophoretical deposition [19–22]

and spraying [23].

Among a variety of methods used for the low-temperature post-treatment of the

nanostructured TiO2 films, including low-temperature sintering [9–11,13,14,18,23],

hydrothermal crystallization [15–17], chemical vapor deposition of Ti alkoxides

[19–21], microwave irradiation [21,24], UV light irradiation [18–20], electron

bombardment [25], and interparticle binding by a TiO2 nanoparticle sol [22], the

room temperature compressing technique [5–8,12,26] is particularly promising for

roll-to-roll production because it can be performed rapidly and in a continuous

manner using calendering techniques well known from paper technology. Efficiencies

of 2.3% [5] and 2.5% [8] at the standard conditions of 100mW/cm2 light intensity

with AM1.5 spectrum have been reported for solar cells with the TiO2 electrodes

prepared on ITO-PET substrates by the compressing technique. Similar or higher

efficiencies (2.3–4.3%) have been reported for other deposition and post-treatment

methods [16,17,19–22,27].
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The objective of this work was to investigate the applicability of spray deposition

combined with room temperature compressing to the preparation of nanostructured

TiO2 films on plastic substrates for DSSCs. The structural quality of the resulting

TiO2 films was investigated by optical microscopy (OM) and scanning electron

microscopy (SEM). The films were applied as photoelectrodes in DSSCs, and the

performance of the solar cells was characterized by current—voltage (I–V)

measurements in a solar simulator.

The results demonstrate that spray deposition of TiO2 films from nanoparticle

suspensions can be successfully combined with compression at room temperature.

The method produces a good quality photoelectrodes and gives several practical

advantages over the conventional doctor blading method in the deposition of low

viscosity TiO2 suspensions.

2. Materials and methods

2.1. Preparation of the TiO2 films

TiO2 suspensions containing 20wt% of nanocrystalline TiO2 powder (P25 from

Degussa) were prepared by mixing the powder with either ethanol (98%) or de-

ionized water followed by stirring with a magnetic stirrer for a few hours.

Indium tin oxide (ITO) coated polyethyleneterephtalate (PET) sheets (NV-CT-

CHO1S-M-7 from Bekaert Specialty Films), with 20mm� 20mm size, 190 mm

thickness and approximately 60O/square sheet resistance, were used as substrates.

The substrates were cleaned in mild solution of Sigmacleans detergent in de-ionized

water in an ultrasonic bath at 50 1C for 3min followed by rinsing with de-ionized

water, acetone and ethanol, and dried in a stream of pressurized air.

The ITO-PET substrates were laid on a heating plate at 80–100 1C and the TiO2

suspension was sprayed onto the substrate with an Aztek A320 airbrush connected

to a Sparmax AC-100 air compressor. A piece of an overhead projector transparency

was used as a frame to define the area and position of the TiO2 film on the substrate.

Distance between the spray nozzle and the substrate was approximately 15 cm.

The compression of the TiO2 films was performed with an MTS 810 Material

Testing System. The TiO2 coated ITO-PET substrate was placed between two planar

stainless steel plates. 50–150 mm thick Teflons PTFE-films (from Fluorplast) served

as protective sheets to prevent adhesion of the TiO2 powder on the upper plate of the

press. The compression was performed at the room temperature with 50 kN/s ramps

from zero to a maximum pressing force of 3.8–9.6 kN (6–15 kN/cm2 of the TiO2 film

area) with a 1 s holding time. It is likely that some of the compression pressure was

also absorbed by the uncoated areas of the substrate but the exact pressure

distribution could not be determined. Equally sized substrates were used in all

samples to have repeatable pressing conditions. The applied compressing pressures

are well within the range used in the roll-to-roll calendaring in paper processing,

where typical nip pressures are up to several hundred kN/m.
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2.2. Preparation of the solar cells

The compressed TiO2 films were dye-sensitized by soaking the films for 20–44 h in

a dye solution consisting of 0.3mmol/dm3 cis-bis(isothiocyanato)bis(2,20-bipyridyl-

4,40-dicarboxylato)-ruthenium(II) bis-tetrabutylammonium dye (N719) from Solar-

onix in ethanol (98%). Before immersing into the dye solution, the films were heated

to 100–120 1C on a heating plate to remove physisorbed water. The dye-sensitization

took place at the room temperature in dark in a closed container without stirring of

the dye solution. After the dye impregnation, the films were rinsed with ethanol and

dried in air. The assembling of the solar cell followed directly after this to minimize

the time of exposure of the dry dye-sensitized TiO2 film to the ambient air.

Counter electrodes were prepared on fluorine doped tin oxide (FTO) coated glass

substrates (Pilkington TEC 15 from Hartford Glass, sheet resistance 15O/square)

using the thermal platinum cluster catalyst method [28]. The substrates were cleaned

in the same way as the ITO-PET substrates. A few droplets of platinum solution

consisting of 5mmol/dm3 PtCl4 (98%, Aldrich) in isopropanol (99.7%, Merck) was

spread on the substrate and dried in the ambient air. Finally the substrates were fired

in an oven at 385 1C for 15min and then cooled to room temperature.

The solar cells were assembled by placing the dye-sensitized TiO2 electrode and the

counter electrode together in a sandwich structure using 60 mm thick Surlyns 1702

film (DuPont) as spacer and edge sealant. Adherence of the Surlyn film to the

substrates was induced by pressing the substrates together on a heating plate at

100 1C. This reduced the film thickness to about 40 mm. An electrolyte solution

consisting of 0.5mol/dm3 LiI (99%, Merck), 50mmol/dm3 I2 (99%, Prolabo),

0.5mol/dm3 4-tert-butylpyridine (99%, Aldrich) in 3-methoxypropionitrile (98%,

Aldrich) was applied between the electrodes through channels left in the Surlyn

sealant. The channels were sealed with TorrSeals vacuum sealant (Varian). Current

collector contacts were made from a copper tape (Chomerics) placed along one edge

of each substrate. Electrolubes conductive silver paint was used to secure good

electrical contact between the copper tape and the TCO layer of the substrate. Both

electrodes were rectangular of 8mm� 8mm size and these were positioned in one

corner of the 20mm� 20mm substrate at a 2mm distance from the edge of the

substrate. The width of the sealant rim was also 2mm, and the distance between the

edge of the electrode and the current collector was 2–3mm.

2.3. Characterization

Optical microscopy was performed at dia-illumination with a Nikon type 104

microscope equipped with a 3CCD color video camera (JVC model KY-F55B)

connected to a computer.

SEM was performed in secondary electron imaging detection mode with LEO

DSN 982 Gemini field emission scanning electron microscope with 2 kV acceleration

voltage. The samples for SEM analysis were prepared on FTO coated glass to

improve image quality: samples on ITO-PET produced blurred micrographs at the
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highest magnifications, possibly due to local heating and deformation of the plastic

substrate under the electron beam.

The thickness of the TiO2 films was measured with a micrometer within72 mm

accuracy. The surface density of the deposited TiO2 films was determined by

measuring the mass of the substrates with Mettler M3 scales before and after film

deposition and compression, and was subject to an uncertainty of 750 mg/cm2 due

uncontrolled absorption of water from the ambient air by the PET substrate.

The photovoltaic measurements were performed with a solar simulator using

halogen lamps (Philips 13117) as a light source. The light intensity was adjusted to

correspond to 100mW/cm2 with AM1.5G solar spectrum with a monocrystalline

silicon reference solar cell (PVM 19 from PV Measurements) calibrated by NREL.

Spectral mismatch correction (correction factor 1.06) was performed to the

measured solar cell currents [29].

Current—voltage curves were measured with Keithley 2420 SourceMeters,

keeping the solar cells at 25 1C by Peltier elements.

3. Results and discussion

3.1. Spray deposition

Our work with the spray deposition was motivated by difficulties encountered in

producing uniform, well adhered and crack-free films of about 10 mm thickness in

one deposition step from TiO2 suspensions in ethanol or water with the common

doctor blading technique using a tape as a frame. Such problems have been reported

previously and have been attributed to the high surface tension in the TiO2

suspensions in the absence of organic additives [5–7,9,13]. We observed that the

surface tension in the suspension tended to pull material to the edges of the tape

frame and the film uniformity was sensitive to the way the glass rod was operated

(speed and steadiness). Variation of the film thickness was complicated because of

increased tendency of the film to cracking and flaking during drying, as the

deposition thickness of the film was increased. The problem has been previously

tackled by performing successive deposition—post-treatment cycles of thin layers

[9,13], using a low surface tension suspension liquid such as ethanol [5–7] or

adjusting the composition of the TiO2 suspension [12].

It turned out that with the spray deposition technique uniform crack-free TiO2

powder films with desired thickness (up to 20 mm after compression) could be easily

prepared from TiO2–ethanol suspensions. Also the thickness of the deposited TiO2

film could be easily varied. Cracking of the film during drying was effectively

prevented by performing the deposition in short pulses giving the suspension liquid

enough time to evaporate in between. The evaporation rate could be enhanced by

heating the substrate to 80–100 1C during spraying which allowed also continuous

deposition and prevented uncontrolled spreading of the suspension on the substrate.

The deposited films were adhered to the substrate well enough to sustain handling in

the later stages of the preparation. Similar crack-free films were obtained also with
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TiO2—water suspensions. In this case more time was needed for the evaporation of

the liquid between the spray pulses.

3.2. Optical microscopy

Fig. 1 shows optical microscopy images of the front surface and cross-section of a

typical spray deposited TiO2 film after drying but before compression. The film is

highly porous consisting of spherical TiO2 powder agglomerates with 5–30 mm

diameter, randomly distributed over the substrate and in contact with each other.

The inset in Fig. 1(a) reveals some inner structure in an agglomerate of 14 mm

diameter suggesting that also the agglomerates themselves are highly porous. It can

be easily concluded that the local TiO2 surface density varies significantly and in a

random manner over the substrate in the uncompressed film.

The agglomerated structure of the deposited film is a consequence of the droplet

nature of the spray deposition each powder agglomerate originating from a single

spray droplet. The porosity of the film in the micrometer scale was affected by the

wetness of the film during deposition which could be controlled to some extent by the

substrate temperature and deposition rate. When the deposition of the TiO2–ethanol

suspension was performed in a single long spray pulse without heating the substrate,
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Fig. 1. Optical microscopy images of TiO2 films spray deposited from an ethanol based particle

suspension. (a) Front image. The inset shows a magnified image of a single spray particle. (b) Cross-section

image. The 50mm scale applies to both images.
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the film was wet during the deposition resulting in a smooth film surface in the

micrometer scale but cracking of the film during drying. When the substrate was

heated to about 80–100 1C, and the deposition was performed in sufficiently small

doses, a highly porous macroscopically uniform agglomerated film similar to that in

Fig. 1 was obtained. Between these extremes, films with different porosity and level of

agglomeration could be produced. This behavior suggests that the TiO2 powder

agglomerates form inside the spray droplets and maintain their integrity when hitting

the substrate if evaporation of the suspension liquid is sufficiently fast compared to the

deposition rate. The ability of this technique to produce crack-free films can be

understood based on the structure of the deposited film (Fig. 1). Because the integrity

of the TiO2 powder agglomerates was preserved during drying of the film, the pores

between the agglomerates grew instead of forming macroscopic cracks in the film.

3.3. Electron microscopy

Fig. 2 shows scanning electron micrographs of a spray deposited and compressed

TiO2 film on an FTO glass substrate. The cross-section image in Fig. 2a shows that

the compression of the spray deposited film has produced a continuous 13.5 mm thick
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Fig. 2. Scanning electron micrographs of a TiO2 nanoparticle film spray deposited from ethanol solution

on FTO-coated glass substrate and compressed at ca. 6 kN/cm2 pressure. (a) A cross-section image. (b)–(d)

front surface images at different magnifications. The white rectangle in (b) and (c) marks the position of

the magnified image in (c) and (d), respectively.
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TiO2 film. No traces of the stepwise spray deposition method in the form of

individual layers can be seen. This is expected because of the very high porosity and

the agglomerated nature of the uncompressed film (Fig. 1).

The gap seen between the TiO2 film and the underlying FTO layer in Fig. 2a was

caused by the sample preparation, i.e. cutting the substrate, and is not an inherent

property of the film. This is supported by the fact that such gaps extended several

hundred micrometers over the film edge in the SEM images (data not shown), yet the

TiO2 films were well adhered to the substrate. A thin flake of TiO2 film hanging in

front of the cross-section on the right side in Fig. 2a is another artifact from the

sample preparation.

The front surface image of the TiO2 film at low magnification in Fig. 2b shows that

the film is mostly smooth and uniform in thickness along the surface on a scale of a

few tens of micrometers. Comparing to Fig. 1, it can be easily concluded that the

TiO2 spray particles have collapsed during compression and the TiO2 powder

material has been redistributed over the substrate.

However, some irregular holes about 8 mm in diameter can be seen in the film

(Fig. 2b–c). The inward curved edges of the holes (Fig. 2c) suggest that they have

been formed as some of the largest pores between the spherical TiO2 agglomerates in

the uncompressed film have not been completely closed by the redistribution of the

powder material during compression. The size of the holes also matches that of the

pores in the uncompressed film (Fig. 1).

The fact that some holes remain in the film after compression indicates that the

compression is not able to even out completely the random variation in the TiO2

surface density that is characteristic to the uncompressed spray deposited film. This

suggests that those areas in the film that seem uniform in thickness in the front

surface SEM images in the micrometer scale (Fig. 2b–c), may however have variation

in TiO2 surface density, due to variation of porosity in the bulk part of the film. Due

to the compression method applied and the high porosity of the uncompressed film,

the variation of the TiO2 surface density does not lead to variation in the thickness of

the compressed film (Fig. 2b).

It has been shown that the porosity of the compressed TiO2 nanoparticle films

depends on the applied compression pressure, the porosity being lower for a higher

compression pressure [6]. We may also conclude that in the regions of lower porosity

the powder material may have been subject to lower effective compression pressure

than in the regions of higher porosity.

Information on porosity inside the film is not readily available from the SEM

surface images except for the uppermost particle layers (Fig. 2d). Areas with

different surface roughness can be seen in Fig. 2c which could be partly due to

variation in the surface density of TiO2, high surface roughness indicating high local

film porosity. However, a more likely reason to the variation in the surface

roughness may be the TiO2 powder material has adhered in some places to the PTFE

cover sheet during the compression.

We also observe that a pattern of parallel horizontal lines in Fig. 2b has been

printed on the surface of the film. Comparing Fig. 2b and c, it can be concluded that

the rough area in the upper part of Fig. 2c is part of this lineation pattern suggesting
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that the local surface roughness of the final TiO2 film is affected by the compression

process and the surface texture of the PTFE cover sheet. The local surface

morphology of the film can therefore not be reliably related to the porosity of the

underlying bulk film. The surface texture of the PTFE cover sheets may induce

further variation in the local compression pressure.

Some variation in the surface density of TiO2, porosity of the film, and effective

compression pressure is expected due to the random nature of the spray deposition.

However, redistribution of the powder material is the more effective, the larger the

thickness of the deposited film. The film uniformity could be improved by reducing

the spray droplet size, which increases the number of the powder agglomerates per

surface area of the substrate. The size of the spray droplets was not known directly,

but if we assume that the porosity of the TiO2 powder agglomerates in the

uncompressed film (Fig. 1) is 80%, a typical 20 mm agglomerate diameter would

correspond to a 38 mm droplet diameter for a 20wt% TiO2–ethanol solution,

assuming that the P25 TiO2 powder is 30% anatase and 70% rutile by mass [6].

Fig. 2d shows a magnification of a relatively smooth and hole-free part of the film.

The mesoscopic structure of the film is close to that of a compressed film deposited

by doctor blading from the same TiO2 material and solution [6]. The TiO2 particles

are randomly distributed over the film surface. The primary particle size of the

Degussa P25 TiO2 powder determined from a SEM image at � 200 000

magnification (data not shown) ranged between 20–60 nm which is in consistence

with results of other studies, e.g. [26].

Although the sample for the SEM analysis was prepared on glass, these

conclusions should be valid for corresponding TiO2 films prepared on ITO-PET

substrates. No signs of deformation of the ITO-PET foil due to compressing the

TiO2 film were found by visual inspection and optical microscopy. Separate

experiments confirmed that the compression did not induce any changes to the

conductivity of the ITO layer underneath the TiO2 film or across the edge of the film.

3.4. Solar cell performance

Fig. 3 shows current–voltage curves of solar cells prepared from the spray

deposited and compressed TiO2 films using either ethanol (series A) or water (series

B) in the powder suspension. The corresponding characteristic I–V parameters and

relevant information of the TiO2 films are shown in Table 1.

The TiO2 films deposited from the ethanol based particle suspension showed a

higher short-circuit current density, open-circuit voltage and conversion efficiency

than films deposited from the water based suspension. Because the cell series A and B

were prepared from different batches of electrolyte and dye solutions, effects due to

differences in the preparation conditions between the series cannot be fully ruled out.

The short-circuit current density and the conversion efficiency exhibit rather large

standard deviations within the cell series indicating low reproducibility in the cell

preparation at this stage. Relatively large standard deviation in the conversion

efficiencies seems to be typical to series of DSSCs prepared manually over a long

time period [7,12]. Mainly due to the weak reproducibility along with uncertainties in
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film thickness and mass measurements, no strong relation between the solar cell

performance and the TiO2 film thickness was found in the surface density range

1000–1900 mg/cm2.

The room temperature compressed TiO2 photoelectrodes spray deposited from an

ethanol based particle suspension gave solar cell efficiencies (2.370.2%, Table 1)

that are in the same range as those obtained by others with compressed TiO2 films on

ITO-PET substrates deposited by the doctor blading method (2.3% [5], 2.570.2%

[8], measured at 100mW/cm2 AM1.5 light intensity). The efficiency of the solar cell

C (Table 1), representing the best cell performance (2.8%) achieved in this work on

ITO-PET is slightly higher than these previous results.

Compared to the highest efficiencies reported for plastic DSSCs by other TiO2

deposition and post-treatment methods (4.3% [27]), or to the record efficiencies on

FTO-glass substrates (ca. 11% [3]), at the 100mW/cm2 AM1.5G conditions, the

results of the present study remain more modest. A reason to this is the voltage losses

due to the resistance in the TCO layers of the substrates, especially since the

geometry of the cells in this study was not optimized in respect to this factor.

According to our measurements with electrochemical impedance spectroscopy, the

charge transfer resistance at the Pt counter electrodes in the present case is typically

4–5O cm2, causing only minimal drop in the fill factor. Furthermore, the ion

transport is expected not to limit the current density, nor cause significant

concentration overpotentials at the counter electrode. The relatively low short-

circuit current densities, irrespective of the TiO2 film thickness, are most likely due

to insufficient collection efficiency of photoelectrons from the compressed TiO2

film [12].
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Fig. 3. Average I–V curves of the solar cell series A, B and C. Measurements were performed at

100mW/cm2 AM.15G equivalent illumination.
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Considering the structural unevenness of the TiO2 films in the microscopic scale

(Fig. 2), these initial results from the spray deposition are promising and leave room

for further optimization of the method.

4. Conclusions

The spray deposition of TiO2 nanoparticle suspensions on heated substrates was

found to be a fast and effective method for preparing crack-free TiO2 powder films

of desired thickness for the subsequent post-treatment by compression at the room

temperature without any organic additives in the TiO2 suspension. A relatively good

solar cell performance of 2.8% at 100mW/cm2 light intensity was achieved with the

method.

The critical point in the described spray deposition method is the successful

control of the evaporation rate of the suspension liquid with respect to the deposition

rate. This preserves the agglomerated nature of the deposited film originating from

the spray droplets and prevents macroscopic cracking and flaking of the film during

drying. The highly porous and agglomerated structure of the deposited films is

compatible with the compression as the post-treatment step. The obtained solar cell

performances and the SEM analysis indicate that it is not necessary to have a

compact structure in the deposited nanoparticle film prior to the compression step.

The drawback of the spray deposition is, however, the variation in the local surface

density of deposited material which results in structural unevenness in the

compressed film. The TiO2 film quality could be improved by optimizing the spray

droplet size and the TiO2 concentration of the powder suspension. Based on our

observations, there likely exist optimum deposition conditions wet enough to give

microscopically homogenous film quality but still adequately dry to prevent cracking

and flaking of the film. The results presented here correspond to the dry end of the

deposition conditions.

The spray deposition was successful also with the water based TiO2 suspensions

indicating that the surface tension of the suspension liquid is not a crucial parameter

in the spray deposition. The spray deposition method may therefore offer larger

flexibility in selecting the suspension liquid than the doctor blading technique.

Finally, the successful control of the TiO2 film quality and the increased deposition

rate achieved by heating the substrate makes the spray deposition method promising

from the point of view of roll-to-roll production of nanostructured TiO2 films for

flexible dye-sensitized solar cells.
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