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Abstract

A new method for fabricating plastic film-based mesoporous,Té@ctrodes for efficient dye-sensitized solar cells is described.

TiO2 nanocrystalline layers electrophoretically deposited on indium-tin-oxide (ITO)-coated polyethylene terephthalate (PET) film was

post-treated with chemical vapor deposition (CVD) of Ti alkoxide followed by UV light irradiation at temperatures bel6\&.110

UV-assisted CVD treatment drastically enhanced dye-sensitized photocurrent and improved photovoltage up to 750 mV. A film elec-

trode bearing Ru complex (Ru 535-bis TBA) dye-sensitizedb 00 ITO-PET yielded solar energy conversion efficiency of 3.8%.

© 2004 Elsevier B.V. All rights reserved.

Keywords:Dye; Solar cell; Flexible; Photoelectrochemical; CVD; UV

1. Introduction

As an efficient and environmentally benign alternative to

various approaches. Binder-free coatings of Jli@nocrys-
tals have been studied by means of repeated spin coating
[4], gas phase hydrothermal treatment for mixture of Ti

silicon-based photovoltaic cells, dye-sensitized solar cells alkoxides and Ti@ nanocrystal$5], electrophoretic deposi-
(DSSCs) have attracted increasing interest since the pio-tion [6], and mechanical compressipfi. The compression

neering work of Gratzel and his co-workes-3]. High
solar conversion efficiency up to 10.4%, well competing
with amorphous Si p/i/n junction photocells, is realized with
photoelectrochemical cells of a simple junction structure.
DSSCs of highest efficiency require a combination of Ru
complex dyes and mesoporous }ifayer that is prepared
by sintering of binder-containing nanocrystalline %i@t
450-550°C. The transparent conductive electrode com-
monly used for this purpose has been F-doped Scated

method achieved a relatively high efficiency level of 3%
under irradiation of 100 mW cni? [7].

What is essential to ensure sufficient efficiency in electron
conduction within a non-sintered nanoparticle layer is to es-
tablish chemical and physical binding between particles, that
is so-called “necking”. For transparent conductive flexible
films, indium-tin-oxide (ITO) has been widely used as a con-
ductive layer of plastic supports such as polyethylene tereph-
thalate (PET) film. ITO is much less stable than Sntber-

glass that has high stability against sintering temperaturesmally and chemically. The glass transition temperatiigg (

and chemical corrosion by acidic stuffs. Use of glass sub-

of PET is 75°C and surface electric resistance of ITO-PET

strates however limits manufacture process and industrialis regarded only sustainable at temperatures below €50
applications of DSSCs. Another goal of DSSCs, besides With ITO-PET electrode, it is required to introduce a neck-

pursuing further high efficiency, is to realize film-type flex-
ible DSSCs and roll-to-roll fabrication of the cell suited to
cost reduction. To this end, low temperature methods for
preparing TiQ mesoporous films has been attempted by
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ing structure into binder-free Tifcoatings at low tempera-
tures without chemically damaging the ITO layer. We have
studied low temperature preparation of mesoporous, TiO
layer based on electrophoretic deposition technique com-
bined with post thermal and chemical treatmdi{s Con-
version efficiency of the cell reached 4% using F/Sh@lass
substrate. Displacing the F/Sp@lass with ITO plastic sub-
strates, however, brings about many problems leading to
lowering of efficiency, which are due to instabilities of the
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ITO conductive layer and the contact of Ti@nd flexible (2:1:1) at 40°C for 1 h. The dye-adsorbed TOITO-PET
ITO layer. In this paper, we describe a new method to im- film was combined with a platinum-deposited FTO glass
prove the photoelectric performance of dye-sensitizecb TiO counter electrode by insertion of a porous polyethylene
layer coated on ITO-PET film electrode by applying chem- film as a separator that prevents short circuit. Electrolytic
ical vapor deposition combined with UV light irradiation.  solution comprised 0.05M») 0.1 M Lil, 0.5M 4+ert-
butylpyridine, and 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide in methoxyacetonitrile, which was injected between
2. Experimental both electrodes separated by & with a spacer film.
Photocurrent—voltage characteristics were measured on a
All chemical reagents used in electrolytic composition, Keithley 2400 source meter in combination with a solar sim-
solvent for dye adsorption, and chemical vapor deposition ulator composing a 300 W xenon arc lamp (Perkin—Elmer),
(CVD) were commercial grade, including Lil (97.0%), AM 1.5G filters (Optical Coatings, Japan), and quartz inte-
I2 (99.9%), acetonitrile (99.0%})-butyl alcohol (99.0%), grator lens. Incident photon to current conversion efficiency
ethanol (99.5%) of Wako Pure Chemical Industriesert- (IPCE) spectra were obtained with a Bunko Keiki action
butylpyridine (99.0%) of Lancaster, 1,2-dimethyl-3- spectrum measurement system. Absorption spectra of dye-
propylimidazolium iodide of Tomiyama Pure Chemical sensitized films were measured on a JASCO V-550 UV-Vis
Industries, methoxyacetonitrile (99.0%) of Aldrich, tetraiso- spectrometer with attachment of an integrating sphere for
propyl orthotitanate ([(Ck)>CHO]4Ti) of Tokyo Kasei detecting diffuse reflectance. The X-ray diffraction (XRD)
Kogyo. Ru complex dyegis-bis(isothiocyanato)bis(2'bi- patterns of TiQ were obtained by using a Rigaku RINT
pyridyl-4,4-dicarboxylato)-ruthenium(ll)bis-tertabutylam- ~ 2500VHF diffractometer.
monium, was Ru 535-bisTBA available at Solaronix SA.
TiO, particle, F-5, was supplied from Showa Titanium,
which is anatase-rich (70%) particle of high crystallinity 3. Results and discussion
with an average size of 20-30 nm. ITO-coated polyethylene
terephthalate (ITO-PET) conductive film (1881 thick, 3.1. Photocurrent and voltage improvement by CVD
transmittance of 76—-78%, surface resistance of 1%5/1§ and/or UV treatments
was provided by Tobi, and was used as the plastic film
substrate for dye-sensitized electrode. Binder-free,TiO  To examine the effect of CVD and UV post treatments at
nanoparticle layers were formed on the ITO-PET electrode electrophoretically deposited F-5 particle layers, three inde-
by electrophoretic deposition method as reported previously pendent processes were conducted in which CVD treatment
[8]. A homogeneous dispersion of F-5tibutyl alcohol and alone (CVD), UV irradiation alone (UV), and CVD treat-
acetonitrile (95:5) mixture (30-40 g/L) sandwiched between ment followed by UV irradiation (CVD/UV), respectively,
the ITO-PET electrode and conductive F-doped Sglass were applied to the Ti@bearing ITO-PET films by vary-
(FTO glass) counter electrode. For electrophoretic depo-ing the treatment time. Photoelectric performances of cells
sition, a negative DC field of amplitudes of more than with these film electrodes were compared at incident power
200 V/cm was applied to the ITO-PET electrode for 30s. intensity of 85mW cmZ2. Virgin TiO» layer without the
F-5 nanopatrticles were totally deposited on the ITO surface treatments yielded a short circuit photocurrent densigy) (
with uniform thickness of 1Q.m. After drying, the de-  of 2.9mAcnT? and open-circuit voltageVlc) of 0.67 V.
posited layer exhibited a high porosity of 80%. Microscopic All post treatment processes, CVD, UV, and CVD/UV, were
observation showed that the TiQayer has a crackle-rich  shown to improve the photocurrent. Among them, highest
surface characteristic to electrophoretic deposition. Shortly performance was obtained by CVD/UV proceBg. 1 ex-
after deposition, TiQ layer was subjected to CVD and/or hibits dependence ak: andVyc on treating time of CVD,
UV light irradiation treatments. The CVD treatment was where the time of UV irradiation was fixed at 20 min. Plotted
performed by exposure of the TiChanoparticle layer to  data were averaged for experiments of at least four times.
gaseous [(CR)>CHO]4Ti at 80°C in a closed chamber for  Jsc increased to 6.2 mAcnt by 20 min of CVD process,
varied time of <20 min. Protection of bare ITO surfaces which is more than twice the level of non-treated electrode.
was made by covering with masking tape. UV treatment An important effect accompanying th&. improvement
of TiO, layers was carried out independently or com- is substantial increase Ny reaching at values around
bined with the above CVD process as a post-CVD process. 750 mV. This change took place for the first 10 min of CVD
TiO, layer was irradiated with 254 nm light supplied by and remained constant afterwards. Althoughincrement
a 13W low-pressure mercury lamp (Nippo SGL-400T4U) is generally accompanied by a slight increaseVig, the
at 110°C, where bare ITO surfaces were again protected result shows that th¥,c increment apparently exceeds the
with an aluminum foil. Shortly afterwards, the post-treated influence ofJsc increase. The observed improvement may
TiO, layer on ITO-PET film was dye-adsorbed with Ru result from necking of nanocrystalline Ti@F-5) particles
535-bisTBA by dipping the film in a 0.3 mM dye solution by formation of TiGQ introduced by CVDFig. 2 shows the
in a mixed solvent of acetonitrile: ethanatbutyl alcohol Jsc andVy dependence on CVD treating time measured for
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Fig. 1. Dependence o0fs; and Vo of DSSCs on reaction time of
CVD/UV treatment at TiQ nanocrystalline layers on ITO-PET elec-
trode. UV light irradiation time was fixed as 20 min. Incident intensity,
85mW/cn? (AM 1.5). Electrolyte composition is 0.05 M, 0.1 M Lil,
0.5M 4-+ert-butylpyridine and 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide in methoxyacetonitrile.

DSSCs without undergoing the UV irradiation. The CVD
process alone proved to be capable of increasSignd
Voc. The resulted effects are, however, much smaller than in
the above CVD/UV process$iigs. 1 and dndicate that the
alkoxide-based CVD process is basically useful for enhanc-
ing photocurrent by necking reaction. This process is more
favored over CVD treatments with acidic precursors, typ-
ically TiCls, which can chemically damage the conductive
ITO coating and photoelectric performance.

In Fig. 3, the effect of UV irradiation alone is shown
as a function of irradiation time. UV irradiation to non-
CVD-treated TiQ layer caused only a small increaselig
and little change ifVyc; the latter stayed at a low level of
670-680 mV even by prolonged irradiation. Small changes
in performance indicate that necking reaction cannot be
made solely by UV irradiation. In relation to the influ-
ence of UV light, Gregg and co-workef8,10] have eluci-
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Fig. 2. Dependence afsc and Vo of DSSCs on reaction time of CVD
treatment at Ti@ nanocrystalline layers on ITO-PET electrode. The
electrolyte composition is same as Hiig. 1
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Fig. 3. Dependence alsc and Vo of DSSCs on reaction time of UV
irradiation treatment at Ti@nanocrystalline layers on ITO-PET electrode.
The electrolyte composition is same asHiy. 1

dated that, using sintered films of TiCthe UV irradiation

to mesoporous Ti@enhancedsc but significantly reduces
Voc. They attributed the UV effect to TiDsurface states
introduced by UV absorption. Our non-sintered Fifar-
ticle layer, however, showed little of such effect except for
a small increase idsc. Regarding the role of UV light in
the observed improvement af., organic contaminants ad-
sorbed on the Ti@surfaces are thought to be decomposed
by UV light directly or via photocatalytic reactions of T30

to give a cleaned particle surface that favors electron con-
duction through particles. Regarding UV light irradiated de-
composition of organic compounds and surface finishing see
[11].

3.2. Properties of the CVD-treated Ti@GiIm

In Fig. 1, theJscincrease by CVD/UV process amply ex-
ceeds the sum of increments by CVD and UV processes. This
indicates that UV irradiation participates in promoting the
chemical necking reaction in CVD. Chemical vapor deposi-
tion of TiO2 has been extensively studied using Ti alkoxide
[12]. Halary et al.[12] has investigated growth of a T30
film by CVD under irradiation of UV light, showing that
a mixture of anatase and rutile in crystalline to amorphous
states forms depending on substrate temperature. On our IR
analysis, it was confirmed that [(G}}CHO],Ti deposited
in mesoporous TiQwas rapidly decomposed during CVD
and subsequent UV irradiation. To investigate the property
of resultant TiQ deposit, a CVD-coated Tiglayer prepared
from [(CH3)2,CHO],Ti was analyzed by XRD measurement.
Fig. 4 exhibits XRD patterns of the Ti9F-5 particle used
as semiconductor layer and of a Bidayer prepared by
the presently used CVD process at 80-1C0In contrast
with F-5 particle that exhibits strong diffraction peaks char-
acteristic of anatase structure, alkoxide CVD-based,TiO
(C12:TiOy) gave no significant peaks, indicating an amor-
phous state. This is in line with the previous observation
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Fig. 4. X-ray diffraction patterns of Ti©(F-5) used as the nanocrystalline
semiconductor layer and amorphous Ti@C12:TiO;) formed by CVD
treatment.

for TiO, prepared by alkoxide-based low temperature CVD
[12].

Influence of the CVD treatment of Tiayer on dye ad-
sorption was investigatedrig. 5 shows spectra of optical

absorbance measured by surface reflection mode for dye

sensitized TiQ layers with CVD/UV, CVD, and UV treat-

ments and reference layer without the treatments. No changeI
was observed between non-treated reference and UV-treatecP

layer. Both CVD-treated layers (CVD/UV and CVD), how-
ever, showed a lower level of dye absorption with respect
to non-treated Ti@layer. The result implies that the amor-
phous CVD-derived TiQ surface has a lower amount of
adsorbed dye molecules than bare F-5 surfaces.

3.3. Light to electric energy conversion efficiency

The CVD/UV treatment remarkably improves photocur-
rent density Fig. 1) despite the observed tendency to bring
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Fig. 5. Absorption spectra of Ru535-bisTBA adsorbed on CVD/UV,
CVD, and UV-treated Ti@ layers in comparison of that obtained with
non-treated TiQ layer. Measurement was made by surface reflectance
mode employing an integrating sphere.

T.N. Murakami et al./Journal of Photochemistry and Photobiology A: Chemistry 164 (2004) 187-191

0.2 T T T T T T T

0.15

0.1

IPCE

0.05 ¢,

RO
TN

0
400 450 500 550 600 650 700 750 800
Wavelength / nm

Fig. 6. IPCE action spectra of DSSCs with CVD/UV, CVD and UV-treated

TiO; layers on ITO-PET electrodes in comparison of that obtained with

non-treated Ti@ layer. The electrolyte composition is same ag-ig. 1

a loss in optical absorption. Quantum efficiency of incident
photon to electron conversion (IPCE) was measured for
dye-sensitized ITO-PET film electrodes made by CVD/UV

treatments and results are comparedrig. 6. The results

of IPCE well reflect the tendency ¢ increase depicted
Figs. 1-3and the CVD/UV treated electrode exhibited
a twice improvement of IPCE that peaks at 530 nm. IPCE
spectra show that the present }itayers lack an ample
light scattering effect as judged for a longer wavelength
region (550—700 nm) where IPCE value drops. This insuf-
ficient light scattering was found to be characteristic of the
film of F-5 particles, which shows intrinsically high trans-
parency compared to other commercial nano-particles like
P-25. This optical property is possibly due to the crystalline
shape, polyhedron, of F-5. The IPCE data further indicate
that the measured IPCE values, by exposure to low-intensity
monochromatic light, are too low to reflect the observed high
Jsc Value under irradiation of intense light. For this discrep-
ancy, we speculate the existence of a path of back electron
transfer either at the interface of ITO/F-5 or F-5/electrolyte
(I7), which could not be successfully eliminated by the
present CVD/UV treatment. In addition, a possibility cannot
be excluded that a high density of electron traps, occurred
as a result of by low-temperature Ti@reparation, decrease
the mobility of electrons and photocurrent efficiency.

Fig. 7 shows global energy conversion efficiencies of
dye-sensitized Ti@-ITO-PET electrodes as function of
treating time in CVD and UV processes. The CVD/UV pro-
cess realized remarkable improvement of efficiency from
average 1.3% (non-treated electrophoretically deposited
TiO2 film) up to average 3.4%. Based on the photocurrent
density—voltage characteristics measured at 85mWcm
incident power, highest efficiencies were obtained at 3.8%
(Jsc = 7.0mAcm 2, Voe = 750mV, fill factor = 0.61)
for CVD/UV treated cell and 2.7%J¢. = 5.2 mAcnT 2,

Voc = 720mV, fill factor = 0.61) for CVD-treated cell.
It is worth noting that the maximum/,: obtained of
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4 . , , . treated, dye-sensitized THOITO—PET film electrode ex-
—e—-CVD/UV hibited conversion efficiency of 3.8%. The efficiency is

-:S&D _ still half the level of the highest efficiency of conventional

w
3]

sintered TiQ-based F/Sn® glass electrodes. Neverthe-

_ less, photovoltage obtained with the electrode, 750 mV,
is of amply high standard as DSSC and is a character-
istic advantage of this method. Further advantage of our
fabrication process is emphasized in a point that total pro-
cedures from electrophoretic deposition to post treatments
of TiO, are completed in fairly short time without use
of sintering or annealing processes. This rapid fabrication
method makes it more efficient to drive roll-to-roll contin-
uous systems for manufacture of DSSCs that leads to cost
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Fig. 7. Energy conversion efficiencies of the DSSCs using plastic ITO—PET
electrodes with CVD/UV, CVD and UV-treated TjQayers as a function
of treatment time. The electrolyte composition is same aBign 1
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