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Conductive and Transparent Multilayer Films for
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Conductive transparent thin films made of multilayer coatings consisting of three
alternative layers (TiO,/Ag/TiO,, TAT) have been applied to dye-sensitized solar cells (DSCs).
We have used sputtering deposition to prepare the transparent layers and measured the
optical properties. Mesoporous TiO; electrodes for DSCs were coated on TAT by a spin-
coating and low-temperature sintering method. They were compared to well-known transpar-
ent metal oxide glasses (ITO and F-doped SnO,). These DSCs on the TAT coatings yielded
a short-circuit photocurrent density of 9 mA/cm?, a photocurrent of 700 mV, and an overall
cell efficiency of 3.9% at one sun light intensity.

Introduction

Dye-sensitized solar cells (DSCs) using mesoporous
TiO; electrodes are regarded as a promising alternative
to silicone-type solar cells because of their low-cost
fabrication.!=® Recently, plastic DSCs have attracted
much more attention from the viewpoint of the fabrica-
tion of less weighty solar cells, and low-temperature
sintering of nanostructured TiO; on plastic transparent
substitutes made from Sn-doped In,03 (also called ITO)
has been reported.8° However, plastic ITO layers on
plastic substrates exhibit relatively high electrical
resistance (sheet resistance, 60 Q/1°), because favorable
low resistance can be obtained upon high-temperature
sputtering (=300 °C).

In an effort to produce conductive and transparent
substrates, multilayer coatings consisting of dielectric
material/metal/dielectric material have been developed,
as exemplified by ZnS/Ag/ZnS,1° ZnO/Ag/ZnO,1 ITO/Ag/
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ITO,!! and ITO/CuAg/ITO.12 These multilayer transpar-
ent film layers have low reflectance, good transparency,
and high conductivity when prepared using a low-
temperature sputtering deposition. These multilayer
transparent films have been studied with the aim of
developing functional materials such as heat mirrors.13-19

In this work, multilayer transparent conductive coat-
ings (dielectric material/metal/dielectric material) were
fabricated for low-temperature-sintered electrodes of
mesoporous TiO, in DSCs. TiO, was chosen as the
dielectric material because of its high refractive index,
its transparency in the visible region, and its easy
sputtering. In addition, Ag was chosen as the conductive
layer because of its low absorption in the visible region.
Hence, TiO,/Ag/TiO; transparent films (abbreviated as
TAT) were fabricated, and their application to DSCs was
examined.

In view of low-temperature sintering for the fabrica-
tion of mesoporous TiO; electrodes, it is favorable not
to use organic surfactants and/or thickeners in making
the initial TiO; colloidal solutions. Without such organic
additives, however, it is difficult to make thick meso-
porous TiO; electrodes (>5 um).2° In this work, to
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Figure 1. Structure of transparent film (TiO./Ag/TiO,, TAT).
Each layer was fabricated using a sputtering method.

increase the thickness of the mesoporous TiO; electrodes
for DSCs (2.5—16 um), a repeat spin-coating method was
employed using a TiO, (P-25 and ST-41) paste without
any organic additives. Because the aim was the fabrica-
tion of plastic DSCs using a TAT-covered PET, the
sintering in the preparation of the mesoporpous TiO;
electrodes was done under low-temperature conditions
(150 °C). Although the TAT layer can be fabricated on
plastic PET films, these conductive and transparent
films were mainly fabricated on glass substrates so that
TAT could be compared with other transparent conduc-
tive oxides [ITO and FTO (F-doped SnO,)] used so far.8?
The TAT films, the low-temperature-sintered mesopo-
rous TiO; electrodes on TAT films, and the DSCs using
the mesoporous TiO,/TAT electrodes were characterized
by transmission/refraction spectroscopy in the visible
region, transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), and photovoltaic mea-
surements.

Experimental Section

Materials. Nanocrystalline TiO, (P-25, Degussa, d = 21
nm), submicron TiO, particle (ST-41, Ishihara Sangyo, d =
200 nm), Lil (Wako Chemicals), and cis-bis(isothiocyanato)-
bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(ll) bis(tetrabu-
tylammonium) (Solalonix) were used as received. lodine
(Nacalai Tesque) was purified by sublimation. H;0, tert-
butylpyridine (Aldrich), and methoxyacetonitrile (Tokyo Chemi-
cal Industry) were purified by distillation. Dimethylpropyl-
imidazolium iodide (DMPImI) was prepared from dimethyl-
propylimidazolium bromide (Shikoku Kasei) by ion exchange.
Two types of transparent conducting oxides on glass (FTO:
10 Q/O, Nippon Sheet Glass; ITO: 8 Q/0, Kuramoto Co., Ltd.)
were used as the substrate compared to TAT.

Fabrication of TiO,/Ag/TiO, (TAT) Transparent Films.
We used sputtering deposition techniques to prepare these
TiO,/Ag/TiO, (TAT) coatings using a DC sputtering system
(SPW-025S, ULVAC). The TiO; layers were fabricated by a
reactive sputtering method using a Ti target (99.9%, Kojundo
Chemical Laboratory Co., Ltd.) under a mixed gas of O, (1.1
kgf m~2, 560 sccm) and Ar (1.1 kgf m~2, 110 sccm). The Ag
layers were sputtered using an Ag target (99.99%, Sumitomo
Metal Mining) under Ar gas (1.1 kgf m~2, 250 sccm). All TAT
coatings were deposited on 1-mm-thick glass. The thickness
of each TAT film was controlled by the deposition time. Figure
1 shows the configuration of the TAT films. The thicknesses
of the glass-attached TiO; layer and the Ag layer were fixed
to 20 and 10 nm, respectively. The thickness of the surface
TiO; layer was varied from 0 to 100 nm. The sheet resistance
of each transparent film was 8 /0 as determined using a 4-pin
probe constant-current method (Loresta-GP MCP-T600, Mit-
subishi Chemical Co., Ltd.). This resistance resulted from the
thickness of the Ag layer. A transmission and reflectance spec-
trometer (UV-3100PC, Shimadzu) was used for the measure-
ment of the optical properties of the thin transparent film.
Taking into account the direction of the incident light for such
a film used as a transparent film for DSCs, the incident light
for each optical measurement was introduced from the glass
substrate.
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Preparation of TiO, paste

*TiO, (d = ca. 20 nm)
P-25 (Degussa), 22.8 g

-TiO, (d = ca. 200 nm)
ST-41 (Ishihara Sangyo), 2.84 g | |

*H,0, 60 ml
spin coat the TiO, sol on
D. the TAT electrodes

! I Repeat (1-6 times)

[ heat at 150 °C for 5 min |

I | Repeat 10 times | |

a ultrasonic homogenizer
(1 s work + 1 srest, total 2 min)

Fabrication of mesoporous TiO, films

0.05% KOH in EtOH was spin-
coated on TAT electrodes

a defoaming mixer
(AR-250, Thynky, Japan)
(1 min mixing + 1 min defoaming)

[ heat at 150 °C for 30 min |

Figure 2. Fabrication scheme of mesoporous TiO; electrodes
under low-temperature sintering on TAT films.

Coating of Mesoporous TiO; Electrodes. Figure 2 shows
the procedure to fabricate mesoporous TiO; electrodes on the
TAT film. P-25 (22.8 g), ST-41 (2.84 g), and H,O (60 mL) were
mixed using two systems: a defoaming mixer (AR-250, Thinky)
and an ultrasonic homogenizer with a titanium horn (US-300T,
Nihonseiki Kaisha Ltd.). The agitations using these two
systems were alternatively repeated 10 times, and the coating
paste was obtained.

A drop of a KOH solution (0.05% in ethanol) was set on the
center of a conducting glass substrate (2.5 x 3.5 cm?; TAT,
FTO, and ITO) and flattened using a spin-coating method at
1000 rpm (ASS-301, ABLE Co., Ltd.). The KOH-treated
substrates were then completely covered with the TiO, col-
loidal solution, spun at a speed of 1000 rpm, dried using an
air drier, and heated at 150 °C for 5 min. After the first coating,
the thickness of the resulting mesoporous TiO- electrodes was
2.5 um. To increase the thickness of the mesoporous TiO,
electrodes, the spin-coating and heat treatment were alter-
nately repeated on the transparent film, and finally, the
resulting TiO, mesoporous electrodes were sintered in air at
150 °C for 30 min. These TAT films with mesoporous TiO;
electrodes, in view of conductivity, can withstand heating to
150 °C in air.

The morphology and thickness of the mesoporous TiO;
electrodes were characterized using a scanning electron mi-
croscope (SEM; JEOL, JSM-6700F) and a surface profiler
(Dektac 3), respectively.

Fabrication and Characterization of the DSCs. To
protect the Ag layer from the iodine in the electrolyte, a thick
TiO, surface layer (100 nm) on the TAT was used. The DSC
configuration was as follows: [glass/TiO; (20 nm, sputtering)/
Ag (20 nm, sputtering)/TiO; (100 nm, sputtering)/mesoporous
TiO; (2.5—16 um, spin-coating)/Ru dye/liquid electrolyte/Pt/
F-doped SnO./glassl] After the mesoporous TiO, electrodes on
TAT had been heated at 150 °C for 30 min, the porous TiO,
electrodes were cooled to 80 °C and immersed in an ethanol
solution of a ruthenium complex [cis-bis(isothiocyanato)-bis-
(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(ll) bis(tetrabuty-
lammonium)] at 80 °C for 3 h for dye adsorption. The dye-
adsorbed TiO; electrodes were assembled into a sandwich-type
cell. Pt-sputtered FTO glass served as the counter electrode.
Two clips were used to press together the dyed electrode and
the counter electrode. A drop of electrolyte solution (0.1 M Lil,
0.3 M DMPImI, 0.05 M 1I,, and 0.5 M tert-butylpyridine in
methoxyacetonitrile) was introduced into the clamped elec-
trodes. The active area of the DSCs was ca. 0.4 cm? (ca. 0.4 x
ca. 1.0 cm?, with each length measured using a digital
micrometer). Photocurrent—voltage measurements were per-
formed using an AM 1.5 solar simulator (100 mW cm™2,
Yamashita Denso).

Results and Discussion

Optical Spectroscopy of Conductive and Trans-
parent Layers: TAT, FTO, and ITO. Figure 3 shows
the reflection spectra of TAT coatings (the thickness of
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Figure 3. Reflectance spectra of TAT with surface TiO; layers
(0, 5, 10, 20, and 30 nm), FTO, and ITO.
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Figure 4. Transmittance spectra of TAT with surface TiO;
layers (0, 5, 10, 20, and 30 nm), FTO and ITO.

the surface TiO, layer was varied from 0 to 30 nm),
FTO, and ITO (see in Figure 1). The thickness of the
surface TiO; layer affected the reflectance of the incident
light from the glass substrate. The reflectance decreased
gradually with increasing thickness of the surface TiO,
layer on TAT, and the peak of the reflectance minimum
moved to higher wavelengths. At a TiO, surface layer
thickness of 30 nm, the reflectance of TAT was sup-
pressed more than those of FTO and ITO.

Figure 4 shows the transmission spectra of the
transparent films measured in Figure 3. The transmit-
tance of TAT improved with decreasing reflectance
related to the increase in the thickness of the surface
TiOz layer (Figure 3). The transmittance of TAT with a
TiO, surface layer thickness of 30 nm was comparable
to those of FTO and ITO, which suggests together with
the good conductivity (8 Q/0), that the TAT should be
useful for application to DSCs as a substitute for FTO
and ITO.

Figure 5 shows the changes in transmittance and
reflectance (on average at A = 400—700 nm) of TAT with
increasing thickness of the surface TiO, layer. The
optimum values of the transmittance and reflectance
occur for coatings with 25—35 nm of surface TiO,. The
transmittance and reflectance of TAT deteriorate at
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Figure 5. Relationship of the transmittance (®) and reflec-
tance (O) of TAT to the thickness of the surface TiO, layer.
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Figure 6. TEM image of the cross section of a TAT film.

TiO, surface layer thicknesses of more than 35 nm
because of interference in the surface TiO, layer (>35
nm). However, TiO, surface layer thicknesses in TAT
of over 50 nm affected the reflectance/transmittance
only slightly, as seen in Figure 5. The TAT with the
thicknesses 20 nm TiO,/10 nm Ag/30 nm TiO, was found
to show the optimum transmittance of 0.82 and reflec-
tance of 0.063.

Morphologies of TAT and Mesoporous TiO; Lay-
ers. Figure 6 presents TEM images of a cross section
of a TAT film on a glass substrate. Thes images confirm
that each layer, TiO, and Ag, has a flat and smooth
structure, which suggests high conductivity at the Ag
layer of TAT. Transparent conductive multilayers (di-
electric/Ag/dielectric) fabricated using sputter-coat-
ing12 have a lower resistance than those prepared by
vacuum thermal evaporation methods.1° The difference
comes from the morphology of the Ag layer. The Ag layer
prepared using vacuum thermal evaporation forms an
island structure.’* The low contact between each Ag
island grain results in a high resistivity. On the other
hand, the Ag layer prepared by sputter-coating is
smooth and has a low resistivity. Because the TAT in
this report was prepared by the sputter-coating method
and has a low resistivity (8 Q/O for a 10-nm thickness
of the Ag layer), the Ag layer in the TAT was flat and
smooth enough to make it attractive for use as a
transparent film.

Figure 7a and b presents SEM images of the surface
and cross section, respectively, of a mesoporous TiO;
electrode (prepared with four cycles of coating) on TAT.
The surfaces of the mesoporous TiO, electrodes were
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TAT
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Figure 7. SEM images of the (a) surface morphology and (b)
cross section of a mesoporous TiO; electrode [four spin-coating
and drying (150 °C) cycles] on TAT film.

found to be smooth enough for use as electrodes in DSCs
(Figure 7a). Without treatment with KOH/ethanol solu-
tion on the surface of the TAT (see Figure 2), the
resulting TiO, electrodes had large cracks on the
surface, probably as a result of a lack in cohesion at the
interface between TAT and TiO, nanocrystallites. The
thickness of the porous electrode after four cycles of
coating (thickness = ca. 10 um) gave a homogeneous
cross section (Figure 7b), and no traces of a boundary
phase were observed in the cross-section image between
adjacent pairs of layers caused by the repeated spin-
coating (Figure 7b). On the other hand, for the meso-
porous TiO, prepared by a repeated doctor-blade coating
and drying (80 °C) method using organic additives in a
TiOz colloidal paste, we observed gaps and boundary
layers between the repeated doctor-blade-coated layers
and also macropore structures and cracks on the surface
after sintering.%” The morphology of the present spin-
coated mesoporous TiO; layers (see Figure 7) is quite
comparable to that of TiO, layers obtained by a repeated
doctor-blade coating and combustion (500 °C) method
using a TiO; paste containing organic additives.® Hence,
it was concluded that each nanocrystallite should be
positioned evenly with the others despite the low-
temperature sintering and that the absence of organic
additives in the TiO; colloidal paste gave homogeneous
and smoothly sintered electrodes after the lower-tem-
perature sintering.

The present repeated doctor-blade coating and drying
(150 °C) method enabled the fabrication of thick elec-
trodes up to 16 um. When compared to the thickness of
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Figure 8. Relationship between the thickness of the meso-
porous TiO; electrodes and the light-to-energy conversion
efficiencies () of DSCs prepared on TAT films.

the previously reported mesoporous TiO, electrodes
prepared by low-temperature sintering (18 and 5 um?9),
this method is appropriate for the fabrication of thicker
mesoporous TiO, electrodes under low-temperature
sintering.

Characteristics of DSCs Fabricated Using TAT,
FTO, or ITO Substrates. We have compared DSC
performances of mesoporous TiO, electrodes prepared
using TAT, FTO, and ITO as conductive and transpar-
ent substrates in DSCs. Regardless of the optimum
thickness of the surface TiO; layer (30 nm) in the TAT
film (see Figure 5), the TAT films with thick surface
TiO; layers (100 nm) were used in the DSCs to protect
the Ag layer in the TAT from corrosion by the iodine in
the electrolyte. Hence, the structure of window-side DSC
electrodes with TAT was [TiO (20 nm)/Ag (10 nm)/TiO,
(100 nm)/nanocrystalline TiO, (2.5—16 um)/Ru dyell
Despite the thick TiO, layer (100 nm) on the Ag layer,
the Ag layer of the TAT underwent corrosion, being
dissolved into the electrolyte, and the conductivity of
the TAT decreased. Hence, photovoltaic measurements
of DSCs using TAT were performed within 3 min of the
injection of the iodine electrolyte.

Figure 8 shows the relation between the thickness of
the mesoporous TiO, layers and the light-to-energy
conversion efficiencies (i) of the DSCs using TAT. At
2.5 um (one coating cycle), the 5 value was 2.01—2.19%.
1 was found to increase with increasing thickness of the
surface TiO, layer, and at 10 um (four coating cycles),
there was a maximum # of 3.42—3.89%.

Figure 9 shows the light I-V characteristics of the
DSCs prepared using TAT, ITO, and FTO. The results
displaye are the best cell performances obtained in the
photovoltaic measurements of each of the three cells.
The 1=V characteristics for the TAT are significantly
improved compared over those for the ITO and FTO
cases (Table 1). The improvement in the conversion
efficiency depends not on the differences in the conduc-
tivities of the transparent layers (TAT, 8 Q/0; ITO, 8
Q/O0; and FTO, 10 Q/0O) but on the antireflection (AR)
ability of the TAT layers (Figure 3) and the transmit-
tance of the incident light. It is known that the
introduction of AR films on solar cells can increase the
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Table 1. 1-V Characteristics of DSCs Fabricated Using FTO, ITO, and TAT and the Mesoporous TiO, Electrodes
Obtained by Four Cycles of Spin-Coating and Drying (150 °C), Measured under AM 1.5 (100 mW cm~2)2

transparent film

FTO

ITO TAT

Jsc (MA cm~2) 6.89 (6.70—7.09)

Voc (MV) 686 (681—693)
FF 0.684 (0.683—0.685)
1 (%) 3.22 (3.13-3.31)

7.15 (6.73—7.76) 9.79 (8.39-11.92)
678 (674—681) 746 (0.741-0.751)
0.636 (0.630—0.645) 0.516 (0.422—0.575)
3.09 (2.85-3.34) 3.69 (3.42—3.89)

a Data are based on the averages of three dye-sensitized cell samples; ranges of data are shown in parentheses.
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Figure 9. Light I-V characteristics of DSCs prepared using
TAT, ITO, and FTO (four spin-coating and drying cycles). Each
curve comes from the best cell of that type in terms of the
conversion efficiency determined by photovoltaic measure-
ments.

photovoltaic performance of the cells.2° Proper arrange-
ment of the thickness of each layer in the TiO./Ag/TiO,/
nanocrytalline TiO,/Ru dye stack to suppress internal
reflections achieves a high photocurrent and conversion
efficiency of the DSC; the mesoporous TiO; electrode on
the TAT film can make a continuous structure of TiO;
and cancel the refracting interface, resulting in an
increase in the absorption of the incident light by the
Ru dyes that generate the high photocurrent. To rein-
force this argument, it would be useful to include the
reflectance/transmittance spectra of the transparent
films with the mesoporous TiO, electrodes, such as
reported by Tachibana et al., who used an integrating
sphere inside a UV—vis absorption spectrometer.?!
However, because the optical thicknesses of the meso-
porous TiO; electrodes prepared in this work were very
large because of the large TiO, particles (ST-41) used
in making these electrodes, the distinct differences in
the reflectance/transmittance spectra with these meso-

(20) Cid, M.; Stem, N.; Brunetti, C.; Beloto, A. F.; Ramos, C. A. S.
Surf. Coat. Technol. 1998, 106, 117.

(21) Tachibana, Y.; Hara, K.; Sayama, K.; Arakawa, H. Chem.
Mater. 2002, 14, 2527.

porous TiO; electrodes were impossible to detect, so no
discussion of this issue is included here.

DSCs prepared using thick mesoporous TiO; elec-
trodes (10 um) under low-temperature sintering on FTO
and ITO achieved conversion efficiencies of 3.22 and
3.09%, respectively, under 1 sun (Table 1). The conver-
sion efficiencies of DSCs prepared using FTO or ITO
were larger than the reported data for low-temperature-
sintered DSCs prepared using FTO (thickness of meso-
porous TiO,, 1 um; efficiency, 1.22%)8 or 1TO (thickness
of mesoporous TiO,, 5 um; efficiency, 2.3%).° The dif-
ference in the efficiencies was ascribed to the thickness
of the mesoporous TiO; electrodes that were employed
in the present work. Generally, the thick mesoporous
TiO; electrodes give higher conversion efficiencies than
the thin TiO; electrodes. The optimum thickness of the
mesoporous TiO; electrode was determined to be 10 um
(Figure 7) in the present work.

Conclusions

The sputtering deposition technique has been applied
to produce TiO,/Ag/TiO, layers with favorable quali-
ties: the sheet resistance was 8 Q/00, and the average
transmittance and reflectance (400—700 nm) were 82
and 6.3%, respectively. TiO, nanocrystallites were suc-
cessfully deposited by repeated spin-coatings on conduc-
tive TAT layers for DSCs and sintered at 150 °C. The
resulting mesoporous TiO; electrodes suppressed reflec-
tion losses of incident light energy, thus improving the
performance of DSCs prepared using the low-tempera-
ture sintering method (average n = 3.69%). However,
the Ag metal in TAT reacts with I3~ in the electrolyte
upon long-term usage. Therefore, when DSCs using
nonhalogen electrolytes such as cobalt complexes?223 or
solid-state hole-transport materials*242° are established,
TAT can be used as a low-reflectance and transparent
substrate for making improved DSCs or plastic DSCs.
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