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Atmospheric non-equilibrium planar plasma under magnetic field
to form a porous-TiO;, layer for dye-sensitized solar cells

Yuki Nagao', Shinji Mayumi', Minato Sawamura', Ryosuke Okumura' and Masayuki Okuya'>’

! Electronics and Materials Science Course, Department of Engineering, Graduate School of Integrated Science and Technology,
Shizuoka University, Hamamatsu, Japan

A porous-TiO, layer was formed using a non-equilibrium planar plasma under atmospheric pressure. With a
planar plasma, which decayed rapidly on the electrode in air, a small amount of plasma was supplied to the
titanium—peroxo complex precursor pre-coated on a substrate during film formation. However, by applying a
magnetic field to the plasma, the spatial distribution was expanded to reach the bulk of the precursor layer, and
the oxidation process was accelerated under a nitrogen and oxygen mixture gas flow. We found that active N-O
plasma species induced under a high nitrogen gas concentration played an important role in oxidizing and
crystallizing the precursor to the anatase TiO, phase. The precursor was employed as a binder to promote the
necking process between the TiO, particles to form a porous layer. A dye-sensitized solar cell (DSSC) fabricated
with a porous-TiO, layer showed a maximum conversion efficiency of 3.9 %. Although the photovoltaic
performance was lower than that of a general DSSC, a practical plastic substrate is acceptable in this low-
temperature film formation technique, which will be developed into a convenient tool to produce a DSSC for

daily use.
©2022 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Global environmental problems and resource depletion
have become serious issues over the last few decades.
Among the many renewable and environment-friendly
energy sources, the development of solar power systems is
one of the key strategies to solve these problems. Although
silicon solar cells generate high electric power and are in
daily use, these systems are rather expensive owing to the
high vacuum and high-temperature manufacturing process
required to produce a pure silicon device. Dye-sensitized
solar cells (DSSCs) have been studied as an alternative
photovoltaic system to silicon cells because most of the
fabrication process can be conducted in air with low-priced
materials. Recently, DSSCs have been applied to perovsk-
ite solar cells (PSCs), which exhibits a high conversion
efficiency comparable to that of silicon cells. However,
PSCs contain lead compounds, which are far from envi-
ronmentally friendly devices. Moreover, a PSC must be
kept free from moisture, and a long-term stabilized opera-
tion is now under development."? Tin®* and bismuth>-7
are potential alternatives to lead. However, the photo-
voltaic performance of these elements is significantly
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reduced. However, conventional DSSCs have reached the
stage of some practical applications, although the con-
version efficiency is still lower than that of PSCs. In
producing a DSSC, high-temperature sintering at 500 °C
is required to form a porous-TiO, layer for the working
electrode.®'9 Owing to the high-temperature sintering
process, only a heat-resistant substrate is acceptable for
this photovoltaic device, which prevents the use of a prac-
tical plastic substrate in a DSSC.

Plasma technology has been widely used for surface
modification,!D-!3) water treatment,'®>'> and manufactur-
ing electronic devices.'®»!”?) In general, a plasma that is
induced under atmospheric pressure is divided into two
types: a thermal equilibrium plasma represented by an arc
discharge'®2? and a non-equilibrium plasma represented
by a dielectric barrier discharge.>?® In a thermal equi-
librium plasma, both the electron and ionic temperatures
maintain a balance in the closed system. On the other
hand, in a non-equilibrium plasma, the electron temper-
ature is above tens of thousands of Kelvin, whereas the
ionic temperature decays rapidly to room temperature on
the electrode. In addition, a non-equilibrium plasma is very
convenient for supplying high energy to the selective area
on a substrate without heating the entire volume, which is
a useful method of direct patterning in film formation.
Recently, we developed a novel plasma technology for a
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low-temperature film formation system. We have reported
the film formation of ZnO by irradiating a zinc ammonium
complex precursor with a non-equilibrium planar plasma
induced by dielectric barrier discharge.”® Active plasma
species induced under pure oxygen gas flow promoted
the hydrolysis of the precursor to be crystallized into a
hexagonal ZnO phase. As the non-equilibrium plasma was
induced along a metal grid on the electrode, and the
substrate temperature was kept below 80 °C during film
formation, a ZnO film was successfully formed on a
polyethylene terephthalate substrate.

Several plasma technologies have been employed to
produce DSSCs for decades. However, most of them util-
ize the technology for surface cleaning and/or modifica-
tion of the porous-TiO, layer for a working electrode pre-
sintered in an electric furnace at high temperature.>3%
In contrast, we have reported a plasma technology to form
a porous-TiO, layer for a DSSC at a substrate tempera-
ture below 80 °C.*» However, the plasma induced under
atmospheric pressure decayed rapidly, and the vertical
distribution of the planar plasma on the electrode was too
thin to allow annealing of a porous-TiO, layer to produce a
high-performance DSSC. In this study, we applied a 0.17 T
magnetic field perpendicular to the plasma during film
formation. Under the magnetic field, a Lorentz force was
induced in the system to expand the vertical distribution
of the planar plasma on the electrode, and a high-energy
plasma was supplied to the bulk of the porous-TiO, layer.
Although the photovoltaic performance of the cell fabri-
cated in this study is lower than that of a general DSSC,
we found that this low-temperature film formation tech-
nique opens the way to the subsequent progress of a DSSC
for eco-friendly use.

2. Experimental

A hand-made electrode for discharge was prepared as
follows. A metal grid pattern was screen-printed with a
resistive paste (R-2010L, Shoei Chemical Inc.) on both
faces of an alumina plate, 50 x 25 x 0.6 mm? in size, and
sintered at 1150 °C for 20 min. Then, a conductive paste
(H-4566, Shoei Chemical Inc.) was screen-printed to form
two terminals on the grids and sintered at 900 °C for 15
min. Finally, an insulating paste (QM44, Dupont) was
screen-printed to fully cover the grid except for two ter-
minals, and sintered at 1000 °C for 15 min to complete the
electrode. The detailed procedure for preparing an elec-
trode has been reported previously.>® Figure 1(a) shows
a photograph of the discharge electrode. A blue plasma
originating from nitrogen in air was induced along a “P-
shape” grid by applying a sinusoidal bias of 4 kHz and 10
kV with a function generator (WF1965, NF Co.) through a
high-voltage amplifier (Model 20/20C, Trek Inc.). The
energy of the plasma was estimated using a capacitor of
330 nF incorporated into the electric circuit of the discharge
system.>> When plasma was induced on the electrode, a
typical thombic Lissajous figure was displayed on the con-
nected digital oscilloscope (TDS2024B, Tektronix Inc.),
and the area of the figure corresponds to the plasma energy.
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Fig. 1. Photographs of a hand-made discharge electrode; (a) the
electrode (top) before and (bottom) after applying AC bias of
4kHz and 10kV in air, the vertical plasma distribution on the
electrode (b) with no field, and (c) with applying a 0.17 T of
magnetic field.

As mentioned previously, a plastic substrate is acceptable
for this non-equilibrium plasma-film formation technique.
However, a higher electric power is required to form a TiO,
layer, and the hand-made electrode generates many fine
sparks in discharge, which seriously damages the plastic
substrate. To produce a high-performance DSSC, we em-
ployed a glass substrate (Corning 1737) in this study.
We prepared 0.1M of di-n-butyltin(IV) diacetate
(DBTDA, Tokyo Kasei Kogyo) ethanol solution with an
additive of ammonium fluoride (NH4F, FUJIFILM Wako
Pure Chemical) with a molar ratio of [NH4F]/[DBTDA] =
1.6, and this was sprayed by a nozzle (Lumina STA-6R-
1 mme, Fuso Seiki) with compressed air onto a heated
glass substrate. The mist was pyrolyzed on the substrate at
a substrate temperature of 500 °C to form an FTO film in
air with a sheet resistance and average transmittance in the
visible region of 10 $2/sq and 80 %, respectively.??-36)4D
Then, 0.1M of bis (2,4-pentanedionato) titanium(IV)
oxide (Tokyo Kasei Kogyo) ethanol solution was sprayed
onto the FTO-coated glass substrate at 500 °C to deposit a
dense-TiO, buffer layer.3”*) Before spraying the solu-
tion, we placed another cover glass on a portion of the
FTO-coated glass to leave 5 mm of bare FTO layer for the
terminal of the device. A commercial TiO, suspension
(STS-02; Ishihara Sangyo) and powder (P25; Degussa)
were mixed at a molar ratio of [STS-02]/[P25] = 1.0, to
prepare a source solution for the porous-TiO, layer. The
solution was sprayed onto the buffer layer at 150 °C in air.
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Before spraying the solution, the glass was covered with a
heat-resistant tape with a circular hole to deposit a porous-
TiO, layer with an apparent area of 0.23 cm? on the buffer
layer.3”#D A reddish—yellow titanium—peroxo complex
precursor was prepared from titanium(IV) tetraisoprop-
oxide (TTIP) (Kanto Chemical) by adding 1.0M of
hydrogen peroxide (FUJIFILM Wako Pure Chemical, 30
wt %) with a molar ratio of [TTIP]/[H,O,] = 0.1 with
cooling by ice water.*?*® Then, the porous-TiO, layer
on the FTO-coated glass was immersed in the titanium—
peroxo complex solution for 30 min. After removing the
glass from the solution, the glass was dried in air and
placed in the holder to face the porous-TiO, layer with an
electrode for discharge. The distance between the porous-
TiO, layer and the electrode was fixed at 0.1 mm using a
goniometer. Neodymium magnets were set on both sides
of the electrode to apply a 0.17 T magnetic field, and then
a planar plasma was induced under a nitrogen and oxygen
mixture gas flow of 5L/min.>* Plasma irradiation of the
porous-TiO, layer was conducted for 40 min. A two-step
stacking process was conducted to form a porous-TiO,
layer with a thickness of 10 um. A porous-TiO, layer with
a thickness of 1, 3, or 5 um was formed in the first step as
mentioned previously. Then, the second step was per-
formed to form a porous-TiO, layer with a thickness of 9,
7, or 5um on the first layer using the same procedure to
finally form 10-um-thick porous layers.

The films formed from a titanium—peroxo complex
precursor were characterized by X-ray diffraction (XRD;
RINT Ultima III, Rigaku) with a scanning speed of 5°/min
at a step of 0.03°, using CuKo radiation at 40kV and
40 mA. The surface morphology of the porous-TiO, layer
was observed using scanning electron microscopy (JSM-
6335F, JEOL Ltd.). N719 (Ruthenium 535-bisTBA,
FUJIFILM Wako Pure Chemical) dye was adsorbed on
the surface of the porous-TiO, layer by soaking the layer
ina 1 x 107*M ethanol solution at 45 °C for 18 h. Finally,
a dye-adsorbed TiO, working electrode and a Pt counter
electrode were clamped by clips, and then a drop of
anhydrous 17/I;~ electrolyte [0.5M of 1,2-dimethyl-3-
propylimidazolium iodide (Kanto Chemical), 0.08 M of
lithium iodide (FUJIFILM Wako Pure Chemical), 0.42M
of 4-tert-butylpyridine (Tokyo Kasei Kogyo), 4.2 x
1073 M of iodine (Kanto Chemical), and 0.17 M of gua-
nidine thiocyanate (FUJIFILM Wako Pure Chemical) in
acetonitrile (FUJIFILM Wako Pure Chemical)] was in-
jected between the two electrodes by capillary force to
fabricate a DSSC.4V47

The photovoltaic performance of the cell was measured
under quasi-sunlight of AM-1.5 and 100 mA /cm? (HAL-
320, Asahi Spectra). The incident photon-to-current con-
version efficiency (IPCE) was measured with a constant
photon mode using an IPCE system (PVL-4000, Asahi
Spectra). The electrochemical impedance was measured
using an electrochemical test system (1470E and 1255B,
Solartron) in the AC frequency range of 0.1 to 100 kHz.
The amount of dye adsorbed on the porous-TiO, was
evaluated by spectrophotometry (UV-1800, Shimadzu).

3. Results and discussion

Figures 1(b) and 1(c) show photographs of the vertical
distribution of a plasma induced on a self-made electrode
at 4kHz and 10kV in air before and after applying a 0.17 T
magnetic field, respectively. Under a 0.17 T magnetic field,
the Lorentz force was induced to discharge electrons, and
an apparent vertical distribution of the plasma induced by
an interaction between the electrons and atmospheric gases
was enhanced from 0.3 to 0.7mm in thickness on the
electrode, which is supposed to lead to an efficient plasma
treatment for film formation. The energy of the plasma
induced under a nitrogen and oxygen mixture gas flow did
not depend on the atmosphere and was estimated to be
3.5-4.0J/s, indicating that active plasma species induced
on the electrode remain in almost the same high-energy
level long enough to decompose the titanium—peroxo
complex precursor within a few seconds.

A planar plasma was irradiated onto a titanium—peroxo
complex precursor pre-coated on a glass substrate to inves-
tigate the effect of plasma treatment on the oxidation and
crystallization of the TiO, phase. Figure 2 shows the XRD
patterns of the films formed under various atmospheres.
An amorphous structure was observed for the film formed
under pure nitrogen and oxygen gas flow. On the other
hand, under a gas mixture flow of N,/O, =99/1 and
99.8/0.2 in volume, the (101) peak of the anatase TiO,
phase was observed. A titanium—peroxo complex precur-
sor was reported to form a TiOg octahedral structure in
solution. Oxygen ions confirm direct bonds to a titanium
ion, and a face-shared linking of each octahedral TiOg was
formed in a molecular structure, which is close to that of
an anatase TiO, crystal structure, and then decomposes
and crystallizes easily at around 300°C.*®9 However,

N,/0,=100/0, 0.17 T

(101)

N,/0,=99.8/0.2,0.17 T

I\ WO

N,/0,=99.8/0.2, no field|

N,/O,=99/1,0.17 T

N,/0,=99/1, no field

Intensity (a. u.)

N,/0,=0/100,0.17 T

precursor

A A AR AN AN AP

| ICDD PDF 00-21-1272
1 |

20 2 ” 3s 40 45 50
26 (deg.)

Fig. 2. XRD patterns of films formed from a titanium—peroxo
precursor with irradiating a non-equilibrium planar plasma
induced under various atmospheres.
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precursor solution and drying in air, and plasma treatment under a gas mixture flow of N,/O, = 99.8/0.2 with
(c) no field, and (d) a 0.17 T magnetic field.

because the substrate temperature was kept below 80 °C
with a cooling system during film formation, we assume
that crystallization was not conducted by thermal decom-
position but by a chemical reaction with active plasma
species. Under the flow of a mixture of nitrogen and oxy-
gen, various plasma species are generated, such as O, OF,
0,, 0,1, N, N*, N,, N,t, NOT, and NO.’P33) Suetomi
et al. reported that N-O meta-stable plasma was mainly
induced under a gas mixture flow of N,/O, =99.8/
0.2.59%) We suppose that N-O plasma species act as
an effective oxidant to the titanium—peroxo complex,
although a detailed mechanism has not yet been clarified.
The crystallization of the anatase TiO, phase was further
accelerated by applying a 0.17 T magnetic field during film
formation. The grain size of the film from the half width
of the (101) peak was calculated to be 7.2 and 5.9 nm with
and without applying a magnetic field, respectively, indi-
cating that more active plasma species reached the bulk
of the precursor because of the vertical expansion on the
electrode under a magnetic field.

Figure 3 shows the surface morphology of the porous-
TiO; layers formed under a gas mixture flow of N,/O, =
99.8/0.2. The as-deposited layer exhibited a porous struc-
ture with a particle size of 13 nm, as shown in Fig. 3(a).
However, the layer exhibited low adhesion and easily
detached from the substrate. After immersing the layer in
the precursor solution and drying in air, the pores were
fully packed with the precursor, as shown in Fig. 3(b). The
mechanical strength of the layer increased significantly
after the plasma treatment, and a porous structure was ob-
served again, as shown in Figs. 3(c) and 3(d), indicating
that the precursor in the pores crystallized to an anatase
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TiO, phase during plasma treatment and enhanced the
necking process between TiO, particles to form a porous-
TiO; layer. The amount of N719 dye loading on the sur-
face of the porous-TiO, layer was estimated as 1.93 x 10~/
and 1.56 x 107" mol/cm? for the layer formed with and
without applying the 0.17 T magnetic field, respectively.
The amount is assumed to be comparable within the
resolution of the measurement system, and the specific
surface area of these layers was estimated to be approx-
imately 50m?/g, which is a typical value of a general
DSSC.3-%9)

DSSCs were fabricated with a porous-TiO, layer, and
the photovoltaic parameters are summarized in Table 1.
Before the plasma treatment, the mechanical strength
between the TiO, particles within the porous layer was too
weak to exhibit adequate photovoltaic parameters. This is
due to the high internal electric resistance, which causes
the frequent recombination of photoelectrons. Then, well-
crystallized bonding between TiO, particles should be
produced for the porous-TiO; layer. In a general DSSC, a
10-um-thick TiO, layer is required for high photovoltaic
performance. However, a 10-um-thick layer formed by
this plasma technique revealed a low short-circuit current
density (Jsc) of 1.2mA /cm?, leading to a conversion effi-
ciency (1) of less than 1%. This is because the planar
plasma decays exponentially in the vertical distribution on
the electrode under atmospheric pressure, and an effective
plasma treatment was not conducted on the bulk of the
porous-TiO; layer, which resulted in high internal resist-
ance within the cell. To solve this problem, we employed a
two-step plasma treatment to form double-layered TiO,.
The thicknesses of the first and second porous-TiO, layer
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Table 1. Photovoltaic parameters and the real part of four arcs in impedance spectra of DSSCs fabricated with a porous-TiO, layer
prepared by a two-step stacking process. The thickness of the first and second porous-TiO, layer are abbreviated as (1st + 2nd)
TiO, thickness (um) Magnetic field (T) Jsc (mA/cmz) Voc (V) FF 1 (%) Ry (2) Ry () Ry () R; () R4 (2)
TTIP immersing
1040 — 0.52 0.82 048 021 N/A N/A N/A N/A N/A
Plasma treatment
1040 — 1.2 0.79 0.63 0.59 13 60 740 900 140
0.17 2.9 0.81 0.73 1.7 6 30 240 380 60
149 — 4.3 0.78 0.70 2.4 20 22 124 254 50
0.17 5.5 0.74 0.66 2.7 15 12 86 250 60
347 — 6.6 0.76 0.68 3.4 8 20 80 182 40
0.17 7.0 0.77 0.72 3.9 16 16 30 120 46
545 — 5.7 0.76 0.67 2.9 9 24 96 244 56
0.17 6.6 0.75 0.68 3.4 14 16 70 156 44
Electric furnace Temperature (°C)
1040 300 6.7 0.75 0.72 3.6 19 26 36 142 32
500 15.8 0.71 0.68 7.6 17 7 12 102 6
-150
° o
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OA &
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Fig. 4. Nyquist plot of impedance spectra of DSSCs fabricated with various configurations of porous-TiO,

layers formed with a plasma induced under a gas mixture flow of N,/O, = 99.8/0.2. The thickness of the first
and second porous-TiO, layer are abbreviated as (1st + 2nd).

are abbreviated as (Ist + 2nd) hereafter. The cell with the
porous-TiO; layer of (3 4+ 7) um exhibited the highest Jsc
of 6.6mA/cm?, and the conversion efficiency reached as
high as 3.4 %. On the other hand, the open-circuit voltage
(Voc) and fill factor (FF') did not depend on the config-
uration of the porous-TiO, layer and showed almost con-
stant values in all cells. We found that the two-step plasma
treatment is a useful way to form a porous-TiO, layer that
enhances Jsc. To check the details of carrier transportation
within the cell, electrochemical impedance measurements
were conducted. Figure 4 shows the Nyquist plots of the
impedance measurements of the DSSCs. The spectra
displayed in the figure were estimated using Z-view plot
software installed in the measurement system according to
the equivalent electric circuit.’”) Each spectrum consisted
of a series resistance, Ry, and four arcs, w;—w,. The series
resistance, Ry, and real parts of four arcs, R|—R4, are sum-
marized in Table 1. The sum of the resistances of the FTO
and buffer-TiO, layer,*” Ry, did not depend on the con-
figuration of the porous-TiO; layer, and showed almost a
constant value of approximately 20-24 Q2. The resistance
R, corresponds to the interface resistance at the FTO/
buffer-TiO,/porous-TiO, or Pt counter electrode/electro-

lyte. In this study, because the charge transportation at
the Pt counter electrode/electrolyte is not related to the
porous-TiO; layer, we can treat R as the interface resis-
tance at FTO/buffer-TiO,/porous-TiO,, although a con-
stant contribution from Pt counter electrode/electrolyte
should be considered. The cell with the porous-TiO, layer
of (3 + 7) um showed the smallest R; of 20 €2, indicating
that the plasma effectively reached the bulk of the porous-
TiO,/FTO interface to improve the adhesion between the
layers, accelerating efficient photoelectron transport within
the cell. However, the effect of the plasma treatment
declined with other porous configurations. In the porous
layer of (1 + 9) um, the first layer was too thin, and the
influence of high-energy plasma etching was not negli-
gible, leading to a coarse layer with a lower adhesion to
the FTO layer. On the other hand, in the porous layer of
(5 + 5)um, the first layer was too thick for the plasma to
fully reach the bulk of the TiO,/FTO interface. The resis-
tance R,, the interparticle resistance within a porous-TiO,
layer, and Rj3, the interface resistance at porous-TiO,/dye/
electrolyte, is high for the cell with a layer of (1 + 9) um,
indicating a lower crystallized bonding between TiO,
particles. This is because the second layer was too thick
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Fig. 5. J-V curves of DSSCs fabricated with various configurations of porous-TiO; layers formed with a plasma
induced under a gas mixture flow of N,/O, = 99.8/0.2. The thickness of the first and second porous-TiO, layer

are abbreviated as (Ist + 2nd).

80 (10+0),
il Electric furnace
at 500°C
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Fig. 6. IPCE spectra of DSSCs fabricated with the porous-TiO, layers formed with a plasma induced under a
gas mixture flow of N,/O, = 99.8/0.2 with and without applying a 0.17 T magnetic field. The thickness of the
first and second porous-TiO, layer are abbreviated as (1st 4+ 2nd). The spectra of general cells produced at 300
and 500 °C in an electric furnace in air are shown as references.

for an effective plasma treatment, and some weak necking
region was left in the bulk of the second layer. In addition,
the interface resistance between the first and second layer
seems to contribute to some extent and cannot be negli-
gible. The resistance, R4, of ionic diffusion in the electro-
lyte did not depend on the configuration of the porous-
TiO; layer. This is because the ionic diffusion process is
not related to the porous layer. We concluded that the inter-
facial resistance at FTO/porous-TiO, was reduced for the
first layer with a thickness of 3 um and that the subsequent
plasma treatment to the second layer was effectively
applied to the bulk to prepare an ideal working electrode.
However, the conversion efficiency of these cells was
much lower than that of a general DSSC. This is because
the internal resistance is still high and causes frequent
recombination within the cell, compared with that of a
general DSSC produced at 500 °C in a conventional elec-
tric furnace. We suppose that the plasma treatment was not
sufficient to complete the necking process within the
porous-TiO, layer during plasma irradiation. To enhance
the photovoltaic performance, a 0.17 T magnetic field was
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applied to induce a Lorentz force for a vertical expansion
of the plasma distribution on the electrode for an effective
plasma treatment to the bulk of the porous-TiO, layer.
Figure 5 shows the J-V curves of DSSCs fabricated with
various porous-TiO, layers. A typical rectification curve
for a photovoltaic device was observed for all the cells in
the dark. The photovoltaic performance was improved for
the cell formed with an applied magnetic field. In partic-
ular, the interface resistances R, and R; were significantly
reduced by the application of a magnetic field. The effect
of the magnetic field appears to be remarkable with in-
creasing thickness of the second porous-TiO, layer. In par-
ticular, for the cell with a porous-TiO, layer of (3 4+ 7) um,
the conversion efficiency reached a maximum value of
3.9 %, which was attributed to the reduction of R, and R;.
Figure 6 shows the IPCE spectra of DSSCs fabricated
with the porous-TiO, layer formed with and without
applying a magnetic field. With applying a magnetic field
during film formation, the spectrum was enhanced at all
wavelengths, although the amount of the dye loading on
the porous-TiO; layer is comparable in both cells. Since
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the IPCE spectrum directly reflects photoelectrons, we
found that the amount of the dye loading on the porous-
TiO, layer is not the only parameter that governs Jsc and
that the internal resistance within the cell is the main
parameter in this case. However, the photovoltaic perform-
ance was much lower than that of a general cell, and was
comparable to that produced at 300 °C in a conventional
electric furnace in air. Further optimization of the 3D han-
dling of plasma is required to form an ideal porous-TiO,
layer for a DSSC. Although the photovoltaic performance
remains lower than that of a general DSSC, the substrate
temperature was maintained below 80 °C during film for-
mation. We suppose that this plasma technology is a con-
venient tool for producing a DSSC on a light and flexible
plastic substrate. Further optimization of the plasma tech-
nology for effective film formation is required for the next
step.

4. Summary

In this study, we developed a non-equilibrium atmos-
pheric planar plasma into a film formation technique to
form a porous-TiO, layer for a DSSC. The titanium—
peroxo complex precursor was oxidized and crystallized
into an anatase TiO, phase during the plasma treatment.
Using this characteristic, we employed the precursor as a
necking agent between the TiO; particles to form a porous-
TiO, layer. We found that N-O active plasma species
played an important role in forming a well-crystallized
bonding between TiO, particles to form a porous-TiO,
layer, although the detailed mechanism of film formation
has not yet been clarified. A two-step plasma treatment
was conducted to reduce the internal resistance within the
porous-TiO, layer for a DSSC. The interface resistance
within the cell was reduced by applying a magnetic field to
the plasma, which was attributed to an effective spatial
expansion of the plasma to reach the bulk of the porous
layer during film formation. At this moment, the photo-
voltaic performance is lower than that of a general DSSC;
however, the possibility of fabricating DSSCs on plastic
substrates using a non-equilibrium plasma has been dem-
onstrated here.
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