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We investigated atmospheric-pressure-plasma-jet (APPJ)-sintered nanoporous TiO, and TiO2-SnO, composites with patterns defined
by the screen-printing technique. The pastes used for screen-printing were made of oxide nanoparticles and organic binders. After
using screen-printing to define the features, APPJ was then used to rapidly sinter the screen-printed pastes. APPJ sintering for 30 s
can efficiently remove the organic compounds and sinter the nanoparticles, with transmittance haze values comparable to those
of nanoporous oxides prepared by conventional furnace calcination. Dye-sensitized solar cells with APPJ-sintered photoanodes
(sintering time >1 min) showed efficiencies comparable to or exceeding those of cells prepared by conventional furnace calcination.
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Screen-printing is a mature scalable low-cost deposition process
that has been extensively used for the fabrication of various types of
devices.'"® In industry, this technique is commonly used in roll-to-roll
processes in which printing is performed when the web is stationary.
Because alignment can be more easily achieved in this technique, it
is customarily used in printing the second and follow-up layers.%!”
Recently, screen-printing has attracted renewed interest owing to
the search for low-cost fabrication processes for flexible/stretchable
supercapacitors,®* lithium ion batteries,* flexible/stretchable organic
thin film transistors,''"13 light emitting diodes,'>"'* flexible carbon
nanotube thin film transistors,'® thermoelectric modules,! RFIDs,’
and dye-sensitized solar cells (DSSCs).>!5-20

We have applied the screen-printing technique to produce ceramic-
type metal oxides. Screen-printing administers the pastes containing
the desired oxide nanoparticles with organic solvents or binders to
maintain the required viscosity. The removal of these organic com-
pounds usually requires calcination or annealing processes that are
time-consuming and require a high thermal budget. In our previous
study, we have developed a rapid atmospheric-pressure-plasma-jet
(APPJ) sintering process for nanoporous TiO, with a sintering time
as short as 1 min. The sintering time can be further reduced to 30 s
by introducing air-quenching to increase the oxidization ability.?!->?
In contrast, furnace calcination would require ~15 min excluding
the temperature ramping and cooling times. This ultrafast sintering
process was made possible by the synergistic effect of highly reac-
tive/active N, plasmas and heat generated in APPJs.?">> Most recently,
we further used this sequential screen-printing and APPJ-sintering
process for the fabrication of reduced graphene oxide (rGO) counter
electrodes of DSSCs. The processing time was only 11 s owing to
the vigorous reaction between the N, APPJ and the carbon-based ma-
terials; in comparison, conventional furnace calcination would take
15 min at 400°C. The estimated energy consumption per unit pro-
cessing area is less than one-third that of the conventional furnace
calcination process.'’

In this paper, we describe the sequential screen-printing and APPJ-
sintering processes, as well as the preparation procedure of the oxide
nanoparticle pastes in detail. Nanoporous TiO, and TiO,-SnO, com-
posites are sintered by APPJs and characterized. The synthesized
nanoporous oxides are implemented as the photoanodes of DSSCs for
functionality testing.

“E-mail: jchen@ntu.edu.tw; iccheng @ntu.edu.tw

Experimental

Details of APPJ operation.— The schematic of the APPJ apparatus
is shown in Figure la. A quartz tube of 2-cm length and 3-cm inside
diameter is installed downstream of the plasma. The APPJ operation
conditions are nitrogen gas flow of 30 slm, applied voltage of 275 V,
and on/off duty cycle of 7/33 ws. The distance between the nozzle exit
of the plasma jet and the stage was 2 cm, and the gap between the stage
and the glass tube exit was 1 mm. The surface temperature evolution
for APPJ treatment is shown in Figure 1b. The plasma temperature
increased rapidly initially and gradually reached a steady temperature.
The temperature was measured by a K-type thermocouple in contact
with the substrate.

Sequential screen-printing and APPJ sintering process.— The
screen-printing process was performed using a screen-printing ma-
chine (WE-400F, Guger Industries Co., Ltd.); the printing-screen has
a stencil with a line spacing of 90 pm and net width of 64 pm. The
TiO, and TiO,-SnO, nanoparticle pastes were prepared according
to the procedure described in the literature.” Ethyl cellulose (EC)
powders, EC (5-15 mPa- s, #46070, Fluka) and EC (30-50 mPa s,
#46080, Fluka), were individually added in ethanol to form two sep-
arate 10 wt% ethanolic solutions (hereafter referred to as EC1 (5-15,
#46070) and EC2 (30-50, #46080)). 4.5 g of EC1 and 3.5 g of EC2
were added into a round-bottom rotovap flask containing 1.6 g of pure
TiO, nanoparticles (diameter ~21 nm) and 6.49 g of terpineol (anhy-
drous, #86480, Fluka). Subsequently, 8 mL of ethanol was added into
the rotovap flask for dilution. The mixture was stirred at 450 rpm for
24 h. Finally, the ethanol was removed from this TiO,/ethyl cellulose
mixture using a rotary concentrator operated at 55°C for 1 h. For the
TiO,-Sn0O, composite, the procedure is the same except that 1.4 g
TiO, and 0.02 g SnO, (diameter ~35-55 nm) mixed powders were
used instead of pure TiO, powders. The flowchart of the preparation
procedure of the nanoporous oxides is shown in Figure 2.

Fabrication of thin-film samples.— TiO, or TiO,-SnO, nanopar-
ticle pastes were screen-printed onto glass substrates (Corning Eagle
2000) via a 1 cm? square grid. The thickness was ~3 wm. APPJ was
then used to sinter the printed pastes for various durations. A coun-
terpart thin film sample was fabricated by the same procedure with
furnace calcination at 575°C for 1 h instead of APPJ sintering.
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Figure 1. (a) Schematic of APPJ apparatus, and (b) evolution of substrate
temperature during APPJ operation.

Fabrication of DSSCs.— TiO, or TiO,-SnO, nanoparticle pastes
were screen-printed onto a fluorine-doped tin-oxide-coated glass
(FTO, TEC7, thickness: 2.2 mm, transmittance: >80%, sheet re-
sistance: 8 ©/0J, Pilkington) with an area of 0.22 cm? three times,
and the total thickness of the nanoporous TiO, layer was ~10 pwm.
After each printing step, the printed layer was baked at 100°C for 10
min to partially dry the solvent. Subsequently, APPJ sintering was per-
formed for various durations. The APPJ-sintered TiO, and TiO,-SnO,
nanoporous films were immersed in a mixed solution of acetonitrile
(99.9%, J. T. Baker) and tertiary butyl alcohol (99.9%, J. T. Baker)
containing 3 x 10~ M of N719 dye (Solaronix) for 24 h. The dye-
anchored nanoporous oxide photoanodes were rinsed with ethanol,
dried at room temperature, and then assembled with the counter elec-
trode of a 10-nm-thick sputtered Pt layer on the FTO glass substrate.
Finally, a liquid electrolyte based on the iodide redox in acetonitrile
(E-Solar EL 100, Everlight Chemical Industrial Co.) was injected
into the assembled cells to complete the assembly of the DSSC. A
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counterpart DSSC was fabricated by the same procedure with furnace
calcination at 500°C for 1 h instead of APPJ sintering.

Characterization of films and DSSCs.— The APPJ-sintered
nanoporous oxides were examined by scanning electron microscopy
(SEM, Nova NanoSEM 230, FEI) and X-ray diffraction (XRD,
PANalytical X’Pert PRO). The specular and total transmittances were
measured using a spectrophotometer (JASCO V-670). The transmit-
tance haze values were then calculated based on the transmittance
data. It is noted that the resistance of these samples was too high to
be measured using an electrometer (Keithley 2636A). To evaluate the
DSSC performance, the cells were illuminated through the photoan-
ode side using a solar simulator (Abet Sun 2000 solar simulator class
AAB) with an AM1.5 filter. A Keithley 2400 electrometer was used
to evaluate the I-V characteristics.

Results and Discussion

Figure 3 shows SEM images of APPJ-sintered TiO, and TiO,-
SnO, nanoporous composites. A clear nanoporous feature was identi-
fied, and some large pores (>80 nm) were formed probably owing to
particle agglomeration. No significant alteration of morphology was
observed with the increase in APPJ sintering time. Figure 4 shows
the XRD patterns of nanoporous oxides. Most diffraction peaks were
attributed to the anatase TiO, phase. The average grain size d was es-
timated using the Scherrer equation”»** d = 0.9 \/Bcos 6, where \, B,
and 0 are the X-ray wavelength (0.15418 nm for Cu K,,), full-width at
half-maximum (FWHM) of the diffraction peak, and Bragg diffraction
angle, respectively. The data for the (101) diffraction peak was used
to calculate the grain size. The average grain size of APPJ-sintered
oxides was ~20 nm, which was similar to that of the nanoporous
oxide obtained by furnace calcination; the grain size remained similar
as the APPJ sintering time increased. The calculated grain sizes are
listed in Table I.

In this study, the applied APPJ-sintering temperature is ~500°C,
which is considerably lower than that typically used for conventional
furnace sintering of an oxide material. We speculate that the appli-
cation of nano-sized particles may be advantageous in this APPJ-
sintering process. Melting point depression (i.e., decrease in melting
point temperature) is expected when the particle diameter is re-
duced. The particle (or pore) size dependent melting temperature can
be described based on the classical thermodynamic Gibbs-Thomson
relation®>*

Ty (r) = Taps (1 = =2 1
m(r) = MB( m) [1]

where Ty is the bulk melting temperature; o, the solid-liquid in-
terfacial energy; Hy, the bulk heat of fusion; py, the density of the
solid; and x, the particle or pore size. In practice, the melting point
of the semiconductor and covalently bonded nanoparticles may have
different dependence on particle size; it is described as?’

Tur () =T (1 - (5)2> 2l

solution: add EC into solvents 1)

nanoparticles and terpineol in
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Figure 2. Flow chart of experimental procedure.
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Figure 3. SEM images of APPJ sintered nanoporous (a) TiO, and (b) TiO2-SnO, composite.

where ¢ is a material constant. A solid starts to melt when the atomic
vibration amplitude reaches a critical fraction (~10%) of the nearest-
neighbor distance. Because of fewer bonds and reduced cohesive
energy possessed by the surface atoms, the activity of surface atoms
can be much more vibrant than that of bulk atoms, i.e., the melting
point of the surface layer is lower than that of the bulk material.?®

Lower melting point usually implies higher activity of mass transport
at a certain temperature when no other phase transition or material
transformation occurs in a solid. Owing to the large surface-area-to-
volume ratio of the nanoparticles, much more vigorous surface mass
transport activity is expected for the nanoparticles, which thereby
reduces the required sintering temperature.
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Figure 4. XRD patterns of nanoporous (a) TiO; and (b) TiO,-SnO;
composite.

The other advantage favoring the APPJ-sintering of nanoparticles
is the increase in inter-particle contact area per unit volume as the parti-
cle diameter reduces. The surface area is proportional to r* and volume
is proportional to r*; therefore, the contact-area/volume ratio scales
as 1/r. As the particle radius r decreases, the contact-area/volume
ratio increases dramatically. Because of the small-diameter nanopar-
ticles used in this APPJ-sintering process, the large amount of contact
points and contact area provide a strong supporting force for the sin-
tered nano-particulate network. Sufficient mechanical strength can be
achieved with slight mass transport to bind the nanoparticles effec-
tively.

Figure 5 shows the transmittance haze of sintered nanoporous ox-
ides. The haze values of APPJ sintered oxides were close to that of the
nanoporous oxide by conventional furnace calcination. The haze of
glass substrate is also plotted as a reference. In both TiO, and TiO,-
SnO, nanoporous oxides, the haze decreased first and then increased
as the APPJ time increased. The initial sintering process smoothens the
particulate nature of the nanoporous oxides, further increasing the sin-
tering time may cause cracking or detachment of some particles owing
to the unbalance of stresses at the inner and outer layers, causing the
increase of haze values. As indicated by the spectra of transmittance
haze, 30-s APPJ treatment already showed nearly complete removal
of the organic binders. Nitrogen plasmas consist of abundance of
N, species in the plasma jet. These excited plasma species possess
>6 eV higher energy level above the ground state. This highly ener-
getic plasma species may provide extra energy for the removal of the
organic compounds.?'??> Trace level of oxygen from the ambient air
may also help the oxidation of the organic binders.!”*-3! The syner-
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Table I. Grain sizes calculated based on (101) diffraction peaks in
Figure 4.

TiO; peak (101) Grain size (nm)
As-deposit 20.46
Furnace anneal@575°C 20.35
APPJ 30 s 20.71
APPJ 60 s 20.60
APPJ 3 min 20.16
APPJ 5 min 20.14
APPJ 10 min 19.54
TiO,/Sn0O; peak (101) Grain size (nm)
As-deposit 20.53
Furnace anneal @575°C 20.57
APPJ 30 s 20.24
APPJ 60 s 20.15
APPJ 3 min 20.02
APPJ 5 min 20.41
APPJ 10 min 20.44

getic effect of heat and highly energetic plasma species leads to this
ultrafast removal of the organic binders. This is consistent with the ex-
perimental results from our previous study regarding APPJ-sintering
on pastes containing rGOs."” The required APPJ-sintering time for
the rGOs pastes was merely 11 s; nearly all organic compounds in-
cluding rGOs and ethyl cellulose were removed as the APPJ-sintering
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Figure 5. Transmittance hazes of nanoporous (a) TiO, and (b) TiO,-SnO;
composite.
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Figure 6. IV curves of DSSCs with nanoporous (a) TiO; and (b) TiO2-SnO;
composite photoanodes.

increased to 2 min. In contrast, the required calcination time by con-
ventional furnace would take 15 min at 400°C.

The high haze values occur in the wavelength range between
350-700 nm, which could be beneficial for the improvement of light
trapping and light scattering for solar cells. Figure 6 shows the J-V
curves of DSSCs with TiO, and TiO,-SnO, photoanodes; the cor-
responding cell performance parameters are listed in Table II. For
DSSCs with TiO, photoanodes (Figure 6a), the DSSC performance
became comparable to that of the cell by furnace calcination as the
TiO; sintering time reached and exceeded 1 min, whereas the DSSC

Table II. DSSC performance parameters.

TiO, Jsc (mA/em?)  Voc (V) FF(%)  Efficiency (%)
Furnace 9.51 0.73 69.9 4.84
APPJ 30 s 5.51 0.66 72.8 2.63
APPJ 60 s 9.48 0.74 70.4 4.92
APPJ 90 s 9.56 0.73 69.8 4.93
APPJ 120 s 9.47 0.72 69.1 4.71

TiO,-Sn0O; Jsc (mA/cm?) Voc (V) FF (%) Efficiency (%)
Furnace 6.55 0.66 68.9 2.96
APPJ 30 s 1.99 0.58 63.2 0.74
APPJ 60 s 6.04 0.66 67.3 2.66
APPJ 90 s 7.00 0.66 69.1 3.17
APPJ 120 s 7.29 0.67 68.9 3.34
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with 30-s APPJ-sintered photoanode showed poor performance. This
is consistent with our previous experimental results.'®!” Figure 6b
shows the performance of DSSCs with TiO,-SnO, composite pho-
toanodes. Similar to DSSCs with TiO, photoanodes, the cell with
a 30-s sintered photoanode showed poor cell performance. The cell
efficiency approached that of the DSSC by conventional furnace calci-
nation as the APPJ sintering time reached 1 min. The DSSC efficiency
surpassed that of cell by furnace calcination as the sintering time was
further increased. These experimental results indicate that 1 min is
the minimum time for the complete removal of organic binders for
the oxide nanoparticle pastes prepared using the presented procedure
(N, APPJ without air-quenching), in good agreement with our previ-
ous results.'®!” SnO, has much higher electron mobility, comparable
bandgap to TiO,, and 0.3 eV more negative conduction band mini-
mum than that of TiO,. These factors benefit the electron injection
from the excited dyes into the photoanodes and the electron transport
in the photoanodes when TiO,-SnO, composite instead of bare TiO,
is used; therefore, higher efficiency is expected. However, the exper-
imental results showed that the efficiency of DSSCs deteriorated as
SnO, was added into TiO,. This could be due to the relatively weak
adsorption of the dyes with acidic anchoring groups to the SnO,, and
the recombination of conduction band electrons with the oxidized
dyes.*? The lower photocurrent levels for the DSSCs with TiO,-SnO,
photoanodes support this inference. The larger particle size of SnO,
also reduced the surface-area to volume ratio, leading to the decreased
total area for the anchoring of dyes when SnO, powders were mixed
into TiO, ones. With the addition of SnO,, the cells possessed lower
open circuit voltages. Generally the open circuit voltage roughly cor-
responds to the difference of the conduction band level of the oxide
photoanode and the redox potential level.>* The lower conduction band
minimum of SnO, could lead to the decreased open circuit voltage
when the same electrolyte redox pair is used.

Conclusions

We successfully fabricated nanoporous TiO, and TiO,-SnO, ma-
terials using a two-step process consisting a sequential screen-printing
and APPJ-sintering processes. Highly reactive species in N, plasmas
and heat can efficiently remove organic binders in the pastes and
sinter the oxide nanoparticles in 30 s; the sintered oxides showed
transmittance haze values comparable to those of nanoporous oxides
prepared by furnace calcination. 1 min APPJ sintering affords more
complete removal of the organic binders; therefore, the DSSCs with
1-min APPJ-sintered photoanodes show comparable efficiency to
those of cells prepared by the conventional furnace calcination. This
rapid nanoporous oxides synthesis technique can be applied to the
fabrication of gas sensors, catalysts, batteries, and supercapacitors, in
which the active materials with high surface-area to volume ratio are
essential for an improved device performance.
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