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Abstract

Introduction: Conductive gridline is essential part of electronic devices.
Direct ink writing is fast and simple method for gridline deposition. In
this work, silver ink suitable for direct ink writing was synthesized.
Thereafter, the effect of writing process parameters was investigated.
Then, silver conductive lines were deposited on electrodes of the dye
sensitized solar cell (DSSC) by direct ink writing and its role in increasing
the efficiency of DSSC was investigated.

Methods: Silver ink was synthesized according to Lewis-Walker
method. Silver acetate was dissolved in ammonium hydroxide and
formic acid was added as reducing agent. The viscosity of ink was tuned
by adding hydroxyethyl cellulose (HEC). Direct ink writing apparatus
was built in our lab. Different ink writing process parameters were
investigated. Photoanode and counter electrode of DSSC were fabricated
on FTO substrates. Photoanode composed of N719 dye sensitized TiOz
nanoparticles and counter electrode consisted of platinum thin film. The
distance between electrodes was filled by electrolyte. Finally, silver lines
were written on electrodes of DSSC to obtain conductive gridlines.

Findings: 2.3 wt% HEC gave the best result. It was found that nozzle-
substrate distance has no influence on shape and electrical resistance.
However, at higher distances printed lines became disconnected. Width
and thickness of silver gridline increased with injection rate and value of
0.48 ml/min was optimum value. Sintering at 360 °C was proposed for
following steps. By applying silver gridlines on DSSC, fill factor and
power conversion efficiency (n) increased significantly. n increased from
1.5% to 2.8%.
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Extended Abstract

Introduction

Current collecting gridline is an essential
part of electronic and optoelectronic
devices. Over past several decades, different
methods have been used for deposition of
conductive gridlines such as, lithography,
deposition, electrochemical
deposition and screen printing methods.
Recently, direct ink writing has been
proposed as simple, fast and cost effective
deposition  method for  fabricating
conductive gridlines. There exist three
different types of writable conductive inks;
carbon-based inks, polymer-based inks and
metal-based inks. Among them, metal-based
inks, especially silver ink, are employed
extensively in electronic and optoelectronic
industries. In addition, writable inks with
low temperature sintering are necessary for
modern flexible electronics.

In 2012, Lewis and Walker invent a new
method for synthesis of low temperature
silver ink. This ink was composed of silver
acetate dissolved in ammonium hydroxide
with small amount of formic acid as reducing
agent. However, Lewis-Walker ink is not
suitable for direct ink writing, due to its low
viscosity. One possible way to increase the
viscosity of the ink is adding thickening
agents. One of these thickening agents is
hydroxyethyl cellulose (HEC).

In the present work, silver ink was
synthesized according to Lewis-Walker
method and its viscosity was tuned by
adding HEC. The novelty and main purpose
of this work is to optimize ink writing

vacuum

process parameters in order to fabricate
high quality current collecting line of dye
sensitized solar cell (DSSC). In the last
section of work, DSSC was fabricated and for
the first time the role of this type of silver
lines in enhancing efficiency was evaluated.
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Materials and Methods

For the synthesis of silver ink, 1 g silver
acetate was dissolved in 2.5 ml ammonium
hydroxide and 0.2 ml formic acid was added
drop wise. After 12 h, it was filtered and a
clear ink was obtained. Then, the viscosity of
ink was tuned by adding proper amount of
HEC. The viscosity of ink was measured by
Ostwald viscometer.

We fabricated ink writing apparatus.
Different  process
investigated and optimized, e.g. substrate
moving rate, ink injection rate, nozzle-
substrate sintering
temperature. The width and thickness of
silver lines were measured by caliper and
micrometer, respectively. The resistance
was measured by ohmmeter.

DSSC was fabricated by attaching
photoanode and counter electrode together.
The space between them was filled by
electrolyte. Fluorine doped tin oxide (FTO)
coated glass substrate was fabricated in our
lab by spray pyrolysis method. For
photoanode TiO, nanoparticle paste was
deposited on FTO by doctor blade technique
and it was sintered at 480°C for 40 min. the
obtained layer was dipped in ethanol based
N719 dye solution for 24 h. For fabricating
counter electrode, ethanol based
H,PtCls.6H,0 solution was spin coated on
FTO at 1100 rpm and it was sintered at 450
°C for 20 min.

Silver ink was deposited on both DSSC
electrodes and sintered at 360°C.
Photovoltaic parameters were extracted
from current density-voltage (J-V) curves,
measured under 100 mW/cm? simulated
sunlight.

parameters were

distance and

Findings and Discussion

For tuning viscosity of silver ink, different
amounts of HEC were added, i.e. 0, 0.8, 1.6
and 2.3 wt%. These inks were named Sy, S1,
Sz and Sz, respectively. HEC concentrations
of 0, 0.8, 1.6 and 2.3 wt% led to inks with
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viscosities of 11, 1820, 26753 and 90127
mPs.S, respectively. Due to the very low
viscosity of Sp and S; inks, the deposited line
lost its shape and the ink was spread
extensively. S, ink slightly suffered from this
problem. But Sz ink gave the best deposited
line with smooth edges. The width of
deposited lines from Sy, S1, Sz and S3 inks
were measured as 3.74(x1.12) mm,
1.96(+0.32) mm, 1.88(x0.30) mm and
1.51(+0.08) mm, respectively. The lowest
standard deviation in width for S; ink,
reveals the smoothness of its edges.
Similarly, the thickness of silver layer was
measured at 3 different points. The obtained
thicknesses for inks So, Si, Sz and S3 were
6(%2) um, 8(£3) um, 9(+¥2) pm and 11(%1)
um, respectively. The highest thickness
obtained from Sz ink was due to its lowest
spreading on substrate. Also, the electrical
resistances were measured 7(+3) x 106 (),
3.16(x1.65) Q, 1.40(20.30) Q and
0.35(i0.05) Q for So, S1, Sz and S3,
respectively.

Then, writing process parameters were
studied. It was observed that nozzle-
substrate distance has no significant effect,
but above a critical value the deposited line
becomes Moreover,
investigating the effect of injection rate
(0.12, 0.3 and 0.48 ml/min) showed that this
critical distance increases with injection
rate. Also it was observed that width and
thickness of silver layer increase with
injection rate, but electrical resistance
decreased. Injection rate of 0.3 ml/min gave
the minimum standard deviation from mean
of width and electrical resistance. Finally,
the effect of sintering temperature on

discontinuous.

electrical resistance of deposited silver layer
was investigated. 360°C was found as
minimum sintering temperature which gave
electrical resistance near zero.

Finally, the role of silver line in enhancing
the performance of DSSC was investigated.
By applying silver gridlines on DSSC, fill
factor and power conversion efficiency (n)
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increased significantly. By applying silver
gridline, n increased from 1.5% to 2.8%. This
increase in efficiency was due to the decrease
in series resistance of DSSC, which was
obtained from electrochemical impedance
spectra. By applying silver gridline, series
resistance decreased from 44 to 20 Q.

Conclusion

It was found that adding 2.3 wt% HEC to
silver ink gave the best result and the
gridlines written by this ink had the smooth
edge and uniform thickness. Ink writing
process parameter were studied and
optimized. Nozzle-substrate distance had no
significant effect, but above a critical value,
the deposited ink became discontinuous. It
was observe that this critical distance
depends on injection rate. This critical value
for injection rates of 0.12, 0.3 and 0.48
ml/min was 0.5, 1 and 1.5 mm, respectively.
Different sintering temperatures were
investigated. The minimum temperature,
which gave near zero electrical resistance,
was 360°C. The role of fabricated silver
gridline in enhancing efficiency of DSSC was
studied. It was observed that using silver
gridline enhanced the efficiency of DSSC
from 1.5% to 2.8 %, which was due to
decrease of series resistance from 44 to 22
Q.
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