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Abstract

Introduction: Silver conductive lines are used extensively in
electronics and optoelectronics. These lines are deposited by different
methods. In this work, silver lines were deposited by spraying diluted
silver ink. Silver ink was synthesized by Lewis-Walker method.
Then, it was diluted by ethanol for spray deposition. Since substrate
is at high temperature, both the deposition and annealing are
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] R performed at one step.
o Methods: For synthesis, silver acetate, ammonium hydroxide and
et 1 formic acid were used as silver source, stabilizing agent and reducing
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agent, respectively. Finally, the obtained ink was diluted by ethanol.
Spray deposition was done with nitrogen using air brush.

Findings: Different parameters were investigated. First, ink to
ethanol volume ratio of 1 to 10 was determined as optimized value. It
was observed that 60 cycles of spraying gives layer thickness of 3 pm.
Substrate temperature of 180°C was determined as optimized value.
Scanning electron microscopic (SEM) image showed that deposition
at 40°C led to discontinuous layer with island-like microstructure and
deposition at 280°C led to porous plate-like microstructure. But
deposition at 180°C led to continuous layer. X-ray diffraction patterns
showed that silver layers deposited at 40°C have a mixture of silver
acetate and elemental silver phases, but layers deposited at 180 °C and
280 °C have pure elemental silver phase.

Conclusion: It was observed that low resistance silver layer can be
obtained by spray deposition of diluted silver ink. The silver layer
deposited at optimized condition showed resistivity of 1.4 x 107 Qm.
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Fabrication of silver conductive lines by spray deposition method

Extended Abstract

Introduction

Conductive grid lines have extensive
application in printed circuit boards, super
capacitors, fuel cells and solar cells.
Conductive lines are usually made from gold,
silver, copper and aluminum. Among these
candidates, silver has most application due to
its low electrical resistivity, excellent oxidation
resistance and lower cost in comparison to gold.
Different methods have been proposed for
deposition of silver conductive line, such as;
screen printing, direct ink writing, vacuum
deposition and electrochemical methods.
However, methods based on silver ink have
been extensively used.

In 2012, Lewis and Walker proposed a
simple and cheap method for synthesis of silver
ink. The silver ink prepared by Lewis-Walker
method needs annealing step to reduce silver
ions to elemental silver. Thus, it seems possible
to combine both deposition and annealing in
one step by spray depositing the silver ink on
heated substrate. This method is fast and can be
implemented in industrial scale.

The purpose of present work is to show the
possibility of spray depositing Lewis-Walker
silver ink on heated substrate and investigating
the effect of process parameters.

Materials and Methods

Lewis-Walker method was used for synthesis
of silver ink. Silver acetate was used as silver
source. Ammonium hydroxide was used as
stabilizing agent and formic acid was used as
reducing agent. Ethanol was used as solvent for
diluting the obtained ink. First, 1 g silver
acetate was dissolved in 2.5 ml ammonium
hydroxide, the reaction between them gives
2Ag(NH3)>.CHsCO, complex. Then, 0.2 ml
formic acid was added, which serves as
reducing agent. The obtained ink was rest for
12 hr and then diluted with ethanol. Finally, the
diluted solution was filtered with 450 nm filter.
The spray deposition apparatus was designed
and fabricated in our group. The deposition was
done by nitrogen gas using air brush. The air
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brush assembly had linear motion with 23
mm/sec velocity.

For comparing the electrical resistivity of
different samples, silver lines with 4 mm width
and 70 mm length were deposited and the
electrical resistance between two ends was
measured and reported. The phase structure of
deposited layers was determined using X-ray
diffraction (XRD) method. The layer
morphology was determined by scanning
electron microscopic (SEM) images.

Findings and Discussion

To investigate the effect of ink dilution,
solutions with ink to ethanol volume ratios of 1
to 5, 1to 10 and 1 to 20 was spray deposited.
The substrate temperature during deposition
was maintained at 180°C. For each ratio,
deposition was continued until the electrical
resistance of deposited silver decreased to
lower than 1 ohm. For ratio of 1 to 20, in spite
of 120 spraying cycles, the resistance was > 1
ohm. Thus, to reach resistances lower than 1
ohm, more deposition cycles were needed
which indicates the small rate of deposition
using this ratio. In ratio of 1 to 5, solid
precipitation in air brush nozzle was a problem
which caused the interruption in deposition
process. In the case of 1 to 10 ratio, the
precipitation of solids in nozzle was not
observed and the deposition rate was
acceptable.

Using the solution with ink to ethanol
volume ratio of 1 to 10, the deposition was done
for different cycles. It was observed that for
deposition cycles less than 6 cycles, the
electrical resistance of samples were too high,
which might be due to discontinuity of
deposited silver coating. However, by
increasing the number of depositing cycles the
electrical resistance decreased steeply. The
results showed that spray depositing silver
solution of 1 to 10 ratio for more than 60 cycles
gives resistance lower than 1 ohm.

To investigate the effect of substrate
temperature on electrical resistance of
deposited silver, different temperatures were
investigated. It was observed that substrate
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temperature of 180 °C gives the best result.
Spray deposition on substrate at 40 °C and 280
°‘C led to several mega ohms electrical
resistance. Also, the microscopic images of
deposited samples at different temperatures
showed that layers deposited at 180 "C had the
best appearance. SEM images showed that
coating obtained at 40 °C is discontinuous and
has island like structure. This might be the
reason of very high resistance observed for this
coating. The SEM image of coating deposited
at 280 °C showed plate-like structure with
empty space between plates. The high contact
resistance between these plates causes the very
high resistance observed for this sample.
However, the SEM image of silver layers
deposited at 180 °C showed continuous
structure.

To investigate the phase structure of
layers deposited at different temperatures, XRD
patterns of samples deposited at 40 °C, 180 °C
and 280 °C were measured. It was observed that
sample deposited at 40 °C had mixture of silver
acetate and elemental silver phases. This might
be another reason for very high electrical
resistance of this sample. However, XRD
patterns of samples deposited at 180 °C and 280
°C showed only elemental silver phase, which
indicates the complete conversion of silver
acetate to silver at these temperatures.

The thickness of silver layer deposited
under optimized condition was determined
from cross-sectional SEM image. It was
measured equal to 3 um. From the geometry of
deposited line and its electrical resistance, the
resistivity of spray deposited silver was
calculated equal to 1.4 x 107 Q m.

Journal of New Materials. 2023; 14 (53): 91-102

Conclusion

Silver conducting layer was fabricated by spray
deposition method. It was observed that
dilution of ink less than optimized amount leads
to solid precipitation in air brush nozzle and
dilution higher than optimized amount
decreases the deposition rate significantly. The
ink to ethanol volume ratio of 1 to 10 was found
as optimized dilution. After 60 cycles of spray
deposition of solution with this ratio, silver
coating with 3 pm thickness was obtained.
Investigating the effect of substrate temperature
during deposition showed that 180 °C is the
optimized temperature. The coating obtained at
40 °C was discontinuous and that obtained at
280 °C showed plate-like microstructure. The
resistivity of silver coating deposited at
optimized condition was calculated equal to 1.4
x 107 Q m.
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2- Scanning electron microscope (SEM)
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1- X-ray Diffraction (XRD)
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