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Abstract

As one of the key challenges in high-resolution printed electronics, short-circuits are difficult to
detect and eliminate in mass production. In this work, high-resolution circuits were fabricated by
filling conductive ink into the micro-channels on glass substrates with SU-8 sidewalls. The value of
satellite droplet area percentage, which was used as an index for short-circuit risk evaluation, was
reduced by improving the contact angle and height of the sidewalls. The sample with a hydrophilic
SU-8 sidewall is measured to short-circuit because of the silver ink connecting adjacent printed
lines. In contrast, the typical satellite droplet area percentage value of the CF, plasma treated
sample can be only 0.2% of the untreated one. On the other hand, the sample with the lowest
sidewall height of 1.3 ym has the minimum typical satellite droplet area percentage, which is only
about 0.64% of the sample with the highest sidewall. Interestingly, the other samples with a
variable range of sidewall heights have quite similar silver layer thickness values, while the
optimized silver thickness was increased by more than 50% compared to these samples. A
multi-channel capacitive-type sensor array was also used to print detect the short-circuit defects
efficiently. These results revealed that it is possible to improve the short-circuit risk monitoring and
reduction in high-resolution mass printed electronics in the future.

1. Introduction

As a novel technology using conventional print-
ing processes, printed electronics offer advantages
including low cost, simplicity, and environmental
friendliness [1, 2]. So far a series of functional nano-
materials have been printed as ink to form electronic
functional films with specific patterns and structures
[3, 4]. The most popular electronics-printing tech-
nologies include screen printing, inkjet printing, and
doctor blade coating [4], which have been con-
sidered as benchmarks and mature technologies for
industrialization.

However, the risk of short-circuits is more com-
mon in high-resolution printed electronics due to
ink flow and printing defects [5], even though the
printable conductive materials have been explored

© 2025 The Author(s). Published by IOP Publishing Ltd

widely [6, 7]. Considering that the various methods
to prevent them in traditional electronic products
[8, 9], the short-circuit risk is the biggest obstacle
limiting the industrialization of printed electronics
applications. As a result, the printing method has
not yet been widely applied in the mass production
of electronics, especially with fine patterns less than
50 pm [4]. This challenge will further increase when
organic [10] or stretchable [11] integrated circuits are
developed in the future.

To prevent short-circuit risks between the adja-
cent patterns, the printed materials have been con-
trolled by methods including sequential printing and
drying [12] or coffee-ring [13]. As a universally
applicable method, the surface energy difference [14]
was more generally used for restricting ink flow on the
substrate. However, the ink stay on the hydrophobic
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surface can split into satellite droplets [15], which
introduce short-circuit risks between adjacent prin-
ted lines or patterns. Micromolded hydrophobic sep-
arators with certain height have also been reported to
define the ink flow for a short channel of source/drain
electrodes [16], which can restrict the ink flow by
better utilizing the gravitational effect to pull the
ink downhill to the conductive pattern region. On
the other hand, the adaptive printed circuits with
high-resolution thin conducive lines require micro-
channel structures to better control the ink flow,
which is much more complex than source/drain
electrode fabrication using a dewetting separator.
Meanwhile, micro-channel sidewalls with lower sur-
face energy have been reported for laminar drag
reduction [17] and dried ink profile improvement
[18].

However, it has also been reported that densely
arrayed dewetting microstructures may allow water
to stand away from the substrate because of the
Cassie state [19, 20]. To avoid large contact angles,
the micro-channels were usually plasma treated to
improve their hydrophilic properties for filling ink
better [21] before fabricating conductive patterns.
It was also reported that the Cassie state turns to
complete wetting quickly when the water-air inter-
face touches the bottom of the micro-channels [20].
It can therefore be hypothesized that there may
be a critical value of the sidewall height for ink
filling in micro-channels. In other words, the con-
tact angle and height of the micro-channel sidewall
probably play key roles for reducing short-circuit
risk in the conductive patterning method based on
micro-channels.

In this paper, high-resolution circuits were fabric-
ated by blade coating silver (Ag) conductive ink into
the micro-channels on glass substrates. Ag ink was
filled on the uncovered glass substrate between the
sidewalls to form the conductive thin lines. Dried ink
droplets on the sidewall surface between conductive
lines, which may lead to short-circuits, were named as
satellite droplets in this work. The sidewalls designed
with proper contact angles and varying heights were
fabricated using a spin-coated SU-8 photoresist. The
samples’ contact angles were improved using CF4 gas
plasma treatment. The different sidewall heights were
obtained by changing the value of SU-8 layer thick-
ness. The value of satellite droplet area percentage,
which was used as an index of short-circuit risk evalu-
ation, was reduced by improving the sidewall contact
angles and heights. A multi-channel capacitive-type
sensor array was also used to detect the short-circuit
defects efficiently.

2. Materials and methods

2.1. Materials
The Ag conductive ink (Ag particles with 30—
50 nm diameter, 35-40 wt%) was purchased from
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BroadTeko. Propylene glycol monomethyl ether acet-
ate (PGMEA) was provided by Adamas-beta. SU-
8 3010 negative epoxy photoresists were purchased
from Microchem. All of the materials were used
without further purification.

2.2. Preparation of conductive patterns

SU-8 micro-channel fabrication: The glass substrate
was cleaned using detergent, anhydrous ethanol, and
deionized water sequentially. It is then treated with
oxygen plasma for 3 min to enhance the adhesion
of the glass substrate surface. The SU-8 negative
epoxy photoresist, which was diluted using PGMEA
with ratios of 1:1, 2:1, 3:1, 4:1, and 1:0 respectively,
was spin-coated (6000 rpm) on the glass substrate
as shown in figure 1(a). The photolithography was
then performed, as shown in figure 1(b), which con-
tains a series of steps as follows. The sample was soft
baked using a 100 °C hot plate before UV exposure.
The sample was then successively placed in an SU-
8 photoresist developer, isopropanol, and deionized
water for developing, rinsing, and washing, respect-
ively, followed by drying with a nitrogen gun. The
thickness of the spin-coated SU-8 layer, which was
varied because of the different diluted ratios, was con-
sidered as the sidewall height of the micro-channel.
As an optional process, the samples can be CF, gas
plasma treated for different contact angles, as shown
in figure 1(c).

Ag ink filled micro-channel fabrication: The
water-based Ag ink was filled into the micro-channels
composed of SU-8 sidewalls and uncovered glass sub-
strate using a ZAA2300 Automatic Film Applicator
with a speed of 1 mm s~ . Then, the filled sample was
sintered on a hot plate at 250 °C. Finally, a sample
with high-resolution circuits was obtained. All of the
steps are shown in figures 1(d)—(f).

2.3. Characterization and measurement

The samples with dried ink were observed using
optical microscopy, with the satellite droplets detec-
ted and analyzed by Image]. X-ray photoelectron
spectroscopy (XPS) measurements were recorded
using the Kratos Asxis Ultra DLD. Contact angle
of the surface was measured using SinDin Precision
SDC-200 S. The surface energy was calculated based
on the measured contact angles of water and diiodo-
methane. Considering that the surface energy of the
photoresist material is mainly determined by the sur-
face topography and surface chemistry, the measured
contact angle and surface energy of the sidewall sur-
face should have the same value as the horizontal sur-
face area of the same sample. As a result, the measured
contact angles on the horizontal SU-8 surface area
were used instead of the contact angles of the sidewall
surfaces. A 160 x 160 multi-channel readout circuit
(GP Nano, GP-FMA-05) for a capacitive-type sensor
array was used to detect the short-circuit defects of
the printed samples.
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Figure 1. Steps of pattern fabrication and printing: (a)—(b) schematic diagram of the micro-channels fabrication process with
different surface energies. (c)—(f) Schematic diagram of ink blade coating and sintering.

3. Results

3.1. The role of sidewall contact angles

By means of blade-coating, the ink is filled on the
uncovered glass substrate between the SU-8 side-
walls and then dried as a thin solid Ag layer. To
investigate the role of the contact angles intuitively,
samples with SU-8 sidewalls are ultraviolet-ozone
(UVO) treated before the Ag ink coating to make the
contact angles similar between the sidewalls and the
uncovered glass substrate surface. The typical water
contact angle of the SU-8 surface was decreased from
72.831° to 10.307° after UVO treatment, as shown
in figures 2(a)—(c) respectively. However, the UVO
treated SU-8 surface is spanned by the dried Ag ink
very seriously after ink filling and baking, as shown in
figure 2(a). Figure 2(b) also confirms the short-circuit
behavior of the conductive micro-channels, which
are in full accord with the spanned ink observed by
optical microscopy. These results show that it is very
important for short-circuit reducing to avoid wetting
of the sidewall surfaces.

Furthermore, the distribution density of satellite
droplets that remain on the sidewalls also proved to
be an index for evaluating the short-circuit risk of
the printed samples because of this result. In contrast,
samples without UVO treatment have quite clean
sidewall surfaces and seldom have satellite droplets.
The images of the measured contact angles and
optical microscopy are shown in figure 2(c).

It is worth mentioning that the water contact
angle decreases from 44.211° to 3.398° after the UVO
treatment, which means increased capillary force
which can promote attractive interactions between
ink and glass surface [14]. The gravitational effect can
also pull ink downbhill because of the height difference
between the sidewall and glass. However, the side-
wall surface with UVO treatment (figure 2(a)) still
has much more dried ink stay than the sample in
figure 2(c). The most reasonable explanation for this
result is that the repellency of the micro-channel side-
wall surface plays a more important role in reducing
the spanned ink than the hydrophilic property of the
glass substrate surface.

It was reported that polymer surface can turn
hydrophobic due to fluorination after CF, gas plasma
treatment [22], while the adjacent glass surface
remains hydrophilic [23]. These reports indicate that
a short-time CF,4 gas plasma treatment can be used
to modify the contact angle of the sidewall surface.
To find out if this method is effective enough, the
samples are CF, plasma treated for 0's, 1's,2s, 4 s,
and 8 s. The satellite droplets stayed on the sidewall
surface and were detected and analyzed by Image].
Table 1 shows that the samples treated for different
times have typical satellite droplet area percentages
of 0.0461, 0.0018, 0.0001, 0.0099, and 0.0115, which
were analyzed from the images in figure 3(a). It was
found that the sample with 2 s CF, plasma treatment
has the lowest satellite droplet area percentage, which
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10.307°

Figure 2. (a) The measured contact angles and optical microscopic image of the sample with UVO treatment. (b) The optical
microscopic image of a short-circuit detected sample, with the inset showing the measured resistance value using a multimeter.
(c) The measured contact angles and optical microscopic image of the sample without UVO treatment.

Table 1. Data table of surface satellite droplets with the CF4
plasma treatment for different seconds.

Satellite Measured
Treatment droplet Area typical
time (s) area (px2) percentage contact angles
0 30306 0.0461 62.49°
1 1189 0.0018 71.56°
2 45 0.0001 74.93°
4 6559 0.0099 65.58°
8 7618 0.0115 59.12°

is only about 0.2% of the value measured from the
untreated sample.

The contact angles on the SU-8 surfaces with the
CF, plasma treated for different times were used to
explain the satellite droplet area percentage change
trends. For more accurate characterization, the Agink
contact angle was used instead of the water contact
angle. Figure 3(b) shows the SU-8 surface CF, plasma
treated for 2 s has the largest typical contact angle
of 74.93°, while the typical values of other SU-8 sur-
faces are 62.49°, 71.56°, 65.58°, and 59.12° for 0, 1,
4, and 8 s, respectively. This shows a consistent trend
that sidewall surfaces with larger water contact angles
have lower satellite droplet area percentage. The sur-
face energies were also calculated using the measured
contact angles of water and diiodomethane, of which
the comparison is shown in figure 3(c).

To understand the relationship between CF, gas
plasma treatment and contact angle changes, XPS
was used to observe the chemical bonds on the SU-
8 surface. Figure 3(d) shows the measured Cls spec-
tra, which confirms that newly formed C-F, C-F,
and C-F; bonds were induced in the SU-8 surface
after the CF, plasma treatment. The decrease in the

intensities of the C—O and C-C peaks in figure 3(d)
could also be attributed to the breaking of these bonds
during the fluorination process in the CF, treatment
process. These results confirm that the SU-8 surface
became hydrophobic after it was fluorinated with the
increased bond numbers of C-F, C-F, and C-F3,
which is similar to the reported work [24]. The meth-
odology of improving contact angles by bonds chan-
ging has been widely applied in various materials [25,
26] and is considered to be a mature method.

In brief, it can be found that the observed satel-
lite droplet area percentages were in the negative
direction significantly with the water contact angles
of SU-8 sidewalls. This means the sidewall surface
with larger water contact angle can reduce short-
circuit risk by repelling ink away, which is similar
to the reported work [16]. Considering the above-
mentioned UVO treated sample also shows that the
ink repellency of the micro-channel sidewall sur-
face plays a more important role in preventing the
short-circuit, this conclusion demonstrates adequate
repeatability.

3.2. The role of sidewall height

Besides the above-mentioned factor of contact angle
differences, the influence between the sidewall height
and its satellite droplet area ratios was also studied.
Furthermore, to find out the satellite droplet area dif-
ferences only because of the sidewall height variation,
the samples without CF4 plasma treatment were used
for the comparison. Figure 4(a) shows that the sample
with 1.3 pm sidewalls has the lowest typical satellite
droplet area and area ratios, while the sample with
the largest sidewall height of 8.1 yum has the most ser-
ious satellite droplets. The results of satellite droplet
areas and area ratios on the sidewall surface were also
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different times. (b) Comparison of the Ag ink contact angles on horizontal SU-8 surfaces with CF, plasma treatment for different
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analyzed and obtained in table 2. It is shown that
the samples with 1.3 gm, 2.5 gm, 3.6 pum, 4.5 ym
and 8.1 pum have typical satellite droplet area percent-
ages of 0.0023, 0.0037, 0.0127, 0.0608, and 0.3591,
respectively.

On the other hand, the typical thickness of the
filled dried Ag layers with different sidewall heights
was also studied using the cross section SEM images.
The sample with the lowest sidewall (1.3 pm) was

found to have the thickest filled Ag of 0.213 ym typ-
ically. The samples with other sidewall heights had
quite similar thickness ranges (0.108-0.139 um) of
the dried Ag layers, which is shown in figure 5(b).

To interpret the interesting role of sidewall height,
a hypothesis model was put forward as shown in
figure 5(c). The blade coated Ag ink stays only at
the top of the micro-channels as a meniscus because
of the Cassie state, which means the ink meniscus
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Table 2. Satellite droplet areas and area ratios on the sidewall surface of Ag filled samples with different sidewall heights.

Sidewall height (4m) Satellite droplet Area (px?) Area ratio
1.3 371 0.0023
2.5 598 0.0037
3.6 2041 0.0127
4.5 9759 0.0608
8.1 57592 0.3591

$0.213 ym
» e i ot =

]

1pm

[ Hydrophobic region

ink filling process with low sidewall height.

Figure 5. (a) and (b) The cross section SEM images of the Ag filled samples with different sidewall heights. (c) Schematic diagram
of the liquid flow during the ink filling process with larger sidewall height. (d) Schematic diagram of the liquid flow during the

Hydrophilic region [] Ink

cannot touch the wetting glass surface if the side-
wall height is too large, as shown in figure 5(c).
Considering that the mechanical balance depends on
the contact angle of the ink on the sidewall surface and
the width of the micro-channel, the ink stay upon the
micro-channels with different sidewall heights should
be the same. In fact, the samples with the sidewall
height range of 2.5-8.1 pm indeed have quite similar
values of dried Ag layer thickness.

In contrast, the dried Ag layer thickness of the
sample with the lowest sidewall was increased by
more than 50% compared to other samples with
larger sidewall heights. This is because the ink-air

interface can touch the wetting glass surface when the
sidewall height is low enough, as shown in figure 5(d).
The surface tension between the ink and the glass sur-
face can lead to more ink stay on the wetting glass sur-
face between the sidewalls. On the other hand, the ink
on samples with large sidewall heights can also move
downhill to the glass surface because of other forces
such as gravity (not shown in figure 5(c)), though the
ink volume was obviously reduced. The rest of the Ag
ink stays, splits, and dries on the SU-8 surface, leading
to the increased satellite droplet areas and area ratios.

Considering the role of sidewall contact angles
discussed above, the general conclusion is that higher
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Figure 6. (a) The overall appearance of the 160 x 160 multi-channel capacitive-type sensor arrays. (b) Part of the printed signal
lines with 10 m width and distance. (c) Part of the electrode pixels at an array period of 50 pzm. (d) The self-made equipment for
detecting the short-circuit defects. (e) An output BMP image with vertical short-circuit defects detected. (f) An output BMP

image without any short-circuit defect detected.

contact angle and lower sidewall height can reduce the
short circuit risk in the printed electronics based on
filled micro-channel significantly. The role of grav-
itational effects, such as pulling the ink downhill to
the conductive pattern region, is weaker than the
capillary force which repels the ink away from the
micro-channel sidewall surfaces with higher contact
angles. On the other hand, larger sidewall heights can
also make the ink filling into the micro-channels more
difficult. Then, more printed ink remains between
the conductive lines as satellite droplets, which can
increase the risk of short circuits.

3.3. Capacitor array for short-circuit detection

To meet the challenge of accurately detecting short-
circuit defects efficiently and conveniently, a multi-
channel readout circuit for a capacitive-type touch-
screen panel was used in this work. A capacitive-type
sensor array with 160 x 160 multi-channel readout
circuit, which has the pixels at an array period of
50 pm, is fabricated using the Ag ink filled method in
this work. The overall appearance, part of the signal
lines with 10 um width/distance, and part of electrode
pixels are shown in figures 6(a)—(c), respectively. Such
samples were then read using self-made equipment,
which can check if there is any short-circuit defect
in the 25600 pixels by reading the signals within a
period of no more than 200 ms (figure 6(d)). The out-
put BMP images with or without short-circuit defects
detected can be found in figures 6(e) and (f). The
white dots in the image, which means the pixels at
corresponding positions output a much stronger sig-
nal, can be used to detect that there are short-circuit
defects present.

The strong capacitance change due to short-
circuits in the conductive lines or capacitive
sensor electrodes can be used to explain the
above-mentioned stronger signal (white dots in
the image). The varied mutual capacitances are

7

monitored very sensitively by the signals transferred
from the transmitter (Tx) to the receiver (Rx) via
the electrodes in this kind of multi-channel capa-
citive sensor array [27]. As a result, the more sig-
nificant capacitance difference due to short-circuits
can be detected very easily using this kind of multi-
channel readout circuit for capacitive-type touch-
screen panels.

4, Conclusions

In summary, high-resolution circuits were fabric-
ated by blade coating conductive ink into the micro-
channels with a glass substrate. The contact angle and
height of the sidewall were confirmed to play key roles
in reducing the risks of short-circuits. The sample
with hydrophilic SU-8 sidewall surface is spanned by
the Ag ink very seriously, with its short-circuit beha-
vior confirmed by electrical measurement. In con-
trast, the typical satellite droplet area percentage value
of the sample with CF, plasma treated SU-8 sidewalls
can be as low as 0.2% of the value of the untreated
sample. Additionally, the sample with the lowest
sidewall height of 1.3 pm has the minimum typ-
ical satellite droplet area percentage of 0.0023, which
is only about 0.64% of the largest value of 0.3591
from the sample with the highest 8.1 ym sidewall.
Furthermore, the samples with the sidewall height
range of 2.5-8.1 um have quite similar values of Ag
layer thickness, while the Ag thickness of the sample
with the lowest sidewall was increased by more than
50% compared to other samples. Therefore, our work
identifies that both the higher surface contact angle
and lower height of the sidewall can reduce the short
circuit risk.

To detect short-circuit defects efficiently, a
capacitive-type sensor array with 50 ym array period
and 160 x 160 multi-channel readout circuit was
fabricated, in which the detected short-circuit defects
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of the 25600-pixels can be found from an output
BMP image. These studies open up the possibility for
continuing research on short-circuit risk monitor-
ing and reduction for high-resolution mass printed
electronics in the future.
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