Flexible and Printed Electronics Oe'@ ~2~KFPE

Korea Flexible & Printed Electronics Society

PAPER You may also like

A seed and bridge layer method for inkjet printing Vit abienasion stcire o

PEFC Catalyst Ink

of narrow traces on receding ink-substrate Kaname lida, Takashi Sasabe, Katsunori

Sakai et al.

CO m b I n atl O n S - Decellularized extracellular matrix-based

bio-ink with enhanced 3D printability and
mechanical properties
To cite this article: Nicholas Pratt and Pratap M Rao 2023 Flex. Print. Electron. 8 045008 min Eyeong IKim, Wonwoo Jeong, Sang
in Lee et al.

- Characterization of Catalyst Inks By
Rheology and Microscopic Particle
Properties
View the article online for updates and enhancements. Takahiro Suzuki, Shinya Okada and
Shohji Tsushima

HONOLULU,HI

mﬂ;_ October 6-11, 2024

Early Registration Deadline:

September 3, 2024

Joint International Meeting of

The Electrochemical Society of Japan | MAKE YOUR PLANS

(ECS))

The Korean Electrochemical Society : NOW'
(KECS) >

The Electrochemical Society (ECS)

This content was downloaded from IP address 130.215.36.52 on 29/07/2024 at 00:55


https://doi.org/10.1088/2058-8585/ad1051
https://iopscience.iop.org/article/10.1149/MA2020-02362318mtgabs
https://iopscience.iop.org/article/10.1149/MA2020-02362318mtgabs
https://iopscience.iop.org/article/10.1149/MA2020-02362318mtgabs
https://iopscience.iop.org/article/10.1088/1758-5090/ab5d80
https://iopscience.iop.org/article/10.1088/1758-5090/ab5d80
https://iopscience.iop.org/article/10.1088/1758-5090/ab5d80
https://iopscience.iop.org/article/10.1149/MA2018-02/41/1398
https://iopscience.iop.org/article/10.1149/MA2018-02/41/1398
https://iopscience.iop.org/article/10.1149/MA2018-02/41/1398
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsu4FgzPMiGNUHeKqecRGS0e_VQLCn_oWJzrE7PLvnJSd5XqOzYIajhHpmbie48RxkiNbr84mdiCaLCDTfH9hzYwMyxvyTiFltgIqUoL-IP4G_lnXcGIimIK-5Wa_3BuBd-l4wtjdCslBl9aEjGhZzUlBZ4nGe-7BVFhpiRmfkIds9lbuW3k25suev6kekmKem2JTl7pU-AIrWQsdaeI9NOdkulc--U344wr5v4DHHgg6lt89X5me3KrR4bojeX4PataaER8ZLdQWPT04igjtJcMZQ3A22xCI3h5EuELJJGO8Y-Qmt_NG6TuV_W1JwzBtoj69-9gzykZTbKcwneuWQ&sig=Cg0ArKJSzOa2EWmm5Kq3&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration

10P Publishing

@ CrossMark

RECEIVED
28 August 2023

REVISED
2 November 2023

ACCEPTED FOR PUBLICATION
28 November 2023

PUBLISHED
7 December 2023

Flex. Print. Electron. 8 (2023) 045008 https://doi.org/10.1088/2058-8585/ad1051

Flexible and Printed Electronics

PAPER

A seed and bridge layer method for inkjet printing of narrow traces
on receding ink-substrate combinations

Nicholas Pratt® and Pratap M Rao”

Department of Mechanical and Materials Engineering, Worcester Polytechnic Institute, Worcester, MA, United States of America
X
Author to whom any correspondence should be addressed.

E-mail: pmrao@wpi.edu

Keywords: inkjet printing, seed and bridge layer printing, printed electronics, printed traces

Supplementary material for this article is available online

Abstract

Inkjet printing of electronic materials is of interest for digital printing of flexible electronics and
sensors, but the width of the inkjet-printed lines is still large, limiting device size and performance.
Decreasing the drop volume, increasing the drop spacing, and increasing the ink-substrate contact
angle are all approaches by which the line width can be lowered, however these approaches are
limited by the nozzle geometry, ink coalescence and bead instabilities, and contact angle hysteresis,
respectively. Here we demonstrate a novel approach for stable inkjet printing of very narrow lines
on ink-substrate combinations with a high contact angle, utilizing the de-wetting of the ink due to
the decreased contact angle hysteresis. After printing and drying an initial layer of disconnected
seed drops of silver nanoparticle ink, we print an additional layer of bridging drops of the same ink
in between the dried seed drops. The bridging drops expand to touch the dried seed drops and then
retract into a line, due to the pinning of the wet ink on the dried seed ink but not on the substrate,
forming a continuous silver trace. The trace width is decreased from 60 pm with a traditional
printing approach down to 12.6 pum with this seed-bridge approach. The electrical conductivity of
the silver trace is similar to that of a conventionally printed trace. Due to poor adhesion on the
print substrate, the trace was transferred to a separate polymer substrate with a simple hot-pressing

procedure, which preserves the electrical conductivity of the trace.

1. Introduction

Inkjet printing of conductive inks comprising silver
nanoparticles or conductive polymers in solvents has
been used to print electronic circuits and sensors.
Inkjet printing has the benefit of being a digital pro-
cess, meaning that no mask or master pattern is
required, and the design can be changed on the fly,
making it ideal for research, prototyping and itera-
tion, and low volume manufacturing. Among digital
processes, it has a relatively high throughput as the
number of nozzles on a printhead can be easily scaled
up. Furthermore, because it is a purely additive pro-
cess, there is much less waste of material and gener-
ation of hazardous waste compared to conventional
subtractive printed circuit board manufacturing [1].

Strain sensors [2], gas sensors [3], sweat sensors
[4], temperature sensors [5], touch sensors [6], and
antibiotic sensors [7], have all been inkjet-printed,

© 2023 IOP Publishing Ltd

using arrays of narrow silver nanoparticle traces
either as electrodes or as the active material itself.
Printed silver traces onto which rigid integrated cir-
cuit and passive components have been surface-
mounted have also been used to create multilayer flex-
ible hybrid electronic devices [8]. For these sensors
that are utilizing inkjet-printed interdigitated elec-
trodes, increasing the finger density by decreasing
the width of the interdigitated fingers and the gap
between the fingers can improve the device perform-
ance. However, inkjet struggles with printing narrow
traces with small spacing due to its relatively large
linewidth and low resolution [9].

Piezoelectric inkjet printing (the most common
jetting method, referred to here simply as inkjet)
has a relatively large minimum achievable linewidth.
100-200 pm is achieved routinely, and linewidths
down to 25 pm are achievable in optimized cases [10].
In contrast, other additive printing processes such as
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electrohydrodynamic jetting can achieve linewidths
down to 2 um [11]. This small linewidth allowed
printed thin film transistors to have a very small para-
sitic capacitance on the order of picofarads, showing
how decreasing the printed linewidth of a processes
can improve the performance of devices and increase
its applicability. However, processes such as electro-
hydrodynamic inkjet and aerosol jet suffer from lower
throughput due to a limited number of nozzles. In
aerosol jet, this is due to geometric constraints on
the printhead [12], while for electrohydrodynamic
jet, it is due to ‘cross-talk’ between the electric fields
that each nozzle must generate with the substrate to
jet the drops of ink [13]. Aerosol jet also struggles
with increasing material deposition speed for single
nozzles, as higher flow rates tend to lead to evapora-
tion and internal deposition in the nozzles [12]. The
objective of the present study, therefore, is to decrease the
minimum linewidth possible for common piezoelectric
inkjet printing.

Inkjet-printed traces are typically made using ink-
substrate combinations that have a receding contact
angle (Ag) of 0°, meaning that the ink does not recede
or de-wet from a previously wetted area of the sub-
strate. Drops are printed with a particular spacing
such that the coalescence of the neighboring drops
results in the formation of a continuous bead of ink,
which dries into a printed trace. As the printed drops
coalesce, the wet bead that they form resembles a
truncated cylinder (figure 1). Because the ink does
not recede, the width of the dried trace is the same
as that of the truncated cylinder of wet ink. Stringer
and Derby derived the dependence of the width of
the truncated cylinder on the jetted drop diameter
(dp), the ink-substrate contact angle (¢) and the drop
spacing (p), as shown in equations (1) and (2) [14],
where 3 is the normalized spherical cap diameter and
wis the bead width. The spherical cap diameter refers
to the diameter of a truncated sphere that is formed
by a drop of ink on the surface of the substrate with a
contact angle 6, which is normalized by the diameter
of the jetted drop in equation (1). Initially, the equi-
librium contact angle was used for 6 in these predic-
tions, but later work demonstrated that the advan-
cing contact angle (6,4) showed better agreement with
experimental results [14].

g 3
e 1
p ltang(3+tan2§)] W
27Td0
w = fd - (2)
0\/31’62 (sir?ze - sinz)

As seen from this derivation, three things can be
changed to decrease the width of the bead, and hence
the width of the printed line: increasing the spacing
p between the drops, decreasing the diameter dy (or
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Figure 1. Dimensions of the truncated cylinder of wet
ink.

equivalently, the volume) of the printed drop, and
increasing the ink-substrate contact angle 6.
Pre-patterning the substrate with micro-channels
[15] or photolithographically-applied metal traces
[16] can also result in decreased trace widths, but
either approach removes the digital advantage of
inkjet. Printing on permeable substrates can also
reduce the volume of ink on the surface of the sub-
strate, changing the expansion and drying dynamics
[17]. The approach of increasing the drop spacing is
limited by the drops needing to touch to coalesce and
form the bead. Increasing the drop spacing from 6 pm
to 10 um has been shown to decrease trace width from
around 85 ym down to 60 pm in one instance [18].
However, as the drop spacing is increased further,
the drops no longer touch, and the trace becomes
discontinuous [18]. By using printheads designed
to jet small volumes, the volume of the truncated
cylinder is decreased, again resulting in narrower
linewidths [10, 11]. Work that has been done on
decreasing the drop volume from 10 pl to 2 pl has res-
ulted in the trace width decreasing from an estimated
85 um down to 25 pm [10]. However, this approach
is limited by low throughput, as these smaller drops
require smaller drop spacings, meaning that a larger
number of drops have to be jetted for the same line
length [11]. The contact angle can be controlled by
heating [18, 19], chemical treatments [20], patterning
[21], or simply changing the substrate. Increasing ¢
from 46° to 54° has resulted in a decrease in trace
width from about 48 pm to 38 pum [19]. However,
methods to increase the advancing contact angle 6,4 by
increasing Oyoung and Gapparent (the equilibrium con-
tact angles for smooth and rough surfaces, respect-
ively), also tend to decrease the contact angle hys-
teresis (#4—0r), increasing the likelihood that O will
no longer be 0 [22, 23]. This means that the ink
will be able to recede from previously wetted regions,
i.e. de-wet the substrate. This typically happens as
Oyoung approaches 90° [23] although it also depends
on other factors such as substrate roughness [22].
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Using ink-substrate combinations in which 0z > 0°,
when the ink can dewet the substrate, allows the drops
of ink to not only recede after they have spread out
after impact, but also to move around on the sub-
strate after they have been printed, including allowing
their center of mass to translate away from the posi-
tion at which they were printed, during coalescence
with neighboring drops. This does not typically allow
for printing of stable beads, as the drops can coalesce
in an undesirable manner to form large isolated drops
instead of a continuous bead [24, 25].

Here, we devise a novel approach by which con-
tinuous lines can be stably inkjet-printed on substrates
with high 04, thereby achieving narrow linewidths, even
though 6r>>0°. The approach combines two ideas:
(i) if the spacing between the printed drops is large
enough that they never touch one another, they will
remain as the discrete small drops until they dry and
(ii) any subsequently printed ink will preferentially
wet the previously-printed dry ink instead of wetting
the substrate. Therefore, the approach entails printing
aseed layer of discrete drops of ink far enough apart to
avoid coalescence, allowing these to dry completely,
and then printing subsequent drops in between these
dried drops, that will wet both adjacent dried drops
and recede into a line that stretches between the dried
drops, forming a continuous trace.

2. Method

Agfa Prelect SPS 201 silver nanoparticle ink was prin-
ted on a polyimide substrate coated with fluorinated
ethylene propylene (Kapton FN). The printing was
done with a Konica Minolta KM512-SHX printhead
(4 pl nominal drop volume) and a Siiss Microtec LP50
printer. The jetting settings, drop volume, drop velo-
city, and drop images are provided in the supplement-
ary materials table S1 and figure S1. The substrate was
wiped with isopropanol and allowed to dry for 1 min
before printing. All printing was done with a jetting
frequency of 1000 Hz and with a 0.5 mm distance
between the printhead and the substrate. Printed
traces were cured in an oven at 170 °C for 30 min
after printing. A ramé-hart Model 210 goniometer
was used to measure the ink-substrate contact angles.
A Keyence VHX-7000 4k digital microscope was used
the image the traces. A KLA Tencor AlphaStep D-600
Stylus profilometer and a ZYGO Nexview NX2 optical
profilometer were used to measure trace cross section
profiles. For conventional prints, pads were printed
over the ends of the traces with the silver ink, and the
resistance was measured with a multimeter. For the
seed-bridge traces, which were much narrower, elec-
trical resistance measurements were taken through
copper tapes placed over the ends of the printed traces
using liquid indium—gallium eutectic to make good
electrical contact. All resistance measurements were
2-terminal, without correction for contact resistance.
Multiple traces were measured simultaneously and
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Table 1. Static, advancing (64) and receding (fr) contact angles
for Agfa 201 ink measured on PET ST505 and Kapton FN
substrates at 70 °C.

Substrate Static Advancing Receding
Kapton FN 77.1° 82.7° 55.4°
PET ST505 22.4° 25.0° 0°

were treated as parallel resistors to calculate the res-
istance per length of the individual traces.

3. Results

The static, advancing, and receding contact angles
of the Agfa Prelect 201 ink were measured on
two substrates—adhesion-coated polyethylene tere-
phthalate (PET ST505), and fluorinated ethylene pro-
pylene (Kapton FN)—at 70 °C, and are shown below
in table 1.

The ink has 6z = 0° on the PET substrate, mean-
ing that it cannot recede or de-wet this substrate.
Under this condition, the adjacent drops of ink form
a stable bead and we can print this ink using a con-
ventional approach on this substrate, as shown in
figure 2(a). Here, when the drop spacing is made
small enough (i.e. 40 pm) that the adjacent drops
overlap sufficiently, a trace with straight edges is
formed. However, the ink has a relatively small 04 =
25.0°, meaning that the ink spreads out considerably
on the substrate, forming a relatively wide bead. As
a result, the minimum trace width is around 60 pm,
which is relatively large.

In contrast, 64 = 82.7° for the ink on the Kapton
FN substrate is high, which would mean that a bead
formed by this ink-substrate combination is a prom-
ising candidate for printing narrow traces. However,
Or = 55.4° for the Kapton FN substrate means that a
stable bead will not form because the ink will read-
ily recede, i.e. de-wet the substrate, causing adja-
cent drops to translate laterally while coalescing into
larger, separated drops. This is clearly shown in
figure 2(b), in which we varied the drop spacing with
which the ink was printed on Kapton FN. Drops
printed with a spacing of 27.5 ym and larger are
far enough apart that they do not come into con-
tact with the adjacent drops even when they flatten
and expand after impact (impact-driven expansion).
Consequently, they recede without any lateral transla-
tion and dry to form separate printed dots on the sub-
strate, at the same positions at which they were origin-
ally printed. An example of impact-driven expansion
followed by de-wetting/recession is shown in figure S2
for a larger drop of the same ink on this substrate. In
contrast, for drop spacings of 25.0 and 22.5 pm, the
drops are sufficiently close together that they come
into contact with the adjacent drop when they flat-
ten and expand after impact. This causes 2 adjacent
drops to translate laterally and coalesce into a larger
cap. Similarly, drops printed with spacings of 20.0 and
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Figure 2. Prints with varying drop spacing (labeled) and the impact of 6z on the bead formation. (a) The case of 64 = 25.0° and
Or = 0° for silver ink printed onto adhesion-coated PET, and (b) the case of 84 = 82.7° and Ox = 55.4° for silver ink printed
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17.5 pm result in the translation and coalescence of
3 adjacent drops into larger caps, and drops printed
with spacing of 15.0 um result in the translation and
coalescence of 4 drops into a larger cap. As can be
clearly seen, there is no value of drop spacing that res-
ults in the formation of a continuous line, because of
the ability of the ink to recede on this substrate.

For the case of the drops printed on the Kapton
EN substrate, which recede to form larger caps con-
sisting of multiple coalesced drops, we would like
to understand the position of the final coalesced
caps relative to the positions of the originally printed
drops. This can be determined clearly by examining
the end of a printed line of drops, in which the last
cap often consists of a separate, single drop, while the
2nd to last cap is often a coalesced drop containing
multiple printed drops. This is shown for the case of
lines printed with 20 ym drop spacing in figure 3 (one
instance) and table 2 (4 separate instances). As shown,
the diameters of the last caps are consistent with those
of a single drop, while the diameters of the 2nd-to-
last caps are consistent with those of 2 or 3 coalesced
drops. We expect the last cap to remain at the pos-
ition at which it was printed, because it consists of
an isolated drop. However, we find that the center-to-
center distances between the 2nd-to-last caps and the
last caps are roughly 40 pm, which is twice the prin-
ted drop spacing of 20 pm. This suggests that for the

Oum 20pm 40 um
45.88 pm T

10.21 16.89
Hm ' l HiE CID O\ Cl)

v

«
last cap 2"d to last 0 O
—_—

cap

Figure 3. End of a printed line having 20 pm drop spacing,
showing coalescence with backwards lateral translation.

caps consisting of coalesced drops, the drops that are
printed later are moving back towards the drop that
was printed first in that series, as shown schematically
in the right side of figure 3. Similar behavior was
observed in work by Schiaffino and Sonin while print-
ing water on plexiglass, with the major difference
being that here the center of the coalesced cap in our
prints appears to be the center of the first drop in the
series that coalesced [24].

We have seen that we cannot achieve continu-
ous traces by printing normally with this ink on the
Kapton FN substrate, but would still like to utilize the
high 6, of this ink-substrate combination to achieve
narrow traces. Our approach is to first print a layer
of ‘seed’ drops that are far enough apart (have a
large enough drop spacing) such that they will not
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Table 2. Measured size (diameter) and cap spacings at the ends of printed lines having 20 m drop spacing.

Last cap 2nd to last cap
Trace Size (um) # of drops Size (um) # of drops Observed spacing (um)
1 11.89 1 17.11 2 38.38
2 11.82 1 17.91 2or3 38.97
3 10.21 1 16.87 2 45.88
4 11.79 1 15.75 2 42.63

m

Figure 4. Illustration of the seed layer and bridge layer printing processes.

touch one another during the impact-driven expan-
sion and will recede into a row of discrete drops.
After these seed drops are dried, we print ‘bridge’
drops in between the seed drops so that the bridge
drops are able to wet the dried seed drops during their
impact-driven expansion and become pinned to the
dried seed drops on both sides. Now, instead of reced-
ing into a small circular drop, the bridge drops will
get pulled into a line, bridging the gap between the
seed layer drops. This process is illustrated in figure 4
below. This requires that the drop spacing is both
large enough so that the seed layer drops do not touch
even during impact-driven expansion, but at the same
time small enough that the bridge layer drops can
touch both adjacent dried seed drops.

To choose the appropriate drop spacing for our
prints, we need to know the diameter to which drops
are expanding when they impact the substrate, so that
we can properly space out the seed drops to prevent
contact between adjacent seed drops. Due to the very
small size of our 3.8 pl drops and the small 0.5 mm
distance between the nozzles and the substrate, this
expansion is very difficult to observe directly. Instead,
by comparing the final distance between the observed
drops on the substrate and the distance at which
we printed each drop (the drop spacing), we can
estimate the range of diameters to which the drops
are expanding on impact. These measurements are

plotted in figure 5 and are compared to the drop spa-
cing and the diameter of the single 3.8 pl drop on the
substrate.

In figure 5(a), we are comparing the observed cap
spacing to the printed drop spacing. For small prin-
ted drop spacings, the cap spacing is larger than the
drop spacing, indicating that the printed drops have
coalesced into larger caps. At a drop spacing between
25.0 pm and 27.5 pm, the cap spacing becomes equal
to the drop spacing, indicating that the printed drops
are no longer coming into contact with one another
and coalescing into larger caps, but are remaining sep-
arate. A similar conclusion is reached by comparing
the cap diameter with the printed drop spacing, as
shown in figure 5(b). Here, the cap diameter is very
large for small drop spacings, indicating coalesced
drops. The cap diameter decreases as the printed drop
spacing is increased, indicating that fewer drops are
coalescing to form each cap, until a printed drop spa-
cing of between 25.0 and 27.5 um, at which the cap
diameter becomes a constant value, equal to the dia-
meter of single printed drops that have not come
into contact with another. By dividing the observed
dried cap spacing by the printed drop spacing, we can
estimate how many drops combined into each cap, as
shown in figure 5(c). This tells us that 4 drops coalesce
into a single cap for the smallest printed drop spacing
of 15.0 pm, while single isolated drops are formed for
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Figure 5. Coalescence of drops as a function of printed drop
spacing: (a) cap spacing vs. printed drop spacing, (b) cap
diameter vs. printed drop spacing, and (c) number of drops
that have coalesced into the caps vs. printed drop spacing.

printed drop spacings larger than 27.5 pm. Therefore,
27.5 pm is the smallest printed drop spacing at which
the drops will never come into contact with one
another, despite impact-driven expansion. Knowing
that the dried cap diameter is around 12 pm for
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single drops, and that the maximum drop spacing
for coalescence is between 25.0 and 27.5 pm, we can
now estimate the minimum and maximum possible
diameter to which the drops are expanding upon
impact with the substrate. If the previously printed
drop is still at its maximum expansion when the next
drop lands and expands, then the radius of expan-
sion for the drops to touch is just half the drop spa-
cing (i.e. a range of 12.5-13.75 um). However, the
previously printed drop may have already receded to
a smaller diameter. This is described by #*, which
represents how far along the drop is in the expan-
sion and recession process, and is shown below in
equation (3) [26]

=t (3)

Here Vis the drop velocity and ¢ is time. Previous
work estimates that the end of impact driven expan-
sion occurs at around t* = 0.1, and that the end of the
recession and oscillation occurs between ¢* = 10 and
100. For our drops this translates to ~0.35 us for the
end of impact driven expansion and between 0.035
and 0.35 ms for the end of the recession and oscil-
lation. With adjacent drops being jetted with a delay
of 1 ms (1 kHz jetting frequency), we would expect
that the drop would have finished receding and oscil-
lating before the next drop is placed. At this extreme,
the previously printed drop has already expanded and
receded to the final diameter of 12 pum by the time
the next printed drop lands and expands. This means
that the drop would need to have expanded to a radius
equal to the drop spacing minus the dried cap radius
(i.e. a range of 19-21.5 um) in order to make con-
tact with the previous drop. Therefore, from these
experiments, we find that the drops are expanding to
a radius in the range of 12.5-21.5 ym upon impact,
with a radius closer to the higher end of this range
being more likely.

Inkjet printing was then performed using one bit-
map to print a line of drops for the seed layer, followed
by offsetting this bitmap by half of the drop spacing
to print the bridge layer drops in between the seed
layer drops. We waited 10 min after printing the seed
layer to print the bridge layer, to ensure that the seed
layer was completely dry before the bridge layer was
printed. This is purposefully excessive; we took dry-
ing measurements on larger drops, and estimated by
converting the drying rate [27] to that of our smal-
ler drops that it would take ~8.5 s for the 3.8 pl drop
of ink to dry on the 70 °C surface, as shown in sup-
plementary materials table S2 and figures S3, S4. For
these seed-bridge prints we want to vary the drop spa-
cing to find drop spacings at which the bridge drops
touch the adjacent dried seed layer drops. For our
lower limit we chose to print at 27.5 pgm drop spa-
cing for each layer, which (as described above) is the
smallest spacing at which we expect the drops in each
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o s
100.0pm

Figure 6. Printing with one pass each for the seed and
bridge layers, with the labeled drop spacings. An example of
successful bridging has been circled for each drop spacing.

layer to avoid coalescing (the spacing between adja-
cent seed layer and bridge layer drops would be half
of this value, i.e. 13.75 ym). For the upper limit we
chose to print at 42.5 m drop spacing for each layer
(again, with spacing between adjacent seed layer and
bridge layer drops being half this value, i.e. 21.25 ym),
at which we expect the seed and bridge layer drops
to almost never touch, resulting in a series of discrete
drops. These prints are shown below in figure 6.

With this print scheme we were unable to success-
fully print any continuous traces. At the larger drop
spacings, the bridge layer drops generally wetted only
one of the adjacent seed layer drops, or neither of
them. At the smaller drop spacings the bridge layer
drops were occasionally able to bridge both the seed
layer drops on either side (especially for drop spacings
of 30.0 and 32.5 pm), but more often were again only
wetting one of the adjacent seed layer drops. The fail-
ure of this scheme to print continuous traces comes
from limited drop placement accuracy, the impact of
which is illustrated in figure 7 below. The error in the
drop placement could come from variations in the
drop jetting angle, variations in the drop volume, the
mechanical accuracy of the stage of the LP50 printer
(which is within a 5 gm range at 3 standard devi-
ations) or a combination of all three.

The goal for this printing strategy was to print the
drops as shown in figure 7(a), but what was largely
observed was that the drops were misaligned and
the bridge drops only wetted the seed layer cap on
one side as shown in figure 7(b). To remedy this, we
decided to split the bitmap up into four parts. This
would allow us to print the drops closer together. By
bringing the seed layer drops closer together, it will
be easier to ensure that even if the bridge layer drop is
misaligned due to positional inaccuracies, it will still
wet the seed caps on both sides when it expands upon

(O wet ink @ Dried ink

a) Ideal drop placement b) Drop misaligned

| s—

. @
0—.—..—..

c) Drying adjacent bridge layer
drops

.
=P
Figure 7. Influence of drop placement on wetting and final
shape: (a), (b) printing with one pass for the seed and
bridge layers; (c) printing the bridge layer in two passes and
allowing the first one to dry before printing the second.

Bltmap spacmg Drop spacing

r T T 1

Seed

Layer{| ‘ . | | . ‘ |2ndPass
{El [ [ B [ [ Jorapess

Bridge

Layer

‘ .:l 4th Pass

Figure 8. An illustration of the approach by which the
bitmaps are split up into 4 print passes for seed and bridge
printing.

impact. To print the seed layer drops closer to one
another, we need to print the seed layer in two passes
so that the adjacent expanding drops cannot touch
during printing. Similarly, we need to print the bridge
layer drops in two passes so that we can dry the altern-
ating bridge drops as shown in figure 7(c), which pre-
vents the bridge drops from contacting and coalescing
with wet ink from an adjacent bridge drop. The bit-
maps were split up accordingly into 4 print passes as
shown below in figure 8.

Again we varied the drop spacing for our prints.
For the lower bound we chose 20 pm drop spacing, at
which the drops in each layer will coalesce into large
drops. For the upper bound we chose 120 ym drop
spacing, so that the adjacent drops are 30 ym apart
and the seed and bridge layers will never touch. As
shown below in figure 9, we expect that the lower limit
would result in the drops coalescing in each layer, and
the upper limit would result in drops that never touch,
even after all the layers have been printed.

The results for this print set are shown in
figure 10(a), while a higher magnification image of a
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Lower limit: 20 ym drop spacing

— Layer

20 pym number

Upper limit: 120 pm drop spacing

00600

30 pm

Figure 9. Lower and upper limit of drop spacing for the
4-layer seed-bridge print set.

Figure 10. Results of seed and bridge layer printing in 4
passes: (a) prints with 20-120 pm drop spacing, (b) higher
magnification image and measurements of continuous
trace with 60 um drop spacing.

successfully-printed continuous trace having a drop
spacing of 60 um is shown in figure 10(b).

In these prints we can see the initial seed layer as
the circular drops evenly spaced apart. As expected,
the large drop spacings of 100 and 120 pm appear
to be too far apart, with the bridge drops being vis-
ible as distinct drops between the seed layer drops. As
the drop spacing is decreased, we start to see some
bridging of the seed layer drops at 80 pm spacing,
but it is not complete and we also see bridge drops
which did not wet either of the seed layer drops.
60 pm drop spacing, on the other hand, results in
long regions up to ~7 mm in length with continu-
ous bridging between the seed layer drops. As shown
in figure 10(b), this trace has a width of ~12.6 um,
which is equal to the diameter of the dried seed layer
drops. At 40 pm drop spacing, in addition to the nor-
mally spaced drops, we see that some adjacent seed
layer drops coalesced into larger drops. This is likely
due to the drop spacing being mostly far enough apart
from one another, but the variation of the drop place-
ment still resulting in some drops that are too close to
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Figure 11. Profilometry of the continuous seed-bridge
printed trace: (a) optical profile and (b) cross sections.

one another. Some of the bridge layer drops are span-
ning the seed layer drops, but in some locations we
see that the bridge layer drops have coalesced around
the seed layer drops. As expected for the 20 ym spaced
prints, the seed layer drops appear to have coalesced
into large drops spaced farther apart than printed.
The bridge layer appears to have occasionally wetted
both sides of the seed layer drops anyway, but there
are also many instances in which it only wets one side,
leaving the large drops.

Shown below in figure 11 is optical profilometry
for the continuous printed trace having 60 pm drop
spacing, along with the cross sections of a seed layer
drop and the bridge.

We can see that the seed layer caps are the widest
part of the trace, having a width of 12.6 um, while
the bridges are narrower, having a width between 6
and 8 um. As expected, the cross-sectional area of the
bridge is significantly smaller than for the seed caps.

The Agfa-Kapton FN ink-substrate combination
with seed-bridge printing results in very narrow
traces, but the adhesion of the trace to the substrate
is very poor, to the extent that the traces are eas-
ily detached from the substrate by probes or tapes.
To address this concern, we transferred the printed
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Figure 12. Seed-bridge trace transferred to PET ST505
substrate by hot pressing.

and annealed trace to a PET ST505 substrate, com-
monly used for printing, by hot pressing the PET onto
the Kapton FN for 15 min at 250°F (121 °C) with
an approximate pressure of ~190 kPa (using a Vevor
Heat Press Machine), followed by peeling it off. An
optical image of the resulting trace after transferring
to PET ST505 is shown in figure 12, and optical
profilometry showing trace dimensions and shape is
given in supplementary materials figures S5 and Sé6.
The transferred trace has much better adhesion to the
PET substrate. The profilometry shows that the trans-
ferred trace retains its cross-sectional widths, however
the seeds appear to be only partially embedded in the
PET substrate by the hot pressing, while the bridges
seem to be suspended between the seeds. More work
would need to be done to optimize this transfer pro-
cess, perhaps by increasing the temperature and/or
pressure, to fully embed the seeds into the PET
substrate.

Electrical resistance is an important metric for
inkjet-printed traces due to their relatively small
cross-sectional areas. Electrical resistances of traces
printed on Kapton FN (after curing at 170 °C for
30 min) were measured. Due to the small size and
brittle nature of the traces (as well as the poor adhe-
sion of the traces on the Kapton FN substrate), meas-
uring the resistance using conventional probes was
not feasible, as this resulted in damage or delamin-
ation. Instead, copper tapes were wetted with EGaln
eutectic liquid metal and gently pressed onto the
traces to form an electrical contact. The length of the
trace between the EGaln contacts was then measured
using microscope imaging. It should be noted that
this is a destructive measurement, since the EGaln
dissolves the silver traces over time. Furthermore,
as mentioned earlier, the longest continuous seg-
ments of the seed-bridge layer trace were relatively
short (up to ~7 mm length), and the EGaln contacts
are relatively large, therefore only 2-point resistance
measurements were possible, rather than 4-point
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measurements, which would have been preferred to
eliminate the influence of contact resistance. Instead,
however, 2-point measurements were taken for dif-
ferent traces with different lengths as shown in
supplementary materials figure S7 (plot of resistance
vs.length), with the intention of fitting the data with a
line and extrapolating to zero trace length to estimate
both the resistance per length (slope) and the contact
resistance (y-intercept). However, the resulting data
points showed a large scatter, so that it is only pos-
sible to estimate that the resistance per trace length
is in the range of 100250 2 mm ™!, and the contact
resistance may be as large as 50 €2.

For testing the electrical continuity of the traces
before and after transfer, multiple straight parallel
traces were printed next to one another on the Kapton
FN substrate and then transferred to PET. For both
the original traces and the transferred traces, cop-
per tapes were wetted with EGaln liquid metal and
gently pressed onto the multiple parallel traces to
form an electrical contact, images of which are shown
in supplementary materials figure S8. In one instance,
three parallel traces on Kapton FN had a resistance of
36 2, while two parallel traces transferred onto PET
had a resistance of 26 (). As mentioned earlier, these
are destructive measurements, so the measurements
before and after transfer are performed on different
trace samples. Additionally, a separate 4-point meas-
urement on a film of the same printed silver material
annealed at 170 °C for 30 min, showed that the res-
istivity decreases by less than 2% when it is exposed
to additional annealing at 121 °C for 15 min, which
is the temperature and time used for the transfer by
hot pressing. Therefore, there is little or no decrease in
resistance due to additional curing of the trace mater-
ial during hot pressing.

4. Discussion

Trace width, trace spacing, printing speed, electrical
resistance and trace length are all important consid-
erations for inkjet printing. Regarding trace width,
the 12.6 ym conductive trace width achieved here for
the seed-bridge approach is significantly smaller than
that achieved in previous work utilizing other meth-
ods to decrease the trace width for inkjet printing. The
79% reduction in trace width achieved by the seed
and bridge layer printing method on Kapton FN rel-
ative to printing the same ink conventionally on PET
ST505 is larger than the 71% reduction achieved by
decreasing the drop volume [10], the 21% reduction
from increasing the ink-substrate contact angle [19],
and the 29% reduction achieved by increasing the
drop spacing [18] that have been previously demon-
strated in work on inkjet printing.

Regarding trace spacing, the decrease in trace
width from 60 pm to 12.6 um allows a significant
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decrease (improvement) in minimum center-to-
center trace spacing, and correspondingly a signific-
ant increase in trace density. However, when using
the seed-bridge approach to print parallel traces next
to each other with small spacing, for example as fin-
gers on a sensor, one cannot consider only the final
trace width to determine the minimum possible spa-
cing, but must also consider the expansion and reces-
sion of the ink. For the common case that the drops
in adjacent lines are not being jetted at the same time,
the minimum spacing will be limited by the printed
drop expanding out to touch the wet bridge layer in
the adjacent lines. This spacing will be the radius of
the expanded drop plus half the width of the wet seed
layer trace. For our ink and substrate this will be a
minimum center-to-center line spacing of ~20 pm.
If the lines are closer than this, the expanding drop
will be able to wet the neighboring wet bridge drop,
and those will again coalesce.

Regarding printing speed, the seed-bridge print-
ing approach required four printing passes compared
to the single pass required for other approaches.
However, this is mitigated by the fact that fewer
drops need to be jetted per pass in the seed-bridge
approach because the drops within each pass do not
overlap with one another, unlike in the single-pass
approaches. As a specific comparison, for conven-
tional 60 m -wide traces printed here on PET ST505,
we are printing a single layer with a drop spacing
of 30 um to achieve a ~50% overlap of each drop
with the previous drop, which is needed to print a
smooth line with minimum trace width. However, for
the seed-bridge approach, we are printing 4 layers,
each with 60 m drop spacing. If both approaches are
printed at the same jetting frequency and if each pass
in the seed-bridge approach is long enough that no
additional wait time is needed in between passes for
the ink to dry, then the seed-bridge approach would
print at half the speed of the conventional approach.
Note, however, that the seed-bridge approach would
print 2.5 times faster than a hypothetical conventional
single-pass approach in which the ~12 ym -diameter
discrete drops on Kapton FN are printed at 6 m drop
spacing to achieve 50% overlap.

Regarding electrical resistance, the observed dif-
ferences in resistance are likely due to sample-to-
sample variations. Therefore, these resistance val-
ues can only be used to conclude that the traces
are electrically continuous as printed, and that this
continuity is preserved after the transfer process.
Additionally, the resistance per trace length of these
seed-bridge traces (in the range of 100-250 2 mm~" )
is likely to be sufficiently small only for very short
traces, perhaps such as those used for the fingers
of small interdigitated electrodes, or those used for
the surface mount attachment of components with
small and densely-spaced pads. The use of an ink
with smaller volume resistivity would be needed to
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decrease the resistance further and enable the seed-
bridge approach to be practical for longer traces.
In addition, the accuracy and repeatability of inkjet
drop placement position would need to be further
improved to enable seed-bridge traces having longer
continuous segments.

5. Conclusion

Typical strategies for reducing the width of inkjet-
printed conductive traces run into issues with costs
and time, either requiring additional processes to pat-
tern the substrate or increasing ink deposition time.
Increasing the advancing contact angle can bypass
these issues but is limited in the impact it can have. If
the contact angle is increased too much, then the ink
can dewet the substrate and we can no longer stably
print traces with a conventional approach. Here we
have presented a strategy to print narrow continu-
ous traces utilizing the ability of the printed ink to
dewet certain substrates. Choosing an ink-substrate
combination with fz > +0° and printing and dry-
ing discrete seed drops allows us to print traces by
connecting the dried drops of ink with bridge drops.
The positional accuracy of the drops is more import-
ant in this approach than when printing conven-
tional traces, but this can be mitigated by printing
the seed drops in multiple layers. The traces can
be transferred to another substrate while preserving
electrical connectivity. The final traces demonstrated
here have widths of 12.6 pm, which is the smallest
width reported to date for stand-alone inkjet print-
ing onto un-patterned substrates. Further improve-
ments in drop-placement accuracy and repeatability
are needed to enable seed-bridge traces with longer
continuous segments and more consistent resistance
per length, while further work is needed on the trans-
fer process to fully embed the seeds of the traces in the
PET substrate.
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