Flexible and Printed &%, PURPOSE-LED
: oe-a - ~KFPE <S¢ -
Electronics =2 AFFE  S¢'» PUBLISHING

PAPER You may also like

Profile improvement of blade coated circuits by the — iionesiit oranc decrochemica
transistors

capillary force originating from the hydrophobic Shunsuke Yamamoto

H - Reconfigurable screen-printed terahertz
S | d ewal IS frequency selective surface based on
metallic checkerboard pattern
Redwan Ahmad, Xavier Ropagnol, Ngoc
To cite this article: Cheng Tang et al 2024 Flex. Print. Electron. 9 035009 Duc Trinh et al.

- Recent progress of flexible pressure
sensors: from principle, structure to
application characteristics
Shimin Liu, Guilei Liu, Jianlong Qiu et al.

View the article online for updates and enhancements.

) The Electrochemical Society

i =
Advancing solid state & electrochemical science & technology SC’en ce +

= Technology +

ECS Meeting

Chicago, IL

October 12-16, 2025 .~ |
’ — SUBMIT
Hilton Chicago .‘( ABSTRACTS by
March 28, 2025
SUBMIT NOW

LOCCOCCOCOCCCCCKT

This content was downloaded from IP address 58.211.88.98 on 26/12/2024 at 07:42



https://doi.org/10.1088/2058-8585/ad7864
/article/10.1088/2058-8585/ad2daf
/article/10.1088/2058-8585/ad2daf
/article/10.1088/2058-8585/ad2daf
/article/10.1088/2058-8585/ad3bca
/article/10.1088/2058-8585/ad3bca
/article/10.1088/2058-8585/ad3bca
/article/10.1088/2058-8585/ad396e
/article/10.1088/2058-8585/ad396e
/article/10.1088/2058-8585/ad396e
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstLndmoMLuMUwvWVDOiioaLVumjIMEQ6suXf7ERlgYc5Ux2iZ2Lkobrg_sXUAKUNOyw67s9maBX2IPnR_1nQ9VzN9_3J5A8MP241skd9T7mcHykKxMbF_UFnSokwMRjB_GNVDh-kMGMLYWtThZx8B7ZSYCGiJI9v-FcGQdcmATyLlv717qy8OSg1ChlofiHIlDTh1raG7Kkue0TVuOuvD1ZpLptW-Li-DBz-n2wXaTOjetPTczuiKnsvJ5_urs6OwI4FVT-5gIzxsFcx35qBCEk-vezYam788BWz0ak4-cjiJ3hUMcADtY-f-qBvgNlCC0OdbndA08PLoLvv6XEpcHC56aYH5FxTovksibG3uR2&sig=Cg0ArKJSzCl0ZlQZOZKA&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission

10P Publishing

@ CrossMark

RECEIVED
14 February 2024

REVISED
18 August 2024

ACCEPTED FOR PUBLICATION
9 September 2024

PUBLISHED
26 September 2024

Flex. Print. Electron. 9 (2024) 035009 https://doi.org/10.1088/2058-8585/ad7864

Flexible and Printed Electronics

PAPER

Profile improvement of blade coated circuits by the capillary force
originating from the hydrophobic sidewalls

Cheng Tang'”, Rui Liu"*, Shanyou Zhu'’, Subin Jiang>*, Ke Shui’, Jian Lin>>"

1

and Chang-Qi Ma™>"*

National Demonstration Center for Experimental Materials Science and Engineering Education, Jiangsu University of Science and
Technology, Zhenjiang 212003, People’s Republic of China

Printable Electronics Research Centre, Suzhou Institute of Nano-tech and Nano-bionics, Chinese Academy of Sciences, Suzhou
Industrial Park, Suzhou, Jiangsu Province 215123, People’s Republic of China

Engineering Center of Precision Printing Manufacturing, Guangdong Institute of Semiconductor Micro-Nano Manufacturing
Technology, Kejiao Road No. 1, Shishan Town, Foshan 528225, People’s Republic of China

* Authors to whom any correspondence should be addressed.

E-mail: liurui@just.edu.cn, sbjiang2022@sinanogd.ac.cn, jlin2010@sinano.ac.cn and cgma2011@sinano.ac.cn

Keywords: hydrophobic sidewalls, profile improvement, coffee ring, micro-channel

Supplementary material for this article is available online

Abstract

Restricting the diffusion of conductive inks plays a key role in printed electronics application.
Micro-channels with different sidewall surface energies, which can be approximated as a capillary,
are fabricated to restrict the blade-coated ink diffusion using both of the gravitational effect and
the capillary force. The coffee ring effect of aqueous silver ink is inhibited by the capillary force
when the hydrophobic sidewalls distance is no more than 50 xm in this paper. As a result, the
conductive lines with improved cross-sectional profiles are obtained by this method, with the
typical resistivity more than 10® times lower than the measured results with hydrophilic sidewalls.
The capillary force was also found to lose its effect when the width is larger enough, which needs
surfactant addition to improve the silver film property. I-V curves of the original aqueous ink and
the ink improved by traditional methods shows that the profile improvement by the hydrophobic
sidewall can be used with other ink improving methods cooperatively. These studies open up the
possibility of improving the printed conductive patterns by this method as an auxiliary tool used

together with the traditional methods reported before.

1. Introduction

Printed electronics represent a novel technology that
is applicable to produce electronic devices through
conventional printing processes [1, 2]. It shows
various advantages such as low cost, simple pro-
cess and environmental friendliness. Different func-
tional nanomaterials are made into ink, which are
deposited on the substrates as electronic functional
films with a specific pattern [3]. The fabrication of
various new sensors by printing method is widely
reported in the production of electronics to sim-
plify the process, reduce energy consumption and
increase productivity [4, 5]. Currently, the main
forces in electronics-printing technologies include
screen printing, inkjet printing, doctor blade coating
and so on [6, 7].

Despite the aforementioned advantages of printed
electronics, it has not yet been widely applied in mass

production [8, 9]. Two of the biggest obstacles lim-
iting its application are the concave profiles in the
cross-section mostly due to the coffee ring effect, as
well as the fine patterns no more than 50 pm [10, 11]
because of the ink flow and spreading on substrate. As
a result, how to improve the cross-sectional profiles
and resolutions are two important research direction
of modern electronic additive manufacturing [12]. It
is necessary to search useful methods as much as pos-
sible for the widely application of printed electronics
in the future.

To suppress the concave cross-sectional pro-
files with the coffee ring effect, various methods
have been reported including controlling the sub-
strate temperatures [13], shape-dependent capil-
lary interactions [14], photoresponsive suspension
composed of anionic colloids and a photosensitive
surfactant [15], and sugar-assisted depinning of con-
tact line [16].

© 2024 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Figure 1. Steps of pattern fabrication and printing. (a) Schematic diagram of the micro-channels fabrication process with
different surface energies, and (b) schematic diagram of ink blade coating.
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On the other hand, the resolution improvement
of the additive printed circuits has been reported by
restricting ink flow using the difference of surface
energy [17, 18] or height [19, 20]. It is crucial to
improve printing resolution by constructing hydro-
philic and hydrophobic boundaries to limit the diffu-
sion of ink at the edges of the pattern [21]. When a
droplet is at the junction of hydrophilic and hydro-
phobic surface, it will move from the hydrophobic
regions to the hydrophilic area [22].

The conductive ink can also be scraped or printed
into the micro-channels fabricated by hot-embossing
[19] or ultraviolet-nanoimprint lithography [20, 23].
Most substrates and sidewalls of reported micro-
channels for conductive ink filling have similar sur-
face energies. The plasma treatment was even used
to make sure the substrates and sidewalls are hydro-
philic enough [20]. On the other hand, it is possible
to improve the ink diffusion restriction utilizing the
capillary force if the channel sidewall is much more
hydrophobic than the substrate surface according to
the reports using hydrophilic-hydrophobic boundar-
ies to control the ink flow [18]. However, there has
been seldom report to study the impact of channels
with different surface energies on ink flow yet. More
importantly, such kinds of method can be used in
together with the traditional ink improved methods
reported before.

In this paper, it is proposed to construct hydro-
phobic sidewalls by a hydrophobic photoresist layer
on a hydrophilic glass substrate, which means the fab-
ricated micro-channels can restrict the blade-coated
ink diffusion using both of the gravitational effect and
the capillary force. The aqueous nanosilver conduct-
ive ink in the micro-channels was then dried to form
a conductive thin film. Coffee ring effect of blade-
coated aqueous silver ink is found to be suppressed

due to the capillary force when the distance of hydro-
phobic sidewalls is no more than 50 pm.

2. Experimental section

2.1. Material preparation

The nanosilver conductive ink (35-40 wt%) comes
from BroadTeko, with the silver particle size of 30—
50 nm diameter. The specific parameters are shown
in table S1. KYC-511 comes from Keying Chemical
and the solvent is ethylene glycol. Polyethylene glycol
(PEG) and diethylene glycol methyl are purchased
from Aladdin reagent. The photoresist for micro-
channels fabrication is purchased from Dai Nippon
Printing Co., Ltd All chemicals were used without fur-
ther purification.

2.2. Experimental procedure

Figure 1(a) shows the process of micro-channel fab-
rication. Firstly, the photoresist is used to develop
a uniform film on the glass substrate through spin
coating (shown in table S2). Then, the films were
heated and baked on a hot plate at 85 °C for 2 min
to remove the solvents from the photoresist and to
enhance the adhesion between the photoresist and
substrate [24]. The desired pattern is obtained by
means of mask-aligned exposure, and the photores-
ist is cured by 365 nm UV irradiation after 5 s of
exposure. Then the parts that have not been exposed
to UV light are removed after development, with
the glass substrate uncovered as the hydrophilic area.
While a hydrophobic region develops in the region
cured by UV light irradiation, with the masked pat-
tern and photoresist pattern at a ratio of 1:1. The
patterns produced through photolithography using
an exposure time for 5 s and a development time
for 60 s. Next, the silver ink is filled into the pattern
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Figure 2. (a) Basic mechanism of ink movement on the surface with different surface energies. (b) Contact angles of water and
diethylene glycol methyl ether on the different surfaces. (c) Comparison of blade-coating effects of aqueous and ether inks. (d)
Optical micrographs of micro-channel patterns with different widths of 10, 15, 20, and 500 pzm, respectively. (e) Optical
microscopic images of samples with the blade-coated silver conductive ink.
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formed by the photoresist through scraping, as shown
in figure 1(b). The coating machine is ZAA2300 pro-
duced by Zehntner company, and its scraping speed
is 1-99 mm s~ . In order to fully fill the ink into the
pattern, the optimal scraping speed was determined
through multiple experiments to be 1 mm s~!, and
the optimal distance between the scraper and the pat-
tern was 20 pms. After ink self-assembly, the formed
electronic circuits are directly dried under environ-
mental conditions for 30 min, and then sintered at
250 °C for 2 h.

The morphology of ink film formation was
observed and analyzed using optical microscopy and
atomic force microscope (AFM, Asylum Research
MEFP-3D). The accumulation of silver particles after
ink film dried was observed using scanning elec-
tron microscope (Regulus SU8230). We use con-
tact angle testers (SinDin Precision SDC-200 S), sur-
face tension testers (Kibron EZ-Piplus), thermogra-
vimetric analyzers (Mettler DSC3), and rheomet-
ers (Kinexus Lab+) to analyze the parameters of
ink with different additives. The -V curves were

obtained using a probe stage with a Keithley 2636
sourcemeter.

3. Results and discussion

3.1. Application of micro-channels with

hydrophilic and hydrophobic sidewalls

By means of blade-coating, the ink is filled into the
micro-channels and then dried as a thin solid silver
layer, with almost no silver remained in the photores-
ist area. The result from the tendency of droplets
to spread out at the interfaces with high surface
energy, i.e., the occurrence of ‘wetting’. At the inter-
faces with low surface energy, however, they tend to
shrink, i.e., the occurrence of ‘dewetting’ movement.
The surface energy differences used to assist print-
ing are based on the sudden change in surface energy
between the neighboring regions at a solid interface,
which provides a well-defined driving force on the ink
droplets [25]. As shown in figure 2(a), at the inter-
face of surface energy difference, the contact angle of
adroplet is smaller when it is at the interface of a solid
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with a high surface energy, but larger when it is at
the interface of a solid with a low surface energy [26].
When the droplet is located at this difference demarc-
ation line, it shifts towards the higher surface energy
of the solid-liquid interface due to the direct pulling
effect caused by the solid-liquid interfacial tension.
Thus, the droplet shifts from the hydrophobic region
to the hydrophilic region.

Water and diethylene glycol methyl ether are com-
monly used solvents for silver conductive inks. The
contact angles of them in the hydrophilic and hydro-
phobic regions were tested separately below, as shown
in figure 2(b). The difference of contact angles is
insignificant for the diethylene glycol methyl ether
on the hydrophilic and hydrophobic patterns, while
the difference of water contact angles is sufficient. As
shown in figure 2(c), there is no residual of water-
based ink in the hydrophobic regions while it can
be filled into the hydrophilic patterns. However, the
ether-based ink hinders the distinction between the
hydrophilic and hydrophobic regions, which cannot
be used to distinguish the regions with different sur-
face energy. Finally, the aqueous nanosilver conduct-
ive ink is used for the study, and the pattern obtained
before blade coating is shown in figure 2(d). The
finally obtained pattern is shown in figure 2(e), with
the minimum line width of 10 pm.

3.2. The different silver cross-sectional profiles in
micro-channels with hydrophilic and hydrophobic
sidewalls

In order to distinguish the role of the hydrophobic
sidewall in the morphology formation of the dried
ink, the hydrophobic sidewall of micro-channels were
turned into hydrophilic using the plasma treatment,
as shown in figure 3(a). However, the area of side-
wall is too small for the contact angle measurement.
Considering the surface energy of the photoresist
material is mainly determined by the surface topo-
graphy and surface chemistry [27], the measured con-
tact angle of the sidewall surface has the same value
as the top area of the photoresist sample because of
the same material. As a result, the measured con-
tact angles on the photoresist top area were used to
instead the contact angles on the sidewall surface.
The comparison of the measured water contact angles
before and after the plasma treatment can be seen in
figure 3(b).

On the other hand, figure 3(c) shows the mor-
phology of blade-coated silver film in micro-channels
with the widths of 10, 20, 30, 40, and 50 pm, which
were observed. It can be found that the morphology
of dried silver layer is concave because of the coffee
ring effect during the solvent evaporation when the
surface of sidewall is hydrophilic. In contrast, there is
no coffee ring effect if the sidewalls have hydrophobic
surfaces, which means a quite interesting result for

C Tang et al
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Figure 3. (a) Transformation of hydrophobic sidewalls into
hydrophilic using Plasma treatment; (b) comparison of the
water contact angles in hydrophobic regions before and
after plasma treatment; (c) comparisons of blade-coated
silver morphologies with hydrophilic and hydrophobic
sidewalls with the channel widths of 10, 20, 30, 40, and

50 pm; (d) comparisons of AFM images of ink
film-forming cross-sectional profile with hydrophobic and
hydrophobic sidewalls; (e) comparison of the typical
resistivity of the samples with hydrophilic and hydrophobic
sidewalls.
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the cross-sectional profile improvement of the silver
deposition. Compared to the images of film morpho-
logy with hydrophobic sidewall, it can be found out
that the accumulation of ink expands towards the
edges of the pattern when the sidewall is hydrophilic,
with the silver particles in central region reduced
obviously.

Figure 3(d) shows the AFM measured cross-
sectional profiles of the blade-coated silver ink with
hydrophilic and hydrophobic sidewalls at 10 pm,
20 pm, 30 pm, 40 pm, and 50 pm, respectively. It
is found out that the film formed by the ink with
hydrophilic sidewalls shows a profile with more silver
particles on both sides and less in the middle, which
leads to an obvious coffee ring morphology. On
the other hand, there were obviously convex cross-
sectional profiles without coffee ring effects for the
dried ink with hydrophobic sidewalls. Considering
the printed thin lines with convex cross-sectional pro-
files have more stable electrical conductivity than
those with concave contours [28], this kind of sil-
ver patterns is much better for the printed electronics
applications. Figure 3(e) also confirms that conduct-
ive lines obtained using hydrophobic sidewalls have
typical resistivity more than 10® times lower than the
measured results with hydrophilic sidewalls.

3.3. The capillary forces and meniscus of filled ink

with sidewalls

To explain the different cross-sectional profiles of sil-
ver in figure 3, the different capillary forces with
hydrophilic or hydrophobic sidewalls are studied
assuming that the micro-channel sidewalls play the
roles as traditional capillary tube walls (shown in
figure 4(a)). As a result, the liquid is subjected to
capillary forces as the capillary channels are filled.
At the solid-liquid interface, these two forces are
applied at the same time with different magnitudes
[29]. If the capillary sidewall is made of hydro-
philic material, a concave meniscus was formed
because the adhesion force between capillary side-
wall and liquid molecules is greater than the cohe-
sion force between the liquid molecules. On the con-
trary, there is a convex meniscus [30, 31] if the
capillary sidewall to the liquid is made of hydro-
phobic material. According to the Young—Laplace for-
mula, the magnitude of the pressure of the meniscus
liquid surface pressure subjected to capillary action is
expressed as

2 0
p 2ycost

R (1)
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(Among +y is the surface tension of the liquid, ¢
is the cosine of the angle between the liquid and the
pipe wall, where R is the radius of the pipe).

As a result, it can be inferred that the hydro-
phobic sidewall with a certain height can keep the
convex meniscus during the film-forming process,
which inhibits the coffee ring effect by balancing the
flows and finally improves the cross-sectional pro-
file of the dried film. On the other hand, P and R
are inversely proportional, which means that a larger
width will make the meniscus between sidewalls more
flat.

According to the model proposed by Liu et al [31]
about different meniscus shapes obtained as a res-
ult of different hydrophilic/hydrophobic properties
and separate distances, the width of micro-channel
(shown in figure 4(b)) can be expressed as

w =1y (cosb; + cosbs,) . (2)

(Among ry is the radius of the meniscus, #; and
0, are the contact angles between the liquid and the
sidewalls).

It can be found that the radius of the meniscus
will increased with the micro-channel width, which
also means the meniscus between sidewalls becoming
more flat.

Influence of the capillary during the film form-
ation can also be verified by the comparison in
figures 4(c) and (d). The dried silver ink surrounded
with the hydrophilic sidewalls has obvious coffee ring
effect, while the hydrophobic sidewalls can suppresses
the coffee ring effect during the ink dry process.

3.4. The coffee ring inhibition for larger patterns
As mentioned above, the convex meniscus between
hydrophobic sidewalls will become more flat when
the width of micro-channel increasing. It also means
that the meniscus between sidewalls does not play
their special role in coffee ring inhibition. Then the
silver profiles in the cross-section became concave
due to the coffee ring effect [32], as shown in the
left of figure 5(a). This effect is a complex process
influenced by various factors such as the surface ten-
sion, viscosity, and solid content of the ink itself
[14, 33, 34].

To confirm if our proposed method by the hydro-
phobic sidewall can be used as an auxiliary tool
together with other methods, the conductive silver
ink improved using traditional methods to avoid cof-
fee ring effect is also necessary. The surfactant, which
has low surface tension and high boiling point, is
usually added into the ink to inhibit the coffee ring
effect [35]. It plays the key role in dried film morpho-
logy improvement when the Marangoni flow and the
capillary flow are balanced, as shown in the right of
figure 5(a).

C Tang et al

To suppress the coffee ring effect, PEG and lev-
eling agent KYC-511 (the solvent is ethylene glycol,
and the main component is non-silicon surfactant)
are taken as additives. The contact angle difference
between hydrophilic and hydrophobic patterns for
these two reagents is large enough (figure S3). Adding
a small amount of leveling agent will increase the
viscosity of the ink and significantly reduce the sur-
face tension of the ink, which can inhibit the cof-
fee ring effect obviously. But the increase in viscosity
and the decrease in surface tension may also make the
ink moving from hydrophobic to hydrophilic regions
more hard.

Although PEG can also reduce the surface tension
of ink, it requires a large amount of addition, which
can increase the viscosity of ink and make it diffi-
cult to distinguish hydrophilic and hydrophobic pat-
terns (figure S4). In order to ensure the accuracy of
the printed pattern, two optimized ink samples with
5 wt% PEG or 0.5 wt% leveling agent were ultimately
selected for preparation.

The shear viscosities of the samples were meas-
ured and compared as a function of shear rates in
figure 5(b). On the other hand, figure 5(c) shows that
the addition of PEG does not affect the surface tension
of the inks, while the addition of KYC-511 reduces the
ink surface tension sharply.

It can be found from figures 5(d) and (e) that
the films formed by different ink samples have dis-
tinct morphologies and conductivities because of the
additives. The water-based inks without any addit-
ive has very uniformly dried morphology because
of the 500 ym hydrophobic sidewalls distance. The
measured resistance of this sample is also as high
as 7.69 x 10° Q, with the calculated resistivity of
9.2 x 10® u© cm.

The dried film sample with 5 wt% of PEG has a
higher measured resistance of 8.55 x 10°  though
there is reduced coffee ring effect because of the addit-
ive, with the calculated resistivity of 1.0 x 10° €2 cm.
We believe that the decreased shear viscosity and sim-
ilar surface tension making the ink cannot spread
very well, which leads to the flow defects including
fish-eye and shrinkage. And PEG exists in the film,
making it difficult to completely remove it by heat-
ing (figure S5). On the other hand, the sample with
the addition of 0.5 wt% KYC-511, which has a very
smooth film morphology, has a sudden decreased res-
istance of 27.8 €2, with the calculated resistivity of
3.3 pf) cm. Besides the inhibited coffee ring effect,
increased shear viscosity and similar surface tension
of the ink should also plays their key roles.

In order to verify the effect of the printed sil-
ver lines improvement caused by our method, the
resistance is measured using the two-point probe
method (figure 6(a)) after ink film formation in
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Figure 5. (a) Left: schematic of the coffee ring effect right: inhibition of the coffee ring effect by addition of surfactants. The
comparison of viscosity (b) and surface tension (c) changes of aqueous conductive inks. (d) Optical microscope morphology of
the three inks after film formation in a 500 m hydrophobic sidewalls and the I~V curves measured by the probe stage. (e) The

the micro-channels of different widths (10-50 pm)
given the constant length (450 pm) [36]. Also, the
effect of pattern width on the ink film formation is
analyzed by comparing the differences in the elec-
trical properties of the formed films. Figures 6(b)-
(d) show the I-V curves of aqueous ink, the ink

added with PEG, and the ink added with leveling
agent at different widths, respectively. These res-
ults also confirm that the profile improvement by
the hydrophobic sidewall can be used as an auxili-
ary tool together with the traditional ink improving
methods.
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conductive ink (b), ink with the addition of PEG (c), and ink with the addition of leveling agent (d).
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4, Conclusions

In summary, micro-channels with different sidewall
surface energies are fabricated for restricting the ink
diffusion by both of the gravitational effect and the
capillary force. Conductive patterns with improved
cross-sectional profiles are obtained by blade-coated
aqueous nanosilver ink into these channels. It can
be found that the coffee ring effect of blade-coated
aqueous silver ink is suppressed due to the capil-
lary force if the hydrophobic sidewalls distance is no
more than 50 pm. The capillary force also loses its
effect if the distance of the hydrophobic sidewalls
increased to be 500 pm. It is necessary to suppress
the reappeared coffee ring effect and improve the sil-
ver film properties by adding surfactant into the ink.
The measured resistance of samples with the same
pattern was found to decrease from 7.69 x 10° Q
to 27.8 Q. The reported method, that improving the
profile of blade coated circuits by the capillary force
originating from the hydrophobic sidewalls with no
more than 50 pm, has provided a solution to both
of the two biggest obstacles mentioned in the intro-
duction part. More importantly, this method can
be seen as an auxiliary tool used cooperatively with
the traditional ink improved methods for improved
cross-sectional profile and resolution. It opens up the

possibility of high-resolution blade coated electronics
widely applied in mass production.
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