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Strong and stable adhesion of conductive layers on substrates is crucial
for the operation and performance of electronic devices, and several
attempts have been made to achieve this goal. We report all inkjet-
printed electrodes with strong and stable adhesion between conductive
layers and flexible polyether sulfone substrates, where ink based on silver
nanoparticles was used for metal layers and dielectric ink for intermedi-
ate adhesion layers. Quantitative measurements of adhesion properties
using an adhesion test and convex tensile bending test revealed negli-
gible and limited resistance changes, respectively. The strong adhesion
properties indicated that all inkjet printed Ag electrodes are highly
suitable for applications in wearable devices and flexible displays.

Introduction

Printed electronics are recognized as an emerging technology
owing to their cost-effectiveness, flexibility, lightweight nature,
rapid prototyping capabilities, customization potential, environ-
mental friendliness, and compatibility with diverse materials."™
These benefits facilitate the adoption of printed electronics tech-
nology in various fields, including interconnects,”® sensors,” "
transistors,'“'> antennas,'®'” and energy storage.'® Moreover, the
ongoing advancement of this technology is broadening its range of
applications."”>* Jing et al developed freestanding functional
structures comprising polyimide and silver (Ag) (printed using
aerosol-jet technology) intended for use as interconnects in stretch-
able electronics and sensing applications.® Fu et al. reported all-
inkjet-printed bimodal sensors capable of simultaneously sensing
bending strain and pressure, using Ag nanoparticles (NPs) ink as
the conductive material."’ Makhinia et al. implemented organic
electrochemical transistors capable of fast switching response,
printed using a combination of screen and aerosoljet printing.*?
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Furthermore, Zhou et al. produced radio frequency passive
devices, including an oscillator, power amplifier, and antenna
through the direct writing of an Ag ink.'” The commonality
among the aforementioned developments is that they are
implemented on flexible or stretchable substrates, demonstrat-
ing that printing technologies including aerosol-jet, direct
writing, and inkjet, hold promise for expanding the horizon
of the industry.

Most electronic devices are implemented with a multi-layer
structure to enable operations tailored to their specific pur-
poses. The adhesion between layers considerably impacts the
stability, reliability, and performance of devices, making inter-
facial engineering a crucial issue, and various research efforts
are underway to achieve strong adhesion.”>” Cho et al.
reported enhanced adhesion properties between a copper elec-
trode and a flexible substrate induced by a flash-light sintering
process, resulting in mechanical interlocking between them.?®
Labiano et al. performed plasma treatment to improve adhe-
sion between a graphene ink and a Kapton substrate to
fabricate an antenna, with the plasma treatment increasing
the wettability of the substrate and making the surface
hydrophilic.>® Labiano et al. proposed a new method for low-
cost and simple fabrication of embedded metal mesh flexible
transparent electrodes.”” They ensured mechanical stability by
spin-coating liquid polydimethylsiloxane on a polyethylene
terephthalate substrate, followed by the direct printing and
sintering ultra thin metal mesh on top of it.

In this study, we propose all inkjet-printed double-layer (DL)
electrodes featuring adhesion and Ag layers on polyether sul-
fone (PES) substrates. The adhesion layer was directly printed
on the PES substrate using dielectric ink, and the Ag layer on
top was printed using AgNP-based ink. To improve the adhe-
sion between the PES substrate and the Ag layer, we inserted a
single adhesion layer, achieving enhanced bonding with a
simple, continuous process rather than requiring multiple,
independent steps as seen in previous approaches.”>*® The
adhesion test and bending test were implemented. The results
indicate that the DL electrodes exhibited negligible and limited
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resistance changes, respectively. The findings of our study
indicate that the proposed electrode is structurally robust and
suitable for the implementation of various devices based on
flexible substrates.

Results and discussion

We evaluated two structures of Ag electrodes: a single-layer (SL)
electrode with a 25 um Ag layer directly printed on the PES
substrate and a DL electrode consisting of a 5 pm dielectric ink
adhesion layer and a 25 pm Ag layer, both printed on the PES
substrate, as depicted in Fig. 1a (refer to ESIT for further details).
Although the electrodes were designed with right-angled edges, the
nature of the inkjet printing process resulted in a dome-shaped
profile owing to the surface tension of the ink droplets.”**°

Fig. 1b shows the changes in resistance as a function of the
number of the adhesion tests performed on the SL and DL
electrodes. The adhesion tests were conducted using 3M Scotch
610 tape, as specified in ASTM-D3359 (refer to ESIt for further
details), and were performed a total of 15 times. While the
resistance of the SL electrode increased to an unmeasurable
point after only one adhesion test, the DL electrode exhibited
virtually no change even after 15 adhesion tests (refer to Fig. S1
for the results of the adhesion test performed on the SL
electrode ESIT). This indicates that the adhesion layer inserted
between the PES substrate and Ag layer was effectively fulfilling
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Fig. 1 (a) Electrode structures, exhibiting SL and DL electrodes. (b) Resis-
tance measurement results indicating the change in resistance relative to
the initial resistance as a function of the number of adhesion tests on the
DL electrode. (Inset: image of a circuit printed on a PES substrate.)
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its role. The inset of Fig. 1b shows a sample of the circuit
printed on the transparent PES substrate used in this study,
with a sufficiently large area to be applicable to various devices.

To assess the potential application of the proposed electrode
in the field of flexible printed electronics, tensile bending tests,
also referred to as convex bending tests, were performed. The
tests were designed to induce mechanical stress by bending the
samples in a manner that increases the distance between
AgNPs. These tests comprised 1000 cycles of bending at radii
of 4.0, 4.5, and 5.0 mm. Fig. 2a shows the normalized change in
the resistance of the SL electrode, and Fig. 2b shows the
corresponding results for the DL electrode, comparing resis-
tance changes as a function of the bending tests (refer to Fig. S1
for the results of the concave bending tests ESIT).

For the SL electrode, the resistance change was minimal at a
bending radius of 5.0 mm. At 4.5 mm, a substantial increase in
resistance was observed after approximately 700 cycles. At
4.0 mm, substantial resistance changes were detected from
the initial stage of the test. The increased resistance changes at
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Fig. 2 Normalized change in resistance as a function of the 1000 cycles
of the convex tensile bending tests conducted at radii of 4.0, 4.5, and
5.0 mm for (a) the SL and (b) DL electrodes.
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smaller radii can be attributed to higher mechanical stress
imposed on the structure.

By contrast, the DL electrode exhibited exceptional stability.
At bending radii of 5.0 and 4.5 mm, the resistance change was
negligible. Even at a radius of 4.0 mm, the resistance change
was limited to approximately 37%, which is markedly lower
compared to the 313% change observed in the SL electrode
under identical conditions. This considerable difference may
be attributed to the adhesion layer in the DL electrode, which
enhances the interface between the PES and Ag, thereby
improving mechanical robustness and stress tolerance.

Fig. 3 shows a comparative analysis of the SL and DL
electrodes subjected to 1000 cycles of convex tensile bending
tests to comprehensively evaluate the durability of the electro-
des. The results are illustrated through a series of images.

Single Layer

Double Layer

1 x 1,000

Crack

Fig. 3 (a) and (d) OM images of SL and DL electrodes, respectively, before
the tensile bending test. (b) and (e) OM images of SL and DL electrodes,
respectively, after the tensile bending test. (c) and (f) SEM images of the
regions marked with red-boxes in (b) and (e), respectively, providing
detailed observations of the structures after the bending test. (g) Tensile
bending test applied to both SL and DL electrodes.
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Optical microscope (OM) images in Fig. 3a and d show the
initial states of the SL and DL electrodes before the tensile bending
test. The SL electrode shown in Fig. 3b exhibits substantial
structural damage and cracks after 1000 cycles of tensile bending,
highlighting the impact of mechanical stress. The scanning elec-
tron microscope (SEM) image in Fig. 3c of the red-boxed area
illustrated in Fig. 3b reveals severe mechanical failure, including
the detachment of Ag flakes from the PES substrate.

By contrast, the DL electrode exhibits remarkable stability
under the same testing conditions. Fig. 3d shows the initial state
of the DL electrode, and Fig. 3e shows the structure after the
tensile bending test. The DL electrode maintains its integrity,
with minimal visible damage. The SEM image in Fig. 3f of the
red-boxed area illustrated in Fig. 3e further confirms the pre-
servation of the structure with only minor cracks. This perfor-
mance underscores the effectiveness of the adhesion layer in
enhancing mechanical robustness. Fig. 3g illustrates the tensile
bending test setup applied to the SL and DL electrodes, indicat-
ing the direction and nature of the mechanical stress imposed.

These findings indicate that the DL electrode is more
suitable for applications in flexible printed electronics where
mechanical reliability is crucial. The enhanced durability exhib-
ited by the adhesion layer indicates that the DL electrode can
better withstand the mechanical demands of flexible electronic
devices, making it a more viable option for future applications.

As shown in Fig. 4a, a circuit is printed on a transparent PES
substrate. The printed circuit covers an area of approximately
140 x 140 mm? which is a considerable size suitable for
various device applications, such as large-scale flexible displays
and wearable electronics. The use of PES as a substrate high-
lights its flexibility and suitability for applications requiring
durability and transparency.

Fig. 4b and ¢ demonstrate the practical application of the DL
electrode. Fig. 4b shows the flexible display operating normally
with LEDs mounted on a flexible PES substrate without any
deformation. This indicates that the DL electrode can maintain
functionality under standard conditions. Fig. 4c illustrates that
the flexible display continues to function correctly even when
the flexible PES substrate is bent, demonstrating the durability
and flexibility of the DL electrode (refer to the video provided in
ESIt). These results indicate that the DL electrode is highly
suitable for use in flexible electronics, such as flexible displays,
sensors, and wearable devices.

Conclusions

In summary, this study demonstrates the advantages of DL
electrodes in flexible electronics, using a combination of
dielectric ink and AgNP ink. It reveals the superior adhesion
and mechanical robustness of DL electrodes compared with
those of SL electrodes. The adhesion test indicated that the DL
electrode exhibited negligible resistance change, confirming
effective adhesion. Convex tensile bending tests involving
1000 repetitive cycles at various radii further indicated the
exceptional stability and minimal resistance changes of the
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Fig. 4 (a) Circuit printed on a transparent PES substrate. (b) Operation of a flexible display with mounted LEDs without bending. (c) Operation of a

flexible display with mounted LEDs under bending.

DL electrodes, whereas the SL electrodes experienced substan-
tial mechanical failure. OM and SEM images provided detailed
insights into the structural stability, indicating minimal
damage in the DL electrodes. The adhesion layer is crucial for
enhancing mechanical bonding and overall durability, making
DL electrodes highly suitable for flexible electronics such as
wearable devices and flexible displays. The ability to print on
flexible and rigid substrates without sacrificing performance
demonstrates the potential of this approach in advancing the
field of printed electronics, paving the way for more reliable
and durable flexible electronic devices. Furthermore, future
studies will focus on incorporating self-healing techniques
and enhancing flexibility to address electrode cracking. These
advancements are expected to be applicable in various fields,
including flexible and rollable displays, flexible sensors, and
wearable devices.
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