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Transparent electrodes based on percolated networks of silver nanowires (AgNWs) are known for their good
conductivity, transparency, and flexibility. Owing to these intrinsic properties, AQNWs are gaining much
attention and are considered potential electrode materials in large-area and flexible devices. However, a
major drawback of the AgNWs—poor adhesion to polymers—is holding back their practical usage. The
weak bond of AgNWs to polymers limits their fine-pitch patternability, which is one of the most
important requirements in the electronics industry. In the study reported here, we irradiated nanowires,
attached to the polymer during photolithography and metal etching, with intense pulsed light to improve
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Accepted 1st May 2015 the adhesion. As a result, a complicated pattern of nanowires was fabricated without any form of
damage. For better flexibility, we transferred the patterned AgNWs to the surface of a colorless polyimide

DOI: 10.1035/c5ra01657¢ film to produce a highly stable electrode under repeated bending cycles. As a result of these
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Introduction

Silver nanowires (AgNWs) have emerged as one of the most
promising candidates for an alternative to indium-tin oxide,
primarily because of the anisotropy in their physical shape, with
only a small fraction of the percolated AgNW network required
to form a highly conductive electrode. Owing to their intriguing
electrical, optical, thermal, and mechanical properties, AgNWs
are considered very favorable materials for fabricating flexible
devices.'® There have been many attempts to employ AgNWs as
a transparent electrode of organic light-emitting diodes,
organic solar cells, and touch sensors, for which patterning with
very ordered shapes, sharp edges, and a fine pitch is crucial.®™*°
However, a major drawback of AgNW networks, namely AgNWs'
low adhesion to polymers, hinders simple patterning by
photolithography followed by metal etching because AgNWs
coated on a polymer could be easily stripped during developing
or removal of the photoresist (PR) after patterning. Moreover,
low adhesion to a polymer also results in limited flexibility of
the AgNW network coating on the polymer.
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developments, a flexible touch panel based on a capacitive sensor was successfully fabricated.

In a bid to resolve this issue, several methods to enhance the
adhesion of AgNWs to polymers have been reported so far:
(1) employing a transparent adhesive to attach AgQNWs to a
polymer substrate;* (2) adding transparent binding materials
to the AgNW-dispersed liquid;"* (3) overcoating AgNWs with a
transparent polymer;" (4) mechanically pressing AgNWs onto a
polymer to enlarge the contact areas;' (5) embedding nano-
wires in the polymer surface.'**” Methods (1) to (3) are the most
applicable and convenient ways to remarkably enhance adhe-
sion, but the coating of additive layers or addition of binders
lowers the transmittance of the film. In severe cases, the neutral
color of the film could also be altered. In method (4), although
the adhesion and stability of the AgNW electrodes can be
enhanced without any drops in optical properties, there is the
practical issue of physical damages on the film surface or the
need to use an ultra-smooth roller. It should be considered that
the surface of a pressing roller needs to be smoother than the
roughness of the AgNW networks. Method (5) is known to be an
efficient way to enhance adhesion, but the buried nanowires
cannot be patterned by conventional etching techniques.

In our previous study, we showed that the adhesion of
AgNWs to polymers could be largely enhanced by a simple and
short irradiation of high-energy pulsed light."* One such
method, namely intense pulsed light (IPL) irradiation, has been
reported to be a powerful tool for enhancing adhesion by
partially melting regions of a polymer substrate that are
immediately adjacent to AgNWs.*>? Only a very short irradia-
tion duration of high-energy pulsed light is needed to induce
the localized heating required to activate the interface between

This journal is © The Royal Society of Chemistry 2015
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the metal and polymer, without any severe deterioration of the
optical properties. Building on this experience, we used the
improved interfacial adhesion to fabricate fine patterns of
AgNWs on polymers, which could be used to make flexible
touch sensors. In the current study, we elaborated the pro-
cessing parameters so that the technique could be utilized to
transfer the patterned AgNWs onto the surface of target poly-
mers. For this, we employed Kapton film for a mother substrate,
which is optimal for balancing the improvement of nanowire
adhesion for photolithography and its capability for a success-
ful transference to the target polymer. This produced finely
patterned AgNW networks embedded in a transparent polymer
with ultra-flexibility and outstanding stability. The feasibility of
this new approach is tested by applying it to the fabrication of a
flexible touch sensor.

Experimental procedure
Fabrication of patterned AgNW-cPI composite electrode

The procedure used for the fabrication of the AgNW-based
transparent electrode is schematically illustrated in Fig. 1.
First, polyimide (PI) film (Kapton, DuPont, USA) was cleaned
using detergent, de-ionized water, and isopropanol. The film
was placed on a Mayer-rod-coating apparatus and several drops
(0.5 mL) of a nanowire solution (Nanopyxis Ltd., Korea) were
released onto the film. Average diameter and length of the
AgNWs were 35 nm and 20 um, respectively. Immediately
afterwards, a Mayer rod #4 (R.D. Specialties, Inc., USA) was
rolled over the drops to evenly spread the nanowire solution
over the film surface. The resulting film was heated in an oven
at 50 °C for 30 min to remove any remaining organic solvent. A
photonic sintering system (Sinteron 2000, Polytec Ltd., USA)
was employed for the IPL irradiation (power input: 2 kV) of the
samples, with the exposure repeated four times, each for a pulse
duration of 500 ups. The wavelength range employed was
250-1000 nm. This irradiation condition had been optimized to
enhance the adhesion of AgNWs to the Kapton film and prevent
the film from peeling off during photolithography, but still
allowing them to be detached by stronger peeling forces.
Photolithography was carried out to form the barriers for
patterning AgNWs, after which the AgNWs were etched away by
an acidic solution (chromium etchant, Sigma-Aldrich), followed
by stripping of the PR. To fabricate more stable and flexible
AgNW-based transparent electrodes, a colorless polyimide (cPI)
varnish (Kolon, Korea) was spin-coated onto the AgNWs and
then cured at 150 °C for 1 h. The thickness of the cPI was 20 um,

3. Photolithography

1. Coating of AgNW 2.TPL treatment *
| Polyimide film (Kapton) ‘ ‘ ‘ ‘

4. AgNW etching & PR strip

5. Coating of cPI and annealing
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Fig. 1 Improved patterning procedure for AgNW networks and
fabrication of AQNW-cPI composite electrode.

6. Peeling-off AgNW-cPI electrode
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which could provide a suitable balance of flexibility and reli-
ability. Finally, the sample was soaked in water to allow the
prepared film to be safely peeled off from the mother substrate
(Kapton), a process which was aided by the hygroscopic swelling
of the Kapton and cPI films.

Evaluation of the composite electrode

Scanning electron microscopy (SEM; JSM6700F, JEOL Ltd.,
Japan) was used to investigate the microstructure of the AgNW
networks. Their optical transmission was measured using a
UV-visible spectrophotometer (V-560, Jasco, Japan), while the
sheet resistance (R;) was measured by a non-contact measure-
ment system (EC-80P, Napson Corporation, Japan). The surface
morphology was measured by atomic force microscopy (AFM;
XE-100TM, Park Systems, USA). An automatic bend-testing
machine (MIT-DA, Toyoseiki Ltd., Japan) was used to measure
the long-term reliability under repeated cycles of bending.
A bending radius of 0.5 mm was used to induce ~2% tensile
and compressive strain. The electrodes were bent at a cycling
rate of 1 Hz, and their resistance was measured during both
inward and outward bending cycles. The bend testing apparatus
and a schematic description for a test of film are shown in
Fig. S1.f More than 10 samples were fabricated and measured
for most parameters.

Fabrication and measurement of flexible touch panel

A touch panel with a single-layered patterned electrode was
fabricated with a specially designed sensor pattern. The AgNW
electrode patterned on the Kapton film was transferred to the
surface of a cPI film, resulting in the capacitive-type touch
sensor comprising an embedded AgNW electrode. The fabri-
cated touch sensor was bonded to a flexible printed circuit
board (FPCB) using an anisotropic conductive film (ACF;
CP20431-35AG, Dexerials, Japan), which was connected to a
driving module. The capacitance before and after finger touch
was measured by an inductance-capacitance-resistance (LCR)
meter (4284A, Hewlett Packard, USA) connected to a probe
station (5500B, MS Tech, Korea) to verify the functionality of the
fabricated touch panel. Cyclic bend testing was also performed
to evaluate the mechanical stability of the fabricated touch
panel with a bending radius of 0.5 mm for 100 cycles.

Results and discussion

Before patterning the AgNW-based electrodes, we first opti-
mized the conditions for IPL irradiation. To do so, several
important factors were considered: (1) no visible deterioration
of film properties should be observed when applying IPL irra-
diation; (2) the conductivity of the AgNW networks should be
conserved during developing or PR stripping for patterning;
(3) AgNWs should not be lost during transfer from the mother
substrate (Kapton) to the target polymer (cPI). Factor (1) was
discussed in our previous report, while factors (2) and (3) should
be considered carefully because they represent conflicting
parameters. When the power for irradiation is too low, the
adhesion of AgNWs is not sufficiently enhanced for them to
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remain attached during lithography. Further, the nanowires are
not completely transferred to the target polymer when the
irradiation energy is too high. After thorough deliberation of
these factors and extensive testing, the experimental parame-
ters were optimized: power input of 2 kV, pulse duration of 500
s, and four rounds of irradiation (the time interval between
each irradiation round was 5 s). We confirmed that the nano-
wires could not be lost or damaged during photolithography
and Ag etching, and they could be perfectly transferred to the
cPI surface under these optimized irradiation conditions.

Fig. 2 shows the effect of IPL irradiation on the patternability
of the AgNWs coated on a Kapton film. The patterning consisted
of a conventional photolithography process followed by chem-
ical etching of the AgNWs in the following order: spin coating of
the PR on an AgNW electrode that was coated on a Kapton film;
light exposure with a chromium patterned mask; PR develop-
ment; etching of AgNWs by immersing in a metal etchant; and
finally, removal of the PR by dipping in a PR remover. As shown
in Fig. 2(a) and (b), several spots of stripped networks of AgNWs
could be easily found. Those detachments occurred during the
development of the PR to form barriers for protecting the
AgNWs from the etchant and the removal of PR residue. In
general, when a AgNW electrode is immersed in a liquid, the
nanowires are under a mixed state of shear and tensile stresses
that causes them to detach from the substrate by buoyancy. An
upward and lateral movement of the liquid pulls the AgNWs in
multiple directions, and if they are loosely adhered to the
substrate, the nanowires can also be stripped. However, as
shown in Fig. 2(c) and (d), if the AgNWs were treated by IPL
under the proper irradiation conditions, the AgNW networks
could be perfectly patterned without forming any types of
defects. We also fabricated AgNW-based lines with various
widths as shown in Fig. S2.f We could make the line width
smaller than 20 pm by this approach, and the resistance of the
lines linearly increased with decreasing width. One thing we
need to notice is that some un-percolated areas could be formed
when the width is smaller than 35 um (see Fig. S31), but it could

Fig. 2 AgNW lines patterned by photolithography and Ag etching:
(a and b) patterned without IPL treatment, (c and d) patterned with IPL
treatment.
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be possibly resolved by an increase of nanowire density. From
an engineering perspective, this is very important because there
was no need for additional materials and only a simple and
extremely short pulse of light irradiation was required to
enhance the adhesion of AgNWs. It was also noted that the
value of R, of the percolated AgNW networks decreased by about
20%, which is presumably due to the decrease of contact
resistance between individual nanowires.*

In order to determine the mechanism for the enhancement
of adhesion, we analyzed the surface topography by SEM and
AFM, as shown in Fig. 3 and S4.} As shown in Fig. 3(a), the
as-deposited pristine AgNWs are just placed on a Kapton film,
with visible gaps between the nanowires and the film mainly
because of the low surface energy of the latter. The untreated
non-polar surface of the Kapton film generally have adverse
problems in adhesion, coating, colloid stabilization, and lami-
nation with other materials, resulting in poor coating and
adhesion of AgNWs. To overcome this weakness, a transparent
adhesive or binding materials are commonly added, but side

Expeosed AgNWs_

-~

‘4 : / . » . 4 L
7 /}mbedded AgNWs

000 10 WD 12.1mm

Fig. 3 Micrographs of AgNW networks investigated by SEM: (a)
AgNWs coated on a Kapton film; (b) AQNWs on a Kapton film with IPL
treatment; (c) embedded AgNWs on the surface of a cPI film.
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effects such as decrease in transmittance, increase in haziness,
and deterioration of color neutrality are unavoidable. In
Fig. 3(b), the powerful effect of IPL irradiation to enhance the
adhesion of AgNWs to Kapton is shown: the gap between the
wires and the substrate is not discernable, and the gaps at the
intersections of AgNWs are also no longer visible. This means
that the surface of the wires fused to form a solid network,
which would explain the observed reduction in R.

The microstructural evolution of the AgNW electrode during
IPL irradiation can be explained by the plasmonic heating and
its effect. First, the highly intensive photonic energy is deliv-
ered to AgNWs within a few hundred or thousand microsec-
onds, thus instantly increasing the temperature of AgNWs
because of the photothermal effect.”” Then, the absorption of
heat by AgNWs increased the temperature of AgNWs nearby,
and the polymer underneath the nanowires was activated to
react with the surface of AgNWs. In our earlier study, we
discovered that a further round of IPL irradiation would have
sufficiently intensified the fusion of the polymer and resulted
in partial embedment of AgNWs in the surface of the poly-
mer."® Once the AgNWs were partially buried in the polymer
surface, it was difficult to tear them off from the polymer. Given
that one of the goals of using IPL irradiation was to obtain
robust AgNW networks on a polymer during photolithography
and etching of the metal, but not holding the AgNWs after-
wards, the fusion of the polymer was not necessary: the
microstructural state in the initial stage was sufficient to
improve the adhesion and prevent any loss of nanowires when
immersed in liquids. Therefore, we applied only four rounds of
irradiation for a pulse duration of 500 ps each at 2 kV. An
examination of the microstructure showed no evidence of
partial embedment of nanowires on any part of the sample
fabricated under these conditions.

An interesting outcome was that the roughness of the AgNW
film was decreased by the IPL irradiation. A comparison of
Fig. S4(a) and (b)+ shows that the root-mean-square roughness
(Rrms) of a pristine AgNW film decreased from 13.4 to 10.8 nm
after it was irradiated four times. As the heated nanowires
seeped into the surface of the Kapton film, the gaps between
them disappeared, as shown in Fig. 3(b). A liquid polymer, cPI
varnish, was then coated on the AgNW networks on the Kapton
film, after which the coated AgNWs were thermally annealed
and then peeled off from the mother substrate (Kapton).
Fig. 3(c) shows a mix of fully and partially embedded AgNWs in
the matrix of cPI. Most of the AgNWs were embedded in the cP],
while some of them were still exposed to air and thus provided
sufficient contact with overlying materials such as the conduc-
tive adhesive or electrodes. As shown in Fig. 3, the sheet resis-
tance was a bit increased by the transfer process, but it is not
conspicuous. The value of Rgys was further reduced to 5.6 nm
because most of the nanowire bundles were buried beneath the
surface of the cured polymer. This suppressed the protrusion of
the nanowires, and simultaneously enhanced the stability of the
electrode. Furthermore, given that the nanowire bundles are
buried inside the cPI, most of them are not in direct contact
with air, which implies that the oxidation could be possibly
somewhat retarded.

This journal is © The Royal Society of Chemistry 2015

View Article Online

RSC Advances

The mechanical stability of the AgNW networks on the
Kapton film and those embedded in the cPI film was assessed in
a bending-endurance test, as shown in Fig. 4(a). A machine for
automatic bend testing was employed, which enabled the
electrode to experience alternate outward bending (tensile
stress) and inward bending (compressive stress) repeatedly,
resulting in cyclic fatigue failure. This test used a bending
radius of 0.5 mm, producing about 2% tensile and compressive
strains. The resistance of the AgNW networks without IPL
irradiation was sharply increased just after several hundred
cycles of repeated bending, while the resistance of
IPL-irradiated AgNW networks did not vary until after 10 000
bending cycles. The resistance of the IPL-irradiated samples
continued to increase until a catastrophic failure occurred after
20 000 cycles. This enhancement of bending stability was
caused by the activated interfacial binding of the nanowires and
the Kapton film. Further improvement of the mechanical
stability was attained by the embedment of AgNWs at the cPI
surface. In Fig. 4(a), the repeated bending left the resistance of
the nanowires embedded in cPI virtually unchanged for at least
50 000 cycles. This high mechanical stability can be attributed
to the following factors: low thickness of the composite elec-
trode, high strength of cPI, and good adhesion of AgNWs to cPI.
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Fig. 4 Mechanical, optical, and electrical properties of the AgNW
electrode embedded at the surface of cPl: (a) bending stability of
AgNW-based electrode; (b) transmittance and sheet resistance of the
fabricated electrode by embedding AgNWs at the surface of cPlI.
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Because the film was fabricated to have a thickness of 20 um,
the strain at the surface of the composite electrode was sup-
pressed to 2% or less. The small strain formed at the electrode
was the first factor that enhanced the mechanical stability of the
film. The high modulus (6 GPa) and ultimate tensile strength
(300 MPa) were the second factor to delay the catastrophic
failure of the samples. However, the most important factor to be
noted was the exceptionally high adhesion of AgNWs to cPI.
Among the various polymers that we tested in this study,
including polymerized urethane, ethylene, silicone, and imide,
cPI was best matched with the AgNWs from this point of view.
The good adhesion between AgNWs and cPI prevented the
sliding of the wires at the interfaces.

The transmittance of the fabricated composite film is pre-
sented in Fig. 4(b), with a photograph of the film shown in the
inset. The transmittance was measured with a UV-visible spec-
trometer using air as a reference. In a visible range of wave-
length from 400 to 700 nm, the transmittance spectrum is flat
and has a value of over 80% for a sheet resistance of around
24 ohm sq '. Transmittance spectrums for the fabricated
electrodes with various sheet resistance are shown in Fig. S5.1
This trait is relevant from a technological perspective as it leads
to high transparency and neutral coloration, which are favor-
able for most applications.

Based on our experience with AgNW-cPI composite elec-
trodes, we fabricated a touch sensor with a single-layered
patterned AgNW electrode consisting of transmitter and
receiver patterns. The nanowires were embedded in cPI in order
to obtain a sensor with ultra-flexibility. The narrowest line width
and spacing were 100 and 20 pm, respectively, in the sensor
design. For interconnection with the driving module, an ACF
was successfully employed without incurring a large increase in
the contact resistance between the exposed AgNWs and
conductive particles in the ACF. The photo of the fabricated
touch sensor bonded to a FPCB in Fig. 5(a) shows a very clear
sensor area, with the FPCB firmly attached when bent to a

Capacitance (pF)

Before touch  After touch  Before touch  After touch

Fig. 5 (a) Fabricated touch panel. (b) Demonstration of touch panel
with AgNW-based electrode. (c) Measured capacitance before and
after bending test (bending radius: 500 um; 100 cycles).
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curved shape. The functionality of the fabricated touch panel
was successfully demonstrated by a two-point touch test, as
shown in Fig. 5(b). Since the primary goal of using an AgNW
electrode in flexible touch sensors is to achieve highly reliable
performance under continuous mechanical deformation,
mechanical-stability tests were carried out on the touch devices
fabricated as part of this study. Like the earlier tests with bare
AgNW-cPI composite electrodes, the flexible sensors were
subjected to bending tests at a radius of 0.5 mm. After a
hundred repetitions, the capacitance variations before and after
touching were not largely altered, as illustrated in Fig. 5(c),
which means that the capability for sensing touch was not
deteriorated by the bending.

Conclusions

This study demonstrates that a highly flexible, transparent, and
conductive electrode could be fabricated from a combination of
percolated AgNWs and cPI by employing two important
processes. The first process applied IPL irradiation on AgNWs
on a Kapton film to enhance the adhesion between them. The
irradiations of IPL improved the adhesion of nanowire to the
polymer through the activation of interfaces, and this firmly
bonded the nanowires to Kapton during patterning. These
processes did not require additional materials to enhance the
adhesion. The patterned AgNWs were perfectly transferred to
the surface of a cPI film in the second process, which included
coating a liquid cPI to the AgNW-Kapton composite, annealing,
and peeling the AgNWs from the Kapton film. Finally, we
successfully fabricated a flexible touch panel comprising
embedded AgNW patterns with fine pitches to demonstrate the
capability of this approach. By combining the fine patternability
and high flexibility of the AgNW electrode, this approach pres-
ents an effective solution for the fabrication of various func-
tional devices such as organic light-emitting diodes, organic
solar cells, and thin-film transistors.
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