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Abstract Ag mesh electrode was researched as a
replacement for indium—tin oxide electrode in flexible
electronics because of its low sheet resistance and high
transparency. In this study, Ag mesh pattern created
using Ag nanoparticles (20 nm of diameter) was
arranged on a patterned polymer substrate using
thermal roll-to-roll imprint lithography. Using this
method, the Ag mesh-patterned electrode achieved
scalability and high throughput. The fabricated Ag 3D
mesh electrode showed an average optical transmit-
tance of 69 %, and sheet resistance of 18 Q/sq was
measured for 60 min of annealing time.
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Introduction

Transparent and flexible electrodes are important in
many applications such as displays, solar cells, radio-
frequency identification chips, circuits, and organic
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light-emitting diodes (OLEDs) (Forrest 2004; Grang-
vist 2007; Wu et al. 2008; Zhong et al. 2011).
Currently, indium—tin oxide (ITO) is used for trans-
parent conducting films owing to its high transparency
(~80 %) in the visible wavelength region and low
sheet resistance (10 €/sq.). However, ITO has certain
problems, such as the fact that it can fracture and crack
even at 2-3 % strains of the substrate and its high price
because of the gradual depletion of resources (Cairns
et al. 2000). For these reasons, ITO is not suitable for
future flexible devices. To replace ITO as electrodes,
many studies have reported using random arrange-
ments of metal nanowires, graphene films, carbon
nanotube films (Guo et al. 2013; Wu et al. 2004; Zhang
et al. 2005), poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) polymers (Kir-
chmeyer and Reuter 2005; MacDiarmid 2001), and
metal gratings (Yu et al. 2012). The goal is to fabricate
scalable transparent and flexible electrodes using a
low-cost manufacturing process. Among the above-
mentioned approaches for fabricating transparent and
flexible electrodes, the use of metal gratings has several
advantages. First, many kinds of metals can be used in
order to obtain suitable material properties. Second,
metal grating electrodes enable the fabrication of new
device structures in OLEDs such as top-emitting
devices and tandem structures (Kim et al. 2000; Liu
et al. 2005; Ziebarth et al. 2004). Recently, there have
been many studies on controlling the electrical,
mechanical, and thermal properties of nanomaterials
(Krebs 2009; Espinosa et al. 2011; Krebs et al. 2007;
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Fig. 1 Schematic diagram showing the hot-embossing process:
a Dimensions of Si master stamp, b heating and pressing
process, and c replicated patterned PC mold. Schematic diagram

Ahn et al. 2009; Lee et al. 2012; Zhang et al. 2012;
MacCuspie 2011). The small sizes of these nanoma-
terials make it possible to use solution processes to
form variously shaped structures or sheets. Thermal
roll-to-roll imprint lithography is a suitable solution
process because it does not require the use of vacuum
and high temperatures.

We demonstrate here that thermal roll-to-roll
imprint lithography is suitable for fabricating trans-
parent and flexible Ag three-dimensional (3D) mesh
electrodes.

Experimental details
Fabrication of patterned polymer substrate

The transparent and flexible Ag 3D mesh electrode
consisted of the following layers: inserted lower Ag
lines in patterned polycarbonate (PC) and aligned
upper Ag lines. A Si master stamp with 400 nm of
height, line and space width was used to fabricate this
3D mesh electrode. The Si master stamp (50 x
50 mm?) was coated with a self-assembled monolayer
(SAM) for easy detachment of the polymer from the Si
master stamp. Heptadecafluoro-1,1,2,2-tetra-hydrode-
cyl and n-hexane were used for the SAM coating for the
liquid-phase self-assembly process (Jung et al. 2004).
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In this study, a patterned PC substrate of the electrode
was used for the flexible transparent electrode. The
substrate was fabricated by a hot-embossing process,
which facilitates high-fidelity 1:1 scale replication
with low cost. The non-patterned PC film, with a glass
transition temperature (7,) of 147 °C, was placed on
the Si master stamp (Fig. 1a), and the substrate was
held at 200 °C for 20 min (Fig. 1b). Subsequently,
20 bar (2 MPa) of air pressure was applied for 20 min
to form the pattern on the PC substrate. After the
heating and pressing process, the patterned PC sub-
strate was detached from the Si master stamp (Fig. 1c).
For the upper vertically aligned Ag lines for the 3D
mesh electrode, a patterned polydimethylsiloxane
(PDMS) mold was used (Fig. 1d—f). Because of the
different surface energies between the PC film and the
PDMS, the Ag nanoparticle ink was attached on the PC
film after thermal roll-to-roll imprint lithography.
PDMS enabled the conformal contact to substrate
without surface flatness of the substrate. The patterned
PDMS mold was duplicated from the Si master stamp
using a thermal-hardening process.

Thermal roll-to-roll imprint lithography
Thermal roll-to-roll imprint lithography (CMP Co.,

Ltd.) was adopted because it enables control of the
layer thickness by using an appropriate volume of Ag
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Fig. 2 Schematic diagram showing the fabrication of a 3D Ag
mesh electrode: a Film set of Ag nanoparticle ink, patterned PC,
and PDMS mold. b Thermal roll-to-roll imprint lithography

nanoparticle ink and by controlling the roll speed,
operation temperature, and pressure. A 20-nm Ag
nanoparticle ink (DGP 40LT-15C, Advanced Nano
Products Co., Ltd.) was found to be suitable for
fabricating 3D mesh electrodes with 400-nm-sized
lines. The isopropyl alcohol (IPA)-based Ag ink had a
solid content of 35 % and a viscosity of 15 cPS
(15 mPa s). The patterned PC substrate served as the
flexible electrode, the Ag nanoparticle ink was used as
the electrode material, and the patterned PDMS
functioned as the upper electrode lines. The Ag
nanoparticle ink was dropped onto the patterned
PDMS mold by 20 p//cm?, and then another patterned
PC mold is placed on top of and perpendicular to the
Ag nanoparticle ink/patterned PDMS mold (Fig. 2a).
This film set was inserted between the rollers at a
temperature of 100 °C, a pressure of 5 bar (0.5 MPa),
and a rate of 5 mm/s. (Figure 2b—d).

Electrode characterization
The morphology of the Ag 3D mesh pattern was

determined by FE-SEM (EX-200, Horiba Inc.). The
optical transmittance and sheet resistance were
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>
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process. ¢ Detaching patterned PC substrate from the patterned
PDMS. d Tilted schematic diagram of 3D Ag mesh transparent
flexible electrode

measured through a UV—Visible spectrometer (V650
Spectrophotometer, Jasco Inc.) and a 4-point probe
resistivity mapping instrument (CMT-SERIES,
Advanced Instrument Technology Inc.), respectively.

Results and discussion

Figure 3 shows the FE-SEM images of the fabricated
Ag 3D mesh electrode using the proposed one-step
thermal roll-to-roll imprint lithography process. This
one-step process of fabricating 3D structures has the
advantage of high throughput compared to two-step
nanoimprint lithography previously reported (Kang
and Guo 2007). The 300 nm-sized Ag 3D mesh
pattern was fabricated on the patterned PC substrate
over the whole substrate area (50 x 50 mm?). In the
patterned area, which is the bright color in Fig. 3a, the
line width was reduced to 300 nm. This reduction of
line width comes from the absorption of the solvent
and the thermal shrinkage that occurs during the
thermal roll-to-roll imprint lithography and annealing
processes. In the non-patterned area, which is the dark
color in Fig. 3a, the surface of the PC substrate
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Fig. 3 FE-SEM image of Ag 3D mesh electrode: a Top view (inset: high magnification). b Illustration of unit cell, ¢ A-direction tilted
view of the Ag 3D mesh electrode, and d B-direction filted view of the Ag 3D mesh electrode

without a residual layer of Ag nanoparticles is visible,
which causes problems in electronic devices. This
non-residual layer of Ag nanoparticles is the result of
the thermal roll-to-roll imprint lithography, where
residual Ag ink during formation of the upper layer is
put down to lower layer which was made up of empty
space area. The unit cell diagram of the Ag 3D mesh
electrode is shown in Fig. 3b, which also shows the
cross-sections of the electrode in directions A and B.
The upper layer of Ag lines is placed perpendicular to
the lower layer of Ag lines. Figure 3c, d show tilted
SEM images in the A- and B-direction, respectively.
This upper layer, which is connected to the lower
layer, distributes the current flow in the Ag 3D mesh
electrodes. The thickness of the upper layer is about
50-100 nm, which is the diameter of one or two Ag
nanoparticles after annealing.

For transparent and flexible electrodes, the optical
transmittance and sheet resistance are important
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Fig. 4 Sheet resistance of Ag 3D mesh electrode as a function
of annealing time

properties. Higher the optical transmittance of the
electrode, higher its sheet resistance. In Fig. 4, the
sheet resistance of the Ag 3D mesh electrode is shown
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as a function of annealing time. The annealing process
is necessary in order to remove solvent residue such as
the dispersant. To minimize deformation of the PC
substrate, which has a glass transition temperature (75)
of 147 °C, the annealing process was carried out at
120 °C. The bottom SEM images indicate character-
istic morphological changes of the Ag nanoparticles as
a function of annealing time. Until reaching an
annealing time of 60 min, the Ag nanoparticles
agglomerated with other Ag nanoparticles, showing
diameters of 50-100 nm as the annealing time
increased. These agglomerated Ag nanoparticles
decreased the number of grain boundaries, resulting
in an increased electron flow. After 60 min, there was
no additional change in diameter, but there were more
disconnected areas. The initial Ag 3D mesh electrode
exhibited 55,000 /sq. of sheet resistance, but it
decreased to 160 Q/sq. after 30 min of annealing
time, during which time most of the residue was
removed. Thus, the Ag nanoparticle was connected to
each other with no surrounding material. The lowest
sheet resistance of 18 /sq. was measured after
60 min of annealing time. Electrodes annealed for
more than 60 min were shown to have higher sheet
resistance as compared with the sample annealed for
60 min due to its greater number of disconnected
areas. Consequently, we chose to use 60 min of
annealing time to measure the optical transmittance.
In Fig. 5a, the optical transmittance of the reference
PC, the Ag 3D mesh electrode, and the Ag nanopar-
ticles coated on PC are shown. The Ag nanoparticles
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coated on PC were fabricated using blanket PDMS and
a PC substrate patterned with 400 nm lines by thermal
roll-to-roll imprint lithography under the same condi-
tions used to fabricate the Ag 3D mesh electrode. We
increased the optical transmittance by fabricating the
3D mesh structure. The Ag 3D mesh electrode showed
an average optical transmittance of 69 %, whereas for
the Ag nanoparticles coated on PC, the average optical
transmittance was only 30 %. An absorption peak at
approximately 300 nm resulted from the line pattern
of the patterned PC. As shown in Fig. 5b, the Ag 3D
mesh electrode shows better transmittance than the Ag
nanoparticles coated on PC.

Thus, an Ag 3D mesh structure with good electrical
properties can be made from the Ag ink that is widely
used in printed electronics. Without needing a vacuum
deposition process, this manufacturing technique
enables the fabrication for transparent and flexible
devices.

Conclusion

We have presented a low cost, high-throughput
procedure for the fabrication of transparent and
flexible silver electrodes on a submicron scale. The
fabricated Ag 3D mesh structured electrode shows
high optical transmittance in the visible wavelength
range and excellent electrical conductivity. Using this
method, it is possible to fabricate electrodes for many
applications such as organic and wearable devices.
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Fig. 5 a Optical transmittance of the reference PC, Ag 3D mesh electrode, and Ag nanoparticles coated on PC. b Photograph of
transmittance comparison of the reference PC, Ag 3D mesh electrode, and Ag nanoparticles coated on PC
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