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Transparent embedded copper/gold (Cu/Au)-nanomesh electrodes are promising candidates to replace indium tin oxide

(ITO). They are fabricated on a polyethylene terephthalate (PET) flexible polymer film using a transfer process on the scale
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of 11 mm x 11 mm. Because of the oxidation of copper, Cu-nanomesh electrodes have very low electrical conductivity. In

order to solve this problem, we fabricated an electrode using a Cu/Au-bilayer. With the bilayer, we obtained a high

transmittance and electric properties at wavelengths of 400 nm—800 nm. Moreover, by controlling the pressure process,

we obtained the transferred and embedded metal electrodes. We found that both the optical transmittance and the

electrical conductivity of the embedded metal electrode were preserved after 50,000 bending cycles. Consequently,

embedded Cu/Au-nanomesh electrodes have good mechanical strength and electrical properties appropriate for flexible

transparent electrodes.

1. Introduction

In recent years, novel display products based on flexible
components rather than conventional rigid-type panels—for
example, smart watches, e-books, and high-end tablet PCs—have
received significant attention for being more convenient,
interesting, and easier to store.™ It is believed that the market for
flexible displays will expand rapidly. A transparent electrode is an
essential element in optoelectronic devices, such as liquid-crystal
displays (LCDs), solar cells, and organic light-emitting diodes (OLED),
and offers current spread and optical in- and out-coupling.af6 Metal
oxide-based materials, such as indium-zinc oxide (1Z0), ITO, and
aluminum-zinc oxide (AZO), have been widely used for transparent
electrodes.”™ Even though ITO has superior properties, such as
high optical transparency and electrical conductivity, the
application of metal oxide-based materials in flexible devices is
limited because of their high deposition temperatures, high cost,
brittleness, and susceptibility to conductivity changes if subject to
bending.lg”14

Therefore, there have been many approaches to replace
conventional ITO in order to achieve flexible substrates. For
instance, conducting polymers,lsf17 carbon nanotubes,mf20
graphene,u’22 copper fibers,23 and other nanostructures have been
widely explored. Although carbon nanotubes are actively studied by
a large number of research groups, their electrical conductivity has
not been sufficiently high until now for the fabrication of organic
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devices because of the remaining high contact resistance among
the tubes.”*™® Kim et al. have studied graphene films with high
transparency above 80% combined with superior mechanical

strength and a sheet resistance of 50 Q/sq, which was realized

using chemical vapor deposition (CVD) in the sample preparation.
However, the production cost is high because the CVD process
requires high temperatures greater than 1000 oc 7™

In general, conducting polymers have been investigated to replace
ITO electrodes. Even though these polymers are cost effective and
flexible, conducting polymers such as poly(3,4-
ethylenedioxythiophene-poly(styrenesulfonate)PEDOT:PSS) exhibit
lower electrical conductivity at the same light transmittance
compared to metal oxide-based materials. In addition, depositing
transparent thin films using conducting polymers on large-scale
substrates demands post annealing, which implies high
temperature and an additional reduction process. Unlike the other
candidates mentioned above, metal structures using a copper/gold
(Cu/Au) nanomesh represent an attractive material to replace ITO
because both the electrical and optical properties are close to those
of IT0.%%*

This paper introduces a novel method for fabricating a Cu/Au-
nanomesh embedded in a polymer substrate with a large area,
which increases the resistance against bending stress. To compare
the stability against the bending stress, a transferred Cu/Au-
nanomesh on a polymer substrate was also fabricated using
nanotransfer printing based on partial pressure. Then, we
confirmed that the transmittance and sheet resistance were >80%

and <50 Q/sq, respectively, for all Cu/Au-nanomesh electrode and

investigated the difference in surface morphology between the
transferred and embedded Cu/Au-nanomesh electrodes. We also
confirmed their stability in a bending test of 50,000 cycles. Finally,
we were able to demonstrate that the embedded Cu/Au-nanomesh
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is more stable than the transferred Cu/Au-nanomesh for bendable
devices.
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2. Experimental
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Figure 1. Schematic of the fabrication of metal-nanomesh patterns
on a PET substrate.

The overall fabrication process for metal-nanomesh electrode
patterns is shown in Figure 1. First, a Si master template was
fabricated using conventional photolithography and reactive ion
etching (RIE).32 The silicon master stamp had a square-shaped array
of Si patterns that were 7 um in size, which included grooves of 500
nm in length with a 7.5 um period (Fig. 1a). Prior to mold
replication, the surface of the master stamp was coated with a
hydrophobic self-assembled monolayer (SAM) for easier
detachment of the polydimethylsiloxane (PDMS) mold. To coat the
SAM monolayer, the Si master stamp was dipped into a
heptadecafluoro-1,1,2,2-tetrahydrodecyl-trichlorosilane (HDFS)-
based solution diluted with hexane at a 1:1000 ratio and stirred for
10 min. Then the Si master stamp was alternatively rinsed by
hexane and deionized water and was dried with N, gas flow. The
PDMS mold was prepared by pouring a mixture of SylgardTM 184
resin and the curing agent (10:1 ratio) over the Si master stamp.
After pouring the PDMS resin over the Si master stamp, the PDMS
resin was placed in a low vacuum for half an hour to remove any air
bubbles trapped in the PDMS. Then, the PDMS was heated at 80°C
for 2 h to cure. Figure 1(b) shows the pattern of the cured PDMS
mold, which is the reverse of the master stamp pattern. The PDMS
mold of nanomesh-pattern had a line width and a line pitch of 500
nm and 7.5 um, respectively. Afterward, metal was deposited on
the PDMS mold by thermal evaporation. To fabricate the Cu-
nanomesh electrode, the PDMS mold was deposited Cu layer of 150
nm thickness. Likewise, Cu/Au-nanomesh electrode was fabricated
using deposited PDMS mold with Au/Cu bilayer of 50 nm/100 nm
thickness.

2.2 Fabrication of metal-nanomesh electrode

The metal-deposited PDMS mold was uniformly placed over a
polyethylene terephthalate (PET) substrate, and the metal-
deposited PDMS mold and PET substrate were heated to 100 °C for
5 min and pressed at 0.5 to 4 bar to control the transfer process
and the embedding process. After heating for 10 min and cooling to
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room temperature, the metal-deposited PDMS mold was detached
from the PET substrate. Subsequently, the transferred and
embedded metal-nanomesh electrodes were formed on the PET
substrate according to the pressure. Also, we can fabricate the Cu-
nanomesh electrode and Cu/Au-nanomesh electrode using
deposited PDMS with a Cu layer of 150 nm thickness and Cu/Au
layer of 100 nm/50nm thickness, respectively.

3. Results and discussion

$ gL o szl st

Figure 2. SEM images and AFM images of metal-nanomesh
patterns on PET substrates fabricated with (a), (d) 0.5 bar, (b), (e)
2 bar, or (c), (f) 5 bar of pressure.

Figures 2(a)—(c) show SEM images of Cu-nanomesh electrodes on
PET substrates. The height of the Cu-nanomesh electrode was
measured by AFM, as shown in Figs. 2(d)—(f). The transferred Cu-
nanomesh electrode was fabricated with 0.5 bar of pressure during
processing, as confirmed by the SEM and AFM images. However,
the SEM and AFM images in Figs. 2(b), (e) show that an embedded
Cu-nanomesh electrode was fabricated when 2 bar of pressure
were used. As shown in Figs. 2(c) and (f), the sample processed
under 4 bar of pressure exhibited isolated metal islands inside a
mesh grid because of bending of the PDMS stamp under relatively
higher pressure.

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




RSC Advances

—
o
~

— Cu-nanomesh

cu(111)

Intensity (a.u.)

Cu(200)

300 nm

2-Theta(degree)
(€) 100 (d)os
——0.5bar (Transferred)
—— 2bar (Embedded)

90 —— dbar (Isolated) 04

—a—0.5bar (Transferred)
—e—2bar (Embedded)
—e— abar (Isolated)

Transmittance (%)
Current (mA)

5 10 15 20 25

Wavelength (nm) Voltage (mV)

Figure 3. (a) HAADF-STEM cross-sectional image and EDX
elemental mapping image of an embedded Cu-nanomesh
electrode. (b) XRD pattern of a Cu-nanomesh. (c) Transmittance
for transferred, embedded, and isolated Cu-nanomesh. (d) I-V
curves of transferred, embedded, and isolated Cu-nanomesh.

As shown in Fig. 3(a), we measured the cross-sectional image of the
embedded Cu-nanomesh electrode on PET substrate using a high-
angle angular dark field scanning transmission electron microscope
(HAADF-STEM). STEM energy-dispersive X-ray spectroscopy (EDS)
mapping of the Cu electrode line indicated the spatial distribution
of Cu (RED). Figure 3(b) shows the X-ray diffraction (XRD) pattern of
the embedded Cu-nanomesh. The Cu-nanomesh had XRD peaks at
43.46° and 50.55°, which correspond to Cu(111) and Cu(200). In Fig.
3(c), the optical transmittance values of the transferred and
embedded Cu-nanomesh patterns on PET are similar at around 83—
84% over the wavelength range from 400 to 800 nm, but the
isolated Cu-nanomesh electrode had a transmittance value of
around 55% because of the isolated Cu islands inside the mesh grid.
As shown in Fig. 3(d), we measured the current-voltage relationship
of transferred, embedded and isolated Cu-nanomesh electrodes. It
was confirmed that the value of the sheet resistance of Cu-
nanomesh electrodes is very low due to the surface oxidation of Cu
during the transfer process. In order to prevent surface oxidation
and to obtain higher electrical conductivity, we fabricated a Cu/Au-
nanomesh to replace the Cu-nanomesh pattern.
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Figure 4. (a) HAADF-STEM cross-sectional image and EDX
elemental mapping image of embedded Cu/Au-nanomesh
electrodes. (b) XRD pattern of a Cu-nanomesh. (c) I-V curves of
transferred, embedded, and isolated Cu/Au-nanomesh.

In order to form the Cu/Au bilayer-nanomesh structure, 50 nm of
Au were deposited on the PDMS stamp before Cu deposition on the
PDMS mold. Then, 100 nm of Cu were deposited. As shown in Fig.
4(a), we confirmed the cross-sectional image of the embedded
Cu/Au-nanomesh electrode using HAADF-STEM. An EDS mapping of
the Cu/Au electrode line indicated the spatial distribution of Cu
(red) and Au (magenta). Figure 4(b) shows the X-ray diffraction
(XRD) pattern of the embedded Cu/Au-nanomesh. The Cu/Au-
nanomesh had XRD peaks at 38.33°, 44.49°, 43.46°, and 50.55°,
which indicated Au(111), Au(200), Cu(111), and Cu(200)
simultaneously. Because of the unchanging mesh pattern size and
array, the Cu/Au-nanomesh had the same transmittance as the Cu-
nanomesh electrode, which was 83% over the wavelength range
from 400 to 800 nm. According to Fig. 4(c), the sheet resistance
value of the Cu/Au-nanomesh was one fifth that of the Cu-
nanomesh. It is believed that the Au layer on the Cu layer
prevented the oxidation of the Cu surface during the heating and
pressing process. Consequently, high values of optical
transmittance and electrical conductivity were obtained for the
Cu/Au-nanomesh structure.

This journal is © The Royal Society of Chemistry 20xx



-5 -RSCIAdvances: |-l

Journal Name ARTICLE

The optical and electrical properties of Cu/Au-nanomesh electrodes
must be enhanced in comparison with those of ITO, AZO, and FTO
electrodes. To overcome the limitations of Cu/Au-nanomesh
electrodes, hybrid Cu/Au-nanomesh and ITO electrodes have the
advantages of stable optical and electrical properties. Cu/Au-
nanomesh electrodes can enhance the efficiency of conducting
electrodes in optoelectronic devices, such as LEDs, LCDs, OLEDs,
and photovoltaic devices.

4. Conclusions

Figure 5. (a) Photograph of the Cu/Au-nanomesh on a PET
substrate. (b) Photograph of a flexible Cu/Au-nanomesh

A Cu/Au-nanomesh electrode structure was fabricated over a
PET flexible polymer film using a transfer process. By adjusting

electrode. the printing pressure, the metal-nanomesh could be
embedded into a polymer film. During the printing process,
Figure 5 shows photographs of the Cu/Au-nanomesh pattern on a the Cu surface was oxidized, which resulted in a decrease in
PET film. The sample was very transparent and could be easily the electrical conductivity. By replacing the Cu layer with a
rolled. The size of sample was up to 110 mm x 110 mm. Cu/Au bilayer, Cu oxidation was prevented, and a high
electrical conductivity was obtained.
Compared to the transferred nanomesh electrode, the
(a) (b) embedded electrode exhibited improved optical transmittance
100 L . and electrical conductivity. Moreover, the properties of the
g w | P [t i embedded electrode were maintained after 50,000 bending
g o T = Rt cycles. Thus, it is an appropriate choice for flexible transparent
£ =1 electrodes.
E n ——Embedded(Before Bending) g”
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£ w |
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