RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 4

RSC Advances

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

Fabrication of Transparent Conducting Ni-Nanomesh-Embedded
Film Using Template-Assisted Ni Electrodeposition and Hot
Transfer Process

Hak-Jong Choi, Sang-woo Ryu, Junho Jun, Sungjin Moon, Daihong Huh, Yang Doo Kim, Heon Lee*

In the present work, we developed a new method for fabricating Ni nanomeshes for transparent conducting electrodes
using template-assisted Ni electrodeposition and a hot transfer process. By employing the direct printing of hydrogen
silsesquioxane (HSQ), the microscale HSQ template was successfully transferred onto a stainless steel substrate. The Ni
nanomesh was fabricated using selective Ni electrodeposition and a hot transfer process on a polycarbonate (PC) film. The
Ni-nanomesh-embedded PC film exhibited approximately 77% of the transmittance compared to that of the PC film and a
sheet resistance of 2—10 Q/sq. In addition, the transmittance and sheet resistance of the Ni-nanomesh-embedded PC film

was not significantly

Introduction

Transparent conducting electrodes (TCEs) have attracted much
attention as an essential element of various optoelectronic
devices such as photovoltaics (PVs),l’2 organic light-emitting
diodes (OLEDs),3 touch-screen panels (TSPs),4 radiofrequency
identification (RFID),5 and liquid crystal displays (LCDs).6 At the
commercial level, indium tin oxide (ITO) and fluorine-doped tin
oxide (FTO) have been used as TCEs of optoelectronic devices
because of their good optical and electrical properties such as
high optical transmittance and low electrical resistance.””
However, oxide-based TCEs exhibit the inherent drawbacks of
brittleness, a high refractive index, a low optical transmittance
for UV, and a high-temperature process limited to apply to
various devices such as UV-operated devices or flexible and
bendable devices."*™*?
As a result, many researchers have investigated alternative
TCEs such as graphene,13’14 carbon nanotubes (CNTs),15 metal
(Ag, Cu) (NWs),le18 metal meshes,lg'20 and
conducting polymers21 for flexible TCEs. Compared with ITO,
however, carbon-based TCEs such as graphene, CNTs, and
conducting polymers exhibit relatively poor optical and
electrical properties.22 In case of metal NWs, Ag NWs with
excellent electrical and optical properties have been recently
developed; however, the mass production of Ag NWs is limited
by their scarcity and price ($505 USD/kg).23 Metal meshes have
also attracted because of their superior optical and electrical

nanowires

properties similar to metal NWs. In addition, metal meshes
also have the advantages of uniformity of electrical spreading
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after 20,000 cycles of bending tests.

compared with a metal NW network.”* In addition, the
transmittance and resistance can be easily controlled by tuning
the parameters of the metal mesh such as the pitch and
linewidth. For these reasons, many researchers have already
developed methods for metal meshes such as lithography and
evaporation,25 nanotransfer printing,26 anodic aluminum
membrane?’ and direct patterning of Ag nanoparticles (NPs).28
However, these methods have some limitations in the control
of electrical properties, fabrication costs, and processes on
flexible substrates.

In this study, we introduce a cost-effective and controllable
method for fabricating Ni-nanomesh-based TCEs on flexible
film using template-assisted Ni electrodeposition and a hot
transfer process. The height of the Ni nanomesh was
controlled by tuning the Ni deposition time. Three different
heights of Ni nanomeshes were investigated in terms of the
resulting optical and electrical properties. In addition, we
confirmed the surface morphology and current flow of the Ni
nanomesh. Finally, the bending resistance of Ni nanomesh was
investigated by performing bending tests for 20,000 cycles.

Experimental
Fabrication of Ni-nanomesh-embedded film.

Fig. 1 presents a schematic illustration of the fabrication
process of the Before
fabricating the polydimethylsiloxane (PDMS) mould, a Si
master mould containing the micro-pattern with a pitch of 10
pum was prepared using photolithography and reactive ion
etching process. Then, the surface of the Si master mould was
using heptadecafluoro-1,1,2,2-tetra-hydrodecyl
trichlorosilane to reduce the surface energy and facilitate the
following smooth detachment of the PDMS mold.”

Ni-nanomesh-embedded film.

fluorinated
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Fig. 1. (Colour online) Schematic illustration of the fabrication
process of the Ni-mesh-embedded film.

To fabricate the PDMS mould, Sylgard 184 and its curing agent
were mixed in a volume ratio of 10:1. Then, mixed solutions
were poured onto the Si master mould and cured at 80 °C for 2
h without air bubbles. After that, the mesh-patterned PDMS
mould was physically detached from the Si master mould to
use as a flexible mould for direct printing.

Polished 304 stainless steel (STS 304, Alfa Aesar) was prepared
as a substrate for Ni electrodeposition (Fig. 1a). To fabricate a
template on the STS 304 substrate, hydrogen silsesquioxane
(HSQ, Fox-16, Dow Corning), used as a resist, was spin-casted
on the PDMS mould at 3000 rpm for 30 s. Subsequently, the
HSQ-coated PDMS mould was placed in conformal contact on
the STS 304 substrate with a pressure of 5 bar for 5 min. Then,
the PDMS mould was detached, and the HSQ-patterned STS
304 substrate was successfully formed, as shown in Fig. 1b.
The HSQ-patterned substrate was oxidized using UV/ozone
treatment for 30 min to retain the shape, and the residual
layer of the HSQ pattern was removed using reactive ion
etching process to partially expose the surface of the STS 304
substrate (Fig. 1c). After that, Ni was selectively deposited on
the exposed STS 304 substrate using pulsed current
electrodeposition, as shown in Fig. 1d. The pulsed current was
tuned using a forward current density of 5 mA/cm2 for 400 ms
and reverse current density of 7 mA/cm2 for 200 ms. After the
Ni electrodeposition was conducted, the HSQ pattern was
removed using a diluted buffered oxide etchant solution (Fig.
1le). Finally, the Ni nanomesh was embedded into a
polycarbonate (PC) film using a hot transfer process (Fig. 1f).
Briefly, the Ni-deposited STS 304 substrate and PC film were in
contact and then heated over the glass transition temperature,
approximately 170 °C, to increase the viscosity of the PC film.
Then, a pressure of 20 bar was applied between them to
deform the PC film. After the PC film was deformed to match
the surface of the Ni-deposited PC film, the temperature was
reduced to room temperature, and the STS 304 substrate and
Ni-embedded PC film were physically detached.

Characterization
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The surface morphologies of various types of samples were
examined using field-emission scanning electron microscopy
(FE-SEM, Hitachi S-4300). The surface roughness was
investigated using atomic force microscopy (AFM, Probes Inc.),
and conductive mapping images were obtained. The optical
transmittance and sheet resistance of the Ni-embedded PC
film were measured using UV-Vis spectroscopy (JASCO V-650)
and a four-point system. Bending tests of the Ni-embedded PC
film were conducted using a lab-made bending test machine.

3. Results and Discussion

20 um

—————
WD18 " Tm 15- 0K x2e5k  20um

20 um
Fig. 2. SEM images of the (a) HSQ-patterned STS 304 substrate
and (b) Ni-deposited STS 304 substrate.

sE Kozea

Fig. 2a presents a SEM image of the HSQ template pattern on a
STS 304 substrate with 10 um pitch, 9 um square diameter,
and 1 um height. The HSQ pattern was successfully fabricated
on the STS 304 substrate. Then, Ni was selectively deposited
on the HSQ-patterned STS 304 substrate to form the Ni
nanomesh, as illustrated in Fig. 2b. Ni nanomesh has a pitch of
10 um and a linewidth of 1 um. The height of the Ni nanomesh
could be easily controlled by tuning the deposition time. Three
different heights of Ni nanomeshes were obtained using
different deposition times.

Fig. 3. SEM images of (a) top view and (b) tilted view of the Ni-
nanomesh-deposited STS 304 substrate without HSQ pattern
and (c) top view and (d) tilted view of the Ni-embedded PC

film.
Figs. 3a and 3b present SEM images of the Ni-nanomesh-

deposited STS 304 substrate without the HSQ pattern. After
removing the HSQ pattern, the surface of the STS 304
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substrate was examined, which was not perfectly smooth.
After the transfer process, the Ni nanomesh was successfully
embedded into the PC film, as observed in Figs. 3¢ and 3d.
Compared with Figs. 3a and 3b, the surface roughness of the
STS 304 substrate was perfectly transferred onto the PC film
during embedding of the Ni nanomesh.

Fig. 4. AFM (a) topography and (b) conductive mode images of
for the Ni-embedded PC film.

Fig. 4a presents a topographical image of the Ni-nanomesh-
embedded PC film with a height of 500 nm. The surface
roughness of the Ni-embedded PC film was measured to be
approximately 20 nm. The current flow was also investigated
using the conductive mode of AFM, as illustrated in Fig. 4b. In
this case, the current flowed through the Ni nanomesh into
the PC film without any defects.

Fig. 5a presents a photograph of the Ni-nanomesh-embedded
PC film with a height of 300 nm. The Ni nanomesh with an area
of 4 cm? was successfully embedded into the PC film. The
letters underneath the Ni-nanomesh-embedded PC film could
be clearly observed through the film.
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Fig. 5. (a) Photograph of the Ni-embedded PC film and (b)
transmittance and (c) sheet resistance of the Ni-nanomesh-
embedded PC film for three different heights.

Height of Ni nanomesh (nm)

The transmittance of the Ni-nanomesh-embedded PC film was
investigated, and the results are presented in Fig. 5b and c. For
Ni nanomeshes with three different pitch sizes (pitch = 5 um,
7.5 um, and 10 um; linewidth = 1 um; height = 100 nm), Fig. 5b
presents the total transmittance in the wavelength between
400 nm and 800 nm. The average transmittance of three
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different Ni-nanomesh-embedded PC films were measured as
63, 73, and 78 % for 5 um, 7.5 um, and 10 um, respectively, if
the transmittance of the PC film was set as 100%. This values
are slightly lower than the ideal value of the Ni nanomeshes. In
the ideal case, the transmittances of 65 %, 75 %, and 81%
would be predicted according to the open space of the Ni
nanomesh with a pitch of 5 um, 7.5 um, and 10 um and
linewidth of 1 um. The difference was due to the small amount
of defects such as over-deposition or an irregular linewidth.
Despite of these differences, it was clearly shown that the
transmittance of each nanomesh was determined from open
space of Ni nanomesh caused by their specific sizes of
nanomesh such as pitch and linewidth. Fig. 5c shows the
transmittance changes according to height of Ni nanomesh
with 10 um of pitch. For all three different heights of Ni
nanomesh, the transmittance was approximately 75% in the
visible range that height of Ni nanomesh doesn’t significantly
affect the total transmittance for normal direction. Fig. 5d
shows the sheet resistance of three different heights of Ni-
nanomesh-embedded PC films, which have values between
approximately 4 to 10 Q/sq. By increasing the height, the sheet
resistance was decreased because of the increase of the cross-
sectional area of the Ni nanomesh.
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Fig. 6. (a) Optical and electrical properties of the Ni-mesh-
embedded film with a height of 100 nm as a function of
bending test cycles and SEM images of the Ni-nanomesh-
embedded PC film after (b) 5,000, (c) 10,000, and (d) 20,000
cycles.

The electrical properties were sufficient to adapt to various
types of electronic devices as an electrode; however, the
optical properties were slightly insufficient for application in
optoelectronic devices such as solar cells, displays, and light-
emitting diodes. It is possible to improve these properties
using a master mould with large open space.

Fig. 6a shows the changes in the optical transmittance at a
wavelength of 550 nm and the sheet resistance for a Ni-
nanomesh-embedded PC film with a height of 100 nm after
the bending test. The bending radius of the Ni-embedded PC
film decreased from 10 to 3 mm during the bending test. The
optical transmittance (~75%) and sheet resistance (~10 Q/sq)
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did not significantly change after bending test of 20,000 cycles,
which is possible to apply in flexible optoelectronic devices and
transparent conducting heater. To confirm the morphological
change, the surface of the Ni-nanomesh-embedded PC film
was investigated after bending test of 5,000, 10,000, and
20,000 cycles, and the results are presented in Figs. 6b, 6¢, and
6d. Significant changes were not observed, which indicates a
high durability for bending.

Conclusions

We developed a cost-effective method for fabricating TCEs
using template-assisted electrodeposition and a hot transfer
process. The height of the Ni nanomesh was easily controlled
by tuning the deposition time on a HSQ-patterned template
without significant degradation of the optical properties. The
Ni nanomesh exhibited semi-transparency (approximately
75%) and a low sheet resistance (below 10 Q/sq). These values
are slightly insufficient for application to optoelectronic
devices and transparent micro-heater; however, it is possible
to improve the optical properties by adapting a master stamp
with a large open space. In addition, high bending resistance
was achieved for the Ni-nanomesh-embedded PC film after
20,000 cycles of bending tests, demonstrating its potential
application in flexible devices and transparent micro-heater.
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