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Transparent conducting films (TCFs) are critical in the implementation of the low resistance TCFs of
o30 Ω/square at the transmittance of 490% for the realization of commercial devices such as LEDs and
solar cells. We fabricate the hybrid structures of the spin-coated silver nanowire film and the electro-
spun silver nanoparticle mesh in order to reduce the sheet resistance of TCFs at high transmittance. After
the patterning of the electro-spun Ag NP mesh, the Ag NW solution was spin-coated on the top of the
electro-spun mesh pattern. The Ag NP mesh functioned as a backbone to connect the electrically non-
connected spaces between the Ag NWs. The fabrication of TCFs on an insulating substrate by near-field
electrospinning (NFES) is very difficult because the insulating substrate blocks the electric field between
the nozzle and collecting plate during electrospinning. We successfully fabricated the low-resistance
microscale electrodes with a line width narrower than 100 mm using NFES on an insulating substrate. In
this study, we use a NFES as a tool for the easy and fast fabrication of microscale mesh electrodes without
costly process steps.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The output optical performance of semiconductor light-emit-
ting diodes (LEDs) with light extraction via the top surface is ad-
versely affected by the top metal electrode which prevents the
extraction of the light generated beneath it. A remarkable en-
hancement of optical output has been reported for a blue GaN/
InGaN LED with a top metal electrode designed as a mesh [1].
Indium tin oxide (ITO) is the material most commonly used to
fabricate transparent conducting films (TCFs). However, its brittle
ceramic structure, poor compatibility with organic materials, and
the growing cost of indium seriously limit the use of ITO in TCFs,
especially in emerging flexible electronics [2]. Therefore, metal
nanostructures [3–6] and graphene-based structures [7] have been
investigated as alternatives to ITO. In the practical applications
such as LEDs and solar cells, TCFs using one-dimensional materials
in large-scale fabrication of electro-optical devices is restricted by
several specific drawbacks. First, it is difficult to achieve low
oparticle; NFES, Near-Field-
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resistance TCFs of o30 Ω/□ at a transmittance of 490% using the
one-dimensional material [8]. Second, the fabrication of the Ag
stable and uniaxial patterns on the surface of the insulating sub-
strate is very difficult [9]. In this study, we introduce a hybrid
structure of spin-coated silver nanowires (Ag NW) and electro-
spun Ag nanoparticles (NPs). The basic idea is to use near-field
electro-spun Ag mesh as a backbone to connect the spaces be-
tween Ag NWs and reduce the sheet resistance of the hybrid films.
To overcome the above drawbacks, we introduce near-field elec-
trospinning (NFES) as a direct writing method for fabricating the
low resistance TCFs. The hybrid patterns of spin-coated Ag NW
films and electro-spun Ag NP meshes have been fabricated.
2. Experiments

First, 10 g of polyvinyl alcohol(PVA) and 100 ml of deionized
(DI) water were put in a four-neck kettle reactor equipped with a
mechanical stirrer, which was then placed in an oil bath at 90 °C.
The concentration of PVA was 10 wt% (weight%). The Ag NW so-
lution was spin-coated onto the top of insulating substrate. For the
measurement of the thickness, half of the substrate was covered
by vacuum tape and peeled off after spin-coat. After the initial
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drying of spin-coated film at 70 °C for 10 min, annealed at 250 °C
for 30 min to improve junction resistance between Ag NWs.
Electro-spun Ag NP mesh was formed on insulating substrate
surface (SiO2 on silicon or glass). To fabricate the hybrid pattern,
after the patterning of electro-spun Ag NP mesh, the Ag NW ink
was spin-coated on top of electro-spun Ag mesh pattern. The
structural properties were characterized by SEM (FEI SIRION-400).
The sheet resistance was measured and compared using the four-
probe van der Pauw method. The average film thickness was
scanned using a surface profiler (Alpha step 500).
3. Results

The uniformity of the Ag NW films spin-coated onto a SiO2 on
silicon (SOI) substrate enhanced as the rotation speed was in-
creased. As the rotation speed increased, the networks became less
sparse and the films appeared more uniform. Fig. 1 show the
changes in number densities of spin-coated Ag NW films taken
from uniform and high-density (region-III), uniform but low-
density (region-II), non-uniform and sparse (region-I) regions at
the rotation speed of 1500 rpm. Open spaces between Ag NWs
Fig. 1. SEM images and EDX spectra for Ag
were clearly shown in the sparse region (black region) as shown in
Fig. 1a-d. The sparse spaces result in poor percolation between the
Ag NWs. Therefore, the electrical pathways between Ag NWs
disconnected and increased the sheet resistance. To detect the
element of Ag composite, EDX line scan for Ag NW and general
EDX spectra for Ag NP at the point of cross mark were performed
as shown in Fig. 1e (Ag NW) and Fig. 1f-g (Ag NP), respectively.

As described in the previous and this work, Ag mesh was
produced on a collector by NFES as shown Fig. 2a–b [10]. The
fabrication of the Ag fine mesh patterns on insulating substrates
such as a SiO2 on silicon (SOI), glass, polyethylene terephthalate
(PET), or polyimide (PI) is very difficult because the electric field
between the nozzle and the collecting plate was blocked by the
insulting substrate [9]. Therefore, the cone-jet mode breaks into a
spray mode of droplets before the jet contacts the insulating
substrate. To obtain a stable jet, the radial growth rate of the jet
should be decreased by applying radial electric fields using guide
ring. Guiding ring reduced the chaotic motion of the jet in radial
direction and prevented the jet from digressing from the center-
line. We successfully obtained the Ag NP mesh with line width of
�70 mm using a NFES with guiding ring.

In the previous study, we reported the formation of dumbbell
NW (Fig. 1e) and Ag NP (Fig. 1f and g).



Fig. 2. (a) Schematic image of electro-spun Ag NP mesh line. (b) Optical microscopic and SEM images of the Ag NP mesh. (c) Schematic image of the silver hybrid film. (d-f)
SEM images at the boundary of spin-coated Ag NW and electro-spun Ag NP mesh.
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structures in the Ag NP line as depicted in the inset of Fig. 2d
(rectangular box). Then the Ag NW ink was distributed on top of
the Ag NP mesh line as shown in Fig. 2d–f. Fig. 2d–f are the dis-
tribution images of Ag NWs onto the top of electro-spun Ag NP
line. Where SEM images are taken at the boundary between Ag
NWs and electro-spun AgNP line as indicated by rectangular box
(region I-III) in Fig. 2c. High resolution SEM image was taken to
obtain clear image of Ag NP as shown in the inset of Fig. 2d. We
can observe that the open spaces between Ag NWs (black space)
are electrically connected by Ag NP line indicated by white dot line
in Fig. 2e and f. The measured area of HRSEM indicated by rec-
tangular box in Fig. 2c.

Fig. 3 illustrates the dependence of the sheet resistance (Rs)
against the transmittance (T550) in visible wavelength spectrum
for Ag NWs and the hybrid films. The relationship between the Rs

and T550 plotted using the Beer-Lambert equation Rs¼� 4πκ/
GλlnT550 where k is the extinction coefficient, known to be 1.3 for
graphene; G is the material conductivity; λ denotes the wave-
length of the incident light (550 nm); and T is the transmittance of
light. Using this equation, the G value is extracted and used for the
plotting. We used average sheet resistance values for plot. The
sheet resistance is inversely proportional to the Ag NW film
thickness where the transmittance is linearly proportional to the
film thickness.

The average sheet resistances of Ag NWs were 5.772.4 Ω/□,
12.972.8 Ω/□, 42.3711 Ω/□, and 106.9723.8 Ω/□ at the optical
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Fig. 3. Plots of sheet resistance as a function of transmittance for the spin-coated
Ag NWs (circle), the hybrid film of the spin-coated and electro-spun Ag mesh
(rectangle), and the reference Ag meshes (triangle) deposited on a SiO2 on silicon
substrate.
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transmittances of 45%, 60%, 75%, and 90%, respectively. The
thickness of Ag NWs changed from 9.8 mm (45%), 6.7 mm (60%),
4.3 mm (75%), and 2.2 mm (90%), respectively. The average sheet
resistances of the hybrid films were 7.971.5 Ω/□, 11.571.8 Ω/□,
and 24.774.5 Ω/□ at the optical transmittances of 60%, 75%, and
90%, respectively. The thickness of electro-spun Ag NPs changed
from 2.8 mm (60%), 2.47 mm (75%), and 2.2 mm (90%), respectively.
For the comparison, other results regarding change in the sheet
resistances of Ag NWs films were plotted [11]. The average values
were taken from 5 point upper left, upper right, middle center,
lower left, and lower right of the hybrid film.

Electro-spun Ag NP mesh line links spin-coated Ag NW films to
each other (Figs. 2e and f), results in an increase in the percolation
between the Ag NWs. Therefore, the charge transport between Ag
NWs increased due to the increase in the percolation between the
Ag NWs. The sheet resistance at the sparse region (region I) is very
high comparing to that of the dense region (region III). An espe-
cially large resistance deviation (ΔRs) was observed at open spaces
from average values, ranging from 398.2 to 678.5 Ω/□ at T550¼90%.
LargeΔRs occurred due to this electrical disconnection of the open
spaces between Ag NWs as shown in Fig. 2 (black space).
4. Conclusions

High sheet resistance and non-uniform distribution of spin-
coated sliver nanowires (Ag NP) limit practical applications to
commercial devices. We have fabricated the low resistance of o30
Ω/□ at T550¼90% TCFs using hybrid structures of spin-coated Ag
NWs and electro-spun Ag lines. The present work showed that
NFES-Ag NP meshes successfully acted as a backbone to elec-
trically connect the open spaces of spin-coated Ag NW films, and
the sheet resistance of spin-coated Ag NW film significantly re-
duced without any loss of optical transmittance. The NFES tech-
nology enables the fabrication of microscale fine electrodes with a
line width narrower than 100 mm on top of insulating substrate
such as SiO2 on silicon (SOI), glass, PI, PET (flexible substrate)
without costly process steps. The advantages of NFES technology
are that it is low cost, high speed, contactless, and environmentally
friendly patterning methods. We envisage the low cost and simple
preparation of large area TCFs using the NFES with guiding ring
that can be widely utilized for flexible, transparent devices such as
LEDs, solar cells, and OLEDs.
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