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To achieve both optical transparency and electrical conductivity simultaneously, we fabricated a single-
walled carbon nanotube (SWNT)/silver fiber-based transparent conductive film using silver fibers pro-
duced by the electrospinning method. Electrospun silver fibers provided a segregated structure with the
silver nanoparticles within the fibrous microstructures as a framework. Additional deposition of SWNT/
poly(3,4-ethylenedioxythiophene) dopedwith poly(styrenesulfonate) (PEDOT:PSS) layers resulted in a remark-
able decrease in the surface resistance from very high value (N3000 kΩ/sq) for the films of electrospun silver
fibers, without affecting the optical transmittance at 550 nm. The surface resistance of the SWNT/silver film
after the deposition of three layers decreased to 17 Ω/sq with 80% transmittance. Successive depositions of
SWNT/PEDOT:PSS layers reduced the surface resistance to 2 Ω/sq without severe loss in optical transmittance
(ca. 65%). The transparent conductive films exhibited a performance comparable to that of commercial indium
tin oxide films. The individual silver nanoparticles within the electrospun fibers on the substrate were intercon-
nected with SWNTs, which resulted in the efficient activation of a conductive network by bridging the gaps
among separate silver nanoparticles. Such a construction of microscopically conductive networks with the min-
imum use of electrically conductive nanomaterials produced superior electrical conductivity, while maintaining
the optical transparency.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Conventional transparent conductive thin films (TCFs) coated with
metal oxides such as indium tin oxide (ITO) or zinc oxide are very brit-
tle, and they easily form cracks. They are usually deposited by an uneco-
nomical process, i.e., vacuum sputtering, while providing high electrical
conductivity and high optical transparency in various optoelectric
devices [1–5]. Thus, it is necessary to replace ITO with cost-effective
materials that can easily form films over large area under practical
conditions. Recent studies have shown the development of TCFs using
carbonaceous materials (carbon nanotubes (CNTs), graphene, etc.),
conducting polymers, and metal nanowires [6–13]. In particular, CNTs
on glass or polymer substrates have been regarded as some of the
most reliable candidates for TCF electrodes because of their extraordi-
nary electrical, physical, and thermal properties [14–18]. Recently,
promising results with considerably low sheet resistance (~100 Ω/sq)
and high transmittance (N80% at 550 nm) have been reported for
CNT-based TCFs [7,19–22]. However, the use of carbonmaterials cannot
2 2 910 4320.
enable the simultaneous achievement of high electrical conductivity
and high transparency because of the inverse relationship between
the concentration of carbonmaterials and the sheet resistance. The cur-
rent performance of carbonmaterials is still too poor for thesematerials
to be used as substitutes for ITO.

A recent report states that the performance of a random mesh of
metal nanowires exceeded that of a typical metal oxide; however,
the mesh suffers from (a) inefficient transport paths of electrons and
(b) substantial scattering of incident light when the nanowire density
increases [23–25]. Interestingly, the researchers also observed that the
transmittance of metal gratings was considerably superior to that
of ITO at the same sheet resistance. Several research groups have
attempted to demonstrate the use of metal gratings experimentally
[26–28]. We addressed this issue by fabricating a silver fibrous micro-
structure using the electrospinning method. Recently, the combination
of functional nanoparticles (metal or metal oxide) and polymer nanofi-
bers has received considerable attention because alignment of these
nanoparticles within nanofibers can have practical application for use
as electrical conductive films [29–37].

In this study, we report a strategy to achieve optical transparency
and sheet resistance comparable with those of ITO materials, by using
electrospinning. Electrospun silver fibrous microstructure was used as
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a conductive frame for the deposition of an ultra-thin film of single-
walled carbon nanotubes (SWNTs)/poly-(3,4-ethylenedioxythiophene)
dopedwith poly(styrenesulfonate) (PEDOT:PSS). In order to reduce the
scattering effect from a silver frame and enhance the optical transmit-
tance, a minimum number of silver nanoparticles that formed a fibrous
structure were produced, and a thin film of SWNT/PEDOT:PSS was
linked with conductive silver domains on the substrate. These films
exhibited a very low sheet resistance of ~17 Ω/sq with ~80% optical
transparency. The resistance of these films increased up to 26 Ω/sq
(~50%) in four months, which was staying still at the same order of
the initial resistance in the air.
2. Experimental details

2.1. Materials

Silver nitrate (AgNO3, 99+%, ACS reagent) and polyvinylpyrrolidone
(PVP,Mw= 1,300,000)were purchased from Sigma-Aldrich Co. SWNTs
were purchased fromHanwha Nanotech Co., Ltd. (an Arc-discharge pro-
cess), and poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS) solution was purchased from Baytron® Co.

In order to prepare electrospinning solutions of AgNO3 and PVP,
2.5 g of AgNO3 was dissolved in 2 ml of acetonitrile in a 10-ml
vial by stirring for 30 min, and 0.5 g of PVP powder was dissolved
in 5 ml of ethanol by stirring for 2 h. The AgNO3 and PVP solutions
were then mixed and stirred for 1 h. Thus, we prepared a homoge-
neous and viscous solution for electrospinning [34,38].
2.2. Electrospinning process

The setup for electrospinning comprised a high-voltage supply, a
pressure gauge to measure nitrogen-gas pressure, a syringe with a
metal tip, and a flat collector. Voltage of 20 to 25 kV was applied to
this solution. The electrospinning solution was poured into a 30-ml
syringe attached to a metal tip with a 22 gauge size (needle diameter:
ca. 0. 64 mm) and was pushed at a nitrogen-gas pressure of 0.01 MPa.
The tip-to-collector distance was 15 cm. The nanofibers formed on the
Fig. 1. Schematic representation of the fabrication of a transparent conductive film using a silve
the Experimental details section.
quartz glass were calcined at 200 °C for 2 h and subsequently at
300 °C for 1 h in an air atmosphere at a heating rate of 10 °C/min.
2.3. Deposition of SWNT/PEDOT:PSS

In order to deposit the solution mixture of SWNT/PEDOT:PSS on
an electrospun silver-fiber-coated quartz glass, SWNTs that were
sonicated using a horn-type sonicator (330 W) were dispersed in
dimethylformamide. Then, 3 ml of PEDOT:PSS solution was added to
an SWNT-dispersed solution. The mixture was then sonicated for
30 min. A droplet of SWNT/PEDOT:PSS solution was placed on the
silver-fiber-coated quartz glass and then was dried at room tempera-
ture. The deposition process of SWNT/PEDOT:PSS was repeated 3, 5, 7
and 9 times, respectively. A overall process for the fabrication of a trans-
parent conductive film using a silver fibrousmicrostructure and SWNT/
PEDOT:PSS layers is summarized in Fig. 1.
2.4. Characterization

The surface morphology of the films was observed by using field-
emission scanning electron microscopes (FE-SEM, JSM-6701F, JEOL,
Japan and FE-SEM, Hitachi S-4100, Hitachi, Japan). The operating volt-
age in SEM was 10–15 kV. The crystal structures of silver crystals were
observed on an X-ray diffraction (XRD, D/MAX-2500, Rigaku Interna-
tional Co., Japan) with a graphite monochromator and Cu Kα radiation
(λ = 0.154 nm) and focusing/parallel-beam configurations The scan-
ning speed was 4°/min over the range from 20° to 100°. The film trans-
mittance was measured with a UV/Vis/NIR spectrophotometer (V-670,
Jasco International Co., Ltd., Japan). The electrical conductivitywasmea-
sured using a KeithleyModel 2182A nanovoltmeter and KeithleyModel
6220 power source in a four-point probe set-up at room temperature.
Atomic force microscopy (AFM) images of the LBL thin films were
recorded under room temperature in a commercial AFM (Asylum Re-
search MFP3D) in noncontact mode (alternating current (AC) mode)
with 10 nm standard cantilevers (AC160TS, Olympus). cAFM imaging
was performed using the ORCA module (Asylum Research MFP-3D) in
noncontactmodewith a doped Si tip, Electri-Lever (AC240TM, Olympus).
r fibrousmicrostructure and a SWNT/PEDOT:PSS film. Detailedmethodswere described in
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The sample bias was applied to the silver electrode coated on the multi-
layered film via a wire from the ORCA holder.

3. Results and discussion

The morphologies of films based on a silver fibrous microstructure
and SWNT/PEDOT:PSS layers were observed at each step in Fig. 1 and
they are shown in Fig. 2. Although silver is very conductive in the bulk
form, there are limitations in metal-based transparent conductive
films. Higher-density metal nanowires or thicker metal films (of a cer-
tain thickness) are required to achieve higher electrical conductivity in
TCFs. However, these result in an undesirable decrease in optical
transparency.

In this study, we expected that the transparency could be improved
bymanipulating the silver particles into forming a fibrous structure and
that the conductivity could be improved by combining the silver
Fig. 2. Scanning electronmicroscope images for (a) silver nitrate/PVP nanofibers, (b) silver nano
SWNT/PEDOT:PSS layers at low and high magnifications. The inset in (b) shows the cross-secti
XRD analyses of the silverfibrousmicrostructure produced by an electrospinning technique and
particles after calcinations, respectively.
conductive domains with SWNTs. Using a solution mixture of AgNO3

and PVP, we first produced AgNO3-doped PVP fibers on quartz glass
by electrospinning. The AgNO3/PVP fibers were then coated randomly
and uniformly on the substrate. Finally, the fibers were calcined to
remove PVP and obtain a fibrous microstructure of silver. Low- and
high-magnification SEM images for AgNO3/PVP fibers before and after
thermal calcination are shown in Fig. 2a and b, respectively. The pres-
ence of crystalline silver was confirmed by XRD analysis (see inset in
Fig. 2b). XRD pattern shows a crystalline silver structure. The strong
diffraction peaks at 2θ values of 38.10°, 44.25°, 64.43°, and 77.28° corre-
spond to (111), (200), (220), and (311) lattice planes, respectively,
thereby indicating the formation of crystalline silver (JCDPS, card no
04-0783). A close look at the silver fibrous microstructure (Fig. 2b)
showed that the silver fiber consisted of discontinuously laid silver
domains due to the local growth of crystalline silver domains during
thermal sintering. We aimed at minimizing the amount of silver
fibers after thermal calcination, and (c–f) silver fibrousmicrostructureswith 3, 5, 7, and 10
onal image of discontinuously laid silver particles after calcination. The insets in (b) show
followed by thermal treatment and the cross-sectional image of discontinuously laid silver

image of Fig.�2


Table 1
Electrical and optical properties of silver nanofiber films as a function of the number of
SWNT/PEDOT:PSS layers.

Number of deposition cycles 0 3 5 7 10

Silver/SWNT
Transmittance (%) 81 77 71 67 61
Surface resistance (Ω/sq) N3 ± 30 × 106 18 ± 2 13 ± 3 8 ± 2 3 ± 1

Silver/SWNT/PEDOT:PSS
Transmittance (%) 81 80 75 71 65
Surface resistance (Ω/sq) N3 ± 30 × 106 17 ± 2 13 ± 2 4 ± 1 2 ± 0.5
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particles on the substrate by controlling the electrospinning time in
order to maintain the transparency. Then, the SWNT/PEDOT:PSS layer
was spin-coated up to 10 deposition cycles on silver fibrousmicrostruc-
tures and was linked together with stepping silver conductive domains
on the substrate. SWNTs and PEDOT:PSS covered the silver fibrous mi-
crostructures effectively (Fig. 2c, d, e, and f). High electrical conductivity
and transparency of more than 80% was achieved because the SWNTs
bridged the conductive silver particles.

We monitored the effect of the SWNT/PEDOT:PSS layers on surface
resistance and transmittance with increasing number of SWNT/
PEDOT:PSS layers (3, 5, 7, and 10 layers) deposited on the silver fibrous
microstructure. The corresponding photographs of TCFs are shown in
Fig. 3a. The electrical and optical properties of TCFs as a function of the
number of layers of SWNT/PEDOT:PSS are summarized in Table 1. In a
silver fibrous film without SWNT/PEDOT:PSS layers, the surface resis-
tance was a considerably large value of more than 3000 kΩ/sq, and
the transmittance was maintained at 81% at 550 nm (Fig. 3b). The
small number of silver particles on the substrate resulted in a large elec-
trical resistance as well as high optical transparency. We then intro-
duced layers of SWNTs/PEDOT:PSS. As the number of SWNTs/PEDOT:
PSS layers increased, the overall color of the films changed to dark
blue because of the presence of PEDOT:PSS; further, thick black struc-
tures, which were SWNT-covered silver fibers, were found easily in a
film (Fig. 3a). After the third SWNT/PEDOT:PSS layer was deposited,
the surface resistance of the film dramatically decreased to 17 Ω/sq,
while the optical transmittance remained almost unchanged (ca. 80%).
This conductivity value of the silver/SWNT/PEDOT:PSS film is similar
to that of an ITO film. By repeated deposition of SWNT/PEDOT:PSS
layers, we observed that the surface resistance decreased continuously
because of the increasing surface coverage by SWNT/PEDOT:PSS,
which obeyed a typical power law as a function of the conductive filler
fraction (given below), which was predicted by the standard percola-
tion theory [39–43].

R∝ V–V�ð Þ−p ð1Þ
Fig. 3. (a) Photographs of transparent conductive silver/CNT hybridfilmswith increasing numb
1 × 1 cm2. (b) The change in the electrical resistance and transmittance of the silver/CNT hybr
symbol) layers. (c) The log–log scale plot of panel (b).
where R is the surface resistance, V is the volume fraction of fillers, V* is
the critical volume fraction of the filler associated with the percolation
threshold and p is a critical exponent which depends on the dimension-
ality of the space involved. The theoretical values of p are 1.33 for a 2D
percolation network and 1.94 for a 3D percolation network [13]. By as-
suming that the volume fraction of SWNTs is proportional to the num-
ber of deposited layers, we used the number of deposited layers
instead of the volume fraction of fillers because of the uncertainties
regarding the CNT concentration. The last four experimental points in
Fig. 3b were fitted to this relationship, and the value of p was found to
be approximately 1.81 with PEDOT:PSS and 1.44 without PEDOT/PSS.
Fig. 3c shows a reasonably accurate fitting in the log–log scale plot of
the Eq. (1), and it shows that the change in surface resistance with the
number of layers of SWNT/PEDOT:PSS can be explained by the con-
struction of percolation networks using SWNTs. It also indicated that
the silver/CNT film with PEDOT:PSS is close to the value predicted for
the 3D theoretical model and the other is quite close to that for the 2D
model. Overall these films have an intermediate character between
that for 2D (p = 1.33) and 3D (p = 1.94). The robust decrease in
surface resistance could be attributed to the combined effect of a silver
fibrous microstructure and SWNT/PEDOT:PSS layers. The individual sil-
ver nanoparticles within the electrospun fibrous microstructure on the
substrate were connected to the SWNTs, which results in the effective
activation of a conductive network by bridging the gaps between the
separate silver nanoparticles and SWNTs (Fig. 1). Tokuno T et al.
er of layers (0, 3, 5, 7, and 10) of SWNT/PEDOT:PSS (from left to right). The substrate size is
id films as a function of the number of SWNT (open symbol) or SWNT/PEDOT:PSS (close

image of Fig.�3


Fig. 4. The effect of the number of deposited layers on the stability of the surface resistance
in silver/CNT hybrid films. The open symbols mean silver/SWNT and the close symbols
mean SWNT/PEDOT:PSS hybrid films.
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reported recently that hybrid transparent electrodes with silver nano-
wires and SWNTs exhibited a sheet resistance of 29.2Ω/sqwith a trans-
parency of 80% [44]. Comparedwith this value, the hybrid system in this
study exhibited lower sheet resistance with a similar transparency
(a sheet resistance of 17.0 Ω/sq with a transparency of 80%).

The change in the optical transmittance was similar to that in the
electrical conductivity, and it decreased up to 65%. As well known,
PEDOT:PSS is one of the most stable materials among the conducting
polymers. However, PEDOT:PSS materials are hydroscopic in the air
and their electrical conductivities decrease due to the severe water
uptake [45–47]. We needed to check the stability of PEDOT:PSS in the
Fig. 5. AFM images with heightmode presenting the topography of (a) silver/SWNT and (b) silv
overlays on the topography shown in panels (a) and (b). The image size is 5 μm× 5 μm. The bla
eye's guideline in comparing these.
air. In order to confirm the long-term stability of silver/CNT hybrid
films, we monitored the surface resistance when the films were
exposed to air at room temperature for several months (Fig. 4). We
found that their resistivities were not increasing more than twice than
their initial values and they were lower than 30 Ω/sq in all samples
even though there was a disadvantage for the water adsorption of the
PEDOT:PSS. Especially the resistivity of the silver/CNT hybrid films
remained below 5 Ω/sq for four months when 10 SWNT/PEDOT:PSS
layers were deposited. We found that silver fibrous structure disap-
peared in several weeks without additional deposition of CNTs and
they transformed into other stable crystalline structures such as large
cubic particles. We combined the silver nanoparticles and carbon nano-
tubes. It suppressed the migration of silver nanoparticles. Finally, it
showed a long stability over several months.

PEDOT:PSS is a typical material that is used as a dispersing agent of
SWNTs, and it is well known for decreasing the contact resistance
between SWNTs because of its high electrical conductivity [48–50].
When we attempted the same procedure using an SWNT-dispersed so-
lution without PEDOT:PSS, we found that the surface resistance of the
silver/SWNT films was slightly higher than that of TCFs with PEDOT:
PSS at the same transmittance (Fig. 3b). The exponent in the log–log
scale plot was approximately 1.44, which was smaller than that with
PEDOT:PSS. This implies that the surface resistances of films with
PEDOT:PSS decrease faster than those without PEDOT:PSS as the load-
ing amount of SWNTs increases (Fig. 3c).

We compared the surface morphologies of TCFs with and without
PEDOT:PSS via atomic force microscopy (AFM) (Fig. 5). AFM provides
useful information about the morphology in the height scan and the
current map of composite films in the conductive mode, which explain
how current paths are formed in silver/CNT hybrid films [7,22,51]. In
order to obtain the superior resolution of the nanotubes, the micron-
er/SWNT/PEDOT:PSS hybrid films. (c) and (d) represent AFM imageswith current channel
ck arrows represent the same position in each sample, respectively, whichwere added for

image of Fig.�4
image of Fig.�5
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sized silver fibrous microstructure was avoided while scanning images,
and the interstitial area between the silver fibers was observed by using
both tapping and conductive modes in AFM. The white region in Fig. 5a
and b indicates the height of SWNT with or without PEDOT:PSS.
Without PEDOT:PSS, aggregated or bundled SWNTs were easily found
(Fig. 5a), and the overall electrical conductivity was very low around
400 pA at the bias voltage of 100mV (Fig. 5c). Further, the optical trans-
mittance without PEDOT:PSSwas lower than that with PEDOT:PSS. This
could be attributed to the many aggregates or bundles of nanotubes
even though the same volume of dispersion solution was transferred
on the substrate for the same number of deposited layers, both with
and without PEDOT:PSS (Fig. 3b). Also PEDOT:PSS helps to disperse
the nanotubes, leading to higher transmittance [52]. These aggregated
nanotubes didn't provide effective paths for electron transport and
there were no differences between nanotubes and the bare substrate
in Fig. 5c. However, there is still a conductive path on a substrate. As
you can image from Fig. 1, there is a very thin film consisting of well
dispersed SWNTs on a substrate. Usually the diameter of one SWNT is
a few nanometers (c.a. b5 nm), which was not easy to be seen in a
5 μm × 5 μm image. These well dispersed SWNTs would contribute to
a weak current on a bare substrate. That's the reason why there is still
a conductive path on the bare substrate. On the other hand, SWNTs
with PEDOT:PSS showed highly dispersed nanotubes (Fig. 5b) and they
formed percolating networks, which resulted in improved electrical con-
ductivity (over 1000 pA) at the same bias voltage (Fig. 5d). In particular,
percolated conductive pathways were observed by following the nano-
tubes. This means that PEDOT:PSS is expected to decrease the contact re-
sistance between nanotubes. The PEDOT:PSS is always used on ITO to
help with the interface and good contact resistances to the polymer
films. Therefore PEDOT:PSS provides good interface between our TCF
and the organic active layers in organic photovoltaic devices and organic
light-emitting diodes in the future. By forming a minimum number of
micron-sized (diameter) silver fibers and controlling the loading density
of SWNTs, we can achieve higher electrical conductivity without a severe
loss of optical transparency. Further, these silver/CNT hybrid transparent
conductive films are applicable to the photonics industries, i.e., in solar
cells, smart windows, optoelectric devices, and so on, in the near future.

4. Conclusions

We demonstrated the use of silver fiber microstructure in TCFs with
the aid of SWNT/PEDOT:PSS, and wemonitored the electrical and optical
properties of the films by depositing SWNT/PEDOT:PSS layers. This study
showed that the electrical properties in a fibrous structure of silver parti-
cles can be dramatically enhanced by the deposition of SWNT/PEDOT:PSS
layers, while the optical transmittance was kept insensitive to the exis-
tence of SWNTs after the deposition of three layers. After more than
three consecutive deposition cycles, the transmission dropped by 15%.
Such a behavior can be attributed to the formation of a conductive net-
work in which SWNTs bridge the gaps between separate silver nanopar-
ticles in the fibrous microstructure; this makes it possible to improve
electrical property and maintain superior transmittance. The low-cost/
large-scale production by electrospinning which exhibits low toxicity
and the high performance comparable to those of ITO glassmakes the sil-
ver fibrous microstructure a promising candidate to be used in the fabri-
cation of a wide variety of electronic devices. Finally, we strongly
anticipate that the optical properties of the silver fibrous microstructure
can be considerably improved by using a fibrous microstructure made
of a subwavelength-sized silver framework and by varying the feedmate-
rials and their concentrations in the electrospinning process.
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