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a b s t r a c t

Flexible MoO3/silver nanowire (AgNW)/MoO3/TiO2/Epoxy electrodes with comparable performance to
ITO were fabricated by a scalable solution-processed method with lamination assistance for transparent
and conductive applications. Silver nanoparticle-based electrodes were also prepared for comparison.
Using a simple spin-coating and lamination-assisted planarization method, a full solution-based
approach allows preparation of AgNW-based composite electrodes at temperatures as low as 140 �C.
The resulting flexible AgNW-based electrodes exhibit higher transmittance of 82% at 550 nm and lower
sheet resistance about 12e15 U sq�1, in comparison with the values of 68% and 22e25 U sq�1 separately
for AgNP based electrodes. Scanning electron microscopy (SEM) and Atomic force microscopy (AFM)
reveals that the multi-stacked metal-oxide layers embedded with the AgNWs possess lower surface
roughness (<15 nm). The AgNW/MoO3 composite network could enhance the charge transport and
collection efficiency by broadening the lateral conduction range due to the built of an efficient charge
transport network with long-sized nanowire. In consideration of the manufacturing cost, the lamination-
assisted solution-processed method is cost-effective and scalable, which is desire for large-area fabri-
cation. While in view of the materials cost and comparable performance, this AgNW-based transparent
and conductive electrodes is potential as an alternative to ITO for various optoelectronic applications.
© 2017 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Transparent electrodes, which are optically transparent to
visible light and electrically conductive, have been an essential
component for liquid crystal displays (LCDs) [1], organic light
emitting diodes (OLEDs) [2], organic photovoltaic (OPV) cells [3]
and touch panels [4]. Currently, indium tin oxide (In2O3:Sn, ITO)
is themost widely utilised transparent electrode due to its excellent
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optoelectrical properties, comprising of a sheet resistance (Rs) of
10e15 U/sq and >85% transparency at 550 nm [5]. To meet the
requirement of current optoelectronic devices, scalable production
of high quality electrodes with advanced properties such as high
optical transparency and electrical conductivity is vastly demanded
via low-cost approaches [6]. In addition to the conductivity and
transparency, flexibility is becoming more and more attractive
since flexible electrodes have the potential to open new applica-
tions and markets. The new applications require transparent elec-
trodes to be flexible, cheap, and compatible with large scale
manufacturingmethods. In consideration of these conditions, ITO is
a less favourable candidate for future transparent applications due
to its high materials cost of indium as well as the high
manufacturing cost [6]. Instead, there has been a wide range of
materials as alternatives to ITO such as metal nanowires, graphene
and conjugated polymers [2,6e8].

As one of the promising alternatives to ITO, AgNW films have
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been demonstrated to provide high flexibility, high transmittance
and low sheet-resistance comparable to that of ITO [6,8,9]. It is easy
to deposit AgNW on different substrates via low-cost and scalable
manufacturing techniques [6,9]. Solution-based deposition process
is highly appealing due to its simple, low-cost and scalable prop-
erties. It has been demonstrated that solution-processed AgNW
electrodes achieved sheet resistance at the range of 25e54 U sq�1

with high transmittance (90% at 550 nm) [4]. However, for solution-
derived AgNW film electrodes, the surface roughness and thermal
stability remain issues as well as the poor adhesion of AgNW to the
supporting substrate. Recently, hybrid structures have attracted
more attention in which AgNW was normally overcoated with
conductive metal-oxide layer [6,10]. The overcoated layer played
the role of a protecting layer which could improve the thermal
stability of AgNW [6]. With metal oxide particles coated on the
surface, the adhesiveness of the AgNWs to the supporting substrate
was also improved. Furthermore, this hybrid particle-nanowire
structure could effectively enhance the charge collection effi-
ciency by filling the empty space to form a continuous AgNW
network [6,10]. AgNW networks incorporated with ITO particles
has resulted in a sheet resistance of 23 U sq�1 and a transmittance
of 88.6% at 550 nm with good thermal stability [11]. Other metal
oxides such as ZnO or Al-doped ZnO was also reported for AgNW
based hybrid electrodes [9]; however, compared to ITO, they suf-
fered from either a low transparency or high sheet resistance [12].
Thus, the high-performance AgNW-based transparent and
conductive electrodes are still in demand and worth being
optimized.

In this paper, we present a flexible high-performance AgNW-
based transparent and conductive electrode spin-coated with
MoO3 layers by simple laminations assisted all-solution processed
method. MoO3 is a non-toxic transitionmetal oxide. It is considered
as promising electrode buffer material which possesses deep-lying
electronic states with a high work function of 6.7 eV for vacuum
deposited MoO3 (unexposed) and 5.5 eV for air exposed MoO3,
respectively [3]. In addition, in terms of low-cost and large scale
production, the vacuum deposition process of MoO3 is now being
replaced by solution processed method with low annealing tem-
perature, which is favorable for device fabrications [13]. Herein, the
prepared hybrid electrodes possess a structure of MoO3/AgNW/
MoO3/TiO2/Epoxy. The electrodes demonstrated high performance
with high transmittance of 82% at 550 nm and low sheet resistance
of 12e15 U sq�1. The high transparent and conductive performance
in coupling with the simple and scalable manufacturing process
could secure practical products as an alternative to ITO for
advanced optoelectronic applications.

2. Material and methods

2.1. Materials

Silver acetate (99%), formic acid (�88%), anhydrous iso-
propanol(IPA), bis(2,4-pentanedionato)molybdenum(VI) dioxide
and ammonium hydroxide were purchased from SigmaeAldrich.
All chemicals were used without further purification.

2.2. Silver paste and silver nanowire solution preparation

Silver paste are synthesized by vortex mixing 2 g of silver ace-
tate into 6 mL of aqueous ammonium hydroxide at room temper-
ature for 30 s. Formic acid (0.6 mL) is then titrated into the solution
dropwise for 60 s vortex mixing after each drop. The solution re-
mains undisturbed for 6 h to allow the large particles to settle out
yielding a clear supernatant and then the solution was filtered
through a 200 nm syringe filter (Millipore). This clear solution was
redispersed in ethylene glycol/ethanol mixed with terpineol. The
resulting mixture serves as the silver paste for screen-printing.

AgNWs were purchased from Seashell Technologies (San Diego,
USA), which were supplied as a suspension (20.4 mg/mL) in 2-
propanol (IPA). An aliquot of the AgNW suspension was diluted to
0.1 mg/mL with IPA and stored until use.

2.3. Preparation of the MoO3 and TiO2 sol precursor solution

The precursor solution for MoO3 was prepared by dissolving
bis(2,4-pentanedionato)molybdenum(VI) dioxide in isopropanol
solution with 4 h stirring at 60 OC. The MoO3 layers were spin-
coated using precursor solution at 1000 rpm for 30 s and the
resulting layers were subsequently kept at ambient air for 1 h [13].
The resulted film was further heat-treated at 80 �C [13].

A TiO2 organic sol was prepared at room temperature by a
method illustrated in our previous work [14]. Briefly, 68 mL of
tetrabutyl titanate and 16.5mL of diethanolaminewere dissolved in
210 mL absolute ethanol, and then the mixture was stirred vigor-
ously for 1 h at room temperature (Solution A). A mixture of 3.6 mL
of H2O and 100mL of ethanol (Solution B) was added dropwise into
the Solution A under stirring. The resulting solution was aged at
room temperature for 24 h, resulting in a TiO2 organic sol.

2.4. Electrode fabrication

The MoO3/AgNP/MoO3/TiO2/PEN (MNP) electrode was fabri-
cated by layer-by layer deposition methods. TiO2 in the bottomwas
pre-deposited as an impervious layer for stopping the penetration
of the epoxy through theMoO3 film. The TiO2 layer was spin-coated
at 2000 rpm for 30s with post-annealing at 140 �C for 15 min.
Subsequently, the MoO3 layer was deposited on the TiO2 film by
spin coating at 1000 rpm for 30s, followed by the same annealing
procedure as TiO2. To prepare MoO3/Ag NP/MoO3/TiO2 electrode,
single layer of AgNP film was screen-printed onto the MoO3 film.
Afterwards, AgNP/MoO3/TiO2/PEN was annealed at 140 �C for
30 min. Finally, different layers of MoO3 was spin coated on top of
the AgNP layer and annealed at 140 �C for 30 min.

The MoO3/AgNW/MoO3/TiO2/PEN (MNW) composite electrode
were prepared via a combination of spin casting and annealing of a
MoO3 precursor solution and stamping of AgNW from vacuum
filtration of the AgNWs through mixed cellulose ester membranes
(MF-Millipore Membrane, USA, mixed cellulose esters, hydrophilic,
0.4 mm, 47 mm)). Various volumes of the IPA AgNW (0.1 mg/mL)
solutionwere added to 300mL of deionizedwater. Patterning of the
electrode material was achieved by placing a smaller pore size
mixed cellulose ester template (MF-Millipore Membrane, mixed
cellulose esters, hydrophilic, 0.025 mm, 47 mm) under the 0.4 mm
membrane during filtration. After filtration, the patterned elec-
trodes on the mixed cellulose ester filter paper were placed on PEN
substrates which had been pre-coated with different layer of MoO3.
The AgNW network was transferred to the MoO3 coated PEN sub-
strate by passing through a laminator (GBC4500) at 5 mm/s with
heating at 130 �C. The mixed cellulose ester filter paper was sub-
sequently removed by peeling away the cellulose ester membrane
leaving behind the AgNW network on the substrate. In the next
stage, ‘planarized electrodes’ were produced by spin-casting MoO3
and TiO2 organic sol solution on top of the AgNW network at
1000 rpm for 30 s in sequence. The samples were then annealed at
140 �C for 15 min. 50 mL of Epotek 301 epoxy resin was placed on
top of the TiO2 coated AgNW/MoO3 electrode for transfer of the
electrode material to a second substrate. The PEN substrate for
transfer was placed on top of the epoxy to create a PEN/MoO3/
AgNW/MoO3/TiO2/epoxy/PEN stack. The stack was heated at 65 �C
for 1 h in an oven to cure the epoxy. Finally, The PEN on top was
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peeled off to expose the MoO3/AgNW/MoO3/TiO2/epoxy/PEN
stacked composite electrode ready for characterization.

2.5. Electrode characterization

The transmittance of all prepared electrodes was measured by a
UVevis spectrophotometer (Shimada) in air. The scanning electron
microscopy (SEM, JEOL7001) was used for surface and structural
morphology characterizations. The surface roughness of the pre-
pared electrodes was determined by AFM topography measure-
ments. The sheet resistance of composite electrodes was measured
by a 4-point probe system (Keithley). The sheet resistance data was
recorded by average of 4 samples. The film crystallinity was
determined using a multipurpose attachment X-ray diffractometer
(Phillips). Topographical atomic force microscopy (AFM) measure-
ments were acquired using a Bruker Multimode AFM with Nano-
scope V controller. NSC15Mikromasch Silicon tappingmode probes
with a nominal spring constant of 40 N/m, resonant frequency of
325 kHz and tip diameter equal to 20 nm were used. AFM images
were acquired in tapping mode with all parameters including set-
point, scan rate and feedback gains adjusted to optimize image
quality and minimize imaging force. Root mean square roughness
(Rrms) values were obtained from plane fitted image scans of
10 mm2.

3. Results and discussion

Solegel precursor solutions of MoO3 and TiO2 were synthesized
according to the reported method (see Experimental section for
details). MNP composite were fabricated by sequentially spin-
Fig. 1. Schematic diagram (a), surface (b, c) and cross-sectional images (inset in c) of MoO3/A
of Ag NP.

Fig. 2. Schematic diagram (a) and cross-sectional images (b, c) of MoO3/AgNW/MoO3/TiO2

solution penetration during the fabrication process.
coating metal oxide layers and screen-printing AgNP films. The
surface and cross-sectional images are shown in Fig. 1. We use a
special designed pattern to effectively control the distribution of
the AgNP. The applied pattern of the screen-printer leaves a com-
parable porous structure of the AgNP film as shown in Fig. 1b. In
comparisonwith the AgNP based films, MNW composite electrodes
were also characterised using SEM (Fig. 2). It can be observed that
the process results in the encapsulation of AgNWs with MoO3. 3-
Dimensional constructed films were prepared as expected in
Fig. 2a.

The top MoO3 layer (highlighted in Fig. 2 (a)) was added for
facilitating the hole transport and efficient charge collection while
the bottomMoO3 layerworked as an intrinsic layer, aiming to reduce
the charge recombination rate upon incorporation into optoelec-
tronic devices. Generally, high temperature annealing is involved for
solution processed metal-oxide films aiming to complete the hy-
drolysis process. However, the annealing process with high-
temperature could result in poor performance especially on flex-
ible substrate as well as increasing manufacturing cost [15]. Hence,
for our application, with the specially designed precursor solution,
the annealing temperature was reduced by modifying the hydrolysis
process with the addition of certain amount of distilled water [16].

The sheet resistances of composite electrodes weremeasured by
a standard 4-point probe system (Keithley). Lower sheet resistances
of AgNW-based film electrodes were achieved in comparison with
AgNP-based electrodes. From Fig. 2c, it can be seen that the over-
coated MoO3 layer filled the gaps between the AgNWs. The AgNWs
networkwas well preservedwith exposure toMoO3 sol gel solution
and a post thermal treatment at 140 �C. Thickness dependence of
the top MoO3 layer on the performance of resulting electrodes
gNP/MoO3/TiO2 composite electrodes. Inset image (b1) showed screen-printed samples

/epoxy composite electrodes. TiO2 was used as an impervious layer to stop the Epoxy



Fig. 3. SEM and AFM Images of MoO3/AgNW/MoO3/TiO2/epoxy composite electrodes with 1 layer (a, d), 2 layer (b, e) and 3 layer (c, f) MoO3 coating.
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Fig. 4. The film transmittance of MoO3/Ag/MoO3/TiO2 composite electrodes based on
AgNPs and AgNWs.
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using AgNWs was also investigated. It is clearly indicated in Fig. 3
that with 1 layer coating of MoO3, the AgNWs network was not
fully covered, leading some silver nanowire end exposure on the
surface which may cause short-circuiting when applied in any
devices. With 2 layer coating of MoO3, the AgNWs network was
almost completed and with 3 layers coating of MoO3 the surface
was fully covered. The sheet resistance for 2 layer coating is in
about 12e15 U sq�1 However, with 3 layer of MoO3, the higher
sheet resistance was observed (>22 U sq�1). Herein, it is believed
that 2 layer is considered as an optimized top coating thickness for
best transparent and conductive performance.

As it can be seen in Fig. 3, a smoother surface of the AgNW film
was obtained with the deposition of the MoO3 layers. The thicker
the MoO3 layers, the smoother the AgNW composite films. Theo-
retically, a rough surface of the AgNW film could bring in more
efficient diffuse reflection [6], while a smooth surface can reduce
the diffuse reflection efficiency resulting in lower transmittance of
the AgNW film; as a result, a compromised surface coating of the
AgNW film needs to be obtained, which have desirable surface
roughness by applying about 30 nm MoO3 coating to keep the
required reflectance. From the cross-sectional SEM image and AFM
image, it can be shown that the AgNWs networks are firmly
sandwiched between the lower and upper MoO3 layers, resulting in
a continuous AgNW network with a dense hybrid structure. It is
(Fig. 2c) indicated that some dead-end of the AgNW network was
filled by the metal oxide particles, so a more efficient network was
built. Thus, it is believed that charge transport efficiency will be
much more efficient with this continuous network [6].

Sheet resistance (RS) of the resulting composite electrodes is
highly related to the density of AgNW as well as the transmittance
(T).We prepared a series of AgNWdispersions with different AgNW
densities for the optimizing process of RS with the highest T value of
and the optimized density of Ag NW was found to be ~125 mg/m2.

The optical properties of the MNW electrode were compared
with those of MNP electrodes. The transmittance of the electrode
layer determines the amount of light that can be utilized for a
device [17]. As shown in Fig. 4 the sole MoO3 layer displays a high T
value of 95% in the visible region. Our composite electrodes of the
MNW samples exhibited a higher T value of 82% than that of the
MNP samples with a T value of 68% at the wavelength of 550 nm.

The transparent and conductive performance of this solution-
processed MNW electrodes is superior to those previous reported
AgNW-based electrodes [17]. With a slightly reduced Rs value, the
MNWelectrodes display a higher transmittance at 550 nm than the
electrodes with AgNW film only, which is attributed to the
increased diffuse reflection by reducing the hazing effect [6]. Be-
sides, in comparison with the MNP particle-based samples, the
hybrid structure with large-sized AgNW and MoO3 particles
showed light scattering enhancement, resulting in the high trans-
mittance of MNW samples. The surface element analysis was
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further conducted by the XPS technique as shown in Fig. 5, it is
confirmed that the film surface was covered byMoO3 particles with
Ag was detected which was consistent with the SEM images as
shown in Fig. 3.

For MNW electrodes, there are at least two different pathways
existing for charge transport and charge collection when it was
applied in any device. The AgNW network is the most efficient
pathway through the whole conductive film. It is located across the
grain boundaries with large-sized nanowire for long-distance
transport which can provide a much faster and less resistive
highway than those through nanoparticle-based electrodes. In
addition, for some locations that the AgNW network cannot reach,
the electrons can be extracted through the MoO3 located between
the AgNWs. Those electrons will be reconnected and further
transported to the AgNW networks [17].

In a complete device, it is commonly recognized that the
interfacial MoO3 layer playing the role of a shunt-preventing layer
and a regulator for energy band alignment between the n-type
buffer and the transparent and conductive electrode [9,11,17,18].
The configuration of the MNW electrodes with the lateral con-
duction property as reported is desired for thin-film solar cells with
scalable-production capacity [19]. Moreover, it is known that the
material cost of Ag is much lower than that of indium. Thus, in
consideration of the amounts of indium and Ag used in the MNW
electrodes and ITO electrodes with comparable performance, the
cost-benefit for using the MNWelectrodes is obvious. Note that the
cost-benefit analysis did not take the manufacturing cost into
consideration. Consequently, it is believed that the resultant MNW
composite electrode with comparable performance to ITO can be
highly-regarded alternative to ITO [1,3,10,20]. This scalable
solution-processedmethodwith lamination assistance is appealing
and may attract broad interest for electrode fabrication.
4. Conclusions

MoO3/AgNW(silver nanowire)/MoO3/TiO2 flexible composite
electrodes with comparable performance to ITOwere prepared by a
scalable solution-processed method with the assistance of lami-
nation process. This preparation method combines the simple
solegel approach with a new lamination-assisted planarizing
method with the post annealing process under 140 �C. The resul-
tant AgNW-based electrodes achieved high transparency of 82%
transmittance at 550 nm and excellent sheet resistance about
12e15 U sq�1. The comparable performance to ITO is attributed to
the enhanced lateral conduction behaviour of the MoO3 coating
layer by reducing the dead ends of the AgNWs network, resulting in
the formation of an effective charge transport and collection
network. TiO2 was used as impervious layer for stopping epoxy
penetration. Other samples with Ag nanoparticles were also pre-
pared for comparison, which showed a poor performance for
transparent and conductive applications. Compared with ITO, the
AgNW-based composite electrode is cost-effective in consideration
of the materials cost and manufacturing cost. The finding reported
here on AgNW-based composite electrode can provide a promising
alternative to ITO for large-area and low cost electrode fabrication.
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