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We prepared transparent conducting composite electrodes composed of silver nanowires (Ag NWs) and reduced graphene oxide
(r-GO). We present a simple approach to welding the cross-positions of the Ag NWs by applying pressure at a relatively low
temperature (100∘C). We examined the Ag NWs/r-GO composite films in terms of their transmission, conductivity, and stability.
The plasmonic features of the Ag NWs were used to assist the ultraviolet (UV) light-induced reduction of the GO coating. The
r-GO coatings used to form Ag NWs/r-GO composite structures increased the conductivity of the film by providing more efficient
electron conductive pathways. The G/D intensity ratios of the GO and r-GO produced by the UV light-induced method without
and with Ag NWs were 0.95, 1.01, and 1.04, respectively. The lowest sheet resistance of the composite films was 7 ohm/sq with
approximately 82% transparency in the visible spectrum region. No degradation of the films was observed after 2 months. This
excellent environmental stability might facilitate applications of Ag NWs/r-GO composite films in optoelectronic devices.

1. Introduction

Transparent conductive films (TCFs) have become the elec-
trode of choice for many optoelectronic devices in recent
years, including transparent displays, organic light-emitting
diodes, touch-panel screens, and solar cells [1–3]. For these
purposes, TCFs have been widely developed. Currently,
indium tin oxide (ITO) is commonly used in a variety of
applications [4, 5]. However, its brittleness and high costs
have limited its applications in optoelectronic devices [6–
8]. To overcome the shortcomings of ITO, currently con-
sidered alternative material systems for TCFs include one-
dimensional (1D) random networks of metallic nanowires
[9–12], carbon nanotubes [3, 13, 14], and 2D graphene films
[15–17]. Among these alternatives material systems, random
AgNWnetworks show TCFs performances very close to that
of ITO and are regarded as a promising candidate material to
replace ITO [10, 18, 19]. The formation of random Ag NW
networks can be achieved by simple and low-cost solution
processing methods, such as drop casting, spin coating, rod
coating, and air spraying. Furthermore, Ag NW networks

show remarkably high TCFs performance in terms of con-
ductivity and transparency. Large open areas, of the order of
several 𝜇m2, between the wires provide optical transparency
and charge transport occur along the wires. The Ag NW
networks in the composite electrode can promote electron
collection and injection in regions farther from the metal
probe because the Ag NWs can act as a broad-range collector
and injector due to their length, which will improve the
efficiency of optoelectronic devices [20]. However, there are
still several problems associated with high contact resistance
caused by loose contact among NW-NW, poor adhesion to
substrates, and instability in the harsh environments that
must be addressed before practical applications of Ag NW
networks [21–24].

Currently, many groups have proposedmethods for fabri-
cating AgNWs-polymer composite films to resolve the short-
comings of pure Ag NW networks [25, 26]. However, con-
ducting polymers such as poly3,4-ethylenedioxythiophene
have been shown to promote degradation in organic opto-
electronic devices and severely limit device lifetimes. The
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Figure 1: Schematic diagram of the fabrication procedure for Ag
NWs/r-GO composite electrode.

poor conductivity and low stability of NWs in this environ-
ment, together with the high cost of conducting polymers
themselves, have hindered applications of Ag NW-polymer
composite TCFs [27, 28]. Drawbacks of graphene films
include the current expensive fabrication procedures that
use vacuum and high temperature steps together with time-
consuming and complex multiple transfer steps from metal
to Ag NWs networks [29]. Numerous grain boundaries in
the graphene also increase its resistance, making it difficult
to create high-quality graphene layers on a large scale [17].

On the basis of the above considerations, here, we report
composite structures with a network of Ag NWs and reduced
graphene oxide (r-GO). The GO solution was directly spin-
coated onto the predeposited Ag NW networks. This com-
posite film was coated by solution processes, which enabled
cost-effective and high-speed fabrication of optoelectronic
devices. We also introduced an auxiliary pressure step to
weld the Ag NW networks during annealing at 100∘C.
Compared with other coating materials, such asmetal oxides,
GO with flake morphology could achieve the effect of full
covering. Furthermore, the GO coating not only enhanced
the antioxidant capacity of Ag NW networks but also could
be reduced by ultraviolet light with the aid of the plasmonic
Ag NWs as an auxiliary pathway in the composite film.
These composite structures act as effective TCFs for potential
applications as electrodes in devices with excellent optoelec-
tronic performance [sheet resistance (Rs) ∼ 7 ohm/sq and
transparency (T) ∼ 82% at 𝜆 = 550 nm] and environmental
stability.

2. Materials and Methods

2.1. Preparation of Composite Films. The fabrication process
of the Ag NW networks and r-GO composite films is
schematically illustrated in Figure 1. First, Ag NWs with
diameters in the range of 70-100nm and lengths of 7-12𝜇m
were dispersed in ethyl alcohol (∼0.1mg mL−1 suspension)
and deposited on glass substrates by a drop-casting method.
ThenGO sheets with sizes of 500 nm were dispersed in aque-
ous solutions (∼0.1mg mL−1 suspension) and drop-coated
onto the predeposited Ag NW networks. The Ag NWs and
GO sheets were purchased from Nanjing XFNANOMaterial
Tech Co., Ltd. Random Ag NW networks and GO composite
films required a treatment at 100∘Cunder pressure for 30min
in air to improve the electrical connections between wires.
The composite film was placed on a heater and covered by
a polytetrafluoroethylene plate, onto which different weights
were placed to achieve the effect of a hot-press treatment at
100∘C. The Ag NWs/GO composite films were exposed to a
mercury lamp for 30min. This method reduced the GO at
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Figure 2: Optical transmittance spectra of the pure Ag NW net-
works under various densities; the inset shows the sheet resistance
and transmission variation of pure Ag NW networks.

room temperature owing to interactions of the UV light and
Ag NW plasmons.

2.2. Characterization. The microstructures of the Ag NW
networks and Ag NWs/r-GO composite films were charac-
terized with a field emission scanning electron microscope
(SEM, JSM-7610F).The transmittance spectra weremeasured
on a UV/VIS spectrophotometer (Shimadzu UV-2600). The
sheet resistance of the films was measured by the four-probe
technique with a Keithley 6220 precision current source and
a Keithley 2182A nanovoltmeter. Raman spectra of GO and
Ag NWs/GO composite films were measured by Raman
spectroscopy (Horiba Labram HR Evolution).

3. Results and Discussion

The optical properties of Ag NW networks were determined
by measuring their transmittance spectra. Good optoelec-
tronic performance is an important parameter for transparent
electrodes. The transmittances of the pure Ag NW networks
with NW densities from 40 to 120mg/m2 are shown in
Figure 2. The transparency of the Ag NW network decreased
as its density increased.The value of Rs decreased as the num-
ber of conductive pathways increased owing to the increased
densities. The random networks of Ag NWs with different
NW densities featured respective optical transmission (at
550nm) and Rs values of 91.0% and 5084 ohm/sq (Sample
1), T ∼ 90.7% and Rs ∼ 1883.8 ohm/sq (Sample 2), T ∼
90.2% and Rs ∼ 841 ohm/sq (Sample 3), T ∼ 88.1% and
Rs ∼ 196 ohm/sq (Sample 4), and T ∼ 85.3% and Rs ∼ 61
ohm/sq (Sample 5), as shown in the inset of Figure 2. The Ag
NW networks were highly transparent across all measured
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Figure 3: (a)-(f) SEM images of Ag NWs networks without (a) and at 0.2 (b), 0.3 (c), 0.5 (d), 0.9 (e), and 1.4MPa (f) hot-pressing treatments
at 100∘C for 30min.

wavelength regions because transmission in the mesh of
randommetallic nanowires was controlled almost entirely by
the sparseness of the network, unlike ITO films that have
absorptions from their band gap and from free electrons.
To meet the high transmittance requirements of TCFs, for
further studies we selected Sample 3, with a transmittance
greater than 90%at 550 nm and 80mg/m2 deposition density.

Because the pristine Ag NWs were connected by the
effects of gravity and weak van de Waals forces, the Rs of
the Ag NW networks was greater than 800 ohm/sq owing to
their small contact area. Furthermore, the bonding of the Ag
NWs to the substrate was too weak to survive any further
processing. Therefore, we proposed a hot-pressing method
with a pressure applied at 100∘C for 30min in air to reduce
the contact resistance and strengthen the bonding of the Ag
NWs. An SEM image of the Ag NW networks after 30min
annealing at 100∘C without pressure (Figure 3(a)) shows the
small contact area at the cross-positions between NWs. The
surface morphologies of the Ag NW networks annealed
under pressures of 0.2, 0.3, 0.5, 0.9, and 1.4MPa are shown
in Figures 3(b)–3(f), respectively. As shown in Figure 3(e),
a small amount of Ag NWs melted and fused together at
crossing points under the hot-pressing conditions of 0.9 MPa.
Figure 3(f) shows good welding at the cross-positions of Ag
NWs after 1.4MPa pressing.

To compare the electrical properties of the pure Ag NW
networks before and after hot-pressing treatments, we plotted
the effects of pressure and time on the Rs of the networks
(Figure 4). The variation of Rs with increasing pressure in
the range from 0 to 1.4MPa for the pure Ag NW networks
at 100∘C for 30min in air are shown in Figure 4(a). After this
process, the Rs of the Ag NW networks decreased gradually
from 445 to 32 ohm/sq, which is consistent with the good
welding shown in the SEM image (Figure 3(f)). Full details
of the hot-pressing time of the pure Ag NW network treated
at 1.4MPa and 100∘C are shown in Figure 4(b).The lowest Rs
(26 ohm/sq) was achieved at 30min.TheAgNWsmelted and
broke into isolated Ag droplets at 40min (SEM image shown
in the inset of Figure 4(b)).Therefore, the conductivity of the
AgNWfilms was optimally improved by performing the hot-
pressing treatment at 1.4MPa and 100∘C for 30min.

To resolve the instability of the pure Ag NW networks
in their environment, we proposed a method for fabricating
Ag NWs/GO composite films. An SEM image (Figure 5(a))
indicated that GO sheets were deposited onto the pristine
Ag NW networks by a drop-casting method. As shown in
the TEM image (Figure 5(b)), multiple layers of GO flakes
were superimposed on each other on top of the Ag NW
networks. Then we performed the hot-pressing treatment
immediately after covering the GO sheets according to the
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Figure 4: Variation of the sheet resistance of Ag NW networks under various pressures (a) and annealing temperatures (b); the inset shows
an SEM image of the Ag NW networks under a hot-pressing treatment for 40min.

(a) (b) (c)

Figure 5: SEM image (a) and TEM image (b) of Ag NWs/GO composite films without treatments and SEM image of composite film treated
by hot pressing (c).

optimal conditions. As shown in Figure 5(c), the Ag NWs
melted and fused together at crossing points under the hot-
pressing method under the protection of GO sheets. To
become effective for commercial devices, Ag NW networks
also require toughness and oxidation resistance.

To further improve the conductivity of the Ag NWs/GO
composite films, the GO coatings were reduced by an efficient
method. Using a nanoparticle plasmon-assisted and light-
induced method, proposed by Lim and his coworkers [30],
we reduced the GO.The absorption spectrum of the Ag NWs
wasmeasured to determine the resonance energy of localized
surface plasmons. As shown in Figure 6(a), an extinction
peak was centred at ∼361 nm. Therefore, we performed the
reaction using a mercury lamp (main excitation wavelength:
365 nm, power density: 30 MW cm−2) to reduce the GO
coatings and further reduce the Rs of the composite films.

To confirm the quality of r-GO produced by the Ag NW
plasmon-assisted method, we show the normalized Raman
spectra of GO sheets and UV-irradiated GO sheets without
or with Ag NW networks in Figure 6(b). In the Raman
spectra of GO, the D band corresponding to the edge planes
and disordered structures and the G band corresponding to
ordered sp2 bonded carbon appeared at 1327 and 1590 cm−1,
respectively [31, 32]. Therefore, the G/D intensity ratios
(IG/ID) of GO and r-GO represent the number of defects
in C atomic crystals and the degree of reduction of the GO
coatings. The IG/ID of GO sheets and UV-irradiated GO
without and with Ag NW networks were 0.95, 1.01, and 1.05,
respectively. These results indicate that the quality of the r-
GO prepared from the UV-treated plasmonic Ag NWs was
better than that of the UV treatment alone. The weak power
density of the mercury lamp and the multiple layers of GO



Advances in Condensed Matter Physics 5

 Ag NWs Extinction

400 500 600 700 800300
Wavelength (nm)

0.06

0.10

0.14

0.18

0.22

Ex
tin

ct
io

n 
(a

.u
.)

(a)

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0
N

or
m

al
iz

ed
 in

te
ns

ity
 (a

.u
.)

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)
N

or
m

al
iz

ed
 in

te
ns

ity
 (a

.u
.)

IG/ID=1.05

IG/ID=1.01

IG/ID=0.95

GO/ AgNWs (hv~UV)

GO (hv~UV)

GO 

1500 2000 25001000

1500 2000 25001000

1500 2000 25001000

Raman Shift (cm-1)

Raman Shift (cm-1)

Raman Shift (cm-1)

(b)

Figure6: (a) Extinction spectrumofAgNWsand (b) normalizedRaman spectra ofGO,GOafterUV irradiation, andGOafterUV irradiation
with Ag NW plasmons.

flakes superimposed on the Ag NW networks might explain
the relatively small change in the IG/ID values of GO sheets
and UV-irradiated GO without or with Ag NW networks.

To verify the transmission properties of the Ag NWs/r-
GOcomposite films, wemeasured transmission spectra of the
Ag NW networks before and after covering with GO sheets
without and with UV light-induced treatments which are
shown in Figure 7(a). The transmittance of 86% (@ 550nm)
in the visible range of the Ag NW networks decreased owing
to the involvement of the GO coatings. The transmittance
of 82% at 550 nm for the composite films decreased after
UV irradiation owing to the gradual recovery of the sp2
conjugate structures in the r-GO sheets. In addition, we plot
the Rs values of the pure Ag NW network and Ag NWs/GO
composite films, which were reduced and unreduced in
Figure 7(b). For the pure Ag NW network, the formation
of silver oxide on the surface of the Ag NWs increased the
resistance among the Ag NWs, which resulted in an increase
of Rs in theAgNWnetwork.TheRsmarkedly increased from
23 to 246 ohm/sq after twomonths. By contrast, both GO and
r-GO acted as a conformal passivation layer that protected

the Ag NWs from oxidation. The GO coatings on the Ag
NW networks further strengthened the contact between the
NWs due to the capillary force caused by evaporation of
the GO aqueous solution and the gravity of GO flakes, such
that the Rs of the Ag NW/GO composite films decreased to
9.3 ohm/sq. After the UV treatment, the lattice defects and
oxygen functional groups on the surface of the GO coatings
were reduced. The r-GO coatings filled the empty regions in
the Ag NW meshes. Although the resistance of r-GO was
much larger than that of the Ag NW network, it acted as an
auxiliary electron transport pathway in the composite films,
resulting in the lowest Rs of 7 ohm/sq for the Ag NWs/r-GO
composite film. The transmittance and the conductivity are
typically inversely correlated attributes in these devices. The
T value at 550 nm and the Rs were used to calculate a figure-
of-merit ΦTE for the transparent conducting electrodes, as
defined by Haacke [33].

ΦTE =
T10

Rs
(1)
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Figure 7: (a) Optical transmittance spectra of the pure Ag NW networks and the Ag NWs/GO composite film before and after UV light-
induced treatment. (b) Environmental stability test of pure Ag NW networks and composite films.

The value ΦTE of our Ag NW/GO composite film (19.64 ×
10−3 ohm−1, T ∼ 82%, and Rs ∼ 7 ohm/sq) is higher than the
value based on a TCF deposited from a traditional material
(i.e., ITO, 11.62 × 10−3 ohm−1, T ∼ 90%, and Rs ∼ 30 ohm/sq).
The Rs value increased by only 1.5 ohm/sq after two months.
Stability to oxidation is an important factor for application of
Ag NWs-based TCFs.

4. Conclusions

In conclusion, we propose a composite structure based on
a network of Ag NWs with an r-GO coating to realize
high-performance transparent conductors. We hot-pressed
the Ag NW networks to decrease the Rs value (approxi-
mately 32 times) of the Ag NW networks without sacrificing
transparency. Furthermore, the Ag NWs acted as plasmonic
NWs to assist in UV irradiation-induced reduction of GO
sheets, which made the r-GO coatings an additional electron
transport pathway and improved the conductivity of the Ag
NWs/r-GO composite film. Aminimum Rs of 7 ohm/sq with
82% transmittance at 550 nm was obtained in this composite
film. Furthermore, our composite structure showed good
stability in air with a stable Rs of 8.5 ohm/sq after twomonths.
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