Article
pubs.acs.org/Langmuir

Highly Transparent, Conductive, Flexible Resin Films Embedded with
Silver Nanowires
Yaqiu Jiang,# Jun Xi, Zhaoxin Wu,*,# Hua Dong, Zhixu Zhao, Bo Jiao, and Xun Hou
Key Laboratory of Photonics Technology for Information, Department of Electronic Science and technology, School of Electronic
and Information Engineering, Xi’an Jiaotong University, Xi’an 710049, PR China

ABSTRACT: In this article, a low sheet resistance and highly transparent silver nanowire (AgNW) resin composite ﬁlm was
demonstrated, which was prepared by a simple and eﬃcacious two-step spin-coating method. By burying the AgNWs below the
surface of the transparent resin matrix which was cured at 150 °C in air, we achieved a uniform, highly transparent, conductive,
ﬂexible ﬁlm. Compared to the reported transparent electrodes, this composite transparent and conductive ﬁlm showed 10 Ω/□
sheet resistance and nearly 90% mean optical transmittance over the UV−visible range simultaneously. Undergoing hundreds of
cycles of tensile and compression folding, the composite ﬁlm slightly increased its sheet resistance by less than 5%, displaying
good electromechanical ﬂexibility. These characteristics of the composite AgNW-resin ﬁlms were expected to be used in
applications of ﬂexible optoelectronics.

1. INTRODUCTION

The initial development of the AgNW electrodes was based
on a rigid substrate. Lee et al. reported solution-processed
transparent electrodes consisting of random meshes of AgNWs
on a glass substrate.17 Although the electrode had good
conductivity and high optical transmittance, the surface
roughness was high, which could create defects across the
semiconductor ﬁlms. Furthermore, the AgNWs were exposed
to air, which made them easy to remove and oxidize. To
improve the adhesion of AgNWs on substrates, Zhu et al. used
a titanium dioxide (TiO2) sol−gel solution and a poly(3,4ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) solution to treat AgNWs on glass.18 Although the
AgNW-TiO2-PEDOT:PSS composites exhibited excellent
mechanical properties, the surface roughness of the electrode
was still high. Moreover, the substrate they used was glass,
which made the electrode inﬂexible. Then Hu et al. proposed a
new kind of AgNW ﬁlm which was based on poly(ethylene
terephthalate) (PET).19 The transmittance spectrum of that
ﬁlm was much ﬂatter than that for ITO in the visible and nearinfrared ranges. Though the root mean square of surface
roughness (rms) decreased to 47 nm, it was still too rough for

Recently, as ﬂexible and plastic devices have been realized in
our life, wearable electronic devices will be quite popular in the
future,1−3 and the growing demand for new transparent
electrodes is quite urgent. Indium tin oxide (ITO) electrodes
are the most traditional applications in various areas.4−6
However, the deﬁciencies of this type of electrode are obvious,
such as the rarity of indium and the brittleness of ITO.
Therefore, the development of highly transparent ﬂexible
electrodes of low resistance is widely required as the
replacement for ITO, which can serve as organic light-emitting
devices (OLEDs), thin ﬁlm solar cells, and other organic
electric devices. Great eﬀorts have been made to develop new
ﬂexible transparent conductors, such as conductive polymers,7−9 carbon nanotubes (CNT),10−12 graphenes,13 random
networks of metal nanowires,14 and mesh structures of selfassembled metallic nanoparticles.15 Among them, random
networks of metal nanowires are promising candidates for
their high conductivity and optical transmittance.16 Silver
nanowires have attracted a great deal of attention for their
intriguing electrical, thermal, and optical properties. Also,
because of their optimal performance with respect to
conductivity, silver nanowires (AgNWs) are considered to be
very promising candidates in ﬂexible electronics.
© 2015 American Chemical Society
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Figure 1. (a) Low- and (b) high-magniﬁcation SEM images of the synthesized AgNWs. The AgNWs had a high aspect ratio, and the statistics of the
length and diameter of AgNWs were 15−30 μm and 25−35 nm, respectively.

Figure 2. Shapes of the mixed resin droplet on the glass substrate and the PTFE substrate, respectively. (a) The resin contact angle (CAglass) on the
glass substrate was 23.73°. (b) The resin contact angle (CAPTFE) on the PTFE substrate was 56.74°.

OLEDs. And the AgNW ﬁlms based on the PET substrates
were only bendable and hardly full ﬂexible. To achieve a
smooth, ﬂexible, transparent, conductive AgNW ﬁlm, Zeng et
al. embedded AgNWs in a thick ﬁlm of poly(vinyl alcohol).20
This method ensured that the exposed nanowires were ﬂush
with the top of the ﬁlm, thus providing a planar surface on
which to deposit more layers. However, the AgNW-PVA ﬁlm
could not meet the requirements of the transparency and sheet
resistance simultaneously. For example, when the optical
transmission of the AgNW-PVA ﬁlm reached 87.5% (at 550
nm), the sheet resistance of the AgNW-PVA ﬁlm was still 63
Ω/□.
For the aim of producing transparent, conductive, ﬂexible
ﬁlms, herein we investigated an alternative method to overcome
high surface roughness, high sheet resistance, and low optical
transmittance. First we synthesized AgNWs with high aspect
ratios as the basis of the transparent electrode’s performance.
Then AgNWs were spin-coated onto the PTFE (polytetraﬂuoroethene) substrate. After a facile pressing and heating
process, the conductivity of AgNWs was improved. And then
the mixed resin was spin-coated onto the predeposited AgNW
network. Finally, the composite AgNW-resin ﬁlm was peeled
oﬀ of the PTFE substrate after the annealing. The optimized
composite AgNW-resin ﬁlm showed 10 Ω/□ square resistance
and 89.96% mean optical transmittance over the UV−visible
range simultaneously.

2. METHODS AND EXPERIMENTAL SECTION
2.1. Synthesis of AgNWs and a AgNW Suspension. The airassisted polyol method was used to synthesize the AgNWs.21,22 In this
synthesis, 10 mL of an ethylene glycol (EG) solution (0.6 M) of
poly(vinylpyrrolidone) (PVP) and 0.2 mL of an EG solution of NaCl
(0.032 M) were injected into a three-necked round-bottomed ﬂask,
which was equipped with a thermocontroller and a magnetic bar. 198
°C was needed to heat the ﬂask for 20 min and should be maintained
for another 20 min. Air was pumped continuously into the mixed
solution during the whole treatment. Then, we used the centrifugation
method to separate the AgNWs. The concentration of AgNWs was
titrated by the Volhard method. We demonstrated the SEM images
and the statistics of the length and diameter of AgNWs in Figure 1.
2.2. Preparation of the Mixed Resin. The resin we used in the
processing of the composite AgNW-resin ﬁlms was a mixture of ﬁve
organic reagents: thermoplastic acrylic resin was used as the matrix to
form the ﬁlm because of its high optical transparency, and it had a
weight-averaged molecular weight (Mw) of 97 500; ethylene glycol
(Sigma-Aldrich) was used as an addictive solvent; ethylene glycol
monobutyl ether acetate (Sigma-Aldrich) was a coalescing aid for the
resin; dioctyl phthalate was used as plasticizer which aided ﬁlm
formation; and oleamide (Sigma-Aldrich) served as a mold release
agent to make the ﬁlm easy to peel oﬀ. Thermoplastic acrylic resin (10
g, 0.102 mmol), ethylene glycol (3 g, 25.5 mmol), ethylene glycol
monobutyl ether acetate (3 g, 14.3 mmol), dioctyl phthalate (0.5 g, 0.5
mmol), and oleamide (0.5 g, 0.7 mmol) were placed in sequence into
the beaker, which was equipped with a magnetic stirring bar. The
mixed solution was stirred for 8 h. Then the mixed resin was achieved.
2.3. Fabrication of the Composite AgNW-Resin Film. We
chose PTFE rather than conventional glass as the substrate on which
to fabricate the composite AgNW-resin ﬁlm. A drop of the mixed resin
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Figure 3. (a−f) Schematic diagram of the procedures for fabricating the composite AgNW-resin ﬁlm. (g, h) Photographs of the composite AgNWresin ﬁlm.
was placed on the glass substrate and PTFE substrate as shown in
Figure 2. Because the surface energy of the glass substrate was higher
than that of the PTFE substrate, we could ﬁnd that the resin contact
angle (CAglass) on the glass substrate of 23.73° was larger than the
CAPTFE (56.74°) on the PTFE substrate. This indicated that the resin
droplet spread at the glass substrate more easily than did the PTFE
substrate, and the adhesion between the mixed resin ﬁlm and the glass
substrate was stronger than that between the mixed resin ﬁlm and the
PTFE substrate. As the result, peeling the cured resin ﬁlm oﬀ of the
PTFE substrate could be much easier than peeling it oﬀ of the glass
substrate. So we chose the PTFE as the substrate to make sure that the
composite AgNW-resin ﬁlm can be easily peeled oﬀ. A AgNW solution
was spin-coated at a speed of 1000 rpm for 60 s onto cleaned 400-μmthick PTFE substrates (7 × 7 cm2) to form a randomly dispersed
AgNW network as shown in Figure 3a. Then the air-dried AgNW ﬁlm
was subjected to a pressure of 10 MPa for 5 s, which is illustrated in
Figure 3b. As Figure 3c shows, the pressed AgNW ﬁlm was held at 150
°C for 15 min in air. Then the mixed resin was sequentially spun at a
speed of 600 rpm for 30 s onto the AgNW network, which was also
followed by thermal annealing at 150 °C for 10 min. These two
processes are indicated in Figure 3d,e. Then the cured resin matrix
together with all AgNWs was peeled oﬀ of the PTFE substrate, which
is shown in Figure 3f.
2.4. Characterization of the Composite AgNW-Resin Films.
The morphology of the AgNWs was investigated by scanning electron
microscopy (SEM; Quanta 250, FEI) and transmission electron
microscopy (TEM; 2100, JEOL). Atomic force microscopy (AFM)
(NT-MDT solver P47H-PRO, Russia) was used to characterize the
surface roughness of the ﬁlms. The surface and mesh structures of the
composite AgNW-resin ﬁlms were examined by scanning electron
microscopy (SEM; FEI Quanta 250) in high-vacuum mode at 15 kV.
Optical transmission spectra of the composite AgNW-resin ﬁlm was
recorded using a UV−vis−NIR spectrometer (Hitachi U-3010, Japan).
Sheet resistance measurements were taken using the four-probe tester
(M3, Suzhou Jingge Electronic Co. Ltd., China).

Figure 4. Low- and high-magniﬁcation TEM images of the synthesized
AgNWs.

after being separated by centrifugation and washed with ethanol
and deionized water that almost no PVP adsorbed on the
surface of AgNWs. Also, AgNWs with a high aspect ratio were
synthesized, and the statistics of the diameter and length of
AgNWs were 25−35 nm and 15−30 μm, respectively. All of the
results served to improve the AgNW conductivity.
Before the AgNW ﬁlm was heated and covered with the
mixed resin, the stamping process was needed as the
preliminary treatment. This strategy of mechanical pressing
could not only eﬀectively increase the connection of the AgNW
mesh and decrease the sheet resistance but also could greatly
improve the ﬁlm morphology.19,23 When the AgNWs were
spun onto the PTFE substrate, AgNWs were all connected
loosely (Figure 5a). Therefore AgNW ﬁlms were subjected to a

3. RESULTS AND DISCUSSION
3.1. Morphology of AgNWs and the Composite
AgNW-Resin Films. Figures 1 and 4 show the initial
AgNWs as the raw materials of the ﬁlm. It could be seen that
4952
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Figure 5. (a) SEM image of the unpressed AgNW ﬁlm with a sheet resistance of 6.2 × 103 Ω/□. Weak connections of the AgNWs could be
observed in the oﬀ-angle view. (b) SEM images of the AgNW ﬁlms pressed at 10 MPa for 5 s, having a sheet resistance of 30 Ω/□. AgNWs
connecting tightly could be observed in the oﬀ-angle view. (c) Top view of the SEM images of the surface of the composite AgNW-resin ﬁlm (10 Ω/
□). The tightly connected AgNWs were buried in the mixed-resin matrix and were ﬂush with the top of the ﬁlm.

AgNW-resin ﬁlm decreased from 30 to 10 Ω/□ because of
the increasing contact area between the AgNWs.
The top-view SEM image (Figure 5c) showed the surface of
the composite AgNW-resin ﬁlm with a sheet resistance of 10
Ω/□. The AgNWs formed a uniform mesh without signiﬁcant
nanowire density diﬀerences across the substrate, and the
predeposited AgNW mesh was buried in the surface of the resin
matrix. The surface topography of the composite AgNW-resin
ﬁlm, examined by atomic force microscopy (AFM), is shown in
Figure 6. Here we used the bare AgNW mesh which was spincoated onto the clean glass substrate as the reference, and the
AFM topographical image of the bare AgNW mesh is also
shown in Figure 6. Figure 6a,c revealed a dense network of
randomly oriented bare AgNWs, and the presence of
protruding AgNWs led to localized height elevations greater
than 150 nm (Figure 6b). On the contrary, the surface
topography of the composite AgNW-resin ﬁlm described herein
appeared to be very smooth in Figure 6d,f, and the height
variation in the 20 × 20 μm2 scanned area was less than 15 nm
(Figure 6e). The bare AgNWs coating the glass substrate and

pressure of 10 MPa for 5 s, and as shown in Figure 5b, the
compressed connection points could obviously be seen from
the oﬀ-angle view. After the ﬁlms were pressed, the sheet
resistance was decreased distinctly. Table 1 shows the change in
the resistance before and after pressing.
Table 1. Comparison of the Sheet Resistance between
Unpressed and Pressed AgNW Films
speed of spin coating (rpm)

unpressed (Ω/□)

pressed (Ω/□)

1000
2000
3000

6.2 × 103
9.7 × 103
1.6 × 104

30
72
150

Although the stamping process could make AgNWs connect
tightly, there were still some weak connections among AgNWs.
So the pressed AgNW ﬁlm was then held at 150 °C for 15 min
in air to make the AgNWs melt and fuse at the
junctions.17,24−26 The sheet resistance of the composite

Figure 6. AFM topological images of bare AgNWs deposited on the glass substrate and the composite AgNW-resin ﬁlm. (a, b) 2D morphology
images, section curves, and roughness of bare AgNWs coating the glass substrate. (c) 3D AFM topological images of bare AgNWs deposited on the
glass substrate. (d) AFM image (2D) of the composite AgNW-resin ﬁlm surface. (e) AFM height line proﬁle of the composite AgNW-resin ﬁlm
surface. (f) Tapping-mode AFM scan (3D) of the composite AgNW-resin ﬁlm surface. The scan area was 20 × 20 μm2.
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Figure 7. (a) Optical transmittance of the composite AgNW-resin ﬁlms with diﬀerent sheet resistances, the mixed resin ﬁlm (16 μm), ITO-PET
(100 μm), and AgNW-PET (100 μm) measured with a UV−vis−NIR spectrometer. (b) FOM values of the composite AgNW-resin ﬁlm vs the spincoating speed for a AgNW solution.

Figure 8. Photographs of the composite AgNW-resin ﬁlm under diﬀerent backgrounds. (a) Photograph of the composite AgNW-resin ﬁlm under a
brown background; the transparent ﬁlm exhibited a transparency of 89.96% and a sheet resistance of 10 Ω/□. The sheet resistance distribution of
the composite AgNW-resin ﬁlm was uniform, and the sheet resistance at diﬀerent points are as follows: A = 9.96 Ω/□, B = 10.8 Ω/□, C = 10.2 Ω/
□, D = 9.8 Ω/□, and E = 10 Ω/□. (b, c) Photographs of the composite AgNW-resin ﬁlm against a white background. The composite AgNW-resin
ﬁlm had high transparency and ﬂexibility.

resin ﬁlm unchanged. The transmittance and sheet resistance of
these three composite AgNW-resin ﬁlms were also diﬀerent.
Compared to the mixed resin ﬁlm (16 μm) with a
transmittance of 94.3%, the optical transmittance of the
composite AgNW-resin ﬁlm at 550 nm reached 91.33% when
the sheet resistance was 100 Ω/□. When the optical
transmittance values of the composite AgNW-resin ﬁlm were
90.12 and 89.96%, the sheet resistances were 25 and 10 Ω/□,
respectively. An ITO ﬁlm magnetron sputtered on PET (ITOPET) and a AgNW ﬁlm deposited on PET (AgNW-PET) were
prepared and used as a reference. When ITO-PET had the
same resistance as the composite AgNW-resin ﬁlm, the
transparency in the visible range was lower than that of the
composite AgNW-resin ﬁlm. More importantly, the transparency of the composite AgNW-resin ﬁlm was high and
constant in the near-infrared regions, which was quite beneﬁcial
to solar cells.
Furthermore, to use a transparent ﬁlm in ﬂexible electronics
applications, key prerequisites were not only high transmittance
and low sheet resistance but also low haze. The transmittance
haze represented the percentage of light diﬀusely scattered
compared to the total light transmitted28,29 and was deﬁned as
(Td/Tt) × 100, where Td is diﬀuse transmittance and Tt is total
transmittance. The diﬀuse transmittance occurred because of
the light scattering from surface irregularities such as roughness

the composite AgNW-resin ﬁlm have root-mean-square surface
roughness (rms) values of 22 and 2.2 nm, respectively.
Accordingly, the mechanical pressing and heating not only
increased the conductance but also greatly improved the ﬁlm
morphology. Meanwhile, the applied liquid monomer penetrated the AgNW network during the formation of the mixed
resin substrate, ﬁlling the openings between AgNWs and the
space unoccupied by AgNWs at the PTFE interface. A highly
cross-linked polymer network was formed by the subsequent
polymerization and buried most of the AgNWs with the
exception of those that were in contact with the PTFE surface.
3.2. Optoelectronic Properties and Sheet Resistance
of the Composite AgNW-Resin Films. The important
property of transparent and conductive ﬁlms was optical
transmittance over a broad range of wavelength.17,27 The
transmittance spectra of three kinds of ﬁlms (an ITO ﬁlm
magnetron sputtered on PET (thickness 100 μm), a AgNW
ﬁlm deposited on PET (thickness 100 μm), and the composite
AgNW-resin ﬁlm (thickness 16 μm)) were obtained and are
shown in Figure 7a. The absorption of light by the pure resin
(or PET substrate) itself was not excluded when we obtained
the transmittance spectra of these three kinds of ﬁlms. We also
applied three diﬀerent rotational speeds (1000, 2000, and 3000
rpm) to spin-coat the AgNW solution while we maintained the
conditions for other steps of fabricating the composite AgNW4954
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Figure 9. (a) Sheet resistance vs bending times for ITO-PET (100 μm), AgNW-PET (100 μm), and the composite AgNW-resin (16 μm). (b)
Increase in the sheet resistance of ITO-PET, AgNW-PET, and composite AgNW-resin ﬁlms as a function of the number of cycles after repeated
tensile bending. (c) Variation of sheet resistance values of ITO-PET (100 μm), AgNW-PET (100 μm), and composite AgNW-resin ﬁlms (16 μm) as
a function of the pasting times. (d) Evolution of the resistance of the composite AgNW-resin ﬁlm with increasing temperature in air.

ﬂexibility. We have great conﬁdence that it will be quite
popular in the optoelectronics industry in the future.
3.3. Mechanical Properties and Thermal Stability of
the Composite AgNW-Resin Films. Burying the AgNW ﬁlm
at the surface of the resin matrix had a great advantage over
other transparent ﬁlms in the aspect of mechanical robustness
against adhesion and bending. The composite AgNW-resin ﬁlm
(16 μm) was compared to ITO-PET and AgNW-PET. The
ﬂexibility of these three ﬁlms was evaluated by a bending test
with a radius of curvature of 2 mm, and the changes in the sheet
resistance of three ﬁlms with increasing bending times are
shown in Figure 9a,b.
It was unsurprising that the ITO ﬁlm cracked and its
resistance increased by a factor of 10 after only ﬁve cycles of
tensile folding, which exhibited the poor stability. The AgNWPET ﬁlm had better performance, and its resistance increased
2-fold after 250 cycles of tensile folding. However, the
resistance of the composite AgNW-resin ﬁlm increased only
10% after 250 cycles of tensile folding. This small increase in
resistance was attributed to the failed electrical contacts
between AgNWs. Obviously, the result indicated that the
composite AgNW-resin ﬁlm was better than ITO-PET and
AgNW-PET. The result was also comparable to that of
PEDOT:PSS,7 CNT,10−12 and graphene ﬁlms.13
The mechanical tape tests were also executed to examine the
adhesion of the AgNWs to the substrate. Here we pressed 3M
tape (ScotchMagic Tape) under a pressure of approximately 2
MPa for 30 s. ITO-PET and AgNW-PET were used as

and particles on a sample. We also measured the haze of the
composite AgNW-resin ﬁlms which were fabricated at three
diﬀerent rotational speeds (1000, 2000, and 3000 rpm), and the
haze values of the composite AgNW-resin ﬁlms were in the
range of 1.1−3.8%. We found that the haze of the composite
AgNW-resin ﬁlm increased with decreasing rotational speed.
Because the density of AgNWs increased, more light was
scattered. Thus, the composite AgNW-resin ﬁlm presented
comparable haze to ITO-PET (5.2%).
To determine the optimum performance of the composite
AgNW-resin ﬁlm, we calculated the value of the ﬁgure of merit
(FOM). The FOM was based on the sheet resistance (Rs) and
optical transmittance (T) at a wavelength of 550 nm and was
deﬁned as FOM = T10/Rs.30 Figure 7b shows the optical
transmittance and FOM values of the composite AgNW-resin
ﬁlm. We found that the FOM of the composite AgNW-resin
ﬁlm increased signiﬁcantly with decreasing rotational speed.
Because the density of AgNWs increased, the sheet resistance
of the AgNW-resin ﬁlm dramatically decreased with decreasing
rotational speed. When the rotational speed reached 3000 rpm,
the composite AgNW-resin ﬁlm showed the lowest FOM value
of 4.04 × 10−3 Ω−1, and when the rotational speed reached
1000 rpm, the composite AgNW-resin ﬁlm had the highest
FOM value of 34.71 × 10−3 Ω−1, which achieved a balance
between the low sheet resistance and the high optical
transmittance.
A uniform composite AgNW-resin ﬁlm (16 μm) of large
scale (7 × 7 cm2) is shown in Figure 8a. Figure 8b,c shows the
composite AgNW-resin ﬁlm with high transparency and
4955
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prove that burying AgNWs at the surface of the mixed resin
could improve the thermal stability of the AgNW ﬁlm.
We also compared our composite AgNW-resin ﬁlm to
diﬀerent types of transparent ﬁlms; the numbers are listed in
Table 2. From Table 2, we concluded that though selected

references to illustrate the excellent properties of the composite
AgNW-resin ﬁlm.
From Figure 9c we noted that after being pasted 40 times the
ΔR/R0 (ΔR = R − R0) of the AgNW-PET ﬁlm reached nearly
100%, the ΔR/R0 of the ITO-PET ﬁlm reached about 3%, and
the ΔR/R0 of the composite AgNW-resin ﬁlm reached only 1%.
When the pasting times became 100, the ΔR/R0 of the AgNWPET ﬁlm reached as high as 170%, which meant that most of
the AgNWs were peeled oﬀ of the PET substrate. The ΔR/R0
of the ITO-PET ﬁlm grew to 10%, and the ΔR/R0 of the
composite AgNW-resin ﬁlms changed to only 2.5%. This
excellent mechanical adhesion arose from the special structure
in Figure 10a, where all of the AgNWs were ﬁrmly anchored by

Table 2. Comparison of the Sheet Resistance and the Optical
Transmittance between the Reported Transparent AgNW
Films and the Composite AgNW-Resin Film
structure
AgNW-PET ﬁlm
AgNW/ITO-NP ﬁlm
AgNW-PVA ﬁlm
AgNW/PEDOT:PSS ﬁlm
ITO NP/Ag NW/ITO NP
ﬁlm
AgNW- acrylate ﬁlm
composite AgNW-resin ﬁlm

sheet resistance
(Ω/□)

transmittance
(%)

8.6
11
63
10.76
20

60
85.3
87.5
84.3
80

23
31
20
32
19

12
10

82
89.96

33
ours

references

research groups had proposed diﬀerent kinds of creative
strategies for fabricating AgNW composite ﬁlms, the nanowire
mesh still contained the weak properties. Low sheet resistance
and high transmittance could not be obtained in these
transparent conductive ﬁlms simultaneously. When the sheet
resistance reached 8.6 Ω/□, the transmittance was as low as
60%.23 Meanwhile, because the transmittance of the ﬁlm was
high, the sheet resistance could reach 63 Ω/□, which hindered
its application in industry. Fewer AgNWs were needed to
achieve the comparably low sheet resistance in the composite
AgNW-resin ﬁlm because AgNWs with a high aspect ratio were
synthesized and the facile pressing and heating process was
adopted in the experiment. Therefore, the performance of the
composite AgNW-resin ﬁlm could be improved. Consequently,
the composite AgNW-resin ﬁlm exhibited not only high
transmittance (89.96%) but also low sheet resistance (10 Ω/
□). With the unique high performance as well as full ﬂexibility,
this new approach might boost large-scale applications of the
composite AgNW-resin ﬁlm in ﬂexible, plastic, and wearable
optoelectronic devices.

Figure 10. (a) Structure of the composite AgNW-resin ﬁlms. AgNWs
were buried in the mixed resin matrix. (b, c) Holding the composite
AgNW-resin ﬁlm (16 μm) and AgNW-PET ﬁlm (100 μm) in hand,
respectively. (b) The ﬂexible composite AgNW-resin ﬁlm exhibited
high ﬂexibility and bent naturally to maintain the natural curve. (c)
AgNW-PET could not bend naturally and exhibited low ﬂexibility.

4. CONCLUSIONS
A typical ﬂexible, transparent, conducting ﬁlm of AgNWs was
developed by burying a AgNW ﬁlm below the surface of a
transparent resin matrix. Studies showed that the composite
AgNW-resin ﬁlm had superior mechanical robustness and
ultralow surface roughness. Appropriate mechanical pressing
could decrease the composite AgNW-resin ﬁlms’ sheet
resistance to a value of 10 Ω/□ while maintaining an optical
transmittance of as high as 90%. Electromechanical testing
demonstrated that for more than 100 bending cycles the
composite AgNW-resin ﬁlm was extremely stable, with the
variation in sheet resistance being less than 2.5%. Because the
transparence of the composite AgNW-resin ﬁlm was 89.96%
and constant in the near-infrared region, this was quite
beneﬁcial to solar cells. Therefore, we expected that this work
could be helpful for the development of high-quality wearable
and ﬂexible optoelectronic devices.

the resin matrix. Figure 10b shows that the composite AgNWresin ﬁlm (16 μm) was fully ﬂexible and bent naturally to
maintain the natural curve but the AgNWs ﬁlm coated onto the
PET substrate (100 μm) was hardly fully ﬂexible and could not
bend naturally (Figure 10c).
We further tested the thermal stability of the composite
AgNW-resin ﬁlm with the sheet resistance of 10 Ω/□. As
shown in Figure 9d, ΔR/R0 increased slowly up to nearly 40%
at 250 °C, which probably originated from the relatively high
thermal expansion of the resin matrix. And the composite
AgNW-resin ﬁlm maintained a considerable thermal stability
before 250 °C, above which oxidation led to a rapid increase in
the sheet resistance. So we could conclude that the maximum
operating temperature of the composite AgNW-resin ﬁlms was
nearly 250 °C. As a comparison, the resistance of AgNW ﬁlms
on Si was reported to have an obvious increase when the
AgNW ﬁlm was annealed in air at 200 °C for 1 h.17 This also
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