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Abstract: In order to improve the performance of silver nanowire (AgNW) flexible transparent
conductive films (FTCFs), including the conductivity, uniformity, and reliability, the welding of
high repetition rate femtosecond (fs) laser is applied in this work. Fs laser irradiation can produce
local enhancement of electric field, which induce melting at the gap of the AgNWs and enhance
electrical conductivity of nanowire networks. The overall resistivity of the laser-welded AgNW
FTCFs reduced significantly and the transparency changed slightly. Meanwhile, PET substrates
were not damaged during the laser welding procedure in particular parameters. The AgNW FTCFs
can achieve a nonuniformity factor of the sheet resistance as 4.6% at an average sheet resistance
of 16.1 Ω/sq and transmittance of 91%. The laser-welded AgNW FTCFs also exhibited excellent
reliability against mechanical bending over 10,000 cycles. The welding process may open up a new
approach for improvement of FTCFs photoelectric property and can be applied in the fabrication of
silver nanostructures for flexible optoelectronic and integration of functional devices.
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1. Introduction

Flexible transparent conducting films (FTCFs) are widely used in flexible optoelectronic devices,
such as flexible touch screens, flexible displays, transparent heaters, and solar cells [1–4]. Nowadays, the
commercial FTCFs are mainly the indium-doped tin oxide (ITO) coated on polyethylene terephthalate
(PET) substrate; however, ITO has its limitation of brittleness and the scarcity of indium, which may
severely affect its applicability in flexible electronic devices [5,6]. To keep up with market demand,
several new FTCFs, such as graphene, carbon nanotubes, and metallic nanostructures are widely
researched to replace ITO [7–9].

Among these candidate electrode materials, silver nanowires (AgNWs) shows well promising,
mainly due to its excellent conductivity, high optical transmittance and mechanical flexibility. However,
the conductivity, uniformity, and reliability of nanowire network are determined by the resistance of
wire-to-wire junction. Additionally, these characteristics restrict the application of AgNW FTCFs [10].
For example, the standard deviation of sheet resistance of touch panels should be lower than 10% to
precisely locate the touching coordinate [11].

Recently, some methods have been reported to enhance the wire-to-wire junction conductivity,
such as mechanical pressing [12], thermal annealing [13], plasmonic optical welding [14,15], and
chemical treatment [16]. While the mechanical pressing could achieve good smoothness and low sheet
resistance of metallic nanowires films, the sheet resistance uniformity cannot satisfy the requirement of
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high-end applications. The thermal treatment with a hot plate was prone to break up of the nanowires.
Plasmonic optical welding can generate hot spots only at the nanowire junctions to the formation of
a fully welded metal nanowire network. However, the process caused surface damage of flexible
substrates easily. As to the chemical treatment, the chemical residuals decreased optical transmittance.
Thus, a more effective post-treatment method to improve the comprehensive performance of AgNW
FTCFs is urgently needed [17].

Recently, laser welding has been applied in the welding of AgNWs [18,19]. It is a non-contact and
non-contaminate technique. The principle of this method is excitation of surface plasmon resonances
(SPRs) in and around nanomaterials, which can lead to the enhancement of the electrical field in
the nanogap between non-contacting nanomaterials and be followed by electrical field induced
nanomaterial melting, resulting in the migration of material into the gap [18]. Previous studies on
nanowelding of metallic nanowires mainly used nanosecond and longer pulsed lasers. However, the
thermal effect of nanosecond laser was obvious, and it can be used to induce melting of nanowires for
the assembly of spatially correlated nanoparticles [20,21]. Spechler et al. [22] showed the nanosecond
laser processing damaged the electrode by melting the AgNWs into conglomerations. Ha et al. [23]
indicated nanosecond laser irradiation inducing more damage to the PET substrate than femtosecond
laser irradiation. That is, because the thermal diffusion length of the sample is larger during the
nanosecond laser irradiation.

Femtosecond (fs) laser with ultrashort pulse durations and high peak power without causing
thermal damage to the part is usually employed in nanostructures manufacture and nanomaterials
modification [24–27]. It is an ideal tool for the excitation of surface plasmon resonances (SPRs), because
the fs laser excitation can minimize thermal damage in the adjacent nanomaterials and substrate
materials [28,29]. The interconnection of individual nanoparticles under strong optical field excitation
to form joint in the absence of filler material has been reported. For example, Huang et al. [30] produced
a metallic interconnection between two adjacent silver submicron/nanoparticles by using low fluence
fs laser irradiation. Lin et al. [31] reported the in situ joining of AgNWs without additional filler
material by controlled irradiation of fs laser. Ha et al. [23] welded the silver nanowire networks using
ultrashort laser pulses to minimize thermal damage of polymer substrate. And, the sheet resistance
and transmittance of the AgNW network were improved. These researches demonstrate that fs
laser radiation can be used to generate filler-free joint between nanomaterials to form nanowelding.
However, there are rarely research focusing on the uniformity and reliability of AgNW FTCFs.

In this study, we report a method of fs laser welding to improve the conductivity, uniformity and
reliability of AgNW FTCFs without substrate damage. In order to avoid nanowire fusing, we chose the
high repetition rate fs laser with the single pulse energy at nJ magnitude, and simulate the local field
enhancement induced by perpendicular nanowires. The defocus processing method is adopted to
improve efficiency and uniformity. The AgNW FTCFs with high electrical conductivity and uniformity
has been achieved. The experiments of bending, local thermal deformation of substrate, and removal
of welded nanowires have been carried out to study the reliability of the welded AgNW FTCFs.

2. Material and Methods

2.1. Material and Film Coating

AgNWs suspension used in this work was purchased from Haoxi Nanomaterials (HAOXI Inc.,
Shanghai, China) with average length of 16 µm and diameter of 60 nm. To fabricate FTCFs, The AgNW
suspension was homogenized by supersonic vibration for 2 min. The AgNWs were deposited on the
clean PET substrates using spin-coating at 1800 rpm for 60 s.

2.2. Laser Welding AgNW FTCFs

Welding of the simples exposed to the fs laser irradiation at the fluence of approximately
0.2~2.0 µJ/cm2. The fs laser welding procedure for samples are schematically illustrated in Figure 1.
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The fs laser (Spectra Physics) with a central wavelength 800 nm, a pulse duration 120 fs and a repetition
rate 80 MHz were used in this work. The maximum power of fs laser was 1.4 W and the irradiation
energy was attenuated by a half wave plate and a Glan prism. The fs laser source had a Gaussian
intensity profile that tightly focused on the top surface of the target material through a lens of focal
length 50 mm. The sample was placed perpendicular to the laser beam at 1 mm after focal point, and
the laser spot size was about 800 µm. A large area welding was achieved by scanning the laser spot on
the sample through controlled movement of X-Y stage. The sample moved in the x direction with a
constant scanning speed. After each scan, the sample was moved in the y direction by a distance of
500 µm. The scanning speed was in the range of 0.5 mm/s to 5 mm/s.
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Figure 1. Schematic illustration of fs laser welding of AgNWs on PET film.

2.3. Performance Characterization

The morphology of the AgNWs was analyzed using SEM (SEM, TESCAN, Brno, Czech).
Crystallographic properties of AgNWs were characterized by X-ray diffraction (XRD, Max 2500,
Rigaku, Tokyo, Japan) The sheet resistance of the specimen before and after laser scanning were
measured by the four-point probe system (SDY-4D, Guangzhou, China). The transmittance and
reflection spectra were collected by an UV-VIS spectrophotometer equipped with an integrating sphere.
(Cary 5000, Varian, Palo Alto, CA, USA). The value of haze was determined as the degree of diffuse light
scattering through the films. It was calculated according to the relationship Haze = (Ttot − Tspec)/Ttot,
where Ttot is the total transmittance and Tspec is the specular transmittance of the films. Stretching
were conducted by applying mechanical loads to the sample using a computer-controlled automatic
stand (Suns, Shenzhen, China). The stability tests of the samples were stored in an environmental test
chamber up to 30 days (Excal 2214, Climats, France), where the relative humidity and the temperature
were 85% RH and 85 ◦C, respectively. Simulations were carried out using the finite element method
(COMSOL Multiphysics 5.3a). In the simulation, the AgNWs are 60 nm in diameter, 2 µm in length,
and overlap at a single point.

3. Results and Discussion

3.1. Morphology of the Laser-Welded AgNWs

Figure 2 shows the micrographs of AgNWs networks with different laser fluences. Figure 2a is the
unprocessed sample, which displays the randomly arranged AgNWs and the AgNWs simply establish
physical contact with one another on the silicon substrate. When the AgNWs treatment at laser fluence
of 1.2 µJ/cm2, the morphology of junctions began to slightly melt and weld together. Meanwhile,
the nanowires surrounding each junction were unaffected and no further morphological change was
observed (Figure 2b). Further increase the laser fluence substantially resulted in damage of the AgNWs
(Figure 2c). The balling of silver appeared at the ends of nanowires and some nanowires separated
into several nanoparticles. However, the central part of most AgNWs still remained in the original
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morphology. This result is different from that observed for heating with a hot plate. The thermal
treatment of hot plate appeared as an undesired breaking up of the nanowires aligned with a Rayleigh
instability [32]. These differences highlight the excellence of the fs laser nanowelding method, which
allows junctions in the nanowire network to be welded and electrically connected without breaking up
the wires.
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Figure 2. SEM images of the AgNWs on the silicon substrate (a) before fs laser irradiation, after fs laser
irradiation at fluence of (b) 1.2 µJ/cm2 and (c) 2.0 µJ/cm2. Scale bar is 500 nm.

3.2. Numerical Analysis of the Electric Field Intensity for Laser-Welded the AgNWs

In order to examine the field localization with subwavelength-sized AgNWs, we calculated the
electromagnetic field distribution between two vertical nanowires. In the side view between the two
nanowires, as shown in Figure 3a,b, we see the two lobes of highly concentrated field intensity and this
predicted up to a 4-fold enhancement in the field intensity at the junction of the AgNWs. The melting
of that area would greatly increase the contact area between the two nanowires. At high intensity
optical excitation, the effect of field enhancement at the gap between AgNWs is magnified on account
of enhanced surface plasmon coupling arising from the presence of nanowire within the optical near
field [18,33,34]. The electromagnetic wave can generate thermal heating that is proportional to the
electric field intensity closer to the target material, and induce melting at the gap of the AgNWs.
Figure 3c plots the field intensity in the intersection area at different gap distances. It displays that the
effect of field intensity increases with the AgNWs come closer together. Once the nanowires touch, the
local electric filed enhancement effect declines rapidly and heating becomes less effective and then
the AgNWs cools. This phenomenon illustrates that laser nanowelding has the self-limiting property.
Similar to crossed junctions, the field intensity between a pair of aligned AgNWs is also extremely
sensitive to the interwire gap size (Figure 3d,e). With the same gap size of 2 nm, the simulation results
indicated that the maximum local electric field intensity at the parallel interstitial single pair AgNWs is
bigger than at the parallel interstitial. Figure 3f shows electric field distribution between nanowires
and PET surface. The electric field strength on both sides of the nanowire (blue line) is higher than
that of the Gaussian beam background field (red line), as shown in Figure 3g. This will cause the PET
around the nanowires to melt more easily.
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Figure 3. Simulated cross-sectional electric field distribution in the adjacent of two perpendicularly
crossed AgNWs at the gap of (a) 2 nm and (b) −2 nm, respectively. (c) Field intensity in the intersection
area at different gap distances calculated for the structures in the inset. The polarized direction of
laser is perpendicular to the top nanowires (black arrow). Negative values on the x axis correspond to
interpenetrating nanowires. Simulated electric field distribution between a pair of parallel AgNWs
with at the gap of (d) 2 nm and (e) −2 nm, respectively. (f) Electric field distribution between nanowire
and PET surface. (g) Line plot of the x component of the electric field (blue line) on upper surface of the
PET and the Gaussian beam background field (red line).

3.3. Sheet Resistance and Transmittance

Owing to the weak contact between nanowires and large contact resistance, the prepared AgNW
FTCFs exhibit poor electrical conductivity. The laser welding process is subsequently applied on the
prepared AgNW FTCFs to improve the electrical conductivity. Figure 4a shows the sheet resistance
and transmittance of the AgNW FTCFs at various fluences of 0.2~2.0 µJ/cm2 and fixed process speed at
1 mm2/s. Each sample was measured 10 times at random positions and the error bars were calculated,
as shown in Figure 4. The sheet resistance and transmittance sample before laser irradiation is 62.7 Ω/sq
and 91% at 550 nm, respectively. After fs laser welding, the whole resistance of the AgNW FTCFs is
rapidly decreased, and the eventual sheet resistance could be as low as 16.1 Ω/sq. Additionally, the
transmittance change of AgNW FTCFs are small, which shows that the fs laser direct-write method is
directly applied well to welding AgNW FTCFs. The sheet resistance of the AgNW FTCFs at various
process speeds are shown in Figure 4b. Fixing laser fluence at 0.8 or 1.2 µJ/cm2, the sheet resistance
increased with the increasing of the process speed.
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Figure 4. Change in the sheet resistance and transmittance of AgNW FTCFs at (a) different laser fluences
and (b) process speeds. (c) The sheet resistance and transmittance of the AgNW FTCFs at various mass
density of AgNWs solution and following laser welding. (d) Transmittance, (e) reflectance, and (f) haze
of AgNW FTCFs before and after laser welding. Inset: The SEM images of AgNWs spined-coating
onto PET film for laser-welded sample.

For fabricating the FTCFs with high optical transmittance and conductivity, the optical
transmittance and sheet resistance should be taken into account simultaneously because these
parameters generally counteract with each other. Figure 4c shows the eventual sheet resistance
of the laser-welded AgNW FTCFs formed from various mass density of AgNWs solution scanned
by the fs laser with fluence of 1.2 µJ/cm2 and process speed of 1 mm2/s. It is distinct that the sheet
resistance decreases dramatically through increasing the mass density of AgNWs solution. But the
transmittance falls from 92.7% to 88.2%. At the mass density of 3 mg/mL, the sample after laser welding
presents a sheet resistance as 16.1 Ω/sq at a transmittance of 91%.
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The transmittance, reflection and haze of the AgNW FTCFs over the visible wavelengths is shown
in Figure 4b,d,e. Compared to prepared AgNW FTCFs, the transmittance, reflection, and haze keep
the same or have minor change at laser fluence of 1.2 µJ/cm2. The inset of Figure 4d shows the
micromorphology of AgNWs spined-coating onto PET film for laser-welded sample at 1.2 µJ/cm2, and
no damage was found on the surface of the sample. When the laser fluence increased to 2.0 µJ/cm2, the
transmittance decreased and the reflection increased significantly. This phenomenon can be attributed
to excessive laser energy induced slight deformation of the PET substrate, which leads to a decrease in
transmittance and an increase in reflection and haze.

Figure 5a shows the XRD results of PET substrate and laser-welded AgNW FTCFs. The two
main diffraction peaks of PET substrate were measured before spin coating experiment (black line).
After laser processed the AgNWs network, the peaks of Ag and PET were observed and the peaks
of silver oxide (red line) was not detected. The blue line shows the XRD result of the laser-welded
AgNWs network exposed to air environments for 30 days. The various peaks related to the chemical
structures of Ag and PET still existed. This demonstrates that laser-welded AgNWs present a high
oxidation resistance under the ambient environments. In order to test thermal oxidation stabilities of
welded AgNW FTCFs, the samples were exposed to the condition at 85 ◦C and 85% RH for 30 days.
Figure 5b shows the sheet resistance of the AgNW FTCFs are almost unchanged. This confirms that
the conductivity of the AgNWs network was not destroyed after the thermal oxidation stability test.
The inset of Figure 5b shows the morphology of nanowire after the end of the 30-days stability test.
The nanowires remained a normal random network structure with sharp wires, only a small amount
of irregular particles appeared on the surface. Therefore, it is possible to format amorphous Ag oxide.
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85 ◦C) for 30 days. Inset: the morphology of nanowire after the end of the 30-days stability test. R0 is
the initial resistance, Ra is the resistance measured after the experiment.

3.4. Distribution of Sheet Resistance of the AgNW FTCFs

The initial sheet resistance value of the AgNW FTCFs present a wider range of ~45 to ~1000 Ω/sq
and large resistance also corresponds to large standard deviation, as shown in Figure 4c. The uniformity
of the AgNW sheet resistance is determined by a point contact electrical path [35,36]. In this work,
we found that the laser welding played an important role in enhancing the resistance uniformity of
AgNW FTCFs. The effect of fs laser welding on the sheet resistance uniformity was investigated by
changing the mass density of AgNWs solution. In order to evaluate the sheet resistance uniformity of
the samples, relative evaluation standard (RSTD) was introduced. The value of RSTD was determined
as the deviation of the sheet resistance of the sample away from the average value. The RSTD was
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expressed by dividing the total standard deviation by the average of the sample [11]. The RSTD can be
calculated as

RSTD =

√√√
1
n

∑n
i=1 (Ri −R)

2

R
2

where n is the number of measurements on the sample of different position, Ri is the measured
resistance and R is the average resistance of all the measuring points. The smaller the value of RSTD
shows the more uniform resistance of the film.

The RSTD of AgNW FTCFs before and after laser welding are shown in Figure 6 at mass density
of 3 mg/mL. The FTCFs were divided into 36 parts of the same size and the sheet resistance of each part
was measured. The RSTD of the sheet resistance was 4.6% after laser welding at fluence of 1.2 µJ/cm2,
much lower than that of the film before laser irradiation (9.5%), as shown in Figure 6a,b. Figure 6c
shows the RSTD of the AgNW FTCFs at different mass density of AgNWs solution and following laser
welding. Before laser irradiation, it is distinct that the RSTD of AgNW FTCFs increases monotonously
with the mass density of AgNWs reducing. Compared to the before laser irradiation, the RSTD of
all AgNW FTCFs after laser welding are dramatically decreased. Especially when the mass density
of AgNWs solution is small, the change of RSTD is large. Finally, the RSTD decreases to a minimum
value of 3.8% at a mass density of 3.5 mg/mL.
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3.5. Reliability of the AgNW FTCFs

The reliability of the AgNW FTCFs was further investigated by bending test after laser welding at
fluence of 1.2 µJ/cm2. The results reveal that the sheet resistance of the laser-welded AgNW FTCFs
shows less than 3% deviation after 10,000 cycles with a bending radius of 15 mm, while the sheet



Nanomaterials 2019, 9, 673 9 of 13

resistance of as-prepared AgNW FTCFs shows decreasing and eventually down to a steady ratio at
the same bending condition, as shown in Figure 7a. For as-prepared samples, the stretch may induce
cold-welding at overlapping nanowires during the bending test, which caused the sheet resistance
of as-prepared AgNW FTCFs decreasing. A small change in the sheet resistance of the laser-welded
AgNW FTCFs indicates that the welding joints have achieved a strong connection after laser welding.
To test the sheet resistance and stretchability of the AgNW FTCFs after laser welding, the stretching
tests were carried out. As schematically illustrated in Figure 7b, the samples were tested on a stretcher
with the stretching direction parallel to the longitudinal axis of the samples. When the tensile strain is
≤10%, the resistance has only a slight change. After the tensile strain is greater than 10%, the surface
resistance of the film increases rapidly. This may be due to the breakage of partial AgNWs after
experiencing high strain (≥15%), which destroys the conductivity of the AgNWs network.
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In order to verify the bonding properties between nanowires and PET surface, we removed the
pristine and laser processed AgNWs on PET by ultrasonic cleaning. Figure 8a shows the surface of
the PET before laser welding shows clear PET surface without local melting region. However, the
PET surface after laser processed appeared local melted along the AgNWs (groove pointed by white
arrow) due to the local high temperature, as shown in Figure 8b. That is because the simulation results
show that the local electric field enhancement occurred at the interface between nanowire and PET.
Surface plasmon polaritons of AgNWs was excited, resulting in local high temperature [14,37]. This
caused embedment of AgNWs into PET and increased contact area between nanowires and substrate.
The adhesion between nanowires and PET surface was enhanced. The melting point of PET is about
240 ◦C [38,39]. Thus, we estimate the temperature of the nanowire to be about 240 ◦C during the laser
irradiation. This result is in reasonable agreement with the result of the simulation by Jung et al. [14]
Additionally, in spite of intensive laser processing on thermally sensitive PET, the film deformation or
other negative side effects on PET properties were not observed.

Figure 9 shows a set of SEM images of laser-welded AgNWs network area with different
irradiation time of electron beam during the SEM measurement. Experienced the first time of electron
irradiation, the solid rectangles and dotted circles indicate being connected, but did not fracture
nanowires (Figure 9a). However, experienced the second time of electron irradiation, the PET substrate
occurred deformation that because the continuous action of electron beam produced thermal effects.
The deformation of PET substrate generated tensile force, which may break the laser-welded AgNWs.
As shown in dotted circles of Figure 9b, the fractured nanowires are ruptured at the junction point, but
welding spots of wire-wire junction are not destroyed. This suggests again that fs laser is an effective
method for the welding of AgNWs and formatted stabilized nanowelding. Some junction points
shown in Figure 9 are welded and the other points have no obvious weld morphology. This is because
the distance between nanowires on each cross is random after spin coating. The field strength between
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nanowires depends on the distance between nanowires. With the increasing of nanowires spacing the
field strength is getting weaker. The different spacing between the nanowires randomly distributed on
the surface of the film caused the different welding field strength. Once the laser intensity is too high,
the AgNWs would be burnt. In order to avoid the burning of nanowires, optimized parameter only
can weld partial of the cross evidently. In addition, the fs laser direct-write method does not damage of
the PET substrate in specific process parameters, as shown in Figure 9. This indicates that the fs laser
welding process is also compatible with flexible PET substrates on account of the reduced heat-affected
zone of the focused spot.
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Figure 8. SEM image of PET surface after ultrasonic cleaning (a) the pristine AgNWs FTCFs and (b)
laser-welded AgNWs FTCFs, respectively.
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4. Conclusions

In summary, the conductivity and uniformity of the AgNW FTCFs were improved using a fs
laser welding method. Fs laser irradiation generates local heat at the junctions between the nanowires
due to the field enhancement, which produced melting at the gap of the AgNWs. Through this
process, the overall resistance of the AgNW FTCFs reduced significantly and the transparency of
FTCFs changed slightly. Meanwhile, PET substrates were not significantly damaged during the
laser welding procedure in particular parameters. The AgNW FTCFs can achieve a nonuniformity
factor of the sheet resistance as 4.6% at an average sheet resistance of 16.1 Ω/sq and transmittance of
91%. The laser-welded AgNW FTCFs also exhibited excellent reliability against mechanical bending
over 10,000 cycles and showed the lifetime of 30 days under an atmosphere at 85 ◦C and 85% RH.
The numerical analysis of the electric field intensity confirmed that welding of the AgNWs be incited
by 800 nm laser. Considering that the welding process fabricated of AgNW FTCFs with excellent
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photoelectric property and eliminates the effect on the substrate, this approach would offer a new route
to fabrication of flexible transparent electrodes.

Author Contributions: Y.H., C.L., J.D. conceived and designed the experiments; C.L., J.Z. performed the
simulations and experiments; C.L., X.S., X.Z. analyzed the results; C.L. wrote the paper.

Funding: This research was funded by the National Natural Science Foundation of China (Grant Nos. 51875585,
51875584, 51475481, 51475482) and by the National Key Research and Development Program of China (Grant
No. 2018YFB1107803). The APC was funded by the National Natural Science Foundation of China (Grant No.
51875585).

Acknowledgments: This work was supported in part by the National Natural Science Foundation of China (Grant
Nos. 51875585, 51875584, 51475481, 51475482) and by the National Key Research and Development Program of
China (Grant No. 2018YFB1107803).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ye, S.; Rathmell, A.R.; Chen, Z.; Stewart, I.E.; Wiley, B.J. Metal nanowire networks: The next generation of
transparent conductors. Adv. Mater. 2014, 26, 6670–6687. [CrossRef]

2. Ji, S.; He, W.; Wang, K.; Ran, Y.; Ye, C. Thermal response of transparent silver nanowire/PEDOT: PSS film
heaters. Small 2014, 10, 4951–4960. [CrossRef] [PubMed]

3. Huang, P.S.; Gao, T. Current development of 1D and 2D metallic nanomaterials for the application of
transparent conductors in solar cells: Fabrication and modeling. Nano Struct. Nano Objects 2018, 15, 119–139.
[CrossRef]

4. Wang, J.; Liang, M.; Fang, Y.; Qiu, T.; Zhang, J.; Zhi, L. Rod-coating: Towards large-area fabrication of
uniform reduced graphene oxide films for flexible touch screens. Adv. Mater. 2012, 4, 2874–2878. [CrossRef]
[PubMed]

5. Yu, H.K.; Kim, S.; Koo, B.; Jung, G.H.; Lee, B.; Ham, J.; Lee, J.L. Nano-branched transparent conducting oxides:
Beyond the brittleness limit for flexible electrode applications. Nanoscale 2012, 4, 6831–6834. [CrossRef]

6. Taesoon, P.; Jeonghong, H.; Dongsik, K. Laser processing of indium tin oxide thin film to enhance electrical
conductivity and flexibility. Thin Solid Films 2018, 658, 38–45.

7. Tenent, R.C.; Barnes, T.M.; Bergeson, J.D.; Ferguson, A.J.; To, B.; Gedvilas, L.M.; Heben, M.J.; Blackburn, J.L.
Ultrasmooth, large-area, high-uniformity, conductive transparent single-walled-carbon-nanotube films for
photovoltaics produced by ultrasonic spraying. Adv. Mater. 2009, 21, 3210–3216. [CrossRef]

8. Pang, S.; Hernandez, Y.; Feng, X.; Mullen, K. Graphene as transparent electrode material for organic
electronics. Adv. Mater. 2011, 23, 2779–2795. [CrossRef]

9. Hongru, M.; Jinfeng, Z.; Steven, H.; Lei, M.; Mingze, M.; Xuhong, G.; Yanqing, M. Hydrothermal fabrication
of silver nanowires-silver nanoparticles-graphene nanosheets composites in enhancing electrical conductive
performance of electrically conductive adhesives. Nanomaterials 2016, 6, 119.

10. Hauger, T.C.; Al-Rafia, S.M.; Buriak, J.M. Rolling silver nanowire electrodes: Simultaneously addressing
adhesion, roughness, and conductivity. ACS Appl. Mater. Interfaces 2013, 5, 12663–12671. [CrossRef]

11. Jia, Y.; Chen, C.; Jia, D.; Li, S.; Ji, S.; Ye, C. Silver nanowire transparent conductive films with high uniformity
fabricated via a dynamic heating method. ACS Appl. Mater. Interfaces 2016, 8, 9865–9871. [CrossRef]

12. Madaria, A.R.; Kumar, A.; Ishikawa, F.N.; Zhou, C. Uniform, highly conductive, and patterned transparent
films of a percolating silver nanowire network on rigid and flexible substrates using a dry transfer technique.
Nano Res. 2010, 3, 564–573. [CrossRef]

13. Tokuno, T.; Nogi, M.; Karakawa, M.; Jiu, J.; Nge, T.T.; Aso, Y.; Suganuma, K. Fabrication of silver nanowire
transparent electrodes at room temperature. Nano Res. 2011, 4, 1215–1222. [CrossRef]

14. Park, J.H.; Hwang, G.T.; Kim, S.; Seo, J.; Park, H.J.; Yu, K.; Kim, T.S.; Lee, K.J. Flash-induced self-limited
plasmonic welding of silver nanowire network for transparent flexible energy harvester. Adv. Mater. 2017,
29, 1603473. [CrossRef] [PubMed]

15. Garnett, E.; Cai, W.; Cha, J.J.; Mahmood, F.; Connor, S.T.; Connor, M.G.; Christoforo, M.G.; Cui, Y.;
McGehee, M.D.; Brongersma, M.L. Self-limited plasmonic welding of silver nanowire-junctions. Nat. Mater.
2012, 11, 241–249. [CrossRef]

http://dx.doi.org/10.1002/adma.201402710
http://dx.doi.org/10.1002/smll.201401690
http://www.ncbi.nlm.nih.gov/pubmed/25049116
http://dx.doi.org/10.1016/j.nanoso.2017.09.001
http://dx.doi.org/10.1002/adma.201200055
http://www.ncbi.nlm.nih.gov/pubmed/22539114
http://dx.doi.org/10.1039/c2nr32228e
http://dx.doi.org/10.1002/adma.200803551
http://dx.doi.org/10.1002/adma.201100304
http://dx.doi.org/10.1021/am403986f
http://dx.doi.org/10.1021/acsami.6b00500
http://dx.doi.org/10.1007/s12274-010-0017-5
http://dx.doi.org/10.1007/s12274-011-0172-3
http://dx.doi.org/10.1002/adma.201603473
http://www.ncbi.nlm.nih.gov/pubmed/27892631
http://dx.doi.org/10.1038/nmat3238


Nanomaterials 2019, 9, 673 12 of 13

16. Kang, H.; Kim, Y.; Cheon, S.; Yi, G.R.; Cho, J.H. Halide welding for silver nanowire network electrode.
ACS Appl. Mater. Interfaces 2017, 9, 30779–30785. [CrossRef] [PubMed]

17. Peng, P.; Hu, A.; Gerlich, A.P.; Zou, G.; Liu, L.; Zhou, Y.N. Joining of silver nanomaterials at low temperatures:
Processes, properties, and applications. ACS Appl. Mater. Interfaces 2015, 7, 12597–12618. [CrossRef]
[PubMed]

18. Liu, L.; Peng, P.; Hu, A.; Zou, G.; Duley, W.W.; Zhou, Y.N. Highly localized heat generation by femtosecond
laser induced plasmon excitation in Ag nanowires. Appl. Phys. Lett. 2013, 102, 073107. [CrossRef]

19. Spechler, J.A.; Nagamatsu, K.A.; Sturm, J.C.; Arnold, C.B. Improved efficiency of hybrid organic photovoltaics
by pulsed laser sintering of silver nanowire network transparent electrode. ACS Appl. Mater. Interfaces 2015,
7, 10556–10562. [CrossRef]

20. Shanliangzi, L.; Michelle, Y.; Lewis, W.E.; William, B.J.; Biwei, D.; Cheng, G.J.; Kramer, R. Laser sintering
of liquid metal nanoparticles for scalable manufacturing of soft and flexible electronics. ACS Appl.
Mater. Interfaces 2018, 10, 28232–28241.

21. Torrisi, V.; Censabella, M.; Piccitto, G.; Grimaldi, M.; Ruffino, F. Characteristics of Pd and Pt nanoparticles
produced by nanosecond laser irradiations of thin films deposited on topographically-structured transparent
conductive oxides. Coatings 2019, 9, 68. [CrossRef]

22. Spechler, J.A.; Arnold, C.B. Direct-write pulsed laser processed silver nanowire networks for transparent
conducting electrodes. Appl. Phys. A 2012, 108, 25–28. [CrossRef]

23. Ha, J.; Lee, B.J.; Hwang, D.J.; Kim, D. Femtosecond laser nanowelding of silver nanowires for transparent
conductive electrodes. RSC Adv. 2016, 6, 86232–86239. [CrossRef]

24. Cao, X.; Chen, Q.; Fan, H.; Zhang, L.; Juodkazis, S.; Sun, H. Liquid-assisted femtosecond laser
precision-machining of silica. Nanomaterials 2018, 8, 287. [CrossRef] [PubMed]

25. Hu, Y.; Yue, H.; Duan, J.A.; Wang, C.; Zhou, J.; Lu, Y.; Yin, K.; Dong, X.; Su, W.; Sun, S. Experimental research
of laser-induced periodic surface structures in a typical liquid by a femtosecond laser. Chin. Opt. Lett. 2017,
15, 021404–021408.

26. Chu, D.; Sun, X.; Dong, X.; Yin, K.; Luo, Z.; Chen, G.; Duan, J.A.; Hu, Y.; Zhao, X. Effect of double-pulse-laser
polarization and time delay on laser-assisted etching of fused silica. J. Phys. D Appl. Phys. 2017, 50, 465306.
[CrossRef]

27. Ha, J.; Jung, H.Y.; Hao, J.; Li, B.; Raeliarijaona, A.; Alarcon, J.; Terrones, H.; Ajayan, P.M.; Jung, Y.J.; Kim, J.;
et al. Ultrafast structural evolution and formation of linear carbon chains in single-walled carbon nanotube
networks by femtosecond laser irradiation. Nanoscale 2017, 9, 16627–16631. [CrossRef] [PubMed]

28. Sundaram, S.K.; Mazur, E. Inducing and probing non-thermal transitions in semiconductors using
femtosecond laser pulses. Nat. Mater. 2002, 1, 217. [CrossRef]

29. Gattass, R.R.; Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Photonics 2008, 2,
219–225. [CrossRef]

30. Huang, H.; Sivayoganathan, M.; Duley, W.W.; Zhou, Y. High integrity interconnection of silver
submicron/nanoparticles on silicon wafer by femtosecond laser irradiation. Nanotechnology 2015, 26, 025303.
[CrossRef]

31. Lin, L.; Liu, L.; Peng, P.; Zou, G.; Duley, W.W.; Zhou, Y.N. In situ nanojoining of Y- and T-shaped silver
nanowires structures using femtosecond laser radiation. Nanotechnology 2016, 27, 125201. [CrossRef]

32. Karim, S.; Toimil-Molares, M.E.; Balogh, A.G.; Ensinger, W.; Cornelius, T.W.; Khan, E.U.; Neumann, R.
Morphological evolution of Au nanowires controlled by rayleigh instability. Nanotechnology 2006, 17,
5954–5959. [CrossRef]

33. Rossouw, D.; Botton, G.A. Resonant optical excitations in complementary plasmonic nanostructures.
Optics Express 2012, 20, 6968. [CrossRef]

34. Taejoon, K.I.; Ki-Seok, J.; Wonjun, C.; Yonghoon, L. Creating well-defined hot spots for surface-enhanced
raman scattering by single-crystalline noble metal nanowire pairs. J. Phys. Chem. C 2009, 113, 7492–7496.

35. Han, S.; Hong, S.; Ham, J.; Yeo, J.; Lee, J.; Kang, B.; Lee, P.; Kwon, J.; Lee, S.S.; Yang, M.Y.; et al. Fast plasmonic
laser nanowelding for a Cu-nanowire percolation network for flexible transparent conductors and stretchable
electronics. Adv. Mater. 2014, 26, 5808–5814. [CrossRef]

36. Hu, L.; Han, S.K.; Lee, J.Y.; Peumans, P.; Cui, Y. Scalable coating and properties of transparent, flexible, silver
nanowire electrodes. ACS Nano 2010, 4, 2955–2963. [CrossRef]

http://dx.doi.org/10.1021/acsami.7b09839
http://www.ncbi.nlm.nih.gov/pubmed/28820234
http://dx.doi.org/10.1021/acsami.5b02134
http://www.ncbi.nlm.nih.gov/pubmed/26005792
http://dx.doi.org/10.1063/1.4790189
http://dx.doi.org/10.1021/acsami.5b02203
http://dx.doi.org/10.3390/coatings9020068
http://dx.doi.org/10.1007/s00339-012-6958-7
http://dx.doi.org/10.1039/C6RA19608J
http://dx.doi.org/10.3390/nano8050287
http://www.ncbi.nlm.nih.gov/pubmed/29710764
http://dx.doi.org/10.1088/1361-6463/aa8e75
http://dx.doi.org/10.1039/C7NR05883G
http://www.ncbi.nlm.nih.gov/pubmed/29086781
http://dx.doi.org/10.1038/nmat767
http://dx.doi.org/10.1038/nphoton.2008.47
http://dx.doi.org/10.1088/0957-4484/26/2/025303
http://dx.doi.org/10.1088/0957-4484/27/12/125201
http://dx.doi.org/10.1088/0957-4484/17/24/009
http://dx.doi.org/10.1364/OE.20.006968
http://dx.doi.org/10.1002/adma.201400474
http://dx.doi.org/10.1021/nn1005232


Nanomaterials 2019, 9, 673 13 of 13

37. Fujita, Y.; Walke, P.; Lu, G.; Chamtouri, M.; De, S.; Uji-I, H. Surface plasmon-assisted site-specific cutting of
silver nanowires using femtosecond laser. Adv. Mater. Technol. 2016, 1, 160014–160020. [CrossRef]

38. Back, S.; Kang, B. Low-cost optical fabrication of flexible copper electrode via laser-induced reductive
sintering and adhesive transfer. Opt. Lasers Eng. 2018, 101, 78–84. [CrossRef]

39. Xie, F.; Lofgren, E.A.; Jabarin, S.A. Melting and crystallization behavior of poly(ethylene terephthalate) and
poly(m-xylylene adipamide) blends. J. Appl. Polym. Sci. 2010, 118, 2153–2164. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/admt.201600014
http://dx.doi.org/10.1016/j.optlaseng.2017.09.027
http://dx.doi.org/10.1002/app.32526
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Material and Film Coating 
	Laser Welding AgNW FTCFs 
	Performance Characterization 

	Results and Discussion 
	Morphology of the Laser-Welded AgNWs 
	Numerical Analysis of the Electric Field Intensity for Laser-Welded the AgNWs 
	Sheet Resistance and Transmittance 
	Distribution of Sheet Resistance of the AgNW FTCFs 
	Reliability of the AgNW FTCFs 

	Conclusions 
	References

