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The Conductive Silver Nanowires 
Fabricated by Two-beam Laser 
Direct Writing on the Flexible Sheet
Gui-Cang He1,2, Mei-Ling Zheng1, Xian-Zi Dong1, Feng Jin1, Jie Liu1, Xuan-Ming Duan3 & Zhen-
Sheng Zhao1

Flexible electrically conductive nanowires are now a key component in the fields of flexible devices. The 
achievement of metal nanowire with good flexibility, conductivity, compact and smooth morphology 
is recognized as one critical milestone for the flexible devices. In this study, a two-beam laser direct 
writing system is designed to fabricate AgNW on PET sheet. The minimum width of the AgNW 
fabricated by this method is 187 ± 34 nm with the height of 84 ± 4 nm. We have investigated the 
electrical resistance under different voltages and the applicable voltage per meter range is determined 
to be less than 7.5 × 103 V/m for the fabricated AgNW. The flexibility of the AgNW is very excellent, 
since the resistance only increases 6.63% even after the stretched bending of 2000 times at such a 
small bending radius of 1.0 mm. The proposed two–beam laser direct writing is an efficient method to 
fabricate AgNW on the flexible sheet, which could be applied in flexible micro/nano devices.

Over the past few years, there has been increasing attention on micro/nano devices on flexible substrate due to the 
unique potential for flexible electronics such as sensory skins for robotics, structural health monitors, wearable 
communication devices, and so on1–4. Flexible electrically conductive nanowire is now a key component in the 
fields of flexible devices. Metals are considered as the ideal conductive material, however, metals are rigid and 
inflexible due to the high Young’s modulus, e.g. 76 GPa in the case of Ag5. In particular, the surface morphology 
of metal nanowire is loose and rough6–11, and thus results in the poor conductivity12,13. Therefore, the fabrication 
of the metal nanowire with good flexibility, excellent conductivity, compact and smooth morphology is urgently 
demand for manufacturing the flexible electronic devices.

Precise control of the morphology and optimization of the electrical conductivity of metal nanostructures 
are the premise for further applications. Much effort has been devoted to achieve the metal nanostructures of 
controllable morphology and desired conductivity14–18. A solution-based assembly technique has been utilized 
to fabricate conductive nanostructures, however, it is difficult to orderly control the morphology of the nanow-
ires19,20. Conventional imprinting lithography is considered to be a useful method, which is performed at low 
temperature, low pressure and produces excellent uniformity in the quality of the resulted imprinted structures21. 
Unfortunately, the method requires multi-processes to complete the fabrication, and the samples will be contam-
inated inevitably. As a material-conserving deposition approach22, the inkjet printing technique has been used 
to fabricate nanowires and devices of different conductive materials on the flexible substrate23,24. Although the 
nanowires fabricated by inkjet printing technique exhibit good conductivity, the surface of the nanowires are 
incompact and rough originating from the uncontrollable size and distance of the metal particles. In our previous 
work, we have realized the silver nanowire (AgNW)25–27 and other metal structures28–31 by femtosecond laser 
induced multiphoton process on the glass substrate. Nevertheless, the expected continuous and compact AgNW 
was not achieved from the Ag aqueous solution on the flexible polyethylene terephthalate (PET) sheet only by 
femtosecond laser, due to the hydrophobic surface of the PET sheet. Therefore, the achievement of compact and 
smooth metal nanowire with excellent conductivity on the flexible substrate is still a challenge.
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In this work, a new two-beam laser direct writing protocol is proposed to fabricate the conductive AgNW with 
compact and smooth morphology on the flexible PET sheet, owning to the photoreduction of the pulse laser and 
the optical trapping effect of the continuous-wave (CW) laser. The AgNW with controllable width and height at 
nanometric scale has been fabricated by optimizing the experimental conditions. We have investigated the elec-
trical resistance under different voltages and the applicable voltage per meter range, which is determined to be less 
than 7.5 ×  103 V/m for the fabricated AgNW. The AgNW electrical resistance dependence on the different bend-
ing radii has demonstrated the flexibility. Compared to the AgNW without bending, the resistance hardly changes 
even after stretched bending of 2000 times at such a small bending radius of 1.0 mm. This proposed protocol for 
fabricating conductive AgNW of excellent flexibility would open up new avenues for the further application in 
flexible micro/nano devices.

Results
The two-beam laser direct writing system. The two-beam laser direct writing technique has been 
employed in creating the continuous and compact AgNW on the PET sheet. A mode-locked Ti:Sapphire laser 
system (Tsunami, Spectra-Physics) with a center wavelength of 780 nm, a pulse width of 120 fs, and a repetition 
rate of 80 MHz is used as the pulse laser excitation source, mainly induces the multiphoton photoreduction of 
Ag nanoparticles. The other CW laser with a wavelength of 442 nm (He-Cd laser, IK57511-G) mainly works as 
optical tweezer32,33, which is a promising process to make the Ag nanoparticles gather together by an optical trap-
ping force34–37 and form a continuous and compact AgNW. The two-beam laser direct writing setup is illustrated 
in Fig. 1. The two beams pass through two laser beam expanders and the diameters of the two beams laser spots 
are all expanded six times in order to improve the uniformity of the intensity distribution of the laser spot and 
reduce the laser divergence angle. The beam diameter of pulse laser increases to 6 mm and the beam diameter of 
CW laser increases to 10 mm. Then the center of the two beams overlapped together by a dichroic mirror (DM) 
and focused into the sample on the three-dimensional (3D) piezo stage (P-563.3 CD, Physik Instrument) by an 
oil-immersion high numerical aperture objective lens (Olympus, N.A. =  1.42, × 60). The movement of the piezo 
stage, shutters and attenuators are controlled by a computer according to a preprogrammed pattern. A CCD cam-
era was mounted after the DM to monitor the fabrication process.

Schematic illustration of the AgNW preparation strategy. A schematic illustration of the AgNW 
preparation strategy on flexible sheet is presented in Fig. 2. A hollow film with a thickness of about 50 μ m is stuck 
on a glass substrate as a spacer and thus a home-made cuvette is formed. The sample is filled in the cuvette on 
the glass substrate (Fig. 2a). The PET sheet is covered above the glass substrate, and the sample is sandwiched 
between the glass substrate and the PET sheet, forming a space-confined cuvette (Fig. 2b). Then the laser is tightly 
focused into the inner surface of the PET sheet by the oil-immersion objective lens. The Ag nanoparticles will be 
photoreduced and the AgNW could be fabricated on the PET sheet with the movement of a piezo stage (Fig. 2c). 
Finally, the PET sheet is peeled off from the glass substrate and the AgNW is obtained after removing the unre-
acted solution with ethanol (Fig. 2d).

Figure 1. Schematic diagram of the two-beam laser direct writing experiment setup. 
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Fabricated the AgNW on the PET sheet. We have verified the fabrication capability of both pulse and 
CW lasers, respectively. The pulse laser itself could only produce some breakpoints of Ag nanoparticles or the 
very loose AgNW but not the compact AgNW on the PET sheet (Supplementary Fig. S1). On the other hand, 
some continuous AgNWs can be fabricated on the PET sheet, but the surface is very rough while only using 
CW laser (Supplementary Fig. S2). Based on the understanding of the effect of two lasers, we try to find out the 
optimized experimental conditions for fabricating the desired AgNWs on the PET sheet by using two-beam laser 
direct writing technique.

Scanning speed plays an important role in determining the morphology of the AgNW including width and 
height. While the laser powers for the pulse beam and the CW beam are kept at 0.43 mW and 1.79 mW, AgNWs 
are fabricated with different scanning speed. Figure 3a shows the scanning electron microscope (SEM) images of 
the AgNWs fabricated on the PET sheet with the scanning speed from 1.0 μ m/s to 3.5 μ m/s. The AgNWs fabri-
cated with a speed less than 3.0 μ m/s are continuous, but becomes intermittent when the scanning speed is as fast 
as 3.5 μ m/s. The width and the height of the AgNW are determined by measuring 5 different positions in the SEM 
images and atomic force microscope (AFM) images (Supplementary Fig. S3a), respectively. Both of the width and 
the height of the AgNWs decrease with the increasing of the scanning speed (Fig. 3d). It is reasonable that there 
are not enough Ag nanoparticles to aggregate into a continuous nanowire owing to the decreased amount of the 
photoreduced Ag nanoparticles when the scanning speed increases to 3.5 μ m/s.

The morphology of the AgNW will be influenced by the amount of photoreduced Ag nanoparticles, origi-
nating from the multiphoton photoreduction of pulse laser beam. The AgNWs were fabricated on the PET sheet 
while varying the pulse beam power from 0.35 mW to 0.43 mW at the scanning speed of 3.0 μ m/s and the power 
of CW beam of 1.79 mW. There are only some nanoparticles on the PET sheet when the power of pulse beam is 
0.35 mW (Fig. 3b). But a series of AgNWs is able to be fabricated when the power is over 0.35 mW. The AgNW 
width increases from 134 nm to 190 nm when the pulse beam power changes from 0.36 mW to 0.39 mW, but only 
8 nm at higher pulse beam power from 0.40 mW to 0.43 mW (Fig. 3e). The height vibration measured from the 
AFM images (Supplementary Fig. S3b) increases with the increase of the laser power (Fig. 3e), but only 9 nm at 
higher pulse beam power from 0.40 mW to 0.43 mW. Corresponding to the multiphoton absorption probability, 
the amount of Ag nanoparticles increase faster when the pulse beam power is less than 0.39 mW, but slower when 
the power is more than 0.40 mW. The compactness and the smoothness of the AgNWs are almost the same when 
the pulse beam power changes at high laser power. These results indicate that the morphology such as the width 
and height of AgNW is strongly dependent on the amount of Ag nanoparticles.

Differently, CW laser beam would influence the width and height of the AgNW through the optical trapping 
force. Here, the AgNWs were fabricated on the PET sheet while varying the laser power of CW beam from 

Figure 2. Schematic illustration of preparation of the AgNW on the PET sheet using two-beam laser direct 
writing. (a) Ag aqueous solution is dropped on the glass substrate and covered by PET sheet. (b) The sample is 
sandwiched between the glass substrate and the PET sheet, and the PET sheet is made to be parallel to the glass 
substrate. (c) Two beams are focused into the sample by the objective lens and to fabricate the AgNW on the 
PET sheet. (d) PET sheet is peeled off from glass substrate and the AgNWs are obtained after washing out the 
unreacted solution with ethanol.
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1.55 mW to 1.79 mW at a scanning speed of 3.0 μ m/s and the pulse laser power of 0.43 mW (Fig. 3c). The cor-
responding width and height of the AgNWs are analyzed accordingly. The widths of the AgNWs are almost 
constant and the roughness is less than 10 nm, and surface of the AgNWs are compact and smooth with the CW 
beam power ranging from 1.59 mW to 1.79 mW (Fig. 3f). The height of the AgNWs measured from the AFM 
image (Supplementary Fig. S3c) increases from 53 nm to 84 nm when the CW laser power changes from 1.55 mW 
to 1.79 mW, which is mainly attributed to the increase of the longitudinal gradient force of the CW beam induced 
optical trapping. Note that the height of the AgNW is the smallest and the width is the biggest when the CW laser 
power is 1.55 mW. In this case, the optical trapping force of CW laser beam is too weak to prompt the aggrega-
tion of Ag nanoparticles even to further improve the morphology of the AgNW. On the contrary, the volume of 
AgNW increases at higher CW laser power, resulting from the increase of height and the constant width. This 
phenomenon implies that the amount of the Ag nanoparticles increase with the increase of the CW laser power. 
Therefore, we found that the CW beam not only works as optical tweezers to compact the Ag nanoparticles 
together, but also assists the photoreduction of the Ag nanoparticles.

The conductivity of the AgNW. The conductivity is of significant importance for the metallic nanostruc-
tures because this will directly determine the promising application in electronics, photonics and so on. The 
resistivity of the AgNW is calculated from the equation ρ  =  RS/L. R is resistance, S is the cross-section area of the 
AgNW, and L is the distance of the two electrodes. The Ag nanowire for the conductivity characterization was 
fabricated on the PET sheet with the power of the pulse beam and the CW beam of 0.43 mW and 1.79 mW, the 
scanning speed of 3.0 μ m/s and scanned three times. Before the resistance measurement, a metal mask plate was 
used to cover the individual AgNW prefabricated on the PET sheet and deposited silver electrodes on both ends. 
Figure 4a shows the SEM image of the AgNW and the electrodes, in which the two electrodes distance is 80 μ m. 
The magnified AFM image of the AgNW and corresponding cross-section indicates the width and height of the 
AgNW (Fig. 4b,c). The schematic illustration of the electrical measurement setup and the digital photographs are 
shown in Fig. 4d,e, respectively.

We have measured the resistance of the AgNW under different voltages to determine the applicable voltage 
range. The Ag nanowire resistance corresponding to different voltage values in Fig. 4f indicates that the resistance 
value is not stable when the voltage value is less than 0.03 V. This is because the value of the voltage is too low and 
the impact of the measurement instability is relatively large. The impressed voltage instability of the measurement 
system is 0.03% when the voltage is less than 0.003 V. The AgNW resistivity is very stable from 0.03 V to 0.1 V, but 
increases with the increase of the voltage from 0.1 V to 0.5 V. The AgNW will generate Joule heat and the tempera-
ture of the AgNW must increase when the current occurs. Correspondingly, the mean freepath of the electron will 
get short and the AgNW resistance will increase. The higher the voltage, the faster the resistance increases. That is 

Figure 3. SEM images and the corresponding width and height of the AgNWs on the PET sheet that 
fabricated under different experimental conditions. (a) SEM image of AgNWs fabricated while varying 
the scanning speed from 1.0 μ m/s to 3.5 μ m/s. The laser powers of pulse beam and CW beam is 1.79 mW and 
0.43 mW, respectively. (b) SEM image of AgNWs which were fabricated while the pulse beam power varied 
from 0.35 mW to 0.43 mW. The CW beam power and scanning speed are 1.79 mW and 3.0 μ m/s. (c) SEM image 
of AgNWs which were fabricated under the CW beam power ranging from 1.55 mW to 1.79 mW. The pulse 
beam power is 0.43 mW and the scanning speed is 3.0 μ m/s. (d) The dependence of width and height of the 
AgNWs in (a) on the scanning speed. (e) The dependence of width and height of the AgNWs in (b) on the pulse 
beam power. (f) The dependence of width and height of the AgNWs in (c) on the CW beam power.



www.nature.com/scientificreports/

5Scientific RepoRts | 7:41757 | DOI: 10.1038/srep41757

why the resistance value increases with the increase of the voltage value when the voltage value varies from 0.1 V 
to 0.5 V. It can be observed that the resistance at the voltage value of 0.6 V is smaller than that at 0.5 V, although the 
measured I-V curve is still linear (Inset in Fig. 4f). The resistance of the AgNW has been measured and reached 
to thousand even 10 thousand Ohm when the test voltage varied from 0.7 V to 1 V (Supplementary Fig. S4). This 
indicates that the structure of AgNW has greatly changed due to the Joule heat of electric current. At the same 
time, the melting point of the nanoparticle will decrease sharply if the nanoparticle size is less than 40 nm38. The 
AgNW temperature may be higher than its melting point and the AgNW will be fused when the voltage is bigger 
than 1 V. Therefore, the voltage changed range for the most stable AgNW resistance is from 0.03 V to 0.1 V, and 
the corresponding voltage per meter range is from 3.75 ×  102 to 1.25 ×  103 V/m. The applicable voltage per meter 
range is determined to be less than 7.5 ×  103 V/m for the fabricated AgNW.

The AgNW resistance stability is important regarding to the practical applications. Figure 4g shows the AgNW 
resistance dependence on the times of the current flow. The data has no big change although the resistance was 
measured 1000 times in the matter of one hour. Among these results, the biggest change of AgNW is only 0.44%. 
The I-V curve for AgNW of the 1000th measured times was still of good linear relationship (inset of Fig. 4g). This 
implies that the stability of AgNW resistance is very excellent, which is important for the potential applications 
in electronic or photonics.

The AgNW resistivity is (4.583 ±  0.305) ×  10−7 Ohm·m, which is larger than the bulk Ag resistivity 
(1.587 ×  10−8 Ohm·m). We use the NDSS solution as the surfactant, the residual molecules of the NDSS decrease 
the conductivity significantly12,13. Generally, scattering at the surface and reflection at grain boundary of conduc-
tion electron may influence the resistance of the nanowire if the scales of nanowire are comparable to the electron 
mean freepath39,40. The electron mean freepath of bulk Ag is about 52 nm41 at the temperature of 295 K. The 
height and the full width at the half maximum of the AgNW are 141 ±  15 nm and 480 ±  7 nm (Fig. 4b,c), which 
are all larger than the mean freepath of bulk Ag. In the regime where the width of the wire is a few tens of nano-
meters, it has been established adequately that the resistivity is not only determined by the material but its size as 
well42,43. For nanowires with diameters approaching molecular dimensions the transport is likely to be quantum 
in nature44. The AgNW that fabricated by two-beam laser method is composed of Ag nanoparticles with the size 
of about 20 nm25. The electron free path range of a AgNW with a radius of 100 ±  50 nm is from 21 nm to 36 nm at 
the temperature of 295 K45. The conduction electrons scattering at the Ag nanoparticles surface are the dominant 
contribution to the electric resistance of the AgNW. Due to the roughness of the AgNW surface, the conduction 
electrons scattering at the AgNW surface could not be neglected and would lead to the increase of the resistivity.

Transport in AgNW on flexible sheet. The AgNW that fabricated on the PET sheet is of good prospect 
for the application in the flexible electronics. To prove the flexibility, the other AgNW was used to investigate 
the resistance variation under bending deformations (Supplementary Fig. S5). Figure 5a,b are the schematic 

Figure 4. Investigated the conductivity of the AgNW. (a) SEM image of the AgNW between two silver 
electrodes. (b) AFM image of AgNW. (c) The cross-section profile of the AgNW in (b). (d) The schematic 
illustration of the electrical measurement. (e) The digital photographs of the electrical measurement setup.  
(f) The resistance variation of AgNW with the measured voltage. Inset: The I-V curve at the voltage of 0.6 V.  
(g) The resistance variation of the AgNW with the measured times. Inset: The AgNW I-V curve of the 1000th time.
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illustration and the digital photograph of the resistance characterization setup under bending deformation. The 
resistance displays a slight increase with the decrease of the bending radius, and can almost recover after bending 
(Fig. 5c). Here, the resistance of the AgNW without bending is 750.69 Ohm, the resistance of the AgNW after 
bending increases 6.36 Ohm and the I-V curve is of linear (Fig. 5c inset). The relative increase rate is only 0.85%. 
This indicates the particle-particle intervals12 inside the nanowire would increase when the bending radius gets 
smaller, and the particle-particle intervals can recover when it is straightened. Notably, the AgNW resistance 
increases 22.59 Ohm and the I-V curve is still linear at a bending radius of 1 mm as well as at other bending radii 
(Supplementary Fig. S5), and the increase rate is only 3.10% relative to that without bending. This result implies 
that the structure of AgNW is very compact, and the separated distance between the Ag nanoparticles of the 
AgNW is too short to destroy the AgNW inner structure when it is bended even at a small bending radius of 
1 mm.

To further display the flexibility of the AgNW on the PET sheet, the resistance changes with the bending 
cycles have been further investigated. The AgNW still shows a good conductivity with an electrical resistance 
increasing from 708.92 Ohm to 755.95 Ohm even after 2000 times bending cycles at the bending radius of 1 mm 
(Fig. 5d), with the increase of 6.63%. In addition, as well as all of the other I-V curves of the AgNW corresponding 
to the bending cycles (Supplementary Fig. S6), the I-V curve of the AgNW that after 2000 bending cycle times 
at the bending radius of 1 mm is also linear. It reveals that the conductance of the AgNW is hardly affected by 
the bending stress, and indicating well ohm contact among Ag nanoparticles inside the AgNW. We believe the 
CW beam in this study not only contributes to the compact Ag nanoparticles in the AgNW because of CW laser 
induced optical trapping force, but also helps the adherence of AgNW to PET substrate because of the CW laser 
thermal effect. These results indicate the excellent electromechanical stability of AgNW and the great potential 
for high-performance flexible electronics.

Conclusion
In conclusion, we have successfully fabricated the AgNW on PET sheet by two-beam laser direct writing tech-
nique and investigated the conductivity and flexibility. We can monitor the morphology of the AgNW by chang-
ing the experimental conditions, and the minimum width of the AgNW can reach to 134 nm with a height of 
49 nm. The applicable voltage per meter range of AgNW is less than 7.5 ×  103 V/m. The maximum change of 
the resistivity is only about 0.44% even after 1000 times measurement in the matter of one hour. Compared to 
the AgNW resistance without bending, the resistance is only increased 3.10% when the AgNW is bended to the 
radius of 1 mm, and the increase is only 0.85% when the AgNW is flat again. Furthermore, the resistance variation 
of the AgNW is only 6.63% even after stretched bending 2000 times at such a small bending radius of 1.0 mm. The 
proposed protocol would provide high potential for the fabrication of conductive metal nanowires on the flexible 
substrate, which would benefit for the flexible electronics.

Methods
Materials preparation. AgNO3 and NDSS were purchased from Alfa Aesar (China) Chemicals Co., Ltd 
and Tokyo Chemical Industry Co., Ltd, respectively. Materials for photoreduction were prepared according to 
the literature25. Typically, 0.0340 g of AgNO3 was dissolved in 1.8 mL of water, and 0.2 mL of ammonia (25 wt %)  
water was added, so the solution of diammine silver ions (DSI) was formed. Then, 0.0525 g of nitrogen-atom 
containing alkyl carboxylate (n-decanoylsarcosine sodium, NDSS) was dissolved in 1 mL water and mixed with 
1 mL diammine silver ions solution. The Ag aqueous solution consists of 1 mL of DSI solution (0.05 M) and 1 mL 
of NDSS solution (0.099 M) as surfactant.

Figure 5. Investigated the flexibility of the AgNW. (a) The schematic illustration of the resistance 
measurement setup under bending deformation. (b) The digital photograph of the resistance measurement 
setup under bending deformation. (c) The AgNW resistance variation with the different bending radii, the 
“Flat” on the right side and left side of the coordinate represent without bending and straightening after 
bending, respectively. Inset: The AgNW I-V curve when it was straightened. (d) The resistance variation of 
AgNW with the bending times. Inset: The AgNW I-V curve after it was stretched bending 2000 times.



www.nature.com/scientificreports/

7Scientific RepoRts | 7:41757 | DOI: 10.1038/srep41757

Characterization. The size and shape of the Ag nanowire were investigated by scanning electron micros-
copy (SEM, QUANTA FEG 250 USA), at an accelerating voltage of 10.0 kV. The height of the Ag nanowire was 
characterized by AFM measurement (Bruker Multimode 8) at a scanning rate of 0.8 Hz in dynamic contact mode.

Electrical measurement. The electrical measurement was characterized under nitrogen environment con-
ditions, using a Keilthley 4200-SCS semiconductor system and the CRX-4K Cryogenic probe station in a clean 
and shielded box in the dark condition. Two silver electrodes were deposited on the both ends of the Ag nanowire 
by radio frequency magnetron sputtering (QPrep 400-BASE). Two golden conical probes were placed to contact 
with two deposited electrodes, then applying impressed voltage to detect the corresponding current. The electrical 
measurement for flexible AgNW on PET sheet was operated by using a home-made bending equipment as shown 
in Fig. 5a,b.
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