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Abstract
The fabrication and performance of an ultrafine silver (Ag) grid film applied to flexible touch sensor as the transparent 
conductive electrode is reported. The ultrafine Ag grid film was fabricated based on the laser direct writing, electro-
forming, nano-imprint lithography. In the manufacturing process, firstly, the Nickel (Ni) mold used as the master mold 
was obtained by laser direct writing and electroforming technologies. Secondly, the micro-grooves were transferred 
from the Ni mold onto the surface of UV glue coated on the polyethylene terephthalate film through nano-imprinting 
technology. Lastly, the ultrafine Ag grid was generated through nano-imprint lithography with Ag paste filled into the 
micro-grooves on the UV glue. The result indicated that the ultrafine Ag grid film with size (L) 640 mm × (W) 520 mm 
had a uniform line width of 1.01 μm and showed excellent optoelectronic and mechanical properties, such as optical 
transmittance 90.00%, Haze 1.49%, sheet resistance 5.4 Ω/□, the variation ratio of the sheet resistance within 3% after 
8000 bending cycles, and the almost negligible morphology change after the adhesion cross-cut test. Furthermore, the 
functional test was performed on a flexible touch sensor applying the ultrafine Ag grid film.

Keywords Ultrafine silver grid film · Flexible touch sensor · Transparent conductive electrode · Nickel mold · Laser direct 
writing

1 Introduction

As a pivotal component of many photoelectric products 
described by Chung et al. [1] including solar cells studied 
by Yang et al. [2], liquid crystal displays (LCDs) reported 
by Blake et al. [3], organic light-emitting diodes(OLEDs) 
shown by Wu et al. [4] and touch screen panels (TSPs) dis-
cussed by Jeon et al. [5] and Kim et al. [6], conductive elec-
trodes have attracted more and more attention. Indium tin 
oxide (ITO) is the most widely used transparent conductive 
electrode material owing to its excellent optoelectronic 
properties. However, as Hecht et al. [7] and Kwon et al. 
[8] proposed, many new applications have been limited 
due to its disadvantages, such as its brittleness and scar-
city. Because of the flexible, abundant and cost-effective, 

transparent conductive electrode material will undoubt-
edly become an irresistible trend, which researched by 
Tang et al. [9], Li et al. [10] and Lai et al. [11].

Thus, the next generation of material with superior 
flexibility and abundant resources, without damaging 
the optoelectronic properties of transparent conductive 
electrode materials, is urgently needed. Current researches 
on alternative materials mainly focusing on carbon nano-
tubes reported by Yu et al. [12], graphene described by 
Bae et al. [13] and Tung et al. [14], conducting polymers 
investigated by Kirchmeyer and Reuter [15], polymer 
composite to improve the long-term stability of the con-
ductive film was researched by Jiang et al. [16, 17], metal 
nanostructures shown by Gaynor et al. [18], Hong et al. 
[19] and Madaria et al. [20]. While the conductivity and 
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transmittance of carbon nano-materials are poorer than 
those of metal nanostructures, the same with the conduc-
tivity and stability of conducting polymers based on the 
researches of Hecht et al. [7] and Kumar and Zhou [21]. 
And metal nanostructures, such as Ag nanowires or grids, 
have been successfully applied in touch screen panel 
based on the reports of Madaria et al. [20], Hong et al. [22] 
and Hyunjin et al. [23]. However, there are still shortcom-
ings in a few crucial properties of the Ag nanostructures in 
their reports, such as the line width of Ag nanowires, opti-
cal transmittance and haze, sheet resistance, mechanical 
stability and so on. Therefore, the further improvement 
of these properties will be critical to the effective appli-
cation of Ag nanostructures in the practical industrial 
manufacturing.

In the present work, the fabrication and performance of 
an ultrafine silver (Ag) grid film applied to flexible touch 
sensor as the transparent conductive electrode was 
introduced. In order to improve the deficiencies of the 
above mentioned properties, and realize the application 
of Ag nanostructures in the large-area, high-throughput 
and low-cost production of flexible touch sensor. The 
ultrafine Ag grid film was fabricated based on the laser 
direct writing, electroforming, nano-imprint lithography. 
In the manufacturing process, the Nickel (Ni) mold used 
as the master mold was obtained by laser direct writing 
and electroforming technologies, and the micro-grooves 
were transferred from the Ni mold onto the surface of 
UV glue coated on the polyethylene terephthalate (PET) 
film through the nano-imprint lithography. Moreover, the 
ultrafine Ag grid was generated through nano-imprint 
lithography with Ag paste filled into the micro-grooves 
on the UV glue and baked at 130 °C for 1 h. In addition, 
the properties of the fabricated ultrafine Ag grid film were 
well studied and performed in order to evaluate the pos-
sibility of the fabricated ultrafine Ag grid film substituting 
for the conventional ITO electrode, and being adopted as 
a promising transparent conductive electrode applied to 
the flexible touch sensor.

2  Experimental

2.1  Fabrication of Ni mold

The Ni mold played an important role in the nano-imprint-
ing process, especially the performance of the ultrafine 
Ag grid film was determined by the accuracy of the pat-
tern on mold. In this work, the fabricated process of the 
Ni mold can be divided into the following five steps, and 
the experimental parameters corresponding to each step 
are the optimal values obtained from a series of optimi-
zation experiments before the actual mass production. 

Firstly, the positive photoresist (PR, xingtek, China, 0.7 μm) 
was coated in 1 μm thickness onto the glass substrate ((L) 
670 mm × (W) 550 mm × (T) 4.8 mm) by spin-coating, then 
baked at 100 °C for 60 s (Fig. 1a). Secondly, the laser direct 
writing scanning was performed with the positive PR side 
of the sample exposed to Laser, the energy density and 
laser exposure accuracy of the corresponding laser direct 
writer (DWL, Heidelberg Instruments, German) are 140 mJ/
cm2 and 700 nm, respectively (Fig. 1b). Thirdly, the sam-
ple was developed in the developer solution for 50 s at 
25 °C (Fig. 1c), then baked for 0.5 h at 120 °C. Fourthly, as 
shown in Fig. 1d, a thin layer of Ni film was vapor depos-
ited onto the pattern on the positive PR as the cathode of 
the subsequent electroforming process, and the schematic 
diagram of the vacuum evaporation device is shown in 
the top right corner of Fig. 1d. The vacuum evaporation 
refers to a layer of Ni with a thickness of about 20–50 nm 
deposited onto the pattern on the positive photoresist. 
The highly purified Ni target materials and extremely 
cleanness of the vacuum evaporation device are important 
guarantee for the quality of evaporation. Finally, as shown 
in Fig. 1e, the Ni mold was generated on the cathode of 
the electrolytic cell through electroforming technology, 
meanwhile the schematic diagrams of the electroformed 
product (the upper part is the corresponding profile of 
the sample) and electroforming device are shown in the 
lower left corner and upper right corner of Fig. 1e, respec-
tively. The electroforming process means that the positive 
photoresist with the surface of evaporated Ni is placed in 
the electrolytic cell, a layer of Ni with a thickness of about 
0.2 mm is electroformed on the positive photoresist, and 
the positive photoresist is peeled off to obtain the Ni mold. 
The size of the generated Ni mold was (L) 640 mm × (W) 
520 mm × (T) 200 μm.

2.2  Fabrication of ultrafine Ag grid film

The following fabricated process of the ultrafine Ag grid 
film in this work can be divided into the following three 
steps.

Firstly, a UV curable synthetic resin (UV glue) pre-
polymer was coated on the surface of obtained Ni mold, 
and a PET film with size (L) 640 mm × (W) 520 mm × (T) 
23 μm was imprinted with the UV glue by roller. In this 
process, the coating thickness of the UV glue was directly 
determined by the viscosity of UV glue, the pressure and 
rotation speed of the roller. In order to accurately obtain 
the expected UV glue thickness, a series of inquiry experi-
ments on the relationship between these three impact 
factors and the coating thickness of the UV glue had been 
conducted, meanwhile the corresponding relationship 
model between them was established.
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Fig. 1  The fabrication process 
of Ni mold in this work: a Posi-
tive PR coated onto the glass 
substrate by spin coating; b 
Exposure by Laser; c Develop-
ing process; d Vacuum evapo-
ration process; e Electroform-
ing process
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Secondly, the UV glue was cured by exposure to the 
UV light with an energy density of 600 mJ/cm2 as shown 
in Fig. 2a (the upper part is the corresponding profile of 
the sample), then the micro-grooves were perfectly trans-
ferred from the Ni mold onto the UV glue coated on the 
PET film after the peeling between the PET with UV glue 
and Ni mold as shown in Fig. 2b. In this process, the peel-
ing effect was directly determined by the energy density 
of the UV light, an inappropriate UV light energy density 
would lead to not only the poor peeling effect, resulting 
in a poor product, but also the block of the micro-grooves 
on the Ni mold caused by the residual UV glue, resulting 
in damaging the Ni mold. In addition, after the peeling 
process, the surface of the cured UV glue was re-exposed 
by the UV light with much higher energy density to make 
sure the product with excellent function and appearance 
can be obtained in the subsequent printing process.

Lastly, the ultrafine Ag grid film was obtained with the 
Ag pastes filled into the micro-grooves on the UV glue 
(Fig. 2c) and baked at 130 °C for 1 h. In this process, the 
function and appearance of the product are determined 
by the pressure and speed of the squeegee used for print-
ing, the leveling of the printing table, the time interval 
and the wiping force after the printing, the time and tem-
perature of the post-bake, thus the experimental param-
eters corresponding to each step are the optimal values 
obtained from a series of optimization experiments before 
the actual mass production.

3  Results and discussion

3.1  Characterization of the micro‑grooves

As the basis of the ultrafine Ag grid, the micro-grooves 
play an important role throughout the manufacturing 
process. Moreover the detailed description of the micro-
groove is shown as follows. Figure 3 shows the images of 
the micro-grooves on the UV glue coated on the PET film. 
As shown in Fig. 3a, there are 12 units on the PET film, and 
the units with special pattern can be designed for various 
touch sensors. Moreover, the micro-grooves in the pat-
terns are of the same specification. Figure 3b, c are the 
micrographs of micro-grooves in different enlarged scales 
observed with the scanning electron microscope (SEM, 
S-4800, Hitachi, Japan), it could be found that the micro-
grooves are uniform, and the pitch and angle is 181.0 μm 
and 19.9°, respectively. In this work, the sheet resistance 
is 1.95 Ω/□ at the angle 19.9°, which is much lower than 
most of the reported sheet resistances of transparent con-
ductors used in flexible applications. In the comparative 
experiments, the sheet resistance is 9.3 Ω/□ at the angle 
60°, the sheet resistance is 5.4 Ω/□ at the angle 45°, and 
the sheet resistance is 3.1 Ω/□ at the angle 30°. Further-
more, the micro-grooves in the rhombus pattern at the 
angle 19.9° can improve the pixel resolution, and also solve 
the interference effect of moire fringes. Figure 3d illus-
trates the measurement of the width (1.01 μm) and depth 
(1.02 μm) of a micro-groove on the UV glue observed with 
the shape-measuring laser microscope (SLM, VK-X 210, 
Keyence, Japan).

Fig. 2  The fabrication process 
of the ultrafine Ag grid film in 
this work: a Coating and curing 
process of UV glue; b Peeling 
between the PET with UV glue 
and Ni mold; c Filling process 
of Ag paste Profile
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3.2  Characterization of the ultrafine Ag grid film

3.2.1  Morphological characterization

To make the ultrafine Ag grid film have good electrical 
conductivity, and effectively reduce the residual of Ag 
paste on the non-grooves region during the process of 
filling grooves with Ag paste, the Ag particle size of the 
Ag paste in this work mainly distributed in the ranges of 
200–300 nm (27.86%) and 300–400 nm (29.10%) shown 
in Fig. 4 was selected, it also can be seen from Fig. 5 that 
the micro-shapes of the used Ag particles were irregular, 
the size of the Ag particles was measured by the Master-
sizer 3000 Particle Size Analyzer from Malvern Panalyti-
cal. Once the Ag paste was drawn into the groove by a 
doctor blade under a certain pressure and inclination 
angle, which was filled into the micro-grooves and baked 
at 130 °C for 1 h, the ultrafine Ag grid film was gener-
ated. The micrograph of the ultrafine Ag grid is shown 
in Fig. 6a, and it can be seen that the Ag particles were 
filled fully in the micro-grooves and had good contact 
with the micro-grooves. The micrograph of the sintered 
structure of Ag grid is shown in Fig. 6b, the width and 
depth of a micro-groove is 3.0  μm, respectively. The 
measurement of the width and depth of the sintered 

structure of Ag grid is 2.841 μm and 2.023 μm, respec-
tively. The percentage of the area is effectively covered 
with Ag is calculated by P = (the width of the sintered 
structure of Ag grid* the depth of the sintered structure 
of Ag grid)/(the width of a micro-groove* the depth of a 
micro-groove), and the percentage is 63.86%.  

Fig. 3  The images of the micro-grooves on the UV glue imprinted 
on the PET film in this work: a The macrograph of the pattern on 
the UV glue; b The grid size and angle observed with SEM; c The 

bevel view of a groove on the UV glue observed with SEM; d The 
illustration of measuring the width and depth of the groove on the 
UV glue observed with SLM
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3.2.2  Optical performance

The optical properties of PET film and PET + Ag grid film 
in the visible wavelengths (380–780 nm) are shown in 
Table 1. It can be seen that the transmittance of PET + Ag 
grid film is 90.00%, which is very close to that of PET film 
(90.21%). Moreover, it is well known that the values of “L”, 
“a”, “b” reflect the degrees of materials between brightness 
and darkness, red and green, yellow and blue, respectively. 
The values of “L”, “a”, “b” of PET film are 96.13, 0.17 and 0.50, 
respectively. And those values of PET + Ag grid film are 
96.09, 0.00 and 0.66, respectively. This shows that both the 
PET film and PET + Ag grid film in this work have excellent 

chromaticity for the application to flexible touch senor. 
Furthermore, after the filling of Ag paste, the optical reflec-
tance (R) was effectively reduced from 11.43 to 10.34% in 
the visible wavelengths, which is an advantage enhance-
ment to the application of the ultrafine Ag grid film to the 
flexible touch sensor. In addition, based on Fig. 7, it can be 
concluded that the optical transmittance (T) and reflec-
tance (R) of PET + Ag grid film fluctuate less than those of 
PET film in visible wavelengths. Although, the haze (1.49%) 
of PET + Ag grid film is higher than that (0.34%) of PET film, 
which is still an excellent value of haze compared to the 
haze range of 2–6.1% reported by Hyunjin et al. [23].

3.2.3  Mechanical and electrical properties

For the flexible application, the mechanical stability of 
the transparent conductive electrode is very important. 
The mechanical stability of the fabricated ultrafine Ag 
grid film was detected by cyclic bending test and adhe-
sion cross-cut test. A homemade device for the cyclic 
bending test is shown in Fig. 8a. The compressive strain 
was applied for thermomechanical bending, the bend-
ing direction was relative to the line pattern, the bend-
ing axis passed through the center of the channel and 
was perpendicular to the channel direction. The device 
includes two parallel metal plates, one plate is fixed, and 
the other plate can move back and forth. The bending 
of the PET + Ag grid film is achieved by fixing one end of 
the film on the fixed plate of the device, and fixing the 
other end of the film on the moved plate of the device, 
which moves at a proper frequency (f ). The bending 

Fig. 5  The morphologies of the used Ag particles observed with 
SEM

Fig. 6  The micrograph of the ultrafine Ag grid on the UV glue (a) and the sintered structure of Ag grid (b) observed with SEM

Table 1  The optical properties 
of PET film and PET + Ag grid 
film

Material T (%) L a b R (%) H (%)

PET film 90.21 96.13 0.17 0.50 11.43 0.34
PET + Ag grid film 90.00 96.09 0.00 0.66 10.34 1.49
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frequency is 1  Hz, and the resistance was recorded 
during the bending test. The radius of curvature (r) is 
2 mm at the maximum bending deformation, the dis-
tance between the two plates of the device is minimal 
at the moment. The photographs of the minimum and 
maximum bending deformations are shown in Fig. 8b, 
c, respectively. The average sheet resistance is 5.4 Ω/□, 

which is much lower than most of the reported sheet 
resistances of transparent conductors used in flexible 
applications. The plots of the sheet resistance  (R□) and 
the corresponding variation ratio of the sheet resistance 
(∆R□/R□,0) with bending times are shown in the Fig. 9. It 
can be seen from Fig. 9, that the sheet resistance is basi-
cally unchanged throughout 1000 bending cycles, the 
sheet resistance gradually increases throughout 2000 
bending cycles, and the changed value of the sheet 
resistance was within 3% of the primary sheet resist-
ance (from 5.33 to 5.49 Ω/□) throughout 8000 bending 
cycles, the increased resistance may be the result from 
the contact resistance between Ag particles. Moreover, 
compared with the reported data in the literatures, the 
8000 bending cycles is 60% higher than the 5000 bend-
ing cycles reported by Hong et al.[22], and the radius of 
curvature (2 mm) at the maximum bending deformation 
is only 2/15 of theirs (15 mm). 3D microscope shows that 
the surface roughness of the conductive films is 0.12 μm, 
which is a low roughness level, indicating that the con-
ductive film surface is very smooth.

In order to further study the adhesion of the ultrafine 
Ag grid on PET film, the adhesion cross-cut test was con-
ducted on the PET + Ag grid film. The images of PET + Ag 
grid film after the adhesion cross-cut test (3 M tape, 
Scotch) are shown in the Fig. 10. Figure 10a, b respect 
the macrograph and micrograph of PET + Ag grid film 
after the adhesion cross-cut test, respectively. Based on 
the images in the Fig. 10, it can be concluded that the 
change in the morphology of the ultrafine Ag grid film 
is almost negligible after the adhesion cross-cut test, 
which not only shows the excellent adhesion between 
the ultrafine Ag grid and PET film, but also shows the 
excellent adhesion between the Ag particles making up 
the ultrafine Ag grid.
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Fig. 8  The images of bending test: a The picture of the homemade device for the cyclic bending test; b The photograph of the minimum 
bending deformation of the PET + Ag grid film; c The photograph of the maximum bending deformation of the PET + Ag grid film
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3.2.4  Functional test

Based on the above studies, the fabricated ultrafine Ag grid 
transparent conductive film shows excellent optoelectronic 
and mechanical performances. Furthermore, the function of 
the flexible touch sensor applying this film was studied. The 
functional test was performed on the flexible touch sensor by 
connecting it with the functional test fixture through a flex-
ible printed circuit board (FPCB). The control chip (ZT7538) in 
the test fixture was provided by Zinitix Co., Ltd (Korea). The 
performance of the flexible touch sensor was presented by 
writing the letters “O-film”, Wavy lines and straight lines on 
it, as shown in the Fig. 11. It can be seen that the letters and 
lines are well displayed on the display, and the widths of the 
lines on display could be changed smoothly when the writing 
force of the pen changed. Thus, it can be concluded that the 

fabricated flexible touch sensor worked successfully, and the 
fabricated ultrafine Ag grid film is a promising transparent 
conductive electrode that can substitute for the conventional 
ITO electrode applied in the large-area, high-throughput and 
low-cost production of flexible touch sensor.

4  Conclusions

In summary, we have demonstrated the fabrication and per-
formance of an ultrafine Ag grid film applied to flexible touch 
sensor as the transparent conductive electrode. The ultrafine 
Ag grid film was fabricated based on the laser direct writing, 
electroforming and nano-imprint lithography, and the maxi-
mum size of the ultrafine Ag grid transparent conductor is (L) 

Fig. 9  Plots of sheet resistance and its variation ratio with times of 
bending cycle in this work

Fig. 10  The images of the grid pattern on the touch sensor module after the adhesive tape test: a The macrograph; b The micrograph

Fig. 11  The flexible touch sensor under functional test
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640 mm × (W) 520 mm. The fabricated ultrafine Ag grid trans-
parent conductive film shows excellent optoelectronic and 
mechanical properties, such as line width 1.01 μm, transmit-
tance 90.00%, haze 1.49%, sheet resistance 5.4 Ω/□, the vari-
ation ratio of the sheet resistance within 3% after 8000 bend-
ing cycles and the almost negligible morphology change 
after the adhesion cross-cut test. Moreover, the flexible 
touch sensor applying this film was fabricated and worked 
successfully, as well as could identify the writing force. Thus, 
the fabricated ultrafine Ag grid film is a promising transparent 
conductive electrode that can substitute for the conventional 
ITO electrode applied in the large-area, high-throughput and 
low-cost production of flexible touch sensor.
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