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This study presents a UV embossing process to fabricate high aspect ratio silver grid
transparent electrodes on a polymer film. Transparent electrodes with a high optical
transmittance (93 %) and low sheet resistance (4.6 Ω/sq) were fabricated without
any high temperature or vacuum processes. The strong adhesion force between the
UV resin and the silver ink enables the fabrication of silver microstructures with an
aspect ratio higher than 3. The high aspect ratio results in a low sheet resistance while
maintaining a high optical transmittance. Multi-layer transparent electrodes were fab-
ricated by repeating the proposed UV process. Additionally, a large-area of 8-inch
touch panel was fabricated with the proposed UV process. The proposed UV process
is a relatively simple and low cost process making it suitable for large-area produc-
tion as well as mass production. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5009395

Transparent electrodes are key elements in optoelectronic devices such as touch panels, organic
solar cells, smart windows, transparent heaters, etc.1–4 They require high optical transmittance and
low sheet resistance, which are determined by the materials, fabrication process, and pattern design
used. Recently, in touch panel markets, flexible and large-area touch panels have gained much interest
due to their application in wearable smart devices, touch monitors, electronic bulletin boards, etc.
The development of transparent electrodes has moved towards including good flexibility and low
sheet resistance in addition to high transmittance.5

Indium tin oxide (ITO) has been the most widely used material for transparent electrodes for
decades. The disadvantages of ITO is its limited sheet resistance at high transmittance and poor flex-
ibility.6 These disadvantages are not suitable for large-area touch screen panels or flexible devices.
Much research has been done on alternative materials such as conductive polymers,7,8 carbon nan-
otubes,9,10 graphene films,11,12 metal nanowires,13,14 and metal grids.15–17 Among them, metal grids
are considered as a promising alternative transparent electrode with high optical transmittance, low
sheet resistance, and good flexibility.

A metal grid is comprised of microscale patterns consisting of a metal such as gold, silver, or
copper. A high aspect ratio of metal grids is an essential requirement to achieve a low sheet resistance
at high transmittance because metal grids have a trade-off between the optical transmittance and the
sheet resistance. Recently, many studies have investigated the fabrication of metal grids with printing
processes such as offset, ink jet, and gravure printing processes, which have an aspect ratio lower
than 1.18–20

This paper introduces a UV embossing process to fabricate metal grid transparent electrodes
with a high aspect ratio (∼3). The silver ink has a high conductivity and low annealing temperature.
The UV resin functions as an adhesion layer between the silver ink and a polymer film, which has
a strong enough adhesion force to transfer the silver ink to the polymer film. The heat generated
by the UV lamp hardens the silver ink, which results in a high aspect ratio without any disruptions.
Multi-layer transparent electrodes were obtained on a single polymer film by repeating the proposed
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UV process because the UV resin functions as both an electrical insulation layer and an adhesion
layer. The proposed UV process is a relatively simple and low cost process, which is suitable for
mass production.

Figure 1 illustrates the UV embossing process for fabricating high aspect ratio silver grid trans-
parent electrodes. SU-8 photoresist structures are patterned on a silicon substrate with various line
widths (3.5 ∼ 10 µm), heights (8 ∼ 21 µm), and pitches (200 ∼ 800 µm). To replicate the SU-8
photoresist structures, polydimethylsiloxane (PDMS) is poured onto the patterned SU-8 photoresist
structures and then cured at 65 oC for 90 min. in a convection oven (Figure 1(a)). The silver ink
(Fine Paste, Korea, FTL-201NF), which has silver particle size of 500 nm and viscosity 15000 cps, is
dispensed onto the PDMS mold and filled into the replicated patterns by the doctor blading process
under constant pressure (5 MPa) and speed (50 mm/s) (Figure 1(b)). It is important to optimize the
pressure of the doctor blading process because at high pressure, the silver ink does not sufficiently fill
the replicated patterns, while at low pressure, silver ink residue remains decreasing the transmittance.
The optimized pressure is obtained by gradually increasing from low pressure until silver ink residue
does not remain. The UV resin (CC Tech, Korea, NE-0425) is dispensed onto the PDMS mold, and
then, the polyethylene terephthalate (PET) film (SKC, Korea, SH40) is attached with a roller. After
the UV exposure process by mercury UV lamp (100mW/cm2) for 30 sec., the UV resin is cured, and
the silver ink is somewhat hardened due to heat of the UV curing chamber (Figure 1(c)). By peeling
off the PET film, the silver ink grid structures are transferred to the PET film (Figure 1(d)). Finally,
the silver ink grid on the PET film is annealed at 100 oC for 30 min. in a convection oven.

The strong adhesion force of the UV resin enables the fabrication of a high aspect ratio silver
ink grid; moreover, it overcomes the friction force between the silver ink and the PDMS mold. The
proposed UV process is relatively simple and does not require expensive facilities.

Figure 2 shows the SEM images of a silver ink grid and some arbitrary shapes. A silver ink
grid with a 5 µm line width and 15 µm pitch is shown in Figure 2(a), which is uniformly fabricated
without any defects despite the high density grid structures. Figure 2(b) and (c) show SEM images
of the silver ink lines with an aspect ratio higher than 3 which enables a low sheet resistance while
maintaining a high optical transmittance. Figure 2(d) shows arbitrary shaped silver ink. It was easy
to fabricate the arbitrary shaped silver ink and silver ink line with various line widths at the same
time.

Figure 3(a) shows a touch panel for a smart phone. The silver ink lines, which have a different line
width and pitch, are clearly connected. According to the design of the grid structures, touch sensing

FIG. 1. Schematic illustration of the UV embossing process flow (a) replicating the PDMS mold with patterned SU-8 pho-
toresist structures, (b) dispensing and doctor blading the silver ink, (c) coating and curing the UV resin between the PDMS
mold and the PET film, (d) peeling off the PET film from the PDMS mold.
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FIG. 2. SEM images of a silver ink grid and arbitrary shapes. (a) a silver ink grid with a 5 µm line width and 15 µm pitch,
(b) and (c) silver ink lines with a line width of 3.5 µm and an aspect ratio of ∼ 3, (d) arbitrary shaped silver ink.

FIG. 3. (a) A touch panel for a smart phone, (b) array of LED chips on the silver ink grid transparent electrodes.

electrodes (inside the blue line) and connection electrodes (inside the red line) are fabricated by only a
single process at the same time. Figure 3(b) shows an array of light emitting diode (LED) chips on the
silver ink grid transparent electrodes. LED chips are connected to each transparent electrode which
are separated by 10 µm. Even though the separation gap of the adjacent electrodes is very small, the
LED chips operate without any shorts because the UV resin functions as an insulator between the
electrodes.

After cutting the silver ink line structures with a focused ion beam (FIB), the interfaces between
the silver ink and UV resin could be observed as shown in Figure 4(a)–(c). The shrinkage of the silver
ink forms a parabolic shape at the interface during the UV exposure process, which depends on the
amount of silver ink. The height of the UV resin was also different depending on the height of the
silver ink. As the height of the silver ink increases, the height of the UV resin also increases. In order

FIG. 4. Cross section images of silver ink line structures. (a)-(c) silver ink lines with heights of 7 µm, 11 µm, and 15 µm
starting from the left side, respectively.
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to increase the height of the silver ink, the trench of the mold should be deep. The deeper the trench
of the mold, the greater the amount of silver ink filled in the mold. The larger the amount of silver
ink, the larger the amount of evaporated solvent, thereby the larger the shrinkage. Therefore, since
the void space of the mold is relatively large, the UV resin is filled more inside the mold. As a result,
the height of the UV resin increases. The strong bond between the silver ink and the UV resin at the
interface enables the fabrication of a high aspect ratio silver ink gird.

Transmittance and sheet resistance are the most important performance factors of transparent
electrodes. The design of the silver grid pattern enables adjustments to its performance. Figure 5(a)
shows the design factors of the silver ink grid transparent electrodes which are expressed as the line
width (w), pitch (p), and height (h). The filling factor ( fF) directly reflects the characteristics of the
transmittance and sheet resistance, and it is defined as follows:

fF = 1 −
(p − w)2

p2
(1)

Figure 5(b) shows the relationship between the transmittance@ 550 nm, w/o substrate and the filling factor
of the silver ink grid transparent electrodes with a w and h of 10 and 19 µm, respectively. The values
for fF , which are (i) 0.025, (ii) 0.049, (iii) 0.098, and (iv) 0.190, were calculated with equation (1)
for different p of 800, 400, 200 and 100 µm, respectively. The highest transmittance of 95 % corre-
sponded to an fF of 0.025. The others were 93, 88, and 76 % when the fF were 0.049, 0.098, and
0.190, respectively. From the fF , it is possible to calculate the transmittance (T ) with the following
equation:

T = 1 − fF (2)

The calculated values using equation (2) were 98, 95, 90, and 81 % which are slightly higher than
the measured values because the transmittance decreases due to UV resin layer and any remaining
silver ink residues.

FIG. 5. (a) Design factors of the silver ink grid transparent electrodes, (b) transmittance vs. filling factor, (c) sheet resistance
vs. annealing temperature and height of the silver ink, (d) ΦTE vs. height of filling factor.
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In Figure 5(c), the sheet resistances were measured according to the annealing temperature and
height of the silver ink with a w and p of 10 and 400 µm, respectively. The sheet resistances with
lower value are obtained at the higher annealing temperature. However, since PET film is deformed
at 140 oC or more, the annealing temperature for lowest sheet resistance is 100 oC. After annealing
at 100 oC for 30 min., the sheet resistances with the h of 7, 11, 15, and 19 µm were 74.1, 29.1,
9.3, and 4.6 Ω/sq, respectively. The sheet resistance decreases by increasing the height of the silver
ink without any loss of transmittance because the thickness of the silver grid is not related to the
transmittance.

The transparent electrodes have a trade-off relation between the transmittance and the sheet
resistance. To optimize the performance factors, a figure-of-merit (ΦTE) is introduced by Haacke.21

TheΦTE is defined by Haacke’s equation as follows:

ΦTE =
T10

Rs
(3)

where Rs is the sheet resistance. Figure 5(d) shows the figure-of-merit calculated by Equation (3). The
transparent electrode with a T of 88% and a Rs of 2.2 Ω/sq had the highestΦTE value of 0.126 when
the fF and h was 0.098 and 19 µm. For a transmittance higher than 90%, the transparent electrode
with a T of 93% and a Rs of 4.6 Ω/sq had a ΦTE value of 0.105 when the fF and h was 0.049 and
19 µm. Among the electrodes of various heights with a fF of 0.049, the transparent electrode with
a h of 19 µm had the highest ΦTE. Thus, the high aspect ratio structure of the silver ink has a high
figure-of-merit because high aspect ratio silver grid reduce the sheet resistance without decrease of
transmittance.

Figure 6(a) shows the fabrication process for the multi-layer silver ink transparent electrode. A
double-layer silver ink transparent electrode was fabricated by repeating the proposed UV process
using the already fabricated transparent electrode as a substrate. Figure 6(b) shows the microscope
image of the top view of the double-layer silver ink transparent electrode. The red and blue lines
represent the first and second layer of the silver ink, respectively. The cross section view shows that the
UV resin acts as an electrical insulator between the silver ink electrodes of both layers. The electrical
insulation characteristics of the UV resin is well suited for the touch panel with the double-layer
transparent electrode (Figure 6(c)).

Figure 7(a) shows the fabrication result of a large-area (16 × 19 cm2) silver ink grid transpar-
ent electrode, which shows that the proposed UV process is suitable for application to large-area
transparent electrodes such as a touch panel or tablet computer. It was relatively easy to fabricate the
large-area transparent electrode because the silver ink grid was directly transferred to a PET film.

FIG. 6. (a) Fabrication process of the multi-layer silver ink transparent electrode. (b) and (c) microscope image of the top
view and SEM image of the cross section view of the multi-layer silver ink structures.
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FIG. 7. (a) Fabrication result of a large-area (16 × 19 cm2) silver ink grid transparent electrode, (b) and (c) images of an
8-inch touch panel and demonstration of touch sensing (see supplementary material).

The resistive touch panel needs to two transparent electrodes and spacer separating the both
electrodes. The pressure by the touch causes that the upper electrode contacts the lower electrode,
and then the position of the touch can be detected by sensing the electrical signal. The large-area
silver ink grid transparent electrode was applied to an 8-inch touch panel by laminating the lower
ITO electrode. The touch sensing was demonstrated by writing “KAIST” with a finger shown in
Figure 7(b) and (c). Given that touch sensing electrodes and connection electrodes are fabricated at
the same time, the proposed UV process can improve the production rate for mass production.

In this paper, we present a UV embossing process to fabricate high aspect ratio (∼3) silver ink
grid transparent electrodes with a line width of 3.5 µm. The high aspect ratio structure increases the
conductivity while maintaining the transmittance of the metal grid type transparent electrode. Various
printing processes are difficult to achieve with an aspect ratio of 1 or more. The high aspect ratio of the
transparent electrodes decreases the sheet resistance while maintaining high transmittance. The silver
ink grid transparent electrodes have a transmittance of 93 % and a sheet resistance of 4.6 Ω/sq. This
result has better performance than silver grid transparent electrodes fabricated with printing processes
or other fabrication processes such as electrohydrodynamic jet printing22 and laser sintering.23 The
UV embossing process can fabricate low sheet resistance and large-area (16 × 19 cm2) transparent
electrodes. Touch sensing electrodes and connection electrodes can be fabricated at the same time
because the proposed UV process replicates the patterns of a PDMS mold. Moreover, multi-layer
transparent electrodes can be fabricated by an iterative process on a single substrate. Our process,
which is relatively simple, is suitable for mass production and does not require high temperature,
vacuum processes, and expensive facilities. Furthermore, we believe that high aspect ratio structure
has advantage in gas sensors and bio-chemical applications.

SUPPLEMENTARY MATERIAL

See supplementary material for demonstration of touch sensing.
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