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A 1064 nm fiber laser and a 355 nm ultraviolet solid-state laser with galvanometer scanners and F-theta
lenses are used to rapidly etch the silver electrode pattern of a cholesteric liquid crystal display. These results
of the two laser processes are that the 1064 nm laser effectively reduces the damage to the liquid crystal layer
and underlying indium tin oxide layer, and reduces the heat-affected zone of the ablated silver electrode.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Flexible displays are suitable for e-books, electronic tags, electron-
ic billboards, and other flexible electronic products. For portable
applications, displays must be inexpensive, light-weight, low-power,
rugged, flexible, and easy to carry [1]. Reflective cholesteric liquid
crystal displays (Ch-LCDs) have low power consumption, memory,
wide range, and are legible in sunlight, so it have been developed re-
cently [2]. Ch-LCDs have bistable states, so they consume electricity
only when changing the screen content [3]. Ch-LCDs can be switched
between bend and splay deformation in a three-electrode configura-
tion and have an infinite bistable lifetime [4].

Ch-LCDs have a stacked structure [5]. The substrate is a flexible
transparent material. Driving electrodes are a silver electrode and
an indium tin oxide (ITO) electrode. The intermediate layer is the liq-
uid crystal layer. A driving voltage applied to the electrodes makes
the liquid crystal layer switch to the different situations [6]. ITO is
etched by a wet etching process, which requires many steps, includ-
ing the production of a mask, photoresist, exposure, development,
etching, and resist removal [7]. Furthermore, Ch-LCDs can not be
exposed to organic solvents, so the traditional wet etching process
is not used for electrode patterning. Most silver electrodes are pat-
terned using screen printing technology [8]. When a Ch-LCD silver
electrode layer needs to produce different graphics of product design,
the electrode patterns require a re-designed stencil, which increases
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the process time and stencil production costs. Etching silver elec-
trodes using laser technology is thus desirable.

Laser patterning technology requires neither a mask nor a stencil.
It can effectively shorten the production process. The processing elec-
trode resolution depends on the size of the laser spot. The resolution
can reduce the spot by adjusting the optical lens, so processing width
can achieve high resolution requirements [9,10]. If the laser uses
direct-write techniques, the processing of complex patterns will be
time-consuming. To achieve rapid processing of complex patterns,
laser with a scanner can be integrated into the patterning process.
With the development of laser micro-processing technology, many
studies have shown that laser processing an ITO electrode can effec-
tively etch the required electrode pattern [11–13].

A high-resolution laser can etch the silver electrode layer without
damaging the ITO electrode layer [14]. However, using a 355 nm
ultraviolet laser processing will lead to poor processing quality and
a low processing speed. Therefore, this study compares a 1064 nm
fiber laser with 355 nm solid-state laser for etching ITO electrode
and silver electrode layers.
2. Experimental method

Theflexible Ch-LCD is composed of a polymer dispersed cholesteric
layer (BL118, Merck) and a dark layer (R-122, BASF) sandwiched be-
tween the top and bottom electrodes on a polyethylene terephthalate
(PET) substrate. A 1064 nm fiber laser (SP-20P, SPI) and a 355 nm
solid-state laser (AVIA355-7000, Coherent) equipped with a scanner
(Scanlab) were used to pattern the silver electrode.
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Fig. 2. Relationship between scan speed and laser power for 1064 nm fiber laser.
(I under-etching area, II etching area, III over-etching area).
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The diameter of a laser spot is related to the resolution of pattern.
The diameter of the laser spot, D0, can be calculated as:

D0 ¼ 1:22� λ� F
n�Wd

� �
�M2 ð1Þ

Where λ is the laser wavelength, F is the focal length, n is the refrac-
tive index,Wd is the diameter of the incident laser, and M2 is the laser-
quality factor. For the 1064 nm fiber laser,M2 is 1.8, F is 250 mm, and
Wd is 14.5 mm. For the 355 nm solid-state laser, M2 is 1.3, F is
250 mm, andWd is 3.5 mm. The spot diameters for the two laser sys-
tems are both 40 μm.

The change of laser processing speed is related to the overlap. With
laser spot diameter D and gap distance S (processing speed / laser fre-
quency), the overlap is calculated as:

Overlapping ¼ D−S
D

� 100% ð2Þ

Both the 1064 nm fiber laser and the 355 nm solid-state laser can
effectively ablate the silver electrode of the Ch-LCD. A 40 μm spot di-
ameter and a 40 kHz laser frequency were used for the patterning of
the silver electrode. When the silver electrode was etched complete-
ly, the resistance is greater than 20 MΩ. To determine whether the
underlying ITO electrode was etched, a voltage was applied. If the
state of the liquid crystal can be changed and display the pattern. It
means that the ITO electrode layer was not etched.

3. Results and discussion

A schematic diagram of an ablated silver electrode of a Ch-LCD is
showed in Fig. 1. The thickness of the Ch-LCD structure includes
~130 μm PET flexible substrate, ~60 nm of ITO electrode layer,
~7 μm liquid crystal layer (LC) with the absorption layer (NP), and
the ~16 μm silver electrode. The ablated electrode can be divided
into the under-etching area (I), the etching area (II), and the over-
etching area (III). In area I, the measured resistance is below 20 MΩ
and the silver electrode is not etched completely. The resistance in
area II, where the electrode is fully ablated, is above 20 MΩ. The
state of liquid crystal changed when a voltage was applied to this
area, indicating that the underlying ITO electrode was not ablated.
Fig. 1. Schematic diagram of laser ablation of a Ch-LCD with silver electrode.
In area III, both the silver layer and the underlying ITO films were
ablated.

The silver electrode of a Ch-LCD was ablated using the 1064 nm
fiber laser with scan speeds of 100 to 1400 mm/s. Fig. 2 shows the re-
lationship between scan speed and laser power to ablate the silver
electrode. The results show that laser processing with a galvanometer
can ablate the silver electrode layer without damaging the ITO elec-
trode layer for scan speeds above 300 mm/s. When the processing
speed is increased, the laser power increases, and the interval of
area IIincreases. If the laser power is excessive, it will appear in area
III. With excessive laser power, the underlying ITO electrode layer
was also ablated, so the liquid crystal layer cannot be driven by the
electric voltage (open-circuit). With an overlap of 75% and a laser
power of 4.5 W, the silver electrode can be ablated. The electrode
can be ablated at 1400 mm/s, but the laser power increases to 9.1 W.

The silver electrode was ablated using the 355 nm solid-state laser
with scan speeds of 100 to 600 mm/s. Fig. 3 shows the relationship
between scan speed and laser power. In order to avoid damaging the
underlying ITO electrode layer, the scan speed must be over 100 mm/s.
With a scan speed of 200 mm/s, the silver electrode was ablated at
the lowest power (1.5 W). For scan speeds above 600 mm/s, the laser
power increases to up to 7 W. It is apparent that to increase the scan
speed, it is necessary to increase more laser power to ablate the silver
electrode.
Fig. 3. Relationship between scan speed and laser power for 355 nm solid-state laser.
(I under-etching area, II etching area, III over-etching area).
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Fig. 4. SEM micrographs: (a) result of electrodes etched by 1064 nm fiber laser and (b) etching depth of 1064 nm fiber laser (cross section view) (c) result of electrodes etched by
335 nm UV laser (d) etching depth of 355 nm UV laser (cross section view).
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Fig. 4(a) shows that the ablated line width is about 44 μm for the
1064 nm laser with a scan speed of 500 mm/s and a laser power of
6 W. Fig. 4(b) shows that the etching depth is 18.2 μm by cross sec-
tion SEM image. This experiment result is in area II. The laser only
ablated the silver electrode, but it doesn't injure the underlying ITO
electrode layer. Fig. 4(c) shows the experiment results in area II
when the silver electrode ablated with the 355 nm laser with a scan
speed of 500 mm/s and a laser power of 6 W. The ablated line width
is about 42 μm. The scanning electron microscopy images show that
the 355 nm solid-state laser slightly damages the ITO electrode
layer. Fig. 4(d) shows that the etching depth is 22.5 μm by cross sec-
tion SEM image. The 1064 nm laser reduces the damage to the ITO
layer at the same condition. Fig. 5 shows the heat-affected zone
around the ablated silver electrode after the laser etching process.
The heat-affected zones for the 1064 nm and 355 nm lasers were 13
μm (Fig. 5(a)) and 115 μm (Fig. 5(b)), respectively. It is obvious that
1064 nm fiber laser processing silver electrode layer can effectively
reduce heat-affected effect zone of the ablated silver electrode and
reduce the damage to the underlying ITO layer.

Fig. 6(a) shows the silver electrode etched using the 1064 nm fiber
laser with a power of 7 W and a scan speed of 1000 mm/s. 80 V was
applied to the Ch-LCD. Fig. 6(b) shows the driving voltage results
for a Ch-LCD with a silver electrode patterned using the 355 nm
solid-state laser with a power of 5 W and a scan speed of 400 mm/s.
Both lasers can ablate the silver electrode layer and reduce the damage
to the ITO layer. For the differentwavelength laser systems, it is obvious
that the heat-affected zone using 1064 nm fiber laser is smaller than
using 355 nm.
Fig. 5. OM images of electrode etched (a) with 1064 nm laser at 1000 mm/s and a
power of 7 W and (b) with 355 nm laser at 400 mm/s and a power of 5 W.



Fig. 6. Driving voltage results of Ch-LCD with silver electrode etched with (a) 1064 nm
fiber laser and (b) 355 nm UV laser.
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4. Conclusions

Both 1064 nm fiber laser and 355 nm solid-state laser can ablate
the silver electrode layer of a Ch-LCD only and avoid injuring ITO
electrode layer. Experiment results show that 1064 nm fiber laser
processing reduces the damage to the liquid crystal layer and the
underlying ITO layer, and decreases the heat-affected zone of the
ablated electrode. For industrial application, the cost of a 1064 nm
fiber laser is lower than that of a 355 nm solid-state laser. Using fiber
laser processing to ablate the silver electrode improves throughput,
lowers cost, and increases pattern quality.
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