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A hybrid material composed of silver nanowires (AgNWs) and carbon nanotubes (CNTs) is investigated
by a laser direct patterning method. A femtosecond laser system with a wavelength of 1027 nm and a
pulse width of 380 fs is applied for the patterning of AgNW/CNT hybrid film. The Gaussian and square
quasi-flat-top beam profiles are used for the patterning lines. The laser fluence and overlapping rate
were optimized for patterning at 67.9 mj/cm? and 70%, respectively. The patterned AgNW/CNT film is
evaluated using an optical microscope and scanning electron microscope. The partially ablated area of
AgNW/CNT films around the patterned line is observed and discussed. The measurement results explain
that the uniformity of the laser beam profile and the beam shape are key factors for development of
AgNW/CNT films with fine edges.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, conductive materials for transparent electrodes have
gathered much attention for application in optoelectronic devices
including flat panel displays, organic light emitting diodes, flexible
electronics, and touch panels. Doped oxides, such as indium tin
oxide (ITO) and fluorine tin oxide (FTO), have been widely used for
transparent electrodes due to their good transparency in the
visible spectrum range and low sheet resistance [1-4]. Electronics
manufacturers have investigated alternative materials to replace
the metal oxides in transparent electrodes such as carbon nano-
tubes (CNTs), graphene, and metallic nanowires, because doped
oxides have disadvantages including brittleness and high cost
[1,4-9]. In the research, Takuno et al. have reported that silver
nanowires (AgNWSs) and CNT hybrid conductive materials have
excellent properties for transparent electrodes [10]. In AgNW/CNT
hybrid films, because the CNTs form bridges between the AgNWs,
they can obtain high conductivity and low sheet resistance for
optoelectronic devices including flexible applications.

Conventional electrode patterning methods on substrate surfaces
require various expensive equipments and multiple steps in the
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process including photolithography, baking, and chemical wet etch-
ing processes. Compared with the photolithography process, laser
direct patterning has several advantages such as non-contact dry
etching, maskless patterning, single-step patterning, and eco-friendly
processes [11-15]. There have been numerous investigations about
the laser direct patterning of transparent electrode materials. Liu
et al. reported the maskless patterning of an Al-cathode for organic
light emitting diodes using a Q-switched nanosecond laser [11].
Kalita et al. reported a femtosecond laser ablation result for graphene
film cutting; their homogenous microribbon structures were fabri-
cated without using resists or other material [12]. Chen et al.
demonstrated programmable patterning of graphene in order to
create patterns using femtosecond laser direct patterning on gra-
phene oxide films [13]. Tseng et al. used an ultraviolet nanosecond
laser to scribe a PEDOT:PSS [(poly(3,4-ethylenedioxythiophene):poly
(4-styrensesulfonate)] film surface in order to develop touch panel
screen electrodes [14]. Lin et al. presented laser patterning of CNT
films on polymer substrates using a nanosecond laser; by controlling
the patterning speed and pulse energy, the CNT films were patterned
as electrodes for touch panel applications [15]. Many studies have
undertaken regarding electrode patterning using laser direct pattern-
ing techniques with various novel materials; however, laser direct
patterning for AgNW/CNT materials have not yet been reported.
Femtosecond laser has been considered as micromachining tool
for various functional materials due to their advantages of precise
ablation with minimized thermal influence [16]. Although femto-
second lasers show great performance when used to ablate
material, there is a limitation to improve the quality near the
laser irradiated area due to the energy distribution of the laser
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beam. In this study, we patterned AgNW/CNT film with fine edge
shape deposited onto glass substrate using a femtosecond laser
system with a beam shaping technique. The technique used in this
experiment could be useful for flexible display applications. A
femtosecond laser was used to remove AgNW/CNT films selec-
tively using the Gaussian and square quasi-flat-top beam profiles
via a scanner system. The Gaussian beam and square quasi-flat-top
beam profile were measured by beam profiler(LASERCAM 1I 1/2).
The spot overlapping rate and machining threshold for the laser
direct patterning were calculated to achieve optimized patterning
conditions. The experimental results were evaluated using an
optical microscope and scanning electron microscope (SEM). The
laser direct patterning results and the patterned shapes of the
AgNW/CNT films are discussed.

2. Experiments

A schematic diagram of the experimental set up is presented in
Fig. 1. A diode pumped Yb:KYW thin disk femtosecond laser
system at 1027 nm wavelength with a pulse width of 380 fs was
used to pattern the AgNW/CNT. Depending on the experiment
arrangement, the Gaussian beam profile or square quasi-flat-top
beam profile was employed. Images of the energy distribution of
the Gaussian beam and square quasi-flat-top beam profiles are
depicted in Fig. 2. A laser beam with the Gaussian beam profile
was delivered onto the sample through a beam expander with
magnitude of 3 x . The square quasi-flat-top laser beam profile was
constructed using optic components including adjustable slit in

microscale and plano-convex lens. An F-theta lens with focal
length of 100 mm and a galvanometric scanner were used to
control the beam path on substrate.

The SEM image of the AgNW/CNT films deposited on a glass
substrate is presented in Fig. 3. The hybrid film, which consisted of
the AgNWs (diameter=25 nm, length=25 pm) and CNTs (diame-
ter=3 nm, length=>5 pm), was prepared on a soda-lime glass sub-
strate. The thickness of the AgNW/CNT film and the glass substrate
were 60 nm and 700 pm, respectively. The transparency in the visible
wavelength range was 81% with a sheet resistance of 20 €2/sq.

#The overlapping rate of laser irradiation is one of an impor-
tant parameters for laser patterning process because a line pattern
is created with a large number of ablated spots. The overlapping
rate depends on the scanning speed and repetition rate of laser
pulse. In this experiment, the repetition rate of the laser pulse was
fixed at 100 kHz and the overlapping rate was managed through
changing the scanning speed. The overlapping rate was obtained
using the following equation.

1 v 0 A
Overlapping rate = <1 7W> x 100% (1

where w is the focused beam diameter, V is the laser scanning
speed, and F is the laser repetition rate.

3. Results and discussions

The surface morphologies of the ablated areas were produced
by single pulse femtosecond irradiation with the Gaussian beam
profile at laser fluence values ranging from 9.7 mJ/cm? to 70.8 m]/
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Fig. 1. Schematic of the experimental setup. ND: Neutral density filter, PCL: Plano-convex Isens, MS: Mechanical shutter, BE: Beam expander.

Fig. 2. Images of (a) the Gaussian and (b) square quasi-flat-top beam profile.
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cm?. Fig. 4 shows images of the laser fluences of 13.6 mJ/cm?,
47.7 mJ/cm?, 57.8 mJ/cm?, and 67.9 mJ/cm?. When the laser fluence
was 13.6 mJ/cm?, the AgNW/CNT was not completely removed, but
ablation occurred for the first time. When the laser fluence was
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Fig. 3. SEM quarter view image of the AgNW/CNT film deposited on a glass
substrate.

a

47.7 mJ/cm? or more, as seen in Fig. 4(b), the totally ablated area
was observed at the center of the irradiated area. In Fig. 4(c and d),
the partially ablated area decreased and the clearly ablated area
increased. When the laser beam was irradiated with fluence more
than 67.9 mJ/cm?, damage to the glass substrate appeared, and
engraved marks were also observed on the center of the irradiated
region. Compared to the experiment for CNT film ablation, CNT
was ablated for the first time at a laser fluence of 50 mJ/cm?. From
this experimental result, we concluded that CNT was not ablated
when the laser fluence of 13.6 mJ/cm? whereas AgNW ablation
began. For this reason, we determined that the interaction
between the laser pulse and AgNW/CNT film began at a fluence
of 13.6 mJ/cm?, i.e., the threshold value (Fth).

The SEM images of the patterned lines are presented in Fig. 5.
Because the substrate was damaged when fluence values greater
than 5Fth were used, line patterning was performed at a laser
pulse repetition rate of 100 kHz with a fluence of 5Fth. All the
parameters for the patterning except scanning speed were fixed.
The overlapping rate calculated using Eq. (1) was controlled using
the scanning speed with values of 30%, 50%, 70%, and 90%. When
the overlapping rate of the laser beam spot was 30%, the residuals
were not completely removed between the ablated spots as seen
in Fig. 5(a). Fig. 5(b) illustrates that the clearly ablated areas are
connected in a line, but the line edge remained in a wave shape. In
Fig. 5(c and d), a straight line form was observed with the

b

Fig. 4. Optical microscope images of AgNW/CNT morphology after a single pulse irradiation with fluences of (a) 13.6 mJ/cm?(Fth), (b) 47.7 mJ/cm?(3.5Fth), (c) 57.8 mJ/cm?(4.3Fth),

and (d) 67.9 mJ/cm?(5.0Fth), respectively.
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Fig. 5. Images of AgNW/CNT ablated line with an overlapping rate of (a) 30%, (b) 50%, (c) 70%, and (d) 90%.

overlapping rates of 70% and 90%. The results demonstrated that
the width of the partially ablated area, which was limited to
diameter of the focused beam, was similar for all results; however,
the clearly ablated region increased slightly as a result of the
increasing overlapping rate. From the measurement results, struc-
turing the partially ablated region was not much influenced by the
overlapping rate, but it was affected by the focused beam size and
energy distribution. In consideration of the laser repetition rate,
the scanning speed and the interaction time scale between the
material and femtosecond laser pulse, we concluded that the
patterning process was carried out with a minimal thermal effect.

When femtosecond pulses are irradiated on the AgNW/CNT
film, uneven shape appears at the edge of the ablated area.
Possible explanation for the shape of the line edge is the threshold
difference of the AgNWs and CNTs. For the laser patterning of the
transparent conductive film with a single material, the ablation
threshold of thin film was a less critical factor for developing fine
edges because the clearly ablated area was resulted from differ-
ence of the ablation threshold values between the conductive film
and substrate. However, using the laser direct patterning for the
hybrid material film, which composed of more than two materials
maintaining their own characteristics, the ablation threshold
values must be considered between not only the hybrid material
film and substrate, but also each material. For the same reason,
although the AgNW/CNT film had a significantly lower ablation

threshold than the glass substrate, the edge of the patterned line
had rugged shape due to the threshold differences between the
AgNWs and CNTs.

For optoelectronic devices, well-defined electrode edges are
important because irregularly patterned edges can cause malfunc-
tions or low efficiency in the devices. In our experiment, the result
of the line patterning on the AgNW/CNT film with the Gaussian
beam profile revealed that it had limitations in improving the edge
quality of the ablated line for the AgNW/CNT film patterning.
Therefore, in order to obtain a fine line edge, the AgNW/CNT film
was ablated using the square quasi-flat-top beam profile. The laser
beam was expanded using a plano-convex lens, and the beam size
was adjusted using the X-Y slit in order to develop the square
shape of the quasi-flat-top beam profile. The overlapping rate and
fluence were 70% and 5Fth, respectively.

Fig. 6 presents the line patterning results using the Gaussian
beam profile. In Fig. 6(a), the deformation of the AgNW/CNT film
was observed along the patterned line. Furthermore, many parti-
cles and craters were observed in the partially ablated region
where the AgNWs appeared, as seen in Fig. 6(b). Fig. 6(c and d)
presents the patterning results using the square quasi-flat-top
beam profile. The measurement results exhibited a fine line curve
and significantly less uneven area near the patterned region. In
comparison with Fig. 6(b), the irregularly ablated marks with
particles and craters remained in Fig. 6(d), but they were
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Fig. 6. SEM images of the patterned lines using laser beam with the Gaussian and square quasi-flat-top beam profile: (a) patterned line with the Gaussian beam profile,
(b) magnified image of (a), (c) patterned line with the square quasi-flat-top beam profile, and (d) magnified image (c).

substantially decreased. Additionally, the widths of the partially
ablated area were measured. Those were 12 pum in Fig. 6(b), and
2 pm, as shown in Fig. 6(d). Although deformation of the AgNW/
CNT near the patterned line was observed in both samples, the
results by the square quasi-flat-top beam profile showed a reduced
ablated area by six times compared to the Gaussian beam profile
results.

The schematic and its fabricated image of a touch panel electrode
are presented in Fig. 7. The AgNW/CNT electrode was obtained using
the qualified parameters for the laser fluence (5Fth) and overlapping
rate (70%) with the square quasi-flat-top beam profile. The size of the
square quasi-flat-top beam was 18 x 18 pm, and multiple parallel lines
with 15 pm intervals were designed for the patterning of the
electrode. In Fig. 7(a), the black areas indicate the ablated region with
the laser direct patterning, and the white squares are unablated
regions where the AgNW/CNT remained. The size of the obtained
pattern was 23 mm x 39.5 mm, and the electrodes were patterned
with approximately 0.5 mm x 35 mm. Fig. 7(b) presents the photo-
graph images of the electrode developed using the femtosecond laser
direct patterning with the square quasi-flat-top beam profile. After
patterning the electrode, the resistance between electrodes was
measured, and it was confirmed that the AgNW/CNT transparent
electrode was successfully isolated.

The Gaussian and square quasi-flat-top beam profile were used
to develop the AgNW/CNT line pattern with parameters of 70%

overlapping rate and laser fluence of 5Fth. When the square quasi-
flat-top beam profile is compared with the Gaussian beam profile,
the AgNW/CNT film fabricated using the square quasi-flat-top
beam profile had a finer edge shape and less partially ablated
areas near the patterned line. The magnified morphology of the
patterned line applied using the Gaussian and square quasi-flat-
top beam profiles revealed that the uniformity of the beam energy
distribution and the shape of the focused beam were key factors
for line patterning of the AgNW/CNT hybrid materials with fine
edge qualities.

4. Conclusion

It was a challenging task as it was the first demonstration, to
the best of our knowledge, of AgNW/CNT hybrid film using a
femtosecond laser direct patterning technique and given the lack
of references. In our experiment, laser direct patterning results
using the Gaussian beam profile and quasi-flat-top beam profile
were compared. Due to the limitation of the enhancement of the
edge quality near the ablation area in case of laser direct pattern-
ing with the Gaussian beam profile, we used quasi-flat-top beam
profile to pattern lines with fine edge. Compared to the Gaussian
beam profile results, the partially ablated area near the patterned
line was reduced by nearly six times when the square quasi-flat-
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39.5 mm

b

Fig. 7. Images of the touch panel electrodes: (a) schematic of the electrode pattern and (b) photographic image of the AgNW/CNT electrode developed using laser direct

patterning.

top beam profile was used. As a result of the difference in the
uniformity and the focused beam shape between both beam
profiles, the ablation morphology around the AgNW/CNT was
observed to be different. These current experiment results demon-
strated the potential of AGNW/CNT hybrid film direct patterning
using ultrafast laser.
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