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It is well-known that the use of laser beam with Top-hat profile is suitable for selective ablation 
of thin films. The main challenge to develop such applications is the beam shaping step to transform 
a high coherent (low M2) Gaussian beam in a perfect Top-hat profile. Thus, many studies on laser 
beam shaping technology are carried out recently. In this study, the material for laser scribing exper-
iments is an Ag / PET (Polyethylene Terephthalate) thin film. A U-shaped cross-sectional profile of 
the Ag / PET film is generated by the laser scribing process with a wavelength of 532nm nanosec-
ond laser system. However, a V-shaped cross-sectional profile of the Ag / PET thin film is generated 
with a picosecond laser system using the same wavelength. The shape of the scribed line is mainly 
related to the beam profile for the pulse durations investigated. In order to produce the same U-
shaped cross-sectional profile with a picosecond laser system (532nm), a beam shaper was used in 
this study to obtain a Top-hat beam for laser scribing experiments. A laser beam profiler is used to 
examine the laser beam shape and a metallurgical microscope is used to observe the cross-sectional 
profile of the scribed samples. After laser scribing experiments, the cross-sectional profiles of sam-
ples are also recorded by a Laser Scanning Confocal Microscopy (LSCM). In conclusion, a U-
shaped cross-sectional profile is successfully obtained by using a picosecond laser with a beam 
shaper that significantly reduces the damage on the substrate, PET thin film. 
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1. Introduction
Ag/ PET film is mainly used in the touch panel industry, 

and the main purpose is to connect ITO (Indium thin oxide) 
and the touch IC. The traditional manufacturing method is 
screen printing [1, 2]. However, the finer line patterns can-
not be produced by the screen printing process, and there-
fore additional processes are needed. The current solution 
is to print out all the line patterns by the screen printing 
first including the line patterns which needs to be removed 
later. The unwanted conductive silver adhesives are then 
removed by the post processes. Currently, after the screen 
printing process, Ag/PET thin films need to go through the 
traditional wet etching process which creates the environ-
mental pollution. However, if the laser scribing process can 
be implemented for the Ag/PET thin films removing pro-
cess, it can not only reduce the pollution of the environ-
ment but also to reduce the cost. Therefore, laser scribing 
has a great advantage on the Ag/PET film lines patterning 
process and thus becomes an important developing industry.

Venkat et al [3] reports the laser scribing processes on 
the ITO film uses the methods of direct writing, mask pro-
jection and three different laser sources. The crystals of the 
three different laser sources are Nd: YVO4, Nd: YLF and 
Nd: YAG. From their test results, Nd: YVO4 laser has the 
highest pulse repetition rate. Thus, in this study an Nd: 
YVO4 laser is selected as the laser scribing source, since a 
poor laser pulse repetition rate may adversely affect the 
quality of laser scribed line patterns which results in vary-
ing on the width and depth of line patterns, causing the 
disconnection on Ag/PET thin film. Raciukaitis [4] used a 
high repetition rate picosecond laser at different wave-

lengths (266, 355 and 532nm) to perform the scribing pro-
cess on an ITO thin film. The scribed line patterns are ex-
amined by the SEM and AFM, and the amount of laser 
energy needed to remove the ITO film was also analyzed. 
Different laser wavelengths requires different energy in the 
laser scribing process parameters. In their study, different 
laser wavelengths and fluence were used such as 266nm 
(0.2 J/cm2), 355nm (0.46 J/cm2) and 532nm (1.55 J/cm2). 
From their results, it shows that the best quality of a scribed 
groove was obtained by using a laser wavelength of 355nm, 
but there will be a lot of dust residue on the sample surface. 
However, the best surface quality after scribing (no dust) 
was observed by using a laser wavelength of 266nm. 
Therefore, UV picosecond lasers with a high repetition rate 
were found to be a good alternative to the conventional 
�����������	
���� �	����������
���	������� ���. Park et al
[5] used an ultrafast laser (810 nm) with a pulse width of 
150 femtosecond, a mode-locked Ti: sapphire oscillator and 
a regenerative amplifier to perform the scribing process on 
an OLED film of an ITO/glass substrate. Their results show 
that the resistance value of the ITO is significantly affected 
by the scribed surface quality and the shape of grooves 
according to the above laser scribing conditions. The glass 
substrate was found undamaged when the laser energy den-
sity was set to 0.07 J/cm2 and the substrate was selectively 
damaged when the laser energy density was set to about 1.2 
~ 1.6 J/cm2. Their experiments proved that an ultrafast laser 
scribing process can produce a high aspect ratio pattern on 
the ITO layer and without making any damages on the 
glass substrate. 
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The profile of a typical laser beam is the Gaussian dis-
tribution and the center of the laser intensity is the strongest 
part which has significant drawbacks during the laser scrib-
ing process. For example, from our scribing results, it 
shows that a deeper depth is created in the middle part of a 
workpiece which damages the PET substrate due to the 
Gaussian distribution of the laser beam instead of a Top-hat 
distribution. Thus, more studies are focused on the topic of 
the laser beam shaping [6]. In addition, a laser scribing 
process with a general Gaussian beam also causes the une-
ven heating of the entire workpiece surface which leads to 
form a V-shaped cross-sectional profile of the Ag/PET thin 
film. A V-shaped cross-sectional profile has a smaller lin-
ewidth and a weaker material strength of the substrate 
compared to a U-shaped cross-section profile. Moreover,
the bottom substrate material of a V-shaped profile, PET, 
has a deeper scribed groove that makes the strength of the 
substrate become weaker or even damages the substrate as 
shown in Fig. 1. Therefore, the wet etching process cannot 
be replaced by the laser scribing process. 

Recently, many studies have shown that the Top-hat la-
ser beam is superior than the Gaussian beams on laser pro-
cessing, for example the laser annealing technology is used 
on ITO thin film [7]. It shows that the conductivity and 
surface roughness of the ITO surface are improved after 
laser annealing processes. In addition, the curing time of 
the metallic ink can be substantially reduced with the assis-
tance of the laser shinning which not only to improve the 
yield of metallic ink printing but also to increase the con-
ductivity and the hardness of the printed metallic ink [8].
Furthermore, Chen et al used a third harmonic Nd:YAG 
laser processing system with the laser beam shaping tech-
nology for removing the ITO thin films on glass substrate 
[6], and their results show that the original Gaussian beam 
profile can be converted into a Top-hat beam profile with a 
beam shaper. The scribed line patterns are uniform, smooth 
and no damages were found on the glass substrate.

In this study, a picosecond laser system with a wave-
length of 532nm is used to perform the laser scribing ex-
periments on Ag/PET thin film with different kinds of 
beam shaping profiles. The results prove that with beam 
shaping technology, the damage of the substrate Ag/PET 
can be improved after the scribing process and thus en-
hance the strength of the substrate PET and silver layer as 
shown in Fig. 1. 

Fig. 1 Schematic diagram of the U-shaped and V-shaped 
cross-sectional profiles. Under the same line width, the 
PET substrate is less damaged with the U-shaped groove, 
compared to the V-shaped groove.

2. Picosecond laser processing system 
This study used an Nd-YVO4 (Neodymium: Yttrium 

Orthovanadate) picosecond laser with a wavelength 532nm 
and a maximum output power 14W. The laser optical sys-
tem is shown in Fig. 2, the laser beam goes through a beam 

splitter first and divides into two beams. The first beam 
penetrates the beam splitter for the scribing process and the 
other beam is for the purpose of power detection. The first 
laser beam is expanded after passing through a beam ex-
pander and then goes into a beam shaper. After the beam 
shaper, it is focused on the Ag/PET films by adjusting a 
focusing lens for scribing process. The focusing lens is 
mounted on the Z-axis and the laser scribing process is 
implemented by moving the XY stage which is the laser 
direct writing. The main purpose of this study is not on 
optimizing the laser scribing parameters; thus in this study 
the laser beam shaping profiles and the cross-sectional 
shape of the workpiece are explored only under a fixed 
laser processing parameters at frequency (kHz), power, 
focus (mm) and the laser pulse width.

Fig. 2 Schematic diagram of optical setup for the laser 
scribing system. 

3. Beam shaping technology 

Due to inhomogeneous laser intensity distribution 
(Gauss beam), the amount of unused laser energy could 
reach a very high level. Therefore, with the use of beam 
shaping technology, it would help to save the laser energy, 
which is very important for modern laser technology, espe-
cially in materials processing [9]. The definition of laser 
beam shaping is a process to reallocate the light field and 
its phases of the radiated light rays [10]. The distribution of 
the optical field defines the beam shape, such as Gaussian 
beam or Top-hat beam. Typical laser beam shaping can be 
divided into three kinds [11]: aperturing, field mapping, 
and multiaperture beam integrator. Gaussian beams can be 
converted into Top-hat beams by any of the above methods. 
The beam shaper (Focal-���
��	��������AdlOptica GmbH, 
Berlin, Germany) used in this study is to convert the laser 
Gaussian distribution into an airy disk distribution first [12] 
and then change to the Top-hat beam via a focusing lens for 
the purpose of laser scribing process as shown in Fig. 3.  
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Fig. 3 The changing process of laser beam from Gaussian 
to Top-hat profile. 

4. Experimental setup and results
The material used in this study is Ag/PET and the sam-

ple size is cut to 20×90 mm. The thickness of the silver foil 
and PET is 10 m and 300 m, respectively. The silver 
foil is coated by the screen printing process. The laser 
scribing tests are performed first to observe the differences 
in using two different laser sources, nanosecond and pico-
second laser. The laser parameters are shown in Table 1. A
U-shaped cross-sectional profile of the sample can be ob-
tained by using a nanosecond laser as shown in Fig. 4, but 
it has a greater heat affected zone (HAZ) as shown in Fig. 5.
The HAZ is defined by the blackened region of the silver 
foil after scribing process as shown in Fig. 5 (A). Due to 
the different beam profile of the pulse durations investigat-
ed, it is easier to create a U-shaped cross-sectional profile 
by using a nanosecond laser. In addition, there are two 
kinds of material removal via laser machining: photother-
mal and photochemical mechanisms. In this study, for the 
ablation of silver thin films, both regimes, nanosecond and 
picosecond, are photothermal process. Only the thermal 
diffusion length, and then the heat affected zone, changes 
with the pulse duration. In the case of PET, it depends on 
the material properties. In addition, multiphotonic absorp-
tion could occur in the picosecond regime, and the proba-
bility to induce photochemical mechanisms in this regime 
is negligible.  

In this work, a picosecond laser is selected as the laser 
sources for this study and aims to obtain a U-shaped cross-
sectional profile, so that it can completely replace a nano-
second laser of its advantage of the cross-sectional profile.
The experiments were conducted with three different 
groups, control, experimental group 1, and group 2. In the 
control group, the experiments are performed without using 
any beam shaping technology, means the laser beam is in a 
Gaussian distribution for scribing process. In the experi-
mental group 1 and 2, the laser beam shaping technology 
was used to generate the Top-hat beam profile. The major 
difference between the experimental group 1 and 2 are in 
the different dimensions of the laser beam. On the beam 
shaper, the magnification ring was turned to value 10 for 
experimental group 1 and turned to 20 for group 2. The 
focusing ring on the beam shaper are set to zero in both 
experimental groups. In experimental group 1 and 2, the 
measured laser beam size are approximately 6.5 mm and 
3.6 mm, respectively. The beam size measurements are 
performed at a distance of 10 cm after the beam shaper. In 
the experimental group 2, the laser beam size is reduced of 
around 55%, relative to the experimental group 1. All other 
laser parameters including pulse duration, repetition fre-
quency, fluence, and scribing speed remain the same in
these three different experimental groups.

Before the scribing experiments, a laser beam profiler 
is used to measure the energy distribution of the laser beam 
as shown in Fig. 6. A conventional Gaussian distribution 
and Top-hat beam are measured before and after laser beam 
shaping, respectively.

  

Fig. 4 Cross-sectional view of the scribed workpieces by a 
(A) nanosecond laser and (B) picosecond laser.

  

Fig. 5 Comparison of the thermal effect on scribed work-
pieces by a (A) nanosecond laser and (B) picosecond laser. 

Heat affected zone

Table 1 Laser parameters

Pu l s e  
du ra t i on

R epet i t i on  
f req .

Pu l s e  
en erg y

Scr ib ing  
s peed

La s er  
t yp e

P ic o-
s ec ond  
l a s er

10 -15  p s 500  kHz 13�J  100mm/s M O PA 
532  nm

N a n o-
s ec ond  
l a s er

2 0 -3 5  n s 1 0 0  k H z
30�J  100mm/s Q -s w i t ch  

532nm
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Fig. 6 Comparison of the various beam profile. Without 
laser beam shaping technology: Gaussian beam distribution
(control group) (A) 2D intensity distribution (B) Cross-
sectional intensity. With laser beam shaping technology: 
Top-hat beam distribution (experimental group 1) (C) 2D 
intensity distribution (D) Cross-sectional intensity; Top-hat 
beam distribution (experimental group 2) (E) 2D intensity 
distribution (F) Cross-sectional intensity.

This study does not intend to focus on parameters op-
timization of laser scribing process, but mainly to create the 
Top-hat beam with the beam shaping technology. This opti-
cal transformation helps to reduce significantly the heat 
affected zone (HAZ) on the scribed workpieces, and thus, 
increases the productivity of material processing due to 
more efficient usage of the laser energy. Another typical 
Gaussian laser beam scribing control group is used for 
comparison. The features of using a Gaussian beam for 
scribing process is that the scribed lines are most with ir-
regular trench edges and have a wider HAZ. However, the 
features of using a Top-hat beam for scribing process is that 
the scribed lines are with even trench edges, steep walls, 
and almost without HAZ as shown in Fig. 5 (B).

In the beginning of the experiments, the cross-sectional 
profile of scribed workpieces are first examined to confirm 
whether the expected V-shaped or U-shaped cross-sectional 
profile are observed or not. Fig. 7 shows the microscopic 
images of the cross-sectional profile of scribed samples. 
From the control group, the cross-sectional profile of the 
workpiece is V-shaped as shown in Fig. 7 (A). However, 
after beam shaping the cross-sectional profile of U-shaped 
is obtained from the experimental groups as shown in Fig. 
7 (B) (experimental group 1) and Fig 7 (C) (experimental 
group 2). The experimental laser parameters are: laser fre-
quency 500 kHz, laser pulse energy 13 uJ, scribing speed 
100 mm/s and the laser pulse spacing is 0.001 mm. In addi-
tion, the laser focusing position is different due to the 

slightly difference between the spot sizes, but they are all 
in focus.

After the observation of the microscopic images, the 
scribed depth of workpiece is then measured by a Laser 
Scanning Confocal Microscopy (LSCM) (KEYENCE VK-
X200K). The reason of using LSCM for the measurements 
of scribed depth is that it has an advantage of high accuracy 
and the measurements of depth can be performed without 
damaging the workpiece. Fig. 8 shows the measured pat-
terns after laser scribing by the LSCM. Fig. 8 (A) (B) (C)
are the top and the measured cross-sectional views of the 
scribed patterns from the control group and experimental 
groups, respectively. In this study, the scribing experiments 
are performed three times with the same laser parameters to 
verify if the U-shaped cross-sectional profile of the work-
piece can be obtained after beam shaping. Fig. 9 shows 
three cross-sectional profiles of the workpieces from the 
control group. Fig. 10 and Fig. 11 show the individual three 
cross-sectional profiles of the workpieces with the same 
laser parameters from experimental group 1 and 2, respec-
tively. Fig. 12 is the comparison chart of the average cross-
sectional profiles from the control group, the experimental 
group 1 and 2. 

Fig. 7 Microscopic images of the cross-sectional profile of 
the scribed workpieces (A) control group (B) experimental 
group 1 (C) experimental group 2. 
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Fig. 8 Measurements of scribed depth by a Laser Scanning 
Confocal Microscopy (A) control group, (B) experimental 
group 1, (C) experimental group 2. 

Fig. 9 Three cross-sectional profiles of the workpieces with 
the same laser parameters from the control group. 

Fig. 10 Three cross-sectional profiles of the workpieces 
with the same laser parameters from the experimental 
group 1. 

Fig. 11 Three cross-sectional profiles of the workpieces 
with the same laser parameters from the experimental 
group 2. 

Fig. 12 Comparison chart of the average cross-sectional 
profiles from the control group, experimental group 1 and 
group 2. 

5. Discussions
From the comparison of the various beam profiles as 

shown in Fig. 6, it verified that the laser beam with the 
Gaussian distribution was successfully converted into a 
Top-hat beam distribution by a beam shaper which ensured 
that a U-shaped cross-sectional profile of the workpiece 
after laser scribing process can be obtained. Moreover, af-
ter the completion of laser scribing process, the cross-
sectional profile of the workpiece can be observed by a 
microscope as shown in Fig. 7. It can be easily seen that a 
U-shaped cross-sectional profile is created from the exper-
imental groups, and a V-shaped cross-sectional profile is 
generated from the control group. Furthermore, from the 
measurements of scribed depth by the LSCM, it shows that 
a V-shape cross-sectional profile of the workpiece from the 
control group generally has a deeper scribed depth and with 
a larger heat-affected zone (the margin of scribed patterns 
has a higher hill). However, after beam shaping, a U-
shaped cross-sectional profile is obtained in the experi-
mental groups, which can effectively reduce the scribing 
depth to avoid the damages of the substrate, PET. In addi-
tion, the laser scribed linewidth also increases, and the 
thermal effect is smaller, compared to the control group.

Chen et al. [6] reported on using a laser beam shaper 
component to obtain a Top-hat beam to perform electrode 
patterning on ITO thin films on the glass or plastic sub-
strate. Furthermore, they also developed a laser annealing 
system for heat treatment on the ITO thin films with the 
use of a uniform laser beam profile and with a proper laser 
intensity [7]. In addition, Shang et al. [8] investigated the 
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curing process under different laser intensity profiles ob-
tained with the beam shaping device.  

Compared with other works, we have successfully 
changed the original V-shaped cross-sectional profile of 
workpieces into a U-shaped profile on the Ag/PET sub-
strate by using a picosecond laser with a beam shaper,
which completely replaces a nanosecond laser of its ad-
vantage of the U-shaped cross-sectional profile. In addition, 
in the beam shaping setup, two different beam shaping pa-
rameters were used to obtain different beam sizes for scrib-
ing process. From our results, it shows that the PET sub-
strate is less damaged with the U-shaped groove, compared 
to the V-shaped groove. Moreover, the scribed samples are 
almost without HAZ because after beam shaping process, a 
uniform laser intensity profile is obtained for scribing.

In this study, the same laser parameters are performed 
three times and their averages are calculated as well. Fig. 9 
to 12 shows the average cross-sectional profiles of the laser 
scribing experiments, and it is verified that the repeatability 
of our experiments are acceptable. In addition, ten scribed
samples were measured by a multimeter (Fluke, Model 
115) to check if both sides of the thin film showed an open 
loop (OL) state after laser scribing process with the proper 
laser parameters. The measured results show that the isola-
tion on the ten silver conductive thin films can be success-
fully achieved. Moreover, from the results showing in fig-
ure 12, the geometry of U-shape profiles of the scribed 
lines are similar and thus, the estimated dielectric strength 
of each scribed line should have no big differences. Mean-
while, in the beam shaping setup, two different beam shap-
ing parameters were used to obtain different beam sizes 
(6.5mm and 3.6 mm, referrer to group 1 and 2 parameters) 
for the scribing process. From our results (figure 12), it 
indicates that the cross-sectional profile of the scribed lines 
with different parameters of group 1 or 2 are all U-shape 
and the there is no significant differences in geometry ei-
ther. Possible reason may be after the beam shaping, differ-
ent beam sizes do not have a significant impact on the 
scribed profile since all other laser parameters are remain-
ing the same.

6. Conclusions
In this study, we explore the differences between the 

nanosecond and picosecond laser in laser scribing process. 
The results indicate that the heat-affected zone of the work-
piece using a nanosecond laser is greater than using a pico-
second laser due to the different beam profile of the pulse 
durations investigated. Laser scribing using a nanosecond 
laser is one kind of photothermal mechanism, and thus a U-
shaped cross-sectional profile of the workpiece is easily 
created. In photothermal mechanism, the energy of the laser 
beam is absorbed by the material first and converted into 
heat to make the material melt. Due to the different beam 
profile of the pulse durations, a nanosecond laser and a 
picosecond laser can easily produce a U-shaped and a V-
shaped cross-sectional profile, respectively.

This study explores whether a beam shaper can convert 
a Gaussian beam into a Top-hat beam. The experiments 
were divided into two experimental and one control groups 
for laser scribing processes and then implemented three 
times with the same laser scribing parameters for experi-
mental validation. This study successfully uses a picosecond 

laser with a beam shaper to change the original V-shaped 
cross-sectional profile of the workpiece into a U-shaped 
cross-sectional profile. Therefore, it increases another fea-
ture of using a picosecond laser in scribing process and the 
conclusions can be summarized as follows:

1. The workpiece has a smaller heat-affected zone 
without a blackened area on it.

2. Due to the small heat-affected zone and short pulse 
duration, the edge of the workpiece after laser 
scribing has a better quality and therefore improves 
the machining accuracy.

3. A picosecond laser for scribing process was success-
fully performed to produce a U-shaped cross-
sectional profile of the workpiece and thus reduces 
the damage of substrate PET.

This study demonstrates that a picosecond laser with a 
beam shaper allows a Gaussian beam to be converted into a 
Top-hat beam, extending the use of laser processing. In 
addition, the laser scribing parameters in this study have 
not been optimized. In the future work, if the laser parame-
ters could be optimized by the methods of Grey relational 
theory or Taguchi [13], the quality of laser scribing can be 
further improved.
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