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1. Introduction
Since the discovery of graphene and its electrical and mechanical potentials
about 10 years ago, many efforts have been made to use it in future
technologies. Graphene is carbon atoms in a honeycomb network in a layer
one atom thick, which, due to its extraordinary properties, can be used in many
applications such as making electrodes, sensors, transistors, and many other
things. On the other hand, with the advancement of technology, the use of
flexible devices and miniaturization in various industries, including wearable
devices and biosensors, has received much attention.
The laser-induced graphene method has been proposed since 2014 for creating
graphene on thin polymer films. The laser used in this process was a carbon
dioxide laser with a wavelength of 10.6 um. In this method, flexible polymer
films containing carbon rings, especially polyimide, are irradiated using a
laser under specific irradiation conditions, and thus, a porous graphene layer
is created in the irradiated areas. This layer has unique properties for making
electrodes used in sensors, supercapacitors, etc.
Due to the processes involved in laser-induced graphene, lasers with different
wavelengths, from visible and ultraviolet to infrared, are capable of creating
graphene. However, the quality and process of creating graphene are different.
In this paper, the formation of graphene electrodes on polyimide polymer
using laser irradiation with a wavelength of 445 nm is investigated. The effect
of various irradiation parameters, including laser power, the overlap of the
irradiated lines, and the laser scanning speed on the formation of graphene on
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the polyimide sample, is investigated, and the optimal irradiation conditions
for electrode formation are investigated.

2. Methodology

Polyimide films with a thickness of 60 microns were used to make the
electrode. The sample was fixed on a microscope slide using a substrate and
cleaned using ethanol. Then, it was irradiated under different conditions using
a diode laser with a wavelength of 445 nm, which was placed on a moving
table with the ability to move in the X and Y directions. After irradiation, the
samples were examined using Raman spectroscopy and electron microscopy
to examine chemical and morphological changes. The resistance of the
samples after irradiation was measured using a multimeter.

3. Results and Discussion

The polyimide film is completely non-conductive before irradiation, and its
resistance is more than 90 megaohms per square centimeter. By irradiating the
sample with a power of 1 watt with different overlapping the laser irradiated
lines, no change in the resistance of the sample is observed. However, by
increasing the laser power to 1.5 watts, the resistance of the sample decreases
sharply and reaches about 700 ohms. The amount of this reduction depends
on the amount of overlap between the laser lines and is greater for higher
overlap. Increasing the number of laser lines to 20 lines per inch causes a 100-
ohm decrease in the resistance of the sample. Further increase in the laser
power causes a further decrease in the resistance, and it reaches about 230
ohms. As the overlap amount increases further, the resistance first increases
somewhat and then decreases. The decrease in resistance with increasing
power is not continuous, and with increasing power to 2 watts, the sample
resistance starts to increase and then decreases with increasing overlap. But
the resistance changes at this power are much greater, around 900 ohms. This
indicates the importance of laser power as a fundamental parameter in
reducing the sample resistance.

On the other hand, the changes in the sample resistance also depend on the
scanning speed. Although at first glance, at higher powers, the sample
resistance can be reduced by increasing the scanning speed, this reduction in
resistance with scanning velocity does not show the same behavior at different
powers. For example, at a constant speed of 7 mm/s, irradiating the sample
with higher powers leads to a reduction of 120 ohms in the sample resistance,
while at a power of about 10% lower, the sample resistance is about 600 ohms.
As the scanning speed increases, the resistance of the sample irradiated with
1.75 W decreases, but the resistance of the sample irradiated with lower power
increases. This trend of resistance change with scanning speed continues up
to about 14 mm/s and reverses at higher speeds. The differences in
morphology on the surface at different powers and the increase in the
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threshold power required to create graphene on the surface with increasing
scan speed are the reasons for this different behavior.

In this study, the minimum resistance obtained by adjusting the irradiation
parameters is about 80 ohms, which is related to the sample irradiated at the
laser power of 2 W with a scanning velocity of 15 mm/s and 200 lines per
inch. This resistance is sufficient to make electrodes used in energy storage
devices and sensors and has a very low production cost. On the other hand,
the results of this study show that changes in the morphology of the electrode
surface, which is another important parameter in the performance of the
electrode, can behave differently with changes in electrical resistance under
different irradiation conditions. The SEM images of the irradiated surfaces
show that the surface of the samples irradiated at 1.5 Wand 2W has a different
porous structure compared to the sample irradiated at 1.75W. However, the
resistance of the sample irradiated at 1.75 W is lower than the other two
samples. These changes have a great impact on the performance of the
electrode, and therefore, the choice of irradiation conditions and the
competition between these two parameters will be very important according
to the desired application.

4. Conclusion

In this paper, graphene electrodes were created using the laser-induced
graphene by a 445 nm laser on a polyimide polymer film. The polyimide film
was irradiated using the laser under different irradiation conditions. The
minimum resistance obtained by changing the laser power, the overlap of the
irradiated lines (the number of lines per inch of a fixed area of the sample),
and the scanning speed was 80 ohms. On the other hand, the change in the
surface morphology of the sample, which is an important factor for electrode
effective surface area, does not necessarily happen for the sample with the
lowest electrical resistance. Therefore, the optimization of each factor for the
intended application is essential.

Keywords: Laser Induction, Graphene Electrode, Polyimide, Visible Laser.
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Fig. 1 Optical image of a rectangular electrode and three-electrode patterns created
under different irradiation conditions.
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at 1.75 W and scanning speed of 10 mm/s.
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Fig. 4 Electron microscope images of samples irradiated at constant scanning speed
and overlap, and laser power of (a) 1.5 W, (b) 1.75 W, and (c) 2 W.
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