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ABSTRACT: First demonstrated in 2014, Direct Laser Writing (DLW) of polyimide (PI) to form
Laser Induced Graphene (LIG) is a versatile and simple method to fabricate arbitrary patterns of
graphene on PI. LIG can be used to fabricate electrical sensors, biosensors and even energy storage
devices that can be integrated in 3D printed circuits and devices. Key to the performance of LIG
devices is control over the morphology of the LIG formed, which is still poorly understood.
Therefore, this paper will present a preliminary investigation and analysis of the morphology of
single LIG lines versus scanning speed and femtosecond (fs) pulse fluence. The results presented
will be an important step towards high performance LIG devices.
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INTRODUCTION

Ever since the isolation of monolayer graphene, most notably by Novoselov et al. (2004), one of the
main goals in graphene research has been to develop a process to quickly and efficiently produce
graphene in a form that is directly usable. Graphene is most widely known as a transparent (De &
Coleman, 2010), highly conductive allotrope of monolayer carbon (Bolotin et al., 2008), but
fabrication of graphene in that form is challenging and is yet to be commercially scalable. More
efficient methods of graphene production produce graphene in a wider variety of forms and
derivatives, notably graphene with porous 3D structures. Laser Induced Graphene (LIG) from Direct
Laser Writing (DLW) of polyimide (PI) or polyimide-based materials is one such process. LIG was
first demonstrated in 2014 (Lin et al., 2014) to be an efficient, facile method to quickly produced
highly conductive structures of porous graphene. Since then, graphene has found a wide variety of
applications in sensing and energy storage (Zhao, Han, Cheng, Jiang, & Qu, 2017). LIG has been
found to be induced by a variety of lasers, including fs lasers (In et al., 2015) and in a variety of
precursor materials apart from PI (Chyan et al., 2018). The large variety of materials and processes
that can form LIG coupled with the ease of arbitrary patterning makes LIG a particularly suitable
candidate for integration into laser-based electronics 3D printing processes, such as laser-sintering
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of inkjet deposited silver nano-inks, and lithographic processes (Murukeshan, Chua, Tan, & Lin,
2008; Sreekanth & Murukeshan, 2010). Integration of these processes would allow creation of more
complex electrical circuits with integrated sensors and energy storage devices (Zhao et al., 2017) or
even optical (Sujatha, Murukeshan, Ong, & Seah, 2003) and biosensor systems (James, Murukeshan,
& Woh, 2014), which would be a key milestone in the development of 3D printed electronics.

Key to the performance of LIG devices is control over the morphology of the LIG. For example,
Duy et al. (2018) found that fibers of LIG grown by rastering a laser beam across PI would enhance
the capacitance of micro-supercapacitors by providing a larger area for charge retention near the
edge of electrodes. Porous graphene has also been used in electrode arrays for cortical micro-
stimulation (Lu, Lyu, Richardson, Lucas, & Kuzum, 2016). Morphological control can be achieved
by controlling a whole host of process parameters, such as the writing environment to form super-
hydrophobic LIG (Li et al., 2017). Current research is mainly focused on the microstructure of LIG
formed, with different microstructures optimized for different applications, such as determining the
hierarchal nature of LIG formation for flexible supercapacitors (Andrea et al., 2017). Missing in this
research but equally important however, is the spatial distribution of the LIG formed as LIG is
written into different materials. The 1D line is the most common building block for DLW LIG
devices; arrays of 1D lines are written, or hatched sequentially to form even the most complex of
arbitrary shapes. An understanding of how LIG is distributed within a line is therefore critical to
control and improve the performance of LIG-based devices. Therefore, results of a preliminary
investigation and analysis of the morphology of single LIG lines versus scanning speed and
femtosecond (fs) pulse fluence will be presented in this paper. Presentation and further development
of these results will be an important step towards improving the performance of large area,
multifunctional LIG/3D printed devices.

MATERIALS AND METHODOLOGY

3M Kapton tape was prepared as the sample. A layer of Kapton tape consists of a 30 um thick layer
of PI on a 60 um thick adhesive layer. To prepare the Kapton sample for writing, the Kapton tape
was affixed on a microscope glass slide to provide rigidity and a flat surface for writing. Both the
microscope glass slide and the surface of the Kapton tape was cleaned with ethanol to remove
organic contaminants. Each line was drawn by scanning a fs laser beam across the sample by means
of a computer-controllable galvano-scanner (Sino-Galvo JD2204 Galvo Scanner) fitted with a f-
theta lens (Sino-Galvo f-theta lens). The laser used was a linearly polarised Yb-fiber fs laser
(Amplitude Systemes Satsuma HP) with a 220 fs pulse duration and 500 kHz repetition rate. The
third harmonic wavelength (343 nm) was used for DLW, considering the absorption wavelength of
PI. Optical components were installed along the beam line to control the laser parameters under
investigation. Power was controlled using a half-wave plate, polarizing beam splitter and beam
dump, while a second half-wave plate was used to control the polarization of the beam. The beam
was then directed into the galvano-scanner, above an adjustable x-y sample stage as shown in Figure
1.

The surface of the Kapton tape sample was placed at the focus of the galvano-scanner (beam waist
measured to be 35 um across). Each line was 10 mm long, and were drawn at four different scanning
speeds, from 50 mms™' to 200 mms™' at 50 mms™! intervals, and at five pulse fluence values from
0.0832 Jem™? to 0.166 Jem?. Each LIG line was drawn twice, and spaced out across the whole
sample.
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Figure 1. Schematic for DLW of PI with a galvano-scanner.

Raman spectroscopy was conducted with a Renishaw InVia Raman Microscope system. Raman
spectra for LIG was excited using a 514 nm laser at 50X magnification. Optical and surface profile
characterisation was conducted with a Keyence VK-250 Confocal Microscope at 50X, and surface
profiles measured in the software itself.

RESULTS AND DISCUSSION

The formation of glassy carbon on PI by UV irradiation has previously been reported (Schumann,
Sauerbrey, & Smayling, 1991), and a variety of carbon-based materials have also been reported from
PI such as graphite-like clusters (Nakajima, Nakamura, & Tsuchiya, 2016). Therefore, Raman
spectra of each of the lines in which carbonaceous material is observed (under optical microscope)
was taken to identify the nature of the carbon-material formed by DLW. Representative spectra was
then compared to results of LIG and graphene reported in literature for analysis. The Raman spectra
shown in Figure 2 is only representative of the LIG formed in the lines, as different processing
parameters investigated can form LIG with differing Raman spectra (Andrea et al., 2017). Across
the different Raman spectra, the centre of the D, G and 2D peaks were found at ~1353 cm™!, ~1590
cm! and ~2700 cm! respectively. Both the presence and position of 2D peak indicated the formation
of graphene (Ferrari et al., 2006). A high D peak indicated high level of disorder, which was expected
in the formation of porous LIG (Lin et al., 2014). The wide 2D peak also suggested the formation
of many layer graphene (Ferrari et al., 2006), which is also expected of LIG. Since the Raman spectra
were in line with what was expected for LIG, therefore it could be safely concluded that LIG was
formed.
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Figure 2. Raman Spectra of LIG formed from DLW of PI. The D peak is at 1353 cm™, the G
peak is at 1591 cm™! and the 2D peak is at 2696 cm™.
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With the formation of LIG confirmed, the next step was to investigate the distribution of LIG
across each line. 3D surface profiles of selected sections of the lines were obtained by confocal
microscopy, and the results were presented below in Figure 3.
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Figure 3. Morphological comparison of LIG line sections with pulse fluence and scanning speed.
Colour bar provided to indicate relative heights of LIG and PI.

A few trends can be immediately observed. Firstly, the width of the lines is observed to increase
with an increase in pulse fluence. For example at 50 mms!, the measured line width increased from
78 um to 110 um. This positive relationship was found to hold across all other observed speeds as
well. Secondly, LIG was only fabricated within a speed range of 100 mms™' to 150 mms™. Virtually
no LIG was observed along the lines at 200 mms™' or 50 mms™'. This result points towards a limited
range of scanning speeds to form LIG, beyond which LIG cannot be formed. Thirdly and most
importantly, within the acceptable speed range, the distribution of LIG changes drastically. For
example at 100 mms!, the top of the LIG formed a relatively wide (66 um) and even ‘plateau’ at
0.0832 Jem™, but steadily separated into two thinner lines of LIG separated by a heavily ablated
groove in the underlying PI. Such a distribution of LIG has large implications on the quality of larger
patterns of LIG formed at these parameters, as it implies that properties of a large LIG pattern might
be compromised by the presence of these large gaps. At 150 mms™! (still within range of LIG
formation) ‘cracks’, instead of a full separation within the distributed region of LIG was observed.

The observed distribution of LIG can be explained by the increasing number of pulses with

increasing pulse fluence at the same speed. In LDW by pulsed lasers, a written line is simply the
cumulative addition of overlapping pulses across the line, with the scanning speed controlling the
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amount of overlap of each pulse, resulting in a certain number of pulses per unit length. For example,
at 100 mms!, there are 5,000 pulses per mm (for 500 kHz repetition rate). As pulse fluence increases,
the amount of incident pulse energy on the same area increases, and at a particular threshold
(experimentally determined to be 0.0416 Jem™ at 100 mms) the formation of LIG due to photo-
thermal interaction with the PI occurs (In et al., 2015). Before this threshold (but above the
carbonisation threshold), material closer to graphite would be formed instead. The porosity of LIG
is a direct result of violent ejection of material (ablation plumes) into the environment (Lin et al.,
2014) therefore with a large enough energy intensity (above threshold of 416 Jem™ this experiment),
material ejection from the underlying PI would cause the ejection of the LIG formed above it.
Ejection of LIG that would expose the ablated PI layer would be expected to occur at the centre of
the line, where the fluence of the beam would be the highest, therefore resulting in the observed
‘separated’ LIG distribution above 0.0832 Jem™ at 100mms™. At 150 mms™! in comparison, the
number of pulses per mm would be around 3,333 pulses, therefore even at the same pulse fluence
the amount of energy incident on the PI surface would be lower, resulting in less ejection and
therefore, no clear ‘separation’ of LIG along a line. Control over the distribution of LIG across a
line therefore requires control over the amount of incident energy on the PI, to prevent ejection of
the LIG formed.

To further investigate the impact of LIG line distribution on large area device fabrication, the next
step for future work would be to compare the obtained observations to write large area patterns. To
do so the proposed future work would also include the investigation of additional process parameters
such as line overlap and hatch patterning. This work would be supported by SEM and Raman studies,
followed by optimisation for different applications to showcase the impact of this study.

CONCLUSION

In this paper, the results of an investigation into the effect of fs pulse fluence and scanning speed on
the distribution of LIG in scanned lines were presented. At high fluences (above 0.0832 Jem™?) and
relatively low speeds (100 mms™), LIG along a single line was observed to become unevenly
distributed and separated by a groove of ablated PI. Better understanding and control of this observed
phenomenon, especially in relation to larger 2D LIG patterns is expected to improve the performance
of LIG devices. It is envisaged that these results will contribute to the realisation of high
performance, large area, multifunctional LIG/3D printed devices in the near future.
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