
����������
�������

Citation: Hristovski, I.R.; Herman,

L.A.; Mitchell, M.E.; Lesack, N.I.;

Reich, J.; Holzman, J.F.

Manifestations of Laser-Induced

Graphene under Ultraviolet

Irradiation of Polyimide with Varied

Optical Fluence. Nanomaterials 2022,

12, 1241. https://doi.org/10.3390/

nano12081241

Academic Editor: Shufen Chen

Received: 17 March 2022

Accepted: 4 April 2022

Published: 7 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Manifestations of Laser-Induced Graphene under Ultraviolet
Irradiation of Polyimide with Varied Optical Fluence
Ilija R. Hristovski , Luke A. Herman , Michael E. Mitchell, Nikolai I. Lesack, Jason Reich
and Jonathan F. Holzman *

Integrated Optics Laboratory, School of Engineering, University of British Columbia, Kelowna,
BC V1V 1V7, Canada; ilijahri@me.com (I.R.H.); lukeherman1997@gmail.com (L.A.H.);
mikemitch@outlook.com (M.E.M.); nlesack123@hotmail.com (N.I.L.); jasonreich@outlook.com (J.R.)
* Correspondence: jonathan.holzman@ubc.ca

Abstract: In this work, we put forward a rigorous study on ultraviolet (355-nm) laser irradiation
of polyimide for the realization of high-quality laser-induced graphene (LIG) with micron-scale
features. High-quality material and micron-scale features are desirable—but often at odds—given
that small features demand tightly focused beam spots, with a predisposition to ablation. As such, we
investigate the synthesis of LIG by correlating the material characteristics, as gleaned from scanning
electron microscopy and Raman spectroscopy, to the incident optical fluence, as a measure of applied
optical energy per unit area. The study reveals that high-quality LIG, with ratios of Raman 2D-to-G
peak heights approaching 0.7, can be synthesized with micron-scale features, down to 18 ± 2 µm,
given suitable attention to the optical fluence. Optimal characteristics are seen at optical fluences
between 40 and 50 J/cm2, which promote graphenization and minimize ablation. It is hoped that
these findings will lay a foundation for the application of LIG in future integrated technologies.

Keywords: graphene; laser-induced graphene; Raman spectroscopy; optical fluence

1. Introduction

Graphene is a two-dimensional allotrope of carbon with electrical and optical prop-
erties that are extraordinary [1–3]. It has gained particular attention in optoelectronics
due to its unique band structure, with a bandgap energy of zero. Such a structure yields
minimal wavelength dependence in its absorption processes [4] and ultrafast charge carrier
dynamics in its relaxation processes, given the predominance of energy and momentum
relaxation [4]. This has led to numerous studies on the synthesis of graphene, via electro-
chemical exfoliation of graphite [5] and electrodeposition [6], the modification of graphene,
by way of covalent chemistry [7] and photochemical modification [8], and the application
of graphene, in photodetectors [9] and optical modulators [10].

Of the various means to synthesize graphene, those applying laser writing are par-
ticularly advantageous. They enable direct patterning of graphene with the potential
for micron-scale features. The concept was introduced by Lin et al. in forming laser-
induced graphene (LIG) within a polyimide film by way of a CO2 laser, at a wavelength of
10.6 µm [11]. These findings have since led to many attempts at reducing the size of the
beam spot and, thus, the LIG feature size by moving from the long infrared wavelength to
the shorter ultraviolet wavelengths of 355 nm [12] and 404 nm [13]. The latter study used
stationary irradiation for a set duration of time to apply a finite optical fluence (i.e., energy
per unit area) and in doing so realized LIG spots with sizes down to 12 µm. Nevertheless,
the extrapolation of such work to the direct writing of LIG lines is nontrivial. This is
because the translation velocity used to write such lines defines the level of graphenization,
which requires a sufficiently high optical fluence, and ablation, wherein low velocities
are predisposed to photothermal ablation (at a relatively high threshold optical fluence)
and high velocities are predisposed to photochemical-induced ablation (at a relatively low
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threshold optical fluence) [14]. Ultimately, the direct writing of LIG lines is subject to a
complex interplay between graphenization and ablation—with the pursuits of micron-scale
features and high-quality graphene material often at odds.

The (desired) LIG generation can be brought about via photothermal effects and/or
photochemical effects. Photothermal effects play a dominant role under visible or infrared
irradiation, at wavelengths above 400 nm, as the photon energies are less than the dis-
sociation energies of chemicals bonds in the material [12,15,16]. The deposited energy
from the laser pulses, i.e., the optical fluence, then excites vibrational modes and raises
the temperature. This can yield a transition to an intermediate amorphous carbon state,
under certain circumstances [17,18], and the desired transition from sp3 to sp2 bonds in
the crystalline graphene state [11]. In contrast, photothermal and photochemical effects
can play a role under ultraviolet irradiation, at wavelengths below 400 nm, given that the
photon energies are often greater than the dissociation energies of the constituent chemical
bonds [12,15,16]. Although less is known about LIG generation under ultraviolet irradia-
tion [19], the physical features suggest a dominance of photothermal effects at low optical
fluences and contributions from photochemical effects at high optical fluences—mediated
by the ionization of nitrogen in the air and subsequent reactions [12].

The (undesired) ablation can also occur during LIG generation and arise from pho-
tothermal and/or photochemical effects. Shin et al. showed that photothermal and photo-
chemical effects contribute to the ablation of polyimide at a wavelength of 355 nm given low
and high optical fluences, respectively [20]. Zhang et al. then used the metric of linear laser
energy density (LLED), as the ratio of laser beam power to translation velocity, to attribute
ablation to photochemical or photothermal effects [14]. For the ablation of polyimide under
355 nm irradiation, they concluded that photothermal effects dominate at LLED values
greater than 6 J/m, photochemical effects dominate at LLED values less than 3 J/m, and
both effects arise at LLED values between these limits.

In this work, we rigorously characterize the synthesis of LIG in polyimide under
ultraviolet irradiation as a function of the incident optical fluence (i.e., applied optical
energy per unit area). This is done to balance the (desired) graphenization [21] and
(undesired) ablation [18] and, thus, realize high-quality LIG with micron-scale features.

2. Materials and Methods

The LIG generation system for this work uses a pulsed ultraviolet laser (Oxford Lasers
Ltd., A-355 Laser Micro-machining System, Didcot, Oxfordshire, UK) with a wavelength of
355 nm, a focal length of 100 mm, an output beam diameter of 35 mm, a pulse duration
of 33 ns, and a repetition rate of 50 kHz. A 2-cm2 section of 75-µm-thick polyimide film
(Kapton, 18-3F-24, CS Hyde Company, Lake Villa, IL, USA) is translated via a three-
dimensional micro-positioning system, whereas the laser beam is focused to a spot in
the film. The polyimide film is translated in the x-y plane, to vary the location of the
beam spot in the film and the z-direction, to vary the size of the beam spot in the film.
A characterization of the beam spot is given in Appendix A. The LIG generation system,
illustrated in Figure 1, translates the polyimide film at a velocity of v = 11 mm/s (in the
x-direction) to form LIG lines of width d (in the y-direction). During this translation, the
polyimide film is irradiated by the laser beam at normal temperature and pressure (NTP),
i.e., a temperature of 20 ◦C and pressure of 1 atm.

The intensity of the laser beam in the polyimide film is characterized by a Gaussian
distribution in the x-y plane with a maximal intensity of I0 at its centre and a beam spot size
of δ = (2ln(2))1/2ω, where ω is the radius at which the intensity falls to 1/e2 of the maximal
intensity and δ is its full-width-at-half-maximum (FWHM). The intensity distribution can
then be defined at the position (x,y) and time t by

I(x, y, t) = I0· e−2((x−vt)2+y2)/ω2
(1)
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where P = πω2I0/2 = πδ2I0/(4ln(2)) is the total laser beam power over the cross-section of
the beam spot. The intensity and power are quoted in this work as time-averaged quantities
(over the train of laser pulses) incident on the polyimide surface. Given the translation
of the polyimide film along the x-direction, we can integrate the intensity distribution in
Equation (1) over all time, t, to define the incident optical fluence as a function of y via

Φ(y) =
+∞∫
−∞

I(x, y, t) dt = I0e−2y2/ω2
+∞∫
−∞

e−2(x−vt)2/ω2
dt = I0e−2y2/ω2 1

v

+∞∫
−∞

e−2t′ 2/ω2
dt′

= I0e−2y2/ω2 1
2v

√
π
2 ω
[
erf
(√

2t′
ω

)]∣∣∣+∞

−∞
= I0

√
π
2 ·

ω
v · e−2y2/ω2

= Φ0 · e−2y2/ω2
,

(2)

where the maximal optical fluence (at y = 0) is

Φ0 =

√
4 ln(2)

π
· P

vδ
≈ 0.9394373 · P

vδ
(3)
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Figure 1. A schematic of the LIG generation system is shown. The 355 nm laser beam is focused
to a fixed spot in the polyimide film, with a full-width-at-half-maximum (FWHM) of δ. The film is
translated to create LIG lines along the x-direction having a width of d in the y-direction.

The optical fluence in Equation (3) is a time-averaged quantity, similar to the intensity
and power. Moreover, its finite optical energy per unit area arises from the translation
velocity of the polyimide film and not the laser pulse duration, as seen in studies with
fixed numbers of laser pulses. Thus, our definition of optical fluence parallels the dynamic
fluence used by Tiliakos et al. for 10.6-µm LIG generation [22] and Lee et al. for 355 nm
LIG generation [23]. The scaling factor of (4ln(2)/π)1/2 in Equation (3) arises from the
Gaussian laser beam and is approximated by unity in [22] and [23]. In the remainder of
this work, we characterize the LIG in terms of the optical fluence, Φ0, as it encapsulates the
combined effects of laser beam power, P, translation velocity, v, and spot size, δ. The laser
beam power is set at P ≈ 245 mW, and the beam spot size is varied from δ ≈ 88.7 down to
30.7 µm to vary the optical fluence from Φ0 ≈ 23.6 to 68.2 J/cm2, unless stated otherwise.
The translation velocity is set at v = 11 mm/s, as this small value mitigates mechanical
vibrations and lessens their effects on the microscopic scale of our system.

3. Results and Discussion

Raman spectroscopy is used to characterize the LIG quality under varied optical
fluence. The results were acquired from a Raman spectrometer (Renishaw inVia Raman Mi-
croscope, Wotton-under-Edge, UK) with excitation at a power of 22.5 mW and wavelength
of 632.8 nm, and focusing by an objective lens with a magnification of 20×, numerical
aperture of 0.4, and spatial resolution of 1 µm2. This gives a spectral resolution of 2 cm−1.
Figure 2a,b show our measurements of Raman intensity versus Raman shift for monolayer
graphene (Graphenea, Monolayer Graphene on Quartz, Cambridge, MA, USA) and LIG,
respectively, given LIG generation at optical fluences of Φ0 = 23.6, 35.1, 46.3, and 68.2 J/cm2.
Figure 2a exhibits G and 2D peaks near 1580 and 2650 cm−1, respectively, with the emer-
gence of these two peaks (and only these peaks) indicating the presence of near-ideal
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monolayer graphene. (Such results are in agreement with those quoted by the supplier,
Graphenea, Cambridge, MA, USA.) Figure 2b exhibits prominent D, G, and 2D peaks near
1350, 1580, and 2650 cm−1, respectively, from which characteristics of LIG can be gleaned.
The D peak arises in graphene near 1350 cm−1 due to edges and/or defects. It can manifest
as a D1 peak from edges of monolayer graphene or superimposed D1 and D2 peaks from
edges of graphite, giving a broader overall peak [24]. The ratio of D-to-G peak heights is
often used to gauge the fraction of graphite and/or disordered graphene (as a measure of
LIG quality). The G peak arises in graphene near 1580 cm−1 due to doubly degenerate E2G
phonons at the Brillouin-zone centre [25]. It can show a slight redshift due to increasing
numbers of layers [26] and/or be superimposed with a subtle D’ peak at 1620 cm−1, from
intravalley phonons and scattering in the K valley due to disorder [27]. The G peak height
is often used as a benchmark of comparison for the D and 2D peak heights. The 2D peak
arises in graphene near 2650 cm−1 as a single narrow peak [24]. It can manifest in ideal
graphene, unlike the D peak, as phonons with opposing wavevectors can meet momentum
conservation without defects [28]. With added layers and/or bulk graphite, the 2D peak is
seen to split into 2D1 and 2D2 peaks. The overlapping 2D1 and 2D2 peaks yield an overall
2D peak that is redshifted and broadened—as an indicator of inferior LIG quality [29,30].
The ratio of 2D-to-G peak heights and the width of the 2D peak are often used to gauge the
proportion of ordered graphene in LIG.
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Figure 2. Results from Raman spectroscopy are shown as Raman intensity versus Raman shift. The
results are shown for (a) monolayer graphene and (b) four LIG lines having been generated by select
optical fluences of Φ0 = 23.6, 35.1, 46.3, and 68.2 J/cm2. The peaks appearing at approximately 1350,
1580, and 2650 cm−1 are designated by D, G, and 2D, respectively.

We can see from Figure 2b that the heights of the above three peaks vary with optical
fluence, Φ0. The lowest optical fluence, Φ0 = 23.6 J/cm2, gives a low D peak and very low
2D peak, with respect to the G peak, suggesting that weak graphitization and very weak
graphenization occurred. At the next optical fluence, Φ0 = 35.1 J/cm2, the D peak rises to a
great height and the 2D peak rises to a moderate height, indicating strong graphitization
and moderate graphenization, respectively. At the optical fluence of Φ0 = 46.3 J/cm2, the
D peak falls to a moderate height, whereas the 2D peak rises to a great height, indicating
moderate graphitization and strong graphenization, respectively. At the highest optical
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fluence, Φ0 = 68.2 J/cm2, the D peak is largely unchanged and the 2D peak falls, suggesting
that the added optical fluence decreases the fraction of ordered graphene due to ablation.

The spatial characteristics of the LIG lines can be seen in the scanning electron micro-
scope (SEM) images of Figure 3. Figure 3a shows the cross-section of a LIG line made with
an optical fluence that is well above the ablation threshold (at 58 J/cm2). The SEM image
shows a deep trench that has been ablated into the polyimide. Figure 3b shows a LIG line
with a width of d ≈ 95 ± 5 µm generated by an optical fluence that is slightly above the
ablation threshold (at 46.3 J/cm2). Such an optical fluence yields a narrow trench from
ablation in the centre of the LIG line, where the optical fluence is highest, and graphene
with micron-sized pores on either side, where the optical fluence is less. Figure 3c shows
a LIG line with a width of d ≈ 85 ± 5 µm generated by an optical fluence that is slightly
below the ablation threshold (at 44.8 J/cm2). Ablation is absent and micron-sized pores can
be seen across its width. Figure 3d shows a LIG line generated by scaling down the laser
beam power and spot size to give a lower optical fluence (at 27.4 J/cm2). The result is a LIG
line without ablation and nanometre-sized pores across its width of d ≈ 18 ± 2 µm. Further
details on how the widths of these LIG lines are calculated are given in Appendix B.
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Figure 3. Scanning electron microscope (SEM) images of LIG lines generated by (a) an optical fluence
that is well above the ablation threshold, at 58 J/cm2, yielding an ablated trench, (b) an optical
fluence that is slightly above the ablation threshold, at 46.3 J/cm2, yielding a narrow ablated trench
in the centre and micron-sized pores of LIG on either side, (c) an optical fluence that is slightly below
the ablation threshold, at 44.8 J/cm2, yielding only micron-sized pores of LIG, and (d) a LIG line
generated by an optical fluence that is below the ablation threshold, at 27.4 J/cm2, with its reduced
laser beam power and spot size yielding a width of d ≈ 18 ± 2 µm.

Overall, we find that the pore sizes in the LIG lines scale up with increasing optical
fluence. This agrees with the literature, from the earliest work [11] where the nanometre-
sized pores expanded from increased optical power (and thus increased optical fluence)
to more recent work [23] where the micron-sized pores expanded from decreased transla-
tion velocity (and thus increased optical fluence). Such increases in pore size have been
attributed to the escape of gases, including CO and H2, which becomes more prevalent at
higher optical fluences [12,17,23]. At the same time, we find that the pore size is negatively
correlated to the bonding strength of a LIG line, whereby larger pores show weaker bond
strength and potentially delamination. Namely, our tests according to the ASTM D3359-17
standard, with an adhesive tape having a peel strength between 6.34 and 7.00 N/cm, gave
failures for the wider LIG lines and passes for the narrower LIG lines.

The spectral characteristics of the LIG lines are illustrated by the Raman peak heights
shown in Figure 4. Figure 4a shows the results by way of Raman intensity as a function
of Raman shift and optical fluence, Φ0. Here, we see several trends for increasing optical
fluence: the D peak rises slightly over low optical fluences and then falls over high optical
fluences; the G peak remains largely unchanged; and the 2D peak rises over low optical
fluences and then falls slowly over high optical fluences. For added clarity, the individual
trends for the D peak height, ID, G peak height, IG, and 2D peak height, I2D, in Figure 4a
are presented as a function of optical fluence, Φ0, within Figure 4b–d, respectively.
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Figure 4. Results from Raman spectroscopy are shown for LIG lines generated with various values of
optical fluence, Φ0. The results show (a) Raman intensity versus Raman shift and optical fluence, Φ0,
(b) D peak height, ID, versus optical fluence, Φ0, (c) G peak height, IG, versus optical fluence, Φ0, and
(d) 2D peak height, I2D, versus optical fluence, Φ0. In (b–d), the results are characterized by markers
and error bars, as well as curves for the fit (middle curve), the fit minus the standard deviation (lower
curve), and the fit plus the standard deviation (upper curve). Thus, the shaded regions between the
lower and upper curves portray uncertainty at one standard deviation from the fit.

The experimental results shown here are from 65 samples of LIG lines generated at
18 distinct optical fluences, with three to five samples of LIG lines used for each optical
fluence. The markers denote the mean values from the samples at each optical fluence, with
the lower/upper bounds on the error bars denoting the mean minus/plus the standard
deviation across all 65 samples. The results used to generate the figures are shown in
Appendix C as plots of Raman intensity versus Raman shift for each optical fluence. The
overall trend in each figure is characterized by an empirical spline (polynomial) fit and the
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standard deviation of the 18 experimental datapoints with respect to this fit. The central
curve denotes the fit, the lower curve denotes the fit minus the standard deviation, and
the upper curve denotes the fit plus the standard deviation. Thus, the overall trends can
be interpreted from the central curves, with the shaded regions between the lower and
upper curves portraying uncertainty at one standard deviation from the fit. In Figure 4b,
we see the D peak height, ID, rise over a low-optical-fluence regime, from Φ0 ≈ 23.6 to
40.0 J/cm2, indicating growth of graphite and disordered graphene, then fall over a high-
optical-fluence regime, from Φ0 ≈ 40.0 to 68.2 J/cm2. In Figure 4c, we see the G peak height,
IG, remain largely unchanged over the low-optical-fluence regime and then fall slightly
over the high-optical-fluence regime. In Figure 4d, we see the 2D peak height, I2D, rise
over the low-optical-fluence regime and then fall over the high-optical-fluence regime. We
attribute the nonmonotonic trend in 2D peak height to the promotion of graphenization
in the low-optical-fluence regime and the promotion of disorder and ablation in the high-
optical-fluence regime.

Figure 5 shows characteristics of the LIG material via ratios of Raman peak heights.
We note here that the D-to-G peak height, ID/IG, is correlated to the proportion of graphite
and disordered graphene, whereby reduced crystallite sizes increase the disorder and
defects [31], whereas the 2D-to-G peak height, I2D/IG, is correlated to the proportion
of ordered graphene, whereby I2D/IG values greater than 1.3 are seen from monolayer
graphene [31]. For example, the peak heights from our monolayer graphene in Figure 2a
give I2D/IG ≈ 1.6. Figure 5a,b show ratios of D-to-G peak height, ID/IG, and 2D-to-G peak
height, I2D/IG, respectively, as a function of optical fluence, Φ0. Here, experimental results
are displayed as markers with error bars and empirical spline (polynomial) fits, with the
error bars and fitted curves defined in the manner described for Figure 4. The smaller
error bars in Figure 5, compared with Figure 4, show the advantage of characterizing
LIG material by ratios of peak heights. Namely, arbitrary scaling factors that inevitably
exist between differing Raman spectra cancel in dividing the D and 2D peak heights
by the G peak height. The ID/IG results in Figure 5a suggest that the proportion of
graphite and disordered graphene rise sharply across the low-optical-fluence regime,
reaching a maximum near Φ0 ≈ 35 J/cm2, and then fall slowly across the high-optical-
fluence regime. The I2D/IG results in Figure 5b suggest that the proportion of ordered
graphene rises slowly across the low-optical-fluence regime, reaching a maximum near
Φ0 ≈ 44 J/cm2, and then falls slowly across the high-optical-fluence regime. For the LIG
lines of Figure 3b–d, generated by optical fluences slightly above, slightly below, and below
the ablation threshold, respectively, with LIG line widths of d ≈ 95 ± 5 µm, 85 ± 5 µm,
and 18 ± 2 µm, respectively, we observe I2D/IG ratios of 0.45, 0.51, and 0.29, respectively.
Thus, all three LIG lines have sizable fractions of graphene, but the fraction is not entirely
independent of the beam spot size. The reduction in laser beam power and spot size for the
last sample, in targeting a smaller width, led to a reduction in the fraction of graphene.

Overall, the trends seen in this study agree with recent reports of LIG generation
via 355 nm irradiation, although the highest-quality graphene is formed here at higher
optical fluences than several studies. As examples, Carvalho et al. used a laser power
of P = 300 mW, a translation velocity of v = 60 mm/s, and a spot size of δ = 50 µm, to
generate LIG at an optical fluence of Φ0 = 9.4 J/cm2 [32], and Wang et al. generated LIG at
a translation velocity of v ≈ 300 mm/s and a spot size of δ ≈ 40 µm, with optical fluences
of Φ0 = 4.3 to 12 J/cm2 [12]. Indeed, the proposed work is more in line with a recent study
by Lee et al. on LIG generation with optical fluences ranging from Φ0 = 18.57 J/cm2 to
54.16 J/cm2 [23]. Their work’s Supplementary Material is a particularly useful resource in
linking the experimental parameters and optical fluences. As a final point, we note that the
quality of LIG was characterized in this work by Raman spectra. However, it is also possible
to characterize quality by electrical conductivity. In doing so, we find that the optimal
optical fluences for the Raman spectra also yield the highest electrical conductivities, with
values in the range of (1.5 ± 0.3) 1/(Ω·cm).
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Figure 5. Results from Raman spectroscopy are shown for LIG lines generated with varied optical
fluence, Φ0. The results show ratios of peak heights versus optical fluence, Φ0, for the (a) D-to-G
peak height ratio, ID/IG, and (b) 2D-to-G peak height ratio, I2D/IG. The results are characterized
by markers and error bars, as well as curves for the fit (middle curve), the fit minus the standard
deviation (lower curve), and the fit plus the standard deviation (upper curve). Thus, the shaded
regions between the lower and upper curves portray uncertainty at one standard deviation from
the fit.

4. Conclusions

In this work, we put forward a study on the use of ultraviolet (355-nm) laser irradiation
of polyimide for the realization of high-quality LIG with micron-scale features. The results
showed that high-quality LIG can be generated using the highest allowable optical fluence,
while remaining below the optical fluences that result in strong ablation. Optical fluences
between Φ0 ≈ 40 to 50 J/cm2 meet these conditions. Such LIG can be generated with
micron-scale features by reducing the beam spot size, δ, but this must be done with careful
consideration on the power, P, and translation velocity, v. Namely, it is necessary to
keep the overall optical fluence, Φ0 = (4ln(2)/π)1/2·P/(vδ) ≈ 0.939437·P/(vδ), below the
ablation threshold. We used this principle and demonstrated LIG lines with widths down
to d ≈ 18 ± 2 µm. However, it is worth noting that it can be difficult to control the power
and translation velocity to the extent needed to prevent ablation at these small widths.
Future studies may wish to leverage our results while investigating LIG generation in
polyimide with controlled cooling and/or thinner films. Such control may help localize the
thermal energy and realize high-quality LIG with even smaller feature sizes. Future studies
may also wish to explore the role of the laser pulse duration. As mentioned at the outset of
this work, LIG generation under ultraviolet illumination can be subject to photothermal
effects, which are roughly independent of the laser pulse duration, and/or photochemical
effects. The latter effects include (rapid) ionization and reactions of nitrogen in the air,
which will depend on the peak laser beam power and thus may vary with pulse duration.
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Appendix A

Knife-edge scans were used to characterize the beam spot sizes. This was done with
measurements of transmitted laser power as a function of the position of a knife-edge
translated across the transverse plane of the beam spot. The transmitted laser power versus
knife-edge position across the beam was then used to estimate the Gaussian intensity profile
of the beam spot. The Gaussian intensity profile defined the radius at which its intensity
fell to 1/e2 of the maximal intensity, ω, and the full-width-at-half-maximum (FWHM),
δ = (2ln(2))1/2ω. These measurements of beam spot size were made for various values of
defocus distance, z, as the distance away from the focus along the optical axis. We used this
characterization, shown in Figure A1, to define values for the beam spot size, δ, and we
used these δ to calculate the optical fluence via Φ0 = (4ln(2)/π)1/2·P/(vδ), where P is the
laser power and v is the translation velocity.
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Appendix B

The widths of the LIG lines in the SEM images of Figure 3b–d, at d ≈ 95 ± 5 µm,
85 ± 5 µm, and 18 ± 2 µm, respectively, were defined by the methods shown here. The first
two LIG lines had their widths quantified as mean widths from many measurements made
at various positions along the lines. The widths were defined by the distance between
outermost features of the line. Such measurements were relatively straightforward given
their reasonably well-defined edges. In contrast, the third LIG line had poorly resolved
edges, and so its width was quantified in MATLAB by the greyscale intensity from its SEM
image. The greyscale intensity was distributed along the x-direction of Figure 1 (parallel
to the LIG line) and y-direction of Figure 1 (perpendicular to the LIG line). A median was
calculated from all the intensities along the x-direction at each y position. This gave a
distribution of median intensities as a function of the y position (perpendicular to the LIG
line). The width of the LIG line was then quantified as the FWHM of this distribution.

Appendix C

The Raman spectra used to define peak heights and ratios of peak heights in
Figures 4 and 5 are shown in this appendix. Figure A2a,b show Raman intensity as a
function of Raman shift for LIG lines generated at optical fluences ranging from 23.6 to
36.9 J/cm2 and 38.8 to 68.2 J/cm2, respectively. The curves yielding maximal ratios of
D-to-G peak height, ID/IG, and 2D-to-G peak height, I2D/IG, are shown in red and blue,
respectively. The spectra from 65 samples are shown in these figures, with spectra taken
from three to five samples for each optical fluence. The results shown here are used to
define the mean and standard deviation for both the peak heights and the ratios of peak
heights at each optical fluence.
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ratios for D-to-G peak height, ID/IG, and 2D-to-G peak height, I2D/IG, are shown in red and blue,
respectively. Spectra from 65 samples are shown, with three to five spectra for each optical fluence.

References
1. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef] [PubMed]
2. Tiwari, S.K.; Sahoo, S.; Wang, N. Graphene research and their outputs: Status and prospect. J. Sci. Adv. Mater. Dev. 2020, 5, 10–29.

[CrossRef]
3. Khan, M.A.; Hristovski, I.R.; Marinaro, G.; Kosel, J. Magnetic composite hydrodynamic pump with laser-induced graphene

electrodes. IEEE Trans. Magn. 2017, 53, 4003204. [CrossRef]
4. Grigorenko, A.N.; Polini, M.; Novoselov, K.S. Graphene plasmonics. Nat. Photonics 2012, 6, 749–758. [CrossRef]
5. Najafabadi, A.; Gyenge, E. High-yield graphene production by electrochemical exfoliation of graphite: Novel ionic liquid

(IL)-acetonitrile electrolyte with low IL content. Carbon 2014, 71, 58–69. [CrossRef]
6. Liu, C.; Wang, K.; Luo, S.; Tang, Y.; Chen, L. Direct electrodeposition of graphene enabling one-step synthesis of graphene-metal

nanocomposite films. Small 2011, 7, 1203–1206. [CrossRef]
7. Liao, L.; Peng, H.; Liu, Z. Chemistry makes graphene beyond graphene. J. Am. Chem. Soc. 2014, 136, 12194–12200. [CrossRef]
8. Zhang, L.; Zhou, L.; Yang, M.; Liu, Z.; Xie, Q.; Peng, H.; Liu, Z. Photo-induced free radical modification of graphene. Small 2013,

9, 1134–1143. [CrossRef]
9. Gan, X.; Shiue, R.J.; Gao, Y.; Meric, I.; Heinz, T.F.; Shepard, K.; Hone, J.; Assefa, S.; Englund, D. Chip-integrated ultrafast graphene

photodetector with high responsivity. Nat. Photonics 2013, 7, 883–887. [CrossRef]
10. Liu, M.; Yin, X.; Ulin-Avila, E.; Geng, B.; Zentagraf, T.; Ju, L.; Zhang, X. A graphene-based optical modulator. Nature 2011, 474,

64–67. [CrossRef]
11. Lin, J.; Peng, Z.; Liu, Y. Laser-induced porous graphene films from commercial polymers. Nat. Commun. 2014, 5, 5714. [CrossRef]
12. Wang, L.; Wang, Z.; Bakhtiyari, A.N.; Zheng, H. A comparative study of laser-induced graphene by CO2 infrared laser and 355

nm ultraviolet (UV) laser. Micromachines 2020, 11, 1094. [CrossRef]
13. Stanford, M.G.; Zhang, C.; Fowlkes, J.D.; Hoffman, A.; Ivanov, I.N.; Rack, P.D.; Tour, J.M. High-resolution laser-induced graphene.

Flexible electronics, beyond the visible limit. ACS Appl. Mater. Interfaces 2020, 12, 10902–10907. [CrossRef]
14. Zhang, T.; Wu, C.; Rong, Y.; Li, M.; Huang, Y.; Zhang, G. Laser ablation behavior and mechanism of polyimide by UV irradiation.

Mater. Manuf. Process. 2021, 5, 809–815. [CrossRef]
15. Kaidarova, A.; Kosel, J. Physical sensors based on laser-induced graphene: A review. IEEE Sens. J. 2020, 21, 12426–12443.

[CrossRef]
16. Li, G. Direct laser writing of graphene electrodes. J. Appl. Phys. 2020, 127, 010901. [CrossRef]
17. Vashisth, A.; Kowalik, M.; Gerringer, J.C.; Ashraf, C.; van Duin, A.C.T.; Green, M.J. ReaxFF simulations of laser-induced graphene

(LIG) formation for multifunctional polymer nanocomposites. ACS Appl. Nano Mater. 2020, 3, 1881–1890. [CrossRef]
18. Chyan, Y.; Ye, R.; Li, Y.; Singh, S.P.; Arnusch, C.J.; Tour, J.M. Laser-induced graphene by multiple lasing: Toward electronics on

cloth, paper and food. ACS Nano 2018, 12, 2176–2183. [CrossRef]
19. Zaccagnini, P.; Lamberti, A. A perspective on laser-induced graphene for micro-supercapacitor application. Appl. Phys. Lett. 2022,

120, 100501. [CrossRef]
20. Shin, B.S.; Oh, J.Y.; Sohn, H. Theoretical and experimental investigations into laser ablation of polyimide and copper films with

355-nm Nd: YVO4 laser. J. Mater. Process. Technol. 2007, 187, 260–263. [CrossRef]
21. Zaccagnini, P.; Ballin, C.; Fontana, M.; Parmeggiani, M.; Bianco, S.; Stassi, S.; Pedico, A.; Ferrero, S.; Lamberti, A. Laser-induced

graphenization of PDMS as flexible electrode for microsupercapacitors. Adv. Mater. Interfaces 2021, 8, 2102046. [CrossRef]
22. Tiliakos, A.; Ceaus, C.; Iordache, S.M.; Vasile, E.; Stamatin, I. Morphic transitions of nanocarbons via laser pyrolysis of polyimide

films. J. Anal. Appl. Pyrolysis 2016, 121, 275–286. [CrossRef]
23. Lee, J.U.; Lee, C.W.; Cho, S.C.; Shin, B.S. Laser-induced graphene heater pad for de-icing. Nanomaterials 2021, 11, 3093. [CrossRef]
24. Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.

Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef] [PubMed]
25. Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron–phonon coupling, doping and nonadiabatic

effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]
26. Jorio, A.; Ferreira, E.H.M.; Moutinho, M.V.O.; Stavale, F.; Achete, C.A.; Capaz, R.B. Measuring disorder in graphene with the G

and D bands. Phys. Status Solidi B. 2010, 247, 2980–2982. [CrossRef]
27. Childres, I.; Jauregui, L.A.; Park, W.; Cao, H.; Chen, Y.P. Raman spectroscopy of graphene and related materials. In New

Developments in Photon and Materials Research; Jang, J.I., Ed.; Nova Science: New York, NY, USA, 2013; pp. 1–20.
28. Mohiuddin, T.M.G.; Lombardo, A.; Nair, R.R.; Bonetti, A.; Savini, G.; Jalil, R.; Bonini, N.; Basko, D.M.; Galiotis, C.; Marzari, N.;

et al. Uniaxial strain in graphene by Raman spectroscopy: G peak splitting, Gruneisen parameters, and sample orientation. Phys.
Rev. B 2009, 79, 205433. [CrossRef]

29. Vidano, R.P.; Fischbach, D.B.; Willis, L.J.; Loehr, T.M. Observation of Raman band shifting with excitation wavelength for carbons
and graphites. Solid State Commun. 1981, 39, 341–344. [CrossRef]

30. Nemanich, R.J.; Solin, S.A. First- and second-order Raman scattering from finite-size crystals of graphite. Phys. Rev. B. 1979, 20,
392–401. [CrossRef]

http://doi.org/10.1038/nmat1849
http://www.ncbi.nlm.nih.gov/pubmed/17330084
http://doi.org/10.1016/j.jsamd.2020.01.006
http://doi.org/10.1109/TMAG.2017.2707598
http://doi.org/10.1038/nphoton.2012.262
http://doi.org/10.1016/j.carbon.2014.01.012
http://doi.org/10.1002/smll.201002340
http://doi.org/10.1021/ja5048297
http://doi.org/10.1002/smll.201203152
http://doi.org/10.1038/nphoton.2013.253
http://doi.org/10.1038/nature10067
http://doi.org/10.1038/ncomms6714
http://doi.org/10.3390/mi11121094
http://doi.org/10.1021/acsami.0c01377
http://doi.org/10.1080/10426914.2021.2001505
http://doi.org/10.1109/JSEN.2020.3034845
http://doi.org/10.1063/1.5120056
http://doi.org/10.1021/acsanm.9b02524
http://doi.org/10.1021/acsnano.7b08539
http://doi.org/10.1063/5.0078707
http://doi.org/10.1016/j.jmatprotec.2006.11.106
http://doi.org/10.1002/admi.202101046
http://doi.org/10.1016/j.jaap.2016.08.007
http://doi.org/10.3390/nano11113093
http://doi.org/10.1103/PhysRevLett.97.187401
http://www.ncbi.nlm.nih.gov/pubmed/17155573
http://doi.org/10.1016/j.ssc.2007.03.052
http://doi.org/10.1002/pssb.201000247
http://doi.org/10.1103/PhysRevB.79.205433
http://doi.org/10.1016/0038-1098(81)90686-4
http://doi.org/10.1103/PhysRevB.20.392


Nanomaterials 2022, 12, 1241 12 of 12

31. Bleu, Y.; Bourquard, F.; Loir, A.S.; Barnier, V.; Garrelie, F.; Donnet, C. Raman study of the substrate influence on graphene synthesis
using a solid carbon source via rapid thermal annealing. J. Raman Spectrosc. 2019, 50, 1630–1641. [CrossRef]

32. Carvalho, A.F.; Fernandes, A.J.S.; Leitão, C.; Deuermeier, J.; Marques, A.C.; Martins, R.; Fortunato, E.; Costa, F.M. Laser-induced
graphene strain sensors produced by ultraviolet irradiation of polyimide. Adv. Funct. Mater. 2018, 28, 1805271. [CrossRef]

http://doi.org/10.1002/jrs.5683
http://doi.org/10.1002/adfm.201805271

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

