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Laser-induced graphene (LIG) enables mask free direct writing of conductive carbon structures on polyimide substrates for flexible
electronic and sensing applications. In femtosecond laser-induced graphene (FLIG), the scanning speed strongly affects the local
temperature field, and thus the extent and quality of graphitization, but this dependence is still not fully quantified. In this study,
a time dependent finite element model is implemented in COMSOL Multiphysics to resolve the temperature distribution generated
by a femtosecond laser beam on a polyimide surface as a function of scanning speed. The laser is described as a moving Gaussian
surface heat source, and the transient heat conduction equation is solved to capture ultrafast heating and cooling during a pulse train.
Simulations for scan speeds between 0.05 and 0.20 m/s show that decreasing the speed increases the peak temperature and enlarges
the heat affected zone, whereas higher speeds reduce both quantities. By comparison of the predicted peak temperatures with the
graphitization thresholds in the literature for polyimide derived graphene, an intermediate scan speed window is identified in which
the thermal budget is sufficient for graphene formation while avoiding excessive overheating and damage. This modeling framework
provides a practical tool for pre selecting femtosecond laser parameters and for accelerating the optimization of FLIG processes for
flexible graphene based devices.

Keywords: Laser-induced graphene; Polyimide; Scanning speed; Ultrafast heat transfer; Moving Gaussian heat source; Finite element
modeling; Temperature distribution; Graphitization window
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1. INTRODUCTION

Laser-induced graphene (LIG) has emerged as a versatile and scalable technique for the direct writing of conductive
graphene-like networks on polymer substrates due to its simplicity, mask-free patterning capability, and compatibility with
large-area processing. Typically, LIG is synthesized by scanning a focused laser beam across a carbon-rich precursor such
as polyimide, where localized photothermal conversion induces carbonization and graphitization, resulting in a porous
turbostratic graphene structure with tunable morphology and electrical conductivity [1-5]. These unique structural and
electrical properties, combined with the ability to fabricate arbitrary planar geometries, have enabled numerous applications
in flexible and wearable electronics, including strain sensors, pressure sensors, and biointerfaces [6-9]. Furthermore, the
high specific surface area and excellent electrical conductivity of LIG make it particularly attractive for energy harvesting
and storage applications, such as microsupercapacitors and electrochemical electrodes [10-12].

More recently, femtosecond laser processing has been introduced as an advanced approach to improve the spatial
confinement of laser energy deposition and minimize collateral thermal damage. Ultrafast laser pulses can induce nonlinear
absorption and highly localized energy transfer, leading to rapid heating and graphitization while significantly reducing
heat diffusion into surrounding material regions [13—16]. As a result, femtosecond laser-induced graphene (FLIG)
often exhibits improved structural uniformity, higher electrical conductivity, and enhanced material quality compared to
graphene produced using continuous wave or long-pulse lasers [13]. However, FLIG formation is highly sensitive to
laser processing parameters, including laser power, repetition rate, scanning speed, and hatch spacing. These parameters
strongly influence the thermal history of the material and determine whether graphitization, partial carbonization, or
material ablation occurs [10, 16].

In many previous studies, optimization of laser processing parameters—particularly scanning speed—has been per-
formed using empirical approaches or design-of-experiments methodologies to balance electrical performance, structural
integrity, and fabrication throughput [17-26]. Although these experimental approaches are effective for identifying
suitable processing windows, they often require extensive experimental effort and do not provide direct insight into the
underlying thermal mechanisms governing graphene formation. In ultrafast laser processing regimes, direct experimental
measurement of transient temperature fields at the laser—material interface is extremely challenging due to the short
timescales involved. Therefore, numerical modeling has become an essential tool for investigating ultrafast laser—material
interactions. Time-dependent heat transfer simulations based on the finite element method (FEM) have been successfully
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applied to laser processing problems and can be extended to femtosecond laser irradiation by incorporating appropriate
heat source formulations and ultrafast heat transfer models [27-29].

COMSOL Multiphysics provides a powerful and flexible framework for implementing such models, including moving
Gaussian heat sources and advanced heat transfer formulations suitable for ultrafast laser—material interactions [27,29].
By representing the femtosecond laser beam as a moving Gaussian surface heat flux on a polymer substrate, it is possible
to simulate the spatiotemporal evolution of temperature distributions under different scanning speeds while maintaining
constant laser parameters [28,29]. From these simulations, key physical quantities such as peak temperature, thermal
gradients, heat-affected zone dimensions, and cooling dynamics can be extracted and correlated with the experimental
conditions required for graphene formation. This combined numerical and experimental approach provides a rational
foundation for optimizing the processing parameters and improving the efficiency and quality of FLIG fabrication [13,17,
26,40,43].

In this work, a numerical investigation of the evolution of temperature during femtosecond laser-induced graphene
formation on a polymer substrate is presented, with particular emphasis on the effected of laser scanning speed. A
time-dependent finite element model is developed in COMSOL Multiphysics using a moving Gaussian heat source to
represent laser irradiation [28,29]. The model is used to evaluate the influence of scanning speed on peak temperature,
spatial temperature distribution, and thermal relaxation behavior. The results provide fundamental insight into the thermal
mechanisms governing femtosecond laser-induced graphene formation and offer practical guidance for selecting optimal
laser processing parameters for controlled and efficient FLIG fabrication.

In addition, the obtained results are consistent with analytical and mathematical approaches reported in recent studies
on semiconductor structures, where the influence of temperature and material parameters on electronic and thermal
characteristics has been systematically investigated [30-39], further confirming the reliability of the developed finite
element model for describing temperature-dependent processes.

In this context, the present work makes three specific contributions.First, it establishes a systematic finite element
model to quantify how femtosecond laser scanning speed controls the full spatiotemporal temperature field during laser-
induced graphene formation on polymer substrates. Second, the model is used to identify a scan speed window in which the
peak temperature and heat affected zone dimensions are compatible with graphene formation, thus providing a thermally
grounded definition of an “optimal” processing regime. Third, the simulated temperature metrics are formulated in a
way that can be directly correlated with experimentally accessible indicators such as Raman signatures, sheet resistance,
and morphology, offering a practical route to integrate numerical predictions with future femtosecond FLIG optimization
studies.

2. METHODOLOGY
2.1. Geometrical Model and Material Properties

The numerical simulations were performed in COMSOL MutLtipHYSICS using a two-dimensional representation of
a polyimide (PI) substrate irradiated by a scanning femtosecond laser beam. The substrate was modeled as a rectangular
domain with a thickness of H; = 1.29 x 10~ m and a width of W; = 2.0 x 1073 m. These dimensions represent a typical
PI film geometry, while ensuring that the lateral boundaries remain sufficiently far from the heated region to minimize
edge effects on the computed temperature field.

The initial temperature of the entire domain was set equal to the ambient temperature, 7, = 293.15K.

Temperature-dependent thermophysical properties of polyimide—namely density (p), specific heat capacity (C,),
and thermal conductivity (k)—were obtained from literature and the COMSOL material library over the temperature range
from room temperature up to the onset of carbonization.

Convective heat transfer to the surrounding air was modeled on the exposed surfaces using a heat transfer coefficient
of hy = 17Wm™2K~!. Radiative heat losses were also taken into account using a surface emissivity of & = 0.7. These
parameters are consistent with previous numerical studies on laser heating of polymeric substrates and provide a realistic
approximation of typical laboratory conditions.

2.2. Governing Equation and Assumptions

Heat transfer in the PI substrate was described by the transient heat-conduction equation in the lattice (continuum)
approximation,
oT
pCpE =V'(kVT)+Q()C,y,Z), (l)
where T is the temperature and Q (x, y, t) denotes the volumetric heat source associated with laser absorption.

Given the spatial and temporal scales considered (spot radius on the order of 10~*m and pulse duration Py, = 250fs),
classical Fourier conduction was adopted as a first-order approximation; non-Fourier or two-temperature descriptions may
be incorporated in future work to capture electron—phonon nonequilibrium more rigorously. Phase change, ablation, and
temperature-dependent variations in optical properties were neglected so that the model isolates the role of scanning-
speed-controlled thermal fields within the regime relevant to the onset of graphitization.
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2.3. Laser Heat Source and Scanning Motion

The femtosecond laser was modeled as a train of Gaussian pulses incident on the upper surface of the substrate. The
pulse repetition rate was set to f = 10 kHz, leading to an average power P,y delivered to the surface. The beam was
characterized by a diameter D = 100 um (1/e? intensity width), corresponding to a beam radius wo = D/2 = 50 um. The
laser operated at a central wavelength of 4 = 1060 nm. An effective absorptivity A; = 0.8 was assumed for the PI surface
at this wavelength, such that the absorbed power entering the thermal model is Pyps = A1 Payg. The temporal width of
each pulse was Py, = 250 fs, implemented as a short top-hat function within each 1/ f period to approximate femtosecond
energy deposition followed by longer-time heat diffusion.

The spatial distribution of the absorbed heat flux at the surface was described by a moving Gaussian profile,

2 2
2Pbs 2(x = xc (1)) +2(y = ye
q(x,y,1) = *“;exp—( )2 v =3e) g(1), 2)
ﬂ'WO WO

where (x.(?), y.) denotes the instantaneous beam center and g(¢) specifies the temporal envelope of the pulse train.
The beam center followed a linear trajectory along the x-direction,

xo (1) = xo + vt, €))

with xo = D used as the reference entrance position and v denoting the scanning speed. In this work, v was varied
between 0.05 and 0.20 m/s, while all other laser parameters were kept constant. This moving-source description was
implemented in COMSOL MutrtipHYsICs via analytic functions defining the Gaussian heat flux and a time-dependent
boundary condition applied at the top surface.

2.4. Boundary and Initial Conditions

At t = 0, the temperature throughout the substrate was set to the ambient value 7,, = 293.15 K. The top surface
received the laser heat flux described in Section 2, in addition to convective and radiative heat losses. The lateral boundaries
were treated as adiabatic, reflecting the assumption that the computational domain is sufficiently wide to minimize lateral
heat leakage over the time scales of interest. The bottom surface was coupled to the environment through convection and
radiation, approximating thermal contact with a support stage exposed to air.

3. RESULTS AND ANALYSIS

Time-dependent COMSOL MutLtipHYSICS simulations were employed to quantify how the femtosecond laser scanning
speed governs the spatial and temporal evolution of the temperature field during laser-induced graphene formation.
Figures 1-4 present the surface temperature distributions along the laser track for scan speeds of 0.05, 0.10, 0.15, and
0.20 m/s, respectively. A clear monotonic trend is observed: decreasing the scanning speed substantially increases the
peak temperature and broadens the thermally affected zone, whereas higher speeds lead to more confined and cooler
heating profiles.

Figure 1. Simulated temperature distribution at a scanning speed of 0.20 m/s (peak surface temperature Tp,x =~
2400 K). At 0.20 m/s, the train of femtosecond pulses produces a sequence of sharp temperature spikes that cumulatively
drive the surface temperature to a quasi-steady peak around 2400 K. This peak remains slightly below the ~ 2500 K level
typically associated with the formation of well-ordered graphene domains, so the local thermal budget is sufficient for
graphitization but not ideal for extensive defect healing. Consequently, the resulting graphene layer along the scan track is
expected to be at least partially defective, with a higher density of structural imperfections compared with layers formed
under conditions where the peak temperature significantly exceeds 2500 K.

Figure 2. Simulated temperature evolution at a scanning speed of 0.15 m/s (peak surface temperature Ty, = 2480 K).
At 0.15 m/s, the sequence of femtosecond pulses leads to a progressive build-up of temperature, and the surface repeatedly
experiences sharp spikes that rise to a maximum of about 2480 K. This peak value lies very close to the lower bound
of the ~ 2500-3500 K window associated with the formation of well-developed graphene networks in polyimide-derived
LIG [41]. Consequently, the local thermal conditions at this speed are expected to support more extensive graphitization
and partial defect healing compared with 0.20 m/s, although the graphene layer may still contain a noticeable density of
structural imperfections relative to regimes where Tp,,x comfortably exceeds 2500 K.

Figure 3. Simulated temperature evolution at a scanning speed of 0.10 m/s (peak surface temperature Tmax ~ 2500 K).
At 0.10 m/s, the femtosecond pulse train generates a sequence of sharp temperature spikes with noticeable cumulative
heating, and the surface temperature gradually approaches a maximum of about 2500 K without exceeding this level
for any of the pulses. Since 2500 K is close to the lower boundary of the graphitization window for polyimide-derived
graphene, the thermal conditions at this speed are sufficient to support graphene formation along the scan track but only
marginally adequate for pronounced defect healing. Consequently, the resulting graphene layer is expected to be relatively
continuous yet still contain a considerable density of structural defects compared with regimes where T, clearly exceeds
the optimal graphitization range.
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Figure 1. Temporal temperature evolution under pulsed laser irradiation at a scanning speed of 0.2 m/s (Tinax = 2400 K)
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Figure 2. Temporal temperature evolution under pulsed laser irradiation at a scanning speed of 0.15 m/s (Tnax = 2480 K)

Figure 4. Simulated temperature evolution at a scanning speed of 0.05 m/s (peak surface temperature Tpax =~
2600 K). At this lowest scanning speed, the laser—material interaction time is longest, so the cumulative effect of
successive femtosecond pulses leads to a strong build-up of temperature and a maximum surface value of about 2600 K.
This peak lies clearly inside the 2500-3500 K graphitization window reported for polyimide-derived graphene, indicating
that the thermal conditions are highly favorable for the formation of a well-developed graphene network and for partial
annealing of pre-existing defects. However, the pronounced heat accumulation also implies a wider heat-affected zone
and a higher risk of local overheating or ablation in comparison with higher scanning speeds, which may compromise fine
feature control even though the graphene layer quality is expected to be relatively high along the scan track.

Figure 5 presents the dependence of the maximum surface temperature T,.x on the laser scanning speed in the
range from 0.05 to 0.20 m/s. The curve shows a clear monotonic decrease: as the scanning speed is increased, the peak
temperature achieved at the surface systematically drops from about 2600 K at 0.05 m/s to roughly 2400 K at 0.20 m/s.
This trend is consistent with the reduced interaction time and lower effective energy input per unit length at higher scan
speeds, which restrict heat accumulation in the polyimide substrate. At the lowest speed considered (0.05 m/s), Tax lies
well inside the graphitization window 2500-3500 K, indicating favorable conditions for the formation of a well-developed
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Figure 3. Temporal temperature evolution under pulsed laser irradiation at a scanning speed of 0.1 m/s (Tnax = 2480 K)
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Figure 4. Temporal temperature evolution under pulsed laser irradiation at a scanning speed of 0.05 m/s (Tax = 2600 K)

graphene layer, while at 0.20 m/s the peak temperature falls closer to the lower boundary of this window and is expected
to produce a thinner or more defective graphene film [41,42]. The error bars in Figure 5 reflect the variation in peak
temperature extracted from different probe locations along the scan track and highlight that, despite this variability, the
overall decreasing trend with increasing scanning speed remains robust.

This trend aligns with the experimental findings of Murray et al. [16], where lower scanning speeds (e.g., 70—
200 mm/s) produced high-quality LIG with low sheet resistance (~16 €/sq) and sharp Raman 2D peaks, indicating better
graphitization. Our FEM model complements this by quantifying the underlying thermal mechanism: peak temperatures
systematically decrease from 2600 K at 0.05 m/s to 2400 K at 0.20 m/s, defining a graphitization window of 2500-3500 K
consistent with MD simulations in recent studies [41,42].

The simulation results reveal a clear and systematic dependence of the transient thermal field on scanning speed,
confirming that this parameter is a primary handle for controlling femtosecond laser-induced graphene formation on
polyimide. At low scanning speeds, cumulative heating drives the peak surface temperature deep into the graphitization
window and generates a wide heat-affected zone, which supports extensive carbonization but increases the risk of structural
damage and local ablation. Intermediate speeds yield more moderate peak temperatures and tighter thermal footprints
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Figure 5. Peak surface temperature as a function of scanning speed (0.05-0.20 m/s).

while preserving a continuous high-temperature region along the scan path, making them particularly attractive as an
operational window where graphene can form reliably with reduced thermal loading of the surrounding material. At
the highest speeds considered, the thermal budget becomes marginal for robust graphitization, so although throughput
is improved, the resulting graphene is expected to be thinner and more defective or even discontinuous along the track.
Altogether, these observations delineate a finite scan-speed range in which the peak temperature and spatial extent of the
heated zone jointly favor continuous, higher-quality graphene while limiting unnecessary overheating, and they provide a
predictive basis for linking thermal metrics to future experimental measurements such as Raman spectra, sheet resistance,
and morphology.

4. CONCLUSIONS

This study has established a time-dependent finite-element framework in COMSOL MutLtipHYSICS to quantify how
femtosecond laser scanning speed governs the spatiotemporal temperature field during laser-induced graphene formation
on polyimide. By modeling the laser as a moving Gaussian surface heat source and systematically varying the scanning
speed in the range 0.05-0.20 m/s, the simulations revealed a monotonic decrease of the peak surface temperature from ~
2600 K at 0.05 m/s to = 2400 K at 0.20 m/s, accompanied by a gradual contraction of the heat-affected zone. Comparison
of these peak temperatures with reported graphitization windows for polyimide-derived graphene indicates that low and
intermediate scan speeds fall within or close to the 2500-3500 K range associated with well-developed graphene networks,
whereas higher speeds approach the lower bound of this window and are likely to produce thinner or more defective
graphene layers.

The results therefore delineate a finite scan-speed window in which the thermal budget is sufficient to drive robust
graphitization while limiting excessive overheating and damage. In practical terms, very low scanning speeds provide
favorable conditions for high-quality graphene formation but at the cost of a wide heat-affected zone and an increased
risk of ablation, whereas excessively high speeds enhance throughput but undermine graphene continuity and structural
quality. Intermediate speeds, where peak temperatures lie safely within the graphitization window and the thermal footprint
remains compact, emerge as promising candidates for defining an optimal processing regime for femtosecond laser-induced
graphene.

From an application standpoint, the insights gained here are directly relevant to the design of FLIG-based flexible sen-
sors, microsupercapacitor electrodes, and other planar graphene devices, where a balance between electrical performance,
pattern resolution, and substrate integrity is critical. The presented modeling strategy can be used as a predictive tool to
pre-screen scanning speeds and laser settings before fabrication, thereby reducing experimental iteration and accelerating
process development. Future work should combine the thermal simulations with experimental characterization—such as
Raman spectroscopy, sheet-resistance mapping, and microscopy—to quantitatively link the predicted temperature metrics
to defect density and device performance, and to refine the graphitization thresholds for different polyimide grades and
laser systems.
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KIHIEBO-EJIEMEHTHE MOJIEJIIOBAHHA BIIVJINBY HNIBUJIKOCTI CKAHYBAHHSA HA
OPOPMYBAHHA I'PA®ERY, IHTYKOBAHOI'O PEMTOCEKYH/IHUM JIABEPOM
IIx.0. Cagynnaes', M.M. Axmenos', M.€. Banaes!, A.E. Pajzkaéos!, LY. Nasaeros!, I.C. Boaraes
VKagpeopa enexmpomexnixu ma enepzemuxu, Ypzenucokuti depaucasnuii ynisepcumem imeni A6y Paiixana Bepyni,
Ypeenu, 220100, Y36exucman
2Kagpedpa ¢pizuxu, Amepuxancokuii ynisepcumem Ilapoxci, Hlaposca 26666, 06’ ednani Apabevki Emipamu

InnykoBanwmii nazepom rpader (LIG) 3a6e3nedye 6e3mMackoBe MpsiMe 3alMCyBaHHs IPOBiIHUX BYIJICIEBHX CTPYKTYP Ha IMiAK/IaJKax i3
MOMiiMifly AJIs 3aCTOCYBaHb Y THYUKill €IEKTPOHILI Ta CEHCOPHUX CHUCTeMaXx. Y BHUIAIKY IpadeHy, iHIyKOBaHOTO (DeMTOCEKYH/IHIM Jia-
3epoM (FLOG), mBuaKicTs CKaHyBaHHS CyTTEBO BIUIMBAE HA JIOKAJIbHE TEMIIEpaTypHe I0JIe, a OTKe — Ha CTYIiHb 1 AKicTh rpadiTi3aii,
OJJHAaK LI 3aJIe)KHICTh I0CI HE € MOBHICTIO KiJIbKICHO BU3HAYEHOW. Y 1boMy aocikeHH] B cepenosuiii COMSOL Multiphysics pea-
JIi30BaHO HeCTal[iOHApHY CKiHYEHHO-eJIEMEHTHY MOJIeJb ISl BU3HAYEHHs PO3IIOALTY TeMIlepaTypy, o GopMyeThest hpeMTOCEKYHIHUM
JIa3epHUM IyYKOM Ha MOBEPXHi MOJIIMIy 3aJIeKHO B1J] IIBUJKOCTI CKaHyBaHHs. JIa3ep omucaHo SIK pyXoMe rayCiBCbKe IOBEpXHEBE JKe-
peJIo TerIa, a HecTallioOHapHe PiBHSHHS TEIIONPOBIAHOCTI PO3B’ I3YEThCS IS BiATBOPEHHS HAAIIBIKOTO HArPiBaHHS Ta OXOJIOAKEHHS
i1 yac cepii iMimysbeiB. Pe3ynbraTu MoziemioBaHHS 111 IIBUAKOCTEH ckaHyBaHHsA B Aiana3oHi 0,05-0,20 m/c moKa3yoTh, 110 3MEHIICHHS
LIBUAKOCTI IPU3BOUTH 0 3POCTAHHS MIKOBOI TEMIIEPATYpU Ta PO3LIMPEHHS 30HU TEPMiIUHOTO BIUIUBY, TOI1 SIK 301/IbIIEHHS IBUAKOCTI
3MeHIye oouBa 1i napameTpu. [TopiBHAHHS pO3paxOBaHUX MIKOBUX TEMIIEPATyp i3 noporamu rpaditusariii, HaBeIeHUMH B JliTeparypi
1uts1 rpacdeHy, OTPUMAHOTO 3 OJIiiMi/Ty, JO3BOJIMIIO BU3HAUMTH IPOMiXKHE BiKHO IIBUAKOCTEN CKaHyBaHHsI, 3a SIKOTO TEIUIOBHI OI0/KET
€ JocTaTHIM 1151 popMyBaHHs rpadeHy 6e3 HaMipHOTO IieperpiBaHHs Ta MOUIKOKEHHS MaTepiairy. 3alipoIIoHOBaHa MOJIeIbHA CXeMa €
MPaKTUYHAM iHCTPYMEHTOM JJIsI TTOTIepeJHbOTO BUOOPY MapaMeTpiB (peMTOCEKYH/IHOTO Jla3epa Ta IPUCKOPEHHsI ONTHMI3allil MpoIeciB
FLIG y BUpOOHHIITBI THYYKMX rpad)eHOBUX HPHUCTPOIB.
Kuarouosi cioBa: zpagpen, indykosanuii nazepom; noaiimio; WeUOKicmsy CKAHYB8AHHSL; HAOWBUOKULI MENAONEPEHOC; PYXoMe 2aycicbie
0dicepeno menaa; KiHuego-enemeHmue MoOe08ants; po3noodin memnepamypu; 6ikHo epagpimusayit
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