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Abstract 7 

Laser-induced graphitic carbon (LIGC) is a promising technology to manufacture conductive 8 

carbon in a cost-effective manner on a flexible substrate with a scanned laser. One limitation 9 

preventing the widespread adoption of LIGC in electronic devices and circuits has been its 10 

relatively high sheet resistance. Here, we report the lowest sheet resistance to date for LIGC 11 

engraved on flexible polyimide of 6.14±0.11 Ω/□. Several general strategies are identified to 12 

minimize sheet resistance. Most importantly, the total laser energy per unit area delivered to the 13 

substrate needs to be maximized. This can be achieved by increasing laser power, decreasing 14 

laser scan speed and increasing overlap between adjacent pulses. Pulse overlap can be increased 15 

by increasing linewidth (raster rather than vector mode) and increasing the dots per cm 16 

resolution, i.e., decreasing spacing between pulses, which also improves LIGC uniformity. 17 

Further, decreasing scan speed increases the ablation threshold because of increased cooling 18 

between pulses enabling more energy to be delivered without the material ablating. These 19 

insights were obtained using a combination of electrical measurements, thermal modeling and 20 

material characterization. With optimized energy delivery, a domain size (La) of about 60 nm 21 

was obtained, which highlights the high quality of the obtained LIGC material. 22 
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1. Introduction 25 

Carbon nanomaterials have been attracting significant attention in recent years due to their 26 

superior optical, electrical, physical, mechanical, chemical, and thermal properties and different 27 

types of carbon nanomaterials have been used in a variety of devices as active materials. These 28 

devices can be employed in electronic systems on flexible, large-area substrates for applications 29 

such as wearable healthcare monitoring, microfluidics, low-cost sensor tags, energy generation 30 

and storage, or electrocatalysis [1–5]. However, industrial-scale production of carbon materials 31 

for devices is a challenge. First, the carbon material needs to be produced, which typically 32 

involves chemicals during synthesis that are harmful to humans and the environment as well as 33 

involve multiple steps making the process lengthy [6]. Second, the carbon needs to be deposited 34 

onto the desired substrate and patterned into the shape of the electrodes or active material of the 35 

desired microdevices. A common patterning method is photolithography and etching, which is 36 

costly [7]. Printing offers higher throughput and lower-cost manufacturing but still requires 37 

separate manufacturing of the carbon and formulation of the ink [8]. 38 

Alternatively, patterned conductive carbon can be fabricated with a one-step process by scanning 39 

a laser beam over a polymer sheet and converting the polymer to graphitic carbon. This laser-40 

induced graphitic carbon (LIGC) process is fast, simple once laser parameters are optimized, and 41 

can be performed under ambient air conditions. After early reports in 1994 using an ultraviolet 42 

(UV) laser [9,10], the process was first demonstrated using a CO2 infrared laser on commercial 43 

polyimide (PI) film in 2014 [11]. Since then, there have been many reports of LIGC [3,4,12] 44 

predominantly on PI as well as on other substrates such as polydimethylsiloxane (PDMS) [13], 45 
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wood [14–16], polyetherimide (PEI) [17] or lignin [18]. LIGC typically exhibits a porous 46 

morphology with large specific surface area. This makes it particularly well suited for 47 

electrochemical applications such as supercapacitors [11,16,19–24], batteries [25,26] and 48 

chemical or biological sensors [27–30] as well as other devices including mechanical sensing 49 

[31–33], actuators [34], photodetectors [35] or heaters [36]. A challenge for these 50 

microelectronic devices is the electrical resistance of the graphitic carbon. If the LIGC resistance 51 

is too large, excessive voltage will be dropped across the LIGC lowering the efficiency of the 52 

device. Even more important for real systems is the resistance of interconnects between different 53 

devices within a circuit. Because interconnects are long, narrow lines, the material needs to have 54 

a low sheet resistance. So far, LIGC does not have a sufficiently low sheet resistance to be a 55 

feasible interconnect material, which means LIGC devices still need to be combined with other 56 

interconnect materials that tend to be expensive such as silver. Conversely, low-resistance LIGC 57 

interconnects could be integrated easily with LIGC active devices, simply by changing the laser 58 

parameters for different locations on the substrate [23]. So far, most LIGC reports have focused 59 

on optimizing other LIGC properties such as specific surface area or functionalization for 60 

electrochemical devices. Therefore, there is a need to understand and optimize LIGC sheet 61 

resistance, which is the goal of this article.  62 

Several articles have reported sheet resistance for LIGC. Table 1 gives an overview. To make 63 

results comparable, this overview is limited to reports using a PI substrate and a CO2 laser, which 64 

is the most common combination. The lowest sheet resistance (Rsh) that has been obtained to 65 

date is 9.3 Ω/□. Most reported values lie around the range of 20-30 Ω/□. Most reports study a 66 

subset of the three most important laser parameters: laser power, scan speed and pulse spacing. 67 

Table 1 lists the values of these parameters in each report that achieved the minimum sheet 68 
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resistance. Laser power is typically varied by pulse width modulation (PWM). In some reports, 69 

power is quoted in Watts, in other cases as a percentage of the maximum laser power. In Table 1, 70 

these percentages were converted to Watts. The spacing between adjacent laser pulses is 71 

typically quoted in terms of pulse density, i.e., pulses per inch (PPI) or dots per inch (DPI), in SI 72 

units pulses per cm (PPc) or dots per cm (DPc). Not all reports list all parameter values, 73 

especially for DPc, which we will show here to be an important factor. It is evident that there is 74 

considerable variation in the laser parameters that were used in different reports, although they 75 

are generally of similar order of magnitude. It is therefore very difficult for any researcher or 76 

manufacturer new to the field to quickly identify optimal settings without extensive 77 

experimentation. One attempt to simplify this is to calculate a fluence factor, i.e., the optical 78 

energy delivered to the substrate per unit area. However, most previous reports do not calculate 79 

this metric including the reports of the lowest sheet resistances. Another challenge is that 80 

different reports use different formulae, some calculating total deposited energy per unit area 81 

[23], some calculating energy per unit area for one pulse not considering overlap between 82 

adjacent pulses [29]. This is especially challenging when comparing different graphitic carbon 83 

patterns consisting of either individual lines (vector mode) or wider lines, rectangles and squares 84 

consisting of multiple adjacent rows of laser pulses (raster mode). Therefore, a systematic study 85 

is needed that fully maps out the effect of the different laser parameters and compares the 86 

different methods to calculate fluence factor in terms of their utility to optimize sheet resistance. 87 

This is done here. Experimentally observed sheet resistance trends are explained using 88 

simulations of the temperature distribution during the laser process as well as material 89 

characterization using scanning electron microscopy (SEM), X-ray diffraction (XRD), 90 

transmission electron microscopy (TEM), Raman spectroscopy, and X-ray photoelectron 91 
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spectroscopy (XPS). These simulations and measurements reveal spatial variations in material 92 

quality due to the pulsed nature of the laser process. It is found that a key strategy for the 93 

minimization of sheet resistance is increasing DPc. This leads to an increased and more evenly 94 

distributed energy delivery to the substrate. With these insights, it was possible to achieve the 95 

lowest sheet resistance reported to date for LIGC on PI of 6.14±0.11 Ω/□.  96 

Table 1. Overview of reported sheet resistance values for CO2 laser on PI substrate as a function 97 

of laser conditions. Where necessary, power was calculated from the quoted laser duty cycle and 98 

peak power. Most articles did not report the fluence factor and many did not report DPc, which is 99 

signified with a dash. Here, the lowest sheet resistance to date of 6.14±0.1 Ω/□ is reported.  100 

Year Reference Rsh (Ω/□) Power (W) Speed (m/s) DPc Fluence factor (J/cm2) 

2014 [4] 15 5.4 0.089 393 - 

2015 [26] 50 6.75 1.3 - - 

2017 [32] 24 3 0.092 - - 

2018 [18] 18 6 0.020 196 166 

2018 [30] 19.75 7 0.1 39 - 

2018 [19] 9.3 8 0.25 - - 

2018 [33] 29.1 4.8 0.01 393 - 

2019 [23] 30 25 0.068 393 - 

2019 [27] 40 0.85 0.016 - - 

2019 [24] 25.7 4.8 - 393 3.5 

2020 [29] 10 3.15 0.064 393 - 

2020 This work 6.14±0.11 4.5 0.032 472 664 

 101 

2. Experimental Methods 102 

2.1. Fabrication Process 103 

Figure 1 shows the fabrication process. A flexible sheet of commercially available PI (Kapton, 104 

125 µm thickness) was used as the substrate. Substrates were irradiated in 2.5 cm long lines 105 

(vector mode) and 4 mm by 4 mm square shapes (raster mode) using a 75 W CO2 laser (Epilog 106 

Fusion M2 Laser). Further characteristics of the laser beam are wavelength 10.6 µm, spot size 107 
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250 µm and focal length of the lens 10 cm. The power of the laser beam is modulated by pulse 108 

width modulation. For a duty cycle of 100%, the laser power is 75 W. Subsequently, the term 109 

power is used to describe the percentage power or duty cycle. The maximum scan speed is 1.6 110 

m/s. Pattern files were drawn using CorelDraw. The spacing between laser pulses is varied by 111 

using four different DPc resolutions: 59 DPc, 118 DPc, 236 DPc and 472 DPc. 112 

2.2. Sheet Resistance Measurement 113 

Sheet resistance was measured using the four-terminal method to eliminate the confounding 114 

factors of contact and probe resistance. For squares, a four-point probe resistivity measurement 115 

system was used (Signatone Pro-4 Stand with SP4 Four Point Head and Keithley SMU 2450 116 

Source Meter). For lines, silver paste was used to create current supply and voltage measurement 117 

electrodes and measurements were taken with a semiconductor parameter analyzer (Keithley 118 

4200A).  119 

2.3. Calculation of Fluence Factors 120 

In order to better understand the effect of different laser parameters, the fluence factor was 121 

calculated for different experimental conditions. Different formulae were used to calculate the 122 

energy per unit area for squares and lines, per unit length for lines and per pulse. These different 123 

metrics were compared to elucidate which describes the LIGC process most accurately and is 124 

most useful for sheet resistance minimization. During the irradiation, i.e., engraving process, the 125 

most important parameters that were varied are DPc resolution (N), scan speed (v), percentage 126 

power (x) and pattern. The maximum power of 75 W is denoted as P. The spacing between 127 

consecutive pulses can be calculated as 1/N. Therefore, the time between two consecutive laser 128 

pulses, i.e., pulse period (T) can be obtained by 1/(Nv). Since the laser is turned on for only a 129 

fraction of each period, the length of substrate that is irradiated by each pulse can be calculated 130 
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as x/N  and the temporal pulse width is xT = x/Nv. The energy delivered by each pulse (EP) can 131 

be calculated by multiplying instantaneous power (P) with temporal pulse width. Thus, the 132 

energy per pulse scales inversely with DPc resolution N. 133 

EP =
xP

Nv
  (1) 134 

While engraving a line of length L, the number of pulses within the line is given by N*L . 135 

Therefore, the energy per unit length (EL) can be obtained as follows:  136 

EL = EP ×
NL

L
=

xP

Nv
× N =

xP

v
 (2) 137 

Figure 1 (b) (i) illustrates the spacing of pulses within a line for different DPc values. Notably, 138 

the energy per unit length in a single line is independent of the DPc resolution N. 139 

The energy per unit area in a line (EAL) can be calculated by diving EL by the width of the 140 

irradiated area, which is the width of the laser beam (w). If a line consists of multiple rows of 141 

pulses (see Figure 1 (b) (ii)), the total energy needs to be multiplied by the number of passes (n). 142 

In this case, the width of the line is increased by the spacing between passes (1/N) multiplied by 143 

the number of passes less one. Thus, EAL is a weak function of DPc when the number of passes is 144 

more than one: 145 

EAL =
xPn

v
/ (w +

n−1

N
) (3) 146 

Similarly, energy delivered per unit area (EAS) while engraving a square pattern of area L*L with 147 

resolution N can be obtained as follows: 148 

 EAS = EP ×
NL×NL

L×L
=

xP

Nv
× N2 =

xP

v
N (4) 149 
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Due to the increased overlap between pulses for larger DPc (see Figure 1 (b) (iii)), the energy per 150 

unit area in squares scales with N.  151 

 152 

Figure 1. Illustration of (a) LIGC formation process on the surface of the PI sheet using a pulsed 153 

CO2 laser; (b) (i) single line engraving at 59 DPc, 118 DPc, 236 DPc and 472 DPc resolution; (ii) 154 

1, 2 and 3 pulses wide line engraving at 472 DPc; and (iii) square engraving at 472 DPc. Note 155 

how the overlap between pulses increases with increasing DPc and from individual lines to 156 

multiple lines and ultimately squares i.e. transitioning from vector to raster mode. 157 

2.4. Thermal Modeling 158 

The thermal processes during laser irradiation were simulated to gain further insights into the 159 

spatial and temporal temperature distribution not readily accessible experimentally. A time-160 

dependent 3D COMSOL Multiphysics model was created based on the model reported by Ruan 161 

et al [39]. Details of the model can be found in the supplementary information. In short, the 162 

model simulates the optical absorption of the laser beam on the PI substrate and solves the heat 163 

diffusion equation. The laser beam is modeled as a Gaussian beam profile and absorption is 164 

modelled using the Beer-Lambert law. Radiative cooling is included for the top surface of the 165 

material. Material properties are temperature dependent. Temperature-dependent thermal 166 
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conductivity [40] and specific heat capacity [41] of PI were taken from literature. The material is 167 

assumed to degrade at the pyrolysis/ carbonization temperature Td = 858 K as determined by 168 

thermogravimetric analysis (TGA) [39,42] and behaves as carbonaceous material with large 169 

absorption coefficient thereafter [39]. This temperature is reached very fast compared to the 170 

pulse on-time due to the high optical power density in our process. Therefore, optical behavior is 171 

dominated by the behavior of carbonaceous material. Ruan et al implemented the model for a 172 

single laser pulse creating a circular graphitic carbon spot on PI. Here, the model is extended to 173 

study lines that are made up of multiple overlapping laser pulses (see Figure 1 for an illustration 174 

of the scanned laser process). The laser is modelled as a moving heat source, which is 175 

periodically turned on for a specific time each pulse. The effect of the same laser parameters that 176 

were studied experimentally were studied by simulation: DPc, duty cycle (percentage power) and 177 

scan speed. The graphitic carbon linewidth was determined from simulated temperature profiles 178 

by treating all positions that had reached at least a temperature of Td as LIGC. 179 

2.5. Material Characterization 180 

A field emission scanning electron microscope (FE-SEM) (Thermofisher Quanta 3D) was used 181 

to observe the morphology of the LIGC. XRD was conducted on a Philips powder XRD system 182 

(PW1830 generator, PW3710 goniometer) with Cu K-alpha radiation (wavelength 1.54 Å). 183 

Match software was used for curve fitting. Each wide-range XRD scan was conducted using 2θ 184 

values between 15° and 60° with 2θ step values of 0.02° taken in 2.5 seconds, and each single 185 

XRD peak was scanned at a lower scan rate with 2θ step values of 0.01° in 10 seconds. 186 

Crystallite sizes La and Lc were calculated from XRD results using the Scherrer equation [43]: 187 

La =
1.84λ

B1/2(2θ) cos(θ)
  (5) 188 
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Lc =
0.89λ

B1/2(2θ) cos(θ)
  (6) 189 

Where λ is the X-ray wavelength (1.54 Å), θ is the Bragg angle of the peak, B1/2(2θ) is the full 190 

width at half maximum (FWHM) of the peak at angle 2θ fitted with Gaussian curve fitting. TEM 191 

images were obtained on a Talos L120C TEM (Thermo Scientific) using a LaB6 filament 192 

operating at 120 kV. Images of the LIGC were acquired with a Ceta 4k x 4k CMOS camera. 193 

Raman spectra were obtained with a Bruker Senterra Dispersive Raman Microscope using a 532 194 

nm wavelength laser with 1.5 µm spot diameter and laser excitation power of 10 mW. Crystallite 195 

size was calculated using equation (7): 196 

La = (2.4 × 10−10) × λl
4 × (

IG

ID
) (7) 197 

Where λl is the wavelength (532 nm) of the laser source for the Raman measurements. IG and ID 198 

are the integrated peak intensities respectively of the G- and D-peak fitted with a Voigt function. 199 

XPS was performed using Al Kα X-ray radiation using a Thermo Scientific K-Alpha XPS 200 

spectrometer. The survey spectra were recorded with 1 eV step size and elemental spectra were 201 

recorded with 0.02 eV step size. Peak fitting of the XPS data was carried out using XPSPEAK41 202 

software. 203 

2.6. Micro-Supercapacitor Fabrication and Characterization 204 

To demonstrate a micro-supercapacitor application, we prepared two interdigitated in-plane 205 

electrodes of LIGC with 0.032 m/s laser scan speed, 7% laser power, 1.3 mm width of each 206 

electrode and 0.7 mm spacing between them. Silver paste was applied on both electrodes and it 207 

was separated from the interdigitated active area by PI taping. A gel electrolyte was drop cast 208 

over the shared interdigitated area, the device was exposed to vacuum for 2 hours, and placed in 209 

ambient conditions for one day before electrochemical testing. The electrolyte was prepared by 210 
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stirring 10 ml of deionized water, 1 ml of H2SO4 and 1 g of polyvinyl alcohol (PVA) for 1 hour 211 

at 80 °C.  212 

The devices were characterized electrochemically by cyclic voltammetry (CV) and constant 213 

current charge-discharge measurements using a Metrohm PGSTAT204 potentiostat/galvanostat. 214 

Based on CV curves, specific areal capacitance CA is calculated using equation (8): 215 

CA =
1

2×S×ν×(Vf−Vi)
∫ I(V)dV

Vf

Vi
  (8) 216 

where S is total active electrode area of a device, 𝜈 is voltage sweep rate, I(V) is voltammetric 217 

current, and Vf and Vi are the initial and final potentials, 0 V and 1 V, respectively, of the CV 218 

curves. 219 

Specific areal capacitance from galvanostatic discharging curves was calculated using equation 220 

(9): 221 

CA =
2i

S×(V2│Vi

Vf)
∫ V(t)dt

tf

ti
  (9) 222 

Where i is discharging current, S is total active electrode area, Vf and Vi are final and initial 223 

values of potential V, and similarly tf and ti are final and initial values of time t.  224 

Specific energy EA and power PA densities were calculated by using equations (10) and (11), 225 

respectively:  226 

𝐸𝐴 =
1

2
× 𝐶𝐴 ×

(∆𝑉)2

3600
  (10) 227 

𝑃𝐴 =
𝐸𝐴

∆𝑡
× 3600  (11) 228 
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Where ΔV is potential difference between final and initial potentials Vf – Vi during discharging 229 

and Δt is discharge time. 230 

3. Results and Discussion 231 

3.1. Sheet Resistance 232 

Here, we report the lowest sheet resistance to date for LIGC on PI substrate of 6.14±0.11 Ω/□. In 233 

order to achieve this sheet resistance, a deep understanding of the interaction between laser scan 234 

speed, power, DPc and pattern is required. There exists a window of conditions under which 235 

LIGC can be formed. Figure 2 (a) shows this window as a function of laser scan speed and 236 

power for squares at 472 DPc (see Figure S1 for optical images of the samples). No graphitic 237 

carbon can be produced for power below a particular value called threshold power, and all 238 

powers higher than a particular value called ablation power ablate the material. Furthermore, this 239 

window of workable power from threshold to ablation shifts towards higher power values as the 240 

speed of the carrier increases. Under ambient air conditions, preventing ablation is a critical 241 

problem to achieve high-quality LIGC [16,17].  242 

Within this process window, the sheet resistance of the graphitic carbon varies by several orders 243 

of magnitude. Measured sheet resistance values for squares are shown in Figure 2 (b)-(c). The 244 

trend of sheet resistance with energy per pulse (Figure 2 (b)) is not very clear. For each value of 245 

DPc individually, sheet resistance decreases as pulse energy increases. However, between 246 

different DPc values, sheet resistance is lowest for the highest DPc (472), which has the lowest 247 

pulse energy within the workable window. Thus, energy per pulse is not a good parameter to 248 

understand the LIGC process in squares. Conversely, energy per unit area (Figure 2 (c)) is a 249 

much better predictor of sheet resistance. Sheet resistance decreases mostly monotonically with 250 

increasing energy per unit area across different values of DPc. This means that to achieve the 251 
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lowest sheet resistance, one needs to increase the optical input energy per unit area as much as 252 

possible. With high DPc, closely spaced laser pulses can deliver a large amount of energy per 253 

unit area as it scales linearly with DPc (see equation (4) and Figure 1 (b)) even though each 254 

individual pulse is low in energy.  255 

However, the limit to the energy per unit area that can be achieved is the ablation threshold. 256 

Plotting the energy per unit area at the ablation threshold (see Figure 2 (d)) vs speed for different 257 

DPc reveals two important insights. Firstly, ablation threshold energy per unit area decreases 258 

with increasing laser carrier speed. This is the reason why the lowest sheet resistance is observed 259 

at low speed. To explain this, the dynamics of the heating process need to be considered, which 260 

is done using a thermal finite element model (see section 3.2). Secondly, increased DPc leads to 261 

an increased ablation threshold energy per unit area. This is again due to the fact that energy per 262 

unit area scales linearly with DPc. One can also consider the ablation threshold energy per unit 263 

length of line within each row of the square, which is the same as power divided by speed (see 264 

Figure 2 (e)). Again, the threshold energy falls with increasing laser scan speed. However, all 265 

curves for different DPc fall on top of each other. This means that for ablation the most 266 

important parameter is energy per unit length at a given speed, not energy per unit area or energy 267 

per pulse (see Figure S2). Energy per unit length determines the peak temperature that is reached 268 

within a single laser pass causing ablation if the temperature is too high. Since squares here are 269 

relatively large (4 mm side length), the material has time to cool down between passes, i.e., rows. 270 

Therefore, the total energy per unit area does not affect peak temperature and ablation 271 

significantly. However, total energy per unit area after multiple passes determines sheet 272 

resistance because the material is further converted on each pass. 273 
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Figure 2. Electrical results for squares. (a) Power window for conductive LIGC generation as a 275 

function of laser scan speed for 472 DPc. (b) Sheet resistance decreases with pulse energy for 276 

each DPc value but not when comparing different DPc. (c) Sheet resistance decreases with 277 

energy per unit area across different DPc values. (d) The highest energy per unit area that can be 278 

reached is limited by the ablation threshold and is largest for 472 DPc at low speed. (e) Ablation 279 

threshold energy per unit length also decreases with increasing laser scan speed. It does not vary 280 

significantly with DPc meaning that, for a given speed, ablation threshold power can be 281 

predicted by calculating energy per unit length. 282 

 283 

To further distinguish the differences between lines and squares, the sheet resistance of 284 

individual lines was studied. Lines were 1, 2 or 3 pulses wide with spacing between passes 285 

determined by DPc. The laser scan speed that gives the lowest sheet resistance for squares was 286 

further studied for lines (0.032 m/s). Lines exhibit the same trends as squares. Again, pulse 287 

energy is not a good predictor of sheet resistance because it exhibits opposite trends for constant 288 

DPc and between different values of DPc (see Figure 3 (a)). Energy per unit area can predict 289 

sheet resistance better with generally lower sheet resistance for larger energy per unit area (see 290 

Figure 3 (b)). However, there are some secondary trends that cannot be explained with this 291 

simple model based on just an analytical energy calculation. Sheet resistance again decreases 292 

with increasing DPc. But the effect is much weaker than for squares where it is mainly due to the 293 

larger energy per unit area for larger DPc. Conversely, in lines, the energy per unit area only 294 

weakly depends on DPc and not at all for lines of width one pulse. This effect can be explained 295 

by the increased overlap between pulses for larger DPc. This is especially pronounced for DPc = 296 

59 where pulses barely overlap, and sheet resistance is high. Also, sheet resistance decreases 297 
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with increasing line width even for the same energy per unit area. Lines that are three pulses 298 

wide exhibit a similarly low sheet resistance as squares with the same energy per unit area. 299 

Again, this can be explained by the overlap between subsequent laser passes exposing the 300 

material multiple times. To further understand these secondary effects, finite element modeling 301 

of the thermal process in a single line was performed. 302 

 303 

Figure 3. Electrical results for lines that are 1, 2 or 3 pulses wide at 0.032 m/s. (a) Sheet 304 

resistance decreases with pulse energy for each DPc value but not when comparing different 305 

DPc. (b) Sheet resistance decreases with increasing energy per unit area. Sheet resistance also 306 

decreases with increasing DPc and increasing linewidth. 307 

3.2. Thermal Model 308 

The above calculations of fluence factor give a useful single parameter for process optimization. 309 

However, this simplicity limits its usefulness to understand the underlying processes. To gain 310 

more understanding, the temperature distribution during the LIGC process was simulated for a 311 

line. Figure 4 (a) shows an example of the simulated temperature profile of a line. The PI 312 

substrate has been cut along the symmetry plane (i.e., along the length of the line in the y-313 
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direction and the z-direction into the substrate) to reveal the cross-sectional temperature profile 314 

in addition to the temperature profile of the top surface. The image is taken just after the 16th 315 

pulse out of 32 pulses that make up this simulated LIGC line. One can observe a strong hot zone 316 

corresponding to where the laser pulse last irradiated the substrate. Additionally, one can observe 317 

a temperature gradient in the x- and z-direction due to heat diffusion. The laser is scanned in the 318 

positive y-direction. One can observe elevated temperatures behind the current pulse where 319 

previous pulses have irradiated the surface and the material has not fully cooled down yet. 320 

To validate the model, the experimental linewidth was compared with linewidth obtained from 321 

simulation. Experimental linewidth was obtained from optical microscopy where the LIGC can 322 

be clearly observed as black material (see Figure S3). The smallest experimental linewidth is 275 323 

µm, which is limited by the spot size of the laser of 250 µm. Linewidth from simulation was 324 

determined following the assumption of Ruan’s model that LIGC is formed when the 325 

temperature at any point exceeds Td = 858 K [39]. Figure 4 (b) shows that both experimental and 326 

simulated linewidth agree well and follow the same trend of increasing linewidth with increasing 327 

percentage laser power. The average error is 9.5%. This demonstrates that the model accurately 328 

captures trends in the LIGC process for lines despite of the model’s simplifying assumptions.  329 

Experimentally, it was observed that lower scan speed results in the lowest sheet resistance due 330 

to an increased threshold ablation energy. In order to understand this effect further, simulations 331 

were performed for lines with different laser scan speeds. The power percentage was scaled with 332 

speed to keep the total optical energy transferred to the substrate constant. Energy is proportional 333 

to power divided by speed. Figure 4 (c) shows the temperature evolution with time at the center 334 

point of a 32-pulse line for one case with speed 0.032 m/s and one case with speed 0.16 m/s. DPc 335 

was 472 in both cases. One can clearly observe how individual pulses heat the center point 336 
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successively. At first, heating is gradual as only the outer part of the Gaussian beam profile hits 337 

the center point of the line. When the center of the laser is right at the center of the line, 338 

temperature reaches its maximum value. For the slower scan speed, the maximum temperature is 339 

about 6,600 K whereas the faster scan speed reaches about 8,400 K. This occurs despite of the 340 

fact that the on-time and energy deposited by each pulse are the same. The reason for this 341 

difference is the different time available for cooling between pulses. In the 0.16 m/s high-speed 342 

case, there is insufficient time for cooling in between pulses. The temperature does not drop 343 

below the sublimation temperature of graphite of 4,000 K for most of the simulation time. 344 

Therefore, it can be expected that the material will be substantially ablated, which agrees with 345 

our experimental results for this condition. It should be noted that the simulation does not model 346 

the vaporization of material, which is a complex process. Therefore, large peak temperatures 347 

should not be understood as the solid material actually reaching this temperature, but rather as 348 

portions of the material vaporizing. The power of the simulation lies not in the quantitative 349 

prediction of temperature values, especially for very high peak temperatures; rather, it enables 350 

the comparison between different laser conditions and the explanation of experimental trends. 351 

Conversely, the slower speed of 0.032 m/s gives more time for cooling resulting in a lower 352 

minimum temperature of about 2,000 K right before each pulse and subsequently a lower peak 353 

temperature after each pulse. The same deposited laser energy is spread out over a longer period 354 

of time leading to a lower overall temperature profile. This promotes the formation of high-355 

quality graphitic carbon without the rapid temperature rise observed at high speed that causes 356 

ablation. The peak temperature is still very high, but only for a few microseconds and in a thin 357 

layer on the surface of the material. One would therefore expect a limited amount of material 358 

vaporization, which corresponds well to the fact that these conditions are close to the threshold 359 
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for full ablation and the porous microstructure of the resulting LIGC film (see SEM results in 360 

section 3.3). In practice, this creates a trade-off between decreasing sheet resistance and 361 

increasing laser scan speed for high manufacturing throughput. 362 

DPc is an important parameter that determines how temperature is distributed spatially during 363 

the LIGC process. Experimentally, it was found that larger DPc leads to lower sheet resistance. 364 

In squares, this can be explained with the fact that energy per unit area is largest for large DPc. 365 

In single lines, energy per unit area does not depend on DPc but sheet resistance still does, 366 

although not as strongly as in squares. To explain this, the spatial temperature profile along a line 367 

was simulated for DPc of 118, 236 and 472. Figure 4 (d) shows the maximum temperature 368 

during the simulation for every point along the center axis of the line (y-axis). One can observe 369 

that the peak temperature increases with decreasing DPc. It is about 6,900 K for 472 DPc, 8,400 370 

K for 236 DPc and 10,000 K for 118 DPc. Temperature uniformity increases with increasing 371 

DPc. This occurs because each pulse has less energy for higher DPc, but the number of pulses is 372 

larger. All three lines have the same length, but for 472 DPc the line consists of 32 pulses, for 373 

236 DPc of 16 pulses and for 118 DPc of 8 pulses. Gaussian pulses are more closely spaced and 374 

overlap more for larger DPc. It is advantageous to achieve a uniform temperature distribution 375 

rather than high peak temperatures, which causes vaporization. This applies both in terms of 376 

temporal temperature distribution (controlled by laser scan speed) and in terms of spatial 377 

temperature distribution (controlled by DPc). However, there again exists a trade-off between 378 

graphitic carbon quality and manufacturing throughput. When DPc is increased for squares, the 379 

same square pattern will consist of more rows that require more laser passes. 380 
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 381 
Figure 4. (a) Simulated temperature profile after 16 pulses for 472 DPc, 6% power and 0.032 382 

m/s. The laser is scanned in the y-direction. PI substrate is cut along the y-z symmetry plane for 383 

visualization of the depth profile. (b) Comparison between experimental and simulated LIGC 384 

linewidth vs power validating the model (472 DPc, 0.032 m/s). (c) Temperature at the center of a 385 

32-pulse line for 472 DPc for two different scan speeds. Power was scaled with speed to keep 386 

delivered energy constant. The faster scan speed reaches a higher peak temperature due to the 387 

decreased time for cooling between subsequent pulses. (d) Maximum temperature recorded 388 

during the simulation as a function of position along the center axis of the LIGC line on the top 389 

surface of the substrate (6% power, 0.032 m/s). Peak temperature decreases with increasing DPc 390 

and uniformity also improves with increasing DPc as Gaussian pulses have less energy and 391 

overlap more. 392 

  393 
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3.3. Material Characterization 394 

To further understand the LIGC process and confirm some of the insights gained from resistance 395 

measurements and thermal simulation, the resulting graphitic carbon material was characterized 396 

by SEM, XRD, TEM, Raman spectroscopy, and XPS. We focused on the condition that resulted 397 

in the best sheet resistance (squares with 472 DPc, speed 0.032 m/s) and investigated different 398 

values of power. 399 

Figure 5 (a-d) shows SEM top-view images fabricated at 4%, 5%, 6% and 7% power. This 400 

covers the workable power range for LIGC generation in squares at 0.032 m/s and 472 DPc. 401 

Graphitic carbon flakes can be made out more clearly as power increases. At 4% power, flakes 402 

are not very clear. At 7% power, one can clearly observe graphitic carbon flakes emerging from 403 

the substrate. This agrees with electrical results. Sheet resistance decreases as power is increased 404 

from 4% to 7%. Since speed and DPc are held constant, the deposited energy also increases 405 

directly with power, which results in better material quality. In between graphitic carbon flakes, 406 

there exist pores. LIGC at 4% power exhibits only a small number of small pores. Pore density 407 

and size increases with power and the most prominent pores are found for 7% power. LIGC 408 

generated with 7% power conducts but also exhibits partial ablation (see Figure S1). There exists 409 

significant disorder but pore size and spacing corresponds approximately to the laser pulse 410 

spacing of 21 µm at 472 DPc.  411 

LIGC engraved at 5%, 6% and 7% power was further characterized using XRD. The results 412 

exhibit two peaks at 2θ angle values of 26.1° and 42.7° (see Figure S4 for full scan and Figure 5 413 

(e) for high-resolution scans of peaks) due to diffraction from the (002) and (100) planes, 414 

respectively. The interlayer spacing of the (002) plane, calculated using Bragg’s diffraction law 415 

from the corresponding 2θ angle value of 26.1°, is 3.41 Å, which is close to the expected value 416 
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for graphite. Crystallite size calculated from the Scherrer equation is shown in Table 2 and 417 

discussed in the context of La values obtained from Raman spectroscopy. Figure 5 (f) shows 418 

high-resolution transmission electron microscopy (HRTEM) of the LIGC engraved at 7% laser 419 

power. The spacing between ten layers is measured as 3.4 nm, i.e., the lattice spacing is 3.4 Å, 420 

which is consistent with the XRD data. 421 

 422 

 423 

Figure 5. SEM images for LIGC squares fabricated at 472 DPc and 0.032 m/s speed with (a) 4%, 424 

(b) 5%, (c) 6%, and (d) 7% power (scale bar: 200 µm). Insets are higher magnification SEM 425 

images (scale bar: 40 µm). (e) XRD peaks of material engraved at 5%, 6% and 7% power (i) 426 

(002) peak and (ii) (100) peak. (f) HRTEM image of LIGC engraved at 7% laser power (scale 427 

bar: 10 nm). 428 

Raman spectroscopy is a sensitive and non-destructive technique for molecular level 429 

characterization of carbon-based materials. It is a powerful technique to monitor the structural 430 
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changes of graphitized material. Figure 6 (a) shows representative Raman spectra for squares 431 

with power ranging from 4% to 8% at 472 DPc and 0.032 m/s. They show three prominent peaks 432 

typical for graphitic carbon: the D, G, and 2D bands at Raman-shift values around 1350 cm-1, 433 

1580 cm-1, and 2700 cm-1, respectively [11,44]. The G band is the most important peak for 434 

graphene or graphite, also named graphitic peak. The 2D band appears because of the 2nd order 435 

zone-boundary phonons [45]. All samples with measurable conductivity exhibit the 2D peak; 436 

however, 8% power does not conduct and also does not exhibit a 2D peak as material is ablated. 437 

For the other LIGC samples studied here, the peak ratio between the G and the 2D peak (IG/I2D) 438 

increases with power getting closer to 2 (1.43 for 6% power). A single 2D peak is observed with 439 

a FWHM of 47.5 cm-1 for 6% power. This is characteristic for turbostratic graphite, which lacks 440 

AB stacking, in contrast to crystalline graphite that exhibits multiple 2D peaks and single-layer 441 

graphene whose FWHM is smaller [45–48]. The D band appears because of edges, defects or 442 

bent sp2 carbon bonds in the material, which disappears in pure graphite and infinite graphene 443 

sheets [49]. Therefore, a high-quality crystal of graphite exhibits a high G to D band ratio (i.e., 444 

IG/ID, where IG and ID are the integrated values over the G and D bands, respectively). Figure 6 445 

(b) shows the average IG/ID ratio as well as the sheet resistance for LIGC squares from 4% to 8% 446 

power. As power increases, material quality improves, which manifests itself as increased IG/ID 447 

ratio and decreased sheet resistance. The highest IG/ID ratio of 3.1 is observed at 6% power. At 448 

7% power, sheet resistance is slightly lower than at 6% power (5.36±0.12 Ω/□ vs 6.14±0.11 449 

Ω/□); however, the LIGC partially ablates, which is evident optically as well as in the decreased 450 

IG/ID ratio. At 8% power, ablation is more substantial, sheet resistance cannot be measured 451 

anymore and IG/ID drops further.  452 
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The crystallite size La was calculated from these Raman results in terms of IG/ID ratio using 453 

equation (7) and compared with La and Lc results from XRD using the Scherrer equations (5) and 454 

(6). All La and Lc values calculated from XRD and Raman results are shown in Table 2. The 455 

samples’ crystallite sizes calculated from the two different measurements are in good agreement. 456 

Again, 6% power gives the largest crystallite size of about 60 nm for La (54.5 nm by XRD and 457 

60.3 nm by Raman). Both La and Lc increase with increasing power from 5% to 6%. At 7% and 458 

8% power, crystallite size decreases as material starts to be ablated. Many other researchers have 459 

also reported these improvements in crystal quality, domain size, and electrical performance with 460 

increasing laser power [11,18,50–54]. However, such large domain sizes have not been reported 461 

before, which is an explanation for the low electrical resistance reported here. 462 

Table 2. Comparison of the crystallite size from XRD and Raman for different laser powers (472 463 

DPc, 0.032 m/s). Note, material at high laser power of 8% was ablated, Raman was performed 464 

for a very small trace of the ablated material, but the material quantity was insufficient for XRD. 465 

Sample 

Power (%) 

Crystallite size 

XRD Raman 

Lc (nm) La (nm) La (nm) 

5 11.5 37.9 39.3 

6 13.4 54.5 60.3 

7 12.6 48.4 47.2 

8 N/A N/A 36.9 

 466 

However, considering a single average IG/ID number for each sample only partially captures the 467 

quality of theLIGC. It varies for different positions across each sample. Figure 6 (c) shows the 468 

IG/ID ratio at different positions within a square generated with 4% power. Corresponding 469 

position-dependent Raman spectra are shown in Figure S5 as well as Figure S6-S9 for 5-8% 470 
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laser power samples. The Raman measurement was scanned horizontally and vertically crossing 471 

multiple laser pulses. One can note that the IG/ID ratio, i.e., the graphitic carbon quality, varies 472 

periodically with position. The periodicity corresponds to the spacing between laser pulses, i.e., 473 

the inverse of DPc, which is 21 µm for 472 DPc. Pulses are spaced equally in the x-direction 474 

along the laser scan direction and the y-direction orthogonal to the scan direction. Therefore, the 475 

periodicity is the same in both directions. A similar result is obtained when creating a 2D map of 476 

IG/ID ratio (see Figure 6 (d) for 6% power). Within this area, whose size corresponds to the 477 

spacing between pulses in x and y, only one maximum in IG/ID ratio is observed again 478 

confirming that graphitic carbon quality varies periodically with pulse spacing. This occurs 479 

because adjacent pulses do not overlap perfectly due to the Gaussian beam profile with intensity 480 

variations between pulses. This leads to the variations in graphitic carbon quality corresponding 481 

to the pulse spacing. 482 

In order to study the effect of pulse overlapping further, Raman spectra were measured along the 483 

length of individual lines for different DPc values (see Figure 6 (e) and Figure S10). The power 484 

(6%) and speed (0.032 m/s) values correspond to the highest-quality squares with 472 DPc. The 485 

IG/ID ratios obtained are markedly lower than for squares. This agrees well with sheet resistance, 486 

which is also higher for individual lines than squares at the same power and speed. For squares, 487 

pulses overlap in two dimensions: aligned with the laser scan direction and orthogonal with 488 

multiple rows overlapping. This means that more energy per unit area is delivered to the 489 

substrate by subsequent overlapping pulses for squares. For single lines, energy per unit area is 490 

independent of DPc. As DPc increases, each pulse is less energetic, but this is compensated for 491 

by the increased pulse density. Therefore, sheet resistance and IG/ID ratio are weaker functions of 492 

DPc for lines than for squares. However, even for lines, there is still a positive correlation 493 
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between increasing DPc and decreasing sheet resistance. This may be explained by the more 494 

uniform material generated with larger DPc. Figure 6 (e) shows that the IG/ID ratio varies 495 

periodically along the length of LIGC lines. The periodicity again corresponds to the pulse 496 

spacing (84 µm for 118 DPc, 42 µm for 236 DPc, 21 µm for 472 DPc). 472 DPc exhibits the 497 

smallest variations. This means there are no regions with low material quality that increase the 498 

total resistance of the line. The variations in IG/ID ratio along the line correspond to variations in 499 

peak temperature during the laser process found by simulation (cf. Figure 4 (d)). For lower DPc, 500 

one can clearly observe the peak of the Gaussian profile of each laser pulse in the simulated 501 

temperature profile. For higher DPc, pulses are less energetic and spaced closer together 502 

repeatedly heating the substrate. This results in both a more uniform temperature profile and 503 

more uniform material quality.  504 

Therefore, to achieve low sheet resistance and good overall material quality, it is important to 505 

maximize overlap between laser pulses by increasing DPc and designing patterns consisting of 506 

multiple closely spaced rows of pulses (raster rather than vector mode). Lines that are three 507 

pulses wide already approach the sheet resistance of squares that are effectively infinitely wide. 508 

Sheet resistance is improved primarily because more total optical energy per unit area is 509 

delivered to the substrate and secondarily because more pulse overlap results in more uniform 510 

material. In the future, these insights could be combined with other strategies to increase overall 511 

energy delivery such as defocusing or multiple lasing [17] to potentially further reduce sheet 512 

resistance. Further increases in DPc could also lead to further reduced sheet resistance. Finally, it 513 

should be noted that the periodic variations in material quality should be considered when 514 

characterizing LIGC using Raman spectroscopy in the future by scanning over an area 515 

corresponding to the periodicity of the laser pulses. 516 
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 517 

Figure 6. (a) Raman spectra for LIGC squares at 472 DPc and 0.032 m/s spanning the workable 518 

power range. Spectra exhibit the typical graphene peaks (G, 2D and D) except for 8%, where 519 

material ablates. Material partially ablates for 7% power. (b) Average IG/ID ratio extracted from 520 

Raman spectra and sheet resistance against laser power. IG/ID ratio increases and sheet resistance 521 

decreases with increasing power up to 6% power beyond which material quality deteriorates. (c) 522 

IG/ID ratio at different positions within LIGC square (4% power, 472 DPc, 0.032 m/s). Periodic 523 

variations correspond to laser pulse spacing of 21 µm. Horizontal scan=aligned with laser scan 524 
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direction, vertical scan=perpendicular to laser scan direction. (d) IG/ID ratio at different positions 525 

within LIGC square (6% power, 472 DPc, 0.032 m/s). Only one maximum is observed within 526 

this 2D map of size corresponding to pulse spacing. (e) IG/ID ratio at different positions along 527 

LIGC lines with different DPc (6% power, 0.032 m/s, one pulse wide). IG/ID ratio varies 528 

periodically with position corresponding to pulse spacing. With increasing DPc, minimum IG/ID 529 

ratio increases and non-uniformity decreases.  530 

 531 

Furthermore, XPS survey spectra of LIGC fabricated at 5%, 6% and 7% laser power with all 532 

other conditions constant are shown in Figure 7 (a). With increasing laser power, peak intensities 533 

of the carbon C1s peaks decrease and oxygen O1s peaks increase. The corresponding atomic 534 

percentages with laser power are plotted in Figure 7 (b). Carbon and oxygen contents in LIGC 535 

with increasing laser power vary from 78.4% to 63.1% and 15.3% to 24.8%, respectively. The 536 

material starts to oxidize as the power gets close to the ablation limit. Nitrogen N1s intensity is 537 

minimal (about 1%) in all cases. Figure 7 (c) shows peaks obtained by deconvolution of each 538 

C1s spectrum of the XPS results. The different carbon bonds are predominantly C=C (sp2) at 539 

284.4 eV [55,56], which is further indication of the high quality of the obtained LIGC. The three 540 

different laser powers exhibit very similar percentages of C=C (sp2) bonds. The biggest 541 

difference between LIGC fabricated with these different power values is the different 542 

morphology and crystallite size. 543 
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 544 

Figure 7. XPS results for LIGC fabricated at 5%, 6%, and 7% laser power (472 DPc, 0.032 m/s). 545 

(a) Survey spectra. (b) Carbon (C) and oxygen (O) atomic percentages. (c) Deconvolution of C1s 546 

peaks. 547 

 548 

3.4. Micro-Supercapacitor Application 549 

To demonstrate an application of the LIGC material, we prepared in-plane micro-supercapacitor 550 

devices using LIGC as the electrode material engraved with 7% laser power (highly conductive 551 

engraved material). A schematic diagram and image of the prepared micro-supercapacitor are 552 

shown in Figure S11. Here, we present its electrochemical properties. This device exhibits high 553 

energy and power density compared with other reports. 554 

The prepared device was electrochemically investigated with cyclic voltammetry and 555 

galvanostatic charge-discharge measurements and all results are shown in Figure 8. All CV 556 

curves (Figure 8 (a)-(b)) at scan rates in the range of 20 mV/s to 10,000 mV/s exhibit capacitive 557 



 30 

behavior of the electrochemical double layer at the electrode-electrolyte interface. Formation of 558 

the double layer and a high specific capacitance CA of 0.21 mF/cm2 at a high scan rate of 10,000 559 

mV/s demonstrates the high performance of the device. All obtained CV capacitances CA are 560 

plotted in Figure 8 (c) for different scan rates. At a low scan rate of 20 mV/s, CA is 5.1 mF/cm2. 561 

Charge-discharge curves further confirm capacitive behavior. Figure 8 (d) shows charge-562 

discharge curves at various current densities ranging from 0.13 mA/cm2 to 1.06 mA/cm2. The 563 

calculated capacitances CA at various current densities are plotted in Figure 8 (e). The micro-564 

supercapacitor can deliver a specific capacitance of 4.8 mF/cm2 at 0.13 mA/cm2 and still 565 

maintains CA of 0.46 mF/cm2 at higher current density of 2.66 mA/cm2. 566 

The performance of different in-plane micro-supercapacitors can be compared in terms of 567 

specific areal energy and power density. The micro-supercapacitor demonstrated here was 568 

compared with other micro-supercapacitors prepared by laser engraving of interdigitated 569 

electrodes on a PI polymer substrate and using a similar gel electrolyte [21,57–59]. The Ragone 570 

plot in Figure 8 (f) shows that it offers high energy and power density. 571 

 572 
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 573 

Figure 8. (a) and (b) cyclic voltammetry curves of micro-supercapacitor at scan rates from 20 to 574 

10,000 mV/s. (c) Specific areal capacitance at different scan rates calculated from CV curves. (d) 575 

Charge-discharge curves of micro-supercapacitor at different discharge current densities in the 576 

range of 0.13 to 1.06 mA/cm2. (e) Specific areal capacity at different current densities calculated 577 

from galvanostatic charge-discharge. (f) Ragone plot of the device in comparison with other 578 

results. 579 

4. Conclusion 580 

In this article, the lowest sheet resistance of 6.14±0.11 Ω/□ for LIGC on flexible PI to date is 581 

reported. This was achieved by optimizing the following laser conditions: power, scan speed and 582 

DPc resolution. DPc plays a vital role because it controls the overlap between adjacent laser 583 

pulses. Squares with larger DPc have smaller laser pulse energy but larger energy per unit area. 584 

This means the total laser energy delivered to the substrate is larger and more evenly distributed 585 

over the surface. Similarly, lines that are only one pulse wide exhibit higher resistance than 586 

wider lines because pulses only overlap along the length of the line and not in the transverse 587 

direction. More uniform graphitic carbon of high quality can be achieved with more pulse 588 

overlap. It was found that to minimize sheet resistance, total energy needs to be maximized 589 
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without reaching very high temperatures that cause ablation. This can be achieved by reducing 590 

laser scan speed. Thermal modeling shows that lower scan speed allows more time for the 591 

material to cool between laser pulses giving a more uniform, less extreme time-temperature 592 

profile. Modeling also shows that larger DPc results in a more even spatial temperature 593 

distribution. This was further confirmed by SEM, XRD, TEM, scanned Raman spectroscopy, 594 

and XPS. Samples with larger DPc exhibit higher-quality and more uniform graphitic carbon. 595 

Non-uniformities in the graphitic carbon are periodically spaced corresponding to the spacing of 596 

laser pulses. A large crystallite size of about 60 nm was observed. The general strategies 597 

developed here can be used to rapidly optimize sheet resistance for any new process 598 

development as well as to further push the boundaries of lowest sheet resistance. Moreover, we 599 

present a micro-supercapacitor using the low sheet resistance LIGC material exhibiting good 600 

electrochemical performance. 601 
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