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A B S T R A C T   

One of the key challenges in the field of flexible electronics relies on finding conductive materials that can 
withstand bending and stretching stresses while maintaining their performance. In this context, this work pre
sents a comparative study of laser-induced conductive materials from the direct laser-scribing of two commercial 
flexible films: the benchmark Kapton® HN polyimide (PI) precursor and the UltemTM 1000 polyetherimide (PEI) 
alternative contender. The synthesis process on both materials is optimized in terms of electrical conductivity 
using a high-performance galvanometric laser with a wavelength of 532 nm for the fabrication of multiple 
samples at different laser powers and speeds. The samples are structurally characterized using Scanning Electron 
Microscopy (SEM), Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS), and Fourier-Transform 
Infrared Spectroscopy (FTIR) aiming at understanding the chemical and physical changes of the ablated mate
rial. The results demonstrate that the proposed setup is feasible for the synthesis of uniform and reliable 
conductive patterns on the surface of both substrates with high reproducibility. In particular, it is proved that PEI 
is more suitable precursor for flexible electronics applications which demand high electrical conductivity, 
leading to a sheet resistance of 3.62 ± 0.35 Ω/sq at 0.8 W and 5 mm/s once the laser-synthesis process is 
optimized (against the 6.04 ± 0.63 Ω/sq at 0.6 W and 5 mm/s offered by the LIG on PI). The performance of both 
laser-induced patterns as electrodes for the fabrication of electrochemical capacitors is also studied and 
compared in terms of areal specific capacitance.   

1. Introduction 

Carbon-derived nanomaterials including graphene and its counter
parts have become a field of exponentially increasing investigation 
during the last fifteen years [1]. Their enormous interest is entailed by 
the myriad of applications in different areas of science and technology 
that can be conceived to outperform traditional materials in the fields of 
chemistry, healthcare, or energy storage. Among these, their use in the 
field of flexible electronics stands out due to their easy and inexpensive 
manufacturing process when compared with traditional flexible elec
tronics materials as well as their unique electrical properties, and the 
possibility to create physical and chemical sensors with high sensitivity 
and fast response. Some examples are temperature sensors [2], gas 
sensors [3] or biosensors [4], and other kinds of devices such as diodes 
[5], solar cells [6], or capacitors [7]. Because of all these advantages, 
these kinds of materials are expected to play a key role in the future of 

the Internet of Things (IoT) [8]. 
Graphene has typically been suited as the best carbon-derived 

nanomaterial candidate for the majority of IoT applications, however, 
fabricating sheets capable of matching its theoretical properties have 
impeded their use in end-user applications. The different top-down or 
bottom-up approaches for the fabrication of high-quality graphene, such 
as epitaxial growth on Silicon Carbide or Chemical Vapor Deposition 
(CVD), require high-end and expensive technological instruments and 
lots of fabrication steps that increase the price and the difficulty of the 
mass production of samples. Therefore, these approaches are not in 
alignment with the idea of the ubiquity and cost-effectiveness required 
by the IoT paradigm. This has led to an emerging line of alternative 
solutions based on the use of lower crystallographic quality graphene- 
based materials instead, such as graphene oxide [9,10], graphene 
polymer composites [11,12], or Laser-Induced Graphene (LIG) [13,14] 
to get comparable electrical or mechanical properties as graphene, with 
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much simpler and cheaper fabrication processes that do not require 
heavy chemicals or high energy consumption. Therefore, they 
contribute to a more sustainable electronics equipment lifecycle, from 
their production to their disposal, thus reducing both the environmental 
impact and the electronic waste (e-waste) when compared with tradi
tional metal-based electronics [15]. 

In particular, in recent years LIG has been proposed as the best 
candidate for the fabrication of a wide range of eco-friendly devices 
thanks to its mask-less, chemicals-free and one-step fabrication process 
under ambient conditions. This technique constitutes a top-down pro
duction approach for the creation of electrically conductive and me
chanically flexible patterns with a high surface area on top of different 
carbon-rich substrates [16,17]. The most important prerequisite for 
LIG production is that the precursor contains aromatic, imide or 
aliphatic repeating units, which are rearranged by the photoablation to 
form a graphitic structure [18,19]. Actually, it has been stipulated that 
any carbon source could be potentially a LIG precursor [20]. For 
instance, Claro et al. [19] exposed the production of green LIG (gLIG) 
from various renewable and sustainable carbon sources, such as cork 
[21], wood [22], or paper [23] for multiples applications, such as 
energy-storage devices or sensors [24–26]. 

Alternatively, LIG synthesized from Kapton® HN polyimide has also 
been found to be useful in a variety of applications, including super
capacitors [27], strain sensors [28], gas sensors [29] and liquid sensors 
[30] offering enhanced performance than other sustainable carbon 
sources. In fact, the laser scribing of flexible polymers has been used not 
only for the manufacturing of LIG patterns or fibers, but also for 
microfluidic channels and multilevel imprinting molds at once [31]. 

Furthermore, other kinds of polymers, not so known, could also be 
promising substrates for graphene precursors, such as polyetherimide 
(PEI) [32], polyetherketone (PEEK) [33], or polysulfone (PSU) [34]. 
Among them, PEI stands out by its excellent mechanical and thermal 
properties [35]. It was first developed in 1982 by Sabic as ULTEM® resin 
and is commonly used for 3D printing and in the automotive and 
aerospace industries. The synthesis of LIG on PEI has already been re
ported in the literature for supercapacitive applications [36] and tensile 
sensors [37]. The greater number of aromatic groups on the polymeric 
chain of the polyetherimide compared to the polyimide could lead to a 
greater graphitization of the polymer, as there are more groups likely to 
be ablated by laser irradiation. However, the quality and properties of 
the laser-synthetized materials are closely associated with the mecha
nism of laser reduction, and therefore, it is of high importance to study 
their synthesis under different conditions in order to tune and optimize 
the properties of the LIG on the different substrates to be used in end- 
user applications. The selection of both PI and PEI for their study as 
precursors for their conversion into conductive carbon-based materials 
by laser patterning at ambient conditions is based on their high glass 
transition and melting temperatures (Tg and Tm) [20]. Another impor
tant aspect is that both of them have demonstrated recyclability and 
reusability [38,39]. 

In this context, this work presents a comprehensive comparison of 
the laser ablation of both PI and PEI commercial films using a 532 nm 
wavelength laser. The laser-induced materials are then electrically 
characterized for different laser conditions (power and scanning speed) 
seeking the optimization of their electrical conductivity. For both sub
strates, the surface morphology is studied by means of Scanning Electron 
Microscopy (SEM), and the structural analysis is performed by Raman 
spectroscopy to validate the formation of a graphene-derived material, 
as well as both by X-ray Photoelectron Spectroscopy (XPS) and Fourier- 
Transform Infrared Spectroscopy (FTIR) to study the transformation of 
both polymers. The different characterization techniques were used to 
determine the optimal laser parameters for achieving the lowest re
sistivity in the resulting material without compromising the integrity of 
the substrate. Finally, once we optimized the overall laser synthesis 
process on both substrates, their electrochemical performance as elec
trodes for the fabrication of energy storage devices is also studied and 

compared in terms of specific capacitance. 

2. Materials and methods 

2.1. Materials 

Two of the most common carbon-rich commercial polymers were 
used in this work as raw flexible substrates: ULTEMTM 1000 Poly
etherimide (PEI) films with a thickness of 200 µm from Prima Fila
ments®, and Kapton® polyimide (PI) with a thickness of 150 µm from 
Guangyi Electronic Technology Co. On the one hand, PEI is made from a 
polycondensation reaction between bisphenol-A duanghdirte and dia
mene resulting in an amorphous engineering thermoplastic with high- 
temperature resistance and tensile strength [40]. On the other hand, 
Kapton® is produced by condensation of pyromellitic dianhydride and 
4,4′-oxydianiline getting a stable polymer that is a good thermal and 
electrical insulator for a wide range of temperatures [41]. Before the 
laser scribing process, the surface of both materials was cleaned with 
isopropyl alcohol and, after drying for two minutes, the material was 
directly scribed at ambient conditions. 

2.2. Laser scribing process 

The laser scribing process was performed using a PowerLine E- 
12–532 Laser by Coherent® (Munich, Germany). This setup is a galva
nometric pulsed laser with a wavelength of 532 nm (green light) with a 
maximal optical power of 6 W. The absorption properties of both pre
cursor materials, measured with HP 8453 optical UV–Vis spectrometer 
equipment from Agilent Technologies (Santa Clara, CA, USA), demon
strated that they share a similar absorption coefficient for the 532 nm 
wavelength. 

The system can scribe on a surface of 12 × 12 cm with a minimal 
focal point of about 50 µm. The parameters studied for tuning purposes 
are the optical output power of the laser and the speed of the beam. 
Moreover, the focal distance of the laser is 270 mm so the samples were 
placed at this distance to avoid the geometrical deformation of the 
engraved designs. The pulse frequency is set to its maximum value (50 
kHz) to improve the scribing homogeneity and minimize the power 
required to achieve the ablation. The gap between two laser passes is set 
to 50 µm to, on the one hand, assure that two laser paths will be su
perposed obtaining a homogenous photoablation (thus avoiding unab
lated areas, as reported by other kinds of lasers [42]), and on the other 
hand, to minimize the scribing time. 

A preliminary study was conducted to determine the optimal range 
of laser power and speed for achieving a low sheet resistance (<150 
Ohm/sq.) and homogeneous samples without damaging the substrate. 
On this basis, the laser power was varied from 0.5 W to 1 W and the scan 
speed was modified from 5 to 60 mm/s. A fume extractor was located 
near the sample under treatment to remove the smoke generated as well 
as to avoid partial absorption of the irradiation energy by the exhausted 
particles. The designs were made by Visual Laser Studio, the proprietary 
software from Coherent®. To complete the pattern design, the laser 

Fig. 1. Schematic diagram of the laser photoablation process.  

Y. Houeix et al.                                                                                                                                                                                                                                 



Applied Surface Science 634 (2023) 157629

3

performs horizontal superposed lines composed of multiple pulses, as 
schematized in Fig. 1. Rectangular samples of both materials were made 
for their characterization with a size of 12 × 7 mm. We fabricated a total 
of four batches for each substrate. A stabilization step is performed 
before the direct laser writing process, where the laser should be oper
ating for at least 30 min at 0.75 W to achieve a stable point of operation, 
thus minimizing the variability from batch to batch. 

2.3. Structural characterization 

The microstructure of the samples irradiated by the laser was 
analyzed using the Scanning Electron Microscope (SEM) NVision40 
from Carl Zeiss® (Oberkochen, Germany) at an extraction and acceler
ation voltage of 5 kV, otherwise noted. 

A dispersive micro-Raman spectrometer JASCO NRS-5100 (Easton, 
PA, USA) with a green diode (Elforlight G4-30; Nd:YAG, l = 532 nm) as 
excitation source was used for the Raman spectra acquisition. The 
sampling parameters were: 10 accumulations with 3 s of exposure time. 

The X-ray Photoelectron Spectroscopy (XPS) was carried out on a 
Kratos Axis Ultra-DLD (Manchester, UK), using an X-ray (Al Kα, hv =
1486.6 eV) power of 450 W in a vacuum chamber where the pressure 
was kept below 10-10 Torr. 

Fourier-transform infrared spectroscopy (FTIR) was performed by 
JASCO 6200 (Easton, PA, USA) and the spectra were analyzed with 
SPECTRA MANAGER v2 software. Optical images to get the sample 
thicknesses were acquired using a MOTICAM 5 + MP microscope- 
mounted camera. 

2.4. Electrical characterization 

Keysight® B2902A Source Meter Unit (Santa Rosa, California, USA) 
(SMU) was used to measure voltage and current for the electrical 
characterization of the produced patterns. 

The method to evaluate the sheet resistance was the In-Line Four- 
Point Probe with the Dual-Configuration using the universal four-probe 
station from Jandel® (Eggington, UK) with a spacing between needles of 
1 mm. This method allows for the elimination of contact and wire 
resistance, and it considers the non-idealities due to the sample size, 
performing high-precision sheet resistance measurements [43]. 

Each configuration of laser power/speed for every single batch was 
measured 40 times at ambient conditions. The value of sheet resistance 
was calculated as the mean value of all measurements and batches. 

2.5. Electrochemical characterization 

The InterDigital Electrodes (IDE) structure for electrochemical 
analysis was designed with the following specifications: the structure 
consisted of 20 fingers with 1 mm of interspacing between fingers and 
electrodes, resulting in a total effective area of around 4 cm2. The IDEs 
were directly scribed on both substrates, while the electrical contact on 
each electrode was made using silver conductive lacquer (from RS PRO, 
Corby, Northants, UK, Product Number: 186–3600). The gel electrolyte 
was prepared by dissolving 1 g of poly(vinylalcohol) (PVA, from Sigma- 
Aldrich, St. Louis, MO, USA, Product Number: P1763) in 10 mL of de- 
ionized water (10 wt%) with stirring at 80 ◦C for 2 h using the MSH 
140 magnetic stirrer (from Boeckel + Co, Hamburg, Germany). Once the 
PVA was completely dissolved, 1.5 mL of phosphoric acid (H3PO4, also 
from Sigma-Aldrich, product name: 1005731000) was added to the so
lution and it was stirred again for one hour [44–46]. Next, 2 mL of the 
resulting (PVA)/H3PO4 gel electrolyte was drop-casted on top of the IDE 
structure covering the effective area, as shown in Fig. 2. Cyclic Vol
tammetry (CV) measurements were carried out using a B2912A preci
sion source-measurement unit (SMU) from Keysight Technologies, Inc. 
(St. Rose, CA, USA) with a potential window of ΔV = 1 V at various 
scanning rates. Finally, the areal specific capacitance as a function of the 
scan rate was extracted by Eq. (1) [47]: 

CA =
1

2⋅A⋅ΔV⋅s
⋅
(∫

I(V)dV
)

(1) 

being A the area, ΔV the potential window, s the scan rate, and I(V) 
the current response as a function of the voltage. 

3. Results and discussion 

3.1. Sheet resistance optimization 

The resulting synthetized materials for different optical laser powers 
and scanning speeds are shown in Fig. 3 for both PI (left) and PEI (right) 
substrates. The laser power was ranged from 0.5 W to 1 W in steps of 0.1 
W, whereas the scanning speeds was set from 5 mm/s to 60 mm/s, 
resulting in the laser power/speed pattern included in Fig. 3. We avoid 
the irradiation of the surface with the highest laser fluences (right upper 
corner), i.e., high power and low speed, to prevent damage to the sub
strate (as observed in the case of 0.7 W and 5 mm/s for the PI substrate). 
We can clearly observe different behaviors as a function of the laser 
power and speed for the different materials. In the case of the PI sub
strate, for high speeds and low laser powers (<0.01 J/mm) the laser 
fluence on the substrate is below the ablation threshold, i.e., it is not 
enough to induce a proper conversion of the PI into LIG. As the ratio 
power/speed increases, the resulting surfaces start showing a more 
uniform LIG layer without compromising the integrity of the substrate 
(range 0.01–0.02 J/mm). At this point, the thickness and the conduc
tivity of the LIG are closely related to the laser fluence, as it is demon
strated later on. Increasing the ratio power/speed beyond that limit 
leads to the appearance of imperfections in the LIG layer, which make it 
easily detachable from the surface in the form of thin black fibers [48]. 

In the case of PEI, it is required a higher power/speed ratio (>0.025 
J/mm) to induce the conductive patterns on its surface, since lower 
ratios are not enough to trigger the ablation process. Above this range, 
the conductive layer is present as a homogeneous and glassy pattern on 
top of the PEI. As in the case of PI, the electrical conductivity of these 
patterns also presents a high dependence with respect to the laser flu
ence, as shown in Fig. 4a and b at the different power levels and scan 
speeds. 

The sheet resistance can be minimized by reaching a compromise 
between the laser power/speed and the capacity of the substrate to 
withstand the resulting laser fluence since, until the degradation of the 
substrate, the higher the ratio power/speed is, the lower the sheet 
resistance becomes (see Fig. 5). As seen, the transition from the raw 
material to a more electrically conductive state is more gradual in the 
case of PI [49], since the sheet resistance in the case of PEI exhibits an 

Fig. 2. Schematic representation of the fabricated electrochemical capacitors 
on both Kapton® HN (left) and ULTEMTM 1000 PEI substrates (blue shadow 
color has been selected to make the electrolyte visible). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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abrupt threshold once the ablation has occurred. In both cases, the 
conductivity of both materials presents an exponential dependency with 
respect to the ratio power/speed, obtaining the lowest sheet resistance 
of 3.62 ± 0.35 Ω/sq. for PEI (at 0.8 W and 5 mm/s) and 6.04 ± 0.63 
Ω/sq. for PI (at 0.6 W and 5 mm/s), respectively. The variability of the 
sheet resistance is primarily due to the variability from batch to batch 
(being negligible the variability for the same sample). 

In both cases, the results are promising when compared with other 
previous works reported in the literature, as reported in Table 1. 

Nevertheless, a comprehensive comparison of the electrical con
ductivity of both materials requires removing the dependence with the 
thickness. For that, we can draw on the relationship between conduc
tivity (σ), sheet resistance (Rsh) and thickness (t), which is given by [52]: 

σ =
1

Rsh⋅t
(2) 

On this basis, we obtained that the LIG on PEI presents a conductivity 
of 1821.8 S/m (for 0.8 W and 10 mm/s) with a film thickness of 118.6 
µm, in contrast to the 1202.9 S/m (0.5 W and 5 mm/s) offered by the LIG 
layer of 93.07 µm on PI. We did not notice neither aging nor photo
conductive effects in any of the laser-synthesized samples at ambient 
conditions, in contrast to other laser-reduced materials, such as reduced 
graphene oxide [53], which can experience modifications in their level 
of reduction due to different ambient conditions. 

3.2. Scanning electron microscope images 

SEM images of PEI samples are depicted in Fig. 6. In particular, 
Fig. 6a shows a top-view of the boundary between the raw PEI surface 
(on the right) and the porous surface of the induced material as a result 
of the laser photothermal process [18]. In Fig. 6b-c we can identify the 

Fig. 3. Real images of fabricated samples at various laser power and scan speed conditions: on the right PEI and on the left PI.  

Fig. 4. Sheet resistance as a function of laser power and scan speed conditions: (a) PEI (b) PI.  

Fig. 5. Sheet Resistance in function of Power/Speed for PI in orange and PEI in 
grey. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Table 1 
Comparison of sheet resistance from laser-ablated PI and PEI substrate in recent 
studies.  

Material Laser Sheet Resistance [Ω/sq.] Ref. 

PI UV @ 355 nm 160 [50] 
UV @ 405 nm 250 [42] 

85 [51] 
CO2 @ 10.6 µm 43 [27] 

20 [50] 
15 [18] 

Visible @ 532 nm 6.0 This work 
PEI (ULTEM 9085) CO2 @ 10.6 µm 16 [36] 
PEI (ULT-0090-E) 1.8 [37] 
PEI (ULTEM 1000) Visible @ 532 nm 3.6 This work  
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foam-like nature of this material, which grows up homogeneously on top 
of the surface. We can also appreciate how the upper surface in this case 
presents a slight rippling as a consequence of the effect of the laser 
fluence on the effective diameter of the laser spot. Furthermore, 
although the upper surface of the LIG presents certain roughness, the 
cross-section of Fig. 6c reveals that the induced material counts with a 
thick cross-sectional area. 

Similarly, Fig. 7 depicts the results obtained for the PI polyimide. In 
this case, the laser paths on the surface of the polyimide are not so easily 
identified as a consequence of the overlapping of the laser-induced 
patterns, which produces an overall layer formed by horizontal 
trenches, as shown in Fig. 7a. In addition, the cross-section of the ma
terial obtained on PI shows that it is much more porous than the ob
tained for PEI (Fig. 7c). In fact, the superior conductivity of LIG on PEI 
over PI can be attributed to its more uniform surface, lower porosity and 
less fragmented structure, which results in a higher cross-sectional area, 
thus decreasing the resistivity. The higher porosity and foam-like surface 
morphology of LIG make it more easily removable from the PI surface 
than the soft melty material synthetized on PEI. As seen on cross-section 
images, ablated PI seems much easier to peel off, being readily identi
fiable the limit between the LIG and the substrate. To avoid this, using a 
protective coating for the laser-induced materials is a common approach 
that can be found in the literature [54]. 

3.3. Raman spectroscopy 

Raman spectra were obtained to understand the crystallography and 
the quality of the material induced on the substrate surface by laser 
irradiation. Fig. 8a and b show the Raman spectra of the material 
induced on PEI and PI, respectively. As seen, we can identify the three 
main Raman peaks which are associated with carbon-based materials: D, 
G, and 2-nd order D (2D) peaks [55]. The G and D peaks are present at 
1580 and 1350 cm− 1, respectively, in both materials. The first one 

indicates the planar configuration sp2 bonded carbon that constitutes 
these two graphitic-based materials, while the D peak reveals the pres
ence of defects in this latter structure [56,57]. Second order D-band (2D 
- sometimes referred to as Gʹ-band) located at ~2700 cm− 1 can also be 
identified for some of the patterns induced on the substrates. It is known 
that the crystallographic quality of the material is directly related to the 
IG/ID ratio and that the I2D intensity and width at half-maximum 
(FWHM2D) can be associated with graphene-based materials and high- 
ordered pyrolytic graphite (HOPG) [58]. For instance, the Raman 
spectrum of pristine graphene is characterized by the absence of the D 
peak, given its perfectly ordered honeycomb structure, as well as by an 
intensity ratio I2D/IG of 2–3 indicating its monolayer nature (this ratio 
decreases as the number of graphene layer increases) [17,59]. 

Therefore, based on the Raman results, we concluded that the ma
terial synthesized on top of the PI substrate for a proper laser configu
ration (range 0.01–0.02 J/mm) can be identified as laser-induced 
graphene, a disordered and multi-layer graphene-based material with 
IG/ID > 1 and an appreciable 2D peak. However, in the case of the PEI 
substrate, the results are similar to those obtained when the PI is irra
diated with a laser fluence well beyond the ablation threshold. In this 
case, the material obtained is identified as glassy and amorphous carbon 
[17]. 

3.4. XPS spectroscopy 

The structure of the samples was also analyzed by XPS. Then, Fig. 9a 
and 9b show XPS surveys of both materials, proving that the substrates 
are mainly composed of carbon, oxygen and nitrogen, as expected. The 
initial concentrations of the main components for both raw substrates 
together with the theoretical values are given in Table 2. 

The atomic quantifications presented in Table 2 for PEI and PI 
demonstrate that the laser-irradiation process implies an increase in the 
carbon concentration and a reduction of the oxygen-containing 

Fig. 6. SEM images at different magnifications of PEI ablated material at 0.8 W and 15 mm/s: (a) view of the limit between the ablated and raw surface. (b) overview 
of the ablated material and the laser paths. (c) cross-section of the sample. 

Fig. 7. SEM images at different magnifications of PI ablated material at 0.5 W and 5 mm/s: (a) view of the limit between the ablated and raw surface. (b) overview of 
the ablated material and the laser paths. (c) cross-section of the sample. 
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functional groups. This fact is a consequence of the photothermal effect 
induced by the laser, producing an increase of the material temperature 
and the vibration of the atomic lattice easily breaking the different C–O, 
C––O bonds which are recombined and released in form of gases (O2, 

CO2, etc.) [60,61]. Despite this, we can identify clear differences in the 
laser photothermal results for each substrate. On one hand, note that the 
concentration of nitrogen increases after the laser irradiation for PEI, 
indicating that the reaction taking place involves the addition of 

Fig. 8. Raman spectrum of (a) PEI and (b) PI for different laser power.  

Fig. 9. General XPS spectrum before (black) and after laser irradiation (red) of (a) PEI (laser ablation at 0.8 W, 20 mm/s) and (b) PI (laser ablation at 0.8 W, 40 mm/ 
s) samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Atomic concentration of PEI and PI samples for different laser power at a scanning speed of 20 mm/s.  

PEI Cs1 Os1 Ns1 C/O PI Cs1 Os1 Ns1 C/O 

Theory  82.22  13.33  0.04  6.17 Theory  75.86  17.24  6.90  4.40 
Raw  81.24  12.36  1.05  6.57 Raw  78.26  15.52  4.38  5.04 
0.6 W  84.33  9.88  5.79  8.54 0.6 W  94.77  3.20  2.03  29.61 
0.8 W  84.50  11.01  4.49  7.68 0.8 W  93.55  3.78  2.67  24.70 
1 W  86.38  10.13  3.49  8.52 1 W  93.36  3.97  2.67  23.52  

Fig. 10. Comparison of Cs1 deconvolution peaks from XPS spectrum of (a) PEI samples and (b) PI samples before and after laser irradiation.  
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nitrogen from the air. Therefore, the N2 molecules from the air are 
ionized during the high photon energy irradiation, and the ionized ni
trogen reacts with the polymer forming new nitrogen-containing groups 
on the surface of the material [62]. This effect is more noticeable for low 
laser fluences since as the laser power increases the larger number of 
CNC bonds that are broken compensates this effect. On the other hand, 
we can also observe that the increase of the C/O ratio is much higher in 
the case of the PI substrate. This indicates that the laser-photothermal 
process produces a recombination of the oxygen-containing functional 
groups of the PEI, thus leading to a more conductive state; while in the 
case of PI these bonds are completely broken, which explains that the 
laser irradiation on PI produces much more gases than on PEI. 

When analyzing the Cs1 peaks before and after the laser irradiation 
(Fig. 10), we can identify the contribution of both single and double 
carbon bonds (C–C, C––C) at 284.8 eV, together with the ether 
(C–O–C, 286 eV) and imide (O–C–N–C–O, 288.3 eV) bonds which 
compose the PEI and PI structure [63–66]. Here we can also appreciate 
that, after the laser irradiation on the PEI samples, there is no significant 
decrease in the oxygen and the nitrogen atomic percentages with respect 
to the raw material, as occurs in the case of the LIG obtained from PI. As 
seen in Fig. 10a, there is still a high contribution of ether and imide 
compounds in the ablated PEI Cs1 peak. However, it is also appreciable 
the emergence of π-π* transition on both ablated polymers, which is a 
characteristic shake-up line (satellite peak) for carbon in aromatic 
compounds. Since the π bond is a characteristic feature of sp2 hybridi
zation, it supports that the laser ablation produces a rearrangement of 
the aromatic compounds with a higher prevalence of sp2 components, 
which also explains the increase of the electrical conductivity [67–69]. 

3.5. FTIR spectroscopy 

FTIR is a useful tool to infer the chemical and molecular structure of 
carbon-based materials. Fig. 11a-b show the FTIR transmittance spec
trum of raw samples, in black, and the modification of their structures 
after the laser ablation, in red. For both materials, related results are 
expected as both polymers have similar bonds, with more pronounced 
peaks on raw PEI due to the longer polymer chain. The non-treated 
samples contain features characteristic at 1775 and 1720 cm− 1 

(typical of imide carbonyl symmetric and asymmetric stretches), at 
1355 cm− 1 and 745 cm− 1 (C–N stretching and bending), and at 1234 
cm− 1 (aromatic ether, C–O–C) [70,71 60]. The band at 1060 cm− 1 is 
formed by the stretching CO (alkoxy) [72]. The aromatic group C–C is 
presented at 1600 and 1490 cm− 1, and finally the C–H group at 820 
cm− 1 [73]. 

The laser irradiation has decreased most of the peaks, in particular: 
aromatic C–H, imide C–N, and aromatic ether C–O–C. This variation 
indicates the reduction of oxygen functionalities and the synthesis of a 
reduced form of the original polymer. As seen in the previous result, the 

effect of the laser ablation is more present in PI, getting flatter peaks 
than in PEI substrate after the laser treatment. 

3.6. Electrochemical analysis 

In the previous sections, we have analyzed the material synthesized 
from an electrical and structural point of view. The results demonstrate 
that although both materials count with notable differences in their 
structure, they present a similar electrical conductivity. However, there 
are different parameters of interest apart from the electrical conductivity 
when developing flexible electronic devices. Since the conductive pat
terns on PEI are more conductive, they could be considered the preferred 
ones for different types for this purpose. However, other properties, such 
as the porosity of the resulting material can also be of high interest for 
other kinds of applications involving, e.g., catalysis or electrochemical 
reactions. In this context, here we compare both PEI and PI precursors 
for the fabrication of flexible electrochemical capacitors. Therefore, the 
laser-photothermal process has been used to fabricate InterDigital 
Electrodes (IDE) directly on both substrates. Then, a Cyclic Voltammetry 
(CV) test is performed for the evaluation of the energy storage ability of 
the induced materials using (PVA)/H3PO4 as electrolyte. 

The results obtained, plotted in Fig. 12, demonstrate that both con
figurations offer a pseudorectangular and highly symmetric shape over 
increasing scan rates, indicating a good reversible electric double-layer 
capacitor behavior. The specific areal capacitance, as expressed in 
Equation (1), is presented in Fig. 12b and d for PEI and PI, respectively. 
As seen, the higher porosity of the LIG on PI contributes to a larger 
specific areal capacitance (>100 times higher) thanks to a deeper 
electrolyte ions penetration into the material’s pores [74]. In addition, 
this penetration of the ions is maintained even at high scan rates, as 
manifested by the almost flat response of the areal capacitance as the 
scan rates increase. On the contrary, for PEI, increasing the scan rate 
worsen the penetration depth of these ions even more, thus leading to a 
progressive depletion of the overall capacitance. 

4. Conclusions 

In this research, two commercial flexible materials have been used 
for the laser-induction of conductive carbon-based patterns at ambient 
conditions: Kapton® polyimide (PI) films and ULTEMTM 1000 poly
etherimide (PEI) sheets. The laser synthesis process was carried out 
using a galvanometric laser with a wavelength of 532 nm, comparing the 
results and optimizing the laser parameters with the goal of minimizing 
the resistivity of the induced patterns. The different samples were 
fabricated and electrically analyzed showing that the minimum sheet 
resistance occurs at the maximum energy density before combustion of 
the substrate, obtaining homogeneous and stable sheet resistances that 
can be optimized to achieve values as low as 3.62 ± 0.35 Ω/sq. for PEI 

Fig. 11. FTIR spectrum before (black) and after laser irradiation (red) of (a) PEI and (b) PI samples. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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and 6.04 ± 0.63 Ω/sq. PI, where the error is mainly due to the variability 
from batch to batch. The resulting material on both substrates was 
morphologically, structurally, and chemically analyzed and compared 
through SEM, Raman, XPS and FTIR spectroscopy. The results show that, 
while the material obtained from the laser irradiation of the PI corre
sponds with laser-induced graphene (LIG, also known as porous gra
phene), in the case of PEI the material synthesized corresponds to glassy 
carbon, an amorphous conductive material. The less-porous structure of 
the glassy carbon makes this material more conductive than the LIG, 
although after a proper optimization of the laser parameters we can 
obtain comparable resistivities. However, the higher capacity of 
modulating the resistance of the LIG, as well as its porosity can also be 
highly interesting for certain kinds of applications. In this context, we 
have also demonstrated the superiority of LIG over glassy carbon 
derived from PEI for its application for the development of electrodes for 
energy storage applications. 
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