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Abstract 

Laser‑induced graphene (LIG) is a three‑dimensional graphene structure fabricated through the irradiation of a poly‑
mer substrate with laser energy (or fluence, equivalently). This methodology offers a cost‑effective and facile means 
of producing 3D nanostructures, yielding graphene materials characterized by extremely high surface area and supe‑
rior electrical properties, rendering them advantageous for various electrochemical applications. Nonetheless, it 
is imperative to acknowledge that the structures and material properties of LIG are subject to substantial variations 
contingent upon processing parameters, thereby underscoring the necessity for systematic inquiry and systematic 
comprehension of processing conditions, such as fluence and multi‑passing, and resultant outcomes. Herein, we 
explored the impact of different laser fluence levels on the structural and material properties of LIG. We, especially, 
focused on how laser fluence affected substrate temperature and found that it caused polyimide (PI) substrate 
pyrolysis, resulting in changes in 3D structures and material density to LIG properties. We also investigated the effects 
of a multi‑passing process on 3D LIG structures and material qualities, varying fluences, and temperature fluctuations. 
Lastly, we assessed electrochemical properties using LIGs produced under different conditions as working electrodes, 
leading to distinct impedance profiles and cyclic voltammetry (CV) curves. These variations were linked to the unique 
structural and material characteristics of the LIG samples.
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Introduction
Laser-induced graphene (LIG) is a three-dimensional 
porous graphene material generated by irradiating 
carbon-based materials with UV and  CO2 lasers in an 

atmospheric environment [1–3]. LIG offers several 
advantages that make it particularly appealing for vari-
ous applications. It can be easily and rapidly manufac-
tured using lasers, eliminating the need for expensive 
infrastructure like cleanroom facilities, which enhances 
its cost-effectiveness [4]. Furthermore, LIG boasts high 
design flexibility and can be crafted into intricate three-
dimensional conductive micro- and nanostructures [5]. 
In addition to its ease of fabrication, LIG exhibits excep-
tional properties, including high electrical conductivity 
[6, 7], corrosion resistance [8], mechanical flexibility [9], 
and biocompatibility [10]. Moreover, its increased sur-
face area due to its 3D porous micro- and nanostructure 
makes it highly attractive for applications in advanced 
electronic devices. LIG has garnered significant attention 
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in recent years, especially in fields such as electronic skin 
[4], real-time physiological signal monitoring [11], and 
human–machine interaction [12].

Among its diverse applications, the use of LIG in elec-
trochemical biosensors stands out due to its remarkable 
performance characteristics [13]. LIG, being based on 
highly conductive graphene, coupled with its 3D micro- 
and nano-porous structure, maximizes the available sur-
face area. This unique feature allows for versatile surface 
functionalization, making it suitable for the development 
of highly sensitive electrochemical biosensors capable of 
selectively detecting a wide range of target substances. 
Since the recognition of LIG’s potential as a biosensor 
material, extensive research efforts have been directed 
towards its optimization. Studies have focused not only 
on tailoring LIG’s properties to detect specific substances 
but also on utilizing nanostructures for surface function-
alization to broaden its detection capabilities [6, 14–16].

To achieve high-performance electrochemical biosen-
sors utilizing LIG as electrodes, meticulous attention 
to the micro- and nanostructure and material proper-
ties of LIG is crucial. The extent to which the surface 
interacts with the target substance and the role of func-
tionalized particles depend on the underlying LIG struc-
ture. Researchers have therefore dedicated significant 
efforts to experimentally fine-tune the three-dimen-
sional structure, shape, and properties of LIG [17, 18]. 
This includes adjusting laser energy during LIG fabrica-
tion, as it directly impacts the heating and resultant gra-
phene structure, but a comprehensive understanding of 
these processes is still evolving. Moreover, recent studies 
have explored the use of a multi-passing process to cre-
ate high-quality LIG, however, a clear understanding of 
how variations in initial graphene morphology and laser 
energy conditions affect the resulting graphene prop-
erties remains limited [19]. This knowledge gap poses 
challenges when seeking to harness LIG for biosen-
sor applications, highlighting the need for systematic 
research and analysis of LIG morphology and proper-
ties under various experimental conditions. Addressing 
these research gaps will not only enable the production of 
high-quality LIG but also provide essential insights for its 
application in biosensor technology. Moreover, it has the 
potential to expand the utility of LIG in future biosensor 
advancements, opening up exciting opportunities for its 
use in diverse fields.

In this study, we have undertaken a comprehensive 
exploration of the structural and material properties of 
LIGs with particular emphasis on the influence of varying 
laser fluence levels. Our investigations commenced with 
the fabrication of distinct LIG results, each characterized 
by unique structural and material attributes, achieved 
through the manipulation of laser fluence conditions. 

Our primary focus was directed towards scrutinizing 
the thermal effects induced by laser fluence on the sub-
strate temperature. Experimental observations unequivo-
cally affirmed that alterations in temperature (T) arising 
from the laser-induced process led to the pyrolysis of the 
polyimide (PI) substrate. This phenomenon resulted in 
a material melting and heightened material density and 
substantial modifications in the structural, surface, and 
material properties of the resultant LIGs. Subsequently, 
we conducted an in-depth examination of the impact of 
a multi-passing process, a technique that has garnered 
considerable attention among contemporary research-
ers. Our methodology involved the initial creation of 
stable  3D LIG structures, followed by the analysis of 
LIGs obtained through secondary laser treatments, each 
executed with varying fluences. Our analytical approach 
was further augmented by considering the temperature 
variations induced by the multi-passing process. This 
comprehensive analysis proved instrumental in eluci-
dating our experimental findings. Lastly, our investiga-
tion extended to an assessment of the electrochemical 
properties exhibited by LIGs produced under diverse 
conditions. We harnessed LIGs fabricated under vary-
ing parameters as working electrodes, subjecting them 
to meticulous impedance and cyclic voltammetry meas-
urements. The outcomes yielded distinctive impedance 
profiles and cyclic voltammetry curves for each set of 
electrodes. These variations were effectively expounded 
upon through a thorough examination of the structural 
and material characteristics inherent to the various LIG 
samples.

Results and discussion
To understand the structure and morphology of LIG 
formed based on the induced fluence (or energy, equiv-
alently), we created LIG using a commercial  CO2 laser 
(VLS2.30DT, Universal: wavelength = 10.6  µm , laser 
power = 0–30  W, spot size = 70 µm , duration = 500 PPI, 
scan speed = 0–1270  mm/s, time interval = 4  s) and a 
commercially available 100-µm thick PI substrate (PIF-
100, KESPI). As a result, we obtained a variety of 3D LIG 
structures and morphologies depending on the applied 
fluence. Figure 1a presents visual inspection data for rep-
resentative LIG results produced at different fluences (E). 
(i) When the fluence was relatively low at 12.186  J/cm2 
(laser power: 7.5W, laser speed: 32 mm/s), we observed 
a slightly convex microstructure in three dimensions. 
The height ( h ), measured with a 3D profiler (VHX-7000, 
KEYENCE), was approximately 70 µm , with a defined 
width ( w ) by calculating the full width half maximum 
(FWHM) was approximately 150  µm (Fig.  1b). Cross-
sectional scanning electron microscope (SEM) images 
revealed a slightly convex structure with micro-sized 



Page 3 of 8Yang et al. Micro and Nano Systems Letters            (2024) 12:8  

voids in the interior, contributing to its formation. How-
ever, the surface of the structure showed few voids. 
Therefore, we defined this result as the ’Foamy (F)’ struc-
ture; (ii) Increasing the laser’s fluences led to more three-
dimensional and porous structures. At E = 14.624  J/
cm2 (laser power: 9W, laser speed: 32 mm/s), the height 
reached approximately 92 µm , with a width of approxi-
mately 137 µm (Fig.  1b). Upon closer examination 
through SEM images, we observed a convex-surfaced 
LIG structure interconnected internally with numer-
ous micro- and nanoscale voids at surface and interior 
of the LIG structure, distinguishing it from the ’Foamy’ 
structure. Thus, we termed this morphology as ’Porous 
(P)’ structure; (iii) Lastly, at higher laser fluence, we 
noticed significant changes in the LIG’s morphology once 
again. When an fluence (E) of 17.061 J/cm2 (laser power: 
10.5W, laser speed: 32 mm/s), was applied, we obtained 
a three-dimensional structure similar in height (approxi-
mately 98 µm ) and width (approximately 137   µm ) to 
the previous results. However, the surface appeared con-
siderably rougher than before. This increased surface 
roughness led to a noticeable rise in the standard devia-
tion of h, measured at 14.96 μm (Fig. 1b). This was signif-
icantly higher than the values of 7.48 μm for the ‘Foamy’ 
structure and 6.37 μm for the ‘Porous’ structure, respec-
tively. The enhanced roughness observed in the SEM 
images was attributed to the formation of numerous gra-
phene nanofibers on the surface. Therefore, we can clas-
sify this result as the ‘Bush (B)’ structure.

To elucidate the diversity in resulting morphologies 
based on the fluence input, we interpret our findings in 
terms of the variation in fluence-induced heat (or tem-
perature) levels. According to the conventional Srini-
vasan-Smrtic-Babu (SSB) model, when a laser irradiates 
a polyimide (PI) substrate, changes in the substrate occur 
due to photo-chemical and photo-thermal reactions [20]. 
As fluence increases, the dominance of the photo-ther-
mal phenomenon becomes evident, resulting in higher 
heat generation within the substrate [21]. Consequently, 
the morphology of the formed LIG can be altered sig-
nificantly with increasing laser fluence and temperature 
(T). To experimentally confirm this, we measured notice-
able temperature changes during laser processing using 
a commercial non-contact temperature sensor (CTvide-
o3MH2, OPTRIS). Figure 1c illustrates the heat genera-
tion in the polyimide substrate as a function of processing 
fluence. As the fluence increases by tens of J/cm2, we can 
confirm the induced temperature rises up to ~ 1200  °C. 
Corresponding the induced temperature with the fab-
ricated LIG structure and morphology, we can clearly 
understand the situation during the LIG formation. 
Notably, the ‘Foamy’, ‘Porous’, and ‘Bush’ structures were 
formed at approximately 300, 500, and 1000  °C, respec-
tively. We can establish that stable three-dimensional 
LIG structures are achievable at temperatures exceeding 
500 °C. This phenomenon can also be rationalized in the 
melting point of polyimide. As the processing tempera-
ture surpasses this threshold, the polyimide undergoes 

Fig. 1 Structural characterizations for single lasing LIGs. a SEM image and 3D profile image of LIGs according to laser fluence (E) 12.186 J/cm2, 
14.624 J/cm2, and 17.061 J/cm2 (scale bar:100 μm). b Width (w) and height (h) of LIGs according to Laser fluence 12.186, 14.624, and 17.061 J/cm2. 
Each fluence is used to fabricate Foamy (F), Porous (P), and Bush (B) LIG (scale bar:100 μm). c Change of LIGs formation temperature according 
to laser fluence of 12.186, 14.624, 17.061, and 34.559 J/cm2. d Schematic illustration of LIG formation process as laser fluence increased. Red mark 
means focused collimated light exposure
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pyrolysis and graphitization through the photother-
mal reaction, yielding copious gaseous byproducts. The 
escape of these gases (defined as “degassing”) at tempera-
tures above the melting point results in the pronounced 
three-dimensional structures and numerous surface voids 
observed. Given the typical melting point of polyimide, 
which is approximately 400 °C, our experimental results 
can be well understood with the proposed hypothesis. 
However, the structure height is not significantly changed 
in the Bush LIG from the Porous LIG, even though the 
induced temperature is drastically increased. Consider-
ing that the majority of structural transformations due 
to polyimide pyrolysis occur in the range of 400–500 °C, 
it explains the relatively minimal dimensional differ-
ences between LIG produced at temperatures exceed-
ing 1000 °C and those at 500 °C. We also evaluated LIG 
fabrication at higher fluence levels. Structural analysis of 
LIG created with a fluence of 36.559 J/cm2 also revealed 
a ’Bush’ morphology. Our interpretation is supported by 
the measured temperature of approximately 1100 °C dur-
ing processing at E = 36.559  J/cm2, aligning closely with 
the claimed processing temperature for ‘Bush’ formation 
(~ 1000 °C). It’s noteworthy that even at a relatively high 
fluence level of 36.559  J/cm2, a temperature compara-
ble to that at F = 17.061 J/cm2 was attained, suggesting a 
trend akin to the photo-thermal reaction of polyimide as 
per the SSB model.

To assess not only the dimensional changes but also 
the material quality of the resulting LIG, we conducted 
Raman spectroscopy analysis. Figure 2a presents Raman 
spectra for three representative LIG structures obtained 
under different fluence conditions. For Foamy (F) LIG 
produced at a lower fluence level (E = 12.186  J/cm2), we 
observed broad peaks at ~ 1300, 1600, and 2700   cm−1, 
which are expected to correspond to the D, G, and 2D 
peaks of conventional graphene, respectively. In contrast, 
for the more three-dimensional ‘Porous (P)’ and ‘Bush 
(B)’ LIGs fabricated at relatively higher energies, sharp 

peaks were also observed at ~ 1300, 1600, and 2700  cm−1, 
aligning with the D, G, and 2D peaks, respectively. For 
quantitative analysis, we extracted the ID/IG ratio for 
each LIG (Fig. 2b). While it was challenging to determine 
this ratio precisely for the Foamy LIG due to the broad 
peaks, we obtained ID/IG values of approximately 0.93 
and 0.9 for ‘Porous’ and ‘Bush’ LIGs, respectively. Sta-
tistical analysis across multiple samples (n = 3) revealed 
no significant difference between these two conditions. 
Additionally, we calculated the crystalline size of LIG 
structures (Fig.  2c). The calculated crystalline size was 
approximately 20 nm for both ‘Porous’ and ‘Bush’ LIGs. 
This implies that despite using higher fluence, and thus 
higher temperature, to create LIG, the crystal size does 
not significantly increase. Finally, we compared the I2D/IG 
values derived from the Raman spectra. Although deter-
mining this value for Foamy LIG remained challenging, 
‘Porous’ and ‘Bush’ LIGs exhibited values of 0.65 and 
0.37, respectively. These values suggest that ‘Porous’ LIG 
consists of few-layer graphene, while ‘Bush’ LIG is com-
posed of multi-layer graphene. This interpretation aligns 
with the effect of higher laser fluence and temperature, 
which leads to further pyrolysis, resulting in a denser gra-
phene structure.

Thus far, we have examined the impact of varying laser 
process fluence on the structural, morphological, and 
material properties of the fabricated LIG. Our compre-
hensive analysis reveals that when processed at tempera-
tures below the polyimide melting point, LIG structures 
exhibit only slight convexity with internal voids, lack-
ing the desired high three-dimensional characteristics 
and material quality. However, when subjected to tem-
peratures exceeding 500  °C, we can attain high-quality 
three-dimensional graphene structures, with the added 
advantage of controlling their surface morphology by 
adjusting the fluence levels.

More recently, there have been active researches on 
modifying the structural and material properties of LIG 

Fig. 2 Material quality analysis using Raman spectrum. a Raman spectrum of Foamy, Porous, and Bush LIGs produced by 12.186, 14.624, 
and 17.061 J/cm2, respectively. b–d Extracted  ID /IG (b), crystalline size (c), and  I2D /IG (d) according to shape of LIG made by various fluence 
conditions
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through multi-pass laser processing [19]. In this regard, 
we aimed to further analyze the structural and material 
changes in LIG induced by multi-passing. To do this, we 
initially defined the first pass Porous (P) LIG as a refer-
ence, which exhibited stable structure and excellent 
material properties. Subsequently, we applied additional 
fluences of 12.186, 14.624, and 17.061  J/cm2 (the same 
fluences used for creating Foamy (F) LIG, Porous (P) LIG, 
and Bush (B) LIG, respectively) as secondary passes to 
the 1st pass Porous LIG. The obtained surface and cross-
sectional SEM images are shown in Fig. 3a, b. When the 
2nd laser pass was applied, it is ambiguous to define the 
width of the produced LIG structures across all condi-
tions. However, it is evident that the resulting LIG struc-
tures resembled the Bush LIG on the surface (Fig. 3a, b). 
To make a clear dimensional comparison of the obtained 
LIGs, we extracted the heights (h) of LIG structures at 
nine different points and calculated the averages. As 
a result, for 2nd laser fluences of 12.186, 14.624, and 
17.061 J/cm2, the heights were measured as h = 40.40 μm 
(E = 12.186  J/cm2), h = 29.61  μm (E = 14.624  J/cm2), 
and h = 45.54  μm (E = 17.061  J/cm2), respectively. These 
heights represent a noticeable decrease compared to the 
initial 3D structures (Fig.  3c). This significant change is 
attributed to the thermal decomposition of graphite. 

For a more detailed explanation, we measured the sam-
ple’s temperature during the 2nd laser pass, revealing 
that regardless of the applied fluence, temperatures (T) 
consistently exceeded 1200–1300  °C. Typically, it is 
well known that conventional graphite undergoes ther-
mal decomposition around 1000  °C, and the high tem-
perature generated during the 2nd laser pass led to the 
decomposition of multi-layer graphene (or graphite) 
already present in the LIG, resulting in significant volume 
and surface changes [22].

To further understand these processes, we analyzed the 
Raman spectrum of LIG during this phase. Figures 3e–g 
display the ID/IG, crystalline size, and I2D/IG results for 1st 
pass Porous LIG and 2nd pass Bush LIG. Notably, there 
were no significant differences in properties between the 
Porous LIG obtained from the 1st laser pass and the Bush 
LIG produced through multi-passing. This experimental 
evidence highlights that while they share structural simi-
larities through multi-passing, they yield LIGs with dif-
ferent material properties (layers) compared to the Bush 
LIG obtained from the 1st laser pass.

Finally, we further investigate on electro-chemical 
properties of the LIGs fabricated with applied fluence 
and multi-pass. To evaluate the electro-chemical proper-
ties of various LIGs produced under different conditions 

Fig. 3 Characterizations for LIG fabricated by multi‑pass process. a Top view SEM images of fabricated LIG before and after second lasing 
with different fluence by 12.186 (F), 14.624 (P), and 17.061 (B) J/cm2 (scale bar:100 μm). b Cross‑sectional SEM image of LIGs before and after second 
lasing with different fluence (12.186, 14.624, and 17.061 J/cm2) (scale bar:100 μm). c height (h) of LIGs fabricated with various condition, d Measured 
induced temperature by the 2nd lasing. e–g Material property changes, including ID/IG (e), crystalline size (f), and I2D/IG (g), by the 2nd lasing
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and methods, we fabricated LIG electrodes with an 8 mm 
diameter in a working electrode configuration (Fig.  4a, 
b). We secured a conventional metal wire to the LIG 
using silver (Ag) paste and immersed them in a pH = 7.4 
phosphate buffer solution (PBS), alongside commercial 
platinum (Pt) counter electrodes and Ag/AgCl reference 
electrodes. We conducted impedance and cyclic voltam-
metry (CV) measurements using a potentiostat in the 
traditional three-electrode setup (Fig. 4c). CVs recorded 
in a potential window of (− 0.2  V to 0.4  V) vs Ag/AgCl 
with a scan rate of 10  mV/s in 0.1  M phosphate Buffer 
(pH 7.4) at 10 mM Ferrocene. The impedance results for 
each electrode are presented in Figs. 4d, e, showing typi-
cal impedance (Z) characteristics across the frequency 
range of 1 to  106  Hz. To facilitate comparison, imped-
ance values at 1 kHz were extracted. A comparison was 
made between Foamy, Porous, and Bush LIG electrodes 
produced using a single laser pass with different energy 
levels. It was observed that Foamy electrodes exhibited 
poor electrochemical characteristics, while Porous LIG 
electrodes displayed approximately 750 Ω and Bush LIG 
electrodes showed around 600 Ω. This difference can be 

attributed to the higher surface area of Bush LIG, which 
features more surface porosity despite having similar 
dimensional properties.

The CV characteristics of both electrodes were also 
compared (Fig.  4f, g). Both electrodes exhibited similar 
CV shapes during dual-sweep measurements from − 0.2 
to 0.4 V. However, the Porous LIG electrode (A = 15.58W) 
exhibited a larger area (A) in the measured CV curve, 
compared to the Bush LIG electrode (A = 11.52W). CV 
curve area is calculated by a function of ‘Polygon Area’ 
in a commercial software, Origin (2022b, Originlab). 
This result can be understood in terms of surface activ-
ity; thinner layers of graphene, as in Porous LIG, typically 
exhibit higher surface activity than thicker layers of gra-
phene, as in Bush LIG, as corroborated by the analysis in 
Fig. 2d.

We also conducted an analysis of LIG electrode results 
obtained through multi-passing process (Fig.  4h), using 
the same conditions as in Fig. 3. These electrodes exhib-
ited typical impedance characteristics across all fre-
quency ranges, but there were noticeable differences in 
impedance levels among the samples. To quantitatively 

Fig. 4 Electrochemical characterization of fabricated LIG working electrode. a Photograph of the fabricated LIG working electrode (scale 
bar = 20 mm), b Top SEM image of the LIG electrode (scale bar:100 μm). c Photograph of experimental set‑up. d Measured impedance 
and frequency curve of different types of LIGs. e Extracted impedance (@1 kHz) of LIGs fabricated by Porous (P) and Bush (B) conditions. f ) CV 
curve of different type of LIGs. g Extracted CV curve area of P and B type of LIG. h Impedance‑frequency curve of LIGs fabricated by the different 
2nd lasing condition. i Comparison of the extracted impedance of various LIGs. j CV curve of various LIGs fabricated by the 2nd lasing process. k 
Extracted CV curve area of various LIGs
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compare these results, impedance values at 1  kHz were 
extracted, revealing that multi-passed LIG generally 
exhibited higher impedance compared to 1st pass Porous 
LIG (Z = 750, 1400, and 1500 Ω for Porous + Foamy 
(P + F), Porous + Porous (P + P), and Porous + Bush 
(P + B) conditions, respectively) (Fig.  4i). Notably, a sig-
nificant increase in impedance was observed with higher 
fluences during the 2nd laser pass. This can be attributed 
to the decomposition of a substantial amount of gra-
phene during the 2nd laser pass, resulting in a surface 
rich in porosity but a reduction in the overall reactive 
surface area. These impedance results were consistent 
with the CV characteristics of the electrodes (Fig.  4j). 
All electrodes exhibited similar CV shapes. However, 
as the multi-passing process and 2nd laser pass fluence 
increased, a reduction in CV area (A) was observed 
(Fig.  4k). This reduction in area of CV curves suggests 
that even for electrodes with similar material properties 
(graphene layers), a decrease in surface area that also 
contribute to electro-chemical reaction was observed due 
to the thermal decomposition during the multi-passing 
process.

Conclusion
In this comprehensive study, we delved into the struc-
tural, morphological, and material properties of LIG, 
with a primary focus on the influence of varying laser 
fluence levels. We summarize the properties of LIG 
depending on the laser’s fluence and effect of 2nd laser 
for each condition (Table  1). Our investigations led to 
several significant findings and insights: (1) Thermal 
Effects on structure and material quality: We demon-
strated that alterations in laser fluence levels significantly 
impacted the structural and morphological properties 
of LIG. At temperatures below the polyimide melting 
point, low quality of LIG fabricated, exhibiting relatively 
simple, slightly convex structures with internal voids. In 
contrast, temperatures exceeding 500  °C resulted in the 
formation of high-quality, three-dimensional graphene 

structures. Moreover, when the temperature exceeds 
1000  °C, the fabricated LIG also shows high-quality, 
three-dimensional structure, but with intricate surface 
morphologies, such as the ‘Bush’ structure. These find-
ings highlighted the crucial role of temperature in LIG 
fabrication; (2) Multi-Passing Effects: Our exploration 
of multi-pass laser processing revealed that secondary 
laser passes, applied with varying fluences, led to struc-
tural transformations in LIG. The reduced heights of the 
fabricated LIG are experimentally confirmed after the 
2nd lasing processes regardless of fluence, but all results 
show closely resembled the ’Bush’ LIG obtained from the 
first laser. These structural changes were attributed to the 
thermal decomposition of multi-layer graphene already 
present in the Porous LIG; (3) Material Quality: Raman 
spectroscopy analysis provided insights into the mate-
rial quality of LIG. We found that LIG produced through 
the through multi-passing maintained similar material 
properties (layers) compared to LIG created in the initial 
pass. This indicated that the material quality remained 
consistent even when subject to additional laser process-
ing; and (4) Electrochemical properties: Evaluation of 
LIG’s electrochemical properties revealed that LIG elec-
trodes exhibited distinct impedance profiles and cyclic 
voltammetry (CV) curves. While ‘Foamy’ LIG exhib-
ited poor electrochemical characteristics, ‘Porous’ and 
‘Bush’ LIG electrodes displayed improved performance. 
‘Porous’ LIG, with thinner graphene layers, exhibited 
higher surface activity and a larger CV area compared to 
‘Bush’ LIG. Multi-passed LIG, on the other hand, showed 
higher impedance and reduced CV areas due to thermal 
decomposition and surface area degradation during the 
multi-passing process.

In summary, we investigate the results (structures and 
properties) of LIG produced under different conditions 
of the  CO2 laser (fluence, multi-passing) in relation to 
temperature and perform an evaluation of the electro-
chemical properties of LIG created under various con-
ditions. These insights provide valuable guidance for 

Table 1 Summarize properties of LIG depending on laser’s fluence and second lasing fluence

F P B P + F P + P P + B

1st fluence (J/cm2) 12.2 14.6 17.1 14.6 14.6 14.6

2nd fluence (J/cm2) – – – 12.2 14.6 17.1

Height (μm) 69.9 92.9 98.3 40.4 29.6 45.5

Width (μm) 144.9 130.9 169.5 – – –

Temperature (°C) 478.1 653.6 1030.4 1255.0 1308 1365.9

ID/IG – 0.932 0.932 1.107 1.092 1.077

Crystallite size (nm) – 20.7 20.9 17.5 17.7 17.9

I2D/IG – 0.655 0.370 0.724 0.759 0.749
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tailoring LIG structures and properties for various appli-
cations, including electrochemical biosensors, electronic 
devices, and beyond. Future research in this field should 
continue to explore the potential of LIG while consider-
ing the intricate relationships between laser parameters 
and material characteristics.
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