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ABSTRACT 

Laser-induced graphene (LIG) has emerged as a highly promising material for energy storage devices due to its excellent electrical 
conductivity, high specific surface area, and compatibility with flexible substrates. Despite these advantages, one of the main 
challenges in implementing LIG-based electrodes is achieving a stable and efficient electrical connection with metallic current 
collectors without compromising the intrinsic properties of the material. In this study, we investigate a combination of physical 
approaches to establish a reliable and robust electrical bond between LIG and metal current collectors while avoiding chemical 
treatments, conductive adhesives, or binders. Electrode fabrication is performed using physical vapor deposition (PVD) and laser 
processing techniques, which provide precise control over both metallic layer deposition and LIG formation. These methods enable 
straightforward customization of electrode architectures for applications, including symmetric and hybrid energy storage devices. 
Furthermore, fast and selective laser treatments are adopted to enhance the mechanical integrity and long-term stability of the 
electrode interfaces. Our results demonstrate a contact resistance as low as 1.3 Ω at the LIG-gold interface without the use of 
binders or additional conductive agents. The proposed fabrication strategy improves electrical performance while simplifying the 
overall manufacturing process. By minimizing complex chemical procedures, it enables scalability. 
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 Introduction 

n recent years, Laser-Induced Graphene (LIG) has established
tself as one of the most versatile materials for the realization
f energy storage devices, thanks to the combination of unique
roperties such as high electrical conductivity, large specific
urface area, and compatibility with both flexible and rigid
ubstrates. However, a major limitation of LIG-based devices
ies in the formation of reliable electrical contacts. Traditional
bbreviations: CV, Cyclic Voltammetry; EDLC, Electrochemical Double Layer Capacit
pectroscopy; GCPL, Galvanostatic Charge Potential Limitation; GLM, Graphene Like M
VD, Physical Vapor Deposition; SC, Super Capacitor; SEM, Scansion Electron Microscop
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approaches to electrode integration often result in poor ohmic
contact, increased resistance, and reduced device performance.
In this paper, we demonstrate how it is possible to improve
the chemical compatibility of the mentioned material, reduce
contact resistance, and significantly simplify both the design
and the production of electrodes for energy storage devices.
Moreover, the results presented here are intended to provide
a scalable, efficient technological base, compatible with the
compatibility requirements of systems integrated on board. At
ance; EDX, X-Rays Electron Diffraction; EIS, Electrochemical Impedance 
aterial; LIG, Laser Induced Graphene; PCB, Printed Circuit Board; PI, Polyimmide; 
y. 
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rea
his point, the question remains: why do we need to implant
nd contact, on an electronic PCB board, an object with high
urface area? Implanting high-capacitance-density points on an
lectronic board can entail several advantages. Such as storing
harge/energy for time intervals with a range from tens of seconds
o a minute, therefore acting as short-term storage or as a buffer,
nd also let to install sensitive materials to detect physical changes
 1 ]. The miniaturization of supercapacitors and the use of micro-
upercapacitors [ 2 ] are crucial in fields such as sensor technology
 3, 4 ], wearable electronics [ 5–7 ], power electronics, and more
enerally in self-powered devices that coexist with harvesting
odules and low-power storage [ 8, 9 ]. 

n general, LIG elements are obtained by converting a poly-
eric substrate into graphene-like material [ 10 ]. In particular,
ulsed laser writing enables the local conversion of substrates
ike polyimide (PI) into a porous graphene-like carbon struc-
ure, producing conductive patterns with high surface area
nd mechanical flexibility. A first proposal of conversion from
ommercial materials was given by [ 10 ], subsequently by [ 11, 12 ].
lthough nowadays the conversion of polymeric materials into
raphene-based materials is well understood, most research has
ocused on surface functionalization in order to enhance the LIG
lectrochemical performance. Currently, the integration of this
aterial is still challenging [ 13–16 ], and no relevant works are
resent in the literature. 

espite its potential, contacting LIG in practical devices repre-
ents a critical point. Traditional methods based on adhesives or
hemical treatments [ 17 ] can compromise the intrinsic properties
f the material, introduce parasitic resistances or elements of
ontamination for electrochemistry, or limit the scalability of the
roduction process. In fact, in the literature, it is possible to find
ifferent methods to obtain electrical contacts on LIG electrodes,
nd these can be grouped into three categories, each of which
as specific limitations. One approach is the deposition of metal,
ypically by sputtering gold or other conductive metals directly
nto the surface of the LIG. This method presents significant chal-
enges due to the intrinsic porous morphology of LIG. Indeed, LIG
s highly porous with considerable surface roughness, and metal
eposition via sputtering or evaporation may coat mostly the
utermost features of the porous network, limiting penetration
nto the bulk porous structure and reducing the effective contact
rea [ 18 ]. Furthermore, this method requires the use of a physical
ask or lithographic patterning, increasing the complexity and
he cost of this approach. The second category relies on the use
f conductive pastes, with multiple step preparation, such as
ilver epoxy or carbon paste. These are simple to apply but have
ignificant drawbacks in electronic and electrochemical systems.
or example, mounting SMDs components on LIG stripes is still
n open issue. Lead soldering is impractical, the conductive epoxy
dhesive does not provide robust adhesion, risk for cracks [ 19 ],
nd suffer of non-negligible contact resistance [ 20 ]. Moreover,
cidic environments pose a serious problem for silver paste,
eading to the dissolution of the contact, while carbon pastes
uffer of unstable contact resistance and low conductivity [ 21 ].
he third approach, namely mechanical clamping, is mostly
sed in laboratory scale, but it is incompatible with device
iniaturization or scalable manufacturing and produces contact
of 11
resistances that are sensitive to applied pressure and therefore
poorly reproducible. Furthermore, it can lead to mechanical
damage of LIG electrodes [ 22 ]. 

To overcome the challenge of achieving a non-invasive and
versatile contact, we present a novel strategy that combines thin-
film metallization with laser writing and conversion. This study
demonstrates an integrated methodology that enables the electri-
cal connection of graphene-like material without compromising
its resistivity. The proposed method using two laser sources
is extremely precise and fast, with very low invasiveness. The
process is summarized in Figure 1a . A metallic thin film is first
deposited onto the polyimide substrate, then some regions are
selectively removed through laser ablation to define circuits or
contact pads (green laser), and then the exposed substrate is
converted into LIG (CO2 laser). 

Direct writing of patterns on substrates offers an incredibly
simple way to produce miniaturized supercapacitors, providing
the highest degree of design freedom. This is a mature and highly
scalable process. However, laser patterning has limitations,
mainly due to the maximum achievable laser spot resolution and
vertical morphology of LIG structures. In particular, connecting
structures with different aspect ratios, like porous LIG and
metal thin film, is challenging by using just physical methods.
Figure 1d–f show the interface between LIG and a thin film gold,
where the connection is visible. In particular, at intermediate
magnification (Figure 1e ), the typical open, foam-like porous
morphology of the LIG can be distinguished. Conversely, at
higher magnification (Figure 1f ), the carbon structure appears to
be multilayered, with the surrounding metallic film remaining
comparatively flat and compact. By adjusting the focal plane
during FESEM observation, the out-of-plane development of
the converted LIG structure was also roughly estimated to be
approximately 50 µm. This value is also confirmed by direct
optical profilometric measurement (Figure 1c ), it confirms the
strong three-dimensional development during the conversion.
LIG vertical growth and bending, in turn, favor local physical
interlocking with the metal-coated substrate, improving the
device electrical connection. This fabrication approach is well
suited for PCB integration, as it relies exclusively on direct laser
writing and PVD. Both are mature, scalable, and alignment-free
technologies. Their combination allows rapid customization of
electrode geometry and electrical contacts with a high degree
of design freedom, enabling symmetric, hybrid, or asymmetric
device configurations. Moreover, the physical deposition tech-
nique gives us access to a wide range of metals for current
collector fabrication or pseudo-electrode realization. In this
work, the electrical response was studied by measuring the
LIG sheet resistance and, through comparative tests, the gold-
LIG contact resistance. Electrochemical tests conducted on a
device obtained through the above-described processes showed a
cycling stability exceeding 1000 cycles in an acidic environment,
Figure 2 . 

Summarizing, this work aims to validate a fully physical fabri-
cation route for reliable Au-LIG electrical contacts and evaluates
its performance in terms of contact resistance, electrochemical
stability, and compatibility with scalable manufacturing. 
Advanced Electronic Materials, 2026
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FIGURE 1 (a) Schematic representation of current collector deposition and substrate LIG conversion, (b) picture of Van Der Pauw 4 pads 
configuration for sheet resistance evaluation, (c) Measured 3D view with focus variation of the 4-pads sample. The inset cross-section profile gives 
the elevation of the LIG surface with respect to the gold plane of about 50 µm calculated with the given software, (d-f) FESEM images of Gold-LIG 

contact under different magnifications. 

FIGURE 2 (a) Illustration of the single interdigit device placed in the three-pin setup. (b) Top view of the device geometry. (c) Measured 3D view 

with focus variation of the interdigitated device. The inset cross-section profile gives the elevation of the LIG surface with respect to the PI plane of about 
50 µm, calculated with the given software. 
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 Materials and Methods 

.1 Electrode Fabrication 

he technological processes for the fabrication of electrodes are
ully compatible with the microfabrication methods available in
he microelectronics and semiconductor industry. In this consid-
red case study, we exploit a 10 cm × 10 cm polyimide substrate,
leaned by 1 h sonication and successively argon plasma treated
or 5 min, before any further treatment. The overall fabrication
rocess consists in 3 steps. The first step aims to deposit a
igh conductive layer over the polyimide substrate. This is done
hrough thermal resistive physical vapor deposition (PVD), which
llows to obtain, over the entire substrate, a highly conductive
hin metallic film, composed of 10 nm of titanium (that acts as
dvanced Electronic Materials, 2026
an adhesion layer) and 100 nm of gold (as a conductive layer
for the subsequent phases). The deposition was obtained starting
from 99.9% purity precursor pellets. After PVD, a green pulsed
femtosecond laser ( λgreen = 515 nm) was used for metallic ablation
(second step) to define the circuit paths or pads that will act as
current collectors for the active material. 

Finally, in the third step, an infrared laser ( λIR = 10.6 µm and
maximum nominal output power = 10 W) was used to obtain the
conversion of polyimide in graphene-like material. The nominal
laser power was set at 30% of the max power with a scan velocity
of 50 mm s− 1 . The writing geometry of the LIG was designed to
ensure continuity on the edge and let the laser to scan over the
metallic film at the Kapton-metal delimitation. In this way, it is
possible to obtain a region where the generated LIG can emerge
3 of 11
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FIGURE 3 Experimental configurations adopted for the electrical characterization of the fabricated Au-LIG structures. (a) Layout of the sample 
designed for Van der Pauw measurements, showing the relative positions of the gold contact pads and the LIG active area. (b) Schematic representation 
of the Van der Pauw measurement setup, where four independent probes are connected to the contact pads to determine the sheet resistance of the 
conductive layer. (c) Design and optical image of the test structures employed for four-terminal (4T) resistance measurements across the Au-LIG 

interface. Different overlap lengths between the gold electrodes and the LIG region were investigated to evaluate the electrical contact resistance and 
the effectiveness of the junction. 
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ertically around the metallic plane, thereby merging the two
ubstrates and ensuring a good electrical contact. 

.2 Electrical Characterization 

wo types of electrical measurements were carried out to com-
ute the sheet resistance of LIG electrodes and to evaluate
he LIG-Au contact resistance. Electrical characterizations were
erformed using an Agilent 34501 multimeter on 2 different
eometries. The first geometry employed a Van der Pauw con-
iguration, Figure 3a to determine the sheet resistance of LIG.
he second one Figure 3c , consisted of several strips of different
engths, used to evaluate the contact resistance between gold pads
nd LIG. The signal was injected and collected with Signatone
icromanipulators with copper tips. 

.3 Electrochemical Characterization 

easurements were made using VMP3 Biologic potentiostat in
 three-electrode custom cell, with soft-touch contact pins. The
ell was sealed by an o-ring. The measurements were carried
ut to confirm the robustness of the electrical contact in a
ypical operating condition. The adopted electrochemical setup
s shown in Figure 2 : the tested device was characterized by an
cidic electrolyte (0.5 M H2 SO4 ), a working electrode, a counter
lectrode, and a pseudo-reference electrode. 

.4 Evaluation Formulas 

he sheet resistance was calculated through the Van der Pauw
ormula: 

Rs =
𝜋Rv 

ln 2 
(1)

e− 𝜋Rv ∕Rs + e− 𝜋Rh ∕Rs = 1 (2)
of 11
where Rv = Rvertical , and Rh = Rhorizontal , are the resistances taken
in the two directions on the Van der Pauw geometry. 

The capacitance of the single electrode (C) and capacitance
density CA can be estimated by CV curves using the following
equations: 

C = 1 

Vw 

⋅ ∫ Id dt (3)

where Vw is the voltage window and Id the discharge cur-
rent. Only the discharging part was taken into account. The
capacitance per unit area (Ca ) was calculated by the following:

CA =
1 

Ag ⋅ Vw 

⋅ ∫ Id dt (4)

where the term Ag represents the geometrical area of the sample,
namely the area exposed to the electrolyte (the gap between the
fingers of the electrodes is included). The energy (Ed ) and power
density (Pd ) performance of the device were calculated using the
following formulas: 

Pd =
1 

Ag ⋅ td 
∫ Vd Id dt (5)

Ed =
1 

Ag 

∫ Vd Id dt (6)

(Capacitance 23 mF cm− 2 , Power 8 µW cm− 2 , Energy 1.6 µWh
cm− 2 ) 

2.5 Physical Characterization 

Different physical characterization techniques were used: the
topographies were performed by 3D focus variation optical micro-
scope, model Bruker Alicona InfiniteFocus G6. The reconstructed
topographies were processed by using the metrological software
Advanced Electronic Materials, 2026
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TABLE 1 Typical metals deposited via PVD adequate for hybrid electrochemical systems. 

Material Melting Point◦C 

Vap. Temp. @10− 8 

mBar◦C 

Deposition 

technique Ref. 

Mn 1244 507 T, S, e-Beam [ 25 ] 
Au 1064 807 T, S, e-Beam 

Ti 1660 1067 Thermal 
Ru 2300 1780 Thermal 
V 1890 1162 T, S, e-Beam 

Cu 1083 727 T, S, e-Beam 
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ountains Map v11. This technology allows to reconstruct the
D surface of a multi-material sample without contact, with high
esolution. Topographies were performed using a 4 × objective
0 mm working distance. Field Emission Scanning Electron
icroscopy ( FESEM ) to investigate the morphology, Raman
pectroscopy to evaluate the structure and the disorder level of
he LIG generated, and Energy Dispersive Spectroscopy ( EDX )
o assess the presence of metallic contact below the generated
IG active material. Raman spectroscopy was performed with
 Virsa Raman Analyser from Renishaw. Parameters used were
32 nm Laser, 3 mW, 10 s of exposure, and 5 accumulations.
he topological observation was conducted via a Zeiss Supra 40
ESEM. InLens detector images at low electron beam energy
5 keV) and an aperture size 30 µm allows to examine the top-
iew morphology and porosity of the converted structures and
o confirm the graphene-like nature and quality of the soldering.
he SEM-EDX mapping elemental maps were produced using a
igh accelerating voltage (15 kV). 

 Results and Discussion 

his study aims to overcome a major challenge in the functional
ntegration of LIG in various multi-material environments. In
articular, obtaining reliable and standardized electrical contacts
f LIG remains an issue. This technological gap can be overcome
y treating the substrate/precursor (PI) prior to LIG formation,
nabling the integration of high-purity metallic contacts by
sing a fully dry physical deposition technique. This approach
epresents a significant improvement not only for planar elec-
ronic applications, but also for any field requiring standardized
nd scalable electric contacts. Furthermore, the implantation of
ads facilitates PCB board integration. The adoption of metal
eposition techniques also allows full versatility in the fabrication
f hybrid micro-supercapacitors, allowing the electrodes to be
rocessed with different materials [ 23, 24 ]; in particular, the
eposited metals can be oxidized to obtain fully customizable
ybrid devices. Thermal evaporation PVD was selected due to its
igher scalability and deposition rates compared to magnetron
puttering, its absence of droplet formation issues (typical of Arc-
VD), and its suitability for deposition on flat substrates where
ine-of-sight constraints do not limit film uniformity. Table 1
eports typical materials that can be used. 

ompared to other wet metallization methods, the physical
eposition technique provides precise control over both geometry
through masking) and vertical architecture (through precise
dvanced Electronic Materials, 2026
control of thin film thickness). Furthermore, high vacuum
ensures the quality and purity of the precursors. After Ti-Au
layer deposition on the PI substrate, it is possible to selectively
remove the metal film using a femtosecond laser while leaving
the underlying polymer essentially unchanged. This selectivity
arises from the very different behavior exhibited by metals and
polymers when irradiated with a green femto-second laser [ 26 ].
In metals, such as gold, ablation can also occur at relatively
low fluence by exploiting photomechanical effects. In fact, when
irradiated by a femtosecond laser pulse, the free electrons in the
metal strongly absorb the optical energy and reach very high
effective temperatures on a timescale much shorter than electron-
phonon coupling. As a result, the energy remains initially
confined within the electronic subsystem, while the lattice stays
comparatively cold during the laser pulse. The subsequent energy
transfer from electrons to the lattice can drive material removal
through different non-equilibrium mechanisms such as stress-
driven ejection or rapid phase instability. In contrast, polymer
absorption (like PI) is much weaker at green wavelengths.
Moreover, PI is not characterized by a free electron system,
significantly increasing the damage threshold with respect to
metals. Therefore, by working above the gold threshold and below
the PI one, the Ti-Au layer can be removed while the polymer
substrate remains essentially unmodified [ 27 ]. After the selective
removal of the metal layer, carbon electrodes can be fabricated
by locally inducing the graphitization of the PI substrate. This
is achieved by exploiting the strongly different response of the
materials to infrared radiation. While PI efficiently absorbs IR
radiation of a CO2 laser and it is thermally converted into
LIG [ 28 ], gold largely reflects radiation in this spectral range
[ 29, 30 ] and therefore remains essentially unaffected during the
laser processing. As a result, the CO2 laser selectively converts
the exposed polyimide into conductive carbon without directly
ablating the gold tracks. As a consequence, the laser conversion
of polyimide into LIG close to the gold layer creates a rectangular
overlap region between the LIG and the gold electrodes, enabling
physical and electrical contact through local graphitization and
interfacial soldering. In order to better understand the material
arrangement at the interface, EDX maps were performed using
a 15 keV electron beam to induce the production of K lines
for titanium and carbon, and M lines for gold. Information
concerning the EDX maps is reported in the Supporting Infor-
mation . After laser processing, it is possible to identify the
K-alpha titanium, K-alpha carbon, and M-alpha gold signals.
In particular, the EDX maps reveal the elemental distribution
at the LIG-metal interface and, owing to the porous nature of
LIG, it is possible to carry out analyses below the LIG surface.
5 of 11
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FIGURE 4 Four-terminal resistance measurements of LIG across 
the gold contact, normalized with respect to the stripe width for different 
lengths as depicted in Figure 3c . 
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he maps suggest that the formation of the overlap region
s governed by two distinct mechanisms. First, the CO2 laser
eam directly irradiates and converts the PI region immediately
djacent to the gold edge, which remains accessible to infrared
adiation. Second, the high thermal load generated during PI-
o-LIG conversion propagates laterally via thermal conduction
nto the PI underlying the gold edge, resulting in localized
raphitization in the contact region. Furthermore, the gold layer
n the overlap region undergoes a significant structural change.
he thermal load associated with LIG conversion causes the
old film to lose structural cohesion. According to Wang et al.
 20 ], the local conversion temperature during LIG formation
anges between 1000◦C and 2000◦C. Although the metallic film
s exposed to only a fraction of this thermal load, the resulting
hermal stress leads to deformation of the gold film and promotes
ts inter-locking with the porous carbon matrix. The Ti layer
orks primarily as an adhesive layer between the Au film and
he PI substrate; in fact, its role is well known in thin film
echnology, ensuring superior mechanical stability to the metal-
olymer structure. The electrical contact is therefore established
rimarily through the Au-LIG interface, with titanium acting
xclusively as a mechanical anchor for the gold film to the PI
ubstrate. As regards its role in electrical conductivity at the
ontact zone, we can assume that titanium does not have a
ignificant effect on this aspect. 

he sheet resistance (SR) of the produced LIG was obtained
s a preliminary measurement. As widely reported, LIG sheet
esistance is strongly related to the power of the laser sources
mployed for the conversion [ 31 ]. Measurements were performed
sing the Van der Pauw technique (Figure 3a ), which allows to
etermine the sheet resistance. A value of SR = 16.7 Ω/ ◻ was
btained, consistent with values reported by Chen et al. [ 31 ] and
or similar laser conditions [ 32 ]. 

n Figure 3c is possible to notice a second geometry used
o evaluate the Au-LIG electrical contact resistance. First, a
ectangular gold layer was deposited on the polyimide substrate;
ubsequently, LIG stripes of different lengths were generated in
ontact with the metal pad. For each line, the total resistance
as measured as a function of the LIG track length. Since the
esistance of the LIG scales linearly with length, the measured
esistance (Rtot ) can be expressed as the sum of the LIG track
esistance (RLIG (L)), the Au-LIG contact resistance (Rcont ), and
he resistance of the gold part (RAu ). 

Rtot = RAu + Rcont + RLIG (L) 

y plotting the total resistance as a function of the LIG length and
itting the data with a linear regression (Figure 4 ), the intercept of
he fit provides Rtot (L = 0) = RAu + Rcont . Because RAu ≈ 0.3 Ω/ ◻ is
egligible given the high conductivity of the gold film compared
o the LIG resistance, we can affirm that the intercept gives us
he contact resistance (Rtot (L = 0) ≈ Rcont ). Data show that
uch contact resistance ranges from approximately 7.6 Ω in the
east favorable case down to almost 1.3 Ω in the best-performing
ase. These results demonstrate that the Au-LIG contact obtained
uring the laser conversion process provides a low-resistance
lectrical interface, representing an important improvement for
he fabrication of flexible electronic devices. 
of 11

t

In Figure 5 is possible to notice the Raman analysis of different
carbon paths. The purpose of this analysis is not to optimize the
laser-processing parameters, but rather to evaluate how small
variations around the selected fabrication conditions ( p = 30%,
f = 1kHz, v = 50 mms− 1 ) affect the structural characteristics of the
LIG. The typical Raman spectrum of carbon-based samples shows
two main bands in the first-order range (Figure 6a ) in which
we find D -band peak (1350 cm− 1 , present only in the defected
carbon samples) and G -band peak (1585 cm− 1 , present both in
ordered and disordered carbon-based samples, related to in-plane
E2g stretching mode of sp2 carbon structure). According to Liu
X. et al. [ 33 ], the capacitance of a supercapacitive carbon-based
electrode and its Raman evaluated order degree are correlated.
In particular, carbon-based electrodes showing higher disorder
can generally also provide higher capacitances. Following the
same approach, we decided to focus on the full width at half
maximum of D band (FWHM D, proportional to the domain size
distribution and with capacitance) and on ID /IG ratio (directly
proportional to the in-plane size of graphene-like domains).
Therefore, following this interpretation, highly capacitive LIG is
characterized by high FWHM of D and low ID /IG ratio. From the
absolute intensity ratios and the relative ratios between the peaks
shown in (Figure 5 ), we can see how the analysis allows us to
infer the direction in which the surface capacitance is developing
as a function of an operative point that is affect by changes in
illumination parameters, that are power fraction p , frequency f ,
and scan velocity v [ 34 ]. 

However, it must be underlined that Raman detects structural
disorder regardless of the accessibility by the electrolyte. This
means that, in the hypothetical case of low pore accessibility to an
electrolyte but high structural disorder, the resulting capacitance
will not fully exploit this advantage. To investigate how these
parameters change the quality of the LIG, we decided to prepare
3 matrices, in which 2 parameters are varied, fixing the third and
evaluating the FWHM D and ID /IG . Graphs presented in Figure 6
can give a hint on the hierarchy in the LIG conversion. Percentage
of the power, in the considered range (28% – 32%) is the less
affecting parameter, since both in [v vs %] and [f vs %] it does
Advanced Electronic Materials, 2026
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FIGURE 5 Raman spectra of LIG generated through different illumination conditions. 

FIGURE 6 Comparatative for domain and disorder ratio around the LASER parameters chosen for soldering the two materials. (a) Comparative 
plot of FWHM D peak and ID /IG fixing frequency at 1 kHz and varying power and scribing scan speed. (b) Comparative plot of FWHM of D peak and 
ID /IG ratio fixing scribing scan speed at 50 mm s− 1 while varying power and pulsing frequency. (c) Comparative plot of FWHM and ID /IG ratio fixing 
power source while varying scribing scan speed and pulsing frequency. 
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ot produce any significant effect (Figure 6a,b ), while increasing
elocity appears to show a slight trend toward higher ID /IG ratio
bout 2 (meaning higher dimensions of in-plane size of graphene-
ike domains [ 34 ]) (Figure 6a ). A key role parameter is instead
layed by the illumination frequency, which seems to be directly
dvanced Electronic Materials, 2026
proportional to the disorder degree. In particular, considering [f
vs %], moving from 1 to 5 kHz leads to a general broadening of
the D and G bands and a reduction in the ID /IG ratio, suggesting a
reduction in graphene-like size and an increase in the domain size
distribution. Overall, within the investigated parameter range,
7 of 11

C
reative C

om
m

ons L
icense



FIGURE 7 (a) CV curve for the device in an acid electrolyte. At a scan rate of 10 mVs− 1 . (b-c) PEIS curve of the electrode before and after cycling. (d) 
Monitoring Gold pseudo-electrode voltage drift while cycling. (e) CCCD curves of the device at a current density of 5 µA cm− 2 . (f) Capacitance retention 
of the device at a current density of 5 µA cm− 2 of 1000 cycles. 
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f vs v] plot (Figure 6c ) suggests that the laser frequency is
he predominant parameter governing the structural evolution
f LIG. Increasing the frequency systematically broadens the D
and, indicating an increase in structural disorder. In contrast,
he influence of the scanning velocity appears limited, producing
n appreciable variation of the ID /IG ratio only at 1 kHz, while
t higher frequencies the values remain comparable for all the
tudied velocities. At the highest investigated velocity (60 mm
− 1 ), both the ID /IG ratio and the D band FWHM increase
ignificantly when moving from 1 kHz to 6 kHz, but further
ncreasing the frequency does not produce substantial additional
hanges, as both parameters tend to stabilize, suggesting the
ystem reaches a saturation regime. 

.1 Electrochemical Measurements 

he full set of electrochemical characterizations is reported in
igure 7 . The cyclic voltammetry in Figure 7a clearly reinforces
he predominantly electrostatic nature of the charge storage
echanism in the LIG electrodes. The boxed shape of the
oltammogram, combined with the absence of discernible redox
eaks, confirms the pure EDLC response. The slight deviation
rom ideal rectangular symmetry, particularly at low scan rate,
s consistent with the resistive limitations previously described
nd can be attributed to intrinsic sheet resistance together with
he contribution of the gold-LIG contact interface. Nonetheless,
he high repeatability within the potential window indicates
xcellent chemical stability of the LIG surface under acidic
onditions. Figure 7b presents the Nyquist plots obtained before
nd after cycling. As anticipated, the high ‑frequency intercept
rovides direct information on the equivalent series resistance,
of 11
and the observed value 39 Ω is fully consistent with the expected
contribution from the current collector-electrode contacts, elec-
trode, and the electrolyte pathway. After 1000 cycles, the slope
of the impedance curve becomes progressively less vertical,
suggesting an increase in Warburg ‑type behavior. This indicates
the onset of diffusion-related limitations and possible surface
degradation. The enlargement of the semicircular region after
cycling highlights a rise in charge ‑transfer resistance, which is
likely associated with gradual surface passivation or partial loss
of accessible electrochemical area. These changes collectively
suggest that although the device remains functional, efficiency
and ion accessibility are moderately compromised after long term
operation. 

The EIS plots were fitted using an equivalent circuit consisting
of a series resistance (R1), followed by a parallel combination
of a constant phase element (Q2) and a branch composed of a
resistance (R2) and a finite-length Warburg element (W2). An
additional constant phase element (Q3) was included to repro-
duce the low-frequency capacitive response. The relatively low
value of R2 (6.3 Ω) indicates efficient charge transport within the
electrode, whereas the high contribution of the Warburg element
reveals that ion diffusion inside the porous LIG network plays a
significant role in determining the overall impedance response.
The non-ideal behavior of Q2 (a2 = 0.654) reflects the structural
heterogeneity of the laser-induced graphene, while Q3 (a3 =
0.882) approaches an ideal capacitive response, describing the
global charge-storage behavior of the electrode at low frequencies.
Compared with the pristine EIS, the device after 1000 cycles
exhibited significantly higher resistance values. In particular,
the increase of both R1 and R2 suggests that the observed
impedance changes cannot be solely attributed to modifications
Advanced Electronic Materials, 2026
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FIGURE 8 (a) Set-up adopted for the electromechanical bending characterization of the Au-LIG device. The sample was bent to an angle of 
approximately 130◦ (sagitta ≈ 5 mm) while maintaining electrical connections through insulated clamps, enabling continuous monitoring of the device 
resistance under severe flexural deformation. (b) Relative resistance variation ( ΔR/R0) of the Au-LIG device during 250 bending cycles. The electrical 
response exhibits a progressive increase in resistance during the initial cycles, followed by a gradual stabilization. The inset shows a magnified view of 
consecutive cycles, highlighting the repeatability of the electromechanical response. 
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ithin the LIG porous network. A most favorable explanation
s the progressive degradation of the external electrical contacts.
ince the gold pads were connected using Cu-Sn (alloy pins),
apillary penetration of the acidic electrolyte may have promoted
orrosion phenomena at the pad interface during prolonged
lectrochemical cycling. Such degradation would introduce addi-
ional resistive contributions and non-ideal interfacial effects,
hereby altering the fitted circuit parameters. The stability of
he gold pseudo ‑reference electrode is examined in Figure 7d .
he slow and monotonic drift of the potential versus Ag/AgCl
eference electrode, remaining confined within a narrow range
f a few tens of millivolts over 24 h demonstrates that the
old contact maintains a sufficiently stable potential to be used
s a pseudo ‑reference in this configuration. The absence of
brupt fluctuations indicates that the acidic environment does not
romote rapid corrosion or instability of the gold surface. This
upports the reliability of the reference point used during the CV
nd galvanostatic measurements. Figure 8d shows the galvanos-
atic charge/discharge behavior at a current density of 5 µA cm− 2 .
oth the working electrode (WE) and counter electrode (CE)
isplay nearly linear potential variation during charging and dis-
harging, which is characteristic of capacitive systems. The slight
symmetry between charge and discharge slopes points again to
esistive contributions and interfacial polarization effects. The
oltage profiles remain smooth and continuous, implying that
o faradaic side reactions or instabilities interfere significantly
uring cycling within the chosen potential window. Finally,
igure 8e summarizes the cycling performance at the same
urrent density. The coulombic efficiency remains remarkably
igh throughout all 1000 cycles, stabilizing above 90%, which
onfirms limited parasitic reactions and high reversibility of
he charge/discharge process. Conversely, the areal capacitance
etention shows a gradual decrease, leveling around 12%–15%
f the initial value after extended cycling. This decline aligns
ith the impedance findings and indicates that after prolonged
peration, ion accessibility to the porous LIG network becomes
ncreasingly limited. Possible causes include partial detachment
f surface fragments or progressive occlusion of pores by trapped
ons. Despite this reduction, the device maintains consistent
perational behavior without failure, confirming that the LIG
dvanced Electronic Materials, 2026
structure retains its mechanical integrity even under acidic con-
ditions. Overall, the combined electrochemical analyses highlight
both the robustness and the limitations of planar LIG electrodes
in acidic media. While the device preserves high reversibility
and stable potential reference behavior, long-term cycling induces
moderate increases in series and charge ‑transfer resistance, along
with a noticeable yet predictable decrease in capacitance. These
findings confirm the initial design considerations and point to
clear directions for optimization, particularly in reducing sheet
and contact resistance and improving structural resilience of the
active surface during extended electrochemical cycling. Device
specifications: 

∙ Sheet resistance LIG 16.65 Ω / ◻

∙ Contact resistance Au-LIG: 2.6 Ω cm− 1 

∙ Device geometric area 0.48 cm− 2 

∙ Device capacitance density (max) 23 mF cm− 2 

∙ Device geometrical ratio WE/CE 1:2 

∙ Device power density 8 µW cm− 2 

∙ Device energy density 1.6 µWh cm− 2 

∙ Electrolyte H2 SO4 0.5 M, pH = 0.3 

To further validate the robustness of the Au-LIG electrical
contact under mechanical deformation, bending cycling tests
were performed on the fabricated device. Bending trials were
conducted using a universal testing machine (FZ3-X500, Test
Engineering) equipped with a load cell of 500 N. 

Figure 8 shows the experimental setup used for the electrome-
chanical bending tests. The device was electrically connected
through a copper band compressed between insulated clamps
and subjected to a controlled bending deformation. During the
test, the sample was bent to an approximate bending angle of
130◦, corresponding to a sagitta of about 4 mm over a span
of approximately 15 mm, while the electrical response was
continuously monitored. The normalized resistance variation
9 of 11
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R (%) was recorded continuously over 250 bending cycles,
nd the results are reported in Figure 8b . The plot shows a
lear periodic modulation of the resistance, consistent with
he reversible piezoresistive response of LIG under repeated
echanical deformation, a behavior already well established in
he literature for LIG-based strain sensors [ 33 ]. Each oscillation
orresponds to a complete bend-unbend cycle, and the periodic
ature of the signal confirms that the Au-LIG contact remains
lectrically continuous throughout the entire test. 

wo distinct regimes can be identified. In the first approximately
0 cycles, the resistance baseline progressively shifts upward.
his transient behavior is attributed to the irreversible forma-
ion and propagation of microcracks within the LIG structure
uring the initial bending cycles, which partially hinder charge
ransport and cause the shift of the baseline. This phenomenon
s well known for LIG and porous carbon structures on flex-
ble substrates and does not involve failure of the metal-LIG
nterface itself [ 35 ]. After this initial phase, the device reaches
 stable regime in which the resistance oscillates reproducibly
etween approximately 35% and 65% ΔR, with no divergence
r progressive drift observed up to 250 cycles. It is possible to
void the initial transient by transferring the device onto a PDMS
ubstrate, as demonstrated in previous work [ 36 ]. However, this
trategy falls outside the scope of the present work, whose
ocus is the electrical and electrochemical characterization of
he Au-LIG contact in its planar configuration. Overall, these
esults demonstrate that the Au-LIG contacts fabricated through
he proposed fully physical route maintain their electrical
ntegrity under repeated mechanical deformation, supporting the
laim of robust and metal-LIG bonding on flexible polyimide
ubstrates. 

 Conclusion 

n this work, we have demonstrated that a fully physical and
ry fabrication method can be used to integrate, into a single
evice, two materials with different conductivity and structure,
amely metal and a carbon-based soft material. By shaping the
etal contacts prior to LIG formation and subsequently creating
he active material soldered with current collector leads to a
obust and reproducible electrical connection without the need
or wet chemistry or photolithographic processes. The defined
abrication technique allows us to overcome one of the main limi-
ations of LIG technology, namely the formation of low-resistance
nd scalable electrical contacts. The resulting minimal electrical
ontact resistance is 2.6 Ω cm− 1 , which is certainly a relevant
nd very promising value for microscale electronic devices. The
dopted laser processes enable complete scalable manufacturing
nd provide high geometric freedom for micro-soft electronics.
ummarizing, femtosecond laser patterning enables selective
emoval of metallic layers with sub-micrometer precision, while
O2 laser graphitization allows localized conversion of polyimide
nto conductive LIG. This dual-wavelength strategy provides the
ossibility to realize complex planar geometries while preserving
ompatibility with large-area processing and possible integration
nto roll-to-roll systems, with possible applications range from
ow aspect ratio electronics to more advanced sensing [ 1, 38 ].
he prosecution of this study involves an encapsulation strategy
or the electrolyte, parametrization of the metal thickness layer
0 of 11
with sputter deposition techniques, and optimal integration of a
pseudo-reference for advanced sensing. 
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