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ABSTRACT: We present a tunable manufacturing platform for copper nanoparticles (CuNPs) on polyethylene terephthalate
(PET) that addresses the critical challenge of processing this air-sensitive material under ambient conditions. By precisely controlling
laser parameters, we demonstrate that a single CuNPs-PET precursor can produce two distinct functional composites. Low laser
powers result in a purely metallic composite within the polymer matrix by simultaneously sintering and encapsulating CuNPs. In
contrast, higher laser powers shift the process toward polymer carbonization and graphitization, creating a durable copper-assisted
laser-induced graphene (Cu-LIG) hybrid embedded in PET. High-speed visualization enables real-time analysis of the mechanisms
involved, revealing the sintering, encapsulation, and integration of CuNPs into the polymer. Chemical and structural analyses show
that the laser process also reduces native copper oxide on pristine NPs, resulting in a metallic copper composite with a sheet
resistance as low as 0.13 Q sq~" and significant stability under harsh conditions, including exposure to high relative humidity (RH)
levels above 95% for several days. We demonstrate practical applications of these composites by creating highly robust, flexible
devices, including thermocouples with a Seebeck coefficient of 14.6 4V °C™" and high-load capacitive pressure sensors. This work
redefines laser processing as a versatile approach for digitally selecting material functionality, advancing the manufacturing of flexible
electronics.

KEYWORDS: laser processing, copper nanoparticles, high-speed recording, laser-induced graphene, flexible thermocouple

B INTRODUCTION To address this, our group previously established the
fundamental components for the laser-driven integration of
nanomaterials into polymer substrates. This approach allows
the creation of ultrarobust metal—polymer composites, initially
demonstrated by Rodriguez et al, who used aluminum
nanoparticles on polyethylene terephthalate (PET) to produce
a resilient Al-LIG hybrid.* The mechanistic understanding of
this process was later clarified by Abyzova et al. through high-

Laser processing of nanomaterials on polymer substrates is an
emerging method for flexible electronics, offering scalability,
precision, maskless digital fabrication, and cost-effective-
ness.' > One of the most promising methods is selective
laser sintering (SLS) of metallic nanoparticles, which allows for
the local creation of conductive pathways. SLS’s versatility
comes from adjusting laser processing parameters, enabling the
modulation of conductivity and the production of various

flexible devices, such as strain sensors, temperature sensors, Received: September 26, 2025
and antennas. However, poor mechanical stability and Revised: ~ December 15, 2025
adhesion of these structures remain significant challenges in Accepted: December 16, 2025

digital SLS, making them susceptible to failure under bending,
abrasion, or environmental exposure, which are common in
real-world applications of flexible electronics.
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speed recordings, which revealed the complex melt pool
dynamics and Marangoni flows responsible for physically
integrating reduced graphene oxide (rGO) into various
thermoplastic polymers.” Additionally, this concept was
successfully extended to other metallic nanomaterials like
silver nanoparticles, resulting in the development of flexible
electrochemical sensors.’

Copper is an essential material for flexible electronics
because of its low cost and high electrical conductivity,
especially when combined with laser processing.”~'* However,
applying this method to copper nanoparticles (CuNPs)
introduces several challenges, such as low mechanical stability,
vulnerability to oxidation in ambient conditions that reduces
electrical conductivity, and potential damage to the polymer
substrate from photothermal effects during SLS."”~" These
problems greatly limit the feasibility of using laser-processed
CuNPs in flexible electronics.

The low mechanical stability of sintered CuNPs results from
weak adhesion to polymeric substrates and the fragility of the
sintered layers.">'” Despite their high porosity and surface
area, the actual contact with the substrate is much smaller due
to voids within the sintered layer. This leads to weaker
adhesion than with uniform coatings, such as those produced
by sputtering. However, high sputtering temperatures can
damage temperature-sensitive polymers. One way to address
this is to use plasma treatment to improve adhesion, which has
been shown to enhance the mechanical stability of various
nanoparticle systems.””'* Alternatively, employing polymers as
a bonding layer can also boost adhesion. For example, using
polyvinylpyrrolidone (PVP) as both a stabilizer and adhesive
increased the contact area and facilitated the formation of a
dense CuNPs film."® Polymers can also serve as protective
layers over conductive structures, strengthening sintered layers,
reducing detachment from the polymer substrate,"” and
preventing oxidation of the sintered structures. This is
especially important for CuNPs, which tend to oxidize under
ambient conditions.'” While most research focuses on polymer
capping layers on isolated CuNPs, applying polymer coatings
on sintered nanoparticle structures is still largely unexplored. A
promising approach to improve substrate adhesion involves
raising the substrate polymer’s temperature to its glass
transition point, creating an interface layer between the
substrate and the sintered nanoparticles deposited on it.*’

A successful process must accomplish the following: 1)
nanoparticle sintering for conductivity, similar to SLS; 2) in
situ reduction of native oxides; 3) strong substrate adhesion, as
achieved on a heating plate; and 4) nanoparticle encapsulation
that protects it from the environment. Ideally, all these steps
should occur simultaneously in a single scalable process.
Additionally, the potential to harness photothermal and
photochemical effects to turn the laser into a controllable
switch, capable of producing various material endpoints from a
single nanoparticle precursor, remains unrealized.

In this work, we aim to bridge this gap by developing a laser-
based method for fabricating copper nanoparticle structures on
PET. We show that by carefully controlling the laser-thermal
regime, we can overcome all the CuNPs processing challenges
mentioned earlier. This level of control allows the conversion
of the precursor into two functional materials: a pure, oxide-
free, encapsulated Cu composite with a sheet resistance of 0.13
Q sq7!, and a copper-graphene hybrid (Cu-LIG). The
encapsulation greatly protects the sintered copper structures
from harsh environmental conditions, including high humidity

(relative humidity > 95%) and high temperature (70 °C). In
contrast, sintered-only structures without encapsulation
oxidized and delaminated from the substrate after 10 days of
exposure to RH > 95% at 40 °C. However, the encapsulated
structures stayed conductive, with sheet resistance ranging
from 1.8 Q sq™' to 40 Q sq”'. Beyond their outstanding
environmental stability, we demonstrate the functionality of
these Cu composites by creating multimaterial flexible
thermocouples made from NiNPs/CuNPs and CuNPs/Cu-
LIG, achieving thermoelectric coefficients of 14.6 4V °C™" and
5.1 uV °C7!, respectively, along with a high-load pressure-
capacitive sensor measuring 0.1 kg changes. This work shifts
traditional laser processing from a single-result process to a
versatile method for digital manufacturing of high-performance
Cu-based materials for flexible electronics. Our laser-based
approach allows various material transformations that are easily
controlled by adjusting the laser power, as shown in Figure 1la.

(a) ® 2 3]

ide Sintering
ré)r;lnva\ & encapsulation

Integration

(b) Scan rate (mm min‘') (c) 18 Bef :
O o® o0 qOae® 0 O [ Before aging
TN N A T 14l EEIAfter aging
- )
W E12F  At258 mW power (15%)
=
i g 910 n=3
: S
o % l
[BE [
g/ ; 3 4 I ] I
$ d >
- | ﬂ:,, % % 2~ I
ng 0"700 800 900 1000 1100 1200
Scan rate (mm min™')

Figure 1. (a) Controllable laser-driven platform for Cu and Cu-laser-
induced graphene (LIG) hybrid composites, where the laser intensity
and time drive a single CuNP-on-PET precursor through different
materials and stages: (1) Oxide removal, (2) Sintering &
encapsulation, (3) Full polymer integration, and (4) Cu-assisted
LIG formation. (b) Sample photographs and (c) sheet resistance of
samples before and after exposure to high humidity >95% RH for 3
days. The encapsulated structures retained a copper-like (metallic)
appearance after the humidity-stress test. In contrast, the sintered-
only structures delaminated from the substrate or reverted to a black
color due to reoxidation. The dashed rectangles in (b) indicate the
squares from which the sheet-resistance values presented in (c) were
measured.

First, we demonstrate the exceptional stability of the
composites, then explain the mechanisms behind moderate-
intensity encapsulation and high-intensity graphitization, and
finally evaluate their performance in flexible device applica-
tions.

B RESULTS AND DISCUSSION

Overcoming Environmental Stability Issues. The main
challenges in conventional laser processing of Cu nanostruc-
tures are their poor adhesion to the substrate and their
tendency to oxidize. To address this, two main strategies have
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Figure 2. Time-resolved experimental and computational analysis of the encapsulation mechanism. (a—d) Key frames from high-speed imaging (60
mW laser) provide direct experimental evidence of the process, showing initial oxide removal, sintering, and the eventual encapsulation as CuNPs
sink into the molten PET. (e) The experimentally measured spot size over time reveals stages of rapid growth, slow growth, encapsulation, and
integration, as illustrated in the inset. (f) FEM simulations of the temperature distribution and (g) the corresponding maximum temperature (solid
lines, left axis) and melt pool diameter (dashed lines, right axis) provide a theoretical explanation for the observed phenomena, showing excellent

agreement with the experimental data.

been reported: chemical passivation with 3-mercaptopropyl-
trimethoxysilane”' and formates,”” or physical encapsulation
with PMMA™ and CVD graphene.”* Indeed, graphene
shielding of CuNPs through thermal decomposition of PVP
and us1n5g CVD graphene has been demonstrated in several
studies.”> >’ However, these approaches seldom address
mechanical robustness issues, often requiring additional steps
such as oxygen plasma treatment or mechanical pressing,”*~°
which increase complexity and costs in flexible device
fabrication. Furthermore, these processes typically require an
inert atmosphere and are primarily demonstrated for powders
or 3D copper structures, while their use on CuNPs films on
temperature-sensitive polymers remains limited.

In contrast, our simple single-step method uses CuNPs “as
is” and addresses stability and adhesion issues simultaneously
via laser-induced encapsulation.

We validated our method by subjecting sintered CuNPs,
with and without polymer encapsulation, to accelerated aging
under harsh conditions: at 70 °C with a relative humidity
(RH) of >95% for 3 days, and at 40 °C with RH of >95% in an
environmental chamber for 10 days. The results with different
levels of CuNP encapsulation and integration on PET were
obtained by adjusting the laser power and scan speed (see
Figure 1b). The sheet resistance (Rg) measured for each square
(see Figure 1c) served as the metric for copper degradation.

Initially, the sheet resistance Rg of the laser-processed
structures in Figure 1b ranged between 0.5 and 6 Q sq~". After
3 days of accelerated aging, encapsulated Cu structures
exhibited good stability when cycling between harsh and
mild conditions, retaining a sheet resistance ranging from 3.4 +
1.7 Q sq~" (the initial sample) to 5.5 + 1.8 Q sq~' (after
aging), all without the use of additional protective measures.
After 10 days in the environmental chamber (40 °C, RH >
95%), the sintered-only samples (red—pink) delaminated due
to condensed water, whereas the encapsulated samples
(brown) remained largely intact (see Figure S1). Before the
environmental chamber, encapsulated CuNPs exhibited Rg
values ranging from 0.5 Q sq~' to 2 Q sq”!, corresponding
to resistivities of 0.5 mQ cm and 2 m cm, respectively,
assuming a & 10 ym CuNPs/PET layer thickness (determined
from cross-sectional SEM data in Figure 3). The lowest Rg
recorded was 0.13 Q sq~'. After the environmental chamber,
the R of the brown squares increased to between 1.8 Q sq~!
(1.8 mQ cm) and 40 Q sq~* (40 mQ cm), as seen in Figure S1.
Rg values for all structures are listed in Table S1. For
comparison, resistivity values reported for SLS of CuNPs are in
the #€2 cm range, which is lower than that of our encapsulated
CuNPs.”' ™ Despite this higher resistivity, the stability of
these conductive structures under high RH and elevated
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temperatures highlights the potential of the encapsulation
approach for durable, cost-effective flexible electronics.

We benchmarked our strategy by comparing stability metrics
with reported CuNP protection methods. Kwon et al. found
that 3-mercaptopropyl-trimethoxysilane preserved Cu’s elec-
trical properties for 15 days in ambient conditions.”’ Formate
also showed anticorrosion effects, allowing Cu to retain
conductivity after 1 day in 0.1 M NaOH with a AR/R, change
below 1% after 30 days in ambient air.”> PMMA-encapsulated
Cu nanowires (CuNWs) resisted rapid degradation in air when
used as heaters.”> Meanwhile, CVD graphene-protected
CuNWs achieved a AR/R, below 0.2 after 180 days in
ambient conditions.”* In comparison, our encapsulated
samples exhibited a AR/R; between 0.8 and 26.7. While
these changes are greater than those reported for tests in
ambient air, our results were obtained under significantly more
extreme conditions (RH > 95%, 40—70 °C). This confirms the
benefits and versatility of our method, which rivals other
complex approaches by providing robust protection without
the need for additional protective steps or treatments.

We hypothesized that the increase in resistance was due to
partial oxidation of the conductive copper network. The best
samples retained resistance values close to the initial ones,
thanks to the PET shielding, which protected the majority of
the Cu conductive paths from the oxidative environment. We
verified this protection mechanism using Raman microscopy,
recording spectra on the most degraded sample. Optical
microscopy imaging revealed green inclusions, indicating
oxidation of the copper network (Figure S2a). Raman spectra
of these inclusions confirmed the presence of Cu,O and CuO
(Figure S2b). These oxides were also detected in spectra from
the initial CuNPs film and non-laser-treated films after aging
(Figure S2c—d). Conversely, the sample exhibiting minimal
changes in Rg showed no detectable copper oxide peaks in its
Raman spectra (Figure S2e), displaying only the photo-
luminescence (PL) background of laser-processed PET.**
These observations indicate that although CuNPs in the
presence of PVP get reduced by laser irradiation, poor
integration into the polymer substrate leaves exposed metallic
copper vulnerable to moisture, resulting mainly in the
formation of Cu,O, resulting in as much as a 20-fold increase
in sheet resistance. However, proper encapsulation shields the
conductive Cu network, preventing oxidation and confirming
PET’s protective effect.

The Mechanism of Laser-Induced Encapsulation and
Integration. The samples used for the environmental stability
tests were produced using a pulsed laser, given the widespread
accessibility of such devices. However, to investigate the
encapsulation and integration mechanisms with greater
temporal precision, we switched to a continuous-wave laser.
We confirmed that this change did not compromise environ-
mental stability (Figure S1), allowing us to precisely resolve
the dynamics of laser-CuNPs/PET interactions within the
millisecond time scale while maintaining the desired level of
stability.

The exceptional reliability and stability of these composites
result from the “sinter-then-encapsulate” process. We captured
this process in real time with a high-speed camera (1200 fps)
mounted on an optical microscope. Figure 2a—d display key
frames from a 60 mW CW laser process using a single 30 X 30
pm? top-hat laser beam. The complete high-speed recording, at
1200 fps with an 830 us exposure time, is available as
Supporting Video 1.

We identified different stages shown in Figure 1: Oxide
removal (1 ms), Sintering (0—35 ms), Encapsulation (35—150
ms), and Integration (150+ ms). An orange spot appeared on
the film surface, indicating the start of oxide removal and
CuNPs sintering within 1 ms of laser irradiation (Figure 2a).
The estimated spot size is 25 + 3 ym, matching the laser beam
size. Over the next S ms, the sintering area quickly doubled in
diameter. The growth of sintered CuNPs continued for about
35 ms, but the growth rate decreased exponentially. Addition-
ally, PET melting became more noticeable, shown by the
yellow-green areas near the spot (Figure 2b), caused by the
blue laser reflecting off the melt pool and the PET’s
photoluminescence.” The size of this area is larger than that
of the sintered nanoparticles due to thermal energy transfer
from the laser to the surroundings, with CuNPs acting as the
main heat transfer medium because of their higher thermal
conductivity than PET.*® After 35 ms, the sintering process
slowed down and stabilized between about 100—250 ms,
depending on laser power. During this period, molten polymer
spreads due to Marangoni flows, covering the CuNPs film near
the spot. At 100—150 ms, the molten polymer encapsulated
the sintered Cu, as shown in Figure 2c.

Multiple experiments showed that the process duration
depends on the laser power and film quality, including the
presence of cracks, thickness, and partial flake integration.
Once encapsulated, convective flows in the melt pool help sink
nanoparticles into the pool, thereby incorporating them into
the polymer. This process, which begins after 150 ms, is
marked by the defocusing of the sintered NPs and can indicate
integration, as shown in Supporting Video 2. Integration was
mainly observed at laser powers between 60 mW and 70 mW,
while sintering and encapsulation dominate at 30—50 mW.
Therefore, three stages of CuNP laser processing on PET can
be identified: sintering, encapsulation, and integration, as
depicted in Figure la. Similar processes were also observed for
NiNPs irradiated under the same conditions at powers from 90
mW to 160 mW (see Figure S3). Larger laser powers were
required for NiNPs due to their higher sintering temperatures
of 800—850 °C, compared to 300—400 °C for CuNPs.”*’

To estimate temperature from laser irradiation, we used
finite element method (FEM) simulations. Figure 2f displays
the in-plane temperature gradient for different laser irradiation
times. The model shows a rapid temperature rise within the
first millisecond, followed by a moderate increase over 400 ms
(Figure 2g). The melting pool diameter was estimated in
Figure 2f,g based on the 260 °C melting point of PET,*®
revealing the most significant growth within the first 50 ms.
The growth rate of the pool slowed over the following 400 ms.
The simulation results closely match the experimental data;
however, the experiments indicate a slightly faster melt pool
expansion, likely due to flake tilting, integration, or film
inhomogeneity. The computational model does not account
for dynamic changes in thermal conductivity and optical
absorption during CuNPs sintering. Nonetheless, the optical
absorption of CuNPs after sintering remains relatively stable at
a laser wavelength of 450 nm. As shown in Figure S4, the
CuNPs powder absorbs all incident light at this wavelength,
with absorption decreasing to 98.5% after sintering.

Next, we explored laser-induced encapsulation and integra-
tion by scanning the CuNPs on PET at S mm s~' under the
laser beam while recording high-speed videos (see Supporting
Video 3). Given its size and scanning speed, the beam should
impact each point for about 6 ms, which is enough for
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Figure 3. Encapsulation of sintered structures into PET. (a) Encapsulation of sintered CuNPs behind the laser spot on a single line. (b) The laser
melts the polymer, which is then spilled onto already sintered structures, encapsulating them. (c) Cross-section SEM image of sintered CuNPs/
PET composite integrated in PET. (d) XRD patterns of sintered CuNPs reveal that the oxide species content decreases with power.

nanoparticle sintering but not for encapsulation and integra-
tion. However, we noticed that molten polymer covered the
sintered structures behind the laser path during single-line
patterning (see Figure 3a and Supporting Video 3). Addition-
ally, the polymer melts ahead of the laser beam due to heat
transfer, which we used for line-by-line laser processing, as
shown in Figure 3b and corresponding high-speed video
(Supporting Video 4). The molten polymer ahead of the beam
encapsulates the previously sintered CuNPs structures,
confirmed by cross-sectional scanning electron microscopy
(SEM) in Figure 3c, indicating the formation of a composite
up to 10 pm thick.

X-ray diffraction patterns of the newly formed CuNPs/PET
composite were recorded to analyze the phase composition of
the nanoparticles. Figure S5 shows results for pristine CuNPs
powder with Cu (reflexes {111}, {200}, and {220}) and
oxides: CuO ({002}, {111}, {202}, {002}) and Cu,0 ({111},
{200}, {220}, and possibly {311} overlapping with Cu {220}).
The overlap between the Cu,O {311} and Cu {220} peaks in
the 74.2°=74.5° range is common and has been documented
before.”” The presence of both CuO and Cu,O comes from
the original NPs, which contain both phases, as confirmed by
Raman spectroscopy data presented in Figure S2c. XRD
patterns of CuNPs/PET composites created with different
laser power showed that reflexes from CuO disappeared,
indicating Cu reduction, with only the Cu,O {111} reflex
detected at 30—50 mW, while Cu,O {200} and Cu,O {220}
reflexes were weaker. As the laser power increased, the Cu,O
{111} peak intensity decreased and disappeared at 60 mW.
Simultaneously, signals for Cu,O {200} and Cu,0O {220}
planes became barely visible at 40 mW and disappeared at 50

mW. At 60 mW and 70 mW, the CuNPs/PET composites
consisted of oxide-free sintered CuNPs with the dominant Cu
{111} plane and fewer Cu {200} and Cu {220} planes,
indicating a photothermal phase transition.

Copper oxide reduction during laser processing can occur
due to high temperatures and the use of PVP as a stabilizing
and reducing agent during decomposition under laser
irradiation. FEM simulations show that the maximum
temperature at 60 mW laser power is around 650 °C, which
is below the temperatures required for CuO and Cu,O to
reduce Cu (above 1000 °C).*” Therefore, we conclude that
photothermal decomposition of PVP is the main factor in
reducing copper oxide. Lee et al. and Ryu et al. demonstrated
that PVP decomposition products released during exposure to
laser or intense light pulses can reduce copper oxides.”"** The
mechanism involves PVP breaking down into alcohols, acids,
and gases (methylene, methylamine, and CO,). Alcohols and
acids reduce copper(I, II) oxides to metallic copper, and the
high temperatures generated by laser irradiation enhance this
reduction. The gases released protect the metal from
reoxidation until the polymer encapsulates the Cu nanostruc-
tures.

The Tunable Platform: Switching to a Cu-LIG Hybrid
at High Intensities. Laser-induced graphene (LIG) for-
mation is another method for creating conductive, flexible
devices, typically from polymers such as polyimide (PI), which
are rich in aromatic structures. The process involves laser-
induced pyrolysis of the polymer, leading to structural
reconstruction and LIG development, along with some
amorphous carbon. Compared to PI as a LIG precursor,
PET, which has fewer aromatic rings, results in greater
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Figure 4. LIG formation out of CuNPs coated on PET. Time-resolved laser processing of CuNPs on PET at high laser power at one spot (a) and
during line engraving (b). The thermal emission zone correlates with the LIG-containing area, indicating PET graphitization. (c) Optical
microscopy image of carbonized polymer spot with (d) corresponding Raman spectra demonstrating carbon nanomaterial structure changes over
different locations. (e) Optical microscopy of a laser line with (f) Raman spectra recorded along the center to the line’s edge. (g) D, G, and 2D
Raman peaks shift, and (h) I,/I; and Lp/I; peak intensities ratio demonstrates LIG structure changes moving from the center of the line to its

edge as marked in (e).

production of amorphous carbon. CuNPs serve as efficient
photothermal transducers because of their strong absorption in
the blue spectral range, something PET alone cannot do due to
its optical transparency. After sintering, CulNPs exhibit an
absorption peak at 450 nm (Figure S4), which matches the
laser wavelength used in this work.

To initiate LIG formation, the laser’s optical power and
density were greatly increased compared to the previous
CuNPs sintering case. The process was first studied using a

high-speed camera when the laser was stationary and during
scanning. Snapshots from high-speed recordings of both
experiments are shown in Figure 4, and the full videos are
available in Supporting Video 5.

We start by examining a single spot, as shown in the time-
resolved process in Figure 4a. When the laser hits the sample’s
surface, three processes occur: first, CuNPs are ablated directly
beneath the beam; second, the surrounding areas sinter and
grow within 35 ms; and third, the underlying polymer melts.
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Figure S. Morphology and content of large-scale Cu-LIG composites. (a) SEM image of Cu-LIG sample morphology with (b) corresponding
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composite. (f) The XRD pattern confirms the presence of metallic Cu, with no oxide species detected.

Convective flows in the molten polymer cause sintered CuNPs
to move, with some particles entering the laser beam within
approximately 100 ms, as shown by bright thermal emission.
The emission zone expands, with the highest brightness
directly at the laser impact point and decreasing brightness
toward the edges of the spot. The laser is turned off after 1 s of
irradiation, causing the thermal emission to disappear within 4
ms (shown in Figure 4a in the “Laser OFF” block). In Figure
4a, the thermal emission area, outlined with a dashed line,
shows a yellow-white gradient at the laser-impact zone and an
orange-red gradient at the edges, indicating different temper-
atures.

We recorded Raman spectra at five points along the edge to
analyze the structure of the newly formed carbon and its spatial
variations around the laser spot. I'y/I; and Lp/I ratios can be
used to characterize LIG’s structural properties.”” According to
the literature,"* L,,/I; shows an exponential increase with
defect concentration and can be classified as follows: I/I; ~
2-3, indicating highly defective graphene; 1< Ip/Ig < 2,
representing moderate defect levels; and 0 < Ip/Ig < 1,
indicating low defect levels or no defects. The 2D-to-G ratio
indicates the layered nature of graphene, where Lp/Ig < 1
signifies multilayered graphene stacks; 1< Lp/I < 2 relates to
bilayer graphene; and Lp/Ig ~ 2—3 corresponds to
monolayers.” Figure 4d shows that LIG was formed at
locations 1 and 2, with I/I; ratios of 1.08 and 1.13, and L,p/I
ratios of 0.3 and 0.08, respectively.*® Therefore, point 1’s I/I
ratio indicates moderately defective LIG, while the I,;,/I; ratio
suggests its multilayered structure. At point 2, the defectiveness
of LIG increases, accompanied by a decrease in the I,/I ratio
due to the weakening of the 2D band, indicating the beﬁinning
of the transition from LIG to amorphous carbon.”” From
locations 3 to S, the D-peak’s width and intensity increased,

with no observable 2D peak, indicating the predominance of
amorphous carbon in these areas.”” By correlating the Raman
results with high-speed recordings, we found that the thermal
emission zones correspond to the locations of LIG and
amorphous carbon (Figure 4c—d). Specifically, LIG forms
exactly at the laser’s impact point (the brightest thermal
emission zone), while amorphous carbon forms at its periphery
(red emission).

We continue the analysis similarly for the second case study:
the laser scanning mode (Figure 4b). Because of the high laser
power, a Cu-LIG forms. This process begins with CuNPs being
ablated along the laser’s path, which graphitizes the polymer.
At the edges, the surrounding CuNPs sinter and become
encapsulated by molten polymer. When the laser passes over
the initially sintered CuNDPs, heat dissipation causes other
CuNPs to sinter around the beam track. High-speed recordings
shown in Figure 4b, 150-ms frame, provide real-time evidence
of the encapsulation process, demonstrating that as the laser
moves, molten polymer from the trailing edge of the melt pool
is drawn back over the sintered copper structures, leaving the
central part of the laser path free of polymer (see also
Supporting Video 6).

We hypothesize that the selective polymer encapsulation
along the sides of the laser beam path results from a
competition among different effects, dominated by local
heating and high pressure in the molten pool. As the laser
moves along, the thermal gradient causes Marangoni flows
with polymer displacement away from the pool and over
sintered CuNPs at the laser beam periphery.*®

In contrast, the central line with LIG remains exposed, as
shown by the carbon Raman peaks and the lack of PL
background typical of molten PET, as depicted in Figure 4f
and Figure S6. The absence of PET enabled us to assess the
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quality and structural properties of LIG from the center to the
edge. Figure 4f—h present Raman spectra of the LIG center
line with an I/Ig ratio of 0.67 and an L/l ratio of 0.5,
indicating multilayered LIG with low defect levels. Toward the
edge, the Ip/I; ratio increases to 1.78, suggesting a higher
defect concentration in LIG. Simultaneously, the I,/I; ratio
drops to 0.11, due to reduced 2D band intensity, which
indicates more amorphous carbon and less LIG.* The D and
G peaks show small blue shifts in Figure 4g when moving from

the center to the edge, while the 2D peak exhibits a red shift.
However, the opposite shifts of the D and 2D peaks are likely
due to fitting discrepancies rather than actual effects. The blue
shift of the D peak reflects increased defect levels and
compression strain,””®" whereas the red shift of the 2D mode
suggests tensile strain. This indicates that both types of strain
coexist within the structure. Furthermore, the Raman spectra
from the spot (Figure 4c,d) and the line (Figure 4e—f) show
different I,/I; ratios, with Ip/Ig(spot) > 1 and I,/I5(line) < 1,
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as well as more prominent D+D” and D+D’ peaks in the laser
spot compared to the line. Given that the laser power and
beam size were similar in both experiments, the defectiveness
of LIG in our case depends on irradiation time (1 s for the spot
vs 6 ms for the line), leading to overheating and more
disordered carbon sheets.*®

While a single laser-engraved line serves as a useful model
for structural analysis, creating large-scale composites involves
multiple line-by-line scans, which makes the process quite
different. In this context, thermal spillover happens when heat
and molten polymer from one line impact the adjacent line.
High-speed recordings in Supporting Video 7 reveal that as the
laser engraves a second line, the polymer spills over the first,
encapsulating the LIG track with molten material. This shows
that, unlike a single-line scan, large-area processing in a line-by-
line manner leads to a polymer-encapsulated Cu-LIG hybrid
composite.

SEM imaging results in Figure Sa,b show that the sample’s
shape heavily depends on the laser power. At lower power
(644 mW, Figure Sa), the surface appears uneven with foam-
like structures, while higher power (907 mW) creates a more
even surface (Figure Sc). Raman spectra from the foam-like
surface display overlapping LIG peaks and PET photo-
luminescence backgrouncl.34 In contrast, the uniform surface
composite (Figure Sc,d) reveals much clearer LIG peaks
without the usual PET background. The Iy/I; ratios range
from 0.47 to 1.24, and the presence of 2D bands in the spectra
suggests the surface is made of multilayered LIG with low to
moderate defect levels. Our observations indicate that large-
scale samples consist of a mix of multilayered LIGs with
varying defect densities.

The structural heterogeneity of LIG, caused by varying
defect levels, results in differences in electronic properties and
electrical conductivity across different regions within a sample.
In individual structures (single spots or lines), these electronic
properties are mainly influenced by variations in charge-carrier
mobility. Previous studies have shown that charge-carrier
mobility decreases as the defect concentration in LIG
increases.’> In heterogeneous structures, both the defect
concentration and the type of carbon species (LIG or
amorphous carbon) gradually change from the center to the
periphery. Therefore, it is reasonable to expect a decrease in
charge carrier mobility. In large-scale samples, this hetero-
geneity primarily appears as variations in sheet resistance. Rg
values of our Cu-LIG hybrids ranged from 14.4 + 2.9 Q sq”"'
to 21.6 + 3.3 Q sq . In comparison, LIG derived from
polyimide, a standard carbon precursor, typically shows Rg
values of 15 Q sq~' or higher, depending on the laser
processing conditions.”®> Meanwhile, lower Rg values, such as 8
Q sq, have been reported for LIG derived from wood.”*

Copper NPs should also serve as important catalysts for LIG
generation from PET, similar to their role in lignin.55
Additionally, copper is a well-known catalyst in the chemical
vapor deposition (CVD) process for graphene, facilitating
pyrolysis, which is likely to happen in PET at high local
temperatures.”®>® The catalytic influence of copper can be
roughly gauged by comparing our current findings with
previous research,” where PET was laser carbonized by
exposing it to an aluminum nanoparticle film on its surface.
In that earlier study, PET carbonization was driven solely by
photothermal effects, resulting in a conductive carbon network
with a sheet resistance of 181 Q sq'.* Conversely, our
structures exhibit a sheet resistance two to 3 orders of

magnitude lower, indicating that copper indeed plays a
significant catalytic role.

In addition to LIG, optical microscopy (Figure Se) showed
Cu particles embedded in the composite. X-ray diffraction
(Figure Sf) verified that the sample contains metallic Cu, with
no Cu,O or CuO phases. The lack of Cu oxides may result
from graphene acting as a reducing agent for copper oxide, and
the high temperature needed for LIG formation also promotes
the reduction of Cu oxides.”> Therefore, in this case, PVP’s
role as a reducing agent is minor, unlike in low-temperature
processing, where Cu reduction mainly happens through PVP
decomposition.

Applications in Flexible Electronics: From Water
Splitting to Thermocouples. To assess the stability of the
composite, we used a sample obtained at high laser power, LIG
with incorporated Cu (Cu-LIG hereafter), as a working
electrode for the hydrogen evolution reaction (HER) in 1 M
KOH (pH 13.7). Although the Cu-LIG electrode showed
modest HER activity (Figure 6a), with a current density of 1.2
mA cm ™2 at 0.3 V (RHE), it demonstrated excellent durability
and electrochemical stability. This electrode maintained stable
performance for over 100 cycles (Figure 6b), confirming the
composite’s stability during electrochemical reactions. Addi-
tionally, despite the moderate HER performance, several
strategies could further improve Cu-LIG’s catalytic activity. For
instance, heteroatom doping, including N, S, and P, can
significantly influence the LIG kinetics of hydrogen evolution
by modifying the electronic structure and increasing the
number of active sites.””*" Another approach involves surface
modification through creating additional defect sites, tuning
the oxidation state of Cu, or introducing catalytically active
metal species. All of these methods are known to accelerate
water dissociation.®"%?

It is worth noting that Cu-LIG offers several practical
advantages, making it a suitable material for water electrolysis
environments.® Its scalability, mechanical strength, and stable
electrochemical behavior indicate that Cu-LIG could serve as a
versatile and chemically durable electrode substrate that can be
further modified to enhance catalytic activity.”* Additionally,
given the polymer—Cu composite chemistry and Cu’s high
selectivity for reducing CO, to hydrocarbons, this material
could also be promising for other electrochemical reactions,
mainly CO, reduction.’

To demonstrate the practical applications of the laser-driven
sinter-then-encapsulate approach in flexible electronics, we
fabricated thermocouples in two configurations: an encapsu-
lated Ni/Cu device and a hybrid Cu/Cu-LIG device. The
fabrication details are provided in the Supporting Information
and shown in Figure S7. Both types of thermocouples
exhibited good thermoelectric performance, as shown in
Figure 6¢,d for Ni/Cu and Cu/Cu-LIG, respectively. We
increased the device temperature up to 70 °C and measured
the thermal electromotive force (thermal EMF) as temperature
changed, staying below the PET substrate’s glass transition
temperature, which occurs between 70 and 80 °C.

The Ni/Cu thermocouple showed a linear thermoelectric
response with an average Seebeck coeflicient of about 14.6 uV
°C~!, surpassing previously reported values of around 8.9 yV
°C™! for magnetron-sputtered Cu and Ni devices on
polyimide.”* The Cu/Cu-LIG thermocouple displayed a
sensitivity of 5.1 uV °C™', in agreement with calculations of
the Seebeck coefficient difference between pure Cu (S = 6.5
uV °C™') and LIG (S varies between 4.73 and 12.77 uV
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Figure 7. Temperature-pressure sensor and Cu/Cu-LIG thermocouple characteristics. (a) Scheme of the pressure-temperature sensor and the
experimental setup. (b) Capacitance as a function of weight change. (c) Scheme of the thermocouple array and the experimental setup for
temperature measurements. (d) Thermal EMF measured on different channels in the thermocouple array.

°C™1).*” Both configurations showed stable thermoelectric
performance during repeated heating and cooling cycles from
room temperature to 50 °C (Figure 6e). The key difference
between the two devices was noted during mechanical
resilience testing after 1000 bending cycles. Results in Figure
6f indicate that the Ni/Cu thermocouple was not mechanically
durable, with resistance increasing from approximately 100 Q
to 400 €, and continuing to rise even after the test.
Additionally, the resistance change (AR) increased from 60
€ at the start to 170 Q at the end of the bending cycles,
indicating degradation. Conversely, the Cu/Cu-LIG hybrid
composite showed only a slight resistance change from AR =
100 Q to about 95 Q. Therefore, the sensitivity of the Ni/Cu
thermocouple decreased to 11.7 uV °C™" while the Cu/Cu-
LIG dropped to 4.9 uV °C™".

We further demonstrate the multifunctionality of Cu/Cu-
LIG thermocouples as dual-mode pressure-temperature
sensors by integrating a capacitive sensor made of sintered
Cu, as shown in Figure 7a. The device effectively decouples the
two stimuli with minimal cross-talk across the temperature
range of 27 to 70 °C. Capacitance changes in Figure 7b are on
the order of dozens of pF and can support weights up to 1 kg.
The small deviations in electrical capacitance across different
temperatures are likely due to measurement inaccuracies rather
than temperature effects. This is supported by the lack of a
clear correlation between temperature increase and the
sensor’s capacitance.

We demonstrated the scalability of our approach by
fabricating temperature-sensing arrays made of Cu/Cu-LIG
thermocouples to map the surface thermal profile, as shown in
Figure 7c. We tested the array device by moving a localized
heat source and recording the thermal EMF response. The
results in Figure 7d showed that the thermal EMF signal varied
across channels, indicating differences in sensing performance.
A proof-of-concept device displayed a thermocouple response
with channel-to-channel variation, which could be due to both
handmade contacts (expected to be the main factor in the
observed variation) and uneven laser-induced heating caused
by film inhomogeneity from drop-casting deposition (Note
S1). Nevertheless, the lab-scale prototype demonstrated a
successful application of the laser processing approach to
produce thermocouple arrays.

The performance of a thermoelectric device is determined
by the Seebeck coefficient (ZT) (1), which relies on the
electrical and thermal conductivities of the system:

S’c

7T 1 T 0
where S—Seebeck coefficient of the material, 4V °C™'; 6—
electrical conductivity, S; A—thermal conductivity, W(m-K) ™",
and T—absolute temperature. In our Cu/Cu-LIG thermo-
couple array, performance is influenced not only by the
intrinsic Seebeck coefficient and electrical conductivity of the
thermoelectric materials but also by the low thermal
conductivity of the polymer substrate. By optimizing key
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parameters, such as using thinner substrates with higher
thermal conductivity to enhance the device’s figure of merit
(ZT), we can improve both response time and sensitivity,
making these proof-of-concept devices more suitable for
thermal mapping applications. Besides the low thermal
conductivity of the polymer substrate, the thermal behavior
of the Cu-LIG layer aligns well with results reported for similar
Cu-modified LIG systems. For example, a recent study shows
that a Cu@hLIG/epoxy composite achieved a thermal
conductivity of up to 164 W m~'K™.,°® and another
thermophysical study of sintering Cu NPs indicates their 4
can increase from 18.5 to 26.8 W m™'K™.*° These reports
suggest that Cu-LIG structures with sintered Cu NPs can be
expected to exhibit thermal conductivities on the order of 15—
30 W m™'K™". At the same time, in our composite, the heat
flow is limited by the PET substrate, whose thermal
conductivity is much lower (0.15—0.25 W m™'K™"). Therefore,
the exact value of 4 for the Cu-LIG layer has a relatively minor
effect on the overall ZT analysis. In this context, the substrate
limitation stems from its thermoplastic nature for such laser-
driven composites, as reported by Abyzova et al.’

B CONCLUSIONS

In summary, this work presents a novel laser-based
manufacturing platform that goes beyond the traditional
selective laser sintering approach to tackle key challenges in
processing copper nanoparticles on polymer substrates under
ambient conditions. By adjusting the laser processing
parameters, we can control the transformation of a single
precursor into either an oxide-free, conductive CuNPs/PET
composite stabilized by in situ polymer encapsulation or a Cu-
assisted laser-induced graphene (Cu-LIG) hybrid embedded
within the substrate. Encapsulated Cu structures showed
excellent performance, with a minimal sheet resistance of 0.13
Q sq”', and strong stability under both tough and mild cycling
conditions. The top-performing sample, without additional
protective layers, maintained Rg values from 3.4 + 1.7 Q sq~"
(initial) to 5.5 + 1.8 Q sq~! after aging. In comparison, Cu-
LIG hybrids exhibited Rg values from 14.4 + 2.9 Q sq™' to
21.6 + 3.3 Q sq', which are comparable to those of LIG
produced from polyimide. High-speed visualization, FEM
simulations, and structural analyses uncovered the mechanisms
behind nanoparticle sintering, encapsulation, reduction, and
polymer integration. Unlike previous reports on laser
processing of metallic nanoparticles, our method offers a
one-step process that ensures conductivity, oxide reduction,
strong adhesion to the substrate, and environmental protection
simultaneously. The encapsulation strategy provided excellent
stability against oxidation and high humidity, while the Cu-LIG
can serve as a hybrid carbon—metal electrode in the HER
reaction, demonstrating remarkable stability over 100 electro-
chemical cycles. A wide range of functionalities was showcased
in Ni/Cu and Cu/Cu-LIG thermocouples, with maximum
sensitivities of 14.6 yV °C™' and S.1 uV °C~', respectively;
pressure-temperature sensors; and thermocouple arrays.
Despite its advantages, our method has important
limitations. Nanomaterial encapsulation through laser-induced
melting mainly works with thermoplastic polymers. Thermo-
setting polymers, because of irreversible cross-linking, are not
suitable for encapsulation and may instead degrade or become
graphitized. This limits the substrates we can use, particularly
for high-temperature applications like polyimides. This
presents an opportunity for future research: developing laser-

processing techniques for thermosetting polymers. Addition-
ally, future work should focus on reducing cracks in bent
CuNP films and enhancing batch consistency. Overcoming
these challenges will help advance the development of next-
generation flexible electronics.

B MATERIALS AND METHODS

Sample Preparation. Commercially available CuNPs and
NiNPs (Advanced Powder Technologies, Russia) were used
for this work. 50 mg of CuNPs was dispersed in 3 mg of PVP
with 1 mL of EtOH, then sonicated for 1 h in an ultrasonic
bath. Next, using the drop-casting method, CuNPs were
applied to a PET substrate at a concentration of 50 uL cm™
Finally, the sample was dried in ambient conditions or,
alternatively, on a heating plate at 40—45 °C. The average
thickness of the CuNPs film after drying was S pm. The
detailed preparation of thermocouples is shown in Figure S7.
The NiNPs dispersion was prepared under the same
conditions and at the same concentration. For cross-section
SEM investigation, samples were broken in liquid nitrogen.

Laser Processing and High-Speed Recordings. For the
case of CuNPs laser-induced encapsulation, laser processing
was performed using a 450 nm CW laser with a 30 X 30 ym
top-hat laser beam. The laser beam power was controlled
electronically. Irradiation was performed with a 10X objective
equipped with a 0.28 NA aperture. The sample processing was
performed on an XY motorized stage that moved at S mm s™*
(OMTOOLS, China). Laser processing was recorded with a
high-speed camera (Phantom Miro C110, USA) at 500 fps
(Supporting Video 4), 1200 fps (Supporting Video 1), and
1900 fps (Supporting Videos 2 and 3). For the formation of
Cu-LIG, laser processing used a 438 nm laser at 600 mW in a
pulsed regime with a 1 kHz pulse frequency and 900 s pulse
duration. Cu-LIG processing either at a fixed spot or while
moving (Supporting Videos S and 6) was recorded at 1200 fps,
while laser scanning (Supporting Video 7) was recorded at
1600 fps.

Raman Spectroscopy. Raman spectroscopy was done
using the NTEGRA Spectra II AFM-Raman system (NT-
MDT, Russia) using a 532 nm CW laser at 100X
magnification.

SEM Imaging. SEM imaging, including top view and cross-
section images, was done using COXEM EM-30 PLUS (South
Korea) at a 7 kV acceleration speed.

X-ray Diffraction Measurements. XRD patterns were
obtained using Shimadzu XRD 7000S in a Bragg—Brentano
configuration with CuKa tube (40 kV, 30 mA). Scanning range
has been set from 10 to 80° at a scanning speed of 10° min™"
and 0.0143° step.

Electrical and Thermoelectric Parameters Measure-
ments. I(V) characteristics and bending tests with 20 mm
bending radius were conducted using a Corrtest CS 2350
bipotentiostat. The thermoelectric response was measured
using an ADC converter (L-CARD E-502, Russia). The sample
was heated by a heating plate supplied with the NTEGRA
Spectra II AFM-Raman system.

FEM Simulations. Laser heating simulation of the Cu NPs
film on PET was conducted using COMSOL Multiphysics
software. The Heat Transfer in the Solids module was utilized.
The continuous laser heating was modeled as a fixed heat
source at the center of the sample surface. The sample
dimensions were set to 1 mm in width and length, with a 1 gm
Cu NPs film on a 0.7 mm PET substrate. A parametric sweep
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of laser power was performed from 30 to 70 mW in 10 mW
steps. The laser spot size was specified as 30 ym X 30 gm with
a top-hat power distribution. Laser heating time ranged from 0
to 400 ms. All parameters were selected based on experimental
measurements to closely replicate the experimental conditions,
enabling a comprehensive comparison between experimental
and theoretical data.
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