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1  Introduction

Flexible electronics are recognized for their unique prop-
erties, such as lightweight, deformability, and adaptability, 
which make them suitable for wearable devices and energy 
harvesting applications. For instance, flexible polymer-
based substrates are critical for ensuring performance in 
terms of durability and reliability in wearable electronics, 
as highlighted in reviews discussing their role in flexible 
displays, implantable sensors, and energy storage systems 
[1]. Wearable electronics, including smartwatches and 
health monitoring devices, benefit from the integration of 
flexible materials such as carbon nanotubes and graphene, 

	
 Camilo Florian
camilo.florian@uni-kassel.de

1	 Institute of Materials Engineering, University of Kassel, 
Mönchebergstraße. 3, 34125 Kassel, Germany

2	 Institute of Physics, University of Kassel, Heinrich-Plett-Str. 
40, 34132 Kassel, Germany

3	 Research Institute of Textile Chemistry and Textile Physics, 
University of Innsbruck, Hoechsterstrasse 73, 6850 Dornbirn, 
Austria

Abstract
The objective of this work is to evaluate the capability of femtosecond laser-induced breakdown spectroscopy (fs-LIBS) 
to characterize copper coatings on Lyocell textile fibers with micrometric spatial resolution. In this study, fs-LIBS is 
employed as a high-resolution analytical technique for characterizing copper coatings on heat-sensitive polymer-based 
Lyocell fabric. A relative spectral analysis of the multilayered material was performed by tracking relative variations in 
emission lines within the coating thickness and in spatially selected regions where the coloring is inhomogeneous. The 
observed color inhomogeneity arises from local variations in oxide formation and particle density during the copper 
deposition process. A coated textile sample was inspected via scanning electron microscopy (SEM) and Energy-dispersive 
X-ray spectroscopy (EDX) from the surface to the polymer substrate to estimate a Cu coating thickness of approximately 
20 µm and fiber diameters of approximately 175 µm. SEM-EDX was used only to estimate coating thickness, as its lim-
ited sensitivity to light elements and buried interfaces makes it unsuitable for resolving the polymer and oxide signatures 
targeted in this work. The proposed measuring approach based on fs-LIBS enabled precise chemical mapping with a lateral 
resolution of 7 µm linked to the implemented focusing optics and shallow depth profiling with minimal thermal damage 
to the underlying polymer substrates. The technique successfully identified key elements such as Copper (Cu-I) and trace 
contaminants such as Silver (Ag-I), Tin (Sn-II), and Sodium (Na-I), introduced during silver seeding and electroless cop-
per deposition. Additionally, due to the ultrashort pulse duration of the laser pulses used, CN and C–C band spectral lines 
coming from the dielectric polymer, as well as Cu oxides (CuO, Cu₂O) originating from extremely thin surface layers, 
could also be detected. These findings highlight the capability of fs-LIBS for spatially selective, minimally invasive, real-
time analysis and demonstrate its compatibility with the characterization of thin films deposited on thermally sensitive 
substrates, relevant for flexible electronics and smart textile applications.
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which offer high electrical conductivity and structural flex-
ibility [2]. Additionally, flexible energy harvesters, such 
as piezoelectric and triboelectric devices, are increasingly 
used for self-powered wearable systems, enabling sustain-
able energy solutions for portable devices [3]. Textile-based 
energy storage solutions, such as textile batteries, are also 
gaining attention for their ability to conform to various 
shapes and provide lightweight, wearable power sources. 
These advancements are crucial for enhancing comfort and 
functionality in smart textiles [4].

One widespread laser-based technique that enables rapid 
elemental analysis, especially for metal-based materials, is 
laser-induced breakdown spectroscopy (LIBS) [5]. Typical 
commercial instruments employ nanosecond laser pulses to 
generate a plasma spark that is subsequently analyzed with 
a spectrometer. Analyzing metal coatings in textile dyes 
using nanosecond laser-induced breakdown spectroscopy 
(ns-LIBS) has gained traction due to its ability to analyze 
various elements with minimal sample preparation. While 
ns-LIBS is effective at detecting metals such as copper, mag-
nesium, and manganese in complex matrices such as alumi-
num alloys, highlighting its suitability for rapid elemental 
analysis [6, 7], the longer pulse duration leads to stronger 
laser–plasma interaction and heat diffusion into the mate-
rial, which can introduce thermal effects that are undesirable 
for heat-sensitive substrates such as superficial oxides and 
polymers. In addition, nanosecond pulses can interact with 
the expanding plasma plume, a process known as plasma 
shielding, which reduces the amount of laser energy reach-
ing the surface and modifies the ablation efficiency [8]. At 
the same time, recent studies have demonstrated that opti-
mized ns-µLIBS systems can achieve excellent sensitivity, 
repeatability, and high-quality elemental imaging [9, 10].

In contrast, femtosecond laser-induced breakdown spec-
troscopy (fs-LIBS) offers several advantages, including the 
possibility to produce ablation at lower pulse energies and 
higher spatial resolution thanks to the smaller heat-affected 
zone, which enhances the analytical performance [11–13]. 
For ablation, ultra-short pulse duration of femtosecond 
lasers allows for more efficient interaction with the electron 
subsystem of dielectric material, leading to improved sig-
nal-to-noise ratios and reduced interference from ambient 
gases [14]. Additionally, fs laser pulses allow minimizing 
thermal effects and enhancing the detection of trace ele-
ments, which is crucial for analyzing complex dye matri-
ces. The rapid ablation process in fs-LIBS results in a more 
controlled plasma environment, and when combined with 
a timely spectra recording process, it allows for better dif-
ferentiation of elemental emissions and improved analyti-
cal accuracy that also includes information from dielectric 
materials and molecular vibrational modes [15]. In this con-
text, the choice of fs-LIBS in the present study is motivated 

primarily by its negligible thermal load and high spatial pre-
cision, which are essential for probing thin metallic layers 
on heat-sensitive textile fibers.

These general advantages have been demonstrated in 
various fs-LIBS applications, including high-resolution ele-
mental imaging of thin films and microstructured surfaces, 
quantitative depth profiling, and chemical imaging with 
micrometer-scale spatial resolution. Ahamer et al. used fs-
LIBS for elemental imaging of thin films, achieving lateral 
resolutions on the order of a few micrometers [16]. Gianna-
karis et al. reported single-pulse and orthogonal double-
pulse fs-LIBS with femtogram mass detection and chemical 
imaging at micrometer spatial resolution, highlighting the 
potential of fs excitation for highly localized analysis [17]. 
Sheta et al. showed that femtosecond laser-induced plasmas 
can exhibit enhanced repeatability compared to longer-
pulse excitation, emphasizing improved signal stability for 
analytical purposes [18]. More recently, Saha et al. demon-
strated the analytical potential of fs-LIBS for trace-element 
determination in speleothems, illustrating that fs-LIBS can 
provide sensitive, depth-resolved information in chemically 
and structurally complex matrices [19].

Traditional surface characterization techniques, includ-
ing energy-dispersive X-ray spectroscopy (EDX), X-ray 
photoelectron spectroscopy (XPS), and secondary ion mass 
spectrometry (SIMS), exhibit notable limitations when 
analyzing metallic coatings on flexible substrates. EDX 
provides elemental mapping but lacks molecular specific-
ity and often requires sample preparation that can alter the 
substrate’s properties, particularly textiles [20]. Standard 
XPS, while surface-sensitive, demands ultra-high vacuum 
conditions and suffers from low lateral resolution, which 
restricts its applicability for detailed surface analysis [21]. 
SIMS, despite its molecular sensitivity, is less suited for 
soft, porous materials, posing challenges for substrates with 
complex morphologies [22]. In contrast, fs-LIBS offers 
high spatial resolution, depth profiling capabilities, mini-
mal sample thermal damage, and the capacity to work under 
environmental conditions, making it ideal for analyzing 
heat-sensitive substrates such as Lyocell. Its minimal sam-
ple preparation and high sensitivity for surface composition 
further enhance its suitability for textile applications.

The production of copper-coated fabric (Cu-coated), 
involving silver seeding and contactless electroplating has 
been demonstrated by different studies on advanced coat-
ing techniques for textiles [23, 24]. The chemical com-
position of the finally deposited material can be modified 
with processing parameters such as deposition time and 
current density, which play critical roles in coating perfor-
mance optimization [25]. In this context, fs-LIBS provides 
an appropriate analytical tool to characterize such coatings 
due to its capacity to probe metallic and dielectric layers 
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with minimal thermal impact. These variations in deposition 
conditions also lead to the observed color differences (blue, 
purple, brown), which arise from changes in copper layer 
thickness, oxidation state, and nanoparticle density formed 
during the electroless deposition process.

2  Sample preparation and experimental 
setup

This study utilized Cu-coated Lyocell fabric samples, pre-
pared through a two-step process involving silver seeding 
followed by electroless copper deposition [24]. The samples 
used in the experiments are all presented in Fig. 1, including 
blue, purple and brown Cu-coated Lyocell fabric. The seed-
ing process began with padding prewashed fabrics using 
an aqueous AgNO3 solution (5.8 mM, 14.7 mM, or 29.4 
mM) at a nip pressure of 2 bar and a roller speed of 2 m/
min, followed by drying in ambient atmosphere to ensure 
uniform silver nanoparticle distribution. Subsequently, the 
silver-seeded samples were immersed and stirred in a solu-
tion containing 7 gL−1 CuSO4, 2.01 gL−1 NaCO3, 12 gL−1 
C4H5KO6, and 10 gL−1 NaOH in deionized water, with 
copper reduction initiated by adding 26 mL−1 H2CO. To 
enhance copper content and achieve varying coating thick-
nesses, deposition times were extended from 40 min to 2 
hours, resulting in samples with distinct color variations 
and structural integrity preserved for subsequent fs-LIBS 
analysis.

The experimental setup for fs-LIBS in Fig. 2 utilized 
laser pulses with a temporal width of 30 fs at a central wave-
length of 790 nm and a repetition rate of 1 kHz, generated 
by an amplified Ti:Sapphire (Ti:Sa) laser system (Femto-
lasers, Femtopower Pro). The repetition rate was reduced 
to single-shot mode using a Pockels cell within the ampli-
fier as an electro-optic pulse selector, ensuring precise pulse 
control. Linearly polarized light was directed through a 
high-precision, home-built pulse shaper used to pre-com-
pensate dispersion introduced by optical elements in the 
beam path, such as the microscope objective, to ensure a 

30 fs pulse width at the sample. Pulse length was measured 
by autocorrelation performed with the same system [26]. 
The emitted pulses exhibit a near-Gaussian temporal pro-
file typical of Ti:Sa chirped-pulse–amplified systems, and 
the spatial energy distribution at focus follows a Gaussian 
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Fig. 2  The fs laser is focused onto the sample surface to generate a 
micro-plasma, while an in-situ illumination path enables real-time 
imaging of the analysis spot. Plasma emission is collected by an objec-
tive lens and coupled into an optical fiber connected to the spectrom-
eter and gated ICCD detector. A simplified representation of the result-
ing spectrum is shown for illustration. All fs-LIBS measurements were 
performed directly in ambient air without gas confinement
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Fig. 1  Photographs of Cu-coated 
Lyocell fabric under white fluores-
cent ambient light, (A) inhomo-
geneous coloring including green, 
orange and yellow regions, (B) 
homogeneous blue strip, and (C) 
homogeneous purple strips
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the early-time Bremsstrahlung continuum is strongly sup-
pressed, and the remaining continuous background becomes 
negligible compared to the discrete emission lines, so no 
additional spectral correction for continuum emission was 
required. This configuration ensured optimal sensitivity for 
the detection of Cu emission lines, trace elements (Ag, Sn, 
Na), and polymer-related molecular bands [12].

Initially, recorded spectra from irradiation experiments 
were conducted using single pulses with various energies 
per pulse (1 to 8 µJ), as depicted in Fig. 3(A). Each spectra 
showcases peaks with different intensities that will be later 
compared with a signature database for the identification of 
different chemical elements. Additionally, the spectra is used 
to find the pulse energy where the best signal-to-noise ratio 
(SNR) is recorded while preserving the integrity of the Cu-
coating, as plotted in Fig. 3(B). Lower pulse energies (e.g., 
1 to 3 µJ) exhibited a reduced peak signal, with increased 
noise compared to higher energies. Optimal SNR was 
achieved starting at 4 µJ , and therefore, for the subsequent 
experiments, the pulse energy of 5 µJ  and 6 µJ  was chosen. 
The signal-to-noise ratio (SNR) was calculated as the ratio 
between the peak intensity of the most intense Cu I emis-
sion line and the standard deviation of the background signal 
evaluated in a line-free spectral window. The data included in 
Fig. 3(A) was normalized using the min-max normalization 
method to scale the intensity values between 0 and 1. Each 
spectrum corresponds to the average data collected from 25 
laser spots, with the peaks representing emission intensities 
at various wavelengths ranging from 275 to 617 nm.

A more detailed optical profilometer micrograph is 
included in Fig. 4(A), where it is possible to see in detail 
the structure of the textile threading as well as the Cu coat-
ing region, which in this case displays a largely homoge-
neous blue area with some random orange spots. Changes 
in coloring will be briefly discussed later in the paper. A 
red rectangle in Fig. 4(A) indicates the region where the 
spectra in Fig. 3 were acquired. A magnified view of that 
region is displayed in Fig. 4(B), which micrograph was 
recorded using the in-situ imaging camera that captures the 
green reflected light coming from the coaxial LED illumina-
tion. At the center of the region in Fig. 4(B), the irradiation 
experiment took place. A 5×5 matrix comprising a total of 
25 ablation spots of approximately 7 µm in diameter was 
arranged as indicated in Fig. 4(C), with a lateral spacing 
of 25 µm, ensuring that all the spots reach the sample sur-
face on a non-laser irradiated region. The high accuracy 
in positioning the irradiation matrix allowed recording the 
spectra from a selected region, in this case, a purely blue 
area. To carry out depth-profiling, we performed successive 
material ablation by repeating the irradiation of each matrix 
(Fig. 4(D)), progressively deepening the ablation into the 

beam profile, consistent with the measured 1/e² beam waist. 
The microscope platform was equipped with a monitoring 
camera for sample positioning, a stepper-motor-controlled 
XYZ translation stage (PI miCos) with 1 µm lateral and 
axial resolution, and a tilt stage to align the sample surface 
parallel to the stage X and Y axis. A 10× Mitutoyo Plan 
Apo objective (numerical aperture NA = 0.28, working dis-
tance WD = 34 mm) focused the pulses to a measured beam 
waist of 3.5 µm (at 1/e2 intensity), creating a light-emitting 
plasma on the sample that was collected by an objective lens 
positioned at 45o close to the microscope objective. In all 
experiments, the laser beam was focused such that the focal 
plane coincided with the sample surface. This was achieved 
by maximizing the plasma brightness on the monitoring 
camera while maintaining the smallest achievable spot size 
on the textile fiber. The surface-focus condition was used 
consistently for both surface measurements and for initiat-
ing depth profiling.

The plasma emission was coupled into a multimode 
optical fiber bundle (Thorlabs BFL105HS02) consisting 
of seven fibers, each with a core diameter of 105 µm. The 
bundle features a round fiber arrangement on the collection 
side and a linear arrangement on the spectrometer input 
side, ensuring efficient light collection and uniform cou-
pling into the spectrograph entrance slit. The fibers have a 
numerical aperture (NA) of 0.22 (±0.02), matched to the NA 
of the fused silica collection optics used in the setup. The 
multimode configuration enhances signal throughput while 
maintaining stable coupling for the relatively weak fs-LIBS 
plasma emission.

The collected emission was analyzed using a LOT–Oriel 
Multispec MS125 imaging spectrometer equipped with a 
400 lines/mm grating featuring a 500 nm blaze wavelength. 
Prior to all measurements, the wavelength axis of the 
LOT–Oriel Multispec MS125 spectrometer coupled to the 
PI-MAX ICCD was calibrated using an L.O.T. Oriel Pen-
Ray 6035 Hg(Ar) lamp. This procedure ensured accurate 
peak-position determination across the entire 275-617 nm 
spectral range. Under the configuration used in this work, 
the spectrometer provided a spectral resolution of approxi-
mately 1 nm, determined from calibration line widths. 
Although this resolution does not resolve closely spaced 
lines, it is sufficient for distinguishing the main Cu-I, Sn-II, 
Ag-I, Na-I, and CN/C-C features investigated in this study. 
The dispersed light was recorded over 1024 detector pix-
els, covering the wavelength range 275–617 nm used in this 
study. Detection was performed with a Roper Scientific PI-
MAX ICCD camera, operated with a gate delay of 85 ns 
and gate width of 500 ns relative to the laser pulse to sup-
press continuum emission while maintaining strong atomic 
and molecular line visibility. Under these gating conditions, 
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beam had a beam waist w0 = 3.5 µm measured at 1/e2. The 
estimated peak fluence at the focal plane for a 5 µJ pulse 
energy was about 13 J/cm2, and the focal volume at which 
the fluence remains above the ablation threshold is confined 
to a region of approximately 48 µm around the focal plane. 
The colormap shows the normalized fluence on a linear 
scale using a false-color heatmap representation to visual-
ize the full dynamic range. White curved lines indicate the 
Gaussian beam envelope.

Based on the Gaussian beam simulation (Fig. 5), the 
effective depth of field around the focal plane was approxi-
mately ±24 µm, corresponding to a confocal parameter of 
∼48 µm for the 3.5 µm beam waist used in this work. This 
defines the axial region in which the fluence remains above 
the ablation threshold of the Cu layer. During depth-profil-
ing measurements, repeated single-shot irradiation at a fixed 
Z-position progressively removes material until the focal 
volume intersects the underlying polymer, as evidenced by 
the emergence of CN and C-C emission bands.

sample. The focal plane of the focusing optics was fixed in 
the Z-direction for each matrix (M1 closer to the surface to 
M10 deeper in the fiber) until the acquired spectra matched 
those of the polymer substrate. With this procedure, the sub-
sequent spectra analysis allowed us to determine the chemi-
cal composition of the coating in depth and enabled us to 
determine indirectly the coating depth by pinpointing the 
Cu-coating Lyocell substrate transition.

To verify that the pulse energy focused by the 10× objec-
tive was sufficient to fully ablate the Cu coating, a simula-
tion of Gaussian beam propagation in air is presented in Fig. 
5 from z = -100 µm (before focus) to z = +100 µm (after 
focus). The simulated laser beam had a wavelength of λ = 
790 nm. While the manufacturer’s specification indicates 
NA = 0.28, in our experimental configuration, the input 
beam diameter at the back focal plane was 2.83 mm, and 
the aperture diameter was 11.20 mm, corresponding to an 
effective numerical aperture of 0.071. The position of z = 
0 µm corresponds to the focal plane, where the Gaussian 

Fig. 3  (A) Normalized intensity spectra obtained by the interaction of bandwidth-limited pulses from a Ti:Sa laser at various energy levels (1–8 
µJ) with a Cu-coated sample. (B) Plot of the signal-to-noise ratio (SNR) vs. energy per pulse (Ep) of the spectra showed in A
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measurements. In the acquired spectra, the ratios of well-
known Cu-I transitions at peaks 324.7 nm, 327.4 nm fluc-
tuated only within the noise level. In addition, the ratio of 
emission lines between 510.5 nm, 515.3 nm, and 521.8 nm 
remained stable in the majority of the spectra shown in Figs. 
6 and 7, indicating that the plasma temperature remained 
approximately constant under the fixed single-pulse excita-
tion conditions used in this study. Therefore, the observed 
relative intensity changes can be attributed mainly to mate-
rial transitions rather than plasma-property variations. Using 
identical pulse energy, focusing conditions, and detection 
settings for all measurements helps limit instrumental vari-
ability; however, we acknowledge that variations in sample 
composition may still influence plasma properties through 
matrix effects. Consequently, the analysis focuses on rela-
tive spectral trends and internal line-ratio consistency rather 
than assuming identical plasma conditions across different 
materials.

Given the presence of multiple trace elements introduced 
during the coating and preparation steps, and considering 
the ∼1 nm spectral resolution of the detection system, the 

3  Results and discussion

In this study, the analysis focuses on detecting and com-
paring relative spectral signatures associated with Cu, oxide 
species, and the Lyocell polymer. The objective is to iden-
tify layer transitions and coating uniformity, rather than to 
determine absolute elemental concentrations. All spectra 
were acquired under identical excitation and detection con-
ditions to ensure that relative trends can be interpreted con-
sistently. Absolute quantitative analysis was not pursued for 
two reasons. First, certified reference materials replicating 
the multilayer Cu/Cu2O/polymer structure are not available, 
making calibration against known elemental concentrations 
impractical. Second, the intrinsic micro-scale inhomoge-
neity of textile fibers prevents reproducible point-to-point 
quantitative calibration. For these reasons, the study is 
designed to capture relative spectral changes that reliably 
mark transitions between Cu, oxide, and polymer layers.

Although plasma temperature can influence abso-
lute emission intensities, we note that the relative behav-
ior of the Cu-I lines remained consistent throughout the 

Fig. 5  Gaussian beam propagation simulation showing the focal volume relative to the sample surface
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Fig. 7  On the left, recorded spectra of mix-colored Cu-coated Lyocell 
fabric. The sample for this experiment is shown as an inset on the 
right, indicating the locations where the irradiation matrices A-F were 

performed. The identified signals include C-II, Sn-II, CuO, Cu-I, CN 
band, Cu2O, Na-I, and Ag-I as indicated in different colors on the leg-
end of the right

 

Fig. 6  Individual normalized spectral comparison across samples 
showing distinct variations in chemical composition. (A) Spectra from 
a non-coated white region on the Lyocell substrate, revealing in partic-
ular CN and C-C bands from the polymer (B–D), spectra from coated 

textiles displaying Cu peaks and oxide formations of CuO and Cu2
O. Trace elements such as Ag-I, Sn-II, and Na-I appear with different 
concentrations across samples
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sample in Fig. 6(D) suggest a slightly thinner Cu-coating, as 
the signal from the underlying polymer is detectable -except 
for CN band between 376 to 394 nm- and the silver peaks 
are more intense. Additionally, the signal from sodium is 
also more intense, as presumably it comes from the polymer 
substrate under the coating.

Further analysis of spectra in Fig. 6(B-D) revealed the 
presence of cupric oxide band ranging from 312 to 318 nm 
(CuO, highlighted in brown) and copper oxide peaks at 478 
nm, 484 nm, and 528 nm (Cu2O, highlighted in blue) [32, 
33], indicating oxide formation within the Cu-coating. The 
fact that the spectra report only faint signals from these 
oxides suggests that their presence is minimal, likely due 
to the formation of passivation oxide layers, in which thick-
nesses are usually on the order of a few nanometers. The 
spectra showed a progressive dominance of Cu-related 
signals over polymer bands compared to other experiment 
trials.

Color changes of Cu-coated samples in Fig. 6 can be 
attributed to changes in the oxide coating thickness [34], 
due to the presence of homogeneous oxide films, or because 
of localized surface plasmon resonances (LSPR) produced 
by the interaction of light with the metallic copper nanopar-
ticles embedded on the oxide layers. Studies using UV-vis 
spectroscopy and electrodynamics theory demonstrate that 
oxide-free Cu nanoparticles exhibit intense and narrow 
LSPR peaks, comparable to noble metals like Ag and Au 
[35]. The intensity gradient and heterogeneity in nanopar-
ticle size and density, driven by reduction dynamics, align 
with research on the oxidation kinetics of copper nanocrys-
tals, where diffusion and reaction processes affect the opti-
cal properties and stability of Cu2O nanoparticles [36].

The presence of copper oxide shells can alter plasmonic 
absorption, influencing both electronic properties and the 
observed coloration of the material [37]. Previous stud-
ies show that Cu films exhibit different colors depending 
on their thickness and oxidation state [23, 24, 34], with 
nanoparticles formed within passivation oxide layers further 
enhancing coloration through plasmon resonances. Optimi-
zation strategies, such as adjusting AgNO3 concentration 
or deposition time, support these findings by enabling con-
trol over nanoparticle size and surface plasmon resonance 
through chemical reduction and environmental factors [38]. 
As shown in Fig. 1(A), specific deposition conditions pro-
duce Cu coatings with varied hues, likely arising from these 
plasmonic and oxidative effects. Thanks to the high spa-
tial resolution of the proposed technique, we can precisely 
target regions of distinct color and use fs-LIBS to inspect 
potential differences in their chemical imprint.

Figure 7 displays one of the colorful samples selected 
from Fig. 1(A), for detailed comparison across six distinct 
areas (irradiation matrices displayed in Fig. 7 as A to F), 

spectral interpretation focuses on well-separated and high-
intensity emission lines to avoid ambiguity from potential 
peak overlaps. Initially, fs-LIBS analysis is conducted under 
the same pulse energy and focusing conditions to facilitate a 
comparative evaluation. Figure 6(A) illustrates the charac-
terization of the white polymer to have baseline information 
about the signal from the polymer substrate. A prominent 
CN band is observed spanning approximately from 376 to 
394 nm, with an additional distinct peak at 420 nm, both 
highlighted in yellow. Moreover, a C-C band extends 
approximately from 509 to 520 nm, accompanied by a 
peak at 471 nm [27–29], both highlighted in green. These 
bands are commonly featured in polymer analysis [21, 30], 
indicating the presence of the Lyocell substrate, which are 
typically dominant for cellulose-based materials. Addition-
ally, an intense peak at 589 nm corresponds to the signal 
coming from Sodium (Na-I), highlighted in pale red. This 
transition is particularly intense even at trace concentrations 
because the Na-I D-line at 589 nm has a very high Einstein 
coefficient of spontaneous emission, making it easily detect-
able in fs-LIBS plasmas. All line assignments were cross-
checked using the NIST Atomic Spectra Database [31], and 
only emission lines with clear separation within the avail-
able spectral resolution were considered in the analysis.

In contrast, recorded spectra plotted in Fig. 6(B-D) from 
Cu-coated regions, displayed a peak intensity decrease asso-
ciated to the polymer substrate while increasing Cu-related 
peaks, including Cu-I at 324 nm, 328 nm, 400 nm, 404 nm, 
424 nm, 436 nm, and a broader range of peaks centered 
around 460 nm, as well as three distinct peaks at 510 nm, 
515 nm, and 522 nm, all highlighted in orange. On aver-
age, the intensity of these peaks remains the same on the 
coated samples regardless of their color. The spectra also 
contain peaks corresponding to Silver at 328 nm and 550 
nm, (Ag-I, highlighted in grey), Tin at 299 nm and 579 nm 
(Sn-II, highlighted in pink), and Sodium at 589 nm (Na-
I, highlighted in pale red), which were all verified against 
the NIST database [31], consistent with the AgNO3 seeding 
and H2CO reduction steps, reflecting their use during the 
fiber coating process. It is worth mentioning here that Sn II 
emission appears more prominently than Sn I because tin 
has a lower ionization potential and its ionized transitions 
possess higher spontaneous emission probabilities. At the 
85 ns gate delay used in this work, the plasma is in a recom-
bining regime where weak neutral Sn I lines have already 
diminished, while the stronger Sn II lines remain detectable. 
For copper, the dominant species in the coating, the Cu I 
lines persist in this temporal window, whereas Cu II lines 
decay too rapidly to be observed. This difference explains 
why ionized tin -but not ionized copper- is detected under 
identical experimental conditions [14]. Here, the intensity 
of the Ag-I peaks and the CN band signal on the brownish 
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probing progressively deeper into the coating and substrate. 
No translation was applied between the consecutive shots, 
neither laterally nor along the z-axis. Uniformly colored 
samples of blue and brown color, as displayed in Figs. 8(A) 
and 8(C), were characterized, and the resulting spectra from 
the two irradiation trials were plotted using a horizontal heat 
map representation as displayed in Figs. 8(B) and Fig. 8(D) 
respectively. During the first irradiation matrix that always 
records information from the most external part of the coat-
ing (M1), unsurprisingly, both samples exhibited the char-
acteristic Cu emission lines indicated by the white arrows in 
Fig. 8(B, D), along with the other peaks that were already 
shown in Fig. 7(A-E). The second matrix irradiation (M2) 
shows a decrease in the Cu signal on both samples, still 
containing the other characteristic surface peaks. Addition-
ally, the signal from the CN band (yellow arrows in Fig. 
8) starts to be detectable, suggesting that the focal volume 
of the laser can already ablate material under the metallic 
coating. Starting from the third matrix irradiation (M3), a 
sharp transition occurs, and the subsequent Cu signal could 
barely be detected at deeper matrices. For example, in Fig. 
8(D), a steady attenuation of the Cu lines is recorded, com-
bined with an increased signal from the CN polymer lines 
(yellow arrows). This inverse relationship between Cu and 
polymer emissions confirms that once the copper coating is 
continuously ablated, the laser focal volume rapidly reaches 
the polymer substrate under the coating. It is important to 
note that, although the focal plane remains fixed during the 
depth-profiling sequence, the surface recedes after each 

underscoring the heterogeneous coloring of the sample. The 
fs-LIBS spectra show Cu-related peaks (Cu-I) with rather 
constant signal, except in the experiment performed in Fig. 
7(F), where its intensity decreases substantially. Polymer-
related signals as the ones plotted in the spectra of Fig. 6(A) 
were prominent in Fig. 7(F), with a CN signal (highlighted 
in light-yellow) starting to appear clearly, in agreement with 
having a thinner Cu-coating compared to other samples as 
the brownish one displayed in Fig. 6(D). The data in the 
spectra is congruent with the scenario in which the color-
ing is mainly due to LSPR effects produced by metallic 
nanoparticles embedded in the oxide superficial thin film 
[39], and not from a different chemical composition of the 
film.

Faint signals corresponding to copper oxides (Cu2O and 
CuO) are detected with slight varying intensities, suggesting 
differences in coating thickness or oxidation levels across 
A-F. The rest of the highlighted detected elements (Na-I, 
C-II, Sn-II, Ag-I) correspond to traces from the coating fab-
rication process, as it was already pointed out in Fig. 6.

To obtain in-depth chemical information from the coat-
ing, trials of fs-LIBS spectra were recorded at different 
depths, consisting of consecutively irradiating the same 
area 10 times, as described in Fig.  4(D). Each matrix 
(M1–M10) corresponds to a single fs-LIBS shot taken at 
exactly the same lateral and axial position. Because the 
sample is not repositioned between shots, the matrices 
represent a sequential ablation process in which each laser 
pulse removes material from the same location, effectively 

Fig. 8  Irradiation experiments 
in two homogeneously coated 
samples of blue and brown color 
as shown in (A) and (C). The spec-
tral profiles across multiple matrix 
irradiation trials are presented in 
(B) and (D), illustrating depth 
profiling of the Cu layer thick-
ness. White arrows indicate the 
Cu signal, whereas yellow arrows 
indicate the signature peaks from 
the polymer under the Cu-coating
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Beyond M3, the Cu signal (white arrows) weakened at dif-
ferent rates depending on the trial. In Fig. 9(B), the Cu sig-
nal showed a rather fast decay rate, similar to the results in 
Fig. 8. In Fig. 9(C), signal from the Cu lines remained vis-
ible well past M3 until M5. Then, Cu peaks fade in M6 and 
recover intensity faintly during M7 and M8. This behavior 
is likely due to inhomogeneous textile coating, as the yarn is 
composed of different entangled fibers. This interpretation 
is supported by EDX analysis of a single fiber shown by 
yellow and white arrows in Fig. 10(C), revealing that the Cu 
coating is non-uniform, with regions of partial or complete 
substrate exposure. The CN band exhibited a similar decay 
trend. Its faint appearance (yellow arrows) suggests deeper 
Cu penetration in the laser-processed regions, indicating a 
gradual transition from coating to substrate. In Fig. 9(D), 
the decay was the slowest, detecting signal from the Cu 
peaks along all matrices faintly reduced by M10, along with 
a more prominent signal coming from the polymer, agreeing 
with the previously presented results. The observed spectral 
variations that arise might be interpreted as an intrinsic sam-
ple inhomogeneity. In particular, variations in deposition 
time, Ag seeding, and Cu nanoparticle distribution embed-
ded in the oxide film led to different ablation behaviors and 
Cu emission intensities.

Importantly, by comparing spectra coming from samples 
with similar color, as the ones shown in Figs. 8(D) with 
9(C), one could expect that the signals are always the same; 
however, they present remarkable differences, especially 
regarding the Cu peaks intensity. We attribute this behavior 
to the coating inhomogeneity of the sample shown in Fig. 

ablation pulse. As a result, the distance between the focus 
and the sample surface increases progressively, which can 
modify plasma properties such as electron temperature. 
Consequently, part of the decrease in emission intensity with 
increasing matrix number may also originate from changes 
in plasma excitation conditions, not only from a reduction 
in available Cu mass.It is important to note that, although 
the focal plane remains fixed during the depth-profiling 
sequence, the surface recedes after each ablation pulse. 
As a result, the distance between the focus and the sample 
surface increases progressively, which can modify plasma 
properties such as electron temperature. Consequently, part 
of the decrease in emission intensity with increasing matrix 
number may also originate from changes in plasma excita-
tion conditions, not only from a reduction in available Cu 
mass. A noteworthy observation in Figs. 8(B) and 9(B,D) is 
the consistent Na I emission line at approximately 589 nm, 
which remains essentially constant throughout all depth-
profiling matrices. Because sodium is homogeneously dis-
tributed within the Lyocell substrate and is exposed once 
the overlying Cu layer is removed, the stability of this line 
provides an internal reference that confirms the repeatability 
of the measurements and the stability of plasma conditions 
across successive single-shot ablations.

A similar experiment was repeated on a nonhomogeneous 
coating as shown in Fig. 9, with slightly higher energy of 6 
µJ . Three different color positions were selected as indi-
cated in Fig. 9(A). Across all three trial spectra in Fig. 9(B–
D), the characteristic copper emission lines were strong 
during the first three measurement matrices M1 to M3. 
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Fig. 9  fs-LIBS spectral profiles 
(normalized intensity) of a single 
Cu-coated Lyocell fabric sample 
across 10 matrix irradiations (M1–
M10) at three color regions (B, 
C, D), illustrating depth profiling 
of Cu layer thickness with laser 
energy per pulse of 6 µJ . Cu 
peaks (marked with white arrows) 
decrease in intensity. Polymer 
peaks (e.g., CN indicated by the 
yellow arrow) emerge, indicating 
penetration through the coating
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penetrates into the fiber surface. The white and yellow 
arrows in Fig. 10(C–D) indicate local variations in coating 
thickness and regions where the Cu layer becomes discon-
tinuous. Displaying only the Cu signal, as in Fig. 10(D), 
further emphasizes these inhomogeneities.

An elemental line profile extracted along the white arrow 
in Fig. 10(B) is shown in Fig. 10(E). The shaded pink 
regions correspond to Cu-rich zones of approximately 20 
µm thickness located at both sides of the 200 µm fiber diam-
eter. This profile confirms that the Cu coating forms a con-
tinuous shell around the fiber circumference. These EDX 
observations are consistent with the fs-LIBS depth-profiling 
results, which showed a gradual transition from the Cu layer 
to the underlying polymer substrate and required multiple 
pulses to fully remove the metallic coating depending on 
local coating thickness.

4  Conclusion

Femtosecond laser-induced breakdown spectroscopy is 
used in this study as an efficient and precise approach for 
analyzing Cu-coated Lyocell fabrics of homogeneous and 
heterogeneous coloring. The focused laser pulses provided 
a minimum area attained to the laser beam diameter of 7 
µm at the focal plane, allowing for single-out specific col-
ored domains with true micrometric lateral resolution. Axi-
ally, the implemented beam allows characterizing coatings 
which maximum thickness could range the confocal param-
eter of the used optics, in this case ∼100 µm. The measured 

9(A), caused by extended deposition (up to 2 hours) and 
varying Ag seeding. This leads to a non-uniform Cu-coat-
ing and Cu nanoparticles spread on Lyocell fibers. While 
Ag seeds catalyze Cu reduction, higher concentrations or 
prolonged deposition can cause aggregation or uneven bath 
penetration, resulting in micro-scale variations in Cu thick-
ness, nanoparticle, and oxides formation (Cu2O/CuO). In 
uniform samples, shorter deposition times produce consis-
tent Cu oxides ratios, yielding stable Cu line intensities. In 
contrast, the inhomogeneous sample in Fig. 9 may have 
local domains with thinner oxides, denser Cu nanoparticles, 
or mixed phases. At the same time, the shown data high-
lights the capability of fs-LIBS to detect such variations, 
as the technique readily distinguishes color regions within 
a single specimen and accurately tracks the remaining Cu 
layer depth at each position, demonstrating both high sensi-
tivity and good measurement stability.

The thickness of the Cu coating on an individual Lyocell 
fiber was indirectly estimated using EDX combined with 
scanning electron microscopy (SEM). A single coated fiber 
extracted from a blue-colored region of Fig. 1 was separated 
from the thread bundle and mounted transversely as shown 
in Fig. 10(A). After cutting the fiber to expose its cross-sec-
tion, an SEM micrograph was recorded (Fig. 10(B)), and 
EDX mapping was performed along the indicated white 
arrow. The resulting elemental distribution maps are shown 
in Fig. 10(C–D). Copper (red), carbon (cyan), and oxygen 
(green) appear in false colors, and the orange regions vis-
ible in Fig. 10(C) originate from the overlap between the Cu 
and C signals, highlighting areas where the coating partially 

Fig. 10  Characterization of a Cu-coated Lyocell fiber. (A) Extraction 
and mounting of a single fiber. (B) SEM cross-section image. (C) EDX 
elemental map showing Cu, C, and O distributions. (D) Cu-only map 

highlighting coating homogeneity. (E) Line-scan elemental profile 
along the arrow in (B). Shaded regions mark Cu-rich coating zones
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its role in real-time monitoring and quality control for next-
generation wearable devices, energy harvesting systems, 
and the manufacturing of flexible batteries.
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