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Abstract

Hydrogenated tetrahedral amorphous carbon (ta-C:H) thin films were modified using
266 nm picosecond laser pulses to investigate structural transformations at low and moder-
ate fluences. Nitrogen-doped hydrogenated tetrahedral amorphous carbon layers 20-40 nm
thick were deposited on silicon (Si) and silicon dioxide on silicon (SiO, /Si) substrates and
irradiated with picosecond pulses at 0.5-1.6 ] cm~2 using a raster-scanned beam. Structural
changes in morphology, composition, and bonding were evaluated via optical microscopy,
atomic force microscopy (AFM), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. Even below 1.0 ] cm~2, localized color
shifts and slight swelling indicated early structural rearrangements without significant
material removal. Above 1.0-1.2 ] cm~2, the films were largely ablated, although a per-
sistent 3—6 nm carbon layer remained on both substrate types. XPS showed an increase
in sp2-bonded carbon by roughly 15%-20% in optimally modified regions, and Raman
spectroscopy revealed defect-activated D-bands and the formation of multilayer defective
graphene or reduced-graphene-oxide-like flakes at ablation boundaries. These results
indicate that picosecond ultraviolet irradiation enables controllable graphitization and
thinning of ta-C:H films while maintaining uniform processing over centimeter-scale areas,
providing a route to thin, conductive, partially graphitized carbon coatings for optical and
electronic applications.

Keywords: hydrogenated tetrahedral amorphous carbon; laser modification; Raman spec-
troscopy; X-ray photoelectron spectroscopy

1. Introduction

Amorphous carbon (a-C) and hydrogenated amorphous carbon (a-C:H) consist of
carbon atoms in mixed hybridization states—primarily sp® and sp?, with small fractions
of sp bonds. In a-C:H, unsaturated bonds are typically hydrogen-terminated. According
to the widely used classification of Ferrari and Robertson [1], films containing more than
~30 at.% sp3-hybridized carbon are designated as tetrahedral amorphous carbon (ta-C),
whereas those with lower sp® fractions are generally referred to as amorphous carbon (a-C).
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Amorphous and hydrogenated amorphous carbon thin films are employed in a broad
range of industrial technologies. Their favorable combination of high hardness, chemical
inertness, and low friction makes them suitable as protective coatings for components
such as forming tools [2]. Beyond tribological applications, these materials have gained
importance in biomedical engineering [3], data storage technologies [4], photovoltaic
absorbers [5], and other functional devices. A variety of deposition techniques: hot-filament
ion beam deposition, ion-assisted and magnetron sputtering, pulsed laser deposition,
cathodic vacuum arc, and plasma-enhanced chemical vapor deposition—allow precise
tailoring of film composition and microstructure [6]. In particular, magnetron sputtering
and PECVD have become prominent for industrial-scale fabrication over the past decade,
for example, for the synthesis of hierarchical carbon nanocone-silica metamaterials with
implications for white-light photoluminescence, and for fast PECVD-grown vertical carbon
nanosheets for composite SiOx—C anode materials [7,8].

The physical properties of a-C/a-C:H and ta-C/ta-C:H materials depend strongly on
the ratio of sp? to sp® bonding. For instance, the optical band gap can exceed 2.5-3 eV at
sp? fractions above 60 at.%, but may fall below 1 eV when the sp® concentration decreases
to approximately 15 at.% [1]. Notably, this hybridization ratio is highly tunable during
synthesis through adjustments in deposition parameters such as substrate bias voltage [5].

The surge of interest in graphene and related two-dimensional carbon phases during
2007-2012 intensified efforts to convert amorphous and graphene-like materials into more
ordered graphitic structures. Numerous studies have shown that carbon films can undergo
significant structural modification under irradiation. For example, plasma thinning com-
bined with thermal annealing enables the formation of defective or few-layer graphene
from multilayer graphite or graphene stacks [9,10]. Thermal recrystallization of a-C films
deposited by means of filtered cathodic vacuum arc on Ni/SiO, /Si substrates can also yield
few-layer graphene at temperatures of 650-850 °C [11-14]. These approaches, however, rely
on relatively high-energy inputs—either high-temperature annealing [10-14] or ion-plasma
processing [9]. Recent work further indicates that ultrathin a-C layers deposited on catalytic
metal sublayers may transform into graphene upon annealing at 450-550 °C [15].

In parallel, the use of UV and UV-C irradiation has been explored as a low-temperature
route for modifying carbon films and graphene-based materials [16-20]. For a-C/a-C:H
and ta-C/ta-C:H films, UV-C exposure alone generally preserves the amorphous structure
unless additional thermal effects are involved [19]. Even prolonged irradiation—up to
600 min under a 40 W mercury lamp—removes only small quantities of polyynes, while
some cumulene species remain detectable in a-C:H [20]. These experimental results align
with theoretical predictions from ab initio molecular dynamics simulations, which suggest
that surface reactions on reduced graphene oxide can proceed through H-atom transfer
mechanisms requiring substantially lower energies than typical sp> C-C bond breaking [21].

Laser processing has emerged as a powerful, highly versatile platform for modify-
ing carbon materials. The interaction mechanisms strongly depend on pulse duration.
Nanosecond (ns) pulses predominantly induce photothermal effects—melting, graphi-
tization, and recrystallization—allowing controlled micro-scale patterning and surface
texturing [22-24]. Picosecond and femtosecond pulses, however, deposit energy into the
electronic subsystem before significant heat diffusion can occur, enabling non-equilibrium
structural transformations, bond rearrangements, and precision ablation with minimal ther-
mal damage [25,26,26-32]. The interaction mechanisms strongly depend on pulse duration.
Nanosecond (ns) pulses predominantly induce photothermal effects—melting, graphi-
tization, and recrystallization—allowing controlled micro-scale patterning and surface
texturing [20-22]. Picosecond and femtosecond pulses, however, deposit energy into the
electronic subsystem before significant heat diffusion can occur, enabling non-equilibrium
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structural transformations, bond rearrangements, and precision ablation with minimal ther-
mal damage [23-26,26-30]. There is also clear evidence in the literature that femtosecond
laser pulses can convert multilayer graphene into single-layer graphene [29], as well as
precisely pattern single-layer graphene films deposited on SiO, /Si substrates [30], which is
associated with the use of ultrashort laser pulses.

Our recent results using nanosecond laser irradiation of a-C:H/ta-C:H films demon-
strated that the carbon layer was almost completely ablated from Si substrates, leaving only
narrow regions near the ablation sites transformed into defective multilayer graphene—
an effect attributed to the relatively long pulse duration [33]. Another important issue
associated with applying this type of laser radiation for modification is the pronounced
non-uniformity of the laser beam fluence over the laser beam cross-section. When a 5iO,
interlayer (~320-350 nm) was present, no such modified regions were observed.

These findings motivate the present study, which focuses on picosecond laser mod-
ification of ta-C:H thin films using a wavelength of 266 nm, with the goal of obtaining
thin films with high conductivity and high transmittance in the visible region. Here, the
influence of UV (266 nm wavelength) picosecond laser pulses with different fluences on
films deposited on both bare Si substrates and Si/SiO, substrates is studied. Using a
precision automated X-Y translation stage, we achieve uniform irradiation over areas up
to 0.5 cm?, enabling systematic evaluation of microstructural and compositional changes
induced by picosecond pulses.

2. Materials and Methods

The hydrogenated tetrahedral amorphous carbon (ta-C:H) films were synthesized
using a DC-plasma chemical vapor deposition system. The Si (S5iO, /Si) substrates were
placed on the cathode, while the grounded metal chamber served as the anode. Benzene
(99.8%, Merck KGaA, Darmstadt, Germany) was used as a carbon precursor, and pure
argon (99.99% purity, Linde Gas Bulgaria, Stara Zagora, Bulgaria) served as the main
process gas. Benzene was evaporated in a temperature-controlled reservoir maintained at
approximately 2627 °C. Additional information regarding the preparation of a-C:H and
ta-C:H coatings is available in our earlier publications (see, for example, Refs. [5,34]).

For the subsequent treatments, nitrogen-doped ta-C:H thin films containing approxi-
mately 0.9-1.0 at.% N (see Ref. [34] for details) and with nominal thicknesses of 45-60 nm
(experiments A and B) and 20-21 nm (experiment C) were deposited on Si(001) wafers
with an outer diameter (OD) of 3 inches (Wacker Chemie, Munich, Germany). Thin films
deposited on Si wafers coated with thermally grown SiO, (320-350 nm thickness) had
thicknesses of 40-50 nm and 12-14 nm for experiments A and B and experiment C, respec-
tively. In all deposited films, the sp?/sp? carbon hybridization ratio and the thickness—
determined by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM)
at four diametrically opposite positions on each wafer—remained nearly constant, with
deviations below 10% of the baseline values. For subsequent laser-processing experiments,
pieces of approximately 10 x 10 mm? were carefully cleaved from the Si substrates using
an ultra-high-strength steel (UHSS) blade.

Surface modification of the carbon layers was performed in ambient air using a focused
ultraviolet laser beam. The irradiation experiments employed 10-picosecond pulses from a
picosecond Nd:YAG laser system with laser power stability of 0.444% at the fundamental
wavelength (A = 1064 nm) (PICOSECOND-A1-1064, CNL Laser, Changchun, China). The
fourth harmonic at 266 nm, operated at a repetition rate of 1 kHz, was directed onto the
samples. Laser fluence on the film surface ranged from 0.5 to 1.6 ] cm 2. The beam was
raster-scanned across the samples following a meander-type trajectory: the scan length
along the X-direction was about 67 mm, while the spacing in the Y-direction was adjusted

https://doi.org/10.3390/coatings16010067


https://doi.org/10.3390/coatings16010067

Coatings 2026, 16, 67

4of 16

between 75 um and 120 pm to either ensure partial overlap or maintain clearly separated
scan lines, depending on the experimental goal. The translation stage velocity was set to 8,
10,12, or 14 mm/s. A summary of the irradiation parameters and initial film thicknesses
for each sample is provided in Table 1.

Table 1. Summarized data on the conditions of processing with picosecond laser radiation with
A =266 nm of the thin films, as well as their initial thickness. Samples A1, C1 and C3 are pristine
samples and have not been treated with laser irradiation.

Film Laser Beam  Scanning Overlappin
Sample Thickness, Substrate Fluence, Speed, pping,
2 Pulses
nm J/em mm/h
Al 60-65 SiO,/Si (001) - - -
A2 60-65 Si (001) 0.6 14 3.2
A3 60-65 SiO,/Si (001) 1.6 14 2.3
Ad 60-65 Si (001) 1.6 14 25
A5 60-65 Si0O,/Si (001) 1.6 14 2.5
B1 40-45 Si (001) 0.6 14 3
B2 40-45 SiO,/Si (001) 0.6 10 5.5
C1 18-20 Si (001) - - -
C2 18-20 Si (001) 1.2 12 3
C3 12-14 SiO, /Si (001) - - -
C4 12-14 SiO,/Si (001) 1.0 12 3.3

The surface morphology of the samples was investigated by scanning electron mi-
croscopy (SEM) using both secondary-electron and backscattered-electron modes on a
LYRA TESCAN system (TESCAN GROUP a.s., Brno, Czech Republic). Elemental analy-
sis by energy-dispersive X-ray spectroscopy (EDX) was not conducted because the film
thicknesses (<60 nm) are below the level at which reliable compositional information can
be obtained.

AFM was performed using an MFP-3D Origin instrument (Oxford instruments, Abing-
don, UK, Asylum Research, Santa Barbara, CA, USA) operated in tapping mode. Images
were collected with a scan size increment of 20 um, a line rate of 1.0 Hz, and a resolution of
256 x 256 pixels. Silicon cantilevers (AC160TS-R3, Olympus, Tokyo, Japan) with a length
of 160 um and an aluminum backside coating were used; they feature a nominal resonance
frequency of 300 kHz, a spring constant of about 26 N/m, and a tip radius of approximately
7 nm. Prior to data evaluation, images were flattened without applying any additional
filtering. Subsequent analysis was performed using Gwyddion 2.56 software package
(http:/ /gwyddion.net).

XPS was carried out on a Kratos AXIS Supra spectrometer (Kratos Analytical Ltd.,
Shimadzu Corporation, Kyoto, Japan) equipped with an achromatic Al K« radiation
source. Measurements were conducted under ultrahigh-vacuum conditions (<1078 Pa)
at a photoelectron take-off angle of 90°. Each dataset acquisition started with a wide
energy survey from 0 to 1200 eV at a pass energy of 160 eV, 0.5 eV steps, and a single
sweep. High-resolution spectra were collected at 20 eV pass energy with 100 meV steps
and multiple sweeps. Binding energies were referenced to the C 1s peak at 285 eV. The C
1s, O 1s, N 1s, and Si 2p regions were recorded for each specimen, and the C 1s envelopes
were subsequently deconvoluted using XPS 4.1.
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Raman spectra were obtained in backscattering geometry with a LabRAM HR 800
(HORIBA Jobin Yvon, Longjumeau, France) micro-Raman system equipped with a Peltier-
cooled CCD detector. A He-Ne laser (633 nm, 0.5 mW) was used for excitation. The laser
spot on the sample was approximately 1 pm in diameter, and the spectral resolution was
~1 cm~! or better.

3. Results

Optical microscopy revealed that even at the lowest applied laser fluences, the irra-
diated regions of the films exhibited clear visual alterations. These modifications were
evident from the localized color changes along the irregular tracks labeled “L” in Figure 1a,
as well as along the scan-direction traces indicated by the arrow in the same panel. Notably,
the zones situated between the L-marked paths also displayed a shifted hue, suggesting
that phase transformations may occur even in areas subjected only to indirect or partial
irradiation. In contrast, regions exposed repeatedly to the laser irradiation, visible as
a sequence of brownish features approximately 60-70 ym wide and annotated “PL” in
Figure 1la—showed more pronounced optical changes, consistent with higher cumulative

energy deposition.

Figure 1. Optical microscopy image taken from the samples: A2, A3, A5, C2 and C4, respectively. The
image in (f) is a three-fold enlarged portion of the image in (e). The markers in (a—f) indicate: 200 um,
100 um, 50 um, 50 pm, 30 um and 10 um, respectively. The remaining panels of (b—f) present results
obtained using the automated X-Y translation stage. These illustrate the characteristic meander
patterns produced at a fluence of ~1 J cm~2 (b) and the progressively stronger modifications observed
at higher fluence levels (c—f).

The thickness and surface topography of both the irradiated and boundary regions of
the a-C:H films were examined by AFM. Film thicknesses were determined in micrometer-
scale areas where the thin film was accidentally detached and the substrate surface was
clearly visible. The uncertainty in thickness determination does not exceed £5%. The
thickness and surface topography measurements performed on samples processed at lower
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Y,nm

fluences (0.5-0.8 ] cm~2)—corresponding to the areas shown in Figure la—revealed no
evidence of material removal, as illustrated in Figure 2a. Instead, the bright contrast regions
visible in Figures 1a and 2c correspond to slight surface elevations of approximately 6 nm
(Figure 2a). AFM characterization of the untreated reference samples yielded thicknesses
of 60-65 nm for those classified as type A (Figure 2a), with the scanned area outlined by
a black rectangle and the X-scan direction indicated by a white line. The pristine film
thicknesses summarized in Table 1 are 60—65 nm, 40—44 nm, and 12-22 nm for samples A,
B, and C, respectively. It should also be noted that for thinner films (<30 nm), the films
deposited on SiO, /Si substrates are thinner than those deposited under identical conditions
on Si wafers. For example, films with a thickness of ~20 nm on Si are ~12 nm thick on
5i0,/5j, i.e., approximately 40%—45% thinner. This effect is attributed to the insulating
nature of the intermediate SiO; layer and the resulting reduction in ion flux to the cathode.
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Figure 2. (a) The surface profile (A2 sample) measured with AFM along the white line in the black
square shown in panel (c) of the present figure. (b) The surface profile (A5 sample) measured with
AFM along the white line shown in panel (d) of the present figure. (¢) Optical microscopy image taken
with the microscope of the AFM apparatus and showing the scanning area from which the profile in
panel (a) of the present figure was visualized. (d) Optical microscopy image taken with microscope of
the AFM apparatus and showing the scanning area from which the profile in panel (b) of the present
figure was visualized. The insets in panels (c,d) present threefold magnification of the corresponding
images in the areas scanned with AFM along the white and black lines, respectively.

AFM measurements further revealed that laser-induced ablation of the a-C:H coatings
does not expose the bare substrate directly. Instead, within the ablated tracks of samples A,
B, and C, a thin residual carbon layer persists on the underlying Si or 5i/SiO, surface. This
modified layer typically exhibits a thickness of about 4-6 nm- Figure 2b.

The results of the SEM studies, both in secondary electron image (SE) as well as
in backscattered electron image (BSE) modes, are shown in Figures 3-5. It should be
emphasized that SEM, particularly in the BSE mode, is well-suited for detecting local
variations in chemical composition. In contrast, energy-dispersive X-ray spectroscopy
(EDX) is less sensitive in this context, as it probes a significantly greater depth (on the order
of micrometers) than the thickness of the deposited films, which ranges from approximately
12 to approximately 60 nm.
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SEM HV: 20.00 kv WD: 17.73 mm T O I O B WD: 17.73 mm LYRA\ TESCAN
Wac: Hivac Det: SE 20 pm Det: BSE

Figure 3. (a) SEM image in SE mode of the single spot from laser irradiation in experiment A2.
(b) SEM image in BSE mode of the same single spot from laser irradiation in experiment A2 from
panel (a). The white arrow indicated the scanning direction along X-axis.

SEM HV: 20.00 kv WD: 14.83 mm SEM HV: 20.00 kv WD: 14.83 mm
Vac: Hivac Det: SE 100 ym Vac: Hivac Det: BSE

Figure 4. (a) SEM image in SE mode of the paths obtained by laser irradiation in experiment A5.
(b) SEM image in BSE mode of the same area from panel (a).
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SEM HV: 20.00 kV
Vac: Hivac

WD: 14.11 mm
Det: SE

LYRA\ TESCAN SEM HV: 20.00 kV WD: 14.11 mm LYRA\ TESCAN
20 pm Vac: Hivac Det: BSE 20 pm

(a) (b)

Figure 5. (a) SEM image in SE mode of the single spot from laser irradiation in experiment A5.
(b) SEM image in BSE mode of the same area from panel (a).

It is important to note that regions irradiated at low laser fluences, where the sur-
face of the thin films appears slightly elevated compared to the unmodified areas (see
Figures 1a, 2a,c and 3a), exhibit distinct contrast in these higher zones. However, this con-
trast difference is not apparent in the corresponding backscattered-electron (BSE) images
of the same regions (Figure 3b). This discrepancy is likely related to the film thickness: in
samples exhibiting the meander scan pattern (Figure 4a), regions from which the ta-C:H
layer has been nearly fully ablated—leaving only a residual carbon layer of approximately
3-6 nm (Figure 2a)—appear brighter in BSE imaging (Figure 4b). This enhanced BSE
signal is most likely due to increased contribution from the underlying Si substrate, which
becomes more prominent when the carbon layer is extremely thin.

Then, the further notable finding from the SEM analysis is that, in nearly all samples
where substantial portions of the ta-C:H film were removed, extremely thin flakes with
lateral dimensions on the micrometer scale were observed. These flakes exhibit features
reminiscent of graphene-like structures. Moreover, such flakes were frequently found along
the edges of the remaining non-ablated ta-C:H regions.

X-ray photoelectron spectroscopy (XPS) was employed to characterize the surfaces
of both the unmodified and treated materials, as it is a widely established technique for
quantifying surface elemental compositions and identifying their chemical states. The
resulting elemental concentrations are summarized in Tables 2 and 3. Figure 6a—f present
the deconvoluted C 1s regions of the spectra. Analysis of the C 1s lines revealed four
principal components, corresponding to contributions from C=C (sp?-hybridized carbon),
C-C (sp®- or sp?-hybridized carbon), C-O species (e.g., C-O or C-OH), and higher-binding-
energy oxidized carbon groups. These features typically appear near 284.2 eV, 285.0 eV,
286-287 eV, and >288 eV, respectively, consistent with previous reports [35-38].
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Table 2. Summarized data of the obtained results for the surface composition obtained by the XPS

measurements of different samples. The results for the series B experiments are in the same trend as

those from series A.

T T T
288 286 284

Binding Energy, eV

T
290

T
282

290

288

286 284 282

Binding Energy, eV

Specimen C, at. % O, at. % N at. % Si, at. % D
Parameter
Al 86.31 13.44 - 0.25 15.4
A2 84.42 13.28 0.62 1.68 16.8
A3 86.52 12.41 0.82 0.25 14.4
A4 85.41 12.86 0.96 0.78 14.3
C1 87.63 9.95 1.52 0.91 159
C2 89.04 9.98 0.66 0.32 15.2
C3 85.16 12.18 2.08 0.59 14.7
C4 85.83 11.88 1.36 0.93 17.3
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Figure 6. (a—c) Deconvolution of the C 1s line of samples Al (a), A2 (b), and A3 (c): the green trace
corresponds to C=C (sp?>-hybridized carbon), the black trace—C-C (sp>-hybridized carbon), while the
violet, cyan and dark grey ones to C-O, C=0 and HO-C=O0, respectively. (d—f) Deconvolution of the
C 1s line of samples A4 (d), C1 (e), and C2 (f): the green trace corresponds to C=C (spz—hybridized
carbon), the black trace corresponds to C-C (sp-hybridized carbon), while the violet, cyan and dark

grey ones correspond to C-O, and C=0, respectively.
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Table 3. Summarized data from the deconvolution of the C 1s line, obtained by the XPS measurements
of different samples. The results for the series B experiments are in the same trend as those from

series A.
Specimen sz (C=0) Sp3 (C-0O) Cc-O0 C=0 0O=C-OH
Al 0.52 0.30 0.12 0.6 -
A2 0.50 0.31 0.14 0.05 -
A3 0.57 0.26 0.11 0.04 0.03
A4 0.66 0.24 0.07 0.03 -
C1 0.50 0.32 0.13 0.05 -
C2 0.50 0.30 0.13 0.08 -
C3 0.53 0.28 0.11 0.08 -
c4 0.51 0.31 0.13 0.04 -

In addition, we employed the so-called D parameter, introduced by Lascovich et al. [3942],
to differentiate between sp?- and sp®-hybridized carbon. Their work demonstrated that
a linear correlation exists between the characteristic limits of pure sp? and sp® carbon
when analyzing the first derivative of the C KLL Auger line. The distance between the
derivative maximum and minimum—defined as the D parameter—varies systematically
with the relative proportions of these hybridization states. Following the same methodology,
we determined the D parameter for our samples; the corresponding values are reported
in Table 2. Subsequent spectroscopic investigations of major carbon allotropes, such as
those by S. Kaciulis et al. [43], noted that graphene yields a diamond-like Auger profile
under X-ray excitation, whereas electron-beam excitation produces a spectrum resembling
graphite (Figure 7). Consequently, the D value measured for sample A4 (=14-14.3 eV),
being close to that of diamond (D = 13.0 eV), may indicate the presence of graphene-like
structures [44,45]. Higher D values observed in other samples fall within the range between
diamond and hydrogenated carbon, aligning more closely with ion-deposited amorphous
carbon materials [39-42].

Raman spectroscopy is a widely utilized tool for distinguishing carbon allotropes and
probing their structural organization [46—48]. It produces characteristic spectral fingerprints
for graphene [46] and is effective for identifying mixed-phase carbon materials, including
diamond-like carbon, glassy carbon, a-C/a-C:H, and ta-C/ta-C:H [1,6]. The technique
is also valuable for analyzing chemically modified two-dimensional carbons, such as
graphene oxide (GO) and reduced graphene oxide (rGO) [47]. In sp?-hybridized carbon
systems, the Raman spectrum is typically dominated by the G-band, which appears around
1575 cm~! in graphite and 1583 cm ! in graphene, representing the principal one-phonon
feature in defect-free samples [46,47]. The introduction of structural defects activates
additional Raman features through a double-resonance mechanism, including the D",
D, and D’ bands at roughly 1165 cm~!, 1330 cm~!, and 1620 cm ™!, respectively, along
with overtones (2D) and combination modes such as D + D" and D + D’ [41]. Partially
amorphized carbon contributes a broad band in the 1460-1500 cm ! region [47].

Raman spectra of the untreated samples (Al, Bl, C1, and C3) collected over the

—1 associated

900-3350 cm~! range reveal two main features: a peak near 960 cm
with two-phonon silicon scattering and labeled Sij; in Figures 8 and 9, and a broad
carbon-related band around 1500 cm ™!, referred to as the (D + G) band (black traces
in Figures 8 and 9). The relative intensities of these peaks differ across samples. With
increasing laser exposure and progressive removal of thin-film material, the Sij signal
becomes increasingly prominent relative to the (D + G) band. Concurrently, structural
changes occur in the carbon phase: even at moderate laser fluences (0.6-1.0 J/ cm?) and a
relatively low number of pulses, the initially broad (D + G) band begins to resolve, with a

nascent D band appearing near 1335 cm ™! (red traces in Figures 8 and 9).
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Figure 7. Differentiated CKLL spectra after applying the Savitzky—Golay algorithm excited by the
X-ray source for all specimens. The determined D-parameter is between 14.3 eV (A4 sample) and

15.8 eV (A2 sample).
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Figure 8. Raman spectra measured at different points in pristine ta-C:H deposited on Si (001) substrate
of sample A1 (black trace) as well as in points denoted by I (Figure 1a) and the slightly elevated area
of appr. 6 nm- the light brown regions denoted by L in Figures 1a, 2a,c and 3a,b (red trace) observed
in sample A2, and a flake from the boundary region of sample A5 (blue trace) and point II (sample
C2)—green trace in which the remaining film on Si—substrate after partial ablation of ta-C:H is
3-6 nm thin (see Figure 2b) and is indistinguishable with an optical microscope.
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Figure 9. Raman spectra measured at different points in pristine ta-C:H deposited on SiO, /Si (001)
substrate of the pristine sample C3 (black trace) and the red- brown meanders observed in sample
A3- Figure 1b (red trace), as well as in points denoted by III (sample A3), and points IV (sample
C4)—green trace, and V (sample C4)—Dblue trace in which the remaining film on the substrate after
partial ablation of ta-C:H is 3-6 nm thin (see Figure 2b) and can be distinguished with an optical
microscope only due to the presence of an intermediate film of 320-350 nm SiO,.

When laser fluences exceed 1 J/cm?, a well-defined D-band emerges, as shown by
the blue and green traces in Figures 8 and 9. Additionally, in very thin flakes located at
the interface between ablated and non-ablated regions of all samples, the Raman spectra
indicate the likely presence of multilayer defective graphene or reduced graphene oxide
(blue trace in Figure 8).

4. Discussion

Optical microscopy observations (Figure 1a) indicate that even at very low laser
fluences (~0.6 J/cm?) and high scanning speeds, structural changes occur in the ta-C:H
thin films. The film color changes not only in the regions directly exposed to the laser
but also in surrounding areas. In the irradiated zones, either the film thickness increases
by approximately 5-7 nm (Figures 2b,c and 3a,b) or the thin film volume expands due to
ongoing carbon ablation reactions and the removal of the so-called “good leaving groups”
(CO,, OH, etc.) via the H-atom transfer mechanism [21].

During partial ablation of the ta-C:H films, very thin flakes consistently remain at
the boundaries of the ablated regions, and occasionally within them. Raman spectra
of these flakes correspond to multilayer defective graphene or reduced graphene oxide
(Figures 5a and 8). XPS analysis reveals that when the laser fluence exceeds 1.0-1.2 ] /cm?,
the residual layer on the substrate becomes increasingly graphitized, with the sp? carbon
content rising by 15%—-20% under optimal modification conditions. In contrast, at lower
fluences (0.6-0.9 J/cm?), changes in the sp?/sp® ratio are often negligible, and in some
cases, the sp® content may even increase. Nevertheless, optical microscopy shows a color
change across the entire irradiated area, not limited to the direct laser impact points.

AFM and SEM analyses further indicate an increase in film volume at the laser-
irradiated sites (Figures 2a,c and 5a), suggesting that complex restructuring reactions occur.
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Raman measurements clearly show the initiation of aromatic ring formation, as evidenced
by the appearance of the D-band, which is associated with the breathing modes of these
rings and appears only in the presence of structural defects. Higher laser fluences result in
ablation of a significant portion of the ta-C:H films; however, under suitable experimental
conditions, a very thin carbon layer (3-7 nm) consistently remains on both Si (001) and
Si0O, /Si (001) substrates.

By tracking the amplitude of the A-band, typically associated with amorphous carbon
and functionalized 2D carbon phases [47], in the Raman spectra (Figures 8 and 9), we can
further confirm the above conclusions. In pristine samples, the D and G bands merge
with the A band to form a combined (D + G) feature, as shown by the black traces in
Figures 8 and 9, with the A-band being dominant. Treatment with picosecond UV laser
radiation induces the separation of the D, A, and G bands. In the thinnest films (green trace
in Figure 8; green and blue traces in Figure 9), the amplitude of the A band reaches only
60%—-65% of the G-band amplitude. These changes indicate a structural transformation of
the thin films from amorphous carbon to nanocrystalline ultra-thin graphite or defective
multilayer graphene.

Importantly, the laser processing method allows for automated treatment of large areas.
Areas spanning several square centimeters can be scanned efficiently. When combined
with well-established deposition techniques for ta-C:H and a-C:H thin films, this approach
has potential industrial applications. For instance, the formation of thin, transparent, and
highly graphitized amorphous carbon films suggests possible use as electrodes with low
visible-light absorption.

5. Conclusions

Nitrogen-doped ta-C:H thin films with thicknesses of about 20, 40 and 60 nm were
deposited on Si (001) and SiO,/Si (001) substrates using CVD decomposition in a DC
plasma of benzene vapor at room temperature. The films demonstrated good adhesion
to the substrates, with only occasional microscopic peeling observed. A series of modi-
fications using picosecond UV laser radiation under various parameters was performed.
Characterization with optical microscopy, AFM, XPS, and Raman spectroscopy shows that,
for laser fluences above 1.0-1.2 J/cm? and scanning speeds providing overlap of 2-3 pulses,
the majority of the 20-60 nm thick films is ablated. Nevertheless, a graphitized residual
layer with a thickness of 3-6 nm remains reliably on the substrate surface. Although the
experiments were conducted on 1 x 1 cm? samples, this size is not a limitation: the use
of an automated X-Y stage allows precise and fully controlled scanning of areas spanning
multiple square centimeters.
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Abbreviations

The following abbreviations are used in this manuscript:

AFM  Atomic force microscope

SEM  Scanning electron microscopy
XPS  X-ray photoelectron spectroscopy
GO Graphene oxide

rGO  Reduced graphene oxide

uv Ultra violet

SE Secondary electron image

BSE  Backscattered electron image
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