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Abstract: The main aim of this study was to describe the treatment of carbon sheet with a high-energy
excimer laser. The excimer modification changed the surface chemistry and morphology of carbon.
The appearance of specific carbon forms and modifications have been detected due to exposure
to laser beam fluencies up to 8 ] cm~2. High fluence optics was used for dramatic changes in the
carbon layer with the possibility of Q-carbon formation; a specific amorphous carbon phase was
detected with Raman spectroscopy. The changes in morphology were determined with atomic force
microscopy and confirmed with scanning electron microscopy, where the partial formation of the
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At present, a large part of industry and research dealing with material properties is
focused on the properties of carbon, which determine the behavior of all carbon materials.
For this reason, 2004 was an important year in material science, which led to the discovery
of a new carbon structure—graphene [1]. It is a 2D monolayer of carbon atoms with sp2
hybridization arranged in a hexagonal lattice. This different arrangement of graphene
gives its material unique properties, and therefore it has become the target of numerous
studies with increased interest. This research aims to study the already excellent prop-

erties of graphene in the physical, biological, and mechanical fields, such as flexibility,
mechanical strength, transparency, thermal conductivity, electrical conductivity, tunable
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Historically, the first preparation of graphene was carried out by the method of
mechanical exfoliation, but the organic residues from the tape required subsequent thermal
stress to clean the surface and achieve an uncontaminated sample [1]. In contrast, chemical
exfoliation is based on the oxidation of graphite and its reduction to graphene, which,
however, creates defects on the surface of the material [12]. For this reason, several new
methods for preparing graphene have been proposed.

One way to synthesize graphene is to use laser radiation to ablate carbon and achieve
carbon monolayers. The advantage of the laser process is that it is not necessary to work
at high temperatures, pressures, or using acids and bases that negatively affect the envi-
ronment. On the contrary, it is a fast, direct, and clean procedure for modifying a sample
using monochromatic coherent radiation. The preferred approach seems to be the choice of
an excimer laser operating in a pulsed mode and with a short pulse duration (ns), which
reaches a power in the order of megawatts. The short pulse duration is crucial because the
heat released during the pulse does not have enough time to penetrate from the surface
into the lower layer. This laser modification of short and high-power pulses is often used
today for precise surface treatment without damaging the bottom layer, which is also used
in medicine for eye surgery or in the restoration of artworks [13].

Recent studies of laser ablation of carbon materials in the form of graphene are
currently underway and present different ambient conditions such as gaseous, liquid, or
vacuum environments [14-16]. Graphene exfoliation achieved by pulsed laser ablation in a
liquid medium is described in [17], where graphite, flexible graphite, and pyrolytic graphite
are used as targets. Important parameters of the process are the wavelength of the laser,
the type of liquid medium, and the target to achieve high-quality graphene nanolayers.
Synthesis using a nanosecond laser pulse irradiating flexible graphite, which rapidly leads
to high-quality layers during one exfoliation step, proved to be the most optimal choice of
parameters for the synthesis of graphene in a liquid medium [18].

The use of pulsed laser exfoliation in a vacuum environment to obtain 2D carbon
materials from a polymer matrix was described in 2018 [19]. A polymer was deposited
as a substrate in a vacuum chamber, and the surface was irradiated with a 532 nm Nd:
YAG pulsed laser to peel the surface layers. The exfoliated material in the form of 2D
carbon layers (CNS) then covered the substrate. Other studies are exploring ways to use
other materials for laser exfoliation. In general, suitable conditions are proposed for laser
exfoliation, such as a flat surface of the irradiated material, a suitable depth of ablation, a
non-oxidizing environment, and also lower energy of the incident photon from the laser
beam than the binding energy in the C-C structure. Theoretical works deal with simulations
of possible processes during laser modification and the influence of wavelength and energy
of the used laser beam [20]. For example, a study by Smirnov et al. is known for setting
a wavelength condition. It determines that for GO reduction by a photochemical effect,
the incident photon must reach a wavelength of less than 387 nm [21]. For this reason, an
excimer beam with a lower wavelength and a higher pulse power in the order of megawatts
cleaves all the bonds connected to the GO [22]. This cleavage of functional groups and
the breaking of bonds is the result of a process of nonlinear photon absorption, where
two or more photons are absorbed into a chemical bond, which is subsequently disrupted.
The consequence of this destruction of bonds can be an increase in porosity but also the
destruction of optical instruments [23].

Laser modification can also be used in the production of thin-film micro capacitors,
where an excimer laser is used to reduce graphite oxide. The advantage of this laser reduc-
tion is its timesaving compared to the reduction of graphene oxide by microwaves [24].
This method of easy and rapid synthesis of graphene provides more homogeneous nanolay-
ers, without surface oxygen, and is more continuous than in the case of microwave reduc-
tion or other rapid methods. Under the given conditions, laser irradiation of graphene
leads, in addition to reduction and exfoliation, also to an increase in the porosity of the
layer, which can be used in the preparation of micro capacitor elements [25].
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At present, however, attention is focused on a new phase of carbon, named quenched
carbon (Q-carbon, Q-C), which shows excellent ferroelectric-related properties, even su-
perior to diamond [26]. Q-carbon, discovered in 2015, is a recently discovered metastable
phase of carbon [27]. It is formed by converting amorphous carbon thin films by nanosec-
ond pulsed laser melting and subsequent quenching in a super undercooled state [28].
It has been proposed that liquid carbon may exist as a thermodynamically stable phase at
high pressures and temperatures. Depending on the laser energy density and the physical
properties of the amorphous film and the substrate, a process of super undercooling and
quenching takes place, which leads to the formation of a metastable state of amorphous
Q-carbon structure possessing unique properties [29]. It is shown that nanosecond laser
heating of diamond-like amorphous carbon on sapphire, glass, and polymer substrates can
be confined to melt carbon in a super undercooled state [29].

Although there are some experimental studies of the effect of laser fluence values
and laser wavelengths on carbon structures and their formation, the interaction of a high
fluence excimer laser with carbon paper consisting of thin amorphous nanoflakes has not
been studied so far. The aim of this work is to study the effect of laser modification with
respect to physico-chemical changes, structural changes, and the appearance of new carbon
forms. The transformations of carbon sheet in a high vacuum, the possibility of changes in
carbon hybridization, and possible new carbon forms amid its high-energy transformation
connected with melting or quenching are presented. To our best knowledge, this topic has
not been studied yet and is thus the target of our research.

2. Materials and Methods
2.1. Materials and Laser Treatment

We used commercially available carbon foil (75 pm thick foil, crystal structure Hexag-
onal/Diamond, melting point 3650 °C supplied by Goodfellow Ltd., Huntingdon, UK).
Surface of carbon foil was modified with a high energy pulsed excimer KrF laser (Coherent
Inc., Santa Clara, CA, USA, Leap 100 K) with a wavelength of 248 nm and a pulse duration
of 20—40 ns, repetition rate of 1 Hz) with stabilized energy range 900-1000 mJ and beam
dimensions of 32 x 13 mm?. An aperture of 30 x 10 mm? used in the experiments with the

application of a lens with the ability to increase the laser fluence up to 8000 mJ-cm 2.

2.2. Characterization

The surface morphology and roughness of modified polymer samples were examined
by atomic force microscopy (AFM) and laser confocal microscopy. For AFM analysis, we
used Dimension ICON (Bruker Corp., Billerica, MA, USA), ScanAsyst mode in air was
used for determination. Silicon tip on nitride lever SCANASYST-AIR with spring constant
0.4 N m~! was used. NanoScope Analysis software (version 1.80, Bruker Corp., Billerica,
MA, USA) was applied for data processing. The mean roughness value (Ra) represents
the average of the deviations from the center plane of the sample. For the laser confocal
microscopy (LCM) analysis, the Olympus LEXT OLS 3100 microscope (Olympus Czech
Group, s.r.o., Prague, Czech Republic) was chosen with the blue laser (A = 407 nm) and
with a magnification of up to 14,400 x.

The surface morphology and elemental composition were acquired with a scanning
electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS). We used the
LYRAS3 device (Tescan, Brno, Czech Republic) with an applied acceleration voltage of 10 kV
for SEM and F-MaxN analyzer and SDD detector (Oxford Instruments, Abingdon, UK)
with an applied acceleration voltage of 10 kV for EDS.

The presence and oxidation state of carbon and partial presence of oxygen in the
surface layer was determined by X-ray photoelectron spectroscopy (XPS). An Omicron
Nanotechnology ESCAProbeP spectrometer (Omicron nanotechnology GmbH, Taunusstein,
Germany) was used. The exposed and analyzed area had a dimension of 2 x 3 mm?.
The X-ray source was monochromatic at 1486.7 eV. Atomic concentrations of elements were
determined by the CASA XPS program using an integrated area of spectrum lines and
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relative sensitivity factors, which are quoted in the database of CASA XPS. The samples
were analyzed under a take-off angle of 19°.

Raman analysis was performed on a dispersed Raman spectrometer DXR Microscope
of the company Thermo Scientific (Walthamm, MA, USA) equipped with confocal mi-
croscope Olympus and thermoelectrically cooled CCD detector. As an excitation source,
we used solid-state Nd:YAG laser (wavelength 532 nm, maximum power 10 mW). Grating
with 900 lines/mm, 25 pum slit aperture, and 50x magnification objective was utilized.
Measurement conditions for the samples were 10 mW laser power, 10 s acquisition time per
scan, and 20 repetitions. Ten spectra were averaged from each surface. Data were processed
using Omnic 9 software (Thermo Scientific, Walthamm, MA, USA).

3. Results and Discussion
3.1. Surface Morphology and Roughness

As was referred above, in this study, we have focused on the possibility of high-
temperature transformations of carbon foil by high-energy excimer exposure. This trans-
formation was studied mainly from the point of view of surface chemistry and surface
morphology changes. As was published earlier, for lower carbon thicknesses of several
hundreds of nanometers, the high-temperature transformation to Q-carbon was success-
fully prepared, which showed excellent ferroelectric-related properties, even superior to
diamond [26]. Q-carbon, discovered in 2015, is a recently discovered metastable phase of
carbon [27]. It is formed by converting amorphous carbon thin films by nanosecond pulsed
laser melting and subsequent quenching in a super undercooled state [28-30]. Further,
recent knowledge about transformations regarding the sp2/sp3 original ratio and its impact
on the Q-carbon was published in [31].

The first step in the study of high-energy excimer impact on carbon sheet was to
characterize the surface morphology changes. Pristine carbon foil consists of nanoflakes
with a thickness of several tenths of nanometers, the morphology of which is similar to that
presented in Figure 1 for excimer treatment with 2000 mJ-cm~?; therefore, we did not intro-
duce the surface morphology of pristine one. As it is obvious from Figures 1 and 2, carbon
transformation is induced only for high laser fluencies, above 4000 mJ-cm 2. The laser
fluence 3000 mJ-cm~2 induced partial “opening” of the nanosheets, but local melting is
still not present. The high-energy induced carbon melt was firstly achieved for the fluence
4000 mJ-cm~2 and persisted for all higher fluencies. Due to the application of the excimer
laser wavelength, we can observe a very interesting phenomenon—that the surface melting
occurs on the very surface of the carbon foil; thus, the bulk of the foil remains almost
unaffected. The melting-induced network structure with specific spherical ends are more
visible on the left column (detailed images of the samples).

As the alternative method for surface morphology changes, atomic force microscopy
was applied. If we look closely at the surface nanostructure of the carbon foil, we have
determined a similar combination of carbon nano leaf after the melting process, as was
determined with the SEM technique. As it is obvious from Figure 3, the laser treatment
2000 mJ-cm~2 did not change the surface morphology significantly, which is in good
agreement with scanning electron microscopy results. The increased laser fluence induced
the carbon leaf formation “collapse”, melting, and formation of the network of super
cooled carbon, as it is described on the 2nd and 3rd lines of Figure 3. As it is obvious
from this Figure, with increasing laser fluence above the carbon melt threshold, there are
no significant further changes in the carbon morphology, including surface properties,
such as roughness or effective surface area; however, these results can be applied only for
application of single laser shot, and the roughness/morphology is significantly altered if
more laser pulses are applied. As it is obvious from the insets of three images presented in
Figure 3, the melted highly amorphous carbon consists of specific layers combined layer by
layer with a thickness of several tenths of nanometers.
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Figure 1. Scanning electron microscopy images of carbon sheet exposed with high-energy excimer
laser and laser fluencies for 2000 and 3000 mJ-cm~2. The scanning areas were 10 x 10 um? (right col-
umn) and 30 x 30 um? (left column). White lines represent six microns (left) and two microns (right).

4000 mJ-cm? [N

AR

Figure 2. Scanning electron microscopy images of carbon sheet exposed with high-energy excimer
laser and laser fluencies for 4000 and 7000 mJ-cm~2. The scanning areas were 10 x 10 um? (right col-
umn) and 30 x 30 um? (left column). White lines represent six microns (left) and two microns (right).
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Figure 3. Atomic force microscopy images of carbon sheet exposed with high energy excimer laser
and laser fluencies from 2000 to 7000 m]-cm_z. The scanning areas were 10 x 10 p.mz. R, represents
the average surface roughness, RMS root mean square roughness, integral area (S), and the difference
from the basic area. The inset represents the 300 x 300 nm? square detail of the morphology.

Excimer exposure with nanosecond pulses has been successfully applied for the
treatment of graphite oxide [32] or femtosecond laser pulses were used for simultaneous
nanopatterning and reduction of graphene oxide [33], where self-organized periodic struc-
tures of reduced graphene oxide (rGO) appeared on GO surfaces upon processing with
a femtosecond laser at fluencies slightly higher than the fluence needed for reduction of
the GO. The interaction of carbon with plasma or excimer laser was previously described
in [34-41]. The interesting chemical and morphological changes in the carbon sheets have
been induced. The second step was to determine the changes in surface chemistry. For this
reason, two analytical methods were applied, EDS and XPS.

3.2. EDS Analysis

The changes in surface chemistry due to excimer treatment determined by EDS
revealed only minor changes in oxygen concentration of carbon foil. The pristine carbon
did not exhibit any oxygen on its surface; the same result was observed for exposure
with 2000 mJ-cm~2. A minor increase in oxygen concentration was observed for laser
fluencies above 3000 mJ-cm~2; however, no significant trend for particular laser fluencies
was observed. The slight oxidation was probably induced after the removal of the samples
from the vacuum chamber into the ambient atmosphere. The atomic concentration of



Materials 2022, 15, 4614

7 of 15

oxygen did not exceed 2 at.% according to the EDS analysis (Figure 4); therefore, we can
conclude that due to the transformation of carbon under higher fluencies, the melted
layer remains stable with no significant chemical changes. This is due to the fact that the
treatment is conducted in a relatively high vacuum, better than 10> Pa, which enables
the preservation of the character of the carbon in a chemically unchanged form, while
remaining structurally altered.

| 2000 mJ cm2 | 4000 mJ-cm2 || 7000 mJ:-cm2 ” 8000 mJ-cm2

C 100 % (at.) C 98.6 % (at.) C 98.3 % (at.) C 98.6 % (at.)
014% 017% 014%

Figure 4. Energy dispersive spectra of carbon sheets exposed with high energy excimer laser and
2

laser fluencies from 2000 to 8000 mJ-cm™<.

On the basis of results acquired from the single-shot excimer laser study, we contin-
ued the study for a higher number of laser pulses. We selected the laser beam fluence
6000 m]-cm’z, and we selected the number of laser pulses two and four. Our main aim
was only to estimate if some significant additive changes regarding carbon structure and
properties occurred if an even higher laser dose was applied. As it is obvious from Figure 5,
the melting process connected with the formation of an amorphous carbon network on
the treated surface is also preserved for higher laser doses; however, as it is obvious
from Figure 5, the surface physico-chemical changes followed the trend from previous
treatment with a single shot, no “significant side effect” has been observed. The rough-
ness of the pattern is increased; however, no additional nano or microstructures have
been observed; therefore, we concluded not to conduct further experiments by increasing
the number of laser beam shots and only to further analyze the pattern constructed by
single-shot exposure.

3.3. Raman Spectroscopy

The important structural properties of carbon can be revealed with Raman spec-
troscopy; therefore, we introduce the Raman spectrum of pristine carbon (Figure 6, black
line) and particular carbon spectra for samples treated with a single shot and different
laser fluence in the interval from 2000 mJ-cm ™2 to 6000 mJ-cm 2 (Figure 6). From these
spectra, it is evident that, due to high energy exposure, the characteristic peak at the
position 1350 cm~! appeared. In the spectra, a typical structure for disordered carbon
structure can be found. It is a combination of two bands known as the D band (maximum
at ~1310 cm ') reflecting the presence of defects in samples and the G band (maximum
at ~1530 cm~!). Generally, Raman spectra of amorphous, nanostructured, diamond-like
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carbon, and nanodiamond were discussed in [42] and above spoken bands were reported
for graphite [43] and by Couzi et al. [44] for the heat-treated glassy carbons and graphite
nanoplatelets. Averaged Raman spectra of differently treated samples show a similar ratio
Ip/Ig ~ 1, similarly to the spectra of above-mentioned carbon allotropes. A higher Ip/Ig
ratio corresponds to more disordered domains.

Figure 5. Scanning electron microscopy images of carbon sheet exposed with high energy excimer
laser and laser fluence 6000 mJ-cm 2, two (25) and four shots (4S) were applied. The scanning areas
were 100 x 100 um? (left column) and 10 x 10 um? (right column). White lines represent 20 microns
(left) and 2 microns (right).

The Raman spectrum of pristine carbon paper corresponds to the Raman spectrum
of graphite with a relatively small number of defects, i.e., quasi-perfectly ordered three-
dimensional (3D) carbon [44,45]. Spectral interpretation of the main Raman bands was
carried out in accordance with generally accepted assignment in the literature for ordered
and disordered graphitic carbons [46,47]. The most prominent feature in the Raman
spectrum of graphite is the G band at 1581 cm ™!, which corresponds to the Ep; phonon
mode at the center of the Brillouin zone and is usually present in all graphitic materials [44].
The shift in a position towards higher wavenumbers with increasing modification power
was published in [48]. The pristine spectrum of nanographite paper also exhibits the second-
order (D + D”), 2D, and 2D’ Raman peaks situated at wavenumber 2452 cm 1, 2718 em L,
and 3246 cm ™1, respectively (the 2D’ band is not shown in Figure 5). It is generally accepted
that the 2D and 2D’ bands are the higher harmonics of Raman inactive vibrational modes
in ordered carbon materials, which are enhanced through double resonance processes
involving the creation of two phonons with opposite wave vectors [44].
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Figure 6. Average Raman spectra for each characterized sample—pristine carbon sheet and the
substrate exposed with single-shot excimer with laser fluence ranging from 2000 mJ-cm~2 to
6000 mJ-cm 2.

We can therefore summarize that our pristine material called nanographite carbon
paper provided a similar Raman spectrum to highly organized graphite; only the 2D
peak was slightly shifted toward position 2700 cm ! compared to the spectrum of highly
oriented pyrolytic graphite in [44].

A rather different situation occurred after exposure to a high-energy excimer laser; the
spectra are introduced within Figure 6 for different laser beam fluencies. The significant
morphology changes as was discussed above, but also structural changes occurred in the
laser-treated carbon and new features appeared on the Raman spectrum, as it is evident
from Figure 6. In particular, the laser treatment has led to the presence of the fundamental
D band situated around 1345 cm~! and to the broadening of the G band. The appearance
of a new fundamental peak is caused by the partial disorder induced by high-energy laser
annealing that creates holes in the 7 valence band. The electron-hole mechanism then
enables the single phonon double resonance scattering outside the center of the Brillouin
zone. The D band position in the spectra of laser-treated samples is slightly shifted from
that reported in [44]. This shift corresponds to the dispersive nature of the D band and the
different excitation lasers used. Another phenomenon is that the excimer laser induces
the diminishing of the second-order (D + D”) and 2D” peaks, while the signal at position
approx. 2700 cm~! is lowered (peak 2D). A new broad second-order Raman peak is
present at position approx. 2930 cm~!. It is activated by the defects through the electron—
hole interaction, similarly to the D band and it is assigned to the combination D + G or
D + D’ [44].

The 10 measured points on irradiated samples exhibited quite a high variance of
Raman spectra; therefore, in order to examine the surface homogeneity, Raman mapping
of carbon sheet exposed with a laser fluence of 4000 mJ-cm~2 was performed. The image
from the optical microscope of the laser-treated sample is introduced in Figure 7, while
the Raman contour plot together with selected typical Raman spectra is shown in Figure 8.
The contour plot colors are based on the ratio of the intensities of the D band and G band
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(In/Ig). Probably due to the unique structure of pristine carbon nanosheet (crystal structure
hexagonal/diamond), some different areas can be distinguished on the treated surface
on the basis of Raman mapping. The major part of the analyzed laser-treated area can be
described as disordered carbon with Ip /I ratio close to 1, but also with different FWHM,;
however, considerable areas with Ip/Ig up to 1.3 or Ip/Ig down to 0.6 have also been
induced by the excimer. In general, the area with a higher Ip /I ratio corresponds to more
disordered domains; by contrast, the lower Ip /I ratio indicated more organized domains
with some spectra resembling the graphitic phase. The dependency of the Ip/Ig ratio
versus the degree of disorder is not monotonic, so there is the possibility of differently
disordered materials with the same Ip /I value; therefore, it is also necessary to take the
width of Raman bands into account. In the Raman mapped surface can be distinguished
spectra with similar Ip /I ratio but with different peak widths between 80-160 cm 1, which
suggests further inhomogeneity of the irradiated surface. Summary of possible carbon
forms and corresponding Raman spectra with respect to the particular peak positions were
discussed in detail in [42].

Figure 7. Optical image of carbon sample treated with excimer laser 4000 mJ-cm 2.

From the Raman analysis, we can finally conclude that the high laser fluence
applied to the carbon layer leads to the recrystallization of the carbon surface; melting
and rapid cooling lead to the formation of disordered carbon with similar Raman
characteristics and peak positions similar to the heat-treated glassy carbon or graphite
nanoplatelets described in [44]. However, the peak positions and rapid carbon melting
could also suggest a presence of DLC layers with similar Raman characteristics and
peak positions similar to amorphous DLC described in [49] or Q-carbon [26-31], so
Q-carbon formation at the edges of the domains is probable, the G peak position (up
to 1575 cm ') was higher than the peak position for the vibrational mode of graphic
planes (1540 cm ™). Properties of the different carbon materials were described in detail
in [50]. The above spoken Raman characteristics indicated the presence of compressive
strain in the film [51], supporting the formation of Q-carbon [31]. The chemical and
surface changes induced by excimer laser wavelength were also observed for silicon
and semiconductors [52,53] or silicon carbide [54-56]. The discussion on the correlation
of surface morphology (e.g., SEM and AFM images) and Ip/Ig ratio changes were
included in the papers [57,58].
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Figure 8. Ip /I contour map of carbon sample treated with excimer laser 4000 mJ-cm~2 with selected
type spectra.

3.4. X-ray Photoinduced Spectroscopy

The surface chemistry of up to 10 atomic layers of the treated surface was stud-
ied with X-ray photoelectron spectroscopy; the selected spectra of pristine carbon and
laser-treated carbon are introduced in Figure 9. It is obvious that even pristine car-
bon nanopaper possesses a minor amount of oxygen on its surface. The high-energy
laser treatment increases the oxygen concentration, as it is described in the right part of
Figure 8. As it is obvious from this dependence, the excimer laser treatment increases

the oxygen concentration; however, only oxygen incorporation after removal from the
vacuum chamber is expected.
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Figure 9. Selected XPS spectra of pristine carbon foil and carbon foil exposed with an excimer laser
and fluence 7000 mJ-cm~2. On the left, the oxygen surface atomic concentrations for pristine carbon

foil and carbon foil treated in interval from 2000 mJ-cm 2 to 8000 mJ-cm 2.

4. Conclusions

We have exposed the carbon paper with hexagonal/diamond crystal structure by
excimer exposure, which changed its surface chemistry and morphology significantly.
The appearance of specific carbon forms and modifications have been detected due to
exposure to laser beam fluencies up to 8000 mJ-cm~2. Carbon transformation was induced
only for high laser fluencies above 4000 mJ-cm~2. Due to the application of excimer laser
wavelength, we can observe a very interesting phenomenon—that the surface melting
occurs on the very surface of the carbon foil; thus, the bulk of the foil remains almost unaf-
fected. The melting induced a network structure with specific spherical ends. The oxygen
concentration in the top 10 atomic layers was altered with an increase in oxygen up to 9.4%,
which was detected with XPS analysis; however, EDS did not confirm significant changes in
oxygen concentration for the modified surface (up to several hundreds of nm), which sup-
ports only partial oxidation of the surface after removal from the chamber. The structural
changes induced by laser treatment were confirmed by Raman analysis; the laser exposure
led to the broadening of the G band, while new peaks appeared on the Raman spectrum.
Laser treatment has led to the presence of the D band situated at 1345 cm ™!, which is
induced by the partial disorder induced with high-energy laser annealing. The excimer
laser also induces diminishing of the (D + D”) and 2D’ peaks, while the 2D band at position
approx. 2700 cm~! is lowered and a new broad second-order Raman peak appears at
position approx. 2930 cm ! activated as the result of defects formed in the crystal struc-
ture. The peak positions and rapid carbon melting could also suggest a presence of DLC
layers with similar Raman characteristics and peak positions similar to amorphous DLC or
Q-carbon, so the Q-carbon formation at the edges of the domains is probable; the G peak
position (up to 1575 cm~!) was higher than the peak position for the vibrational mode of
graphic planes (1540 cm™1). This indicated the presence of compressive strain in the film,
supporting the formation of Q-carbon.



Materials 2022, 15, 4614 13 of 15

Author Contributions: Conceptualization, P.S. (Petr Slepictka) and N.S.K.; methodology, K.H. and
N.S.K,; validation, Z.K. and N.S.K.; formal analysis, V.S. and PS. (Petr Sajdl); investigation, P.S. (Petr
Slepicka), L.L., P.S. (Petr Sajdl) and D.F,; resources, P.S. (Petr Slepi¢ka); data curation, VS, ZK. and
L.L.; writing—original draft preparation, N.S.K. and D.F,; writing—review and editing, P.S. (Petr
Slepi¢ka) and L.L.; supervision, P.S. (Petr Slepi¢ka); funding acquisition, N.S.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Czech Science Foundation (GACR), grant number 20-02120S.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Firsov, A.A. Electric field effect in atomically thin
carbon films. Science 2004, 306, 666—669. [CrossRef] [PubMed]

2. Kim, H.; Ahn, ].H. Graphene for flexible and wearable device applications. Carbon 2017, 120, 244-257. [CrossRef]

3.  Gunther, D,; LeBlanc, G.; Prasai, D.; Zhang, ].R.; Cliffel, D.E.; Bolotin, K.I; Jennings, G.K. Photosystem I on graphene as a highly
transparent, photoactive electrode. Langmuir 2013, 29, 4177-4180. [CrossRef] [PubMed]

4. Balandin, A.A.; Ghosh, S.; Teweldebrhan, D.; Calizo, I.; Bao, W.; Miao, F; Lau, C.N. Extremely high thermal conductivity of
graphene: Prospects for thermal management applications in silicon nanoelectronics. In Proceedings of the 2008 IEEE Silicon
Nanoelectronics Workshop, Honolulu, HI, USA, 15-16 June 2008; pp. 1-2.

5. Park, S.; Shehzad, M.A.; Khan, ML.E,; Nazir, G.; Eom, J.; Noh, H.; Seo, Y. Effect of grain boundaries on electrical properties of
polycrystalline graphene. Carbon 2017, 112, 142-148. [CrossRef]

6. Meng, Y.; Deng, L; Liu, Z; Xiao, H.; Guo, X.; Liao, M; Tian, Y. All-optical tunable microfiber knot resonator with graphene-assisted
sandwich structure. Opt. Express 2017, 25, 18451-18461. [CrossRef]

7. Liang, Y; Liang, X.; Zhang, Z.; Li, W.; Huo, X.; Peng, L. High mobility flexible graphene field-effect transistors and ambipolar
radio-frequency circuits. Nanoscale 2015, 7, 10954-10962. [CrossRef]

8.  Iannaccone, G.; Bonaccorso, F.; Colombo, L.; Fiori, G. Quantum engineering of transistors based on 2D materials heterostructures.
Nat. Nanotechnol. 2018, 13, 183-191. [CrossRef]

9. Tang, R; Han, S,; Teng, F; Hu, K,; Zhang, Z.; Hu, M.; Fang, X. Size-Controlled Graphene Nanodot Arrays/ZnO Hybrids for
High-Performance UV Photodetectors. Adv. Sci. 2018, 5, 1700334. [CrossRef]

10. Li, Q.; Guo, X,; Zhang, Y.; Zhang, W.; Ge, C.; Zhao, L.; Sun, L. Porous graphene paper for supercapacitor applications. J. Mater.
Sci. Technol. 2017, 33, 793-799. [CrossRef]

11.  Stoller, M.D,; Park, S.; Zhu, Y.; An, ].; Ruoff, R.S. Graphene-based ultracapacitors. Nano Lett. 2008, 8, 3498-3502. [CrossRef]

12. Xu, Y,; Bai, H.; Lu, G.; Li, C.; Shi, G. Flexible graphene films via the filtration of water-soluble noncovalent functionalized
graphene sheets. . Am. Chem. Soc. 2008, 130, 5856-5857. [CrossRef] [PubMed]

13. Salz, ].J.; Maguen, E.; Nesburn, A.B.; Warren, C.; Macy, J.I; Hofbauer, ].D.; Berlin, M. A two-year experience with excimer laser
photorefractive keratectomy for myopia. Ophthalmology 1993, 100, 873-882. [CrossRef]

14. Bhaumik, A.; Haque, A.; Taufique, M.EN.; Karnati, P.; Patel, R.; Nath, M.; Ghosh, K. Reduced graphene oxide thin films with very
large charge carrier mobility using pulsed laser deposition. J. Mater. Sci. Eng. 2017, 6, 1-11. [CrossRef]

15.  Russo, P; Hu, A.; Compagnini, G.; Duley, WW.; Zhou, N.Y. Femtosecond laser ablation of highly oriented pyrolytic graphite:
A green route for large-scale production of porous graphene and graphene quantum dots. Nanoscale 2014, 6, 2381-2389. [CrossRef]
[PubMed]

16. Kazemizadeh, F.; Malekfar, R.; Parvin, P. Pulsed laser ablation synthesis of carbon nanoparticles in vacuum. J. Phys. Chem. Solids
2017, 104, 252-256. [CrossRef]

17. Kiran, G.R;; Chandu, B.; Acharyya, S.G.; Rao, S.V,; Srikanth, V.V. One-step synthesis of bulk quantities of graphene from graphite
by femtosecond laser ablation under ambient conditions. Philos. Mag. Lett. 2017, 97, 229-234. [CrossRef]

18. Jalili, M.; Ghanbari, H.; Bellah, S.M.; Malekfar, R. High-quality liquid phase-pulsed laser ablation graphene synthesis by flexible
graphite exfoliation. J. Mater. Sci. Technol. 2019, 35, 292-299. [CrossRef]

19. Qian, M.; Niu, Y.P; Gong, S.Q. Influence of laser wavelength on two-dimensional carbon nanosheet formation from laser-induced
exfoliation of naphthalene. Appl. Surf. Sci. 2018, 428, 549-554. [CrossRef]

20. Jeschke, H.O.; Garcia, M.E.; Bennemann, K.H. Theory for the ultrafast ablation of graphite films. Phys. Rev. Lett. 2001, 87, 015003.
[CrossRef]

21. Smirnov, V.A.; Arbuzov, A.A.; Shul’ga, Y.M.; Baskakov, S.A.; Martynenko, V.M.; Muradyan, V.E.; Kresova, E.I. Photoreduction of

graphite oxide. High Energy Chem. 2011, 45, 57-61. [CrossRef]


http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://doi.org/10.1016/j.carbon.2017.05.041
http://doi.org/10.1021/la305020c
http://www.ncbi.nlm.nih.gov/pubmed/23506192
http://doi.org/10.1016/j.carbon.2016.11.010
http://doi.org/10.1364/OE.25.018451
http://doi.org/10.1039/C5NR02292D
http://doi.org/10.1038/s41565-018-0082-6
http://doi.org/10.1002/advs.201700334
http://doi.org/10.1016/j.jmst.2017.03.018
http://doi.org/10.1021/nl802558y
http://doi.org/10.1021/ja800745y
http://www.ncbi.nlm.nih.gov/pubmed/18399634
http://doi.org/10.1016/S0161-6420(93)31560-5
http://doi.org/10.4172/2169-0022.1000364
http://doi.org/10.1039/C3NR05572H
http://www.ncbi.nlm.nih.gov/pubmed/24435549
http://doi.org/10.1016/j.jpcs.2017.01.015
http://doi.org/10.1080/09500839.2017.1320437
http://doi.org/10.1016/j.jmst.2018.09.048
http://doi.org/10.1016/j.apsusc.2017.09.028
http://doi.org/10.1103/PhysRevLett.87.015003
http://doi.org/10.1134/S0018143911010176

Materials 2022, 15, 4614 14 of 15

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Zhang, Y.L.; Guo, L.; Xia, H.; Chen, Q.D.; Feng, J.; Sun, H.B. Photoreduction of graphene oxides: Methods, properties, and
applications. Adv. Opt. Mater. 2014, 2, 10-28. [CrossRef]

Morozov, N.V. Laser-induced damage in optical materials under UV excimer laser radiation. In Laser-Induced Damage in Optical
Materials: 1994; International Society for Optics and Photonics: Bellingham, WA, USA, 1995; Volume 2428, pp. 153-169.

Xie, B.; Wang, Y.; Lai, W.; Lin, W,; Lin, Z.; Zhang, Z.; Wong, C.P. Laser-processed graphene based micro-supercapacitors for
ultrathin, rollable, compact and designable energy storage components. Nano Energy 2016, 26, 276-285. [CrossRef]

Hosseini, S.M.B.M.; Baizaee, S.M.; Naderi, H.R.; Kordi, A.D. Excimer laser assisted very fast exfoliation and reduction of graphite
oxide at room temperature under air ambient for Supercapacitors electrode. Appl. Surf. Sci. 2018, 427, 507-516. [CrossRef]
Haque, A.; Narayan, J. Electron field emission from Q-carbon. Diam. Relat. Mater. 2018, 86, 71-78. [CrossRef]

Narayan, J.; Bhaumik, A.; Gupta, S.; Haque, A.; Sachan, R. Progress in Q-carbon and related materials with extraordinary
properties. Mater. Res. Lett. 2018, 6, 353-364. [CrossRef]

Bhaumik, A.; Nori, S.; Sachan, R.; Gupta, S.; Kumar, D.; Majumdar, A.K.; Narayan, J. Room-Temperature Ferromagnetism and
Extraordinary Hall Effect in Nanostructured Q-Carbon: Implications for Potential Spintronic Devices. ACS Appl. Nano Mater.
2018, 1, 807-819. [CrossRef]

Bhaumik, A.; Sachan, R.; Narayan, J. A novel high-temperature carbon-based superconductor: B-doped Q-carbon. J. Appl. Phys.
2017, 122, 045301. [CrossRef]

Narayan, J.; Bhaumik, A. Novel phase of carbon, ferromagnetism, and conversion into diamond. J. Appl. Phys. 2015, 118, 215303.
[CrossRef]

Yoshinaka, H.; Inubushi, S.; Wakita, T.; Yokoya, T.; Muraoka, Y. Formation of Q-carbon by adjusting sp3 content in diamond-like
carbon films and laser energy density of pulsed laser annealing. Carbon 2020, 167, 504-511. [CrossRef]

Sokolov, D.A.; Rouleau, C.M.; Geohegan, D.B.; Orlando, T.M. Excimer laser reduction and patterning of graphite oxide. Carbon
2013, 53, 81-89. [CrossRef]

Kasischke, M.; Maragkaki, S.; Volz, S.; Ostendorf, A.; Gurevich, E.L. Simultaneous nanopatterning and reduction of graphene
oxide by femtosecond laser pulses. Appl. Surf. Sci. 2018, 445, 197-203. [CrossRef]

Semeradtova, A.; Stofik, M.; Nedéla, O.; Stangk, O.; Slepictka, P; Kolska, Z.; Maly, J. A simple approach for fabrication of optical
affinity-based bioanalytical microsystem on polymeric PEN foils. Colloids Surf. B Biointerfaces 2018, 165, 28-36. [CrossRef]
[PubMed]

Slepicka, P.; Slepickova Kasalkovd, N.; Pinkner, A.; Sajdl, P.; Kolska, Z.; Svoréik, V. Plasma induced cytocompatibility of stabilized
poly-L-lactic acid doped with graphene nanoplatelets. React. Funct. Polym. 2018, 131, 266-275. [CrossRef]

Liskova, J.; Slepi¢kova Kasalkova, N.; Slepicka, P,; Svoreik, V.; Bacdkova, L. Heat-treated carbon coatings on poly (L-lactide) foils
for tissue engineering. Mater. Sci. Eng. C 2019, 100, 117-128. [CrossRef] [PubMed]

Slepickova Kasalkova, N.; Zéakova, P; Stibor, L; Slepicka, P.; Kolska, Z.; Karpiskova, J.; Svor¢ik, V. Carbon nanostructures grafted
biopolymers for medical applications. Mater. Technol. 2019, 34, 376-385. [CrossRef]

Fajstavr, D.; Neznalova, K.; Svorcik, V; Slepicka, P. LIPSS Structures Induced on Graphene-Polystyrene Composite. Materials
2019, 12, 3460. [CrossRef] [PubMed]

Cutroneo, M.; Havranek, V.; Torrisi, A.; Mackova, A.; Malinsky, P; Slepicka, P.; Sofer, Z.; Torrisi, L. Polydimethylsiloxane-graphene
oxide composite improving performance by ion beam irradiation. Surf. Interface Anal. 2020, 52, 1156-1162. [CrossRef]

Slepicka, P; Slepickova Kasalkova, N.; Siegel, ].; Kolska, Z.; Bacakova, L.; Svorcik, V. Nano-structured and functionalized surfaces
for cytocompatibility improvement and bactericidal action. Biotechnol. Adv. 2015, 33, 1120-1129. [CrossRef]

Zakova, P; Slepickova Kasalkova, N.; Slepi¢ka, P.; Kolskd, Z.; Karpiskov4, J.; Stibor, I.; Svordik, V. Cytocompatibility of
polyethylene grafted with triethylenetetramine functionalized carbon nanoparticles. Appl. Surf. Sci. 2017, 422, 809-816.
[CrossRef]

Ferrari, A.C.; Robertson, J. Raman spectroscopy of amorphous, nanostructured, diamond-like carbon, and nanodiamond.
Philos. Trans. R. Soc. A 2004, 362, 2477-2512. [CrossRef]

Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Cangado, L.G; Jorio, A.; Saito, R. Studying disorder in graphite-based systems
by Raman spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276-1291. [CrossRef] [PubMed]

Couzi, M.; Bruneel, ]J.L.; Talaga, D.; Bokobza, L. A multi wavelength Raman scattering study of defective graphitic carbon
materials: The first order Raman spectra revisited. Carbon 2016, 107, 388-394. [CrossRef]

Ferrari, A.C.; Basko, D.M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 2013,
8, 235-246. [CrossRef] [PubMed]

Jorio, A. Raman spectroscopy in graphene-based systems: Prototypes for nanoscience and nanotechnology. Int. Sch. Res. Not.
2012, 2012, 234216. [CrossRef]

Dresselhaus, M.S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 2005, 49, 47-99.
[CrossRef]

He, M.; Yeo, C. Evaluation of Thermal Degradation of DLC Film Using a Novel Raman Spectroscopy Technique. Coatings 2018,
8, 143. [CrossRef]

Diniz dos Santos, E.; Luqueta, G.; Rajasekaran, R.; dos Santos, T.B.; Cesar Doria, A.C.O.; Radi, P.A.; Pessoa, R.S.; Vieira, L.;
Maciel, H.S. Macrophages adhesion rate on Ti-6Al-4V substrates: Polishing and DLC coating effects. Res. Biomed. Eng. 2016,
32, 144-152. [CrossRef]


http://doi.org/10.1002/adom.201300317
http://doi.org/10.1016/j.nanoen.2016.04.045
http://doi.org/10.1016/j.apsusc.2017.08.029
http://doi.org/10.1016/j.diamond.2018.04.008
http://doi.org/10.1080/21663831.2018.1458753
http://doi.org/10.1021/acsanm.7b00253
http://doi.org/10.1063/1.4994787
http://doi.org/10.1063/1.4936595
http://doi.org/10.1016/j.carbon.2020.06.025
http://doi.org/10.1016/j.carbon.2012.10.034
http://doi.org/10.1016/j.apsusc.2018.03.086
http://doi.org/10.1016/j.colsurfb.2018.01.048
http://www.ncbi.nlm.nih.gov/pubmed/29448217
http://doi.org/10.1016/j.reactfunctpolym.2018.08.006
http://doi.org/10.1016/j.msec.2019.02.105
http://www.ncbi.nlm.nih.gov/pubmed/30948046
http://doi.org/10.1080/10667857.2019.1573943
http://doi.org/10.3390/ma12213460
http://www.ncbi.nlm.nih.gov/pubmed/31652672
http://doi.org/10.1002/sia.6882
http://doi.org/10.1016/j.biotechadv.2015.01.001
http://doi.org/10.1016/j.apsusc.2017.06.089
http://doi.org/10.1098/rsta.2004.1452
http://doi.org/10.1039/B613962K
http://www.ncbi.nlm.nih.gov/pubmed/17347700
http://doi.org/10.1016/j.carbon.2016.06.017
http://doi.org/10.1038/nnano.2013.46
http://www.ncbi.nlm.nih.gov/pubmed/23552117
http://doi.org/10.5402/2012/234216
http://doi.org/10.1016/j.physrep.2004.10.006
http://doi.org/10.3390/coatings8040143
http://doi.org/10.1590/2446-4740.03616

Materials 2022, 15, 4614 15 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

Slepitkova Kasalkova, N.; Slepitka, P.; Svoréik, V. Carbon Nanostructures, Nanolayers, and Their Composites. Nanomaterials
2021, 11, 2368. [CrossRef]

Gupta, S.; Sachan, R.; Narayan, J. Scale-up of Q-carbon and nanodiamonds by pulsed laser annealing. Diam. Relat. Mater. 2019,
99, 107531. [CrossRef]

Paetzel, R.; Brune, J.; Simon, E; Herbst, L.; Machida, M.; Shida, J. Activation of silicon wafer by excimer laser. In Proceed-
ings of the 18th International Conference on Advanced Thermal Processing of Semiconductors (RTP), Gainesville, FL, USA,
28 September-1 October 2010; pp. 98-102.

Conde, ].C.; Martin, E.; Chiussi, S.; Gontad, F; Gonzalez, P. FEM for modelling 193 nm excimer laser treatment of SiO, /Si/Sij_x
Gex heterostructures on SOI substrates. Phys. Status Solidi C 2011, 8, 936-939. [CrossRef]

Pecholta, B.; Gupta, S.; Molian, P. Review of laser microscale processing of silicon carbide. J. Laser Appl. 2011, 23, 012008.
[CrossRef]

Calabretta, C.; Agati, M.; Zimbone, M.; Boninelli, S.; Castiello, A.; Pecora, A.; Fortunato, G.; Calcagno, L.; Torrisi, L.; La Via, F.
Laser Annealing of P and Al Implanted 4H-SiC Epitaxial Layers. Materials 2019, 12, 3362. [CrossRef] [PubMed]

De Silva, M.; Ishikawa, S.; Miyazaki, T.; Kikkawa, T.; Kuroki, S.L. Formation of amorphous alloys on 4H-SiC with NbNi film
using pulsed-laser annealing. Appl. Phys. Lett. 2016, 109, 012101. [CrossRef]

Zhang, P,; Liu, X,; Fang, X.; Chen, X. Synthesis of single-layer graphene film by chemical vapor deposition with molten gallium
catalyst on silicon dioxide. J. Mater. Sci. 2020, 55, 2787-2795. [CrossRef]

Islam, F.; Tahmasebi, A.; Moghtaderi, B.; Yu, J. Structural Investigation of the Synthesized Few-Layer Graphene from Coal under
Microwave. Nanomaterials 2022, 12, 57. [CrossRef]


http://doi.org/10.3390/nano11092368
http://doi.org/10.1016/j.diamond.2019.107531
http://doi.org/10.1002/pssc.201000376
http://doi.org/10.2351/1.3562522
http://doi.org/10.3390/ma12203362
http://www.ncbi.nlm.nih.gov/pubmed/31618862
http://doi.org/10.1063/1.4955406
http://doi.org/10.1007/s10853-019-04131-1
http://doi.org/10.3390/nano12010057

	Introduction 
	Materials and Methods 
	Materials and Laser Treatment 
	Characterization 

	Results and Discussion 
	Surface Morphology and Roughness 
	EDS Analysis 
	Raman Spectroscopy 
	X-ray Photoinduced Spectroscopy 

	Conclusions 
	References

