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Circularly polarized femtosecond laser pulses have successfully promoted the formation of Two-Dimensional
Laser Induced Periodic Surface Structures (2D-LIPSS) exhibiting a sub-wavelength periodicity of 150 + 20 nm
on semi-insulating 6H-SiC samples. The main objective of this study was to discern the formation of two-
dimensional LIPSS depending on the single pulse energy and the number of pulses released per unit area. The
experimental laser system used in this study generates pulses with a duration of 100 fs, a wavelength of 800 nm,
and operates at a repetition rate of 1 kHz.

Micro-Raman spectroscopy confirms the presence of the characteristic 6H-SiC peaks across all irradiated
samples, indicating that the processing technique does not induce significant compositional variations. None-
theless, the analysis reveals the induction of compressive stress within the lattice structure.

Samples treated across the entire surface were characterized by using optical analysis in order to assess the
induced variations in absorptance and emittance due to laser irradiation. The treated samples exhibit solar
absorptance values of approximately 75 % and a high spectral selectivity up to 2.0 for temperatures higher than
1000 K. This highlights the potential of fs-laser surface textured 6H-SiC plates as viable selective solar absorbers
for energy conversion devices operating at elevated temperatures.

1. Introduction

The use of ultrashort laser pulses for cold-processing materials has
emerged as a versatile and promising technique with significant ad-
vantages in tailoring and enhancing various physical and chemical
properties [1]. By employing ultrafast laser pulses with durations in the
femtosecond range, precise manipulation of materials at the microscale
[2] and nanoscale [3] is achieved while minimizing the undesired effects
of heat accumulation [4]. This innovative approach enables the prop-
erties customization and enhancement of a wide range of materials,
leading to advancements in diverse fields including solar energy har-
vesting [5,6]. Indeed, the achievement of functional surfaces with
enhanced solar absorption properties is of utmost importance for the
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fabrication of performing selective absorbers. In the past, fs-laser
treatments have been performed on engineered ultra-high temperature
ceramics, such as HfC [7], TaC, [8] and TaBy [9], and refractory metals
such as molybdenum [10] for the capture of the concentrated sunlight.

A key phenomenon that has garnered significant attention for the
tailoring of the optical properties of treated materials is the formation of
Laser-Induced Periodic Surface Structures (LIPSS) [11]. LIPSS are
nanoscale patterns that appear on the material surface during the
interaction with ultra-short laser pulses and facilitates surface modifi-
cations with remarkable control on geometry [12] and spatial resolution
[13], surpassing the limitations of traditional optical technologies.
Among many applications, LIPSS have demonstrated potential in
manipulating mechanical [14] and optical properties [15,16],
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fine-tuning of surface wettability [17], electrochemical properties [18],
interaction with THz radiation [19] and lastly even influencing biolog-
ical interactions [20,21].

The formation of LIPSS is governed by various physical phenomena
that are closely correlated to the properties of the irradiated materials.
In the case of highly absorptive materials like metals, the prevailing
theory suggests that LIPSS derive from the interference between the
incident laser wave and the waves scattered or excited at the material’s
surface [22], such as surface plasmon polaritons [23]. This interference
modulation can lead to localized ablation and the formation of regularly
spaced ripples when the incident light is linearly polarized. On the other
hand, the origin of LIPSS in low-absorption materials such as wide
bandgap semiconductors is still a subject of debate [24]. Several
mechanisms have been proposed, including second harmonic generation
(SHG) [25], interference between the laser beam and surface plasmon
polaritons (SPPs) [26], surface relaxation through self-organization
[27], and Coulomb explosion [28]. However, the most widely
accepted theory for LIPSS formation on dielectric materials suggests that
they arise from the coherent superposition of the scattered near-field at
the surface and the incident electromagnetic field generated by the
propagating laser beam [29,30].

The understanding and control of LIPSS formation mechanisms hold
paramount importance in the field of nanoscale surface engineering of
several promising materials for different opto-electronic applications (e.
g., [31]). Among them, silicon carbide (SiC) has garnered significant
attention due to its exceptional properties [32], making it an ideal ma-
terial for optical [33] and electronic applications [34]. With its wide
bandgap, high thermal conductivity and excellent mechanical strength,
SiC exhibits remarkable potential for the fabrication of photonic devices,
but is limited in the interaction with the visible radiation [35]. There-
fore, to fully capitalize on these advantages, effective strategies for
enhancing absorption in the visible range for SiC are essential as proved
by the many efforts carried out in this direction [36-39].

In this paper, we present a comprehensive study aimed at assessing
the effectiveness of two-dimensional Laser-Induced Periodic Surface
Structures (2D-LIPSS) in enhancing solar absorption properties of silicon
carbide (SiC) on wide surface areas. Whereas photovoltaics involves
active materials that operate at temperatures close to room temperature,
the design of thermal solar absorbers serves a different purpose. These
absorbers are intentionally engineered to reach and operate at elevated
temperatures, even exceeding 1000 °C. To this end, optical absorption
must be maximized. Conversely, at high temperatures, thermal radiation
represents a potential energy loss to be minimized. To fulfil these
distinct requirements, simple and more robust absorbers are developed,
featuring bulk materials with engineered textured surfaces. This
approach ensures enhanced stability and durability, critical attributes
for meeting the demands of these challenging high-temperature
applications.

Building upon previous experiments [13,35], we propose to fabricate
2D-LIPSS on 6H-SiC in one single irradiation step by using circular po-
larization to induce a geometrical enhancement for the light trapping.
Recently, it has been demonstrated that it is possible to obtain array of
nanocolumns on 4H-SiC by using a two-step laser-inducing method [40].
By systematically varying the number of pulses and single pulse energy,
we investigate the occurrence of 2D-LIPSS on SiC surfaces to improve
their efficiency as selective solar absorbers, paving the way for ad-
vancements in photonic and energy conversion devices. Through
detailed physico-chemical characterization using Raman spectroscopy,
we ensure the absence of undesired chemical or structural alterations,
while, through optical analysis, we seek to provide a deeper under-
standing of the potential of 2D-LIPSS in enhancing solar absorption
properties of SiC further validating the viability of this approach.
Furthermore, the process scanning mode demonstrated its efficacy in
uniformly treating large silicon carbide areas, yielding significant im-
provements in the functional surface properties. This research not only
contributes to fundamental knowledge but also holds practical
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implications for harnessing enhanced optical properties in applications
ranging from energy conversion to photonics.

2. Materials and methods
2.1. Laser texturing

The surface nanotexturing treatments were performed using a Ti:
Sapphire femtosecond laser (Spectra-Physics, Milpitas, CA, USA) with
the following characteristics: 100 fs pulse duration, linear polarization,
wavelength A5 = 800 nm, adjustable repetition rate up to 1 kHz. The
laser beam was generated by a mode-locked oscillator and subsequently
regeneratively amplified. The pulses outcoming from the laser system
were linearly polarized, so a rotation at 45° to the optic axis of a A/4
plate was used to turn the polarization to circular.

Pulses were perpendicularly focused in air by an objective lens (4x,
N.A. = 0.10) onto the surface of a commercially available 6H-SiC (10 x
10 x 0.5 mm®, double-side polished, roughness < 30 nm, provided by
Precision Micro-Optics Inc.). As a first approximation, the laser spot-size
was assessed a posteriori by analysing the ablation and modification
areas with scanning electron microscopy (SEM).

After the laser irradiation, a cleaning process was applied by
immersing the samples in an ultrasonic bath with acetone for 10 min and
rinsing them in deionized water to remove nano-debris.

2.2. Structure and morphology characterization

Surface morphology was analysed by Field-Emission Gun Scanning
Electron Microscopy (FEG SEM) obtained by a Zeiss Microscope (model
Leo Supra 35; Oberkochen, Germany).

The software Gwyddion (version 2.62) was used to perform 2D Fast
Fourier Trans-formation (2D-FFT) analysis of 30 x 30 pmz sized SEM
images to obtain reliable values of LIPSS periodicity.

2.3. Physico-chemical characterization

Physico-chemical characterization was carried out by Raman spec-
troscopy using a Horiba Scientific LabRam HR Evolution confocal
spectrometer equipped with a 100 mW Oxxius (lexc = 532 nm) laser
source and a computerized XY-table, an electron-multiplier CCD detec-
tor, and an Olympus USRE2 microscope with a 100x objective (laser
spot on the sample surface 0.7 pm) with a numerical aperture (NA) of
0.9, and a grating with 1800 grooves/mm were used. All Raman spectra
were recorded in backscattering geometry focalizing 10 % of the laser
source power at the sample and twenty spectra with an accumulation
time of 10 s were averaged. Samples were measured from 100 to 1800
nm.

2.4. Optical characterizations

The optical behaviour of nanotextured 6H-SiC samples was deter-
mined at room temperature through optical transmittance and hemi-
spherical reflectance measurements in two wavelength ranges: (1)
0.30-2.5 pm, by using a double-beam spectrophotometer (Perkin Elmer
“Lambda900”, MA, USA) equipped with a 150 mm diameter Spec-
tralon®-coated integration sphere; (2) 2.5-11.0 pm by means of a
Fourier Transform spectrophotometer (FT-IR Bio-Rad “Excalibur”, CA,
USA) equipped with a gold-coated integrating sphere and a liquid
nitrogen-cooled detector. In all the cases, the spectra were acquired for a
quasi-normal incidence angle.

3. Results and discussion
In this section, we present a comprehensive analysis of the

morphological and structural properties of the irradiated samples. Our
study focuses on the direct irradiation of single spots on the surfaces of
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6H-SiC, i.e., absence of any relative movement between sample and laser
beam. The first objective was to investigate the effects of the laser
treatments on the resulting morphological and physico-chemical char-
acteristics, specifically as a function of the number of pulses, N, and
pulse energy, Ep. The pulse fluence, ®, is equal to ® = Ep/(ar?), where r
is the 1/¢% Gaussian beam radius of the circular spot.

Table 1 provides a detailed summary of the experimental parameters
employed for the treatments under investigation. After conducting
preliminary irradiations at high pulse energies, which led to severe
damage even with a low number of pulses (<10), we adopted a strategy
that involved selecting a set of four pulse energy levels. The selected
pulse energies were carefully calibrated to work above the threshold for
the LIPSS fabrication, while also avoiding the occurrence of extensive
damage. Additionally, for each pulse energy level, we conducted a series
of experiments employing different numbers of impinging pulses, and
thus obtained different values of accumulated pulse fluence, defined as
®gcc = N o &. For the sake of completeness, the conditions that did not
result in a successful LIPSS fabrication are also reported in the table.

The plot presented in Fig. 1a graphically shows the two regions for
which it was possible to observe or not the formation of LIPSS as a
function of treatment parameters, with a narrow region that will be
investigated in the future for which the LIPSS formation is not assured. A
prominent observation from Fig. la is the evident decrease in the
number of pulses required for LIPSS formation as the energy per pulse
increases. McDaniel et al. elucidated this phenomenon in Ref. [41],
proposing that the lowered threshold fluence needed can be attributed
largely to alterations in the average surface reflectivity that decreases
due to laser induced damage (i.e., the incubation parameter is strictly
correlated to the surface reflectivity). This implies that damaging the
material becomes easier at higher pulse energies. Additional studies on
the role of surface roughness [36] and surface defects [42] on the
decreasing energy threshold needed for LIPSS formation confirm this
hypothesis.

Through this systematic approach, our analysis seeks to provide a
comprehensive understanding of the morphological and structural
changes induced by laser treatments, to elucidate the underlying
mechanisms and establish correlations between these parameters and
the observed alterations.

3.1. Morphological analysis of irradiated spots

First, preliminary SEM investigations were performed to calculate

Table 1
Experimental parameters of the different laser irradiation treatments. The table
reports the values of Ep, @ and N.

Samples  Single Pulse Pulse fluence (J N of Pulses Notes
Energy (uJ) cm?) per spot

Al 70 £ 3.5 7.3+0.7 467 No LIPSS
detected

A2 70 + 3.5 7.3+£0.7 583

A3 70 £ 3.5 7.3+£0.7 636

A4 70 £ 3.5 7.3£0.7 700

B1 80 +4 84+0.8 70 No LIPSS
detected

B2 80+4 8.4+£0.8 140

B3 80 +4 84 +0.8 280

B4 80 + 4 8.4+£0.8 467

Cl1 91 +£4.5 9.5+ 0.9 35 No LIPSS
detected

Cc2 91 +£4.5 9.5+ 09 70

C3 91 +£ 4.5 9.5+0.9 140

C4 91 +£4.5 9.5+09 350

D1 107 £5 11.1+1 23 No LIPSS
detected

D2 107 £5 11.1+1 35

D3 107 £5 11.1+1 58

D4 107 £5 111 +£1 175
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the 1/¢? Gaussian beam diameter, w, of the circular spot on the focal
plane. Using the method proposed by Liu [43], the diameter was esti-
mated to be approximately 36 + 4 um. All the SEM images presented in
this study were captured at the center of the laser spot. It is important to
note that, due to the Gaussian irradiance distribution of the laser beam,
the periphery of the spot receives lower energy intensity, falling below
the modification threshold required for LIPSS fabrication. However, in
practical applications, laser treatments are typically performed over
larger areas, rather than on individual spots. In such cases, this unde-
sired effect becomes negligible as the superimposition of multiple laser
pulses during translational movements ensures that the below-threshold
regions are effectively covered, eliminating the presence of low accu-
mulated fluence borders [44,45]. Therefore, this effect is not critical
when considering the overall treatment area and its impact on the
desired surface modifications if a uniform energy distribution is ob-
tained [44].

Fig. 1b shows how the circularly polarized irradiation induced the
formation of a two-dimensional patterning extending fully over the
sample irradiated area. This can be described as formed by anisotropi-
cally distributed nano-bumps with a circular shape, and presenting an
equivalent diameter of approximately 85 nm, which is well below the
laser wavelength used during the experiment. The observed two-
dimensional patterning was already demonstrated in Ref.[46] by Dur-
bach et al. on a gold thin film deposited on a silicon wafer and it was
attributed to a self-organization process driven by feedback-loop of
interfering surface plasmon polaritons.

Another interesting observation that can be drawn out from Fig. 1c-e
is that the homogeneity of such structures degrades as the single pulse
energy increases. A higher pulse energy leads to a loss of the spatial
order distribution of the nanostructures, but also induces melting and re-
deposition phenomena. This trend suggests that more consistent struc-
tures are obtained when lower pulse energies are used, as it is evidenced
in Fig. 1f for the A3 sample. It is also worth noting that analogous results
to A3 were obtained for a number of pulses between 583 and 700 with
the energy pulses fixed at 70 pJ (® = 7.3 J cm2).

The 2D-FFT analysis (shown in Fig. 1g) points out the presence of
distinct bright spots, indicating the occurrence of a unique spatial
periodicity of about 150 + 20 nm and a fairly ordered arrangement,
which is only detected for the samples produced at the lowest single
pulse energy of approximately 70 uJ (® = 7.3 J cm 2). The spatial
periodicity is in agreement with the theory that ascribes its origin to the
second harmonic generation of electromagnetic fields on the sample
surface [25]. The theoretical value is in this case equal to A = Ag/2n =
153 nm, where n = 2.614 is the refractive index of the SiC sample
measured at 800 nm [47]. Since the spacing between adjacent structures
is lower than Ag/5, the structures formed can be classified as HSFL
(High-Spatial Frequency LIPSS).

For the sake of brevity, we only show the SEM micrographs for the
samples B3 to provide an example on the obtained results (Fig. 1h). The
2D-FFT transformation (Fig. 1i) shows absence of distinct bright spots,
substituted by a ring, indicating a broader distribution of spatial periods.
However, even in this case, a maximum intensity around the spatial
periodicity of 6.53 pm ™" is identified, corresponding to A = 153 =+ 30
nm. It is important to highlight that all the samples that were irradiated
with a single pulse energy greater than 70 pJ present a 2D-FFT similar to
the one presented in Fig. 1i, thus confirming that the most regular
structures are obtainable for the lowest employed energy pulse.

3.2. Physico-chemical characterization

Micro-Raman spectroscopy was employed to investigate the physico-
chemical changes induced by the laser treatment. In this section, we will
focus on presenting the differences observed between samples irradiated
at different single pulse energies. It is important to note that there were
no notable differences between samples irradiated with varying
numbers of pulses at a given single pulse energy. By focusing on the
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Fig. 1. (a) Parameter map (Single Pulse Energy, Pulse Number) indicating the regions where LIPSS formation occurred using a circular polarization. For the sake of
clarity, single pulse fluences, calculated assuming a radius of the Gaussian beam circular section of approximately 18 + 2 pm, are reported in Table 1. The black lines
derive from the application of hyperbolic functions by fitting the NO LIPSS points, and the LIPSS points at the lowest Pulse Number. The white narrow region
represents an area to be investigated to finely find the minimum fluence for the LIPSS formation according to the experimental conditions. The key for the various
observations is shown as an inset. (b, ¢, d, €) SEM micrograph of 6H-SiC samples irradiated at four different pulse energies (A2 = 70 pJ; B2 =80 uJ; C2 =91 pJ; D2 =
107 pJ) at the lowest number of pulses that allowed regular nano-patterning (A2 = 583 pulses; B2 = 140 pulses; C2 = 70 pulses; D2 = 35 pulses). (f) SEM micrograph
of sample A3 (E, =70 uJ; ® =7.3J cm™2; N = 636) at low magnification. In the inset (g) the 2D-FFT transformation of the SEM image is shown. (h) SEM micrograph
of sample B3 (E, = 80 pJ; ® = 8.4J em ™2 N = 280) at low magnification. In the inset (i) the 2D-FFT transformation of the SEM image is shown.

single pulse energy variation, we can efficiently highlight alterations
derived from the laser treatment and gain valuable insights into the
underlying mechanisms of the observed changes.

Raman spectra of A2, B2, C2 and D2 single spots are shown in Fig. 2.
The figure shows Raman spectra collected using the green wavelength
(Zexc = 532 nm). For every spot, the laser beam was focused on the center
of the ablation crater. For the sake of comparison, the Raman spectrum
of untreated 6H-SiC is reported in the same figure and labelled as
reference.

All the spectra exhibit well-defined characteristic peaks of 6H-SiC,
consistent with findings in existing literature [48]. Notably, the sharp
peaks at 765 cm ™! and 787 cm ™! correspond to the FTO (folded trans-
verse optic) modes, while the peak at 962 cm™! relates to the FLO
(folded longitudinal optic) mode. This indicates that the laser treatment
effectively preserved the fundamental structure of the bulk material.
Additionally, the second-order FTO and FLO signals are visible within
the wave number range of 1375 to 1575 cm~! and, at lower frequencies,
the transverse (FTA) and longitudinal (FLA) acoustic modes (FTA at 263
cm™ !, FLA at 502 and 513 cm ™, respectively) are evident, further
confirming the absence of unwanted alterations.

—_ FT0 FLO Reference
3 — AZ
-'-:: B2
E FTO — 2
< —D2
£ FTA FLA J
2 W L 2" Order
i) \‘—_‘_-_-_-_._.\-v—“""_“_\_\_'_‘_‘_‘
£
s
=
\
200 600 1000 1400 1800

Raman Shift (cm™

Fig. 2. Micro-Raman spectra of nanotextured 6H-SiC fabricated with different
values of pulse energies (A2 = 70 uJ; B2 = 80 pJ; C2 = 91 wJ; D2 = 107 wJ). For
the sake of clarity, single pulse fluences, calculated assuming a radius of the
Gaussian beam circular section of approximately 18 + 2 pm, are reported in
Table 1. The most-significant features are labelled in black.
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Compared to the reference SiC, the FLO signals of the four treated
samples exhibit a blue shift of 3-5 cm ™}, and the FTO signals show a blue
shift of 2 em™!, which are indicative of a slight compressive stress
induced by the laser treatment. Moreover, the FWHM (full width at half
maximum) of the FTO mode (3.6 cm™! for the reference) widens by
1.4-3.2 cm_l, and the FLO FWHM (2.6 cm ™! for the 787 cm ™! band and
2.8 cm! for the 765 cm~! band in the case of the reference) also
broadens by 0.8-1.5 cm ™! for the treated samples, due to a significant
larger disorder in the lattice structure caused by the nanostructuring
induced from the laser irradiation.

Conversely, the signals of the FTA and FLA modes present negligible
shifts in the four treated samples spectra. Furthermore, it is possible to
notice that below 600 cm™! an interferential pattern overlaps the
acoustic mode signals showing that the laser source generates the
interference fringes as a sum of the contributes from the air/treated SiC
surface and the treated SiC/bulk SiC surface.

The results obtained by SEM and Raman investigations point out that
the overall SiC structure is maintained unaltered, nevertheless the laser
treatment induces always a residual compressive strain in the 6H-SiC
lattice. It is noteworthy to point out the absence of bands related to
the formation of graphite and/or disordered carbon.

3.3. Optical characterization

To assess the impact of the laser treatment on the optical properties,
we expanded the nanotexturing process to cover the entire surface of the
6H-SiC plates (size of 1 x 1 cm?). This was achieved by employing an
automated X-Y translational stage, which allowed us to perform a raster
scan with 30 um of distance between two contiguous lines along the two
orthogonal directions to the laser beam propagation path. By adjusting
the scanning speed, we varied the number of pulses applied per spot
while keeping the pulse fluence and repetition rate constant. In essence,
this approach allowed us to control the extent of laser exposure on the
samples, enabling the investigation of the optical changes induced by
the treatment. 6H-SiC plates were irradiated on the entire area, with the
selected pulse energy and translational speed corresponded to sample
A2 (® = 7.3 J em % N = 583; circular polarization; air), which is the
treatment providing the most regular patterning as assessed by 2D-FFT.
It is important to denote that the fabrication parameters used, in com-
bination with the chosen distance between two contiguous lines, do not
guarantee a uniform energy distribution because the optimal distance
between two contiguous line to obtain a uniform value of accumulated
average fluence should be < 0.45 w [44]. However, as reported in
Fig. 3a, we nonetheless obtain a fairly regular nanotexturing. In Fig. 3ba
macroscopic picture of the samples after irradiation on the entire area is
shown. The optical characteristics of nanotextured 6H-SiC samples were

Fig. 3. (a) Large area sample fabricated with the selected pulse energy and
translational speed corresponding to sample A2 (Ep = 70 pJ; ® = 7.3 J cm %4 N
= 583). The laser irradiation followed a raster scan with 30 um of distance
between two contiguous lines along the two orthogonal directions to the laser
beam propagation path. (b) Macroscopic picture of the sample irradiated on its
entire surface after the raster scan process.
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assessed at room temperature by measuring spectral transmittance T(4)
and hemispherical reflectance R(4). The spectral absorptance A(1) is
subsequently derived using the relationship:

AQQ) =1 — T(A) — R(A) M

In Fig. 4a the absorptance spectra of the nanotextured samples in the
wavelength range 0.3-11.0 um are shown, as well as the spectra
measured for the reference untreated surface (black line). The graph also
displays spectra of samples investigated in our previous work [35]:
1D-LIPSS nano-texturing labelled with S1 (® =1.1J cm’z; N = 1080;
linear polarization; vacuum) and irregularly patterned texturing
labelled with S3 (® = 1.1 J cm™ % N = 2690; linear polarization; vac-
uum) in the paper of Ref [35]..

The laser-treated sample demonstrates noteworthy improvements in
optical absorptance, with a pronounced enhancement observed in the
visible and near-infrared (near-IR) regions, if compared to the pristine
6H-SiC plate. Of particular interest, the most prominent increase in
absorptance is notably within the wavelength range spanning from 300
nm to approximately 3 um, aligning with a significant segment of the
solar spectrum. Furthermore, the absorptance profile exhibits a gradual
decrease with a consistent slope extending beyond ~ 0.6 um. This
behaviour suggests favourable attributes for the material’s potential role
as a selective solar absorber. The observed rise in absorptance is corre-
lated to the formation of distinct surface features. These features play a
dual role, enhancing the radiation trapping and, at the same time,
expanding the effective surface area available for the interaction with
the incoming electromagnetic radiation. Specifically, surface structures
smaller than the wavelength of light induce antireflective mechanisms
through the internal reflection and the graded index layer effect, as
exemplified by the documented instances of moth’s eyes employing sub-
wavelength structures for antireflection [49]. Conversely, structures on
the surface that exceed the wavelength of light contribute to absorption
by trapping light in cavities, as described by the Fresnel angular
dependence of reflection [50]. In comparison to the previously investi-
gated samples [35], the laser treatment performed in the present work
presents a notable advantage: a significant lower absorptance in the
mid-IR, which means a lower thermal emittance. It is also important to
point out that the regular two-dimensional pattern show a higher
absorptance, if compared to the regular 1D pattern, in the UV-VIS-near
IR, i.e. at the wavelengths of solar spectrum.

The study aims to assess the feasibility of using laser-nanotextured
6H-SiC plates for solar applications. To gauge the effectiveness of
these plates, a key parameter to be analysed is the solar absorptance (),
defined as:

%3

g Ju AW ()i o
[ Woiar(A)d2

where Wi (1) is the global-tilt GT 1.5 airmass and A(2) is the solar
irradiance in the wavelength range between A; = 300 nm and 1, = 3000
nm. By its definition, it immediately follows that @ < 1 (100 % in
percentage).

As it is possible to appreciate in Fig. 4b, the two-dimensional regular
patterning leads to a clear improvement in terms of solar absorptance if
compared with the regular 1D-LIPSS obtained in Ref [35]., with an
enhancement from 58 % to 75 %. However, the « value for 2D-LIPSS is
close to that obtained for to the irregular structures (74 %). This could be
attributed to a similar increase of the effective absorbing area induced
by the laser radiation, but without the presence of irregular grooves
and/or deep holes.

Fig. 4c shows the integrated emittances as a function of temperature
for the sample prepared in the current work and the data obtained in our
previous experiments (sample labelled S1 and S3 in Ref [35].). The in-
tegrated emittance (¢) is defined as:
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Fig. 4. (a) Absorptance spectra in the wavelength range 300 nm-11 pm, (b) Solar absorptance values calculated according to Eq. (2), (c) Integrated emittance and (d)
spectral selectivity in the temperature range 400-1600 K. All the graphs are based on the results obtained after measuring the sample treated in this current work
(2D-LIPSS), the samples reported in Ref.[35] and the untreated sample (also labelled as reference). The 1D-LIPSS corresponds to the sample labelled with S1 in Ref.
[35] and the irregularly patterned surface corresponds to the sample labelled with S3 in Ref.[35].

[ A()B(A, T)da
[ B(A,T)da
where B(4,T) is the blackbody spectral radiance at the operating
absorber temperature T, and spectrally integrated into between 1; = 300
nm and A3 = 16 pm wavelength range accessible by our spectrophoto-

metric analysis.

A high thermal emittance is undesirable for selective solar absorbers
as it leads to the re-emission of a substantial portion of absorbed sunlight
as black-body radiation, contributing to thermal losses rather than being

3

effectively utilized for energy conversion. This phenomenon signifi-
cantly diminishes the efficiency of the absorber, and its impact becomes
more pronounced with increasing temperatures. The 2D-LIPSS present a
better performance, in terms of emissivity, within the range comprised
between room temperature and 800 K if compared to the previous re-
sults obtained in Ref. [35]. Another interesting observation is that both
regular patterned samples (2D-LIPSS, pertaining to this work, and
sample S1 pertaining to Ref. [35]) display a lower emissivity, suggesting
that more ordered patterns could be more suited as a selective solar
absorber.
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Another key parameter for evaluating the performance of a solar
absorber is the spectral selectivity, also known as the a/e ratio. A solar
absorber should ideally have a low emittance to minimize thermal ra-
diation losses. Therefore, the spectral selectivity a/e should be as high as
possible. Fig. 4d shows a/¢ in the temperature range 400-1600 K. This
outcome is notably promising, especially when compared to the most
advanced materials designed for solar absorber applications [51].
Consequently, laser-nanotextured semi-insulating 6H-SiC, following the
optimization and customization of process parameters, fulfills the
criteria for substantial optical absorptance and elevated spectral selec-
tivity, which are mandatory for obtaining an efficient solar absorbing
layers.

4. Conclusions

Single-crystal 6H-SiC, in its semi-insulating form, underwent suc-
cessful nanotexturing through femtosecond circularly polarized pulsed
laser irradiation. The resulting nanostructures exhibit a two-
dimensional space arrangement and a spatial periodicity of around
150 nm, fitting the criteria for Highly Spatially Periodic LIPSS (HSFL).
Notably, the most regular structures are achieved with the lowest
applied pulse energy, approximately 70 pJ corresponding to an energy
fluence of 7.3 J cm™2 This was validated using 2D-FFT analysis,
revealing distinct bright spots that implies a unique spatial periodicity
and a relatively ordered arrangement.

Micro-Raman characterization further confirmed the characteristic
peaks of 6H-SiC for the nanostructured samples, without alteration of
the structural and compositional phases. However, these peaks exhibi-
ted an upshift compared to the reference untreated 6H-SiC peaks,
indicative of a significant compressive strain.

Samples treated across their entire surfaces with a single energy
pulse of approximately 70 pJ (® = 7.3 J ecm~% N = 583) displayed
significantly enhanced optical absorption and solar selectivity. Solar
absorptance increased from 10 % to 75 %, marking an enhancement of
over 7 times compared to the pristine sample. Notably, a maximum
selectivity of 2.0, estimated at operating temperatures exceeding 1000
K, underscores the optical effectiveness of laser-nanotextured semi-
insulating 6H-SiC. This behaviour makes this surface-modified material
as a promising candidate for efficient selective absorption in forth-
coming high-temperature solar cells, particularly for integration within
concentrated solar energy systems. The outcomes of the present work
spotlight the practical utilization potential of laser-nanotextured 6H-SiC
induced by LIPSS in advancing solar energy conversion technologies.
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