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In this document, we provide additional information and data related to the fabrication of the nanos-
tructures on silicon, as well as the details of the experimental setup. The results are accompanied
by COMSOL simulations of field enhancement achievable with modeled silicon laser induced surface
structures (LIPSS).
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1 Previous works of LIPSS on silicon

Femtosecond laser processing of Si was pioneered by Mazur’s group more than 25 years ago [1]. In this
seminal work, the authors succeeded in producing high aspect ratio silicon microstructures with the aid
of chemical reactions involving SFg and Cl,. The technique was also utilized with various pulse durations
and wavelengths to produce pillar-like silicon nanostructures [2, 3]. Recently, the direct gas-free laser
fabrication of micro- and nanostructures in semiconductor materials has attracted keen interest in the
scientific community. This has prompted extensive works demonstrating deep sub-wavelength silicon
nanostructuring using ultrafast laser excitation in air [4-7]. Silicon nanostructuring was also employed
for producing highly absorptive ”black silicon” [8], generating significant interest in the solar photovoltaic
sector. This is due to its ability to enhance the light-to-electricity conversion efficiency of conventional
crystalline silicon solar cells [9-13].

The first direct-laser processing investigations in Si were carried out under nanosecond pulse excitation
in the visible and near-infrared (NIR) spectral regions [14]. With the advent of ultrafast lasers in the 90s,
the focus quickly shifted towards NIR femtosecond laser excitation. Ultrashort laser beams can efficiently
initiate non-linear processes like multiphoton absorption and tunneling ionization, which involve virtual
states. These effects collectively facilitate the excitation of electrons from the valence band to the
conduction band through the multiple absorptions of sub-bandgap photons. In fact the majority of
studies carried out in silicon so far have been mostly in a range of NIR wavelengths (800 - 1030 nm)
[15-30] and a few in the visible range at 400 and 515 nm [31, 32] or combinations of them [33-35]. A
non-exhaustive summary of these previous works is compiled in Figure S1.
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Figure S1: Non-exhaustive compilation of the obtained silicon nanostructure periodicity (A) using laser
induce periodic surface structuring (LIPSS) as a function of laser technology and irradiation wavelength.
In general, two regimes can be found: High spatial frequency LIPSS (HSFL) and low spatial frequency
LIPSS (LSFL) depending on the attained periodicity of the nanostructures. This work presents the
results obtained using high repetition rate ultrafast deep ultraviolet (DUV) excitation.

For LSFL, A is associated with the interaction between the incident laser beam and surface plasmons
or surface plasmon polaritons (SPPs). This phenomenon occurs due to the weak in-plane interference
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of the incident transverse laser pulse and nearly transverse surface polaritons. These nanostructures
are predominantly observed near the ablation threshold, resulting in a significant periodic modulation
of the surface topography. Furthermore, silicon wafers used in common LIPSS fabrication studies are
considered inert, but this assumption needs to be revisited as, in some cases, LSFL orientation cannot
be explained using the current LIPSS theory [36]. The exact mechanisms underlying the formation of
HSFL remain not fully understood either [37].

Although it is known that there is a correlation between the ripple period and laser wavelength, there
is a scarcity of research focused on the generation of LIPSS caused by DUV lasers. The majority of the
works in this spectral range have used nanosecond pulses at 355 nm [38], 248 nm [39] and 193 nm [40].
The limited research in this wavelength range could be attributed to the prevalence of non-polarized
light emission from most available DUV lasers, which poses a barrier to the formation of LIPSS [40].
Moreover the attained LIPSS structures had modulation depth of around 10 nm or less. To the best of
our knowledge femtosecond DUV excitation has remained unexplored to date. This parameter space is
interesting as the formation of LIPSS in ultrafast time-scales undergoes a considerably different process:
the absorption of radiation, occurring through direct band gap electron excitations of the material, is
not able to be transferred to the lattice by heat diffusion.

2 Experimental setup
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Figure S2: Experimental optical setup featuring an IR femtosecond laser, its harmonic conversion to
DUV, the nanopositioning stage for sample handling and the imaging system. DM: Dichroic Mirror,
TFP: Thin-film polarizer, BBO: Beta Barium Borate, © 5: Brewster’s angle (inset) Example images of
the nanostructured silicon wafer as seen by SEM.

We used a Yb:KGW Pharos laser from Light Conversion for our silicon surface processing setup, which
is depicted in Figure S2. The laser was capable of delivering up to 6 W average power at 1030 nm,
with a pulse duration between 190 fs and 10 ps at up to 200 kHz repetition rate. In order to produce
a DUV beam, second and fourth harmonic conversion stages were used based on Beta Barium Borate
(BBO) crystals to reach a final wavelength of 257 nm. We precisely adjust the DUV energy in a range
between 10 nJ and 300 nJ by rotating a motorized \/2 waveplate to tune the amount of S-polarized light
transmitted through a Thin Film Polarizer (TFP). The average power deposited on the sample did not
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exceed 10 mW in any of the experiments performed. The S-polarized beam is then steered towards a
UV femtosecond-grade 100 mm focal length lens and focused on to the silicon sample surface with a spot
size 2w of 10 pm (1/e?). Patterning the surface with sub-micron accuracy was achieved by moving the
sample using a 3-axis motorized stage with down to 200 nm repeatability. Finally, a microscope imaging
system placed on top of the machining line was used to have live visual feedback over the machining
operations at the few-micron scale.

The UV beam energy delivered to the sample was online monitored during all the tests by sampling a
portion of the beam before the scanning translation stages and regulated using the motorized waveplate.
The UV beam was introduced into the machining setup through a dichroic mirror, which allowed to
simultaneously image the processed sample live.

The S-polarized beam was then directed towards a UV femtosecond-grade lens with a focal length of
100 mm and focused onto the silicon sample surface, producing a spot diameter (2w) of 10 pm (1/e?).
Achieving sub-micron precision in surface patterning was possible by manipulating the sample position
using a 3-axis motorized stage with repeatability down to 200 nm. To monitor and ensure precise
machining operations at the sub-micron scale, we employed a microscope imaging system situated above
the machining setup, providing real-time visual feedback during the processing.

3 Additional FDTD and electromagnetic simulations

The objective of the simulations is to examine the response of three-dimensional silicon morphologies
present in the experimentally tested samples when exposed to a DUV laser beam perpendicular to them.
By roughly tailoring the surface structures in size and shape, it is possible to induce the excitation of
localized field enhancement.

The AFM data shown in the main text clearly revealed the presence of periodic ripples known as laser
induced periodical surface structures (LIPSS) [37], with periodicities ranging from approximately 250
nm to 260 nm. In our modelling approach, we construct parabolic nanostructures that are periodically
placed on a surface. The aspect ratio was established from the measurements based on AFM data so
that the height is approximately 100 nm. To maximize the field enhancement factor, the structures were
oriented perpendicular to the polarization of the incident wave.

Figure S3a and b illustrate the transmission outcomes from the FDTD simulation. A notable contrast
is evident in the transmitted fields penetrating the silicon substrate when comparing a flat surface to
a nanostructured one. In accordance with the absorption coefficient behavior of silicon, photons with
energies exceeding 2.5 eV (corresponding to wavelengths shorter than 500 nm) are entirely absorbed
within the initial tens to hundreds of nanometers. For wavelengths spanning from 500 to 800 nm,
Figure S3b shows that the LIPSS nanostructures diffract incoming light, leading to periodic constructive
interference at varying depths. As anticipated, these depths change with the wavelength, generating
fields at least four times more significant than those achieved with a flat silicon surface.

In our reflectivity simulations, we started by considering the geometry of the nanostructures. Various
surface configurations display different profiles of gradient refractive indices, including linear, parabolic,
cubic, exponential, or sinusoidal forms, influencing transparency and bandwidth of the textured surface.
Particularly in this study we assessed the morphology and measurements of these structures using AFM
traces. Our analysis indicates that the average morphology falls somewhere between hemicylindrical and
triangular shapes. However, we sought to compare the modeled nanostructure’s response with that of
the AFM-derived ones. We used the simulation software COMSOL to solve Maxwell’s equation in a 3D
domain with its embedded Finite Element Method (FEM) solver for differential equations and calculated
the reflectivity at each wavelength parametrically.

The graph in Figure S3c presents the computed reflected spectrum for various models of LIPSS,
alongside the outcomes derived from the FDTD simulation employing the AFM data. Notably, the
actual behavior of LIPSS appears to lie between that of ideal triangular and hemicylindrical LIPSS
for wavelengths larger than 400 nm. Among the shapes investigated, perfectly formed hemicylinders
display the most favorable performance, demonstrating minima around 300 nm with only a few percent
reflectivity. Across the wavelengths between 500 and 1000 nm, the theoretical reflectivity of the modeled
LIPSS ranges between 20% and up to 30% throughout the entire spectral range. It is essential to
highlight that these simulations do not factor in the impact of amorphous phases in the treated silicon,
thus representing an upper limit for the reflectivity.

We performed additional electromagnetic simulations using COMSOL™ to determine the expected
value of the peak field for a parabolic nanostructure resembling the ones obtained experimental as a func-
tion of impinging wavelength. We employ the Finite Element Method (FEM) solver to solve Maxwell’s
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Figure S3: FDTD simulation results of the transmitted electric fields for a light source between 300 and
800 nm. Results are shown for a) flat silicon surface and b) nanostructured surface with LIPSS. ¢) Com-
puted reflectivity of various silicon surfaces: flat, hemicylinders of radius 125 nm, triangular with height
h of 75 nm, alongside with the FDTD response of the LIPSS sample based on the AFM measurements.
d)Visualization of field enhancement in silicon LIPSS modeled as parabolas with periodicity of 250 nm
and height of 100 nm when irradiated with 257 nm, 550 nm, 1000, and 1500 nm light.
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equations within a three-dimensional domain. The simulation first focuses on a silicon nanostructured
surface situated in vacuum. The dielectric properties of silicon are modeled using the experimental values
reported in [41]. For all simulations, the system is excited with an incident electromagnetic plane wave,
linearly polarized, defined as E = Ege~***j, with Ey = 1 V/m and k& = 27/\ (where )\ represents the
wavelength). The FEM meshing refinement is set to a precision level of A/10, and a parametric sweep is
employed in the solver to comprehensively examine the behavior of the nanophotonics system.

Figure S3d shows the field enhancement achievable for LIPSS modeled as parabolic nanostructures
with periodicity of 250 nm and a height of 100 nm. The nanostructures excited by a 257 nm incident field
displays the largest enhancement > 3, and occurring right between the nanopatterns. For longer wave-
lengths, minor field enhancement is also observed, particularly for excitation above 1000 nm. However,
the region where the enhancement occurs is highly localized.

4 Additional data of surface analysis using SEM and AFM

Additional SEM images of the processed sample with parameters v = 25 num/s and pulse energy of E =
27 nJ are included in Figure S4. These were produced close to the threshold for LIPSS formation and
are included here to highlight the effect of seeding into the LIPSS nanopatters by previously existing
nanogrooves on the silicon surface. For example, Figure S4a shows the LIPSS nanopatterns aliging with
previous grooves, while Figure S4b, ¢ and d are magnified versions from the regions of interest including
the seeding effect at the edges of the laser beam and the produced patterns in the central part of the
processed area, respectively. Figure Sde shows the result of an AFM measurement performed on one of
the nano-scratches that seeded the LIPSS formation. These scratches are of the order of a few tens of
nanometers wide and between 10 and 20 nm deep.

15.2 nm

0 nm

Figure S4: a) SEM image of the processed silicon sample near ablation threshold. b) ¢) and d) are
magnified images of regions of interest including the side and central parts of the laser processed areas.
e) AFM measurement of a nano-scratch that seeds the LIPSS formation.
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As stated in the main text, for fluences above the ablation threshold, the formation of ” worm-like”

nanostructures appeared. Here we include measurements of the topography of these structures, showing
that the overall peak to valley distance exceeds 800 nm while the distance between crests is approximately
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Figure S5: Surface topography of ”worm-like” nanostructures as observed by SEM (a) and AFM (b).
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