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ARTICLE INFO ABSTRACT

Keywords: Laser-induced periodic surface structures (LIPSS) were fabricated on silicon substrates using a low number of
LIPSS ultrashort laser pulses with 266 fs pulse duration at a 1030 nm wavelength. The obtained structures were
ultrashort laser pulse investigated with SEM and EDX techniques, then the obtained results were simulated by theoretical calculations.
girsszg::;g;es caleulations In the applied theoretical approach, the LIPSS formation is simulated by a semi-empirical model of interference
surface plasmon polaritons of the incident laser beam with surface-scattered electromagnetic waves generated at a rough surface, which
includes excitation of surface plasmon polaritons (SPP) and accounts for the transient intrapulse changes in
optical properties due to photo-excitation of a dense plasma of electron-hole pairs. The threshold conditions for
SPP excitation were shown to depend on the laser fluence, wavelength, polarization, and number of pulses. These
thresholds were determined from first-principles calculations of the macroscopic dielectric function of the
photoexcited material.
The theoretical simulations demonstrate good agreement with the experimental observations obtained from
SEM analysis. In particular, the optimal number of laser pulses required to achieve the highest LIPSS periodicity
was determined to be two pulses from the theoretical model and three pulses from the experimental study. The
corresponding LIPSS periods were found to be 0.922) and 0.93), respectively. Overall, the applied theoretical
framework shows strong consistency with experimental results and can be further used for predictive optimi-
zation of LIPSS formation conditions for different laser parameters.

1. Introduction threshold [3-5]. This requires dozens or even hundreds of laser pulses
coupled dozens, or even hundreds, of laser pulses focused on the same

Laser induced periodic surface structures (LIPSS) formation is a spot to the same irradiation spot on the surface to produce the periodic

universal phenomenon characterized by threshold behavior [1,2]. LIPSS
can be successfully created using ultrashort laser pulses. While pro-
cessing speed varies with average power, the use of nanosecond pulsed
lasers can be cost-effective solution and reduce processing time, espe-
cially for large-surface processing industry needs. Usually, LIPSS
imprinting on material surfaces is performed by laser pulses with rela-
tively low laser fluences, near or only slightly above the ablation
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surface relief. It has long been assumed that increasing the laser fluence
well above the ablation threshold would result in disordering, or even
the complete erasure, of the periodic structures due to the recoil pressure
of the ablation plume [6]. Recently, an alternative, more advanced
method for the fabrication of nanostructures was proposed [7,8]. This
method employs femtosecond laser pulses in a single-step process,
enabling the formation of high-quality nanostructures.
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The formation of LIPSS has been studied over a broad range of
wavelengths and pulse durations on different materials including metals
[9], semiconductors [10], dielectrics [11], and polymers [12]. LIPSS
formed on different materials can be used as a method to control and
change surface characteristics in various scientific, biomedical, and in-
dustrial applications [13-16]. The most commonly accepted mechanism
of LIPSS formation is associated with the interference of incident laser
light with a wave propagating along the surface, leading to a periodic
intensity modulation that is imprinted onto the surface of the material
[17]. Based on their spatial periodicity, LIPSS formed in the ablation
regime are generally classified into two main types:
low-spatial-frequency LIPSS (LSFL), characterized by a period compa-
rable to the laser wavelength, and high-spatial-frequency LIPSS (HSFL),
whose period is typically an order of magnitude smaller than the laser
wavelength [18]. The formation of HSFL has been successfully described
by numerical solutions of Maxwell’s equations'®. An alternative theo-
retical approach suggests that laser irradiation induces a softening of
crystal bonds, leading to an unstable molten surface layer that un-
dergoes self-organization during re-solidification and forms periodic
surface structures [20]. Recent studies, however, have demonstrated
that high-quality periodic nanostructures can be achieved not only via
single-step approaches, but also by employing ultrashort laser irradia-
tion with a low number of pulses [14-17]. These results indicate that the
interplay among laser fluence, pulse number, and material response is
significantly more complex than previously assumed, thereby opening
new opportunities for efficient, scalable nanostructuring. Nevertheless,
the mutual influence of these parameters and their combined role in
LIPSS formation remain under active discussion.

In this work, we systematically investigate the effect of the number of
laser pulses on the formation, morphology, and quality of LIPSS, with
particular emphasis on regimes ranging from single-pulse irradiation to
multi-pulse exposure. By combining experimental observations with
theoretical analysis, we aim to clarify the conditions required for stable
periodic structure formation and to identify processing windows that
enable high-quality LIPSS fabrication using a reduced number of laser
pulses. We describe LIPSS periodicity using a theoretical model that
accounts for transient intrapulse changes in optical properties due to
photoexcitation of a dense plasma of electron-hole pairs and for the
excitation of surface plasmon polaritons (SPPs). The threshold for SPP
excitation depends on the laser energy flux, wavelength, polarization
direction, and pulse number. We determine these thresholds from the
first-principle calculation of the macroscopic dielectric function of a
photoexcited solid and compare with the experimental results obtained
by SEM imaging. The obtained results provide important insights for the
optimization of laser-based surface structuring technologies and their
practical implementation in scientific and industrial applications. From
an industrial perspective, the ability to form high-quality LIPSS with
only a few laser pulses is particularly important. Reducing the required
pulse number directly translates into higher processing speeds, lower
energy consumption, and improved throughput, which are critical fac-
tors for large-area and high-volume surface processing. Such low-pulse-
number regimes enable efficient implementation of laser surface struc-
turing using high-repetition-rate ultrashort laser systems and facilitate
scaling toward industrial manufacturing.

2. Methods

Laser surface structuring of silicon was performed using a Light
Conversion femtosecond laser system (Pharos) operating at a central
wavelength of 1030 nm with a pulse duration of 266 fs. The laser fluence
was fixed at 0.5 J cm and the repetition rate at 1 kHz, while the number
of pulses incident on a single irradiation spot was varied from 1 to 10.
The focused laser beam diameter was 10.38 um (1/e?). A detailed
calculation of the focused laser spot size was performed in the MAPLE
experiments, including all relevant optical parameters, to ensure full
clarity and reproducibility.
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Prior to laser processing, silicon samples were cleaned sequentially
in acetone, isopropanol, and deionized water using ultrasonic agitation
for 10 min in each solvent, followed by drying in a nitrogen flow. The
samples were then mounted on a motorized translation stage and irra-
diated under ambient atmospheric conditions at room temperature. For
silicon irradiated with ultrashort pulses at 1030 nm, literature reports a
single-pulse ablation/modification threshold around ~0.43 J/cm?, i.e.,
within the 0.4-0.5 J/cm? range depending on the surface/oxide condi-
tion and threshold criterion [18-20]. Importantly, the fluence window
used in the present study was chosen in line with our previous work on
silicon (Gnilitskyi et al. [7]), where highly-regular LIPSS (HR-LIPSS)
were demonstrated to form in the strong-ablation regime at fluences
significantly above the ablation threshold, which is essential for
achieving high regularity and process stability. After laser treatment, the
samples were gently rinsed with isopropanol to remove loose debris and
dried in nitrogen. No additional surface coating was applied prior to
microscopy in order to preserve the native surface morphology.

The surface microstructure and chemical composition of the pro-
cessed samples were examined using a high-resolution field-emission
scanning electron microscope (FE-SEM, Nova NanoSEM 450, FEI
Thermo Fisher Scientific) [21]. Secondary electron images were ac-
quired at accelerating voltages of 5 kV and a working distance of 5-8
mm to ensure high surface sensitivity and spatial resolution.
Energy-dispersive X-ray spectroscopy (EDX) was employed for
elemental analysis, using an attached X-Max 150 EDX silicon drift de-
tector with an energy resolution of 127 eV @ MnKa (Oxford). The EDX
spectra were collected at an accelerating voltage of 5 kV.

Calculations of spectral properties were carried out using a theoret-
ical model that describes transient intrapulse changes in the optical
properties of silicon due to photoexcitation of a dense plasma of
electron-hole pairs, including excitation of surface plasmon polaritons
(SPP). Details of the theoretical approach and methodology can be found
in Refs. [6]° [22], where the time-dependent Schrodinger equation for
band gap materials irradiated by a linearly polarized intense ultrashort
laser pulse with near-infrared wavelength is solved numerically. The
method has been theoretically and computationally modified recently to
describe appropriately the interaction of mid infrared laser pulses with
semiconductor materials. The time-dependent electric field of the
transmitted pulse is given by

E(t) = Eexelt) + Euna(t) 1)

where the induced electric ﬁeldfind(t) accounts for the macroscopic
polarization of the material and the applied electric field has a Gaussian
temporal profile.

fm(t) = eexp| — In4t* / 72| Feoswyt @)

Here ¢ is a unit vector in the direction of the laser polarization, o, is
the laser frequency corresponding to the photon energy, #o, = 1.23eV,
71, is the pulse length, and F is the electric field strength.

3. Results and discussion
3.1. Microstructure of the created dots

The SEM investigation of the studied samples has confirmed the
formation of the periodic structures under laser pulses. A panoramic
SEM image of the series of LIPSS dots created on the silicon surface
under irradiation with linearly polarized femtosecond laser pulses (266
fs) with the same fluence and different numbers of laser pulses (N =
1,2,3,5,7,10) is shown in Fig. 1. The dots for each of the noted numbers
of pulses were created 5 times. The first and most important result
demonstrated here is a very good reproduction of the visually observed
properties of the created dots as a function of the number of pulses. This
result indicates that we can create LIPSS dots on silicon surfaces with
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Fig. 1. Panoramic SEM image of the series of LIPSS dots created on the silicon surface under irradiation with linearly polarized femtosecond laser pulses (266 fs) with
the same fluence and different laser pulses (N =1, 2, 3, 5, 7, and 10) as noted at the top of the image. Letters at the left mark rows of the same consequent attempts

repeated by identical settings.

reproducible, predictable characteristics under the proposed experi-
mental conditions. The second important result is that the structure and
dimensions of the created dots depend on the number of pulses. In the
latter case this is a weak effect: diameters of the dots slightly depend on
the number of pulses and increased from 10.4 microns for the dots ob-
tained with 1 pulse to 14 microns for the dots obtained with 10 pulses
that is in good agreement with the 10.4 microns diameter of the applied
focused laser beam (Fig. 1). The structure of the created dots is
considered for each number of pulses in more details below. For this
consideration, we choose the two most successful attempts for each
number of pulses.

The SEM images of dots created with a single pulse shot are shown in
Fig. 2, dots D1 and E1. As it is possible to see here, the single pulse shot
with applied parameters did not lead to the appearance of well-
recognized periodic surface structures, but a trace of the laser pulse
can be clearly seen on the SEM images even for the single pulse shots
(Fig. 2). The dots have distinctive round borders, and they are sur-
rounded by a cycle of a lighter area with 0.5-micron width (Fig. 2, a, dots
D1 and E1). The diameters of the dots taken into the inner borders are
10.5 and 10.4 microns for the D1 and E1 dots, respectively.

A distinctive periodicity of the structure of the created dots is
appearing with 2 pulses (Fig. 2, dots D2 and E2). One can see well-
separated periodical horizontal rows with only lightly revealed period-
icity inside each of these rows. The horizontal rows have a width of
around 0.9 micron with interval spaces around 0.1 micron between
rows. The structured round areas have well recognized unstructured
borders. The diameters of the structured round areas are 11.8 and 11.0
microns for the D2 and E2 dots, respectively. Widths of the borders are
0.6 and 0.9 microns for the D2 and E2 dots, respectively.

The best LIPSS were obtained with 3 laser pulses (Fig. 2, dots C3 and
E3). Their periodicity is around 0.96 microns, equal to 0.93), where A is
the laser wavelength. The horizontal rows also exhibit periodic prop-
erties. Their widths and margins are changing by about 0.5+0.2 mi-
crons. The widths are not constant; they vary within the noted margins
with a periodicity of 1 micron. Dimensions of the LIPSS area are 12

microns for the C3 and E3 dots, and the border widths are around 0.6
microns. Most of the LIPSS dots created with 3 pulses exhibit defects in
their periodicity at their centers (Fig. 1). Some evidence of the formation
of deeper structural levels with a similar periodicity can be seen in these
LIPSS in high-resolution images (Fig. 2, dot E3).

Images of the LIPSS created with 5 laser pulses have clearly revealed
formation of a deeper layer and even of periodicity in the third direction
(Fig. 2, dots C5 and E5). However, the periodicity of these samples is not
very good. The damaged central area is more spread. Only some places
between centers and borders can still demonstrate good periodicity.
Despite this, the period of structure repetitions is the same for all the
places where it is possible to define it exactly, and it is around 1 micron
as for the previous cases. The LIPSS area is around 13 microns in
diameter. The borders observed for the dots created with a lower
number are already covered by the structured area for the LIPSS created
with 5 pulses, but they can still be seen in Fig. 2, dots C5 and E5. For the
LIPSS created with 7 and 10 pulses, the borders are not observed, di-
ameters of the LIPSS areas are 13.5 and 14 microns, respectively (Figs. 2,
dots C7 and C10). The quality of periodicity also decreases with
increasing the number of pulses to 7 and 10, but this decrease is not as
distinct as it was between the LIPSS created with 3 and 5 pulses. The
periodicity of the structures is also around 1 micron.

Thus, the quality of the LIPSS dots produced depends strongly on the
number of pulses. The most favorable number of pulses for creating
LIPSS on silicon surfaces is 3 under the pulse conditions applied here. On
the other hand, the periodicity of the created structures does not depend
on the number of pulses. It is always around 1 micron, which can be
clearly estimated in both the horizontal and vertical directions. One can
suppose that the observed 1-micron average value of repetitions can be
induced by the 1030 nm wavelength of the applied laser pulses. These
assumptions will be considered below in relation to the experimental
and theoretical investigation of laser-induced processes on silicon sur-
faces that could be responsible for the formation of periodic surface
structures during laser pulses.

Investigation of the elemental composition of the LIPSS profiles has
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Fig. 2. SEM images of the D1, E1, D2, E2, C1, E3, C5, E5, C7, E7, C10 and E10 dots (see Fig. 1 for reference details).

shown that centers of the LIPSS units are saturated with carbon and
oxygen. The process is accompanied by a decrease in the content of Si
atoms at the tops, whereas between the LIPSS centers, silicon remains
the main chemical element (Fig. 3).

Deviations of the chemical composition in the LIPSS are completely
related to the quality of the created dots and have the same dependency
on the number of laser pulses. The best results are obtained with dots
created from 3 laser pulses, where the periodicity of the elemental
composition is very good. The observed changes in elemental compo-
sition should affect at least the conductivity and optical properties of the
created LIPSS.

3.2. Transient Optical properties of laser-excited silicon

The frequency-dependent dielectric function &(w), calculated from
first principles by solving the time-dependent Schrodinger equation
(TDSE) for the laser-driven solid [6], serves as the foundational quantity
for our analysis. The dielectric function is derived from the
non-equilibrium distribution of conduction electrons following photo-
excitation, which is highly non-uniform and anisotropic across the
Brillouin zone. This first-principles approach contains no fitting pa-
rameters; the optical response is computed directly from the micro-
scopically derived carrier distributions.

Using these calculated distributions, the complex optical constants
were simulated. The resulting e(w) represents the electromagnetic
response of the material in the specific, nonlinearly generated state. This

provides a fundamental advantage: while the real part of the dielectric
function for photoexcited silicon can be phenomenologically fitted with
a Drude model using an effective mass m* as a free parameter, such fits
can yield unphysical trends. In contrast, our direct, parameter-free
calculation from the anisotropic non-equilibrium distributions predicts
a physically rigorous, first-principles basis for obtaining &(w) and
correctly identifying plasmonic conditions. When a high-intensity ul-
trashort laser double pulse irradiates silicon, it generates dense, aniso-
tropically distributed electron-hole plasma, transiently inducing a
metallic state. This dramatically modifies e(w) driving Rele(w)] toward
negative values, with the condition for supporting surface plasmon
polaritons (SPPs) at the vacuum-material interface Rele(w)] < — 1. We
theoretically show that, once this condition is met, SPPs are excited,
leading to the formation of low-spatial-frequency LIPSS (LSFL) with
periods near the laser wavelength.

The sharp plasmonic resonance threshold is rigorously defined only
through this first-principles, parameter-free dielectric function. A pro-
nounced, resonant plasmon mode requires that Re[epsilon(omega)] is
sufficiently negative while Im[e(w)] remains relatively small over a
narrow bandwidth. This spectral criterion distinguishes a sharp reso-
nance from a broad, overdamped excitation. Consequently, the effective
plasma frequency w, is not a fitted parameter but is self-consistently
determined by the dielectric function (via the condition Re[¢(w)] = 0).
The fluence threshold Fy for the plasmonic condition is therefore the
fluence at which the TDSE-calculated ¢(w) first satisfies the combined
criteria of sufficiently negative Re[e(w)] and low loss, thereby defining
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Fig. 3. EDX analysis of the dots D1, C3 and C7 (top to down). Top, SEM image with below, corresponding line profiles of Si Ka;, C Kay and O Koy, respectively.

the onset of a resonant plasmon in the transient metallic layer.

Thus, we theoretically study laser-induced periodic surface struc-
tures (LIPSS) with periods near the laser wavelength (LSFL ~ Ap) or low-
spatial-frequency LIPSS (LSFLs), which form in the laser-irradiated
semiconductor. It becomes highly absorptive after irradiation with the
double laser pulse and the LSFL on silicon are formed due to the exci-
tation of mid-infrared- laser-wavelength SPP following the transition to
quasi-free carrier generation-induced metallic state of Si under high
laser intensities.

In Fig. 4 we present the real Fig. 4 (a) and imaginary Fig. 4 (b) parts
of the dielectric function of the photoexcited Si for varying laser fluence

of the driving femtosecond double pulse. It is observed that Re[e(w, F)] it
becomes negative for increasing laser fluence (Fig. 4(a)) due to the
formation of free carrier plasma, while Im[e(w, F)| increases below the
direct absorption edge - Fig. 4 (b).

The imaginary part of the calculated dielectric function is consistent
with the measured one and the direct band gap of silicon found is close
to the experimentally obtained value [23]. As laser fluence increases the
observed main peak in the imaginary part of the calculated dielectric
function decreases and lower peaks are formed below the absorption
edge, which is in good agreement with the results obtained previously
from other ab initio methods [24].
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hio [eV]

Fig. 4. Real (a) and imaginary part (b) of the transient dielectric function of Si
excited by a double laser pulse of 260 fs, with wavelength of 1030 nm and
linear polarizations of the laser along the [001] axis. The fluences of the applied
laser field are F = 2.8 J/cm? (solid black curve), F = 3.8 J/cm? (dash red curve),
F = 4.8 J/cm? (dot blue curve) and F = 6.4 J/cm? (dot-dash green curve).

Since the absorption of the femtosecond double laser pulse in silicon
occurs via the generation of quasi free electrons in the conduction band
of the solid on time scales shorter than the electron-phonon relaxation
time, we calculate the transient absorption coefficient and reflectivity of
the laser-excited silicon for the experimental conditions.

In Fig. 5 the frequency-dependent absorption coefficient a(w) (left
panel) and reflectivity R(w) for normal incidence (right panel) of the
photo-excited Si are presented for varying peak laser intensities of the
mid-infrared double pulse. We define the frequency-dependent absorp-
tion coefficient by a(w) = 4nk /Aa, where k is the extinction coefficient
of the laser-excited Si and 4 is the wavelength in vacuum.

For a lower laser fluence of the driving mid-infrared pulse, it can be
seen from Fig. 5 (a) that the absorption coefficient a(w)of silicon is
primarily governed by its imaginary dielectric function Im(e(w, F)],
which arises from interband transitions in which photons with energy
greater than the bandgap excite electrons from the valence band to the
conduction band.

As the laser fluence increases, the dominant absorption peak di-
minishes in magnitude and shifts toward higher frequencies. At the
highest fluence, the double-pulse-generated plasma induces a highly
absorptive state in silicon as seen in Fig. 5 (c). For a(w) ~ 108¢m1 in the
mid-infrared spectral range.

Silicon’s reflectivity transitions from dielectric-like (lower fluence)
to metal-like (higher fluence) due to laser-induced carriers and
nonlinear effects as seen from Fig. 5 (d) - Fig. 5 (f).

The plasma frequency of Si excited by laser pulse with linear polar-
ization along the [001] for T = 260 fs is plotted in Fig. 6. In this work it is
not a fitted parameter but is self-consistently determined by the
dielectric function via the condition Re[¢(w,F)] = 0.
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3.3. Modeling the excitation of surface plasmon polaritons

To describe the excitation of SPP, dispersion relations are obtained
from the continuity of the electric and magnetic fields at the interface
between two semi- infinite nonmagnetic media with local (frequency-
dependent) dielectric functions ¢; and €5 separated by a planar interface
at z = 0 [25]. The full set of Maxwell’s equations in the absence of
external sources are:

10E
- = i
VXHiZEiE 6[’1
10H,

— g __* i
Vo Bu=—c5 3
— —

V'(SiEl):

g

V.-H =0,

wherei=1forz<0Oandi=2forz > 0.
The solutions to the above equations are s-polarized and p-polarized

electromagnetic modes, with the electric field F and the magnetic field

ﬁparallel to the interface, respectively. For an ideal surface, if waves are
formed that propagate along the interface, there must necessarily be a
component of the electric field normal to the surface. Hence, s-polarized

surface oscillations (whose electric field E is parallel to the interface) do
not exist.

The solution for a wave traveling along the x-axis and a magnetic
field H propagating parallel to the surface (z = 0) (p-polarized wave),
with the electric and magnetic fields tailing off into the positive (z > 0)
and negative (z < 0) directions, is:

E; = (Ex. 0, Ex)exp(—xifz|)exp(i(gix — wt)) )
and
H; = (0,Ey, 0)exp(—ki|z|)exp(i(gix — t)) 5)

where g; represents the magnitude of a wave vector that is parallel to the
surface. From Maxwell’s equations, it follows that:

iy Hyy = %elElx (6)
ikoHoy = —%ezEZX )
and

K= g - e ®

determines the decay of the electromagnetic field with increasing dis-
tance from the surface.

The boundary conditions at the plane z = 0 imply that the component
of the electric and magnetic fields parallel to the surface must be
continuous, leading to the system of equations

K1 K2

—H: —H,, =

£ 1y + P 2y 0 (9)
and

H]y — Hgy = 0 (10)

The condition that this system of equations has a nontrivial solution
provides the dispersion relation connecting the frequency ® of the p-
polarized wave and its wavenumber «:

& €
a2

0 an

K1 K2
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Fig. 5. Left panel- frequency dependent absorption coefficient of Si induced by a double 260 fs laser pulse with wavelength 1030 nm, linearly polarized along the
[001] crystal direction. Right panel- the corresponding frequency-dependent reflectivity of photoexcited silicon. The fluence of the applied laser are 2.8 J/cm? (a, d),
3.8 J/cm® (b, e), 4.8 J/cm” (¢, f).
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Fig. 6. Plasma frequency of Si excited by a laser pulse with linear polarization along the [001] for double pulse of T = 260 fs, and wavelength 1030 nm.

From the boundary conditions, the continuity of the wave vector in
equation (8) is obtained, g1, = gox = gx and therefore the SPP dispersion gp(@) = A

12)
curve can be written as: cVe +é&
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This relation is valid if &1 or e are complex [26] and in this case
gsp(w) is also a complex wave vector whose imaginary part characterizes
an exponential growth or attenuation of the SPP amplitude in its di-
rection of propagation. There is an attenuation of SPP whenIlmgq(w) > 0.

Under the assumption that the excitation of surface plasmons and
their interference with the incident beam is regarded as the predominant
mechanism of periodic structure formation [27,28], the range of the
computed SP wavelengths can provide an estimate of the expected
subwavelength structures on the irradiated material. One way to predict
the laser induced surface periodic structures (LIPSS) period in silicon is
to link the SPP wavelength and the laser wavelength through the defi-
nition of the phase velocity of the SPP v,uspp = @ /Re(q(w)) [29] hence
the SPP wavelength is

0] AL &+ &
== = 1
Ao @) = SRelqi@) ~ MV s (13)

where /;is the laser wavelength? The mean free path Ly, is calculated by
the imaginary part of the SPP wavenumber [30]

1
- 2Im(g(w))

Ly () a14)

The SPP wavelength is directly linked to the LSFL-I periodicity
(Arse = Aspp) [31] and the SPP spatial period Aspp is related to the bulk
dielectric function via equation (13).

For a small number of laser pulses, as in our case, the LSFL period
may coincide with A SPP as the surface corrugations are still small
(depths d << )). Applying this model to semiconductors such as silicon
is justified by the formation of a thin metallic layer during femtosecond
laser irradiation [32]. This layer is a pseudo-metal layer formed in a
solid in a regime of high electronic excitation, where resonant interband
transitions occur. At high peak laser intensities, energy is still absorbed
resonantly via interband transitions within the conduction band. The
calculated dielectric function of the material is used to determine the
fluence regime in which surface plasmon polaritons (SPPs) can form. In
Fig. 4 (a), the condition for surface plasmon excitation, Re (¢) < -1%is
satisfied for fluences F > 2.8 J/cm?. In this regime, we calculate the
frequency-dependent SPP wavelength as shown in Fig. 7.

The SPP wavelength as a function of laser fluence is shown in Fig. 8
for a double pulse of 260 fs and a wavelength of 1030 nm. The ripple
wavelength is close to the laser wavelength at higher fluences. Larger
deviation from the laser wavelength occurs at the threshold fluence.

Fig. 8 shows a fluence dependent threshold to excite SP. It is seen that
for a double pulse of T = 260 fs this fluence threshold is approximately
4.8 J/cm?. This trend agrees with the previously shown increase of
optical breakdown threshold [22] with increasing pulse duration.
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Results presented in Fig. 8 reveal that SPP oscillations can be excited
only for a certain laser fluence range, and there is a well-defined
threshold fluence Fy, for stable surface plasmon polariton excitation.

At high excitation levels, the total fluence of a double-pulse
sequence, which sums the peak fluences of the individual fs-pulses
[33]° can be markedly reduced due to nonlinear plasma effects, as
shown explicitly [6,9]. The reduced fluence values are below the optical
breakdown threshold for silicon [22] and consistent with the results for
the nonlinear absorption regime [6].

Thus, the theoretically predicted ripple wavelength of 0.922) is in
very good agreement with the experimentally observed LIPSS repetition
rate of approximately 0.93) for structures created with three laser pul-
ses. This correspondence indicates that the formed surface patterns
belong to the class of low-spatial-frequency LIPSS (LSFL), which are
typically characterized by periods close to the laser wavelength. At the
same time, the present results clearly demonstrate that, under low-pulse-
number irradiation conditions, the resulting LIPSS periodicity can be
slightly smaller than the laser wavelength, reflecting the influence of
transient laser-matter interaction effects and pulse-number-dependent
excitation conditions. Furthermore, the optimal pulse numbers identi-
fied by theoretical modeling and experimental observations (two and
three, respectively) are in close agreement, confirming the validity of
the applied model. These findings provide important insight into the role
of pulse accumulation effects in the early stages of periodic structure
formation, demonstrating that high-quality LIPSS do not necessarily
require large numbers of laser pulses. Instead, carefully controlled low-
pulse-number regimes can lead to well-defined periodic nanostructures
with predictable characteristics. This has direct implications for the
optimization of laser surface processing, enabling a significant reduction
in processing time and energy input. Overall, the good agreement be-
tween experimental results and theoretical predictions underscores the
potential of the applied model as a predictive tool for tailoring LIPSS
characteristics by adjusting laser parameters and pulse numbers. The
outcomes of this study advance the fundamental understanding of pulse-
number-dependent LIPSS formation mechanisms and offer practical
guidance for efficient, scalable, and industrially relevant laser nano-
structuring, particularly in applications requiring high throughput and
large-area surface processing.

4. Conclusions

In this work, the formation of laser-induced periodic surface struc-
tures (LIPSS) on silicon substrates was systematically investigated using
a low number of ultrashort laser pulses. By varying only the number of
femtosecond pulses while keeping all other laser parameters constant,
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Fig. 7. Surface plasmon polariton wavelength for Si as a function of laser intensity for laser fluences F = 4.8 J/cm? (black solid curve) and F = 6.4 J/cm? (red dashed
curve) for double pulse laser irradiation with duration 260 fs, wavelength 1030 nm and laser polarization along the [001] axis.
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Fig. 8. Calculated surface plasmon wavelengths for Si as a function of laser fluence for laser irradiation with double pulse duration of 260 fs along the [001] axis.

the influence of pulse number on the morphology, periodicity, and
quality of the resulting surface structures was clearly demonstrated.
SEM analysis of the experimental results shows that single-pulse irra-
diation is insufficient for forming well-defined LIPSS, resulting in poorly
developed, weakly ordered surface morphologies. In contrast, stable,
highly periodic structures emerge when two to three laser pulses are
applied, indicating an optimal low-pulse-number regime for LIPSS for-
mation on silicon. Further increases in pulse number do not significantly
improve structural quality, underscoring the importance of precise
control over pulse accumulation effects.

The experimental observations were supported by theoretical simu-
lations based on a semi-empirical interference model that accounts for
surface-scattered electromagnetic waves, the excitation of surface plas-
mon polaritons, and transient intrapulse changes in the optical proper-
ties of silicon due to the formation of a dense electron-hole plasma. The
applied theoretical approach found that the threshold for SPP excitation
depends on laser fluence, wavelength, polarization direction, and pulse
number. We determine these thresholds from a first-principles calcula-
tion of the macroscopic dielectric function of the photo-excited solid.
The theoretical approach successfully predicts the threshold conditions
for SPP excitation and reproduces the experimentally observed LIPSS
periods with good accuracy. The optimal pulse numbers determined by
theory and experiment (two and three pulses, respectively) show close
agreement, as do the corresponding LIPSS periods (0.922% and 0.93)).

Overall, the good consistency between experimental and theoretical
results confirms the validity of the applied model and demonstrates its
potential as a predictive tool for optimizing laser-processing conditions.
The findings of this study contribute to a deeper understanding of pulse-
number-dependent mechanisms in LIPSS formation and provide prac-
tical guidelines for efficient, low-pulse-number laser surface structuring,
which is particularly relevant for high-throughput and large-area in-
dustrial applications.
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