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Abstract: Laser-induced periodic surface structures (LIPSS) have gained significant attention due
to their ability to modify the surface morphology of materials at the micro-nanoscale and show
great promise for surface functionalization applications. In this study, we specifically investigate
the formation of LIPSS in silicon substrates and explore their impact on surface-enhanced Raman
spectroscopy (SERS) applications. This study reveals a stepwise progression of LIPSS formation in
silicon, involving three distinct stages of LIPSS: (1) integrated low-spatial-frequency LIPSS (LSFL)
and high-spatial-frequency LIPSS (HSFL), (2) principally LSFL and,(3) LSFL at the edge of the
irradiated spot, elucidating the complex interplay between laser fluence, pulse number, and resulting
surface morphology. Furthermore, from an application standpoint, these high-quality multi-scale
periodic patterns lead to the next step of texturing the entire silicon surface with homogeneous
LIPSS for SERS application. The potential of LIPSS-fabricated silicon substrates for enhancing SERS
performance is investigated using thiophenol as a test molecule. The results indicate that the Au-
coated combination of LSFL and HSFL substrates showcased the highest enhancement factor (EF) of
1.38 × 106. This pronounced enhancement is attributed to the synergistic effects of localized surface
plasmon resonance (LSPR) and surface plasmon polaritons (SPPs), intricately linked to HSFL and
LSFL characteristics. These findings contribute to our understanding of LIPSS formation in silicon
and their applications in surface functionalization and SERS, paving the way for sensing platforms.

Keywords: laser-induced periodic surface structures (LIPSS); surface-enhanced Raman
spectroscopy (SERS); femtosecond laser; ultrashort laser; low-spatial-frequency LIPSS (LSFL);
high-spatial-frequency LIPSS (HSFL); localized surface plasmon resonance (LSPR); surface
plasmon polaritons (SPPs); nanostructuring

1. Introduction

Recently, laser-induced periodic surface structures (LIPSS) have gained remarkable
attention because of their micro-nanoscale resolution. Laser-induced periodic surface
structures (LIPSS) can be generated on various classes of materials, including metals,
semiconductors, dielectrics, and polymers, by utilizing linearly polarized ultrashort laser
pulses [1]. Because of its unique properties, LIPSS can be used in a wide range of appli-
cations in fields such as medicine, optics, tribology, biology, and many more [1–3]. The
emergence of laser-induced periodic surface structures (LIPSS) on various materials opens
up new possibilities for enhancing surface properties, modifying surface topography, im-
proving light–matter interactions, and promoting specific functionalities [4]. Generally,
laser-induced periodic surface structures (LIPSS) are categorized based on their spatial
period. They are divided into two main types: low-spatial frequency LIPSS (LSFL) and
high-spatial frequency LIPSS (HSFL). Low-spatial frequency LIPSS (LSFL) are character-
ized by periods larger than half of the laser irradiation wavelength, whereas high spatial
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frequency LIPSS (HSFL) exhibit periods smaller than half of the incident wavelength [5].
Generally, under low fluence conditions, HSFLs are observed, aligned parallel to the po-
larization of the laser beam. However, as the fluence is increased to a higher regime,
LSFL becomes more prominent and exhibits a perpendicular orientation to the laser beam
polarization. This transition from HSFL to LSFL occurs as the fluence increases and the
number of laser pulses decreases [6]. The formation mechanism of LIPSS in silicon is
attributed to the surface plasmon polaritons (SPPs) [7]. When a laser beam interacts with a
metal or semiconducting substrate, it can excite collective oscillations of electrons known as
surface plasmons. These surface plasmons are coupled to the incident light and propagate
along the surface, forming LIPSS [8]. There are many theories regarding the formation
of LIPSS, such as the Sipe theory [9], Drude model [10] for transient optical properties,
second-harmonic generation [11], self-organization model [12] for high fluence regime, and
many more. Several experimental and theoretical studies have extensively investigated the
formation of LIPSS on silicon by varying laser and process parameters [7,13,14]. Based on
the knowledge gained, research has increasingly shifted toward developing tailored LIPSS
for surface functionalization applications.

SERS has become one of the most versatile and powerful analytical techniques in
molecule sensing due to its ultrahigh sensitivity up to a single molecule [15,16]. Surface-
enhanced Raman scattering can be enhanced through two main methods: chemical and
electromagnetic. However, it is considered that the electromagnetic effect is predomi-
nantly responsible for the amplification of the SERS signal [17,18]. SERS primarily employs
plasmonics, which investigate the interaction between incident light and metallic nanostruc-
tures, leveraging the electromagnetic effect to enhance the Raman signal through specially
designed nanostructures [16,19]. Their nanostructures are random-morphology metallic
SERS substrates or periodic or ordered metallic SERS substrates. However, the morphology
and shape of random metallic SERS substrates are arbitrary and non-reproducible, resulting
in varying SERS efficiency [20]. Several alternative patterning strategies, including electron
beam lithography, nano-imprint lithography, and soft lithography, have been proposed
as alternative approaches that offer sufficient spatial resolution, uniformity, and repro-
ducibility for biomedical applications [21–23]. However, these processes require complex
multiple-step clean-room procedures with continuous high-precision chemical and thermal
processes that are time-consuming and expensive. Alongside sophisticated fabrication
techniques, cost-effective approaches such as self-assembly, colloid lithography, or laser
structuring have emerged [24–26]. Laser structuring is often favored for SERS due to its
precise laser-controlled structuring, which ensures superior uniformity and repeatability
compared to self-assembly and colloid lithography methods. Due to the simpler fabrication
process, cost-effectiveness, and greater design flexibility, LIPSS structures are preferred as
SERS substrates [4]. Ag or Au nanoparticle deposition on laser-textured substrates is com-
mon for SERS applications. These substrates include glass [27], silicon [28], polymer [29],
and metals [30]. A recent study shows the around 108 Raman enhancement of Methylene
Blue (MB) molecules using a laser-structured gold-coated silicon substrate [31]. Erkizan et
al. demonstrated that using LIPSS on silicon with a subsequent thin noble metal (Ag) layer
deposition led to SERS substrates achieving Raman enhancement factors up to 109 [32]. In
addition to 1D LIPSS, 3D LIPSS structures are also employed as SERS platforms [33]. In
addition to LIPSS on silicon, porous silicon can also substantially enhance SERS sensitivity
due to its increased surface area, amplifying the electromagnetic fields within its microstruc-
tures [34]. Three-dimensional multilayered SERS substrates introduce additional plasmonic
hot spots along the z-axis. This substrate detects even lower molecular concentrations,
offering significant advancements for SERS-based applications [35,36].

This study focuses on investigating the formation of HSFL and LSFL on silicon by
femtosecond laser irradiation. The experimental analysis in this study is performed by
systematically varying the fluence (F) from 0.70 J/cm2 to 2 J/cm2 and pulse number
(N) from 0 to 3000. This investigation provides insights into the interplay between these
parameters and their effects on the formation of HSFL and LSFL. Furthermore, we have
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developed three distinct substrates by employing different pulse and line overlapping
techniques: LSFL + HSFL, LSFL, and LSFL surrounding the nanohole. Subsequently, a
thin layer of gold was deposited onto the substrate to make a SERS platform. This work
demonstrates the effectiveness of the LSFL and HSFL approach for SERS applications,
showcasing the significant enhancement achieved in the Raman signal.

2. Experimental Work and Methodology
2.1. Fabrication of LIPSS on Silicon Substrates

An industrial ultrashort pulse laser carried out surface irradiation (Yb: KGW laser,
Pharos from Light Conversion Ltd.) with a pulse duration of 180 fs emitting in the near-
infrared (λ = 1030 nm) with an average power of 6W and operating at repetition rates
up to 600 kHz. The laser ablation experiments were performed on polished crystalline
silicon (orientation <100>) with a thickness of 500 µm at a fixed repetition rate of 100 kHz.
The femtosecond laser pulses were focused to a spot radius of 20 µm (1/e2) at normal
incidence to the substrate surface. The sample was placed on a motorized linear XYZ stage.
A half-wave plate was positioned before the Galvo scanner cyan(intelliSCAN from Scanlab,
Puchheim, Germany ) to change the polarization state of the pulses before focusing. To
obtain the homogeneous LIPSS on silicon, we varied the fluence, pulse overlapping, line
overlapping, and pulse number. After femtosecond laser processing, all samples were
ultrasonically cleaned in isopropanol. The surface morphologies of the LIPSS structure
have been characterized by scanning electron microscopy (SEM).

2.2. Deposition of Gold Nanoparticles onto Silicon Substrates

Gold (Au) thin film was deposited onto laser-fabricated nanostructures using 10 kV
electron beam (e-beam) evaporation (Malz & Schmidt GbR, Meissen, Germany) with a base
pressure lower than 1.4 × 10−6 Torr. The primary objective of this fabrication process was
to achieve surface amplification of the Raman signal. By integrating the gold nanoparticles
onto the LIPSS substrate generated through laser processing, we aimed to create additional
“hotspots” that could support strongly localized surface plasmons. These hotspots, in
turn, contribute to a higher enhancement in the Raman signal [37]. The morphology and
homogeneity of the deposited nanoparticle were examined by scanning electron microscopy.
Depositing Au film on LIPSS structures causes it to fragment into nanoparticles due to
the LIPSS topography and the specific LIPSS pattern influences the resulting nanoparticle
distribution and behavior [38]. The LIPSS experimental procedure and the fabrication of
the Au nanoparticles are shown in Figure 1.

Figure 1. Schematic of the experimental process followed for the fabrication of the gold nanoparticles
on a silicon substrate.
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2.3. SERS Experiments

A solution of thiophenol (99.8% purity, sourced from Sigma-Aldrich, Louis, MO,
USA) was prepared at a concentration of 1 mM in ethanol (sourced from Sigma-Aldrich,
Louis, MO, USA). For subsequent SERS experiments, droplets of this thiophenol solution
were carefully placed onto the Au-coated LIPSS substrates. These droplets were then
left to dry under atmospheric conditions. Raman spectra were obtained using Raman
Spectrometer LabRAM HR Evolution from Horiba and a 785 nm wavelength laser light
was used as the excitation source. The Raman spectra were acquired by collecting scattered
light in backscattering geometry, using a magnification objective of 100×. The Raman data
were obtained with an acquisition time of 5 s and five accumulations. Moreover, laser
polarization was fixed throughout the Raman measurements.

3. Results and Discussion
3.1. Evolution of LIPSS on Silicon

In this study, we investigated the influence of laser fluence and the number of pulses on
the formation of LIPSS in silicon through femtosecond laser irradiation. Figure 2 illustrates
the parameter regimes, plotting the fluence against the number of laser pulses that lead
to the formation of LIPSS on silicon. By systematically varying these two parameters, we
gained valuable insights into the underlying mechanisms governing LIPSS formation and
explored the optimal conditions for their generation.

Figure 2. cyanParameter map illustrating distinct processing regimes for LIPSS on silicon, accompa-
nied by SEM images and their corresponding 2D-FFT analyses in the top right corner: (a) integrated
HSFL and LSFL at a fluence of 0.90 J/cm2 and 20 pulses, (b) predominantly LSFL at a fluence of
0.80 J/cm2 and 100 pulses, and (c) LSFL at the edge of the irradiated spot at a fluence of 0.80 J/cm2

and 800 pulses.

The experimental results demonstrated three distinct stages in the evolution of the
LIPSS formation: HSFL + LSFL, LSFL, and LSFL at the edge of the irradiated spot. In
the initial stages of laser irradiation, characterized by low fluence and a small number of
pulses, the formation of LIPSS is not observed. However, LIPSS to the complete ablation
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became evident with the increased fluence and the number of pulses. This marked the
transition to the first regime (stage I) of HSFL and LSFL, where the number of pulses and
fluence were progressively increased. The orientation of the LSFL is perpendicular to the
electric field, while the orientation of HSFL is parallel to the electric field. Figure 2a depicts
the definitive crossed structure with mixed HSFL and LSFL. LSFL is superposed to the
underlying HSFL, revealing a cross-structure that combines both types at the impact. The
formation of LSFL and HSFL is attributed to surface plasmon polaritons (SPPs). Two types
of SPPs, one at the plasma–air interface and the other at the plasma–substrate interface
generate distinct ripple structures during the femtosecond laser irradiation of silicon [39].
In metals, two periodic surface structures, LSFL and HSFL, are formed by forward and
backwards-propagating SPPs, as discussed by Fuentes et al. [40]. As the number of incident
pulses increases, the HSFL structures begin to diminish, giving rise to the dominance of
LSFL structures. This marks the transition to the second stage (stage II) of LIPSS formation.
With further pulse accumulation, the central parts of the LIPSS are destroyed due to the
Gaussian shape of the laser, leading to the formation of LSFL at the edge of the irradiated
spot (stage III). Importantly, these three stages of LIPSS formation have been observed
across a wide range of pulse fluences. However, it should be noted that a specific number
of pulses is required to advance from one stage to the next. This stepwise progression in
LIPSS formation has been visually demonstrated in Figure 2, showcasing scanning electron
micrograph sequences at different stages in the silicon. The obtained results shed light
on the complex interplay between laser fluence, pulse number, and the resulting surface
morphology, paving the way for precise control of LIPSS formation in silicon.

3.2. Periodicity Dependence on Fluence and Number of Pulses

LIPSS formation, with a specific periodicity, occurs within a certain laser fluence range
close to the material damage threshold and a particular number of pulses. Still, when
the laser fluence is above that range and the number of pulses exceeds a certain limit, the
stronger ablative regime completely cancels out the formation of LIPSS.

Figure 3 illustrates the spatial periodicity of the LIPSS structure as a function of laser
fluence and the number of pulses at a wavelength of 1030 nm with a pulse duration of 180 fs.
In the low fluence regime (<1 J/cm2), we found that the average spatial periodicity of LIPSS
decreased with increasing fluence for up to 1000 pulses. Moreover, the decrease in the
LIPSS period with fluence is also consistent within the range of 150 nm. This behaviour is
consistent with previous studies showing a correlation between fluence and LIPSS periodic-
ity [13]. This decrease is attributed to the coupling between grating-like LSFL surface relief,
formed during the initial laser pulses, and surface plasmon polaritons (SPPs) [41].However,
beyond 1000 pulses, this trend is not consistently followed. A potential reason for this
deviation might be due to the cumulative thermal effects or surface modifications that
become more pronounced with a higher number of pulses. Increasing the laser fluence in
silicon generates more carriers in the conduction band, altering the behaviour of SPPs. In
the medium fluence regime (1 J/cm2 ≤ 1.4 J/cm2), our experimental findings revealed a
fascinating trend: the dependency of the LIPSS period on fluence exhibited a significant
reduction. As the fluence increases within the medium range, the interaction between the
incident laser light and the silicon surface becomes stronger. This intensified interaction
gives rise to a higher density of excited SPPs on the surface, which in turn influences the
formation of LIPSS. The increased density of SPPs facilitates a more efficient redistribution
of energy, leading to the emergence of LIPSS structures with a shorter period, and the
influence of fluence on LIPSS periods becomes less pronounced [13,41,42]. As fluences
rise, the energy deposition becomes more intense, leading to increased melting and re-
solidification processes (without material removal), resulting in a more stable periodicity
until the ablation occurs [7]. Our findings demonstrate a distinct behaviour compared to
metals. In metal, it was found that the periodicity increased with increasing fluence in
contrast to semiconductors [43–45]. The dependence of the larger periodicity of LIPSS on
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higher fluence levels in metals can be attributed to the induction of surface plasma waves
through the parametric decay of laser light [43,45].

Figure 3. LIPSS spatial period as a function of the laser fluence and number of pulses irradiated
by fs-laser pulses on silicon at a wavelength of 1030 nm : (a) low fluence regime (0.70 to 1 J/cm2),
(b) medium fluence regime (1 to 1.4 J/cm2 ), and (c) high fluence regime (1.6 to 2 J/cm2 ).

As shown in Figure 3, the LSFL period decreases from around 1030 nm to around
600 nm as the number of laser pulses increases from 10 to 3000 while impinging on the
same spot at different fluence. The decrement of the LSFL period is particularly significant
up to 1500 pulses, after which there is a slight variation in the periodicity. This observation
indicates that the formation of LIPSS exhibits a pronounced decrease in period initially
but reaches a point of stabilization beyond a certain number of pulses. The behaviour of
the reduction in the LIPSS periodicity with increasing fluence or the number of pulses can
be understood using the surface plasmon polaritons (SPPs) theory [7] or Grating-assisted
surface plasmon-laser coupling [41]

Figure 4 shows the dynamic evolution of the LIPSS in silicon by varying the fluence
and number of pulses. It provides valuable insights into the relationship between these
parameters and the resulting surface morphology. Near the ablation threshold of silicon,
at a fluence of approximately 0.70 J/cm2, the laser-induced surface modification exhibits
intriguing multi-stage behaviour as the pulse number increases. The localized incident
light within the subwavelength ripples causes their elongation, forming elliptically shaped
LIPSS. These show different dimensions along the major and minor axes, contributing to
their elliptical nature. However, as shown in Figure 4, as the pulse number increases from
30 to 200 at a fluence of 0.70 J/cm2, an unexpected transition takes place. The initially
formed elliptical LIPSS gradually evolved into more circular LIPSS. This transformation can
be attributed to the complex interplay between various factors, including the redistribution
of the electric field induced by the ripples, the interplay of interference effects, and surface
plasmon polarization [42,46]. With the increase in pulse number, the anisotropic features of
the LIPSS become less pronounced, resulting in a more circular morphology. By system-
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atically increasing the pulse number and fluence, we notice a progressive transformation
in the surface morphology, with a well-defined LIPSS structure emerging to the nanohole
arrays within the LIPSS structure. Nanoplasmonic coupling is the underlying mechanism
responsible for forming nanoholes within the LIPSS structure. This coupling refers to the in-
teraction between incident light and localized surface plasmons. When incident laser light
interacts with a LIPSS structure, the light is confined to the nano-surface area generated
during the early stage of LIPSS formation. This confinement of light enhances the electric
field distribution within the nano-surface area. The enhanced electric field can cause the
ejection of material from the surface, leading to the formation of nanoholes [47]. As the
pulse number and fluence further increase, the ablation process becomes more prominent.
The enhanced electric field within the nanoholes leads to preferential ablation in those
regions. Consequently, the material surrounding the nanoholes is gradually removed,
forming an ablation carter. Surrounding the ablation crater is the LIPSS structure, which
consists of the remaining surface morphology with nanohole arrays, as shown in Figure 4,
at a fluence of 1.4 J/cm2 and a number of 500 pulses.

Figure 4. SEM images with 2D FFT inset at the top right corner, illustrating LIPSS evolution on silicon
under varied fluences and number of pulses.
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3.3. Fabrication of Large Area Si LIPSS and Damage Studies

Building upon the understanding of SERS and LIPSS, recent investigations have
focused on achieving homogeneously structured large areas on silicon substrates based
on the fluence ranges and the number of pulses evaluated in the previous experiments.
Figure 5 illustrates three different LIPSS substrates and their characteristics. The first
substrate involved the coexistence of LSFL and HSFL. LSFL in this region was evaluated to
be approximately 912 nm, while HSFL exhibited a period of approximately 246 nm. The
second substrate concentrated solely on LSFL to examine its impact. In this area, the period
of LSFL was found to be around 795 nm. The third substrate featured LSFL surrounding a
centrally positioned ablation crater or nanohole. The period of the LIPSS in this section
was measured to be 565 nm.

Figure 5. Scanning electron microscopy (SEM) image of homogeneous large-scale LIPSS structures
and their corresponding 2D-FFT analyses in the top right corner: (a) combination of LSFL and HSFL
(b) LSFL only, and (c) LSFL with nanohole.

Prior to their use as substrates for SERS, the irradiated silicon samples were character-
ized by Raman measurements in order to get a deeper understanding of the modifications
and stress induced by the laser. Through the Raman spectra analysis (Figure 6), notable
observations were made across these stages. In the initial stage, where both LSFL and
HSFL were present, no significant changes in the Raman spectra compared to crystalline
silicon were observed. Progressing to the subsequent stages, namely LSFL dominance and
LSFL with nanohole, Raman spectra analysis revealed a broadening of the silicon peaks.
This broadening indicated alterations in the phonon dispersion and an increase in disorder
within the silicon structure. While a complete conversion to amorphous silicon was not
observed, the broadened spectra suggested the presence of an amorphous layer on the
surface, signifying the formation of defects during the LIPSS generation process. LIPSS
formation on silicon transforms a portion of monocrystalline Si (c-Si) to microcrystalline
Si (mc-Si), shifting the Raman signal from 521 cm−1 to 514 cm−1. This shift depends on
the volume of mc-Si produced by the LIPSS fabrication process. The broadening shown
in Figure 6 is the superimposition of the mc-Si and c-Si Raman lines. Because the Raman
system has not been intensity-corrected at this stage, it is unclear how much mc-Si is pro-
duced by the LIPSS. A 50 nm gold thin film is deposited on the respective silicon substrates
to create SERS substrates in these regions. This choice aligns with previous studies that
consistently show that nano-particles with a diameter of 50 nm produce the maximum
SERS enhancement [48]. The deposition of gold thin films on the structured silicon surfaces
allows for generating localized surface plasmons, which can enhance the Raman signals
of molecules. Detailed SEM and Raman analyses were performed after gold deposition
on different LIPSS substrates. The deposition of the gold layer on LIPSS does not change
the periodicity of the LIPSS substrate. Additionally, the Raman analysis indicated a flat
response attributed to the gold layer’s mirror effect, resulting in no Raman peaks.
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Figure 6. Raman spectra analysis of crystalline silicon and different LIPSS structures.

3.4. Sers Outcomes Across LIPSS Stages

The aim of this study is to develop laser material processing-based techniques by
exploiting the complex interaction between molecular resonances and LIPSS to achieve
heightened SERS outcomes. The SERS characteristics were investigated using the thio-
phenol solution to assess the sensitivity of the Raman signal. The experimental setup
involved dropping 1 mM thiophenol solution in ethanol onto different gold-coated sub-
strates: untreated, LSFL coexisting with HSFL, LSFL substrate, and LSFL surrounding a
central ablation crater or nanohole. Observing a Raman signal for the untreated silicon in
its as-received state is very hard. Figure 7 illustrates the Raman spectrum obtained from
these varied surfaces. The recorded Raman spectra for the range between 220 to 2000 cm−1

distinctly exhibited the characteristic peaks of thiophenol. These peaks were observed at
419, 998, 1022, 1073, and 1574 cm−1, aligning with previous research findings [49–51]. The
results showed that the intensity of the Raman signal was significantly increased using dif-
ferent LIPSS. Most notably, the combined LSFL and HSFL (Stage 1) induced a significantly
higher Raman intensity, revealing a double-periodic profile highlighting the collaborative
enhancement from these interlaced structures. Moreover, as we transitioned through the
stages, a noticeable decrement in Raman intensities has been observed. In contrast to
the first stage, the isolated LSFL substrate (second stage) showed diminished intensities.
The intensities further decreased by the time we reached the third step, where LSFL was
combined with a nanohole, underscoring the variances introduced by each LIPSS substrate.

Table 1 represents the Raman signal enhancement factor (EF) associated with the
different substrates, focusing on 419, 998, 1022, 1073, and 1574 cm−1 bands. At 419 cm−1,
the Au-coated LSFL and HSFL substrate exhibited the highest enhancement factor (EF) of
1.38 × 106. In contrast, the LSFL substrate alone had an EF of 7.43 × 105, while the LSFL
with a nanohole structure registered 4.08 × 105. Moreover, the periodicity of the LIPSS
closely matches the wavelength of the incident Raman laser, which likely contributes to the
slightly higher enhancement factor observed in Stage II compared to Stage I at the 998 cm−1

peak. According to the SERS spectra (Figure 7) and EF (Table 1), the Raman enhancement
factor (EF) order for the structures with three morphologies is Stage III < Stage II <Stage I.
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Figure 7. The SERS spectra of thiophenol molecules in ethanol adsorbed on the as-received Si surface,
Au-coated as-received Si surface, Au-coated combination of LSFL and HSFL surface, Au-coated LSFL
surface, and Au-coated LSFL with nanohole surface.

EF of Raman predominantly increase from the amplification of the local electromag-
netic (EM) field, initiated by mechanisms such as LSPR and surface plasmon polaritons
[52]. SPPs represent propagating charge oscillations excited by the periodicity of LIPSS so
that it effectively enhances SERS, especially when the periodicity aligns with the excitation
wavelength [52]. LSPR is observed when metal nanoparticles have dimensions smaller than
the incident wavelength. This causes a collective oscillation of the valence electrons within
the metal nanoparticle, leading to an enhanced EM field around these particles [33]. Stage
2 (LSFL) and Stage 3 (LSFL with nanohole) excite surface plasmon polaritons (SPPs) due to
their unidimensional periodicity. In contrast, with its intricate multi-directional structures,
Stage I (LSFL and HSFL) supports the excitation of both SPPs and LSPR. This combined
resonance effect in Stage I (LSFL and HSFL) substrate leads to a more pronounced concen-
tration of electromagnetic fields, resulting in higher enhancement factor (EF) of the Raman
signal compared to standard LIPSS structure.

Table 1. Raman shifts and corresponding efficiency factors of thiophenol molecule on
different surfaces.

Peak (cm−1) 419 998 1022 1073 1574

Combination of LSFL and HSFL 1.38× 106 2.63× 104 8.92× 104 2.90× 105 1.70× 105

LSFL Structures 7.43× 105 2.73× 104 9.66× 104 2.62× 105 1.24× 105

LSFL with nanohole structures 4.08× 105 1.49× 104 5.13× 104 1.62× 105 9.77× 104

4. Conclusions

In this work, the evolution of LIPSS formation on silicon has been systematically inves-
tigated by varying the laser fluence and number of pulses. Distinct stages in the evolution
of LIPSS formation are identified,including: (1) integrated low-spatial-frequency LIPSS
(LSFL) and high-spatial-frequency LIPSS (HSFL), (2) predominantly low-spatial-frequency
LIPSS (LSFL), and (3) low-spatial-frequency LIPSS (LSFL) at the edge of the irradiated spot,
presenting a systematic progression influenced by both fluence and pulse numbers. Impor-
tantly, this study revealed a notable interplay between laser fluence and LIPSS periodicity,
wherein an increase in fluence within a given number of pulses led to a reduction in the spa-
tial periodicity of the LIPSS. This behaviour was underpinned by the mechanism of surface
plasmon polaritons (SPPs), where an increase in fluence correlates with a higher density of
excited SPPs. Moreover, experimental results show that the LSFL period sharply decreases
when increasing the number of pulses on the same spot before stabilizing, suggesting a
threshold beyond which LIPSS periodicity remains largely consistent. The SERS character-
istics of each stage were investigated using the thiophenol solution to access the sensitivity
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of the Raman signal. Among the observed structures, the Au-coated combined architecture
of LSFL and HSFL in Stage I showcases a remarkable SERS enhancement of 1.38 × 106.
This pronounced enhancement is due to the combined resonance effect of localized surface
plasmon resonance (LSPR) and surface plasmon polaritons (SPPs). Contrastingly, the LSFL
substrate registers a modest EF of 7.43 × 105. However, when LSFL is integrated with a
nanohole structure, the peak EF slightly decreases to 4.08 × 105. This research pioneered
the development of SERS-sensing platforms through three distinct structuring regimes of
LIPSS by femtosecond laser. Moreover, experimental enhancement factors (EF) revealed
that dual periodic structures are particularly advantageous for these sensing platforms due
to their inherent double resonance.
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