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Laser-Induced Nano-Functional Surfaces for Enhanced

SERS Performance

Hardik Vaghasiya and Paul-Tiberiu Miclea*

Nanostructured metal surfaces play a crucial role in sensing applications,
particularly in Surface-Enhanced Raman Spectroscopy (SERS). In this study,
laser-induced periodic surface structures (LIPSS) are fabricated on silicon
substrates using femtosecond laser irradiation to investigate their formation
mechanisms and impact on Raman signal enhancement. By systematically
varying the laser fluence and pulse number, their effects are examined on
LIPSS periodicity and, consequently, SERS performance. The results reveal
that increasing laser fluence from 0.80 to 1.40 ) /cm? significantly reduces
LIPSS periodicity due to enhanced Surface Plasmon Polaritons (SPPs)
excitation and energy redistribution. LIPSS exhibit elongated elliptical
structures at lower pulse numbers, which gradually transition into circular
patterns with increasing pulses, driven by electric field redistribution and
interference effects. The influence of LIPSS on SERS is systematically analyzed
using a thiophenol solution to evaluate Raman signal sensitivity. The results
demonstrate that precisely tuned periodicity and depth of LIPSS significantly
enhance SERS signals by optimizing localized electromagnetic fields and
plasmonic resonance effects. Notably, LIPSS with a periodicity of ~795 nm
exhibited the highest enhancement due to the resonant coupling of SPPs with
the excitation laser, while optimal depths (~352-547 nm) balanced hotspot

Such structures can generate new ma-
terial properties with special functional-
ities which can used in various appli-
cations such as medicine, optics, tribol-
ogy, biology, and many more.>®l They are
categorized primarily by their spatial pe-
riod, dividing into two main types: low-
spatial frequency LIPSS (LSFL), which
have periods around the sub-wavelength
scale, and high-spatial frequency LIPSS
(HSFL), which have periods approxi-
mately half the wavelength of the in-
cident laser.’”l Under low fluence con-
ditions, HSFLs are typically observed
aligned parallel to the laser beam’s po-
larization. However, as the fluence in-
creases to a higher range, the LSFL be-
comes more prominent and exhibits a
perpendicular orientation to the polariza-
tion of the laser beam.[®! This transition
from HSFL to LSFL occurs as the flu-
ence increases and the number of laser
pulses rises.®] LIPSS formation in silicon

density and plasmonic efficiency.

1. Introduction

Using ultrashort laser, it is also possible to develop a sub-micron
surface structure called LIPSS. LIPSS has garnered significant
interest due to their micro-nanoscale resolution.!! It has been
demonstrated that LIPSS can be fabricated on any material re-
gardless of material class (metal-semiconductor or dielectric).l'=]
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is attributed to the SPPs. When a laser

beam interacts with a metal or semicon-

ductor substrate, it can excite collective

oscillations of electrons known as surface
plasmons. These surface plasmons are coupled to the incident
light and move along the surface, resulting in the formation of
LIPSS.I”] Numerous theories explain the formation of LIPSS, in-
cluding the Sipe theory,[' the Drude model for transient opti-
cal properties,!!l second-harmonic generation,?! and the self-
organization model for high fluence regimes.[*! Silicon, an im-
portant semiconductor, finds extensive applications in various
optoelectronic, photonic, solar cell, and sensor technologies. The
formation of LIPSS on silicon has been widely studied under dif-
ferent laser irradiation parameters to enhance its functionality
and performance in these applications.[}*1¢]

Surface-enhanced Raman spectroscopy (SERS) has become
one of the most versatile and powerful analytical techniques in
molecule sensing due to its ultrahigh sensitivity up to a sin-
gle molecule and unique “fingerprint” specificity.'’18] As a Ra-
man shift reflects chemical bond vibration in analytes, it can be
used to identify and study a wide range of chemical species.[1*2]
Thus, SERS technique is an attractive tool for sensing molecules
in trace amounts within the field of chemical and biological
trace analysis.[?1?2] It is known that the surface plasmon induced
by the incident electromagnetic field in metallic nanostructure
significantly increases the scattering efficiency, leading to high
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sensitivity of Raman signal.[2*?*] The major reason for this is
the enhanced local electric field of lightwave at a specific fea-
ture like tips or grooves of the metallic nanostructure.”! The
SERS primarily employs plasmonic, which investigates the in-
cident light and metallic nanostructure. The optimization of sur-
face nanostructures revealed a significant difference in the sig-
nal corresponding to the adsorbed molecules, which enhances
the signal depending on the shape, amplitude, and orientation
of the particles constituting the substrate, thus able to quantify
them for example, in biological applications.[?6] The LIPSS sur-
face strongly influences the interaction between the laser light
and the substrate material and so can be used as an analyt-
ical tool for amplifying signals from biomolecules in Raman
spectroscopy.[?®] Recently, an attempt was made to fabricate the
LIPSS structure using the femtosecond laser ablation of Silicon
in acetone, and Ag or Au coating was further deposited by drop-
casting to make the SERS platform. It is evident that the en-
hancement factor of the Raman signal is approximately 10® for
MB (methylene blue) and 107 for ANTA (5-amino-3-nitro-1,2,4-
triazole) molecule, respectively.[*! Similarly, LIPSS with period-
icities of around 600nm on Ti64 alloy with a Au coating were used
as SERS substrates and revealed Raman enhancements by a fac-
tor of 6.7 x 10°.13% A recent study demonstrates that using a laser-
structured silver-coated silicon substrate can enhance the Raman
signal of crystal violet molecules by approximately 10°.31] The
deposition of silver or gold nanoparticles on laser-textured sub-
strates, such as glass,? silicon,*}] polymers,** and metals,*!
is a widely used technique for SERS application.

In these and all other research articles where LIPSS were used
as SERS substrates, only the general increase of roughness or the
extended surface area supplied by the LIPSS was actually used
for SERS. The main impact of the enhancement could be as-
cribed to the noble metal coating, where hot-spots were created in
narrow nano-gaps between Au or Ag nanoparticles. The LIPPS,
therefore, were most of the time only providing increased surface
area for metal nanoparticle attachment. Their own characteristic
structural features, like the period or depth of the LIPPS them-
selves and their impact on SERS, have yet to be investigated. The
potential of the multiple resonances, which can be obtained by
the periodicity and depth of LIPSS for SERS, has been studied
in this work. Initially, the study focuses on investigating the for-
mation of LIPSS on silicon by systematically varying the fluence
(F) from 0.80 to 1.4 J/cm? and pulse number (N) from 0 to 1000.
The depth and periodicity of the resulting structures, with peri-
ods ranging from 640 to 942 nm and controlled depths of up to
approximately 1055 nm, were also thoroughly examined to deter-
mine their impact on the efficiency of the SERS substrates.

2. Experimental Work and Methodology

2.1. Fabrication of LIPSS on Silicon Substrates

An industrial ultrashort pulse laser was utilized for surface irradi-
ation (Yb: KGW laser, Pharos from Light Conversion Ltd.). This
laser system emits in the near-infrared spectrum with a wave-
length of 1030 nm. It features an ultrashort pulse duration of
180 femtoseconds, an average power output of 6 watts, and oper-
ates at repetition rates of up to 600 kHz. The primary material
used in this study is a single-crystal silicon wafer with a crys-
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tallographic orientation of <100>. The wafer has a thickness of
350 um, providing a robust substrate for the experimental pro-
cedures. The beam was focused onto the sample using a 100
mm focal length F-theta objective, obtaining a spot with a diam-
eter of 27 pm. The beam guidance and scanning were managed
by a Galvo scanner (intelliSCAN from Scanlab, Puchheim, Ger-
many). A half-wave plate was positioned before the Galvo scan-
ner to change the polarization state of the pulses before focus-
ing. The laser fluence was adjusted by varying the laser power
at a 100 kHz repetition rate. The sample was mounted on a mo-
torized linear XYZ stage (Standa Ltd), allowing for precise and
automated positioning. First, the effect of the laser fluence and
pulse number on the periodicity of LIPSS has been studied. After
optimizing the process parameter and LIPSS structure, the irra-
diation was scaled up using pulse-to-pulse and line-to-line over-
lapping. A large self-organized periodic LIPSS pattern with an
overall area of (1cm x 1cm) was developed on a silicon sample. Af-
ter femtosecond laser irradiation, all samples were ultrasonically
cleaned in isopropanol to remove any residual debris or contam-
inants from the surface of the silicon. The surface morphologies
of the LIPSS structure have been characterized by scanning elec-
tron microscopy (SEM). The SEM micrographs were acquired us-
ing a secondary electron detector (SED) at 3 and 5 kV acceleration
voltages using a Versa 3D SEM from ThermoScientific. The peri-
odicity of the LIPSS was measured using a two-dimensional fast
Fourier transform (2D FFT).

2.2. Deposition of Gold Nanopatrticles onto Silicon Substrates

SERS is strongly related to the orientation and inter-nanoparticle
coupling of different metal nanostructures, which improves the
reproducibility of the Raman signal. Various Au nanoparticles
have enhanced local electric field around them because of sur-
face plasmons, so the fabrication of Au nanoparticles is a critical
process to maximize the Raman enchantment. Thus, to achieve
the surface amplification of the Raman signal, a 50 nm thin
film of Au was deposited onto laser-fabricated nanostructures us-
ing 10 kV electron beam (e-beam) evaporation (Malz & Schmidt
GDbR, Meissen, Germany) with a base pressure lower than 1.4 X
107¢ Torr. By integrating the thin gold film onto the LIPSS sub-
strate generated through laser processing, we aimed to create
additional “hotspots” that could support strongly localized sur-
face plasmons. These hotspots, in turn, contribute to a higher
enhancement in the Raman signal. Depositing an Au film on
LIPSS structures, with varying depth and periodicity, caused it
to fragment into nanoparticles due to the LIPSS topography. The
specific LIPSS pattern influenced the resulting nanoparticle dis-
tribution and behaviour. The morphology and homogeneity of
the deposited nanoparticles were examined by scanning electron
microscopy, and plasmonic properties were checked by spectro-
scopic investigation. Figure 1 illustrates the LIPSS experimental
procedure and the fabrication process of the Au nanoparticles to
make SERS substrate.

2.3. SERS Experiments

Different SERS templates were prepared based on the morphol-
ogy of the LIPSS structure. To measure field enhancement and
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Figure 1. SERS experimental workflow demonstrating signal enhancement through nanostructuring and metal coating of substrates.

verify sensing properties, a solution of thiophenol (99.8% pu-
rity, sourced from Sigma-Aldrich, Louis, MO, USA), was made
at a concentration of 1 mM in ethanol (sourced from Sigma-
Aldrich, Louis, MO, USA). The droplets of this thiophenol solu-
tion were carefully applied to the Au-coated LIPSS substrates and
allowed to dry under atmospheric conditions for the SERS experi-
ments. The Raman spectra were obtained by Raman spectroscopy
(Horiba LabRAM HR Evolution). The measurements were per-
formed at a wavelength of 785 nm and a 100X objective with a
numerical aperture of 0.9 and a Raman shift range of 200 to 2000
cm~!. The Raman data were recorded with an acquisition time of
10 seconds and five accumulations. Moreover, laser polarization
was fixed throughout the Raman measurements.

3. Results and Discussion

3.1. Tuning LIPSS Periodicity for Surface Functionalization

Our experimental investigation focused on the influence of laser
fluence and the number of pulses on the formation of LIPSS
in silicon through femtosecond laser irradiation. Figure 2 illus-
trates 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. To quantitatively evaluate the
spatial periodicity, a 2D Fast Fourier Transform (2D-FFT) was ap-
plied to the SEM images of the laser-irradiated surfaces. This ap-
proach converts spatial domain features into frequency compo-
nents, where periodic structures appear as distinct peaks in the
spectrum. The spatial periodicity was determined as the recipro-
cal of the distance from the center (zero frequency) to the domi-
nant peak in the frequency spectrum. Figure 2 revealed that with
an increase in laser fluence from 0.80 to 1.4 J/cm?, the spatial pe-
riodicity of the LIPSS decreases significantly. For instance, at a
fluence of 0.80 J/cm?, the periodicity ranges from approximately
990.5 nm down to 803 nm as the number of pulses increases.
Similarly, at higher fluences, such as 1.4 J/cm?, the periodicity de-
creases from around 876 nm to about 735.76 nm. This consistent
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trend across varying fluences highlights the impact of increased
energy deposition in reducing the spatial periodicity of LIPSS on
silicon. This behavior is consistent with earlier research that re-
veals a correlation between fluence and LIPSS periodicity.**! This
decrease in periodicity is attributed to the interaction between the
laser-induced surface structures and surface plasmon polaritons
(SPPs), which are excited more efficiently at higher fluences. As
the laser fluence increases, a greater number of free carriers are
generated in the silicon conduction band, altering the material’s
dielectric function. As a result, the effective SPP wavelength be-
comes shorter. The interference between the laser field and these
shorter-wavelength SPPs generates a finer surface modulation
pattern, leading to the formation of LIPSS with smaller spatial
periods. Additionally, the energy deposition becomes more in-
tense with higher fluence, leading to increased melting and re-
solidification processes (without material removal), resulting in a
more stable periodicity until the ablation occurs.[*’”! Our findings
reveal a distinct behavior in semiconductors compared to metals,
where periodicity increases with higher fluence levels.[?*#% This
increased periodicity in metals is due to the induction of surface
plasma waves through the parametric decay of laser light.[3840]
For all fluence levels, the periodicity starts at higher values for
lower pulse numbers (e.g., ten pulses). It progressively decreases
as the number of pulses increases, eventually reaching a satu-
ration point. This trend is particularly evident at a fluence of 1
J/em?, where the periodicity reduces from 1020.75 to 782 nm with
an increasing number of pulses. The underlying physical phe-
nomena contributing to these observations are the interference
of incident laser light with scattered waves and the excitation of
surface plasmon polaritons (SPPs).l**] Our previous study found
that this trend is not consistently followed beyond 1000 pulses be-
cause of the cumulative thermal effects or surface modifications
that become more pronounced with more pulses.[*!!

Figure 3 presents SEM micrographs illustrating the formation
of LIPSS on silicon substrates subjected to a range of laser param-
eters. The samples were irradiated with linearly polarized fem-
tosecond (fs) laser pulses at a wavelength of 1030 nm, with pulse

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80| 7 SUOWILIOD 8ATea.D 3|qeal|dde aup Aq pausenob aJe ssoiiie O ‘8sn JO Sa|nJ Joj AxelqiT auljuO A3]1M UO (SUONIPUOD-PUR-SW.RIWIOY A3 1M ARe1q 1 BU1|UO//SANY) SUOTIPUOD pUe SW.B 1 81 89S *[6Z02/0T/9T] uo Arigiauliuo Aeim ‘Bequenim-e|eH AIseAlun BYINT Ule N Aq 99005202 IWPR/Z00T OT/I0p/Wod A8 1M ATeiq 1 pul U0 peoUeApe//Sdny wolj papeojumod ‘vT ‘5202 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

T T
1100 |- @) = 0.80 J/cm?
Emoo - E -
‘2‘ }
°
TS 900 |- _
2
5 } {
o
T 800 [ jl -
®
Q.
%)
700 -
600 L 1 I
10 100 1000
Number of pulses
T T
1100 | €) = 1.2 Jlom?
i} * .
£
P
£ %
5 900 - % 4
kel
8 []
® 800 [ E -
©
Q.
%)
700 .
600 1 1 1
10 100 1000

Number of pulses

www.advmatinterfaces.de

T T
1100 |- D) -_- 1 Jicm?
€ 1000 | } §
£
P
S
5 900 | + } .
.9
g v
© 800 l|'I |
©
o
%)
700 | .
600 1 1 1
10 100 1000

Number of pulses
T

T
1100 |- d) __- 1.4 Jiem?
51000 - E E
>
‘©
5 900 | jl i
°
g } ' }
o
T 800 | % .
©
o
w }
700 - jl .
600 1 L 1
10 100 1000

Number of pulses

Figure 2. 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) At a fluence of 0.80 J/cm?, b) At a fluence of 1]/cm?, c) At a fluence of 1.2 J/cm?, and d) At a fluence of 1.4 J/cm?.

durations of 180 fs and a repetition frequency of 100 kHz. The
fluence of the laser pulses varied between 0.80 J/cm? and 1.40
J/cm?. At a lower number of pulses (20 pulses), the localized in-
cident light within the subwavelength ripples results in the elon-
gation of LIPSS, forming elliptical structures with varying dimen-
sions along the major and minor axes (developed at a fluence of
0.80 J/cm? and 20 pulses). This elliptical nature arises from the
laser light’s initial energy distribution and interaction with the
surface features.[*”) However, a notable transition occurs as the
number of pulses increases to 100. The elliptical LIPSS gradu-
ally evolved into more circular structures (Figure 3: Transition
from elliptical to circular structures observed at 0.80 J/cm? and
100 pulses). This transformation is attributed to the complex in-
terplay of factors such as the redistribution of the electric field
induced by the ripples, interference effects, and surface plasmon
polarization.[*?] These factors collectively influence the morphol-
ogy of the LIPSS, leading to a more circular pattern as the sur-
face undergoes an increased number of pulses. With further an
increase in fluence or pulse number, the LIPSS structure evolves
into well-defined nanohole arrays within the surface morphol-
ogy (Figure 3 with a fluence of 0.80 J/cm? and 500 pulses). This
progression is attributed to nano-plasmonic coupling, where in-
cident laser light interacts with localized surface plasmons in
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the LIPSS. During the early stages of LIPSS formation, the laser
light is confined to the nanosurface areas, thereby enhancing the
electric field distribution within these regions. This enhanced
electric field facilitates the ejection of material, leading to the
formation of nanoholes within the LIPSS structures.}] As the
pulse number and fluence increase, the ablation process in the
centre intensifies due to the Gaussian beam profile. The en-
hanced electric field within the nanoholes leads to preferential
ablation in those regions, as can be seen at fluence 0.80 J/cm? and
800 pulses.

3.2. Effect of LIPSS Periodicity on SERS

The periodicity of LIPSS is a critical factor influencing the SERS
performance because it primarily modulates the local electro-
magnetic field distribution. The periodic nanostructures serve
as plasmonic gratings, which affect the excitation and localiza-
tion of surface plasmons. As a result, it dictates the efficiency of
Raman signal enhancement. LIPSS periodicity, typically ranging
from sub-wavelength dimensions to several micrometres, deter-
mines the resonance conditions for localized surface plasmon
resonances (LSPRs) and surface plasmon polaritons (SPPs).
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Figure 3. SEM images featuring a 2D FFT inset in the top right corner, depicting the evolution of LIPSS morphology on silicon with different fluences

and number of pulses.

Building upon the understanding of SERS and LIPSS, these
investigations have focused on achieving homogeneously struc-
tured large areas on silicon substrates by optimizing laser pro-
cessing parameters such as fluence, pulse overlap, line over-
lap, and the number of pulses. LIPSS areas with different
periodicities—942, 795, and 712 nm, have been successfully fab-
ricated by carefully tuning these parameters, as can be seen in
Figure 4. A thin 50 nm gold film is deposited on the laser-
structured silicon substrates to create SERS substrates in these
regions. This choice aligns with previous studies that consistently
show that nanoparticles with a diameter of 50 nm produce the
maximum SERS enhancement [48]. The deposition of the gold
film on the structured silicon surfaces facilitates the generation
of localized surface plasmons, which are critical for amplifying
the Raman signals of thiophenol molecules. Figure 5 illustrates

the SERS response of the thiophenol molecule adsorbed on gold-
coated silicon substrates (Au-coated Si) with different LIPSS pe-
riodicities.

The spectra correspond to different periodicities: 712 + 33
nm, 795 + 18 nm, and 942 + 27 nm, compared against a plain
Au-coated Si substrate. The weakest Raman signal is observed
on the unstructured Au-coated Si surface, indicating minimal
plasmonic enhancement. In contrast, surfaces with a periodic-
ity of 798 nm exhibit the highest Raman intensities, suggest-
ing optimal plasmonic coupling and strong localized electro-
magnetic field enhancement. This enhancement is attributed
to the resonance coupling between the SPPs of the nanostruc-
tured substrate and the incident laser wavelength. When the pe-
riodicity closely matches or slightly exceeds the excitation wave-
length, the plasmonic modes are optimally excited, leading to a

Figure 4. Scanning electron microscopy (SEM) image of homogeneous large-scale LIPSS structures and their corresponding 2D-FFT analyses in the top
right corner: a) periodicity of 942 + 27 nm, b) 795 + 18 nm, and ¢) 712 & 33 nm.
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maximum electromagnetic field enhancement and an increase
in the Raman signal intensity. It’s important to note that period-
icities lower or higher than this value showed reduced intensities
due to the detuning of the plasmon resonance from the laser ex-
citation.

The effect of periodicity on the SERS efficiency of thiophenol
molecules was further analyzed by evaluating the enhancement
factor of Raman peaks at 419 cm™!, 998 cm™!, 1022 cm™!, 1073
cm™!, and 1574 cm™' across different nanostructured surfaces.
The results, summarized in Table 1, indicate a clear dependence
of Raman enhancement on periodicity. Among the investigated
periodicities, the 795 + 18 nm structure exhibited the highest effi-
ciency factors across all peaks, confirming its superior SERS per-
formance. The efficiency factors at this periodicity reached 1.3 x
10° at 998 cm™', 1.2 X 10° at 1022 cm™!, and 1.6 x 10° at 1073
cm™!, which were significantly higher compared to other period-
icities. The periodicities of 712 + 33 nm and 942 + 27 nm showed
moderate enhancement, while the Au-coated Si substrates exhib-
ited the lowest SERS enhancement factors. The results show that
nanostructured surfaces with periodicities close to the excitation
wavelength can significantly enhance Raman signal amplifica-
tion. This enhancement is primarily attributed to the optimal
phase-matching conditions between the periodic surface struc-
tures and the excitation laser wavelength (785 nm in our case).
When the periodicity of the nanostructure is close to or slightly
above the excitation wavelength, the incident light efficiently cou-

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

Peak (cm™") 419 998 1022 1073 1574

Au-coated Si 231x 102 217x10*  56x10° 6.1x 10° 5.5 x 10°
942 +27 nm 3.4 x 10} 4.1x10* 36x 104 5.6x10°  2.5x10*
795+ 18 nm 1.3 x 10* 1.3x10° 12x10°  1.6x10°  1.1x10°
712+33nm  7.9x10° 9.3 x 10* 75x 104 1.1x10°  49x10*
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ples into SPPs, leading to strong localized electromagnetic fields
at the surface. These enhanced fields intensify the Raman scat-
tering cross-section of the adsorbed thiophenol molecules.

3.3. Amplitude Characteristics of LIPSS

LIPSS are nanoscale surface features that form on materials by
irradiating them with laser pulses, and the formation and char-
acteristics of these structures can be influenced by lasering pa-
rameters. LIPSS are usually described by their periodicity and
orientation due to their unidirectional appearance. Another as-
pect of LIPSS is amplitude, which refers to the height of the pe-
riodic structures. Amplitude is a crucial factor influencing the
optical and physical properties of material, which is crucial for
SERS. Figure 6 illustrates the relationship between the number
of femtosecond laser pulses and the depth of LIPSS in silicon
at a constant laser fluence of 0.80 J/cm?. As can be seen from
the graph, the amplitude of LIPSS initially increases rapidly with
the number of pulses. As the number of pulses increases, the ex-
ited SPPs also rise, enhancing the electric field from SPPs and
continuing to drive material reorganization, thereby deepening
the periodic structures. As the number of pulses continues to in-
crease, it follows a power-law trend, and the rate of increase in
depth begins to slow down, which eventually approaches a sat-
uration point of around 300 pulses. This gradual deceleration in
amplitude growth can be attributed to the effects of heat accumu-
lation and the reduced propagation of SPPs in depth. Addition-
ally, as the LIPSS morphology evolves, the conditions for SPPs ex-
citation and propagation change, reducing their effectiveness in
contributing to further amplitude increase. The logarithmic rep-
resentation emphasizes the non-linear nature of this growth pro-
cess, providing clearer insight into the underlying mechanisms
of LIPSS’ amplitude evolution.

Figure 6 (Right side) presents SEM images of different LIPSS
structures on silicon, both exhibiting a uniform and periodic pat-
tern with a periodicity of approximately 800 nm. However, there
is a notable difference in their amplitudes. Figure 6 (Right side)
(@) shows LIPSS with a higher amplitude of 854 nm, whereas
Figure 6 (Right side) (b) displays a shallower structure with an
amplitude of 352 nm. After gold coating, these structured sur-
faces can be utilized as SERS substrates, where the nanoscale
periodic features enhance the localized electromagnetic field.

3.4. Effect of LIPSS Amplitude or Depth on SERS Response

The depth of LIPSS plays a crucial role in determining the SERS
efficiency for thiophenol molecules. The periodicity of the nanos-
tructured substrates was kept constant at approximately 800 + 50
nm, while the depth of the structures was varied by increasing
the number of laser pulses. Figure 7 shows the Raman spectra
with varying depths of the nanostructure using a 785 nm exci-
tation laser. It reveals significant changes in intensity with vary-
ing LIPSS depths, indicating that the depth of nanostructures di-
rectly influences the localized surface plasmon resonance (LSPR)
and the resultant electromagnetic field enhancement. The am-
plitude (depth) of LIPSS is a critical parameter for SERS perfor-
mance, as it strongly affects the spatial localization and intensity
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Figure Figure 6. Left: Amplitude of LIPSS in Silicon as a Function of the number of femtosecond Laser Pulses. Right: SEM images of LIPSS structures
on silicon: a) LIPSS with an amplitude of 854 nm and b) LIPSS with an amplitude of 352 nm.

of the electromagnetic fields at the substrate surface. Shallower
structures allow stronger coupling of incident light with surface
plasmon modes and maintain tighter field confinement near the
surface, where analyte molecules reside. This results in denser
and more intense hotspots. As the depth increases, however,
the field begins to penetrate deeper into the substrate or be-
come scattered, diminishing the near-surface field strength. Very
deep structures may also exhibit multiple scattering or trapping
of light within grooves, decreasing the overall SERS efficiency.
Thus, an optimal depth regime exists, in this study, below 547
nm, where SERS enhancement is maximized due to a balance
between field confinement and surface roughness.

The relationship between nanostructure depth and the SERS
enhancement factor is presented in Table 2. The decreasing SERS

—— 1055 £22 nm

L —— 997 + 18 nm ||

—— 854 + 20 nm
—— 547 £ 24 nm

~ T —— 352 + 21 nm ||

S 419

\(“; 998 1073 1574
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Figure 7. Raman spectra of theophonole molecules on gold-coated sili-
con (Au-coated Si) substrates with different LIPSS periodicities (712 + 33
nm, 795 + 18 nm, and 942 + 27 nm) compared to a plain Au-coated Si
substrate.
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Table 2. Raman shifts and corresponding efficiency factors of thiophenol
molecule on different depths of LIPSS structure.

Peak (cm™") 419 998 1022 1073 1574

352 +21nm 86x 10 27x10° 20x10° 3.1x10° 1.8x10°
547 + 24 nm 1.4 x 10° 1.3 % 10° 1.2 X 10° 1.6 X 10° 1.1 10°
854 + 20 nm 78x 10 8.4x10 7.0 x 10* 1.1x10° 49x10*
997 + 18 nm 46x10*  56x10*  44x10* 68x10* 2.0x10*
1055 + 22 nm 1.6x 10 9.0x 10° 6.9 x 10° 9.1x 103 5.1%x 103

efficiency observed in LIPSS structures with depths greater than
352 nm (as shown in Table 2) can be attributed to the altered dis-
tribution and confinement of electromagnetic fields. Shallower
nanostructures are more effective at concentrating the plasmonic
fields near the surface, where analyte molecules are located. In
contrast, deeper structures tend to delocalize the electromagnetic
fields into the grooves, reducing the near-surface hotspot den-
sity and intensity. Additionally, increased depth can cause light
scattering, shadowing, and inefficient plasmon excitation due to
changes in surface morphology. These effects collectively lead
to a reduction in Raman enhancement across most vibrational
modes. As shown in the Raman spectra and efficiency factor
table, the highest overall SERS enhancement was observed for
the shallowest LIPSS structure (352 + 21 nm), where efficiency
factors reached 3.1 x 10° at 1073 cm ™' and 2.7 x 10° at 998 cm ™.
However, an interesting deviation was observed at the 419 cm™
peak, where the 547 & 24 nm LIPSS structure exhibited the high-
estenhancement (1.4 X 10°) compared to 8.6 x 10* for the 352 nm
depth. This suggests that certain vibrational modes of thiophe-
nol interact more effectively with the plasmonic field generated at
specific LIPSS depths. The slightly deeper 547 nm structure may
offer better field confinement at lower wavenumbers due to an
optimal balance between surface roughness and plasmonic reso-
nance, leading to selective enhancement of certain Raman peaks.
Beyond 547 nm, the Raman signal progressively weakened, with
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a significant drop in intensity for structures deeper than 854 +
20 nm, where efficiency factors declined notably, particularly at
1022 cm™! (7.8 X 10*) and 1574 cm™" (4.9 x 10*). This downward
trend continued for 997 + 18 nm and 1055 + 22 nm, where Ra-
man peaks showed minimal enhancement, with efficiency fac-
tors below 9.1 x 10° for most prominent peaks.

The observed trend suggests that shallower LIPSS structures
create more effective plasmonic hotspots, leading to stronger
local field enhancements and higher Raman intensities. Con-
versely, deeper structures may alter the electromagnetic field dis-
tribution, reducing the efficiency of SERS enhancement due to
changes in light coupling, scattering, or reduced hotspot density.
These findings indicate that an optimal LIPSS depth exists below
547 nm, beyond which the SERS efficiency degrades, likely due
to reduced near-field enhancement and increased light-trapping
effects within the nanostructures.

4. Conclusion

In this work, the evolution of LIPSS formation on silicon has
been systematically investigated by varying the laser fluence and
number of pulses. Importantly, this study revealed a notable in-
terplay between laser fluence and LIPSS periodicity, wherein an
increase in fluence within a given number of pulses led to a re-
duction in the spatial periodicity of the LIPSS. This behavior was
underpinned by the mechanism of surface plasmon polaritons
(SPPs), where higher fluence correlated with a greater density
of excited SPPs. The effect of LIPSS periodicity and amplitude
on the SERS response of thiophenol molecules was systemat-
ically investigated. By carefully tuning laser processing param-
eters, LIPSS structures with periodicities of 942 nm, 795 nm,
and 712 nm were fabricated on silicon substrates, followed by
the deposition of a 50 nm gold film to create plasmonically ac-
tive SERS substrates. The results demonstrated a strong corre-
lation between LIPSS periodicity and SERS enhancement, with
the 795 nm periodicity yielding the highest Raman intensities.
This optimal enhancement was attributed to the resonance cou-
pling between SPPs and the incident laser wavelength, leading to
a maximized localized electromagnetic field. Similarly, the influ-
ence of LIPSS amplitude on SERS performance was explored by
varying the number of laser pulses while maintaining a period-
icity of approximately 800 nm. The analysis revealed that shal-
lower structures ( 352 ~352 nm) exhibited the highest overall
SERS enhancement, with efficiency factors reaching up to 3.1 X
10° at 1073 cm™!. Beyond a depth of 547 nm, the enhancement
factor declined, suggesting that deeper nanostructures may al-
ter the electromagnetic field distribution and it reducing the ef-
ficiency of Raman signal amplification. These findings highlight
the crucial role of LIPSS morphology in optimizing SERS sub-
strates, where both periodicity and amplitude must be precisely
controlled to maximize plasmonic coupling and enhance molec-
ular detection sensitivity.
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