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A B S T R A C T

The generation of surface plasmon resonances (SPR) in laser-induced periodic surface structures (LIPSS) allows
their application in the field of optical sensing, such as the detection of refractive index variations in gases and
liquids. We have fabricated gold-coated LIPSS nanostructures on stainless steel substrates by using femtosecond
laser nano-ablation. This technique is a low-cost and high-throughput fabrication method applicable to fast and
large-scale manufacturing. The depth profile of the fabricated LIPSS shows a central dip at the top of each ripple
that split the geometry. The actual topography is modeled and included in a computational electromagnetism
package to obtain the expected optical response under the experimental conditions. The measured and
simulated spectral reflectances are compared, and the differences are explained by the departure of the
fabricated LIPSS from the ideal topography. The experiments and simulations showed excellent agreement for
the main spectral characteristics, like the Fano-like lineshapes of the spectral reflectance. This fitting provides
the values used to determine the refractometric performance of the fabricated device, that shows a sensitivity
of 518 nm/RIU and a figure of merit of 32 RIU−1 for an aqueous analyte. Our experimental results show that
the fabricated devices are competitive in terms of cost and simplicity when compared to existing devices with
similar performance.
1. Introduction

Surface plasmon resonances (SPR) appear when there is a cou-
pling between an electromagnetic wave and the oscillating electrons
at the interface between negative and positive electric permittivity
materials, usually a metal and a dielectric. This coupling results in
an electromagnetic wave propagating along the boundary between
both materials, which is very sensitive to material and environmental
variations at either side of the interface [1]. In fact, many sensing
applications are based on the strong dependence that exists between the
SPR excitation wavelength and the refraction index of the surrounding
medium (analyte). Because of this property, the use of SPR has become
essential in the field of sensing, with well-established applications in re-
fractometry [1,2] and detection of substances, in particular biochemical
materials [3,4].

∗ Corresponding author.
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Multiple implementations for the excitation of SPR have been
developed along the years. Some of these practical realizations use
prisms [5], and fibers [1,6,7]. However, these implementations result
in expensive fabrication and bulky equipment [8]. An increasingly
popular alternative are diffraction gratings, where SPR excitation is
enabled via Bragg scattering [5]. Although these types of sensors
exhibit lower sensitivity compared to other implementations, they show
promising miniaturization and integration capabilities [8].

Diffraction gratings manufactured with lithographic methods [9,10]
involve several fabrication steps and are costly and time-consuming. As
an alternative, the generation of Laser-Induced Periodic Surfaces Struc-
tures (LIPSS) take place in a single step fabrication process. This direct
laser processing technique can generate periodic nanostructures on the
surface of most materials under certain conditions of irradiation [11].
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In recent years, laser nanostructuring techniques have been developed
to the point that their yield, control over structure, and regularity have
greatly improved. Consequently, they are now a viable alternative for
many industrial applications [12].

LIPSS usually exhibit periods of tens or hundreds of nanome-
ters [13], which makes them ideal for nanostructuring steel surfaces
for advanced rheologic capabilities [14,15], and photonic applications
involving light–matter interaction in the optical range. The morphology
of LIPSS can be controlled mainly through the laser wavelength and
polarization, using beam conformation, and also through the fluence
and number of overlapping pulses employed in the processing, 𝑁 [11].
IPSS can be grouped generally as Low-Spatial Frequency LIPSS (LSFL),
ith period close to the wavelength of the laser source, and High-
patial Frequency LIPSS (HSFL), with period much smaller than the
aser wavelength [16]. LSFL are observed in a wide range of irradiation
arameters in metals [17]. Additionally, for large values of 𝑁 , splitting
f LSFL (usually termed split-LIPSS) can be observed. In this process,
SFL are initially formed, and the subsequent pulses interact with the
anostructures, dividing each ripple in two.

In this work, we present the fabrication of a sensing device based
n split-LIPSS and demonstrate its application in refractometry. Firstly,
e provide the details about the fabrication of the device, its mor-
hological characterization with diverse microscopy techniques, the
ethod followed in its optical characterization, and the description

f the computational simulations carried for comparison with the ex-
erimental results. Then, the plasmonic behavior of the device using
ater as analyte is examined for different incident angles. Finally, the

efractive index sensing capabilities of the sensor are measured by
odifying the refractive index of the analyte (salty water with different

oncentrations of NaCl).

. Fabrication and characterization of refractometric LIPSS

A Ti:Sapphire laser emitting 120 fs pulses with a central wavelength
= 800 nm at a repetition rate of 1 kHz was used for the generation

f the nanostructures [18]. In this contribution, the laser beam was
ocused onto the surface of the sample through a cylindrical lens of
ocal length 𝑓 = 100 mm (see Fig. 1). A variable attenuator consisting
f a half-wave plate and a polarizing beam splitter was used to adjust
he pulse energy (𝐸). Another motorized half-wave plate was used to
djust the polarization of the laser beam so that it would be parallel
o the translation axis. The movement of the sample was controlled
ith a motorized stage moving along the 𝑋-axis. The position of the

ample along the beam propagation axis was controlled with another
otorized stage with motion in the 𝑍-axis. The size of the laser focal

pot was measured with a CCD, showing a Gaussian distribution of en-
rgy with high ellipticity due to the cylindrical focusing. The gaussian
idths of the beam were found to be 𝑤𝑥 = 54.5 μm and 𝑤𝑦 = 6 mm.
s a result of this optical configuration, it is possible to process large
reas in a single pass, achieving high regularity of LIPSS at high speed
ince no overlapping parallel passes are needed.

The irradiated material was stainless steel (AISI 304) with an av-
rage roughness of 𝑅𝑎 = 276.3 Å. The stainless steel shows better
IPSS regularity than most other metals due to its short-ranged surface
lasmon polaritons (SPPs) [19]. Before and after the laser processing,
n acetone ultrasonic bath was applied to the sample for 3 min to
emove dirt particles and debris adhered to the surface.

Femtosecond laser ablation generates LIPSS on stainless steel in a
imited range of fluences. If the fluence is below 50 mJ/cm2, there is
ot formation of LIPSS. For higher than 150 mJ/cm2, the material is
trongly ablated and LIPSS are erased. Within this range, an appropriate
election of the number of pulses splits the LIPSS. The fabricated sample
as processed under irradiation conditions of 𝐸 = 0.55 mJ pulse energy
nd 𝑣 = 0.625 mm/s displacement speed. The surface of the stainless
teel was positioned along the 𝑍-axis so that the processing took place
2

t the beam waist of the laser beam, in order to achieve higher regu-
arity in the resulting nanostructures [18]. The sample was translated
0 mm under irradiation from the laser beam. Average fluence per
ulse was calculated as 𝐹 = 𝐸∕(𝜋𝑤𝑥𝑤𝑦), and the overlapping number

of pulses as 𝑁 = 2𝑤𝑥∕(𝑣𝑇 ), where 𝑇 = 1 ms is the inter-pulse period
of the laser. Therefore, in the presented sample, 𝐹 = 53.5 mJ∕ cm2 and
𝑁 = 174 pulses.

After laser irradiation, an Au coating was deposited on the surface
of the sample through direct current (DC) sputtering. Au was chosen
for its high reflectance and well-known plasmonic properties in the
visible range [20,21]. The process took place at room temperature, with
a constant vacuum pressure of 5μbar. The DC source used to ionize
the Ar gas was set with a voltage of 400 V and a current of 0.25 A.
In this process, we uniformly deposited onto the sample an Au layer
increasing in thickness with time at an estimated rate of 0.49 nm/s.
Therefore, the thickness of the gold layer can be set to any range by
adjusting the duration of the deposition process. Since good adhesion
between the stainless steel and the deposited Au had been observed,
no adhesion layer was necessary. The thickness of the coating was
chosen thick enough to fully cover all areas with Au. In consequence,
a sputtering process with a duration of 630 s was performed, with an
objective thickness of 300 nm.

The morphology of the resulting nanostructures was evaluated
through scanning electron microscopy (SEM), both superficially and us-
ing the focused ion beam (FIB) technique, and Atomic force microscopy
(AFM).

A comparison between the geometry of the nanostructures with and
without Au coating is shown in Fig. 2. Before application of the Au
coating (see the SEM image in Fig. 2.a), the generated nanostructures
show high regularity, forming parallel lines across the length of the
track (30 mm) that continue without interruption or bifurcation, with
the exception of occasional imperfections, such as scratches on the
surface. The 2D-FFT analysis (see Fig. 2.c) of this uncoated surfaces
confirms the presence of highly regular LIPSS with a period of 𝛬 = 685±
10 nm. The periodicity is revealed by the symmetric sidebands around
the central maximum (zero-frequency component). The distance be-
tween the central peak and the first peak defines the fundamental
period of the grating. The relation between the intensities of the peaks
give information about the morphology of the profile in the original
micrograph. In this case, an intense fundamental frequency followed
by a less intense second harmonic and negligible higher orders indicate
the formation of type-2s LIPSS, also called split-LSFL [16]. Actually,
split-LSFL have been reported to appear at similar values of 𝐹 and
𝑁 to those presented here [22] and their formation mechanism has
been previously explained [16]. The presence of split-LIPSS is further
confirmed in the micrographs obtained with the FIB technique (see
Fig. 2.e). The darkest gray layer at the bottom of the image corresponds
to the stainless steel layer. From this FIB image, the generated nanos-
tructures present wide ripples with narrow valleys, with an average
height of 115 ± 33 nm. The ripples also show a split profile with a
dip at the center of the ripple, having a variable depth of a few tens
of nanometers. The inhomogeneity in the profile between ripples is
typical in the processing of LIPSS in metals due to the nature of their
formation. Then, an averaged optical response is expected for large
area illumination conditions. The period of LIPSS can be tuned with
the parameters of irradiation. Namely, the laser wavelength marks the
upper limit for the period of LSFL, in this case, 800 nm. As the number
of pulses increases, the period decreases significantly [11]. The height
of LIPSS depends on the specific LIPSS type, and for LSFL it is in
the few hundreds of nanometers range [12]. With the introduction of
the Au coating, no significant differences can be observed in the SEM
micrograph or 2D-FFTs (see Fig. 2.b and d, respectively), other than a
variation in the visual brightness of the surface.

The FIB profile shows a conformal Au coating, since the surface of
the coating replicates the stainless steel profile underneath. The average

thickness of the coating is 309±16 nm. A close inspection of the coated
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Fig. 1. Processing setup used for the generation of the gratings. Stainless steel samples were translated along the 𝑋-axis, with the resulting LSFL oriented perpendicular to the
laser polarization. HWP: Half-wave plate, PBS: Polarizing beam splitter.
Fig. 2. Morphology of the fabricated nanostructures. SEM of the sample before (a) and after (b) Au deposition, with their respective 2D-FFT (c) and (d). (e) FIB section of the
coated sample. Dark gray at the bottom of the image is the stainless steel (SS) substrate. On top of it, a light gray layer corresponding to the Au is observed. A platinum (Pt)
coating was applied on the resulting surface as a step necessary in the FIB technique in order to protect the edge of the profile from the ion beam. (f) Large magnification SEM
of the sample after Au deposit. The label split-LSFL has been added to the plots to denote the type of LIPSS formed.
sample (see Fig. 2.f) reveals the agglomeration of Au clusters with size
in the order of tens of nanometers. Additionally, in this micrograph the
splitting of LIPSS is more noticeable as the darker regions in the middle
of each ripple are a clear indication of a deepening in profile height,
although not as deep as the valleys between ripples.

AFM measurements (see Fig. 3.a) revealed features of the profile
similar to the ones observed in the SEM and FIB micrographs. Several
parallel scans, corresponding to the area between the red lines in
Fig. 3.a were averaged in order to obtain a more regular profile (see
Fig. 3.b).

The optical performance of the fabricated sample was examined by
means of spectrophotometry. The reflectance of the gold-coated nanos-
tructures was measured as a function of wavelength. The light source
was a broadband (450–2400 nm) laser, NKT SuperK COMPACT, whose
output was polarized at a variable polarization angle. The specular
reflection was collected by an integrating sphere and then transmitted
to the spectrometer. The polarization of the laser was chosen to be
linear and perpendicular to the nanostructures, this is, with incident
TM-polarization (see Fig. 4).

A cell was employed to host a variety of liquids (analytes) under
test. In this configuration, we apply the Snell’s law to correct the angle
of incidence at the sample. This evaluation accounts for the change in
direction of the beam at the air–cell and cell–liquid interfaces.

Our numerical calculations start from the morphological structure
of the fabricated sample. The experimentally measured profile is used
to build the geometry of the modeled design. A parametric profile
based on trigonometric functions reproduces the split grating geometry
obtained in the fabrication [23]:

ℎ(𝑥) =

⎧

⎪

⎨

⎪

0, if 𝑥 ∈ 𝐴1
𝐻1
2

[

1 − 2
(

1+cos(2𝜋𝑥∕𝑊1)
2

)𝛽
]

if 𝑥 ∈ 𝐴2 , (1)
3

⎩𝐻1 −𝐻2, if 𝑥 ∈ 𝐴3
where 𝐴1 = [−𝛬∕2,−𝑊1∕2) ∪ [𝑊1∕2, 𝛬∕2), 𝐴1 = [−𝑊1∕2,−𝑊2∕2) ∪
[𝑊2∕2,𝑊1∕2), and 𝐴1 = [−𝑊2∕2,𝑊2∕2) (the geometrical meaning of
𝑊1,𝑊2, 𝛬,𝐻1 and 𝐻3 are shown in Fig. 3.c). The profile of the surface
in contact with the analyte is ℎ(𝑥) + 𝐻3 (see Fig. 3.c). The control
parameters of this shape are the power of the trigonometric function
(flatness factor, 𝛽 = 2), its period, 𝑊1 = 500 nm, the period of the unit
cell, 𝛬 = 685 nm, and the height of the grating, 𝐻1 = 100 nm. The split of
the LIPSS is modeled as a rectangular dip having a width 𝑊2 = 137 nm,
and a depth 𝐻2 = 30 nm, Finally, the LIPSS profile is coated with a
conformal layer of gold having a thickness 𝐻3 = 300 nm. These values
have been obtained after fitting the actual measured profile with the
profile model.

The optical model is generated using the finite element method
(FEM) included in the simulation package COMSOL Multiphysics. The
structure is illuminated by a tunable monochromatic light source where
the angle of incidence is varied maintaining the TM excitation condi-
tion. The reflected light is collected by a corresponding port listening
the mirror reflection. The structure is made of three main materials:
analyte medium at the source and detector domains, a gold thin layer,
and a stainless steel layer thick enough to avoid transmission through
the structure. As the sample geometry is periodic, we reduce it to
only one unit cell, and then apply Floquet boundary conditions on
both sides of the unit cell to expand the solution over the real size
of the sample. The whole model is terminated from top and bottom
by perfect-matched layers (PMLs) to absorb higher order modes and
prevent them from falsely interact with the incoming light and the low
order diffraction modes of interest. The PML effective orientation is
adjusted using both incident wavelength and angle to efficiently absorb
radiation at the direction of interest.
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Fig. 3. (a) AFM scanning of a region of the fabricated sample. (b) Average profile of
the LIPSS between the red lines in (a). (c) Profile used in the simulations.

Fig. 4. Laser beam irradiating the fabricated sample. Inset: general scheme of the setup
used in the optical characterization. The laser source is located on the arm of the 𝜃−2𝜃,
while the sample is at the center of the mechanism inside the cell.

3. Refractometry using LIPSS

First of all, we analyze the plasmonic response of the sample im-
mersed in deionized water, at room temperature, and for various angles
of incidence 𝜃 between 7◦ and 47◦ with incident TM-polarization. The
minimum angle was limited by the optomechanical elements in the
measurement setup blocking the reflected light, while the maximum
4

angle was limited by the total internal reflection in the water–air
interface, taking place at ∼ 48◦. The objective of these measurements
was to find the incident angle that could report the best results for
refractometric sensing.

The spectral reflectance of the samples was calculated as 𝑅 =
𝑅𝑠∕𝑅0. Here, 𝑅0 is the reference reflectance, obtained by illuminating a
silver mirror inside the water-filled cell. The experimental reflectance,
𝑅 that varies between 𝑅 ∼ 15% and 𝑅 ∼ 55% in the measured range
of 𝜆 (see Fig. 5.a). The spectral response of the structure shows an
asymmetric line-shape derived from the excitation of Fano resonances.
One of the simplest equation representing this interference can be
written as the sum of the background 𝑟bk plus a Lorentzian line-shape
related to the SPR:

𝑟𝑑 = 𝑟bk + 𝑓
𝛾

(𝜔 − 𝜔0)𝑖 + 𝛾
, (2)

where 𝑟𝑑 is the complex amplitude of the Fano resonance, 𝜔0 is the
resonant frequency of the SPR, 𝛾 is related with intrinsic losses due
to material absorption and determines the spectral width of the SPR,
and 𝑓 is a complex-valued coefficient that describe the interference
between the continuous background caused by diffraction and the SPR
spectral variation [24]. In this contribution, the background term, 𝑟bk ,
is expanded as a Taylor series around 𝜔0 up to the 3rd order. When
the reflectance shows several resonances, the SPR term is the addition
of a number of Lorentzian profiles equal to the number of resonances
appearing within the spectral range of interest.

On the other hand, the resonant wavelength 𝜆0 of the mode 𝑚 for
SPR generated by a periodic structure of period 𝛬 when illuminated
under oblique incidence at an angle 𝜃, follows a dependence given by
the matching condition [5]:

sin(𝜃) = −
(

𝑚𝜆0
𝑛𝑎𝛬

)

±

√

𝜀′𝑚
𝜀𝑎 + 𝜀′𝑚

, (3)

where 𝑛𝑎 is the refractive index of the analyte (water in this case), 𝜀𝑎
is the permittivity of the analyte (a dielectric), and 𝜀′𝑚 is the real part
of the permittivity of the metal (Au in the presented sample).

The experimental spectral reflectance shown in Fig. 5.a reveals two
resonances at low angles, corresponding to the modes 𝑚 = +1 and
𝑚 = −2 in Eq. (3) and marked with squares (□) and diamonds (⋄),
respectively. The resonance in mode 𝑚 = +1 blue-shifts, while in
mode 𝑚 = −2 it red-shifts. At 𝜃 ∼ 23◦, the resonances from both
modes merge in a single dip, which broadens the resulting profile.
Simulations using the described structures and having water as the
surrounding medium were also carried out for several incident angles
(see Fig. 5.b). The results show a similar profile and behavior compared
to the experimental ones. The calculated 𝑅 shows deeper peaks than
the experimental reflectance, reaching values between 𝑅 ∼ 0% and
𝑅 ∼ 90%, which means sharper Fano resonances. This is due to the ideal
periodic LIPSS actually simulated, meanwhile the experimental LIPSS
have some degree of irregularity and the illuminated beam averages the
geometry. Despite that, in the simulations we find the same modes and
the same shifting behavior with 𝜃 as in the experimental reflectance.

Fig. 5.c represents the values of 𝜆0 and 𝛥𝜆 obtained from the fitting
of the experimental and simulated spectral reflectances to the Fano
line-shape (see Eq. (2)) when 𝑚 = −2. The central wavelength of
the resonance, 𝜆0, for the experiment and the simulation match with
a relative error of 1.5%, except for the angles between 15◦ and 27◦.
This angular range is where the red and blue shifting of the modes
(𝑚 = +1 and 𝑚 = −2, respectively) merge. Also the value of 𝛥𝜆 changes
its behavior in the same spectral range. The interaction between the
profiles of the modes results in a change of the spectral reflectance,
depending on the shape and relative position between the two reso-
nances. After analyzing the experimental and simulated reflectances we
conclude that, for angles larger than 𝜃 = 27◦, the resonant wavelength
𝜆0 increases linearly with 𝜃, meanwhile 𝛥𝜆 decreases. Then, we select
𝜃 = 46◦ as the angle of incidence for refractometric sensing.
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Fig. 5. Spectral reflectance of the sample for TM polarization, in terms of the angle of incidence (experimental (a), and simulated (b)), and the index of refraction of the analyte
(experimental (d), and simulated (e)). In figures (a) and (b) the minima corresponding to modes 𝑚 = −2 and 𝑚 = 1 are marked with squares (□) and diamonds (⋄), respectively.
Note that minimum reflectance does not take place at 𝜆 = 𝜆0, according to the Fano model. Plots (c) and (f) show the values of the central wavelength 𝜆0, (represented in blue
with squares), and width 𝛥𝜆 (represented in red with circles) obtained from the experiment (solid lines) and simulations (dotted lines) for mode 𝑚 = −2. The plot in (c) correspond
to the spectral reflectances shown in (a) and (b), and the plot in (f) are for the reflectances in (d) and (e). The experimental values for 𝜆0 in (e) are also affected by the marked
error bars.
The influence of the refractive index of the surrounding medium
on the resonant wavelength is measured through the sensitivity 𝑆,
calculated as [25] 𝑆 = 𝜕𝜆0∕𝜕𝑛𝑎. Additionally, the figure of merit (FOM),
defined as [25] FOM = 𝑆∕𝛥𝜆, is used to measure how sensitive the
device is to a small variation in the composition of the analyte [26].

In order to test the sensing capabilities of the device in environments
where the change in refractive index is small, the spectral reflectance of
the device was measured using different concentrations of salty water
(see Fig. 5.d-f). The concentration of salt by weight, 𝐶, was varied
between 0% and 25% (just below the saturation level), in steps of
5%. The refractive index of this solution, 𝑛𝑠, increases linearly with 𝐶
(expressed in percentage) as 𝑛𝑠 = 1.333 + 1.8 × 10−3𝐶 [27].

The spectral reflectance for all concentrations show a profile similar
to the case 𝜃 = 45◦ in Fig. 5.a, since the incident angle and surrounding
media are almost identical. In particular, in the spectral range shown
in Fig. 5.d and e, [740, 880] nm, a Fano resonance with the previously
explained characteristics is observed, with maximum 𝑅 ∼ 62% and
minimum 𝑅 ∼ 18%. Different concentrations shift 𝜆0 (see solid blue
lines in Fig. 5.f) from 𝜆0 = 811 nm to 𝜆0 = 834 nm as 𝐶 (and its
corresponding 𝑛𝑎) increases from 0% to 25%. The error bars associated
to the experimental data of 𝜆0, with a value of ±2.6 nm are obtained
assuming an error in the incident angle of ±0.5◦. This value was
extracted from the study of the resonant wavelength in water with the
incident angle (Fig. 5.c), which shows a variation of ∼ 5 nm per degree
in the [40◦ − 45◦] range of 𝜃.

The simulations (see Fig. 5.e) show a very similar trend. As it hap-
pened with the spectral reflectance in terms of the angle of incidence,
the variation in 𝑅 is larger than in the experimental values, with max-
ima of 𝑅 ∼ 90% and minima of 𝑅 ∼ 10%, which makes the resonance
narrower. Here, the shift in 𝜆0 is linear, from 𝜆0 = 807 nm at 𝑛 = 1.330
to 𝜆 = 834 nm at 𝑛 = 1.375. As it happened with the case presented
5

0

in Fig. 5.c, the experimental resonances (see Fig. 5.f) are wider in
the experiments than in the simulations, where 𝛥𝜆 remains almost
constant with an average value of 15.8 nm. The bandwidth obtained
from simulations decreases very slightly with 𝑛𝑠, having an average of
10.7 nm. Both the sharper lineshape at 𝜆0 and smaller 𝛥𝜆 are a conse-
quence of the ideal periodicity of the geometry used in the simulations.
With these values, the sensitivity of the fabricated sample working as
a refractometric sensor was calculated to be 𝑆exp = 518 nm/RIU, a
value slightly lower compared to the simulations, 𝑆sim = 603 nm/RIU.
Additionally, FOM takes a value of 32 RIU−1 in our experiment, and
56 RIU−1 for the simulations. The difference in sensitivity between
experimental and simulations is derived from experimental errors of
our measurement set-up (see Fig. 5.f). The goniometric variables are
affected by a small uncertainty, around 0.5◦, in the angular positioning
of the sample that can influence the value of the angle of incidence 𝜃.
Additionally, the preparation of the salt and water solutions have some
small, although not negligible, experimental error associated to it. For
the sensitivity, the morphology of the nanostructures in the simulations
should not play a role here, since sensitivity is related to the period 𝛬
(from Eq. (3)) rather than to the specific shape, and the experimental
error in 𝛬 is estimated to be much lower than in 𝜃 or 𝐶. On the other
hand, the higher values of FOM in the simulations are derived mainly
from the difference in 𝛥𝜆 (see Fig. 5.f). The wider resonances observed
experimentally can be explained by the imperfections and irregularities
of the fabricated nanostructures. As seen in Fig. 2.(d), period 𝛬 is not
found as a single value but instead as a distribution of periods centered
around 685 nm with a FWHM of 10 nm. Therefore, while the optical
behavior in the simulations is calculated for a fixed period, in the
experiment, the response can be seen as a superposition of weighted
responses that follows the statistical distribution of periods.

Besides the low cost and the high throughput fabrication advantages
associated with LIPSS, the device presented in this contribution has a
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comparable performance to similar recent approaches. For example,
a gold-coated silicon grating fabricated by femtosecond laser shows
a sensitivity of 10−7 g/cm2 for uranium detection in aqueous media
28]. Another low cost refractometric sensors that uses the grooves of
VD discs as grating template give a spectral interrogation sensitivity
f 514 nm/RIU when detecting NaCl, [29], and a value of 312 nm/RIU
hen sensing glucose concentration for a gold-coated DVD-R disc

30]. If silver is used, the resulting plasmonic structures make pos-
ible to detect changes in the index of refraction with FOM values
f 13.5 RIU−1 and 5.24 RIU−1 for low and high glucose concentra-

tions, respectively [31]. Large-scale gold-coated dielectric gratings have
demonstrated a maximum measured sensitivity of 628 nm/RIU [32],
and the excitation of high-Q SPR using an array of gold nanogrooves,
shows a large value of FOM of 617 RIU−1, even though its sensitivity
is not very high [33]. LIPSS generated on silicon substrates have
been recently used as templates for gold deposition and SPR excita-
tion, showing refractometric sensing capabilities with a FOM of 13.37
RIU−1 [34]. Therefore, our spectral sensitivity and FOM values (518
nm/RIU and 32 RIU−1, respectively) are similar to those obtained using
fabrication techniques that, in most cases, may require more complex
fabrication steps and more expensive manufacturing tools than ours.

4. Conclusions

The use of femtosecond laser nanostructuring to generate LIPSS is a
well-known and robust technology. A single laser processing generates
a template for the deposition of conformal metallic layers. This capabil-
ity has allowed the use of LIPSS to excite surface plasmon resonances.
These resonances are commonly used in plasmonic devices for refrac-
tometric sensing. Then, by merging both well-established concepts –
thin film coating of LIPSS plus plasmonic refractometry –, we have
demonstrated a device that shows good refractometric performance
in aqueous media, produced with a technology having a lower cost
than other high-resolution nanofabrication tools. Even more, the actual
profile of LIPSS depends on the fabrication parameters (number of
pulses, energy delivered by each pulse, polarization state of the ablation
beam, etc.) and the substrate characteristics. This flexibility makes
possible the customization of LIPSS to increase the device sensitivity for
specific ranges in index of refraction, wavelength, angle of incidence,
or other environmental constrains.

In this work, we fabricate a sensing device based on split-LIPSS
on stainless steel and coated with Au, and demonstrate its application
in the refractometry of aqueous media. The profile takes the form of
a hybrid structure between LIPSS and split-LIPSS, where the ripples
of the profile shows a central dip. Our fabrication set-up produces
LIPSS with high regularity over a large area and in a single laser
pass. This has been possible by focusing the beam utilizing a cylin-
drical lens. A second fabrication step, consisting on Au sputtering and
conformal deposition, enhances the response of SPR of the device.
The whole manufacturing strategy constitutes a comparatively cheaper
process with ample potential miniaturization capabilities. The design
has been modeled using a computational electromagnetism package
that reproduces the experimental results. Beyond the validation of the
current data, this simulation makes possible to find profile parameters
that could enhance the performance of similar devices and adapt the
LIPSS morphology to other specific circumstances in refractometric
sensing. Both the experimental and computational results are checked
against a classical model of surface plasmon resonances coupled with a
continuous spectral background. Fano-like line-shapes are successfully
fitted to the spectral characteristics of the resonances, and determine
the values of sensitivity and figure of merit. These two refractometric
parameters are widely considered as describing the quality of the device
and the sensing technology. As a result of this approach, our fabricated
device shows a spectral sensitivity value of 518 nm/RIU and FOM of
32 RIU−1. These values are very competitive when compared to similar
devices fabricated with low-cost, and high-speed fabrication tools.
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