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Abstract: The practical development of compact modern nanophotonic devices relies on the
availability of fast and low-cost fabrication techniques applicable to a wide variety of materials and
designs. We have engraved a split grating geometry on stainless steel using femtosecond laser
processing. This structure serves as a template to fabricate efficient plasmonic sensors, where a thick
gold layer is grown conformally on it. The scanning electron microscope (SEM) images confirm the
generation of the split laser-induced periodic spatial structures. The optical reflectance of our sensors
shows two dips corresponding to the excitation of surface plasmon resonances (SPRs) at two
different wavelengths. Furthermore, the asymmetric shape of these spectral responses reveals a
strong and narrow Fano resonance. Our computational electromagnetism models accurately
reproduce the reflectivity of the fabricated structure. The spectral responses of both the simulated and
fabricated structures are fitted to the Fano model that coherently combines the narrow SPRs with the
broad continuum background caused by diffraction. The parameters extracted from the fitting, such
as the resonance wavelengths and line widths, are used to evaluate the performance of our device as
a refractometric sensor for liquids. The maximum sensitivity and figure of merit are 880 nm/RIU and
80 RIU !, respectively. Besides the compact design of our sensing device, its performance exceeds
the theoretical maximum sensitivity of a classical Kretschmann setup.
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1. Introduction

Metasurfaces and metamaterials are at the core
of modern and efficient nanophotonic devices [1-3].
Their capabilities to manage light are based on the
light-matter interaction at the subwavelength scale,
which generates light trapping, surface plasmon
(SPRs), and
responses [4—8]. The SPR mechanism allows the

resonances customized spectral
measurement and monitoring of the index of
refraction of materials in chemistry [9, 10], biology
[11, 12], and environmental sciences [13], as a
real-time and label-free technique. The practical
realization of nanostructures requires a precise
combination of geometry, materials, and fabrication
tools. On the one hand, the choice of geometry and
materials should respond to prescribed specifications
in the optical response of the device. On the other
hand, the manufacturing method determines the cost,
feasibility, and practical throughput of the
production, and has an impact on the overall
performance of the finished device. As a low-cost
manufacturing  micro- and  nano-structuring
technique, femtosecond laser ablation modifies the
topography of the surface of substrates allowing
advanced applications at a lower cost than other
high-end nano-fabrication methods based on e-beam
lithography, or focused ion beam techniques [14—17].
Femtosecond laser ablation and nano-structuring is a
fast and affordable nano-fabrication technique, at the
cost of some inhomogeneities and variability
[18-20]. The parameters of the laser pulse (the
duration, repetition rate, number of pulses, fluence,
polarization state, etc.) can be tuned to improve the
finished

nanostructure generated on a given material [21-25].

quality and reproducibility of the
In the end, both ablation and thermal effects modify
the surface structure at the micro and nano scales
[26-29].

In this contribution, we are interested in the
formation of laser-induced periodic spatial structures
(LIPSSs) which are easily and more efficiently
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generated in metallic substrates for a precise
combination of the beam parameters [30-32]. The
LIPSS takes the form of a grating with a period
related to the laser wavelength with an orientation
depending on the polarization state of the ablation
beam. The LIPSS profile is commonly modeled as
having simple triangular, rectangular, or cylindrical
shapes [33], or more complex two-dimensional (2D)
geometries [34, 35]. Besides modifying the surface
finishing [36, 37], the LIPSS works as polarizing
optical elements [38], antireflection coatings [39,
40], and plasmonic sensors [41]. These complex
nanostructures can also be produced using
high-resolution techniques, such as lithography and
self-assembly methods [42] at a high cost with low
fabrication throughput. In comparison, femtosecond
laser processing has the advantage of being low-cost,
fast, and applicable to large-scale production.

This paper is focused on the use of the LIPSS,
generated by femtosecond laser ablation, as a
refractometric sensor of liquids. Our design
improves the performance of this type of sensing
device by optimizing the values of the sensitivity,
figure of merit (FOM), linearity, limit of detection,
and detection range of the sensor [43—45]. Our
sensor uses low-cost stainless steel substrates to
fabricate customized LIPSSs. The generated profile
serves as a template to conformally grow a thin gold
layer to enhance the spectral response of the device
due to SPR generation. The broad-band diffractive
LIPSS grating

coherently with the narrow spectral plasmonic

background of the interferes
resonance to produce a Fano-like spectral response.
The resulting asymmetric lineshape is highly
sensitive to any change in the index of refraction at
the interface of the plasmonic structure.

After this introduction, Section 2 describes the

fabrication methods and materials, and the

topography.
Section 3 is devoted to the analysis of the optical

geometric characterization of the

response of the fabricated device compared with the

results from computational electromagnetism
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simulations. This study also includes a fitting of the
observed response with a Fano-type resonance. The
performance of the device as a refractometric
plasmonic sensor for liquids is reported in Section 4,
showing how the model and the experimental results
fit well and allow us to predict better performance of
the device in the infrared region (IR). Finally,
Section 5 summarizes the main conclusions of this
contribution.

2. Fabrication and

parameterization

topographic

The femtosecond laser ablation is made on a
stainless steel substrate (AISI 304) having a
characterized by R,~27.63 nm. This
substrate has been selected because it is cheap and

roughness

reflective, because the generated LIPSS is more
regular in stainless steel than in other metals due to
the presence of short-range surface plasmon
polaritons [20]. Before ablation, the sample is
sonicated for 3 minutes in an acetone bath to remove
organic contaminants, dirt, and debris. Then, the
sample is rinsed in distilled water and dried by
blowing pressurized air on it. We have used a

titanium-sapphire (Ti:sapphire) laser with a nominal

(a)

Laser source HWP HWP
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pulse duration of 120 fs at a central wavelength
(4=800 nm) having a repetition frequency of 1 kHz.
The energy of the pulse is controlled with a
half-wave plate and a polarizing beam splitter. The
laser beam is focused on the sample through a
cylindrical lens with f~100 mm, and its spatial
irradiance distribution is monitored by a dedicated
charge coupled device (CCD) camera. Due to the
cylindrical lens, the irradiance distribution is highly
elliptical with a radius at the 1/e* level of
wy=54.5 ym and w,=6 mm, being x the scanning
direction. This elliptical spot allows the generation
of the LIPSS on a large area in a single pass at
higher speeds, when compared with the LIPSS
fabricated using circular irradiance distributions. In
our case, we have selected a pulse energy of
E=0.55mJ, with a number of pulses per spot of
N=174 pulses. These parameters produce an average
fluence per pulse of 53.5 mJ/cm? on a sample that
with  the
v=0.625 mm/s. The polarization of the beam is

moves along the x-axis speed
linear and oriented along the scanning direction.
Figure 1 shows the fabricated setup and how the
substrate is scanned under the laser beam to generate

the LIPSS.

Mirror Mirror
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Laser pulse -

z
Cylindrical
Ll lens
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Scanning direction

+— —

Laser polarization -~

Stainless steel

Fig. 1 Fabrication setup: (a) schematic diagram of the fabrication setup with all the elements involved in the process: lenses, mirror,
and polarization control components: half-wave plate (HWP) and polarizing beam splitter (PBS) and (b) illustration of the scanning

direction with respect to the moving stage.
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The LIPSS generated using the technique
presented here is quite regular and presents a
shallow groove in the middle, showing signs of
splitting. This structure is caused by the formation of
the type-2s LIPSS, and it is
split-LSF-LIPSS [46].
topography can be explained by an inter-pulse

known as
The generation of this

feedback mechanism and happens for a high number
of pulses within a narrow fluence range only, as it
happens in our experimental setup [47]. Our device
uses stainless steel due to the good homogeneity of
the LIPSS fabricated on this type of substrate. On
the top of the nano-structured stainless steel surface,
we sputter a 300 nm thick gold layer that maintains
This addition

improves the performance of the device. First, the

the LIPSS topography under it.

low reflectivity of stainless steel is replaced by the
larger reflectivity of gold, and then the gold coating
generates a good plasmonic response [48] which is
able to detect changes in the index of refraction of
the analyte in contact with it. Moreover, gold shows
very good chemical and biological compatibility to
serve as an appropriate material to interact with
biological samples [49].

2.1 Analysis of the topography

Despite the large-scale fabrication capabilities of
the femtosecond laser technique, the generated
LIPSS
imperfections, which can be mitigated to smooth the
resulting topography [18-21]. The reliability of the
gold coating has

may have some irregularities or

required some previous
characterization of the deposition process. We use a
flat stainless steel substrate to sputter gold and
measure its thickness using a surface profilometer.
Through this calibration, the thickness of the gold
layer is given as a function of the deposition rate and
time. As a final check-up, we process the coated
LIPSS with the focused ion beam to reveal a cross
section that is characterized through the scanning
electron microscope (SEM). Gold layers with

different thicknesses are deposited on the top of the
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stainless steel LIPSS. In Fig. 2(a) we show four
cases of gold thicknesses (#a,=100nm, 260 nm,
305nm, and 420 nm). These samples show the
LIPSS structures on stainless steel with an average
period of 695 nm and an average height of 100 nm.
From the point of view of cost optimization, the
thickness of the gold layer could be reduced
significantly ~ while

maintaining a negligible

transmission of light towards the underlying
stainless steel nanostructure. However, the optical
response also depends on the thickness of the gold
layer [see the experimental spectral reflectance
plotted in Fig. 2(b)]. For coatings up to 260 nm, we
find a sharper Fano resonance when the thickness is
increased. At the same time, Fig. 2(a) shows how the
deposition is quite conformal for thicknesses of
100 nm and 260 nm. This conformality smooth as
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Fig.2 Cross section and spectral characterization of
gold-coated LIPSS: (a) cross section of the fabricated samples
showing the underlying LIPSS and the gold layer for several
values of the thicknesses of the coating and (b) experimental
spectral reflectance of samples with different gold thicknesses.
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the gold layer is thicker. The result is that the
LIPSSs
generating nano-grooves with a higher aspect ratio.

grooves between adjacent narrow,
This trend is broken above 300 nm of gold coating.
We can see in Fig. 2(a) how the conformality does
the

nano-grooves disappear, and the optical response

not apply for a 400nm thick coating:
broadens.

Figure 3 shows the topography of the fabricated
LIPSS. The SEM images in Figs. 3(a) and 3(c)
reveal the splitting feature of a highly regular LIPSS
grating. In Fig. 3(b), we have depicted how a
geometrical model resembles a three-dimensional
(3D) smooth version of the actual profile. This
representation is used in our 2D computational
electromagnetism calculation to obtain the spectra
response of the structure. The 2D unit cell is shown
in Fig. 3(d).

(d

5007m
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The profile has been modeled as a combination
of two super-Gaussian functions [38]. A wide
super-Gaussian function reproduces the main LIPSS
profile and a second one is used to model the dip
caused by the splitting of the grating. The analytical
model is given as

x2 B xz 5
h(x)=h exp —(?j —h, exp —[?J (1)

1 2

The two Gaussian widths, o1 and >, adjust the width
of the profile and the middle dip, respectively. The
amplitudes, s, and h», describe the depth of the
larger profile and the dip, respectively. The power of
and pa,
reproduce the sharpness of the profile. The graphical

the two super-Gaussian functions, f

layout of the fitted profile is presented in Fig. 3(d).
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Fig. 3 Topographic characterization: (a) and (c) scanning electron microscope images for the fabricated sample with two
magnifications to show the regularity at the large scale and clear view of the split LIPSS, (b) 3D representation of the simulated
structure that replicates the fabricated morphology, and (d) geometrical parameters of the unit cell used for the optical model.

The values for the parameters in (1) are
h1=100 nm, /=20 nm, o01=234.5nm, 0>=52nm,
£1=10, and $,=10, for a grating period of P=695 nm
(see Table 1). Assuming a conformal deposition of
the gold layer, the exposed topography is h(x)+hs,
where /#3;=305 nm is the thickness of the Au coating.

From the top to the bottom, the materials are
arranged as follows: the analyte medium next to the
illumination source and detector domains, a gold
layer, and a stainless steel substrate. The gold
coating is thick enough to prevent any transmission.
Besides, any residual transmission through gold is
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absorbed by the substrate.

The structure is modeled using the

computational  electromagnetism  module  of
COMSOL Multiphysics. In our simulations, we have
a tunable

transversal magnetic (TM) polarization illuminating

monochromatic light source with
the unit cell with a variable angle of incidence. The
listening port is located on the top to collect the
reflected light under mirror reflection conditions.
For the TM mode, the ports are defined using a
magnetic field amplitude of (0,0,1) A/m, and the
angle of incidence of the incoming waves. Then, by
dividing the whole geometry into tiny domains
through meshing, the finite element method solves
Maxwell’s equations to evaluate the fields at each
point of the structure. Once we have these fields, we
calculate the optical parameters of interest, such as
transmission, reflection, or absorption. The
periodicity is modeled using only one unit cell and
applying the Floquet boundary conditions to mimic
the actual sample with the period P [see Fig. 3(d)].
This approach takes advantage of the field
continuity across the lateral walls of the unit cell.
Due to the symmetry of the structure, we can
evaluate the performance of the infinite periodic
structure by solving the problem for one unit cell
only. The model is terminated on the top and bottom
by two perfect-matched layers (PML) to absorb
higher diffraction orders that could interact with the
low-order diffraction orders of interest. The
orientation of these PMLs is adjusted for each
wavelength and angle of incidence. The COMSOL
package can solve Maxwell’s equations for the fields
when every element has a maximum size at least
five times smaller than the wavelength. For more
accuracy, we use a maximum element size of /10 in
the whole model and increase the meshing density in
the locations of thin layers and tiny regions of the
gratings. The final geometrical parameters are listed
in Table 1. The optical constant of the stainless steel
is experimentally measured, and the parameters for

gold are obtained in [50].
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Table 1 Geometrical and material arrangement of the device
(top to bottom).

Layer Thickness and geometry parameters
Analyte (initially air n,~1.0) Infinite

Gold (thin film) h3=305 nm

Stainless steel (substrate) Infinite

LIPSS-main 01=234.5 nm and /=100 nm,
£1=2 and P=695 nm
LIPSS-split 0,=52 nm, ;=20 nm, and $,=10

3. Spectral response

The spectral response of the fabricated device is
analyzed for its use in optical sensing. We have
experimentally measured the spectral reflectance in
air for several angles of incidence, ¢. The device is
illuminated by a super-continuum laser (NKT
Photonics, SuperK Compact) emitting in a wide
spectral range, A€ [450 nm, 2 400 nm], and coupled
to a fiber. The linear polarization of the laser is
adjusted to excite the TM mode. The mirror
reflection is collected by a fiber coupled to a visible
and near-infrared spectrometer (Oriel, MS257). Both
illumination and collection fibers are mounted on a
6—20 mechanical arm. This setup eases the correct
collection of the reflected signal. The experimental
results in the visible are shown as a red
dashed-dotted line in Fig. 4 for twelve angles of
incidence from ¢=25° up to ¢=80°. Using the
geometric and material arrangement presented in
subsection 2.1, we have simulated the structure to
reproduce the experimental results plotted as a blue
dashed-dotted line in Fig. 4. The experimental
results in the near infrared are presented in the first
row of Fig.5. For both the visible and infrared
spectra, the location of the spectral minimum
obtained from simulation agrees well with the
experimental results. However, the shape of the
simulated reflectance is sharper than the
experimental result. These discrepancies are mostly
caused by the inherent irregularities of the fabricated
device against the perfect geometry used in the
simulation. Both in the simulation and experiment,

there is a first peak within the visible (see Fig. 4)
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and a second one in the near infrared (see Fig. 5).
These peaks become narrower and red-shifted when
increasing the angle of incidence [51], as it happens
with the previously reported SPR sensor, where the
performance gets better for a larger angle of
incidence or longer wavelengths [52, 53]. Due to the
spectral range limitations, the resonance in the near
infrared is only measured up to ¢=20°. Beyond this
angle of incidence, the resonance lies above the
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maximum  measurable wavelength of our
spectrometer. In our analysis, after validating the
simulated results against the experiment, we can
extend the spectral range of interest beyond our
experimental limitations through simulation. The
results for three angles of incidence are given in the
second row of Fig. 4, showing the same trend as in
the visible: the resonance red shifts and its spectral

width decreases as the angle of incidence increases.
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Fig. 4 Spectral reflectance for the device under analysis in the visible range. The experimental results (expr) are plotted in red
dashed-dot line with its fitting (e-fit) as a solid semitransparent red line. The simulated response (sim) is given as a blue dashed-dot
line with the fitting (s-fit) as a solid semitransparent blue line (see legend at the upper-left corner subplot). These plots are for
12 angles of incidence varying from ¢ =25° up to ¢ =80° and for the same spectral range between 500 nm and 800 nm.

The peaks found in the reflectance are not
symmetric and can be explained as the Fano
resonances where the narrow SPR lineshape
combines coherently with the broader diffractive
response of the grating. To check this previous
assumption, we have fitted the experimental
reflectance to a Fano model applicable to our

structure. This model can be written as

i Q.

rd:rbk+ f—jﬂ (2)
S (0-0,)i+

where r, is the reflection coefficient, f, is the
complex Fano coupling coefficient, €2 is the

width of the Lorentzian term, i is imaginary unit, and
 is the angular frequency of the incident light. The

sum over j in (2) describes M Lorentzian-shaped
SPRs that could appear in the spectral range of
interest, where M typically varies between 1 and 3,
and j=1 is the most relevant SPR. In the case treated
in this paper, we have only considered one
resonance, meaning M=1.

The first term, rpk, represents the wide spectral
diffractive response due to the grating. This term is
given as a Fourier series expansion around the
central frequency of the strongest SPR, wo,, that
includes up to the cubic order terms in w. The result
of this fitting can be seen as thick semitransparent
lines in Figs. 4 and 5 for the visible and the near
infrared, respectively. These figures also show how
the resonance narrows when the angle of incidence
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increases. We have fitted the model in (2) to the
experimental and simulated spectra for the 12 angles
of incidence considered in our analysis in the visible
range (see Fig. 4) and for the 6 angles of incidence
in the near infrared (see Fig. 5). We can check that
for a small angle of incidence, the spectral
reflectivity shows a wide and flat resonance, where

the slow varying term, 7y, is dominant. However,
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for a large angle of incidence, the peak becomes
steeper and narrower, indicating the growing
importance of the Lorentzian shape of the involved
SPR. From the fitting, we can extract the values of
wo and £, which describe the location of the
resonance and its spectral width. These values given
as angular frequencies can be transformed to the

wavelength using the following relations:
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Fig. 5 Spectral reflectance for the device under analysis in the near infrared range. In the first row, the experimental results (expr)
are plotted in red dashed-dotted line with its fitting (e-fit) as a solid semitransparent red line. The simulated response (sim) is given as
a blue dashed-dot line with the fitting (s-fit) as a solid semitransparent blue line. The first row contains three plots for angles of
incidence ¢=10° 15° and 20°. In this first row, we have maintained the same spectral range. The second row only contains the
simulated results that go beyond the spectral range of our spectrometer. We can see that the resonance is red-shifted when increasing
the angle of incidence. The horizontal axis for these simulations’ changes for each angle of incidence.

27ce
Ap=—, 3)
w()
sh=27c ¥ )
a)o

where OA describes the spectral width of the
resonance.

Figure 6 represents the evolution of these two
parameters for the visible (in blue) and the near
infrared (in red). The dots correspond with the
experimental values and the solid lines are for the
simulation. We check that the computational
electromagnetic model fits very well with the

location for Ao, and generates a spectral width that is

narrower than that in the experimental, as shown in
Figs. 4 and 5. These two parameters are important
when defining the sensitivity and the FOM of
refractometric sensors in Section 4.

4. Refractometric sensor performance

The results reported in the previous section
support the use of this structure as a refractometric
sensor based on SPRs. To prove this application, we
have evaluated the sensing performance of the
system using the variation of spectral reflectivity
with the index of refraction of the analyte medium.
The plasmonic structure and the analyte are placed
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Fig. 6 Variation of the central wavelength Ao and spectral
width for the resonances in (a) Fig. 4 and (b) Fig. 5 as a function
of the angle of incidence, ¢. The results for the visible are
represented in blue and the values for the infrared are in red.
The dots denote the experimental values and the solid lines are
for the results obtained from simulation.
inside a glass cell filled with the liquid analyte. The
angle of incidence on the cell is corrected to account
for the effect of Snell’s law on the angle of incidence
when light refracts through the measurement cell.
Both the measurements and simulations have

been performed for an angle of incidence ¢=47°.
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Figure 7(a) shows the experimental and simulated
spectral reflectivities for three analytes.

The parameters to characterize the performance
of a refractometric sensor are the sensitivity (s) and
FOM, which are defined as:

.
- min s 5
s= e )
FOM = — (6)
oL

where Amin is the wavelength at the minimum value
of the reflectivity and n, is the index of refraction of
the analyte [54].

Using the results from Fig. 7(a), we obtain these
characteristics parameters as Sexp=Ssim=000 nm/RIU,
FOMe,=30 RIU™!, and FOM;in,=75 RIU"'. These
values already reach the theoretical maximum
sensitivity, S. For the Kretschmann configuration, it
is 600 nm/RIU [55]. As we do in the previous
section, the reliability of our numerical model makes
it possible to expand the analysis of the device
beyond the limitations of our experimental setup.
Then, maintaining the same illumination conditions,
we have also simulated the spectral response in the
infrared when varying the index of refraction of the
analyte within a given range, n.,€[1.330, 1.375]. The
results are plotted in Fig. 7(b).
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Fig. 7 Spectral reflectance: (a) experimental (dark colors) and simulated (light colors) spectral reflectance of the structure for three
analytes (air, water, and ethanol) and (b) simulated spectral reflectance in the near infrared for a liquid analyte with the index of

refraction n.€[1.330, 1.375].
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Fig. 8 Infrared spectral reflectance: (a)—(d) simulated spectral reflectance (sim) in the near infrared (dashed line) and fitting (fit) to
the Fano model (solid transparent line) of (2) for n,=1.330, n.=1.345, n=1.360, and n,=1.375, respectively, and (¢) and (f) dependence
of the central wavelength, Ao, and width of the resonance, 8, as a function of the index of refraction of the analyte.

Then, knowing that the spectral width of the
SPR decreases with the
reflectances have been fitted with the model in (2) to

wavelength, these
obtain the central wavelength of the resonance, Ao,
and its width, oA. The fitting of the simulated spectra
to the model is presented in Figs. 8(a)-8(d) for four
of n.e(1.330, 1.345, 1360, 1.375),
respectively. The values of Ay and 6A obtained from

values

the fitting are also represented in Figs. 8(e) and 8(f)
as a function of the index of refraction of the analyte.
Using these values, we can calculate the sensing
parameters as s=880 nm/RIU and FOM=80 RIU".
Both parameters are larger than those in the visible
region and exceed the limit of the Kretschmann

configuration.

5. Conclusions

Laser ablation has become a reliable and
competitive fabrication tool for nano-structured
devices. By controlling the laser pulse parameters,
ablation modifies the metal surface in a predictive
manner to shape it in the form of the LIPSS. In fact,
our fabrication setup produces a split LIPSS with a
shallow dip on the top of the periodic grating. We
have modeled the fabricated topography with the
addition of two super Gaussian functions: one for
the wide variation of the LIPSS and the other one

for replicating the middle dip of the structure. The
parameters of this geometry are adjusted to replicate
the actual fabricated profile.

From a physical point of view, when the LIPSS
nanostructure is illuminated, the SPRs excited in
these LIPSSs are coherently combined with the
diffractive response of the periodic pattern. We have
shown that these resonances are well described and
accurately fitted within the spectral range around the
resonance, as a Fano response. The parameters
obtained from the fitting, especially the value of the
central wavelength and its spectral width, produce
lineshapes that are redshifted and narrow when
increasing the angle of incidence, both in the visible
and the near infrared, and also both for the
experimental results and simulations.

The refractometric performance of our device
has been experimentally tested. We have measured
the spectral response for a fixed angle of incidence
$=47° and for three analytes: air, water, and ethanol.
The measurement results have been compared with
the results obtained from the simulation. Again, the
agreement between simulated and experimental
results is very good when considering the central
wavelength of the resonance, with the simulation
predicting a narrower peak than that observed
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experimentally. This discrepancy is likely caused by
the departure between the ideal geometry and the
actual topography, and by the irregularities in the
period and shape over the illuminated region of the
device. Even in the current conditions, the
performance of the device surpasses the values of
the Krestchmann configuration. When extending our
simulations into the near infrared, the sensing
capabilities increase, and the expected performance
is again very promising.

In summary, refractometry of liquids can take
advantage of the nano-structured surface fabricated
with a low-cost and high-throughput technology, and
the femtosecond laser ablation, which generates the
LIPSS in a quite reliable way. These nanostructures
generate the SPRs that become the Fano resonances,
allowing a better determination of the optical

constant of analytes.
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