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A B S T R A C T

A fast and reliable method for the fabrication of polarization modifying devices using femtosecond laser is
reported. A setup based on line focusing is used for the generation of LIPSS on stainless steel, processing at
different speeds between 0.8 and 2.4 mm/s with constant energy per pulse of 1.4 mJ. SEM and AFM char-
acterizations of the LIPSS show a progressive increase in period as the processing speed increases, while height
remains approximately constant in the studied range. Optical characterization of the devices shows an induced
change in the polarization of the reflected beam that varies with the processing speed, which allows a controlled
fabrication of these devices.

1. Introduction

Converting the state of polarization of a laser beam is an essential
task in most optical research and industrial applications [1]. For this
purpose, waveplates are one of the most common elements in present-
day optical setups.

Conventional waveplates manipulate the polarization state by re-
tarding (or delaying) one of the polarization components with respect
to its orthogonal component. This behavior is achieved through dif-
ferent phenomena, namely, birefringence (inducing a progressive delay
as the wave travels through a material) and internal total reflection (as
in Fresnel rhombs, which take advantage of the induced phase shifts
between the polarization components in each internal reflection [2]).
Either of this phenomena can happen naturally in transparent materials
(crystals) or be mechanically induced (fibers) [3,4].

For this reason, most waveplates are nowadays fabricated for op-
erating in transmissive mode. However, the rapidly growing develop-
ment of nanostructuring technologies and metallic metamaterials [5]
has opened interesting alternatives for the fabrication of this type of
devices that operate in reflective mode [6].

Operating in reflective mode may be beneficial to certain optical
systems due to physical restrictions in the setup. However, the main

advantage lays in that they generally present a higher damage threshold
and produce a lower temporal dispersion of the pulse [7], along with
having lower heat dissipation coefficient than transmissive waveplates
[8]. Some applications that use polarization and have already benefited
from reflective mode are liquid-crystal displays [8], element compac-
tation of optical pickup units [9] or devices with antireflective func-
tionality [10].

The physical principle that allows this phase-shifting behavior in
nanostructured surfaces is based on the interaction of light with sub-
wavelength patterns/gratings (SWGs). When the period of the grating is
smaller than the wavelength of the incident light, the structure becomes
an optically anisotropic medium which induces optical birefringence,
usually called form birefringence [11,12]. This phenomenon originates
from the difference in boundary conditions of parallel and perpendi-
cular components of the electromagnetic waves relative to the direction
of the grating lines [13].

Form birefringence is very strong compared with natural anisotropic
crystals, and it can be tuned by controlling the period and aspect ratio of
the grating structure. This way, a SWG with properly chosen morpho-
logical parameters may operate as a half- or quarter-waveplate [14,15].
In cases like this in which SWGs are used to change and control polar-
ization, they receive the denomination of polarization gratings (PGs).
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Recently, many works based on this surface sub-wavelength struc-
turing approach have been published. For example, Gadyani et al. [16]
fabricated a subwavelength metal grating for visible light by electron-
beam lithography to transform circularly polarized light into radially
polarized light. Nanfang Yu et al. [17] achieved polarization manip-
ulation using carefully designed antennae that create an abrupt phase
change at the interface. Stafeev et al. [18] fabricated a four-Sector
transmission Polarization Converter (4-SPC) for a wavelength of
633 nm, that enables the conversion of a linearly polarized incident
beam into a mixture of linearly and azimuthally polarized beam.

In most of these works, the surface nanostructuring process was
carried out with different variants of lithography: focused-ion-beam
lithography, electron beam lithography, nanoimprint lithography or
optical interference lithography [6,9,11,14,15,19]. However, these
methods usually involve several fabrication steps, leading to complex
and long fabrication processes. Additionally, some of them involve the
use of chemicals like chrome, acids or organic resins that are potentially
pollutants or health hazards.

Other methods available to create micro- or nanogratings while
avoiding these shortcomings are Direct Laser Ablation (DLA) and Direct
Laser Interference Patterning (DLIP). DLA consists in removing material
through laser ablation, with the size of the focused spot limited by the
diffraction limit, which is related to the laser wavelength and numerical
aperture (NA) of the focusing system. In practice, this means that it is
usually not possible to obtain spots smaller than 1 μm in the target
surface. Only by using UV lasers with high NA or/and photosensitive
materials, usually polymers, it is possible to achieve smaller spot sizes
[20]. Naturally, this technique covers a very small surface for each ir-
radiation, which greatly increases processing time.

DLIP is a method that uses interference between two or more co-
herent beams. This interference generates an intensity pattern of local
maxima and minima. In the case of two beams, the generated pattern is
formed by parallel lines, with the period of the structures depending on
the wavelength of the laser and the angle between the interfering beams
[21]. This method overcomes some of the drawbacks of DLA since a
large area can be processed at the same time, in the order of 1 cm2

versus the previously mentioned 1 μm2. However, it requires lasers with
pulses in the order of picoseconds-nanoseconds due to the need of a
larger spatial coherence that makes the interference possible over re-
gions of relevant sizes. This means that thermal effects become sig-
nificant compared to femtosecond lasers, which is a critical effect when
processing materials (specifically metals due to their higher thermal
conductivity), therefore limiting the resolution of the pattern in prac-
tice [22].

To sum up, even though these laser techniques surmount some of
the disadvantages present in lithography, they still have some limita-
tions regarding the equipment needed to generate sub-micrometer
gratings. These limitations are mainly related to the laser source (pulse
duration, wavelength) and target material, being much less efficient on
metals than on polymers.

In this work, we have chosen a different approach for the fabrication
of this type of gratings, which consists in the use of the so-called Laser-
Induced Periodic Surface Structures (LIPSS). LIPSS were discovered in
1965 [23], but they have started to receive increased attention only
recently. This is due to the fast development of laser systems and
sources, specially femtosecond sources, that have enabled them to be-
come an interesting alternative for subwavelength structuring of most
materials with an easy and single-step fabrication process [24].

LIPSS are periodic structures that appear easily in most materials
(metals, dielectrics, and polymers) when irradiated with linearly po-
larized radiation [24–26]. The orientation of these structures is directly
related to the polarization of the incident light, while other parameters
of their morphology such as the period and height can be controlled
with the number of pulses, fluence, wavelength, angle of incidence and
pulse duration of the incident light [27]. Two main types of LIPSS can
be generally described according to their period. Low Spatial Frequency

LIPSS (LSFL) have a period close to the irradiation wavelength λ
(usually between λ/2 and λ), while High Spatial Frequency LIPSS
(HSFL) exhibit shorter periods (smaller than λ/2) [24]. In any case,
LIPSS period is always shorter than the wavelength of the laser used in
their generation. This makes simpler the fabrication of nanogratings
with the use of conventional lasers emitting in the near infrared. Ad-
ditionally, this method is not limited by the spot size or the type of
material processed. These characteristics indicate that the generation of
LIPSS for the fabrication of SWG is a very promising method that can
surpass others in efficiency, versatility and speed.

In order to boost performance and fabrication speed, laser setups
taking advantage of beam shaping techniques have been recently used
(Bessel beams, cylindrical lens, and spatial light modulators), demon-
strating that the coherence and fabrication speed can be improved this
way [28–30]. In this work, we have explored the use of a focusing
system employing a cylindrical lens to minimize the fabrication time
and make this approach an industrially feasible alternative in terms of
production rates.

Therefore, we present a new approach for the fabrication of PGs
based on LIPSS. A Ti:Sapphire femtosecond laser with a cylindrical
focusing system has been used to rapidly generate LSFL with different
parameters on the surface of steel samples. Results confirm polarization
changes in the reflected light, which are associated with the form bi-
refringent behavior of the fabricated PGs through numerical calcula-
tions. It has been proved that the amount of change induced in the
polarization can be controlled by the parameters used in the fabrication
process of the samples. We believe that this method could overcome the
drawbacks of fabricating waveplates with other methods by allowing a
fast, versatile and controlled fabrication without the use of polluting
chemicals.

2. Materials & methods

2.1. Material

The irradiated material is stainless steel (AISI 304) in samples of
dimensions 10 mm × 20 mm. The raw samples were mechanically
polished to finally obtain samples with a measured roughness of
Ra = 276.3 Å. Before and after the process the samples were introduced
in acetone ultrasound bath for 3 min in order to remove dirt and par-
ticles generated during the process.

2.2. Laser setup

A Ti:Sapphire laser is focused in a line on the surface of the stainless
steel samples in order to create LIPSS along said line. The laser system
produces 120 fs pulses with a central wavelength of 800 nm and a re-
petition rate of 1 kHz. The pulse energy is adjusted with a variable
attenuator formed by a half-wave plate and a polarizer. A motorized
half-wave plate rotates the polarization of the laser beam. A combina-
tion of a cylindrical lens with a 100 mm focal length and a spherical
focusing lens with a 75 mm focal length is used to focus the beam on the
sample with a line-shaped profile perpendicular to the X-axis (Fig. 1).
This, in contrast to other reported experiments [29,31,32], allows the
introduction of an imaging system to monitor the process while main-
taining the line profile (with a gaussian distribution in both focused and
free-propagating axes) of the focused beam. The position of the lenses is
adjusted so that the distance between them is equal to the sum of their
focal lengths. The imaging system is constituted by a CMOS camera
using a white LED as illumination, as shown in Fig. 1. XZ motorized
stages are used to hold the sample and to control the projected line size
(by adjusting the Z position) and the processing speed in the X direc-
tion.
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2.3. LIPSS fabrication process

LIPSS patterns were generated moving the sample under the line-
focused laser beam at a constant speed along the X-axis, with laser
polarization parallel to the direction of the movement. The incoming
laser beam was directed to the cylindrical lens and the position of the
samples in the Z-axis (vertical) was adjusted so that the width of the
laser beam projected onto their surface was constant in all cases. The
beam size in the position of the sample was measured at low energy per
pulse with a calibrated CCD, finding a beam half-width at e−2 of
wy = 6 mm in the non-focused axis and wx = 32 µm in the focused axis.

In this case, due to the focusing of the beam, the beam area has an
elliptical shape instead of a circular one, with one of the axis being
much larger than the other. In consequence, fluence was calculated
using the expression F = E/(π·wx·wy), where E is the measured energy
per pulse. Since the laser irradiation is non-static, an overlap exists
between the pulses. In order to calculate this overlap, we consider the
size of the beam width (2·wx). The time required for a point in the
sample to travel this distance at speed v is 2·wx/v. Therefore, the
number of pulses to which this point is exposed during this time is
N = 2·wx·RR/v, where RR is repetition rate of the laser.

A study was performed in order to select the correct parameters for
LIPSS formation. Then, the energy per pulse for all the samples was set
to 1.4 mJ (value measured before the focusing lenses). The range of
processing speeds varied between 0.8 and 2.4 mm/s. Using these
parameters resulted in a fluence of 0.2 J/cm2 and number of pulses
between 80 and 240 for the highest and lowest speed, respectively.

With the mentioned parameters and within this range of speeds,
LIPSS are clearly visible in 3 mm around the center of the generated line
(at the point of maximum intensity). Ablation starts to dominate the
process below the minimum speed and above the maximum speed the
formation of LIPSS stops. These results are in good agreement with
previous studies on stainless steel [33].

2.4. Characterization

Two types of characterization were used in this study. Firstly, the
morphology of the samples was examined in order to evaluate the
formation and characteristics of the generated nanostructures.
Secondly, an optical characterization was made in order to observe the
optical response of the fabricated samples. In all cases, the character-
ization took place in the region around the middle of the sample where
LIPSS characteristics were constant.

2.4.1. Morphological characterization
The changes on the surface of the samples were characterized with

SEM (Scanning Electron Microscopy), gathering micrographs of the
samples which then were analyzed through 2D-FFT (two-dimensional
Fast Fourier Transform). Since the relation between LIPSS period (Λ)

and the distance between FFT peaks (d) is given by equation Λ = 2/d,
the period of the generated LIPSS can be measured.

Height measurements were taken with AFM (Atomic Force
Microscope) in large areas of 30 μm × 30 μm using high aspect ratio
tips. Each measurement consisted of 1890 linear sweeps with a se-
paration of 16 nm between each other. The direction of the sweeps was
perpendicular to the LIPSS. Then, in each sweep, all peak to valley
heights were calculated and stored. These values were then collected
for the total number of sweeps and represented as a histogram. The
lowest peak to valley heights (with a prominence smaller than 30 nm)
were filtered, since they are associated to background noise and in-
strumental errors. The resulting histogram was fitted to a normal dis-
tribution, from which the mean LIPSS height and standard deviation
was obtained.

The transversal profile of the LIPSS was also observed through the
FIB (Focused Ion Beam) technique implemented in a SEM microscope.
This technique is useful to compare the obtained data with the results
from the AFM, although the process is time consuming and, in con-
sequence, it is difficult to obtain significant statistical data with it.

Additionally, EDS (Energy-dispersive X-ray spectroscopy) technique
was used in order to measure the superficial atomic composition of the
samples as chemical changes could occur during or after laser interac-
tion.

2.4.2. Optical characterization
The effect of the fabricated samples on the incident light was

measured with a polarimeter (Thorlabs PAX1000IR1). A He-Ne laser
(633 nm wavelength) was directed towards the sample at 5° angle with
respect to the normal of the surface. Incident laser polarization was
controlled with a half wave plate. To better detect birefringence, po-
larization of the incident beam was linear with an inclination rotated at
45° with respect to the orientation of LIPSS. The specular reflection of
light was analyzed using the polarimeter. This device measures the
Stokes parameters of the light beam. The Stokes vector is formed by its
four components: I, Q, U, and V, which completely define the polar-
ization state of a light beam. I is the intensity of the light beam, Q is the
linear component at 0 and 90 degrees, U is linear component at ±45
degrees, and V is the circular component (clock-wise and counter-
clockwise). From the Stokes components, the parameters which define
the polarization ellipse, that is, the ellipticity and the azimuth, can be
easily obtained [34]. Among them, the ellipticity angle describes the
circularity of the state, being 0 for linear polarization and ±45° for
totally circular polarization. The intermediate values correspond to
elliptical states, and the sign of this parameter corresponds to the ro-
tation direction.

2.5. Numerical methods

We have also analyzed the polarization properties of the wave re-
flected by this type of SWG from a numerical point of view. This allows
checking the validity of the assumptions and the experimental results.
We have used Rigorous Coupled Wave Analysis (RCWA) method
[35–38], also commonly referred as Fourier modal method (FMM) [39]
in order to obtain the electric field reflected by the LIPSS on metallic
surfaces. In particular, we have used the S4 implementation [40].

RCWA algorithm divides the profile in layers, as shown in Fig. 2a).
We have used a 2D RCWA unit cell to approximate the SWG. In order to
simulate the shape of the ripples, we have provided a general definition
of the profile as

= +h x A x p( ) 1 2 1 cos(2 / )
2

where A is the amplitude of the profile, p is the average period, and is
the fill factor. Except for β = 1, the profile h(x) is not symmetrical
between the upper and the lower parts. In any case, it ranges from −A

Fig. 1. Setup used in the processing of the samples.

A. San-Blas, et al. Applied Surface Science 520 (2020) 146328

3



to A, and the height of the profile is 2A.
The illumination is modelled as a plane wave in normal incidence of

wavelength 633 nm, as used in the experimental setup (Section 2.4.2),
and whose polarization is linear with 45° with respect the axis of the
SWG. Experimentally, the incidence angle is 5°, but as it is a low angle,
we neglect it for simplicity. The refraction index of the bulk material at
this wavelength was measured using spectroscopic ellipsometry, ob-
taining the complex refraction index n = 2.3401 + 3.3170i at the il-
lumination wavelength. The number of layers in the simulation of the
LIPSS profile is N = 13, and the maximum number of orders in the
Fourier expansion is G = 51.

As an example, Fig. 2b shows the electric and magnetic reflected
fields for a period of p = 620 nm. Since the period of the grating is
smaller than the incident wavelength, the reflected field is a zero-th
order plane wave. Then, the Stokes parameters are computed from the
electric field, from which the azimuth and ellipticity angle are calcu-
lated.

3. Results

3.1. LIPSS morphology

A study of the LIPSS morphology was performed. Fig. 3 depicts a
comparison between a FIB (a) and an AFM profile (b). Similar structures
and heights are observed between the two methods. According to the
method explained in the previous section, the mean height and stan-
dard deviation have been measured for the samples studied and re-
presented in Fig. 5. Results show that LIPSS height is very similar in all
the range of studied processing speeds (0.8–2.4 mm/s). The studied
samples show heights of around 125 nm with a large dispersion due to

irregularities, as represented by the standard deviation. This value for
the mean height is in the range of those reported by other groups for
steel [41].

Fig. 4 shows a comparison between SEM images of three samples,
corresponding to processing speeds of 0.8 mm/s (a), 1.6 mm/s (b) and
2.4 mm/s (c), therefore representing the range of processing speeds
used. A notorious feature in the shape of the LIPSS can be seen in
Fig. 4a, where the ripples show imperfections along the crest. The same
effect has been reported in the literature, which is caused by a higher
accumulated fluence [41,42]. On the other hand, Fig. 4c shows LIPSS
that in some regions fade, indicating that their structure is not as well
defined as in the other cases. The 2D-FFT images shown in the inset of
Fig. 4 show two main peaks to the left and right of the origin (in the
center of the image). Since the resulting LIPSS are not parallel and
uniform structures, the 2D-FFT results show diffused shapes instead of
single points, which would correspond to a single frequency and or-
ientation. Instead, there is a stronger peak (with a sickle moon shape)
corresponding to the fundamental frequency of the LIPSS and a weaker
one (more rounded) at a double frequency, both with some range of
frequencies and orientations that vary between samples.

Even though these changes are not evident in the SEM micrographs
or in their FFT counterparts, they become more visible in Fig. 4d. This
figure shows the ratio between the maximum intensity of the double
and fundamental frequency peaks of the LIPSS. It can be seen that this
ratio decreases as the processing speed increases. This trend confirms
that, as the number of overlapped pulses increases, the shape of the
LIPSS changes progressively as mentioned in the description of Fig. 4.

As stated earlier, measuring the distance from the point of max-
imum intensity to the origin in the 2D-FFT images gives the main fre-
quency or, equivalently, the period of the LIPSS. Additionally, one can
measure the frequencies at half-maximum intensity of the transversal
profile given by the sickle moon shape. This gives the period dispersion
found in Fig. 4e). In this plot, we observe an increase in the range of
periods as processing speed increases, giving a wide distribution of
LIPSS periods.

The relation between period and processing speed can be seen in
Fig. 5. The period of the generated LIPSS increases linearly with the
processing speed, from 602 to 651 nm, allowing the classification of
these LIPSS as LSFL. A similar behavior and values for a laser emitting
at 800 nm have been reported in bibliography [43,44].

Metal oxidation after LIPSS processing is usually not studied or re-
ported. However, in optical applications, and specifically in SWG, it is
to expect an influence of the refractive index of the material [45].
Additionally, changes in the refractive index of other materials with
different degrees of oxidation have been reported [46]. In this work, we
used EDS to analyze our processed samples under different conditions.
Results show that the samples have a composition matching that of the
stainless steel used, with atomic oxygen present in the processed areas
of the samples (Fig. 6). While unprocessed stainless steel shows absence
of oxygen, a composition of 1.8% oxygen in mass is found in the
samples processed at a speed of 2.2 mm/s. As the processing speed
decreases, this percentage increases up to 3% at 1 mm/s.

Therefore, processing speed has a direct effect on the oxygen pre-
sence, and we expect it to further increase at lower speeds and decrease
at higher speeds. Further studies on this matter should be addressed,
since it could provide valuable information for this or other (such as
tribological) applications [47].

3.2. Effect of nanostructures on the incident light

Polarimetry results show that the ellipticity of the beam polarization
can be modified by varying the processing speed (Fig. 7). As processing
speed increases from 0.8 mm/s to 1.6 mm/s, ellipticity angle also in-
creases from 2.91° to 11.04°. However, as the speed further increases,
the ellipticity angle starts to decrease again down to 1.18° at a speed of
2.4 mm/s. Therefore, a change in the polarization is observed from

Fig. 2. (a) Profile function (dotted line) and sliced profile (filled space) of the
grating with p = 620 nm, A = 80 nm, β = 1.7 and number of layers N = 13.
(b) Calculated reflected electric (above) and magnetic (below) fields of the
same grating illuminated at 633 nm.
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linear to elliptical with a varying degree of ellipticity, which can be
controlled through processing parameters.

At the same time, an effect on the reflectivity can be observed. The
reflectivity has been normalized taking as reference the reflectivity of a

sample of stainless steel prior to any laser processing, which is 38% of
the incident light. As shown in Fig. 7, it increases continuously from
5.8% at 0.8 mm/s to 34% at 2.4 mm/s, with a value of 17.2% at the
maximum ellipticity angle.

Fig. 3. (a) FIB section, where the profile of
the LIPSS can be seen in the interface be-
tween light grey (corresponding to a pla-
tinum covering used in the process) and
dark grey (corresponding to the sample).
(b) AFM profile of a sample processed at
0.8 mm/s. Grooves with approximately
triangular shape appear on the left area of
both images, while on the right half,
structures with double peaks arise. The
AFM profile looks sharper because of dif-
ferent proportions in the vertical axis.

Fig. 4. SEM images of the samples fabricated at (a) 0.8 mm/s, (b) 1.6 mm/s and (c) 2.4 mm/s. Insets: 2D-FFT of the samples. (d) Ratio between intensity of harmonic
(I2) and fundamental (I1) frequency of LIPSS as measured in FFT images versus processing speed. (e) FWHM of the period distribution obtained from the 2D-FFT
profile.

A. San-Blas, et al. Applied Surface Science 520 (2020) 146328

5



3.3. Optical modeling

In order to validate the experimental data, we have varied the
parameters of the profile function in Section 2.5. We have found that
the best fitting parameters for the experimental data are A = 80 nm and
β = 1.7. Therefore, the height obtained in the simulations, h = 160 nm,
is in accordance to the experimental results obtained in Fig. 5. Fig. 8
shows the comparison between the experimental values and the nu-
merical calculations performed with the mentioned parameters. The
model reproduces the trend and experimental values. Therefore, the

height, average shape and periodicity used in the simulation is a good
regular equivalent of the irregular surface found experimentally. Even
though other combinations of shapes with similar results could in
theory be possible, we have not found any other that yields a fitting as
good as the one shown in Fig. 8.

Fig. 5. Period (left axis, orange triangles) and height (right axis, blue circles, with a small offset) of the generated LIPSS versus processing speed of the samples. For
the period, a linear fit with R2 = 0.989 and slope 31.5 nm/(mm/s) is found in the studied range.

Fig. 6. Oxygen presence in the processed samples versus processing speed.

Fig. 7. Ellipticity angle of the reflected light (ma-
genta circles, left axis) and normalized reflectivity
(green triangles, right axis) versus processing speed
of the samples. The dashed lines are a guide to the
eye. Inset: state of polarization of the incident light
with respect to the orientation of the LIPSS in the
measurements. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Comparison between experimental (blue triangles) and calculated
(yellow circles) ellipticity angle for periods under the wavelength used in the
measurement (633 nm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

A. San-Blas, et al. Applied Surface Science 520 (2020) 146328

6



4. Discussion

The coherence in the results between samples suggests that the
setup used in this work allows for a consistent fabrication where the
parameters are kept constant, specially the spot size. Unlike other
processing setups that use microscope objectives with working dis-
tances of a few millimeters, our setup uses long focal lenses and
therefore has long Rayleigh length, which helps in the positioning of the
sample in the Z axis.

In addition, the combination of lenses used in this experiment al-
lows a simpler processing strategy. Since the projected line on the
sample is long enough to cover one of the axes, the samples only need to
be translated along the axis perpendicular to this line. The required
time for the processing of the sample is therefore greatly reduced, and it
is especially useful in roll-to-roll processes.

The observed behavior of the samples concerning change in polar-
ization is in agreement with subwavelength gratings causing phase
retardation [9,45], so our conclusion is that these properties must be
caused by the LIPSS, with their geometry or composition being the key
factor to their specific optical behavior.

Since we do not appreciate changes in height in the studied range
(Fig. 5), it is reasonable to assume that height is not a factor that in-
fluences the changes in the optical behavior of our samples. Similarly,
the low oxidation and small variation found in these samples (Fig. 6)
suggest that oxygen concentration is not the main cause of the decrease
in reflectance at lower speeds.

On the other hand, we see a clear trend in LIPSS period (Fig. 5),
which could be the main cause of the change in behavior for the dif-
ferent samples. Although a higher reflectivity and a greater change in
polarization from linear to elliptical can be achieved, we believe that
this effect is limited by the great distribution observed in periods and
heights (Figs. 4e and 5, respectively), making the surface irregular and
this way reducing its effect as a single grating. In addition to this, the
decrease in reflectivity at lower fabrication speeds (Fig. 7) could be
related to the increase in the presence of double frequency LIPSS as
seen in Fig. 4d.

Additionally, the numerical simulations with RCWA show that the
shape of the LIPSS can be approximated to a periodic function that al-
leviates the computational requirements of the simulation and provides a
simplified approximation. This method has been used to find an effective
height and shape of the generated nanostructures. The shape found is, in
general, consistent with the shape of the LIPSS observed, since it con-
serves the conical shape. The effective height found in the simulations is
160 nm, which is just within the values of heights extracted from AFM
measurements (around 125 ± 45 nm), although far from the average
height. This suggest either that AFM measurements are not reaching the
bottom of the valleys formed by LIPSS or that not all heights influence
the ellipticity measurements equally. Since the shape of LIPSS changes
slightly between samples, this could also be a factor to take into account
in the model. In any case, we see from the simulations that the change in
periodicity does indeed change the ellipticity in a way similar to what we
have observed experimentally, supporting our hypothesis.

To sum up, we believe that the period of the LIPSS is the key factor
that alters the behavior of our polarization gratings, with some influ-
ence from their structuration (distribution of periods) that mainly af-
fects their reflectivity. By changing the processing parameters, we can
control these factors, as shown in this work, and therefore tailor the
properties of the resulting polarization grating. Other factors could be
studied as well, such as changes in height, which is another property of
polarization gratings that influence the polarization change [45].

Improving this fabrication method in order to achieve higher re-
flectivity and specific changes in polarization would enable the use of
these devices as reflective waveplates. The main advantage for this type
of waveplates is that the fabrication method is a one-step and very fast
process that it is not restricted by the type of substrate material, de-
manding processing conditions or over-expensive equipment.

5. Conclusions

In this work, we have proven the fast fabrication of LIPSS on
stainless steel with a setup based on cylindrical lens that projects a line
of dimensions 32 µm by 6 mm (half-widths at e−2), covering a large
area with only a one-dimensional scan at speeds in the order of 1 mm/s.
This setup allows a stable and replicable fabrication and shows their
potential application as reflective waveplates, replacing other complex,
demanding and polluting methods. The readily use of these devices in
applications depends on the particular demands of each application. For
example, the mentioned application as reflective waveplates would
require very high reflectivity (>90%) and a fixed amount of polariza-
tion change, such as achieving complete circular polarization (45° in
ellipticity angle). Although the potential of this technique to fabricate
reflective waveplates has been demonstrated, using these devices in real
life operation requires further improvements.

As mentioned, the maximum values for change in ellipticity angle
and reflectivity reported here are not optimal. However, our findings
suggest that better values could be obtained by achieving LIPSS with
better quality (less periodic or angular dispersion) or by applying a
coating on the processed sample that would attenuate irregularities. We
strongly believe that through these improvements real operational
waveplates can be fabricated, and therefore future work will focus on
these topics.

However, other applications requiring the detection of a change in
polarization, such as optical codification of phase shift detection would
be readily usable with the current fabrication process depending on the
sensibility of the detector.

We have studied the morphology of the LIPSS and performed nu-
merical simulations. Our results show that, although the exact relation
between polarization change and LIPSS morphology is complex due to
the variety of factors in play (profile shape, period, irregularities, oxide
formation or other compositional changes), two are the main factors
that influence this change: period and LIPSS regularity. Since both
factors can be controlled adjusting laser parameters, the amount of
induced polarization change can be tailored in the fabrication process.
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