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Abstract: Stainless steel is a basic raw material in industry. It can be customized by generating

laser-induced periodic surface structures (LIPSS) as subwavelength gratings. Here, we present

the capabilities of LIPSS on stainless steel to modify the polarization state of the reflected

radiation at the infrared. These structures have been modeled using the finite element method

and fabricated by femtosecond laser processing. The Stokes parameters have been obtained

experimentally and a model for the shape has been used to fit the simulated Stokes values to the

experimental data. The birefringence of the LIPSS is analyzed to explain how they modify the

polarization state of the incoming light. We find the geometry of the subwavelength grating that

makes it work as an optical retarder that transforms a linearly polarized light into a circularly

polarized wave. Also, the geometrical parameters of the LIPSS are tuned to absorb selectively

one of the components of the incoming light, becoming a linear axial polarizer. An appropriate

selection of the geometrical parameters and orientation of the fabricated LIPSS makes possible

to obtain an arbitrary pure polarization state when illuminated by a pure linearly polarized state

oriented at an azimuth of 45◦. The overall reflectance of these transformations reaches values

close to 60% with respect to the incident intensity, that is the same reflectivity obtained for non

nanostructured stainless steels flat surfaces.

© 2022 Optical Society of America

1. Introduction

The state of polarization of light changes when interacting with anisotropic optical materials.

In nature, this capability mostly relies on their atomic/molecular distribution that shows an

anisotropy related with their crystalline characteristics [1–4]. Nanostructuring isotropic materials

makes possible to tailor their optical response, allowing selective transmission, reflection, or

absorption, as a function of wavelength, angle of incidence, and state of polarization [5, 6]. In

particular, subwavelength metallic gratings excite surface plasmon resonances using oblique

incident light, or cavity resonances at normal incidence [7]. Their use as filters to customize

the balance between transmission, reflection, and absorption has been also demonstrated in

waveguides and biosensors [8–15]. Regarding materials, silver is selected when looking for a

sharp optical response, and gold is preferred in terms of its robustness against environmental



agents, and its biocompatibility [12,16,17]. Also, subwavelength structures in steel have been

proposed for some applications such as low cost plasmonic devices [18–20], and fabrication

of colored surfaces [21]. Nanopatterned steel substrates are also used as templates to fabricate

other nanostructured surfaces [22], or directly included in optical systems [23]. However, the

capabilities of nanostructured stainless steel for the modification of the polarization state of light

still require further research to integrate them into low-cost optical systems. A relevant issue in

the practical deployment of these devices is related to the existence of fast and efficient fabrication

methods. Typically, electron beam lithography, deep UV-lithography, focused ion beam, and

nanoimprinting, combined with a plethora of deposition techniques (sputtering, spin coating,

thermal evaporation, etc.), are common tools used to fabricate subwavelength structures [24]. As

an alternative for the generation of subwavelength gratings, we used ultrafast laser processing to

produce laser-induced periodic surface structures (LIPSS) [25]. Besides its large throughput and

low cost, an additional advantage of LIPSS is that the nanostructure is created directly on the

surface without postprocessing. The localized nanostructure is generated using pulses with a

duration shorter than the thermal relaxation time of the material. This prevents energy to modify

surrounding areas. The technique has been demonstrated for laser pulses lasting from femto to

picoseconds [26]. However, the fabrication process requires an optimization of the multi-pulse

delivery and a spatial control of the irradiated area [27]. This technique has been applied on

metals [28, 29], semiconductors [30, 31], dielectrics [32], and thin films [33], indicating its high

flexibility and effectiveness.

In this work, we study the optical properties of metallic nanostructures fabricated on stainless

steel substrates. The nanostructures studied here present binary and sinusoidal profiles, and are

generated by femtosecond laser processing. In section 2, we have tuned the parameters of the

sinusoidal profile to fit the simulated Stokes parameters to the experimental values. Section 3

presents the results of the Stokes vectors, Jones matrices, field distribution, and reflectance for

binary and sinusoidal profiles in terms of their geometries. The obtained results indicates the

possibility of using stainless steel as a promising material for fabricating nanostructured optical

components that fulfill both cost and performance terms. Finally, section 4 summarizes the main

findings of this contribution.

2. Fabrication, modeling and validation

Our LIPSS are fabricated on top of AISI-304 stainless steel substrates (10× 20 mm2). The detailed

fabrication process and optical characterization were presented and discussed previosly [34].

The stainless steel samples studied in this contribution were processed using a Ti:Saphire laser

emitting 120 fs pulses at a central wavelength of _ = 800 nm with a repetition rate of 1 kHz. A

cylindrical lens was used to obtain a line-profile in the focal plane with dimensions 6 mm × 32

`m. The samples were processed at varying irradiation conditions between samples. Fluence 0.2

J/cm2 was common for all samples, while number of pulses (controlled through the processing

speed), ranged between 80 and 240. Two sets of samples have been used in the validation process.

These two sets differ in the orientation of the laser beam polarization (parallel or perpendicular)

with respect to the direction of the movement during the sample processing. We will call these

two sets as I and II for the cases of 0> orientation and 90> orientation, respectively.

Samples with different periods (from 590 nm up to 635 nm) were fabricated for sets I and

II. The mean height of the structures is kept constant, GH = 125 ± 7 nm. The samples were

examined using scanning electron microscope (SEM) for analyzing the surface structure and the

geometrical shapes. The images in Figs. 1.a,b,c correspond to the samples of the first set I with

periods 606, 612, 631 nm, respectively. The images in Figs. 1.d,e,f correspond to the samples of

the set II with periods 591, 606, 612, nm respectively. These SEM images reveal a sinusoidal

type periodic grating structure for all samples. At the same time, they show how the periodic

structure is significantly altered over lengths of several periods, as it is typical in LIPSS. The



Fig. 1. SEM images for quasi-sinusoidal LIPSS fabricated on top of a steel substrate

using femtosecond laser processing. The polarization state of the laser beam is parallel to

the direction of the movement during the sample processing for a, b, and c subplots, and

perpendicular for d, e, and f.

description given by the SEM images is completed using AFM topography measurements as

shown in Fig. 2. In fact, the results from the AFM images can be used to evaluate the values of

the height of the profile, GH, along the sample.

Fig. 2. (a) AFM image and profile for the sample with period %=631 nm from set I. (b)

AFM image and profile for the sample with period %=606 nm from set II.

The profile is strongly dependent on the material of the sample, the conditions of the

surface [35–38], and even on the substrate temperature [39, 40]. This means that this profile

departs from the ideal sinusoidal form. To accurately fit the simulated results of the optical

polarization parameters with the experimental values, we need to take this deformation into

account by introducing the following profile function:

ℎ(G) = GH

2

{
1 − 2

[
1 + cos(2cG/%)

2

]V}
, (1)

where, ℎ(G) represent the height at each point along the G−axis in the simulated periodic unit cell,

GH is the profile height, and % is the period. When the parameter V is equal to 1 we obtain the

ideal sinusoidal shape geometry (see Fig. 3.a on top). By changing V we can simulate a flatter

profile (V > 1, see Fig. 3.a at the bottom) or a sharper one (V < 1, see Fig. 3.a in the middle).



The geometrical parameters of the profile are also shown in Fig. 3.c for the sinusoidal case

treated in this section and for the binary profile (see Fig. 3.b). The analysis made in this section,

described by Eq. (1), uses % = BW + (, where ( is the separation between grating elements, and

BW is the width of the base of the sinusoidal profile.

Fig. 3. Subwavelength gratings studied, (a) sinusoidal and (b) binary. They have a period

% = 632 nm and are made of stainless steel. (c) Transversal sections showing the geometrical

parameters of the profiles. In subplot (a) we have included a graphic layout showing the

vector and components of the incoming electric field, � , the azimuth angle, i (in our case

i = 45◦), the wavevector, : , and the -./ coordinate system (the incidence angle is U = 0◦

and it is not represented).

Our model uses a plane wave impinging perpendicularly on the substrate (U = 0> in Fig. 3),

and linearly polarized with its electric field oriented at an angle i = 45>, with respect to the

G−axis, and having an amplitude (1/
√

2, 1/
√

2, 0) V/m. The grating is aligned along the H−axis

and the propagation is along the I−direction (perpendicular to the substrate). The wavelength

in the simulation, _ = 633 nm, is the same of the experimental measurement. The optical field

distribution along the whole structure has been calculated using Comsol Multiphysics simulation

package. The unit cell used in the model has an air layer on top, and a substrate layer (steel) at

the bottom (see Fig. 3). The air domain is terminated with a perfect matched layer (PML) on

top that simulates an semi-infinite domain. The interface has a shape defined by Eq. (1) and is

defined as a dedicated layer having a height equal to GH. The source is located on top of the air

domain with its wavevector pointing towards the substrate. The index of refraction of stainless

steel is obtained experimentally at _ = 633 nm as =̃steel = 2.33 + 3.38. To represent the LIPSS

structure we replicate the previously defined unit cell transversely by applying Floquet periodic

boundary conditions along - and . directions.

This analysis uses the Stokes vector to describe the state of polarization of the reflected light,

( = (�, &,*,+) [41]. � is the intensity of the beam. & and * represent the balance in power

between horizontal and vertical axial polarizations, and linear polarized (LP) light at 45> and

−45> components, respectively. Finally, + represents the balance between right and left circular

polarization (CP) components. These parameters obey the relation � ≥
√
&2 +*2 ++2, being

the equality condition applicable only for pure polarized beams. A normalized version of these

parameters can be obtained just by dividing each one by the intensity, �. Then, the Stokes vector

becomes B = (1, @, D, E) and the relation among them becomes 1 ≥
√
@2 + D2 + E2. In the case



described in this section, as far as we are assuming a perfect 1D grating, these parameters comply

with the pure polarization state condition
√
@2 + D2 + E2 = 1.

The Stokes parameters of the light reflected by the fabricated structures were measured using

an illumination spot of around 2 mm in diameter. The light source was a He-Ne laser (model

1122P, from JD Uniphase) emitting at _ = 633 nm, with an spectral width lower than 0.002 nm.

Fig. 4. Fitting of the simulated (solid lines) and experimentally measured (symbols) Stokes

parameters for samples fabricated using femtosecond laser ablation with polarization parallel

(a), and perpendicular (b) to the direction of the movement during the sample fabrication.

Plots (c)-(f) show the geometrical parameters GH and V of the profile that best fit the

experimental data for the two sets of samples (set I in (c) and (e), and set II in (d) and (f)).

The dashed red circles select the lowest V value on plot (e), and the highest V value on plot

(f). The solid lines in plots (c)-(f) represent the cubic polynomial fitting of the geometrical

parameters vs. %.

The electric field distributions evaluated by Comsol are used to evaluate the Stokes parameters

of the reflected light [34, 41]. Individually for each sample, the matching between experimental

and simulated Stokes parameters is obtained by changing the geometry of the grating in terms of

its height, GH, and shape, V (see Eq.(1)). The result of this fitting is shown in Figs. 4.a and 4.b

respectively. The simulated values for the Stokes parameters are represented by solid color lines,

while the experimental values are represented by colored symbols.

The values of GH producing a best fitting are presented in Figs. 4.c, and 4.d, for set I and

II, respectively. The mean height for set I, and II are GHsim = 140 ± 10 nm, and 147.5 ± 5 nm,



respectively. These values are close to the experimental mean value which is GHexp = 125±7 nm.

The shape parameter V that produces the best fitting is presented in Fig. 4.e, and 4.f for set I and

II, respectively. The polarization parameters of set I fits better with sharper profiles than set II,

meaning that set II seems to have a flatter top portion in the profile. The red dashed circles in

Figs 4.e,f correspond to the lowest and highest V values. These two points on the V plots are for

the samples measured by atomic force microscopy, AFM (see images in Fig. 2). The profile has a

sharper sinusoidal shape in Fig. 2.a, which corresponds to the point highlighted by the red dashed

circle on Fig. 4.e. A flat top profile of the LIPSS is obtained in Fig. 2.b, that corresponds to the

point highlighted by the red dashed circle on Fig. 4.f. In both cases, the experimental profile

images agree with the simulated values for the deformation. The SEM and AFM images show a

structure with a localized periodicity that varies along the samples, where the top edges have not

an uniform profile. In this case, the values obtained from the simulation can be considered as the

overall average for periodicity %, height GH, and top edge deformation V. From these results, we

see how the optical model is able to accurately predict the optical response of a non uniform

LIPSS structures.

3. Polarization modulation with binary and sinusoidal gratings

To better understand the effect of the geometry of our LIPSS on the modification of the polarization

state, besides the sinusoidal profile, we extend our calculations to binary gratings. These binary

shape is parameterized by the height of the the profile, GH, and the width of the base, BW. In

this section, we focus on how these geometrical parameters change the polarization state of the

incoming light. We fix the period in both structures to % = 632 nm, that lies within the range of the

fabricated ones. Actually, this value can be tuned by changing the fabrication conditions [42, 43].

We have used the same modeling setup used in the previous section, to conduct the calculation of

this section. We move our analysis to _ = 808 nm, =̃steel = 2.68 + 3.778, because the customized

polarizers are important in near-infrared spectroscopy [44]. The performance in power of the

LIPSS is described by the value of the reflectance. Here, we remind that the transmittance of the

system is zero, and the incoming power is distributed between reflected and absorbed power. As

a consequence, a null reflectance is associated with filtering properties of the structure.

Figure 5 represents the normalized Stokes parameters, (@, D, E), of the reflected light and the

reflectance as a function of the height GH and the base width BW for the binary profile (left) and

the sinusoidal shape (right). In the case of the rectangular profile, BW can be related easily with

the fill factor as FF = BW/%. The sinusoidal shape is also characterized by the total height, GH,

and by the distance between the minima of the profile, GW. The rest of the period not included

within the BW range has a height equal to zero, meaning that the period of the sinusoidal grating

has only 1 maximum. These calculations consider the shape parameter V = 1. The geometrical

parameters used in this section are also depicted in Fig. 3. The maps in Fig. 5 show some

combinations of the geometrical parameters that generate maximum and minimum values of the

Stokes parameters. In Fig. 5, we have also represented the reflectivity of the structure. These

values should be compared with the reflectivity of a flat surface (no LIPSS) made of the same

stainless steel that is ' = 0.6.

To have them properly identified, we label them with a capital letter: B for binary (rectangular)

and S for sinusoidal. Then, a subindex is added to denote the @, D, or E parameters. Finally, a

superscript is added as I, II, III, IV, V for a maximum, or minimum locations as shown on the

maps of Fig. 5. The geometrical parameters for these locations are given in Tab. 1 for the binary

and sinusoidal profiles.

The identification of the maxima and minima in the maps of the Stokes parameters makes

possible to select geometrical parameters of the grating that generate a well defined state of

polarization. The maximum @ = 1 corresponds with horizontal linear polarization (0> LP), and

the minimum @ = −1 is for a vertical linear polarization (90> LP). The maximum and minimum in



Fig. 5. Maps of the normalized Stokes parameters @, D, and E, and reflectance, ', as a

function of the geometrical parameters GH and BW for the binary (left) and sinusoidal

(right) gratings. The maximum value of reflectivity, 'max = 0.6, is around the reflectivity

value given by a regular, not nanostructured, stainless steel surface.



Table 1. Geometrical parameters and reflectance of the selected minima, and maxima for the

binary and sinusoidal profiles. The state of polarization of the reflected light is given in the

column "Pol. State".

Binary label GH, BW [nm] '% Pol. State Sinusoidal label GH, BW [nm] '% Pol. State

B�
@ 880, 275 12 90> LP S�

@ 905, 615 23 90> LP

B� �
@ 500, 300 19.3 90>l LP S� �

@ 570, 620 17.6 90>l LP

B� � �
@ 110, 375 28 90> LP S� � �

@ 220, 625 31.1 90> LP

B�+
@ 615, 210 18 0> LP S�+

@ 800, 350 14.5 0> LP

B�
D 985, 200 16 +45> LP S�

D 995, 445 15.8 -45> LP

B� �
D 580, 250 18.3 +45> LP S� �

D 770, 440 17.5 +45> LP

B� � �
D 245, 185 23.3 +45> LP S� � �

D 600, 360 39 -45> LP

B�+
D 500, 220 10.2 -45> LP S�+

D 340, 295 59 +45> LP

B+
D 940, 120 10.2 -45> LP

B�
E 640, 310 37.3 RCP S�

E 930, 420 8.7 LCP

B� �
E 250, 315 45.5 RCP S� �

E 675, 400 18.7 RCP

B� � �
E 540, 225 8.7 LCP S� � �

E 460, 380 32.2 LCP

B�+
E 975, 155 12.4 LCP S�+

E 240, 165 46 RCP

B+
E 200, 95 45.6 LCP

Fig. 6. Maps of the Azimuth, Ψ, and ellipticity, j, angles as a function of BW and GH

parameters for the binary (left column) and sinusoidal (right column) profiles. The contour

lines in the azimuth maps represent the values of Ψ = 45◦ (in magenta), Ψ = −45◦ = 135◦ (in

cyan), and Ψ = 0◦ and Ψ = 180◦ (in yellow). The black contour lines in the ellipticity maps

are for a value j = 0◦. The locations of the configurations with j = −45◦ and j = +45◦ are

given as white dots in the blue and red regions, respectively.



D (D = ±1) are for +45> LP and −45> LP, respectively. For the E maps we find the maxima E = 1

representing left-handed circular polarization (LCP), meanwhile the minima E = −1 correspond

with the right-handed circular polarization (RCP). A similar consequence can be extracted for

the case of sinusoidal grating profiles (see Fig. 5.b,d,f). The corresponding reflectivity of the

structure presented in Figs. 5. g,h, which defines the geometrical parameters where the structure

works as a filter (minimum reflectivity). A flat stainless steel substrate has a maximum value of

reflectivity of 'max = 0.6, which is about the same maximum obtained for the structure when

including LIPSS, as appear in Figs. 5.g,h.

For the generated light states, we also calculated the azimuth angle:

Ψ = 0.5 tan−1

(
*

&

)
, (2)

and the ellipticity angle:

j = tan−1

(
+

� +
√
&2 +*2

)
. (3)

Azimuth directly represents the rotation angle of the axis of the polarization ellipse, allowing to

easily identify horizontal (Ψ = 0◦), vertical (Ψ = 90◦) and ±45◦ orientations of the polarization

ellipse (see Figs. 6.a and 6.b). The ellipticity angle allows to easily identify linear (j = 0◦) and

circular (j = ±45◦) polarization states (see Figs. 6.c and 6.d). Also, it allows to exactly know

how much the mixed light states are. This combined analysis of the azimuth and ellipticity angles

can be made using the contour lines presented in Fig. 6.

The physical mechanisms of the polarization conversion may involve the selective absorption

of the field components, and/or additional phase shifts between them. The input field compo-

nents generate surface currents circulating the structure. Depending on the topography, these

currents can be attenuated through Joule dissipation or plasmonic resonances, or they can emit

electromagnetic waves with a phase difference between components that is strongly dependent on

the geometry. The change in the polarization state can be visualized using 3D plots of the fields

obtained by a full wave analysis of the structure during the propagation process. The results of

this analysis are shown in Fig. 7 for the binary grating on the left, and sinusoidal on the right

plots. The plots use a selection of some points in Tab. 1 to show representative polarization

conversion using the binary or sinusoidal gratings. In Fig. 7.a, the location of the source, LIPSS,

reflected light, and PML domains are shown using yellow arrows. The reflected light can be

axial LP as in Fig. 7.a,b, or ±45 LP as in Fig. 7.c,d. Finally, the conversion from LP to CP light

are shown in Fig. 7.e for the LCP, and Fig. 7.f for the RCP.

The previous analysis is a particular case for just one incident illumination, 45> linear

polarized light. However, in order to totally characterize the polarimetric properties of the LIPSS

structure, the polarization matrix of the material must be calculated. Since we assume that

LIPSS are periodical, depolarization analysis is not required, so we can use the Jones formalism.

Mathematically, this is written as

Eout = PLIPSS Ein =
©­«
�G,out

�H,out

ª®¬
=

©­«
%GG %GH

%HG %HH

ª®¬
©­«
�G,in

�H,in

ª®¬
. (4)

In our case, the grating generated as a LIPSS, can be described by the corresponding Jones

matrix, PLIPSS, and the input and output vectors, Ein and Eout, describe the incident and reflected

light beams, respectively. Since the coordinate axis is aligned with the axis of the grating, the

matrix becomes diagonal, meaning that %GH = %HG = 0. Under these conditions

PLIPSS =
©­«
|%GG | 0

0 |%HH |48q
ª®¬
. (5)



Fig. 7. A full wave propagation of the electric field on LIPSS for (a,c,e) binary grating,

and (b,d,f) sinusoidal grating. The yellow arrows in (a) define the location of the source,

LIPSS, Reflection, and PML. The electric field in subplot (c) is linearly polarized and

oriented along the 45◦ direction, being the point of view of the graphical representation

almost coincident with the direction of the electric field vector. The labels for each field

representation corresponds with the cases presented in Table 1 and figure 5. We have also

plotted the electric field distributions, along with the field evolution at the output, to help to

understand the physical mechanism involved in the conversion.



Then, it is possible to obtain the two non-zero elements of the Jones matrix by just comparing

the input and output electric field components

|%GG | = |�G,out/�G,in |, (6)

|%HH | = |�H,out/�H,in |, (7)

q = angle(�H,out) − angle(�G,out). (8)

Also, the reflectance of the LIPSS can be calculated as

' =
1

2

(
|%GG |2 + |%HH |2

)
. (9)

Fig. 8. Maps of the modulus of the elements of the Jones matrix |%GG | and |%HH |, and the

relative phase shift between the electric field components of the reflected wave, q, in terms

of the geometrical parameters GH, and BW. The left column is for the binary profile and

the right column is for the sinusoidal shape. The yellow line in the phase map corresponds

with the configuration that shows an equal value of the modulus of the diagonal elements of

the Jones matrix. The dots are the locations on the %GG = %HH line where q = ±c/2, i.e.,

geometries for CP. These dots coincide with those presented in Figs. 6.c and 6.d.

Finally, we calculated these parameters from the simulations shown previously. Figure 8

represents the modulus of %GG and %HH , and the relative phase difference, q, between the

components of the reflected electric field for both the rectangular profile (left column) and

the sinusoidal profile (right column). These maps are given as a function of the geometric



parameters, GH and BW, of the binary (rectangular) and sinusoidal profile. With Eq. (9) we

obtain the maps of the reflectance given in Fig. 5.g,h. The minimum values obtained in |%GG |
and |%HH | for the rectangular profile determine the geometrical configuration that generates a

linear polarization state along the H−axis and G−axis, respectively. We can also look for the

geometrical configurations having an equal value of the two diagonal elements, %GG = %HH , and

producing a phase shift q = ±c/2, because these configurations will generate circular polarized

waves. To obtain these configurations we have plotted a yellow line on the phase shift map,

that represent the cases where |%GG | = |%HH |, blue circle for q = −c/2, and orange circle for

q = +c/2. These locations are the ones where the LIPSS behaves as a quarter wave retarder. The

Jones analysis shows that, by a proper selection of the LIPSS’s geometry and orientation, these

systems can transform any pure state of polarization into any other.

4. Conclusions

We show how the fabricated stainless steel LIPSS can produce a change in the state of polarization

of an incoming radiation under normal incidence conditions. The Stokes parameters of several

experimental samples with different period and height have been measured. These results have

been compared to simulations obtained to FEM. The shape of the LIPSS has been tuned in order

to match the simulations to the experimental results. The resulting parameters for the fitting are

in accordance with the experimental profiles derived from SEM and AFM images.

Once the simulation conditions are validated, we have made a detailed analysis of the LIPSS

geometry for binary and sinusoidal shapes to find those configurations that generate a significant

variation of the state of polarization of the incoming light. By controlling the steel nanostructure

geometry, we can tune the polarization characteristics. These devices can act as wave-retarders

or linear polarizers. In fact, we have demonstrated that a customized profile of the LIPSS can

generate any polarization state into when illuminated by a linearly polarized beam having an

azimuth of 45◦. As a summary, we can conclude that the analysis made in this contribution can

promote the use of LIPSS on stainless steel to fabricate low-cost retarders and polarization filters.
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