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Omnidirectional iridescence via cylindrically-
polarized femtosecond laser processing

Nikolaos Livakas!?, Evangelos Skoulas!? and Emmanuel Stratakis!.3*

We report the femtosecond (fs) laser fabrication of biomimetic omnidirectional iridescent metallic surfaces exhibiting effi-
cient diffraction for practically any angle of light incidence. Such diffractive behavior is realized by means of mul-
ti-directional low-spatial-frequency, laser-induced periodic surface structures (LSFL) formed upon exploiting the cylindri-
cal symmetry of a cylindrical vector (CV) fs field. We particularly demonstrate that the multi-directional gratings formed on
stainless steel surface by a radially polarized fs beam, could mimic the omnidirectional structural coloration properties
found in some natural species. Accordingly, the fabricated grating structures can spatially disperse the incident light into
individual wavelength with high efficiency, exhibiting structural iridescence at all viewing angles. Analytical calculations
using the grating equation reproduced the characteristic variation of the vivid colors observed as a function of incident
angle. We envisage that our results will significantly contribute to the development of new photonic and light sensing de-

vices.
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Introduction

A distinct type of coloration found in nature comes as a
result of the analysis of the incident light to individual
wavelengths realized by sophisticated periodic or
pseudoperiodic constructions present within the body of
natural species'. As a result, the so-called structural colors
originate from the fundamental optical processes of dif-
fraction, interference or scattering and exhibit attractive
features, including iridescence, angle- and polariza-
tion-dependent response. Most important structural col-
oration is permanent and durable contrary to the pigment
coloration, which is sensitive to environmental factors
such as heat, UV radiation, and interaction with chemi-
cals. As a consequence, structural colors have attracted
significant research interest in the field of biomimetics®
Owing to their unique optical properties, bioinspired
diffractive surfaces with multiple periodic structures are

commonly used as diffracting elements for a plethora of
scientific and industrial applications, such as color and
holographic displays, telecommunication’, cosmetics?,
anti-counterfeiting®®, spectroscopy and color analysis
systems, solar cells’, and biomedical devices. Structural
coloration on technical surfaces is typically achieved by
patterning the surface to form gratings exhibiting perio-
dicities on the order of the visible wavelengths. Nowadays,
several techniques have been employed to texture materi-
als in the micro- and submicrometer range including
electron-beam lithography and etching process®, or abla-
tion with focused ion beam’. Among the mask-free fabri-
cation methods, laser-based direct patterning techniques
are proved to be promising for structural coloration, as
they are simple and single-step processes'®'?. In particu-
lar, surface processing with pulsed lasers has been used
for the manufacturing of submicron periodic structures
that appear within the laser beam limits after
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irradiation'’"". In particular, the fabrication of LSFL in
the form of parallel fringes with great spatial accuracy
and homogeneity are possible upon irradiation with
ultrashort laser pulses, due to the limited collateral dam-
age and thermal effects. The formation mechanism of
these periodic structures has been investigated by many
researchers'®?". LSFL are thoroughly characterized by
their depth, periodicity, and orientation. Both periodicity
and depth are dependent on the fundamental characteris-
tics of the laser irradiation such as wavelength, intensity,
and scanning speed'’. However, their orientation is abso-
lutely dependent on the polarization state of the laser
beam®. Specifically, for metallic surfaces, LSFL align per-
pendicularly to the incident net force of the E-field com-
ponents for a typical linearly polarized pulse” .
Vorobyev and Guo*”** have demonstrated the possibility
of realizing well-defined structural color via a precise
control of periodicity and orientation of LSFL, upon
changing various irradiation parameters. Following this
work, there are numerous reports on the fabrication of
based

colors via laser fabrication

10-12,29-32,33

structural
approaches
Nevertheless, none of the methods reported to date, in-
cluding the laser-based ones, is capable to produce multi-
directional spatial frequency patterns, in a single step. As
a consequence, the produced iridescence strongly de-
pends on the viewing angle, thus it exists only for specific
angles of incidence and is absent upon tilting the diffrac-
tion element’*. Besides this, it has been both experi-
mentally and theoretically reported, that diffraction can-
not occur when the plane of light incidence is parallel to

2336 Efforts have been made in order to

grating orientation
overcome the above restrictions with the generation of
LSFL in variable orthogonal directions by utilizing the
polarization dependence of the ripple orientation. In par-
ticular, a grid can be fabricated where each laser scanning
direction employs different polarization state such as p

and s polarization respectively’®*

. Therefore, the surface
can produce diffraction in two different planes of inci-
dence. Also, it has recently been reported that irradiation
with circular polarization pulses can form triangular pe-
riodic surface structures that could potentially signifi-
cantly increase the range of incident light-illumination
angles®™. Despite these efforts, omnidirectional irides-
cence has not yet been realized via a single-step irradia-
tion process.

In this paper we present, an effective, simple and sin-
gle-step technique for the fabrication of diffractive sur-

https://doi.org/10.29026/0ea.2020.190035

faces, exhibiting iridescence with great efficiency for any
angle of incidence. This is realized via large-area pro-
cessing of steel with radially polarized cylindrical vector
(CV) fs laser beams**, leading to the formation of LSFL,
which are spatially oriented in multiple directions. It is
observed that for practically every possible incident angle
of illumination, the plane direction of light is always per-
pendicular to locally formed LSFL, hence reflective dif-
fraction can take place. The ability of the obtained struc-
tures to act as diffraction gratings was systematically
studied and compared against the diffraction originating
on the conventional ones fabricated using linearly polar-
ized laser pulses.

Materials and methods

Figure 1 shows the laser processing setup used for the
fabrication of the two types of surfaces with LSFL struc-
tures. In particular, the S; sample series were fabricated
with s-polarized Gaussian beam, while the S, with radial
polarization, at the same irradiation conditions. The main
irradiation source was an Yb:KGW laser, emitting 1026
nm linearly polarized pulses of 170 fs duration and 1 kHz
repetition rate. The beam was focused on the sample by
an achromatic convex lens of 100 mm focal length; the
Gaussian spot diameter was ~38 pum at 1/e? measured by
a CCD camera on the focal plane. For the generation of a
radially polarized CV beam an s-waveplate was placed
before the focusing lens*. Polished stainless steel (1.4307)

CCD
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Fig. 1 | The experimental setup used for surface structuring. The
laser fluence was tuned via the use of a A/2 waveplate (HW) and a
linear polarizer (LP). Laser source emits a Gaussian linearly polar-
ized beam, which is transformed to a CV radially polarized beam by
means of an s-waveplate (SW). Large areas were produced via
translation of the sample in the x-y-z directions.
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samples were fixed onto a 3-axis motorized stage and
positioned perpendicular to the incident beam. All irra-
diation experiments were performed in ambient condi-
tions. For the systematic study of the processing outcome,
both the incident fluence (F), as well as the effective
number of pulses (Ne) should be considered. To calculate
the corresponding F, in each case, the different spatial
intensity profiles of Gaussian and CV beams should be
taken into account’">. N is the number of laser pulses
per unit length or per unit area and for Gaussian beams
corresponds to the number of accumulated pulses, which
fall upon one-dimensional scanning, onto a length inter-
val equal to the Gaussian beam diameter 2R. In the case
of CV beams, N.i should depend on the corresponding
donut-shaped beam area. In general, the effective number
of pulses is affected by the scanning velocity, v, and thus
the repetition rate, f. In case of line scanning, the effective
pulse number, N, — can be calculated from:

Ntiine =2R-(f /v), for Gaussian beam, (1)

Ngime =2(R=71)-(f /v), for CV beam, 2)

where R is the Gaussian beam radius, while for CV beams,
R is the outer and r the inner radius. In the case of area
scanning at constant velocity v, repetition rate f and dis-

tance between successive scanning lines (8), N can

eff-area

be calculated from:

N e =TR* - f/(v-8), for Gaussian beam, (3)
Noes =T(R=7)*- f/(v-8) , for CV beam. (4)
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The morphology of the periodic surface structures has
been characterized by scanning electron microscopy
(SEM, JEOL JSM-7500F). In order to determine the LSFL
periodicity and directionality, SEM images were analyzed
via two-dimensional fast Fourier transform (2D-FFT),
using the Gwyddion software.

To investigate the influence of the angle of an incident
white light on the structural color formation, a diffraction
characterization setup was built, as shown in Fig. 4. The
setup comprises a LED white light source; this light is
analyzed in x and z components, with the x-component
always being at the negative part of the x-axis. The angle
w is defined as the angle between the x-axis and the LSFL
orientation. For all measurements, the m=x1 diffraction
orders were taken into account.

Results and discussion

The generation of LSFL with the best possible uniformity
depends strongly on the irradiation parameters. For this
purpose, a comprehensive parametric study was con-
ducted via line scanning, to investigate the effect of F and
Ne¢ on the topographical features induced. The paramet-
ric study led to the creation of optimized, well-organized
and uniform LSFL structures under specific irradiation
conditions for both polarization states. Figures 2(a) and
2(b) show the calculated periodicities of the optimized
LSFL structures obtained for S; and S, sample series re-
spectively.

20KV X2,000 10pm

Fig. 2 | LSFL periodicity dependence on the laser fluence (a), and the effective number of pulses (b), for linearly (squares) and radially
(circles) polarized fs beams. Top-view SEM images of areas produced upon irradiation using linearly (c,d) and radially (e,f) polarized fs
beams. The images shown in (c) and (e) correspond to non-uniform areas, whereas those in (d) and (f) to areas obtained using optimized irradi-
ation conditions. The red arrows depict the electric field polarization state. The 2D-FFT patterns corresponding to each area are shown.
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It is observed that the LSFL produced via CV beams
exhibit lower periodicities, which is in accordance to our

2543 Furthermore, in

former findings and interpretation
both S, and S; cases, the periodicity is weakly affected by
the laser fluence. Figures 2(c—f) present typical SEM im-
ages of non-uniform and optimized areas obtained using
linear (c, d) and radial (e, f) polarizations, respectively.

Large areas of 5 mm x 5 mm were also fabricated via
scanning the fs beam onto the sample surface using the
optimized conditions found during the line scanning ex-
periments. Figures 3(a—c) illustrates the characteristic
morphologies attained for the S, samples, using F=0.45
Jlem?, Neftarea=36, 6=32 um and v=2 mm/s. The corre-
sponding 2D-FFT, frequency spectrum, acquired by the
SEM images, indicates that the LSFL structures exhibit a
single and well-defined directionality, which is perpen-
dicular to the laser beam polarization.

The average period calculated by the FFT pattern for
the linear-polarized case equals to 870+80 nm. On the
other hand, areal scanning with CV beams gives rise to
LSFL
ti-directional orientation (Figs. 3(d—f)). As previously

more complex structures  exhibiting mul-
reported”, such structures are the outcome of the dy-
namic evolution of the overlap between successive CV
beam spots. Indeed, there are two different kinds of over-
lap taking place in this case. The first is the pulse overlap
between successive CV beam spots as the beam advances
on the surface during line scan and the second is the
overlap between two successive scan lines. In both cases,
the crossing of the electric field vectors between succes-

sive CV beam pulses determines the LSFL direction per

FORTHIESL
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irradiation area. The corresponding 2D-FFT pattern,
presented in the inset of Fig. 3(d), shows no dominant
spatial frequency, which confirms the multidirectional
nature of the formed structures. The average LSFL perio-
dicity calculated in this case equals to 850+97 nm.

Following irradiation, all the processed surfaces exhib-
ited vivid coloration, which is expected, considering that
the calculated LSFL periodicities are close to the visible
wavelengths***. It is also striking that the S, samples are
iridescent at practically any viewing angle, contrary to the
S, ones.

Figure 4(a) shows the geometry of the developed opti-
cal set up which was used to study the white light diffrac-
tion properties of such surfaces, while Fig. 4(b) depicts a
typical white light spectrum detected for a specific angle
of incidence. Based on the color measuring system, the
diffracted light wavelengths can be calculated by the dif-
fraction grating equation®

mA=A(cosg-sinw+sinff) , (5)
where A is the diffracted wavelength, A corresponds to
the LSFL period, and m is the order of diffraction, in our
case m==1. The angle ¢ denotes the white light incidence,
while w corresponds to the sample rotation within the
sample plane. Assuming that 0 is the sample tilt angle, the
grazing angle equals to ¢+6. The ability of the surface to
act as a diffraction grating was tested for eight different
angles w, starting from 0° to 360° with a step of 45°. For
each angle w, the grazing angle was changed accordingly
and the corresponding coloration was captured by a
camera, placed along the z-axis. The angle 8 was also rec-
orded for each measurement.

Fig. 3 | Top-view SEM images of areas produced upon irradiation using linearly (a—c) and radially (d—f) polarized fs beams. The images
shown in (b,c) and (e,f) are higher magnifications of the images (a,d) respectively. The areas in (a—c) were fabricated at F=0.45 J/cm? and
Nefr-area=36, 0=32 pm, and v=2 mm/s, while those in (d—f) were obtained at F=0.49 J/cmz, Nefr-area=30, 6=34 pm, and v=2 mm/s. The red arrows
depict the electric field polarization state. The 2D-FFT patterns corresponding to each area are shown in the insets.
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Figure 5(a) presents in the form of a polar plot of the
angle w, the structural coloration in the case of the, single
spatial frequency, S, surface, which is in good agreement
with the theoretical predictions*. Indeed, no diffraction

is observed when the ripple orientation becomes parallel
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to the x-axis (i.e. w=0%and 180°). On the contrary, when
the x-axis is perpendicular to the ripples orientation, i.e.
the angle w was 90° and 270°, diffraction with the maxi-
mum intensity takes place and vivid structural colors are
observed. Diffraction was also occurred for the rest of
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Fig. 4 | (a) Experimental setup and geometry used for the evaluation of surface diffraction properties. (b) Typical intensity plot of the white light
spectrum. (c) Schematic illustration of the structural color monitoring system. (d) The respective coordination parameters.
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Fig. 5 | Schematic illustration of the structural colors observed the S; (a) and the S, (b) sample series respectively; 2D-FFT patterns
corresponding to the S; (c) and the S; (e) sample series respectively. The corresponding intensity plots of the 2D-FFT patterns in four
different directions (denoted as ‘1’ to ‘4’) are depicted in (d) and (f) respectively. Inset in (f) displays the periodicity values of LSFL structures
for a series of four cross-sections taken in the Fourier image of the S, surface.
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angles w tested, i.e. 45° 135° 225° and 315° but with a
lower intensity and yield. As a result the structural colors
appeared as blurred.

As mentioned above, the diffraction properties and
respective structural colors are quite different for the S,
series of surfaces fabricated by a radially polarized CV
beam. This is due to the formation of multi-directional
LSFL structures, giving rise to reflective diffraction, re-
gardless of the rotational angle w. As a result, the surface
is iridescent for practically any viewing angle, although
the vividness and sharpness of the diffracted colors are
slightly different depending on the angle w. Specifically,
for the angles w = 0°, 90°, 180°, and 270°, the diffracted
colors appeared to be most vivid and exhibit the maxi-
mum rendering capacity, compared to the angles w = 45°,
135°, 225°, and 315°. This effect is also indicated by the
respective FFT pattern as shown in Figs. 5(e, ), which
shows characteristic hot spots only for the angles where
the diffraction is dominant. This inhomogeneity is due to
the fact that the pulse overlap does not allow fully homo-
geneous distribution of the ripple structures attained (i.e.
slightly different areal density for every possible direc-
tion). Figure 5(f) presents the intensity analysis of the
FFT pattern for four different radial directions. In partic-
ular, the direction ‘1’ is perpendicular to Gaussian LSFL
orientation (i.e. the labeled angles 90° and 270° denote
values of angles w), while the direction 2’ is close to the
direction parallel to LSFL orientation. It is shown that the
higher FFT intensities correspond to the directions ‘1’ and
2’ (i.e. w = 0° 90° 180° and 270°), while the lower ones
to the 3’ and ‘4’ (i.e. w = 45°, 135°, 225° and 315°) respec-
tively. The average LSFL periodicity, calculated in the four
different directions, shown in the inset of Fig. 5(f), con-
firms that the frequency of the structures remains almost
the same and within the standard deviation, regardless of
their orientation. Figure 6 also displays analytically all the
diffracted colors presented at Figs. 5(a, b) including the
exact values of polar (w), grazing (¢+6) and diffracted ()
angles.

Conclusions

We have presented a novel technique for the fabrication
of large areas of multi-directional laser-induced periodic
surface structures exhibiting omnidirectional diffraction

https://doi.org/10.29026/0ea.2020.190035
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Fig. 6 | (a) Diffracted colors of S surfaces obtained upon irradiation
with linearly polarized fs beam. (b) Diffracted colors of S; surfaces
obtained upon irradiation with radially polarized fs beam. Each color
is characterized by the coordinates (w, @+6, B), as defined by the
optical system used for their monitoring.

properties. It is based on LSFL formed upon exploiting
the cylindrical symmetry of CV fs field. The diffraction
and structural coloration properties are by far different
than those exhibited by LSFL areas fabricated via linearly
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polarized Gaussian beams. Our results show that it is

possible to efficiently tune the diffraction and structural

coloration properties via surface processing strategies

employing femtosecond CV beams. We envisage that this

work will pave the way for the realization of customized

photonic components and devices.
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