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Abstract: We demonstrated the linear, radial, and annular ripple formation on the surface of GaAs.
The formation of linear ripples was optimized by the number of shots and the fluence of 30 ps, 532 nm
pulses. The radial and annular nanoripples were produced under the ablation using doughnut-like
beams possessing azimuthal and radial polarizations, respectively. We compare the ripples and
grooves formed by a linearly polarized Gaussian beam relative to an annular vector beam. The joint
overlap of sub-wavelength grooves with ripples formed by azimuthally and radially polarized beams
was reported. The conditions under which the shape of radial and ring-like nano- or micro-relief on
the GaAs surface can be modified by modulating the polarization of laser pulse were determined.
The resultant surface processing of GaAs using a laser beam with different polarization modes is
useful for exploring valuable insights and benefits in different applications.

Keywords: GaAs; nanoripples; S-waveplate; azimuthal polarization; radial polarization

1. Introduction

Laser-induced periodic surface structures (LIPSSs), often termed ripples, have been
demonstrated in a wide range of materials. The laser wavelength, pulse duration, fluence,
number of shots, polarization, and initial thermophysical properties of ablated materials
strongly influence the formation of a one-dimensional LIPSS. Correspondingly, controlling
the morphology and spatial period of this LIPSS allows for the determination of the condi-
tions for the formation of the two-dimensional LIPSS and other complex nanostructures to
meet specific application requirements.

To the best of our knowledge, there is no classification in the distinction of the linear
ripples with regard to the radial and ring-like ripples. We dubbed them as 1D-LIPSS and
2D-LIPSS, respectively. 1D-LIPSS goes for the straight ripple formation produced by the
linearly polarized Gaussian beams. These ripples are directed along one direction (for
example, the X-axis) and can be referred to as 1D-LIPSS. The ripples produced by the vector
beam are directed along the two directions (X and Y) since they represent the rings (in the
case of the radially polarized vector beam) or the radial rays spreading from the center of
the ablation (in the case of the azimuthally polarized vector beam). These structures can
be referred to as 2D-LIPSS. It seems natural to distinguish these two groups of ripples by
introducing their dimensional characteristics.

These 1D- and 2D-LIPSS have potential applications in optoelectronics in the fabri-
cation of nanophotonic devices, plasmonic sensors, magnetic storage media, etc. [1–7].
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The interest in such nanostructures is also stimulated by a number of other circumstances.
Along with fundamental problems associated with the appearance of ripples on the surface
of irradiated objects, there are a number of interesting potential applications. Those include
the application of such structures to improve data storage [8], increase the rate of catalytic
reactions in the vicinity of such surfaces [5], and improve oil–water separation [9–11]. For
the implementation of various applications, one should consider the feasibility of both the
one-dimensional method of LIPSS formation and its two-dimensional analog.

Recently reported studies of ripple formation analyzed various aspects of polarization-
related variations of surface morphology using different materials [8,10–18]. Most of
them analyze the 1D ripple formation. Several models have been proposed to explain the
formation of these structures. The scattering light model proposes that the appearance
of the low spatial frequency laser-induced periodic surface structures was caused by the
interference between the incident light and scattered light from the ablated surface [19,20].
In accordance with the surface plasmon polariton (SPP) model [21–23], under femtosecond
laser irradiation, a large number of free electrons are excited, forming a plasma layer on
the surface of a material. The femtosecond laser further causes the collective oscillation of
the surface plasma and forms SPPs. The excitation of these polaritons causes a periodic
distribution of the laser field and energy deposition in the free electrons. The lattice is
heated, melted, or even ablated via electron–phonon coupling, which further induces the
formation of LIPSS. Other models include different mechanisms, like evanescent wave
formation [24], self-organization [25,26], Coulomb explosions [27,28], etc.

The periodicity or spatial period (∆) of regular 1D-LIPSS can be tuned along a broad
range, which covers low spatial frequency laser-induced periodic surface structures (LSFL)
(0.5λ < ∆LSFL < λ) and high spatial frequency laser-induced periodic surface structures
(HSFL) (∆HSFL < 0.5λ). In addition, supra-wavelength periodic surface structures (SW-
PSSs), also known as grooves, whose period is normally a few times larger than the laser
wavelength (∆SWPSS > 2λ), can be generated on the surface of samples heated by pulses of
different durations [15,18].

The 2D-LIPSS can be produced using the vector beams, i.e., the beams with polar-
ization other than the linear (1D) direction of the electric vector of an electromagnetic
wave. Those can be formed, particularly using the S-waveplates. S-waveplates are super-
structured space-variant polarization converters that can be used to create these beams.
They convert incident linear polarization to radial and azimuthal polarizations [3], allowing
for focusing on smaller spots and enabling annular intensity distribution in focus. Vector
beam is a commonly accepted determination of the beams with a specific structure of polar-
ization. Vector beams of light constitute the class of beams characterized by a space-variant
polarization in the transverse plane [29]. Among them, the important subclasses are those
with cylindrical-symmetric polarization patterns, including radial, azimuthal, and spiraling
polarizations [30,31]. By combining polarization and coincident phase singularities, these
states are sometimes called vector vortex beams [32]. Symmetric pairs of vector beams
define two-dimensional spaces of non-uniform polarization states.

A large number of 2D-LIPSS studies using vector or vortex beams have been performed
using silicon and other semiconductors [21,33–40]. Meanwhile, 1D-LIPSS on the surface of
gallium arsenide (GaAs, bandgap 1.42 eV) have rarely been reported [41–43]. Moreover,
to the best of our knowledge, no studies have been reported on the 2D-LIPSS formation
on the GaAs surface. Meanwhile, this semiconductor being processed using the LIPSS
approach has some advantages. One of the most appealing characteristics of GaAs for
applications is the existence of two structurally different solid phases: crystalline and
amorphous [44,45]. Correspondingly, using vector beams to form 2D structures on this
semiconductor can provide additional insight into the potential applications of the formed
radial and ring-like LIPSS.

In this paper, we report the formation of radial and annular ripples on the surface of
GaAs irradiated using the vector beams produced during the propagation of the Gaussian
beam through the S-waveplate. The higher-frequency ripples with a spatial period of
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less than 0.5λ were observed in the case of the linearly polarized Gaussian beam. Radial
and annular ripples were produced on the surface of GaAs under ablation by an annular
beam possessing azimuthal and radial polarizations, respectively. The overlapping of
sub-wavelength grooves with those formed by linear, azimuthal, and radial polarizations
was analyzed at different fluencies of the laser pulse. We compared the ripples formed by
Gaussian and annular (vector) beams. The joint appearance of radial and annular ripples
at variable angles of the S-waveplate was demonstrated. In all the above cases, the grooves
(∆G ≈ 1.3 µm) dominated over the regular low-frequency LIPSS. The directions of grooves
and ripples were orthogonal to each other.

2. Experimental Arrangements

The experimental scheme to fabricate structures on the GaAs surface using Gaussian
and vector beams is shown in Figure 1a. The polished undoped GaAs (100) wafer (99%,
Sigma-Aldrich, Burlington, MA, USA) was used during these studies. The laser (PL2230,
EKSPLA, Vilnius, Lithuania) generated linearly polarized 30 ps, 50 Hz, 532 nm pulses. The
S-waveplate (RPC-0515-15, Altechna, Vilnius, Lithuania) was inserted on the path of the
linearly polarized 532 nm radiation to convert the Gaussian beam into vector doughnut-like
beams with radial or azimuthal polarization. The characterization of Gaussian and two vec-
tor beams generated from the S-waveplate is illustrated in Figure 1b–d. The corresponding
cross-sectional intensity profiles are shown in Figure 1e–g.
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Figure 1. (a) Experimental scheme for LIPSS formation on the surface of GaAs using 532 nm, 30 ps
pulses. The bottom insets show the spatial shapes of (b) a linearly polarized Gaussian beam, (c) a
radially polarized annular beam, and (d) an azimuthally polarized annular beam and (e–g) their
corresponding line-outs of spatial distribution. White arrows are the directions of polarization.

The Gaussian beam with linear polarization and the vector beams with radial and
azimuthal polarizations were focused on the sample surface (GaAs) using a 1 m focal length
spherical plano-convex lens. The spot size of the input Gaussian beam measured at the
focal plane using a CMOS camera was 100 µm. The GaAs sample was fixed on a three-axis
motorized translation stage and positioned perpendicularly to the propagation direction
of the incident beam. The position of the sample was slightly shifted from the focal plane
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of the lens toward the focusing lens. The width of the laser spot at this position of the
target was 170 µm. The differences in the spatial intensity profiles of Gaussian and vector
beams were taken into account during fluence (F) measurements. The number of pulses
irradiated on the surface of GaAs was controlled using the beam shutter synchronized
with the control panel box. The laser-induced structures were created at F = 0.18 J/cm2

and a variable number of shots. The energy of the 532 nm pulses was adjusted using the
neutral-density filters. The laser beam was cleaned using the spatial filter. A half-wave
plate was used during experiments with a Gaussian beam to rotate the linear polarization
from horizontal to vertical. The morphology of the processed surface was observed using
a scanning electron microscope (Phenom Pro-Desktop SEM, Thermo Fisher Scientific,
Waltham, MA, USA).

3. Results
3.1. Gaussian Beam

The ablation of GaAs with a linearly polarized Gaussian beam (532 nm, 30 ps) was
carried out using different F and numbers of shots (N) in the same position. The most
suitable conditions for creating LSFL along the whole area of irradiation were obtained
using F = 0.18 J cm−2 and N = 5. Figure 2a shows the almost homogeneous distribution of
ripples except for the central part of the beam, where the grooves started to appear (bottom
panel of Figure 2a). The direction of the ripples was orthogonal to the polarization of the
Gaussian beam, and the spatial period was ∆R = 480 ± 30 nm.
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Figure 2. SEM images of ablated GaAs using (a) 5 shots, (b) 15 shots, and (c) 25 shots of 532 nm, 30 ps
pulses at the fluence 0.18 J cm−2 on the target surface. The bottom panels of (a–c) correspond to the
enlarged parts of the corresponding areas marked in red. White lines correspond to 10 µm. Blue
arrows show the direction of polarization of the Gaussian beam.

Notice that the optimal number of laser shots is the most important parameter, al-
lowing the ripple formation along the whole area of ablation at the used experimental
conditions (N = 5, F = 0.18 J cm−2). The surface morphology depends on the number
of shots, while the spatial periods of ripples and grooves remain constant. Meanwhile,
the increase in the number of laser shots on the same spot of GaAs at F = 0.18 J cm−2
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(from five shots (Figure 2a) to 25 shots (Figure 2c)) drastically changed the morphology of
nanoripples. At N = 15, the central area of the ablated surface was entirely filled in with
grooves (Figure 2b, bottom panel). Contrary to ripples, grooves showed a characteristic
preferential alignment parallel to laser polarization and, hence, orthogonal to ripples. From
the center up to a radial distance of ~25 µm, the area became covered by micron-sized
quasi-periodic structures with a preferential alignment along the laser polarization. The
low-frequency LIPSS were almost entirely replaced by the grooves (∆G ≈ 1200 nm) in
the case of the 25 shots, except for the edges of the ablated area (see bottom panel of
Figure 2c). The outer area of the spot shown in the bottom panel of Figure 2c still presents
the periodic ripples orthogonal to the laser polarization. An intermediate region between
LSFL and grooves represents a mixture of two orthogonal structures rather than rudiments
of the grooves superimposed over ripples, as reported in a few previous studies of LIPSS
formation on the silicon surface [34,36,41]. Notice that the increase in the F of the heating
beam from 0.18 to 0.35 J cm−2 did not change the shape of the nanoripples in the case of
five shots in the same place.

There is still no specific explanation for the groove formation. These quasi-periodic
surface structures were reported in different semiconductors, like InP, Si, etc., in the case
of irradiation using many laser pulses and at high F [36]. In the meantime, given the
strong correlation of LIPSS to the polarization of electromagnetic radiation, the formation
of ripples and grooves can be used as a probe for the local orientation of the polarization in
complex intensity and polarization-shaped laser beams [46].

These studies showed that the local laser fluence, which differs from the average F
calculated at the equal energy of the laser beam along the whole ablation area, has a decisive
influence on the variation of LIPSS. We observed that, depending on its value, two types
of ripples (LSFL and HSFL) were generated close to each other in the same material.
Transiently changing optical properties caused by a sufficient number of laser-produced
electrons promoted to the conduction band cause a transition between the plasmonic LSFL
(perpendicular to the polarization) and HSFL (parallel to the polarization) [18,43]. Figure 3a
shows the border between LSFL produced at higher local fluence and HSFL produced at
the very edge of the ablated spot (F = 0.18 J cm−2, N = 30). The spatial period of HSFL was
270 ± 30 nm, while the distance between LSFL was 480 ± 30 nm (see Figure 3b showing
the enlarged part of Figure 3a).
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Figure 3. (a) Appearance of orthogonally directed lines (HSFL) with a smaller spatial period at a
larger number of shots (30) on the same place of GaAs. (b) Enlarged part of Figure 3a. The blue
arrow shows the direction of polarization of the laser beam. The white line corresponds to 1 µm. The
average spatial periods of orthogonal (LSFL and HSFL) ripples were 480 and 270 nm, respectively.

3.2. Radially and Azimuthally Polarized Beams

The application of vector beams changed the dimension of ripples from 1D to 2D.
The radial distribution of polarization and the annular form of the laser beam resulted in
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drastic changes in the morphology of nanostructures. Figures 4, 5 and 6d shown below
were obtained using a fixed number of shots (N = 5) on the same spot on the target surface.
The spatial shape of the ablated area was changed from the Gaussian distribution to a
doughnut-like shape (Figure 4a). The fluence of the used annular beam in the case of the
radial polarization was ~0.22 J cm−2. One can see the unablated area of the surface of GaAs
at the center of the annular beam. The visible diameter of the outer ablated area produced
by the annular beam was ~160 µm. The white arrows show the directions of polarization
of the used radially polarized annular beam. The enlarged part of this figure (Figure 4b)
allowed for observing the grooves along almost the whole ring-like region of the ablated
surface. The direction of the grooves was parallel to the polarization of the laser beam in
each specific position of the ablated area.
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Figure 4. (a) Spatial shape of the ablated area on the surface of GaAs by the doughnut-like beam with
a radial distribution of polarization (white arrows). (b) The enlarged square of Figure 4a shows the
part of the ablated ring dominated by the presence of the grooves growing parallel to the polarization.
(c) An enlarged part of Figure 4b shows the inner region of the ring. One can see the rings of ripples,
followed by the grooves. These ripples remain almost unchanged on the right side of Figure 4c while
appearing under the grooves. (d) The enlarged part of Figure 4b shows the outer region of the ring.
One can see the LSFL at the smallest fluence of the laser beam, followed by the appearance of the
grooves above the rings on the left side of Figure 4d. The white bars correspond to 40 µm (Figure 4a)
and 10 µm (Figure 4b–d).
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Figure 5. (a) The shape of the ablated area using the radially polarized beam at F = 0.18 J cm−2 and
N = 5. (b) Enlarged part of Figure 5a showing the ring-like LSFL throughout the ablation area. The
white bars correspond to 60 µm (Figure 5a) and 10 µm (Figure 5b). While arrows show the direction
of polarization of the laser beam.
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Figure 6. (a) SEM image of the whole area of ablation using 20 shots of the azimuthally polarized
beam. Almost the whole ablated area was filled in with grooves. (b,c) Enlarged parts of the ablated
area and outer border of the ablated area, respectively. The ripples were observed only in the area of
the outer border of the ablation. (d) SEM image of the whole area of ablation using 5 shots of the
azimuthally polarized beam at the same fluence of heating radiation (F = 0.22 J cm−2) as in the case
shown in Figure 6a. (e,f) Enlarged parts of the ablated area and inner border of the ablated area,
respectively. LSFL, in that case, dominated along the whole ablated area. The white bars correspond
to 80 µm (Figure 6a,d) and 10 µm (Figure 6c,f). While arrows show the direction of polarization of the
laser beam.
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The fluency of this vector radiation was relatively strong in the central parts of the
annular ablated area. This obstacle resulted in the disappearance of the ring-like ripples
produced in this area. The only places where those ripples remained were the outer and
inner edges of the annular ablated area. Figure 4c,d shows the enlarged parts of Figure 4b.
They correspond to the inner and outer areas of the doughnut-like pattern of the ablated
part. The ring-like ripples were perpendicular to the polarizations marked by the white
arrows. The interesting peculiarity of Figure 4c,d is the presence of rings of ripples at
the inner and outer parts of the ablated area, as well as beneath the grooves orthogonally
directed with respect to the ripples. Those grooves had a chaotic shape, with the spatial
period varying between 800 and 1400 nm. The spatial period of the grooves increased
with the growth of distance from the center of the ablated area. Then, additional grooves
appeared at larger distances from the center of the ablation area. Meanwhile, the spatial
period between the ring-like ripples along the whole ablation area, i.e., in the inner, central,
and outer parts of annular ablation, remained the same (∆R = 470 ± 30 µm).

In the case of the smaller fluence of the radially polarized laser beam (F = 0.18 J cm−2),
the annular shape of the ablation area (Figure 5a) appeared similar to the previous case
(Figure 4). We used the smaller fluence of laser radiation to exclude the appearance of
grooves. In that case, only LSFL filled in the ablation area. The enlarged part of the ablated
area is shown in Figure 5b. One can see that the whole area of ablation was filled with
rings attributed to LSFL. The spatial period between ring-like ripples (∆R = 460 ± 30 mm)
became constant along the whole area of ablation.

Similar studies using an azimuthally polarized 532 nm beam have demonstrated
the pattern of ripples and groove formation at orthogonal directions with regard to the
above-studied case using the radially polarized beam. Figure 6a presents the SEM image of
the ablated area of GaAs in the case of an azimuthally polarized beam. The white arrows
show the polarization structure of the used annular beam. The radiation characteristics
used in that case were as follows: wavelength 532 nm, pulse duration 30 ps, N = 20, and
F = 0.22 J cm−2. The enlarged part of the ablated area is shown in the Figure 6b. One can
see that the annular pattern of the ablated area is filled in with grooves representing the
ring-like structure and following the direction of polarization. Further enlargement of
the SEM of the ablated area is shown in Figure 6c, representing part of the outer area of
the ablated sample. One can see the relatively sharp border between the grooves and the
LSFL. The latter structure represented the ripples directed from the center of the ablated
doughnut-like pattern. The ripples were orthogonal to the direction of polarization along
the whole area of the outer part of the ablated area. The spatial period of grooves in that case
was ~1.2 µm, while the spatial period of ripples was ~450 nm. No LSFL remained in the
area filled in with grooves, contrary to the case of the application of the radially polarized
beam shown in Figure 4c, which was obtained using the same fluence of the beam.

The SEM of the ablated area using a smaller number of shots of an azimuthally
polarized beam (N = 5, F = 0.22 J cm−2) is shown in Figure 6d. The enlargement of
the inner part of the ablated ring shows the regular LSFL without the presence of the
grooves (Figure 6e). The directions of regular ripples (∆R = 460 ± 20 nm) were, as usual,
perpendicular to the polarization of the beam at all parts of the ablated area. The enlarged
image of the red square marked in Figure 6e is shown in Figure 6f.

A sharp spatial transition between the external rippled area and the central grooved
region suggests the existence of a threshold for the transition from ripples to grooves at
a higher number of shots in the same place (Figure 6c). Notice that in the case of the
Gaussian beam (bottom panel of Figure 2c) and the radially polarized beam (Figure 4c,d),
we observed a less pronounced border between the ripples and grooves. This difference can
be attributed to the variation in the number of shots at the same place. Thus, the number
of shots becomes the main factor allowing the fabrication of diverse, complex surface
patterns when the orthogonal nano- and microstructured patterns coexist with each other.
Figure 6c,d represents the “ripple + microstructure” patterns at the GaAs surface induced
by different vector light fields. At a small number of shots (in the present experimental
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conditions, N = 5), they exhibit the equal-interval concentric ring structure of ripples (in
the case of a radially polarized field) and the radial structure of ripples (in the case of an
azimuthally polarized field).

3.3. Joint Influence of Azimuthal and Radial Polarizations on Nanostructure Formation

Below, we show the case when two fields coexist in the same set of ablation exper-
iments. This condition was implemented with the gradual rotation of the S-waveplate
between two positions, allowing for the formation of an intermediate state of radial and
azimuthal polarization. Figure 7 shows the images of the focused radiation (a, d) and
SEM patterns of the linearly polarized Gaussian laser-induced ablation (b) and radial
polarization-induced ablation (e), as well as the enlarged images of SEM patterns (c, f),
respectively. As in all cases shown in the above-reported studies (Figures 2–6), the di-
rections of ripples and grooves are perpendicular and parallel to the polarizations of the
beam, respectively (see also the enlarged images of the parts of ablation areas shown in
Figure 7c,f). During these experiments, the fluence on the surface was 0.12 J cm−2, i.e., it
was less than in the cases presented in Figures 4 and 6. At the same time, the number of
shots was increased to 30.
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Figure 7. (a,d) The intensity profiles of the linearly polarized Gaussian beam and radially polarized
beam, respectively. (b,e) The corresponding images of ablated areas. (c,f) The enlarged parts of
the red squares are marked in Figures 7b and 7e, respectively. Blue arrows show the direction of
polarization of the laser beam.

Once we rotated the S-waveplate out of the position corresponding to the formation
of a radially polarized beam, the pattern of ripples and grooves was modified by the
inclination of those nano- and microstructures. The marked angles of rotation of the S-
waveplate were measured with reference to the marker on the S-waveplate corresponding
to the radial polarization. In the case of the rotation of the S-waveplate at 22.5◦, the
image of the ablation area remained the same as in the case of purely radial polarization
(compare Figure 7e and the left panel of Figure 8a). At these conditions, we observed a
small inclination of the grooves and ripples (right panel of Figure 8a). Further rotation
of the S-waveplate at an angle of 45◦ with regard to the position corresponding to pure
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radial polarization led to a stronger leaning of the grooves (right panel of Figure 8b)
and ripples (barely seen in this figure), resulting in deviation from the shapes of nano-
and microstructures analyzed in previous subsections. Red-colored curves show the
polarization of the laser beam and the directions of the grooves in this case.

Photonics 2024, 11, x FOR PEER REVIEW 10 of 15 
 

 

small inclination of the grooves and ripples (right panel of Figure 8a). Further rotation of 
the S-waveplate at an angle of 45° with regard to the position corresponding to pure radial 
polarization led to a stronger leaning of the grooves (right panel of Figure 8b) and ripples 
(barely seen in this figure), resulting in deviation from the shapes of nano- and 
microstructures analyzed in previous subsections. Red-colored curves show the 
polarization of the laser beam and the directions of the grooves in this case. 

An additional peculiarity, in that case, is a modification of the spatial shape of the 
ablated area compared with the case of the pure radial polarization of the heating beam 
(compare the left panel of Figures 8b and 7e). Specifically, the formation of an intermediate 
state of radial and azimuthal polarizations leads to a significant difference in the shape 
and inclination of the ripples and grooves on the ablated surface. 

Since the shape of ripples and grooves strongly depends on the incoming beam 
polarization, one of the important advantages of using vector beams in surface 
modification is the possibility of generating 2D structures using the variable states of 
polarization. In general, radial and azimuthal states are the two polarizations that can be 
obtained by either rotating the incoming linear polarization from horizontal to vertical 
prior to entering the S-waveplate or by rotating the S-waveplate by 90° at a fixed linear 
polarization of the Gaussian beam. Correspondingly, the spiral or intermediate states of 
polarization can be obtained while varying the input polarization between these two 
states. Moreover, other numerous kinds of complex states of polarization can be achieved 
by using the additional optical elements in the beam path, like wave plates (λ/2 and λ/4), 
before and/or after the S-waveplate. 

 
Figure 8. Left panels of Figure 8a,b: the images of the ablation areas after laser–matter interaction in 
the case of the rotation of the S-waveplate by (a) 22.5° and (b) 45° from the position corresponding 
to the pure radial polarization of the annular beam. The enlarged images of the ablation areas in 
these two cases are shown in the right panels. Red curved lines show the leaned directions of 
polarizations at different points of the ablation. The grooves follow these leaned directions of 
polarization. 

Figure 8. Left panels of Figure 8a,b: the images of the ablation areas after laser–matter interaction in
the case of the rotation of the S-waveplate by (a) 22.5◦ and (b) 45◦ from the position corresponding to
the pure radial polarization of the annular beam. The enlarged images of the ablation areas in these
two cases are shown in the right panels. Red curved lines show the leaned directions of polarizations
at different points of the ablation. The grooves follow these leaned directions of polarization.

An additional peculiarity, in that case, is a modification of the spatial shape of the
ablated area compared with the case of the pure radial polarization of the heating beam
(compare the left panel of Figures 8b and 7e). Specifically, the formation of an intermediate
state of radial and azimuthal polarizations leads to a significant difference in the shape and
inclination of the ripples and grooves on the ablated surface.

Since the shape of ripples and grooves strongly depends on the incoming beam
polarization, one of the important advantages of using vector beams in surface modification
is the possibility of generating 2D structures using the variable states of polarization. In
general, radial and azimuthal states are the two polarizations that can be obtained by either
rotating the incoming linear polarization from horizontal to vertical prior to entering the
S-waveplate or by rotating the S-waveplate by 90◦ at a fixed linear polarization of the
Gaussian beam. Correspondingly, the spiral or intermediate states of polarization can be
obtained while varying the input polarization between these two states. Moreover, other
numerous kinds of complex states of polarization can be achieved by using the additional
optical elements in the beam path, like wave plates (λ/2 and λ/4), before and/or after the
S-waveplate.

The S-waveplate orientation to different angles is responsible for the polarization
variation, causing a change in the intensity distribution of the resultant spatial profile
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formed at the focal plane, as illustrated in Figures 2a and 8b. Notice that the intensity
profile of the output beams produced by the S-waveplate at these conditions has some
discontinuity due to the Gaussian input beam size, which cannot fully cover the active area
of the S-waveplate, denoted as aperture size. The magnitude of this discontinuity varies
depending on the orientation of the S-waveplate, as illustrated in Figure 8a,b. In the case
of a radially polarized vector beam (i.e., at pure radial polarization), the intensity profile
around the phase singularity or central region was found to be a clear doughnut structure
(Figures 4a and 7d).

The S-waveplate rotation by 22.5◦ and 45◦ with regard to radial polarization orientation
resulted in laser-induced surface structures attributed to different inclined polarizations. In
these cases, the grooves formed around the phase singularity or nonablated center take an
orientation corresponding to the inclined polarization of the beam (right panels of Figure 8).
The SEM micrographs at higher magnification shown in Figure 8a,b were included to
better visualize the role of leaned polarization on the surface morphology modification and
the corresponding inclination of ripples and grooves. When the S-waveplate rotated by
90◦ concerning radial polarization orientation, a vector beam with azimuthal polarization
formed a laser-induced surface structure on the sample at the focal plane similar to the one
shown in Figure 6.

4. Discussion

The interest in nanoripples is defined by potential applications in building microfluidic
channels, changing the color of materials, modifying local electrical properties, building
sub-diffraction-limit optical diffraction gratings, detecting materials with increased sensitiv-
ity using surface-enhanced Raman scattering, bio-sensing, water contamination monitoring,
detecting organic molecules, etc. [5–8]. Correspondingly, the determination of the condi-
tions under which the shape of nano- or microrelief can be modified through the modulation
of the phase and polarization of the laser pulse is of the utmost importance for clarifying
the best options in this way. The reported study demonstrates the modulation and spatial
shapes of the ripples and grooves by applying the S-waveplate at different positions with
regard to the linear polarization of the Gaussian beam.

GaAs is an example of a narrow bandgap semiconducting surface, resulting in wider
types of nano- and microstructures formed during the illumination of the laser radiation
possessing specific polarization properties. In these LIPSS studies, we analyzed the rip-
ples on the GaAs surface with a regular quasi-periodic structure, with a spatial period
(470 ± 30 nm) slightly less than the laser wavelength (532 nm) and a preferential orienta-
tion along the normal to the incident laser polarization. Additionally, the relatively larger
(1300 nm) quasi-periodic structures called grooves, whose preferential alignment is in the
direction of the laser polarization, played a significant role in the modulation of the surface
of GaAs. These structures are formed in the high-F area or at a larger number of shots.

Figure 3 shows the joint appearance of HSFL and LSFL on the GaAs surface in the
case of a linearly polarized Gaussian beam. HSFL and LSFL, with the ratios of their
spatial periods in the range of 0.1–0.5, were frequently reported in the past using different
materials. Notice that the formation of HSFL using a Gaussian beam was not the goal of
the present study. We observed them alongside the LSFL. HSFL + LSFL and 2D-LIPSS
are two different morphological formations produced using Gaussian and vector laser
beams, respectively. The former structure on the GaAs surface was reported in [47], where
the alignment of morphology during high spatial frequency periodic structure formation
in GaAs was carried out. Their interpretation of the formation of HSFL was based on
the morphological evolution from self-interstitial diffusion, driven by stress relaxation, to
the surface producing 1–2 nm tall islands. They also provided the calculation of excited
electron concentration combined with a Drude–Lorentz model of the excited GaAs dielectric
function to determine the conditions for SPP coupling at HSFL formation.

Different materials were analyzed during a demonstration of ripple formation. The
high- and low-spatial frequency LIPSS on the molybdenum disulfide was reported in [48].
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They have shown that, depending on the laser power, it is possible to choose between the
formations of only HSFL or a combination of two groups of nanoripples (HSFL and LSFL)
in the case of the linearly polarized Gaussian pulses. In [49], a special type of femtosecond
laser-induced nanoripples comprising LSFL and HSFL was fabricated simultaneously on
a stainless-steel surface. These LSFL and embedded HSFL were oriented orthogonally to
each other. We did not study the phenomenon of high- and low-frequency ripple formation
under irradiation of the linearly polarized beam. What we showed is the overlap of the
radially directed nanoripples and annually directed grooves in the case of the azimuthally
polarized annular laser beam (Figure 6). We also demonstrated the overlap of the annually
directed nanoripples and radially directed grooves using the radially polarized annular
laser beam (Figure 4).

Our studies showed a preferential formation of large structures (grooves) on the
surface of GaAs with the growth of the number of pulses at relatively low fluencies of laser
pulses. Those grooves overlap the periodic ripple pattern. The ripples can still be seen
in this case under the grooves aligned along the laser polarization. At a large number of
pulses on the spot, the growing grooves cancel the presence of LSFL, which remains only at
the edges of ablation, particularly at the internal and external edges of the annular ablation
area. It is worth mentioning that the geometry of these two groups of structures can be
precisely controlled by choosing the proper number of heating pulses on the same spot or
by tuning the fluence of the laser pulse.

We showed that the radial and annular nanoripples appeared on the surface of GaAs
under the ablation using doughnut-like beams possessing azimuthal and radial polariza-
tions, respectively. The joint overlap of the microgrooves and the nanoripples formed by
linear, azimuthal, and radial polarizations was analyzed at different numbers of interacting
shots and fluencies of the laser pulses. The orthogonally directed grooves (∆G = 1.3–1.5 µm)
dominated over the regular low-frequency LIPSS (∆R = 470 nm) with the growth of laser
fluence. The preferential emergence of either LIPSS or grooves at different numbers of shots
was analyzed. Our aim was to show the appearance of different 2D ripples and grooves on
the surface of the GaAs wafer.

We demonstrated different 2D ripples and grooves on the surface of the GaAs wafer
in the case of the fixed target. The optimization of this process allows further steps in the
formation of the extended 2D rippling of the surfaces. Notice that the overlap of moving
shots in that case may cause the erasing of the radial or annular ripples and grooves. In the
present work, we resolved the first task—a demonstration of the optimal conditions for
ring-like and radial ripple formation at the fixed position of the target and laser spot. Notice
that the formation of the line shape of these ripples and grooves cannot be considered
as a final task since it will allow the formation of the ~100 micron thick lines, which do
not provide the realistic picture for the practical applications until the development of the
technique of the filling in the whole area of the semiconductor wafer. Thus, the single spot
exposure does not give information about the technical use in the same way as the line
exposure. However, it provides the expertise on how to achieve the formation of 2D ripples
during the fixed positions of the target and beam. Correspondingly, without this step of
studies, allowing for the optimization of the parameters of laser radiation, it would be
difficult to optimize the formation of nano- and microstructured 2D patterns during the
movement of the ablating beam or target.

5. Conclusions

We studied the formation of linear, radial, and annular ripples on the surface of GaAs
using the vector beams produced during the propagation of the laser radiation with the
S-waveplate, as well as Gaussian linearly polarized beams. The formation of regular
linear ripples with a spatial period slightly less than the wavelength of laser radiation was
optimized by the number of shots and the fluence of the 30 ps, 532 nm Gaussian beam.
The orthogonally directed HSFL with a spatial period that is twice smaller than that of
LSFL was observed at smaller fluencies of laser pulses. Radial and annular nanoripples
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appeared on the surface of GaAs under the ablation using doughnut-like beams possessing
azimuthal and radial polarizations, respectively. The joint overlap of the microgrooves
and the nanoripples formed using linear, azimuthal, and radial polarizations was analyzed
at different numbers of interacting shots and fluencies of the laser pulses. In all the
above cases, the grooves (∆G = 1.3–1.5 µm) dominated over the regular low-frequency
LIPSSs (∆R = 470 nm). The preferential emergence of either LIPSSs or grooves at different
numbers of shots was analyzed. To better visualize the role of leaned polarization in the
surface morphology modification and corresponding inclination of ripples and grooves,
we tuned the position of the installed S-waveplate between the generation of azimuthal
and radial polarizations.
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