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We investigate laser ablation of crystalline silicon induced
by a femtosecond optical vortex beam, addressing how
beam properties can be obtained by analyzing the
ablation crater. The morphology of the surface structures
formed in the annular crater surface allows direct
visualization of the beam polarization, while analysis of
crater size provides beam spot parameters. We also
determined the diverse threshold fluences for the
formation of various complex microstructures generated
within the annular laser spot on the silicon sample. Our
analysis indicates an incubation behavior of the threshold
fluence as a function of the number of laser pulses,
independently of the optical vortex polarization, in weak
focusing conditions. © 2015 Optical Society of America
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Femtosecond phenomena; (320.7130) Ultrafast processes in condensed
matter, including semiconductors.
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Laser ablation with intense femtosecond (fs) pulses is a valuable tool
in many applications, as for example direct surface structuring of solid
targets [1, 2], generation of nanoparticles [3, 4], fabrication of
nanostructured films by deposition of the ablation plume [5, 6], and so
forth. In particular, direct fs laser surface processing attracts increasing
interest as an effective way to fabricate surface structures at nano- and
micro-scales on metals and semiconductors. It has demonstrated the
creation of diverse kinds of structures with the ability to modify, for
example, the optical and wetting properties of samples in a flexible,
simple and controllable way. Typically, a fs laser beam with a Gaussian
intensity profile is focused onto the surface of the solid target under
study. The focal length of the focusing lens is usually quite long
generating a spot diameter of 10 um or larger [1, 2]. Ablation occurs
when the peak laser fluence is larger than the ablation threshold of the
material. The properties of the ablation process are related to the beam
characteristics and for laser beams with a Gaussian intensity profile are
obtained by a well-established method based on the analysis of the

lateral dimensions of the crater produced on the target [7, 8]. In fact,
crater analyses allow determining beam waist, peak fluence of the laser
pulse, as well as the fluence threshold for ablation of the target material
and the conditions for the formation of specific surface structures. All
these parameters are fundamental for an accurate description of the
experimental conditions and for a clear analysis of the investigated
processes.

Recently, laser beams with non-Gaussian intensity profile are gaining
attention as a novel prospect in laser-matter interaction, and related
applications [9-11]. In particular, the current development of efficient
beam converters generating powerful fs optical vortex pulses offers the
possibility of observing new experimental aspects in this emerging topic
[11-15]. The use of optical vortex (OV) beams in fs laser ablation and
surface structuring has recently led to the generation of sub-wavelength
ring structures on silicon or glass [12, 13], and production of surface
micro-structures on stainless steel, silicon and copper [15-18]. These
microstructures evidence a clear relationship with the spatial
distribution of laser beam intensity and polarization.

Laser induced structures and crater profiles have been used as a
direct way to diagnose intense, cylindrical vector beams in the focal
plane [13-15, 19, 20, 21]. For example, Hnatosky et al. used the ablation
craters produced in glass [19] and silicon [13] to evidence the
generation of an intense longitudinal component of the electric field at
the focus of fs laser beams produced in tight focusing conditions.
Moreover, Toyoda et al. exploited chirality of micro-needles formed
during nanosecond laser ablation to evidence the helicity of OV beams
[20]. Recently, laser induced surface structures were also used to verify
the state of polarization of fs OV beams at and around the focal plane
[14-15, 21]. This, in turn, provides a simple and direct way to
characterize the two-dimensional vector field structure of intense fs
laser beams in weak focusing conditions, for which the longitudinal-
component of the electric field is negligible [11, 21]. Actually, there is no
research work addressing the optimal conditions for the formation of
the diverse surface structures produced during laser irradiation of a
solid target with a fs OV beam. Therefore, a detailed understanding of
the diverse threshold fluences for ablation and for the formation of the
various surface microstructures is essential to achieve an accurate and
reliable determination of the OV beam properties.
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Here, we report an analysis of crater and surface structures produced
in direct fs laser ablation of silicon with an OV beam, demonstrating an
effective method for characterizing the OV beam properties. Silicon is
selected as a case study, being the most basic and studied
semiconductor material widely applied in mechanical, optical and
electronic devices. The optical vortex beam is generated via spin-to-
orbital conversion of the angular momentum of light by using a g-plate
[22,23].
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Fig. 1. (a) Schematic of the experimental setup. The inset shows the
vortex beam spatial intensity profile. (b) Normalized spatial profile of
the pulse fluence along the diameter of the beam (in units of the beam
waist wo).

Figure 1(a) reports a schematic of the experimental setup. The laser
source is a Ti:Sa laser system delivering linearly polarized ~35 fs pulses
at800 nm. An OV beam, carrying an orbital angular momentum (OAM)
=11, is produced by a g-plate with a topological charge q=1/2. The
inset in Fig. 1(a) reports an image of the beam spatial intensity
distribution as acquired by a beam profiler. It is characterized by an
annular spatial profile, with a central region of zero intensity due to an
undefined phase on the OV beam axis. Fig. 1(b) shows the normalized
intensity variation of the fluence along a diameter. Direct fs laser
ablation of silicon (100) was induced by focusing the OV beam on the
target surface with a lens of 75 mm focal length, in air. The target was
mounted on a XY-translation stage located perpendicular to the laser
beam direction (Figure 1(a)). An electromechanical shutter provided
the selection of the desired number of laser pulses, N, applied to the
same spot on the target. The morphology of the irradiated surface was
analyzed by a scanning electron microscope (FESEM, model Zeiss

Yigma).

Fig.2. SEM micrograph of the target surface after irradiation with an
azimuthally polarized OV beam at an energy Eo =~ 30 pJ, after N = 100
laser pulses. The red arrows indicate the laser beam polarization. The
inset shows the morphology of the ripples formed in the outer region of
the beam spot.

Fig. 2 reports an example of a typical SEM micrograph of the silicon
surface irradiated area for N=100, for an azimuthal polarization. It
shows the formation of a shallow, annular crater reflecting the beam
shape. A complex surface morphology is observed in Fig. 2, with various
annular regions characterized by different surface textures. The central
region with a radius Rin=12 um is decorated by a large number of
nanoparticles, and corresponds to the central part of the beam with
intensity well below the target ablation threshold. The external circle of
the ablated area has a radius Rex=58 pm and marks the transition to a
fluence lower than the ablation threshold. The region just beyond Rex is
also densely decorated by nanoparticles. The ablated crater defined by
the annulus going from Rin to Rex, presents an inner region with a width
of =25 um characterized by micro-wrinkles aligned along the beam
polarization, surrounded by two adjacent areas where subwavelength
ripples are aligned perpendicular to the laser polarization. The inset of
Fig. 2 shows a zoomed view of these ripples. The radial widths of these
two areas are ~7 um (inner) and =12 pum (outer), respectively. The
diverse width of these two regions is likely due to the different fluence
spatial gradient in the central (r<rp) and outer (r>1p) regions of the OV
beam profile (see Figure 1(b)).

Fig. 3. Zoomed views of a portion of the ablation crater for radial (left
panel) and spiral (right panel) polarization of the OV beam, at Eo=50 1]
and N=100. The red arrows sketch the state of polarization.

The polarization of the OV beam can be appropriately changed by
varying the angle between the linear polarization of the input Gaussian
beam and the g-plate axis, which eventually affects the surface structure
morphology. As an example, Fig. 3 reports two SEM micrographs of the
silicon surface after irradiation with radially and spirally polarized OV
beams, at N=100 and Eo=50 pJ. The radial and spiral polarization were
obtained by rotating the input polarization by an angle AB=90° and
AB=45°, respectively, with respect to the azimuthal case. Other patterns
were also generated either by varying the value of A or by using
quarter-waveplates. In all cases, micro-wrinkles aligned along the local
beam polarization are present in the higher fluence region, while ripples
perpendicular to the polarization are formed in the low fluence areas.
This, in turn, suggests a deterministic relationship between orientation
and characteristic size of the surface structure and local polarization and
fluence of the OV beam. Moreover, clear threshold fluences exist for
ripples formation and for the sharp transition from ripples to wrinkles,
which occurs at given locations within the ablation crater. We also
observe that varying the laser pulse energy or number of pulses change
the proportion between regions where ripples and micro-wrinkles
appear. It is worth noting that earlier studies mainly focused on
subwavelength ripples [1, 2, 8, 9, 14-16, 21], while more detailed
analyses of micro-wrinkles produced by fs Gaussian beams started only
very recently [24, 25]. Our findings indicate that the two structures are
ubiquitous to fs laser ablation of silicon. Hence, we investigated the
threshold fluence for the formation of both structures and how it
depends on the OV beam properties.

The spatial profile of the pulse fluence F(r), along the diameter of an
OV beam with £=11, as a function of the radial coordinate r is described
by the following distribution [11]:
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where Eo is the beam energy and wo the waist of the corresponding
fundamental Gaussian beam. Eq(1) well approximates the
experimental profile as shown in Fig. 1(b). The spatial distribution in Fig.
1(b) shows the presence of a null fluence at the beam center, and of two
symmetric peaks at the positions try, where ry is given by:
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The corresponding peak fluence value Fj is:
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Fig. 4. (a) Examples of the variation of the internal (Rin, blue data points)
and external (Rex, red data points) radii as a function of the OV beam
energy Eo for two different number of pulses N: squares - N=20, circles -
N=100. (b) Variation of the fluence threshold Fu with the number of
pulses N. The uncertainties on the experimental data points are
contained within their respective size. The line is a fit to the dependence
Fin=Fin1xN51 with the values of the fitting parameters shown in the
figure.
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We discuss first the variation of the internal, Rin, and external, Rex, radii
as a function of the OV laser pulse energy Eo. Rin and Rex marks the
threshold for ablation and ripples formation. Fig. 4 reports two
examples of the experimental dependence of Rin and Rex as a function of
Eo, for N=20, and N=100, in the case of irradiation with an azimuthally
polarized OV beam. One can observe a progressive reduction of the
width of the ablated annulus (Rex-Rin) as the energy Eo decreases. This
annulus eventually degenerates into a limiting circumference with a
radius Rin=Rex=1p when Eo reaches the threshold level Ew, and the peak
fluence F;, corresponds to the threshold fluence Fu, i.e.:
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The variation of Rin and Rex vs Eo can be modeled by solving the
equation F(r) = Fi. An analytical solution for this equation does notexist.
However, fits to the experimental data can be obtained through a
numerical resolution coupled to a minimization procedure, and are
reported as solid curves in Fig. 4(a). The experimental data are well
described by the two branches departing from the point of coordinates
(Ew, rp), and corresponding to Rin and Rex vs Eo. The beam waist wo and
the threshold fluence Fi were used as fitting parameters, thus obtaining
wo=(4612) um, and the values of the threshold fluence Fi reported in
Fig. 4(b) for three different N values. We observe a progressive
reduction of F with N, similarly to what reported earlier for the case of
fs laser ablation of silicon with fs laser pulses characterized by a
Gaussian intensity spatial profile [8]. This trend was observed for
different materials, and is explained as an incubation behavior
described by the dependence Fiun=Fn1xN&1, where &is a material-
dependent incubation factor (£=0.84 was reported for silicon [8]). The
solid line in Fig. 4(b) is a fit to the incubation dependence, yielding
Fin1=(0.2710.04) ] /cm? and &=(0.81+0.05), consistent with the previous
results of Bonse etal. for silicon [8].
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Fig. 5. Zoomed view of a portion of Fig. 2 and the corresponding spatial
distribution of the laser pulse fluence illustrating the dependence of the
surface texture on the local value fluence. Fiioo marks the fluence
threshold and the corresponding internal Rin and external Rex radii,
while ®w,100 indicates a central region characterized by wrinkles.

Fig. 5 reports a zoomed view of a radial portion of the SEM image of
Fig. 2 and the corresponding spatial profile of the laser pulse fluence. It
illustrates the close relationship between the surface texture and the
local value of the laser fluence. The central area of the annular crater
with F(r)> @00 (=0.24 J/cm?) is covered by the wrinkles while the
ripples are present in the two low fluence regions with Fu,100 < F(r) <
D100, where P00 is the threshold flunce for wrinkles formation at
N=100. This suggests that: i) appropriate shaping of the fluence profile
can be used to fabricate complex surface patterns; ii) an accurate
determination of the laser beam parameters (e.g. spot size and peak
fluence) can be obtained and correlated with the local laser pulse
fluence by means of the structured surface texture; iii) in weak focusing
conditions, the two-dimensional vector field structure of intense fs laser
beams in a plane orthogonal to the propagation axis can be visualized
directly.

Finally, we also analyzed the variation of the internal and external
radii with the number of pulses N, for OV beams characterized by
azimuthal, radial and circular polarization, at a pulse energy Eo=50 pJ.
The different polarization patterns were generated by appropriate
rotation of the linear polarization of the input beam before the g-plate,



or by using a quarter-waveplate. The results are summarized in Fig. 6.
One can observe a progressive rise of the width of the ablated annulus
(Rex-Rin) as the number of laser pulses N increases, independently of the
specific polarization. The solid curves in Fig. 5 show a model
dependence obtained by taking into account the progressive reduction
of the fluence threshold due to the incubation effect, and illustrated in
the inset for N=1, 10, and 100. The model prediction describes rather
well the experimental results.
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Fig. 6. Variation of the internal (Rin, blue data points) and external (Rex,
red data points) radii as a function of the number of pulses N for OV
beam with azimuthal (circles), radial (diamond) and circular (stars)
polarization, at a pulse energy Eo=50 pJ. The solid lines are model
dependence according to the incubation effect. Inset: OV beam spatial
profile and fluence threshold values Fun for N=1, 10, and 100 as
predicted by the incubation dependence Fun=Fn1xN1, with Fn1=0.27
J/cm2 and £=0.81.

Our experimental findings suggest a weak dependence of the
threshold fluences for ablation/ripples formation and ripples-to-
wrinkles transition on the OV beam polarization, in our experimental
conditions. Nonetheless, an earlier report addressed a significant
dependence of the ablation efficiency of silicon on the handedness of
light for circularly polarized fs OV beams, in tight focusing geometry
[13]. This last effect is associated to the generation of a longitudinal
electric field component, whose intensity significantly depend on light
handedness. In weak focusing conditions, the fraction of beam energy
associated to the longitudinal component of the electric field in the focus
is negligible. Thus, the OV beam behaves as a 2D vector beam and such
an effect disappears, thus explaining the weak dependence observed in
our case.

In conclusion, we have carried out an experimental investigation
addressing how fs OV beam properties can be determined through the
analysis of laser ablation spots. Our experimental findings demonstrate
an accurate characterization of intense fs OV beams in weak focusing
conditions, as those generally exploited for direct fs laser structuring
Preliminary experiments with OV beams with larger angular
momentum confirms the validity of using the imprinted structures as a
direct visualization of the polarization pattern in the focal plane.
Moreover, the information gathered on the creation of the different
surface structures lends itself as a powerful tool for designing specific
and well controlled periodic structures on solid targets. Direct fs laser
structuring with Gaussian beams is already successfully exploited in the
fabrication of functional surfaces, whose characteristics (e.g. optical,
wetting, hydrophobic and sensing properties, contaminants or
pathogens adhesion, antimicrobial efficacy, etc.) are associated to the
peculiar laser produced nano/microstructures ( see e.g. Refs. [1] and
[26] and papers therein quoted). These generally present a hierarchical
form, characterized by larger components (like ripples and wrinkles)
decorated with finer, nanoscale structures, which resembles the
morphology of natural multifunctional surfaces. The use of fs OV beams
is a very young research field that can allow expanding the achievable

geometries of the larger scale features, while retaining the hierarchical
structure. This might offer further striking possibilities in tailoring and
control of the properties of the surface processed by direct fs laser
structuring.
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