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Abstract. Quasi-periodic microstructures containing dislocations are formed on the
surfaces of metals and semiconductors under irradiation with high-power femtosecond
laser pulses. Interpretation of microstructures as a result of interference of the incident
plane wave and surface waves leads to the logical conclusion about the relationship of
dislocations in the interference fringes with optical vortices in surface wave.
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1. Introduction

It is known [1-5] that under the action of plane-polarized
laser pulses with a wavelength A on the surface of metals
and some semiconductors, structures in the form of
parallel strips with a period A, somewhat smaller than
the wavelength A, oriented perpendicular to the plane of
the electric vector of light, are observed.

There are several possible mechanisms of formation
of these structures. Proposed in [1] is an explanation of
the effect based on the concept of interference of the
incident and scattered along the surface electromagnetic
waves. There is also a hypothesis about the nature of these
structures as frozen capillary waves on the surface of the
molten by laser layer [6]. However, the most probable
mechanism of formation of these structures is associated
with interference of the incident and surface
electromagnetic waves excited by the incident wave on
the surface of metal at their scattering by roughness of the
metal surface [7].

In this paper, we report on the important feature of
laser-induced structures on the surface of metal, which,
as far as we know, hasn’t been still given proper
attention.

2. Experimental methods

The experiment was carried out at Femtosecond Laser
Center for collective use at the Institute of Physics, NAS
of Ukraine, by irradiating the metal surface with the Ti-
sapphire femtosecond laser system consisting of a
master oscillator Mira-900F and a regenerative amplifier
Legend HE. The laser pulse with the wavelength of
820 nm, duration of 140 fs, and energy of about 0.8 to
1 mJ was focused on the surface with a long focal length
lens. The spot size on the surface was 0.8...1 mm, which
corresponds to the power density of the order of 10 up
to 10" W/em?, the time of irradiation was 0.4...2 s. If
desired, a larger surface areca was treated, while the
sample was moved during irradiation at a constant
velocity of several millimeters per second. Thus, every
part of the surface was treated with hundreds to
thousands of laser pulses. Formation of quasi-periodic
structures on the surface was monitored visually by
appearance of bright light diffraction on the treated
areas.

The detailed study of morphology inherent to the
treated surface was performed with a scanning electron
microscope JEOL JXA-8200. The typical image of the
irradiated surface of tungsten is shown in Fig. 1. There is
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a quasi-periodic system of bands with the period ~0.5 pm,
which remains constant throughout the treated area.

However, you may notice that sometimes the band
breaks (indicated by arrows in Fig. 1) with the
corresponding deformation of the bands around, while the
distance between the bands remains unchanged. Thus,
dislocations occur in the system of bands. As noted above,
the obtained system of bands on the surface is most
logically explained as the result of interference of the
incident and surface waves (surface plasmon polariton in
the case of metals). In this case, disappearance of the
interference fringe indicates the change of the phase
difference of the interfering waves by 2m when going
around this point, i.e. the presence of the screw dislocation
of the wavefront of one of the waves — the optical vortex.
These dislocations in the interference pattern with vortex
beams are well known [8].

Similar structures were obtained on metals (W, Mo,
Ta, Ni, Ag, Pt). Preliminary experiments showed that
these structures are observed also on the surface of
semiconductors (Si for example).

Noteworthy is that in the stripes and between them
spherical ~shape nanostructures with the size
~30...100 nm are present (Fig. 2).

Fig. 1. Characteristic “forks” associated with the presence of
“optical vortices” in electromagnetic fields taking part in
formation of structures on the surface of tungsten.

Fig. 2. Image of treated tungsten surface with larger
magnification reveals nanostructures in the stripes and between
them.

3. Results and discussion

The beams with helical wavefront perturbations
(singular beams) occupy a special place among the wave
beams with a variable structure of the amplitude-phase
profile. This kind of disturbance causes the vortex nature
of the propagating light energy, which suggests the
existence of peculiar optical vortices [9].

To generate singular optical beams, most widely
used are the methods for direct conversion of the
spatially inhomogeneous phase of the light wave and
holographic interferometry methods of converting light
beams. In the first case, spiral phase plates or liquid
crystal spatial modulators are used. Another method to
generate singular beams is diffraction of the initial
Gaussian beam on special optical transparencies based
on computer-generated holograms [9].

Finally, we discuss briefly a possible mechanism of
formation of optical vortices when the metal surface is
irradiated by power femtosecond pulses.

Under “natural conditions”, most of the wavefront
dislocations of laser beams that cause the vortex
structure of the light field are observed in the scattering
of light by random media on the propagation path (for
example, when passing sufficiently large tract in the
atmosphere or scattering on very rough surfaces).

It is known that during irradiation of rough surfaces
with laser, speckles appear. In [10], it is pointed out for
the first time that the wavefront dislocations are inherent
to optical fields that have a speckle structure. For
monochromatic  polarized beam with sufficiently
developed inhomogeneities of complex amplitude,
appearance of wavefront dislocations is inevitable [10].

When discussing the possible mechanism of
formation of optical vortices as a result of power laser
pulse interaction with the metal surface, note the
similarity of the resulting fringe pattern on the metal
surface with the transparencies used to produce beams
with vortices. Besides, as formation of the structures on
the surface occurs gradually, there takes place an
accumulation effect of sequential exposure from
hundreds or thousands of pulses. The surface of metal
may be not only a recording medium, but it can also
participate in formation of spatial distribution of the
amplitude and phase of the wavefront, i.e. operate as a
space-phase modulator. We can assume that initially
small surface roughnesses are minor points forming
wavefront dislocations, which then as a result of
interference with the incident plane wave form a quasi-
periodic structure with dislocation that in turn acts as a
phase modulator and so on. Thus, a positive feedback in
the system is realized as a result of formation of a
distinct stable self-consistent structure under the action
of laser pulses.

4. Conclusion

The study of periodic structures formed on the surface of
metals and semiconductors under irradiation with
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femtosecond laser pulses showed characteristic quasi-
periodic patterns with dislocations (broken stripes). The
offered interpretation associates these dislocations in
interference pattern with the presence of wavefront
dislocations — optical vortices on the surface or scattered
waves. Most distinct structures were observed on the
surface of tungsten, which is probably due to its high
melting point.
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1. Introduction 

It is known [1-5] that under the action of plane-polarized laser pulses with a wavelength λ on the surface of metals and some semiconductors, structures in the form of parallel strips with a period (, somewhat smaller than the wavelength λ, oriented perpendicular to the plane of the electric vector of light, are observed. 


There are several possible mechanisms of formation of these structures. Proposed in [1] is an explanation of the effect based on the concept of interference of the incident and scattered along the surface electromagnetic waves. There is also a hypothesis about the nature of these structures as frozen capillary waves on the surface of the molten by laser layer [6]. However, the most probable mechanism of formation of these structures is associated with interference of the incident and surface electromagnetic waves excited by the incident wave on the surface of metal at their scattering by roughness of the metal surface [7].


In this paper, we report on the important feature of laser-induced structures on the surface of metal, which, as far as we know, hasn’t been still given proper attention.

2. Experimental methods


The experiment was carried out at Femtosecond Laser Center for collective use at the Institute of Physics, NAS of Ukraine, by irradiating the metal surface with the Ti-sapphire femtosecond laser system consisting of a master oscillator Mira-900F and a regenerative amplifier Legend HE. The laser pulse with the wavelength of 820 nm, duration of 140 fs, and energy of about 0.8 to 1 mJ was focused on the surface with a long focal length lens. The spot size on the surface was 0.8…1 mm, which corresponds to the power density of the order of 1012 up to 1013 W/cm2, the time of irradiation was 0.4…2 s. If desired, a larger surface area was treated, while the sample was moved during irradiation at a constant velocity of several millimeters per second. Thus, every part of the surface was treated with hundreds to thousands of laser pulses. Formation of quasi-periodic structures on the surface was monitored visually by appearance of bright light diffraction on the treated areas.


The detailed study of morphology inherent to the treated surface was performed with a scanning electron microscope JEOL JXA-8200. The typical image of the irradiated surface of tungsten is shown in Fig. 1. There is a quasi-periodic system of bands with the period ~0.5 μm, which remains constant throughout the treated area.


However, you may notice that sometimes the band breaks (indicated by arrows in Fig. 1) with the corresponding deformation of the bands around, while the distance between the bands remains unchanged. Thus, dislocations occur in the system of bands. As noted above, the obtained system of bands on the surface is most logically explained as the result of interference of the incident and surface waves (surface plasmon polariton in the case of metals). In this case, disappearance of the interference fringe indicates the change of the phase difference of the interfering waves by 2π when going around this point, i.e. the presence of the screw dislocation of the wavefront of one of the waves – the optical vortex. These dislocations in the interference pattern with vortex beams are well known [8].


Similar structures were obtained on metals (W, Mo, Ta, Ni, Ag, Pt). Preliminary experiments showed that these structures are observed also on the surface of semiconductors (Si for example).


Noteworthy is that in the stripes and between them spherical shape nanostructures with the size ~30…100 nm are present (Fig. 2).
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Fig. 1. Characteristic “forks” associated with the presence of “optical vortices” in electromagnetic fields taking part in formation of structures on the surface of tungsten.
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Fig. 2. Image of treated tungsten surface with larger magnification reveals nanostructures in the stripes and between them.


3. Results and discussion


The beams with helical wavefront perturbations (singular beams) occupy a special place among the wave beams with a variable structure of the amplitude-phase profile. This kind of disturbance causes the vortex nature of the propagating light energy, which suggests the existence of peculiar optical vortices [9].


To generate singular optical beams, most widely used are the methods for direct conversion of the spatially inhomogeneous phase of the light wave and holographic interferometry methods of converting light beams. In the first case, spiral phase plates or liquid crystal spatial modulators are used. Another method to generate singular beams is diffraction of the initial Gaussian beam on special optical transparencies based on computer-generated holograms [9].


Finally, we discuss briefly a possible mechanism of formation of optical vortices when the metal surface is irradiated by power femtosecond pulses.


Under “natural conditions”, most of the wavefront dislocations of laser beams that cause the vortex structure of the light field are observed in the scattering of light by random media on the propagation path (for example, when passing sufficiently large tract in the atmosphere or scattering on very rough surfaces).


It is known that during irradiation of rough surfaces with laser, speckles appear. In [10], it is pointed out for the first time that the wavefront dislocations are inherent to optical fields that have a speckle structure. For monochromatic polarized beam with sufficiently developed inhomogeneities of complex amplitude, appearance of wavefront dislocations is inevitable [10].


When discussing the possible mechanism of formation of optical vortices as a result of power laser pulse interaction with the metal surface, note the similarity of the resulting fringe pattern on the metal surface with the transparencies used to produce beams with vortices. Besides, as formation of the structures on the surface occurs gradually, there takes place an accumulation effect of sequential exposure from hundreds or thousands of pulses. The surface of metal may be not only a recording medium, but it can also participate in formation of spatial distribution of the amplitude and phase of the wavefront, i.e. operate as a space-phase modulator. We can assume that initially small surface roughnesses are minor points forming wavefront dislocations, which then as a result of interference with the incident plane wave form a quasi-periodic structure with dislocation that in turn acts as a phase modulator and so on. Thus, a positive feedback in the system is realized as a result of formation of a distinct stable self-consistent structure under the action of laser pulses. 


4. Conclusion

The study of periodic structures formed on the surface of metals and semiconductors under irradiation with femtosecond laser pulses showed characteristic quasi-periodic patterns with dislocations (broken stripes). The offered interpretation associates these dislocations in interference pattern with the presence of wavefront dislocations – optical vortices on the surface or scattered waves. Most distinct structures were observed on the surface of tungsten, which is probably due to its high melting point. 
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