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Ablation phenomena by intense terahertz vortex beam
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Abstract

We have successfully generated a highly efficient terahertz (THz) vortex beam by using a THz free-electron laser incident to a spiral

phase plate (SPP). The singularity at the center is apparently observed in the image of the transmitted beam after the SPP. We

demonstrate the THz vortex beam-induced laser ablation on phase change materials, Ge;Sh,Tes and GeTe/Sb,Tes. The ablation

marks show an annular spatial form and modulated laser-induced periodic surface structures (LIPSS) pattern. These observations

can be attributed to the torque of the THz vortex.

Keywords Vortex beam - Terahertz wave * Ablation -

1 Introduction

Recent advances in terahertz (THz) science and engineering,
including THz spectroscopy, imaging, and the applications
of THz waves in general, have attracted much attention [1-
19]. Development of high-intensity terahertz pulse
excitation can induce nonlinear optical effects including
ablation phenomena. Recently, our group reported THz
pulse-induced ablation and laser-induced periodic surface

structures (LIPSS) formed using THz free electron laser [20].

An optical vortex is light with a spiral wavefront,
whereas the wavefront of normal light is flat or spherical.
The existence of this optical vortex was revealed 30 years
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ago [21]. Optical vortex has been used in optical tweezers,
optical communication, data storage, material processing,
metrology, and astronomy [22-26]. There are many methods
to generate an optical vortex such as via hybrid phase plates,
metasurface holograms and geometric phase metasurfaces
[27-29]. Among those methods is directing a Gaussian beam
to a spiral phase plate (SPP), which is a phase plate whose
thickness changes in the azimuth direction. SPP gives a
phase difference of an integral multiple of 2m in one round
denoted by the topological charge, resulting in the
conversion of a plane wave into an optical vortex with a
spiral wavefront. Vortex waves have orbital angular
momentum (OAM) [30,31]. Optical vortex generated using
SPP has been widely reported and it has been demonstrated
in inducing ablation, needle formation and controlling the
chirality of nanostructures on metal and silicon [32-35]. In
these phenomena, the energy of the laser induces the
ablation. Laser-induced plasma acquires rotational motion
due to the OAM of the optical vortex, leading to the
formation of nanoneedle structures [36].

In the THz regime, the combination of THz radiation and
OAM technology has recently attracted attention due to its
promising applications in communication [37]. Using
flexible polymeric materials with low permittivity,
absorbance, and dispersion in the THz region [38,39], SPP
can be used to form THz vortex effectively [40,41,42]. The
observation of the topological charge of a THz vortex beam
directly by using a THz camera with tilted lens focusing and
radial defect introduction has been demonstrated [41].



However, up to now, there has been no report on THz
vortex beam-induced ablation and laser machining.

Laser-induced periodic surface structures (LIPSS)
formation, which is another attractive phenomenon,
provides a simple way of surface nanostructuring. LIPSS
can be classified according to their period as Low Spatial
Frequency LIPSS (LSFL) or as High Spatial Frequency
LIPSS (HSFL). LSFL has a periodicity close to the laser
wavelength and can be observed mostly on metals and
semiconductors with orientation generally dependent on the
laser beam polarization and laser processing conditions. On
the other hand, HSFL is characterized by a period smaller
than half of the laser wavelength. Depending on the material,
the orientation of HSFL can be parallel or perpendicular to
the beam polarization. Except for the wavelength, the
periodicity of LIPSS can be controlled by the angle of
incidence, laser power or pulse duration, whereas the
direction of LIPSS can be controlled by the polarization of
the laser beam. The great flexibility and variability of the
produced LIPSS following the laser and processing
parameters allow tailoring of surface mechanical, biological
or optical properties [43].

In this paper, we demonstrate the THz vortex beam-
induced ablation phenomena for the first time. The ablation
marks, including LIPSS, on surfaces of phase change
memory (PCM) materials were experimentally investigated
in detail.

2 Experiment

2.1 Sample preparation

PCM has been widely utilized for applications in nonvolatile
electrical memory as well as in rewritable optical discs [44].
The SET-RESET memory operation, also known as
crystalline-amorphous phase transition, is realized by
applying electrical or optical pulses that induce thermal
annealing or melt-quench disordering effects on the
structure of PCM [45]. Since this structural phase transition
results in significant differences in electrical resistivity and
optical reflectivity, data storage can be realized [46].

We prepared two types of PCM samples because of the low
ablation threshold of these materials [47,48]. One of the
prepared PCM was amorphous Ge,Sh,Tes (GST), which is a
100-nm GST thin film deposited on 500-pum-thick AlO3
substrate by DC magnetron sputtering at room temperature.
A stoichiometric Ge;Sh;Tes target was used as the sputtering
source. A 20-nm SiO, protective layer was deposited on the
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Fig. 1 Schematic diagram of the experimental configuration for sample

irradiation with THz vortex beam.

sample to prevent oxidation. The as-grown film was
amorphous and did not undergo any annealing. The other
PCM sample was a superlattice of GeTe and Sb,Tes layers
(GT-ST) which has a low ablation threshold during
experiment of about 0.7 J/cm?. The multilayered structures
were sputter-deposited on a high-resistivity Si substrate (>
10000 Q-cm). The sample was composed of 20 alternately
stacked layers of 0.85-nm GeTe sublayers and 1.0-nm
Sb,Tes sublayers. Fabrication details of the multilayered
structure can be seen in a preceding paper [48].

2.2 THz vortex beam irradiation

Figure 1 shows a schematic illustration of the experimental
setup. Intense THz pulses were generated with the 40-MeV
L-band (1.3 GHz) electron linac at the Institute of Scientific
and Industrial Research, Osaka University [49]. The FEL
consists of a permanent magnet wiggler. By varying the
wiggler gap, the wavelength of the FEL beam is tunable
from approximately 40 to 110 um with an electron energy
of 15 MeV. The FEL emits intense THz macropulses which
consist of a train of ~160 micropulses with approximately 6-
us duration and 37-ns interval between individual
micropulses. The macropulses have a duration of up to ~6
ps, depending on the FEL operational conditions, at a
repetition frequency of 5 Hz. The maximum macropulse
energy was >40 mJ on average at the center wavelength of
75 um (4 THz). We treat the macropulse as one pulse in this
study. To generate a first-order THz vortex beam, the
linearly polarized THz pulses emitted from the THz-FEL
were directed through a continuous SPP designed for 4 THz.
The SPP with dimensions of 40 mm (aperture) x 1.7mm
(thickness) is made of Tsurupica (refractive index, n is ~1.52
in the 1-6 THz frequency range), and it constitutes one turn
of a spiral stairway with a step height of 144 + 3 um
(corresponding to an accuracy of 1%). Thus, it provides an
azimuthal phase shift of 2z for 4-THz radiation (i.e., at a
wavelength of 75 um), resulting in a topological charge of |
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Fig. 2 Image of THz beam in the thermochromic liquid crystal as a result

of 50 shots of THz-FEL pulse irradiation (a) without and (b) with SPP.

= 1. The SPP based on Tsurupica olefin polymer has a high
transmission and low dispersion in the THz region. The 1.7
mm-thick Tsurupica exhibits high transmission (>86%
before Fresnel correction, >92% after Fresnel correction) at
a frequency range of 2—4 THz. Thus, the SPP does not have
any negative impacts on the spatial form of the THz output
along the azimuthal direction. Unlike a quarter-wave plate,
SPP does not alter the polarization state of light. Hence,
when the linearly polarized Gaussian THz beam passes
through the SPP grating, the resulting THz vortex beam (in
the first diffractive order) is still linearly polarized. In fact,
the SPP can be applied to laser pulses with any polarization
states [41,42]. We did not use a commercial electronic THz
camera for the FEL pulse evaluation due to the possibility of
damage induced by the high-intensity source. Instead, we
used a thermochromic liquid crystal [50-52] which can
change color at a specified temperature starting at red (25
°C), changing to green (27 °C) then blue (30 °C). The colors
reflect the beam intensity profile of the THz beam. Figures
2 (a) and (b) show the intensity profiles of the THz beams
without and with SPP, respectively, after 50 shots. The blue
color corresponds to the high intensity distribution of THz
pulses. We observed the singularity point at the center of the
THz beam in Fig 2(b) where there is a decrease in intensity.
This result indicates that the Gaussian beam of THz pulses
is transformed into a vortex beam by the SPP. We thus
succeeded in obtaining a THz vortex beam with high-
intensity pulses from a THz FEL.

The fabricated samples were then irradiated with the
generated THz vortex beam. The THz vortex beam was
focused onto the samples using a 90° off-axis parabolic
mirror with effective focal length f = 25.4 mm, focusing the
spot size to a diameter of 0.6 mm. A pair of wire grid
polarizers was used to control the intensity of the incident
THz pulse. The highest energy density in the illuminated
area is 2.7 J/lcm?. The number of pulses was controlled by
shutting the window from the laser source. The samples
were placed on a translational stage and were moved to

expose a new sample area after each irradiation. The
ablation marks were investigated using an optical
microscope (Keyence VHX6000).

3 Results

The ablation of GT-ST sample induced by THz-FEL is
discussed first. The ablation pattern on the sample surface
after 10 shots of THz pulse irradiation is shown in the inset
of Fig. 3. The microscope image shows an annular shape,
and the singularity of the incident vortex beam is apparently
observed at the center of the ablation pattern. We measured
the depth profile of the ablation mark using a laser
microscope (Keyence VK8700) which scans a sample
surface with a laser (A = 658 nm, maximum output = 0.9
mW) to evaluate the surface profile. The spatial and height
resolutions are 1.4 pum and 10 nm, respectively. The depth
profile along the diameter of the ablation mark is shown in
Fig. 3. A value of 0 um is set as the height of the unirradiated
area of the sample. Based on the depth profile measurement,
the sample surface has been removed by about 10 pm due to
ablation. On the other hand, the central part has the same
height as the unirradiated parts indicating that no ablation
occurred at the center which coincides with the singularity
of the incident vortex beam. The ablation mark formed a
cylindrical protrusion at the center with a diameter of 30 um.
This characteristic is very similar to the results of optical
vortex beam excitation [33,34,35,53]. The diameter of 30
pum is corresponding to 40 % of the wavelength (75 um) of
the incident beam.

To investigate the effect of the OAM polarity of the vortex
beam, single-shot irradiation of the sample was performed
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Fig. 3 Microscope image of the sample after 10 shots of irradiation with 4THz
vortex beam (inset) and the corresponding depth profile along the center

denoted by the horizontal aqua line.
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Fig. 4 (a, b) Microscope images of the sample after irradiation of 4 THz vortex

beam generated using opposite directions of SPP.

with SPP in reverse directions. Figure 4 shows the
microscope images of the spot irradiated with the SPP in
opposite directions. The incident polarization £ is depicted
by the vertical red arrows. The two images were observed in
the same irradiation condition excluding the OAM polarity
which is controlled by the direction of the SPP. THz-induced
undulations with a spiral pattern are observed at outside of
the main ablation spot. The period of the undulations varies
depending on the location within the irradiation spot. In Fig.
4 (a), the average period across the red arrow is 15 pum
whereas the average period across the yellow arrow reaches
5.7 pm. On the other hand, the average period of the
undulations across the blue arrow in Fig. 4b is 11 um,
whereas the average period across the green arrow reaches
5.3 pum. For comparison between Figs. 4 (a) and (b), we
arbitrarily assign the longer-period undulations (15, 11 pum)
as the outermost undulations. If we follow a rotation
direction going from the shorter-period undulations (5.7, 5.3
pum) to the longer-period undulations as denoted by the black
curved arrows, we see that the ablation marks in Figs. 4 (a)
and (b) have opposite rotation directions. We can also infer
that the two ablation patterns have chirality symmetry. This
result shows that the OAM polarity influences the
orientation of the ablation pattern. Furthermore, the spiral
undulations can be attributed to the torque induced by the
THz vortex beam. During the laser ablation process, the
OAM of the vortex beam generates a torque, which is not
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Fig. 5 Microscope images of the sample after 30-mJ irradiation with

(a) 3 THz without wire grid polarizers and (b) 4 THz.

strong enough to cause damage to the surface of the
irradiated object, but which rotates the plasma generated by
the laser and the blown particles from laser irradiation.

The results of GST ablation are discussed next. To
investigate the effect of the THz-FEL wavelength, we
performed irradiation with 5 shots of 3 THz (A = 100 pum)
and 4 THz (A = 75 um) pulses by changing the wiggler gap
of the THz-FEL. Figures 5 (a) and (b) show the microscope
images of the samples irradiated with 3 THz and 4 THz,
respectively, without the use of SPP. The incident
polarization E is depicted by the vertical red arrows. Since
the incident beam is not a vortex beam, the ablation pattern
is not annular in shape. The LIPSS periodic intervals are
14.7 um and 19.6 um for Figs. 5 (a) and (b), respectively. In
both conditions, the period of the LIPSS is 1/5 of the
incident wavelength. The induced LIPSS is categorized to
HSFL. The formation of LIPSS has been reported in various
kinds of materials irradiated by visible and near-infrared
optical pulses with fluence slightly below the ablation
threshold [54]. The values of the LIPSS periodicity strongly
depend on the sample materials and the experimental
conditions [55-57].

For comparison, we also investigated the LIPSS
generation with the use of SPP. Figures 6 (a) and (d) show
the microscope images of the ablation pattern with LIPSS
induced by a THz vortex beam generated using opposite SPP
orientations, thus opposite polarity of OAM. Annular
ablation marks induced by the THz vortex beam are clearly
observed. The absence of ablation mark at the center is due
to the singularity of the incident THz vortex beam. Vertical
LIPSS patterns are also observed in Figs. 6 (a) and (d). This
vertical direction is almost parallel to the polarization of the
incident THz beam. Figs. 6 (b) and (c) are enlargements of
the upper and lower parts of Fig. 6 (a), respectively, whereas
Figs. 6 (e) and (f) are also the enlargements of Fig. 6 (d). The
orientations of the upper and lower parts of the LIPSS have
different deflections from the vertical. To clearly show this,
we vertically aligned the upper parts of the LIPSS and
compared the deflections of the lower parts. We observed a
counterclockwise deflection (8°) in Fig. 6(c) and a clockwise
deflection (-8°) in Fig. 6(f) with respect to the vertical,
showing opposite directions of deflections with opposite
SPP orientations. The difference in the direction of the
deflection can be explained by the difference in the polarity
of OAM of the incident THz vortex beam.

Taking a closer look at the magnified images in Figs. 6
(b), (c), (e), and (f), finer horizontal LIPSS can be seen
which are similar to the reported shapes of Si and SiO;
[20,58]. It can also be seen in Fig. 5, so it is not induced by



Fig. 6 (a, d) Microscope images of the sample after 10 shots of irradiation with
4 THz vortex beam with a topological charge of / = +1 generated by reversing
the SPP direction; (b, ¢) upper part of the ablation mark and deflection in the
lower part of the ablation mark in (a); (b, ¢) upper part of the ablation mark

and deflection in the lower part of the ablation mark in (d). The deflection is

the SPP element. This LIPSS formation perpendicular to the
polarization direction can be associated with the SiO;
protective layer of our sample. Due to the weaker beam
intensity distribution at the edge of the ablation area, LIPSS
formation in SiO, was observed. It is known that for LIPSS
in SiO; with 20 nm thickness, the orientation is
perpendicular to the polarization direction [58].

In contrast to previous studies utilizing optical vortex, we
did not observe chiral needle-like structures after irradiation
with an intense THz vortex. This can be explained by the
difference in the torque induced by optical and THz vortex
beams. The rotational motion of the plasma still conforms to
the theorems of classical mechanics. Although it will be
affected by the electromagnetic force and its own viscosity,
the torque that makes it rotate is the most important factor.
The torque can be estimated from the absorbed energy of the
vortex beam by the sample target using classical
electromagnetic theory [32,33,34,35,59]. When simply
considering the paraxial limit, the torque T exerted by a

linearly polarized vortex beam incident on a sample is given

by T = gl , where P, w, and [ are the absorbed power in

the sample, the frequency of the incident beam, and the
OAM state, respectively. The torque generates a rotational

2P L
— [ (I: inertia

acceleration a expressed as a = T/[ = —

moment, ¢: illuminated area density, 7: radius of radiation
spot). Here we considered the approximation that the formed
plasma distribution is uniform on the target. This equation
shows that the rotation acceleration is proportional to
w~1r=* Considering the long wavelengths of THz waves,
the beam size is bigger thus resulting in a much smaller
rotational acceleration due to the term r~*. For comparison
between THz (w = 16 meV,r = 300 um) and optical (w =
1.5 eV,r = 10 um) excitation cases, the estimated rotation
acceleration induced by THz pulses is about 1/8600 smaller
than that of the optical case [33]. Our observations in Figs.
4 and 6 are not dominant compared to that of optical vortex
experiments, but the effects are experimentally confirmed
by using intense THz free electron pulses.

4 Conclusion

We investigated the ablation induced by intense THz vortex
beams. Aside from LIPSS formation, annular ablation
pattern due to the singularity of the vortex beam was
demonstrated. Moreover, by using an intense THz source,
we have shown that the polarity of the OAM carried by the
THz vortex beam influences the orientation of the ablation
pattern. These results show the first demonstration of the
application of THz vortex beam in ablation.
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