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Terahertz pulses generate two types of laser-induced periodic surface structures on
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Abstract

This study investigates the formation of two types of laser-induced periodic surface structures (LIPSS) on amorphous
Ge,SbyTes (GST) using terahertz free-electron laser (THz-FEL) irradiation. The THz pulses used in this study consist of a
macro pulse containing 150 micro pulses, each with a duration of 2 ps. The central wavelength A of the THz radiation is 75
um. By exposing GST to THz-FEL pulses at fluences up to 35 J/em?, two distinct periodic structures were observed: low
spatial frequency LIPSS (LSFL) and high spatial frequency LIPSS (HSFL). The LSFL formed parallel to the laser's
polarization direction with a period of approximately A/4.5. The HSFL, with a period A/18, formed perpendicular to the
polarization near the ablation edges. The periods of the generated HSFL and LSFL are 4 um and 16 pm, respectively, and can
be observed with an optical microscope. The period of the LSFL is generally consistent with A/n (where n is the material’s
refractive index), which is the approximate value expected based on previous reports in the optical region. This work
contributes to a deeper understanding of LIPSS formation mechanisms under long-wavelength terahertz irradiation and
suggests pathways for fine-tuned surface structuring applications using THz-FEL.
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numerous theories have emerged to explain the formation of

1 Introduction LIPSS. The mechanisms are broadly categorized into the

theory of reproducing the electromagnetic field distribution

and that of self-organized pattern formation [3,4]. In recent

With the invention of the laser, laser-induced periodic years, advances in laser technology, particularly the

surface structures (LIPSS) were discovered decades ago [1]. development of picosecond (ps) and femtosecond (fs)

These periodic structures induced by lasers on metals, ultrashort pulse lasers, have led to the discovery of an

semiconductors, and dielectric surfaces have garnered increasing number of LIPSS [5-11]. However, with the

widespread interest. Starting from Sipe's work [2],

emergence of various types of LIPSS, researchers have
faced increasing difficulty in explaining their formation
Makoto Nakajima through a unified theory. Numerous experimental and
theoretical studies have investigated the mechanisms behind
LIPSS formation [12-14]. These studies have revealed key

physical processes that govern the periodic patterns,
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polarization, wavelength, energy fluence, number of
superimposed pulses, and ambient air pressure [18,19].
However, further studies are needed to understand the
LIPSS formation mechanism fully.

In recent years, terahertz (THz) technology has made



significant advancements [20,21]. Especially, intense THz
free electron laser (FEL) has opened up research in nonlinear
optics within the THz domain, such as harmonic generation
[22,23] and the reconfiguration of magnetic domain
structures [24]. The intense THz-FEL also recently
demonstrated forming LIPSS with a micrometer scale [25-
28]. Since THz waves have a much longer wavelength (30-
3000 pm) and much lower photon energy (0.4—40 meV)
than optical waves, the comparative researches between the
LIPSS induced with THz waves and those induced with
optical waves will be effective to deepen the understanding
on the LIPSS formation mechanism. By analyzing the
similarities and differences in the periodic structures,
formation conditions, and material responses under these
two different excitation sources, researchers can gain
valuable insights into the physical processes governing
LIPSS generation. This includes exploring factors such as
energy absorption, thermal effects, electron excitation
dynamics, and surface plasmon interactions, which may
vary significantly between THz and optical regimes. Such
investigations will not only contribute to a more
comprehensive theoretical framework for LIPSS formation
but also help optimize its applications in areas such as
material processing, optical engineering, and nanostructure
fabrication. In addition, the LIPSS formed with the THz
waves have the advantage that their structures are
micrometer-scale and can be observed using an optical
microscope, without nanoscale observation instruments
such as a scanning electron microscope. This enables us to
easily examine their structures in detail and get plenty of
information useful for the studies on the LIPSS formation
mechanism. In our previous work [25,27], we achieved
LIPSS formation on Ge-Sb-Te (GST)-based chalcogenide
using THz-FEL irradiation. The chalcogenides are widely
used as phase-change materials (PCMs) in optical storage
devices like DVDs and Blu-Ray discs, and the detailed

investigation of their response to electromagnetic waves is

expected to provide insight useful for developing new PCMs.

Based on this potential, the properties of GST in the THz
domain have been extensively studied in recent years [29-
32]. The LIPSS on chalcogenides have been mainly studied
using visible or near-infrared lasers [33-35]. On the other
hand, researches on THz-induced LIPSS on chalcogenides
have been limited to our groups on GST [25,27], and further
studies are required to understand their properties.
Especially, while Refs. [25,27] focused on the LIPSS

parallel to the electromagnetic wave polarization, those
perpendicular to the polarization have yet to be analyzed.
Since many researches on optically induced LIPSS target
both the structures directed parallel and perpendicular to the
polarization, investigations on THz-induced LIPSS with
both directions are needed for the comparative study with
the optically induced LIPSS.

In this work, we analyzed in detail the THz-induced
LIPSS on GST samples with the help of Fourier
transformation. Two types of LIPSS were observed: one
with a larger period, aligned parallel to the THz wave
polarization, and another with a finer period, oriented
perpendicular to the polarization. These properties are
consistent with the low-spatial-frequency LIPSS (LSFL)
and high-spatial-frequency LIPSS (HSFL), respectively.
The LIPSS period observed in the present study is generally
consistent with the previously reported ones in that the

period is A/n (where 7 is the material’s refractive index).

2 Experiment

To generate powerful THz pulses, we used the THz-
FEL located at the Research Laboratory for Quantum Beam
Science, SANKEN (Institute of Scientific and Industrial
Research), The University of Osaka [36]. This system
produces exceptionally strong THz pulses with a macro
pulse energy of approximately 40 mJ at a frequency of 4
THz. The THz pulses were generated using a 40-MeV L-
band (1.3 GHz) electron linac and a permanent magnet
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Fig. 1. Schematic diagram of the experimental

configuration for THz-FEL irradiation, accompanied by the
THz-FEL beam profile measured in two orthogonal
directions using the knife-edge method.
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Fig. 2. Microscope images of GST surface after
irradiation with (a) 1, (b) 3, (¢) 5, and (d) 10 macro
pulses of 4-THz FEL beam with 35 J/cm? fluence.
Red arrow indicates polarization direction.

wiggler. The output frequency was tuned to 4 THz
(wavelength 75 um). The THz macro pulses emitted by the
FEL last about 6 pus and consist of approximately 150 micro
pulses, with a 37-ns interval between individual micro
pulses. Each micro pulse duration is 2 ps. The repetition
frequency of the macro pulses was set to 1 Hz. The
experimental setup is as shown in Fig. 1, in which the beam
is transmitted from a THz-FEL through two metal wire grid
polarizers, and the intensity and polarization direction of the
beam are controlled. The transmitted beam was focused onto
the GST sample surface using a 90° off-axis parabolic mirror
with the effective focal length f = 25.4 mm. The focused
THz beam profile on the sample surface was evaluated by
the knife-edge method with a DLaTGS detector and is
shown in the inset of Fig. 1. The fit by a Gauss function
shows that the focused spot size at which the intensity
becomes 1/e? was 0.6 mm both in the direction parallel and
perpendicular to the polarization. Because linearly polarized
beam was incident perpendicularly onto the GST surface,
there is no electric field component perpendicular to the
material surface. The maximum energy density of the
irradiated area is 35 J/cm? The ablation results were
investigated using an optical microscope (Keyence
VHX6000 or HIROX KH7700). The image observed by the
optical microscope was Fourier-transformed to exhibit
distinct peaks corresponding to the periodic structures in the
LIPSS domain. The position of these peaks reveals the
period of the LIPSS, allowing calculation of their spatial
period.

For the GST sample, a 100-nm GST thin film was

Fig. 3. (a) Microscope image of the GST surface after
irradiation with 5 macro pulses of 4 THz FEL beam at a
fluence of 14 J/cm?. (b) Magnified region indicated by
the dashed box in (a). (c,d) Period distributions of the
structures parallel (c) and perpendicular (d) to the THz
wave polarization, obtained by Fourier transform
analysis of the red rectangular area in (b). Red arrow

indicates polarization direction.

deposited on a 500 pm thick Al,O3 substrate by DC
magnetron sputtering at room temperature. A stoichiometric
GexSbhoTes target was used as the sputtering source. A 20-nm
SiO; protective layer was deposited on the sample to prevent
oxidation. The GST film did not undergo any annealing and
thus had an amorphous structure [22].

3 Results

Figures 2(a)-(d) show the microscope images of the
GST sample irradiated with 1 to 10 macro pulses of the THz
FEL beam at a fluence of 35 J/cm? The red arrow in
Fig. 2(a) shows the direction of the THz wave polarization
E. The ablation marks created by 1 shot [Fig. 2(a)] and 3
shots [Fig. 2(b)] were elliptical rather than circular, and
while some indications of periodic structures were observed,
they were not prominent. After 5 shots, a circular ablation
mark with a clear periodic structure was formed [Fig. 2(c)].
The diameter of the mark was approximately 0.4 mm. With
additional pulses, the size of the mark did not change
significantly, but the central region showed signs of damage
by excessive ripple formation and the edges exhibited
irregularities caused by multiple exposures [Fig. 2(d)]. This
result demonstrates the removal and regeneration process of
LIPSS under high-fluence conditions with multiple macro
pulse irradiations. To form a clear and stable ablation mark,
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Fig. 4. Fluence dependence of the pattern formed on the GST surface irradiated with 5 shots of 4-THz (75 pm) macro pulses.

we chose 5-shot irradiation in the following experiments. It
is also important to note that our previous study [25] showed
that THz-FEL irradiation did not induce LIPSS formation on
a 20-nm SiO- protective layer. Considering the similarly low
absorption of SiO: in the THz range, LIPSS formation on
Si0s- is also unlikely. We also confirmed that no LIPSS or
observable damage was formed on the Al-Os substrates after
THz-FEL irradiation. Therefore, we conclude that the
observed LIPSS structures are formed in the GST layer
rather than in the SiO- or AL:Os layers. Direct imaging using
scanning electron microscopy (SEM) or transmission
electron microscopy (TEM) can reveal the precise spatial
distribution of LIPSS within such sandwich-structured
materials. Though these methods can provide direct insights
into the depth and position of the LIPSS, they require
extensive preparation and carry the risk of damaging or
losing critical information on the sample. We have to prepare
carefully for implementing such cross-sectional
characterization as our future work.

Figure 3(a) shows the microscope image of the GST
sample after 5 shots. Here we reduced the fluence of the
THz beam from 35 J/cm? (Fig. 2) to 14 J/cm?, because the

lower fluence was found to result in clearer LIPSS formation.

The incident polarization direction E is indicated by the
vertical red arrow. In the figure, we can clearly see the
formation of periodic ripples parallel to the polarization
direction, which extend to the edges, forming a serrated
structure. When we magnified and observed the surrounding
serrated structures, another periodic structure perpendicular
to the polarization direction was observed [Fig. 3(b)].
According to previous reports, the LIPSS with larger
period (LSFL) and smaller period (HSFL) typically form
parallel and perpendicular to the polarization direction,
respectively, when the photon energy of the incident laser is
lower than the semiconductor bandgap [3]. In this study, the
photon energy of the THz wave used (17 meV) is much
lower compared to the bandgap of GST which is

approximately 0.7 eV (with slight variations depending on
the exact composition and phase, either amorphous or
crystalline) [37]. Since this tendency is consistent with our
results, hereafter we call the observed periodic structures
directed parallel and perpendicular to the THz wave
polarization LSFL and HSFL, respectively.

To evaluate the period of these LIPSS, we performed a
Fourier transform to the region enclosed by the red rectangle
in Fig. 3(b) along the horizontal and vertical directions. This
analysis yielded the period distributions of the structures
aligned parallel (LSFL) and perpendicular (HSFL) to the
polarization as shown in Fig. 3(c) and (d), respectively. The
period distribution of the LSFL [Fig. 3(c)] has a peak at
Arspr, = 16 pm, which is about 1/4.5 of the incident
wavelength Ary,pp. = 75 pm. On the other hand, the
period distribution of the HSFL has a peak at Aygp, =
4 um, which is about 1/18 of the incident wavelength.

According to existing theory, LSFL structures have
periods close to A/n, provided that the photon energy of the
light is smaller than the material's bandgap, referred to as the
“LSFL-II” pattern [3]. The refractive index of amorphous
GST in the THz range was around 4.5 [28]. This result is
consistent with our predicted period of A/n.

To further investigate the characteristics of THz-induced
LIPSS on the GST sample, next we observed the
dependence of the formed patterns on the fluence of the THz
waves (Fig. 4). The periods of both the LSFL and HSFL
were almost independent of the fluence. As the fluence was
decreased from 14 J/cm? to 1 J/cm?, the area where LIPSS
forms became smaller. Accordingly, the annular area where
HSFL appeared got smaller and consistently remained at the
edges of the formed pattern. As observed in Figure 4, the
suppression of LIPSS formation results from the Gaussian
fluence distribution of the laser beam, where excessive
material removal occurs at high fluences. At 14 J/cm?, the
absence of LIPSS structures in the central region is
attributed to the Gaussian energy distribution of the THz-



FEL pulse. The excessively high laser power at the center
leads to excessive heat accumulation, causing the material
surface to melt and resolidify, effectively erasing any pre-
formed LIPSS structures. As the fluence decreases, the
thermal effects become less dominant, allowing LIPSS
structures in the central region to become progressively

clearer.

4 Discussion

4.1 Effect of the SiO: layer on LSFL period

In Ref. [38] Derrien et al. reported that the period of the
LSFL induced by an optical pulse on silicon was
significantly reduced in water compared to air, suggesting
that the surrounding medium has an effect on the LSFL
period. On the other hand, the LSFL period in our sample is
close to the theoretically predicted value despite the
presence of an SiO, layer covering the GST layer. This
contrast may be ascribed to the difference in the LSFL
formation mechanism. The LSFL in Ref. [38] is
perpendicular to the electric field polarization, which
indicates that this falls into LSFL-I regime and related to
SPP excitation [3]. In this regime, the surrounding medium
is expected to strongly influence the LSFL period because
the SPP coupling is affected by the surrounding medium. On
the other hand, the LSFL observed in our study is parallel to
the electric field polarization and categorized into LSFL-II.
The formation mechanism of LSFL-II is considered to be
related to an effect called radiation remnant, which differs
from the mechanism responsible for LSFL-I [3]. Though it
is not possible to experimentally confirm the period of LSFL
on GST without SiO; due to its easily-oxidizable nature, the
effect of SiO; layer on LSFL period is considered to be
smaller than in the case of LSFL-I reported in [38].

4.2 Formation mechanism of the observed LIPSS
morphology
We consider that the observed morphologies of the
inner LSFL and outer HSFL are formed through a
mechanism similar to those reported on LIPSS generated by
optical pulses [39,40]: the HSFL structures are formed first
due to the interference between the incident field and the
scattered near-field below the surface. Subsequently, the
interference between the field scattered from the HSFL and
the incident field induces transition from HSFL to LSFL-II
after the multiple pulse irradiation. Due to the Gaussian

profile of the THz beam, the transition does not proceed
sufficiently on the outer side of the irradiated spot, resulting
in an annular HSFL structure. A distinctive feature of our
observed results is the formation of a clear LSFL structure
even at a fluence just above the LIPSS formation threshold
(1 J/em? in Fig.4) with only 5-shot irradiation. This can be
explained by the unique structure of the THz-FEL pulse. As
described above, one macro pulse from the THz-FEL
contains 150 micro pulses, with a 37-ns interval
corresponding to 27 MHz. This irradiation of a large number
of pulses with high repetitive frequency will promote the
transition from HSFL to LSFL-II more strongly than in the
case of optical laser pulse irradiation. Therefore, at fluence
levels exceeding the HSFL formation threshold, the central
part of the beam reaches the LSFL transition threshold,
resulting in the observed morphology where LSFL is
surrounded by HSFL.

Compared to previous studies [25,27], this work
provides new insights into LIPSS formation under THz-FEL
irradiation, distinguishing it from earlier findings. Unlike
conventional ultrafast laser-induced LIPSS, our results
demonstrate fluence-dependent transitions between LSFL-II
and HSFL, influenced by multi-pulse effects and sub-
bandgap excitation mechanisms. Notably, we find that
HSFL structures are erased at high fluences, confining their
formation to the edges of the irradiated region. These results
offer a deeper understanding of energy-dependent surface
structuring in the THz regime, further advancing research on
long-wavelength LIPSS mechanisms.

5 Summary

In summary, we demonstrated the formation of two
types of LIPSS on amorphous GST irradiated by a THz-FEL.
The first is LSFL, with a period of Arsr. & AtH.FEL/4.5,
oriented parallel to the laser polarization. The second is
HSFL, which forms at the edge of the ablation marks, with
a period of Ansr =~ Aruzrer/18 and an orientation
perpendicular to the laser polarization. The period of the
LSFL was found to be consistent with what is expected from
the “LSFL-II” type proposed in the theory of optically
induced LIPSS. We also found that the HSFL always
appeared annularly around the boundary of the LSFL-
formed area and non-ablated area. Building on our previous
work, we successfully generated both LSFL-II and HSFL on
THz transparent amorphous GST. LSFL-II and HSFL are



quantitatively distinguished through spatial frequency
analysis and explain the mechanism behind both LSFL-II
and HSFL formation. Our research suggests that when GST
is under THz-FEL irradiation, LIPSS formation is primarily
a surface-driven process influenced by energy deposition,
surface modifications, and multi-pulse effects. The observed
HSFL localization at the edges can be explained by the
characteristic structure of the THz-FEL output pulse, which
consists of micro pulses. This suggests that the morphology
where LSFL is surrounded by HSFL is a result of the specific
energy deposition dynamics under THz-FEL irradiation. We
expect that the unique characteristics of THz-induced LIPSS
presented in this work motivate further investigations on
LIPSS formation mechanism not only in the THz region but
also in the optical region.
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