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We report the formation dynamics of periodic ripples on GaAs induced by femtosecond laser pulses (800 nm, 50 fs)
via a collinear time-resolved imaging technique with a temporal resolution of 1 ps and a spatial resolution of
440 nm. The onset of periodic ripples emerges in the initial tens of picoseconds in the timescale of material
ejection. The periodic ripples appear after irradiation of at least two pump pulses at surface defects produced
by the first pulse and the ripple positions kept stable until the formation processes complete. The formation
mechanisms of laser-induced periodic ripples are also discussed.
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Recently, laser-induced periodic surface structures
(LIPSSs) by femtosecond (fs) pulses have become a good
technology for producing a large variety of structured
materials. Generally, two kinds of surface structures
were induced by fs pulses at appropriate laser flu-
ences and pulse numbers: low spatial frequency LIPSS
(LSFL) with spatial periods of 0.5-0.95 1 and high spa-
tial frequency LIPSS (HSFL) of 0.1-0.5 2. HSFL were
studied intensely for the short spatial periods and the
puzzling formation mechanisms!'. Surface morphology
with LSFL have also received much research attention
owing to the abilities to produce novel materials with
improved optical propertiesl®, such as black silicon
embedded with microspikes®”, colored metals due to
the formation of submicron ripples®, and absorption-
enhanced semiconductors by the micro-holes array®!.

The formation of ripple structures induced by con-
tinuous wave or nanosecond laser was explained by the
interference of incident laser beam with the surface scat-
tered light wavel'l. However, many different phenomena
of fs laser-induced LSFL cannot be well explained by the
classical scattering model. For example, the ripple peri-
ods changed in the range of 0.5-0.95 4 for normal incident
laser and decreased with increasing the irradiated puls-
es™, The formation mechanism of fs laser-induced LSFL
is still an open problem and many experimental and
theoretical studies have been devoted to the formation
of LSFLI7, In addition, several models, such as second
harmonics in the surfacel'”; standing wave in the mate-
rial subsurface layer™, and splitting of LSFLI!? have
also been proposed that the formation of HSFL involved
the emergence of LSFL. Therefore, the studies on the
formation of LSFL benefit the understanding of fs laser-
induced surface structures and contribute to the control
of laser structured surface morphology.
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Pump-probe technique is a useful method to study
the ultrafast dynamics of melting and ablation irradi-
ated by fs laser pulses?' % fs time-resolved pump—probe
diffraction was performed to study the temporal evolu-
tion of LSFL formation in silica glass induced by 800 nm
fs laser. Using a mnon-collinear pump-probe imaging
technique, Murphy et al. observed LSFL formation on
Si surface on the same timescale as material removal®.

Using a collinear pump-probe imaging technique, we
have studied the evolution processes of LSFL formation
on Si surfaceP. In this letter, we report the temporal
evolution of LSFL formation on GaAs by using the same
collinear pump-probe imaging technique, in which a
100x microscope (numerical aperture (NA) = 0.9) was
used to promote the spatial resolution to 440 nm. We
observed the timescale of LSFL formation and revealed
the influence of pre-existing surface structures on the
subsequent ripples formation. The results confirmed the
similar evolution processes of fs laser-induced surface
periodic ripples on different materials and devoted to
the physical mechanisms of ripple formation.

A commercial Ti:sapphire regenerative amplifier laser
system (Legend Elite, Coherent) generated 800 nm,
50 fs, 10 Hz laser pulses with a maximum pulse energy
of 3.5 mJ. The laser beam was split into two beams
by a beam splitter. One laser beam was employed
as the “pump” beam to induce surface structures on
GaAs and the other was focused into a 10 mm thick
water cell to stimulate a white-light beam, which was
referred to as “probe” beam and served as the illu-
mination source. Then, the pump and probe beams
were collinearly input into a microscope (Nikon, 801)
and the reflected surface images were observed by a
charge-coupled device (CCD) camera. An objective lens
(100x, NA = 0.9) was used to focus the pump and
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Fig. 1. Optical micrographs of solidified surface structures by
1-4 shots of pump pulse at a laser fluence of 0.45 J/cm? The
horizontal arrow in (a) indicates the laser polarization direction.

probe beams at normal incidence on GaAs surface in air
so that the spatial resolution was promoted to 440 nm.
The white light beam was temporally dispersive in the
water cell and objective lens, and the probe pulse was
estimated to be ~1 ps, which determined the temporal
resolution. The experimental details can be found in
Ref. [26].

A commercial available undoped GaAs (110; MTI-
group, China) with a thickness of 0.45 mm was used
in the experiment. Single surface was optically polished
with a roughness less than 10 nm. The sample was
mounted on an XYZ translation stage.

Figure 1 shows the optical micrographs of ablated spot
after irradiation by 1-4 pump pulses. The blue images
are due to a short wave pass filter with a cutoff at 600
nm in front of the CCD camera. After single shot, the
annular structures are ablated due to the diffraction of
the lens (Fig. 1(a)). Few LSFLs begin to emerge in the
direction perpendicular to the laser polarization by two
shots. With the pulse number increasing to 3, clear and
regular LSFLs are observed with a spatial period of 520
nm. As N = 4, abundant longer LSFLs appear.

Figure 1 shows that LSFLs are induced by at least
two shots of pump pulse. Therefore, we observe the
time-resolved micrographs of surface structures after
irradiation of the second pump pulse at different de-
lay times, as shown in Fig. 2. Each image is obtained
in a different irradiated area of the sample. Before ar-
rival of the second pump pulse, Fig. 2(a) shows that
only surface defects produced by the first pump pulse
are observed. The surface morphology does not change
obviously before 20 ps (Figs. 2(b) and (c)). At 30 ps, the
ring regions become a little dark, which originate from
the intense absorption of both charged particles and
neutral atoms ejecting from the molten surfacel® 23252,
The onset of LSFL is found in the ring regions by 70 ps
(see red ellipses in Fig. 2(e)). With the time passing,
LSFLs grow more legibly on the darker surface as more
materials eject (Fig. 2(f)). The surface becomes dark-
est at about 600-2000 ps, while the surface morpholo-
gies are blocked by the ejected material, as shown in
Figs. 2(g) and (h).

We compare the optical micrographs of before,
70 ps, and after irradiation of the second pump pulse
to obtain the spatial information during the LSFL
formation, as shown in Fig. 3. Figures 3(a) and (b)
indicate that LSFL begin to emerge on the sur-
face defects produced by the first pump pulse.
Figure 3(d) shows the intensity curves of CCD pix-
els along the respective red arrows in Figs. 3(a)—(c).
The relatively smooth “before” curve in Fig. 3(d)
indicates almost no ripple before the arrival of the sec-
ond pump pulse. The periodic fluctuation of “70 ps”
curve demonstrates the emergence of ripples with a
period of about 520 nm, and the accordance of “70 ps”
and “after” curves provides evidences of stable ripple
positions during formation process.

Clear and regular LSFLs are observed by three shots
(Fig. 1(c)), so the temporal evolution of LSFL irradiated
by the third pump pulse is also measured, as shown in
Fig. 4. The evolution process is similar to that of the

Fig. 2. Optical micrographs of sample surface after irradiation of the second pump pulse with a laser fluence of 0.45 J/cm? at

different delay times.
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Fig. 3. Optical images at (a) before, (b) 70 ps, and (c) after
irradiation of the second pump pulse, respectively. The respec-
tive red arrows in (a)—(c) mark the same positions. (d) Inten-
sity curves of CCD pixels along the arrows.

second pump pulse. The micrograph shown in Fig. 4(a)
indicates that the surface micrographs remain almost
unchanged before 20 ps and the dark regions due to
material ejection appear at 30 ps (Fig. 4(b)). From
then on, the destroyed regions become much darker,
and the onset of LSFL is found at ~ 90 ps. More longer
ripples form on the darker surface at 200 ps. The sur-
face morphologies are shielded by the ejected material
since 600 ps, as shown in Figs. 4(e) and (f).

Figures 5(a)—(c) show the optical micrographs of
before, 90 ps, and after irradiation of the third pump

Fig. 4. Optical micrographs of sample surface after irradiation
of the third pump pulse with a laser fluence of 0.45 J/cm? at
different delay times.
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Fig. 5. Optical images at (a) before, (b) 90 ps, and (c) after
irradiation obtained a few seconds before the arrival and a
few seconds after irradiation of the third pump pulse, respec-
tively. The laser fluence is 0.45 J/cm? The respective boxes
and arrows in (a)—(c) mark the same positions. (d) Magnified
images of the red boxes in (a)-(c). (e) Intensity curve of CCD
pixels along the respective arrows “I” and “II” in (a)—(c).

pulse for the purpose of understanding the influence of
the pre-existing ripples on the formation of subsequent
LSFL. The magnified images for the same part of abla-
tion spot in Figs. 5(a)—(c) are shown in Fig. 5(d), from
which it can be found that LSFLs grow longitudinally
and the adjacent ripples link to each other during evo-
lution processes. Figure 5(e) shows the intensity curves
of CCD pixels along the respective arrows “I” and “II”
in Figs. 5(a)-(c), where the pre-existing ripples have
been induced by the first two pump pulses. The larger
amplitude of “after” curve than that of “before” qual-
itatively indicates the increasing depth of the LSFL,
while the amplitude of “90 ps” curve is obviously small
due to the shaded LSFL by material ejection. The con-
sistent positions of the crests and grooves of respec-
tive curves in Fig. 5(e) along the respective arrows “I”
and “II” demonstrate that the ripple positions remain
stable during the formation processes. The temporal
evolution of the LSFL formation by the fourth shot is
nothing different from that of the third one, except for
the existence of more abundant ripples.

From the experimental results of the pump-probe
imaging, it is inferred that thermodynamics and
hydrodynamics effects act rarely on the ripple forma-
tion because of scarce movement of ripples?l. Addi-
tionally, the experimental results show that LSFLs
appear after irradiation of the second pump pulse,
and the onset of LSFL emerges at several tens of
picoseconds. These phenomena indicate that the rip-
ples are mainly determined by the initial process of
a non-uniform energy deposition of the pump pulse,
and the modulation of energy deposition may be in-
troduced by the surface defects during the interaction
between laser pulse and material. At present, several
models, such as interference between laser-induced
surface plasmon and incident laser capillary insta-
bility in the surface molten layer(®, and scattering of
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rough surfacel'”, have been proposed to explain the
modulation of laser energy deposition, which needs
further experimental and theoretical works.

In conclusion, we study the formation dynamics of fs
laser-induced LSFL on GaAs surface using a collinear
time-resolved imaging technique. The onset of periodic
ripples emerges in the initial tens of picoseconds
after irradiation in the timescale of material ejection.
Additionally, LSFLs appear by irradiation of at least
two pump pulses and the ripple positions remain stable
during the evolution processes. These results indicate
that the periodic energy deposition in GaAs surface
introduced by the structured surface plays a dominant
role in the formation of LSFL.
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