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In this work, using a high-contrast scattered-light-based optical imaging technique, we capture the complete evolution of the femtosecond laser-
induced surface structures of metals from the initial transient morphological fluctuation to the end of resolidification. We find that the initial transient
surface structures appear at a delay time on the order of 100 ps following laser irradiation. Both temporal and spatial evolution of the transient
surface structures depend on laser fluence. The major mechanism of the transient surface structures is ablation driven by pressure relaxation in
the surface layer. The ablation mechanism is identified as phase explosion by estimating the surface temperatures at the studied fluence. The
temporal evolution of the solidification process is found to be significantly slower than previously predicted by theoretical models.

© 2018 The Japan Society of Applied Physics

1. Introduction

Surface nano/microstructures play an important role in
modifying physical, chemical, and biomedical properties of
materials.'™ A number of studies have demonstrated that
a femtosecond ablation technique for surface nano/micro-
structuring is capable of controllably producing a large
variety of surface structures in terms of their morphology and
dimensions,>™® while femtosecond spectroscopy can diag-
nose electron dynamics in atomic and molecular systems.”
These studies have resulted in the creation of novel materials,
including black silicon,” black metals,'®'" colored met-
als,'>'®  superhydrophobic,'>'®  superhydrophilic/super-
wicking,lg) biomedical,'32%23 and multifunctional®” materi-
als. Although extensive works have been devoted to the
formation mechanisms of laser-induced surface struc-
tures,®!22-2% there still lacks a clear understanding of the
involved physical processes. In this paper, to further
understand the physical processes governing the formation
of the femtosecond laser-induced surface structures on
metals, we perform a time-resolved study of surface
morphology following ultrafast laser pulse excitation. The
evolution of the surface morphology is studied using a high-
contrast scattered-light-based optical imaging technique. In
contrast to the conventional femtosecond laser pump—probe
microscopy based on specular reflections,?®¥ the scattered-
light imaging provides a near-zero background and high
contrast, allowing us to obtain clear images of the surface
morphological changes. Our study is focused on laser-
induced nano/microstructures, which are commonly gener-
ated at low and moderate laser fluence.”” Using our time-
resolved imaging technique, we find three characteristic times
in the evolution of laser-induced surface nano/microstruc-
tures: the time when structures start to form on the melted
surface, the time when the solidification of the surface
structures begins, and the time when the surface structures
become completely solidified.

2. Experimental methods

The configuration of our experimental setup is reported
previously®> and is shown in Fig. 1. An amplified
Ti:sapphire laser system generating 65-fs pulses with pulse
energy up to 1 mJ at a 1-kHz repetition rate with the central
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Fig. 1.

(Color online) Ultrafast pump—probe imaging setup.

wavelength at 800 nm is used in our experiment. Using an
electromechanical shutter, we select a single pulse from a
pulse train generated by the laser system. A beam splitter is
used to form pump and probe beams. A pump beam produces
surface structures on a studied sample through ablation. The
incidence angle of the pump beam is 36°. The studied metal
is polished bulk zinc (Zn). The probe beam is used for
stroboscopic illumination of the spot ablated by the pump
pulse. An optical delay line provides various delay times
between the pump and probe pulses in the range between 0 fs
and 408 ns. The delay line shown schematically in Fig. 1
relates to the longest delay time of 408 ns, and its total length
is about 122 m. For the delay times between 408 and 1ns, a
sequence of flip mirrors were used. However, for delays less
than 1ns, we used a flip mirror mounted on a computer
controlled translation stage.

Using a BBO crystal, the main pulse at 800 nm is con-
verted to second harmonic at 400 nm. A blue band-pass filter
blocks fundamental radiation passed through the BBO
crystal. The 400-nm probe pulse is directed onto the sample
at an incidence angle of 18°. The incident angles for pump
and probe beams have been optimized from our test ex-
periments in obtaining the best image quality of the surface
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structures. A long-working distance objective is used for
imaging the sample surface onto a sensor of a CCD camera.
The CCD camera is aligned normal to the sample surface.
A 400-nm band-pass filter placed in front of the imaging
objective blocks scattered pump radiation. The imaging
optics we use is capable of resolving both microscale clusters
of nanostructures and microstructures. For each fixed delay
time, we capture a sequence of three surface images. The first
surface image is taken at 10s before the pump laser pulse
irradiation for identifying initial structures present on the
surface, if any. The second image of the surface is captured at
a preset time delay. The third surface image is taken at 10s
after the pump laser pulse irradiation to record the final
surface structure produced by the laser pulse. Taking this
sequence of the surface images at various delay times allows
us to track the formation of the surface structures in time. In
this work, the evolution of surface nano/microstructures is
studied at laser fluence F = 0.14 and 0.78 J/cm?. A scanning
electron microscope (SEM) is used to examine the laser-
induced surface nano/microstructures after resolidification of
the surface.

3. Results and discussion

The CCD images of zinc surface captured at different delay
times after a pump laser pulse with laser fluence of 0.14
J/ecm? are shown in Fig. 2. One can see that the surface
structural changes begin to occur at a time of about 7 = 300 ps
[Fig. 2(c)]. A comparison of these surface structures with
those taken at a long time after laser pulse (t = o) [Fig. 2(d)]
shows that they are completely different, indicating that the
material in the irradiated spot is not yet solidified and the
observed surface structure is transient. At laser fluence of
0.14] /cmz, the characteristic time of the surface melting
following irradiation of Zn with femtosecond laser pulse is
about 3ps.’® Therefore, our experiment shows that the
irradiated surface does not undergo morphological modifica-
tions immediately after melting, and there is a delay time
between melting and hydrodynamic motion of the melted
material resulting in the transient morphological changes on
the surface. The comparison of Figs. 2(e) and 2(f) demon-
strates that the solidification of surface structures begins at
t =860ps and this process first occurs on the periphery of
the irradiated spot. With further increasing the delay time,
the solidified area increases. Figures 2(g) and 2(h) show that
about 60% of the surface structures are solidified at =
124 ns. Finally, Figs. 2(i) and 2(j) show that the surface
structure becomes completely solidified at # = 322 ns. Thus,
from this imaging data we find three important characteristic
times in the dynamics of surface structures: the time when the
surface structures begin to appear (300 ps), the time when the
surface structures begin to solidify (860 ps), and the time
when the surface structure becomes completely solidified
(322ns). SEM images of surface nano/microstructures
produced in the center of the ablated spot at the studied
laser fluence of 0.14J /cm2 are shown in Fig. 3, where both
nanostructures with the size in a range of 30—500 nm and fine
microstructures are seen.

Snapshots of the transient surface structures at different
delay times at laser fluence of 0.78 J/cm? are shown in Fig. 4.
It is seen in Fig. 4(a) that the surface structures first appear on
the edge of the irradiated spot and form a ring, in contrast to
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Fig. 2. (Color online) A comparison of transient surface structures at
various delay times and final solidified structures following the pump laser
pulse at laser fluence of 0.14J/cm?.

Fig. 3. SEM images of surface nano/microstructures on Zn surface
produced in the center of the ablated spot with F = 0.14J/cm? of laser
fluence.

ablation at F'=0.14] /cmz, where the surface structures first
appear in the center of the irradiated spot [Fig. 2(c)]. With
time, the transient surface structures move towards the center
of the irradiated spot and populate its central part. The whole
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Fig. 5. SEM images of surface nano/microstructures on Zn surface
produced in the center of the ablated spot with F = 0.78J/cm? of laser
fluence.

ablation area becomes covered with structures at about 5ns
[Fig. 4(f)]. The solidification of the transient surface
structures begins at about 50ns. At the longest time delay
available in our experiments (408 ns), the solidification of
surface structures is not completed as seen from the
comparison of Figs. 4(k) and 4(1). The SEM image of the
surface ablated at F=0.78]/cm? shown in Fig. 5 demon-
strates that the microscale surface structures are the major
morphological feature at this laser fluence. The nanostruc-
tures seen in Fig. 5 mostly originate from redeposition of
ablated nanoparticles.
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(Color online) Images of zinc surface at various delay times following a pump laser pulse at F = 0.78]/cm?.

The formation of the transient and permanent (solidified)
surface structures is driven by several mechanisms, including
pressure relaxation in molten surface layer, ablation,
Marangoni effect, and contraction of a material in solid-
ification process. The mechanism of pressure relaxation in
molten surface layer is governed by the speed of sound in the
liquid material,>®*” and can be estimated by #p =~ L/vg,
where vy is the speed of sound in liquid Zn and L is the
typical radial size of the surface structures. This mechanism
is fast and can induce transient surface nanostructural
fluctuations on the picoseconds time scale even before
ablation onset at low laser fluence near the ablation
threshold.®® The appearance of the surface structures first
on the edge of the irradiated spot at F = 0.78J/cm? (Fig. 4)
can be explained by two possible mechanisms. First one may
be related to the presence of mirror like surface from melted
phase at the center due to the Gaussian distribution of laser
intensity and hence no or comparatively smaller scattering
signal. Higher fluence at the center will produce more volume
of melting that would take longer time than peripheral region
to get solidify. Another mechanism may be related to the
plasma screening. When the pressure in the surface layer is
high, its relaxation results in ablation, and the formation of
the transient surface structures will be inherently associated
with the processes of material removal from the surface and
recoil pressure of the ablated material.*® The Marangoni
effect is the flow of the melted material due to the tem-
perature gradient and typically occurs on the nanosecond
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time scale.*04D Among all described above mechanism,
ablation has a major impact on the transient surface structures
and the identification of the ablation mechanism at the
studied here laser fluences is critically important.
There are several ablation mechanisms of metals,
including evaporation,* thermomechanical fragmentation/
spallation,*=! and phase explosion.*¢#852-3% To identify
the ablation mechanisms in our experiments, we estimate the
maximum lattice temperature T}y, using the formula,3*>>

Fp Pa _ /8
ﬂ—\/; )

To+ c p+a’

where T is the room temperature, ¢; is the specific heat of the
lattice, a is the absorption coefficient, g is the electron—
phonon coupling factor, k is the thermal conductivity, and
Fp = (1 — R)F is the absorbed laser fluence, where R is the
reflectance of Zn at the laser wavelength. The reflectance
of real metallic surfaces depends on the sample structural
defects remaining after polishing, contaminants, angle of
incidence, and laser fluence.’® Therefore, to obtain a reliable
estimation of the surface temperature, we measure the
reflectance of our sample under the same experimental
conditions used in the surface imaging experiment. Using a
hemi-ellipsoidal metallic reflector technique,’® the reflec-
tance of our zinc sample was measured to be 0.57 and 0.56 at
laser fluence of 0.14 and 0.78 J/cm?, respectively. The values
of the maximum surface temperature estimated using 7y =
300K, ¢;=2.78 x 108 m3 K1Y a=75%x10"m™',>) g =
6x10°Wm3 K13 and k=116 Wm~ ' K~ ! are 4079 and
21840K at F=0.14 and 0.78]/cm?, respectively. These
values of the surface temperature exceed the thermodynamic
critical point 7, of zinc (3190 K), suggesting that the ablation
mechanism at the studied laser fluence values is the phase
explosion.>® Therefore the observed transient surface struc-
tures caused by ablation are associated with the phase
explosion mechanism. When ablation ends, the residual
liquid surface layer cools and solidifies, resulting in
permanent surface structures. Available in the literature
theoretical models of cooling process based on the electron
heat conduction mechanism predict the times of complete
solidification to be 2.5ns for AI®® and 1.4-1.7ns for Ag,>
which are by two orders smaller the observed value in our
study for Zn (322ns). This disagreement indicates that
cooling process following ablation is more complicated. We
speculate that the cooling process can be slowed down by the
effect of enhanced thermal coupling observed in works,%0-6%
where it has been found that a significant amount of thermal
energy remains in a metal following femtosecond laser
ablation due to the transfer of thermal energy from ablation
plume back to the sample on the timescale long after the laser
pulse. Furthermore, the surface cooling can be also slowed
down by the latent heat released in solidification process and
exothermic chemical reactions induced in laser ablation.5>-6%
For example, it has been previously found that the
contribution of the chemical source of energy can reach up
to 30% of incident laser energy in nanosecond laser ablation
of Zn in air environment.®>

42-44)

Tim ~

4. Conclusion

In this work, we study the dynamics of surface nano/
microstructures induced on the surface of zinc in femto-
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second laser ablation using the scattered-light pump—probe
optical microscopy. We find important characteristic times in
the dynamics of laser-induced surface structures: the time
when the surface structures begin to appear, the time when
the surface structures begin to solidify, and the time when the
surface structure becomes completely solidified. We find that
the transient surface nano/microstructures appear at a delay
time on the order of 100 ps following laser irradiation. The
time of the transient surface structure onset is a function of
laser fluence, namely, the higher laser fluence, the shorter the
transient surface structure onset time. At low laser fluence
favorable for producing nanostructures, the transient surface
structures first appear in the central portion of the ablated
spot. At high laser fluence favorable for producing micro-
structures in the central part of ablated spot, the transient
surface structures first appear on the periphery of the ablated
spot, where laser fluence is smaller and favorable for
generating nanostructures. The observed solidification onset
time is laser-fluence dependent, namely, the higher laser
fluence, the longer solidification onset time. The observed
time for complete solidification is significantly longer then
theoretically predicted one. We speculate that this significant
decrease of cooling rate is dominantly caused by the effect of
enhanced thermal coupling.
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