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The periodic ripple structures on wolfram and titanium surfaces are induced experimentally by linear polarized
femtosecond laser pulses at small incident angles. The structural features show a material difference in the s- and
p-polarized laser irradiation. The interspace between the ripples increases significantly for p-polarized laser
irradiation when it exceeds a threshold angle, and the ripples’ periodicities are larger than the wavelength
of the incident p-polarized femtosecond laser; however, no significant change in the period of the ripples is
observed with increasing incident angle for s-polarized laser irradiation. To explain these phenomena we propose
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a resonant absorption mechanism, by which the experimental observations can be interpreted.
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Femtosecond (fs) laser-induced periodic surface ripple
structures (LIPSSs) deviating significantly from the
predicted period which is less than the incident laser wave-
length have been extensively studied at a variety of metal
materials by changing the parameters of the laserl?.
Meanwhile, the ripples usually orientate in a manner
that is perpendicular to the polarization direction of the
laser light. Recent studies showed that the interference
between the incident laser light and the surface scattered
wave explains the formation of ripplesZ?. It is proposed
that the surface plasmon polaritons excited by fs laser
irradiation play a crucial role in the formation of
ripplest® 2,

More recently, nanostructure-covered (NC) large-scale
waves (LSWSs) with a period of tens of times greater than
the laser wavelength have been studied using an oblique
incidence laser at high fluence® Y. The morphology of this
LSW pattern has a close dependence on the laser fluence
and the number of laser pulses, but not on the laser wave-
length. It is suggested that this LSW is initiated by fs-
laser-induced surface unevenness followed by periodically
distributed nonuniform surface heating from fs pulse irra-
diation™. The structure has been discussed for different
polarization states at large incident angles and a three-
step model has been established for the NC-LSWslY.
Although the aforementioned interpretation has been
given in the context of the formation of the NC-LSWs;,
how to comprehensively understand different polariza-
tions induced by a fs-laser-induced ripple is still unknown
at small incident angles.

In this work, a threshold angle for the formation of
large-scale periodic ripple structures induced by an
oblique incident p-polarized fs laser pulse on the surfaces
of wolfram (W) and titanium (Ti) metals is found exper-
imentally. The dependences of incident angle and laser
fluence on the formed ripple period are demonstrated
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by changing the polarization directions of the incident
laser. To interpret these threshold effects and the depend-
ences for the self-formation of ripple periods, we propose a
resonance absorption mechanism resulting from the
interaction of a p-polarized fs lasers and plasma.

The experimental system used for this work is presented
in Fig. 1. The laser used in the work is an amplified
Ti:sapphire fs laser system, which provides 35 fs pulses
of an energy of 3 mJ/pulse operated at a 1 kHz repetition
rate at a central wavelength of 800 nm. The beam power
profile is Gaussian. The fluence of the incident fs laser is
controlled using attenuators. A half-wave plate is used to
change the polarization of the fs laser beam before the
laser beam is focused by the lens. The pulse numbers
are controlled by an electromechanical shutter. For each
iteration, a train of 100 laser pulses is focused onto the
samples. The samples are Ti and W foil with thickness
of 10 mm prepared by mechanically polishing the surface.
First, to produce the ripple structure, a train of 100 s- and
p-polarized fs laser pulses is weakly focused onto Ti at am
incident between 0° and 35° with a resolution of 5°, respec-
tively, and we change the laser pulse energy to keep the
same laser fluence on the sample surfaces to be constant
at each incident angle (6). Second, to study the influence
of the fluence on the threshold angle, larger-scale ripples
are produced at a different fluence by a p-polarized fs laser
irradiated on Ti and W, and we refine incident angles
between 13° and 20° with an interval of 1°, which are
controlled by rotating a stage on which the samples are
vertically mounted. Using a lens with a focal length of
150 mm and a focal area of 10 pm at the normal, the beam
size of the laser output is 8 mm. Our entire work was
performed in air. To study the detailed texture of the
ripples, the ripples were imaged using a scanning electron
microscope (SEM), and the SEM images are taken from
the central position of the ablating spot.
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Fig. 1. Schematic diagram of the experimental setup.

Figures 2(a)and 2(b) show the SEM images of ripples
that are produced on Ti by 100 pulses of irradiation with
a fluence of 0.1 J/ecm? at incident angles of 0°, 20°, and
30°, respectively, using two polarizations, p- and s-polar-
ized. The period of the ripples was between two neighbor-
ing ripples estimated from the SEM pictures. As observed,
when the incident angle is less than 20°, with increasing
incident angle of a p-polarized fs laser pulse, the change
of the ripple periodicity is not obvious, and less than
the wavelength of the incident laser. However, when
the incident angle is € = 20°, the ripple periodicity will
increase significantly, and is more than the wavelength
of the incident fs laser. If the laser incident angle increases
further, the ripple periodicity becomes even larger.
Instead, with increasing incident angle, no significant
change in the period of the ripples is observed for s-
polarized light, and the ripple periodicities are less than
the wavelength of the incident fs laser. Based on our ex-
perimental results in Fig. 3, at a given laser fluence, when
the incident laser angle with p-polarized exceeds a thresh-
old angle, the ripples periodicities will be larger than the
wavelength of the incident fs laser.

Next, we study the dependence of the threshold angle
on the fluence of a p-polarized fs laser; the fluence of

Fig. 2. SEM images of ablation Ti at a fluence of 0.1 J/cm? and
incident angles of 0°, 20°, and 30°: (a)—(c) p-polarized fs laser;
(d)=(f) s-polarized fs laser.

an incident fs laser through a p-polarized fs laser beam in-
cident onto a Ti surface at a fluence of F; = 0.2 J/cm?,
Fy=0.4J/cm?, and F3 = 0.6 J/cm?. The results of this
dependence are plotted in Fig. 4. The ripples’ periodicities
increase. When the incident angles are 14°; 15°, and 17°,
the ripple periodicities increase suddenly and the periods
are 913.7, 935.5, and 913.5 nm, respectively, as shown in
Fig. 4. Basing on the aforementioned results, there is the
threshold angle; when the incident angle of the laser
exceeds it, the ripple periodicities will increase drastically
and become larger than the wavelength of the incident
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Fig. 3. Dependence of LIPSS period on a variety of irradiating p-
and s-polarized incident angles at a fluence of 0.1 J/cm? on Ti.
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Fig. 4. Dependence of ripple periodicity with p polarization on
the incident laser angle at fluences of 0.6, 0.4, and 0.2 J/cm?
irradiating on Ti.
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Fig. 5. Dependence of ripple periodicity with p polarization on
the incident laser angle at fluences of 0.8, 0.6, and 0.4 J/cm? on a
W surface. Insets, ripples’ images of the selected data points.

laser. With increasing incident angle of the p-polarized fs
laser, the threshold angle reduces. Subsequently, the thre-
sold angle was also found during p-polarized fs laser irra-
diation on a W surface. As shown in Fig. 5, when a W
surface is irradiated by a train of 100 p-polarized laser
pulses at fluences of F;, = 0.8 J/cm?, Fy = 0.6 J/cm?,
and Fy = 0.4 J/cm?, the threshold angles are observed
13°, 14°, and 17°, respectively. Based on the aforemen-
tioned results, on the one hand, there are the thresold an-
gles by a p-polarized fs-laser irradiating on a different
metal. On the other hand, at the given laser fluence,
the threshold angles of W are larger than Ti. In contrast,
the fluence of the laser with irradiation on the W surface is
higher than Ti at the same threshold angle.

In the following, we discuss the origin of the threshold
angle. According to a previous study™™¥, the oblique in-
cident p-polarized fs laser exists the component of the elec-
tric vector which oscillates electrons along the direction of
the density gradient; i.e, E - w, # 0 (E,), where n, is the
electron density. Since this oscillation generates fluctua-
tions in charge density that are enhanced resonantly by
the plasma, the wave is no longer purely electromag-
netic®, The partial energy of the incident fs laser wave
is transferred to an electrostatic oscillation. This phe-
nomenon is known as resonance absorption. To our knowl-
edge, regarding fs laser irradiation on metal targets, Yang
et al.¥ reported this observation. Additionally, there is a
microscale electric plasma in close contact with the solid-
state matter even during the pulse, because the free
electrons are quickly heated to escape from the surface
through both photoelectric and thermionic emission proc-
esses22 When the electron density n, with the plasma
layer is under-dense, the frequency of the incident laser
will be larger than the relevant plasma frequency, i.e.,
® < w,. In this case, the laser pulse can penetrate
the sandwich-like air-plasma-target. Furthermore, the
ionization of practically any target material takes place
early in the laser pulse time at intensities above

101-10" W/em?2, The peak power used in the work
is 5.7 x 10'2 t0 2.3 x 10" W/em?, which is enough to gen-
erate a dense plasma with n, close to the critical value in
contact with the metal surface. So, it is possible that the
resonant absorption is induced by the incident laser
interactions with the surface plasmon. Additionally, the
resonance absorption is excited by the resonantly driven
field Eq22). Physically, the resonantly driven field is
the component of the electric field of the light wave which
oscillates electrons along the density gradient, namely:
Eq « E,. In addition, previous studies for regular LIPSSs
suggest that the interference between the incident wave
and the generated surface plasmons induces LIPSSs for
metal materials!?. Based on the aforementioned mecha-
[12]

nism, the LIPSSs period, A, is given by=

A
AN=——"7— ith g||E 1
Reln] £ sin 0 with g[|E, (1)

where A is the laser wavelength, @ is the incident angle of
the fs laser, n = [e,8/(e; + £5)]¥? is the effective refractive
index of the plasma—metal interface Re[n] is the real part
of 7, & =1—w3/w? is the dielectric constant of the
plasma, &, is the dielectric constant of the metal, and
w, is the surface plasmon frequency on metals. Term g
is the grating vector, and E is the electrical field vector
of the incident wave. When the incident angle is small,
the component of the electric vector is neglected. So,
the experimental results are similar to fs laser normal in-
cidence and A < AL¥. Once the incident angle exceeds the
threshold angle, the resonantly driven field Eq will meet
the condition to induce the resonance absorption, and
then the energy of the incident laser absorbed by the elec-
tors will clearly increase. In this case, the kinetic energy of
the electron will be larger and the electron collision prob-
ability will increase significantly. As a result, the secon-
dary ionization of the material will be induced. At this
time, more electron density will be generated, and & =
1 —w?/w? will reduce drastically due to w, « ny/*, and
w, = o (g, = 0). Thus, according to Eq. (1), the refrac-
tive index will decrease (7 < 1), and the ripple periodicity
will increase (A > 1). In addition, since E, is strongly
peaked at the critical density, the resonantly driven field
is approximated as Eq/e,2, and E;, = ];:—]" So, with increas-
ing incident laser fluence, the threshold angle 0 is also re-
duced, as seen in Fig. 4. In addition, since the resonantly
driven field F; which is driving the resonance absorption,
is nonexistent for an s-polarized fs laser pulse. So, as the
incident angle increases, the change in ripple periodicity is
small and the periodicity is less than the wavelength of the
incident fs laser. It is coincident with our experimental
results.

In conclusion, through multiple trains of fs laser pulse
irradiation with two polarizations, various incident angles,
and fluence, ripples are created on W and Ti. We find that
the incident angle exceeds a threshold angle, a significant
change with ripple periodicity is observed for a p-polarized
fs laser pulse, and the threshold angle decreases with
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increasing fluence of the incident fs laser pulse. The
threshold angle of W is larger than Ti at a same fluence
irradiation. However, with increasing incident angle, the
ripple periodicity almost remains constant for s-polarized
fs laser irradiation. We suggest that the polarization state
plays an important role to induce the sudden increase in
ripple periodicity with fs laser pulse irradiation. We
propose a resonant absorption mechanism, by which the
experimental observations for the resonant absorption
effect can be interpreted.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 51275012.
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