
Morphology control of laser-induced periodic surface
structure on the surface of nickel

by femtosecond laser

Fantong Meng (孟凡通), Jie Hu (胡 洁)*, Weina Han (韩伟娜),
Penjun Liu (刘鹏军), and Qingsong Wang (王青松)

Laser Micro/Nano Fabrication Laboratory, School of Mechanical Engineering,
Beijing Institute of Technology, Beijing 100081, China

*Corresponding author: jiehu2@bit.edu.cn
Received February 7, 2015; accepted April 8, 2015; posted online May 13, 2015

An interesting transition between low spatial frequency laser-induced periodic surface structure (LIPSS) and
high spatial frequency LIPSS (HSFL) on the surface of nickel is revealed by changing the scanning speed and the
laser fluence. The experimental results show the proportion of HSFL area in the overall LIPSS (i.e.,K) presents a
quasi-parabola function trend with the polarization orientation under a femtosecond (fs) laser single-pulse train.
Moreover, an obvious fluctuation dependence ofK on the pulse delay is observed under a fs laser dual-pulse train.
The peak value of the fluctuation is found to be determined by the polarization orientation of the dual-pulse
train.
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Laser-induced periodic surface structure (LIPSS) is con-
sidered as a universal phenomenon of laser ablation when
the laser fluence is slightly higher than the ablation thresh-
old[1]. Recently, it has been studied extensively in a variety
of materials, including semiconductors[2], metals[3], and
dielectrics[4], for promising applications in nanogratings[5],
waveguide[6], color marking[7], and super-hydrophobic
surfaces[8].
Conventionally, the spatial period (Λ) of LIPSS is close

to the wavelength (λ) of the irradiation laser (Λ ≈ λ), and
this kind of LIPSS is known as low spatial frequency
LIPSS (LSFL)[9]. It is now widely accepted that the inter-
ference between the incident laser pulses and surface
plasmon polaritons (SPPs) plays a crucial role in the
formation of LSFL[10–12]. LIPSS with spatial period (Λ)
significantly smaller than λ (Λ < λ∕2) is regarded as high
spatial frequency LIPSS (HSFL)[13,14]. The mechanism of
the formation of HSFL is still a subject of discussion,
and it is usually related to the optical or mechanical reac-
tion of irradiated surfaces, which may involve second har-
monic generation[15], excitation of SPPs[16], or Coulomb
explosion[17]. Previous studies have shown that the mor-
phology of LIPSS correlates to the material properties
as well as the irradiation conditions under the irradiation
of femtosecond (fs) laser pulses. By varying the irradiated
parameters, such as the laser fluence[13,18,19], the pulse
number[13,19,20], the polarization orientation[21], or the delay
time[22], the morphology of LIPSS can be effectively con-
trolled. For instance, Han et al. presented an interesting
anisotropy phenomenon in fs laser processing of crystalline
silicon, which indicated the surface patterning is depen-
dent on the laser polarization orientation[21]. Korolkov et al.
also reported that the morphology of nanostructures on

metal surface has a close relationship with ambient
conditions[23]. Up to now, most studies have focused on
the effect of the parameters under a fs laser single-pulse
train on LIPSS morphology (orientation and periodicity).
Generally, except for the aforementioned parameters of
the single-pulse train, a fs laser dual-pulse train is also
considered as an available method for controlling the
morphology of LIPSS[14,22]. However, there have been
few studies addressing the influence of the parameters
under a fs laser dual-pulse train on the LIPSS morphology
control, especially for metals.

In this work, we systematically study the morphology
control of LIPSS on the surface of nickel by fs laser.
For a fs laser single-pulse train, the experimental results
indicate that the transition between LSFL and HSFL
occurs under certain conditions. A polarization-dependent
morphology control of LIPSS is also observed. Meanwhile,
the experimental results show the important influence of
the polarization orientation and the pulse delay on the
morphology of LIPSS under a dual-pulse train. Possible
reasons are proposed to explain the morphology control
of LIPSS by the laser polarization orientation and the
pulse delay.

The schematic of the experimental setup is shown in
Fig. 1. A commercial chirped Ti:sapphire laser regenera-
tive oscillator–amplifier system (Spectra-Physics, Inc.)
provided a fundamental Gaussian mode with a central
wavelength of 800 nm, a pulse duration of 35 fs, and a rep-
etition rate of 1 kHz. A half-wave plate (HWP) and polar-
izer combination was mounted for controlling the total
energy of the pulse train. A fs pulse was shaped into a dou-
ble pulse by a commercial 4f-configuration-based pulse
shaper (Biophotonic Solutions Inc., MIIPSBOX 640),
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and the pulse delay could range from 0 to 5 ps. The polari-
zation orientation of the incident laser pulses could be
continuously adjusted by another HWP. The one-side-
polished nickel sample (10 mm × 10 mm× 1 mm) was
mounted on a computer-controlled, 6-axis moving stage
(M-840.5DG, PI, Inc.). A normally incident laser beam
was focused onto the metal targets by a spherical lens with
a focal length of 100 mm. The diameter of the Gaussian
beam (width at the waist defined by 1∕e2 point) on the
sample surface was measured as about 45 μm by using
Liu’s method[24]. All experiments were carried out in air
at ambient pressure and temperature. The irradiated sur-
face of nickel was examined by a scanning electron micro-
scope (SEM) and an atomic force microscope (AFM).
In the first set of experiments, we study the effects of the

scanning speed and the laser fluence (average fluence)
on the transition between LSFL and HSFL under a fs
laser single-pulse train. Figures 2(a)–2(c) shows the

morphology of LIPSS at different scanning speeds (ν).
The corresponding pulse number (N) is calculated based
on the scanning speed, the repetition rate (1 kHz), and the
diameter of the Gaussian beam (45 μm). When ν ¼
300 μm∕s (N ¼ 150), LSFL appears on the surface with
a period of about 600 nm, which is smaller than the wave-
length of the incident laser as previously reported[25]. As
the scanning speed decreases, new grooves gradually ap-
pear on the protuberances between two original grooves
as shown in Fig. 2(b). When ν ¼ 100 μm∕s (N ¼ 450),
more new grooves occur, which implies the formation of
HSFL [Fig. 2(c)]. The previously mentioned distinctive
structure with a grating-splitting process is usually de-
scribed as HSFL[26] or deep subwavelength grating
(DSG)[27]. In order to better observe the morphology
evolution from LSFL to HSFL, the details of the morphol-
ogy measured by AFM are shown in Figs. 2(d)–2(g).
Figures 2(d) and 2(f) presents AFM 3D images at 300
and 100 μm/s, respectively. The cross sectional profiles
[Figs. 2(e) and 2(g)] provide a more evident distinction
between LSFL and HSFL. Compared with Fig. 2(e), it
is obvious that new grooves are generated on the protuber-
ances of LSFL as the red arrows shown in Fig. 2(g), which
reveals that the formation of HSFL results from the
splitting of LSFL.

To understand the combined influence of the scanning
speed and the laser fluence on the transition between
LSFL and HSFL, a series of experiments have been con-
ducted by changing the previously mentioned processing
parameters. Figure 3 presents the transition boundary of
LIPSS morphology at different scanning speeds and laser
fluences. From Fig. 3, it is distinct that the transition
between LSFL and HSFL highly depends on the scanning
speed and the laser fluence. When 50 μm∕s ðN ¼ 900Þ <
ν < 300 μm∕s ðN ¼ 150Þ, the transition occurs within
the laser fluence ranges from 0.1 to 0.22 J∕cm2. Besides,
it is noteworthy that the transition no longer occurs when
the laser fluence exceeds 0.22 J∕cm2. This unusual

Fig. 1. Schematic of the experimental setup. BS, beam splitter;
DM, dichroic mirror; L1, achromatic doublet; L2, plano-convex
lens; P, polarizer; WS, white-light source.

Fig. 2. (a)–(c) SEM images of LIPSS on the surface of nickel at different scanning speeds. Scale bars, 2 μm; (d) and (f) high-
magnification AFM 3D images at ν ¼ 300 and 100 μm/s; (e) and (g) cross sectional profiles for (d) and (f). Laser fluence, fixed
at 0.15 J∕cm2. AFM scanning area, 3 μm× 3 μm. Scanning direction and polarization orientation are both horizontal.
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phenomenon can be explained by the high-density plasma
under high fluence, which makes the laser energy highly
localized in the grooves by the strong coupling of the
incident laser and surface plasmons[28].
The previously mentioned results suggest a kind of for-

mation process of HSFL on nickel surface. The changed
reflectivity and field intensity distribution with groove
depth are supposed to be main reasons for this splitting
phenomenon. Moreover, as the excitation of surface plas-
mon is demonstrated under laser ablation of metal[25,29], the
complex surface plasmon evolution can also be responsible
for the morphology transition on the surface of nickel.
Apart from the scanning speed and the laser fluence, the

laser polarization orientation is another significant param-
eter to control the morphology of LIPSS. In order to
quantitatively investigate the morphology of LIPSS, a
parameter K is defined as the proportion of HSFL area
in the overall LIPSS area. We first calculate the area of
HSFL (the dashed line region) and the whole area of
LIPSS (the solid line region). Then K is obtained by
the HSFL area divided by the LIPSS area. A schematic
diagram of the HSFL area and the LIPSS area is shown
in Fig. 4. The experimental result in Fig. 4 is obtained
under a fs laser dual-pulse train.
Figure 5 illustrates the influence of the polarization ori-

entation on LIPSS morphology. The scanning direction
remains horizontal, and a parameter θ is defined as the
angle between the scanning direction and the polarization
orientation as shown in Fig. 5(d). Figures 5(a)–5(c) are
selected partially magnified SEM images of LIPSS from
the corresponding Points a–c in Fig. 5(e). It is clear that
K presents a quasi-parabola-function dependence on θ and
the chiral phenomenon is with the center at 45° [Fig. 5(e)].
Term K reaches its maximum when θ ¼ 0° or 90°, while
reaching its minimum when θ ¼ 45° at different laser flu-
ences. Furthermore, it should be noted that there exists a
constant 30 nm deviation of HSFL’s period between
θ ¼ 0° (300 nm) and θ ¼ 90° (270 nm). A similar

phenomenon that the period of nanogratings decreases
as θ increases has been reported with respect to semicon-
ductors[30,31], and the previously mentioned polarization-
dependent phenomenon can be explained by the change
of the mutual orientation of the laser polarization and
the pulse front tilt (PFT)[30] or a 3D interference mecha-
nism between the electron plasma and the incident electric
field[31]. Nevertheless, the almost complete transition from
HSFL to LSFL around θ ¼ 45° may be related to the
change of the reflectivity of nickel and more studies are
needed for the underlying mechanism.

Except for the parameters under a single-pulse train,
the effects of the parameters under a dual-pulse train

Fig. 3. Transition boundary of LIPSS morphology on the surface
of nickel with respect to the scanning speed and the laser fluence.
Parameters for the SEM images, inset, of HSFL and LSFL are
0.1 J∕cm2 and 150 μm/s, and 0.12 J∕cm2 and 400 μm/s, respec-
tively. Scale bars, 2 μm.

Fig. 4. Schematic diagram of the HSFL area and the LIPSS area.
Scanning direction and the polarization orientation are both
horizontal. Processing parameters, 0.12 J∕cm2, 100 μm/s, and
300 fs pulse delay, respectively. Scale bar, 5 μm.

Fig. 5. (a)–(c) Partially magnified SEM images of the LIPSS at
different θ on the surface of nickel. Scale bar, 2 μm; (d) schematic
diagram of the direct scanning process; (e) K as a function of θ at
different laser fluences. Scanning speed, fixed at 100 μm/s
(N ¼ 450).
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on LIPSS morphology are also investigated. In Fig. 6, K is
calculated by the method shown in Fig. 4 and presents
an obvious fluctuation dependence on the pulse delay
(τ). Term K keeps fluctuating until τ ¼ 2.5 ps, and when
τ > 2.5 ps, K drops to zero, indicating that nearly no
HSFL appears and the LIPSS presents in the form of
LSFL. As far as we know, this intriguing phenomenon
is first proposed in this Letter. From the previously men-
tioned results, we find that a dual-pulse train can effec-
tively control the morphology of LIPSS in a fluctuating
way by changing the pulse delay within the range of
0–2.5 ps. Besides, in view of the possible instability of
pulse shaper and the interference of external factor, re-
peated experiments are conducted on nickel at different
laser fluences and scanning speeds, and similar results
are obtained.
In addition, the combined influence of the polarization

orientation and the pulse delay on K under a dual-pulse
train is studied as shown in Fig. 7. Compared with
Fig. 5(e), K also presents a quasi-parabola function trend
with θ at τ ¼ 0 fs, 300 fs, and 1.6 ps in Fig. 7(a). However,
when τ ¼ 1.2, 2.5, and 3 ps, K remains close to zero. The
results reveal that the influence of the polarization orien-
tation on the morphology of LIPSS is interrelated with the
pulse delay. Figure 7(b) shows K as a function of pulse
delay at different θ. It is obvious that K presents a gradu-
ally diminished fluctuation range by changing θ from 0° to
45°. At θ ¼ 45°, the fluctuation phenomenon almost dis-
appears, which means HSFL no longer appears. A similar
trend can be acquired by changing θ from 90° to 45°, which
means the fluctuation range highly depends on θ.
We attribute the morphology control of LIPSS by a

dual-pulse train to the following two reasons. The first rea-
son is the field intensity redistributed by a dual-pulse
train. From the AFM images [Figs. 2(e) and 2(g)], it is
obvious that the morphology of the LSFL’s and HSFL’s
cross section is distinctly different, especially the depth
of the grooves. According to Ref. [26], the field intensity
distribution strongly depends on the depth of the grooves,
and the changed field intensity can lead to the creation of
new grooves on the protuberances. Ionin et al. also dem-
onstrated an optical feedback effect due to a nonlinear
cumulative ripple dynamics driven by the related instan-
taneous surface optical patterns[32]. A dual-pulse train is

considered as a feasible method to adjust the interaction
process between laser pulses and materials, which can
affect the energy deposition in the material and eventually
alter the morphology of the structures[33,34]. Thus, we sug-
gest that the fluctuation of K with the pulse delay results
from the field intensity redistribution, which is caused by
the changed depth of the grooves under a dual-pulse train.
Moreover, it has been proven that the plasma frequency or
carrier density can be responsible for the morphology con-
trol of LIPSS by theoretical calculation. Li et al. found an
alike oscillation phenomenon dependent on pulse delay on
semiconductors, which is closely related to the localized
carrier density[35]. Hou et al. presented that the coupling
of the incident laser and the surface plasmons induce
the laser energy highly localizing in the grooves (high-
density plasma) or on the protuberance (low-density
plasma) under different plasma states, and then lead to
the transition between LSFL and HSFL[28]. Hence, the
plasma frequency or carrier density adjusted by a dual-
pulse train may also result in the fluctuation phenomenon.

In conclusion, the effects of different parameters of fs
laser on the morphology control of LIPSS are systemati-
cally studied. The acquired transition boundary between
LSFL and HSFL is found to be interrelated with the
scanning speed and the laser fluence under a fs laser
single-pulse train. A quasi-parabola-function trend of K
is observed by changing θ from 0° to 90°. Furthermore,
for a dual-pulse train, K shows a distinct fluctuation re-
gion within the pulse delay ranging from 0 to 2.5 ps.
The corresponding results reveal that the control of the

Fig. 6. K as a function of pulse delay on the surface of nickel.
Total laser fluence of the dual-pulse train and the scanning
speed, fixed at 0.15 J∕cm2 and 100 μm/s (N ¼ 450).

Fig. 7. (a)K as a function of θ at different pulse delays; (b)K as a
function of pulse delay at different θ. Total laser fluence of the
dual-pulse train and the scanning speed, fixed at 0.15 J∕cm2 and
100 μm/s (N ¼ 450).
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laser polarization orientation under a dual-pulse train is
ineffective at specific pulse delays, although the similar
polarization-dependent phenomenon at certain pulse
delays is in agreement with the observation from a
single-pulse train. Besides, the peak value of the fluc-
tuation shows a direct correlation with θ. However, more
theoretical and experimental studies are required for
further understanding of the mechanisms that lead to
morphology control of LIPSS.

This work was supported by the National 973
Program of China (No. 2011CB013000) and the National
Natural Science Foundation of China (Nos. 91323301 and
51322511).
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