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A B S T R A C T

Under femtosecond laser pulse irradiation, the selective control of structural periods of low spatial frequency
laser-induced periodic surface structures (LSFLs) is investigated on metals at large incident beam angles. As
increasing the number of irradiating pulses, we produce three types of LSFLs, small-, dual-, and large-scale LSFLs,
and find two kinds of structural period variations, the sequential structural variations from small- to dual- to
large-scale LSFLs and the nonsequential variation directly from small- to large-scale LSFLs by controlling the
laser fluence. Using the efficacy factor with the help of the Maxwell-Garnett theory, our study also shows that all
three types of LSFLs can be understood by the interference between the incident beam and surface plasmon
polaritons at the air-nanostructure composite and metal interface rather than the air-metal interface.

1. Introduction

Since their first observation, laser-induced periodic surface struc-
tures (LIPSSs) have been investigated on various materials by using
numerous types of high power lasers over the past half a century, and it
is now generally considered that the formation of LIPSSs following laser
irradiation is regarded as one of universal phenomena in laser-matter
interaction [1–14]. In the past decades, LIPSSs have been actively in-
vestigated with femtosecond (fs) laser pulse irradiation [11–22].
Compared to the LIPSSs produced with relatively long pulsed lasers, fs
LIPSSs generally show significantly reduced periods, and typically have
been categorized into two distinct types, high spatial frequency LIPSSs
(HSFLs) and low spatial frequency LIPSSs (LSFLs), where their periods
are less than λ/2 (λ :laser wavelength) and between λ/2 and λ at
normal incidence, respectively [11,19]. Occasionally, fs LIPSSs with a
period of larger than λ have been also reported [23]. For HSFLs, various
formation mechanisms such as second/third harmonic generation
[5,20,24], surface oxidation [20], self-organization [25], and cavitation
instability [26,27] have been suggested on various materials depending
on their periods and orientations [5,11,14,20,24–26]. Recently, due to
the observations of near- and sub-100 nm HSFLs, the formation me-
chanisms of HSFLs are still actively investigated [11,20,26]. On the
other hand, the formation mechanism of LSFLs on metals is rather well
understood by nonuniform periodic heating of surface due to the

interference between the incident laser pulse and the laser excited
surface plasmon polaritons (SPPs) with the adjustments of dielectric
constant by considering laser-induced carrier excitations for semi-
conductors [17,18,24] and extensive surface nanostructures including
the groove of LSFLs itself for metals [15,16,18,22]. Currently, by using
the two temperature model, more sophisticated simulations have been
performed for LSFLs [21,28].

According to the interference mechanism, particularly at off normal
incidence, LSFLs on metals can intrinsically have two distinguishable
structural periods, large- and small-scale periods, depending on the
propagating direction of SPPs that interfere with the incident beam [3].
In case the incident beam interferes with SPPs propagating along the
incident beam, the period of LSFLs will increase with the incident beam
angle, and decrease when SPPs propagate against the incident beam
along the air-metal interface [3,16]. Previously at off normal incidence,
the former type of LSFLs (large-scale LSFLs) was observed on metals by
us [16], and several observations were available by others for both the
former and latter types of LSFLs (small- and large-scale LSFLs) on me-
tals and semiconductors with various incident beam angles [13,29–31].
Recently, we observed structures with dual periods, namely dual-scale
LSFLs, where the former and latter types of LSFLs coexist at the surface
of metals [32]. The control of incident beam angle can give us an ad-
ditional degree of freedom to change the period of LSFLs [3,16]. With
this capability, it is also expected to efficiently fabricate the surface of
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polymer with various optical and physical properties, since LSFLs on
metals including Ni can be easily replicated at the surface of polymer
[33]. Therefore, to fully make use of these benefits, it is necessary to
have a capability of independently selecting either one or both of two
structural periods. However, currently, it is not clear how to pick out a
specific scale of LSFLs’ period with the number of irradiating pulses.

In this paper, by irradiating femtosecond (fs) laser pulses on metals,
we manipulate the structural period of LSFLs at large incident angles.
By adjusting the number of irradiating fs laser pulses, we fabricate
small-, dual-, and large-scale LSFLs on metals, and demonstrate two
kinds of structural period variations, the sequential structural variations
of these three types of LSFLs and the nonsequential variation directly
from small- to large-scale LSFLs with the control of laser fluence. We
also discuss that all structural periods of LSFLs described here are at-
tributed to the interference between the incident beam and SPPs tra-
velling in the two opposite directions along the air-nanostructure
composite and metal interface.

2. Methods and materials

Our experiments employ a Ti:sapphire laser system that generates
120-fs with the maximum pulse energy of 5mJ/pulse and operates with
a central wavelength of 800 nm at a 1 kHz repetition rate. The samples
used in our experiments were Ni foils with a thickness of 1mm, and
prepared by polishing the surfaces mechanically with 80-nm-grade
colloidal silica, and the average roughness (Ra) of polished surfaces was
9.4 nm. P-polarized fs laser pulses were slightly focused onto the surface
of samples with a lens with a focal length of 150mm, and the sample
was slightly moved towards the lens to minimize nonlinear optical ef-
fects of air. The sample was vertically mounted on a rotation stage to
produce LSFLs at off normal incidence. The 1/e2 intensity spot size
(radius) is used to estimate the fluence of laser. The number of irra-
diating pulses is carefully adjusted with an electro-mechanical shutter,
and the laser fluence is controlled by using a polarizer and half wave
plate assembly. All experiments are performed in ambient air, and the
period and morphological profile of LSFLs are measured by using a
scanning electron microscope (SEM) and atomic force microscope
(AFM), respectively.

3. Results and discussion

By irradiating the surface of Ni with fs laser pulses at a fluence (F) of
0.11 J/cm2, we produce LSFLs at an incident angle of 65°. Following 10
pulses of irradiation, LSFLs form only in a small area within the beam
spot. The period of LSFLs is about 415 nm, and the grating vector of
LSFLs is parallel to the tangential component of laser polarization, as
shown in Fig. 1. The structured area continuously expands with the
number of irradiating pulses. Depending on the number of pulses, the
period of LSFLs observed within the spot is in a range of 310–415 nm.
The period decreases with the number of irradiating pulses, as de-
scribed in Figs. 1 and 2. The LSFLs are covered with a large amount of
nanoscale surface structures. These are consistent with the previous
observations at normal incidence [15,18]. Comparing Fig. 1 with Fig. 2,
we also notice that the shape of nanoscale structures covering LSFLs is
changed from randomly oriented nanostructures (nanoscale protru-
sions, rims, and spheres etc.) to smaller porous type surface structures
with the number of pulses.

Next, the fluence of laser is elevated to 0.17 J/cm2 by increasing the
pulse energy while other conditions are fixed, and the evolution of
LSFLs is monitored with the number of irradiating pulses. At this flu-
ence, the period of LSFLs is distributed in a range of about 350–415 nm,
and the orientation of LSFLs is the same as that of LSFLs produced at
lower laser fluence. The type of nanostructures on LSFLs is randomly
oriented nanostructures, and the size of these nanostructures tends to
increase with the number of pulses, as shown in Fig. 3(a)–(e). At this
fluence, the change of nanostructure type to the porous type surface

structures observed at F=0.11 J/cm2 slightly appears only at 50 pulses
of irradiation, as shown in the inset of Fig. 3(b); however, with larger
pulse numbers, this change is not shown. No significant change in the
LSFLs’ period is also observed up to 100 pulses of irradiation, as shown
in Fig. 3(a)–(c); however, as the number of pulses reaches 250 pulses,
the first structural period variation starts to happen, and large-scale
LSFLs come into view along with small-scale LSFLs initially produced at
lower pulse numbers. The period of large-scale LSFLs is in a range of
2.1–2.9 μm, more than 5 times larger than that of small-scale LSFLs, as
described in Fig. 3(d). Until the number of pulses reaches 500, both
small- and large-scale LSFLs, namely dual-scale LSFLs, clearly coexist
on Ni, as shown in Fig. 3(d) and Ref. [32]. We also perform the similar
experiments on Cu and Ag at larger incident angles of 70° and 80°, and
observe dual-scale LSFLs on these metals. With additional 500 pulses of
irradiation, dual-scale LSFLs on Ni experience another structural var-
iation, resulting in vanishing small-scale LSFLs, and large-scale LSFLs
are covered only with randomly oriented nanostructures, as shown in
Fig. 3(e). By increasing the number of pulses, we can observe the se-
quential structural variations of small- to dual- to large-scale LSFLs
within a fluence range of 0.14–0.17 J/cm2.

We further increase the fluence of laser to 0.24 J/cm2. In the be-
ginning with low pulse numbers, the period of small-scale LSFLs is
around 370–420 nm. Compared with LSFLs at F=0.17 J/cm2, no clear
difference in the shape and orientation of small-scale LSFLs is observed
below 100 pulses of irradiation; however, with more pulses of irra-
diation, the small-scale LSFLs start losing their periodic nature, and are
completely gone prior to the formation of large-scale LSFLs, as shown in
Fig. 3(f)–(h). Due to this early disappearance of small-scale LSFLs with
low pulse numbers, small- to large-scale LSFLs direct transition with no
dual-scale LSFL stage, namely the nonsequential structural variation,
occurs at relatively high laser fluence.

When we take a look at Fig. 3(a)–(d) and (f)–(h), there seem some
nanoscale quasiperiodic structures oriented perpendicular to small-
scale LSFLs. Combined with small-scale LSFL structures, these struc-
tures form an array of rectangular domain at the surface. However,
under identical experimental conditions, the period of these structures
varies a lot and is not well-defined. As shown in the insets of Fig. 3, the
shape of these structures are very similar to randomly oriented nanos-
tructures described in Fig. 1 and Ref. [34,35]. As discussed in Ref. [34],
their average distance also tends to increase with the pulse number and
laser fluence. Accordingly, it is expected that the formation of these
quasiperiodic structures results potentially from squirting liquid metal
within a pot of locally melted liquid metal due both to Marangoni force
and recoil pressure [34,35]. The reason that these randomly oriented

Fig. 1. SEM images of small-scale LSFLs on Ni produced at a fluence of 0.11 J/
cm2 and an incident angle of 65° with 10 pulses of irradiation. Double-headed
arrows (red) indicate the orientation of polarization.
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nanostructures look rather well-aligned along the vertical direction in
Fig. 3 is due to small-scale LSFLs. As clearly seen in Fig. 3(e), (i), and (j),
this alignment is almost gone without small-scale LSFLs.

Let us start to discuss the formation mechanism of the observed
periods of small-, dual-, large-scale LSFLs. As briefly discussed earlier,
nonuniform periodic heating of surface following the interference be-
tween the incident beam and SPPs is attributed to the formation of
LSFLs on metals. In fact, this interference mechanism is consistent with
the Sipe’s theory for the formation of LIPSSs [3]. Accordingly, by in-
troducing so-called efficacy factor, this theory has successfully pre-
dicted the period of LSFLs produced with relatively long pulsed lasers,
where the period of structures is positioned at the peak of the efficacy
factor [3].

To apply the efficacy theory to our experimental results on LSFLs,
we only consider a p-polarized laser pulse, and the grating vector of
LSFLs is in the line of intersection of two planes, the plane of incidence
and the surface of metal. Under these limited conditions, the resonance
or peak position of the efficacy factor at the air-metal interface will be
simply determined by the following equation [3]:

+ ≅ω κ κ ε ω κ κ( , ) ( , ) 0i i0 (1)

where κ is the wave number of LIPSSs, κi = π θ λ( 2 sin / ) is the tangential
component of wave number of incident light, θ is the incident angle, λ
is the wavelength of incident light, ω0= [(2π/λ)2− (κ ± κi)2]1/2,
ω =[(2π/λ)2ε − (κ ± κi)2]1/2, and ε is the dielectric constant of metal.

As mentioned earlier in Section 1, the periods of LSFLs produced
with multiple pulses of fs laser irradiation are significantly smaller than
the ones expected from the efficacy factor due to the prompt change in
the optical constant of materials [17,18,24,36], extensive randomly
oriented surface nanostructures [15,16], and the grooves of LSFLs
[18,22]. However, under our experimental conditions, the prompt
change in the optical constant of Ni does not play a decisive role to
reduce the LSFLs period, since the period of LSFLs on Ni is nearly the
same as its theoretical value of 417 nm, obtained by using the tabular
value of optical constant of Ni [37], at the initial stage of LSFLs for-
mation with 10 pulses of irradiation, as shown in Figs. 1, 3(a) and (f).
Moreover, it is noticed from Figs. 2 and 3 that the rate of decrease in the
LSFLs period with the irradiating pulses diminishes at relatively higher

fluences.
To consider the effects from these surface structures, we assume

nanostructures on LSFLs as a thin layer of air-nanostructure composite
that consists of air host and metal inclusion, described in Fig. 4(a) and
our previous study [16]. With the help of the Maxwell-Garnett theory of
effective media [38,39], the effective dielectric constant of air-nanos-
tructure composite can be quantitatively evaluated as a function of
volume fraction of metal inclusion by using dielectric constants of
1+ 0i (air) and −19+ 21.7i (Ni) [37]. As shown in Fig. 4(b), both the
real and imaginary parts of effective dielectric constant of the compo-
site layer monotonically increase from the dielectric constant of air
(≈1+0i) with the volume fraction of Ni inclusion.

With our assumption described above, the interference can occur at
the surface of air-nanostructure composite layer and/or the surface of
bulk metal. However, SPPs cannot be excited by the incident light at the
interface between air and air-nanostructure composite layer, since the
real part of dielectric constant of air-nanostructure composite layer is
positive [40], as shown in Fig. 4(b). Therefore, we can simply rule out
this possibility, and consider the remaining possibility that the inter-
ference happens at the interface between the air-nanostructure com-
posite layer and bulk metal, described in Fig. 4(a). Accordingly, the
modification of Eq. (1) is unavoidable because Eq. (1) is only applicable
at the air-metal interface.

Actually, Eq. (1) is originated from the denominator of Fresnel
equations [41]. We simply replace Eq. (1) with

′ + ′ ≅ω κ κ ε ω κ κ ε( , ) ( , ) 0i metal i eff0 , obtained from the denominator of
Fresnel coefficient at the composite layer-metal interface with the di-
electric constants of air-nanostructure composite layer (εeff ) and metal
(εmetal). ′ω0 and ′ω are defined as [(2π/λ)2εeff − (κ ± κi)2]1/2 and [(2π/
λ)2εmetal − (κ ± κi)2]1/2, respectively [41]. After arranging this re-
placed equation, we can obtain the following simple relation [16,41]:

=
+

±κ π λ
ε ε

ε ε
κ(2 / ) eff metal

eff metal
i

(2)

where the period of LSFLs equals π κ2 / , and varies with εeff .
Using Eq. (2), we calculate the possible periods of small- and large-

scale LSFLs as a function of volume fraction of Ni inclusion (f), as shown
in Fig. 5. With the period ranges of LSFLs measured from Fig. 3(b), (d),

Fig. 2. SEM images of small-scale LSFLs on Ni produced at a fluence of 0.11 J/cm2 and an incident angle of 65° with (a) 50 pulses, (b) 250 pulses, and (c) 1000 pulses
of irradiation. (d) The period of LSFLs vs the number of irradiating pulses. Double-headed arrows (red) indicate the orientation of polarization.
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Fig. 3. SEM images of LSFLs on Ni produced at an incident angle of 65° with N irradiating pulses at a laser fluence of 0.17 J/cm2 [(a)–(e)] and 0.24 J/cm2 [(f)–(j)].
Double-headed arrows (red) indicate the orientation of polarization. The periods of small-scale LSFLs and nanoscale quasiperiodic structures are denoted in the
insets.
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and (e), the volume fraction of Ni is expected to be in the ranges of
0.07–0.18 for small- and dual-scale LSFLs and 0.1–0.16 for large-scale
LSFLs, described as the blue stripes in Fig. 5.

To directly evaluate the volume fraction of Ni inclusion, first of all
the thickness of air-nanostructure composite layer (ta-n) shown in
Fig. 4(a) needs to be defined. In fact, the field amplitude of SPPs decays
exponentially with a distance from the interface [40], and therefore it is
reasonable to define ta-n as the penetration depth of the air-nanos-
tructure composite layer, where the field amplitude of SPPs falls off a 1/
e of its amplitude at the bulk Ni surface. By considering the effective
dielectric constant of air-nanostructure composite layer in Fig. 4(b), ta-n
is calculated as a function of f in Fig. 4(c) [40]. Then, the morphological
profiles (MP) of all three scales of LSFLs are measured by AFM under
our experimental conditions used in Fig. 3(b), (d), (e). The MPs of all
three LSFLs consist of 256 by 256 pixels describing the height of
structures. For all three scales of LSFLs, the volume of Ni in the layer is
measured by extracting 256 lines of surface profiles. To reduce the error
of estimated volume resulting from the groove of large-scale LSFLs, the
interface between the bulk Ni and the composite layer is carefully ob-
tained using the lowest point of each surface profile along the width
axis described in Fig. 6. Also, ta-n and f are determined by using an
iterative method so that these values are consistent with Fig. 4(c).

The volume fractions of all small-, dual-, and large-scales of LSFLs
estimated from AFM measurements are 0.14 ± 0.033, 0.135 ± 0.040,

and 0.184 ± 0.058, respectively, as shown in Fig. 6. These volume
fractions share clearly with the range of volume fraction forecasted by
the Maxwell-Garnett theory, as shown in Fig. 5. It is worth noting that f
in Fig. 6(c) is a bit overestimated due to large variation of surface
profiles along the width axis near the origin of the length axis described
in Fig. 6(c). Simply excluding a range of 0–0.5 μm in the length axis
reduces f to 0.169 ± 0.058. Consequently, we suggest that both small-
and large-scale of LSFLs’ formations can be understood by the inter-
ference between the incident light and SPPs at the air-nanostructure
composite layer and bulk metal rather than air-metal interface.

Next, to understand why dual-scale LSFLs do not exist at a relatively
high fluence of 0.24 J/cm2, we need to take into account the change in
reflectance by irradiating fs laser pulses. In fact, following fs laser pulse
irradiation, the reflectance of metal surface tends to decrease sig-
nificantly with the creation of laser-induced nano- and micro-scale
surface structures [42], and the size of the structures becomes larger
[34]. Therefore, even though small-scale LSFLs form at low pulse
numbers, small-scale LSFLs cannot last with more pulses of irradiation,
since the absorbed laser fluence monotonically increases with the pulse
number. The small-scale LSFLs are effectively blurred by the formation
of bigger randomly oriented structures, covering large-scale LSFLs.

Lastly, we would like to briefly note that a larger amount of energy
can be required to produce larger-scale LSFLs, since a larger amount of
material ablation is requisite. This is why the formation of large-scale
LSFLs requires more irradiating pulses and higher fluence than the
small-scale ones.

4. Conclusion

In conclusion, following fs laser pulse irradiation, the manipulation
of morphological profile of fs LSFLs has been investigated on metals. By
increasing the number of irradiating fs laser pulses at large incident
beam angles, we have fabricated three types of LSFLs, small-, dual-, and
large-scale LSFLs, and observed two kinds of structural period varia-
tions, the sequential structural variations from small- to dual- to large-
scale LSFLs and the nonsequential variation directly from small- to
large-scale LSFLs, depending on the laser fluence. Therefore, with a
proper use of these structural period variations, it is expected that
changing the incident angle can be fully used to adjust and expand the
period and its range of LSFLs, respectively. Moreover, our study has also

Fig. 4. (a) Sketch of air-nanostructure composite layer in our experiment. (b)
Effective dielectric constant and (c) thickness of air-nanostructure composite
layer (ta-n) as a function of the volume fraction of Ni inclusion estimated by the
Maxwell-Garnett (MG) theory.

Fig. 5. Periods of small- and large-scale LSFLs versus the volume fraction of
metal. The solid and dashed curve denote the calculated periods of small- and
large-scale period of LSFLs. The blue stripes indicate the observed periods of
small- and large-scale LSFLs, corresponding to the range of volume fraction
predicted from the Maxwell-Garnett theory, whereas the green stripes indicate
the estimated volume fractions of nanostructures from small-, dual-, and large-
scale LSFLs calculated from AFM measurements and describe the corresponding
periods at these estimated volume fractions.

H.U. Lim et al. Applied Surface Science 454 (2018) 327–333

331



shown that these three types of LSFLs can be described by the inter-
ference between the incident beam and SPPs at the air-nanostructure
composite and metal interface rather than the air-metal interface.
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