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A B S T R A C T

Surface structures with nanoscale size and periodicity are important in controlling the flow of light as well as
light-matter interaction. Fabrication of these periodic nanostructure requires sophisticated and expensive na-
nofabrication methods that limits large scale production of such structures. Laser induced periodic surface
structures (LIPSS) is a scalable and cheap method to create periodic structures. However, they suffer from
lacking a long-range order. Here, we present a maskless fabrication technique of creating highly uniform sub-
wavelength structures on nickel surface, using two collinear femtosecond laser beams at various temporal delays.
Our femtosecond laser induced periodic surface structures (FLIPSSs) show a high spatial uniformity with a
grating period ranging between 320–350 nm. The high spatial uniformity is a consequence of using two pulsed
beams with short inter-beam delay time due to reduction in the propagation length of excited surface plasmon
polaritons (SPPs). The subwavelength period is due to grating splitting mechanism where the two beams se-
quentially interact with existing structures to create a superimposed grating. The demonstrated fabrication
method enables large scale fabrication of regular sub-wavelength structures.

1. Introduction

Controlling light with nanoscale surface modifications is the cor-
nerstone of modern nanophotonics that paves the way for a new gen-
eration of ultra-compact, integrated photonic devices with broad ap-
plications ranging from basic research to industrial applications [1–4].
Uniform nanostructures are mainly fabricated on planar substrates by
top-down techniques, e.g., electron-beam lithography or focused-ion
beam milling [5–8]. However, these techniques have low throughput,
require multi-step fabrication processes, and are costly [9]. On the
other hand, LIPSS [10,11] offer a high throughput and comparably low-
cost alternative to fabricating periodic nanostructures. FLIPSSs create a
grating-like structure with a period on the order of the incident light
wavelength [4,12,13]. In general, FLIPSSs suffer from two major
drawbacks. The lack of long-range uniformity in the periodic structures,
i.e., the period and orientation of the formed structures, significantly
reduces the surface structure quality and limits its practical applications
[14,15]. This uniformity problem stems from the nature of FLIPSSs
formation. Because FLIPSSs form due to the interference between the
scattered light, or surface waves [16–18], from random roughness and

the incident field, the formed structures have some randomness in their
overall orientation. Another challenge is that the period of the formed
structures is only slightly shorter than the incident wavelength [13,16].
Thus, creating subwavelength structures essentially remains challen-
ging.

One approach to address the FLIPSSs quality problem is by using
positive and negative feedback mechanisms on titanium substrates
[19]. However, the feedback mechanism is not universal as it requires
using non-noble metals that can form oxides easily. Furthermore, it was
shown that [20], uniform FLIPSS are formed on metals with short
surface plasmon polariton (SPP) propagation length, as we will discuss
in detail later. Finally, uniform FLIPSS on dielectrics and semi-
conductors were produced by exciting SPPs at the dielectric-plasma
interface [21]. On the other hand, sub-wavelength line gratings were
realized by splitting FLIPSSs grating either by varying the laser beam
dose during line scanning [22], or via localizing the electromagnetic
field on the protuberance of already existing FLIPSSs [23]. However,
the subwavelength gratings produced by the grating splitting method,
so far, also lack uniformity and are of low quality.

In this work, we report the formation of uniform FLIPSSs with
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subwavelength period on nickel using two collinearly propagated and
temporally delayed beams of laser pulses with different polarizations.
The uniformity originates from using two beams as we demonstrate by
comparing the uniformity of FLIPSSs produced by single and two laser
beams. In addition, we demonstrate a grating splitting that occurs only
for the two laser beams configuration. Consequently, using two spa-
tially overlapping yet temporally-delayed beams we realize sub-
wavelength periodicity with high quality. We propose the possible
mechanisms behind the uniformity and subwavelength periodicity that
are unique to using two delayed femtosecond laser beams.

2. Experimental methods

A diagram of the experimental setup is shown in Fig. 1, where a Ti:
sapphire femtosecond laser amplifier (Spectra Physics HP-Spitfire) was
used as an irradiation source to deliver horizontally polarized pulse
trains at a repetition rate of 1kHz, with a central wavelength of

=λ 800 nm and time duration of =τ 35fs. To study the effect of ul-
trafast surface dynamics on the microstructure formation, a Mach-
Zehnder interferometer was introduced, which split each output pulse
from the laser amplifier into two parts with equal energy by a beam
splitter, BS1. A half wave plate λ( /2) was inserted in one of the optical
paths to rotate the light polarization, thus making the two beams to
possess °30Â between their linear polarizations. The arrival time of the
two laser beams onto the target surface was adjusted by changing the
optical delay line within one of the beam paths. After spatially over-
lapping together by another beam splitter, BS2, the two laser beams
were focused through an objective lens × =(4 ,N. A 0.1) at normal in-
cidence. A bulk Ni plate (with 10mm in diameter and 2mm in

thickness) was mounted on a three-dimensional precision translation
stage. Ni was chosen due to its attractive properties, e.g., high curie
temperature and superior magneto-restrictive properties with many
potential applications such as a cathode for water purification and field
emission enhancement [24,25]. The surface structuring was performed
in a scanning mode with a constant speed of 0.30mm/s, leading to 172
laser pulses partially overlapped within one laser spot area. After the
laser structuring process, the surface morphological features were
analyzed by scanning electron microscopy (SEM).

3. Results and discussion

To determine the effect of using double pulse femtosecond laser in
realizing uniform FLIPSSs, we first investigate the uniformity of single
pulsed FLIPSSs at various fabrication parameters. We varied the fluence
( = −F 0.1 0.4J/cm2), scanning speed (v=0.01–1mm/sec), and dis-
tance from the focal point (0–600 μm). The optimal results are pre-
sented in Fig. 2a and b and was obtained using =F 0.22J/cm2,
v= 0.3mm/sec, and 300 μm distance from the focal point. As shown in
Fig. 2a and b, a well-defined FLIPSSs structures observed with peri-
odicity Λ 660 nmSingle beam . The grooves orientation is perpendicular to
the incident laser polarization (horizontal direction as marked by E in
Fig. 2(b)). The FLIPSSs, however, are of low spatial-uniformity as they
have a wavy-like spatial distribution, i.e., the alignment of each groove
is twisted into many bends rather than a straight line. In our case, the
formation of FLIPSSs is attributed to the laser-surface plasmons (SPs)
interference as illustrated in [13,16]. The non-uniform, low quality, line
gratings are frequently reported in previous works using fixed shot or
scanning of single beam [4,13,16]. This is due to the random scattering

Fig. 1. Experimental setup for the formation of high uniformity 1D FLIPSS structures using two temporally delayed femtosecond laser beams.

Fig. 2. SEM images of the FLIPSSs formation at the optimal fluence ( =F 0.22J/cm2), scanning speed (v= 0.3mm/sec) and distance from the focal point (300 μm)
single beam (a). (b) The magnified view of the marked region in (a).
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sources that act as seed points for FLIPSSs [16,26]. At the highest flu-
ence of =F 0.30J/cm ,2 excessive melting was observed; thus, we choose

=F 0.22J/cm2, throughout the surface structuring.
We then used double collinear beams with different polarizations

such that the pulses arrive with a controlled inter-pulse delay Δτ. The
polarization intersection angle between two beams is °30Â . Note that it
is necessary to use different polarizations otherwise the system interacts
with the two beams as a single, delayed, beam. The laser fluence of each
beam is 0.11J/cm2 which is below the threshold necessary to create
uniform FLIPSSs, however, the net energy fluence of both beams is
equal to the fluence required to create structures on the entire scanned
line as shown in Fig. 2 (0.22J/cm2) which is above the FLIPSSs
threshold. We varied Δτ from 1 ps to 26 ps and investigated the prop-
erties of the formed FLIPSSs as a function of delay time. Two interesting
features are observed; (i) the generated FLIPSSs is significantly more
uniform, (ii) the grating peaks split over time and complete grating
splitting is observed within Δτ=6ps to 14 ps. Accordingly, the FLIPSSs
period reduces by half to Λ 350 nmDouble pulsed beam . For Δτ > 14 ps, the
grating splitting progressively recedes and at Δτ=25 ps the gratings
lose uniformity. Finally, we note that spatial orientation of FLIPSSs is
always perpendicular to the polarization direction of the second laser
beam due to laser-SPs interference as was previously reported [27].

A quantitative description of the above-mentioned grating splitting
processes as a function of the time delay Δτ. is shown in Fig. 4. The inset
of Fig. 4 shows an image of SEM marked with different lines for the
clear understanding of the terms; grating splitting, grooves width and
FLIPSSs periodicity. We measured the grating splitting, grooves width
and FLIPSSs periodicity for the uniform time range where the grating
splitting is evident (Δτ=6–14 ps). Each data point corresponds to the
average of four different points and the error is estimated as the stan-
dard deviation. Two different types of grooves are formed i.e., smaller
one, (marked with black lines in Fig. 4), due to grating splitting
(maximum width of 90 nm), and larger one (marked with red lines in
Fig. 4), results from FLIPSSs formation (maximum width of 123 nm).
The grating splitting, grooves and FLIPSSs periodicity is respectively
marked with black, red and blue lines where the slight increasing trend
in periodicities with the increase in time delay (from = −τΔ 6 14 ps)
for all cases can be seen. The periodicity of these FLIPSSs ranges from

−320 350 nm, with a constant ridge width of 220 nm.
The creation of the FLIPSSs orthogonal to the second beams polar-

ization is further proven by rotating the polarization of both beams

while maintaining the polarization intersection angle as °30Â and a
time delay of =τΔ 6 ps as shown in Fig. 5. This demonstration shows
that the FLIPSSs orientation is entirely due to the second beam. How-
ever, since the second pulsed beam energy is below the FLIPSSs
threshold, the first pulsed beam must play an essential role in creating
the uniform FLIPSSs and the observed grating splitting. Clearly, the
grooves and ridges are very uniform even without grating splitting
which indicates that they do not share the same physical origin.

The uniformity of the double pulse FLIPSSs is likely due to the
modification of the propagation length of SPPs excited by the second
pulse, due to altering the material’s optical properties by the first pulse
[28,29]. SPPs are electromagnetic surface waves taking the form of
propagating charge oscillations at a metal-dielectric interface [30]. The
propagation length of SPPs is =L β1/2SPP

'', where β '' is the imaginary
component of the complex SPP wavenumber [20]. It has been shown
recently [20], that FLIPSSs uniformity is governed by the decay length
of SPPs; shorter LSPP provide more uniform FLIPSSs. This conclusion is
rational as shorter LSPP implies less interaction of the excited surface
wave with surface irregularities. In the double pulse case, the first pulse
clearly modifies the transient complex refractive index ( = +n n in' '')
[31], where n' inand '' are the real and imaginary parts of refractive

Fig. 3. SEM images of the FLIPSSs formation using two time-delayed beams at a total fluence of 0.22J/cm2, and time delays of < <τ1ps Δ 25ps. The red double headed
arrows show the polarization intersection angle of °30Â between two laser beams. The red arrow shows the scanning direction of the target. The scale bar is 2 μm for
Fig. 3(a–f).

Fig. 4. Measured FLIPSSs period, groove width and grating splitting are marked
by blue, red and black lines, respectively. The graph shows the increasing trend
of these parameters as a function of time-delay. Each data point corresponds to
the average of four different points and the error is estimated as the standard
deviation.
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index. Of the metallic substrate. In particular, the reflectance R and LSPP
has certainly changed, where δL δn/ 'SPP and δL δn/ ''SPP have the same
sign as δR δn/ ' and δR δn/ '', respectively, as long as >n n'' , which is true
for all metals including Ni [30]. Since the transient differential reflec-
tion ( R RΔ / ) of Ni excited at 800 nm is negative, i.e., δR is negative, as
shown in Ref. [32], we can conclude that the modification in n leads to
a shorter LSPP, hence, more uniform LIPSS. We note here, that in the
case of a single pulse, the temporal evolution of LSPP was studied and
showed that over the pulse duration, LSPP also decreases over time [20].

Fig. 6 shows the proposed mechanisms behind the observed grating
splitting mechanism. After the formation of uniform FLIPSSs, the well-
known positive feedback mechanism due to the interaction between the
incident radiation and the existing structure further deepens the
grooves [23,26]. As evident from Figs. 3 and 5, the grating splitting
mechanism occurs after the formation of FLIPSSs with period ΛSingle beam.
When the grooves are deep enough, the field intensity of irradiated light
will vary significantly between the grooves and the protuberance [23]
as shown schematically in Fig. 6a. Because each beam has intensity
lower than the FLIPSSs threshold, only regions where the two beams
deposits enough energy can subsequently form FLIPSSs. Since the
grooves are created where the maximum field intensity exist, super-
imposed FLIPSSs starts to form on top of the existing FLIPSSs, where a
positive feedback mechanism results in deepening the grooves further
which splits the grating (Fig. 6b).

4. Conclusion

In this work, we demonstrated a single-step method to rapidly
fabricate uniform and subwavelength 1D FLIPSSs structures using two
temporally delayed, collinear beams with linear polarization intersec-
tion angle of °30Â . We show that the FLIPSSs structures formed are
orthogonal to the second delayed beam. Compared with the irregular
1D grating-like FLIPSSs structures induced by single femtosecond laser
beam, highly uniform 1D FLIPSSs have been produced by employing
two time-delayed laser beams. The uniformity is likely due to the
shortening of the SPP propagation length LSPP following the modifica-
tion of the metal optical properties due to the first pulse. Moreover, the
FLIPSSs undergoes a grating splitting phenomenon that leads to short

period FLIPSSs. Our experiments suggest that the variation of field in-
tensity across already existing FLIPSSs is responsible for the grating
splitting phenomenon. Our investigations can provide deep insights
into femtosecond laser processing of materials using two delayed beams
and can be a starting point for realizing a universal method for fabri-
cating subwavelength uniform nanostructures.
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