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A B S T R A C T

With femtosecond (fs) laser pulse irradiation, a simple but efficient technique to fabricate bi- and quad-direc-
tional low spatial frequency laser-induced periodic surface structures (BD- and QD-LSFLs) is suggested on metals.
By inserting a quartz wedge achromatic depolarizer prior to the focusing optics, we change the polarization of fs
laser pulses periodically in one dimension within the laser spot, and find that this method leads to the creation of
BD- and QD-LSFLs by simply raster scanning fs laser pulses on Ni. It is also demonstrated that the interval of
orientation change of BD-LSFLs can be manipulated with defocus.

1. Introduction

In the past few decades, femtosecond (fs) laser-induced periodic
surface structures (LIPSSs) on metals have been paid attention to the
field of laser-matter interaction due to their unique capability of con-
trolling the optical, physical, and mechanical properties of metal sur-
faces with simple and environmentally beneficial fabrication processes
[1–7]. Among various types of fs LIPSSs, low spatial frequency LIPSSs
(LSFLs) are particularly useful to manipulate the structural color of
metal surface by means of diffraction, because the period of LSFLs
generated at normal incidence with commonly used Ti:sapphire and Yb-
doped fiber fs laser systems falls into the range of visible and near-
infrared wavelengths [4,8–10]. Moreover, the range of LSFL period can
be easily expanded continuously from near-UV to near-IR wavelengths
with the incident beam angle [9,11,12], and the efficiency of a specific
order of diffraction can be potentially controlled by creating LSFLs with
the blazed grooves [13].

Since the formation of LSFLs is attributable to the interference be-
tween the incident p-polarized laser pulses and surface plasmon-po-
laritons (SPPs), excited by the incident pulses, the orientation (grating
vector) of LSFLs only appears within a small angular range close to the
polarization direction of fs laser pulses [9,11,14–16]. Due to this re-
striction, the structural color desired from LSFLs can be sharply ob-
served within a very narrow viewing angle near the angle of diffraction
[4,17]. The most common ways of expanding the viewing angle of

structural color are to fabricate LSFLs with multiple orientations by
changing the linear polarization direction of a laser beam using a half-
wave plate [8,17] and by tailoring the polarization of fs laser within the
beam spot so that diffraction occurs efficiently to multiple directions.
Recently, by using a spatial light modulator (SLM), full control of laser
polarization within laser beam spot is now possible [18], and there also
have been a few attempts to utilize this ability to surface nanos-
tructuring [19,20]. However, unfortunately, SLM can be only used at
relatively low laser fluence due to low damage threshold and heat ac-
cumulation. Currently, without using an SLM, optical vortex beams
with radially and azimuthally polarizations and their modified forms
have been typically used for LSFL fabrication in most cases [21,22].
Although creating LSFLs with multiple orientations, these types of po-
larizations have rotational symmetry, and therefore are not well-fitted
with raster scanning for seamless production with high productivity.

In this work, under fs laser pulse irradiation, we suggest a highly
effective technique to fabricate bi- and quad-directional LSFLs (BD- and
QD-LSFLs) on metals by spatially changing the polarization of fs laser
beam with a quartz wedge achromatic depolarizer (QWAD). We also
demonstrate that the changing interval of BD-LSFL orientation can be
adjusted by slightly defocusing the fs laser pulses from the surface of
metal.
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2. Methods and materials

An amplified Ti:sapphire fs laser system that generates 120-fs at a
central wavelength of 800 nm used in our experiments, and operates
with an average power of 5W at a 1 kHz repetition rate. A 1/e2 in-
tensity diameter of fs laser output is about 10mm, and apertures with a
diameter of 2mm and 4mm are used, in case we need to reduce the size
of laser beam output, as shown in Fig. 1. To fabricate LSFLs on Ni, Ni
foils with a thickness of 2mm are mechanically polished with 80-nm-
grade colloidal silica, and the average roughness of polished Ni surfaces
is measured to be 9.4 nm.

Before fs laser pulses hit the lens, the polarization of linearly po-
larized laser beam is tailored one-dimensionally by using a QWAD. As
described in Fig. 1, QWAD is consist of two crystal quartz wedges with a
wedge angle of 2° assembled with 0.2 mm air gap between two wedges.
The front and rear wedge thicknesses at the center are 4.8mm and
2.4 mm, respectively, and the angle between the optic axes of two
wedges is 45°. In our experiments, fs laser pulses always hit the front

wedge at normal incidence, and their polarization is parallel to the
crystal axis of the front wedge and is 45° rotated from the crystal axis of
the rear wedge. For the incident fs pulses, the front wedge of QWAD
only changes their incident angle to about 3.1° at the front surface of
the rear wedge. With the off-normal incidence at the front surface of the
rear wedge, the mismatch between the polarization direction of in-
cident fs laser pulses and the optic axis of the rear wedge leads to the
separation of fs pulses into two with a very small angular deviation of
propagation due to the birefringence of quartz, whose refractive indices
for the electric field components of fs laser pulses parallel and per-
pendicular to the optic axis of quartz are 1.547 and 1.5383 at our laser
wavelength of 800 nm, respectively [23]. Following Snell's law [24],
the angular deviation of propagation between two fs pulses separated
can be calculated as 0.018°. The two separated fs pulses each have
polarizations parallel and perpendicular to the optic axis of the rear
wedge.

After QWAD, fs laser pulses are slightly focused onto the sample
surface with a 100mm focal length plano-convex lens, while the sample

Fig. 1. Schematic of BD- and QD-LSFL fabrication in our experiments. Polished Ni samples are raster scanned in the x direction. Optic axes of front and rear wedges of
QWAD follow the coordinate described in the dashed box.

Fig. 2. SEM images of BD-LSFLs fabricated with a defocus of 1.5mm. Two orientations of BD-LSFLs are fabricated twice within a single scan line. Spatial interval of
orientation change in BD-LSFL across the scan line is about 22 μm.
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is always raster-scanned with a velocity of 1mm/s in all our experi-
ments. The sample is mounted at 1.5mm, 3.5mm, or 5.5mm prior to
the focal plane for the fabrication of BD- and QD-LSFLs. The semi-minor
(semi-major) axes of 1/e2 intensity at these positions are measured
about 75 μm (105 μm), 180 μm (210 μm), and 270 μm (295 μm), re-
spectively, where the elliptical beam shape is originated from the se-
paration of fs laser pulses by QWAD. The laser fluence is calculated by
taking into account the elliptical shape of beam. The ablation of po-
lished Ni samples starts to occur at a laser fluence of 0.016 J/cm2.

The surface textures of BD- and QD-LSFLs are measured by using a
scanning electron microscope (SEM). Lengths written in Figs. 3–5 de-
note the thicknesses of each orientation of LSFLs within BD- or QD-
LSFLs, and double-headed (red) and single-headed (yellow) arrows in
all SEM images indicate the orientation of LSFLs and the direction of the
raster scan, respectively, where the orientation of LSFLs is defined as
the grating vector of LSFLs. All SEM images show BD- or QD-LSFLs
within a single raster scan line.

3. Results and discussion

We start by irradiating fs laser pulses to polished Ni surfaces with a
fluence of 0.11 J/cm2 at normal incidence after the polarization of fs
laser pulses is manipulated with a QWAD. A polished Ni sample is
mounted about 1.5mm prior to the focal planes. Under these experi-
mental conditions, we generate bi-directional LSFLs (BD-LSFLs), where
LSFLs are clearly oriented with two distinct perpendicular directions, as
shown in Fig. 2(a). The thickness of each scan line with BD-LSFLs is
about 85 μm, and the orientation of BD-LSFLs rotates 90° every 22 μm.
Consequently, the two perpendicular orientations of LSFLs in BD-LSFLs
are formed twice within the scan line. Regardless of their orientations,
the period of LSFLs is in the range of 650 ± 30 nm, as shown in
Fig. 2(b).

Next, laser fluence increases to 0.17 J/cm2, while other conditions
are kept the same. The thickness of fs laser scan line widens to 130 μm
due to higher laser fluence. Different from the low fluence case shown
in Fig. 2, two additional orientations of LSFLs with 45° rotated from the

Fig. 3. SEM images of QD-LSFLs produced by a single raster scan with laser fluences of (a) 0.17 J/cm2 and (b) 0.34 J/cm2. The amount of defocus used here is
1.5 mm. Lengths described in the SEM images show the thicknesses of each orientation of LSFLs within QD-LSFLs. Thicknesses of two additional orientations at the
edges of the scan line increase with laser fluence.
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orientations of BD-LSFLs come into view at the two edges of each scan
line, and eventually contribute to the formation of quad-directional
LSFLs (QD-LSFLs), as clearly viewed in Fig. 3(a). When we further
elevate the laser fluence to 0.34 J/cm2, the area of LSFLs with these
newly added orientations expands to the edges of the scan line as the
thickness of the scan line increases, as described in Fig. 3(b); however,
in terms of the period of BD-LSFL groove and the interval of BD-LSFL
orientation change in the center of the scan line, no apparent differ-
ences are observed from BD-LSFLs in Figs. 2 and 3.

Fig. 4 shows BD-LSFLs produced on Ni positioned at 3.5mm prior to
the focal plane. Compared to the previous cases shown in Figs. 2 and 3,
the fs laser processed line becomes thicker at the surface of Ni due to an
additional defocus of 2mm. With a laser fluence of 0.07 J/cm2, the two
orthogonal orientations of BD-LSFLs are clearly formed only once
within the raster scan line and are observed twice at a laser fluence of
0.13 J/cm2, as shown in Fig. 4(b). However, two additional orientations
consisting of QD-LSFLs at the edges described earlier are rarely

observed with the edges of the scan line at a defocus of 3.5mm.
Compared Fig. 3 to Fig. 4(b), the orientation of BD-LSFLs at the top
edge of the scan line in Fig. 4(b) is in the horizontal direction, different
from that in Fig. 3.

From Figs. 3 and 4, it is easily noticed that the interval of orienta-
tion change of BD-LSFLs significantly increases from 22 μm to 48 μm
with defocus. This increase in the spatial interval of orientation change
of BD-LSFLs also holds with a longer defocus of 5.5mm, and the in-
terval becomes about 75 μm as clearly visualized in Fig. 5. Our ob-
servation indicates that the interval of the orientation change can be
readily controlled with defocus.

Our understanding of LSFLs formation on metal is largely based on
the interference between the incident fs laser pulses and SPPs excited by
the incident laser pulses [9,14]. According to this mechanism, the or-
ientation (grating vector) of LSFLs is parallel to the polarization of in-
cident laser pulse for linear polarization [9,14] and the major axis of
ellipse for elliptical polarization [25] at normal incidence. Therefore, it

Fig. 4. SEM images of BD-LSFLs produced at 3.5 mm defocus with laser fluences of (a) 0.07 J/cm2 and (b) 0.13 J/cm2.
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is essential to obtain the polarization direction of fs laser pulses at the
sample surface to understand the formation of BD- and QD-LSFLs.

Before evaluating the polarization of fs laser pulses in detail, we first
consider the effect of QWAD on fs pulses. QWAD separates fs pulses into
the two orthogonally polarized fs pulses with a small angular deviation
of 0.018°. The angular deviation and polarizations of the two separated
pulses both are confirmed by our observation that the fs laser pulses are
completely separated about 31 μm without defocusing and their po-
larizations are orthogonal to each other, as shown in Fig. 6. The sizes of
fs laser spots mentioned in Section 2 for the three defocused distances
are much bigger than their separation, most part of the two ortho-
gonally polarized fs pulses are spatially overlapped, and therefore the

effective polarization within the overlapped region can be determined
by the orientations and phase differences of electric fields of two se-
parated fs pulses.

In Fig. 7, the wrapped phase difference between two orthogonally
polarized fs pulses right after QWAD and the corresponding polariza-
tion for each phase difference are calculated by considering that the
angular difference in the propagation of two separated fs pulses is
0.018° [24,26]. Although the polarization direction of fs pulses changes
across the laser spot, the orientation of linear polarization and the
major axis of elliptical polarization are limited to the horizontal and
vertical directions, described in Fig. 7. Due to this limit, LSFLs can have
two orientations with QWAD, parallel to either the polarization direc-
tion of linear polarization or the major axis of elliptical polarization.
Consequently, the formation of BD-LSFLs results from tailored polar-
ization of fs laser pulse led by the superposition of the electric fields of
these two separated and orthogonally polarized fs laser pulses with
continuously changing phase difference across the scan line.

The formation of QD-LSFLs can be simply understood in a similar
manner. In fact, the angular deviation between the separated fs pulses
leads to the creation of field intensity unbalance toward the edges of the
scan line, where the field from the closer laser spot affects more.
Furthermore, while changes in the separation of two fs pulses are in-
significantly small with defocused distances used in our experiments,
the degree of field intensity unbalance becomes more significant as the
size of laser spot gets smaller with a smaller defocus. Therefore, two
additional orientations for QD-LSFLs, parallel and perpendicular to the
optic axis of the rear wedge, can appear at the two edges of the scan line
only with the smallest defocus of 1.5 mm, and are barely observable
with larger defocused distances due to negligible field intensity un-
balance resulting from much larger spot sizes compared to the spatial
distance between two separated fs pulses.

Further evidence can be obtained by reducing the diameter of the fs
laser beam with the aperture described in Fig. 1. By using the aperture,
the spot size of fs laser pulses can be significantly reduced, and even-
tually enlarges the area of unbalanced field intensity region at the edges
within the scan line even with a larger amount of defocus. As shown in
Fig. 8, two orientations of LSFLs parallel and perpendicular to the optic
axis of the rear edge are revealed independently at the edges of the scan
line, while these are not clearly observed without the aperture

Fig. 5. SEM images of BD-LSFLs on Ni produced at 5.5 mm defocus with a fluence of 0.12 J/cm2.

Fig. 6. SEM image of BD-LSFLs produced without defocus. Orientations of
LSFLs in two lines produced by a single raster scan are perpendicular to each
other, and clearly indicate that the polarizations of fs pulses separated into two
by QWAD are orthogonal.
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Fig. 7. Wrapped phase difference between two separated fs pulses right after QWAD. Double headed arrow (blue) denotes the optic axis of the rear wedge, and the
polarizations of two separated fs pulses are parallel and perpendicular to the optic axis. Both X and Y axes are normalized by the 1/e2 intensity radius of fs laser pulses
incident on QWAD.

Fig. 8. SEM image of LSFLs with three orientations generated by using apertures prior to QWAD with a defocus of 3.5 mm. Diameters of apertures are (a) 4 mm and
(b) 2mm. Except the apertures, other conditions are the same as those for the fabrication of BD-LSFLs in Fig. 4(b).
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described early in Fig. 4(b).
It is worth noting how the laser fluence itself can be used to change

from QD-LSFLs to BD-LSFLs as shown in Figs. 2 and 3. In Fig. 3, all four
orientations consisting of QD-LSFLs can be clearly shown within the
scan line; however, as the laser fluence reduces, only the area of two
orientations at the edges of scan line shrinks. These orientations are
completely gone at the smallest fluence used with a defocus of 1.5 mm
and BD-LSFLs eventually form, as shown in Fig. 2.

Lastly, we demonstrate that BD- and QD-LSFLs can be used to
change the optical properties of metal surface. In Fig. 9, the sample with
LSFLs, BD-LSFLs, and QD-LSFLs is mounted on the rotation stage, and
illuminated by white light emitting diodes at an incident angle of 5°.
The sample is observed at an angle of 55°, near the -1st order diffraction
angle for blue-green color in the visible while rotated about its surface
normal. As clearly shown in Fig. 9, different from LSFLs with a single
orientation, BD-LSFLs and QD-LSFLs display structural colors with a
much broad angular range than LSFLs with a single orientation, and
therefore can create the multidirectional colorization of metal surface
through diffraction.

4. Conclusion

To conclude, using fs laser pulse irradiation, a concise technique to
fabricate BD- and QD-LSFLs is suggested on metal. By inserting a quartz
wedge achromatic depolarizer prior to the focusing optics, we control
the fs laser polarization periodically within the laser spot, and find that
this control leads to the creation of BD- and QD-LSFLs by raster

scanning metal surfaces. We also find that the changing period of BD-
LSFL orientation can be controlled by adjusting an amount of defocus
during raster scanning. It is also demonstrated that BD- and QD-LSFLs
can be potentially useful to control the optical properties of metal
surface with multidirectional colorization through diffraction.
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