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Specific features of formation of self-induced gratings on metal foils
during scanning by a tightly focused femtosecond laser beam

A.V. Dostovalov, V.P. Korolkov, S.K. Golubtsov, V.I. Kondrat’ev

Abstract. Formation of self-induced gratings on a metal surface
scanned by a focused femtosecond laser beam has been investi-
gated. It is experimentally shown that application of femtosecond
IR radiation allows one to form more ordered self-induced gratings
as compared with the gratings formed by visible light. The depen-
dence of the tilt of grating lines with respect to the beam polarisa-
tion direction on the distance between tracks and the beam motion
direction in adjacent tracks is analysed. Formation of two-dimen-
sional periodic gratings during double laser beam passage along the
same trajectory but with a small difference in the beam polarisation
directions has been found for the first time.

Keywords: femtosecond laser nanostructuring, self-induced peri-
odic nanostructures, two-dimensional self-induced gratings.

1. Introduction

Femtosecond laser microprocessing has become one of the
most intensively developing laser technologies in the last
years [1]. Surface laser ablation is widely used to form micro-
graphs [2] and three-dimensional surfaces with minimally
possible mechanical and thermal strains in the regions sub-
jected to processing [3]. A detailed analysis of the surfaces of
different materials processed by femtosecond laser radiation
revealed formation of self-induced periodic nanostructures
with a period smaller than the laser wavelength [4, 5]. Under
these conditions, the laser beam diameter can be as large as
1 mm. It was shown that the direction of grating lines is deter-
mined by the beam polarisation direction [6, 7].

The effect of self-induced surface nanostructuring can be
explained by the interference between the incident electro-
magnetic wave and the surface plasmons excited by this wave
[8, 9]. The quantitative properties of femtosecond laser nano-
structuring have been poorly investigated, and the results
obtained call for further refinement. Nevertheless, even now
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the nanostructures formed in this way are used to change the
colour of metals without colouring them [10], form antireflec-
tion coatings [11], and control wettability during fabrication
of microfluidic microsystems [12]. New areas of application
are intensively sought for.

Our interest in the formation of self-induced gratings is
stimulated by the search for a new technology of forming
polymer microfluidic microsystems based on replication of
metal master dies with microchannels, produced by the LIGA
technology [13]. Localised coating of the microchannel sur-
face by nanogratings can be used to change the wettability
and absorption properties of certain regions and detection
zones. Surface localised nanostructuring of metal master dies
produced in large amounts is more efficient than individual
nanostructuring of each microfluidic chip.

The investigations were performed on a laser recording
system developed jointly by research teams of Novosibirsk State
University and the Institute of Automation and Electrometry
(Novosibirsk). This system includes a PHAROS 6W femto-
second laser (Light Conversion Ltd) (centre wavelength of the
fundamental harmonic 1026 nm, pulse duration v = 232 fs,
pulse energy E < 0.2 mJ, and repetition rate f = 1 kHz) and a
high-precision Aerotech positioner (horizontal scan range 25
x 100 mm, scan speed up to 300 mm s~!, vertical scan range 6
mm). The sample scan speed V in our experiments was varied
from 0.2 to 0.5 mm s~'. The laser beam was focused along the
normal to the surface in all experiments. A digital camera and
a LED illumination system were applied to observe the
recording process and perform exact positioning of the illumi-
nated area on the sample surface. The focused beam diameter
was about 4—6 um. The samples were galvanically grown
nickel foils 20—30 wm thick. The nanostructures formed on
the sample surface were investigated on a Hitachi S3400N
scanning electron microscope (SEM).

In our opinion, the use of a femtosecond laser beam
focused into a spot less than 10 um in size is more promising
than irradiation by a wide beam through a mask for the tasks
that require only local nanostructuring of metal surface.
Recording by a femtosecond beam with a polarisation vector
codirectional to the beam velocity vector forms a grating
structure with an average period of 820 nm. This structure
(Fig. 1) is much more ordered than that recorded by a wide
beam (~1 mm in diameter) with a low pulse repetition rate
and an energy of about 1 mJ [11]. However, gratings with a
period that is almost half the femtosecond wavelength radia-
tion are formed in the latter case.

Since the period of self-induced gratings may be impor-
tant for not only optical but also microfluidic applications,
we investigated recording of self-induced gratings at a wave-
length of 513 nm, suggesting that the interference nature of
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Figure 1. SEM micrograph of self-induced nanogratings recorded on
the surface of a nickel foil by 1026-nm radiation with a pulse energy £
= 130 nJ and scan rate V= 0.5 mm s~'. The bidirectional arrow, which
shows the beam polarisation direction, is located on the trajectory of
laser spot centre.

this effect should lead to a proportional decrease in the period
of self-induced gratings. Nickel foils moving with V' = 0.2—
0.5 mm s were illuminated by a focused beam with the fol-
lowing parameters: t =270 fs, E=130-200 nJ, f'= 1 kHz, and
spot diameter 6 um. At a low pulse energy and high scan
speed (12 pulses with an energy density of 0.456 J cm™2), we
obtained a spongy structure (Fig. 2a) with a weak periodicity
in the scanning direction (along the vertical axis in Fig. 2).
With an increase in the number of pulses with the same energy
density (falling in an area with a size equal to the beam diam-
eter) to 30 (V= 0.2 mm "), pronounced linear gratings arose
at the boundaries between the grooves (dark vertical areas)
formed as a result of strong ablation of the surface material.
The average period of nanostructures was reduced to 370 % 20
nm, which is smaller by a factor of about 2.2 than that
obtained by us in the experiments with femtosecond IR radia-
tion having the same polarisation direction (Fig. 3a).

This pattern confirms on the whole the hypothesis
explaining the formation of self-induced gratings by the inter-
ference between the light field and surface plasmons. Linear
gratings are practically absent at an energy density as
high as 0.71 J cm=2. Thus, our experiments showed that irra-
diation by 1026-nm femtosecond pulses forms more uniform
self-induced gratings than in the case of irradiation at the
second-harmonic wavelength.

To obtain more uniform gratings, we investigated their
formation at different distances between neighbouring linear

tracks of the laser beam and different scan speeds. At a large
distance between the tracks and a high scan speed (10 pulses,
0.54 J cm™), the self-induced grating lines were directed
strictly perpendicular (Fig. 3a) to the laser beam polarisation
direction (which was parallel to the scanning direction). The
averaged grating period in Fig. 3a is 807 nm. With a decrease
in the scan speed (25 pulses, 0.54 J cm~2) (Fig. 3b), the mutual
influence of tracks becomes stronger; this effect is likely of
thermal origin. In the region of maximum intensity the grat-
ing is completely erased by ablation (dark bands). The lines of
the gratings formed by the Gaussian beam wing during the
previous passage play a role of a light-scattering (seed) struc-
ture, which stimulates the formation of surface waves with a
certain phase on a wing of beam intensity distribution in the
next passage. Under settled conditions, there is also a grating
in the centre of the front (with respect to the motion direction)
part of intensity distribution; furthermore, this grating is
erased by ablation. The lines are bent or inclined as a result of
these two competing processes. A similar effect of existing
structures on the formation of new ones was investigated in
[14], where periodic titanium oxide structures with a high
degree of order (the spread of period values was ~1 nm
throughout a total area of 1 mm?) were fabricated on the sur-
face of the titanium substrate using a positive feedback; the
titanium surface between these structures remained the same.
However, the formation of these structures was explained in
[14] by the interference of the incident beam with the radia-
tion scattered from the surface rather than the interaction of
incident beam with excited surface plasmons.

With an increase in energy (25 pulses, 1.08 J cm™2)
(Fig. 3c), a deep groove is formed in the region of maximum
beam intensity to isolate rather rapidly the gratings on the left
and on the right from the maximum (i.e., to eliminate their
mutual influence). In addition, an increase in the pulse energy
rises the temperature at large distances from the impact
region, thus changing the optical constants of the metal.
These effects, as well as the increase in the groove wall slope,
are likely to incline the grating lines. A very similar pattern,
but with more ordered oblique grating lines, is observed at a
pulse energy of 107 nJ (25 pulses, 0.54 J cm~2) and a distance
of 4 um between tracks (Fig. 3d). When the exposure areas of
neighbouring tracks are overlapped, the line direction devi-
ates strongly from perpendicular. In addition, the rotation
angle of grating lines depends on the beam scanning direc-
tion. The dark vertical areas in Figs 3¢ and 3d correspond to

Figure 2. SEM micrographs of self-induced nanogratings recorded on the surface of a nickel foil by 513-nm radiation at different pulse energies and
scan rates: (a) E=130nJ, V=0.5mms"', (b) E=130n], V=02mms, and (c) E =160 nJ, V= 0.2 mm s~'. The bidirectional arrow, which shows
the beam polarisation direction, is located on the trajectory of laser spot centre.
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Figure 3. SEM micrographs of self-induced gratings recorded during linear scanning by a femtosecond laser beam with distances D = (a—c) 5 and
(d) 4 um between tracks, at (a) E=107nJ, V=0.5mms "', (b) E=107nJ, ¥=02mms™, (c) E=215n], V=0.2mm s !, and (d) E= 107 nJ,
V'=0.2mm s . The bidirectional and dashed arrows show, respectively, the beam polarisation direction and the direction of beam centre motion.

the maximum of laser intensity distribution. The line rotation
angle is 15°-20°. The averaged grating period in Fig. 3d
along the beam motion direction is 750 nm. A similar effect of
grating line rotation manifests itself in the micrographs
reported in [7]. However, this effect was neither emphasised
nor commented in [7], although other researchers had pre-
viously concluded that the grating lines were perpendicular to
the beam polarisation direction [6]. Rotation of grooves of a
self-induced grating formed on a steel surface irradiated by
a picosecond laser was observed in [15]. Nanotexturing was
also found to depend on the laser beam scanning direction
in [15].

To study in more detail the dependence of the grating line
rotation on the size of the overlap area of neighbouring tracks
and the beam scanning direction, we recorded cross-shaped
figures on the nickel foil surface (Fig. 4). Recording was per-
formed during two straight-line passages of the laser beam
with a small angle between the beam trajectories (14°). In Fig.
4b the beam moved in opposite directions in each successive
passage (as in Figs 1 -3), whereas in Fig. 4c the beam motions
were codirectional. In both cases the direction of the beam
polarisation vector was the same: along the first-passage
direction (the y axis in Fig. 4a).

Figure 5 shows the measured dependences of the rotation
angle a of self-induced-grating grooves on the distance D
between tracks. The angle was measured at the midpoints of
the segments between tracks with respect to the perpendicular
to track 1 (the counterclockwise angle a was assumed to be
positive). The change in the sign of D corresponds to the tran-

Figure 4. (a) Schematic diagram for determining the distance D be-
tween tracks and the rotation angle a of structures and (b, c¢) the SEM
micrographs of self-induced nanogratings recorded by linear scanning
of a femtosecond laser beam with different scan paths: (b) oppositely
directed and (c) codirectional scans. The recording parameters are as
follows: pulse energy 107 nJ, scan rate 0.2 mm s~', and wavelength 1026
nm. The arrows indicate scan directions. The bidirectional arrows show
the beam polarisation directions.
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sition through the track convergence point (see Fig. 4a). The
measurement result was approximated by a quadratic poly-
nomial. The maximum observed rotation angles were smaller
than those in Fig. 3d. This is likely due to the deviation of the
beam polarisation direction from the groove axis by 14° dur-
ing the second passage. Therefore, the conditions of femtosec-
ond irradiation are not identical in these experiments.
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Figure 5. Dependences of the rotation angle of structures on the dis-
tance D between tracks for different scans: (o) codirectional and (m)
oppositely directed.

A comparison of Figs 4b and 4c shows that the direction
of scanning along neighbouring trajectories affects the char-
acter of grating line rotation. The most ordered and straight
lines are formed in the case of convergence of codirectional
tracks spaced by a distance D = 2.5-3.6 um (the rectangle
formed by white lines in Fig. 4c). In the regions where two
beam tracks coincided, the main-grating lines were distinctly
rotated for the opposite passage direction. Their period
(800 nm) somewhat exceeds that of the gratings formed in the
case of codirectional neighbouring tracks (750 nm). The sub-
sequent divergence of the beams leads again to the formation
of grating lines at a distance of 2.5—3.6 um, which are now
not straight but bent and less ordered. This can be explained
by the asymmetry of distributions of the spectral or temporal
characteristics of femtosecond laser beam over the cross sec-
tion oriented perpendicular to the beam motion direction (an
intensity distribution measurement showed its correspon-
dence to the TEM, mode).

Another possible reason is the formation (due to the abla-
tion) of a groove with inclined walls in the first beam track.
Our measurements of the relief on a white-light interferome-
ter WLI showed that the groove depth reaches 200—300 nm.
This depth corresponds to an average groove wall slope of
6°—8°. During the second passage (at some angle to the first
track) the beam crosses the first groove at one side and then,
after passing through the intersection point of trajectories,
reaches the other groove wall. During the second passage
there is a component of the polarisation vector that is perpen-
dicular to the motion direction. At an angle of 14° between
the first and second tracks, the ratio of the electric field com-
ponents oriented perpendicular and parallel to the motion
direction is 1:4 for the second passage. At first glance, this
significant dominance of the longitudinally polarised compo-
nent should completely suppress the influence of the compo-
nent with transverse polarisation. However, in the portion
where the tracks coincide, the presence of a weak transverse
component leads to the formation of a two-dimensional grat-
ing, which can be seen in Fig. 4 (it is shown on the enlarged
scale in Fig. 6). It is likely that the amplification effect is pro-
vided by the flat groove walls and grating protrusions ori-
ented perpendicular to the walls, which were formed in the
first passage. The heat sink from these protrusions is less effi-
cient; therefore, irradiation by a large number of pulses results
in a higher average temperature at their vertices, thus enhanc-
ing the interference field effect.

The formation of two-dimensional structures was revealed
in [16] as a result of irradiation of a tungsten sample by two
femtosecond pulses; in the interval between the pulses the sam-
ple was rotated by an angle of 90°. This effect was observed
previously in [17], where irradiation of titanium through air by
an immobile femtosecond beam with a wavelength of 800 nm
led to the formation of two-dimensional nanogratings on the
crater walls after irradiation by 10* pulses. The grating period
depends on the beam polarisation direction: 400 nm for the
nanograting with the vector g L E and 1500 nm for the
nanograting with g|| Ein the case of p-polarised radiation. In
addition, formation of two-dimensional disordered structures
with almost isotropic geometric characteristics was previously
observed on a metal surface irradiated through a liquid layer
[11]. It is of interest that the groove walls in our experiments are
characterised by a small slope and that the period of nanograt-
ings with g 1 E (540 nm) is smaller than that of nanogratings
with g|| E(750 nm) by only 28 %.

Figure 6. Enlarged SEM micrographs of self-induced nanogratings recorded during double passage of a femtosecond laser beam along the same
path with different scan directions: (a) oppositely directed and (b) codirectional. The pulse energy is 107 nJ and the scan rate is 0.2 mm s~'. The bi-

directional arrows show the beam polarisation directions.
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The profilograms (recorded on a white-light interferome-
ter) of self-induced structures revealed a ‘groove’ delineating
the structures formed. It was located at a rather large distance
from the beam center, i.e., in the region where ablation could
not occur. We concluded that this object is a swell composed
of an insulator (most likely, nickel oxide) rather than a
groove. The phase delay of the interferometer light beam
transmitted through this swell and reflected backward leads
to the same result as in the case of light reflection from a
groove bottom. With allowance for the refractive index of
nickel oxide (2.18), the swell height is ~20 nm. These swells
are absent in the SEM photographs recorded under normal
incidence of electron beam on the sample, likely because their
height is smaller than that of the main relief of self-induced
gratings by a factor of 10. Therefore, the difference in the elec-
tron scattering from the swell and the flat surface around it is
insignificant. Apparently, nickel oxide is also formed on grat-
ing protrusions, because ablation occurs in grating grooves,
as a result of which oxide is not accumulated in them. The
stimulating effect of oxide layer on the formation of self-
induced gratings on the titanium surface was proven in [14].
Oxidation may also be stimulating in the formation of
nanogratings with g | E in the presence of even a weak com-
ponent of the field E oriented perpendicular to the beam scan-
ning direction, although the oxidation activation energy for
nickel greatly exceeds that for titanium.

Thus, it was experimentally shown that, with the aid of
scanning by a focused femtosecond IR beam, one can form
more ordered self-induced gratings than in the case of expo-
sure to visible light. The dependence of the rotation of grating
lines with respect to the beam polarisation direction on the
distance between the tracks and the beam motion directions
in adjacent tracks was quantitatively investigated. The forma-
tion of two-dimensional periodic gratings as a result of laser
beam double passage along the same trajectory but with a
small difference in the polarisation directions was revealed for
the first time. Specifically, a grating was formed with a period
of lines oriented along the beam motion trajectory smaller
than the period of transverse lines by 28 %. A possible mecha-
nism of this effect is discussed. The use of a focused beam
with a diameter of about five wavelengths allows one to
obtain grooves with a large wall slope at a relatively small
depth during metal ablation along the beam track. Control of
the topology of self-induced gratings using different combina-
tions of beam scanning directions along adjacent tracks, as
well as the distance and angle between tracks, with a signifi-
cant slope of groove walls, can be useful for local (and, pos-
sibly, anisotropic) modulation of the friction coefficient of
details in micromechanical systems and for controlling micro-
flows of liquids in microfluidic systems fabricated by replica-
tion of a locally nanostructured nickel master die with a
microchannel topology.
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