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It is demonstrated that a homogeneous nanograting having the groove period much smaller than the
laser wavelength (~800nm) can be fabricated on metals in air through ablation induced by
interfering femtosecond laser pulses (100 fs at a repetition rate of 10 Hz). Morphological changes
on stainless steel and Ti surfaces, observed with an increase in superimposed shots of the laser
pulses at a low fluence, have shown that the nanograting is developed through bonding structure
change at the interference fringes, plasmonic near-field ablation to create parallel grooves on the
fringe, and subsequent excitation of surface plasmon polaritons to regulate the groove intervals at
1/3 or 1/4 of the fringe period over the whole irradiated area. Calculation for a model target having
a thin oxide layer on the metal substrate reproduces well the observed groove periods and explains

the mechanism for the nanograting formation. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928670]

Self-organization process in femtosecond (fs) laser abla-
tion of solid materials has often been observed to form a per-
iodic nanostructure (PNS) on the target surface, where the
groove period reaches a size as small as 1/5-1/10 of the laser
wavelength 2.17% There has been a growing interest in this
phenomenon, as it suggests a promising approach to nano-
processing of materials. Extensive studies have been made to
understand the mechanism responsible for the PNS forma-
tion, especially for non-metallic materials such as dielectrics
and semiconductors.”® The experimental condition or laser
parameters for nanostructuring have been identified for each
target, whereas discussion on the detailed mechanism
appears to still be diverse.

We have been noting the PNS formation under irradia-
tion with superimposed multiple shots of fs laser pulses at a
moderate fluence. This pump condition is crucial for the
PNS formation especially in air and liquid environments, so
as to avoid strong ionization of ambient materials and unde-
sirable thermal pr0(:esses.9’10 Under this condition, we have
shown that a flat target surface is nanostructured through
bonding structure change of the material,''™"® near-field
ablation around the corrugated namosurfalce,mf15 and excita-
tion of standing surface plasmon polariton (SPP) waves.">™""
These interaction processes could explain the origin and
growth of PNSs on DLC,15 Si,16 and GaN,17 where the theo-
retical calculation reproduced well the observed nanoperiod
much smaller than ~//2. Based on the mechanism, we devel-
oped a two-step ablation technique to control the interaction
and imprint a homogeneous nanograting in air."”

In contrast, only a few kinds of metals are known of
which surfaces have been periodically nanostructured
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through the fs-laser ablation in air. Stainless steel (SUS)1#20

and Ti’?'* are the most common metals structured at the
groove period smaller than ~4/2, while the PNS formation
was observed for Cu,25’26 Al,27 and W?® under the specific
conditions. In the fs-laser ablation of metals, the relative lack
of PNS is most likely due to the predominant formation of
so-called ripples with the period size on the order of 4. The
ripple has traditionally been recognized as the structure orig-
inating from the interference between the incident laser field
and the surface electromagnetic waves.”? As is well known,
however, this mechanism can never explain the PNS forma-
tion. The fs-laser-induced nanostructuring of metals is then
far from being fully understood, and its successful control
remains missing as well.

In this letter, using two-beam interference of fs laser
pulses, we demonstrate that the excitation of SPPs is also re-
sponsible for the PNS formation on metals, and the interac-
tion can be controlled to fabricate a homogeneous
nanograting in air under the experimental condition of inter-
est. The nanograting has a groove period equal to 1/3 or 1/4
of the interference fringe period, as the interfering fs laser
pulses can excite SPPs in a single standing wave mode.
Calculation for a model target has reproduced well the
observed grating period to illustrate the mechanism.

The experiment was made for SUS304 and Ti targets
with polished flat surfaces, using linearly polarized 800-nm,
100-fs laser pulses from a Ti:sapphire laser system operated
at a repetition rate of 10 Hz. In a preliminary experiment, we
measured the single-shot ablation threshold as F;=270
(%30) and 260 (=30) mJ/cm? for the SUS and Ti targets,
respectively. With superimposed multiple shots of fs laser
pulses at a fluence less than Fy, periodic surface structures
were spontaneously formed on these targets.

The optical setup using two beams for ablation was
almost the same as that in our previous experiment.'’

© 2015 AIP Publishing LLC
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FIG. 1. Schematic of the optical configuration for pump with interfering fs-
laser beams, where beams 1 and 2, polarized in the x-z plane, are normally
and obliquely incident on the target (x-y plane) at the relative angle 0 to pro-
duce interference fringes in the vertical direction.

Briefly, the fs laser output was split into two beams (1 and 2)
and combined again to overlap in space and time on the tar-
get surface. As schematically shown in Fig. 1, the horizon-
tally polarized beam 1 and beam 2 are normally and
obliquely incident on the target, respectively, at the relative
angle 0 to form an interference pattern with the fringe period
A = 2/sin 6.%° The beam 1 (beam 2) was focused with a 200-
mm (170-mm) focal-length lens to the focal spot of 100 um
(70 um) in diameter. The peak fluences F"’ and F @ of beam
1 and 2 were independently controlled with a pair of half-
wave plate and polarizer to achieve a well-defined fringe pat-
tern at FV=F® (=F).

We observed morphological change of the target surface
as a function of the superimposed shot number N of interfer-
ing fs laser pulses, using a scanning electron microscope
(SEM) and a scanning probe microscope (SPM). A homoge-
neous nanograting was formed on the surface under irradia-
tion with N = 30-250 at F =40-100 mJ/cm?, while a higher
fluence or an excess shot number was observed to disturb the
uniform grating period.

Figure 2 shows the SEM image and its Fourier spectrum
observed for SUS with increasing N at F =50 mJ/cm?, using
the interfering beams with A =890 nm at 0 = 64°, where the
peak fluence at the fringes (bold arrows) is much smaller
than F;. The bright and dark stripes in the image correspond
to the ridge and groove in the surface structure, respectively.
After N = 10, discontinuous broad line-like spots are created
along the interference pattern [Fig. 2(a)]. With N=20, a
more distinct fringe pattern is recorded [Fig. 2(b)], where
one or two narrow line-like valleys are produced through
ablation on the fringe. With a further increase in N, the nar-
row line-like grooves tend to be generated with the period
less than A on the whole area [Fig. 2(c)]. After N =150, the
surface structure is a homogeneous nanograting with the
groove period d ~ A/3 =297 nm, as clearly seen with the iso-
lated peak at 3/A in the spectrum [Fig. 3(d)]. This indicates
that intense nanofields for ablation are periodically generated
to regulate the groove intervals at d ~ A/3.

Appl. Phys. Lett. 107, 071103 (2015)

The experiment using the interfering beams was also
made for Ti. Figure 3 shows the SEM image and its Fourier
spectrum observed with increasing N at F =50 mJ/cm?. For
N =35, broad ablation traces are created on the fringe pattern
[Fig. 3(a)]. With an increase in N, the fringe pattern is
changed into a structure with periodic nanogrooves [Fig.
3(b)], and the groove period is regulated to form a nanograt-
ing with d ~ A/3 [Fig. 3(c)], similar to those shown in Fig. 2.

To see in more detail the growth of a nanograting, the
experiment was made for the extended fringe period
A =1400nm at 0 =34°. Figure 4 shows the SEM images of
the SUS surface irradiated with the different shot numbers at
F =50 mJ/cm® ((a) and (b)) and F =100 mJ/cm?® ((c) and
().

At F=50 mJ/cm?, the fringe pattern similar to that
shown in Fig. 2(a) was produced with a few tens of shots.
After N =150, as seen in Fig. 4(a), one or two narrow line-
like ablation traces are created on a fringe. With N =250,
additional ablation is induced to form a set of three parallel
line-like grooves on the fringe [Fig. 4(b)], which consists of
one at the intensity peak (thick solid arrow) and two on its
both sides (thin solid arrows). There is no distinct difference
in the width among the three grooves, despite the large spa-
tial gradient of laser intensity at the fringe. These results, to-
gether with those in Figs. 2(b) and 3(a), indicate that the
narrow line-like grooves are produced through the near-field
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FIG. 2. SEM image and its frequency spectrum of the periodic structure on
SUS surface irradiated with (a) N=10, (b) N=20, (¢c) N=50, and (d)
N=150at F =50 mJ/cm2 for A =890 nm. The laser polarization is horizon-
tal on the images, and the arrows above the image represent the fringe posi-
tions for reference. The vertical dashed lines in the spectra indicate the
frequencies at 1/A and 3/A.
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FIG. 3. SEM image and its frequency spectrum of the periodic structure on
Ti surface irradiated with (a) N=5, (b) N=30, and (¢) N=100 at F =50
mJ/cm? for A =890 nm. The laser polarization is horizontal on the images,
and the arrows above the image represent the fringe positions for reference.
The vertical dashed lines in the spectra indicate the frequencies at 1/A and
3/A.

ablation around high curvatures on the fringe, as the fringe
surface is inevitably swelled through the bonding structure
change.'*™'> Note that the spacing between the adjacent
grooves corresponds to the size of near-fields.>' With a fur-
ther increase in N, the line-like grooves developed to form a
nanograting with d ~ A/4 =350 nm.

At F =100 mJ/cm?, the visible interference pattern was
created with only a few shots of fs pulses, due to the fluence
higher than F'; at the fringes. After N =50, the surface image
[Fig. 4(c)] represents a set of three line-like grooves on the
fringe, similar to that in Fig. 4(b). Meanwhile, additional
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shallow ablation traces (thin white arrows) are produced on
the midway between two adjacent fringes where the laser in-
tensity is minimized in the interference pattern. With
increasing N, as seen in Fig. 4(d), the shallow grooves grow
up to form a nanograting (thin white arrows) with d~ A/
4 =350nm.

These results demonstrate that the nanograting forma-
tion is dominated by the ablation due to the periodically
enhanced near-fields of SPPs** with a uniform peak inten-
sity. In addition, the grating period d ~ A/q given by a single
integer ¢ ensures the excitation of a single spatial standing
SPP wave mode, as discussed in detail in our recent study.17
The SPP waves propagating in opposite directions on the
fringe can induce the line-like ablation even at the midway
of two adjacent fringes.

For simulating the excitation of SPPs with a nanoperiod,
we note that PNSs have been observed so far only for such
metals that thin passive oxide layers are spontaneously
formed on the surface in air.”®'®2® For the SUS and Ti con-
cerned, the surfaces are covered mainly with a thin layer of
Cr,05>? and TiO,,” respectively. The native oxide layer is a
few to several nanometers in thickness, which would be fur-
ther developed in air with the local-temperature increase due
to irradiation of intense fs laser pulses. Then, modeling the
initial target surface as schematically shown in Fig. 5(a), we
consider the growth of surface corrugation and resulting ex-
citation of SPPs at the interface between the dielectric oxide
layer (layer ox) and the metal substrate (layer s), based on
the experimental results.

As the oxide layer of a fresh surface is almost transpar-
ent at A~800nm, the incident laser energy is initially
absorbed at the skin depth in the metal substrate. Even at a
low fluence concerned, the field intensity at the interference
fringe is high enough to give rise to the emission of photo-
electrons from the substrate into the oxide layer.** Energy
transfer from the emitted electrons to the lattice would mod-
ify the bonding structure in the oxide layer, e.g., to increase
the defect density. The accumulated bonding structure
change inevitably induces small surface swelling, being

FIG. 4. SEM images of SUS surface
irradiated with (a) N=150, (b)
N=250 at F=50 mJ/cm’, and with
(c) N=50, (d) N=100 at F' =100 mJ/
cm? for A= 1400nm, where the laser
polarization is horizontal. For refer-
ence, (a) includes the scheme of a
modulated intensity distribution in the
interference; in (b) and (c), a set of
three line-like grooves on the fringe is
indicated by a thick solid arrow at the
peak intensity and two narrow solid
arrows on its both sides; in (d), the
white arrows represent the groove
positions almost regulated at a period
d~A/A.
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often accompanied with random ablation on the nano-
scale.'”'® This initial interaction can be seen with the bright
fringe pattern in the SEM images, e.g., in Figs. 2(a) and 4(a).
An increase in N would induce ionization of material at the
fringe and resulting polarization-dependent plasmonic near-
fields to form the narrow line-like grooves, as seen in Fig.
4(a). The near-field ablation rate tends to decrease soon due
to the small field size,35 while the initial grooves create new
high curvatures to induce other near-fields. The successive
near-field ablation creates multiple line-like grooves on the
fringe, as seen in Figs. 4(b) and 4(c). The periodic grooves
on the fringe coherently couple the incident laser field with
SPPs.

The method of calculating the SPP wavelength A, on
the corrugated surface is almost the same as those in our pre-
vious studies'”™'7 using the relation for the SPP wave
number

kspp = kolese™/ (&5 + 3*)]1/27 (1)

where k is the wave number of incident light in vacuum and
¢* and g, are the relative dielectric constants of the excited
oxide layer and the metal substrate, respectively. As the ox-
ide layer is ionized by the fs laser pulse, ¢* would rapidly be
changed as € =gy — [wpz/(w2+iw/r)] during the interac-
tion. Here, &, is the dielectric constant of the original oxide
layer, and the second term represents the effect of the free
electron density N, produced in the oxide layer, where w is
the laser frequency in vacuum, 7 is the Drude damping time
of free electrons, and w, = [e*No/(eom*m)]? is the plasma
frequency with the dielectric constant of vacuum ¢, the elec-
tron charge e and mass m, and the optical effective mass of
electrons m*. In the calculation, we used ¢, = —13.4 +i29.8
for SUS,* & =—2.85+i19.1 for Ti,*” &, =4.84 +i0.220
for Cr,03,>® and &., = 7.78 + i0.446 for Ti0O,,>” and assumed
m =0.8 (Ref. 38) and 7 =1 fs (Ref. 39) for both oxides.

Figure 5(b) shows the nanograting period D = Ag,,/2 = 7/
(Re[ksppl) calculated as a function of N.. The excitation of
SPPs at the interface between the layers ox and s is allowed
for Re[e*] x Re[g] < 0,*? which corresponds to the region of
N.<79x 10> em™ for SUS and N, < 1.3 x 10*cm ™ for
Ti. The results suggest that D should be in a range of
190nm < D <390 nm for SUS and 160nm < D < 330nm for
Ti, where the lower values are taken at N, ~ 1 x 10* em 3 as
a minimum value of N, for ablation.'®*° It is noted that D is
consistent with the observed period d~ A/3=295nm with
A=890nm for SUS and Ti [Figs. 2 and 3] and d~ A/
4 =350nm with A = 1400 nm for SUS [Fig. 4].

Using ¢*, we calculated the skin depth ¢ in the excited
oxide layers as a function of N,. The results have shown that
9 ~500nm at N, ~ 10*' cm ™ rapidly decreases to d ~ 60 nm
in Cr,03 and to d ~ 45 nm in TiO, at Re[¢*] = 0. Meanwhile,
we have 0 ~ 13nm and ~ 19 nm for SUS and Ti substrates,
respectively. In the present experiment, the ablation rate
measured with the SPM was 10 nm per pulse at most. These
values justify the interaction that the incident laser pulse
passes through the excited oxide layer of ~10nm or less in
thickness and penetrates into the substrate to excite SPPs at
the interface between the layers ox and s. Once ablation takes

Appl. Phys. Lett. 107, 071103 (2015)
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FIG. 5. (a) Schematic of the initial target surface modeled for calculation.
SPPs (left right arrow) are excited at the interface between the oxide layer
and the metal substrate, when the surface is corrugated with multiple laser
pulses (thick down arrow). (b) Calculated groove periods Dgys for SUS
(upper curve) and Dr; for Ti (lower curve) as a function of N, in the oxide
layer, where the excitation of SPPs is allowed in the region (solid curve) of
0 <Rel[e*].

place, the metal substrate rapidly reacts with O, from air to
form the oxide layer.

In conclusion, using interfering fs-laser pulses, we have
demonstrated that a homogeneous nanograting can be fabri-
cated on SUS and Ti surfaces, through the ablation induced
by SPPs in a single spatial standing wave mode. The calcula-
tion for a model target has reproduced well the observed
groove period to illustrate the interaction mechanism.

This work was partially supported by the Grant-in-Aid
for Scientific Research 23360034, 24686011, and 22110709.
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