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Mechanism for self-formation of periodic grating structures on a metal surface
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Periodic grating structures self-formed on a metal surface under the irradiation of a femtosecond laser pulse
are characterized by grating spaces which are shorter than the laser wavelength, as well as by dependence on
the laser fluence. This Brief Report presents a different interpretation of these features in terms of the process
of parametric decay of laser light to surface plasma waves. Depending on the electron density, grating spaces
with lengths of 680 nm to as short as 400 nm can be produced for 800 nm laser wavelength as a result of the
interaction of laser pulses with laser-produced surface plasma.
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Since the discovery of periodic structures in optical dam-
ages on mirror surfaces induced by laser pulses, self-
organization of the periodic grating structures has been ac-
tively studied,! and the formation of the structures is
currently thought to be caused by the interference of incident
light with reflected (scattered) light. The interspacing of the
periodic grating structures is given by N\/n(1 = sin ), where
N\, 0, and n are the laser wavelength, the laser beam inci-
dence angle, and the refractive index of the material,
respectively.”™ Therefore, the interspacing is greater than the
laser wavelength when the incidence is normal to the surface
and n <1 for laser-produced plasma on the surface. The ad-
vancement of intense femtosecond-pulse laser technology
has elucidated some phenomena induced by laser-matter in-
teractions which are completely inaccessible to picosecond-
and nanosecond-pulse lasers. One of the inherent phenomena
related to the irradiation of femtosecond-pulse laser is the
emergence of self-formed periodic grating structures on the
surface or inside the material. These self-formed structures
exhibit certain differences in comparison to the ones men-
tioned at the exordium, namely, that the interspacing is much
shorter than the laser wavelength, which effectively excludes
light interference as a possible explanation. Periodic grating
structures formed under the irradiation of femtosecond-pulse
lasers have been found independently for metals,%’
semiconductors,® and insulators® by different research
groups. Since then, the possible applications of the self-
production of gratings have been intensively studied and de-
veloped for scientific!®!! and industrial uses.'>!> However,
the physical mechanism for the self-formation of periodic
gratings by femtosecond-pulse laser irradiation has remained
unexplained with the only exception of self-organized nano-
gratings in glass materials, where the cause for the gratings is
considered to be laser-induced plasma waves in bulk
plasma.'* The present Brief Report proposes a mechanism
for the self-formation of gratings on metal surfaces by a fem-
tosecond light pulse, and the spaces of the experimentally
observed gratings are successfully accounted for by this in-
terpretation.

One of the authors has reported experimental results of
the ablation rates'>! and the observation of self-formed pe-
riodic grating structures’ for metals irradiated with a
femtosecond-pulse laser. A brief description of the experi-
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ment is provided. The metal sample is a mechanically pol-
ished copper plate, and optical pulses of a laser with an 800
nm wavelength and with pulse durations of 70 and 100 fs are
irradiated on the copper plate in normal direction through a
f=100 mm lens. The respective depths and sizes of the
ablation-produced cavities are measured with optical and
atomic force microscopes. Furthermore, the surfaces of the
cavities are observed with scanning electron microscopy
(SEM), and the ablation rates are estimated from the depth
profiles of the ablation-produced cavities in accordance with
the laser intensity profiles. Figure 1(a) shows the dependence
of the ablation rate on the energy fluence of the irradiated
laser beam. The SEM pictures of the grating structures are
shown in the insets of the images in Fig. 1(b), and the grating
spaces are given as the dependence on the laser energy flu-
ence, as shown in Fig. 1(b). The grating structures self-
formed under the influence of the femtosecond-pulse laser
irradiation are characterized by the following features: (1)
the interspaces are shorter than the laser wavelength
(<0.85\N), (2) the interspaces depend on the laser energy
fluence, (3) the interspaces become shorter in a discontinu-
ous manner near the ablation threshold as the laser energy
fluence decreases, and (4) the gratings are produced perpen-
dicular to the laser polarization plane. None of these features
can be observed for nanosecond-pulse laser ablations.

In this Brief Report, we propose an interpretation of the
interspacing of the observed periodic grating structures,
where we assume the overall process generating the grating
structures as follows: (1) plasma waves are induced on the
surface by the femtosecond laser pulse; (2) spatially local-
ized ion clouds Coulomb-explode to vacuum, and conse-
quently the thin layer is ablated, and the interspacing of the
gratings is printed at the stage of the first several pulses (it is
considered that the number of pulses depends on the laser
energy fluence, and at certain high values for the fluence,
only a single pulse is involved in this and the following
processes); and (3) for the subsequent pulses, the electric
field is enhanced near the initially printed structures, and the
near field ablates the surface, thus deepening the structures.

For nanosecond-pulse laser-matter interactions, the front
phase of a laser pulse heats a solid-state matter, which turns
into plasma. The plasma is heated by the subsequent phases
of the pulse and expands at sonic speed. Therefore, the major
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FIG. 1. (a) The dependence of the ablation rate on the energy
fluence of the laser pulse (Refs. 6, 15, and 16) (pulse duration 70
fs). (b) The dependence of the interspaces the grating structures
produced by femtosecond laser pulses on the laser flux and (inset)
the SEM pictures of the laser-ablated surface (Ref. 7) (pulse dura-
tion 100 fs).

part of the pulse interacts with the expanding plasma. In
laser-bulk plasma interactions, the laser pulse propagates in-
side the plasma with a dispersion of w?*=w >+c2?2, where w
and k are the angular frequency and the wave number of the
electromagnetic wave (laser light), c is the speed of light in
vacuum, and w, is the plasma frequency. The laser pulse
cannot propagate to depths beyond the point where n
=maw?/(4me®) (n is the electron density, e is the electron
charge, and m is the electron mass). On the other hand, for
femtosecond-pulse laser-matter interactions, even when the
peak of a pulse arrives at the surface of the material, the
produced plasma is still in close contact with the solid-state
matter. The plasma produced by the laser expands at sonic
speed c¢,=\kzT,/m (kg, T,, and m are the Boltzmann con-
stant, the electron temperature, and the electron mass, re-
spectively), and therefore the plasma scale length is of the
order of ¢ 7, where 7 is the pulse duration. For instance, the
expansion of the 10 eV plasma is only 100 nm during a 100
fs laser pulse. The plasma scale length is sufficiently short
for the plasma to form a surface. Therefore, the pulse can
interact with the surface formed by the plasma rather than
with the bulk plasma. The dispersion of the surface plasma is
given by ck=w{e e,/ (g,+8&,)}%,'1® where &, and &, are
the respective permittivities of the materials separated by the
surface. Here, if we assume that the surface separates plasma
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FIG. 2. (Color online) (a) Dispersion diagrams of the parametric
process involving the interaction of photon— photon and surface
plasma wave. For lower plasma densities, giving lower plasma fre-
quencies (right-hand side), the wave numbers of the decayed pho-
tons and the induced plasma waves are larger. (b) Dispersion of
surface plasma waves directly induced by the laser. When the sur-
face plasma density is sufficiently high for w,/ Y2 to be close to w;,
the wave number of the surface plasma wave becomes large.

from vacuum, then &,=1-w */w* and &,=1, and a plasma
wave (plasmon) can be induced with the following disper-
sion:

2, 2
l-w /o

— I A,

Ak = o? ’2 5
2—wp [

This indicates that laser light with frequency w; cannot be
transferred into the plasma wave (direct coupling with the
plasma wave) for w;, > w,/ V2. In order to have o, <w,/ V2,
the plasma electron density should be higher than 3.5
X 10?! ¢cm™ for 800 nm (375 THz) laser light. However, a
high-intensity laser pulse can be transferred into the surface
plasma wave by a parametric process, as shown in Fig. 2(a).
The parametric process of photon— photon+plasmon is re-
ferred to as stimulated Raman scattering for bulk plasma.
The parametric conditions of w;=w,+wsp and k; =k, +Kkgp,
where the subscripts L, 2, and SP indicate incident laser
light, scattered light, and surface plasma wave, respectively,
are reduced to

w; — wsp = cksp — ckp,

2 o, 1 o)"
—<c4ksp +pr> .

Wy = CkL,

1
2 2
wgp” = c2kSP + Ew”
The wave number of the plasma wave stimulated by the
parametric process can be related to the plasma frequency as
shown in Fig. 3(a). The k;/kgp ratio (=\gp/\;, Where \ in-
dicates the wavelength) changes from 0.5 to 0.85 for plasma
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FIG. 3. The dependence of (a) the wave number and (b) the
group velocity of the plasma waves induced by the parametric pro-
cess on the plasma frequency.

frequencies in the range 0 <w),/ 2< wy, where the plasma
wave number increases as the plasma frequency decreases.
The plasma wave travels slowly, as shown in Fig. 3(b),
which also describes the group velocity. For instance, a
plasma wave whose wavelength is 70% of that of the laser
light travels with a speed of 3 X 1072 times the speed of light.
Even for a laser pulse with a duration of 100 fs, the plasma
wave moves only 0.9 wum. During this interval, an ion-
enriched local area appears, and the ions experience strong
Coulomb repulsion until the peak of the next electron wave
arrives at that position, which can result in a Coulomb
explosion,'®? thus giving rise to the formation of periodic
grating structures. The depth of these gratings cannot be es-
timated in a straightforward manner if only the present inter-
pretation is considered. Once such structures are formed, an
enhancement process might take place. For instance, the
grating structures might be enhanced (become deeper) under
the influence of localized static electric fields on the surface
(near field effect?!) for the subsequent laser pulses. Further-
more, the parametric process to surface plasma waves and
the following Coulomb explosion can contribute to the for-
mation of the initial printing of periodic grating structures.
Here, only the interspaces of the grating structures are dis-
cussed.

From the discussion above, it is concluded that the grating
spaces correspond to the wavelengths of the induced plasma
waves. As k;/kgp (=Ngp/N\;) changes from 0.5 to 0.85, the
structure interspaces change in the range 400—680 nm. This
is in good agreement with the experimental results for values
of the laser energy fluence higher than about 0.15 J/cm?
[shown in Fig. 1(b)], which indicates that when the laser
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energy fluence is in the range 0.15-2 J/cm?, the spaces
change from 400-560 to 680 nm. The dependence of the
surface electron density n., on the laser energy fluence F;
can be interpreted as follows. The electron density n, of the
plasma bulk produced by the laser on the surface is propor-
tional to the laser energy n,*F;. The heated plasma bulk
with temperature 7, expands at sonic speed c,=\VkgT,/m, the
surface electron density can decrease from the bulk density
as n,/c,, and the temperature is proportional to the laser en-
ergy T, F;. Therefore, the surface electron density is related
to the laser energy fluence as n.,*n,/c; ane/T;/zoc FL”z. Itis
reasonable to assume the plasma frequency to be w,= V2awp,
for laser energy fluence of 2 J/cm? since there no grating
structures were produced at values for the laser energy flu-
ence of over 2 J/cm?. In this case, n,=3.5X 102! (F,/2)"?,
where n is in units of cm™ and F, is in units of J cm™.
Applying this relation together with w,= V4amn.e?/m to Fig.
3(a), the spatial dependence of the laser energy fluence is
obtained, which is indicated with a solid line in Fig. 4 and is
in reasonable agreement with the experimental results. Note
that near the ablation threshold of 0.15-0.18 J/cm?, the
electron density would be drastically reduced in such manner
as ne,<In(F;/Fy) (Fy, is the laser fluence at the ablation
threshold) from the value given by the equation n.=3.5
X 10*'(F,/2)"?, and therefore the grating space becomes
close to 400 nm. Taking into account the fluctuations in the
laser energy between pulses and the formation of gratings by
multiple laser shots, some interspaces might become intri-
cately entwined near the ablation threshold, and the grating
space can be 400 nm when only small amounts of electrons
are produced with laser pulses whose energy is accidentally
low. In fact, as shown in the inset of Fig. 1(b), two spaces are
observed on the ablated surface when the laser energy flu-
ence is near the ablation threshold. The present model gives
the ratio of the length of the spaces to the laser wavelength,
where the space does not depend on the number of pulses. In
fact, in the experiment, even if more pulses are irradiated on
the structures produced by the first several shots, the space of
the grating structure never changed.

The present interpretation cannot be applied to laser
pulses with fluence levels <0.15 J/cm? since the minimum
of k; /kgp must be 0.5 (\gp is 400 nm for A; =800 nm). The
experimental results of the ablation rate show that
0.18 J/cm? is the ablation threshold; in other words, under
this threshold there is only little plasma on the metal surface.
However, some small part of the surface is ablated even un-
der this threshold, and on the ablated cavity surface periodi-
cal grating structures are still self-formed, with interspaces
shorter than 400 nm. The experimental results suggest that
even at fluence levels lower than 0.15 J/cm?, some plasma
waves are induced, thus forming periodic structures. These
surface plasma waves cannot be induced by parametric _pro-
cesses but are rather produced directly with &, <w,/12, as
shown in Fig. 2(b). As the laser energy fluence decreases, the
surface plasma layer becomes thinner, and the surface
plasma is not only composed of laser-produced plasma on
the surface but also of solid-state plasma of non-ablated ma-
terial. Based on the dispersion of the surface plasma, the
wavelength of the plasma waves is written as
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In order to explain the 270 nm interspaces at the laser energy
fluence levels <0.1 J/cm?, the plasma frequency must be
3.44X 10" rad/s, which corresponds to electron density of
4.23x10?! cm™. This electron density is lower than 9.59
X 10%? ¢cm™ as estimated from the copper solid-state plasma
frequency of 1.62X 10'® rad/s (Ref. 22) and is much higher
than that calculated from n.=3.5X10%*(F,/2)"?=6.71
X 10%° ecm™3 at F;=0.1 J/cm?. The effective plasma elec-
tron density can be determined by the densities of both the
laser-produced thin surface plasma and the solid-state plasma
of the non-ablated metal.

The orientation of the observed gratings discussed here is
perpendicular to the laser polarization plane, and it is reason-
able to conclude on the basis of this fact that the plasma
waves are driven by the electric field of the light. The present
parametric process model predicts that the size of the inter-
spaces is 0.5-0.85 times the laser wavelength. Although such
interspaces reported for any materials can be interpreted by
this model, it is ambiguous with respect to the plasma (elec-
tron) density at the surface. The plasma density depends on
the laser fluence, and therefore at least the dependence of the
interspaces on the laser fluence must be known. Other metals
reported in the relevant literature do not show any depen-
dence between the laser fluence and the interspaces. At the
moment, the dependence of the interspaces on the laser flu-
ence for metals is given only by Hashida et al.” for Cu, as
discussed in this Brief Report. The results show no inter-
spaces larger than 0.85 times the laser wavelength, which
was consistent with the results of this model.
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FIG. 4. The interspaces as interpreted on the basis of the para-
metric induction process and the direct induction process of laser
light to surface plasma.

In conclusion, the parametric process involving the inter-
action of laser light and surface plasma waves, as well as the
excitation of surface solid-state plasma, has been proposed
for the purpose of providing a physical interpretation of the
periodical grating structures self-formed on a copper metal
surface by femtosecond-pulse laser irradiation. For the ex-
perimentally observed gratings, interspaces with sizes which
vary in the range 400—-680 nm depending on the laser energy
fluence are successfully accounted for by this interpretation.
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