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Laser fluence dependence of periodic grating structures formed on metal surfaces under
femtosecond laser pulse irradiation
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Periodic structures self-formed on the surface of several metals under femtosecond laser-pulse irradiation are
investigated by electron microscopy. For the self-formation of periodic gratings on metal surfaces, the inter-
spaces of the periodic structures depend on laser fluence. This dependence is the same for all metals, although
the range of laser fluence in which the structures are formed differs between metals. The laser fluence depen-
dence can be explained by the generation of a plasma wave through the parametric decay of laser light
[S. Sakabe, M. Hashida, S. Tokita, S. Namba, and K. Okamuro, Phys. Rev. B 79, 033409 (2009)]. This
indicates that the formation of periodic structures depends not only on metal properties but also on the electron
density of plasma produced on a surface by femtosecond laser pulses.

DOI: 10.1103/PhysRevB.82.165417

I. INTRODUCTION

Periodic grating structures self-formed inside or on the
surface of materials under femtosecond-pulse laser irradia-
tion have been found for insulators,! semiconductors,? and
metals.® These structures have certain features that are not
observed for picosecond- or nanosecond-pulse lasers. For
transparent materials, self-formed grating structures oriented
perpendicular to the laser polarization direction are attributed
to the following mechanisms: laser-induced plasma waves in
bulk plasma for glasses,*> the excitation of surface-plasmon
polaritons in the surface layer for diamondlike carbon,® and
directional atomic surface diffusion anisotropy arising from
plasmon-coupled metallic colloid arrays induced by laser
pulses for CaF,.” In these reports, the grating spaces de-
pended on laser fluence and the observed discrete spacings
(bifurcation) were discussed. The spacings of grating struc-
tures for transparent materials are much shorter than the
spacings for metals; therefore, the mechanisms proposed for
transparent materials cannot be applied to metals.

For metals irradiated with linearly polarized laser light,
the grating structures formed on the metal surface are ori-
ented perpendicular to the laser polarization. The interspaces
of the grating structures are shorter than the laser wavelength
and depend on laser fluence.>"'® However, the mechanism of
self-formation is still under investigation. The structures de-
pend on material properties and laser parameters (fluency,
pulse duration, number of pulses, etc.). Even for the same
metal, not all experimental results reported in the
literature®3! can be directly compared because of differing
parameters, such as the laser parameters. The relation be-
tween the type of metal and the interspaces of periodic grat-
ing structures has not been investigated, and therefore the
amount of systematic experimental data is insufficient for
discussing the mechanism at present.

We have reported that the formation of grating interspaces
depends on laser fluence in the case of copper® with =100 fs
laser pulses. At laser fluence near the ablation threshold, the
grating structures have an interspace of 300 nm, which is
much shorter than the laser wavelength of 800 nm. The in-
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terspace increases up to about 700 nm as laser fluence in-
creases. This dependence of the interspaces on laser fluence
has been explained by Sakabe et al. on the basis of the para-
metric decay (stimulated Raman scattering) model.?? In this
model, a surface-plasma waves are induced at the interface
between free space (air) and either laser-produced plasma or
metal plasma by parametric decay; in other words, the inci-
dent laser light decays into a surface-plasma wave and a
scattered electromagnetic wave. Although the process
whereby generation of the surface-plasma wave leads to for-
mation of periodic structures is not yet fully understood, we
assume the following: when the plasma wave travels slowly,
locally charged areas are periodically generated on the sur-
face and positively charged areas are exploded toward free
space by the Coulomb repulsive force (Coulomb explosion);
consequently, a thin layer is ablated and the grating pattern is
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FIG. 1. SEM images of periodic surface structures on tungsten
produced by 50 laser pulses of 160 fs at laser fluence of
445 mJ/cm? and the Fourier-transform spectrum.
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FIG. 2. Laser fluence dependence of the periodic structure interspaces produced by femtosecond laser pulses for (a) Ti, (b) Pt, (c)Mo, and
(d) W (pulse duration: 160 fs). The interspace of the grating structure was determined by analyzing a set of ten irradiated spots on the metal
surface. Error bars show the standard deviation of the interspaces. Laser fluence is normalized by the upper limit on laser fluence for
producing periodic structures, F;,. Solid lines show calculation results according to the parametric decay model proposed by Sakabe et al.
(Ref. 32), and dotted lines show the laser fluence for the ablation rate of 10 nm/pulse.

printed.* The wave number (wavelength) of the surface-
plasma wave induced on the surface depends on only the
plasma frequency (electron density) of the surface plasma
(see Fig. 3 of Ref. 32). The ratio of the wavelength of the
plasma wave to the wavelength of the laser light changes
from 0.5 to 0.85 for plasma frequencies in the range of 0
<w,/ V2 <w;, where w, and o, are the frequencies of the
plasma and laser light, respectively. When the plasma elec-
tron density depends on laser fluence, the wavelength of the
plasma wave in turn depends on laser fluence. The results
reported in Ref. 3 for copper are well explained by this
model; however, experimental data are too scarce at present
for this model to be confirmed.

In the present study, we investigated by electron micros-
copy the state of surfaces irradiated with femtosecond laser
pulses for Al, Au, Cu, Ti, Pt, Mo, and W metals. In addition,
we evaluated the dependence of periodic structure inter-
spaces on laser fluence to discuss the validity of the paramet-
ric decay model.

II. EXPERIMENTAL

To ablate metals, we used linearly polarized laser pulses
(160 fs pulse duration, 800 nm center wavelength, 10 Hz
repetition rate) from a Ti:sapphire chirped-pulse amplifica-
tion laser system (T®-laser, ICR, Kyoto University). The
root-mean-square fluctuation of pulse energy was +0.3%.3*
In air, the laser pulses were focused onto the metals by a
spherical lens with focal length of 100 mm (F/15). The focal
spot was 45 um in diameter. To avoid nonuniformity of
structure in the irradiated area on the surface, the laser inten-
sity distribution was adjusted to be spatially uniform. A
super-Gaussian profile was produced as follows. From a
Gaussian profile pulse, the center part was cut away by an
aperture of 1 mm in diameter, and the cut image was relayed
to the target surfaces. The laser pulses were directed at nor-
mal incidence onto the target surface. The targets were Al,
Au, Cu, Ti, Pt, Mo, and W metals, which had been mechani-
cally polished. The roughness, as characterized by the arith-
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TABLE 1. Upper limit on laser fluence for producing periodic
structures, F'y;, and the laser fluence corresponding to an ablation
rate of 10 nm/pulse, F ,m, are listed for the metals. 7, is the
melting point.

T Fy F10 um
Metal (K) (J/cm?) (J/cm?)
Al 933
Au 1337
Cu 1356
Ti 1938 0.45 0.13
Pt 2042 0.44 0.24
Mo 2888 1.1 0.42
\%% 3672 1.1 0.46

metic mean value, was less than 2 nm for all metals. Through
a pair of half-wave plates and two polarizers, the energy was
varied in the range of 1.1-34 uJ, corresponding to fluence
of 50-2100 mJ/cm?. Energy (average of 500 pulses) was
measured just before irradiating a target for each laser flu-
ence. The number of irradiating pulses was 50 in all experi-
ments. The irradiated spots were separated by more than
100 um. Laser-produced surface structures were examined
by scanning electron microscopy (SEM) (JSM-5560 made in
JEOL). The periodic grating interspace was determined by
reading the peak value in the frequency domain after taking
the Fourier transform for the 20 wmX 15 um area of the
SEM image, which is equivalent to the laser irradiated area
on the targets. The resolution of the present measurements of
the periodic spacing was better than 34 nm. The interspace of
the grating structure was obtained by analyzing a set of ten
irradiated spots on a metal surface. Figure 1 shows a typical
SEM image and the corresponding Fourier-transform spec-
trum. To evaluate the ablation rate, the crater produced by
200 laser pulses was measured by confocal laser scanning
microscopy (HL-150, Lasertec).

III. RESULTS AND DISCUSSION

Self-formation of periodic structures was not observed for
Al, Au, and Cu metals but was observed for Ti, Pt, Mo, and
W metals. Here, we must make particular note of Cu metal.
As reported in Ref. 3, periodic structures clearly formed on
Cu, and the interspaces depended on laser fluence. In the
present experiments, self-formation of periodic structures
was not observed for Cu. We discuss these findings later.
Figure 2 shows the dependence of the periodic structure in-
terspaces on laser fluence for Ti, Pt, Mo, and W metals. Al,
Au, and Cu are excluded from the following discussion as no
periodic structures were observed for these metals. The up-
per limit on the laser fluence at which the periodic structures
are formed can be seen; let us define this fluence as F,. The
laser fluence in Fig. 2 is normalized by the fluence F,, (see
Table I for F); of each metal). As the laser fluence increases,
the periodic interspace increases up to about 700 nm for all
metals, and this maximum interspace is obtained at the flu-
ence F,. Let us compare these experimental results with the
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FIG. 3. Laser fluence dependence of ablation rate for metals on
the surface of which self-formation of periodic structures occurs.
Experimental data were fit to the well-known function L
=a~' In(F,/F,,), where o~ is the optical absorption or heat pen-
etration coefficient, F is the laser fluence, and F,;, is the ablation
threshold fluence.

predictions from the model of plasma wave induction by
parametric decay of laser light.>> Here, the model is briefly
described. The parametric process of photon— photon
+plasmon can occur on a plasma surface as well as in a bulk
plasma (i.e., stimulated Raman scattering). The parametric
conditions of w;=w,+ wgp and k; =k, +Kkgp, where the sub-
scripts L, 2, and SP indicate the incident laser light, scattered
light, and surface-plasma wave, respectively, are reduced to

wy — C()SP=CkSP—CkL, (I)L=CkL,
2 _ 2k2 +l 2 4k4 +l 4
Wgp = € Kgp 2“’P € Kgp 4“’P~

The wave number of the plasma wave induced by the
parametric process can be related to the plasma frequency,
and the k;/kgp ratio (=Agp/A;; N is the wavelength) changes
from 0.5 to 0.85 for plasma frequencies in the range of 0
<w,/ V2 < w;, where the plasma wave number increases as
the plasma frequency decreases. As mentioned above, as-
suming that the self-formation is induced by the plasma
wave, the grating spaces correspond to the wavelength of the
induced plasma wave, and the fluence dependence of the
interspaces can be reduced to plasma density dependence.
The dependence of the surface electron density n., on the
laser fluence F; can be interpreted as follows. The electron
density n, of the plasma bulk produced on the surface by the
laser is proportional to the laser energy: n,o F;. The heated
plasma bulk with temperature 7, expands at the sonic speed
¢;=\kgT,/m, and the surface electron density decreases from
the bulk density as n,/c,, and the temperature is proportional
to the laser energy: T, F;. Therefore, the surface electrog
density is related to the laser fluence as ne*n,/c,<n/NT
«\F;. It is reasonable to assume that the plasma frequency
is ,=\2w, for the laser fluence F,, since no grating struc-

P
tures are produced at laser fluence over F),. In this case,
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ne(em=3)=3.5 X 10>'\(F,/F);). Applying this expression to-
gether with w,= V41 e?/m to the dependence of Agp/\; on
w,, the spatial dependence of the laser fluence is obtained.
This relation is shown as a solid line in Fig. 2. For each
metal, the experimental results agree reasonably well with
this model, although there is disagreement in the relatively
low fluence range. This disagreement is considered to arise
from nonuniformity of ablation. At laser fluence near the
ablation threshold, the amount of ablated plasma is too small
to construct a uniform plasma surface. The measured abla-
tion rate is shown in Fig. 3. The threshold of nanostructure
formation can be defined for an ablation rate less than several
nanometers per pulse. For such a thin ablated layer, a uni-
form plasma surface is difficult to form. Here, let us define
Fio um as the fluence at which a 10 nm layer is ablated. The
values of F'yy ,, are listed in Table I and are shown in Fig. 2
as dotted lines. As this figure shows, the model is in fairly
good agreement with the experimental results in the fluence
range of Fy yn<F;<F)y, and a common fluence depen-
dence of the periodic grating interspaces can be found for
self-formation induced by femtosecond laser pulses for all
metals. These experimental results indicate that the inter-
spaces of the self-formed periodic structure depend not on
metal characteristics but rather on the density of the surface
plasma produced by a laser pulse. For high laser fluence
(F,>Fy), the plasma expands too greatly for a clear surface
to be constructed, or the plasma density is too high; in such
cases, a surface-plasma wave is not produced.

Now, let us return our attention to the metals for which
self-formation of periodic structures was not observed. Met-
als such as Al and Au, which have low melting points, easily
form gas plasmas, and thus F; is not defined. For Cu metal,
which melts at an intermediate temperature, F'), is defined for
100 fs pulses, but not for 160 fs pulses, because the plasma
expands too greatly and a clear surface is not produced for
the longer pulse. Here, we discuss the reason why self-
formation of periodic structures was not restored in the case
of high fluence for the 160 fs pulse. The experimental results
show that the periodic nanostructures were observed in the

PHYSICAL REVIEW B 82, 165417 (2010)

laser fluence range from ~F, ,,, to F),. Therefore, the con-
dition of nanostructures formation should be satisfied the fol-
lowing ~F g ,m=Fy. The ablation threshold fluence, F,
for metals is strongly dependent on laser pulse duration, 7;,
as F« Tilz in the laser fluence range of interest. This ten-
dency has been reported previously.>¥ Therefore, the laser
fluence corresponding to an ablation rate of 10 nm/pulse,
F1o ams also increases with increasing laser pulse duration.
For pulse duration of 160 fs, Fq ,,, Was 0.55 J/cm?, which
is approximately 1.3 times higher than Fy, ,, for pulse du-
ration of 100 fs. On the other hand, the upper limit of laser
fluence for producing periodic structures, F'),;, decreases with
decreasing melting temperature of the metals. For Cu irradi-
ated with 160 fs pulses, F; is expected to be equal to or less
than ~F .- Therefore, the conditions for nanostructure
formation on Cu are not satisfied in the case of longer pulse
duration.

IV. CONCLUSION

In summary, we measured the periodic structures self-
formed on the surface of Al, Au, Cu, Ti, Pt, Mo, and W
metals. We found that the laser fluence dependence of peri-
odic structure interspaces is the same for all metals on which
the structure is self-formed. The dependence can be ex-
plained by the induction of a surface-plasma wave through
the parametric decay of laser light, and can be reduced to the
dependence of the density of laser-produced plasmas.
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