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Abstract: Using coupled electromagnetic and hydrody-
namic calculations, we elucidate theoretically the topo-
graphic transition from a random metallic surface to a
periodic sub-wavelength grating by ultrashort laser abla-
tion. The origin of this transition lies in the successive
selection of hybrid surface waves scattered by random
nanoholes. Contrary to the common belief that surface
plasmon polaritons play the dominant role in the pro-
cess and define the grating periodicity, we show that both
quasi-cylindrical and surface plasmon waves are involved,
whereas the diversity in the resulting spacings 1/2-4 (1 is
the laser wavelength) is the manifestation of a broad fre-
quency overlap of these waves, controlled by their relative
phase shifts with respect to the plasmonic counterparts.
The topography evolution imposes the dominant contri-
bution to the surface sub-wavelength pattern by selecting
the appropriate wave character from plasmonic modes to
evanescent cylindrical waves. With the radiation dose, the
grating periodicity exhibits a pronounced blue shift due
to reinforced dipole-dipole coupling between the nano-
holes and surface curvatures in the laser-processed area.
This allows the creation of regular patterns with tunable
periodicity.
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1 Introduction

The interaction of light with nanostructures on metal
surfaces is at the origin of a large variety of amazing
phenomena including extraordinary optical transmis-
sion through hole arrays [1-4], abnormal optical absorp-
tion and Wood’s anomalies by diffraction gratings and
grooves [5-7], enhanced resonant coupling between
nanoholes and nanoparticles [8-11], Anderson localiza-
tion of light [12, 13], and the self-organization of matter by
multipulse laser irradiation [14-17]. In spite of the strik-
ing differences between the physical concepts, scenarios
based on surface plasmon polariton (SPP) excitation were
proposed to explain each of the above phenomena. The
frameworks were followed by debates on whether SPPs
play the defining role. These discussions were mainly due
to the fact that SPP is not the unique surface wave gener-
ated by the interaction of light with a single indentation
on the metal-dielectric interface [2-4, 18]. Additionally,
the efficient excitation of SPP, in contrast to low-efficient
light-to-SPP coupling with broad SPP resonances and a
strong presence of the reflected light provided by random
roughness, requires specific conditions for surface relief,
such as the presence of infinite nanoslits, periodic grat-
ings, or arrays of holes [6, 19]. Recently, it was demon-
strated that the total scattered field from a single metallic
nanoslit consists of the SPP, an evanescent cylindrical
wave (CW), and a Norton wave [20, 21]. The dominant
contribution is defined by metal/dielectric properties,
laser wavelength, and distance from the object. CWs
were shown to play a significant role in the extraordinary
optical transmission through periodic and random nano-
hole arrays and to contribute to the interaction of light
with all-nanostructured metallic surfaces [3, 4, 22, 23].
Finally, an analytical asymptotic solution for total field
scattered by a single sub-wavelength hole was derived
[18], making it possible to separate the contributions
from the different waves.
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Even though the formation of laser-induced periodic
surface structure (LIPSS) as a common phenomenon on
dielectric, semiconductor, and metal surfaces has already
paved the way to high-impact applications in optical data
storage, computer holography, security marking, and tribol-
ogy, their fundamental origin is still debated [14-17, 24-27].
The possibility of SPP excitation on metal-dielectric inter-
faces with sub-wavelength indentations or depressions
[6], commonly present as the counterparts of pristine [24,
28] or laser-induced roughness [17], has persuaded a large
part of the research community to accept the dominant role
of this phenomenon in ripple formation [14, 15, 26, 29-31].
Sipe et al. derived the scattered field asymptotics at infinite
distance from a confined region of surface nanoroughness,
including both SPP and radiation remnants with character-
istic decays of CW [24, 32], and further confirmed by solution
of Maxwell equations; however, the intimate nature of the
waves and their interplay have not been uncovered [17, 27,
28, 33]. Along with open debates regarding the nature of the
involved surface waves, the origin of low-spatial-frequency
LIPSS (LSFL) periods, reported to be significantly smaller
than the laser wavelength and the SPP wavelength in the
range of 1/2-A and decreasing with the number of applied
pulses [25, 31, 34], still remains unclear [14, 28, 30, 31, 34].

In this article, we show that the electromagnetic
origin of LIPSS with periodicity 1/2-4 is a process of mul-
tipulse selection of hybrid standing waves produced by
the interference of the incident light with surface wave
scattered by nanoholes with comparable contributions of
SPP and CW. Two main factors drive the period reduction:
enhanced dipole—dipole coupling between nanoholes,
and surface curvature at the edges of the ablation crater,
dictating the saturation value of well-organized LIPSS.
Multipulse numerical simulations based on Maxwell
equations, coupled with the two-temperature model and
ablation removal criterion, support the proposed scenario
and reveal the transition from a rough surface to a pro-
nounced sinusoidal periodic grating.

2 Results and discussion

The geometry of the discussed problem is illustrated in
Figure 1. Before analyzing the origin of the complex inter-
ference patterns on the metal surface with random sub-
wavelength holes, we focus on the individual response of
a single hemispherical nanohole at the metal-air inter-
face in Figure 2A-C. The intensity distribution near such a
nanohole just below the surface is calculated by the finite-
difference time-domain (FDTD) method [35]. Figure 2B
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shows that the intensity is enhanced at the interface of
the nanohole (we refer to it as a near-field enhancement)
but also at discrete periodic positions along the polariza-
tion direction at certain distances from the indentation
(far field). The closest far-field maximum is the broadest
at the distance of =31/4 from the emission center. Further
maxima become narrower and are separated by =A. This
feature does not change significantly even if we modify the
size, shape, or depth of the nanohole. The intensity dis-
tribution here is the product of the interference between
the incident light and the scattered light from the surface
of the nanohole: I=2E_E,_, as the term ESZCa is negligible.
Therefore, the investigation of the interference patterns
reduces to the analysis of the scattered fields. To under-
stand the nature of the electric field maxima, we use the
analytical asymptotic solution of the electromagnetic scat-
tering by a sub-wavelength hole [18]. The solution allows
us not only to define the positions of the maxima, which
are in a good agreement with the results of FDTD, but also
to separate the contributions of SPP and CW. Figure 2A
shows that the maxima of the total scattered field are due
to the overlap of phase-shifted waves having comparable
contributions. The cylindrical evanescent wave is propor-
tional to exp(ik x)/x in the vicinity of the nanohole and
has a phase shift of exp(—iz/4) with respect to SPP decay-

ing as exp[—Im(ksp)x]/xl/z, where ksp =k,\Je, [(1+¢ ), €, is
the complex permittivity of the metal, and k =27/ is the

Figure 1: Geometry of the considered problem.

Ultrashort laser light polarized along the X-direction falls on

the metal surface with pristine or laser-induced roughness.

The transverse plane XY beneath the surface shows the energy
deposition including polarization-dependent near and far fields
scattered by randomly distributed nanoholes. Here and further, the
laser wavelength is fixed as A =800 nm.
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Figure 2: Electromagnetic response of a single hemispherical
nanohole on a metal surface.

(A) Comparison between FDTD (green) and analytical (black) solution
for a single subwavelength hole along the X-direction (y=0, z=0).
The scattered field E is decomposed on the surface plasmon wave
(SPP, red) and the quasi-cylindrical wave (CW, blue) contributions.
(B) The intensity distribution near a hemispherical nanohole with
R=50 nm in the transverse plane of a stainless steel surface. (C) The
electric field £, in the propagation plane calculated by FDTD.

wave vector [18, 20]. The phase shift is due to the nature of
CWs driven by charge accumulation at the hole edges [36]
(see Supplementary Information). Figure 2C shows that
SPP, which is confined to the metal—-air interface, and CW,
decaying more slowly in air and as well as existing at the
interface, are mismatched, whereas closest to the nano-
hole, the extrema of scattered fields are due to the overlap
of these waves. For realistic permittivity values and most
metals in the optical frequency range, such an overlap
inevitably occurs in the vicinity of any nano-object. If the
plamonic wave decays even faster than the evanescent
CW, as in case of lossy metals, the interference patterns
will be mainly due to the CW with linear dispersion rela-
tion and will have laser wavelength periodicity.

To elucidate the role of the collective effects of
random holes at the metal-air interface, we perform
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FDTD simulations with different nanohole concentrations
and analyze the results by taking Fourier transforms in
Figure 3A, B. In case of hole separation of the same order
of or larger than the wavelength, each nanohole acts as an
individual source scattering hybrid waves with character-
istic intensity maxima close to A. At smaller separations,
the decisive role of the first intensity maximum at =3/4
is seen, which is an indicator of the significant contribu-
tion of the evanescent CW [4]. Furthermore, the dominant
periodicity shifts toward smaller values in Figure 3B,
and the Fourier spectrum becomes more dispersed as
the concentration increases. To understand this, we use
a semianalytical model based on the coupled-dipole
approximation [8] (see Supplementary Information).
The results are first represented in terms of the retarded
dipole sum S as a function of the average dipole spacing
d, indicating the possibilities of blue shift [Re(S)<0] or
red shift [Re(S)>0] of the resonant wavelength, as well
as broadening [Im(S) > 0] or narrowing [Im(S) < 0] of the
spectrum in Figure 3D. The resonant wavelength shifts
from the individual nanohole response are then quanti-
tatively estimated (see Supplementary Information) and
given as the ordinates of the graph. In fact, the resonant
wavelength decreases with decreasing average nanohole
spacing in the range 400 nm < d <800 nm. Below 400 nm,
the spectrum becomes broader, and only near-field short-
range dipole coupling is involved [10]. In this regime,
light cannot propagate through the densely packed array
of holes because of significant retardation of the surface
wave, canceling the interference effects. Above 800 nm,
the holes behave as individual, noninteracting emission
centers. Finally, d = 625 nm corresponds to the equilibrium
average distance in the narrow spectrum, where no shift is
expected. This way, the interhole spacings may decrease
from =/ driven by dipole—dipole coupling of neighboring
holes only down to the saturation value d = 31/4.

To investigate the evolution of surface relief under
realistic multipulse ablation conditions, we perform
numerical simulations, where the energy absorption is
calculated by Maxwell equations, then the electron—ion
heat transfer by the two-temperature model, and the
material is removed if the temperature exceeds the boiling
point. The procedure is repeated for each new pulse, and
therefore the simulations take into account the electro-
magnetic feedback, i.e., change in the energy deposition
due to surface relief modification. The details of the model
can be found in Supplementary Information. We show
the energy deposition after N pulses on a stainless steel
surface with pristine roughness in Figure 4C. The choice
of the initial surface conditions at the nanoscale does not
influence the final LSFL periodicity, but it may affect the
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Figure 3: Collective response of randomly distributed nanoholes on a metal surface.
Intensity distribution and the corresponding Fourier transforms on the top-left side of the figure. Nanoholes are of R=50 nm and average

spacings (A) d=800 nm and (B) d=300 nm. The wave vectors are normalized to k,=27/A. (C, D) Resonant wavelength shift predictions as a
function of d using dipole—dipole interaction semianalytical approach and the concept of the retarded dipole sum S.
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Figure 4: Evolution of surface relief under multipulse irradiation.

(A) Ripple periodicity averaged along all interface (red solid line) and at the edges of the crater (blue solid line) as a function of the number
of pulses. The dashed lines indicate the period saturation values. (B) Electric field distributions on a plane metal-air surface (left) and on
a curved interface (right). The scale is the same as in Figure 2C. (C) Absorbed energy distribution after irradiation of N pulses of a stainless
steel surface with pristine roughness (holes of radius R=10 nm and average spacings d=100 nm). The laser fluence is 0.5 J/cm?.

nanovoid formation after irradiation with the first pulse
as a primary step of surface damage, as supported by
molecular dynamics simulations [17, 37]. The calculations

speed of periodic structure regularization. In our case, the
choice of random nanoholes of R=10 nm is justified by
experimental observations of nanoholes and sub-surface
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have been performed for different fluences, beam waists,
and pristine roughness values, in each case resulting
in a quasi-periodic ripple formation after 5-10 pulses.
Figure 4A shows the multipulse dynamics of the aver-
aged ripple periods from =750 nm up to saturation at the
value =625 nm after 50-100 pulses. The first value close
to the laser wavelength and SPP wavelength is the typical
spacing between the interference maxima of an individual
nanohole illustrated in Figure 2. The saturation value cor-
responds to the distance between the closest interference
maxima and the nanohole in Figure 2, as well as to the
equilibrium average distance between the coupled nano-
holes, where no further shift of the resonant wavelength
is expected in Figure 3D. Smaller values down to =500 nm
are obtained at the edges of the ablation crater (blue line in
Figure 4A), which is the consequence of the surface curva-
ture. In fact, the surface wave has larger phase retardation
on the concave interface compared to the plane interface,
resulting in the interference maxima shifting closer to the
emission center in Figure 4B. This effect is at the origin
of the lower saturation values of ripple periodicity after
projection on to the plane interface.

The energy is deposited mainly at the bottom of
ripples; therefore, the speed of ripple period satura-
tion in ablation by lower fluences is impacted by the
initial roughness and exact position of the nanoholes.
The higher the fluence, the less sensitive the ablation
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removal to nanohole coupling. The simulations indicate
that at higher fluences the ablation takes place all along
the surface (at the bottoms and at the tips), favoring the
role of long-distance interference maxima as in the case
of Figure 3A, and the final established periodicity is close
to the SPP wavelength. This explains the increase of LIPSS
periodicity with increasing laser fluence [31, 38].

Previously, LIPSS periods smaller than 4 on metal
surfaces have been attributed to grating-assisted or rough-
ness-assisted SPP-laser coupling [14, 30, 31], to transient
optical properties of metals due to ultrafast excitation [15,
28], or to changes in local angle of incidence at the edges
of ablation craters [28].

The first two scenarios suggest the strong correlation
of SPP wavelength with the depth of LIPSS, modeled as
a perfect diffraction grating [14, 30, 31]. Efficient cou-
pling between the normally incident light and the dif-
fraction grating requires that the grating period is equal
to the effective SPP wavelength for the given surface
relief, which is a condition that is never realistically satis-
fied. Our simulations indicate that the ripple deepening
at 5-10 pulses does not result in any significant period
decrease, whereas the reduction takes place at a larger
number of pulses, conserving almost the same ripple
depth in Figure 5A. Furthermore, the multipulse dynam-
ics is unique for each nanostructure having equal depth,
invalidating the presence of one global SPP wavelength
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Figure 5: Evolution of ripple periods under multipulse irradiation.
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Absorbed energy distribution after irradiation of N pulses (A) at the center and (B) at the edges of the ablation crater. The maximum and minimum
spacings between consecutive ridges are marked in nanometers by red and blue, respectively. The irradiation conditions are as in Figure 4.
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controlling the dynamics, and depends on the distance
between neighboring holes.

The transient changes of optical properties as a func-
tion of the electron temperature have been deduced by ab
initio calculations [39]. The results reveal the possibility of
transition from non-plasmonic to plasmonic behavior for
tungsten and significant changes in optical properties of
several metals under ultrafast laser irradiation conditions
[39]. Our simulations show a pronounced contribution of
SPP in scattering from a single nanohole on the surface of
excited metals and semiconductors (see Supplementary
Information). However, neither the transition to plasmonic
state nor the changes in SPP wavelength explain the sig-
nificant ripple period reduction by multipulse irradiation.

Regarding the change in the local angle of incidence,
we propose to relate the period reduction at the edges of
the crater to the different speed of surface wave propa-
gation on a curved surface rather than to the effects of
geometrical optics or to the fact that the ripple spacings
are projected on a plane surface. The simulations show a
significant reduction even in case of small ratios of depth
~500 nm to the crater width =10 um as in the case of
N=25in Figure 4. Figure 5B shows the increasing contrast
between the ripple periodicity closer to the center and at
the edge, where the curvature is stronger.

The numerical results based on multipulse coupled
electromagnetic and hydrodynamic simulations are
shown here only for stainless steel. However, the pro-
posed mechanism of periodic surface structure formation
is unique for any solids acquiring metallic properties and
for any pristine nanometric roughness, resulting in LIPSS
formation by laser ablation and regularization of their
periods by consecutive irradiation. The material proper-
ties may play a role, but establishing laser-induced rough-
ness via hydrodynamic processes is beyond the present
model and discussed elsewhere [40].

3 Conclusion

In this article, we showed the involvement of a new class
of surface waves (CWs) in the self-organization of LIPSS
on metal surfaces with pristine roughness consisting of
random nanoholes. We found that sub-wavelength holes
on the substrate exhibit a pronounced broad-frequency
field enhancement at distances 1/2-1 independent of their
depth, nanometer size, or shape. To elucidate the complex
nature of this pattern, we used the analytical solution for
scattered field from an isolated dipole. The analytical
results, which showed good agreement with full-vector
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Maxwell numerical solution, indicated that the broad-fre-
quency hybrid mode is due to an overlap of phase-shifted
evanescent CW and SPP having comparable amplitudes
on sub-wavelength distances from the hole.

The collective response of randomly distributed
nanoholes was further studied by FDTD simulations and
analyzed by a semianalytical dipole-dipole interaction
model. Both methods indicate a pronounced blue shift of
the spectrum toward lower periods with the increase in
nanohole concentration. This way, the decrease in LIPSS
periods could be attributed to the reinforced dipole—
dipole coupling for smaller spacings between nanoholes
with a typical saturation value of around 31/4.

In order to check the proposed scenario, we performed
electromagnetic simulations coupled with the two-tem-
perature ablation model. Numerical results revealed the
evolution from a rough surface to well-ordered periodic
structures by multipulse ablation feedback. The period
drops with increasing number of pulses down to the
values that are significantly less than the laser wavelength
A and saturates at 34/4 at the center of the ablation crater.
Additionally, the surface curvature was found to reduce
the final periodicity of ripples at the edges of the ablation
crater. Both phenomena were explained by surface wave
retardation via coupling with neighboring nanoholes or
via propagation along the curved interface. The consid-
eration of SPP alone makes it impossible to explain the
diversity of the resulting periods, which means that CWs
play a crucial role in the final pattern formation.

The results not only elucidate the missing points regard-
ing LIPSS formation and reveal the significance of multipulse
electromagnetic feedback in laser-induced nanostructuring
but also provide new routes toward optimal light manipu-
lation with sub-wavelength features on metal-dielectric
interfaces, development of loss-free metasurfaces, optical
guiding, and switching of surface waves.

Acknowledgment: This work was supported by the IMO-
TEP project within program “Investissements d’Avenir”
operated by ADEME.
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