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Designing complex local properties that seamlessly inte- 

grate efficient functions into processed materials presents 

a formidable challenge. A promising solution has emerged 

in the form of ultrafast laser-surface structuring. Through 

time-controlled polarization ultrafast irradiation at the pi- 

cosecond timescale, spontaneous self-organization of sur- 

faces can be induced. The thermal gradient length scale 

unfolds on the micro- and nanoscale, instigating thermo- 

convection that leads to structured surfaces upon quench- 

ing. Convective instabilities dynamically shape intricate 

yet self-regulated periodic relief structures. The ability to 

achieve laser-induced self-organization in both surface di- 

mensions holds immense scientific importance, as it un- 

locks the potential to create uniform periodic 2D patterns 

by harnessing the inherent regulation of nonlinear dynam- 

ics processes in fluids. This comprehensive review ex- 

plores recent advances in understanding and leveraging ul- 

trafast laser-induced self-organization for precise pattern- 

ing across versatile scales and applications. The insights 

herein hold the potential to drive significant advancements 

in nanoscale manufacturing through 2D laser-induced peri- 

odic surface structures. 

K E Y W O R D S 

2D-LIPSS, self-organization, surface engineering, nanostructured 
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1 | INTRODUCTION 

 
The remarkable progress in manufacturing, energy con- 

version, and transportation heavily relies on the precise 

manipulation of material properties at the nanoscale. 

Creating regularly nanostructured materials presents a 

tremendous potential for revolutionizing our technolog- 

ical environment by engineering artificial materials with 

unprecedented surface properties. Exploring extreme 

surface manufacturing with increasingly smaller sizes 

and higher precision is required to meet the demands 

of nano-optics [1], heat conversion [2], and nanofluidic 

[3]. Ultrafast laser structuring has emerged as a po- 

tentially greener and more cost-effective technique for 

advanced surface functionalization by a direct irradia- 

tion process compared to traditional methods like chem- 

ical etching and mechanical structuring, since it enables 

highly enhanced flexibility and minimizes thermal loss 

by localizing light energy [4, 5]. 

Close to the modification energy threshold of most 

materials, it is possible to generate a periodic alignment 

of surface ripples, commonly known as Laser-Induced 

Periodic Surface Structures (LIPSS). Although these pe- 

riodic undulations have been observed since the mid- 

1960s [6], they have garnered increasing interest since 

the emergence of ultrashort lasers [7]. The character- 

istics of LIPSS, such as their period and orientation, 

depend on factors such as pulse width [8], laser flu- 

ence (pulse energy), laser polarization direction [9], laser 

wavelength [10, 11], the number of laser pulses [12], 

and the type of material being used [13]. LIPSS can be 

fabricated on various types of solid surfaces, including 

metals [14, 15, 16], semiconductors [10, 13, 17, 18], and 

polymers [19, 20, 21, 22]. 

Ultrafast lasers enable the achievement of periodic- 

ities well below the laser wavelength, spanning from a 

few tens of nanometers to a few microns [23, 24]. This 

capability encompasses metals, semiconductors, poly- 

mers, and even materials with a band-gap higher than 

the laser wavelength. These structures can reach am- 

plitudes of several hundreds of nanometers, a conse- 

quence of competing ultrafast transport processes dur- 

ing the nonequilibrium dynamics [25, 26, 27]. 

LIPSS introduce distinctive functionalities to material 

surfaces, garnering attention across a range of applica- 

tions such as surface coloring [28, 29, 30, 31], tribol- 

ogy for friction reduction [32, 33, 34, 35], creation of 

antireflection surfaces [36, 37], manipulation of surface 

wettability [14, 38, 39, 40], antibacterial adhesion prop- 

erties [41], and enhancement of surface-enhanced Ra- 

man spectroscopy sensing [42]. For 1D structures, the 

key challenges revolve around achieving precise control 

over both amplitude and periodicity. This level of con- 

trol is intricately tied to customizing laser parameters 

to match the characteristics of the material being irra- 

diated. 2D structures offer an additional dimension to 

quadratically increase the concentration of a pattern, 

and crossed LIPSS, combining scales, have been the sub- 

ject of recent investigations [43, 44, 45, 46]. 

Contemporary theories regarding the genesis of 

aligned LIPSS can be classified into two primary cate- 

gories: electromagnetic models and self-organizational 

models [47, 48, 49, 50]. This dichotomy, however, is 

not exclusive, as it is now widely acknowledged that the 

observed structures are outcomes of synergistic elec- 

tromagnetic and hydrodynamic influences [51, 52, 53, 

54]. Models postulating the existence of electromag- 

netic modes delineate the energy distribution across 

the surface, incorporating resonances such as surface 

plasmon polariton, cylindrical surface waves, and sur- 

face lattice resonance [55, 56, 57]. To evoke topo- 

graphic growth with symmetries linked to laser field 

polarization, surface-generated fields must transcend 

mere propagative nature. The anticipation of station- 

ary wave generation arises from interference between 

incident/diffracted waves and those scattered on the 

microscopic rough surface, thereby intricately modulat- 

ing absorbed optical energy. This paradigm is particu- 

larly salient in the formation of Low-Spatial Frequency 

LIPSS (LSFL) structures, where multiple indices of res- 

onance mode hybridization become conceivable during 

the emergence and growth of structures amid localized 

ablative effects and capillary flows. For nanometric 

structures of the High-Spatial Frequency LIPSS (HSFL), 

predominantly observed during interactions with ultra- 

fast laser beams, theories remain open due to varied ob- 
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F I G U R E 1 Classification of LIPSS into distinct cat- 

egories based on spatial period and scale. These cate- 

gories include Low-Spatial Frequency LIPSS (LSFL), char- 

acterized by larger spatial periods, High-Spatial Fre- 

quency LIPSS (HSFL), featuring smaller periodicities, 

and the more intricate Two-Dimensional LIPSS (2D- 

LIPSS) on both the micrometric (referred as 2D-LIPSS- 

I) and nanometric (referred as 2D-LIPSS-II) scales. 1D- 

LIPSS (One-Dimensional Laser-Induced Periodic Sur- 

face Structures) primarily employs a single polarization 

approach, while 2D-LIPSS are mainly generated using a 

double polarization strategy involving crossed or circu- 

lar polarizations. This strategic use of double polariza- 

tion leads to an isotropic response of the irradiated sur- 

face, enabling the formation of multifaceted structures. 

 
 

servations stemming from intricate dynamics [58]. The 

initiation of these structures seems rooted in the non- 

isotropic orientation of non-radiative fields around tran- 

siently created nanoreliefs. Near-field absorption in- 

duces temperature gradients, thereby instigating hydro- 

dynamic effects such as the streching of the liquid phase, 

the formation of cavitation zones, and liquid material 

flow attributed to the Marangoni effect [59, 60]. Re- 

cent investigations have spotlighted thermoconvective 

effects correlated with the genesis of these structures 

[61, 49, 52]. Coined as the matter reorganization the- 

ory, these concepts align with the principles of material 

self-organization, particularly when hydrodynamic insta- 

bilities of the Rayleigh-Bénard, Rayleigh-Marangoni, or 

Rayleigh-Taylor types are implicated. Historically, self- 

organizational models were envisaged based on the cu- 

mulative creation of defects or surface instabilities in- 

duced by atomic diffusion and surface erosion effects 

[62, 63]. This perspective draws parallels to concepts 

proposed for modeling the effects engendered by ion 

beams on surfaces [64, 65, 66]. Notably, the develop- 

ment of models for spatially extended systems repre- 

senting dissipative structures emergence proves particu- 

larly relevant, especially within the context of 2D-LIPSS. 

Various types of 2D surface patterning have been 

reported, including patterns with hexagonal [67, 68, 

69], triangular [70, 71], spherical [72], square [73], 

labyrinthine [74], or chaotic [75] symmetries, featuring 

both positive and negative reliefs such as humps [76], 

bumps [75], peaks [74], and spikes [77]. Achieving a 

remarkably uniform establishment of these microscale 

patterns, independently of the oriented near-field opti- 

cal effects on the local nanotopography, requires a more 

global and collective perspective. 

This review endeavors to conduct an in-depth explo- 

ration of 2D-Laser-Induced Periodic Surface Structures 

(2D-LIPSS) as an extension of the LIPSS phenomenon. 

As depicted in Figure 1, the classification of 1D-LIPSS 

are generally split into two categories based on their 

spatial period relative to the laser wavelength (λ): Low- 

spatial frequency LIPSS (LSFL) with Λ > λ/2, and high- 

spatial frequency LIPSS (HSFL) with Λ < λ/2 [13, 78]. 

The period and orientation of these structures, gov- 

erned by the optical response - and hence the transient 

electronic structure - of the photoexcited material, fur- 

ther refine the LSFL classification. In materials exhibit- 

ing strong absorption, such as metals and semiconduc- 

tors, the predominant observation entails LSFL struc- 

tures with a period Λ ≈ λ and an orientation perpendic- 

ular to the beam polarization. However, materials with 

wide bandgaps, like fused silica, display LSFL structures 

parallel to the beam’s polarization direction. These struc- 

tures exhibit periods correlated with the wavelength in- 

side the bulk, given by Λ ≈ λ/n, where n denotes the 

refractive index of the dielectric material [79]. In con- 

trast, HSFL present a unique array of structures char- 

acterized by periodicities and sizes that fall well below 

Double 
polarization 

Microscale     Nanoscale 

 1 µm   100 nm 

  1 µm   100 nm 

22DD--LLIIPPSSSS 

Single 
polarization 

11DD--LLIIPPSSSS 

  3 µm   3 µm  
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the optical diffraction limit. The formation of these pat- 

terns is predominantly observed under ultrashort pulse 

durations ranging from fs to ps. They are initiated by 

non-radiative optical waves, resulting in short gradient 

scale lengths and periodicity. Importantly, this periodic- 

ity does not stem from interference patterns, but rather 

emerges as a consequence of hydrodynamic convection 

instability within a thin melted layer that is disrupted by 

the excited pressure wave [54]. 

In this manuscript, the transition from the LIPSS to 

2D-LIPSS formation is presented. Furthermore, the 

review originally compiles observations of 2D struc- 

tures at various scales and aims to categorize the dif- 

ferent 2D-LIPSS configurations investigated by various 

research groups, classifying them based on their peri- 

odicity. Throughout this examination, the emphasis is 

placed on the intricate process of generating 2D-LIPSS- 

II structures at the finest scale. The analysis delves into 

a thorough discussion of critical parameters influencing 

symmetry creation, including aspects such as polariza- 

tion, feedback concentration, and aspect ratio control. 

Additionally, we establish that the interplay between 

convective flows and polarization-dependent photoex- 

citation serves as a primary mechanism for manipulat- 

ing the symmetries of 2D patterns. This intricate insta- 

bility mechanism is reinforced by thorough experimen- 

tal observations and validation. This review concludes 

by addressing its limitations and suggesting potential re- 

search directions in the domain of nanotexturation pre- 

diction. 

 
 

2 | FROM LIPSS TO 2D-LIPSS 

 
Beam engineering is the key for transforming general 

LIPSS to 2D-LIPSS. In this section, the different parts 

of LIPSS with respect to laser parameters are presented, 

highlighting how temporal beam engineering transforms 

LIPSS into 2D-LIPSS-II through precise time delay con- 

trol. 

Historically, LIPSS have been produced on different 

surfaces using coherent light sources with a single polar- 

ization. As depicted in Figure 2, a comparison between 

the 1D and 2D morphological maps showcases charac- 

teristic surface formations on steel surfaces after ultra- 

fast laser irradiation at various parameters. In Figure 2 

(A), the morphological map of LIPSS illustrates that the 

number of pulses and the peak fluence of the laser are 

the two pivotal factors governing these LIPSS variations. 

For instance, progressively augmenting the fluence and 

number of pulses allows for the transformation of the 

initial surface topography into high-spatial frequency 

LIPSS (HSFL), low-spatial frequency LIPSS (LSFL) [88], 

grooves [89], and spikes [90]. These structures can be 

readily produced through single polarization. However, 

2D-LIPSS have been mainly generated by a dual-pulse 

laser setup incorporating a Mach-Zehnder interferom- 

eter. As a result, time-delay emerges as a supplemen- 

tary crucial parameter influencing the formation of the 

recently observed 2D-LIPSS-I and II structures, as de- 

picted in Figure 2 (B) and (C). 

In Figure 2 (D), an experimental setup for 2D-LIPSS 

is illustrated. In brief, for general LIPSS, a single polar- 

ization is sufficient, and these can be generated through 

either static or multiple pulses on large surfaces via an 

optical galvano scanner. To disrupt surface isotropy 

and transition from LIPSS to 2D-LIPSS, dual polariza- 

tion plays an important role in fine-tuning nanostruc- 

tures within a controllable regime. However, it is not 

mandatory to obtain 2D-LIPSS-I. The use of a galvano 

scanner is required for 2D-LIPSS-I, which is distinct from 

2D-LIPSS-II, reported through both methods. Moreover, 

Figure 2 (A) presents the positioning of 2D-LIPSS-II with 

respect to general LIPSS in terms of laser dose. Clearly, 

parameters in proximity to LSFL and HSFL formation al- 

low the transformation of a 1D surface on the scale of 

hundreds of nanometers to a 2D-LIPSS-II surface on the 

scale of tens of nanometers. This transition is accom- 

plished through the use of a double pulse with carefully 

controlled time delay. 

Tables 1 and 2 provide a clear literature review of 

2D-LIPSS-I and 2D-LIPSS-II formation, respectively, on 

various common metals induced by fs-laser pulse irra- 

diation. The entries are categorized based on pattern 

size and periodicity, offering an insightful overview of 

the field. Remarkably, 2D-LIPSS-I can manifest across a 
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F I G U R E 2 A: Morphological map illustrating distinct surface morphologies (HSFL, LSFL, grooves, and spikes) de- 

veloped on steel surfaces through ultrafast laser irradiation, with adjustments to irradiation parameters. Reproduced 

with permission [80]. Copyright 2018, MDPI publisher. B: Morphological map of 2D-LIPSS-I surface with different 

laser fluences and time delays, under irradiation of two temporally delayed femtosecond laser beams on cobalt. Re- 

produced with permission [72]. Copyright 2019, IOP publisher. C: Morphological map of 2D-LIPSS-II as a function of 

the peak fluence and time-delay imposed between the pulses of a double pulse sequence with a Number of double- 

pulse sequences N = 25. Reproduced with permission [75]. Copyright 2022, The Authors, Springer Science publisher. 

D: Experimental setup for 2D-LIPSS, using Mach-Zhender interferometer, with static irradiation for 2D-LIPSS-II and 

coupled with Galvo scanner for 2D-LIPSS-I and II. 

 

 
spectrum of pattern symmetries, including patterns with 

hexagonal [67, 68, 69], triangular [70, 71, 83], square 

[72, 73], rhombus [85] and conical [81, 91], on diverse 

materials like cobalt, titanium, stainless steel, tungsten 

 
and others. Moreover, the scope of their size range is 

quite extensive, spanning from several microns down to 

the hundreds of nanometers. 

Conversely, the dimensions of 2D-LIPSS-II are no- 
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TA B L E 1 Literature survey of 2D-LIPSS-I reported on diverse materials upon fs-laser pulse irradiation. Here, Λ 

represents the pattern periodicity, and Ω corresponds to the pattern width. The images are presented in pseudo-3D 

scanning electron microscopy. The polarization of the laser pulses is indicated by white arrows. 
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TA B L E 2 Literature survey of 2D-LIPSS-II reported on diverse materials upon fs-laser pulse irradiation. Here, Λ 

represents the pattern periodicity, Ω denotes the pattern width, and H corresponds to the height. The images are 

presented in pseudo-3D scanning electron microscopy. The polarization of the laser pulses is indicated by white 

arrows. 

 

 
tably smaller as presented in Table 2, varying from 

10 to 500 times less in size, encompassing a range 

from 150 nanometers down to 20 nanometers. These 

meticulously arranged structures are reported across 

diverse materials, including diamond, titanium and 

 
nickel. These structures exhibit an array of shapes, 

such as nanohexagons [69], nanobumps [76, 87], 

nanohumps [76], nanocrosshatch [77], nanobreathfig- 

ure [74], nanolabyrinthine patterns [77], and high aspect 

ratio nanopeaks [92]. 

200 nm 

120 100 100 C Nanobumps Reproduced from [87] 

 

100 

 

50 

 

30 

 

Ni 

 

Nanolabyrinthine 

 

Reproduced from [77] 

 
 

 
80 

 
 

 
40 

 
 

 
20 

 
 

 
Ti 

 
 

 
Nanobreathfigure 

 
 

 
Reproduced from [74] 

 

80 

 

40 

 

20 

 

Ni 

 

Nanobreathfigure 

 

Reproduced from [75] 

 
 

 
80 

 
 

 
30 

 
 

 
20 

 
 

 
Ni 

 
 

 
Nanohexagons 

 
 

 
Reproduced from [69] 

 

70 

 

20 

 

100 

 

Ni 

 

Nanopeaks 

 

Reproduced from [77] 

 
 

 
50 

 
 

 
30 

 
 

 
15 

 
 

 
Ni 

 
 

 
Nanohumps 

 
 

 
Reproduced from [76] 

 

40 

 

30 

 

20 

 

Ni 

 

Nanocrosshatch 

 

Reproduced from [77] 

 



8 

 

 

In general, HSFL are created by thermal convection, 

which arises from the interplay of light absorption fluc- 

tuations caused by surface reliefs and the fluid dynam- 

ics of the free surface between laser pulses. These op- 

tical absorption fluctuations create localized regions of 

inhomogeneous energy confinement within the mate- 

rial. The amplification mechanism in thermoconvection 

involves a positive feedback loop in which temperature 

gradients, convective flow, and pressure forces interact 

to generate well-defined flow patterns. 

3 | 2D-LIPSS AT THE LASER WAVE- 

LENGTH SCALE 

 
In 1999, Kawakami et al. uncovered a significant finding 

in self-assembled structures by identifying emergence 

of microcones arrays on crystalline tungsten [81, 91]. 

The Atomic Force Microscopy (AFM) examination of 

the tungsten surface irradiated with nanosecond laser 

pulses revealed two distinct scenarios. 

a) b) 

In the context of 2D-LIPSS, understanding the non- 

linear mechanisms governing symmetry breaking and 

pattern selection in convective instabilities remains a 

complex challenge, making the transition conditions 

from one self-organization regime to another difficult 
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to predict [93]. In a general sense, these nanostruc- 

tures emerge during the interplay of pressure gradient 

forces, mainly driven by surface tension and cavitation 

processes (through rarefaction), along with the rapid 

resolidification of the molten surface region. Thermo- 

convective instabilities can induce fluid flow due to com- 

parable transverse and longitudinal thermal gradients 

[52, 94]. The use of two orthogonal electric field po- 

larizations significantly favors the formation of 2D sym- 

metries. Specific laser parameters, such as peak fluence, 

time delay, and the number of double-pulse sequences, 

exert a crucial influence on thermally-driven convection 

characteristics, thereby impacting surface morphology 

and topography. Therefore, irradiation conditions play a 

pivotal role in determining the emergence, growth, and 

control of pattern development. Further mechanisms 

for 2D-LIPSS-II will be discussed in Section 5 of this re- 

view. 

 
The following sections provides an in-depth explo- 

ration of its respective 2D-LIPSS category, alongside a 

comparative analysis involving relevant research in the 

field. The distinguishing characteristics that set 2D- 

LIPSS I apart and their societal implications are eluci- 

dated. Additionally, the discussion encompasses a com- 

prehensive overview of research related to 2D-LIPSS-II, 

accompanied by a detailed explanation of the mecha- 

nisms driving their formation. 

F I G U R E 3 Atomic Force Microscopy (AFM) trace of 

the laser-irradiated tungsten surface. (a) Irradiated at an 

angle of incidence θ = 4◦ with a p-polarized beam, re- 

vealing the presence of microcones structures arranged 

in a hexagonal pattern with an array spacing of approx- 

imately 1 µm. The height of these structures measures 

about 300 nm. (b) Irradiated at an angle of incidence 

θ = 23◦ with an s-polarized beam, capturing an inter- 

mediate stage in the coherent array formation process. 

The spacing between these arrays measures about 1.5 

µm. Adapted with permission [81]. Copyright 1999, El- 

sevier publisher 

. 

 
Firstly, at an incidence angle θ = 4◦ with a p-polarized 

beam, the resulting AFM trace unveiled the intriguing 

presence of ultrafine particles, known as microcones, 

meticulously organized in a hexagonal configuration, as 

presented in Figure 3 (a). The inter-microcones spac- 

ing forms a pattern with an average distance of about 

1 µm, with an elevation of approximately 300 nm. In- 

triguingly, these microcones displayed a hexagonal or 

square arrangement, a phenomenon that challenges the 

conventional explanation provided by the LIPSS forma- 

tion theory, even for circularly polarized pulses. The au- 

thors successfully produced tungsten microcones with 

an aspect ratio exceeding 6 through laser irradiation in 

an inert gas atmosphere. Notably, they refined the struc- 

tural characteristics by reducing the radius of curvature 
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to less than 100 nm through chemical etching of the ini- 

tially formed microcones, which had a larger radius of 

curvature. [95]. 

Secondly, under an angle of incidence θ = 23◦ with an 

s-polarized beam, the AFM analysis captures an interme- 

diate stage within the coherent array formation process, 

recently identified as hexagons, as presented in Figure 

3 (b). The observed arrays exhibit a larger spacing, mea- 

suring around 1.5 µm. This comprehensive examination 

provided valuable insights into the surface morphology 

alterations induced by laser irradiation at varying inci- 

dent angles and polarization states at that time. 

 

F I G U R E 4 Scanning Electron Microscope (SEM) im- 

ages of a silicon surface irradiated by 72000 - 532 nm 

nanosecond (< 10 ns) laser pulses in a water medium, 

(a) Magnified image of the dashed rectangular area in (d) 

revealing a honeycomb of hexagonal structures, (b) cap- 

illary wave formation in outer areas, (c) convection cells 

(Concaves and holes) in the boundary area, (d) full image 

of the beam spot on the silicon surface, (e) porous struc- 

ture in the inner area, (f) breakdown of the wall of the 

unit cell in the center. Reproduced with permission [67]. 

Copyright 2019, Elsevier publisher. 

 
Moreover, in 2019, J.G. Son et al. observed the for- 

mation of a self-organized microporous concave cell ar- 

ray, a subtype of 2D-LIPSS-I, on a large scale [67]. They 

achieved this by using pulsed nanosecond laser interac- 

tions with silicon in an aqueous medium. The resulting 

periodicity of these structures ranged between 10 and 

15 µm, as presented in Figure 4. In this case, the rapid 

generation of a thermal gradient by the laser induces 

shear strain and initiates deformations in the molecular- 

scale lattice structure. These initial lattice defects es- 

tablish a critical foundation for subsequent shape alter- 

ations. 

 

F I G U R E 5 Sample preparation and subwave- 

length surface patterning of metal–organic thin films 

([Mo2S4(S2CNn Bu2)2] (MoC)) with 1D and 2D struc- 

tures. (a) Sample preparation scheme. (b, c, e, f) Electron 

microscopic images of 1D (b, c) and 2D-LIPSS-I (e, f), 

which were generated by irradiating a spin-coated MoC 

thin film with linear or circularly polarized light. (d, g) 

AFM images of 1D (d) and 2D-LIPSS-I (g). Reproduced 

with permission [68]. Copyright 2022, American Chem- 

ical Society publisher. 

 

2D-LIPSS-I were also reported in the work of Dur- 

bach et al., who investigated thin films crafted from a 

metal-organic precursor of MoS2 as shown in Figure 

5. They achieved the formation of periodic structures 

by controlling the laser wavelength, MoC film thick- 

ness, and substrate characteristics, all while varying the 

thicknesses of SiO2 layers [68]. The resulting organized 

nanostructures shown in Figure 5 exhibited a periodicity 

of 300 nm and a depth of 100 nm. 

 
In 2018, Romano et al. identified a distinct cate- 

gory of nanostructures on stainless steel ranging in scale 

from hundreds of nanometers to the laser wavelength, 

termed 2D-LIPSS-I in this review [83]. These structures 

exhibit triangular shapes and were produced using a 

femtosecond laser with a wavelength of 1032 nm, a 

pulse duration of 310 fs, and singular circular polariza- 
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F I G U R E 6 A: Parameter space for 2D surface struc- 

tures on cobalt with different laser fluences and time 

delays, under irradiation of two temporally delayed fem- 

tosecond laser beams. (a) Random roughness, (b) Exten- 

sive structures, (c) Spherical or square structures, (d) Tri- 

angular structures and (e) rhombic structures. . Repro- 

duced with permission [72]. Copyright 2019, American 

Institute of Physics publisher. B: SEM images of stain- 

less steel surface irradiated with different laser parame- 

ters. Reproduced with permission [84]. Copyright 2019, 

Elsevier publisher. 

 
 

tion integrated with a Galvo scanner. One year later, 

Fragelakis et al. extended these findings to the devel- 

opment of similar nanostructures on the same mate- 

rial. They employed a Mach-Zehnder interferometer 

in conjunction with two circular or crossed linear po- 

larizations, providing additional fine-tuning control over 

these nanostructures [84]. Figure 6 (A) provides a vi- 

sual representation, demonstrating the influential roles 

that both time delay and laser fluence exert in governing 

the 2D surface morphology of these structures [72]. Fig- 

ure 6 (B) showcases the observation of triangular struc- 

tures facilitated by the employment of two circular and 

crossed polarizations, with time delays of 5 ps. Con- 

versely, grooves and squares nanostructures manifested 

at time delays of 0.5 ns. The explanation was attributed 

to the microfluidic movement of molten material follow- 

ing irradiation [96]. Convection flow patterns are ex- 

pected to appear in the temporarily formed liquid expe- 

riencing inhomogeneous and pronounced temperature 

gradients. In certain scenarios, diverse convection flow 

patterns cyclically alternate following the imposition of 

a temperature gradient [97]. Hydrodynamic simulations 

associate the formation of grooves and spikes in silicon 

as well as grooves in fused silica, with Marangoni con- 

vective roll flow [49, 94]. This specific form of convec- 

tion flow is driven by temperature gradients along the 

material’s surface, underscoring the significance of the 

balance between kinematic viscosity and thermal diffu- 

sivity, as characterized by the Prandtl number [49, 84]. 

Furthermore, various groups have embarked on the ex- 

ploration of diverse categories of 2D-LIPSS-I on alter- 

native materials, driven by the notable industrial poten- 

tial attributed to these structures. In particular, Jalil et 

al. unveiled the emergence of rhombus, triangular, and 

spherical or square structures on cobalt [72] employing 

similar double pulse irradiation sequences, outlined in 

Figure 2 (B). 

 

 
4 | 2D-LIPSS AT THE NANOSCALE 

 
Driven by near-field light enhancement, periodic pat- 

terns have approached ultimate scales down to tens 

of nanometers. This advancement was demonstrated 

by Abou Saleh et al. in 2020 [69]. Using single crys- 

tal metallic samples, a self-organized pattern of distinct 

nanohexagons, each measuring 20 nanometers in diam- 

eter and exhibiting a periodicity as small as 60 nanome- 

ters, was induced on a Nickel surface oriented along 

the (001) plane. This was achieved by overcoming the 

anisotropic polarization response of the surface through 

a delayed action of cross-polarized laser pulses. This 

groundbreaking development, alleviating the directional 

effects compelled by a linear laser polarization, paved 
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F I G U R E 7 A: 2D AFM morphological map of laser-induced nanopatterns formation on Ni(001) as a function of 

time delay and peak fluence at a fixed number of double-pulse sequences (NDP S ) of 25. The different zones of interest 

are nanopeaks, nanobumps, nanohumps and nanohexagons. They are created progressively at different doses: (0.18 

J/cm2;8 ps), (0.18 J/cm2;10 ps), (0.18 J/cm2; 15 ps), (0.24 J/cm2; 25ps). B: 3D AFM of the nanobumps (a), nanopeaks 

(b), nanohumps (c) and nanohexagons (d) presenting the nanostructures height and distribution. Transmission electron 

microscopy of the principles nanostructures presenting the cross sectional view of nanostructures. The polarization 

of the laser pulses is indicated by white arrows. Reproduced with permission [75, 76]. Copyright 2022, The Authors, 

Springer Science publisher. Copyright 2021,The Authors, MDPI publisher. 

a) b) c) d) 

TE
M

 
3

D
 A

FM
 



1
2 

 

 

the way for autonomous topographical assembly at the 

nanoscale. 

More recently, Nakhoul et al. delved into an array 

of nanopatterns, each corresponding to distinct self- 

organization regimes driven by convection mechanisms 

at the nanoscale, through their investigation of fem- 

tosecond laser-irradiated nickel surfaces [75, 76, 77]. 

Figure 7 (A) portrays original 2D AFM images illustrat- 

ing the formation of laser-induced nanopatterns, mas- 

terminded by the manipulation of both the laser peak 

fluence (ranging from 0.18 J/cm2 to 0.24 J/cm2) and the 

time delay (∆t , varying from 8 ps to 25 ps). Notably, 

at low ∆t values (8 ps and 10 ps) and peak fluences 

above 0.20 J/cm2, the observation of chaotic nanostruc- 

tures emerged. This chaotic behavior is also witnessed 

at  (15  ps  ;  0.24  J/cm2),  particularly  when  employing 

a tight time-delay interval between pulses. Energeti- 

cally, this mechanism mimics a single-pulse sequences 

process with N=25, where the cumulative absorbed flu- 

ence exceeds the absorbed threshold of a single-pulse 

sequences due to the marginal delay, which triggers a 

minor reduction in Ni reflectivity caused by electronic 

thermal excitation before the arrival of the second pulse 

[98]. 

At 0.18 J/cm2, three distinct nanopattern types 

emerged at 8 ps, 10 ps, and 15 ps. Notably, the tallest 

nanostructures surfaced at ∆t = 8 ps, sporting a config- 

uration akin to a karst peak, aptly dubbed "nanopeaks". 

With larger time delays of 10 ps, the shape of these 

nanostructures transformed, exhibiting an augmented 

diameter resembling "nanobumps". At ∆t = 15 ps, the 

height of the nanostructures markedly diminished, lead- 

ing to their classification as "nanohumps". Notably, 

a gradual disappearance of these nanostructures oc- 

curred as the time delay increased from 15 ps to 25 ps. 

During this interval, the cumulative energy dissipated, 

and the polarization memory was erased through ther- 

mal dissipation preceding the arrival of the second pulse. 

At 0.20 and 0.22 J/cm2, the transition from chaotic 

structures to stripes can be observed, passing through a 

transition regime at (0.20 J/cm2; 15 ps and 0.22 J/cm2; 

20 ps). This transition region has a short range order, 

which consists of locally nanobumps and chaotic nanos- 

tructures. However, at ∆t = 25 ps, labyrinthine patterns 

surfaced, a phenomenon documented previously as dis- 

ordered spatial structures exhibiting a truncated short- 

range order [99]. At 0.24 J/cm2, the transition from 

disordered nanostructures to a nanocavity pattern tran- 

spired as ∆t increased, traversing a transitional domain 

from 15 to 20 ps. The hexagonal array of nanocavities 

was previously noted under analogous parameters [69]. 

Figure 7 (B) showcases 3D images captured by 

atomic force microscopy (AFM) and transmission elec- 

tron microscopy (TEM) of the principal nanostructures 

introduced earlier. In the AFM images, the notable 

height of the nanobumps is evident, reaching approxi- 

mately 100 nanometers, with the cross-sectional view 

highlighting a similar diameter of ∼ 100 nanometers. 

A highest aspect ratio is obtained for nanopeaks that 

exhibit an approximate height of 100 nanometers and 

a diameter of about 20 nanometers. Conversely, the 

nanohumps exhibit a more modest height, approxi- 

mately 10 nanometers, within the context of these 

organized nanostructures, paired with a diameter of 

roughly 25 nanometers. Furthermore, the nanocavity 

nanostructures exhibit a hexagonal arrangement, pre- 

senting a depth of roughly 20 nanometers and a diame- 

ter of about 30 nanometers, as delineated in the cross- 

sectional image. Worth noting is the absence of any dis- 

cernible ablation craters, evident in both the AFM and 

TEM observations, even in scenarios involving the high- 

est pulse counts. Remarkably, this confirms the preser- 

vation of a regime characterized by the formation of a 

liquid layer, precluding ablation process. Thus, the sys- 

tem consistently resides within the regime of melting 

and swelling. 

In a recent development, an additional variety of 2D- 

LIPSS-II has come to light on diamond surfaces, unveiled 

by Matteo et al. in 2021 [87]. The authors harnessed a 

Michelson-like interferometer to generate time-delayed 

cross-polarized double pulses, as illustrated in Figure 

8. It was observed the formation of 80 nm 2D-LIPSS 

on single-crystal and polycrystalline diamond surfaces. 

The periodicity of these nanostructures can be con- 

trolled in the range λ/4 ≥ Λ ≥ λ/10. These 2D laser- 

induced periodic surface structure exhibited remarkable 
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F I G U R E 8 Top view (a, b) of the nanotextures ob- 

tained at F = 2.16 J/cm2, ∆τ = 500 fs, scanning speed 

of 0.75 mm/s. Cross-section view at different magni- 

fications (c,d). The arrows indicate the polarization di- 

rections. Reproduced with permission [87]. Copyright 

2021, American Chemical Society publisher. 

 
 

anti-reflection properties after removing surface debris 

by chemical etching, which increased the absorption 

rate of visible light by 50 times. 

 
 

4.1 | Patterns in symmetry breaking 

transition 

Figure 9 (A) illustrates a spectrum of organizational pat- 

terns governed by the laser fluence and the time de- 

lay between two cross-polarized pulses. These patterns 

emerge within a framework of a constant number of 25 

double-pulse sequences and a pulse duration of approx- 

imately 100 femtoseconds. Notably, a total of eight dis- 

tinct organizational modes were observed. 

Within the chaotic regime, realized at low ∆t val- 

ues (≤ 14 ps) and laser fluences ranging between 0.19 

and 0.24 J/cm2, the system exhibited a disordered ar- 

rangement. Nanobreath-figure patterns were observed 

in a more constrained region characterized by ∆t ≈ 0 

ps, specifically within the range of laser fluences span- 

ning from 0.20 to 0.22 J/cm2. These nanopatterns as- 

sumed the form of unorganized cavity structures, fea- 

turing nanoscale dimensions [100][101]. Furthermore, 

the manifestation of nanocrosshatch patterns occurred 

at ∆t ≈ 0 ps, yet this time at lower laser fluences, within 

the range of 0.17 to 0.19 J/cm2. In this configuration, 

the patterns consisted of two diagonal nanostripes per- 

pendicularly superimposed upon each other. 

As the time delay spans the range from 6 ps to 10 

ps, the transformation of nanocrosshatch patterns un- 

folds into the emergence of high aspect ratio nanopeaks. 

These nanopeaks, characterized by a diameter of ap- 

proximately 20 nm and a towering height of about 100 

nm [77], come into being. By extending the time de- 

lay further, the energy feedthrough significantly influ- 

ences the flow dynamics, leading to a transition in the 

nanopeak pattern towards a new configuration. Al- 

though the height remains comparable to that of the 

original nanopeaks, their diameter expands to approx- 

imately 100 nm, resulting in a reduced concentration. 

Consequently, the nanopeak regime transforms into a 

nanobumps regime, characterized by a relatively dimin- 

ished aspect ratio. 

The onset of nanohumps regime materializes when 

the time delay attains values greater than or equal to 10 

ps. These structures manifest as small humps, charac- 

terized by a modest aspect ratio and a height of roughly 

10 nm. Meanwhile, the emergence of nanovoids or 

nanohexagons is evident at higher energy levels, exceed- 

ing 0.19 J/cm2. Notably, their size escalates with the 

augmentation of the laser fluence, ultimately culminat- 

ing in homogeneous shapes and arrangements observed 

at a laser fluence of 0.24 J/cm2 and a time delay of 24 

ps. 

Furthermore, a distinct class of labyrinthine nanos- 

tructures is observable within a realm of high laser flu- 

ences, falling between 0.22 and 0.24 J/cm2. This intri- 

cate labyrinthine configuration takes form over a wide 

time-delay range, spanning from 28 ps to 30 ps. The 

enthralling labyrinthine shape materializes precisely at a 

laser fluence of 0.23 J/cm2 and a time delay of 30 ps. 

As presented previously, the different 2D-LIPSS pat- 

terns are obtained reproducibly by controlling several in- 

fluential parameters. In particular, a cross-polarization 

strategy is deftly employed to foster isotropic energy 

deposition, thereby facilitating the process of self- 

organization. The polarization state of the incident 

pulses in the double-pulse sequence has a major influ- 
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F I G U R E 9 A: Pseudo-3D SEM of nanostructures in different pattern regimes as chaos, nanobreath-figure, 

nanocrosshatch, nanobumps, nanopeaks, nanohumps, nanohexagons and nanolabyrinthine. B: Impact of the polar- 

ization angle between the first and second pulse in inducing an isotropic response, the pivotal role of feedback and 

the number of pulses in the formation of nanostructures (for the nanopeaks case), and the influence of pulse duration 

in regulating nanostructure concentration and aspect ratio. The fixed laser parameters are presented in black, and 

the variable parameters in orange. The material used in the figure is Ni(001). Reproduced with permission[76, 77]. 

Copyright 2021, The Authors, MDPI publisher. Copyright 2022, The Authors, Wiley publisher. 

 
 

ence on the nanostructures created, as presented in Fig- 

ure 9 (B). The polarization angle itself is meticulously 

controlled through the integration of a half-wave plate 

within the Mach-Zehnder interferometer’s optical path- 

ways. In instances where two pulses impact the sur- 

face with identical polarization orientations (α = 0◦), 

nanoripples with periodicities closely approximating 60 

nanometers emerge, arrayed in parallel alignment with 

the incident polarization, as illustrated in Figure 9 (B). 

However, when the polarization of the second pulse is 

rotated by a half-wave plate (0◦ ≤ α ≤ 45◦), the nanos- 

tripes pattern appears, with no preference to the polar- 

ization orientation. Notably, the morphological shape 

of these nanoripples evolves as the polarization angle 

 

extends, specifically within the range of 45◦ < α < 

90◦, accompanied by a transitional regime marked by 

the emergence of nanohexagons amidst the nanoripple 

landscape. When α assumes a value of 90◦, implying the 

crossing of polarizations for the two-delayed pulses, the 

outcome is the spontaneous formation of self-organized 

nanohexagons across the surface. 

To investigate the role of number of double-pulse 

sequences (NDP S ) in organization and stabilization of 

nanopatterns, a constant laser fluence of 0.18 J/cm2 

and a time delay ∆t of 8 ps were maintained. The param- 

eter NDP S was intentionally varied across the spectrum, 

ranging from 0 to 50 pulses. This strategic manipulation 

aimed to unravel the integral role of NDP S in orchestrat- 
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ing the self-organization of nanostructures. 

 

To illustrate, even a slight alteration in the number 

of pulses can potentially yield a comprehensive trans- 

formation in both the nature and density of the re- 

sulting nanostructures. In the range of 1 pulse to 10 

pulses for NDP S , no discernible nanostructures were ob- 

served. The need for a higher count of double-pulse se- 

quences became evident, as the cumulative irradiated 

energy remained below the thresholds essential for sur- 

face modification or the initiation of nanostructure for- 

mation. However, the scenario changed notably when 

NDP S reached 20 pulses, as illustrated by the pseudo- 

3D image revealing the emergence of a limited num- 

ber of peaks on the surface. The subsequent increase 

to NDP S = 25 pulses led to a progressive enhancement 

in the organization, concentration, and height of these 

peaks. As the number of double-pulse sequences fur- 

ther ascended to 30 pulses, a diminution in peak concen- 

tration was noted, accompanied by the advent of other 

structural configurations. In the final stretch, spanning 

38 pulses to 50 pulses for NDP S , the formerly organized 

nanostructures surrendered their existence, supplanted 

by an emergence of chaotic nanostructures. Conse- 

quently, to align with these tendencies, the ensuing 

investigations judiciously fixed the number of double- 

pulse sequences within close proximity to the organiza- 

tional regimes, anchoring it around NDP S ≈ 25 pulses. 

The pulse duration emerges as an additional factor 

in finely controlling surface morphology. The manipula- 

tion of nanopeak concentration, as portrayed in Figure 

9 (B), underscores the pronounced impact of pulse du- 

ration. It becomes evident that reducing the pulse du- 

ration from 500 to 100 femtoseconds results in an al- 

most twofold increase in concentration. A comparable 

influence can be observed for nanopeaks, where a mod- 

ification in both concentration and cavity morphology 

becomes apparent, as the pulse duration is diminished 

from 250 to 150 femtoseconds. In this context, it be- 

comes manifest that pulse duration exerts a profound 

influence in shaping both the form and concentration of 

the resultant nanostructures, rendering them amenable 

and adaptable to diverse applications [77, 74]. 

5 | 2D-LIPSS DRIVEN BY THERMO- 

CONVECTION 

 
The evolution of structures can be contingent on the 

temperatures achieved within the material, encompass- 

ing parameters such as the melting temperature, evapo- 

ration temperature, as well as transport properties like 

kinematic viscosity and thermal diffusivity. The energy 

delivered to the surface propagates into the lattice, un- 

dergoing conversion into kinetic energy, and thereby po- 

tentially triggering the expulsion of materials and parti- 

cles. This phenomenon is commonly referred to as laser 

ablation [102, 103]. In Figure 10 (a-f), the primary abla- 

tion mechanisms governing the initial stages of surface 

removal and nanoroughness formation in the low flu- 

ence regime are delineated, showcasing the effect of in- 

creasing irradiation fluence. Predominantly, these mech- 

anisms involve processes like melting and resolidifica- 

tion, cavitation, spallation phenomena, or the decompo- 

sition of materials due to explosive boiling. A visual rep- 

resentation of a metallic material’s region, subjected to 

ultrashort laser irradiation, is illustrated in Figure 10 (g), 

garnered from a conventional molecular dynamics simu- 

lation [24]. This figure offers insight into some of the 

ablation-inducing mechanisms over the course of the 

simulation, accompanied by indications of the scales of 

the affected layers and the components subjected to ab- 

lation. 

Consequently, a diverse array of topographical alter- 

ations can manifest on the irradiated material’s surface, 

stemming from the distinct mechanisms precipitating 

material ablation. These variations are inherently con- 

tingent on the distinctive material categories involved. 

 

5.1 | Polarisation-oriented field 

enhancement and optical feedback 

As shown in Figure 9 (B), nanopeaks were formed 

through a feedback process. Each pulse irradiates a sur- 

face that has already been altered by the previous pulse. 

This is true for all 2D-LIPSS-II observations. Figure 11 

(A) shows a high-resolution AFM image of the formation 

of convection cells at a low number of pulses prior to 
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F I G U R E 1 0 Primary mechanisms governing surface reorganization with respect to varying fluence levels.  At sub-

spallation fluences, the system undergoes melting and resolidification (a, d). In the sub-phase explosion regime, 

cavitation of the melting region results in the ejection of a liquid layer from the target’s surface (b, e, g). Beyond the 

phase explosion threshold, increasing fluence leads to the ejection of multiple liquid layers and material ablation (c, f). 

The material used in the figure is Ni(001). (g) Molecular dynamics simulation illustrating the formation of topography 

under ultrafast laser-induced spallation. Reproduced with permission [24]. Copyright 2018, The Authors, Springer 

Science publisher. 

 

 
the formation of nanopeaks. The feedback process re- 

sulted in the formation of nanopeaks on the edges of 

these convection cells. 

For coherently generated scattering fields that give 

rise to radiative waves inducing structures close to the 

wavelength (LSFL), the nature of surface imperfections 

leading to light scattering is inconsequential. How- 

ever, when the incident field couples with surface fluc- 

tuations at the nanoscale, the type of imperfection, 

whether it be a protrusion or a depression, results in an 

enhancement of the non-radiative field oriented along 

the polarization[9, 78]. The polarization dependence of 

intensity maxima around a nanorelief, akin to a semi- 

spherical nanoparticle, whether solid or hollow, can be 

elucidated through a straightforward analogy with Mie 

 
theory [104]. 

When a nanobump emerges on the material sur- 

face, whether through localized growth or pushed by 

a deeper-formed nanocavity, the local electric field is 

locally intensified more prominently along the polariza- 

tion of the field. Conversely, for a depression formed 

on the surface through cavitation or in the trough of 

a convection cell, given that the optical index of air is 

lower than that of the metal, the increased local field is 

mainly directed perpendicular to the polarization of the 

field. This constitutes the non-radiative electromagnetic 

response of the surface, contingent on the shape of the 

nanorelief. 

This step of electromagnetic coupling in the near- 

field is of paramount importance for two reasons. Firstly, 
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F I G U R E 1 1 A: Formation of convection prior to nanopeaks growth, enhanced by feedback after several laser 

pulses for the Ni(001) material. B: Electromagnetic finite-difference time-domain simulation of near field scattering. 

C: Near field enhancement and formation of hexagonal convection cells at 15 pulses. Reproduced with permission 

[77, 56]. Copyright 2019, The Authors, De Gruyter publisher. Copyright 2022, The Authors, Wiley publisher. 

 

 
it influences the orientation of energy deposition, induc- 

ing temperature gradient fields aligned with the polar- 

ization. The use of non-linearly polarized light or dou- 

bly polarized light in crossed directions, but not simul- 

taneously, enables the orientation of temperature fields 

along two perpendicular axes.[105] Secondly, this step 

is crucial for the extension of the region affected by 

this non-radiative intensity, defined by the decay of the 

evanescent field. It is determined by the transverse ab- 

sorption length, corresponding to the imaginary part of 

the optical index of the medium, and is of the same or- 

der of magnitude as the longitudinal optical depth, corre- 

sponding to the skin thickness. This is fundamental for 

achieving uniform energy confinement in all directions 

around the nanorelief, carrying significant implications 

for maintaining an optical feedback that is well balanced 

in both surface orientations. The field enhancement in 

this near-field range leads to energy localization, creat- 

ing oriented thermal gradients. When considering the 

material’s motion along this direction driven by the ther- 

mal gradients, thermocapillary migration in small-scale 

temperature gradients comes into play. This mechanism 

involves the temporal evolution of hydrodynamic and 

thermocapillary forces, determined by successive opti- 

cal couplings in a multi-pulse regime. Under a single lin- 

ear polarization, the emergence of 1D-LIPSS or HSFL 

 
has been demonstrated through directed thermocon- 

vection [46, 52, 53, 61].   Contrastingly, the variability 

of 2D-LIPSS morphology could depend on the level of 

anisotropy in the induced thermoconvection. 

Early in the feedback process, near-field enhance- 

ment on local depression transforms into nanohexagons 

that self-organize into a hexagonal 2D lattice as pre- 

sented in Figure 11 (B) and (C). This is due to hy- 

drothermal flows guided by surface tension and rar- 

efaction forces developing a thermoconvective insta- 

bility at the nanoscale and, similarly to well-known 

Rayleigh–Bénard-Marangoni instabilities, generate con- 

vective cells as shown in Figure 11 (A) [52, 69]. The 

growth of the laser-induced structures from quasi- 

hexagonal cavities to uniform nanopeaks is analyzed 

by combined electromagnetic and hydrodynamic ap- 

proaches [52, 56, 79, 94]. 

 
 

5.2 | Convection and hydrodynamics 

instabilities 

 
Self-organization regimes of 2D-LIPSS-II may result 

from complex flows occurring in the transiently laser- 

induced molten surface. At the considered fluence be- 

low ablation threshold, a thin liquid layer of 10-20 nm 

thickness is expected to be formed at the surface few 
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ps after irradiating a metal surface. During the first pi- 

cosecond, an early thermomechanical excitation of the 

electrons occurs. During relaxation stage, the confined 

temperature gradient of femtosecond laser irradiation 

induces a pressure wave on the top surface which is fol- 

lowed by a rarefaction wave [60]. As a result, the melt 

layer is propelled towards the free surface by the rar- 

efaction wave in the direction of the temperature gra- 

dient, as presented in Figure 12 (A). The normal force 

destabilizes the fluid interface, resulting in convection 

cells as illustrated by sequence of AFM images shown 

in Figure 11 (A). Similar to Rayleigh-Bénard convection, 

this entails the inverse destabilizing effect of gravita- 

tional force on a liquid heated from below [106]. 

Rarefaction forces are supplied by surface tension, 

while hydrothermal flows give rise to a thermocon- 

vective instability at the nanoscale, akin to the estab- 

lished Rayleigh-Bénard-Marangoni instabilities. This 

mechanism represents a convincing scenario for gen- 

erating hexagonal nanostructures (nanohexagons or 

nanohumps on the surface) [107]. The Rayleigh-Bénard- 

like instability arises due to a density gradient between 

the top and bottom surfaces. The rarefaction wave acts 

by pulling the cooler, denser liquid from the bottom 

to the top [108, 109]. Therefore, a Bénard-Marangoni 

convection occurs along the unstable fluids interface, 

initiated by small flow perturbations due to recurring 

surface tension gradients. This Marangoni flow trans- 

ports thermal energy, that can be characterized by the 

Marangoni number, comparing the rate at which ther- 

mal energy is transported by this flow to the rate at 

which thermal energy diffuses. Modulated by near field 

coupling on local roughness sketched in Figure 11 (B-C), 

transverse temperature gradients are built parallel to the 

surface that turns to be unstable [69, 104]. 

Figure 12 (B) presents calculated surface dynamics 

upon ultrashort laser irradiation with a single pulse and 

horizontal polarization. The process is started by inho- 

mogeneous energy absorption, followed by the pres- 

ence of electromagnetic pattern at t = 10 ps after 

electron-ion thermal equilibrium. Later on, at 15 ps < 

t < 25 ps, the lattice density is strongly influenced by 

an inhomogeneous shock wave and rarefaction wave. 

The destabilization occurs, the surface starts to melt in- 

homogeneously and the liquid flow is driven by trans- 

verse surface tension forces, rearranging the material 

from hot spots to colder regions on the surface [52]. 

Anisotropic temperature gradients generate hydrother- 

mal waves and convection rolls in a disturbed thin liquid 

layer [110, 111]. This generates Marangoni forces bal- 

anced by thermal diffusion that reorganize the material 

over the surface into the most compact hexagonal way. 

Therefore, the dimensions and periods between cells are 

correlated to the Marangoni number which is equivalent 

the ratio between the destabilizing Marangoni force and 

the viscous restrictive force. 

Moreover, Figure 12 (C) presents a height map of 2D- 

LIPSS-II obseved on Ni (001) with respect to time-delay 

and laser fluence. In this map, the significant role of 

time delay in controlling the nanostructure height and 

type becomes noticeable. For example, at a fixed peak 

fluence of 0.18 J/cm2, two different nanostructures can 

be obtained, the nanopeaks at 8 ps and the nanohumps 

at 15 ps. These slight increments in time delay of a few 

ps have completely changed the aspect ratio, from 5 for 

nanopeaks to almost 1 for nanohumps. 

In order to understand the surface dynamics of dou- 

ble pulses and the significant role of time-delay, Figure 

13 was established based on electromagnetic coupled 

with hydrodynamic simulation of Figure 12 (A) and (B), 

combined with experimental results. 

For ∆t   ∼8 ps, 2D-LIPSS-II were observed with 

a height around 100 nm such as nanopeaks and 

nanobumps, as presented in Figure 13 (A). However, for 

∆t ∼15 ps, 2D-LIPSS-II were observed with a height 

around 10 nm only, as presented in Figure 13 (B). In this 

Figure, the left arrow in red presents the first pulse time- 

line. The right timeline in blue presents the 2nd pulse, 

which has perpendicular polarization with the respect to 

the first pulse and delayed with a fixed time delay. For 

Figure 13 (A), the time delay was approximately 8 ps, 

whereas for Figure 13 (B), the time delay was approxi- 

mately 15 ps. 

For the first case, Figure 13 (A): the time delay is 8 ps, 

so the surface is still absorbing the first pulse when the 

second pulse reach the surface. At t = 15 ps, the shock- 
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F I G U R E 1 2  A: Ultrashort-laser induced instabilities in a liquid layer: ablative Rayleigh-Taylor instability induced 

by recoil pressure (a-RTI), Marangoni convection instability (hydrothermal waves) induced by transverse temperature 

gradients on surface nanoroughness (t-M), Rayleigh-Taylor instability induced by rarefaction wave (r-RTI), Marangoni 

instability driven by rarefaction (r-M). Straight arrows indicate the direction of fluid flow acceleration, curved arrows 

show the direction of convection velocities. B: Surface dynamics upon ultrashort laser irradiation with peak fluence 

F = 0.5 J/cm² for a single pulse. (a) Absorbed energy on the initial surface, (b) maximum temperature distribution, 

and density snapshots (c-f) in the transverse plane are shown. C: Maximum nanostructure height as a function of 

time delay and laser fluence, illustrating nanopeaks reaching a maximum height of 113 nm compared to nanohumps 

with a maximum height of 9 nm for the Ni(001) material. Notably, the parameter responsible for the variation in 

nanostructure height is the increased time delay from 8 ps to 15 ps. Reproduced with permission [76, 52]. Copyright 

2021, The Authors, MDPI publisher. Copyright 2020, The Authors, Elsevier publisher. 

 

 
wave induced by the first pulse started to form, while 

the second pulse is heating the surface after absorption. 

At t = 24 ps, the shockwave induced by the first pulse is 

intensing while the second pulse shockwave has started, 

which create an amplified shockwave which lead to an 

amplified rarefaction wave and formation of hight as- 

pect ratio nanopeaks or nanobumps, depending on the 

laser fluence. 

 
However, in the second scenario illustrated in Fig- 

ure 13 (B), with ∆t = 15 ps, the shockwave induced 

by the first pulse had initiated by the time the second 

pulse reached the surface. At t = 25 ps, the rarefac- 

tion caused by the shockwave of the first pulse had be- 

gun, concurrent with the initiation of the shockwave 

from the second pulse. This simultaneity resulted in 

minimized shockwave and rarefaction effects. Conse- 

A 
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F I G U R E 1 3 A: schematic illustrating the influence of time delay on convection instabilities and their control over 

the type and aspect ratio of 2D-LIPSS-II. With a small ∆t of 8 ps, the second pulse reaches a surface during the shock- 

wave, intensifying it and amplifying the subsequent rarefaction. Conversely, at a higher ∆t of 15 ps, the second pulse’s 

shockwave reaches the surface during rarefaction, resulting in minimized rarefaction and the creation of organized 

nanostructures with smaller height. The material used in the figure is Ni(001). 

 

quently, this extended time delay led to the formation 

of 2D-LIPSS-II with smaller height, such as nanohumps 

and nanohexagons, depending on the laser fluence. 

 
 
 
 
 
 
 
 
 

Thus, the time delay plays a crucial role in fine-tuning 

the balance effects between the second shock wave and 

the first rarefaction wave. When comparing the height 

of nanostructures at a constant laser fluence of 0.18 

J/cm2, it becomes evident that at ∆t = 8 ps, the height of 

the nanostructures is 5 to 10 times greater than those 

at ∆t = 15 ps. This suggests that a smaller time delay 

can induce a more amplified shock wave, followed by a 

stronger rarefaction wave, resulting in longer nanostruc- 

tures. On the other hand, a larger time delay can reduce 

the intensity of the shock wave. 

6 |   LIMITATIONS AND PERSPEC- 

TIVES 

 
6.1 | Control the surface state for 

2D-LIPSS-II 

When dealing with manufacturing extremely small sur- 

face structures, especially ones on the scale of tens of 

nanometers, certain limitations come into play. These 

limitations become even more pronounced at such tiny 

scales. To explore this, let’s turn our attention to Fig- 

ure 14 (A). This visual guide highlights the fundamen- 

tal importance of the initial surface’s shape in the pro- 

cess of forming nanostructures. To achieve different 

surface shapes, various polishing methods have been 

proposed, resulting in surfaces with different levels of 

arithmetic average roughness (measured as Ra ). Upon 

close examination using an AFM scan covering an area 

of 5 × 5 µm2, a critical revelation emerges—the value of 

Ra holds a pivotal role. Specifically, when Ra crosses the 

threshold of 5 nm (R ath ), it becomes a determining fac- 

tor. Surface roughness beyond this threshold acts as a 
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B Spiky surface 
 

 
200 nm 

Ra1= 1.3 nm < Rath Ku1 = 7.54 > 3 

Ra2= 4.4 nm < Rath Ku2 = 2.84 < 3 

Type of roughness 

 
A 

Ra > 5 nm 

 

Irregular protrusions 
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F I G U R E 1 4 A: Two different initial surface roughness values (Ra ) irradiated with the same laser parameters, high- 

lighting the presence of an initial roughness threshold (Rath ) at approximately 5 nm. Beyond this threshold, the for- 

mation of 2D-LIPSS-II are unattainable. B: Initial surface topography of two distinct samples subjected to different 

polishing methods (mechanical polishing in (a) and electrochemical in (b)), both exhibiting Ra values less than Rath . 

Arithmetic roughness (Ra ) and Kurtosis (Ku) were measured and compared for both samples. (c, d): 3D SEM images 

of samples (a) and (b) respectively after laser irradiation. The critical influence of the initial surface roughness type on  

nanostructure concentration is evident. The material used in the figure is Ni(001). Reproduced with permission [76]. 

Copyright 2021, The Authors, MDPI publisher. 

 

 
barrier, preventing the creation of the previously men- 

tioned nanohumps and nanohexagons that we’ve been 

exploring. 

In Figure 14 (B), both mechanically and electrochem- 

ically polished samples exhibit initial roughness values 

below the defined Ra th  . Mechanical polishing involved 

a series of steps, including coarse paper up to P2400, 

followed by diamond polishing at 3 µm and 1 µm, and 

concluding with vibratory polishing using colloidal silica 

at 0.05 µm for several hours. This meticulous process 

yielded a mirror-like surface with an exceptionally low 

arithmetic roughness. To assess the initial roughness 

and the sharpness of surface features, the Kurtosis (Ku) 

statistical parameter was utilized. A Ku value exceed- 

ing 3 characterizes a "spiky" surface, while a value be- 

low 3 indicates a "bumpy" surface. When Ku equals 3, 

the surface exhibits entirely random roughness. The me- 

chanically polished sample exhibits a Ku value of 7.54, 

classifying it as a spiky surface with an Ra below the 

 
Rath threshold. Conversely, the electrochemically pol- 

ished sample was treated with stainless steel electrolyte 

at 25 Volts for 60 seconds. This process yielded an arith- 

metic roughness Ra of 4.4 nm, remaining below the Rath 

threshold. The Ku value for sample 2 is 2.84, signifying 

a bumpy surface. 

 
 
 
 

Comparing the two textured surfaces under identical 

laser parameters clearly reveals differences in nanopeak 

concentration. The spiky, mechanically polished sur- 

face is presumed to possess greater surface absorbance 

when contrasted with the bumpy, electrochemically pol- 

ished surface. This dissimilarity in absorbance poten- 

tially contributes to the heightened concentration of 

nanostructures. It is noteworthy that the initial surface 

roughness type significantly influences both surface ab- 

sorbance and reflectivity. 

Irregular protrusions Bumpy surface 

200 nm 

Ra < 5 nm Nanostructures 

Ni 
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6.2 | Eff ects of polycrystalline states 

 
The impact of crystalline orientation on the formation of 

2D-LIPSS-II on polycrystalline nickel samples has been 

investigated [112]. The research sheds light on the un- 

even formation of structures on the surface of a metal 

when subjected to a low number of laser pulses. This 

non-uniform formation is attributed to the distinct re- 

sponses of various crystalline orientations present on 

the surface. 

 

 
 

F I G U R E 1 5 SEM image of a site irradiated with 20 

laser pulses at 0.3 J/cm2. This clearly illustrate the com- 

petition between the formation of LIPSS and the accu- 

mulation of defects. The material used in this figure is 

a polycrystalline Ni. Reproduced with permission from 

[112] thesis. Copyright 2019. 

 

Results obtained from the same irradiated nickel sam- 

ple, as shown in Figure 15, demonstrate the discrepancy 

in structuring depending on the specific grain. Certain 

regions were magnified to discern the presence or ab- 

sence of 2D-LIPSS-II, either within grains or near grain 

boundaries. This outcome underscores a pronounced 

orientation-dependent effect, with the (001) orienta- tion 

exhibiting a higher propensity for the creation of 

nanohexagons on its surface. In essence, a competition 

arises between the absorbed laser energy’s conversion 

into crystal defects and its transformation into periodic 

surface structures [113]. Moreover, this local crystal ori- 

entation subtly alters the threshold of the solid-liquid 

phase transition and influences the transient formation 

of surface roughness following the initial shots. 

Moreover, irradiation of chromium (Cr) surfaces has 

revealed that the material’s response to the initial laser 

pulse is significantly influenced by its surface’s crystal- 

lographic orientation. Specifically, the (001) surface of 

chromium demonstrates the creation of more extensive 

and refined nanoscale surface roughness compared to 

the (011) surface [24]. This heightened surface rough- 

ness resulting from the first laser pulse scatters laser 

light and induces local field enhancement upon expo- 

sure to the second laser pulse. Consequently, this phe- 

nomenon leads to the development of significantly more 

pronounced high spatial frequency structures on the 

(001) surface when compared to the (011) surface. 

 

 
6.3 | How to reach the ultimate scale? 

Reducing the laser wavelength presents an enticing av- 

enue for further exploration. Previous studies have 

shown that a decrease in laser wavelength is linked to 

the generation of smaller structures in the context of 

LIPSS [114, 115]. In the domain of 2D-LIPSS, encom- 

passing both types I and II, these questions remain in- 

triguing and merit thorough investigation. Particularly, 

it is yet to be determined whether 2D-LIPSS-I could 

achieve a scale similar to that of 2D-LIPSS-II through 

laser wavelength reduction. Furthermore, delving into 

the limitations of 2D-LIPSS-II is of paramount interest 

- can even smaller scales be feasibly achieved? If so, 

what defines the boundary for this reduction? These in- 

quiries delineate a stimulating path for future research, 

presenting opportunities to unravel novel phenomena 

at the nanoscale. 

The formation of 2D-LIPSS necessitates that trans- 

verse temperature gradients (ATT ) are of a similar mag- 

nitude to longitudinal temperature gradients (ATL ). Typi- 

cally, ATL is determined by the optical skin depth, which 

is on the order of tens of nanometers for metals. High 

ATL values, reaching up to ≃ 1011 K m−1, result in a 

melted nanolayer and density changes in the fluid due to 

propagating shock waves. Transverse temperature gra- 

dients, ATT , are driven by the extension of near-field 

absorption around surface roughness. This emphasizes 

the need to ensure that both the initial nanorelief struc- 

ture (following the polishing process) and their transient 

(001) 3 µm 

(001) 

 5 µm   2 µm 



23 

 

 

formation (after the first pulses) occur at the a scale com- 

parable with the 3D-extent of optical absorption. Both 

ATL and ATT relax simultaneously, inducing oriented 

nanoscale effects. When these gradients act synerget- 

ically with a similar contribution, convective flows de- 

velop, and symmetry breaking nanopatterns can emerge 

due to the natural convection of irregular wavy struc- 

tures on the surface. This emphasizes the criticality of 

confining electromagnetic fields to the smallest regions, 

specifically on the nanoreliefs, to enhance ATL and ATT 

for the successful generation of 2D-LIPSS at the ulti- 

mate scale. 

 

6.4 | Nonlinear dynamics modelling 

The diverse range of characteristic shapes and sizes 

exhibited by LIPSS, notably resembling eolian sand 

dunes and structures observed during ion sputtering 

[64], has prompted the innovative notion of associat- 

ing LIPSS with surface self-organization arising from 

a laser-induced surface instability [63]. This concept, 

well-established in explaining structure formation dur- 

ing ion sputtering, revolves around the central idea of 

structures forming due to a competition between sur- 

face roughening through erosion and surface smoothing 

through diffusion. 

As previously presented for 2D-LIPSS-II, nanoscale 

fluid flows were shown to be driven by a complex in- 

terplay between electromagnetic, internal and surface 

pressure forces that can be trapped due to resolidi- 

fication process. The prediction of underlying laser- 

coupling processes is constrained by a deterministic ap- 

proach integrating low fluctuation conditions by surface 

roughness. Stationary patterns can become unstable un- 

der nonlinear amplification and bifurcate into more com- 

plex patterns that cannot be reliably described by classic 

approaches such as Navier-Stokes equations combined 

with Maxwell equations. Formally, convective instability 

patterns can be calculated by considering energetic fluc- 

tuation effects near the surface. Technically, introducing 

a noise term to the surface topography disrupts the uni- 

form response of deterministic hydrodynamic equations 

by promoting strong inhomogeneous absorption. This 

noise-induced perturbation leads to unexpected sym- 

metries and chaos, providing a self-consistent frame- 

work for realistic laser-surface scenarios. To deepen the 

comprehension of complex dynamics in the presence of 

fluctuations during fluid instability onset, a recent ad- 

vancement involves a nonlinear mathematical approach 

capable of predicting Turing-like patterns that lead to 

self-organization [93]. 

 

  

  

 
F I G U R E 1 6 Numerically calculated surfaces show- 

ing the surface morphologies with various parameters. 

The direction of incident electrical laser field is indicated 

with double arrows, ellipse and circle, correspondingly. 

The corresponding 2D-FFT images are presented in the 

inserts. Reproduced with permission [63]. Copyright 

2011, Springer Science publisher. 

 
The self-organization process was first proposed in 

the 1990s to theoretically explain a specific class of pe- 

riodic laser-induced structures that differed qualitatively 

from LIPSS in that their orientation was unrelated to the 

laser polarization and the structure period was not di- 

rectly correlated to the exciting radiation wavelength. 

Later, Reif et al. employed self-organization to explain 

the creation of LIPSS on wide bandgap materials using a 

nonlinear-dynamic erosion/smoothing model, based on 

Kuramoto-Sivashinsky equation commonly used in ion 

sputtering, to simulate surface pattering during multi- 
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pulse femtosecond laser ablation [63, 116, 117]: its concise formulation, SH captures the essence of com- 

 
∂h 

∂t 
= −ν (h ) 

,

1 + (Ah )2 − K A2 (A2h ) (1) 

plex systems by manipulating precisely two key parame- 

ters to unveil a spectrum of emergent behaviors in con- 

vective processes. Its simplicity proves valuable, particu- 

where h corresponds to the growing surface profile. ν 

and K are the erosion velocity and the self-diffusion 

term, respectively. It was demonstrated that the correla- 

tion of ripple topography and orientation with laser po- 

larization can be characterized within a model in which 

the polarization creates an asymmetry in the deposited 

energy distribution and causes symmetry breaking on 

the surface. The model for dynamical systems generat- 

ing spatio-temporally chaotic states has been adapted 

to account for how laser polarization affects nanostruc- 

ture features can define directional anisotropy as pre- 

sented in Figure16. 

In a similar manner but more tailored to thermocon- 

vective flow, the Swift-Hohenberg (SH) model stands 

out as a powerful statistical model for understanding 

pattern formation in spatially extended systems which 

involve nonlocal interactions. Rooted in bifurcation 

theory and critical phenomena, the SH equation de- 

scribes the emergence of diverse spatial patterns, such 

as stripes, spots, and hexagons, observed in experimen- 

tal 2D LIPSS. Through spontaneous symmetry break- 

ing and conservation laws, the model captures essen- 

tial features of pattern dynamics, providing a statistical 

framework for analyzing the evolution of pattern ampli- 

tudes. The Swift-Hohenberg model was derived from 

a 2D projection of the governing fluid equations for 

Rayleigh-Bénard convection [118]. This projection, un- 

der the Boussinesq approximation, removes the depen- 

dence of the temperature, pressure, and velocity fields 

on the coordinate normal to the surface during hydro- 

dynamic instabilities[118, 119]. SH approach, being a 

nonlinear dynamics model, is a favored choice for eluci- 

dating pattern formation phenomena owing to its sim- 

plicity, computational efficiency, emphasis on pattern 

formation, suitability for specific pattern systems, theo- 

retical tractability, and versatility in capturing a diverse 

array of patterns. SH model incorporates nonlinearity 

terms that allow small amplitude destabilization, mimick- 

ing experimentally observed hexagonal patterns. With 

larly in laser-surface interaction, where defining the out- 

of-equilibrium thermodynamic properties of the mate- 

rial (pressure, density, viscosity, surface tension, etc) can 

be challenging. Consequently, experimental patterns 

can be compared with specialized mathematical models 

tailored to describe the dynamics of nonlinear systems, 

facilitating a comprehensive exploration of the encom- 

passed phase space. 

Brandao et al. strategy relied on the use of Machine 

Learning (ML) integrating partial physical information in 

the form of the SH model to identify dominating stable 

modes for a set of parameters independently from ini- 

tial roughness conditions [120]. This strategy enables 

to solve the dual inverse problem from a single observed 

state, consisting of an SEM image, with little data. This 

modelling is scale-invariant and can be applied to any 

laser process. It reduces experimental irradiation param- 

eters to simple model coefficients, which can then be op- 

timized and extrapolated for surface pattern engineer- 

ing. The generalized Swift-Hohenberg equation was de- 

rived in an adimensional form as [93, 120]: 

 

u˙ = ϵu − (1 + A2 )2u + γu2 − u3. (2) 

Here, u is a real scalar field representing the surface am- 

plitude, with x , y , and t denoting spatial coordinates 

and time, respectively. The parameter γ refers to a 

symmetry-breaking factor driving the quadratic nonlin- 

ear term, enabling small-amplitude destabilization and 

the formation of hexagonal patterns as observed exper- 

imentally. The negative cubic term predominates for 

large amplitudes, controlling the magnitude of instabil- 

ities to limit the growth of the structures. Lastly, ϵ > 0 

serves as the bifurcation parameter [121]. With appro- 

priate boundary conditions, the original SH equation 

exhibits a type-I-s instability that is isotropic, invariant 

with respect to translations and to u → −u [121]. Per- 

turbations of ub = 0 are selectively amplified depending 

on the norm of the wavenumber, leading to the forma- 
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ing to laser parameters unseen during training. This ML 

approach reduces experimental irradiation parameters 

to simple model coefficients, which can then be opti- 

mized and extrapolated for surface pattern engineering 

[93, 120]. 

 

7 | CONCLUSION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
F I G U R E 1 7 SEM images were experimentally ob- 

tained under varied irradiation conditions to explore pat- 

tern regimes, along with the associated SH prediction 

for a specific set of (ϵ, γ) parameters. The SH coeffi- cients 

were derived using a pre-trained deep convolu- tional 

network approach. with permission [120]. Copy- right 

2023, The Authors, American Physical Society. 

 
tion of complex patterns with no preferential direction. 

Modifying the model coefficients, specifically adjust- 

ing the nonlinear strength and a bifurcation parameter 

that gauges the dimensionless proximity to the convec- 

tion threshold in Rayleigh number terms, enables accu- 

rate replication of the nanostructures. Solutions resem- 

bling patterns in the SH equation closely resemble what 

we observe in the SEM images of irradiated surfaces, as 

depicted in Figure 17. In the presented results, a deep 

convolutional neural network approach was used to pre- 

dict SH coefficients to generate solutions correspond- 

In summary, this comprehensive review explores 

the intricate transition from one-dimensional to two-

dimensional LIPSS. Our primary focus is to com- 

prehend this morphological evolution across diverse 

scales, shedding light on the fascinating domain of 2D 

structures. Through systematic categorization based 

on their periodicity, we reveal a remarkable array of 

configurations within 2D-LIPSS, all stemming from the 

fundamental mechanism of triggering fluid convection 

at varying scales.    This categorization underscores 

the notable diversity inherent in these patterns of 

complexity. 

Throughout this investigation, the intricacies of gen- 

erating 2D-LIPSS-II structures at the finest scale have 

been explored, dissecting the critical parameters gov- 

erning symmetry breaking and a morphological evolu- 

tion of the patterns. These irradiation conditions, en- 

compassing factors such as polarization and feedback 

have been meticulously examined, providing a profound 

understanding of the subtle interplay between the fea- 

tures of scattered light and matter reorganization at the 

nanoscale. 

Theoretical investigations have highlighted the key 

role of convective flows triggered by polarization- 

dependent photoexcitation as primary mechanisms 

shaping these captivating symmetries. The issue of pat- 

tern reproducibility is at the core of self-organized pro- 

cesses. In particular, initial conditions, such as surface 

roughness properties or local effects of crystallographic 

orientations, must be meticulously controlled. The se- 

lection and preparation of the surface prior to irradia- 

tion are as crucial as the laser parameters in governing 

the process. 

In a broader sense, instead of merely following one af- 

ϵ = 0.14, γ = 0.33 F = 0.18 J/cm², ∆t = 20 ps 

ϵ = 0.11, γ = -0.61 F = 0.22 J/cm², ∆t = 20 ps 

ϵ = 0.14, γ = -0.18 F = 0.20 J/cm², ∆t = 25 ps 

ϵ = 0.26, γ = 0.68 F = 0.18 J/cm², ∆t = 10 ps 
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ter another, the profound influence of preferential light 

orientations on surface features and self-organization 

can be intricately interconnected, unveiling several pat- 

terns simultaneously. The interplay among these over- 

lapping patterning processes significantly contributes to 

achieve a stable and replicable pattern. This suggests 

that 2D surface self-organization is elaborated in a non- 

localized manner within the laser impact zone, present- 

ing opportunities for uniform and coherent structuring 

during impact superposition. 

The precision and resilience observed in the develop- 

ment of nanostructures, once seen as random or spec- 

ulative, can now be meticulously quantified through ex- 

perimental endeavors. Moreover, within a framework 

of nonlinear dynamical systems tailored for dissipative 

structures, machine learning provides a powerful tool to 

analyze pattern expression variability and predict con- 

ditions to extrapolate towards yet-to-be-observed pat- 

terns. This opens doors to potential applications across 

a wide spectrum of nanoscience domains, including 

nanophotonics, nanofluidics, and nanocatalysis, chart- 

ing a promising trajectory toward impactful advance- 

ments. 
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