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A B S T R A C T   

Two-dimensional surface pattern formation is achieved by irradiation of a gold thin film on a silicon wafer by 
circular- or non-polarized nanosecond laser pulses. It is shown that the laser-induced reorganization may be 
described by the same principles as laser-induced periodic surface structure (LIPPS) formation using linear 
polarized light, which generates typical stripe-like patterns. The 2D-process shows some astonishing similarities 
with a simple interference feedback loop modeling material redeposition. The periodicity Λ of the created 
hexagonal and square patterns is in good agreement with calculations of the theoretically calculated wavelength 
of surface plasmon polaritons (SPPs). The morphology of the created nanoparticles is analyzed with focused ion 
beam scanning electron microscopy (FIB-SEM), revealing the dependence on the substrate’s crystallographic 
orientation. Generated patterns may be either converted into ‘nanohole’ arrays or used for the synthesis of 
exotically shaped and highly uniform gold nanoparticles.   

1. Introduction 

In recent years, the fabrication of micro- and nanostructures with 
specific spatial arrangements has attracted ever-growing attention, as it 
enables the control of substrates physio-chemical properties. By their 
various properties and quantum behavior, these functionalized surfaces 
are utilized in a vast range of different applications including solar cells 
[1], decorations [2], superhydrophobicity [3], biosensing [4,5], bio
mimetic [6], electronics [7] and photonic applications [8]. As litho
graphic or multi-beam [9,10] techniques are either time consuming 
and/or require rather complex and costly equipment, laser-induced self- 
organizing patterning is a promising alternative for extended surface 
areas [11]. 

For nanosecond laser pulses typically low spatial frequency LIPSS 
(LSFL), further on referred to as 1D-LIPSS, with spatial periodicities 
similar to the applied laser wavelength are obtained, which are known 
since their first discovery by Birnbaum in 1965 [12]. The underlying 
formation mechanism of LIPSS is still highly debated [13–18]. Never
theless it is commonly accepted, that interference of the incident light 
and surface plasmon polaritons (SPP), arising from the substrates’ 

surface roughness, leads to periodic modulations of absorbed energy 
[13–16,19,20]. The corresponding inhomogeneous energy distributions 
give rise to thermal gradients resulting in cumulative hydrodynamic 
effects like thermocapillary forces, which are known to be an essential 
force driving the liquid flow in ns-laser melted metal thin films [21]. 
Advanced numerical simulations, often based on the Sipe-Drude-model, 
and taking into account optical and thermal substrate properties within 
an inter- and intra-pulse feedback mechanism, are in good agreement 
with experimental 1D-LIPSS features [22–25]. Pulse fluence, pulse 
number, and geometric pulse overlap are key parameters for tuning the 
structure’s features [16,19,26,27]. 

Even though 1D-LIPSS has been a scientific evergreen in the past few 
decades, the fabrication of 2D-LIPSS only recently gained some popu
larity. 2D-LIPSS are either generated by irradiation of two crossed 
linear-polarized consecutive pulses [28–31] or by use of circularly 
polarized pulses [28,29,32,33]. 

In this article, we demonstrate the laser-induced self-organization of 
a gold thin film on silicon wafers of different crystallographic orienta
tions, treated with nanosecond laser pulses. This model system is well 
characterized for one-dimensional nanostructure fabrication as shown 
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in previous work [34]. Under irradiation with both, circular and depo
larized light, two-dimensional nanoparticle arrays emerge, providing a 
highly symmetric pattern. 

2. Materials and methods 

2.1. Experimental 

The silicon samples used in this study were mechano-chemically 
polished boron-doped (100) (Siegert Wafer, Germany) and (111) (Sil
chem, Germany) single crystals. The wafers were gold coated with 
1.8–4.6 nm gold using an Auto 206 vacuum coater system (Edwards, U. 
K.). The thickness of the generated Au thin film was measured with 
single-wavelength ellipsometry. Laser irradiation was performed with a 
frequency-doubled Nd:YVO4 diode-pumped solid-state (DPSS) laser 
(explorer XP 532-5, Newport, USA) emitting ≈ 8 ns pulses (FWHM) of λ0 
= 532 nm wavelength in TEM00 (M2 < 1.1) mode. The ns-laser pulses 
were focused to a spot radius of 50 μm (1/e2) at normal incidence to the 
substrate surface. The beam was scanned over the substrate by a 
galvanometer scan head (SCANgine 14-532, Scanlab, Germany). The 
polarization state of the laser was measured with a polarimeter (Thor
labs TXP 5004 with the PAN5710VIS scan head). The laser power was 
measured with an LM-80 V detector head (FieldMax II, Coherent USA). 

Scanning electron microscopy (SEM) was performed on a field 
emission microscope (JSM-7500F, Jeol, Japan) equipped with a back
scattered electron detector (YAG, Autrata, Czech Republic) and with 
focussed ion beam milling (FIB) on a CrossBeam-Workstation (Gemini 2, 
Carl Zeiss, Germany). 

Generated gold nanoparticles can be harvested by a simple two-step 
etching process, first with 1 M fluoric acid (HF), and second with a 
boiling 4:1 mixture of concentrated KOHaq. and 2-propanol. 

The surface topography of 2D-LIPSS substrates after acid-etching (HF 
(1 M), aqua regia) was analyzed by atomic force microscopy (AFM, 
Nanoscope IV, Bruker, USA). Taping mode was chosen for topological 
imaging using SNL-10 tips (f = 56 kHz). 

2.2. Image processing 

Gwyddion, an open-source software, was used for the analysis of the 

local pattern symmetry and spatial frequency, and 2D-Fast-Fourier- 
Transformation (FFT) of the SEM images. 

3. Theory 

Previous studies suggest that LIPSS are created by incident wave
fronts interfering with SPP [13–16,19,20]. SPP describe charge density 
oscillations propagating along with the interface of a dielectric and a 
conducting substrate with a specific wavelength λSPP [35]. This 
approach represents a useful explanation of LIPSS formation on metals 
and semiconductors as SPP are transverse magnetically polarized in 
relation to the laser light polarization [36]. SPP may be excited through 
diffraction of light at surface irregularities if an optically active mode 
near the laser frequency exists. The wavelength λSPP is shorter than the 
laser wavelength as can be derived from Eq. (1) [35], 

λSPP = λ0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε’

S + εd

ε’
S⋅εd

√

(1)  

where ε’
S is the real part of the metallic substrates dielectric function and 

εd the dielectric function of the dielectric layer. Using the complex 
dielectric function the penetration depth and propagation length can be 
calculated as shown in Appendix A. Neglecting the thin gold layer the 
dielectric function of the dielectric can be considered to be the dielectric 
function of air εd(Air) = 1 [37]. Assuming the massive excitation and 
heating, e.g. liquefaction of the silicon at the air/Si interface, the 
dielectric function of the substrate equals the optical properties of 
molten silicon with εẤ

S(mSi) = − 14.2 [38]. This has proven to be a good 
assumption in earlier works [20] and predicts a theoretical wavelength 
of λSPP = 513 nm which is in good agreement with the measured peri
odicity (Λ = 515 nm ± 13 nm) of our 2D-LIPSS (see Fig. 1). 

3.1. Results and discussion 

3.1.1. Pattern formation 
LIPSS were generated on Si(100)-wafers covered with a 3.4 nm Au 

thin film. Different states of ellipticity of the laser polarization were 
employed. The generated LIPSS is oriented perpendicular to the main 

Fig. 1. a) Laser setup able to control ellipticity and degree of polarization. λ/2 and λ/4: half-wave and quarter-wave plates. b) Photo of wafer fragment featuring 
white light diffraction of AuSi-2D-LIPSS. c) SEM image of AuSi pattern formed by 2D-LIPSS process. 
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Fig. 2. LIPSS on Si(100) coated with Au (d = 3.4 nm) after irradiation (Fp = 0.145 J/cm2 , N = 753) with different polarization states from nearly linear to circular 
polarization. The polarization ellipse of the incident laser radiation (red) indicates the polarization used for each corresponding particle pattern. 

Fig. 3. 2D-LIPSS generated by irradiation with circularly polarized light on Si(100) with hexagonal (a) (d = 4.1 nm, Fp = 0.155 J/cm2 , N = 5000) and square (b) (d 
= 2.6 nm , Fp = 0.152 J/cm2 , N = 1500) pattern. c,d) show the Fast Fourier Transformation of the corresponding SEM images. 
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axis of polarization but is disintegrated into droplets for elliptically 
polarized light (Fig. 2). This disintegration is known to occur upon 
excessive laser stimulation [17] and is because all LIPSS from Fig. 2 were 
generated with the same pulse fluence Fp and effective pulse numbers N, 
which was chosen to fit best for the generation of 2D-LIPSS. 2D-LIPSS 
were only observed for a polarization ellipticity of 42 deg. or higher, 
whereby 45 deg. corresponds to circular polarization. The 2D patterns 
obtained from patterning with circularly polarized light possess either a 
four- or sixfold symmetry (Fig. 3) as discussed later in this work. 

Starting with the very first laser pulse [39,40] the spatial redistri
bution of the gold thin film begins driven by the intensity pattern formed 
by the scattered laser light and the SPP at the interface between the 
semiconducting substrate and the air. Note that the properties of the 
substrate change during laser irradiation, as further elaborated in 

section three (Theory). Typically the dewetting process is driven by melt 
instabilities against capillary waves induced by small irregularities in 
the gold layer and results in a spinodal decomposition of the film. The 
resulting wavelength has a quadratic dependency on the film thickness 
d [21,41–45]. 

Despite resembling a typical spinodal decomposition, the power 
spectra of the dewetted gold films (Fig. 4.) present a wavelength of 515 
nm and lack any correlation with the thin film thickness, indicating that 
the dewetting process is not driven by a homogenous energy absorption 
of the thin film, but by the substrate’s photonic properties. This spatial 
distribution can be explained by the stimulation of SPPs. As described by 
Sipe et al. [46], the existence of small irregularities on a surface leads to 
polarization-dependent scattering and thus energy variations in the 
surface of the material. For circular polarization, the corresponding 

Fig. 4. 2D-LIPSS pattern evolution in relation to the number of laser pulses N with circularly polarized light. (FFT below) (d = 3.6 nm, Fp = 0.125 J/cm2).  

Fig. 5. Interference patterns generated through feedback loop after I iterations. Scattering centers are generated from each previous iteration. (Bottom row) Cor
responding FFT frequency patterns. 
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diffraction pattern shows a uniformly bright circle, which is in good 
agreement with the observed power spectrum of an early stage of 
pattern formation (Fig. 4). The same graphical illustration of square 
pattern formation can be found in Appendix A Fig. A1 [47]. 

Repeated laser stimulation leads to continuous structure refinement 
and eventually results in nanoparticle arrays with a periodicity of about 
515 nm. Note that the nearest neighbor distance of the hexagonally 
arranged nanoparticles is larger than the corresponding distance in the 
square pattern, as it follows from geometrical considerations (Fig. A2). 
During this process, the radial symmetry of the diffraction pattern en
hances into six respectively four dominating spatial directions corre
sponding to hexagonal or square pattern formation. As the equilibrium 
dewetting time and the temporal spacing of the pulses (10 μs) are much 
larger than the time where ‘molten’ gold is existing during the laser 
pulse duration of a few nanoseconds, the SEM images after a defined 
number of pulses N correspond to a time-series of snapshots of the 
pattern formation, based on rapid resolidification detaining the fluid 
morphology [43]. 

Unlike experiments with linear polarization, no inherent component 
favoring a certain alignment of the nanostructures was observed. To 
investigate the underlying mechanism of pattern formation we used a 
simplistic simulation demonstrating a positive feedback loop capable of 
evolving regular patterns from chaotic wave interactions. The feedback 
loop evolves from an initial set of randomly distributed scattering 
sources. Each iteration calculates the interference pattern of all scat
tering sources created by the previous iterations topographic modula
tion. A detailed explanation of the simulation procedure may be found in 
Appendix B. 

Fig. 5 illustrates the interference patterns after “I” iterations which 
reflects the number N of effective pulses. Despite the simplicity of the 
simulated interference patterns, the pattern evolution shows striking 

similarity with the formation evolution of 2D-LIPSS. After an initial 
random spatial distribution with radial symmetry (single wavelength), 
local well-arranged patterns emerge. This emerging local pattern dom
inates the neighboring superposition of scattered waves which leads to 
the proliferation of the very same pattern after further iterations. This 
development is seen in both the experimental results and the interfer
ence simulation. (Fig. 4. and Fig. 5). 

As a consequence of this model for the pattern formation, there is no 
need for circular polarization for a 2D-LIPSS generation as long as the 
system has no predominant direction component. This assumption 
proves to be well-founded as we generated hexagonal 2D-LIPSS with 
depolarized light using a depolarizer (Fig. 6). 

The probability for the nanoparticles to locally align in both, square 
and hexagonal seed patterns, (Fig. 6 c,d), results in the presence of both 
symmetries in immediate proximity (Fig. 6 e) or the coexistence of two 
independent patterns possessing the same symmetry but different ori
entations. An illuminated area consists of different domains that have 
been found to range from 100 μm2 up to several tens of mm2. Fig. 7 
recapitulates the pattern formation and schematically illustrates the 
synchronous existence of different patterns on extended irradiated 
areas. The patches can be macroscopically revealed with white light 
diffraction under different angles, as only areas with patterns matching 
the angle of incidence show diffraction. Öktem et al. [48] obtained 
comparable results by linking quality control issues for many feedback- 
driven lasers fabricated nanostructures to the dimension of the laser spot 
radius, as a larger radius allows the concurrent formation of multiple 
seed locations bearing the blame of pattern irregularities. 

As demonstrated random pattern formation on a small scale and 
subsequent proliferation through self-similarity can result in different 
pattern symmetries despite being exposed to the same laser stimulus. 
Theoretical studies have shown, that only 4-fold and 6-fold symmetries 

Fig. 6. (a, b) Hexagonal 2D-LIPSS generated with 
non-polarized light (6.5% DOP). (d = 3.3 nm, Fp =

0.181 J/cm2 , N = 2475). (c) 2D-LIPSS in an early 
formation stage showing small domains of nano
particles with hexagonal or square arrangements in 
immediate proximity (d = 3.8 nm, Fp = 0.145 J/cm2 , 
N = 215). (d) Simulated interference patterns (I = 29) 
showing small domains of hexagonal and square pat
terns in immediate proximity. (e) 2D-LIPSS showing 
the interface between an extended domain of square 
and hexagonal patterns. (d = 2.2 nm, Fp = 0.125 J/ 
cm2 , N = 1500).   
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occur in such types of systems, which is exactly what we found in our 
AuSi-system [49,50]. Therefore we investigated the probability of both, 
hexagonal and square nano-dot arrangements. Despite the Si(100) 
showing a marginal higher tendency for the formation of hexagonal 
patterns, both Si(100)-wafers and Si(111)-wafer show an increasing 
probability for hexagonal pattern formation upon high effective pulse 
numbers N, as generally preferred in similar, dynamic systems [25] 
(Fig. 8 a,b). For fewer effective pulse numbers N, an increased occur
rence of square patterns with higher pulse fluence is observed. This is in 
good agreement with recent observations attributing the symmetry shift 
of 2D-LIPSS to changes in convection flows related to spatial and tem
poral energy dose distributions [28,31]. As a consequence there is a 
change in temperature gradients and thus a change in viscosity of the 
melted material. This affects the so-called Prandtl-number, a dimen
sionless number defining the ratio of momentum diffusivity to thermal 
diffusivity, which is well known as a key component for pattern selection 
in convection systems [25,51,52]. 

Another important pattern selection mechanism can be attributed to 
surface defects which are expected in highly dynamic environments 
generated through ns-laser irradiation. To generate linear surface 
modifications serving as model-defects, a Si(100)-wafer was irradiated 
by a UV-laser (355 nm) previous to proceeding with the usual procedure 
for a 2D-LIPSS generation (Fig. 8 c). At the interface between the un
treated and the pre-irradiated area, a significant deviation of the nano- 
dot structures’ main axis occurs (Fig. 8 d) even if no apparent surface 
damage could be observed beforehand. This demonstrates the effect of 
statistically occurring surface defects on preferred pattern formation. 

No other variable, neither the thickness of the Au thin film (1.2–5 
nm) nor the hatch rotation and distance, which could account for the 
pattern formation boundary conditions, could be identified to influence 
the pattern selection. The shallow modulation depth (d < 10 nm) further 
reinforces the suggested formation mechanism involving melting, 

material displacement, and resolidification, rather than an ablative 
mechanism [53]. To further investigate the exact interaction and 
weighting of hydrodynamic versus photonic effects during 2D-LIPSS 
formation upon ns-laser irradiation of metal thin films, sophisticated 
numerical simulations taking into account inhomogeneous energy 
absorbance, electromagnetic scattering, thermal effects, and material 
flow need to be developed which is out of the scope of the present work. 

3.2. Goldparticle properties 

The properties of nanoparticle arrays are not solely defined by their 
order but are also influenced by the features of their individual ele
ments. Particles fabricated on Si(100)- and Si(111)-interfaces were 
analyzed via focussed ion beam (FIB) milling and reconstructed via se
rial section imaging (SSI). The 3D-morphology of the nanoparticles 
generated on the Si(100)-surface resembles the shape of lentils (Fig. 9 
a), whereas the nanoparticles generated on the Si(10101)-surface 
possess the shape of bulged triangles (Fig. 9 e). 

The gold nanoparticles are partly sunken into the surface as can be 
seen in their respective cross-section (Fig. 9 b,f), similar as reported for 
gold nanowires fabricated by a similar Au/Si system by Reinhardt et al. 
[34]. Reinhardt et al. performed a composition study (EDX) on a cross 
sections of their ns-pulsed laser generated nanowires and report a sig
nificant amount of Si, in particular in the outer region of the nano
structures. XRD experiments showed a small shoulder at 2θ = 39.7◦, 
corresponding to the (I43m) Au/Si eutectic phase, further underlining 
the presence of a small amount of Au/Si-alloy and strongly suggesting a 
similar alloying process in the peripheral region of gold nanoparticles 
generated in this work. The lenticular shape of the particles generated 
on a Si(100)-surface (Fig. 9 b) is expected for nearly isotropic dewetting 
with high interfacial energy [54,55]. Gold nanoparticles generated on a 
Si(111)-surface on the other hand show significant deviance of the 

Fig. 7. Schematic representation of the pattern evolution in different domains upon recurrent laser stimulation with circularly polarized light. Bellow: White light 
diffraction of a 1 × 1 cm 2D-LIPSS area under different angles of illumination. 
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Fig. 8. (a,b) The percentage of hexagonal compared to square structures as a function of effective pulse number N and pulse fluence Fp, for 2D-LIPSS generated on Si 
(100)- respectively Si(111)-substrates. (c) Schematic representation of the linear defect generation. A Si(100)-Wafer is irradiated with 355 nm (Fp = 0.127 J/cm2, N 
= 4, f = 40 kHz) ahead of the usual sample preparation. (d) Deviation of the structure’s main axis on an interface of a pre-irradiated (355 nm) and an un
treated substrate. 

Fig. 9. Morphology of Au nanoparticles generated on Si(100) (a,b,c,d) and Si(111) (e,f,g,h) substrates. (a,e) 3D-reconstruction of nanoparticles generated via serial 
section imaging. (b,f) Cross section of nanoparticles generated by FIB-milling. SEM images of the nanoparticles before (c,g) and after cleaning the surface with aqua 
regia (d,g). 
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radius of curvature between the particles section above and the section 
embedded in the silicon wafer (Fig. 9 f). Although kinetics are expected 
to also play a role in the ns-laser mediated particle formation, the free 
surface energy of the AuSi-systems interfaces can be qualitatively dis
cussed with equilibrium approaches derived from the Neuman rela
tionship for two melts. As the interface energy-weighted curvatures of 

two sides of an embedded particle must be equal, the free energy of the 
AuSi(111)- interface γAu,Si(1 1 1) is expected to be lower than the corre
sponding energy of the AuSi(100) system [55]. 

Parallel to the surface the nanoparticles fabricated on the Si(100)- 
surface are shaped as nearly circular, rounded squares (Fig. 9 c,d), 
whereas the nanoparticles fabricated on the Si(111)-surface have the 
shape of rounded triangles (Fig. 9 g,h). All nanoparticles are facing the 
exact same orientation which is also dictated by the substrates crystal
lographic orientation as shown in Fig. 9 (d,h) and can be explained by 
considering the anisotropy of the substrate’s free surface energy. This 
corresponds to the observations of Ressel et al. [56] for microdroplets of 
gold on silicon surfaces at different temperatures. The Au droplets were 
reported to have a triangular equilibrium shape on Si(111) surfaces and 
a rounded octagonal shape with 4 dominating faces on Si(100) surfaces 
at high temperatures, which are attributed to nucleation effects and Si- 
surface reconstructions. 

Similar to the 1D-LIPSS fabricated by Reinhardt et al. [34], the 
nanoparticles are surrounded by a thin layer of SiO2 granting effective 
protection against acids like nitro-hydrochloric acid (aqua regia) Fig. 9 
(d,h). This protective layer is removed by exposing the wafer to hy
drofluoric acid (HF, 1 M) for 60 s. Subsequent etching with freshly 
prepared nitro-hydrochloric acid (aqua regia) leaves behind an array of 
nano-holes (Fig. 10. a,b,c,d), whereas etching with a boiling mixture of 
an aqueous solution of potassium hydroxide and isopropanol (4:1) 
achieves selective destruction of the silicon leaving behind the pristine 
gold nanoparticles (Fig. 10 e,f,g,h). 

The size of the nanoparticles and, therefore also of the holes, is 
adjustable by varying the gold thin film thickness and the pulse fluency. 
Generally, a higher film thickness and higher pulse energies increase the 
particle size (Fig. 11). It exists both an energy and film thickness 
threshold, whereas an increase of either value does not lead to bigger 
particles but broader size distributions and arrangement errors. Upon 
carefully choosing the experimental conditions, the nanoparticles show 
a very narrow size distribution with a standard deviation of the particle 
sizes of as low as 1.52 percent, as shown in Appendix A Fig. A3. 

4. Conclusion 

One-step 2D-nanopatterning of gold thin films on silicon substrates 
was achieved by circularly polarized ns-laser pulses. By controlling the 
effective pulse number N, the obtained structures reflect a temporal 
series of snapshots of the pattern formation, thus representing a suitable 
tool to study two-dimensional self-organization phenomena. The 2D 
patterns are obtained as long as there is no dominating orientation of the 
incident laser light as holds for circular as well as non-polarized light. 
The evolution of the nanoparticle arrays can be modeled by a feedback- 
loop of recurring scattered wave interferences. The pattern symmetry 
can be experimentally controlled by variation of the effective pulse 
number and fluence to generate extended regions of hexagonal 

Fig. 10. Nanostructures generated on Si(100) (a,c,e,g) and Si(111) (b,d,f,h) 
substrates. (a,b,c,d) ‘Nanohole’ array generated in a 2-step etching process with 
HF and aqua regia. (e,f,g,h) Au nanoparticles after selective destruction of the 
silicon medium by a 2-step etching process with HF and KOH/2-propanol. 

Fig. 11. Adjustment of the size of the nanoparticles upon increasing the pulse energy. (d = 1.8 nm, N = 1500) The samples are rinsed with aqua regia to remove 
remaining Au leftovers. 
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nanostructures. 
The particle morphology is driven by the substrate’s crystallographic 

orientation and provides lenticular quadrilateral nanoparticles for Si 
(100)-substrates and uniformly oriented bulged triangles for Si(111)- 
substrates. Different 2-step etching procedures can be used for the 
fabrication of ‘nano-hole’ arrays or to harvest the pristine nanoparticles. 
The size of both the particles and of the holes can be controlled by the 
film thickness and laser pulse fluence. 

The introduced method may be used to study self-organization pro
cesses on various two-component systems as well as to serve as a ver
satile tool for nanoparticle and ‘nano-hole’ array fabrication or the 
preparation of small amounts of triangular or quadratic shaped metallic 
nanoparticles with very narrow size-distributions. 
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[6] F.A. Müller, C. Kunz, S. Gräf, Bio-inspired functional surfaces based on laser- 
induced periodic surface structures, Materials 9 (2016). 

[7] X. Wang, C.J. Summers, Z.L. Wang, Large-scale hexagonal-patterned growth of 
aligned ZnO nanorods for nano-optoelectronics and nanosensor arrays, Nano Lett. 
4 (2004) 423–426. 
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