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Abstract: The formation and properties of laser-induced periodic surface structures (LIPSS) was
investigated on different technically relevant glasses including fused silica, borosilicate glass, and
soda-lime-silicate glass under irradiation of fs-laser pulses characterized by a pulse duration
τ = 300 fs and a laser wavelength λ = 1025 nm. For this purpose, LIPSS were fabricated in an
air environment at normal incidence with different laser peak fluence, pulse number, and repetition
frequency. The generated structures were characterized by using optical microscopy, scanning
electron microscopy, focused ion beam preparation and Fast-Fourier transformation. The results
reveal the formation of LIPSS on all investigated glasses. LIPSS formation on soda-lime-silicate glass
is determined by remarkable melt-formation as an intra-pulse effect. Differences between the different
glasses concerning the appearing structures, their spatial period and their morphology were discussed
based on the non-linear absorption behavior and the temperature-dependent viscosity. The findings
facilitate the fabrication of tailored LIPSS-based surface structures on different technically relevant
glasses that could be of particular interest for various applications.
Keywords: fs-laser; laser-induced periodic surface structures (LIPSS); fused silica; soda-lime-silicate
glass; borosilicate glass; melt formation; viscosity

1. Introduction
The glasses are the material of choice for numerous high-tech applications including e.g., optics,
solar cells, microfluidics, and biomaterials. An important aspect of these glasses is related to their
surface-specific properties including absorption, reflection, and wettability that can be tailored by
engineering the surface. Ultra-short pulsed lasers (fs-lasers) demonstrated to be a versatile tool for the
fabrication of functional structures inside the bulk of transparent materials (e.g., nanogratings) [1,2],
as well as on the surface of materials [3]. In the context of surface structuring, laser-induced periodic
surface structures (LIPSS) gained rapidly increasing attention over the last decade [4,5], although
their first observation by Birnbaum dates back to the year 1965 [6]. According to the spatial period,
LIPSS are typically classified into low-spatial frequency LIPSS (LSFL) and high-spatial frequency LIPSS
(HSFL). On dielectrics, LSFL often show spatial periods close to the utilized laser wavelength λ or
close to λ/n, with n being the refractive index of the dielectric material. The orientation of the LSFL is
correlated to the laser beam polarization, whereas the alignment on dielectrics is either perpendicular
or for large band gap materials (e.g., SiO2 , BaF2 ) parallel to the electrical field vector [7]. In the 1980’s,
several research groups provided theories for the formation of LSFL [8–10]. It is generally accepted
that their formation mechanism is related to a spatially modulated energy deposition pattern resulting
from the interference of the incident laser radiation with excited surface electromagnetic waves, which
may involve the excitation of surface plasmon polaritons [8]. HSFL with periods much smaller than
λ are predominantly observed for the irradiation with pulses in the ps- to fs-range mainly for below
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band-gap excitation of transparent materials [7,11]. Their origin, however, still remains unclear. Hence,
numerous investigations are still under research. Possible explanations include self-organization [12],
second-harmonic generation [13], and chemical surface alterations [14].
The formation of LIPSS on fused silica has already been studied considering several influencing
parameters including the laser peak fluence, F, the number of incident laser pulses, N, and the
beam polarization mainly for the irradiation with Ti:sapphire fs-laser pulses (λ = 800 nm) in an
air atmosphere [7,15–23]. However, the chemical composition of a glass significantly determines
its physical properties including the glass transition from the solid and the liquid state, which is
accompanied by a change of the viscosity over several orders of magnitude. Consequently, the
interaction between laser radiation and matter, the LIPSS formation process and its corresponding
threshold fluences, as well as the properties and morphologies of the fabricated LIPSS are strongly
determined by the specific composition of the glass. In the present paper, the formation of LIPSS
on fused silica, borosilicate glass, and soda-lime-silicate glass was systematically investigated using
fs-laser radiation with different laser peak fluence, pulse number, and repetition frequency.
2. Results and Discussion
2.1. LIPSS Formation on Different Glasses
Figure 1 shows SEM micrographs of the surface of fused silica (Figure 1a–c), borosilicate glass
(Figure 1d–f), and soda-lime-silicate glass (Figure 1g–i) after irradiation with N = 5 linearly polarized
laser pulses of different fs-laser peak fluence, F, between 3.3 J/cm2 and 14.6 J/cm2 using a repetition
frequency f rep = 1 kHz. The specific values of F used for the different glasses were chosen with respect
to the different threshold values Fth LSFL for LSFL formation (see Section 2.2), i.e., F was set close to
Fth LSFL to verify HSFL formation and larger than Fth LSFL to receive a well-pronounced LSFL pattern.
The fluence value F = 14.6 J/cm2 , which corresponds to the maximum peak fluence of the fs-laser, was
utilized to investigate melt formation.

Figure 1. SEM micrographs of the surface of fused silica (a–c), borosilicate glass (d–f), and
soda-lime-silicate glass (g–i) upon irradiation with N = 5 linearly polarized laser pulses of different
peak fluences, F, at a repetition frequency f rep = 1 kHz. Please note the direction of the electrical field
vector and the different scaling of the micrographs, which was chosen in order to display the entire
ablation spot.
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From Figure 1 it becomes evident that generally both types of LIPSS, HSFL, and LSFL, can be found
on all types of investigated glasses. In the case of fused silica, the lowest fluence value, F = 5.0 J/cm2
leads to the formation of HSFL (Figure 1a) with an orientation perpendicular to the direction of the
electrical field (E-field) vector of the fs-laser radiation. The increase of F to 5.6 J/cm2 results in the
formation of LSFL in the intense center of the Gaussian beam profile, which are surrounded by a
ring-shaped area containing well-pronounced HSFL (Figure 1b). A further increase of F to 14.6 J/cm2
increases the diameter DLSFL of the area covered with LSFL and finally results in a homogenous
pattern of LSFL. It is aligned parallel to the beam polarization and surrounded by HSFL (Figure 1c).
The corresponding SEM micrograph reveals a small area centered in the ablation spot where melt
formation occurred. Beyond, filaments of solidified fused silica can be observed that are arranged over
the entire ablation spot in radial direction. The results obtained for fused silica are in good agreement
with literature results [18].
LIPSS formation on borosilicate glass (Figure 1d–f) and soda-lime-silicate glass (Figure 1g–i)
occurs in a way equal to fused silica and leads, at a first glance, to similar morphology and alignment
of the LIPSS pattern. Nevertheless, the LIPSS formation occurs in different fluence ranges due to the
different ablation thresholds (see Section 2.2). Beyond, main differences between the investigated
glasses are related to the following observations:
(1)

(2)

(3)

The size of the ring-shaped area with HSFL that surrounds the LSFL in the intense center is
smaller in the case of borosilicate glass (Figure 1e) and cannot be detected for soda-lime-silicate
glass in the investigated fluence range (Figure 1h).
LIPSS formation on soda-lime-silicate glass is remarkably determined by melt formation in the
entire investigated fluence range. Even at the lowest fluence, F = 3.3 J/cm2 (Figure 1g), HSFL
are only barely visible. Although the SEM micrograph shows certain points with HSFL-like
structures, their formation and appearance is difficult to verify. Moreover, due to melt formation
the morphology of the homogenous LSFL pattern fabricated with F = 4.1 J/cm2 (Figure 1h) differs
remarkably from LSFL on fused silica and borosilicate glass (Figure 1b,e) generated with the
corresponding fluences required for LSFL formation (F > Fth LSFL ).
At the highest value F = 14.6 J/cm2 , the area where melt formation occurs is strongly increased
on borosilicate glass (Figure 1f) when compared to fused silica and covers the total ablation spot
for soda-lime-silicate glass (Figure 1i). In both cases, the surface of this centered area is very flat
without any LIPSS-like surface modulation.

These areas were analyzed in detail by preparing FIB cross-sections. Figure 2 shows that LSFL can
be observed over almost the entire ablation spot in the case of fused silica (Figure 2a). On the contrary,
borosilicate glass (Figure 2b) and soda-lime-silicate glass (Figure 2c) exhibit very flat surface profiles.
Moreover, possible sub-surface LIPSS structures that might be covered with a thin melt-layer can be
excluded. The results indicate an intensive heating in the center of the ablation spot leading to melt
formation. Moreover, this increase in temperature causes a reduction of the temperature-dependent
viscosity, which will be discussed in detail in Section 2.3.

Figure 2. FIB cross-sections of the ablation spots containing low-spatial frequency LIPSS (LSFL)
fabricated with F = 14.6 J/cm2 on (a) fused silica, (b) borosilicate glass, and (c) soda-lime-silicate glass.
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2.2. LSFL Formation Threshold
The SEM micrographs in Figure 1 indicate a transition from HSFL to LSFL at a specific threshold
fluence Fth LSFL , which was quantified by plotting D2 LSFL in a semilog plot versus F as proposed by
Liu [24] (Figure 3). Extrapolating the linear fit of the measured diameters to zero provides the values
of Fth LSFL of the investigated glasses, which were found to be 5.1 J/cm2 for fused silica, 4.1 J/cm2 for
borosilicate, and 3.4 J/cm2 for soda-lime-silicate glass, respectively, considering the used processing
conditions. These threshold values are in good agreement with the observations obtained from the
SEM micrographs.

Figure 3. Evaluation of the threshold fluence required for the formation of LSFL on different glasses
using N = 5 linearly polarized fs-laser pulses and a repetition frequency f rep = 1 kHz according to the
method proposed by Liu [24].

The formation of LSFL is based on the excitation, heating, and the selective ablation of the
materials surface. The corresponding threshold fluence is determined by the energy density required
to dissociate the oxidic composition of the glass into its atomic components and by the absorption
behavior of the material, which is based on non-linear multiphoton processes [25]. The absorption
of the material strongly depends on the band gap energy Eg , which is about 9 eV for fused silica [26].
Using transmission spectroscopy, Eg of soda-lime-silicate glass and borosilicate glass was determined
to be 3.9 eV and 4.4 eV, respectively, in line with literature values [27,28]. The utilized laser wavelength
λ = 1025 nm corresponds to an energy of a single photon Eph ≈ 1.2 eV. Consequently, the absorption of
the laser radiation occurs via the excitation of electrons over the band gap into the conduction band
by non-linear multi-photon processes. These quasi-free electrons are able to absorb further photons
in a linear absorption process. Once the energy of these electrons exceeds Eg , it can be transferred to
valence band electrons, which then are excited into the conduction band. This process is referred to as
impact or avalanche ionization. Considering the different band gap energies, a multiphoton absorption
requires at least four photons in the case of borosilicate and soda-lime-silicate glass and eight photons
for fused silica to fulfill the condition m·Eph ≥ Eg for multi-photon absorption (m: number of photons).
To discuss the vaporization process of a glass, its specific chemical composition needs to be addressed.
All investigated glasses belong to the group of silica (SiO2 ) based glasses with different concentrations
of network modifying oxides (e.g., Na2 O, K2 O) and network forming oxides (e.g., B2 O3 ). Such oxides
strongly determine the physical properties of the glasses e.g., its viscosity. As described by Sun and
Huggins, the average dissociation energy per unit volume of a multicomponent glass can be calculated
when taking into account the dissociation energies of the involved oxides, which have to be weighted
with their corresponding molar fraction [29,30]. With the dissociation energies of the glass oxides taken
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from Grehn et al. [25], the average dissociation energies of the investigated glasses were calculated
to be 62.6 kJ/cm3 for soda-lime-silicate glass, 63.2 kJ/cm3 for borosilicate glass, and 64.9 kJ/cm3 for
fused silica. Taking into account the specific number of photons required to excite an electron into the
conduction band in the different glasses, these calculated dissociation energies can be used to explain
the measured threshold fluence that increases from soda-lime-silicate glass via borosilicate glass to
fused silica.
2.3. Melt Formation and Viscosity
The SEM micrographs in Figure 1 reveal differences in the melt formation process during the
fabrication of LIPSS for the investigated glasses. For soda-lime-silicate glass, it leads to a remarkable
modification of the LSFL morphology even at the lowest F. For the highest laser peak fluence, the
ablation crater is completely covered with a melt layer, i.e., LSFL cannot be observed. In order to
identify the reasons of melt formation, the interaction process was studied for the different glasses in
dependence on the pulse number.
Figure 4a shows SEM micrographs of the investigated glasses upon irradiation with a single
pulse (N = 1) und N = 3 laser pulses, respectively. The utilized fluences F = 4.1 J/cm2 , 5.0 J/cm2 , and
5.6 J/cm2 correspond to the laser fluences that are required for the fabrication of homogenous LSFL
pattern in the entire ablation spot as shown in Figure 1. It becomes evident for fused silica, that the
surface exhibits a slightly increased roughness after irradiation with a single pulse. Subsequently, in
this modified area the irradiation of two further pulses (N = 3) leads to the formation of HSFL in the
less-intensive region and LSFL in the intense center of the Gaussian laser spot. In comparison to the
final LSFL pattern (Figure 1b), the appearing LSFL are still less pronounced. After the single pulse
interaction, the surface of borosilicate glass also exhibits a slightly roughened surface in the focal spot
with some isolated pores, which indicate a gentle melting and vaporization of the surface.

Figure 4. (a) SEM micrographs of single spots on the surface of fused silica, borosilicate glass, and
soda-lime-silicate glass upon irradiation with a single pulse (N = 1) and N = 3 pulses of different laser
peak fluence F; (b) SEM micrographs of LSFL on borosilicate glass upon irradiation with N = 5 linearly
polarized laser pulses using a peak fluence F = 8.3 J/cm2 and different repetition frequencies between
1 Hz and 100 kHz; (c) Viscosity η vis of the investigated glasses in dependence on temperature [31,32].
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In direct vicinity to this area, a ring with a diameter of about 5 µm consisting of molten and
re-solidified material can be observed, whose origin has already been described for borosilicate glasses
by Ben-Yakar and co-workers [33], who state that thermocapillary forces (Marangoni flow) and forces
by the pressure of the plasma above the surface exert on this melt layer and drive the liquid from the
center to the edges of the crater to create a rim as the melt re-solidifies. After three pulses (N = 3),
the LSFL are clearly pronounced with a narrow ring containing HSFL. Upon single pulse irradiation
of soda-lime-silicate glass, a circular molten area with a diameter of about 5 µm can be obtained at
the surface, that evolves to a significant amount of molten material after two further pulses (N = 3).
Although LSFL can only be observed in parts at this state, a narrow fluence range still leads to the
formation of a homogenous LSFL pattern after the irradiation of N = 5 pulses (Figure 1h). Pulse number
dependent investigations demonstrate that melt formation occurs on soda-lime-silicate and borosilicate
glass already after the irradiation of a single pulse even at moderate laser fluences. Therefore, it can
be related to intra-pulse effects. However, additional inter-pulse effects such as heat accumulation
due to the sequential irradiation of laser pulses might also contribute to melt formation. Therefore,
LIPSS formation was investigated upon irradiation with N = 5 linearly polarized pulses at different
repetition frequencies f rep between 1 Hz und 100 kHz (Figure 4b). The time interval between two
successive pulses was consequently varied from 1 s down to 10 µs, which provides different time
durations for the material to cool down. The experiments were conducted on borosilicate glass with
F = 8.3 J/cm2 , which ensures moderate melt formation in the center of the spot. It becomes evident from
the SEM micrographs in Figure 4b that both the diameter of the ablation crater and the morphology
of the fabricated LSFL are independent on the repetition frequency. Moreover, the size of the molten
and re-solidified flat centered area kept unaffected by f rep , whereas heat accumulation effects can
be excluded.
The results shown in Figure 4 can be explained by the temperature-dependency of the viscosity
η vis . Generally, glass is considered to be a frozen, super-cooled liquid, for which no sharp melting point
can be defined. The transition from the solid to liquid state is rather characterized by a temperature
range, the so-called glass transition Tg . Here, the glass has a very high viscosity that decreases rapidly
with increasing temperature (Figure 4c). It is shown that Tg of borosilicate glass and soda-lime-silicate
glass is in the order of about 600 ◦ C, while Tg of fused silica is almost twice as high. Furthermore,
the investigated glasses exhibit strongly varying dependencies of the viscosity on temperature.
By definition, a viscosity of η vis = 103 Pa·s corresponds to the working point, where the glass is easily
deformed. The melting point of the glass is defined at η vis = 101 Pa·s. However, fused silica reaches the
defined melting point at T ≈ 3000 ◦ C, which is almost identical with the vaporization temperature [34].
This means in fact that the molten fused silica surface is characterized by a relatively high η vis even
just below vaporization temperature. For comparison, an iron melt exhibits a much lower viscosity of
η vis = 4 × 10−4 Pa·s already at melting temperature [35]. As discussed for the ablation threshold, the
vaporization temperature of the multi-component glasses (soda-lime-silicate and borosilicate glass) is
very difficult to define due to the vaporization of the different oxides. Nevertheless, the melting points
(η vis = 101 Pa·s) of soda-lime-silicate and borosilicate glass are already reached at around 1500 ◦ C
and 1800 ◦ C, respectively. Consequently, both molten glasses attain remarkably lower viscosities
during further increasing temperature and the range of their molten state between Tg and the complete
vaporization of the liquid is much wider. This means that the melt exhibits a higher fluidity and that
the active forces (thermocapillary forces, plasma pressure) gained more time to influence the melt and
LSFL formation process, as it was observed in the SEM micrographs. Finally, the lower viscosity of
soda-lime-silicate and borosilicate glass when compared to fused silica might explain the remarkable
reduction of the ring-shaped area containing HSFL. It is expected that the low viscosity of the softened
surface leads to a closure of the very fine surface structures. Thus, HSFL cannot be observed.
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2.4. Theoretical Analysis of LIPSS Formation
Figure 5 shows the spatial periods ΛLFSL of LSFL obtained from Fast-Fourier transform (FFT)
of the corresponding SEM micrographs for different glasses. The analyses consider only the fluence
ranges that provide homogenous LSFL pattern without melt formation. Taking into account the width
of the FFT operation, which is illustrated by the error bars in Figure 5, LSFL with spatial periods
between 600 nm and 1007 nm (0.59 × λ–0.98 × λ) can be observed on the surface of fused silica.
With increasing peak fluence F, the corresponding center positions of the characteristic peaks of the
FFT operations slightly increase from 735 nm to 890 nm. In the case of borosilicate glass, a moderate
fluence-dependent increase of the center positions from 877 nm to 950 nm can be observed. It becomes
evident, that ΛLSFL is larger at the respective fluence values when compared to fused silica. The width
of the FFT operation leads to spatial periods ranging from 703 nm to 1067 nm (0.69 × λ–1.04 × λ).

Figure 5. Spatial periods ΛLSFL of the LSFL on different glasses in dependence on the laser peak
fluence, F. The fluence ranges provide homogenous LSFL pattern without melt formation. The error
bars indicate the width of distribution of the corresponding FFT operation.

Figure 5 shows that the formation of LSFL on soda-lime-silicate glass is limited to a very narrow
fluence window because of the observed strong melt formation. Here, the determined center positions
of the FFT peaks are 1052 nm for F = 4.1 J/cm2 and 1184 nm for F = 5.0 J/cm2 , i.e., they exceed the
initial laser wavelength λ. Beyond, they are remarkably larger as those found on borosilicate glass and
fused silica. Moreover, the error bars reveal a larger width of distribution of the FFT, i.e., a wider range
of the spatial periods, which was determined to reach from 764 nm to 1466 nm (0.75 × λ–1.43 × λ).
The theoretical analysis of LIPSS formation and the corresponding spatial periods bases on the
theory of Sipe et al. [8], which was discussed in detail for fused silica and other materials by Bonse,
Höhm and co-workers [18,36,37]. Briefly, this theory predicts potential LIPSS wave vectors k of
the surface (k = 2π/λ) as a function of the laser parameters (wavelength λ, angle of incidence Θ,
polarization direction) and materials properties (dielectric constant ε, surface roughness). As a result,
it introduces the so-called efficacy factor η that determines the efficacy of a surface to absorb energy
at the wave vector k, i.e., the theory facilitates the prediction of spatial periods of LIPSS. The optical
properties of non-excited materials are determined by a complex dielectric function ε = εr + iεi , where
the optical constants (n: refractive index, k: extinction coefficient) are integrated via ε = n*2 = (n + ik)2 .
For the investigated glasses at λ = 1025 nm, the extinction coefficient k can be neglected, i.e., ε is given
by ε = n2 . The transient change of the optical properties due to the excitation of quasi-free electrons can
be described by a Drude model, which provides the dielectric function ε* of the laser-excited material
by adding the additional Drude term ∆εD to ε:
ε

∗

= ε + ∆ε D



e2 · Ne
i
= ε−
1+
ω · τD
ε 0 · mopt · me · ω 2

(1)
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Here, e represents the electron charge, Ne is the laser-induced electron density, me is the electron
mass, ε0 is the vacuum dielectric permittivity and ω the laser angular frequency. For the calculations
we used a Drude damping time of τ D = 0.4 fs and an optical effective mass of mopt = 0.49, which
demonstrated to be suitable parameters for fused silica [38]. Specific values for borosilicate glass
and soda-lime-silicate glass are missing in literature. However, it becomes evident, that the efficacy
factor calculation is only insignificantly affected by a moderate variation of the Drude parameters.
The above-mentioned values for fused silica are therefore used for the calculation for all investigated
glasses. The shape factor, s and the filling factor, f were set to 0.4 and 0.1, respectively [8].
Figure 6a–d shows the resulting two-dimensional grey-scale images of η calculated for fused silica
as a function of the normalized LIPSS wave vector components κ x , κ y (|κ| = λ/Λ) in dependence on
Ne . For the non-excited material (Ne = 0, ε = ε* = 2.1036), the grey-scale image (Figure 6a) exhibits
arc-like shaped regions, where the efficacy factor is increased. Sharp η-maxima at λ/Λy = ±1.45 can be
obtained, which correspond to the refractive index n0 of non-excited fused silica (Λ ~ λ/n) [39]. It can
be associated to LSFL with spatial periods around Λ ~ λ/n0 = 707 nm and an orientation parallel to the
beam polarization. The deviation of the experimental spatial period ΛLSFL = (735 ± 93) nm observed
at the lowest fluence (F = 5.6 J/cm2 ) can be explained by the fact that the theory of Sipe refers to a
single-pulse interaction process. Therefore, inter-pulse effects such as incubation and grating-assisted
coupling are not considered although they strongly influence the formation process [40,41]. Beyond,
the modification of the optical properties caused by the intense laser irradiation has to be considered.
Figure 5b–d illustrates that the increase of Ne leads to a modification of the arc-like shaped regions,
which also corresponds to the cross-sections of the η-maps along the positive κ y -direction at κ x = 0
(Figure 6e). According to Sipe et al., LIPSS can be expected where η exhibits a sharp maxima or
minima [8]. The graphs calculated for different values of Ne demonstrate that with increasing Ne
the position of the η-maximum is shifted towards smaller κ y -values, i.e., in the direction of larger
spatial periods. Simultaneously, the contour of the arc-like shaped regions starts to widen, which
might explain the relatively wide distribution of the measured spatial periods represented by the error
bars. The shift of the LSFL features can be used to explain the slight increase of the spatial periods of
the individual glasses in dependence on the laser peak fluence F (Figure 5). With increasing F, more
electrons are excited into the conduction band. This results in an increase of Ne and consequently of
ΛLSFL . From the similar refractive indices (fused silica: n0 = 1.4504, borosilicate glass: n0 = 1.4626,
soda-lime-silicate glass: n0 = 1.5134) [39,42,43] one could expect that the spatial periods ΛLSFL only
slightly differ for the investigated glasses following the above discussed dependency Λ ~λ/n for the
non-excited material (Figure 6a). This is in contrast to the experimental results shown in Figure 5a,
which might be explained by the different band gap energies. As a result, the glasses are subjected to a
varying degree of excitation, which increases from fused silica via borosilicate glass to soda-lime-silicate
glass. Consequently, an increasing number of excited electrons leads to larger spatial periods ΛLSFL .
However, it has to be noted that the relatively high ΛLSFL -values obtained for soda-lime-silicate glass,
which exceed the initial laser wavelength λ, cannot be predicted by the efficacy factor theory. Figure 6e
demonstrates that the position of the η-maximum is shifted from the initial value of the non-excited
material κ y /Λ = 1.45 towards κ y /Λ ≈ 1. However, values of κ y /Λ < 1, which would be required
to explain the observed central peaks of the FFT operation (e.g., κ y /Λ = 0.86 for ΛLSFL = 1184 nm),
are not achieved. On the contrary, Höhm et al., reported that strongly excited fused silica exhibits a
metal-like behavior that leads to LSFL with ΛLSFL ≈ λ accompanied by an alignment perpendicular to
the polarization direction [13]. However, these structures were not detected by the authors in their
experiments. In our opinion, it has to be considered that LIPSS-formation on soda-lime-silicate glass is
remarkably determined by melt formation that already occurs during the interaction of the very first
fs-laser pulse with the material (Figure 4a). Therefore, hydrodynamic processes and instabilities within
the melt phase might lead to a modification of the formation process and the resulting morphology of
the LSFL [34,44,45]. This is less pronounced for borosilicate glass when compared to soda-lime-silicate
glass because of a lower degree of melt formation and a larger viscosity.
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Figure 6. Efficacy factor, η, calculated for fused silica as a function of the normalized LIPSS wave
vectors κ x , κ y with λ = 1025 nm and Θ = 0◦ : (a–d) Two-dimensional grey-scale images of η and e)
cross-sections of the η-maps along the positive κ y -direction at κ x = 0 in dependence on the quasi-free
electron density Ne [(a) Ne = 0 (n = n0 = 1.4504); (b) Ne = 1 × 1020 cm−3 (n = 1.4273, k = 0.032); (c)
Ne = 4 × 1020 cm−3 (n = 1.3609, k = 0.1347); (d) Ne = 8 × 1020 cm−3 (n = 1.2829, k = 0.2858)]. The circles
mark the κ y -position where the formation of LSFL is expected [8].

3. Materials and Methods
LIPSS were generated using a diode pumped Yb:KYW thin disc fs-laser system (JenLas D2.fs,
Jenoptik, Jena, Germany) as the radiation source. The emitted linearly polarized laser pulses are
characterized by a pulse duration τ = 300 fs, a central wavelength λ = 1025 nm, and pulse energies
Eimp up to 40 µJ. The pulsed laser beam was focused by a galvanometer scanner (IntelliScan14, Scanlab,
Puchheim, Germany) including a f-Theta objective (JENar, Jenoptik, Jena, Germany) with a focal
length f L = 100 mm. Using the method of Liu [24], the resulting focal spot diameter was measured to
2wf = (24 ± 0.5) µm. The uncertainty of the laser peak fluences F = 2 × Eimp /(π × wf 2 ) determined from
the measured pulse energy Eimp are estimated <10%. The investigated glasses were provided by Schott
AG Germany and their exact composition was summarized in literature [25,46]. The glass samples
were ultrasonically cleaned in acetone and isopropanol before and after laser processing. LIPSS
were generated by irradiating the sample surface at normal incidence under ambient air atmosphere.
Different values of the fs-laser peak fluence F, the pulse number N and the repetition frequency f rep
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were chosen to investigate the influence of these parameters on the LIPSS formation on different glasses.
Laser processed sample surfaces were subsequently characterized by scanning electron microscopy
(SEM). For this purpose, the glass samples were sputtered with gold and examined in the SEM (Sigma
VP, Zeiss, Jena, Germany) at an accelerating voltage of 1–5 kV using a secondary electron detector.
The spatial periods of the LIPSS pattern were quantified by Fast-Fourier transform (FFT) of the SEM
micrographs. In this context, error bars displayed in the graphs indicate the width of distribution of the
corresponding FFT operation. Moreover, the ablation diameters were evaluated by optical microscopy
(OM). The microscope (VHX-100K, Keyence, Osaka, Japan) was equipped with a wide-range zoom
lens (VH-Z500, Keyence, Osaka, Japan) providing a magnification range between 500× and 5000×.
Cross-sections of the ablations spots were prepared by using a focused ion beam (FIB) (Helios Nanolab
600i, FEI, Eindhoven, The Netherlands) after a protective platinum layer was deposited on the surface
of the sample. The band gap energies of soda-lime-silicate and borosilicate glass were determined by
transmission spectroscopy (Tidas MCS/100-3, J&M, Aalen, Germany).
4. Conclusions
Laser-induced periodic surface structures have been prepared on fused silica, soda-lime-silicate
glass, and borosilicate glass by using fs-laser pulses. In contrast to fused silica and borosilicate glass,
soda-lime-silicate glass exhibits remarkable melt-formation, which was revealed as an intra-pulse effect.
Moreover, HSFL were not observed and the LSFL are characterized by larger spatial periods. The results
can be explained by differences in the non-linear absorption behavior and viscosity of the investigated
glasses. Our findings will facilitate the tailored fabrication of LIPSS-based surface structures on
different technical relevant glasses and are of particular interest for sophisticated applications in
plasmonics [47], microfluidic devices [48], control of cell behavior through patterned surfaces [49,50],
and the engineering of surfaces with specific wetting properties [51,52].
Acknowledgments: This research is supported by the TMWBK with funds provided through the European
Funds for Regional Development (EFRE) under project FK 13010-715 (NANOSOR). The SEM facilities of the
Jena Center for Soft Matter (JCSM) were established with a grant from the German Research Council (DFG) and
EFRE. Carmen Voigt is thankfully acknowledged for preparing the FIB cross-sections, Anne V. Boehm for the SEM
measurements, and Thibault J. -Y. Derrien for providing the Python code for Sipe calculations.
Author Contributions: The authors contributed equally to the experiments, their analysis and the writing of
the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

Zimmermann, F.; Plech, A.; Richter, S.; Tunnermann, A.; Nolte, S. The onset of ultrashort pulse-induced
nanogratings. Laser Photonics Rev. 2016, 10, 327–334. [CrossRef]
Shimotsuma, Y.; Kazansky, P.G.; Qiu, J.R.; Hirao, K. Self-organized nanogratings in glass irradiated by
ultrashort light pulses. Phys. Rev. Lett. 2003, 91, 247405. [CrossRef] [PubMed]
Phillips, K.C.; Gandhi, H.H.; Mazur, E.; Sundaram, S.K. Ultrafast laser processing of materials: A review.
Adv. Opt. Photonics 2015, 7, 684–712. [CrossRef]
Bonse, J.; Hohm, S.; Kirner, S.V.; Rosenfeld, A.; Kruger, J. Laser-induced periodic surface structures-a scientific
evergreen. IEEE J. Sel. Top. Quant. Electron. 2017, 23, 109–123. [CrossRef]
Muller, F.A.; Kunz, C.; Graf, S. Bio-inspired functional surfaces based on laser-induced periodic surface
structures. Materials 2016, 9, 476. [CrossRef] [PubMed]
Birnbaum, M. Semiconductor surface damage produced by ruby lasers. J. Appl. Phys. 1965, 36, 3688–3689.
[CrossRef]
Bonse, J.; Kruger, J.; Hohm, S.; Rosenfeld, A. Femtosecond laser-induced periodic surface structures.
J. Laser Appl. 2012, 24, 042006. [CrossRef]
Sipe, J.E.; Young, J.F.; Preston, J.S.; Vandriel, H.M. Laser-induced periodic surface-structure. 1. Theory.
Phys. Rev. B 1983, 27, 1141–1154. [CrossRef]

Materials 2017, 10, 933

9.
10.
11.
12.
13.
14.

15.
16.

17.

18.
19.

20.

21.
22.
23.

24.
25.

26.

27.
28.
29.
30.
31.

11 of 12

Keilmann, F.; Bai, Y.H. Periodic surface-structures frozen into CO2 laser-melted quartz. Appl. Phys. A Mater.
Sci. Process. 1982, 29, 9–18. [CrossRef]
Guosheng, Z.; Fauchet, P.M.; Siegman, A.E. Growth of spontaneous periodic surface-structures on solids
during laser illumination. Phys. Rev. B 1982, 26, 5366–5381. [CrossRef]
Dufft, D.; Rosenfeld, A.; Das, S.K.; Grunwald, R.; Bonse, J. Femtosecond laser-induced periodic surface
structures revisited: A comparative study on zno. J. Appl. Phys. 2009, 105, 034908. [CrossRef]
Reif, J.; Costache, F.; Henyk, M.; Pandelov, S.V. Ripples revisited: Non-classical morphology at the bottom of
femtosecond laser ablation craters in transparent dielectrics. Appl. Surf. Sci. 2002, 197, 891–895. [CrossRef]
Borowiec, A.; Haugen, H.K. Subwavelength ripple formation on the surfaces of compound semiconductors
irradiated with femtosecond laser pulses. Appl. Phys. Lett. 2003, 82, 4462–4464. [CrossRef]
Li, X.F.; Zhang, C.Y.; Li, H.; Dai, Q.F.; Lan, S.; Tie, S.L. Formation of 100-nm periodic structures on a titanium
surface by exploiting the oxidation and third harmonic generation induced by femtosecond laser pulses.
Opt. Express 2014, 22, 28086–28099. [CrossRef] [PubMed]
Campbell, E.E.B.; Ashkenasi, D.; Rosenfeld, A. Ultra-short-pulse laser irradiation and ablation of dielectrics.
Lasers Mater. Sci. 1999, 301, 123–144. [CrossRef]
Rohloff, M.; Das, S.K.; Hohm, S.; Grunwald, R.; Rosenfeld, A.; Kruger, J.; Bonse, J. Formation of laser-induced
periodic surface structures on fused silica upon multiple cross-polarized double-femtosecond-laser-pulse
irradiation sequences. J. Appl. Phys. 2011, 110, 014910. [CrossRef]
Rosenfeld, A.; Rohloff, M.; Hohm, S.; Kruger, J.; Bonse, J. Formation of laser-induced periodic surface
structures on fused silica upon multiple parallel polarized double-femtosecond-laser-pulse irradiation
sequences. Appl. Surf. Sci. 2012, 258, 9233–9236. [CrossRef]
Hohm, S.; Rosenfeld, A.; Kruger, J.; Bonse, J. Femtosecond laser-induced periodic surface structures on silica.
J. Appl. Phys. 2012, 112, 014901. [CrossRef]
Hohm, S.; Herzlieb, M.; Rosenfeld, A.; Kruger, J.; Bonse, J. Formation of laser-induced periodic surface
structures on fused silica upon two-color double-pulse irradiation. Appl. Phys. Lett. 2013, 103, 254101.
[CrossRef]
Hohm, S.; Herzlieb, M.; Rosenfeld, A.; Kruger, J.; Bonse, J. Laser-induced periodic surface structures on
fused silica upon cross-polarized two-color double-fs-pulse irradiation. Appl. Surf. Sci. 2015, 336, 39–42.
[CrossRef]
Schwarz, S.; Rung, S.; Hellmann, R. Generation of laser-induced periodic surface structures on transparent
material-fused silica. Appl. Phys. Lett. 2016, 108, 181607. [CrossRef]
Fang, Z.; Zhao, Y.A.; Shao, J.D. Femtosecond laser-induced periodic surface structure on fused silica surface.
Optik 2016, 127, 1171–1175. [CrossRef]
Nieto, D.; Arines, J.; O’connor, G.M.; Flores-Arias, M.T. Single-pulse laser ablation threshold of borosilicate,
fused silica, sapphire, and soda-lime glass for pulse widths of 500 fs, 10 ps, 20 ns. Appl. Opt. 2015, 54,
8596–8601. [CrossRef] [PubMed]
Liu, J.M. Simple technique for measurements of pulsed gaussian-beam spot sizes. Opt. Lett. 1982, 7, 196–198.
[CrossRef] [PubMed]
Grehn, M.; Seuthe, T.; Hofner, M.; Griga, N.; Theiss, C.; Mermillod-Blondin, A.; Eberstein, M.; Eichler, H.;
Bonse, J. Femtosecond-laser induced ablation of silicate glasses and the intrinsic dissociation energy. Opt.
Mater. Express 2014, 4, 689–700. [CrossRef]
Sudrie, L.; Couairon, A.; Franco, M.; Lamouroux, B.; Prade, B.; Tzortzakis, S.; Mysyrowicz, A. Femtosecond
laser-induced damage and filamentary propagation in fused silica. Phys. Rev. Lett. 2002, 89, 186601.
[CrossRef] [PubMed]
Little, D.J.; Ams, M.; Withford, M.J. Influence of bandgap and polarization on photo-ionization: Guidelines
for ultrafast laser inscription [invited]. Opt. Mater. Express 2011, 1, 670–677. [CrossRef]
Zaid, M.H.M.; Matori, K.A.; Aziz, S.H.A.; Zakaria, A.; Ghazali, M.S.M. Effect of zno on the physical properties
and optical band gap of soda lime silicate glass. Int. J. Mol. Sci. 2012, 13, 7550–7558. [CrossRef] [PubMed]
Sun, K.H. Fundamental condition of glass formation. J. Am. Ceram. Soc. 1947, 30, 277–281. [CrossRef]
Sun, K.H.; Huggins, M.L. Energy additivity in oxygen-containing crystals and glasses. J. Phys. Colloid Chem.
1947, 51, 438–443. [CrossRef] [PubMed]
Martienssen, W.; Warlimont, H. Springer Handbook of Condensed Matter and Materials Data; Springer:
Heidelberg, Germany, 2005; p. xviii. 1119p.

Materials 2017, 10, 933

32.
33.

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.
47.
48.
49.
50.

51.
52.

12 of 12

Urbain, G.; Bottinga, Y.; Richet, P. Viscosity of liquid silica, silicates and alumino-silicates. Geochim. Cosmochim.
Acta 1982, 46, 1061–1072. [CrossRef]
Ben-Yakar, A.; Harkin, A.; Ashmore, J.; Byer, R.L.; Stone, H.A. Thermal and fluid processes of a thin melt
zone during femtosecond laser ablation of glass: The formation of rims by single laser pulses. J. Phys. D
Appl. Phys. 2007, 40, 1447–1459. [CrossRef]
Tsibidis, G.D.; Skoulas, E.; Papadopoulos, A.; Stratakis, E. Convection roll-driven generation of
supra-wavelength periodic surface structures on dielectrics upon irradiation with femtosecond pulsed
lasers. Phys. Rev. B 2016, 94, 081305. [CrossRef]
Battezzati, L.; Greer, A.L. The viscosity of liquid-metals and alloys. Acta Metall. 1989, 37, 1791–1802.
[CrossRef]
Bonse, J.; Munz, M.; Sturm, H. Structure formation on the surface of indium phosphide irradiated by
femtosecond laser pulses. J. Appl. Phys. 2005, 97, 013538. [CrossRef]
Derrien, T.J.Y.; Kruger, J.; Bonse, J. Properties of surface plasmon polaritons on lossy materials: Lifetimes,
periods and excitation conditions. J. Opt. 2016, 18, 115007. [CrossRef]
Temnov, V.V. Ultrafast Laser-Induced Phenomena in Solids Studied by Time-Resolved Interferometry; University of
Duisburg-Essen: Duisburg, Germany, 2004.
Wray, J.H.; Neu, J.T. Refractive index of several glasses as a function of wavelength and temperature. J. Opt.
Soc. Am. 1969, 59, 774–776. [CrossRef]
Huang, M.; Zhao, F.L.; Cheng, Y.; Xu, N.S.; Xu, Z.Z. Origin of laser-induced near-subwavelength ripples:
Interference between surface plasmons and incident laser. ACS Nano 2009, 3, 4062–4070. [CrossRef] [PubMed]
Rosenfeld, A.; Lorenz, M.; Stoian, R.; Ashkenasi, D. Ultrashort-laser-pulse damage threshold of transparent
materials and the role of incubation. Appl. Phys. A Mater. Sci. Process. 1999, 69, S373–S376. [CrossRef]
Rubin, M. Optical-properties of soda lime silica glasses. Solar Energy Mater. 1985, 12, 275–288. [CrossRef]
Schott. Available online: http://www.schott.com (accessed on 22 June 2017).
Gurevich, E.L.; Levy, Y.; Gurevich, S.V.; Bulgakova, N.M. Role of the temperature dynamics in formation of
nanopatterns upon single femtosecond laser pulses on gold. Phys. Rev. B 2017, 95, 054305. [CrossRef]
Volkov, A.N.; Zhigilei, L.V. Melt dynamics and melt-through time in continuous wave laser heating of metal
films: Contributions of the recoil vapor pressure and marangoni effects. Int. J. Heat Mass Transf. 2017, 112,
300–317. [CrossRef]
Graf, S.; Staupendahl, G.; Gerling, P.; Muller, F.A. Optical constants n and kappa of various technical and
optical glasses at lambda = 10.59 mu m. J. Appl. Phys. 2013, 113, 013101. [CrossRef]
Atwater, H.A.; Polman, A. Plasmonics for improved photovoltaic devices. Nat. Mater. 2010, 9, 205–213.
[CrossRef] [PubMed]
Stratakis, E.; Ranella, A.; Fotakis, C. Biomimetic micro/nanostructured functional surfaces for microfluidic
and tissue engineering applications. Biomicrofluidics 2011, 5, 013411. [CrossRef] [PubMed]
Flemming, R.G.; Murphy, C.J.; Abrams, G.A.; Goodman, S.L.; Nealey, P.F. Effects of synthetic micro- and
nano-structured surfaces on cell behavior. Biomaterials 1999, 20, 573–588. [CrossRef]
Martinez-Calderon, M.; Manso-Silvan, M.; Rodriguez, A.; Gomez-Aranzadi, M.; Garcia-Ruiz, J.P.;
Olaizola, S.M.; Martin-Palma, R.J. Surface micro- and nano-texturing of stainless steel by femtosecond
laser for the control of cell migration. Sci. Rep. 2016, 6, 36296. [CrossRef] [PubMed]
Yu, E.; Kim, S.C.; Lee, H.J.; Oh, K.H.; Moon, M.W. Extreme wettability of nanostructured glass fabricated by
non-lithographic, anisotropic etching. Sci. Rep. 2015, 5, 9362. [CrossRef] [PubMed]
Skoulas, E.; Manousaki, A.; Fotakis, C.; Stratakis, E. Biomimetic surface structuring using cylindrical vector
femtosecond laser beams. Sci. Rep. 2017, 7, 45114. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

