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Homogeneous Low Spatial Frequency LIPSS on Dielectric Materials
Generated by Beam-Shaped Femtosecond Pulsed Laser Irradiation
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We report on the generation of homogenous low spatial frequency LIPSS on fused silica and sap-
phire with beam-shaped femtosecond pulsed laser irradiation. For the silica specimen, the periodici-
ties of the LSFL generated by a Gaussian and a Top-Hat beam profile are compared with regard to the
applied fluence, pulse overlap and angle of incidence. For both profiles, an increasing periodicity is
found for an increasing pulse overlap and a decreasing periodicity for an increasing angle of incidence,
in turn facilitating a fine-adjustment of the LSFL periodicity for potential applications. Furthermore,
for a homogenous surface coverage with LSFL, the silica sample is rotated 40° for an angular irradi-
ation, improving the quality of the periodic structures for Gaussian irradiation. Applying the beam-
shaped Top-Hat laser profile, superior LSFL with increased line width are observed. For sapphire, we
focus on the generation of one-dimensional structures along straight lines with respect to different
scanning directions, being either parallel or orthogonal to the laser polarization. We found an excellent
quality for parallel scanning using Top-Hat beam profile as well as an increased line width as com-
pared to Gaussian beam profile. From an applicable point of view, these high-quality structures lead
to the next step texturing entire surfaces of transparent materials with homogenous microstructures

for a specific adaption of the cell growth or wettability.
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1. Introduction

Since the first observation of laser-induced periodic sur-
face structures (LIPSS) in 1965 by Birnbaum [1], both their
formation mechanisms and their manifold applications are
topic of intensive research. The formation of LIPSS is typi-
cally observed upon the irradiation of solids with polarized
laser light, having a fluence near the materials ablation
threshold [2-4]. In literature, two types of LIPSS are gener-
ally distinguished by their spatial periodicity A, namely low
spatial frequency LIPSS (LSFL) having a periodicity close
to the laser wavelength A (Arsr. = A) and high spatial fre-
quency LIPSS (HSFL) having a periodicity significantly
smaller than the laser wavelength (Anspr < A) [4-6]. The
generation of LSFL is commonly described by the interfer-
ence of a surface scattered wave generated by the incident
laser light and the electromagnetic field of the laser [7]. This
surface scattered wave was later associated to surface plas-
mon polaritons (SPP) [4]. While the SPP theory forms the
basis of recent examinations, no established theory exists for
the generation of HSFL [8, 9].

The formation of LIPSS has been demonstrated on all
solid material classes, i.e. metals [3, 10, 11], semiconductors
[1, 4, 12] and dielectrics [6, 13, 14]. Along this way, it has
been shown that LIPSS alter the wetting behaviour [3, 10,
15], influence cell growth [16-18], modify tribological char-
acteristics [12, 19, 20], and alter the reflection properties of
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thus structured surfaces [21]. With particular respect to
transmission light microscopy in medical and biotechnologi-
cal applications, the possibility to influence cell growth on
glass object slides and specimen holders provides enormous
potential for LSFL.

Against this background, we report on the generation of
one-dimensional LSFL (1D-LSFL) on fused silica and sap-
phire. Compared to metals and semiconductors, these mate-
rials have no free charge carriers that are required for the
generation of SPP. However, upon multiphoton absorption
and avalanche ionization, free charge carriers can also be
generated in dielectric materials [22], tuning the irradiated
substrate surface region into a metallic type state [9, 23, 24].

Punctual LSFL on dielectric materials have previously
been demonstrated in several publications for both fused sil-
ica [6, 25, 26] and sapphire [14, 27, 28]. From an applicative
point of view, the transfer from punctual LSFL into straight
lines is an essential step towards functionalizing specific re-
gions of a specimen holder and a prerequisite to structure
entire surfaces. In previous publications, the authors have al-
ready demonstrated this important transfer from punctual
LSFL into one-dimensional LSFL (1D-LSFL) for fused sil-
ica and sapphire [13, 29]. To increase the quality of these
structures, here we specifically focus on the generation of
ID-LSFL with beam-shaped femtosecond laser pulses.
Therefore, the Gaussian beam is transformed into a Top-Hat
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Fig. 1 Gaussian and Top-Hat beam-shaped intensity profiles.
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beam profile, offering a more homogeneous intensity distri-
bution. The quality and structural properties are compared
for 1D-LSFL being generated by both beam profiles on
fused silica and sapphire.

2. Experimental

In our experimental study, a Yb:KGW femtosecond
pulsed laser (Pharos, Light Conversion) having a wave-
length of 1030 nm is used. The laser is equipped to a mi-
cromachining system including a galvo scanner (RTA
ARB800 2G+, Newson) with an f-@-lens having a focal length
of 100 mm. To alter the beam profile, a diffractive beam
shaper (ST-225-1-Y-A, Holo/Or) is used. Figure 1 shows
both, a focused Gaussian beam profile and the beam-shaped
Top-Hat profile. The focal diameter dy of the Gaussian beam
and the edge length 1y of the Top-Hat profile are 31 um (1/e?)
and 45 pum (1/¢?) as being measured by a high resolution
CCD camera (UI-1490SE-M-GL, IDS). The fluence is cal-
culated with @ = Ep/(n*r¢?) for the Gaussian and @ = Ey/lo*
for the Top-Hat beam, while 1o is the focal beam radius and
E, the pulse energy. The pulse overlap PO for the scanning
laser is determined by the overlapping diameters for the
Gaussian and the overlapping edge lengths for the Top-Hat
beam profile. An external attenuator is used to alter the pulse
energy, while the pulse duration is 230 fs (FWHM, measured
after laser aperture) in our study with a pulse repetition rate
of 50 kHz. Two materials namely fused silica (GVB Solu-
tions in Glass) and sapphire (UQG Optics) are chosen as
prominent candidates in LIPSS generation on dielectric ma-
terials. To analyse the ablated structures in detail, a scanning
electron microscope (Phenom ProX, Phenom-World) and a
transmitted light microscope (DM6000 M, Leica) are used.

3. Results and discussion

3.1 Fused Silica

To get acquainted with the properties of the LSFL, first
the influence of the fluence, the pulse overlap and the angle
of incidence O is evaluated for both beam profiles. Figure 2
shows exemplarily scanning electron microscopy (SEM)
images for different 1D-LSFL on fused silica and the corre-
sponding experimental setups. An example of good one-di-
mensional LSFL for the Gaussian beam is shown in figure
2 (a) generated with 2.53 J/cm? at normal incidence. The
LSFL and the line rim reveal damage and inhomogeneity
while the orientation of the LSFL is parallel to the polariza-
tion, a behaviour typically observed for punctual LSFL on
fused silica [6, 25, 26]. Examples of 1D-LSFL generate at
angular incidence (® = 40°) for the Gaussian and the Top-
Hat beam profile are exemplarily shown in figure 2 (b) and
(c). For the structuring, the polarization is kept orthogonal to
the scanning direction as shown in the schematics. Obvi-
ously, the angle of incidence has a significant influence on
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Fig. 2 SEM images of 1D-LSFL on fused silica and their experi-
mental setups generated with different beam profiles and
angle of incidence (a) Gaussian beam at ® = 0°, (b) Gauss-

ian beam at ® = 40° and (c) Top-Hat at ® = 40°.

the periodicity and orientation of the LSFL as well as their
quality, i.e. more homogenous and less damaged LSFL. For
the Top-Hat beam profile the quality is further improved
compared to the Gaussian. Furthermore, the line width is in-
creased due to the larger spot size.

To evaluate the influence of the fluence on the periodic-
ities of the generated structures, the scanning speed is set to
200 mm/s leading to a pulse overlap of 87% for the Gaussian
and 91% for the Top-Hat beam profile. The applied fluence
is varied between 2.53 J/cm? and 3.43 J/cm? for the Gaussian
and 2.55 J/em? and 3.66 J/cm? for the Top-Hat profile, re-
spectively. Please note, while the fluence regimen for the
generation of 1D-LSFL is nearly the same for both beam
profiles, the corresponding pulse energies are between
19.1 pJ and 259 pJ for the Gaussian and 51.6 pJ and
74.1 wJ for the Top-Hat beam profile. The significantly in-
creased pulse energy for the Top-Hat accounts for the larger
spot size (cf. section 2). Figure 3 shows the influence of the
fluence on Arsrr. As Arsr slightly decreases from 1101 nm
to 1081 nm for the Gaussian beam, no distinct trend is ap-
parent for the Top-Hat profile. Furthermore, for both profiles,
the periodicities reveal nearly the same values with Arsrr
being larger than the wavelength of the laser (1030 nm).
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Fig. 3 Influence of the fluence on the LSFL periodicities for
Gaussian (blue) and Top-Hat (grey) for orthogonal inci-
dence (® = 0°).
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Fig. 4 Influence of the pulse overlap on the LSFL periodicities for
Gaussian (blue, @ = 2.86 J/cm?, E, = 21.6 pJ) and Top-Hat
(grey, @ =3.66 J/cm?, E, = 74.1 pJ) at ©@ = 0°.

The influence of the pulse overlap on the LSFL periodic-
ities is presented in figure 4 generated with constant fluences
of 2.86 J/em? (Gaussian beam profile, E, = 21.6 pJ) and
3.66 J/em? (Top-Hat beam profile, E, = 74.1uJ). The PO
shown in figure 4 correspond to scanning speeds between
110 mm/s and 230 mm/s for the Gaussian and 140 mm/s and
380 mm/s for the Top-Hat beam profile. For both beam pro-
files, ArspL increases with increasing pulse overlap, from
1084 nm to 1147 nm for the Gaussian and from 1069 nm to
1122 nm for the Top-Hat profile. Therefore, the pulse over-
lap and thus the scanning speed can effectively be used to
adjust the required periodicity of the structures in a range of
over 60 nm for the Gaussian and 50 nm for the Top-Hat pro-
file. Furthermore, over the entire range, Arsrr reveals
slightly increased values for the Gaussian beam profile com-
pared to the Top-Hat at the same pulse overlap.

In a previous study [13], the authors reported on an in-
creasing quality of 1D-LSFL for structuring fused silica with
different angles of irradiation and found a decreasing perio-
dicity of the LSFL beside a rotation of the LSFL for increas-
ing ®. In addition, the quality of the LSFL improves at
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Fig. 5 Influence of the angle of incidence for Gaussian (blue) and
Top-Hat (grey) beam profiles on (a) the LSFL periodicities
and (b) rotation angle.

an intermediate angle of incidence and deteriorates again at
large angles. Figure 2 (b) and (c) show schematics of the ex-
periments under angular irradiation. Again, here we compare
the Top-Hat beam profile with the Gaussian one while for
both the scanning speed is set to 200 mm/s. Please note, the
fluence has to be adapted with increasing angle of incidence
to ensure a successful structuring, e.g., 3.13 J/cm? for the
Gaussian and 2.92 J/cm? for the Top-Hat beam profile at
® =40°. Figure 5 (a) shows the influence of ® on the orien-
tation of the LSFL (scanning direction remains orthogonal
to polarization of the laser, see schematic in figure 2 (b) and
(c)). Increasing the angle of irradiation from 0° up to 70°,
leads to a rotation of the LSFL of about 40° over the entire
range for both beam profiles, a behaviour being still under
research. Furthermore, Arsrr decreases with increasing an-
gle of incidence from about 1100 nm to 800 nm for both the
Gaussian and the Top-Hat profile, leading to an adjustment
of the LSFL periodicity in a range of about 300 nm (figure 5
(b)).

However, beside the required pulse energy for the gen-
eration of 1D-LSFL, no significant difference exists for their
periodicities and orientation between the several beam pro-
files and the evaluated parameters i.e. fluence, pulse overlap
and angle of incidence. Nevertheless, structuring fused silica
with a Gaussian beam at angular irradiation leads to an in-
creased quality of the LSFL, which is further improved by
applying a Top-Hat beam profile.

3.2 Sapphire

Due to the experiments on fused silica, which showed
that the investigated parameters (pulse overlap, fluence and
angle of incidence) have no noticeable effect for the different
beam profiles, here we focus on the different scanning direc-
tions i.e. scanning parallel and orthogonal to the polarization
of the laser. The experiments for sapphire are carried out at
normal incidence of the laser. Experiments show that quali-
tatively good one-dimensional LSFL are generated with a
speed of 80 mm/s for the Gaussian beam profile and
120 mm/s for the Top-Hat beam profile, in both scanning di-
rections. This different scanning speeds result in a pulse
overlap of 95% for both beam profiles. Figure 6 compares
SEM images of 1D-LSFL for (a) scanning orthogonal and
(b) parallel to the polarization of the laser. The fluence is set
to 4.6 J/em?* (E, = 35.0 uJ) (orthogonal scanning) and
2.57 J/em? (E, = 19.4 nJ) (parallel scanning) for the Gauss-
ian and 3.67 J/cm? (E, = 74.3 wJ) (orthogonal scanning) and
3.33 J/em? (E, = 67.4 WJ) (parallel scanning) for the Top-Hat
beam profile. Obviously, for both beam profiles, scanning
orthogonal to the polarization of the laser requires a higher
fluence. This behaviour is assigned, to a redistribution of the
incident electric field of the laser by the initially induced
structures, in turn causing an extension of the electric field
distribution perpendicular to the LSFL [30] and is discussed
in detail in Ref. 29 for the 1D-LSFL on sapphire. The differ-
ent line width of the structures generated with the Gaussian
beam is based on an interplay of the scanning direction and
the laser beam polarization, while the orientation of the
LSFL is found to be orthogonal to the polarization of the la-
ser, independent of the scanning direction. Their periodici-
ties in figure 6 reveal values of Arsrr = 932 nm (Gaussian,
orthogonal), ArLsp. = 965 nm (Gaussian, parallel), Arsrr =
948 nm (Top-Hat, orthogonal) and Arsrr. = 987 nm (Top-Hat,
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Fig. 6
and (b) parallel to the laser polarization.

parallel), thus being smaller than the laser wavelength. Com-
paring the one-dimensional structures generated orthogonal
to the laser polarization reveal an improved quality, i.e. ho-
mogenous appearance of the LSFL. For the parallel scanning,
a significantly increased line width is observed while the
LSFL reveal excellent quality showing straight and homo-
geneous structures.

For both dielectric materials, we found an improved
quality of the low spatial frequency LIPSS for the use of
femtosecond beam-shaped laser profiles. A detailed evalua-
tion of the fluence, pulse overlap and angle of incidence
showed no influence of the different beam profiles. For
fused silica an angular irradiation as well as the use of the
Top-Hat increases the LSFL quality. Furthermore, the most
homogenous LSFL can be generated on sapphire, scanning
parallel to the polarization of the laser while using a Top-Hat
beam-shaped laser profile.

4. Conclusion

We demonstrated the efficient fabrication of homoge-
nous 1D-LSFL on dielectric materials, fused silica and sap-
phire. Comparing the fluence, the pulse overlap of the laser
as well as the angle of incidence for the silica specimen, we
found the same behaviour for the Gaussian and the Top-Hat
profile. An angular irradiation is used for the homogeneous
structuring of the fused silica samples, leading to an in-
creased quality of the LSFL as well as an increased line
width. For the sapphire, the scanning direction with regard
to the laser polarization is investigated. For both, orthogonal
and parallel scanning, an increased LSFL quality as well as
line width for the Top-Hat profile is observed. The best qual-
ity is found for the parallel scanning case, also leading to the
highest increase of line width compared to the Gaussian
beams.
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