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Abstract

Direct Laser Interference Patterning (DLIP) is a laser processing method that provides a tool for creating a wide field of
functional surfaces. In the present work, the generation of antibacterial surfaces on stainless steel is shown with a high
power capable DLIP setup. The used laser was an ultrafast laser with a wavelength of 1030nm and a pulse duration of
eight picoseconds. Two different topographies were produced, which were generated with two different polarization
orientation of the laser. Both topographies were investigated in their antibacterial behavior. The employed method for
assessing the bacterial retention is based on ISO standards for measurement of antibacterial performance. The resulting
topographies shows a retention of up to 99,8% for E. Coli and up to 79.1% for S. aureus bacteria.

Keywords: direct laser interference patterning; two beam interference; functional surfaces; antibacterial surfaces; ultrafast laser;
stainless steel;

1. Introduction

Functional surfaces are of growing interest such as in food and healthcare industries [1,2]. In such critical
applications, sophisticated cleaning routines are necessary to ensure bacterial contamination requirements
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are met [3]. Functional surfaces are therefore interesting to not only reduce the contamination, but also for
simplify cleaning procedures.

Several methods, such as plasma etching, anodic oxidation, chemical vapor deposition, lithography and
electrospinning facilitate the production of surfaces with antibacterial behavior [4]. Laser-based methods to
produce functional surfaces have also been demonstrated in recent works [5, 6, 7, 8], which facilitate the
production of large areas in a single step process by means of ultrashort lasers [9,10,11]. Linearly polarized
laser pulses and surface plasmons effect Laser Induced Periodic Surface Structures (LIPSS) perpendicular to
the orientation of the polarization with a ridge separation in the order of the wavelength [12, 13]

Beside LIPSS, Direct Laser Interference Patterning (DLIP) is another promising laser based method to
produce functional surfaces. In contrast to LIPSS, DLIP exploits ablation of periodic topographies by means of
an interference pattern, dependent on the number of interfering beams, incidence angle, fluence and
polarization orientation [14, 15, 16, 17]. Furthermore, the combination of DLIP and LIPSS leads to
topographies that may differ from the interference pattern itself [18, 19].

In the present work, the DLIP method was employed to generate two different antibacterial topographies
on 50x50mm’ large stainless steel samples by means of two-beam interference with combination of the
LIPSS effect. Due to current developments of high power laser sources at a wavelength of 1030 nm
[20,21,22], a 1030 nm high power capable DLIP optical setup, designed in a previous work [23], was
employed. This capability promises high structuring rates in the future.

The resulting topographies were analyzed by means of a scanning electron microscope (SEM). Finally, the
topographies were tested for antibacterial behavior with Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) bacterial cells.

2. Material and methods
2.1. Optical setup

For the structuring process a DLIP Setup, shown in [23], was employed. This setup provides DLIP with up
to 4 beams and variation of interference pattern period, spot diameter on the sample surface and
polarization of each beam independently. Furthermore, the optical setup was designed for high pulse
energies.

Fig. 1 shows a schematic of the setup in case of two beams interference patterning. The laser beam is fed
from above through a variable telescope and is then split by a diffractive beam splitter into two beams with a
total angle of 18.6°. Two inner mirrors guide the two beams through A/half plates, to allow the variation of
the polarization of each beam. The following two mirrors reflect the two beams into one spot on the sample
surface, where the interference patterns occur. The outer mirrors are mounted on mechanical goniometers
to provide the variation of the incidence angle and therefore the interference period on the sample surface.
The sample is fixed on axes, which move the sample for large area structuring.

The intensity distribution of two coherent interfering beams is described in x-direction as [14]

I(x,y) =2, [1 + cos (%n(a)x)], (1)

with the intensity of each beam Iy, the wavelength A of the interfering beams and their incidence angle
related to the surface normal 6 as shown in Fig. 1. This formula applies with the following assumptions: same
angle of incidence related to the surface normal in x-direction, same intensity and same polarization angle
for each beam.
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Fig. 1: Schematic of the used Direct Laser Interference Patterning setup.

From the argument of the cosine it is evident that the period of the interference pattern A depends on
the angle with [14]

pl
~ 2sin(8)’ (2)

Based on investigations from [24] the structure period has to be in the range of the size of E. Coli and S.
aureus. Therefore, a period of about 850nm was chosen. On the one hand, the half period is smaller than the
cells and on the other hand, the limits of the optical setup, regarding the incident angle, are not exhausted.
This period and the wavelength of 1030nm requires applied to eq.(2) an incidence angle of 37°.

In Fig. 2 a comparison between the calculated and measured interference pattern, resulting from 37°
incidence angle, is shown. The calculation is based on eq.(1), pictured on the left hand side. On the right
hand side, the measurement at the beams overlapping area on the sample surface after the DLIP setup is
pictured. Applicable for both, the x- and y-axis represent the positon of the sample surface, where the two
beams interfere. Intensity distribution of the pattern is colored corresponding to the color bar to the right of
the plot. For the measurement, the interference pattern was magnified with a 50x microscope objective and
acquired with a 5um pixel size camera chip. In comparison, it is obvious that the measurement has a clear
correlation with the calculated interference pattern.
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Fig. 2: Comparison of calculated and measured interference patterns. On the left hand side, the eq(1) based intensity distribution is
shown. On the right hand side the measured Intensity distribution. The measurement was employed by means of an 50x microscope
objective and an IDS uEye UI-2220-M camera.

2.2. Process strategy

For structuring large areas, a strategy with continuous feed rate, parallel to the interference lines was
chosen and a suitable pulse overlap to reach the required depth of the structure topography with a sufficient
number of pulses at one location. The average fluence of the entire beam cross section at the sample surface
were set to 0.1 J/cm®.

In this case, the required number of pulses and the large area structuring strategy with a continuous
moving sample, the feed rate and the repetition rate were determined. As a consequence of the spot size dg
of 60um in the feed direction, the repetition rate f,.., of 100kHz and the required 60 pulses N, at one
location the feed rate v, needed to be set to

Vr (3)

_ frep'ds _ mm
=N, T 100 -

To nevertheless get 2D structures with 1D interference pattern, a second process step was performed.
This step consists of the same structuring process as the first, except with an additional perpendicular
structuring direction on the sample with half the pulse energy. Between the two steps, the sample was
rotated 90° (schematically shown in Fig. 3). In consideration of the dependents of material absorption on its
roughness, the pulse energy of the second step was reduced to half. With this setting a balanced topography
in the x and y directions could be reached.



LiM 2019

sample

/ trajectory /\

continuous feed rate
continuous feed rate

interference pattern

15t process step 90° rotation 2" process step

Fig. 3: Process strategy for DLIP treatment. To reach a 2D-structure with 1D-line interference pattern 2 steps were performed. After
structuring in one direction, the sample was rotated by 90° to structure the sample perpendicular to the first step.

2.3. Material

Mirror-polished 316L stainless steel samples were used for all DLIP experiments. Their chemical
composition is given in Table 1. The experiments were performed by treating the entire sample surface with a
size of 50x50mm’. Control samples had the same material and size and an untreated surface with a
roughness of 0.37um.

Table 1: Chemical composition of 316L (stainless steel) in %

C Mn Si Cr Ni Mo P S Ni Fe

0.03 2 0.75 16-18 10-14 2-3 0.045 0.03 0.1 Bal.

2.4. Topography analysis

The topography of the DLIP-treated surfaces was magnified with a JEOL JSM-6490LV scanning electron
microscope (SEM) to determine the size, geometry and homogeneity of the structure.

2.5. Bacterial retention

For bacterial retention quantification, three identical treated samples and three untreated control
samples were compared. Each structure type was quantified with the two bacteria types, E. coli and S.
aureus. The examination was performed according to the ISO standards for the measurement of
antibacterial performance [25,26] and is described in detail in [8]. To ensure that the bacterial cells were free
from environmental stresses and in an appropriate growth stage, the preparation of the bacterial solutions
with E. coli (ATCC 8739) and S. aureus (ATCC 6538P) was undertaken in conformance with ISO 27447. After
diluting the stock to 1/500, the cell density results to 2.6x10’ cfu/ml for E.coli and 8.2x10° cfu/ml for S.
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aureus. Laser-treated and control surfaces were cleaned with acetone (15 minutes), sterilized with pure
ethanol (10 minutes) and dried in air for 10 minutes in a UV hood. After the contact of the surfaces with the
bacterial cells at 24°C for two two hours, excess liquid was eliminated from the samples by holding the
samples in a vertical position for two minutes. Swabs were then taken in both orthogonal directions along
each surface and incubated prior to quantification of the number of colony-forming units per swab by means
of a colony counter.

3. Results
3.1. Topography analysis

Fig. 4 shows the resulting topographies in two different magnifications from the SEM, 5000x and 20000x,
respectively. The upper topographies ((a) and (b)) result from the p-polarization setting on the optical setup,
as represented in Fig. 1. The topographies below from the s-polarization setting. Despite the identical
intensity distribution, the topographies have a clear difference, depending on the polarization. This effect is
due to the formation of Laser Induced Periodic Surface Structures (LIPSS), which occur parallel to the
polarization. With p-polarization, the LIPSS occur parallel to the interference lines and appear to have a
minor effect on the topography that leads to the expected ablation of grooves in vertical and horizontal
direction after the two process steps, as described in section 2.2. This topography resembles a grid with
sunken grid bars, which are referred to as cones in the following. However, with s-polarization, the LIPSS
occur perpendicular to the interference lines and gain influence on the topography. This fact causes the
topography to resemble a grid with raised grid bars. This effect was investigated by [19] for structures with a
period range of 1.4 — 6.3 um. This topography is referred to as holes in the following. Nevertheless, both
topographies have a period of about 850 nm, consistent with the theoretical period from eq. (2).
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Fig. 4: Raster electron microscope (REM) images of the resulting topographies after DLIP laser-treatment. The upper images show the
structure after treatment with p-polarization setting, referred to as cones in the text. The images below shows the structure after s-
polarization treatment, referred to as holes in the text. Two different magnifications of 5000x and 20000x are pictured on the left and
right hand side, respectively. Both topographies result after the 2 step processing strategy, described in section 2.2.

3.2. Bacterial retention

Fig. 5 represents the residual bacteria count after two hours exposure of the cone and hole topography to
the bacterial solutions. The values are normalized against the bacteria count of untreated control samples
with an areal surface roughness of 0.37 um. The values show a significant reduction of the bacteria
retention. A reduction of 99.8% and 99.4% for E. coli on cones and holes, respectively, was measured. In the
case of S. aureus the reduction was 70.6% and 79.1% on cones and holes, respectively.



LiM 2019

1 00 UNTREATED CONTROL SAMPLES _
AVERAGE SURFACE ROUGHNESS: 0.37 um

107t ]
BE. coli
B S. aureus

Normalized Residual Bacteria Count

10°

CONES HOLES

Fig. 5: Residual Bacteria Count, normalized to untreated surfaces. The diagram shows the measured reduction of bacterial retention. A
reduction of 99.8% and 99.4% for E. coli on cones and holes, respectively, could be measured. In the case of S. aureus the reduction was
70.6% and 79.1% on cones and holes, respectively.

4, Conclusion

This work shows that the Direct Laser Interference Patterning with two interfering beams is a suitable
method to produce antibacterial surfaces on stainless steel. Despite the linear dependence of the period of
the produced structures on the laser wavelength, sub-micrometer period of about 850 nm could be realized
with a wavelength of 1030 nm. This was possible with an incidence angle of 37° to the surface normal. To
avoid melting effects, an ultrafast laser with a pulse duration of 8 ps was employed. The polarization
dependent influence of Laser Induced Periodic Surface Structures was employed to generate two different
topographies. This was realized with a p-polarization and s-polarization setting. Due to the period of the
LIPSS, which is close to the laser wavelength, cones and holes structure occurred at p- and s-polarization,
respectively, despite the identical interference pattern. Both topographies were examined for their
antibacterial behavior in the case of E. coli and S. aureus. Three surfaces with a size of 50x50mm” each were
structured for this purpose. The examination was carried out in accordance with the I1SO standards for the
measurement of antibacterial performance. Compared to untreated control surfaces a reduction of 99.8%
for E. Coli and 79.1% for S. aureus could be measured. Due to the high power capability of the optical setup,
higher structuring rates can be achieved in the future.
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