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Abstract

In recent decades, antibiotic resistance has become a crucial challenge for human health.
One potential solution to this problem is the use of antibacterial surfaces, i.e., copper and
copper alloys. This study investigates the antibacterial properties of brass that underwent
topographic surface functionalization via ultrashort pulsed direct laser interference patterning.
Periodic line-like patterns in the scale range of single bacterial cells were created on brass
with a 37% zinc content to enhance the contact area for rod-shaped Escherichia coli.
Although, the topography facilitates attachment of bacteria to the surface, reduced killing
rates for E. coli are observed. In parallel, a high-resolution methodical approach was
employed to explore the impact of laser induced topographical and chemical modifications on
the antibacterial properties. The findings reveal the underlying role of the chemical
modification concerning the antimicrobial efficiency of the Cu-based alloy within the
superficial layers of a few hundred nanometres. Overall, this study provides valuable insight
into the effect of alloy composition on targeted laser processing for antimicrobial Cu-surfaces,
which facilitates the thorough development and optimization of the process concerning

antimicrobial applications.

1 Introduction

Rapidly increasing infectious diseases remain a major social problem, and the threat of
antibiotic resistance is a significant concern.® However, alternative strategies such as the use
of antimicrobial surfaces offer a promising solution to effectively inhibit the growth and
spread of harmful microorganisms.>™ Inspired by nature's morphological blueprints,
researchers are constantly investigating new techniques to harness their beneficial properties.”
The nanopillars on cicada wings are a primary example of a naturally occurring antibacterial

effect owing to the surface structures.® On the contrary, the hydrophobic behaviour of the
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Lotus leaf is a result of micro- and nanostructures as well as their surface chemistry, which
gives them a self-cleaning function.’

A variety of techniques have been developed for the functionalization of surfaces to alter
their characteristics. These include chemical or/and topographical alterations realized via
methods like nanoparticle fabrication, micro and nano-structuring, and creating photocatalytic
surfaces.*®® Direct laser interference patterning (DLIP) technology *° has been utilized for
over a decade to modify surfaces down to the nanoscale. DLIP in combination with ultrashort
pulse (USP) durations has proven to provide attainable precise nanostructures.***® This is
attributed to the curtailed melting zone by the virtue of shorter pulse durations.** As whole,

the scope of DLIP application is defined remarkably wide including functions such as
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tribology, electrical conductivity,"® antibacterial properties,>*® and wettability.

Moreover, various materials ranging from metals to polymers, depending on the application,
have been modified via laser technology.?* %

Metals like copper, copper alloys, cadmium, and silver have been the focus of investigation
for their naturally occurring antibacterial properties. **?2?"% Moreover, metal oxides like
zinc oxide and titanium oxide, which show antibacterial activity upon exposure to ultraviolet
light, are also being investigated.>* In the case of pure copper, surface modification via
ultrashort pulsed direct laser interference patterning (USP-DLIP) was shown to further
improve the already pronounced inherent antibacterial properties.®>*** This involves an
increased Cu-sensitivity alongside improved bacterial contact conditions.® The antimicrobial
effect of Cu surface is directly related to the quantitative release of cytotoxic Cu-ions, which
are known to deteriorate both bacteria and viruses by several modes of action e.g., targeting
the cell wall, proteins, and DNA.3*** Here, the presence of copper oxides can impact the

antibacterial properties: Excessive cupric oxide (CuO) was shown to reduce antibacterial

efficiency, whereas, for predominant cuprous oxide (Cu,O) composition, it is improved.*



Despite the advantageous antibacterial properties of copper, its limited mechanical
properties, including low hardness and strength yield, restrict its widespread use e.g., as
antibacterial surfaces in public and private infrastructure to prevent the transmission of
harmful microorganisms. In this case, alloying represents a powerful approach to optimize the
properties according to the desired application.

For this study, a commercially available copper alloy with 37 % zinc content (brass,
CuZn37) is chosen. The zinc in brass adds to the hardness and durability of the material.*’
The aim is to use USP-DLIP to fabricate periodic line-like structures in the scale range of
single bacteria cells, firstly to understand the laser-material interaction and secondly to test
the impact of USP-DLIP processing on antibacterial efficiency. Various characterisation
methods are employed to determine the effect of the alloying on the degree of surface
modification, which include scanning electron microscopy (SEM), high-resolution grazing
incidence X-ray diffraction (GI-XRD), scanning transmission electron microscopy along with
energy dispersive X-rays spectroscopy (STEM-EDS), atom probe tomography (APT),
electron diffraction (Selected area electron diffraction, SAED or Fast Fourier Transform
image, FFT) via transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), scanning tunnel microscopy and spectroscopy (STM and STS) and Raman
spectroscopy. The structured surfaces are then tested for their antibacterial activity against

Escherichia coli WT K12 (BW25113) to understand the correlation with surface

modifications achieved via USP-DLIP.

2 Materials and methods

2.1 Materials and preparation

The commercially available brass with 37 wt.-% zinc (M37; Wieland), CuzZn37, was chosen

for this work. It should be noted that for Cu-Zn alloys the composition given in wt.-% differs



only marginally from the composition given in at.-%. Additionally, 99.95 % pure copper
(Wieland), and stainless steel (Brio) were utilized as references. The samples were acquired in
the form of a sheet with a thickness of 1 mm and were then cut to a dimension of approx.
25 x 10 mm?. Since a smooth initial surface topography is required for the subsequent laser
process, the sample surfaces were prepared metallographically. Prior to that, microhardness of
brass was measured with Struers Dura Scan 50 microhardness tester, which is required to
determine the polishing parameters, as the high copper content in the samples can present a
challenge during preparation due to its softness. The Vickers hardness (HV 0.1) value for
CuZn37 was recorded at 107 + 9. This value is almost double that of pure copper, yet low
compared to steel. For that reason and to avoid any big deformations, the process was started
with fine grinding. First, SiC paper with a grain size of 15 um was utilized on a manual
Tegrapol system (Struers) to remove the uppermost layer of deformations. Next, the surfaces
were polished with an automated TegraPol system (Struers) to finally obtain a mirror-quality
finish. This was executed in a total of three steps i.e., 6 um, 3 um, and 1 um grain Size, each
using the respective all-in-one diamond solutions (Struers).

2.2 Ultrashort Pulsed Direct laser interference patterning (USP-DLIP)

USP-DLIP technology was utilized to produce line-like structures with a periodicity of
3 um on the brass surface. For the surface modification, a Ti:sapphire Spitfire laser system
(Spectra Physics) with ultrashort laser pulses (pulse duration of t, = 100 fs, full width at half
maximum - FWHM) was utilized. The centred wavelength A was 800 nm. The optical setup

was chosen as described in Muiller et al.®®

The setup consists of a beam diameter aperture, a
wave plate, a diffractive optical element (DOE), a mask and a focusing lens system with a 100
mm focal length. First, the laser beam passes through an aperture, which adjusts the beam
diameter and transforms the intensity profile from Gaussian to near Top Hat shape. The beam

is then forwarded to a wave plate that changes the polarisation angle of the beam



perpendicular to the orientation of fabricated patterns. Subsequently, the DOE splits the beam
into two coherent partial beams These are then diverted by a lens to finally interfere on the
sample surface. These create maxima and minima of intensity in the focal spot leading to the
formation of line-like periodic structures via ablative processes. Looking at the superimposed
profile in cross-section, a wave-like intensity distribution profile with broad valleys and
narrow peaks emerges as described in Miiller et al.*® The periodicity of these line-like
structures is linked to the incident angle of single laser beam on the sample surface. This
interference setup hereby is similar to the Fresnel mirror setup,® which describes the
periodicity p according to equation (1).
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here A is the wavelength of a laser beam and « is the incident angle of a single partial beam.
As the surface is irradiated with a laser beam, the energy is first absorbed by the electrons and
then transferred onto the lattice until a thermal equilibrium is achieved.' The electron-lattice
relaxation time hereby is in the range of a few picoseconds,*® whereby laser material
interaction within and below this range is described involving a Two-Temperature model.***3
In the case of femtosecond pulses, the relaxation time is considerably longer than the pulse
duration. Therefore, it is highly improbable to realize a thermal equilibrium in the lattice. As a
result, a direct solid to vapor/plasma phase transformation is observed, instead.** Depending
on the applied fluence regime very thin melting depths are expected alongside ablation via
spallation or phase explosion.**** Due to averted thermal diffusion within this time scale, very
high temperatures and pressure are experienced in the thermal response of irradiated matter.
This results in thermal and mechanical lattice distortion of the material. Due to which the
uppermost surface undergoes topographical as well as chemical modifications. This includes

remelting, rapid solidification and redeposition of previously ablated matter in the shape of

oxidic particles.? In this work, a total of 24 samples were structured. 12 of the laser structured



samples were then etched to remove the process induced oxides. For that purpose, samples
were emerged in 5% citric acid, then placed in an ultrasonic bath for 2 min and finally
cleaned with ethanol. For any further experiments, the samples were aged at least for three
weeks to ensure stable and reproducible wettability conditions.?

2.3 Surface characterization

The topography of the samples was observed with confocal laser scanning microscopy
(CLSM, LEXT OLS4100 3D Measuring Laser Microscope by Olympus). A quantitative phase
analysis was performed via high-resolution grazing incidence X-ray diffraction (GI-XRD, Cu
Ka source with a wavelength of 1.54 A at 1° grazing angle, PANalytical X’Pert PRO-MPD).

Scanning electron microscopy (SEM, Helios NanoLab 600™, FEI) was used to acquire
images in secondary electron contrast mode. An acceleration voltage of 5 kV at a current of
1.4 nA was applied and the sample was tilted at 45° to improve visualization of topographic
pattern features. Subsequently, cross-sections of the line-like structures were examined by the
means of SEM/FIB (Focused lon Beam) Lamellas (perpendicular to the lines) that have been
prepared on the sample surface before lift out and mounting on a TEM-grit for further lon-
beam thinning to reach e-beam transparency. These are analysed via scanning transmission
electron microscopy (STEM) also including energy dispersive X-ray spectroscopy (STEM-
EDS, JEOL ARM 200F equipped with two Cs correctors) to determine the chemical
composition via mapping and profiling. This characterization was further supplemented by
the electron diffraction imaging via transmission electron microscopy.

The surface and subsurface effects of modification were characterized by atom probe
tomography (APT). This was accomplished in a LEAP 3000X HR (CAMECA) with laser-
pulsed mode for the regions with oxides and voltage-pulsed mode for the subsurface
composition. All APT measurements were performed at a temperature of about 60 K,

repetition rate of 100-200 kHz, pressure lower than 1.33 x 10~® Pa, and evaporation rate of 2-5



atoms per 1000 pulses. Laser pulsed APT was carried out with a pulse energy of 0.5-0.6 nJ;
and voltage measurements with 20 % pulse fraction. The reconstruction and analysis of the
datasets was done with the commercial software /VAS™3.6.8 (CAMECA). Compositions were
calculated by applying a peak decomposition algorithm included in the analysis software. As
the name explains, this algorithm decomposes overlapping peaks based on the natural isotopic
ratios. In the present case, the most important overlap occurs in the mass-to-charge spectrum
at 32 [Da] due to the overlap of the most abundant peaks of O,™ and Zn*2. Due to this overlap
it is not possible to construct concentration profiles across the different oxides in the
reconstructions. APT specimens were prepared in a FIB/SEM dual-beam workstation (Helios
NanoLab 600™, FEI) by the lift-out technique described by Thompson et al.*® The analysed
surface was covered by a chromium capping deposited by physical vapor deposition (PVD) to
ensure the preservation of the region of interest. After lift-out and thinning of the specimens, a
low energy milling at 2 kV was performed to minimize gallium induced damage.

Additionally, scanning tunnelling microscopy and spectroscopy (STM/STS, VT-STM by
Scienta Omicron) was utilized to further map the surface topography and investigate the
electronic structure of the surface. Finally, the oxide characterization was done with Raman
Spectroscopy (Horiba Jobin, HRLab with a 532 nm laser) as well as X-Ray Photoelectron
Spectroscopy XPS, Vacuum Generators ESCA MKII, non-monochromatic Al-K, radiation,
n®w=1486.6 eV, normal emission, data analysis according to Ref.?).

2.4 Wet plating

The antibacterial activity of brass surfaces was tested via the wet plating method.*’ Bacteria
of the strain E. coli WT K12 (BW25113) were implemented in the wet plating and were
stored at 4 °C. The bacteria culture preparation was performed as described in Miller et al
and Luo et al.>* The strain was grown overnight aerobically in Lysogeny broth (LB) medium

at 37 °C in a water bath with a speed of 220 rpm. The next day, the bacterial culture was taken



out and centrifuged at 5000 x g to separate the stationary cells. The centrifugation process
was repeated three times with phosphate-buffered saline (PBS) using the same parameters.
Finally, the stationary cells were resuspended in PBS to prepare the bacterial suspension.
40 pL of the bacterial suspension was applied on the tested surfaces in the shape of a droplet.
The region of contact was defined by a polyvinyl chloride (PVC) ring.3 The test was
conducted in an environment of saturated humidity at room temperature for a duration of 30,
60, and 120 min. At the end of each respective time, two samples of 5 pL of the suspension
were retreated from the droplet after repetitive pipetting. The first was then serially diluted in
PBS and finally spread on LB agar plates. The plates were stored in an incubator at 37 °C for
24 h. Finally, the surviving colony-forming units (CFU) were counted to enumerate the viable
bacteria of the sampled suspension. As a first reference, the original CFU/mL value of the
suspension was chosen. As further references, mirror-polished surfaces of pure copper and
stainless steel were tested simultaneously. The second 5 pL of the droplet was diluted in to
600-fold of 0.1 % HNOj3; to determine the Cu-ion release during the exposure time, which is

measured with inductively coupled plasma mass spectrometry (ICP-MS, Agilent 8900 ICP-

QQQ).
2.4.1 Solution info

Phosphate-buffered saline (PBS) was prepared using NaH,PO, 1H,O (Merck, Germany,
final concentration 0.01 M), NaCl (VWR, Germany, final concentration 0.14 M) and pure
water for analysis, and its pH value was adjusted to 7.4 by adding NaOH. It was autoclaved

after preparation for sterilization.



3 Results and Discussion

3.1 Topography of the USP-DLIP structures

Line-like structures with the periodicity of 3 um were fabricated on CuZn37 using a fluence
of 0.98 J/cm? with a total number of 9 pulses (N=9). According to CLSM measurements, the
aimed periodicity of 3.0 £ 0.1 um, and a depth of 1.30 + 0.14 um was achieved. Figure 1 a
shows the surface after laser treatment also referred to as the as-processed samples. As
expected, the SEM micrographs exhibit line-like surface patterns comprising of narrow peaks

and broad valleys.

} CuZn37 as-processed
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Figure 1 SEM-Topography: 3 um periodic line-like structure with USP-DLIP on Cuzn37
(a) as-processed and (b) after etching with citric acid (The images were obtained at a tilt angle
of 45°).

The aim here is to allow the bacteria to settle well within the valleys and have contact area
to the substrate regardless of the direction of placement. Furthermore, the deep valleys
provide additional contact for the bacteria that accumulate on the monolayer, and overall, a
larger contact area is achieved. Apart from that a layer of flake-like sub-structures is observed
that indicates the formation of oxides consequent to laser processing, as also shown by Muller

et al. (2021).2 The presence of oxides plays a vital role in altering the crucial parameters of



antibacterial properties i.e., Cu-ion release on contact and the adhesion of bacteria. Firstly,
depending on the oxidation state of pure copper, the release of Cu-ions is affected.® And
secondly, the adhesion of bacterial droplets is impaired by the reduced wettability due to the
topographical construct of the oxides but also due to the accumulation of carbon species
during the aging process i.e., carbon oxides, hydrocarbons, etc.

In the case of pure copper, it has been demonstrated that removing this layer can further
alter the antibacterial efficacy.® To examine the effect of oxidation on brass, the structured
samples were etched with citric acid to remove the possible oxides. Figure 1 b shows an
efficient removal of the sub-structures, making the surface morphology underneath more
visible. As a result, the attention is drawn towards the actual geometry of the fabricated
structures with a peak-valley ratio of 1:2.3 and hence, a 2.3-fold increase in the actual surface
area. Likewise, the concave shape of valleys is revealed, which provides favourable
conditions for bacteria to settle in the valley. The SEM micrographs also show nano-
roughness along the lines suggesting melting and redeposition together with the ablation.
Ablation occurs as a result of locally high confined stresses in the surface, which are produced
via high temperature during laser irradiation.***® The observed surface morphology points
towards ablation predominantly in the phase explosion regime involving the ejection of the
molten matter.>® Parallel to ablation, the melted matter also creates multi-pulse ripples.*
Another prominent feature is the small round nano-particles mostly on the peaks formed due
to the redeposition of exploded melted particles.”>>® These further add to the depth of the
crater. Overall, the morphology of the structures corresponds to the ones in previous

studies.®>??



3.2 Morphological and chemical surface modification

CuZn37 as processed CuZn37 etched
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Figure 2: STEM high angle annular dark field images of CuzZn37 lamellas displaying the

Substrate

cross section of the peaks from. (a, b) as-processed and (c) etched with EDS-line scan (points

on the arrow) as well as individual scan points.

Lamellas were lifted out perpendicular to the line-like structures (see Figure S1 in SI) from
both structured samples and analysed with STEM-EDS. The same procedure was repeated
with numerous measurements of peaks and valleys of the structures to achieve the results (see
Figure 2 a and b).

The high angle annular dark field-TEM images in Figure 2 reveal the nanoscale surface
morphology of the surface with clear redeposition of the molten matter on the peaks. Since
the fabrication is done via a multi-pulse laser irradiation, the multiple piling of redeposited
matter is observed,>® which in this case leads to the formation of pores within the layers as
shown in Figure 2.

Table 1: STEM-EDS results of CuzZn37. This includes the line scan and point scans (P 1-6)

from Figure 2 (a, b) on the as-processed and line scan from Figure 2 (c) on the etched sample.

@ Distance from at-%
, @ _ thesurface [nm]  Cu Zn o)
81 L o 42 621 353 2.6

S 21°3°% 314 631 352 18



260 52.8 37.4 9.8
206 50.4 37.1 12.5
179 41.0 39.4 19.6
P1l 125 52.9 43.7 3.4
P2 102 59.5 36.9 3.6
P3 23 52.1 42.1 5.8
P4 90 53.1 42.2 4.7

(9\]
gi P5 50 52.0 41.2 6.8
= P6 15 34.8 59.8 5.4
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3 505 64.3 35.0 0.7
= 404 63.7 33.6 2.7
© 303 621  35.1 2.8
202 61.3 36.4 2.3
101 58.6 37.0 4.4
10 44.4 39.2 16.4

The results of EDS line scans for the as-processed sample (Table 1) show a drastic
modification of the chemical composition for CuzZn37 approx. 250 nm from the surface,
which also includes the layers of redeposited matter. The uppermost scan point of the line
scan on Position 1 (see Figure 2 a and Table 1) shows that the surface has a reduced amount
of copper (approx. 41 at.-%) in comparison to the bulk. On the contrary, zinc (39 at.-%) and
oxygen (up to ~20 at.-%) are detected in abundance, which suggests the formation of oxide
rich regions. At the same time, the Cu-Zn ratio of 2:3 (excluding oxygen) was recorded at a
few points that suggest the diffusion of zinc towards the outer surface. It can be explained by
the exceptionally high thermal energy as well as the kinetic energy in the near surface range
caused by laser irradiation, which enables the diffusion of copper and zinc atoms in the
subsurface. This indicates the occurrence of the Kirkendall effect. >> Concurrently, additional
mobility for the atoms can be anticipated in the redeposited matter during remelting, which is
experienced due to the multi-pulse laser irradiation.

The results on position 2 (see Figure 2 b), however, exhibit a non-gradual alteration of Cu-
Zn-0O ratio from the bulk to the surface. For that reason, few point scans were carried out on

both positions to investigate the discrepancies. Table 1 contains the results of point scans on



position 1 (P1-3) and position 2 (P4 —6) confirming varying distribution ratios in the
modified surface area. Here, few points with lower oxygen at.-% have a Cu-Zn ratio that
corresponds to the stoichiometry of B phase of brass.”®*’

After etching, the uppermost layer still has increased amounts of zinc and oxygen (see
Figure 2 c and Table 1). However, the chemical modification is only observed for ~100 nm
from the surface. Furthermore, the variation of the Cu-Zn ratio for points with less oxygen is
not that significant. Overall, the total variation of chemical composition after etching suggests
that a layer consisting of zinc rich phase with oxidic components was removed. This indicates
that the uppermost surface consists mostly of zinc richer oxide areas, as it also agrees with the

oxidation prone nature of zinc in comparison to copper.®® The varying distribution ratios

recorded for the modified area are further investigated in the next sections.



3.3 Determination of local elemental distribution
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Figure 3: Atom probe tomography (APT) reconstructions of the oxidized surface in sample

Cuzn37 as-processed [Iso-concentration values for gray surfaces 55-57 at.-% Zn and for

orange surfaces 20-33 at.-% Cu depending on the composition of the Cu-Zn-O region]. (a, b,



¢) peak and (d) valley of the line-like structure with their respective chemical composition in
Table 2.

APT is utilized to investigate the three-dimensional local distribution of elements in
CuzZn37 as-processed. Specimens from the peak and valley of the line-like structures were
prepared and analysed. The volumes reconstructed have a diameter of ~30 nm and a depth
between 20 and 50 nm and give an image of the surface oxidation of the sample.

The results confirm an inhomogeneous distribution of Zn, Cu, and O. All specimens
depicting the oxidized surface show two regions with distinctive compositions. To determine
the composition of each of these regions, the atoms corresponding to each of them were
selected by the construction of iso-concentration surfaces for Zn and Cu and exporting the
atoms inside (see Figure 3).>° In all cases the iso-concentration values were chosen so that
they enveloped intertwined volumes rich in Zn and rich in Cu separately.

Figure 3 shows four APT reconstructions giving an overview of the oxides’ distribution.
Besides the superficial measurements shown in Figure 3, two extra measurements were
performed below the oxidized layer to measure the subsurface composition. Figure 3
summarizes the composition of each of the oxidized regions in Figure 3 and the subsurface
region.

Table 2: APT results of CuzZn37 as-processed

. at.-%
Flgure 3} memmem=s EL_] """"""" Zh --------------- 6 ------
Peak 52+0.1 54.0+0.2 40.8+0.1
549+0.3 34.3+0.3 10.8x0.1
Peak b 6.4+0.1 46.1+0.3 474+0.1
50.6 £0.2 19.8+0.2 29.6+0.1
49+0.1 49.7+0.3 454+0.1
Peak c
33.8+£0.6 43.0+£0.8 23.3+£0.3
Valley q 28+0.2 525+ 0.6 446+0.1
36.4+£05 355+04 28.1+0.1
Sub 58.3+0.1 41.2+0.1 0.6x0.1
surface 55.9+0.2 42,6 +£0.2 16+0.1




The Zn-rich oxide (grey in Figure 3) shows a stoichiometry near ZnO with Zn:O ratios
ranging from 1 to 1.3 and a low concentration of Cu of 2 - 5 at.-%. On the other side, the
complementary regions (orange in Figure 3) show varying contents of the three elements Cu-
Zn-0. Similar chemical compositions were also detected using STEM-EDS on CuZn37 as-
processed (see Table 1). These compositions indicate the formation of a Cu-Zn-O transitional
region. Two recent papers ®*®! discuss the formation of Cu-Zn-O nanoparticles and layers
with varying compositions and discuss the diffusion of Cu atoms upon annealing. In this
work, high temperature and stress are induced on the sample surface by USP-DLIP, followed
by a rapid cooling that promotes the formation of metastable phases alongside
crystallographic defects.

The results show the diffusion of elements along with ablation and redeposition through
laser irradiation. The subsequent chemical modification at subsurface levels indicates that the
thermal diffusion length is greater than the ablation depth in the valley. Moreover, there is an
absorption of certain amounts of laser energy on the peaks. Although these regions are
exposed to the minima of the interference modulated intensity profile, the absorption cannot
be entirely excluded. This indicates that a nanoscale heat affected zone (HAZ) is given due to
residual thermal energy. This energy is sufficient to increase the mobility of elements, which
presumably leads to oxygen penetration to a depth of a few hundred nanometres and forms the
Cu-Zn-0O regions. Moreover, the redeposited matter is also exposed to the residual thermal
energy due to multi-pulse laser irradiation. This leads to high kinetic energy>* exposing the
redeposited matter to additional oxygen diffusion. Parallel to that, outward diffusion of Zn
from this region can be anticipated, which is supported by the Kirkendall effect > as well as
the oxide prone nature of zinc. Therefore, the formation of Zn-rich oxide phase is observed. It
should also be noted that in a thermodynamically stable state, the whole diffusion should lead
to the formation of stable segregated phases. However, in this case, the pulse duration is

ultrashort. Therefore, a rapid cooling of the surface most probably hinders the formation of



stable phases. Hence, the occurrence of metastable Cu-Zn-O transitional regions is observed.
The discrepancies recorded in the Cu-Zn-O ratio of these regions are probably due to
variations in the amount of oxygen that diffuses into the HAZ as well as into the redeposited
matter. Another factor could be the kinetic energy of the atoms, which can vary depending on
the energy absorbed in the different regions. All these factors together affect the diffusion of
all elements and hence the chemical composition.

Furthermore, the subsurface of the valley is analysed (see Figure 3) and the recorded
chemical compositions confirm the presence of the intermetallic f phase of brass. This
indicates the formation of the p phase most credibly through the rapid cooling of the o phase
in the heat affected zone as well as redeposited material. All these findings summarized,
propose nanoscale segregated regions consisting mainly of zinc rich oxide phase with either
insignificant or lower amount of Cu suggesting the existence of Zn-O and transitional Cu-Zn-
O regions, respectively. Furthermore, the regions with insignificant amount of oxygen suggest
the existence of the intermetallic 3 phase.

3.4 Microstructural characterization

The annular dark field STEM images (Figure 2) show a contrast in the modified area for
both as-processed and etched samples. This suggests segregation of diverse regions and
variation in microstructure due to laser structuring. To investigate this, selected area electron
diffraction (SAED) patterns were taken and indexed with the corresponding interplanar
spacing (d-spacing) values.

Figure 4 displays the TEM micrographs of CuZn37 as-processed and its respective electron
diffraction patterns. The first pattern was taken in the bulk area I (Figure 4 a), which
corresponds to the a-brass (220) diffraction spot and zone axis <101>. The respective SAED
pattern is typical for a monocrystalline cubic structure.®® This additionally indicates that the

measurement was carried out in a single grain implying a grain size of larger than 150 nm.



However, the next patterns in the modified area (area Il (c) and area Ill (d)) incorporate
discrete spots revealing a polycrystalline structure®®, which suggests grains with a smaller
size. Here, area Il represents p-brass (110), (211), and (222) diffraction spots, and area il

represents the Cu,O (111), (200), and (222) diffraction spots.

CuZn37
o ; as processed

Figure 4: TEM-electron diffraction and images on CuzZn37 as-processed. (a, ¢, d) SAED
patterns taken from (b). (e, f) HR-TEM images of the modified area with their respective

binned FFT patterns of a selected area (yellow square).

For a detailed understanding, higher resolution (HR) images were collected and evaluated
with the Gatan software to acquire the patterns and respective d-spacing values. Figure 4 e
shows the result of the bulk region with diffraction spot correspondent to a-brass. An
additional measurement is carried out in the visually lighter region of the modified surface

(see Figure 4 f) and the resulting appearance of the pattern indicates the presence of a

9



polycrystalline structure. This pattern can be assigned to the ZnO (002) and (110) diffraction
spots. Next, CuZn37 etched is taken under observation and similar results are obtained. The
respective SAED patterns (see Figure S2) alongside a detailed discussion are presented in the
supporting information. Overall, the position of a-brass in the bulk and B-brass on the surface
correlates with the depth of modified areas observed with STEM-EDS analysis for both
samples. The HR-TEM micrographs and their respective FFT patterns show mono- and
polycrystalline structures for brass phases suggesting an inhomogeneous grain size
distribution. Moreover, the presence of Cu,O and ZnO is identified.

Similar results were achieved from all the above characterization methods. Besides the
topographical surface modification, USP-DLIP processing has a localised effect on the
composition of the alloy itself and leads to the occurrence of the B phase of brass, as
suggested by the APT and TEM analysis. Additionally, the formation of zinc and copper
oxide phases is proposed.

3.5 Phase analysis with grazing incidence X-ray diffraction (GI-XRD)

GI-XRD analysis was performed to identify the phases present on the structured surface and
the results were simultaneously compared to the polished sample. Figure 5 illustrates X-ray
diffractograms for all CuzZn37 samples. The polished surface (black diffractogram) has peaks
at 42°, 49°, 72°, 87.4°, 92.4°, and 113°, which can be attributed to the a phase of brass with
63 wt.-% copper and 37 wt.-% zinc (ICDD:04-003-2952). Simultaneously, additional peaks
are observed for both CuzZn37 structured samples, of which the peaks at 43.5°, 63°, 78.7°,
95.5° and 111° can be assigned to the B phase of brass (LPF:558003, ICDD:04-006-6026).
Furthermore, the peaks at 36.3° and 63° can be allocated to cuprous oxide (Cu,0) (ICDD:04-
007-9767). 1t is to be noted, that the position at 63° is an overlap of B-brass (200) at slightly
lower and Cu,0O (220) at slightly higher 26 values. The remaining additional peaks at 40.5°,

45.4°, and 47.1° are recorded for Cu,O formed under especially high pressure (ICDD: 00-



035-1091),%* which are realized during ultrashort laser irradiation®®. The results indicate a

possible oxidation and validate the formation of an intermetallic phase during the laser

process.
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Figure 5: GI-XRD Phase analyses of CuzZn37 samples i.e., polished (black), as-processed

(orange) and etched (green). 20-range: (a) 30°- 55°and (b) 60°- 120°

The formation of the intermetallic phase is entirely dependent on the bulk chemical
composition. All the phases that can exist at various temperatures for any given chemical
composition are shown in the Cu-Zn phase diagram in Figure S3. It shows that above
30+£3 wt.-% of zinc, more than one phase can exist at various temperatures. At 37 wt.-% of
zinc, the phase likely to form is the B phase in two modulations depending on the temperature.
This is a result of, first, extreme temperatures achieved via high laser power applied for the
process. Second, due to the ultrashort pulse duration, rapid cooling of the surface can be
anticipated after the laser beam has interacted with the surface. As a result, the intermetallic
phase is formed, as confirmed by the GI-XRD diffractograms. At this stage, the complete
identification and verification of the oxide phases present on the surface is still unresolved.

The SEM micrographs suggest a successful removal of flake-like sub-structures via etching,



but the XRD- diffractograms show cuprous oxide peaks, which remain unaltered even after
etching. This is further analysed and verified in the following sections.

3.6 ldentification of oxide phases on the superficial layer
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Figure 6: Raman spectra of CuzZn37 as-processed (orange) represented by left y-axis and

etched (green, right y-axis).

To develop an understanding of the type of oxides, the results were complemented by
Raman spectroscopy analysis. Figure 6 illustrates the Raman spectra of CuzZn37 samples.
Bands are observed at 61, 73, 83, 92, 147, 206, 473, 520, 572, and 643 cm™ for CuZn37 as-
processed (orange spectra). All the characteristic bands of ZnO are visible. However, a slight

low

shift to lower values is noted for E;" (92 cm™) and LO (572 cm™) indicating an increase in
the quantity of ZnO-defects.®® The reason behind the existence of defects is perhaps the
suppression of zinc oxide formation. Even though the oxidation of zinc is favoured over
copper, there is a potential concurrence between both due to the higher copper content.
Besides that, the stress produced at higher temperatures and limited reaction time, in this case,
can inhibit the full and thermodynamically stable formation of oxides.*® Furthermore, a weak
peak is observed at 473 cm™. A similar band in the range 450-500 cm™ has been reported for
a zinc rich zone in an annealed brass sample with higher zinc content.’” However, this

literature, does not provide an exact value or discussion on the existence of this band.

Additionally in the same paper, this peak is not visible for brass samples with lower zinc



content.®’” Since there is very broad band between 300-600 cm™ with a tilted baseline, the
weak characteristic bands of ZnO in this range are most probably suppressed. In addition to
that, the silent and IR-active modes of Cu,0, as well as the T, band is detected at 516 cm™.
These all results confirm the presence of ZnO and Cu,O after the laser process. In total, the
literature values of all the characteristic bands for the vibrational modes active in Raman as
well as in IR and the silent modes for the oxides alongside the results of this paper are stated
in Table S1 in the SI.

After etching CuzZn37 surface, the intensity of the band is reduced significantly, and the
baseline appears to be flatter. Since the intensities of the bands are comparatively higher for
the as-processed sample, CuzZn37 etched is represented by the right y-axis. The reduced
intensities can be attributed to the significant reduction of the intensive LO band of ZnO
indicating a substantial loss of zinc oxide. Additionally, the band experiences a shift to a
higher value suggesting a decline in ZnO-defects. Moreover, the band at 473 cm™ is no longer
visible All the Cu,O bands can still be observed, but now at lower Raman shifts. The
reduction in intensities of the ZnO and Cu,O bands for the etched sample suggests a lower
oxide amount on the surface in comparison to the as-processed.

The results of Raman spectroscopy validate formation of cuprous and zinc oxide on the
brass surface via laser processing. However, after etching the sample, partial removal of zinc
oxide is observed.

3.7 Identification of oxide phases at surface and subsurface layer

This section is concerned with the investigation of the subsurface distribution of oxides via
XPS analyses combined with surface ablation by Ar*-ion etching. The XPS-based elemental
depth profiles suggest an increase in the zinc and oxygen concentrations on the laser

structured surface. This validates the formation of zinc oxide by laser processing, which



complements the results until now. A detailed discussion alongside the depth profiles is

present in Figure S4 in the SI.
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Figure 7: XPS - results of CuzZn37 with high resolution spectra of (a, b) Cu 2p, (c, d) Cu

LMM (e, f) Zn LMM of as-processed and etched samples.

Besides C (as resulting from adsorbates) the XPS survey spectra indicate only the presence
of Cu, Zn, and O. Therefore, XPS detailed spectra were recorded for O 1s, Cu 2p, Zn 2p,
Cu LMM, and Zn LMM to reveal the elemental composition of the samples as well as the
oxidation state of Cu and Zn. To distinguish Cu, Cu,0, and CuO, both the Cu 2ps/, spectra,
and the Cu LMM spectra are needed. In the Cu 2p spectra CuO can be distinguished from Cu
and Cu,0O via the chemical shift to higher binding energies as well as via the characteristic
satellite at higher binding energy.®® "2 In the Cu LMM spectra, Cu can be distinguished from
Cu,0 and CuO mainly via the low binding energy (=high kinetic energy) tail of the L3MjsMgs
Auger peak. For ZnO and Zn, the Zn-2ps/, spectra display no difference. However, the Zn-
LMM Auger peaks display distinct differences in peak shape as well as in peak position.
68,73,74

The Cu 2ps, spectra of CuzZn37 as-processed together with the reference CuO and Cu are
plotted in Figure 7 a. For the as provided sample i.e., before Ar*-ion etching (0 nm ablation),
the spectrum displays a superposition of Cu/Cu,0O and CuO (with the latter being identified
via the weak satellite at about 940 — 945 eV). After ablation of approx. 0.35 nm the CuO
related features i.e., the satellite as well as the high binding energy shoulder of the 2ps/, peak
disappear. This implies that the presence of CuO only applies to the uppermost surface layer.
To reveal the distribution of Cu,O, Figure 7 ¢ shows the Cu LMM Auger spectra in
comparison with the spectra for Cu and CuO as probed on reference samples. The spectrum
for Cu,0 is taken from Fig. 5 in Ref.”® With increasing ablation the Cu LMM spectra in
Figure 7 c display a systematic decrease of Cu,O (as seen by the increasing intensity of the
Cu® characteristic LsMasMas Auger peak at about 565 eV). At this stage, it is not possible to

give a distinct value for the subsurface range with Cu,O contributions. However, when



comparing with the Cu LMM spectrum of the Cu reference sample in Figure 7 c, the
Cu LMM spectra at 9.63 nm or 12.25 nm are very similar to the Cu reference spectrum.
Therefore the “thickness” of the Cu2O layer can be approximated smaller than 10 nm.
Whereas CuO (according to the XPS results from Figure 7 a) is mostly distributed on the
uppermost layer of the surface.

The Zn LMM spectra (including the spectra from ZnO and Zn reference samples) are
represented in Figure 7 e. In contrast to CuO and Cu,0O, the presence of ZnO is not a surface
or near subsurface related issue. In the whole range of ablation, i.e., up to approx. 44 nm into
the bulk, the Zn LMM spectra display a superposition of the Zn and ZnO reference data. At
the surface and in the topmost layers the spectra indicate that the amount of ZnO is much
larger than the amount of Zn. However, with each step of ablation the ZnO:Zn ratio decreases,
and the presence of Zn starts to dominate at depths between approx. 15 nm and 20 nm. Figure
7 a, ¢ and h give clear evidence that Zn acts as an oxygen scavenger. This is also supported by
the O 1s spectra in Figure S5 in the SI. With increasing depth, the O 1s intensity (with the
binding energy matching with the O 1s binding energy for ZnO) decreases in the same way as
the intensity of the ZnO related contribution of the Zn LMM spectra.

After etching, the Cu 2p spectra in Figure 7 b display no significant contributions of CuO.
Even for zero ablation the Cu 2p spectrum displays only marginal contribution of the CuO
related satellite i.e., even at the surface, there is nearly no CuO. Concerning the presence of
Cu,0 the Cu LMM spectrum at 0 nm (Figure 7 d) shows a superposition of Cu and Cu,O.
Soon after ablation i.e., approx. at 0.35 nm, a significant change in the intensity ratio is
observed indicating the presence of mainly pure copper.

The Zn LMM spectra in Figure 7 f show that even after etching there are still contributions
of ZnO at the surface as well as in the subsurface range. However, compared to the as-
processed CuzZn37 sample in Figure 7 ¢ the relative amount of ZnO is strongly decreased. In

addition, there is a stronger decrease of ZnO with increasing depth (for example, the Zn LMM
2



spectrum of CuzZn37 etched at about 3.50 nm ablation in Figure 7 f is comparable to the
Zn LMM spectrum of CuZn37 as-processed at about 19.25 nm ablation in Figure 7 e).
Therefore, etching the CuzZn37 sample reduced the thickness of the (mainly) ZnO layer by
approx. half an order of magnitude.

Overall, the STEM-EDS, Raman, and XPS results are in good agreement. This is indicated
by the presence of cupric, cuprous, and zinc oxide on the surface after structuring with USP-
DLIP. All the results indicate a higher amount of zinc oxide than other oxides. The weak
intensities of CuO peaks in XPS spectra indicate an occurrence in a remarkably lower

quantity. Literature®” "

reports that cuprous oxide formation is favoured at higher/increasing
temperatures because of the predominant lattice diffusion whereas cupric oxide is a result of
grain diffusion at relatively lower temperatures. Thus, the Cu,O formation can be deeper into
the surface, and CuO largely on the outer surface. The etching results suggest a partial
removal of zinc oxide and full removal of CuO. On the other hand, it is evident that the Cu,0O

formed is stable and is not altered via etching.

3.8 Spatial distribution of metal and oxide phases

Scanning tunnelling microscopy and spectroscopy (STM and STS) measurements were
used on all sample surfaces to investigate the spatial distribution of the metal and oxide
phases. The STM result in SI Figure S6 exhibits a variation of the profile both perpendicular
and parallel to the line-like structures, confirming the periodicity as well as the nano
roughness along the valleys, which is consistent with the CLSM results. Furthermore, STS is
conducted on the peaks and valleys of the samples to investigate the local density of electron
states (LDOS) as a function of electron energy, which in this case is the voltage applied
between the sample and the tip. LDOS, hereby, is material dependent and thus directly
influences the slope of the I(V) curve. The I(V) curve is divided into two regimes i.e., the

ohmic regime (-0.2 to +0.2 V) with a linear behaviour in dependence to the conductivity and



the Fowler-Nordheim regime (-0.2 < V > +0.2) with an exponential-like behaviour where the
slope depends on the work function of the material.??

The 1(V) curves (averaged over several hundred measurements at various positions) of the
peak and valley for both samples are displayed in Figure 8. The curve of CuZn37 as-
processed in Figure 8 a shows a significantly lower conductivity at the peak with a nearly flat
behaviour at voltages between -0.5 <V < 0.5 indicating the presence of a semiconductor
phase. This is attributed to a much lower presence of oxide phases with a semiconducting
behaviour. Here, the larger band gaps (Ey) and work functions (@) of zinc oxide (E4: 3.37 eV,
®: 4.7-5.1eV)"®"" and copper oxides (Eq: 1.2-2.2 eV, ®: 5.0-5.5 eV)* are responsible for the
lower conductivity. At the same time, the valley exhibits an increased conductivity suggesting

an enhanced contribution by a conductive metallic phase. This is attributed to the presence of

copper and zinc phases with lower work functions (®(Cu): 4.5 eV, ®(Zn): 3.6 eV).?2"®""
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Figure 8: Cuzn37 (a) as-processed and (c) etched before Argon sputtering as well as (b) as-

processed and (d) etched after argon sputtering.

Additionally, argon ion etching was applied for both surfaces to examine the spatial
distribution in the subsurface range. After sputtering (see Figure 8 b), the peak and valley
exhibit similar conductivity suggesting a higher concentration of conductive metallic phase
alongside the semiconductor oxide phases in relatively lower quantity.

The etched CuzZn37 exhibits identical conductivity behaviour for the peak and valley
indicating the presence of a semiconductor phase. However, after argon sputtering the
subsurface level show an increase in conductivity on the valley confirming the reduction of
the oxide phase. Overall, the results reveal the presence of a semiconductor oxide phase on

the peaks, which is significantly deeper into the surface. Whereas the valleys indicate the



coexistence of metallic and oxide phases on the uppermost surface as well as the subsurface
level for as-processed and etched samples, which is in agreement with the preceding results.

3.9 Antibacterial tests

Contact killing tests were carried out on CuZn37 including USP-DLIP processed surfaces at
a pattern periodicity of 3 um in as-processed and etched surface state. Additionally, mirror-
polished Cu and stainless steel were used as topographically smooth and inert reference
surfaces. The results were evaluated taking into account the changed contact area due to
surface modification and thereby also the altered wettability. On one hand, the patterned
surfaces have a 2.3-fold increase in surface area. On the other hand, the wettability changes
significantly within the first week after laser structuring, finally stabilizing after 3 weeks of
aging. The wetting behaviour changes from hydrophilic in the first week to hydrophobic after
at least 3 weeks of aging.?? As a result, when the droplet with the bacterial suspension was
placed on the structured sample, it occupied only ~33 % of the PVC-ring area. However, on
the etched surface, the wettability is slightly increased, and the droplet covered up to ~47 %
of the ring area. Considering all these factors, the surviving CFU/mL over a contact period of
120 min is plotted in Figure 9 a. In the same Figure, the respective Cu-ion releases for
120 min are charted as bars.

Predictably,® the stainless steel (grey graph) shows nearly no reduction in the CFU-value
over the 120 min exposure. Simultaneously, a quick reduction in surviving CFU-value is
noted for pure copper (red graph). Proceeding with CuzZn37 polished (black graph in Figure
9), a fast reduction in CFU-value for the same exposure time but rather slower than that of
pure copper is recorded. This is an expected result due to the lower concentration of
copper,*’® which is confirmed by the attenuated Cu-ion release (Figure 9 b). In the as-
processed state (orange graph Figure 9), a considerably reduced killing and corresponding

copper-ion release rate are observed, which denotes an inadequate antibacterial activity,



despite the increased and improved contact area. This is attributed to chemical alteration of
the surface via laser treatment resulting in depleted copper content and therefore, zinc rich
phases/regions. While zinc does have a cytotoxic effect on bacterial cells, it is much less
pronounced compared to copper. Furthermore, the presence of zinc oxide in these conditions

is very stable chemically, making the release of Zn-ions improbable.
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coli for 30, 60 and 120 min on Cuzn37 surface. (b) The respective Cu-ion release values after

120 min of exposure time in form of a bar chart.

After etching, the surface exhibits an improved efficiency (see green graph Figure 9) with
an increased Cu-ion release. This is ascribed to the partial removal of zinc rich oxide phases
resulting in exposure of certain copper rich metallic or the more stable cuprous oxide phases
that are susceptible to corrosion. However, it is not quite sufficient to even reach the level of
the polished CuzZn37 surface. The comparison between the antibacterial activity of as-
processed and etched sample indicate that the higher amount of zinc oxide leads to higher

corrosion resistance in wet conditions containing bacteria.



4 Conclusion

The present study investigates the nanoscale surface modification of brass by means of
USP-DLIP and sheds light on the mechanisms involved in the alteration of the antibacterial
properties. At first, USP-DLIP was employed to create the 3 um line-like structures. GI-XRD,
STEM-EDS, APT, and STM/STS analysis reveal topographical as well as chemical variation
as a result of the laser process, which infuses a few hundred nm of depth. The results confirm
presence of zinc rich zones and formation of an additional intermetallic f phase on the
uppermost surface. Another interesting result observed is the formation of oxides via USP
laser processing. The Raman and XPS results confirmed the presence of zinc oxide in
abundance, followed by cuprous oxide and cupric oxide in a comparatively low concentration.
Additionally, formation of transitional Cu-Zn-O regions is detected. The formation of the
metastable phases is most presumably a consequence of the Kirkendall effect in combination
with the rapid cooling of the melted and redeposited matter, as it hinders the formation of
stable phases. After etching the laser processed samples with citric acid, a partial removal of
zinc oxide and a full removal of CuO is observed. Whereas Cu,O and B phase show no
significant alteration.

The results of antibacterial efficiency against E. coli revealed a significant decrease in the
killing rate on the laser-treated surfaces in comparison to that on the polished surface. This is
firstly attributed to the reduced release of copper concentration on the modified surface.
Secondly, it is due to a higher corrosion resistance of zinc rich oxide phases in wet conditions.
This property as well as the significantly reduced wettability can be very advantageous in the
application of laser structured brass underwater conditions to minimize the material damage
e.g., that occurs as a consequence of biofouling. However, this needs to be further
investigated in future studies to acquire a full understanding of the corrosion resistance of the

structured brass under wet conditions.



To summarize, it is essential to recognize that while the ultrashort pulsed laser was utilized
for the surface modification and the HAZ was at the nanoscale, it should not be neglected.
The magnitude of chemical alteration profoundly depends on the chemical composition and
the phase diagram of the specimen. Furthermore, it is evident that an enhanced antibacterial
through contact killing can be achieved with a well-defined topography in combination with a
right surface chemistry. In future studies, brass samples with a bulk chemical composition
lower than 30 wt.-% can be utilized to investigate the effect of zinc concentration on the
formation of oxide and intermetallic phases and hence the resulting influence on antibacterial
properties. Other important factors need to be investigated i.e., surface contaminations and

wettability to further gain a comprehensive understanding of the bacteria-substrate interaction.
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Atom probe tomography (APT), brass with 37% zinc content (Cuzn37), confocal laser
scanning microscopy (CLSM), colony-forming units (CFU), Dalton or unified atomic mass
unit (Da), Escherichia coli (E. coli), Fast Fourier Transform image (FFT), full width at half

maximum (FWHM), grazing incidence X-ray diffraction (GI-XRD), heat affected zone



(HAZ), Vickers hardness (HV), Infrared (IR), local density of electron states (LDOS),

phosphate-buffered saline (PBS), polyvinyl chloride (PVC), selected area electron diffraction

(SAED), scanning electron microscopy (SEM), scanning transmission electron microscopy

along with energy dispersive X-rays spectroscopy (STEM-EDS), scanning tunnel microscopy

and spectroscopy (STM and STS), transmission electron microscopy (TEM), ultra short

pulsed direct laser interference patterning (USP-DLIP), X-ray photoelectron spectroscopy

(XPS).
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