
 
 

 

Modifying the Antimicrobial Properties of 

Copper Surfaces by Ultrashort Pulsed Direct 

Laser Interference Patterning (USP-DLIP) 

__________________________________________________________________________ 

 

 

 

 

 

 

 

Dissertation 

zur Erlangung des Grades 

des Doktors der Ingenieurwissenschaften 

der Naturwissenschaftlich-Technischen Fakultät 

der Universität des Saarlandes 

 

 

 

 

 

 

 

 

von 

Daniel Wyn Frank Müller 

 

Saarbrücken 

2024 



Modifying the Antimicrobial Properties of Copper Surfaces by USP-DLIP 

 

Daniel Wyn Müller 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag des Kolloquiums: 07.07.2025 

Dekan:    Prof. Dr.-Ing. Dirk Bähre 

Berichterstatter:  Prof. Dr.-Ing. Frank Mücklich 

    Prof. Dr.-Ing. Dirk Bähre 

    Priv.-Doz. Dr. Ruth Hemmersbach 

Vorsitz:   Prof. Dr. Guido Kickelbick 

Akad. Mitarbeiter:  Dr.-Ing. Michael Schwarz 



Modifying the Antimicrobial Properties of Copper Surfaces by USP-DLIP 

 

Daniel Wyn Müller 

 

 

 

 

 

 

 

 

 

 

„Ein Gelehrter in seinem Laboratorium ist nicht nur ein Techniker; er steht auch 

vor den Naturgesetzen wie ein Kind vor der Märchenwelt.“ 

- Marie Curie 

 

 

 

 

 

 

 

  



Modifying the Antimicrobial Properties of Copper Surfaces by USP-DLIP 

 

Daniel Wyn Müller 

  



Modifying the Antimicrobial Properties of Copper Surfaces by USP-DLIP 

 

Daniel Wyn Müller 

 

Table of Contents 

Acknowledgements VII 

Zusammenfassung IX 

Abstract X 

Abbreviations and Symbols XI 

I | Motivation S.1 

II | State of the Art S.5 

1 |  Bacterial surface interaction S.5 

1.1 |  Bacteriology related to surface interaction S.6 

1.2 |  The impact of technical surface properties S.12 

2 |  Antimicrobial Surface strategies  S.18 

2.1 |  By topographic impact on bacterial adhesion S.18 

2.2 |  By active bactericidal surface properties S.19 

2.3 |  Antimicrobial activity of Cu S.20 

2.3.1 |  Antimicrobial mechanisms of Cu S.20 

2.3.2 |  Potential decrease in antimicrobial efficiency S.22 

2.3.3 |  Substrate impact on contact killing S.24 

2.3.4 |  Strategies to increase antibacterial Cu efficiency S.28 

3 |  Ultrashort pulsed (USP) laser processing S.30 

3.1 |  Specifications of USP laser/material interaction S.30 

3.2 |  Modelling the substrate response on USP irradiation S.33 

3.3 |  Substrate modification alongside multi-pulse USP processing S.36 

3.3.1 |  Incubation S.36 

3.3.2 |  Impact of topography S.38 

3.3.3 |  Surface oxidation S.40 

3.3.4 |  Crystallographic defect implantation S.42 

3.3.5 |  Incubation vs. antimicrobial functionality of Cu surfaces S.43 

4 |  Direct Laser Interference Patterning (DLIP) S.44 

4.1 |  Theory of laser interference S.44 

4.2 |  Applying DLIP with USP S.47 

4.3 |  DLIP processing aiming to impact bacterial interaction S.48 



Modifying the Antimicrobial Properties of Copper Surfaces by USP-DLIP 

 

Daniel Wyn Müller 

III | Objectives S.51 

IV | Overview S.53 

V | Included Papers and Manuscripts S.69 

Paper I: Applying Ultrashort Pulsed Direct Laser Interference Patterning for 

Functional Surfaces 

Paper II: In-Depth Investigation of Copper Surface Chemistry Modification by 

Ultrashort Pulsed Direct Laser Interference Patterning 

Paper III: Increasing Antibacterial Efficiency of Cu Surfaces by targeted Surface 

Functionalization via Ultrashort Pulsed Direct Laser Interference Patterning 

Paper IV: Multi-pulse agglomeration effects on ultrashort pulsed direct laser 

interference patterning of Cu 

Paper V: Microstructure versus Topography: The impact of crystallographic 

substrate modification during Ultrashort Pulsed Direct Laser Interference Patterning 

on the antibacterial properties of Cu 

Paper VI: Modifying the Antibacterial Performance of Cu Surfaces by Topographic 

Patterning in the Micro- and Nanometer Scale 

Paper VII: Testing Laser Structured Antimicrobial Surfaces Under Space 

Conditions: The Design of the ISS Experiment BIOFILMS 

S.71 

 

S.75 

 

S.79 

 

S.83 

 

S.87 

 

 

S.91 

 

S.95 

VI | Conclusions and Outlook S.99 

VII | Not included Papers S.107 

References S.109 

Figures S.131 

 

 



   | VII 

 

 

 

Acknowledgements 

When I think back to the time when I first arrived in Saarland almost exactly ten years ago, I could 

never have imagined the rapid development my life would take up to the submission of this thesis. 

Regardless of my studies, my academic work, but also my private life, these have been the most 

fruitful and exciting years I have ever experienced. A doctoral thesis is never the work of just one 

person, but requires a fertile ground of constant support, creative exchange and scientific collaboration 

in order to mature from the seedling of the first idea to full bloom. I have been very fortunate to have 

been accompanied on this journey by many people who have supported, encouraged and spurred me 

on and who have therefore played a significant part in this work. I would like to take this opportunity 

to thank these dear contemporaries, many of whom I have been able to make friends with: 

First and foremost, I express my gratitude to my supervisor, Prof. Dr.-Ing. Frank Mücklich, for 

enabling me to undertake my doctoral studies at his institution, while allowing me the autonomy to 

select my own topic. His approach of combining support and trust in the individual abilities of his 

doctoral students enabled me to grow not only professionally, but also as a person. I am indebted to 

him for providing me with the invaluable opportunity to spearhead a modest research group already 

during my doctoral studies and to gain valuable experience in industrial projects, due to his 

comprehensive support in the development of professional key skills. 

I would also like to thank Prof. Dr. Karin Jacobs for assuming the role of my scientific guide and Prof. 

Dr.-Ing. Dirk Bähre for kindly undertaking the position of the second reviewer of my thesis. 

The Chair of Functional Materials has become a second home to me during the time of my doctoral 

thesis thanks to its warm, friendly and collegial atmosphere. You won't find a working environment 

like this a second time and I would like to thank all the members of FuWe for the wonderful years we 

spent together. My special thanks go to my pioneers, drivers, supervisors and mentors Prof. Carsten 

Gachot, Dr. Philipp Grützmacher, Dr. Leander Reinert, Dr. Christoph Pauly and Dr. Sebastian Suarez, 

as well as my companions and fellow doctoral students Timothee MacLucas, Tobias Fox, Sarah 

Lößlein, Aisha Ahmed, Rouven Zimmer, Christian Schäfer, Silas Schütz, Maria Martins, Dr. Pranav 

Nayak, and Dr. Sebastian Slawik, who have always been at my side with fun, help and advice. 

In this context, I would like to express my special gratitude to Prof. Ralf Möller, with whom I had the 

privilege to share the great enthusiasm of developing and working on the space projects BIOFILMS 

and Touching Surfaces and friendship. I will always remember our creative exchange and your deeply 

felt joy in science. My thanks also go to his teams, which particularly addresses Katharina Siems, 

Stella Timofeev and Carolin Krämer for our great collaboration. 

Similarly, I would like to thank the entire team of the former research group of Prof. Silvia Simison at 

INTEMA in Mar de Plata, Argentina, as well as the research groups led by Prof. Ralf Kautenburger in 

the Department of Chemistry, Prof .Karin Jacobs in the Department of Physics and Prof. Rolf Müller 

at the Helmholtz Institute for Pharmaceutical Research for their kind cooperation and the opportunity 

to benefit from their expertise. 

Finally, I want to thank my family - my parents, wife and children – for always supporting me and 

providing my life with a stable fundament to build upon. My deepest gratitude goes to my beloved 

wife Milla, whose support, encouragement and love have carried me through every up and down of 

these turbulent years and provided me with both strength and humbleness at the same time. Thanks to 

her, these years were not limited to the sole pursuit of academic success, but included the foundation 



VIII |   

 

Daniel Wyn Müller 

of a wonderful family, as well. It goes without saying that her contribution to this work and my life 

shines the brightest amongst all. 

  



   | IX 

 

 

 

Zusammenfassung 

Bakterien bilden einen fundamentalen Dipol in unserem Alltag. Zum einen unterstützen sie uns in 

lebenswichtigen Körperprozessen wie der Verdauung, oder bei der Erzeugung von Chemikalien und 

Medikamenten. Zum anderen kann eine von bakterieller Besiedelung ausgehende Biofilmbildung auf 

technischen Oberflächen durch Materialerosion oder die Ausbreitung von Infektionskrankheiten 

ebenso mit hohen gesellschaftlichen und gesundheitlichen Risiken verbunden sein. Die bereits in den 

Hochkulturen der Antike bekannte antiseptische Wirkung von Kupfer kann hier gezielt zur 

Dekontamination genutzt werden. Im Rahmen dieser Arbeit wird untersucht, wie Kupferoberflächen 

durch eine gezielte Funktionalisierung mit ultrakurz gepulster Laserinterferenz hinsichtlich ihrer aktiv 

antimikrobiellen Eigenschaften weiter optimiert werden können. Dies erfolgt auf topographischer 

Ebene durch die Erzeugung modifizierter Oberflächenkontaktbedingungen anhand periodischer 

Strukturen im Größenordnungsbereich einzelner Bakterienzellen. Parallel induzierte prozessbedingte 

Modifikationen der Oberflächenchemie und dem Gefüge werden zusätzlich bezüglich ihres Einflusses 

auf die Ausprägung der antimikrobiellen Oberflächeneffizienz betrachtet. Die hierbei erarbeiteten 

Erkenntnisse erlauben ein vertieftes Verständnis, wie die Bakterien/Oberflächeninteraktion durch 

komplementäre Oberflächeneigenschaften beeinflusst und zielführend in antimikrobielle 

Oberflächenkonzepte für Dekontaminationsstrategien integriert werden kann.  
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Abstract 

Bacteria form a fundamental dipole in our everyday lives. On the one hand, they support us in vital 

body processes such as digestion or can be used in the production of chemicals and medicines. On the 

other hand, biofilm formation on technical surfaces caused by bacterial colonization can also be 

associated with high social and health risks due to material erosion or the spread of infectious diseases. 

The antiseptic effect of copper, already known in the advanced civilizations of antiquity, can be 

applied in countering decontamination measures. This work investigates how the active antimicrobial 

properties of copper surfaces can be further optimized by targeted functionalization via ultrashort 

pulsed laser interference. This is done on a topographical level by generating modified surface contact 

conditions by applying periodic structures in the size range of individual bacterial cells. Parallelly 

induced process-related modifications of the surface chemistry and the microstructure are furthermore 

monitored with regard to their influence on the integrated mechanisms involved in the expression of 

antimicrobial copper surface efficacy. The insights gained in this work allow for a deeper 

understanding on how the bacteria/surface interaction can be influenced complementary by functional 

surface properties and purposefully integrated into antimicrobial surface concepts for decontamination 

strategies. 

  



   | XI 

 

 

 

Abbreviations and Symbols 

� 1/m Thermal diffusivity / optical absorptivity ��� - Atomic force microscopy ��� - Antimicrobial resistance ����	 - Bundesverband Medizintechnik e.V. 
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I |  Motivation 

Despite major advances in medicine and technology in recent decades, societal challenges remain that 

have concerned mankind since ancient times. One example is the influence of microorganisms on our 

daily life, although the knowledge about this is comparatively novel [1]. Without microorganisms such 

as bacteria, humans would not be able to survive, due to their support in digestion and energy 

production by breaking down nutrients, as well as the formation of microenvironments that protect us 

from negative external influences [2]. In turn, microorganisms can also cause great harm by the 

development of opportunistic pathogenic properties within the wrong environment. This is 

exemplified by the bacterial species Escherichia coli and Staphylococcus aureus: Their sub-strains are 

either part of the natural human microbiome [3], or life-threatening pathogens responsible for a 

significant proportion of the infectious diseases worldwide [4], solely depending on minor differences 

in genetic expression. 

If microorganisms succeed in colonizing technical or natural surfaces, they tend to form biofilms in 

order to improve resilience against external impacts and facilitate further spreading. The process of 

biofilm formation requires a high metabolic activity, which potentially erodes the colonized surface 

and causes failure of technical structures. In 2019, the economic loss associated with biofilm 

formation was estimated at more than 4,000 billion USD, of which the majority of over 65% is due to 

corrosion caused by biofouling [5]. Medical or health care related issues account for about 20% of the 

costs incurred, while the actual socioeconomic impact, e.g., due to loss of skilled labor, is likely to be 

even more severe. In addition, biofilm-induced deterioration of technical systems may result in an 

indirect hazard to humans, which is particularly evident in manned space exploration, where biofilm 

associated threats for the crew´s health necessitated the replacement of defective equipment on both 

the Mir and the International Space Station (ISS) [6,7]. According to current knowledge, the vast 

majority of the microbiome identified on the ISS originates from the microbial flora of human skin 

and was consequently introduced by the crew into the originally sterile habitat [8]. Health related 

issues of biofilm formation on technical surfaces in the medical sector include contamination of 

medical equipment potentially causing implant-related infections (IRI) [9,10] and, above all, the 

spread of infectious diseases via transfer on contaminated contact surfaces [11]. In conjunction with 

the prevailing trend of increasing antibiotic resistance in a multitude of pathogenic bacterial strains, 

this route of infection poses a particular high risk in clinical environments and remote habitats, where 

patients or inhabitants exhibiting weakened immune capacities may be particularly affected [12,13]. In 

this context, the BVMED1 has most recently highlighted the need to counteract with the development 

of alternative or complementing decontamination measures since the development of novel antibiotics 

cannot keep pace with current pathogenic adaptation dynamics, whereas Germany is facing an annual 

death toll of 45,700 cases related to AMR2. The prevention of a surface-associated spreading of 

pathogenic microorganisms - or subsequent treatment/decontamination - is difficult in case of an 

existing infestation, since bacteria and fungi bound in biofilms are generally less susceptible to 

external environmental influences, including antimicrobial agents or disinfectants [14]. In this context, 

biofilm formation or initial colonization as such needs to be prevented to enable a reliable 

decontamination of technical surfaces, which can be achieved by functional surfaces that exhibit 

 
1 Policy statement of the Bundesverband Medizintechnologie e.V. (BVMED) in September 2023: „Infektionen vermeiden – 

bewusst handeln: Antimikrobielle Resistenzen (AMR)“ 

2 Press release of the Robert Koch-Instituts on 18.10.2022: „Antibiotikaresistenzen, eine schleichende Pandemie: Einweihung 

des WHO-Kooperationszentrums für Antibiotikaresistenz am RKI“ 
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antimicrobial properties involving contact/growth inhibition or active killing of microorganisms [15–

17]. In the best case, these concepts do not require antibiotic agents. 

Natural surfaces have developed different strategies to resist infestation by potentially harmful 

microorganisms over millions of years of evolution. The surfaces of many plants, for example, exhibit 

topographical structuring in combination with an organic coating that produces water-repellent and 

thus self-cleaning properties. The lotus effect, named after Nelumbo nucifera [18] aims to prevent 

initial microbial infestation via liquid or solid vehicles, which can also be found on the leaves of 

European nasturtium, cabbage or tulips. In contrast to this purely passive decontamination strategy, the 

viability of bacteria is actively reduced on the wings of various cicada and dragonfly species, which 

exhibit topographically functionalized surfaces, as well [19]. The needle-shaped asperities found here 

are one order of magnitude smaller than the bacterial cell size which, in combination with their lateral 

spacing and high aspect ratio, induces mechanical membrane stress and can rupture the cell wall of 

adherent bacteria. Following this biomimetic blueprint, similar topographies have been successfully 

generated on technical surfaces [17]. However, the mechanically induced killing mechanism requires 

additional attractive forces between bacteria and the surface related to functional surface properties, 

similar to the lotus effect, and is not necessarily broad-band efficient [20,21].  

An inversion of the bactericidal topography effect is observed on engineered surfaces with topographic 

feature sizes in the scale of single bacterial cells, in turn. A stochastic roughness value in the size 

range of 1 - 5 µm was described to show increased bacterial retention [22,23], which decreases for 

roughness values slightly below the bacterial size scale [23]. Here, a direct correlation between 

retention and the bacterial ability to maximize the contact area to the substrate through attachment 

within the surface crevices is discussed [22,23]. In the case of roughness values below bacterial size, 

adhesion predominantly occurs on protruding surface asperities, which greatly reduces contact area 

and substrate interaction [24–26]. These effects have been observed regardless of whether the 

topography is formed by random roughness or a deterministic pattern [24–27]. 

In addition to predominantly topography related decontamination strategies, actively antimicrobial 

elements and molecule groups in the shape of coatings or as inherent substrate moieties can be used as 

stand-alone or to complement existing topographic surface concepts. Bacterial cell wall integrity was 

shown to be similarly affected by antimicrobial peptides [28], reduction of external membrane polarity 

[29], as well as redox reactions on chemically activated substrate surfaces with decomposing effects 

on organic molecules [30,31], for example. In the context of decontamination measures, high 

antimicrobial activity against bacteria has been repeatedly demonstrated for copper (Cu) and silver 

(Ag) [16,32,33]. In the case of Cu, this extends equally to fungi [34] and viruses [35], which includes 

the SARS-CoV-2 pathogen of the 2020-2023 Covid-19 pandemic. Records of Cu utilization for the 

purification of drinking water or wound treatment date back to early advanced civilizations and have 

been rediscovered repeatedly [36,37]. Thus, in the 18th century, the physician Victor Burq observed 

an increased resilience of Parisian Cu workers against cholera, which he consequently attributed to the 

effect of the metal [16]. In fact, Cu is an essential component of the human metabolism and is even 

used by the body's immune system to fight infections [38–40]. This highlights the metal´s suitability as 

a biocide in human environment [41] in contrast to Ag, which exhibits toxicity in comparably low 

accumulated doses [42]. In the same course, the bactericidal effect of the less noble Cu is less 

dependent on ambient conditions and electrochemical activation [43], which allows a wide scope of 

application, e.g., in the food industry [44], water treatment [45], functional textiles [46], infection 

prevention [47], clinical hygiene [48] and implant technologies [49]. 

When Cu is applied for surface decontamination, certain aspects related to its antimicrobial efficiency 

must be considered: 
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 The antimicrobial effect of Cu is directly related to the quantitative release of Cu ions, which 

should not be compromised in order to maintain high antimicrobial efficacy. A reduction of 

the Cu content within a given substrate by alloying or oxidation may decrease Cu ion release 

and thus the antimicrobial efficiency of Cu surfaces [50,51]. In this context, a list of 300 

antimicrobial Cu alloys was published in 2008 by the United States Environmental Protection 

Agency (USEPA), which achieve a microbial deactivation of 99.9% within 2 h, for which 

their Cu content must not be less than 60% [16]. In the same course, thermal oxidation of the 

Cu surface was shown to affect its antimicrobial properties by reduced Cu ion release, where 

the CuO phase exhibits a higher impact compared to Cu2O [51]. However, the addition of 

nobler elements can also catalyze the electrochemical dissolution of Cu ions [52]. 

 A pronounced antimicrobial effect of Cu surfaces is coupled to the direct contact between 

bacteria and the Cu substrate, which in turn imposes a negative effect on bacterial killing if it 

is inhibited [53]. This might be related to the suppression of surface passivation when the 

bacteria reside in proximity to the ion-emitting substrate, which enhances Cu ion release [54], 

however without claiming to describe the mechanism of action in its entirety [55]. 

 Although Cu materials have a long history of successful application in microbial 

decontamination, their universal effectiveness cannot be taken for granted. A reduction in 

antimicrobial efficacy can occur by triggered bacterial adaptation during sub-lethal exposure 

over extended periods of time, where Cu resistance might involve both genome regulation and 

metabolic adaptation [36,56,57]. In the same course, external conditions such as variations in 

humidity or temperature have been shown to modulate the antimicrobial efficiency of Cu 

surfaces [32,58]. 

To enable an efficient application of Cu in antimicrobial measures, it is mandatory to support the 

mode of action behind the material inherent bactericidal capacities or to supplement it with additional 

surface functionalization, which can further increase the overall antimicrobial effect. Currently 

investigated concepts that aim to enhance the antimicrobial properties of Cu include its application in 

the shape of nanoparticles (NP), coatings, as well as a topographic modification of the substrate 

surface. In the case of NP, the small particle size targets an increased cell membrane penetration 

[59,60], whereas recent investigation suggests that the antimicrobial effect of Cu NP actually 

correlates with quantitative Cu ion release [61]. A significant increase of initial bacterial deactivation 

was recently achieved by employing a porous Cu substrate design with high surface/volume ratio that 

effectively increases initial Cu ion release, which is unfortunately forfeited with the onset of chemical 

surface passivation [62]. The combination of topographic functionalization with the active 

antimicrobial properties of Cu has recently been achieved in different ways, whereby the surface 

functionality is mainly based on the mechanically induced bactericidal properties following the surface 

design of cicada and dragonfly wings [63–67]. Depending on the implementation of Cu within surface 

processing, the different concepts rather benefit from the active bactericidal effect of released Cu ions 

[63,64], or lose it almost completely due to excessive oxide formation, whereby the mechanically 

driven increase in antimicrobial effectiveness on these surfaces is only short-lived [68,69]. 

A resilient approach to improve the antimicrobial properties of Cu surfaces with prolonged efficacy 

must incorporate the material's inherent mechanism of action and its support by bacterial surface 

interaction. Against this background, this work aims to investigate on how the antimicrobial efficacy 

of Cu surfaces can be amplified by topographical surface modification in the scale of single bacterial 

cells. It has previously been shown that bacteria adhere differently on inert surfaces that exhibit 

periodic surface patterns close to single bacterial cell size [70–73]. Here, laser-based methods such as 

Direct Laser Interference Patterning (DLIP) stand out, which enable the generation of deterministic 

topographical surface patterns in the relevant scale between sub- and single-digit µm [74]. However, 
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the extent to which such altered contact conditions affect the antimicrobial efficiency of Cu surfaces 

has not been demonstrated to this point. Despite promising approaches [75–77], Cu poses an elevated 

challenge to laser-based surface functionalization that aims to realize both small pattern sizes in the 

low µm and sub-µm regime as well as the preservation of the material-inherent antimicrobial 

capacities, due to its high thermal conductivity [78,79] and the process-related formation of CuO 

[51,77,80]. Recent studies on the physicochemical mechanisms involved in bacterial adhesion 

furthermore demonstrate that quantitative bacterial surface contact does not solely depend on 

topography, but rather involves multiple surface properties with a deviating impact on different 

bacterial species [81–83].  

Against this background, optimizing the antimicrobial effect of Cu surfaces through laser-based 

topographic surface patterning requires a deeper understanding and targeted implementation of the 

parallelly induced substrate modification. The following section presents a thorough review of the 

current state of research in the relevant areas that could potentially benefit the targeted application 

focused on in this thesis. 
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II |  State of the Art 

1 |  Bacterial Surface Interaction 

The ability to adhere and remain in contact either to a technical or natural surface is of high 

importance for the majority of the bacterial species currently known to mankind. Surfaces can provide 

both nutrition and anchorage to approaching bacteria, which are both vital to enable reproduction and 

to develop colonies that further support bacterial viability in a demanding environment [84]. On this 

behalf, bacteria have a variety of pathways and means to attach to and colonize various surfaces at 

their disposal. Strategies aimed at reducing bacterial surface burden must consider these mechanisms 

of bacterial surface attachment and interaction to allow for effective decontamination. Moreover, 

quantitative antimicrobial efficacy of Cu surfaces is directly linked to the extent of contact between 

bacteria and the substrate surface based on current understanding [53]. It is therefore obligatory to 

understand how bacteria interact with surfaces dependent on both bacterial preferences and surface 

properties to enable a targeted functionalization that focuses to enhance antimicrobial properties of Cu, 

since it might potentially support or rather weaken the intended effect [20,53]. On this regard, the 

current state of knowledge on the mechanisms of bacterial surface adhesion and interaction will be 

briefly summarized in this chapter. 

The process of bacterial approach to surfaces up to solid adhesion is divided into three successive 

phases, as illustrated in Figure 1 [81,85]: The initial approach in Phase I is impacted by 

physicochemical interaction processes, such as Brownian molecular motion, Van der Waals and 

gravitational forces, as well as electrostatic surface charges and flow forces, but might also involve 

self-motility dependent on the bacterial strain [81]. These driving forces initiate the actual attachment 

in Phase II where the vicinity between bacterium and substrate enables molecular interaction between 

the bacterial membrane and surface. In this phase, a rigid substrate contact via surface bonding is 

pronounced. Phase III comprises the processes that occur after successful attachment, which includes 

long-term interactions such as proliferation, biofilm formation as well as potential deactivation or 

killing on active antibacterial surfaces, as targeted in this work [55,85,86]. 

 

Figure 1: Schematic illustration of the three successive phases of bacterial surface adhesion, where blue/red arrows in 

Phase I indicate the bacteria/surface related net forces involving rather attractive or repulsive interaction, while the long-term 

interactions in Phase III after successful solid adhesion might display either biofilm formation (e.g., on stainless steel) or 

active bacteria deactivation (e.g., on Cu surfaces) dependent on the surface properties. Modified according to [81]. 

Within a stabilized liquid environment, both bacterial as well as substrate properties govern the actual 

approach in Phase I as well as the pronunciation of adhesion and long-term interactions in Phase II and 
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III. Here, the molecular setup of the bacterial membrane as well as the surface chemistry, topography 

and resulting secondary functional properties like surface wettability of technical surfaces have been 

shown to impact bacterial/surface interaction [22,81,85,87,88]. Whether and how a solid bacterial 

adhesion is constituted dependents largely on the mutual suitability of bacteria and surface physiology 

and chemistry, which will be addressed in individual consideration in the following sections. 

 

1.1 |  Bacteriology related to surface interaction 

From the bacterial side, forces that directly influence surface approach and consecutive adhesion are 

directly related to the physicochemical setup of the bacterial surface. The cell membrane itself exhibits 

a predominantly negative surface polarity that is related to the ionic nature of the biochemical 

preservation of the membrane integrity. The membrane further contains a multitude of surface 

molecules and appendages subdivided in classes of, e.g., fimbriae, adhesins, pili, curli and flagella, as 

schematically illustrated in Figure 2a, which are related to sensing, environmental interaction and 

motility exhibiting differing mechanical properties as well as individual preferential bonding behavior. 

The surface mesh of functional molecules might expand up to micrometers from the bacterial surface 

effectively building an orb that enables surface sensing and early-state revertive surface adhesion.  

 

Figure 2: Schematic illustration of: a) The bacterial cell membrane exhibiting various types of appendage classes and 

adhesins highly involved in surface approach and adhesion which are heterogeneously distributed over the cell body. 

b) Initial bacteria surface interaction mostly involving extending membrane appendages exploring and adhering to the 

substrate surface. Surface properties like polar charge, wettability and potentially present conditioning films might induce 

spatial heterogeneity of rather adhesive or repulsive interaction. Modified according to [81,82]. 

Surface approach (Phase I) 

In a liquid environment multiple factors like, e.g., fluid flow, pH and ionic strength are ruling over the 

ability of a single bacterial cell to reach and adhere to the surface [89]. External passive forces in 

bacterial surface approach are fluid drag, Brownian motion and the sedimentation via gravitational 

forces which are especially important for bacteria without self-motile capabilities [90]. In the vicinity 

to the surface, shear forces by fluid drag might complicate the ultimate bacterial approach until the 

flow velocities are decreased by friction within the hydrodynamic boundary layer between fluid and 

surface. In proximity to the substrate surface, the planktonic bacterial cells become subjected to 

physicochemical forces, such as van der Waals (always attractive), electrostatic as well as acid–base 

hydrophobic interaction (both either attractive or repulsive) with decreasing range of action [82]. 

Whether these forces sum up to rather attractive or repulsive interaction might vary depending on the 

environment, bacterium and surface chemistries [91]. In case of a weak surface-attachment, adhering 

cells might as well reverse into planktonic state at this stage within a dynamic liquid environment [81]. 

Aside of external driving forces, bacteria are able to agitate their surface approach via self-motility. 

Here, especially flagella but also pili act as bacterial motility provider during approach [92], where 
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flagellar motility has been stated as the most efficient bacterial driving force towards the surface [81]. 

Directional bacterial motility is driven by the receipt of environmental cues like gradients of chemical 

signals including nutrition or saline content as well as variations in fluid drag and viscosity, which 

were shown to trigger bacterial response by modulated flagella rotation rates in E. coli and 

Pseudomonas aeruginosa in order to adapt the swimming direction and velocity [93]. In contact to the 

substrate surface, the flagella of E. coli have been shown to act as additional adhesin and can 

furthermore explore rough surface topographies to improve the bacterial anchorage [94]. Flagella 

deficient mutants of E. coli [94] and several other bacteria strains have in turn been shown to exhibit 

impaired initial surface attachment. In vicinity to the substrate surface further appendage classes like 

pili and curli are also involved in nonspecific initial adhesion [92]. A schematic illustration of these 

early state bonding mechanisms related to membrane appendages is shown in Figure 2b. 

Permanent attachment (Phase II) 

As soon as the substrate contact has been initiated bacteria modify their surface interaction towards an 

increase of bonding strength to enable permanent attachment. This is governed by chemical and 

physical rearrangements of both bacteria and the surface potentially including surface conditioning as 

well as a reorientation of the bacterium for maximum surface contact [90]. Surface sensing was shown 

to trigger the maturation of the bacterium from planktonic into a sessile phenotype whereas key 

functions of metabolic behavior related to the strengthening of surface adhesion and colony formation 

are initiated [82]. How bacteria recognize and respond to surface contact remains mostly unclear, 

although several mechanisms of surface sensing have been investigated and discussed, so far, that will 

be summarized in the following. 

Advancing planktonic bacterial cell might perceive the vicinity of a substrate surface either by 

 changes of environmental physicochemical properties involving osmolarity, ionic strength, pH 

and the availability of nutrients [81], 

 the adhesion of appendages via chemical or mechanical sensing, where, e.g., the flagellum was 

shown to react on motile containment [95], as well as 

 the attachment of the membrane surface itself, perceived by envelope stress. 

Multiple different sensing systems have yet been found for E. coli that are connected to downstream 

target gene activation linked to biofilm formation, with an abundancy of redundant systems that might 

be needed to enable contact to very different surface types [82]. Between these, the sensing of 

environmental physicochemistry is considered rather unspecific whether liquid bulk or surface 

changes are perceived. In turn, Mechanical surface sensing involving appendage adhesion as well as 

external mechanical membrane stress was shown to trigger flagella/curli/pili unfolding and adhesin 

production [95]. Deficient mutants of E. coli lacking type I pili or curli each exhibited decreased 

surface adhesion properties similar to flagella deficient mutants, which highlights the importance of 

these macromolecules for initial adhesion [94,96]. Here, pili and curli have been shown to exist in a 

wide range of varieties (including P-pili and type IV pili) that might be differently expressed even 

within single strains of E. coli [92]. Due to the mostly hydrophobic nature of the individual appendage 

classes, preferential adhesion can be considered to be highly impacted by surface wettability [81,94]. 

Surface contact of the actual bacterial cell envelope has been closely linked to electrostatic forces that 

might either act rather repulsive or attractive depending on the respective surface charge of the cell 

membrane and substrate surface, where the contact induced membrane stress can be both vital or lethal 

for biofilm formation [82]. Amplified adhesion forces, e.g., on positively charged surfaces might 

induce critical membrane stress levels up to rupture, while lower gradients of membrane stress are 

considered to be involved in contact sensing after identification of biofilm related downstream 
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responses [82,95,97]. Due to the mostly heterogeneous properties of microbial environments on 

technical surfaces, bacterial interaction related to surface sensing might differ, locally [91]. 

The role of external mechanical forces that are induced alongside surface interaction have lately been 

discussed as an important factor in environmental perception and response of several bacterial strains 

[98]. These forces are sensed via the outer membrane (gram-negative bacteria) or peptidoglycan 

(gram-positive bacteria) transmitting the mechanical stress to more central core structures like the 

cytoplasmic membrane, while flagella, pili or curli have been shown to react by elastic deformation or 

mechano-switching on surface contact. Thus, the membrane appendages provide mechanic feedback 

by folding and unfolding in contact to substrate surfaces exhibiting spring-like elastic properties (e.g.,  

LapA in P. fluorescens) [99]. The strain specific setup of the membrane surface strongly affects the 

mechanical properties of these proteins, where pili from gram-positive bacteria are found to be stiffer 

than those of gram-negative bacteria; The membrane protein SasG in S. aureus promoting cell-cell 

adhesion in biofilm formation requires unfolding forces which are 2-10 times higher than those of 

most other appendages to improve coherence of cell-clusters and biofilms [100]. Under amplified 

external loads membrane proteins of both E. coli and S. aureus were found to increase their binding 

strength to remain adhesion. In several strains, the adhesion-related type IV pili (T4P) was shown to 

be upregulated after surface contact and promotes surface motility in sessile state by twitching in 

P. aeruginosa, both being triggered by mechanical contact signals and agitated by external drag forces 

[101]. 

Surface interaction (Phase III) 

Aside from the physical perception of the surface within the initial approach and attachment in Phase I 

and II, mechanotransduction of external forces into cellular response has further been shown to be 

directly related to long-term surface interaction in Phase III involving, e.g., the initiating of biofilm 

formation. Mechanical input, e.g., via T4P pili and flagella from surface contact promotes phenotypic 

changes in P. aeruginosa that induce a cascade of upregulated expression of messenger molecules 

following an increase of intracellular cAMP [102] within minutes as well as the amplification of c-di-

GMP production over an extended time-scale [103,104]. While cAMP is linked to the transcription of 

several genes promoting permanent attachment involving secretion systems, adhesin production 

(involving T4P), Quorum sensing as well as downregulation of flagellar genes, c-di-GMP was found 

crucial for biofilm formation after successful contact initiation in an abundance of bacterial species 

(including, e.g., E. coli, P. aeruginosa, P. fluorescens, P. putida, Vibrio cholerae, Yersinia pestis, 

Salmonella enterica, Bacillus subtilis, and Clostridium difficile [103]). Increased levels of c-di-GMP 

promote the generation of adhesin as well as extracellular polymeric substrate (EPS) building the 

structural matrix of a matured biofilm architecture while they further induce motility recession. 

Bacteria cells deficient of the mechano-sensing T4P have been shown to remain planktonic levels of 

c-di-GMP and react non-responsive to substrate contact or drag [104] indicating a close connecting 

between the quality of surface contact and metabolic activity towards biofilm formation, which was 

also shown to respond to surface properties like stiffness [98]. Aside of response pathways related to 

appendage adhesion, membrane associated machines in E. coli have also been shown to sense and 

react to mechanical stimuli, e.g., by increased membrane permeability to facilitate nutrient uptake, 

which probably involves mechanosensitive ion channels in the inner membrane activated by 

compressive deformations of the cell wall [105]. 

Up to this point, bacteria/surface interaction throughout the different phases of surface adhesion was 

shown to be highly affected by surface mediated physicochemical stimuli towards the adhering 

bacterium, which can be beneficially designed by surface functionalization. The nature of the different 

surface specific influences on bacterial adhesion as well as potential strategies to modify 

bacteria/surface interaction by surface design will be addressed in the consecutive Chapter 1.2. For 
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the interested reader, the current state of knowledge and recent theorems on long-term bacterial 

surface interaction in Phase III are further elaborated here, followed by a closer look at the individual 

characteristics of the two bacterial strains E. coli K12 (BW25113) and S. aureus SA113 investigated 

in this work. 

Within matured biofilms, the dynamics of biofilm architecture as well as colony expansion have been 

similarly discussed to be related to the perception of internal and external forces, which govern 

adaptive responses of individual bacterial cells seeking improvement of their environmental conditions 

[98,103]. The fabric of biofilms is connected by intercellular adhesins and the extracellular matrix 

(EPS) consisting of bond-providing polysaccharides and cellular debris like proteins and 

deoxyribonucleic acid (DNA) that exhibits both viscous and elastic properties allowing the 

transmission of external stimuli into the bulk biofilm [98]. The structure and architecture of biofilms 

has previously been shown to be governed by external forces like flow drag, where mechano-sensing 

of single bacteria within the biofilm is suggested to contribute to its dynamic response, e.g., via 

triggering of EPS production to enforce its structure. Similar responses might as well be initiated by 

internal mechanical stress that is induced by biofilm osmosis or bacterial growth deforming the elastic 

EPS matrix [98]. The position of individual cells within the biofilm determines how they perceive 

external stimuli and is hence suggested to induce heterogeneity in geno- and phenotype, e.g., related to 

deviating composition of membrane appendages and adhesins. In Zöllner et al. [106] higher single cell 

surface adhesion capability was linked to both a higher biofilm growth, while lesser adhering cells are 

driven to the expanding growth front. Single cell motility was furthermore shown to be an important 

component within biofilm formation, where bacterial migration on the substrate surface or within the 

biofilm contributes to the shaping of biofilm architecture in response to environmental influences (like 

layer-by-layer addition of motile sub-colonies/clusters to grow mushroom biofilms from small initially 

adhering sub-colonies) [103]. Aside of mechanical stimuli, the availability and source of nutrition has 

also been shown to shape biofilms, where either mushroom or flat shapes are related to nutrient supply 

via the bulk liquid or substrate surface, whereas in microgravity (µG) a column-and-canopy shape has 

furthermore been observed for P. aeruginosa [107] (the origin of this biofilm morphology is however 

highly debated, recently, arguing that it might similarly result from improper handling of the samples 

during terrestrial retransfer). Quorum sensing (QS) involved in inter-bacterial communication has been 

shown to be required in the formation of complex biofilm architecture, where deficit-mutants of 

P. aeruginosa remained flat biofilm morphologies, while the wildtype was able to exploit the liquid 

nutrition source more efficiently by the formation of a mushroom shaped biofilm architecture [108]. 

QS requires increased amounts of extracellular DNA and ribonucleic acid (RNA), which is driven by 

programmed lysis in P. aeruginosa biofilms rather supporting the overall colony´s instead of single 

cell well-being [109]. Aside of this, the mechanisms governing biofilm growth and adaptation appear 

to remain majorly focused on benefitting single cell viability and are therefore mainly related to single 

cell responses, which sum up in biofilm-spanning dynamics. This is further emphasized by the fact 

that transcriptomics have yet failed to consistently identify a certain number of regulating genes 

directly related to programmed biofilm morphology formation regardless of environmental conditions 

[103]. 

Following these considerations, physical modelling of biofilm dynamics based on single-cell 

interaction has recently been applied to identify crucial driving forces in early state colony shaping 

[110]. Intercellular forces involve steric repulsion, bridging attraction (e.g., by adhesins), depletion 

attraction (extracellular polymers and matrix, leads to aggregation of bacteria independent of bacteria 

surface properties) and osmotic pressure in the biofilm (as summarized in Figure 3). Within a 

simulated biofilm, the actual architecture is considered to be actively modulated by variations in 

adhesin and EPS production of the inhabitant bacteria in response to external stimuli that modifies 

intercellular interaction involving the aforementioned mechanisms [98,103,110]. 
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Figure 3: Interbacterial interaction governed by attractive or repulsive forces involved in biofilm dynamics: a) Steric 

repulsion, b) bridging attraction, c) osmotic pressure, d) depletion attraction. Modified according to [110] 

A change in appendage expression in the case of spherical bacteria leads to variations in interbacterial 

attraction forces by which biofilm dynamics exhibit an either gas-, fluid- and solid-like bulk behavior, 

where increasing colony density strives for entropy reduction, as illustrated in Figure 4a. These 

colony dynamics for spherical cocci strains have been evaluated experimentally for Neisseria 

gonorrhoeae and N. meningiditis were intercellular bridging attractive forces appeared to be directly 

related to the T4P surface pili present in many species [111]. Spring-like folding and unfolding of T4P 

has been found to tune the spacing between connected bacteria further driving colony density in the 

liquid- and solid-like states. The interaction times via appendage connection between individual 

bacteria are generally smaller than the reproduction rate, by which the corresponding biofilm shaping 

impact is higher than shaping via growth [110]. 

For rod-shaped bacteria, intercellular interaction is found to be more complex where single domains of 

parallelly aligned bacteria exhibit similar kinetic behavior like nucleating crystal domains in 

solidifying molten metals (see Figure 4b). Molecular dynamics (MD) simulations showed that 

bacterial growth and motile capabilities decrease the mean size of single domains, while steric 

interaction as well as high cellular aspect ratio increase it (displayed in Figure 4c). Within a 2D 

biofilm, a higher long-range order has therefore been found for rather in-motile strains, which was 

experimentally verified for E. coli [112]. Misorientations between single domains exhibit similar 

dynamics like grain boundaries and dislocations within polycrystalline materials, where defect sites 

 

Figure 4: Interbacterial dynamics involved in biofilm shaping: a) Intercellular attraction and bonding, e.g., by T4P generate 

gas to solid-like agglomeration and cluster states in spherical bacteria. b) Rod-shaped bacteria exhibit crystallographic 

agglomeration behavior forming individual domains of aligned cell orientation. c) The size of single domains highly depend 

on strain specific bacterial shape and growth rate. d) The external morphology of the biofilm alters in boundary roughness 

similarly governed by bacterial shape and intercellular attraction inducing friction. Modified according to [110,112]. 
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between differently oriented bacterial cells and domains travel and annihilate during growth-induced 

expansion. The motility of these defect sites induces inhomogeneous colony growth and hence biofilm 

shaping, by which high intercellular attraction forces (friction) forms rather round colonies, while low 

attraction forces lead to heterogeneous expansion (as presented in Figure 4d), which can again be 

tuned by single bacterial expression of related membrane appendages. Also, motile rod-shape bacteria 

have been shown to spontaneously form oriented clusters that move as one unit [110]. 

Based on the presented physical models of bacterial surface interaction, a switch from 2D colony to 

3D biofilm is considered to be induced by growth related stress on the single cell level, where space 

for flat surface adhesion is depleted in the colony center and single cells are forced to orient vertically 

under polar surface adhesion. Surface adhesion is stronger at old adhesion poles, by which daughter 

cells exhibit weaker surface bond leading to their repositioning in case of stress via steric forces from 

densely packed neighboring bacteria cells [113]. The critical colony size, where 3D reorientation is 

induced highly relates to both environment as well as bacterial surface bond and differs by orders of 

magnitude. Within the as-generated more complex volumetric agglomerates, osmotic pressure by 

spreading forces has been found to further shape biofilm architecture by bacterial modulation of 

protein and polysaccharide expression within the EPS matrix [114]. Bacteria are segregated for their 

individual properties within a mature biofilm, e.g., by strength of adhesion, cell shape and matrix 

production, which is especially evident in mixed biofilms [110]. Active matrix producers and a rather 

spherical bacterial shape favors segregation into the outer periphery of the biofilm, while non-

producers and rod-shaped bacteria form the internal basis, which was also determined in E. coli single-

strains models where bacterial cells were segregated dependent on aspect ratio. This sorting behavior 

provides a growth advantage for the peripherical positioned bacteria due to higher nutrient access and 

expansion options [110]. 

With respect to the reported impact of bacteriology on surface interaction that highly depend on 

individual strain capacities, a more focused review on the physicochemical properties of the E. coli 

and S. aureus strains utilized in the experiments is provided in the following sections. This summary 

aims to connect the previous review on current general knowledge about the mechanisms of bacterial 

surface adhesion, proliferation and colony/biofilm growth to a potential impact of strain specific 

bacteriology on bacteria surface interaction within the experiments conducted in this work. 

Escherichia coli K12 (BW25113) 

E. coli K12 strains are known to exhibit two types of flagellar motility: swimming and swarming. 

However, the motility of BW25113 is lower than that of most other K12 strains, such as MG1655 

[115]. Several pili like pilus type I has been identified in BW25113 [116], while further adhesins like 

curli are also present in modulated levels, which have been shown to play a role in E. coli attachment 

and biofilm production via stress response and increase bacterial surface hydrophobicity [117]. 

Mutants lacking the stress responsive genes rpoS and yggE exhibit higher surface flagellum and curli 

production leading to two-fold increase attachment levels on mostly negatively charged polymer 

surfaces in comparison to the BW25113 wild-type presenting a lower membrane appendage density 

under static conditions. However, adhesion strength under flow conditions was only increased of yggE 

deficient mutant in relation to higher expression of several curli genes, which is also quite high in the 

wild-type strain, by which the differences in adhesion under static flow conditions appear to be rather 

impacted by higher mutant motility. Due to this, yggE mutants were also way more successful in 

surface colonization, since the wild-type was barely able to access the surface under flow conditions 

[118]. Lipopolysaccharide (LPS) surface polymers where shown to play a major role in reversible 

(Phase I) and irreversible (Phase II) attachment to surfaces for K12. This especially applies on 

stainless steel, which was the sole positively charged surface in the study [119]. A quantitative 

formation of capsular EPS has been shown to effectively provide resistance against photocatalytic 
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deactivation of E. coli K12 by TiO2, when a direct contact is inhibited, but decreases cell viability in 

direct contact to TiO2 NP. The latter was linked to promoted adhesion of TiO2 NP to the cell 

membrane due to acid-based interactions [120]. NaCl levels have been shown to impair bacterial 

growth, biofilm formation, motility as well as glucose uptake with an increasing effect between 1% 

and 3.5% NaCl, whereas oxidative resistance is affected for 1% but gets increasingly promoted in 

further enhanced NaCl-contents (PBS has 0.8%) [121]. Higher oxygen levels increase bacterial 

attachment rate by increased growth and EPS production [122]. The availability of phosphate plays an 

important role on E. coli cell attachment under aerobic condition. Amplified phosphate concentrations 

up to 13.29 g/l have been shown to increase surface attachment (phosphate concentrations in PBS lies 

below 2 g/l). Here, a similarly high cell growth could be determined for stainless steel and Cu, while a 

lower dried cell weight was measured on Cu after 24h in LB medium, most likely linked to the 

material´s antimicrobial effect [123]. 

Staphylococcus aureus SA113 

S. aureus is generally described to be non-motile in liquid environment due to the absence of flagellar 

membrane appendages by which surface approach is driven predominantly by passive forces. 

However, they are able to passively move by colony expansion and can hence be termed motile in 

certain conditions regarding the spreading of biofilm dendrites on solid surfaces [124]. S. aureus is a 

very potent biofilm former and exhibits robust binding proteins for intercellular connections, aside of 

surface attachment, which react via bond strengthening under stimuli by external forces [98]. These 

connections are mediated via polysaccharide intercellular adhesions (PIA), which also act as 

extracellular biofilm matrix. Deficient mutants have been shown lose cell softness and do not adhere 

in clusters but rather single cells on surfaces, while overall surface adhesion is drastically reduced. 

Single-cell AFM reveals that PIA also promotes cell-cell adhesion via multivalent electrostatic 

interaction of polyanionic lipo-teichoic acids (LTA) on the cell surface [125]. Reduced PIA production 

consequently impairs initial surface attachment which appears to be partly inversed in the presence of 

iron but not Cu ions [126]. Aside of intercellular adhesion, LTA was also reported to play a role in 

surface attachment, where reduced formation rates impair adhesion to technical materials [127], while 

a passivation of the initially negative LTA surface charge may alter strain pathogenicity [128]. An 

increased negative LTA charge limits the capability of S. aureus to bind to glass and polystyrene in 

contrast, which is likely to be linked to increased electrostatic repulsion [129]. LTA was further shown 

to be related to cell surface hydrophobicity [127]. 

In summary, surface interaction deviates significantly between E. coli and S. aureus, where E. coli  

has been shown to rather adhere in single cell dispersions, while S. aureus tends to form cell-clusters 

in planktonic state and during surface attachment under active involvement of intercellular biofilm 

matrix proteins. S. aureus exhibits increased surface hydrophobicity but can similarly adhere to rather 

hydrophilic surfaces, whereas E. coli has a lower membrane hydrophobicity. Rigid surface adhesion of 

both strains requires viable cell interaction, where the surface bonding of dead cells have been shown 

be weakened significantly allowing for facile surface removal by rinsing [130]. 

 

1.2 |  The impact of technical surface properties 

Physicochemistry 

The current state of investigation on the influence of bacteriology on bacteria/surface interaction 

highlights a predominant role of physicochemical driving forces under the involvement of membrane 

appendages and polarity in surface approach and bond initiation. The further expression of bacterial 

activity after bond strengthening appears to be impacted by similar external stimuli that are preserved 

over the same molecular signal channels, by which sessile bacterial interaction is highly dependent on 



I I  |  S t a t e  o f  t h e  A r t    | 13 

 

 

the quality and quantity of the surface anchorage. Whether net forces between bacteria and surface act 

predominantly attractive or repulsive is considered to be governed by the physicochemical properties 

of said surfaces. On this behalf, Busscher et al. [131] as well as Cheng et al. [132] discussed a possible 

implementation of thermodynamic modelling of bacterial surface adhesion involving either Derjaguin, 

Landau, Verwey and Overbeek (DLVO) or the further extended DLVO (XDLVO) theory. Within the 

more accurate XDLVO theory, the net force �1�2+�3'�45  resulting from physicochemical interaction 

between an individual bacterial cell and a surface substrate is governed by Lifshitz-Van der Waals 

attraction (��.), electrostatic (�-) and acid-base (�)*) interaction according to equation (1) [132]: �1�2+�3'�45 = ��. +  �- + �)* (1) 

Since  ��.  predominantly act attractive, pronunciation of rather attractive or repulsive interaction 

depends on �- related to the respective bacteria/substrate surface charge, as well as �)* which is based 

on acceptor/donor interactions of individual polar surface compartments connected to macroscopic 

hydrophobicity/-philicity. In review of a multitude of different approaches both groups concluded that 

the processes involved in bacteria/surface interaction might follow similar dynamics but are too 

complex to be fully grasped by modelling attempts, yet. However, certain fundamental aspects of the 

XDLVO theory have experimentally been shown to be qualitatively applicable: 

 Variations of E. coli, P. aeruginosa and S. aureus adhesion on hydrophilic glass surfaces have 

been shown to correspond to the �)*  related matching of bacterial envelope and substrate 

wettability, where the least hydrophobic P. aeruginosa strain adhered best. Similar 

observations point towards the befitting of a counteracting impact of similar surface charges 

inducing an electrostatic repulsion force �-  in the case of E. coli adhesion on the negative 

charged glass surface since they exhibited the highest negative membrane charge among the 

tested strains [133]. 

 In similar manner, Wu et al. [134] observed a ten to fifteen-fold decreased attachment rate as 

well as cluster formation of P. aeruginosa and S. aureus on nm-rough vs. electropolished steel 

surfaces combined with further suppressed biofilm formation, where both surface types 

exhibited hydrophilic surface wetting and a negative surface charge. 

 In turn, Chen et al. [29] where able to significantly increased E. coli adhesion on glass 

substrates by applying a positive surface charge via functional coatings. 

 Bacterial adhesion on TiO2 surfaces was furthermore reduced by a combination of surface 

hydrophilization and topography modification [135]. 

Apparently, bacterial surface adhesion is influenced by physiochemistry related to both �- and �)* but 

cannot be fully averted in case of alleged repulsive net forces, pointing towards adaptive bacterial 

mechanisms. Corresponding to this, Maikranz et al. [83] were able to show that the binding 

mechanism of S. aureus differs between hydrophobic and hydrophilic Si-surfaces. They found that 

bonding of S. aureus involves many different types of macromolecules with low individual binding 

force on hydrophobic surfaces, while fewer molecules bind to hydrophilic surfaces however with 

stronger bond force. Nevertheless, the overall net bonding force on hydrophobic surfaces ranges one 

order of magnitude higher. The group´s experiments furthermore revealed a significant variance of 

quantitative adhesion force between different bacteria, which could be traced back to a heterogeneous 

distribution of surface macromolecules across the bacterial membrane [136]. Adhesion of S. aureus 

was hence found to strongly relate to “adhesion patches” of up to 250 nm diameter, which are 

distributed heterogeneously over the bacterial membrane. Similar observations have been made for 

E. coli K12 [137]. 

In an earlier experiment, van der Waals forces ��. involved in S. carnosus adhesion were also shown 

to be impacted by sub-surface properties exhibiting a two-fold increase of the measured bacterial 
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adhesion force in the case of a thin native Si oxide layer compared to a thermally grown SiO2 layer of 

150 nm thickness, independent of surface wetting [138]. Similarly, a higher adhesion and metabolic 

activity of P. fluorescence was monitored on nanograined compared to micrograined TiO2 substrates 

in another study [139]. 

Based on these correlating observations, the �1�2+�3'�45 net force is estimated to be attractive in case of 

opposing bacteria/substrate surface charge and matching wettability, whereas similar charges and non-

compatible wetting properties induce repulsion, which however does not necessarily impede bacterial 

attachment. In between both �- and �)*, the acid-base interactions related to surface wetting appear to 

pose a higher impact due to a further extended effectivity range and higher adhesion forces in case of 

hydrophobicity-related interaction, especially in liquid environment [131,132]. It has to be emphasized 

that experimental investigation on individual physicochemical mechanisms involved in bacterial 

adhesion in an isolated manner is hard to implement due to a mutual dependence to other surface 

properties like, e.g., the substrate topography, where cavities might geometrically cancel repulsive net 

forces [132]. 

Topography 

The impact of substrate topography on bacterial/surface interaction has been in the focus of research 

for more than two decades, considered either in the shape of stochastic roughness or purposefully 

introduced deterministic surface features [23,132]. Whereas initial approaches to study the role of the 

topography in bacterial colonization of technical surfaces varied in their interpretation of the 

underlying processes [132], more recent investigations in the late 2010s were able to attain a rather 

generalized understanding of its impact on bacterial interaction that is still valid. Whitehead et al. 

[140] reported an increasing agglomeration/retention of S. aureus and P. aeruginosa within 

topographical sinks following an upscaling in diameter from 0.2 to 2 µm that have been produced 

either stochastically (in the case of sub-µm) or deterministic via physical vapor deposition of 

hydrophobic TiO2 layers. In a subsequent work, their consideration of topography involvement in 

surface retention could identify feature dimensions considerably above the scale of single bacterial cell 

size as non-effective since bacteria do not sense any topographic impact from them [22]. Topographic 

feature geometry in combination with the bacterial cell shape might differently affect the retention of 

various strains, where cocci were trapped in surface scratches, while rod-shaped bacterial might 

similarly adhere within or span over elongated surface features depending on local adhesion forces. 

Surface scratches have similarly been shown to induce longitudinal cell orientation. In case of cocci 

bacteria, feature sizes that match the bacterial cell size were found to induce the highest retention in 

comparison to larger and smaller dimensions. Rod-shaped bacteria appear to favor higher feature 

diameters compared to spherical shaped strains [22]. In a similar manner Verran et al. [141] observed 

variances in preferential cell adhesion on deterministic surfaces gained by the disassembly of DVD 

and CD discs (the marking grid of these are representing line-like patterns with either 0.59 µm or 1.02 

µm valley width): Here, cocci-shaped S. sciuri were less retained on the smaller pattern scale, while 

rod-shaped Listeria monocytogenes exhibited preferential adhesion due to an increased surface contact 

[141]. Hsu et al. [142] investigated bacterial adhesion to either nm- or µm-scaled periodic surface 

patterns on rather hydrophilic Al2O3 and Si substrates taking into account that bacteria may utilize 

different mechanisms of attachment in response to topography. They were able to show that E. coli 

and P. aeruginosa cells reorient themselves within the surface patterns in order to achieve maximum 

contact to given surface asperities, where also the expression of flagella production altered between 

the topographies investigated. Similar phenomena of spontaneous bacterial orientation in response to 

periodic surface topographies were previously reported by other groups, as well, where rod-shaped 

bacteria expressed a high sensitivity towards surface asperities during initial adhesion and further 

colony expansion [75,143]. However, within a matured biofilm architecture expanding over the 
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geometrical restrictions of topography, cell orientation was not affected anymore [142]. Another 

mechanism of bacterial adaptivity towards rather challenging surface geometries was linked to 

extensive flagella production in E. coli, where the appendages explored the topography crevices and 

amplified anchorage [144]. In this study, surface conditioning by flagellar exploration furthermore 

induced a wetting transition destabilizing an initial Cassie-Baxter wetting state enabling further 

surface access of the bacteria within the solution. 

For surface features well below the single bacterial cell size, adhesion might be limited to topographic 

asperities greatly reducing the bacteria/substrate contact area, which is often linked to reduced 

bacterial adhesion rates [24–27]. This especially comprises topographic scales ranging below 800 to 

500 nm, where strain dependent interaction blurs the effective threshold scale [24,142,145,146]. The 

lower limit on topographically driven adhesion impairment was estimated to range at asperity sizes 

<100 nm by Siegismund et al. [147] using a DLVO modelling approach to quantify the energy gain by 

adhesion of S. epidermidis on nm-scaled stochastically rough Ti-surfaces. Above this range, energy 

gain indicates preferential adhesion increase for topographic depths below 70 nm, marking the vertical 

threshold of bacterial repellant topography scales. This effect is geometrically driven and depends on 

the fact that bacteria cannot achieve high contact forces, if they are unable to get close enough to the 

surface. This modelling approach correlates to experimental single cell AFM observations indicating 

that adhesion relevant membrane macromolecules can adhere up to distances of 50 nm from the 

bacterial cell envelope, whereas long-range interaction can already be monitored within a distance of 

100 nm [88,148]. Nm-scaled roughness between 7 nm and 35 nm led to decreased adhesion forces, 

where fewer and fewer macromolecules were able to adhere to roughening surfaces. Similarly, 

Lüdecke et al. [145] reported on altered E. coli and S. aureus adhesion on nanorough titanium surfaces 

below an Rq of 6.1 nm, where increasing roughness lead to decreased cell adhesion. 

Within a deterministic periodic pattern arrangement, bacteria have been reported to be affected both by 

pattern scale as well as the geometrical feature arrangement with increasing pattern complexity. 

Helbig et al. [25] investigated early state attachment of S. epidermidis and E. coli within 2 min of 

exposure to periodic dimple, pillar and line-like surface patterns of either 0.5, 1 and 5 µm periodicity 

on several polymer surfaces. Here, bacterial adhesion was shown to depended on substrate and strain 

combination most likely related to physicochemical interaction on one hand side but presents pattern 

specific trends in adhesion on the other hand side. While 0.5 µm pattern sizes invariably boast the 

lowest and 1 µm pattern sizes the highest adhesion rates within individual pattern geometries, both 

dimple and pillar patterns remain a lower overall bacterial adhesion compared to the line-like patterns. 

Similar observations have very recently been made by Pellegrino et al. [149] including a wider range 

of both bacteria (S. aureus, P. aeruginosa and E. coli) as well as fungal spores of Candida albicans in 

their study. Instead of DLIP, their surfaces were generated by wrinkling of a PDMS substrates 

inducing line- and cross-like as well as a wavy “herringbone” surface pattern exhibiting a periodicity 

of 2 µm periodicity and a depth of 0.2 µm. Bacteria were shown to preferentially adhere within the 

pattern valleys, where they arrange in highly oriented clusters in line-like patterns, but exhibit lose 

cluster orientation within both cross-like and wavy pattern geometry. The latter where furthermore 

shown to impede proliferation in early colonization stages and reduce overall bacterial covering by 

50%. On line-like patterns a higher number of bacteria adhered, which however still ranged below the 

flat reference. E. coli were observed to present the most sensitive response to topography in relation to 

the rod-shape cell envelope, whereas cell clusters of S. aureus are also aligned to the pattern valleys. 

C. albicans spores showed a less pronounced retention and alignment effect due to inverse size 

relation between pattern and microorganism. Aside of the clear segregation of bacterial cells within the 

pattern valleys, the cell envelopes were shown to be deformed to further increase contact area to the 

hydrophobic substrate leading to reduced aspect ratios and smaller overall cell expansion. Further 

proliferation is both depressed and guided within the pattern valleys, where the colonization onset is 
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delayed especially on more complex patterns. Line-like patterns pose a significant impact on cell-

orientation and therefore surface interaction, but still a comparably low impact on proliferation and 

colonization. Similar observations on the impact of both pattern scale and complexity were also made 

several other studies [26,70].  

In conclusion, the topography has a significant impact on bacterial surface interaction where 

physicochemical interaction forces related to mutual bacteria and substrate properties might be either 

amplified or cancelled, with respect to certain adaptive bacterial capabilities towards varying 

physicochemical surface properties [22,142,150]. Topographic feature scales below bacterial size have 

been shown to act rather impeding while features matching bacterial size increase bacterial adhesion 

due to the ability of single bacterial cells to enhance surface contact. This is predominantly discussed 

to be linked to the ability of single bacterial cells to maximize their contact area to the substrate 

seeking enhanced anchorage [22,142], which especially favors crevices and concave surface 

morphologies. More shallow topographic feature scales well above bacterial cell size do not impact 

bacterial adhesion, since they are not perceivable via mechano-sensing [132]. These differences in 

scale related bacterial surface interaction apply for both stochastic and deterministic surface designs, 

where however the topographic effect on bacterial adhesion is more pronounced in the latter case. In 

this context, it additionally has to be considered that dependent on nutrient support, environment and 

growth/reproductive activity, bacteria might vary in scale even within a single colony, by which the 

quantitative impact of topography might as well deviate. Although promoting single cell adhesion, 

pattern dimensions in the single bacteria scale were frequently attributed to a reduction in adhering 

bacterial cell number [75,140,142], which might originate from limited surface access due to external 

drag within a fluid environment [73] or critical adhesion induced membrane stress [23,82,149]. 

Considering the previously presented relation between appendage adhesion and bacterial surface 

adhesion, a higher ratio of surrounding surface area should increase the amount of contacting adhesins 

in case of bond-providing physiochemistry between cell and substrate, while repulsive interaction 

might be increased as well. Surface roughness may therefore be considered to impact the total binding 

energy between bacteria and substrate similar to the amplification of either hydrophilic or hydrophobic 

surface properties according to Wenzel [151], where repulsive or retaining physiochemistry might 

further be amplified by a corresponding topographical impact. A schematic overview of the postulated 

combined impact of physiochemistry and topography on bacteria/surface interaction based on this 

literature review is provided in Figure 5. 
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Figure 5: Schematic illustration summarizing the combined impact of topography and physicochemical interaction on 

bacteria/substrate interaction. Topography is characterized by the deterministic pattern periodicity P related to the bacterial 

cell diameter d and length l in case of rod-shaped strains. The left side of the topographical spectrum represents pattern sizes 

above bacterial cell size while the right side transits into bactericidal topographies corresponding to the biomimetic blueprint 

surfaces of cicada and dragonfly wings. The spectrum of physicochemical surface interaction is represented by electrostatic ST  and acid-base SUV  (hydrophobic/-philic) interactions according to [132] whereby the superscripted +/−   indicate 

adhesive or repulsive interaction. 

However, bacterial surface interaction has been reported to be sensitive towards the specific geometry 

of deterministic surface topographies as well, where complex morphologies irritate bacterial response 

leading to depressed bacterial activity and proliferation [70,149]. Between the investigated geometries, 

line-like patterns have been shown to rather promote bacterial adhesion and guided colony growth 

instead of depleted bacterial activity during sessile surface interaction on contact supporting pattern 

sizes. 
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2 |  Antimicrobial Surface strategies 

2.1 |  By topographic impact on bacterial adhesion 

In the view of the either impeding or supporting impact of topography on bacterial colonization, an 

utilization of this very effects has been broadly discussed for implementation in biofouling surface 

concepts in literature [26,70,72,152]. Here, deterministic surface patterns in the nm- and µm-scale 

have shown a high potential to decrease biofouling on technical surfaces, exceeding over stochastic or 

porous surface designs [23]. Within early studies relating to the food industry, grooves and scratches 

introduced alongside mechanical surface treatment techniques or wear were shown to pose an 

especially high risk of biofouling, where bacteria have been found to wedge in between the 

topographic asperities within cavities and groove channels. Here, they remain strongly retained and 

uneasy to be removed, which further promotes biofilm expansion [153]. In response, Schumacher et 

al. [154] introduced the biomimetic Sharklet surface concept based the topographical blueprint of 

shark skin, where a reduction of biofouling is linked to targeted surface design. This approach 

implements an engineered roughness index (ERI) closely related to the conceptional surface 

description applied in the Wenzel [155] and Cassie-Baxter [156] theories of surface wetting. The ERI 

calculation (2) involves both the surface roughness factor A  of Wenzel and a fractional surface 

compartment �'  related to topographical valleys that correlates to the heterogeneous wetting 

description applied in Cassie-Baxter. Both are further complemented by the geometrical degree of 

single entity freedom �� defined by pattern geometry. 

��� = A ×  ���'  
(2) 

An increasing ERI linked to mostly higher pattern aspect ratio could be correlated to decreased 

microbial adhesion, where antibiofouling however targeted marine organisms as algae and barnacles. 

In smaller pattern sizes close single bacterial cell size, Sharklet topographies were shown to decrease 

methicillin resistant S. aureus (MRSA) cluster size and E. coli attachment on implant surfaces to 47% 

due to topographical constrains, but do not possess sufficient antibacterial properties to consequently 

fight IRI [23]. In fact, surface topographies in the scale of several µm down to 800 nm have been 

shown to rather increase bacterial adhesion in static environments, whereas a reduction in adhesion on 

these surfaces requires additional mechanic involvement of either flow drag [23,73] or modified 

substrate stiffness [157]. The utilization of lotus-like wetting effects where furthermore discussed to 

prevent initial bacterial attachment by repulsion of vehiculated liquid droplets [158], which however 

was shown to be potentially  destabilized over time due to bacterial surface conditioning [144]. 

Further reduction of surface pattern scale below single bacterial cell sizes limits the accessible surface 

area for bacterial attachment hence reducing overall adhesion force that can be generated between 

bacteria and substrate, which might furthermore affect biofilm formation [23,150]. The application of 

both stochastic as well as deterministic nanoscale topographies is being investigated, particularly on 

the surfaces of implant materials, where bacterial proliferation was shown to be reduced by up to 55% 

depending on the bacterial strain investigated [21,24,159]. Mechanical membrane stress induced from 

the punctual surface contact is discussed to also inhibit bacterial metabolism and thus impede surface 

colonization dynamics [145,160]. In S. aureus and especially in E. coli, changes in morphology, as 

well as lower expression of gene groups relevant for the transition from the planktonic to the sessile 

state were observed in contact with sub-µm pattern sizes [145]. Aside of the individual ratio between 

topography and the bacterial cell size, the efficiency of adhesion prevention by this strategy has been 

shown to be primarily governed by strain specific physiology and agglomeration behavior. Gram-

positive S. aureus exhibit a lower sensitivity to reduced surface feature scales compared to gram-

negative E. coli and P. aeruginosa due to the higher rigidity of the cell wall and the option of forming 
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agglomerates as an alternative to surface adhesion. [145,160,161]. A similar strain specific efficiency 

of sub-µm scaled surface patterns, mostly related to laser induced periodic surface structures (LIPSS) 

has furthermore been reported in several other studies [71,72,146,162]. 

 

2.2 |  By active bactericidal surface properties 

Aside of the inhibition of bacterial colonization, nm-scaled surface topographies might effect an active 

killing of adherent bacteria as soon as their aspect ratio surpasses 0.7 to 0.9 [20,21,163]. Technically 

applied topographies for bactericidal surface properties follow the biomimetic blueprint of the 

nanoscale columnar structures found the wings of several insects, e.g., cicada and dragonflies [20,21]. 

Due to the high aspect ratio and small feature spacing, bacteria are forced to settle on the sharp 

asperities, which induces mechanical stress and eventually rupture of the bacterial membrane [17]. 

Again, due to strain specific differences in cell wall thickness and rigidity, this effect applies 

differently for gram-positive and gram-negative bacteria, resulting in selective efficacy preferentially 

affecting gram-negative strains [20,21,163]. By significantly increasing the aspect ratio to 2.0 and 

higher, the active antibacterial effect was shown to be extendable to gram-positive bacteria, as well 

[164,165]. Differences in strain specific efficiency has furthermore been linked to physicochemical 

differences of the cell membrane setup, since the mechanical mode of action requires active forces 

pushing the bacteria against the nm-scaled asperities [17,166]. The applied force to induce membrane 

rupture might as well involve external components like fluid dynamic drag [66]. Membrane piercing 

bactericidal surfaces have been realized applying different methodology and substrates, e.g., involving 

deep etching to achieve black silicon [19], epitaxial oxide growth on titanium [165] as well as short 

pulsed laser treatment of Cu [65,68], which however are subject to the same functional restrictions of 

the natural blueprint in terms of strain specific efficiency. Ghosh et al. [167] furthermore reported on 

well applied bacterial killing of Bacillus subtilis on black silicon, which was however not extendable 

to the bacteria´s spores. 

An interesting approach of mutual topographic and physicochemical surface functionalization was 

presented by Chen et al. [29] applying  line-like patterning in the scale of single bacterial cells on 

borosilicate glass followed by polyelectrolyte coating, which induces positive surface charge. The 

hence effected neutralization of negative bacterial membrane charges in combination with mechanical 

stress introduced by the mutual interaction of high physicochemical attraction forces and the 

challenging substrate surface induced a bactericidal effect against S. aureus and E. coli. Here, the 

gram-negative strain was again shown to be more sensitive due to the weaker outer membrane.  

Aside of topographically induced deterioration of the bacterial membrane integrity, active bactericidal 

surface properties have furthermore been achieved by the application of functional coatings. In several 

studies, the group of Grohmann [30] reported on the antibacterial properties of AgXX®, which 

represents a catalytic two-layer coating, where electro-chemical interaction within galvanic Ag-Ru  

microcells generates reactive oxygen species (ROS) that crack down organic chemistry in close 

proximity to the surface. Similar redox reactions are also induced on TiO2 surfaces under 

photocatalytic involvement of UV radiation, whereby the material´s photo-sterilization effect is 

exploited in manifold applications [31]. Another class of bactericidal coatings are based on 

antimicrobial peptides (AMP) that are formed as first defense line against microbial infection in 

human, animal, plants and invertebrates’ immune systems [28]. Similar to all aforementioned 

bactericidal strategies, they specifically target bacteria membrane, where they bind via positive pole 

charge (amphiphilicity) to the anionic outer membranes of bacteria. The hence induced neutralization 

of the bacterial membrane surface charge corrupts the membrane´s lipid organization leading to the 

formation of transmembrane pores up to a full membrane breakdown. 
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2.3 |  Antimicrobial Activity of Cu 

Very potent active antimicrobial capacities are provided by the elementary metals Ag and Cu, which 

can be applied in bulk or as a functional coating on technical surfaces [32,33]. Historical 

documentation of the utilization of Cu to sterilize wounds or water dates back to various ancient 

cultures like the Egyptians and Aztecs [36,37]. Cu based materials were also well-applied in daily live 

goods for an extended period in modern time until the discovery and uprising of antibiotics [16]. 

However, especially effected by a progressive reduction in treatment efficiency as a result of the 

increasing development of bacterial resistance, Cu alloys are more and more reconsidered for 

decontamination of technical surfaces, especially in critical environments like hospitals or enclosed 

habitats [168–171]. 

The antimicrobial effect of Cu has been discussed to be directly related to the thiophilic and 

physicochemical interactions of Cu2+ and Cu+ ions with different molecular sub-entities that are vital 

for microbial organisms [43]. Hence, a quantitative release of Cu ions has be considered as the key 

feature of Cu based antimicrobial surface concepts [51]. Cu ion emission is directly related to electro-

chemical surface processes, which might include an either active [172] or passive catalytic 

involvement of microbiologic processes [54]. Here, the similarly activated bactericidal effect of the 

more noble Ag requires a higher electrochemical activation potential, whereas the antimicrobial 

application of Cu is less dependent on ambient conditions [43]. In the same course, Cu builds an 

important trace element in human metabolism and immune response [39,40], while Ag is considered 

toxic in low accumulated doses [42]. In this light, the application of Cu for active antimicrobial 

contact surfaces offers a promising decontaminative potential combined with a high suitability for the 

application in human environment [41]. The underlying mechanisms of the antimicrobial effect of Cu 

involving potential strategies of amplification are further discussed in the following sections in more 

detail. 

2.3.1 |  Antimicrobial mechanisms of Cu 

The overall antimicrobial activity of Cu surfaces was highly investigated in the past two decades, 

where a certain number of active mechanisms could be identified. Independently, a toxic effect of Cu 

exposure was described for each bacteria [16], viruses [35] and fungi [34] proving a broadband 

decontamination efficiency. In which extend the different modes of action individually contribute to 

antimicrobial Cu activity is controversy discussed and often depends on the targeted microorganism 

and environmental factors. The following summary especially focusses active antibacterial properties 

proven, so far [43], which are partly extendable to viruses and fungi as well: 

 Independent of their dissolved concentration, Cu ions have been shown to preferentially 

accumulate on the surface of the cell membrane (schematically illustrated in Figure 6a), where 

they interfere with metabolic processes by the reduction of mass transfer and cellular respiration 

[173]. This has an inhibitory effect on both bacterial growth and the formation of biofilms [174]. 

 Under increased Cu concentrations, the aforementioned membrane agglomeration of Cu might as 

well induce a destruction of the cell envelope, associated with leakage of cellular fluid and rapid 

cell death, as shown in Figure 6b. Membrane disintegration can involve the reduction of the Zeta 

potential on the bacterial cell surface due to ionic depletion, as well as the generation of hydroxyl 

radicals from hydrogen peroxide in a Fenton-type reaction, where Cu ions act as electron donors 

and catalysts [43]. These hydroxyl radicals are reactive oxygen species (ROS) causing oxidative 

cell wall damage, e.g., targeting lipids in the cell membrane [175]. Due to its grave physiological 

impact on bacterial cells and a reported cross-species efficacy, this mode of action is currently 

considered as the most potent [86,176–178]. 
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 When Cu ions gain access to the cell interior, they have been shown to interact with single 

molecules of DNA by substitutional attachment, which changes the local bond length and thus the 

molecular structure (see Figure 6c). This effects a distortion and destruction of the DNA´s double 

helix structure resulting in metabolic dysfunction of the bacterium inducing both inhibited cell 

division and potentially cell death [16,43,86,177]. In a few studies, DNA destruction is discussed 

as the major cause of cell death [173], whereas quantitative access of Cu to the cytoplasm might 

require a certain state of membrane disintegration depending on the bacterial strain [177]. On this 

behalf, Wang et al. [179] presumed an increased Cu ion trans-membrane mobility by membrane 

charge neutralization via Cu aggregation on the cell envelope that leads to an “avalanche 

collapsing”.  

 Due to the high affinity to thiols, intracellular amounts of Cu ions are furthermore discussed to 

form redox reactions with iron-sulfur compounds of essential proteins exchanging the Fe sites 

within the molecular structure (example in Figure 6d) [16,36,180,181]. Similar to DNA, the hence 

induced modification in bond length and electron arrangement distorts the protein´s structure and 

disrupts its metabolic functionality. A quantitative removal of these proteins from the bacterium's 

respiration and fermentation cycle potentially eliminates vital subprocesses, whereas again 

sufficiently high intracellular Cu levels might require increased membrane permeability due to 

preceding external damage. 

A schematic summary of the presented modes of action is illustrated in Figure 6. 

 

Figure 6: Schematic illustration of the different proven modes of action: a) Agglomeration of dissolved Cu ions on the cell 

membrane affection respiration and membrane integrity by ionic depletion and the catalyzation of ROS generation via 

Fenton-type reactions. b) leaking of cytoplasm and loss of bacterial integrity due to increased membrane damage. c) 

destruction of DNA and d) metabolic proteins. Adapted according to [16]. 

Each of these mechanisms poses a potential threat to individual pathogens already at low Cu levels, 

whereby an effective and complete degradation of an entire bacterial contamination requires a certain 

minimal copper concentration. Presumably, only the complex interaction of several mechanisms of 

action might lead to rapid cell death, especially in the mutual combination of extra- and intracellular 

modes of action. In this light, the USEPA specified a minimum alloy content of 60 wt.% copper for 

the classification of antimicrobial metallic materials, where a 99,9% reduction of viable bacterial cell 

count must be achieved within 2h of exposure [16]. 

Antiviral efficiency of Cu 

The antiviral effect of Cu has been tested on bacteriophages and pathogenic eukaryotic viruses, so far, 

where many studies were able to confirm a high antiviral efficiency of Cu [182–185]. This involves 

the SARS-CoV-2 virus related to the 2020-2023 COVID-19 pandemic, whereas Ag surfaces 

reportedly do not exhibit antiviral capacities [186]. In murine and human noroviruses, Cu has been 

shown to cause destruction of the genome and viral disintegration where in case of the human 

coronavirus HUCoV-229E also a shrinking effect was reported [184,185]. In cross-study agreement, a 

60% to 70% Cu content in both brass and Ni-bronze is already sufficient for effective virus 
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elimination, closely matching the USEPA specification of antibacterial Cu based material. Higher 

contents also lead to an increase in antiviral activity [185].  

The mechanism of Cu mediated elimination of viruses as majorly been traced back to the surface 

release of Cu+ and Cu2+ ions inducing similar molecular interactions like the ones reported in bacteria. 

Formation of ROS was determined to not play a particular role in antiviral activity, by which Cu ions 

are considered to rather act directly on viral particles. It has been shown that copper ions are able to 

aggregate to pathogenic virions effectively limiting a potential health impact of viral infections. This 

effect is currently utilized in water decontamination combined with silver and small concentration of 

chlorine to further amplify the chemical activity of Cu ions [187]. A virus specific mode of action is 

reported to involve chemical interaction with cysteines in viral surface proteins and aggregation. The 

resulting modification of molecular folding and disintegration of the viral envelope deactivates key 

viral proteins impacting their virulence [182]. In addition, a destruction of viral genome was observed 

under involvement of Cu similar to bacterial DNA deactivation, whereas the underlying 

physicochemical mechanisms are still under investigation [185,188]. 

Antifungal efficiency of Cu 

Similar to many metazoic organisms, eukaryotic filamentous fungi utilize Cu as micronutrient and 

trace element for growth and proliferation. One of the most investigated Cu transport system in 

eukaryotes is that of the baker’s yeast Saccharomyces cerevisiae, where certain intracellular 

mechanisms were found to efficiently detoxify an overrepresented amount of intracellular Cu. This 

involves, e.g., metallothioneins (copper sequestrating proteins) [189]. In early studies, fungal 

capabilities to absorb heavy metals like Cu to utilize them as nutrients without harm has been reported 

[190]. Within further research, this process was denoted as bioremediation, describing the potential of 

filamentous fungal biomass to act as agents for biosorption of heavy metals from contaminated 

sediments [191]. Aside of this, an actually antifungal application of copper complexes [192] and 

copper nanoparticles [193] has been considered, as well, where however fungal sensitivity to copper 

complexes and nanoparticles was shown to be highly dependent on the tested fungal species. 

The low Cu sensitivity of filamentous fungi can be traced back to effectively protective intracellular 

mechanisms involving, e.g., ATP-dependent heavy metal translocators, which are deeply conserved 

from archaea to mammals [194]. These molecular Cu extrusion pumps represent the main eukaryotic 

heavy metal detoxification mechanism also found in prokaryotic bacteria [195]. Based on this, 

research on the effects of Cu on filamentous fungi is still at an early stage, especially including 

potential modes of action in an antifungal contact surface application. 

2.3.2 |  Potential decrease in antimicrobial efficiency 

Since Cu is a widely natural available and partly essential element for microorganisms, they have 

developed effective mechanisms to regulate its intracellular levels and protect themselves from 

potentially toxic effects. In humans, Cu is an important trace element as it is involved in many 

fundamental mechanisms, including, e.g., immune defense [39]. Macrophages have been shown to be 

equipped with enzymes that enable the control of intracellular Cu storage and release in order to fight 

intrusive bacteria [40]. Due to this, opportunistic human pathogens such as S. aureus and E. coli are 

forced to develop defense and resilience mechanisms against increased environmental Cu levels to 

maintain viability within the host organism. Previously discovered mechanisms of Cu resistance in 

bacteria include ATP-dependent and chaperone-mediated efflux of Cu ions as well as detoxification by 

oxidation of Cu+ to the less toxic Cu2+ or binding in proteins [16,57,180,195]. These systems represent 

targeted modifications of the general bacterial heavy metal homeostasis [196] that is available in the 

majority of the yet investigated bacterial strains, either in single or combined form. A schematic 

illustration of the Cu homeostasis cycle of gram-positive and gram-negative bacteria is provided in 
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Figure 7. The triggering of a Cu regulatory response has been shown to be related to ion-induced 

stress levels leading to an upregulation of chaperone and efflux pump related genes [40]. 

 

Figure 7: Cu homeostasis of a) gram-positive and b) gram-negative bacteria separated into the following elements: 1. Cu 

entry into the bacterium, 2. Cu chaperones sequester cytoplasmic Cu for detoxification and routing to places of export or 

regulations, 3. Several genes are triggered in response to elevated cytoplasmic Cu upregulating key elements of Cu leveling, 

4. Cu is pumped through the cytoplasmic membrane by Cu ATPase (powered by ATP), 5. CusCFBA transporter pumps 

transport periplasmic Cu across the outer membrane (only in gram-negative bacteria), 6. Glutathione (GSH) can bind Cu for 

detoxification, 7. Cu binding proteins buffer excess cytoplasmic Cu, 8. Extra-cellular/periplasmic modification of Cu 

ionization state. The membrane structures of both c) gram-positive and d) gram-negative bacteria furthermore exhibit the 

physiologic differences, e.g., by the protective role of the thick outer peptidoglycan layer in case of gram-positive strains. 

Modified according to [197]. 

In addition, the bacterial physique might already induce a decreased Cu sensitivity, as through a 

thicker cell membrane in gram-positive bacterial strains, spore- or EPS forming bacteria, where the 

organic extracellular substance have been shown to absorb environmental Cu ions [174,176,198–200]. 

Gonzalez et al. [201] observed a triggering of EPS production under metal stress in P. aureofaciens, 

which increased cell viability due to lower cellular absorption of Cu. EPS molecules are negatively 

charged and tend to form metal complexes with increased rates in pH > 6 conditions leading to a 

depletion of environmental metal ions in proximity to the bacteria, where the overall biomass is 

however still agglomerating between 80% up to 99.9% of the available environmental Cu [200,201]. 

An increased Cu binding affinity of EPS has also been considered to induce higher Cu ion release 

rates effecting reduced bacterial viability in case of an overproduction [202], where EPS defective 

mutants of P. aeruginosa were shown to be more resistant to contact killing. In comparison between 

different membrane molecules and appendage classes, overproduction of LPS and EPS was linked to 

an increased bacterial Cu sensitivity, while CA capsule rather induced resistance [202]. Flagella/Pili 

had no effect on Cu sensitivity. 
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Experiments in multi passage exposure of P. fluorescens [202], S. aureus and E. coli [56] to sub-lethal 

Cu doses has been shown to lead to increased bacterial survival rates under laboratory conditions. This 

effect was especially pronounced in S. aureus and E. coli where the multi passage mutants were 

reported to be 12 to 60-fold less susceptible to contact killing. In the final stage, bacterial viability 

could be retained up to 60 min of direct Cu exposure versus 1-3 min in case of the wild types with a 

stabilization of Cu resilience over 250 generations. Increased Cu resilience could not be explained by 

genome sequencing, but rather included a slight adaptation of the membrane setup with a reduced 

amount of fatty acids that grew along continuous exposure and effectively delayed membrane damage 

[56]. 

As a result of artificially elevated environmental Cu concentrations, e.g., due to the use of copper salts 

for fungal control in agriculture and as a food additive for fattening pigs, an increase in copper 

resistance beyond natural levels has been observed in soil and gut related bacterial strains 

[16,200,203]. These isolates are remaining viable in contact to alloys with 70% Cu content, which 

should entirely deactivate bacteria after 2h of exposure according to the USEPA classification [16]. 

Increased copper resistance, e.g., in Streptococcus pneumoniae and M. tuberculosis, is discussed to 

correlate with the virulence of the corresponding strain (Cu resistant pathogens are considered to 

exhibit better survival in macrophages) [204,205]. By this, the course of disease in patients infected 

with heavy metal-resistant strains may be additionally worsened by emerging cross- or co-resistance 

with antibiotics [206]. In this context, the term "hyper-resistance" was coined, which occurs primarily 

in S. aureus strains [207]. 

Wilks and Michels et al. [32,58] furthermore reported on environmental impacts on bactericidal Cu 

efficiency in both E. coli and S. aureus. On alloys with high Cu content, contact killing of E. coli was 

achieved after 90 min at 20°C, while it took up to 3h to observe the same effect at 4°C on the same Cu 

substrate [32]. A similar impact can be observed in lowered humidity levels, whereas Cu was shown to 

retain a certain bactericidal capacity against MRSA while the antibacterial modes of action have not 

been activated on Ag already in ambient conditions [58]. Similar relations between Cu killing 

efficiency and environmental temperature have been reported in viruses, as well, where low 

temperatures of 4°C decrease, while temperatures of 37°C enhance the speed of viral elimination 

[208]. In the case of viruses, several resilience mechanisms towards Cu have also been shown for 

different types of bacteriophages, where the least resistant were lipid envelope or single-stranded 

genome phages [188]. The highest resistance was monitored in dsDNA phages lacking a lipid 

envelope, which is probably linked to the prevention of lipid Cu aggregation also involved in 

membrane disintegration in bacteria. Differences in Cu resilience between the phage types were 

expressed in deviating deactivation rates where nevertheless all phages were effectively deactivated, 

over time.  

In summary, Cu represents an essential element for microorganisms and they have developed several 

mechanisms to protect themselves from toxic effects in excessive availability. Anyhow, direct 

exposure to Cu surfaces generally induces environmental Cu levels that overwhelm the regulatory 

microbial capacities leading to an effective deactivation via “contact killing” [53,209]. In several 

studies, Cu containing surfaces have been successfully applied in clinical environments [169,210–

212]. The replacement of standard materials like stainless steel on frequent-touch surfaces by Cu 

alloys reportedly reduced the overall microbial burden significantly, which also lead to a decline in 

antibiotic resistant microorganism contamination including vancomycin resistant enterococci and 

MRSA [213]. 

2.3.3 |  Substrate impact on contact killing 

Preliminary work has shown that direct contact between bacteria and substrate plays a supportive role 

in effective bacterial deactivation [53]. In close relation to this phenomenon, early theories suggested a 
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direct corrosive interaction between bacteria and the substrate surface, whereas more recent studies 

were able to show that the bacterial uptake of Cu is a rather passive process [214,215]. Corrosion of 

the Cu substrate is induced by the surrounding medium or atmosphere effecting an emission of Cu 

ions which might be absorbed in respiratory activity or directly agglomerate on bacterial cells in 

proximity to the corroded surface [54,214–216]. It was observed that Cu extensively agglomerates in 

E. coli adherent to copper surfaces, which also continues hours after complete bacterial deactivation, 

where the draining of dissolved Cu ions prevents the formation of passivating oxide layers [54,217]. 

The resulting preservation of an elevated Cu ion release gives rise to fast intoxication and bacterial 

killing and is directly linked to the close contact between bacteria and substrate surface enabling the 

bacterial scavenging of dissolved Cu ions [54]. Although amplified by averted surface passivation, the 

material inherent capacities of contact killing remain related to quantitative corrosive interaction, 

which is highly dependent on substrate and environmental properties. Alloying with Ag was shown to 

catalytically increase Cu ion release (which similarly works for Ag+Pt in antimicrobial Ag 

applications) [52,186], whereas in the case of pure Cu substrates, Cu emission might be modified by 

environmental impacts or microstructure engineering. 

Corrosion related to biofouling 

Alasvand Zarasand et al. [172] investigated on the microbial impact on the corrosion of metals and its 

potential inhibition dependent on material and environmental conditions. Active microbial 

involvement in corrosion processes is related to either sulfate-reducing, manganese/iron-oxidizing, 

iron-reducing or acid-producing bacterial activity in the case of certain strains. Bacterial activity 

impacting substrate corrosion might furthermore involve the generation of corrosive substances, 

alteration of anion ratios and the inactivation of corrosion inhibitors, where the actual influence 

depends on whether metabolic activities contribute to active corrosion mechanisms within the exposed 

environment. A more uniform microbial impact can be traced back to the active or passive formation 

of differential concentration cells in liquid environment, subdivided in oxygen, metal ion as well as 

active-passive concentration cells. In patchy heterogeneous covering, a microbial surface layer may 

either act as separation to the medium also blocking off the access of oxygen to the surface or directly 

induce localized decrease of oxygen via cell respiration. In both cases, covered metal surface 

compartments are anodic due to the inability to form protective oxide layers, while uncovered surface 

compartments with access to oxygen act as cathodes. In the case of metal ion concentration cells, high 

affinity of bacterial substances (like, e.g., EPS or the bacterial body itself) to metal ions induces an 

anodic behavior to covered surface compartments, whereas uncovered or lesser exposed areas act as 

cathodes. An inversive relation in the formation of both oxygen and metal ion concentration cells is 

also possible, if preexisting passivation layers below the bacterial covering layer stay intact. An active 

breaking of mostly oxidic passivation layers (e.g., by bacterial production of metal-chelating agents) 

furthermore induces the formation of active-passive cells, where the active (metallic) areas as anodes 

while passive (oxide passivated) areas act as cathodes. How the overall interaction is pronounced in 

quantitative surface corrosion has been shown to be very sensitive to environmental factors, by which 

corrosion effects influenced by bacteria appear contradictory in most cases [172]. 

Considering corrosion as a natural return to the energetically more favorable ore-state of an artificially 

purified metal, the corrosive effects of biofouling on technical surfaces might be traced back to the 

early bacterial contribution in mineral formation [218]. Bacteria are involved in mineralization 

processes since the early stages of life on Earth and are considered as an essential part in natural 

biogeochemical cycles. The underlying mechanisms of biomineralization are not mineral- or bacteria-

specific but rather depend on the environmental conditions and exhibit universal applicability. 

Biomineralization reportedly involves the precipitation of phosphates, carbonates, sulphates, chlorides, 

oxalates and silicates [218–220]. The biomineralization of phosphates, e.g., has been shown to form 

by nucleation and growth on the outer membrane of gram-negative bacteria which effects the 
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formation of kidney and urinary stones commonly accompanying urinary infection [218]. Phosphate 

precipitation appears to solely require the presence of bacterial organic matrix without a need of 

metabolic activity, since it was observed on both living and dead bacterial cells [219]. Bacterial 

membranes have been shown to provide heterogeneous nuclei for phosphate crystallization, which was 

found in several gram-positive and negative strains, as well as dead bacterial cells of Pseudomonas 

and Azotobacter strains [220]. Metallic phosphates have mainly been linked to both extracellular 

polysaccharide and the cell membrane itself, involving Cu species like cupric phosphate Cu3(PO4)2 

[54,221]. This has also been described for Ag, where up to 75% of dissolved Ag was found to be 

bound to cell bodies [222]. Similar to the previously discussed antimicrobial modes of action in Cu, 

Ag-accumulation on bacteria was described to involve a primary precipitation to membrane 

polysaccharides and intracellular aggregation in a second step. Uniformly, bacterial biomass exhibits a 

high metal-binding and mineralization capacity, where viable cell activity and integrity might as well 

favor decreased metal uptake rates applying metabolic mechanisms of intracellular metal regulation 

and self-protection [218,219,222]. However, respiratory bacterial activity was also discussed to 

phosphate precipitation by the formation of a catalytic microenvironment in the vicinity of the 

bacterial cell [220]. 

Each of these interactions deplete the dissolved amount of metal ions independent of active or passive 

bacterial involvement effecting a prevailing electrochemical potential towards the dissolution of bulk 

metal sources by the formation of metal-ion concentration cells [172], corresponding to the Cu 

scavenging mechanism described in Luo et al. [54]. The quantitative release of metal ions again 

depends on the corrosion mechanism present and the mutual influence by substrate properties, which 

will be considered in more detail with respect to Cu and its antimicrobial properties. 

Impact of Cu microstructure on corrosive interaction 

In human environment, Cu corrosion mostly involves the exposure to saline fluids, e.g., originating 

from perspiration that exhibit NaCl levels of up to 20 g/l [223]. These conditions are well reproduced 

in artificial reagents like Hank´s solution and phosphate buffered saline (PBS) containing between 

0.5 M (27 g/l) and 0.137 M (7.4 g/l) NaCl. Under these conditions, dissolved chloride ions (Cl-) have 

been shown to promote pitting corrosion of Cu both by the generation of CuCl as well as the catalysis 

of oxygen-mediated Cu degradation into Cu2O, Cu(OH)2, e.g., by further enhancing the surface 

diffusion of Cu ions [215]. Surface passivation of Cu occurs by the epitaxial growth of a Cu2O layer, 

which forms an additional passivation layer of CuO under the involvement of Cu(OH)2, both in liquid 

and humid aqueous environment [224]. Pitting corrosion is electrochemically driven and involves 

matter redistribution between sacrificial anodic and accepting cathodic surface sites on a 

heterogeneous surface. Weak spots for anodic pitting corrosion are mostly related to an increased 

surface energy like in grain boundaries, dislocations or favorable atomic lattice orientation within 

polycrystalline Cu substrates [217,225]. Lapeire et al. [225] investigated on the grain orientation effect 

in preferential pitting corrosion of cold-rolled polycrystalline Cu exposed to 0.1 M NaCl saline, where 

Cu 100 grains were found rather unaffected while neighboring grains underwent corrosive 

degradation. Between the different orientation arrangements, Cu 100/Cu 111 contacts exhibited the 

highest overall pitting effect towards the 111 oriented grains. The deviation in neighboring crystal 

orientation appears to induce a difference in surface potential leading to pronounced localized 

cathodic/anodic behavior. For the low index planes, the ranking of surface energies is reported to be 

(111) < (100) < (110) < (210) [225]. In comparison to corrosion experiments, the actual surface energy 

related to packing density however appears to be of lesser importance in heterogeneous polycrystalline 

Cu corrosion. Instead, Luo et al. [217] reported a correlation between localized corrosion/passivation 

in PBS and the befitting of Cu/Cu2O grain orientation, following a similar orientation neighboring 

relation like in [225]. The highest thickness of Cu2O layers was assessed on both Cu 100 and Cu 113 
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grains, which were therefore better passivated than neighboring grains and lesser exposed to 

degradation. These observations correlate to early findings of Lawless and Gwathmey [226] who 

investigated on thermally induced epitaxial oxide growth on single crystal Cu planes. On Cu 100, 

Cu2O grew into thicknesses more than double as high as on Cu 111 and Cu 110 planes, which was 

linked to the available degrees of freedom for single domain oxide nucleation. Cu 100 enables Cu2O 

nucleation in five possible orientations, while oxide growth in both Cu 111 and Cu 110 is limited to 

either two or only one possible orientation. The higher degree of freedom on Cu 100 is discussed to 

effect a higher density of grain boundaries within the oxide layer, enabling a higher Cu ion diffusion 

and therefore quicker passivation [226]. In terms of electrochemical interaction, higher passivation 

capacities induce rather cathodic behavior towards lesser passivated neighboring surface sites, thus 

potentially causing the corresponding role of Cu 100 grains in saline environment. 

Under saline exposure, the orientation dependent intragranular corrosion observed by Lapeire et al. 

[225] was found to originate from the grain boundaries, where pitting corrosion expands towards 

anodic grain orientations, finally inducing an anodic role of Cu 111 against most of the other 

orientations [217]. Localized weak spots of high energetic state, which are related to crystallographic 

defect sites are therefore considered as the key driving force in saline Cu corrosion [227,228], by 

which an increased grain boundary/dislocation density is indicative for high Cu ion release rates that 

potentially enhances antimicrobial efficiency. High dislocation densities have furthermore been shown 

to induce a positive electrostatic surface charge impacting both corrosive and bacterial interaction 

[229]. Correlating results on antibacterial efficiency comparing different crystallographic substrate 

states of Cu materials have been reported, where, e.g., cold-worked Cu sheets exhibited higher 

antibacterial activity compared to casted parts [32]. In fact, most of the recent reporting on improved 

antimicrobial Cu surface properties by the application of different surface coating or processing 

methods can directly be connected to the correlating impact on Cu microstructure favoring higher 

corrosivity: 

Razavipour et al. [230] observed increased inhibition of P. aeruginosa biofilm formation and antiviral 

capacities against the SARS-CoV-2 lentivirus surrogate model on both cold sprayed and shot peened 

Cu surfaces compared to as-received references. Although a higher initial killing effect was assessed 

for cold sprayed surfaces, shot peened Cu exhibits a prolonged efficiency increase, which correlates to 

the applied peening intensity effecting µm-scaled surface roughening, decreased grain sizes and higher 

dislocation density. The hence increased surface diffusion of Cu ions was found to exhibit the main 

effect in overall antimicrobial efficiency. A similar increase of bacterial killing on wire arc/cold 

sprayed Cu coatings was also described by Sharifahmadian et al. [231], discussing a multiscale impact 

by surface roughening and the fine-grained porous microstructure, as well as Zeiger et al. [232], 

mostly attributing increased bacterial killing to the rougher topography. Parmar et al. [229] compared 

the antimicrobial activity of pure Cu in cold-rolled and cryo-rolled condition exhibiting a 14 up to 28 

times enhanced dislocation density, where increased killing of S. aureus was directly linked to the 

corresponding increase in Cu ion release via inductively coupled plasma mass spectroscopy (ICP-MS). 

With further increasing severe plastic substrate deformation, the earlier described localized pitting 

corrosion that focusses grain boundaries and dislocations is reported to turn into a rather homogeneous 

corrosive surface degradation. This is linked to ultra-fine grain sizes (UFG) and high density 

dislocation networks induced by, e.g., equal-channel angular pressing (ECAP) [233,234] or cold-

rolling [235,236], where a clear separation between cathodic and anodic surface sites in an 

electrochemical microcell formation is no longer possible [237]. The impact of a UFG Cu 

microstructure on quantitative corrosion varies depending on the corrosive environment, where either 

decreased [234] or increased corrosion rates [233] have been reported in saline environment. However, 

under ambient conditions at <0.5 M NaCl levels, a rather general increase of corrosion resistance by 

UFG was reported in cross-study comparison [237] and linked to a higher and more stable passivation 
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[236]. A similar microstructure state was achieved by Zhang et al. [238] by grain-fining and 

implantation of supersaturated dislocation networks via pulsed high-current E-Beam irradiation of Cu. 

Interestingly, they reported on a dependency of corrosion resistance on pulse accumulation, where 

corrosivity initially increases up to 5 pulses until it decreases after 10 overlapped pulses marking the 

set-point of a critical deformation state for the transition from pitting to homogeneous Cu corrosion in 

saline environment. 

A schematic summary of the different impacts on Cu corrosion in <0.5 M NaCl saline discussed in this 

chapter is provided in Figure 8. 

 

Figure 8: Schematic summary of the Cu corrosion mechanisms and respective impacts in <0.5 NaCl saline as discussed in 

the current state of literature: a) Cu corrosion in saline mainly involves Cl- catalyzed pitting corrosion focussing energetic 

weak spots like grain boundaries and lesser passivated grains within a polycrystalline microstructure. b) Impact of Cu 

corrosion in the presence of bacteria involves the formation of differential concentration cells and potential membrane 

precipitation of mineralic Cu compounds like, e.g., cupric phosphate. c) Increase of corrosive interaction by grain fining/ 

dislocation density enhancement up to a critical point, where pitting tilts into homogeneous corrosion effecting improved 

passivation. 

2.3.4 |  Strategies to increase antibacterial Cu efficiency 

Although Cu itself exhibits potent antibacterial activity, environmental [58] and microbial impacts 

[57] might attenuate its killing capacity leading to a critical decline in bacterial deactivation rates [54]. 

Approaches to enhance the antibacterial efficiency of Cu therefore focus on the amplification of the 

material inherent modes of action or the complementation of additional, e.g., topographically induced 

bactericidal capacities. Amongst the readily applied spray coating of Cu materials in decontamination 

of health care environments [210,211] that is discussed regarding the beneficial microstructural 

impacts on Cu ion release in the previous chapter, several strategies of Cu efficiency amplification are 

currently considered. 

Cu application in NP distributions as coating, composite or in liquid solution is aiming to increase 

both bacterial Cu uptake suggesting an increased membrane permeability as well as cell membrane 

disintegration by quantitative Cu NP agglomeration. In fact, several studies report on both increased 

membrane agglomeration as well as visible cell rupturing in P. aeruginosa and S. aureus strains 

including MRSA, which have been exposed to Cu NP in liquid solution [60,239,240]. A potential 

driving force behind the membrane agglomeration of Cu NP has been associated with the positive 

surface charge of the primarily oxide particles due to electrostatic interaction with the negatively 

charged bacterial surface [240–242]. Comparing the impact of particle size, membrane damage 

exhibits an earlier onset for nm-scaled compared to µm-scaled Cu particles, whereas the overall 

impact on bacterial cell integrity equals after 4h of exposure [175]. Cu NP are mostly related to 10-150 

nm-scaled particles of either pure Cu, Cu2O, CuO, Cu(OH)2 as well as CuS, where in the case of pure 
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Cu NP a considerable content of surface oxide have to be considered in the actual particle composition 

[60,64,175,241,243,244]. Each of these NP compositions is characterized by a different binding 

strength of the Cu within the particle, which has a direct effect on the antimicrobial functionality. 

Comparison in between pure Cu and CuO NP, e.g., assessed a higher antimicrobial efficiency of the 

former type, which was directly linked to the effective Cu ion release rate [61,175]. However, the 

comparably low antibacterial effect of CuO NPs was shown to be potentially enhanced against B. 

subtilis, S. pneumoniae and Morganella morganii by the addition of Ag [245]. CuS exhibits a low but 

steady Cu release due to the strong bond, achieving 95% bacterial killing after 5h and 99.9% after 24h 

of exposure [243]. Based on these observations, the antimicrobial efficiency of Cu NP appear to be 

subject to the same basic restrictions like bulk Cu materials [51,64]. Aside of the predominant impact 

of Cu ion release, Ananth et al. [59] were able to show that particle morphology might also play a role 

in antibacterial efficiency in the case of CuO NPs, where plate-like particles shapes exhibited higher 

killing efficiency against several gram-positive and negative strains than granular of needle-like 

particles. Independent of the application, bacterial deactivation by Cu NP ranges close to or below 

95% within the first 2h of exposure in most of the reported cases, by which an effective bactericidal 

capacity befitting the USEPA demands can hardly be achieved. 

More recent works discuss laser-based routes to enhance the bacterial contact killing rates on solid Cu 

surfaces by nanosecond pulsed irradiation [65,246]. Here, the exposure to lowly focused irradiation 

leads to thermally induced formation of sharp asperities of CuO resembling the topographic blueprint 

of cicada and dragonfly wings [69]. Appropriately, increased antibacterial properties by mechanically 

induced membrane rupturing was reported in liquid environment, where bacteria were pierced on the 

CuO surface crystallites. Within the first three days after production, these surfaces exhibit increased 

hydrophilicity enabling a high fluid drag into the surface cavities that agitates the bacteria towards the 

sharp surface asperities. However, these surfaces turn into super-hydrophobic surface wetting after a 

certain storage time following a time-dependent surface passivation under the involvement of 

agglomerating atmospheric carbon-groups, by which the additional mechanistic mode of action is 

deactivated [80,247]. Furthermore, the thick Cu oxide layer leads to considerably decreased Cu ion 

release, by which the antibacterial capacities of these surfaces fall below the reference values [66,68].  

A similar topographic/mechanistic approach recently introduced by Smith et al. [62] considerably 

increased bactericidal efficiency against S. aureus by structural modification of bulk Cu. Selective 

etching of a precursor Cu Mn composite material induced an open-porous Cu substrate morphology 

with considerably increased surface/volume ratio. In combination with fluid drag forces towards the 

super-hydrophilic porous surface mesh, topographically induced bacterial membrane stretching was 

discussed as a possible mode of action, whereas the considerably increased initial dissolution of Cu in 

PBS due to the high surface/volume ratio probably exhibits an even more potent effect. However, Cu 

ion release was observed to drop after approx. 1h of exposure due to electrochemical surface 

passivation, also depleting the initial bactericidal capacities. 
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3 |  Ultrashort Pulsed Laser processing 

The term “ultrashort laser pulses” comprises single pulse durations DE  that range below the upper 

threshold value of 10 picoseconds (ps, 10-12 s), which furthermore includes the yet technically realized 

femto- (fs, 10-15 s) and attosecond (as, 10-18 s) pulse durations. On this time scale intramolecular 

and -atomic processes involving low mass elementary particles take place, while micro-/macroscopic 

interactions of the bulk substrate such as solid-state or solid/liquid/gas phase changes involving 

multiple atomic domains interactions require longer periods of time, up to the nanosecond (ns, 10-9 s) 

range. By this, USP irradiation in the fs regime has been well applied in molecular analytics, where 

Ahmed H. Zewail as one of the pioneers has been awarded with the Nobel prize of chemistry in 1999, 

while recently Ferenc Krausz, Pierre Agostini and Anne L'Huillier have been granted with the Nobel 

prize of physics in 2023 for the analysis of electron behavior applying attosecond laser pulses. Higher 

pulse energies and beam intensities for quantitative material processing have been enabled in the late 

20th century by the development of chirped pulse amplification (CPA), where a further increase of yet 

low initial seed beam intensities is conducted in a secondary active crystal by means of a temporary 

expanded pulse profile to avoid destruction of the active medium. For this invention, Artur Ashkin, 

Gérard Morou and Donna Strickland - also involved in early investigation of solid state material 

interaction in response to USP irradiation [248] - have been awarded with the Nobel prize of physics 

in 2018. Today, ultrashort laser pulses found their way in many applications involving molecular and 

sub-atomic analysis, surgery as well as micro-scaled industrial processing [249]. 

 

3.1 |  Specifications of USP laser/material interaction 

When laser irradiation strikes solid matter, the laser beam´s intensity is separated into partitions that 

get either reflected, absorbed or transmitted. In opaque materials non-reflected photons are readily 

absorbed by electron or electron-hole excitation, followed by a transfer of the energy to the atomic 

lattice of the bulk substrate by the formation of a thermal equilibrium D�F between the carrier and the 

lattice sub-system via electron-phonon relaxation. This initial interaction occurs by the coupling 

between charge carriers (either electrons or electron-holes) and the electric field of the beam. 

Laser/material interaction is therefore governed by the mutual physical parameters/properties 

including the laser wavelength λ, pulse duration DE and fluence of the laser pulse as well as optical, 

mechanical and thermal substrate properties. The time-scale to achieve D�F alters between 10-12 and 

10-11 s dependent on the material specific electron-phonon coupling strength, also marking the upper 

temporal threshold of the USP regime [250]. An energy transfer to the lattice induces thermal material 

responses involving, e.g., phase changes up to ablation, whereby electron removal might similarly be 

induced by excess excitation effecting ionization and potential atomic bond breaking. The time-frame 

of these lattice interaction finally scales up to milliseconds including melt-expansion, ablation up to 

solidification processes (see Figure 9 for an overview). Material interaction upon USP irradiation has 

widely been approached by physical modelling, whereas the individual time-frames of substrate 

response could be assured by pump-probe analysis and time of flight spectroscopy in various studies 

[251–254]. 



I I  |  S t a t e  o f  t h e  A r t    | 31 

 

 

 

Figure 9: Time-scales of atomic level substrate response on laser irradiation, where sub-atomic scaled processes mostly take 

place within the initial 1-10 ps after irradiation, while atomic/substrate scaled processes are starting to be effective after 

several ps. Modified according to [250]. 

The relation between D�F and the pulse duration DE decides which route further material interaction in 

response to the deposited energy might take dependent of the time frame of energy implantation. In 

case of DE ≫  D�F , a thermal equilibrium between the carrier and lattice sub-system is established 

throughout the majority of the irradiation time-frame leading to predominantly thermal substrate 

responses involving melting, evaporation and the formation of a heat affection zone via thermal 

diffusion. At DE > D�F , structural changes occurring on lower time-scales potentially impact the 

absorption of the rear temporal flank of the laser pulse. Here, a certain formation of a heat affection 

zone might still take place, especially in highly conductive materials. For DE < D�F , the energy 

implantation is concluded before a considerable energy transfer to the substrate lattice system can be 

initiated inducing a pronounced thermal carrier/lattice disequilibrium. The corresponding pulse 

durations in the USP regime are associated with specific ablation mechanisms involving low rates up 

to no thermal substrate affection coining the term of “cold ablation” [249]. The slightly extended range 

of initiated substrate response between 1-10 ps indicates a potential deviation of material specific 

interaction within the upper USP regime dependent on individual electron-phonon relaxation times, 

where a DE > D�F relation might still occur within the boundaries of DE < 10 ps. Dependent on the 

material´s atomic bonding type (metallic, covalent, ionic) and the respective impact of USP laser 

irradiation on its carrier system, substrate response involves either photochemical (especially in 

dielectrics and highly ionic semi-conductors) or photothermal interaction (predominant in metals but 

also relevant in semi-conductors). 

Experimental investigation of material specific ablation mechanisms has been conducted since the late 

2000´s with the availability of the first CPA-based USP systems to deduce the peculiarities of USP 

laser material processing dependent on pulse duration and irradiated/absorbed laser fluence. Here, 

Nolte et al. [255] were able to evidence the occurrence of two separable regimes of altering ablation 

behavior on metals dependent to either fs or ps pulse duration as well as fluence ranging between 0.1 

to 10 J/cm². This initial observations already led to targeted process fine tuning for micromachining 

via fs-pulsed laser ablation [256]. Simon et al. [257] in parallel showed that a certain amount of 

surface melting appears to be still involved in ultrashort ablation processes for Cu and Si despite the 

USP pulse durations, which impacts the surface morphology of the processed substrates. In fact, 

ablation behavior in response to USP irradiation was later been shown to deviate considerably with a 

variation of processing laser parameters even within a single material class in response to the grave 

electron disequilibria states initiated by the elevated pulse intensities [258,259]. Early substrate 

response in the sub-ps to ps time-frame includes considerable electron emission alongside carrier 

system heating that induces surface charging of the substrate. Whereas ablation dynamics in dielectrics 

might involve considerable ion-emission and bond breaking in response to electron depletion leading 
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to specific ionization related ablation mechanisms like coulomb-explosion [260], semi-conductors and 

metals have been shown to exhibit weaker surface charging due to higher carrier mobility [261]. Both 

material classes exhibit either thermomechanical (spallation) or thermodynamical (phase explosion) 

ablation under the involvement of ultrafast homogeneous or heterogeneous formation of a sub- or 

supercritical fluidic state that is highly compressed due to the yet pending physical expansion in these 

short time scales [261–263]. 

Spallation vs. phase explosion 

In the case of spallation, the unloading of thermally induced stress in the further relaxation process 

generates mechanic shockwaves within the super-heated semi-fluidic substrate compartment that get 

refracted at the solid/fluid phase boundary. Alongside the hence effected acoustic relaxation of the 

mechanic shockwaves, internal yield is generated that can range above the substrate inherent tensile 

strength leading to a boiling-like void formation at the solid/fluid boundary that potentially detaches 

the super-heated substrate compartments from the surface. More recent approaches to model spallative 

ablation furthermore consider the additional involvement of sub-surface boiling under the formation of 

a gaseous phase alongside localized acoustic stress relaxation [261]. Although being mainly discussed 

under theoretical assumption, a hint to the acoustic unloading of internal stresses within confined 

initial fluidic substrate compartments has been experimentally observed by the formation of “newton 

rings” within the melt-dome of USP irradiated Si, which are generated by the interference of reflection 

on the dome surface and the physically separated phase front below [264]. The generated crater depth 

of spallative ablation has been shown to be mostly related to optical intrusion depths independent of 

pulse duration at < 10 ps, indicating a rather uniform USP ablation mechanism. Spallation is triggered 

by laser fluences at the material specific ablation threshold �+,� and up to 1.5× above, enabling the 

formation of yet subcritical melting [265]. 

Applying further increased fluences, the elevated heating of the ultrafast generated molten substrate 

compartments in turn induces a supercritical fluid state where temperatures of the yet confined matter 

considerable scale over the material specific melting or vaporization temperatures. Unloading of the 

accumulated internal energies follows the same time-scale of acoustic relaxation like spallation but 

rather involves the heterogeneous precipitation of gaseous phase compartments due to higher internal 

pressure from the elevated matter temperatures. The onset of quantitative internal expansion after a 

few ps induces an explosive ablation under the involvement of a hydrodynamic lift-off of the 

liquid/gas mixture accompanied by the generation of high pressures up to 10²-10³ GPa [261]. On this 

behalf, phase explosion was discussed to be related to fluences that induce substrate heating above the 

material-specific phase explosion threshold ;[-  scaling at 0.9;�7  (;�7  = 7696 K in the case of Cu) 

[266]. A schematic comparison between ablation kinetics of spallation and phase explosion is 

illustrated in Figure 10. 
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Figure 10: Schematic illustration of the two mechanisms of USP induced thermal ablation following the acoustic relaxation 

of confined stress within a sub- or supercritical fluid, involving either thermomechanical spallation or thermodynamic phase 

explosion, dependent on substrate heating _` in relation to the material specific phase explosion threshold temperature _aT. 

Modified according to [261]. 

It has been shown that electron-phonon coupling strength might impact the expression of the phase 

explosion mechanism, where weaker coupling (like in Au, Ag and Cu) leads to a more pronounced 

explosive ablation, while stronger coupling might reduce the critical overheating by continuous 

evaporative cooling alongside early ion emission for higher pulse durations in the ps regime, as 

observed for iron [267]. A similar dependency between the observed ablation mechanisms and DE in 

relation to the effected lattice heating was reported by Winter et al. [265] for Cu, Al and stainless steel. 

Here, a predominantly thermodynamic ablation via phase explosion was assessed at higher pulse 

durations up to 20 ps also involving an increase in �+,�, where thermomechanical stress confinement 

involved in spallative ablation appears to be attenuated at DE > D�F . In fact, a mixed state of 

thermomechanical spallation and thermodynamic phase explosion have been shown to be involved in 

effective USP ablation, where a purposeful tuning of the ablation process enables both high processing 

efficiency and feature quality [250]. Here, Schille et al. [268] defined a mid-fluence regime between 

1.5 to 4 J/cm² exhibiting the highest matter removal rates at a yet comparably mild surface yield by 

phase explosion for the majority of technical materials. Within the fluence range from 0.1 to 10 J/cm² 

relevant for USP micromachining, the low-fluence regime < 1.5 J/cm² is considered to be rather 

related to predominant spallation exhibiting low ablation rates, while the high-fluence regime 

> 4 J/cm² is dominated by ablation via phase explosion, where both ablation rate and surface quality 

might be impaired by agitated hot matter dynamics. 

With the onset of ablation processes in the time-frame above 10 ps, both the physical expansion as 

well as the quantitative removal of hot matter compartments from the surface induces a strong 

convective cooling effect, which eventually freezes dynamically agitated melt-fronts and impedes 

thermal diffusion into the bulk substrate [254]. The superficial substrate modification by USP 

irradiation can hence involve the material specific formation of ablation related surface morphologies, 

whereas high pressure applied by acoustic stress relaxation as well as the explosive expansion might 

similarly lead to deformation and defect implantation into the substrate surface. To further increase the 

understanding of internal substrate processes involved in the modification of surface morphology as 

well as the internal substrate structure, experimental investigation is usually supplemented by 

numerical modelling or simulation of the thermal substrate responses. 

 

3.2 |  Modelling the substrate response on USP irradiation 

The time-scales of USP material interaction majorly range below the temporal resolution limit of most 

relevant analytical methods, by which physical modelling has become a well-applied tool in the 

investigation of USP material processing. To account for the considerable initial thermal carrier/lattice 
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disequilibria upon USP irradiation in the early time-frames below 1-10 ps, Anisimov et al. introduced 

the two-temperature model (TTM) allowing for a separate consideration of the electron gas (carrier) 

and the lattice temperatures ;�  and ;�  within one-dimensional heat implantation and conduction 

[269,270]: 

��(;�) b;�bc  =  d 8�(;� ) b;� be  f − �(;� − ;�) + %�+��7 (3) 

��(;�) b;�bc  =  d 8�(;�  ) b;�be   f + �(;� − ;�) (4) 

Within the TTM, both thermal sub-systems are fully described by individual heat capacities (��, ��) 

and thermal conductivities (8�, 8�), whereby energy implantation by laser irradiation occurs in the 

electron sub-system (implemented by the source term %�+��7 ), which is considered a Fermi-gas 

according to the Drude-Sommerfeld model. Lattice heating is induced by an energy transfer between 

electron gas and lattice under the involvement of electron-phonon coupling represented by the material 

specific coupling coefficient � . Each of the parameters represented in the TTM exhibit a certain 

dynamic alongside USP energy implantation, where especially the properties of the electron sub-

system have been shown to be highly dependent on ;� (��) or the ;�/;� gradient (8� , �) [271–273]. 

Due to the ultrafast excitation of the electron sub-system, optical material properties have been shown 

to be affected within the time-frame of single pulse laser irradiation, as well, by which the rear pulse 

flank couples into a hot electron gas that exhibits modified absorptivity, even within fs pulse durations 

[266,274,275]. Considering a one-dimensional depth dependent absorption of laser energy according 

to the Beer-Lambert Law, the corresponding source term %�+��7 has to be complement accordingly by 

the implementation of a functional relation between optical substrate properties and ;�, where � is the 

material specific absorptivity, � the reflectivity and � (L, c) the temporal and spatial laser intensity 

distribution. 

%�+��7 (x, z, t) =  �(;�) j1 − �(;�)l �(L, c)mno (5) 

Embedded in numerical analyzation, finite element modelling (FEM) or molecular dynamics (MD) 

simulations, the TTM has emerged into a common tool to model ultrafast material interaction, which 

allows further understanding of experimental results as well as the investigation of specific substrate 

responses to USP irradiation on an ultrashort time-scale. 

Zhigilei et al. [276] have been able to reproduce pulse width specific ablation via MD-Simulation on 

Ni represented by three different ablation regimes involving surface melting, spallation, phase 

explosion in the single digit ps range, whereas stress confinement leading to spallation and higher 

ablation yield is averted at 50 ps pulse duration. In fact, MD-modelling allows to grasp the ablation 

kinetics related to USP-irradiation, which supported in the refining of early theories on the 

thermodynamics of USP ablation processes including the verification of a parallel occurrence of both 

spallative and phase explosion ablation mechanisms dependent on the implanted energy [250]. This 

includes the studying of excessively excited electron states and the correlating lattice interaction via 

electron-phonon coupling, which has been shown to impact the dynamic variation of optical material 

properties as well as lattice stability [262,277,278]. Based on this, ultrafast homogeneous melting due 

to non-thermal substrate responses has been evidenced [278,279], which physically enable the 

thermomechanical relevant mechanisms of stress confinement as well as acoustic shock wave 

propagation. Lately, these results have been further validified by a combined approach of numerical 

simulation and X-ray diffraction (XRD) analysis [263,280]. In similar means, the alteration of optical 
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absorptivity alongside USP irradiation due to ultrafast carrier excitation is assessed to allow for further 

tuning of modelling precision [266,281,282]. 

Dependent on the scientific approach, the application of modeling means in the investigation of USP 

related material interaction focusses on either a deeper understanding of inter-atomic processes and 

solid state physics on an ultrashort time scale [258,279,283–285], or rather ablative substrate 

interaction to fine tune material processing strategies [286,287]. This might involve the determination 

of localized heating [78] as well as kinetic ablation processes  [288,289] involved in the formation of 

deterministic surface patterns by periodic spatial intensity distributions. The refinement of the 

modeling possibilities through the research of the first naturally benefits the second, since material 

specific parameters to design an applicable TTM are yet scarce and often imprecise [290]. 

Aside of the investigation of hot matter kinetics involved in topographic substrate processing, the 

actual thermomechanical impact on the internal substrate structure is similarly assessable by means of 

physical modelling, as exemplarily illustrated in Figure 11. Here, Xiong et al. [291] have been able to 

determine deviating thermal diffusion, ablation rate as well as thermomechanical crystal defect 

implantation for polycrystalline Cu, where ablation/defect implantation scales as 111 > 110 >> 100 for 

low indexed plane orientations. This has been related to higher thermomechanical coupling for 111 

and 110 orientations, by which a deeper melting zone and higher dislocation agglomeration up to void 

formation was induced. Comparable impacts of USP induced thermalization on the microstructure of 

Cu were modelled by other groups, as well [284,285,289]. 

 

Figure 11: atomistic MD-simulation plots exhibiting a) a classic slab-design [250] and b, c) a local surface features within a 

periodic arrangement, where scale of MD-simulation dimensions is limited to computing capacity. Each plot displays the 

time resolved substrate response on USP irradiation of either a) Cu exhibiting energy implantation corresponding to a 

wavelength of 800 nm, pulse duration of 100 fs and fluence of 1.16 J/cm² as well as Au at a wavelength of 248 nm, pulse 

duration of 1.6 ps at b) 0.16 J/cm² and c) 0.25 J/cm². d) The atomistic state within the MD-plots is color-indicated, which 

represents a centro-symmetric parameter that indicates the local phase state. Adapted from [291] and [289]. 

In summary, TTM based modelling of the substrate response to USP irradiation has been proven to 

majorly support the understanding of substrate interaction as such, as well as to improve 

parametrization especially under involvement of processing strategies aiming for µm- down to nm-

scaled precision. Especially for advanced USP application an implementation of modelling can 

therefore highly support process design. 
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3.3 |  Substrate modification alongside multi-pulse USP processing 

3.3.1 |  Incubation 

Since material interaction in response to USP-irradiation does not involve significant heat diffusion 

into the bulk substrate, single pulse ablation is limited to scales around the optical penetration or 

absorption depth of � = 1/�, where the irradiated laser intensity drops to 1/p ranging around a few 

10 nm for most metals. To achieve a quantitative impact on substrate topography, USP surface 

processing requires the application of multiple pulses within a confined area effecting higher ablation 

volumes. Similar to the impact of excited carrier states during single pulse irradiation [266], the 

continuous modification of the substrate topography, surface chemistry and internal structure 

alongside consecutive irradiation potentially impacts optical absorptivity of the substrate surface and 

in turn laser/material interaction. Jee et al. [292] have evidenced an impact of multi-pulse 

accumulation on the effective ablation threshold of single crystal metals applying laser pulses of 10 ns 

pulse duration at a wavelength of 1064 nm. The ablation threshold decrease was traced back to both 

damage accumulation and surface roughening, where the initial preparation of samples has already 

been shown to have an impact due to the resulting initial surface deformation state. A higher defect 

accumulation was found on 111 compared to 110 plane orientations for Cu, where also a formation of 

LIPSS could be assessed, which is actually rather associated with USP pulse durations [293]. Based on 

these observations, Jee et al. formulated a universal incubation law, where the effective ablation 

threshold �0 after N pulses is related to the initial threshold �/ and the material specific incubation 

coefficient %: 

�0 =  �/�qmr (6) 

The estimation of %  is related to a correlation of experimental data between single ablation spot 

development over consecutive pulse accumulation, as exemplarily illustrated in Figure 12.  

 

Figure 12: Exemplary illustration of damage threshold fluences Ss related to various morphologies induced by multi-pulse 

laser irradiation of chemically polished 110 Cu surfaces at 10 ns and a wavelength of 1064 nm. Adapted from [292]. 
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Here, a modification of the formation threshold of specific surface features �'  is related to spot 

expansion based on multi-pulse irradiation with a Gaussian intensity profile at a peak fluence of �t+u 

via the spot diameter of surface modification L'  and the beam width IJ . As a consequence of 

incubation, �' is declining with increasing pulse count. 

�' =  �t+umvuwx /yz²
 (7) 

The incubation coefficient % correlates to the slope of accumulated fluence and the corresponding 

pulse count, which can be related to the pulse wise expanding area of quantitative surface damage. In 

[292], �' was related to the occurrence of visible surface damages scaling in the range between flat 

melting and ripple pattern (LIPSS) formation. Based on this, the estimation of % is not always straight 

forward and might in turn strongly depend on the visible amount of material specific interaction on 

laser irradiation. The peculiarities of material specific incubation alongside multi-pulse processing 

were already highlighted within the same study, where %  varied between the 111 and 110 plane 

orientation of Cu [292]. 

Based on Jee´s law of incubation, investigation of surface incubation alongside multi-pulse processing 

has been conducted in a focused manner for various parameter constellations in USP processing of Cu 

surfaces, while also adaptations have been made, e.g., to enable an application for dielectrics and 

semi-conductors [294]. Mannion et al. [295] investigated damage accumulation on several metals 

alongside USP irradiation with a pulse duration of 150 fs and a wavelength of 775 nm after 5, 10, 15 

and 100 pulses also involving polycrystalline Cu sheets. Based on the relation of L' to applied fluence � and the ablation threshold �+,� in equation (8), a direct connection to the incubation wise expanse of 

single spot ablation craters was formulated including Jee´s law of incubation.  

L'v =  2IJv ln ~ ��+,�� (8) 

L' =  IJ  �2 ln ~ ��/�qmr� (9) 

In [295], the reduction of �+,� by incubation is discussed to be traceable to the accumulation of laser 

induced thermal stress fields within the substrate. The expanse of L'  alongside multi-pulse USP-

irradiation was shown to follow a steep slope within the first 10 pulses and gradually attenuate up to 

100 pulses highlighting a particularly strong expression of the incubation effect in the initial phase of 

material processing. A transition between spallation and phase explosion with increasing pulse count 

at a constant fluence was related to the modification of surface morphology of the ablation craters, 

while also LIPSS were observed alongside “gentle” fluence regimes on Cu. The incubation coefficient % = 0.87 calculated by [295] corresponds to the values of Jee et al. [292] with % = 0.92 for 110 and % = 0.85 for single crystal Cu, despite the differences in pulse duration, where the scaling of ablation 

threshold should be assumed as DE/.�. In contrast, Kirkwood et al. [296] found % = 0.76 on clean Cu 

foils and thin films for almost similar laser parameters (120 fs, 800 nm), where however the individual 

Cu single pulse ablation thresholds calculated already exhibit a certain deviation with �/ �+��$��  = 0.58 J/cm² and �/ �$7�y��J  = 1.06 - 1.1 J/cm². This highlights both the limitations in 

accessibility of incubation by experimental means, where the experimental setup might modify the 

beam shape hence affecting readability of L' (in [295] diffraction rings were formed by a pin hole 

aperture, while in [296] the beam profile was not circular but elliptical), as well as a potential impact 

of initial Cu surface properties of the different substrate states on early state laser/material interaction. 
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In fact, after extended aging under ambient condition, a decrease of �/ was also observed for thin film 

Cu samples in [296]. 

Further investigation on the incubation of Cu involved modified pulse durations up to 10 ps, where 

both higher �/  and �0  ablation thresholds were observed in [297] compared to fs-based ablation 

consistent with DE/.�. In [265], an increase of �+,� with DE is paralleled with a decrease in ablation 

efficiency attributed to reduced compartments of thermomechanical ablation involving stress 

confinement at pulse durations > 5 ps. Alongside an alteration in ablation kinetics, incubation in multi-

pulse processing was similarly been found to be highly dependent on pulse duration, as well as the 

applied fluence, where the pulse wise increase of �0 exhibits a slope steepening from 0.4 J/cm² up to 

3 J/cm² alongside further pronouncing phase explosion. Above this fluence levels, incubation does not 

increase significantly, anymore befitting the mid-fluence regime considerations of [268]. 

Different impacts of laser induced surface modification have been discussed in connection to 

incubation, which are highly dependent on the mutual interaction of thermomechanical/-dynamical 

substrate response and the laser parameters applied. Potential mechanisms of incubation include the 

modification of topography, chemistry and the internal substrate structure, by which they might 

similarly impact functional Cu surface properties related to microbial responses that have been 

discussed in the Chapter 1 and 2. In the following sections, the modification of Cu surface and 

substrate properties by multi-pulse USP laser processing is therefore considered both in its influence 

on laser/material interaction in terms of incubation as well as application related surface 

functionalization within in the scope of this work. 

3.3.2 |  Impact of topography 

The modification of topography is yet considered to exhibit the strongest impact on optical surface 

properties related to incubation. Independent of the material, USP induced ablation causes surface 

roughening in the nm- up to the µm-scale depending on the ablation mechanism taking place. Here, 

ablation induced roughening on metals exhibiting a low electron-phonon coupling strength like Cu is 

more pronounced than, e.g., on Steel, due to the deviating ablation behavior with higher compartments 

of phase explosion, as visible for single pulse irradiation at DE  = 525 fs or 20 ps and  3 × �+,�  in 

Figure 13 [265].  

 

Figure 13: Comparison of nm-scaled surface roughening on a) Cu and b) AISI 304 stainless steel via melt agitation induced 

by ablation at fluences of � × S��` and pulse durations of either 525 fs or 20 ps majorly related to phase explosion. Phase 

explosion as well as the related crated formation is more pronounced at longer pulse durations as well as lower electron-

phonon coupling strength. Adapted from [265]. 

Vorobyev et al. [298] monitored the pulse wise modification of surface reflectivity on mechanically 

polished Ar+-etched Cu surfaces after irradiation at a pulse duration of 66 fs and 800 nm wavelength 

dependent on the fluence applied. To involve the potential amplification of absorption by excited 

surface electron states in combination with the nm-scaled roughening of the topography, reflectivity 

was measured both for processing relevant as well as sub-ablative fluences. In fact, reflectivity was 

shown to deviate dependent on the monitoring fluence applied, where higher fluences exhibited lower 
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reflectance alongside increased surface roughening already after few pulses. The decrease in 

reflectivity was also found to be more pronounced for higher fluences, where initial reflectivity is 

already lowered, which might be linked to higher excited electron temperatures as well as a stronger 

modification of topography alongside enhanced phase explosion kinetics. The crater-like surface 

morphology of Cu induced by phase explosion ablation exhibits a general behavior of pulse wise 

increase in crater diameter as well as stochastic surface roughening [299]. The related topographic 

features that scale below the applied wavelength generally lead to increased absorptivity due to a 

graded refractive index (antireflection effect) [79] and plasmonic absorption (also related to LIPSS 

formation [300]). A more pronounced cavity formation might similarly lead to trapping via diffusive 

scattering similar to the key-hole effect in laser welding. According to [298] ablation induced surface 

roughening on Cu appears to have the highest effect in case of high-intensity irradiation both by 

electron excitation as well as effective surface roughening. By this, initial absorptivity was found to be 

increased two- up to three-fold already after the first pulse [301]. 

Laser-Induced Periodic Surface Structures (LIPSS) 

With a more pronounced topography modification, absorption of laser irradiation might become 

sensitive to beam polarization, which was barely observable in [298] but found for USP irradiation of 

Cu at incidence angles above 45°[248,251]. This might give rise to laser-induced self-organizing 

surface morphologies like LIPSS that have been found to be highly dependent on a certain amount of 

initial surface roughening combined with preferential ablation/melt-dynamics influenced by laser 

beam polarization. In recent theories of LIPSS formation, an irradiating laser pulse is interfering with 

surface plasmon polaritons (SPP) that are generated in response to photon absorption from the 

preceding pulse edge, which leads to a periodically modified laser intensity pattern in perpendicular 

orientation to the electric-field polarization of the laser pulse that photothermally interacts with the 

substrate surface [302]. In case of a nm-roughened topography, the interaction between the external 

electric field of the irradiating laser pulse, as well as the internal SPP field is facilitated due to the 

diffuse surface boundary layer of the substrate surface effecting a higher overlap of both fields [303]. 

The SPP based mechanism of self-interference is linked to the availability of free carriers in the 

vicinity of the substrate surface, which is characteristic for metals and some semi-conductors, although 

LIPSS formation can also be observed on dielectrics [304]. Here, electron excitation via multi photon 

absorption is assumed to contribute to a filling of the conduction band in semi-conductors and 

dielectrics according to the Sipe-Drude Modell by which they gain metal-like properties [305]. LIPSS 

are separated in either low spatial frequency LIPSS (LSFL, > λ/2) or high spatial frequency LIPSS 

(HSFL, < λ/2) by feature size and pattern orientation in relation to beam polarization. Although 

especially LSFL are highly bound to pattern periodicities slightly below the laser wavelength, LIPSS 

periodicity was found to depend on the incidence angle, where also scale relations > λ have been 

observed [303]. 

Several theories on the underlying mechanisms of topographic surface modification are under debate 

that might be active in a combined or separate manner in LIPSS formation involving preferential 

ablation and/or dynamic melt kinetics. Marangoni convection within superficial melt pools is 

considered to be majorly involved in HSFL formation, while especially the depth development of 

LSFL additionally requires a certain amount of ablative interaction [302]. Currently, a transformation 

of the active mechanism alongside multi-pulse response is considered most likely, where initial 

surface modification is modulated by SPP interference potentially including melt dynamics driven by 

acoustic or capillary waves as well as Marangoni convection, while further pattern pronunciation 

follows a heterogeneous energy implantation modulated by surface roughness or localized defect 

formation [304].  



40 |   I I  |  S t a t e  o f  t h e  A r t  

 

 

Although LIPSS formation is majorly related to USP laser processes, observations on Cu have also 

been made for short pulse durations in the ps- [306] and ns-regime [292]. Alongside USP irradiation, 

LIPSS formation on Cu is majorly linked to high pulse accumulation of several 100 up to 1000 pulses 

[303,307], while other metals might already exhibit LIPSS formation after less than 20 pulses 

[302,304]. Due to the potential relation on early state melt dynamics, LIPSS formation is commonly 

related to low fluence regimes, where phase explosion kinetics are majorly attenuated. The need for an 

initial melt reorganization via, e.g., Marangoni convection might similarly cause the lesser expressed 

LIPSS formation on Cu exhibiting agitated melt dynamics alongside USP processing. On this behalf a 

potential involvement of process-induced surface oxidation including particle redeposition might be 

assumed [303,308], since both Cu2O and CuO exhibit a considerably higher affinity to LIPSS 

formation due to their semi-conduction properties [309]. In fact, an accumulation of surface oxide 

might similarly contribute to overall Cu incubation due to increased photon absorption at near-infrared 

(NIR) wavelengths. 

3.3.3 |  Surface oxidation 

With a normalization in pulse wise topographic modification by phase explosion kinetics found on Cu 

surfaces after USP irradiation at pulse counts > 20 in the high- and mid-fluence regime, a decrease in 

incubation would furthermore be suggested in case of a predominant topographic impact on optical 

surface absorptivity, which is however not observed in [298]. Alongside a further increase in crater 

depth, additional impacts of structural defect implantation and oxide agglomeration have therefore 

been assumed to be similarly involved in USP Cu incubation. In this context, Jee et al. [292] already 

discussed a potential defect implantation mechanism by laser ablation of surface oxides at fluences 

below �'. 

Early investigations on the role of surface oxide in the absorption of infrared wavelengths including 

CO2 laser sources showed that multiple internal reflections and interference inside the oxide layer can 

in fact increase absorptivity of the Cu surface [310]. However, oxide thickness needed to range above 

100 nm to enable this effect. Oxide thickness on Cu surfaces was found to be highly related to the 

substrate´s microstructure with a higher expression on polycrystalline Cu that scales with decreasing 

grain size. Since ambient surface oxidation is related to surface passivation against external chemical 

potentials it follows similar driving forces of surface energy and ion diffusion like in liquid 

environment [224]. Fujita et al. [311,312] found a passivation layer thickness relation of 

111 > 110 > 100 on single crystal Cu surface under low-temperature conditions, where the highest 

diffusion mobility was similarly assessed for 111 plane orientations in [313]. Nevertheless, a 

polycrystalline substrate state was consistently found to exhibit higher oxide thicknesses compared to 

single crystal surfaces [224,313], where surface oxidation scales with the density of grain boundaries 

and surface defects [217]. In a relatable study, Porteus et al. [314] investigated the effect of Cu surface 

preparation on the damage threshold in the development of damage-resistant mirrors for high-power 

pulsed infrared laser applications using a similar laser system. Different types of damage 

(topographically relevant crater formation and melting as well as structural defects like slip-

band/dislocations) were observed after short pulsed irradiation using a train of 20 ns pulses with 

100 ns envelope duration at fluences up to 300 J/cm² under vacuum. They found a �' relation for 

crater formation and melting that scales as 111 single crystal UHV etched > polycrystalline electro-

polished > polycrystalline mechanically polished >> polycrystalline electro-polished oxidized. A 

decrease of approx. 30% in �' between “fresh” and passivation oxidized electro-polished samples for 

both damaging processes highlights the impact of Cu surface oxide on optical absorptance at this 

wavelength spectrum. 

Aside of potential coupling effects at defect states within the oxide as well as the boundary layer 

between oxide and substrate, the band structure of the two predominant Cu oxide phases of cuprous 
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Cu2O and cupric CuO might similarly contribute to a decrease in reflectivity of Cu surfaces. Both 

oxide species represent p-type semi-conducting properties, where Cu2O exhibits a direct band gap of 

2.02 - 2.17 eV corresponding to electro-magnetic wavelengths between 571 nm and 613 nm, which is 

further decreased to 1.2 – 1.9 eV representing a NIR spectrum from 653 nm to 1033 nm in the case of 

CuO [315]. The relation between band gap energy and photon absorption for semi-conductors are 

directly linked to the color of both oxides in their mineral state where cuprite (Cu2O) exhibits a 

brownish red close to the original color of metallic Cu due to increased absorption in the yellow and 

green spectrum of visible light, while tenorite (CuO) represents absorption capacities up to the NIR 

spectrum resulting in an almost black coloring [316]. These low band gap values might be the cause in 

the significant variation of Cu reflectivity at an electro-magnetic spectrum around 800 nm measured in 

early studies [251,281,295,296], where an impact of sample preparation was barely considered. In 

[296], thin film reflectance was measured as approx. 94 % for cleaned and 77.4 % for aged samples 

e.g., whereas literature states a reflectance of approx. 96.5 % on metallic Cu for this wavelength [317]. 

In fact, both Cu2O and CuO formation have been shown to be involved in atmospheric aging of Cu 

surfaces [224]. Under consideration of the USP-specific absorption mechanisms in semiconductors via 

coupling at defect states and multi-photon absorption, surface oxidation might in fact play an 

important role both in incubation as well as initial photon absorption within USP-processing of Cu 

considerably increasing the low metallic absorptance within the NIR first harmonic emission spectra 

of USP laser sources (800 nm for Ti:Sapphire and 1030/1060 nm for ytterbium based fiber lasers). 

Oxide formation alongside laser processing of Cu that is potentially linked to incubation mechanisms 

might take place by thermally induced epitaxial bulk growth as well as redeposition of ablated matter 

that gets oxidized during atmospheric interaction supported by elevated particle temperatures and 

surface/volume ratio. Taking both the ultrafast thermal interactions as well as the strong conductive 

cooling alongside eruptive ablation into account [261,265], redeposition might actually play a more 

dominant role, here. In fact, Anderson et al. [318] observed a significant variation of process induced 

surface oxidation on Cu alongside mid-fluence ablation between fs and ps pulse durations within the 

USP regime. Pulse durations of 4 ps induced thick oxide layers accompanied by pronounced oxidic 

sub-pattern formation, while pulse durations of 35 fs exhibit low and non-uniform oxide 

agglomeration. In both cases, redeposition of nanoclusters from ablated matter was identified as the 

driving oxidation mechanism [318], where the difference in quantitative redeposition between the two 

pulse durations might be linked to differently expressed ablation dynamics based on the observations 

of [265]. Quantitative oxide agglomeration might finally lead to partial surface shielding like observed 

in excessive irradiation with short pulse durations [69], whereas surface morphology modification 

might be driven by material specific USP laser/material interaction of the oxides including, e.g., 

LIPSS formation [309]. 

Due to the predominant mechanism of redeposition in USP processing related surface oxidation, the 

oxide layer formed might be considered as an agglomerate of oxidic NP in a sinter-like matrix state. 

NP particle size and properties linked to processing parameters have been investigated for laser 

irradiation applying DE  = 50 fs, λ = 800 nm and fluences within the mid- and high-fluence USP 

processing regime between 1 and 10 J/cm² in [319]. Here, the NP size was found to be equally 

distributed within 1-20 nm and in few cases up to 50 nm independent from the fluence applied, 

whereby NP formation is discussed to relate to decomposing mechanisms in the trace of material 

ablation, where the fluences within this regime mainly influences the ablation volume and lesser the 

ablation mechanism [319]. Surface agglomeration alongside multi-pulse processing at similar laser 

parameters have been investigated by Anoop et al. [299], where oxidic structures were shown to grow 

in size with increasing pulse overlap and become coarser with higher fluences. Due to the vortex-

shaped intensity profile, localized spots of oxide agglomeration were formed within the central low- to 

zero-intensity spot area indicating a potential impact of modified intensity profiles on localized oxide 



42 |   I I  |  S t a t e  o f  t h e  A r t  

 

 

distribution. Similar to the observations on pulse wise topography modification [298], the morphology 

of agglomerated oxide was reported to not exhibit significant changes after a pulse count between 20 

and 50 [299]. Since the band gap related absorptivity of Cu2O and CuO was shown to be highly 

dependent on defect density in relation to the oxide formation mechanism [315], the porous NP 

structure of process induced Cu oxidation might further impact optical absorptivity. In addition, the 

high surface/volume ratio of metallic NP at the size scale below 20 nm was found to affect the internal 

energy balance leading to a decrease in melting temperature [320], which potentially further agitates 

the oxidic impact on incubation. 

3.3.4 |  Crystallographic defect implantation 

Incubation during USP processing of Cu surfaces can be considered to involve a combined impact on 

multiple types of surface modification based on the state of research reviewed in the previous chapters, 

especially at NIR wavelengths. Here, ablation dynamics have shown to impact optical surface 

properties both by topographic modification as well as oxidic redeposition of previously expulsed 

matter. The explosive kinetics of thermomechanical substrate interaction might include high expansive 

internal pressure formation of up to several hundred GPa [261], that potentially exerts mechanic stress 

upon deformation of the substrate microstructure. In MD simulation, slip bands, dislocations and up to 

void formation was observed alongside thermomechanical ablation due to acoustic stress propagation 

into the irradiated bulk Cu substrate [289,291]. The introduced stress field relates to deliberately 

applied superficial substrate deformation via laser shock peening [321], however with predominantly 

tensile stresses within closer proximity to the surface [291]. 

Damage accumulation within the crystalline microstructure of single crystal Cu substrates in response 

to consecutive ps pulsed NIR laser irradiation was experimentally investigated in [322] by means of 

scanning and transmission electron microscopy (SEM, TEM). Here, initial defect sites like scratches 

and voids were found to induce a localized increase in thermal substrate interaction. USP induced 

crystallographic substrate modification involves nm-scaled grain refining originating from ultrafast 

solidification processes as well as twin and void formation, even at fluences below detectable 

damaging thresholds �'. The observed cooling rates would suggest the formation of an amorphous 

microstructure, which is however not stabilized in pure Cu due to the lack of stabilizing alloy 

compartments. Instead, previously molten surface compartments exhibit grain precipitation with 

deviating orientation from the bulk microstructure. The mechanism of crystallographic defect 

implantation might lead to an increase in optical absorptance similar to the observations comparing �' 

of electro- and mechanically polished Cu surfaces in [314]. Interestingly, �' for slip band formation 

was found to be increased for pre-deformed substrate surfaces despite a lower crater and melt 

formation threshold, where consecutive substrate deformation appears to enhance resistance against 

further mechanical defect implantation similar to the mechanism of work hardening [314]. Directly 

applying USP micromachining in a SEM environment, microstructure modification of 111 oriented 

single crystal Cu including twinning and dislocation formation was found to penetrate up to a depth of 

5 µm, where high dislocation densities are concentrated at depths of 1 – 4 µm from the substrate 

surface [323]. Multi-pulse USP irradiation at increased incidence angles was furthermore found to 

induce a higher incubation impact for p- versus s-polarized pulses, which was related to differently 

expressed surface plasmon excitation along elevated superficial defect densities [324]. In [325], low-

fluence LIPSS formation on fcc Ni surfaces was discussed to be linked to microstructure modification 

by twinning and slip band formation. 

Based on this, the defect state of the near surface Cu microstructure and its further modification 

alongside multi-pulse USP processing might in fact influence quantitative absorptance of laser energy, 

at least by a decrease in the free electron path length with increased grain boundary and lattice defect 

density. Due to the parallel occurrence and mutual relation of the individual mechanisms of incubation 
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discussed in the previous chapters, a clear separation and quantification of their respective effect on 

optical surface properties however is hardly possible. Within sophisticated concepts of surface 

modification, the individual mechanisms of incubation need to be included into the USP processing 

strategy to allow for high accuracy.  

3.3.5 |  Incubation vs. antimicrobial functionality of Cu surfaces 

Incubation related substrate modification might potentially influence functional surface properties in a 

similar manner. A high defect density in vicinity to the substrate surface has been shown to potentially 

effect increased Cu ion emission rates [238] as well as physicochemical surface properties tailoring 

bacterial adhesion and the bacteria/substrate response [83,138]. In similar relation, the ablation-related 

modification of topographic morphology as well as surface chemistry are very likely to exhibit an 

influence on how bacteria sense and respond to the USP processed metallic substrate [82,132,148]. 

Topographic surface modification including the self-assembly of either stochastic or deterministic sub-

µm-scaled surface morphologies might impair quantitative bacteria/surface contact, which is 

considered in antimicrobial surface concepts, already [71,146]. Chemical surface modification 

involving an increase in surface oxidation has been observed to potentially interfere with antimicrobial 

capacities due to decreasing Cu ion release rates [51,69,77,80]. However, the existing knowledge 

majorly involves considerable oxide layer thicknesses induced via quantitative epitaxial oxide growth, 

whereas oxidic nano-cluster redepositing alongside USP processing might exhibit a deviating behavior 

due to its close relation to NP-based strategies of Cu application [59]. Based on these considerations, 

surface functionalization via USP laser irradiation aiming for increased antimicrobial efficiency of Cu 

surfaces need to include an understanding of material specific response mechanisms alongside multi-

pulse processing to enable a purposeful surface design. 
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4 |  Direct Laser Interference Patterning (DLIP) 

Topographic surface modification by means of USP processing can be achieved by both ablative 

micromachining as well as the generation of self-assembling sub-patterns like, e.g., LIPSS, whereas a 

potential variation of bacteria/surface interaction is most likely achieved by pattern sizes in the low 

µm- and sub-µm regime [25,132]. Although LIPSS already exhibit potential applicability for the 

design of antimicrobial metal surfaces due to a predominant P < Bacterium size relation [71], their 

material specific formation and accompanying chemical impact on substrate properties do not favor a 

more targeted application in the case of Cu [303,308,309]. Hence, topographic surface design in the 

scale-range of single bacteria cells preserving the actively antimicrobial Cu properties are more likely 

to be attained by micromachining approaches. In the case of conventional direct laser writing (DLW), 

the minimal achievable pattern size P scales with the focus diameter ������ in relation to the focal 

length of the lens system � as well as the laser wavelength λ, the diffraction index M² and seed beam 

diameter �� .  
������ =  G � �²��  (10) 

Applying the seed laser parameters of a common Ti:Sapphire USP laser system (λ = 800 nm, M² = 1.3, �� = 8 mm [326,327]), the focal length � would need to be adjusted at 30 to 10 mm to enable P ≈ Bac 

pattern sizes, while smaller patterns can barely be achieved with this technique [328,329]. Furthermore 

considering processing speed and application relevant spatial surface sizes, DLW is nowadays majorly 

involving galvanometer or polygon-scanners, where the applied Theta-lenses are rather tuned to � > 100 mm with spot sizes ranging in the scale of several tens of µm [297]. 

A generation of topographic surface patterns below this diffraction limit can in turn be realized by 

spatial modulation of the irradiating intensity profile by laser interference. Overlapping two or more 

coherent partial beams on the substrate surface leads to the formation of periodic intensity modulations 

dependent in periodicity and geometry on the number, wavelength and irradiation angle of the 

overlapping partial beams. First experiments on the modification of metallic surfaces by means of 

direct laser interference have been conducted in the late 20th and early 21st century [330–334] coining 

the term laser interference metallography [335–337], which was later transformed into direct laser 

interference patterning (DLIP) [338,339]. Although early works majorly utilized short pulse durations 

in the nanosecond regime, USP interference was also readily applied in lithographic [340,341] and 

direct patterning approaches [257,342,343]. After more than twenty years of applied research, DLIP 

has been formed into a readily applicable tool for µm- and sub-µm scaled deterministic surface 

patterning enabling advanced surface functionalities that follow manifold natural blue prints like the 

lotus leave, shark skin and butterfly wings [74]. Optimization of technical surface properties via DLIP 

enables reduced friction and wear in various tribological systems [344–346], increased solar 

absorption [79,347], tailored interaction with liquid media [348,349] and different cell types of the 

human body [333,350–352] as well as the generation of diffractive color gratings [353] amongst many 

other applications. 

 

4.1 |  Theory of laser interference 

In a simplified approximation, light can be described as a plane electromagnetic wave represented by 

the linearly polarized amplitude of the e-field �(L, c) in space and time. 

�$  (L, c) = �/$ (�>( H$c − (8$ L +  M$)) (11) 
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where H$c represents the temporal and 8$L +  M$ the spatial phase with H$ as the circular frequency, 8$ 
as the wave-number and M$ as the initial phase constant of a single wave “�”. In case of laser light that 

is characterized by monochromatism, temporal and spatial coherence, the properties of a single wave 

can be approximated to similarly apply for larger wave bundles up to a whole laser pulse. The spatial 

intensity distribution in relation to the electromagnetic wave-nature of laser light is directly linked to 

the amplitude of �. 

� =  
 �/2  |�|² (12) 

An overlap of two monochromatic waves effects a summarization of �$, whereas the corresponding 

intensity modulation depends on the phase relation � between the two waves. 

�7�� (L, c) = � �$  (L, c)v
$�r =  �r (L, c) + �v (L, c) (13) 

�7��(L, c) =  � ��v  |�7��  |v =  rv  (�rv +  �vv) + 2�r�v cos(�) =  �r +  �v + 2��r�v cos(�) (14) 

Here, 2��r�v cos(�) is defined as the interference term inducing a spatial modulation of �7��(L, c). 

With �r = �v =  rv �/  and �r = �v =  rv �/ , �7��(L, c) varies between 2�/  and 0 alongside constructive 

and destructive interference in response to cos(�). 

cos(�) = �  �, if � = 2>�   ⟹ �7�� =  �r + �v + 2��r�v = 2�/ �, if � = > �v           ⟹ �7�� =  �r +  �v = �/                 −�, if � = (2> + 1)� ⟹ �7�� =  �r +  �v − 2��r�v = 0  

 

constructive interference 

neutral 

destructive interference 

(15) 
 

A schematic illustration of the interference between two coherent laser beams complemented by the 

corresponding modulation of �7��(L, c) is displayed in Figure 14. 

 

Figure 14: a) overlapping of two coherent laser beams on a substrate surface leads to a sinusoidal spatial modulation of the 

e-field generating a one-dimensional pattern of alternating constructive and destructive interference. b) modulation of the e-

field similarly varies the spatial intensity distribution where ����( , ¡) = ¢�� or � in case of fully constructive or destructive 

interference, respectively. 

Implementing 8r = 8v =  v�£  for the wavenumbers, the one-dimensional spatial intensity modulation 

of I(x) by two-beam interference can be rewritten as  
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�(L) = 2�/ 
B( ~2�LG sin(&)�v
 (16) 

with  &  as the single beam incidence angle and G  as the wavelength, which parallelly allows to 

calculate the pattern periodicity � achieved in relation to both [336]: 

� =  G2 sin(&)  (17) 

The numerical derivation of the basic equations of two-beam laser interference, which are well known 

from the relevant literature, provides the most relevant information to design a given optical setup in 

order to achieve distinctive primary pattern parameters. A slight modification of equation 17 

furthermore allows the design of hexagonal pattern arrangements by three-beam interference, whereas 

calculations of both the pattern scale as well as the intensity modulation itself are increasing in 

complexity with rising beam count. 

� =  G√3 sin(&)  (18) 

Schematic examples of the spatial intensity modulation corresponding to two- and three-beam 

interference are provided in Figure 15a and b. By this technique, patterns exhibiting a high resolution 

down to sub-µm scales can be generated within a single laser spot and transferred to the substrate 

surface via photothermal or photochemical interaction. Here, the thermal substrate interaction in 

response to the properties of the irradiating laser governs the shape and geometry of the topographic 

patterns generated, which can range from microstructure rearrangement to melt-pool dynamics during 

short-pulse up to explosive ablation in response to USP irradiation in the case of metals, as illustrated 

in Figure 15c-f. 

 

Figure 15: topographic surface modification of metallic substrates by a) two- and b) three-beam interference inducing 

characteristic pattern morphologies related to either melt-pool dynamics in the case of short pulsed DLIP (SP-DLIP) in c) and 

e) (adapted from [354]) or eruptive ablation kinetics induced by USP-DLIP in d) and f). 

With a reduction in pulse duration, the edge definition of the DLIP-pattern increases. Hence, a precise 

topographical mapping of local beam intensity modulations can be achieved with USP-DLIP, whereas 

with short-pulse DLIP (SP-DLIP) topographical structure formation are particularly related to and 
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limited by melt kinetics. However, USP specific material interaction similarly has to be considered in 

overall pattern morphology alongside USP-DLIP as well as technical restrictions in beam guidance. 

 

4.2 |  Applying DLIP with USP 

Compared to SP-DLIP applying either nanosecond or two- up to three-digit picosecond pulse 

durations, beam handling and guidance enabling full spatial interference of USP laser pulses exhibit 

considerable difficulties due to the comparably low coherence length (e.g., approx. 30 µm in the case 

of 100 fs pulse durations [336]). Due to this, USP-DLIP needs to imply imaging optical setups [355], 

whereas group velocity dispersion by optical elements might cause further restrictions in the lower 

threshold of applicable pulse durations. In the case of pulse durations close to 10 ps, the use of prisms 

for partial beam collimation has been shown to still be feasible [78]. However, with a further decrease 

in DE, the deviating optical path lengths between the interior and external spot compartments inside the 

refracting medium induce a critical distortion of the spatial coherence between the respective spot 

edges. An interference of single-digit down to sub-picosecond pulses was realized by Simon et al. 

[257,289] for UV wavelengths by the application of Schwarzschild optics, in turn. Both setups allow 

to modify � solely by repositioning the beam splitting device (1). Another optical setup, which is 

currently the most frequently used in USP-DLIP, comprises of a multi-lens imaging system involving 

either passive or active adaption of the partial beam optical path lengths applicable for wavelengths in 

the visible up to the IR spectrum [340,343,355–358]. Here, the precise adjustment of the optical 

arrangement between the collimating and focusing lens ((2) and (3) in Figure 16c) however is limited 

to a fixed interference setup and pattern periodicity, where an alteration of �  would require a 

replacement of at least one of the optical elements. The three imaging optical systems applied in USP-

DLIP so far are illustrated in Figure 16. 

 

Figure 16: schematic illustration of the three imaging optical setups most frequently applied in USP-DLIP comprising a (1) 

beam splitter (e.g., a DOE or SLM), (2) a collimating optic, which can be a) a prism, or c) a compressor lens and finally a 

focusing optic, which might be either a),c) a compressor lens or b) a Schwarzschild optic. 

Apart from spatial coherence, the actual pulse duration similarly affects the thermal interaction of the 

substrate medium, where thermal conductivity as well as material specific ablation mechanisms have 

been shown to interfere lesser with sub-µm pattern sizes in case of USP pulse durations. Nevertheless, 

Simon et al. [257,289] showed that melt kinetics still appear to play a dominant role in sub-µm pattern 

formation after irradiation with ps and sub-ps pulse durations. In parallel, Bieda et al. [78] observed an 

instability of sub-µm patterning on Cu after dual-pulse irradiation with a pulse duration of 35 ps, 

which remained stable on lesser conductive stainless steel and Ti, in contrast. The thermal diffusion 
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length 91  restricting minimal spatial pattern sizes can be approximated involving the thermal 

diffusivity �, where in the case of Cu, 91 in the upper SP regime at 10 ns was previously estimated at 

approx. 2 µm vs. 1.3 µm for steel [359]. 

91 = �� DE (19) 

With a reduction of the applied pulse duration DE from ns down to ps and fs, 91 should be assumed to 

decrease by orders of magnitude according to equation 19. However, thermal substrate interaction 

does not necessarily occur in the same time frame as the applied pulse duration, where substrate 

thermalization up to phase transitions and ablation might cover time scales several orders of 

magnitude above DE in case of USP irradiation still allowing for a certain amount of thermal diffusion 

[250,265]. In parallel, material specific ablation dynamics leading to sub-patterns like, e.g., LIPSS that 

might additionally interfere with primary pattern formation also need to be considered in USP-DLIP. 

In more recent works, LIPSS formation alongside primarily DLIP patterning was deliberately used for 

the generation of hierarchical surface patterns involving both LSFL and HSFL [360–364]. In 

accordance to the current theories on the mechanism of LIPSS formation [304], hierarchical pattern 

design involves an adaptation of the beam polarization to allow for LIPSS alignment in certain 

orientations to the primary DLIP pattern. Here, an additional impact of single beam polarization on the 

actual intensity modulation by interference was shown to similarly lead to a modified primary pattern 

formation. In the case of two-beam laser interference lithography, Ellman et al. [365] found a 

considerable impact of modified single beam polarization on the modulation contrast of line-like 

intensity patterns. Similar observations have been made in the comparison between s- and p-polarized 

interference with increasing incidence angle &, where p-polarization induces a decreasing contrast in 

intensity modulation, while s-polarized intensity modulation was not affected by an increase in & 

[366]. In case of the interference of three or more beams, a deliberate individual adjustment of partial 

beam polarization has been shown to enable an inversion between intensity maxima and minima areas 

[367,368], as well as an increase in periodic patterns complexity [369]. 

 

4.3 |  DLIP processing aiming to impact bacterial interaction 

Deterministic surface patterning via DLIP has yet been considered for antimicrobial and antifouling 

surface designs in a number of studies. Applying SP-DLIP with wavelengths mostly in the UV 

spectrum, the impact of pattern scale on bacterial adhesion and biofilm formation on polymer surfaces 

was investigated under involvement of different pattern geometries and 5 µm down to 0.5 µm 

periodicities. Valle et al. [26] monitored the interaction of S. aureus in response to line- and pillar-like 

as well as hierarchical lamellar DLIP patterns between 5 µm and 1 µm periodicity on polystyrene. 

Adhesion of S. aureus was found to be reduced on more complex hierarchical topographies, while it 

was enhanced on line- and pillar-like patterns both under static and continuous flow conditions (after 

2h and 6h hours of exposure, respectively). Testing of the hierarchical patterns at 2 µm periodicity was 

also conducted in vivo in mice, where S. aureus was injected at log8 cell density two days after 

implantation followed by another three days of exposure. In summary, overall bacterial adhesion 

increased with pattern sizes between 3 µm and 1 µm on both line and pillar-like patterns, while 

adhesion on the hierarchical patterns is reduced, which similarly accounts for static and continuous 

flow in vitro as well as in vivo in mice (where however only a single hierarchical pattern type  with � = 2 µm have been tested). In an extension of [26], Guenther et al. [70] additionally implemented a 

further decrease of line- and pillar-like pattern sizes down to 0.5 µm, where the latter also showed a 

decrease in S. epidermidis adhesion while bacteria density remained elevated in comparison to flat 

reference surfaces for the other pattern types. In Helbig et al. [25], the group finally expanded their 
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investigation to the combined impact of pattern scale and geometry on initial adhesion of 

S. epidermidis and E. coli on line-like, pillar and dimple DLIP patterns with 5 µm, 1 µm and 0.5 µm 

periodicity. Both bacteria exhibit a clear preference of 1 µm (closest to single bacterial cell size) and 

reduced overall adhesion on 0.5 µm pattern sizes. A parallel monitoring of the influence of exposure to 

different polymers exhibited differences in preferential adhesion between the two strains, where 

S. epidermidis preferred hydrophilic and E. coli rather hydrophobic surface properties for attachment. 

In contrast, a more recent study applying comparable laser parameters on polyimide found reduced 

adhesion of P. aeruginosa on both 1 µm and 2 µm line-like patterns [152]. 

With a scope on biomedical application, Zwahr et al. [362] combined crater like structures of 50 µm 

periodicity applied by SP-DLW with 5 µm dimple patterns applied via DLIP at 70 ps pulse duration 

on Ti6Al2V, where the hierarchical overlay of the smaller pattern aims for a reduction in bacterial 

accumulation. In fact, E. coli adhesion was found to be reduced by 30% via SEM imaging, where 

however an additional impact by LIPSS formation in the scale of approx. 400 nm might also be 

involved, taking previous findings into account. A comparably high reduction of bacterial adhesion 

accounting to 99.4% - 99.8% for E. coli and 70.6% – 79.1% for S. aureus after 2h of exposure was 

found on pillar and dimple patterns at a periodicity of 850 nm on stainless steel patterned [72]. Here, 

DLIP patterning at 8 ps pulse duration parallelly impacted surface wettability leading to a water 

contact angle (WCA) of 148°to 154°. 

In each of the presented cases of DLIP patterning of either polymer of metallic substrates, bacterial 

interaction closely followed the systematic correlation between topographical and physicochemical 

surface properties, which have previously been discussed in Chapter 1 and summarized in Figure 5. 

These investigations exclusively involved inert surfaces and SP-DLIP applications, whereas the 

highest impact on bacterial adhesion has been achieved by USP-DLIP on stainless steel. First 

investigations on a potential utilization of DLIP patterning of Cu to improve the antimicrobial 

properties revealed an unfavorable modification of the substrate surface with increased formation of 

CuO in the case of SP-DLIP [77]. In a very recent study of a cooperating group, the impact of 

SP-DLIP using 10ns pulse duration on antimicrobial surface properties of Cu was investigated further 

exhibiting a low to reduced impact on the viability of E. coli and Variovorax sp. [370]. The observed 

variance between both a slightly positive and negative influence of SP-DLIP on antibacterial Cu 

efficiency might be related to both the unfavorable chemical surface modifications and limitations in 

the minimal pattern scale by the thermal impact of SP pulse durations, highlighting the potentially 

beneficial effect of USP laser/material interaction. 
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III |  Objectives 

Based on the presented state of research regarding the driving forces behind bacterial surface 

interaction in Chapter II 1, as well as the effective antimicrobial modes of action of Cu materials in 

Chapter II 2.3, a link between several indicative surface properties that benefit both quantitative 

bacterial surface adhesion as well as the antibacterial efficiency of Cu surfaces can be drawn: 

 Topographically increased surface contact appears to enable high bacterial adhesion rates 

with a parallel influence of physicochemical surface properties, while a direct 

bacterial/surface contact on Cu was related to a bactericidal contact killing effect. 

  A positive surface charge is considered rather beneficial for the attachment of bacteria 

exhibiting a predominantly negative membrane potential that similarly facilitates Cu2+ and 

Cu+ agglomeration. 

 In contrast, a rather hydrophilic wetting of Cu surfaces that potentially benefits corrosive 

interaction linked to Cu ion emission was shown to be less preferential for bacterial adhesion 

for most bacterial strains exhibiting rather hydrophobic membrane properties. 

 Cu corrosion was shown to be similarly dependent on crystallographic substrate properties 

like grain boundary and dislocation density providing an additional degree of freedom for 

the tuning of Cu ion release. 

By following these guidelines, it may be possible to increase the efficacy of antimicrobial Cu surfaces 

through targeted surface functionalization using pulsed laser irradiation. Here, the design of the 

processing strategy should avoid any negative impact on the substrate's inherent capacities and the 

interaction between bacteria and substrate. On this regard, the application of ultrashort pulse durations 

combined with spatial intensity modulation by laser interference was considered to allow for both a 

reduced thermal impact as well as a realization of single-digit µm to sub-µm pattern sizes on the Cu 

substrates. This dissertation follows an integrated scope that includes the primary development of a 

suitable DLIP-based processing methodology for Cu based and inert substrates using USP durations 

(A) followed by an in-depth investigation of the process-related influence on functional surface 

properties (B) and the resulting integrated influence of DLIP-induced surface modification on 

antimicrobial efficiency (C): 

(A) Process Development: 

The basic requirement to allow for a targeted investigation on how altered bacterial contact impacts 

the antimicrobial efficacy of Cu surfaces is the technical ability to equip these surfaces with 

deterministic surface topographies in the scale of single bacterial cells. The first objective of this work 

therefore involves: 

 The design of an optical setup for the interference of ultrashort pulsed laser beams based on a 

DLIP approach. 

 Realization of periodic surface patterns on Cu, Cu alloys, and inert substrates by the as-

developed Ultrashort Pulsed Direct Laser Interference Patterning (USP-DLIP) methodology 

that are in the order-of-magnitude of individual bacterial cells (~1 µm), as well as slightly 

above and below. 
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 Understanding the underlying laser/material interaction to selectively control the topographic 

properties on the different substrates being processed, which may be supplemented by a 

suitable simulation methodology. 

(B) Targeted Substrate Modification: 

Surface functionalization by ultrashort pulsed laser processing has been shown to involve a parallel 

modification of surface chemistry and the substrate´s microstructure alongside topographical 

patterning. To disclose the actual mechanisms behind a potential modification of bacteria/substrate 

interaction via USP-DLIP, the second objective aims to investigate the integrated impact of this 

methodology on surface and substrate modification subdivided into: 

 Determination of the chemical and microstructure modification of the substrate surface during 

USP-DLIP, as well as their impact on both 

 the laser/material interaction alongside multi-pulse processing and 

 their individual and combined influence on application relevant functional properties of the 

substrate surface such as wettability and corrosion behavior that is coupled with topographic 

surface modification. 

(C) Antibacterial Properties: 

Finally, the third objective of this work examines the impact of topographical, chemical, and structural 

substrate modifications generated by USP-DLIP on the antimicrobial properties of pure Cu surfaces. 

This may identify key mechanisms that further drive the antimicrobial efficiency of Cu based surfaces. 

Within the frame of this work, modifications of the antimicrobial properties are monitored by an 

indicative approach using a standardized experimental design involving the bacterial strains E. coli 

K12 (BW25113) and S. aureus SA113. Based on this, the investigation comprises: 

 The evaluation of the impact of the chemical and microstructure modification on the active 

killing mechanism of Cu surfaces alongside topographical patterning via USP-DLIP. 

 Determination of the parallel effect of functional surface properties on the overall interaction 

of bacteria with the substrate surface and the resulting antimicrobial properties. 

 The investigation of the actual topographic influence on the antimicrobial effect of Cu 

surfaces by selectively increasing and decreasing the bacteria/substrate contact area via 

USP-DLIP.
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IV |  Overview 

The following sections provide a summary of the scientific activities of this dissertation that are 

presented in detail in the seven papers listed in Chapter V, which have been published in international 

peer review journals. This chapter interlinks the contributions of the individual papers and displays 

their assignment to the Objectives (A), (B) and (C) to illustrate the full scope of this work. For a more 

detailed presentation and discussion of the results connected with an introduction into the applied 

methodology, please refer to the individual publications in the subsequent chapter. 

Conceptual structure of the experimental progress 

The overall experimental progress of this work is divided into two phases as displayed in Figure 17. 

In Phase I, a proof of concept was initially elaborated to assure that the intended objectives can be 

achieved within the framework of the USP-DLIP process development. Based on the proven 

feasibility an in-depth understanding of the individual aspects of said objectives enabling further 

optimization was approached in Phase II. In parallel to the works executed in pursuit of the objectives 

(A) to (C), the ISS space flight experiments Space Biofilms, BIOFILMS and Touching Surfaces were 

designed and conducted, which represent an extension of the scope specified in the objectives due to 

the additional introduction of space-associated and in particular gravitational influences on 

bacteria/surface interaction. In representation of these works, the BIOFILMS introduction paper 

(Paper VII) is included.  

 

Figure 17: Conceptional structure of the dissertation with assignment of the included papers I-VII to the initial proof of 

concept or the comprehensive elaboration phase as well as the Objectives (A), (B) and (C). 

The initial division of the scope of the work into the three objectives intends a clear allocation of 

subject-specific research content involving specific experimental methodologies, which at first glance 

may appear to be separable: Objective (A) focusses on interference-based laser process engineering 

and thermodynamic laser/material interaction to realize topographic surface patterning in the lower µm 

and sub-µm scale. Objective (B) involves the application of a broad range of characterization 

methodology to monitor the multiple aspects of chemical and structural surface and substrate 

modification by the developed USP-DLIP methodology. Finally, Objective (C) investigates the 

integrated effect of USP-DLIP with pattern sizes in the scale of single bacterial cells on 

bacteria/surface interaction and its potential impact on the antimicrobial efficacy of Cu surfaces using 

microbial screening methods. However, it turned out that the integrated interaction of the initially 

individually considered aspects forms an inseparable cross-relationship that affects not only 

bacteria/surface interaction, but also surface processing itself. This was considered in the experimental 
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study design, which in Paper III and especially in Papers IV and V purposefully connect the topics 

of the respective Objectives (A) and (C) with the in-depth analyses assigned to Objective (B). The 

integral scope of this work is illustrated in Figure 18 divided into the individual Objectives 

(A) Process Development, (B) Targeted Substrate Modification and (C) Antimicrobial Properties. 

 

Figure 18: Schematic overview of the experimental progress of the dissertation. 

In the following, the conducted research allocated to the three objectives will be presented subdivided 

into the individual contributions within the seven papers. Within this, the work included in Paper I, II, 

VI and VII can clearly be assigned to either Objective (A), (B) or (C), while in the case of Paper III-

V, the respective proportions are individually highlighted.  

 

Objective (A): 

Process Development 

As an initial step, a laser interference-based processing methodology using ultrashort pulse durations 

was developed based on the specifications of a readily available Ti:Sapphire laser system (Spitfire, 

Spectra Physics, generating pulse durations of 100 fs to 4 ps at a centered wavelength of 800 nm). The 

optical concept of the as-developed USP-DLIP processing technique was designed according to the 

following basic requirements: 
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 Maintaining sufficient spatial coherence between the individual overlapping beams within the 

processing spot to enable comparably high interference spot sizes at the lowest feasible pulse 

duration. 

 Enabling the adjustment of the spatial pattern periodicity within a scale of single digit µm to 

sub-µm to allow for pattern dimensions from slightly above down below single bacterial cell 

size. 

In case of pulse durations below the picosecond regime, beam guidance within the optical system 

needs to include a correction between preceding and delayed edges of the beam cross-section to avoid 

a limitation of spatial interference in the working spot due to the small coherence length (approx. 

30 µm in the case of 100 fs pulse duration). In the examples provided by literature, the dual lens 

imaging optical setup (4f setup) illustrated in Figure 16, example (3) was shown to fit best for these 

requirements, however with limitation in the adjustment of pattern periodicity as well as working spot 

size using a given set of optics. On this behalf, the designed optical setup uses a Diffractive Optical 

Element (DOE) and single (�1) or dual lens (�1 +  �2) combination that allows for pattern scale 

adjustment by DOE repositioning, as displayed in Figure 19. The low number of optical elements 

applied furthermore reduces pulse stretching by positive group velocity dispersion (GVD) within the 

optical media at approx. < 25% of the seed pulse duration. 

 

Figure 19: Schematic illustration of the imaging optical setup enabling line-like interference pattern periodicities of a) 3 µm 

up to >10 µm and b) down to 0.7 µm. (1) DOE, (2) lens 1 (¥�), (3) lens 2 (¥¢). 

Due to the uncollimated individual beam trajectory after separation by the DOE, the individual beams 

are focused before overlapping in the interference working spot. This compensates proportionally for 

the deviation in spatial coherence between the inner and outer beam edges due to different path lengths 

within the focusing lens. The single beam incidence angle & that defines pattern periodicity is directly 

linked to the distance O between DOE and the lens system in relation to the single beam separation 

angle after DOE as well as the distance ¦ between lens system and the working spot. ¦ includes the 

focal length of either �1 or the �1 +  �2 combination and z, which is accounting for the distance 

between the single beam foci and the working spot. Pattern periodicity is adjustable between 3 µm and 

> 10 µm in the single and down to 0.7 µm in the dual-lens setup under application of the systems base 

wavelength of 800 nm. 

To decrease negative impacts on spatial coherence by astigmatism, the incidence angle on �1  is 

reduced by choosing a low DOE separation angle and �1 lens curvature, which is compensated by an 

extended overall beam path. The dual lens setup is applied to further decrease pattern scale by 

reducing the focal length, which increases & . To maintain spatial coherence alongside increasing 

incidence angles, the collimated seed beam diameter is adjusted between 3 mm for single to 1 mm for 

the dual lens setup. Initial focusing in �1 reduces the incidence angle of the individual beams on the 

curved �2 interface, while the modification of the inter-lens spacing � allows to fine-adjust pattern 

periodicity and control astigmatism in the processing spot. This similarly enables to elongate the spot 

shape elliptically in perpendicular orientation to the line-like interference pattern within the boundaries 
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of spatial coherence and modified intensity modulation to increase processing efficiency. Spatial laser 

interference was achieved at a pulse duration of 100 fs (at FWHM) for both setup variations enabling 

processing spot diameters of up to 200 µm, which allowed an unrestricted application of this pulse 

duration in USP-DLIP within the full scope of this work. 

 

Contributions in Paper I 

The presented imaging optical setup is briefly introduced in Paper I, combined with further 

elaboration of the resulting interference modulation and the actual USP laser/material interaction 

involved in pattern formation during USP-DLIP. The process development and methodology 

integrated in this publication builds the backbone for further detailed research in the following studies. 

Laser surface processing using pulse durations in the femtosecond regime is related to ablation 

dominated substrate interaction in most engineering materials including, e.g., polymers, ceramics and 

metals. The actual dynamics and kinetics of substrate ablation vary significantly depending on the 

individual laser/material interaction, resulting in material specific pattern characteristics. On this 

behalf, topography modification by USP-DLIP has been analyzed for the different material classes 

ceramic (zirconium), polymer (PLLA) and metals (Cu, CuZn37 and AISI 304 stainless steel), 

separating between primary (DLIP) and secondary sub-pattern formation (e.g., LIPSS). 

Substrate thermalization that potentially triggers ablation is achieved at fluences surpassing the 

material specific ablation threshold, which might change during multi-pulse accumulation due to 

incubation effects. Based on this consideration, a numerical approach was introduced to either design 

the pattern´s topographic maxima and minima surface area ratio or determine the material specific 

ablation thresholds based on processing results. In further elaboration, calculation of the localized 

intensity modulation was involved in a TTM-based numerical methodology to simulate the local heat 

input into the superficial substrate volume during USP-DLIP processing. The FEM simulation covers 

the period of USP laser irradiation until thermal equilibrium between electrons and phonons is reached 

to determine substrate thermalization linked to melt formation up to thermomechanical ablation in the 

further course of the material interaction. By supplementing experimental parameter studies on Cu, 

CuZn37 and AISI 304, the numerical simulations supported in the formation of an initial 

understanding of the thermomechanical substrate interaction involved in pattern formation during 

USP-DLIP. Based on this, pattern periodicities of 3 µm and 0.7 µm could be realized on each of the 

metallic substrates, which corresponds to the scale relevant for the aspired application in this work. 

In the course of this initial study, an essential part of Objective A was achieved by realizing laser 

interference processing that enables both ultrashort laser pulse durations down to 100 fs and pattern 

sizes in the intended scale of single bacterial cells. However, the laser/material interaction involved in 

pattern formation was shown to induce an additional topographic surface modification by the 

generation of substrate specific sub-patterns, which potentially impact the real single cell surface 

contact of adhering bacteria. Furthermore, multi-pulse processing of the metallic substrates was shown 

to deviate from USP incubation behavior reported in literature suggesting additional impacts of the 

DLIP-specific process characteristics. 

 

Contributions in Paper IV 

The impact of the aforementioned aspects on purposeful topography design was considered in an in-

depth investigation of the integrated influences on topography modification during USP-DLIP 

processing of pure Cu, summarized in Paper IV. This study contributes to both Objective (A) and (B), 
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since the process driven impact on topography formation during USP-DLIP was found to be closely 

linked to a multi-level substrate modification.  

To further improve the processing methodology as allocated to Objective (A), an investigation 

involving the influence of single beam polarization on the spatial intensity modulation by laser 

interference, localized absorptance and pattern formation for 6 µm, 3 µm and 0.75 µm pattern sizes 

was conducted. Aside of a deviation in the intensity modulation contrast with increasing incidence 

angle &, polarization dependent energy absorption is shown to has an at least similarly important effect 

on pattern formation with similar relation to the single beam incidence angle &  as well as the 

effectively resulting pattern scale. Including the individual incubating effects in numerical calculation, 

the TTM simulation model introduced in Paper I was further complemented, which allowed for the 

derivation of the underlying thermomechanical mechanisms involved in characteristic primary and 

sub-pattern modulation. In fact, primary and secondary pattern formation on Cu occurs in mutual 

influence with increasing impact at lower pattern size. Including the knowledge gained on overall 

surface modification, it was shown that multi-pulse processing by USP-DLIP is strongly influenced by 

material-specific incubation effects, which deviate from the usual incubation behavior of conventional 

single-beam micromachining according to Jee [292] that is widely applied in the current state of the 

art. 

Improved process design based on these findings includes a breakdown of pattern scale-specific 

maximum fluences to avoid a negative interaction between primary and secondary sub-patterns in 

multi-pulse USP-DLIP processing. In general, high precision USP-DLIP processing was found to 

require sweet spot conditions at the borderline between the low- and mid-fluence regime defined for 

USP micromachining. The in-depth investigation of the feedback influence of USP laser/material 

interaction on USP-DLIP processing in Paper IV finally enables a targeted process design with 

comprehensive access to essential surface morphology elements, which was exploited in the 

subsequent in-depth studies in Paper V-VII on functional surface modification. 

 

Objective (B): 

Targeted Substrate Modification 

Although the term 'cold ablation' coined for USP laser processing suggests a negligible modification 

of the substrate properties, a potential impact on physicochemical surface properties has to be 

considered as inevitable during thermomechanical USP-DLIP processing. Against this background, 

process-related substrate modification is considered in detail in Objective (B) with application-relevant 

reference to functional surface properties potentially being involved in bacteria/surface interaction and 

antimicrobial Cu efficacy, as discussed in Chapter III. A fixed USP-DLIP parameter setup generating 

pattern geometries of 3 µm periodicity, approx. 2.1 µm ablation width and 1 µm ablation depth (close 

to the single cell-size of E. coli) was chosen to assure cross-comparability between the individual 

studies related to this objective that are published in Paper II-V. 

 

Contributions in Paper II: 

Based on the laser interference methodology introduced in Paper I, the chemical modification of Cu 

surfaces induced by USP-DLIP processing was analyzed in a high-resolved complementary methodic 

approach in the initial phase of this thesis. The examination published in Paper II was conducted by 

SEM involving focused ion beam (FIB) cross-sectioning and energy dispersive X-ray spectroscopy 

(EDS), scanning tunneling microscopy (STM) and spectroscopy (STS) as well as X-ray photoelectron 

spectroscopy (XPS). To account for passivation/relaxation effects on surface chemistry that are 
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potentially related to functional surface properties, the surface state was analyzed within 24h after 

processing and after three weeks of exposure to ambient environment. 

Within the published study, a comprehensive understanding of chemical surface modification could be 

elaborated. The predominant process-induced modification of surface chemistry was evidenced to 

relate to a ballistic mechanism of oxidic particle redeposition. Favoring topographic peaks for 

accumulation, this mechanism leads to a heterogeneous oxide distribution on the USP-DLIP 

topography impacting both localized surface chemistry and morphology due to a flake-like particle 

shape. XPS analysis revealed Cu2O as the dominant oxide phase, which is in favor of the intended 

application [51]. Surface properties were furthermore shown to undergo a significant shift from 

metallic to p-type semiconductor characteristics with a potential impact of surface charge due to the 

Cu oxide agglomeration. Oxidic surface modification was found to be limited to a layer of a few nm of 

thickness, which can be undone by a readily developed wet-chemical procedure, achieving a rather 

native oxidic surface state. USP-DLIP surfaces were furthermore found to undergo chemical surface 

alteration under extended exposure to ambient environment. This passivation process was shown to 

involve deviating levels of oxidic phase changes and a preferential agglomeration of functional carbon 

groups between the two different surface states with and without oxidic surface agglomerates that 

potentially impacts function surface properties [371]. 

These results highlight a non-negligible impact of USP-DLIP processing on Cu surface chemistry in 

view of the aspired application. This aspect was considered in the consecutive investigations regarding 

a potential influence on functional surface properties and their impact on bacterial interaction and 

antimicrobial Cu efficiency aside of topography modification itself using the knowledge gained here. 

 

Contributions in Paper III: 

A subsequent investigation of the functional impact of topographical and chemical surface 

modification by USP-DLIP processing on Cu surfaces properties was included in Paper III. The study 

establishes a correlation between the properties of modified surface wettability and ion release 

resulting from the previously determined chemical surface modification and the approach, interaction, 

and deactivation of E. coli including interlinked aspects of Objective (B) and (C). The experiments 

furthermore intended to evaluate the suitability of the aspired wet plating methodology for microbial 

monitoring including further optimization with respect to the high levels of hydrophobicity found on 

USP-DLIP processed Cu surfaces. 

The wetting of USP-DLIP surfaces was shown to exhibit a characteristic change from initially 

hydrophilic to a pronounced hydrophobic behavior during ambient exposure for more than one week, 

where hydrophobization follows a logarithmic pace. After three weeks of aging, surface passivation 

reaches a meta-stable state, where further increase in hydrophobicity is barely detectable. The flake-

like oxidic surface agglomeration from USP-DLIP processing tends to boost surface hydrophobicity 

over a native oxide state, which appears to be attributed to both the higher nm-scale surface roughness 

as well as a higher proportion of C-C/C-H carbon groups in the superficial adsorption layer. 

Based on this, a potential influence of the elevated surface hydrophobicity on bacterial surface 

approach from a droplet volume during wet plating was considered and investigated in more detail. On 

this behalf, a specified experimental setup was developed using CLSM and the fluorescent E. coli 

strain ClearColi BL21(DE3) to examine drop edge mobility in the course of progressive wetting. This 

allowed for both, the detection of either Wenzel or Cassie Baxter wetting states being involved in the 

restraint of droplet spreading in case of elevated surface hydrophobicity as well as a quantitative 

impact of planktonic bacteria in vicinity to the drop edge on surface wetting. In fact, wetting is 

considerably improved in the presence of bacteria. This includes a destabilization of pinned wetting 
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states and an acceleration of the droplet front propagation on all Cu surfaces, which indicates bacterial 

surface conditioning. USP-DLIP surfaces with and without process-related surface oxide exhibit 

differences in the initial surface approach of E. coli due to deviating fluidic sheer forces at the 

liquid/air boundary originating from varying surface wetting behavior. Apart from surface wetting, the 

two distinct USP-DLIP surface states also exhibit unique Cu ion release rates during wet plating with a 

counterintuitive contribution of the process-induced flake-like oxide agglomerates. Here, the presence 

of bacteria was shown to play a dominant role on quantitative ion release, which will be further 

addressed in Objective (C). 

In summary, the initial investigation of process-induced impacts by USP-DLIP on the antimicrobial 

capacity of Cu surfaces presented in Paper II and III highlight a non-negligible chemical surface 

modification, which notably contributes to functional surface properties. Based on an adapted wet 

plating methodology, a suitability of the USP-DLIP process for improving antimicrobial properties 

could be proved within the scope of these studies. Based on this, the proof of concept on a potential 

improvement of antibacterial Cu surface properties could be achieved, which is further addressed in 

the contributions to Objective (C). 

 

Contributions in Paper IV 

In addition to potential influences on functional surface properties, an incubating effect of the 

integrated process-induced modification of Cu surfaces during USP-DLIP was considered in 

Paper IV. The investigation involved interference-induced spatial laser intensity modulation to 

account for DLIP-specific incubation effects closely interlinked with further improvement of the 

processing methodology and the TTM simulation model, as outlined in Objective (A). The specific 

incubation for (USP-)DLIP has been analyzed distinguishing between the individual influences of 

surface chemistry, superficial microstructure and defect implantation as well as continuous topography 

modification by laser processing. 

Between these three aspects, the modification of surface chemistry was found to exhibit the 

predominant impact on incubation for the specific material/laser parameter combination used in this 

thesis. Elevated levels of surface oxidation - either process-induced or in a native state - could be 

directly correlated with increased broadband absorptance by UV-Vis spectroscopy due to the 

difference between Cu and Cu2O/CuO photonic interaction, which is especially emphasized in the NIR 

spectrum. Consequently, quantitative incubation was traced back to the process-induced 

agglomeration of oxidic particles evidenced in Paper II, which was shown to alter dependent on 

ablation kinetics. 

The continuously modified surface topography was shown to be lesser involved in an overall increase 

of optical absorptance during incubation, where a measurable effect in UV-Vis spectroscopy is solely 

related to sub-wavelength feature scales. Instead, an interlinked interaction with beam polarization is 

found that contributes to primary and sub-pattern geometry shaping. The latter aspect was further 

investigated by morphological segmentation using a watershed algorithm. In combination with 

modulated surface chemistry, USP-DLIP related topography modification in scales above the laser 

wavelength was found to induce a unique incubation behavior characterized by a superposition of the 

intensity modulation by interference and polarization dependent spatial laser energy implantation. 

Similar to topography, the quantitative independent effect of the superficial Cu microstructure on 

absorptance levels significantly below the impact of surface chemistry. Instead, the microstructure 

appears to majorly play a mediating role, where e.g., higher deformation in the case of mechanically 

polished substrates could be linked to a thicker passivating oxide layer, which increases the initial 

absorption approx. 3-fold over literature values. In a specified set of experiments applying low 
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fluences on deoxidized surfaces, an increased incubation could be evidenced on mechanically 

deformed compared to annealed microstructure. This indicates a potential incubating effect of 

microstructure defects involving a reduced free path length of electrons that might further impact 

electron-phonon coupling. Incubation on deformation free Cu surfaces was furthermore found to 

deviate between low indexed grain orientations, which might be related to both a difference in photon 

intrusion depth and damage accumulation. 

Aside of the improvement of the USP-DLIP processing methodology, the elaborated investigations of 

laser induced surface modification and their impact on laser/material interaction in Paper IV provides 

a deeper insight in the mutual interaction of the different mechanisms involved in topography 

formation during USP processing of Cu. These findings allow to include the surface morphology 

formed alongside the primary DLIP pattern in surface design and form a valuable basis for the 

optimization of other USP and/or DLIP-based processes and substrates. (USP-)DLIP specific 

incubation has not been considered and investigated so far to the best of our knowledge, where this 

approach constitutes a novelty in the field. 

 

Contributions in Paper V 

The impact of USP-DLIP processing on the superficial Cu microstructure was further investigated in a 

consecutive set of experiments published in Paper V including a potential effect on functional surface 

properties relevant for the antimicrobial application of Cu. The study links process related 

microstructure modification determined by crystallographic analysis applying FIB/SEM, XRD and 

EBSD with its impact on wettability and corrosion behavior in saline environment that builds the back 

bone of the antimicrobial mode of action on Cu surfaces. 

It could be verified that USP-DLIP significantly contributes to the superficial defect density of the Cu 

microstructure, superimposing previous deformations, e.g. by polishing. Adjusting the processing 

routine by the introduction of additional annealed steps allows for partial or complete removal of the 

related defect compartments while remaining the USP-DLIP induced topography. This enables a 

separated and combined investigation of the individual influences of the microstructure states related 

to annealing, mechanical polishing and USP-DLIP processing both in the case of flat and 3 µm line-

like pattern topographies.  

Similar to photonic interaction in Paper IV, USP-DLIP related defect implantation could be shown to 

exert an indirect effect on antimicrobial surface properties mediated by altered functional surface 

properties, which involves surface wettability and corrosion behavior in saline environment. 

Hydrophobicity in the passivated surface state is found to scale with process-related defect 

accumulation between the Cu surfaces with similar line-like topography, which provides a direct 

indication of a subtle effect of USP-DLIP related microstructure modification on physicochemical Cu 

surface properties. In parallel, USP-DLIP related superficial deformation states induce a tilt in 

corrosion behavior from heterogeneous localized pitting focusing grain boundaries to a rather 

homogeneous surface deterioration allowing for a more seamless formation of surface oxide. Both the 

passivated oxide layer thickness and measured Cu ion release in PBS exposure point out a passivating 

effect of the increased defect densities after USP-DLIP processing that surpasses polished or 

undeformed Cu microstructure. 

The summarized findings achieved in the previously introduced Papers II-IV highlight a multi-level 

nature of the integrated impact of USP-DLIP processing on physicochemical Cu surface properties 

alongside of the actually aspired topographic remodeling. These were in fact found to exert a grave 

influence on the bactericidal efficacy of Cu surfaces, with reference to the state of knowledge about 
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the delicate nature of bacteria/surface interaction and the antimicrobial mode of action of Cu surfaces 

summarized in Chapter II1 and II2.3, as further addressed in the contributions to Objective (C). 

 

Objective (C): 

Antimicrobial Properties 

Within the individual contributions to Objective (B), it could be shown that USP-DLIP involves a 

multi-level effect on functional Cu surface properties that potentially influences antimicrobial efficacy 

aside from modifying the topography-mediated bacteria/surface contact. This was further investigated 

in detail in the respective Papers III and V to allow for a better evaluation of the actual topographic 

impact on the antimicrobial properties of USP-DLIP processed surfaces with pattern sizes in the scale 

of single bacterial cells that were ultimately addressed in Paper VI. 

 

Contributions in Paper III: 

The combined effect of topographical and chemical surface modification of USP-DLIP on active 

antimicrobial properties of Cu surfaces has been initially investigated in Paper III. The experimental 

design of this study aimed to gain a deeper understanding of the individual impact of modified 

wettability and surface oxidation on the specific mode of action and effective antimicrobial properties 

of Cu surfaces. The presented results parallelly mark the conclusion of the initial phase of this thesis 

by successfully providing the proof of concept for an improvement of antimicrobial surface properties 

by USP-DLIP in the scale range of single bacteria cells. 

In fact, an increase of bacterial killing of E. coli K12 (BW25113) could be shown on all USP-DLIP 

processed Cu surfaces compared to references that exhibit smooth surface topographies. A more 

detailed examination reveals a significant correlation between the functional surface properties that are 

parallelly modified by USP-DLIP and the level of enhancement in antimicrobial efficiency. 

Hydrophobic surface properties appear to further contribute to increased bacterial deactivation rates 

compared to hydrophilic surfaces despite exhibiting the same topography. Based on the relationships 

of bacteria/surface interaction discussed in Chapter II1, a hydrophobic wetting character might be 

linked to a more favorable molecular conditioning of the metal surface for the adhesion of 

microorganisms with hydrophobic membrane properties, such as the E. coli strain used here [117].  

Surprisingly, quantitative Cu emission on as-processed samples levels higher under bacterial exposure 

compared to surfaces that underwent deoxidation, despite exhibiting a thicker passivation layer by 

oxidic process agglomerates. The presence of bacteria appears to play a dominant role here, since 

these samples in fact display considerably lower Cu release rates combined with rapid surface 

passivation under exposure to pure PBS solution. It was found that bacterial killing on USP-DLIP 

surfaces is not necessarily related to the amount of Cu ions emitted, but rather appears to be influenced 

by bacterial contact conditions. This might indicate an increase in bacterial Cu sensitivity due to 

surface properties that promote bacterial adhesion, including both topographical and physiochemical 

factors. 

Within these initial experiments published in Paper III, a difference in killing efficiency of Cu 

surfaces depending on the age of the bacteria colonies used for monitoring was observed. This aspect 

was further investigated in unpublished experiments that aim to better understand the influence of 

bacteria and their interaction as living organisms on the wet plating methodology used in this work. 
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Unpublished work related to Paper III 

The experiments conducted and published in this thesis employ bacteria as a means of measuring the 

antimicrobial effect of the functionalized surfaces. Being living organisms (at least in the initial 

experimental phase) their vitality and ability to interact with the exposed Cu surfaces may exert an 

impact on the results of the study. On this behalf, further external influences aside of USP-DLIP 

processing that potentially effect bacterial activity were evaluated in advance of the in-depth studies in 

Papers V and VI to improve the determination of actual sample related impacts on antimicrobial 

efficacy. The experiments were carried out according to the sample preparation and wet plating 

methodology used in Papers III, V and VI, which are referenced in the respective method sections. 

The influence of bacteria colony age 

The first of the two unpublished experiments aimed to determine a potential influence of bacterial 

colony age on the developed deactivation rate in contact with Cu surfaces that was previously 

hypothesized in Paper III. E. coli were either cultivated directly from cryopreservation or remained 

for two and six weeks in a cultivated state on agar plates at 4°C. Exposure was carried out on mirror-

polished Cu surfaces to exclude additional topographical or physicochemical influences due to 

USP-DLIP processing. The data presented in Figure 20a suggests that a higher cultivation duration of 

the bacteria leads to a slower deactivation rate when exposed to Cu. This phenomenon is not related to 

a difference in the release of Cu ions, which shows similar emission rates, as demonstrated in 

Figure 20b. 

 

Figure 20: The influence of bacterial cultivation time on antimicrobial efficacy of mirror-polished Cu surfaces. a) Reduction 

in colony forming units (CFU) of E. coli during extended exposure related to three different cultivation times fresh from 

cryopreservation (from Kryo), plated for two (2W) and sic weeks (6W) . b) Cu ion release parallelly measured via ICP-MS. 

With respect to similar external experimental influences in ambient environment, the decreasing 

bacterial killing rate appears to be related to the duration of the plated colony state. In a mature 

biofilm, the supply of space and nutrients to individual bacteria is reduced, which results in a reduction 

in their metabolic activity and reproduction rate. This leads to a shift towards a more static state. As 

colony age increases, bacteria with lower metabolism are more likely to survive, resulting in the 

selection of less active individuals. A reduced metabolism potentially decreases the uptake of 

environmental toxins, such as Cu ions, which might slow down Cu accumulation inside the bacteria 

and associated deactivation. The results presented here indicate a selection of lesser active bacteria 

within the matured colonies that furthermore exhibit lower deactivation rates due to decreased 

metabolic activity and hence active Cu uptake. This suggests that a stimulated bacterial metabolism 

could also lead to increased Cu uptake and a higher antimicrobial Cu efficiency, in turn. 
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The influence of ambient temperature 

Previous research has shown that low ambient temperatures can inhibit the antimicrobial efficiency of 

Cu surfaces [44]. This is likely due to either a reduced bacterial metabolic activity under non-optimal 

growth conditions or decreased Cu release by decelerated corrosion processes. E. coli, a human-

associated bacterium, typically thrives at the human body temperature of approximately 37°C. As the 

temperature decreases, its activity is expected to decrease as well. It is possible that slight fluctuations 

in room temperature just below this range could affect bacterial activity and therefore impact the 

results of microbial experiments. To investigate this, the antimicrobial effectiveness of mirror-polished 

reference and USP-DLIP treated Cu surfaces was compared at both 20°C and 30°C ambient 

temperature using 3 µm line-like pattern geometries also applied in Paper III, V and VI. Complete 

bacterial deactivation was achieved on the USP-DLIP surfaces for both ambient temperatures after 120 

minutes of exposure (refer to Figure 21a). At this time, viable bacteria were only detected on the 

mirror-polished Cu reference measured at 20°C ambient temperature. 

 

Figure 21: The influence of ambient temperature on the antimicrobial efficacy of both mirror-polished reference and USP-

DLIP processed Cu surfaces (the E marks a deoxidized surface state). a) Reduction in colony forming units (CFU) of E. coli 

exposed to the different surface types at either 20°C or 30°C ambient temperature. b) the corresponding Cu ion release 

measured via ICP-MS. 

Higher bacterial deactivation on Cu surfaces at 30°C compared to 20°C can already be found after 

30 min of exposure with an increasing trend over time. The most significant contrast in antimicrobial 

efficiency between the different setups can be observed after 60 minutes of exposure following an 

almost uniform complete bacterial deactivation after 120 min. The increased bacterial deactivation 

under 30°C ambient conditions applies to both the USP-DLIP optimized surfaces and the mirror-

polished Cu reference. Despite providing a smaller bacterial contact area, the 30°C reference even 

exhibits a slightly higher antimicrobial efficiency than both USP-DLIP surfaces at 20°C after 

60 minutes of exposure. 

With regard to Cu ion release, a distinction can be made between almost identical values for the 

USP-DLIP surfaces at 30°C and the as-processed USP-DLIP surface at 20°C and slightly lower values 

for the two references and the deoxidized USP-DLIP surface at 20°C. Apart from the deoxidized 

surfaces, identical sample types show approximately the same ion release at both temperatures 

indicating a minor thermal influence on corrosion kinetics. Similar to the observation made in 

Paper III, the bacterial deactivation ratio between the samples does not necessarily correspond to Cu 

emission, where differences in antimicrobial efficiency between the individual sample types cannot be 

attributed exclusively to quantitative Cu ion release. E.g., the Cu emission rates on three of the USP-

DLIP surfaces are almost identical, while bacterial deactivation deviates. This similarly applies to the 

comparison between the deoxidized USP-DLIP surface at 20°C and the 30°C reference. Furthermore, 
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the Cu reference surface at 30°C exhibits the highest bacterial deactivation rate after 30 minutes, 

despite releasing the lowest amount of Cu ions. 

Based on these results, a notable influence of varying ambient temperature on the antimicrobial 

efficiency of the Cu surfaces can be assumed corresponding to the general van't Hoff's law [372]. 

Parallel monitoring of the quantitative Cu ion release suggests an impact of bacterial interaction as the 

underlying driving force rather than increased Cu intoxication by enhanced corrosion kinetics. In 

parallel, USP-DLIP surfaces show a significant increase in antimicrobial efficiency compared to the 

respective reference surfaces under both temperature conditions, where the antimicrobial effect of 

20°C USP-DLIP surfaces is similar to the 30°C Cu reference. 

The knowledge obtained in the unpublished experiments presented has been involved in the design of 

the wet plating experiments in Papers V and VI to improve bacterial monitoring. E.g., an adjustment 

of the time frame for achieving complete bacterial deactivation based on the bacterial cultivation time 

was used to improve temporal monitoring resolution. 

 

Contributions in Paper V 

Based on the functional considerations on the antimicrobial effect of Cu presented in Chapter III, it 

can be postulated that the antimicrobial mechanism of action of Cu materials by quantitative Cu ion 

release is linked to the substrate microstructure. An investigation of the potential impact of USP-DLIP 

processing induced Cu microstructure modification on antibacterial efficacy against E. coli in 

connection to the corrosion related Cu ion release was therefore investigated in a customized 

experimental setup and published in Paper V. 

In the experimental approach, the microstructure defect states related to the sub-steps of sample 

preparation involving mechanical polishing and USP-DLIP processing are selectively generated to 

investigate their individual and combined impact on functional and antimicrobial surface properties. It 

could be shown that functional surface properties as well as corrosion behavior is closely linked to the 

superficial microstructure state, where USP-DLIP specific superficial microstructure modification 

exerts the most significant impact on each of the individual aspects. 

Cu corrosion behavior was found to be majorly dominated by the superficial microstructure, which 

highly impacts the formation of stable passivating oxide layers as well as quantitative Cu ion release. 

Here, USP-DLIP induced deformation of the superficial microstructure was shown to reduce localized 

pitting in saline environment, which allows for a more rapid and stable surface passivation. An 

additional introduction of E. coli into the saline environment accelerates Cu corrosion by the 

prevention of surface passivation, where the microstructure dominated corrosion mechanisms and 

respective Cu emission ratios prevail. Aside of corrosion behavior and Cu emission, the microstructure 

state of Cu furthermore appears to impact physicochemical surface properties as indicated by a 

differently expressed surface wettability. Although a significant deviation in Cu ion release can be 

found on USP-DLIP surfaces with different microstructure states, bacterial deactivation does not 

necessarily follow this trend but appears to be more affected by physicochemical surface properties as 

indicated by altered wettability. Under the catalytic impact of bacteria on Cu corrosion, USP-DLIP 

induced surface oxide agglomerations were furthermore found to additionally boost Cu ion release and 

antimicrobial efficiency through dissolution, while they remain stable and support surface passivation 

in the absence of bacteria. 

Up to this, the integrated combination of surface modification effects by USP-DLIP, including 

topography, chemistry, and microstructure, could be evidenced to induce the most significant increase 

in antimicrobial efficiency. Independently, it was be shown that USP-DLIP-modified surfaces 
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consistently exhibits an enhanced antimicrobial effect against E. coli compared to the Cu reference 

surfaces that was individually boosted by functional surface properties. 

 

Contributions in Paper VI 

After successful assessment of the parallel influence of superficial chemistry and microstructure 

modification by USP-DLIP processing, the actual effect of bacterial contact mediation on the 

antibacterial properties of Cu surfaces by topographic pattern size was finally examined in Paper VI. 

Applying the knowledge of targeted process parameterization from Papers I and IV, line-like patterns 

with size ratios of P > Bac (P = 3 µm), P ≈ Bac (P = 1 µm), and P < Bac (P = 0.75 µm) based on the 

statistical single cell size variance of the tested bacterial strains E. coli K12 (BW25113) and S. aureus 

SA113 were generated on Cu. The pattern topography geometrically allowed for the access of single 

cells and clusters (P = 3 µm), singular cells (P = 1 µm) and no access (P = 0.75 µm) into concave 

pattern valleys, which modulates quantitative bacterial/surface contact. Antimicrobial monitoring on 

Cu involved the consideration of additional functional impacts of process induced oxidic 

agglomerations as demonstrated in Paper III and V, while a very small direct influence of varying 

microstructure modification on antimicrobial efficacy between the different topographies can be 

assumed based on the findings in Paper V. In fact, both hydrophobicity and Cu ion release were 

shown to be increased on as-processed compared to deoxidized surfaces independent of the pattern 

scale, which correlates to the previous findings. 

The investigations demonstrate a significant relation between pattern scale and antimicrobial 

efficiency, where however strain specific inter-cell interaction induces a difference in pattern specific 

bacterial deactivation between E. coli and S. aureus. High deactivation rates are closely linked to the 

capability of the bacteria to establish quantitative surface contact either as single cells or in clusters in 

relation to the topographic boundaries of the individual pattern geometries. In turn, antimicrobial 

efficacy appears to be decreased in the case of an impaired surface contact. Geometrically induced 

contact conditions by pattern scale and surface morphology both appeared to induce a higher impact 

on antimicrobial efficacy than a different level of hydrophobicity as assessed by WCA measurement 

and quantitative Cu ion release.  

In addition to the strain specific response to the different pattern scales, the study also focused on the 

chemical surface interaction of both bacterial strains with the Cu substrates. The Cu damaging 

mechanisms of the Gram-positive S. aureus involve a higher accumulation of Cu phosphate on the 

bacterial membrane, as well as leakage of cytoplasm due to advanced membrane damage, in contrast 

to buckling without extracellular agglomerates observed for the Gram-negative E. coli. Bacterial 

exposure under the saline environment of the PBS solution furthermore exhibits a deviating catalytic 

impact on Cu corrosion compared to E. coli. This results in different Cu ion release kinetics under 

PBS exposure exhibiting increased passivation levels on the USP-DLIP surfaces, which can directly 

be attributed to a higher membrane stability of S. aureus effecting a decreased transitivity towards Cu 

ions. 

The results of this study highlight a considerable impact of strain specific characteristics on the 

antimicrobial mechanism of action of Cu surfaces, which involves a deviation of both the topographic 

effect on antimicrobial efficacy of specific pattern sizes as well as bacterial catalysis of Cu corrosion. 

Applying USP-DLIP on Cu surfaces could be evidenced to benefit both the antimicrobial efficacy by 

an exponential increase of bacterial deactivation on contact mediating topographies as well as 

corrosion resistance of Cu by increasing passivation stability. Surprisingly, these features do not 

counteract, whereas bacterial deactivation does not necessarily scale by increased Cu ion release, but 

rather appears to involve a triggering of enhanced bacterial Cu sensitivity on the USP-DLIP surfaces. 
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In summary, USP-DLIP was shown to improve the antimicrobial properties of Cu surfaces 

independent of the bacterial strain by a multi-layered modification of both topographic and functional 

surface properties that each benefit the application. 

 

Contributions in Paper VII 

Based on the successful USP-DLIP process development and the initial proof of concept of a potential 

enhancing effect of USP-DLIP surface functionalization on the antimicrobial efficacy of Cu surfaces 

in the initial phase of this work, further accompanying research projects have been initiated. Amongst 

these, research activities in the field of Cu based antimicrobial surfaces and bacterial surface 

interaction included the ISS projects “Space Biofilms”, “BIOFILMS” and “Touching Surfaces” with 

reference to human spaceflight (the respective mission batches are displayed in Figure 22). The 

BIOFILMS experiment represents the first study on Cu materials for antimicrobial applications on the 

ISS. In parallel, samples involved in the Touching Surface experiment have been used in the first ever 

conducted series of investigations using electron microscopy combined with X-ray spectroscopy in 

space by means of the as-introduced “Mochii” facility.  

 

Figure 22: Mission batches of the three ISS experiments conducted in the extended scope of this dissertation. Left to right: 

Space Biofilms (Flight in 2019), BIOFILMS (Flight 1 in 2021, Flight 2 in 2022, Flight 3 in 2023, estimated Flight 4 in 2025), 

Touching Surfaces (On board the ISS from 09.2021 to 08.2022). 

At the time of the submission, the extensive sample material from both the BIOFILMS and Touching 

Surfaces flight experiments was still under investigation, where the results have yet to be published. In 

representation of these activities, the first paper of the ISS project BIOFILMS that introduces in the 

conceptual structure of the flight experiment has been integrated in this thesis as Paper VII, which 

also offers an outlook for research activities beyond this work. 

In addition to the increased cosmic radiation outside the Earth's protective atmosphere, bacteria are 

exposed to various external influences under space conditions that can affect their behavior and 

viability. Due to the lower level of mixing and the absence of convection or sedimentation, the nutrient 

supply of bacteria in a liquid medium is subject to different dynamics. Such differences in material 

transport can also affect vital functions of the bacteria as well as driving forces involved in bacterial 

surface interaction introduced in Chapter II 1. At the same time, the release and diffusion of 

bactericidal Cu ions on actively antimicrobial Cu surfaces may be subject to similarly altered kinetics.  

Previous human spaceflight experience has shown that controlling the microbial environment in 

spacecraft and space stations is essential to maintain astronaut health and the technical functionality of 

life support systems. The USP-DLIP functionalized metal surfaces studied in this experiment could 

potentially contribute to the control and/or containment of the surface microbiome on the space 

station. By observing bacterial interactions under the modified conditions of space, it may also be 

possible to draw important conclusions about specific interactions observed on Earth. 
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The USP-DLIP based concept of topographically functionalized antimicrobial surfaces established in 

Papers I-III builds the technology platform for modified bacterial contact in BIOFILMS. Contact-

promoting or -inhibiting conditions with P > Bac and P < Bac are realized by structure sizes of 3 µm 

and 800 nm. In BIOFILMS, the ability of three space flight relevant bacterial strains3 to colonize and 

form biofilms on USP-DLIP functionalized antimicrobial and inert metal surfaces from a planktonic 

initial state is investigated under different gravity conditions within space station environment. Using 

the two KUBIK incubation modules with integrated centrifuge installed on the ISS, the experiment 

simulates the microgravity (µg) on the space station, the gravity of Mars (0.38 g, approximated with 

0.4 g) and Earth (1 g). In total, BIOFILMS comprises four flight experiments with a flight interval of 

several years and a total of 135 parameter modifications tested on 960 individual samples. The in-

depth investigation of bacterial behavior on the different surfaces under the environmental conditions 

of extraterrestrial habitats aims towards a better understanding of the nature and adaptation strategies 

of bacteria and the evaluation of a potential applicability in contamination control. 

 

 

 

 

 

  

 
3  • Staphylococcus capitis subsp. capitis, which has previously been exposed to space conditions on the ISS. 

• Acinetobacter radioresistens, exhibiting high resilience towards increased levels of radiation. 

• Cupravidus metallidurans, which has shown notable resistance capacities to Cu and heavy metals. 
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V |  Included Papers and Manuscripts 

 

Paper I 

Applying Ultrashort Pulsed Direct Laser Interference Patterning for 

Functional Surfaces 

In this study, the Direct Laser Interference Patterning methodology applying 

ultrashort laser pulses (USP-DLIP) developed in the scope of this work is introduced. 

This includes approval of the feasibility to generate hierarchical surface structures in 

the micro- as well as the sub-micrometer scale on ceramic, polymer and metallic 

materials. Coupled with an elaborated investigation of thermodynamic mechanisms 

involved in pattern formation especially on metallic substrate materials, this technique 

enabled an extended research in several fields of application involving the topic of 

this thesis. 

Paper II 

In-Depth Investigation of Copper Surface Chemistry Modification by 

Ultrashort Pulsed Direct Laser Interference Patterning 

Surface patterning in the micro- and nanometer-range by means of pulsed laser 

interference was shown to modify both the topography and surface chemistry. This 

work presents an in-depth investigation of the chemical surface modification 

occurring during surface patterning of Cu by USP-DLIP following a multi-method 

approach. The detailed quantification of surface morphology as well as composition 

and distribution of surface chemistry related to both processing and atmospheric aging 

allows for an improved assessment of the multi-level impacts of USP-DLIP on 

functional Cu surface properties that potentially influence antibacterial efficacy.  

Paper III 

Increasing Antibacterial Efficiency of Cu Surfaces by targeted Surface 

Functionalization via Ultrashort Pulsed Direct Laser Interference 

Patterning (USP-DLIP) 

Building on the results of the previous two papers, this study investigates on how 

antibacterial properties of Cu surfaces against E. coli are influenced by USP-DLIP. 

This involves the modification of both topographic and functional surface properties 

by applying surface patterns in the scale range of single bacteria cells. In fact, both 

topographic and physicochemical influences on bacterial adhesion mutually affect the 

expressed antibacterial efficacy exhibiting a delicate interplay that allows to 

factorially enhance the antimicrobial properties of Cu. 

Paper IV 

Multi-Pulse Agglomeration Effects on Ultrashort Pulsed Direct Laser 

Interference Patterning of Copper 

Bacteria/surface interaction is sensitive to a complex setup of surface properties 

potentially including an impact of both primary and sub-pattern morphology. In this 

light, the mutual effect of proceeding surface modification on pattern formation 

alongside multi-pulse USP-DLIP of Cu is investigated to improve both topographic 

and functional surface tailoring. The in-depth insight into the dynamic physical Cu 

surface modification by USP-DLIP includes a mutual influence between primary and 

sub-pattern formation that allows for high precision µm and nm-scaled pattern design. 
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Paper V 

Microstructure versus Topography: The impact of crystallographic 

substrate modification during Ultrashort Pulsed Direct Laser Interference 

Patterning on the antibacterial properties of Cu 

In antimicrobial applications of Cu surfaces the effective mode of action relies on the 

quantitative release of Cu ions, by which a modification of the substrate properties 

related to corrosive interaction might similarly impact bactericidal efficiency. In this 

regard, the influence of USP-DLIP processing on the superficial microstructure of 

pure Cu was investigated including its integrated impact on functional surface 

properties and the bactericidal efficacy on topographic patterns in the scale of single 

bacterial cells.  

Paper VI 

Modifying the Antibacterial Performance of Cu Surfaces by Topographic 

Patterning in the Micro- and Nanometer Scale 

Based on the fundamental understanding of the parallel impacts of physicochemical 

and microstructure modification by USP-DLIP this study investigates the influence of 

modified bacteria/surface contact conditions by topographic patterning above and 

below the scale range of single bacteria cells on the antibacterial properties of Cu.. 

The respective deviation of bacteria/surface interaction for Gram-positive S. aureus 

and Gram-negative E. coli is monitored in terms of strain specific bactericidal 

efficacy and triggering of corrosive driving forces.  

Paper VII 

Testing laser-structured antimicrobial surfaces under space conditions: 

the design of the ISS experiment BIOFILMS 

Parallel research activities further extended the scope of this thesis from which this 

paper was included to highlight potential aspects of application of the investigated 

surface concept. In case of manned space flight, microbial biofilms pose a particular 

threat due to possible damage to vital technical equipment and systems as well as a 

general risk to crew health due to potentially increased pathogenicity and resistance 

development under µG conditions. This paper introduces the cooperative 

ESA/DLR/UdS FuWe space experiment BIOFILMS, which investigates the 

decontaminating capacities of USP-DLIP functionalized metallic surfaces under space 

flight conditions including a variety of G-levels allowing on a view on future extra-

terrestrial habitats. 
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Paper I: 

Applying Ultrashort Pulsed Direct Laser Interference 

Patterning for Functional Surfaces 

 

Daniel Wyn Müller1,*, Tobias Fox1, Philipp G. Grützmacher1, Sebastian Suarez1, Frank 

Mücklich1 

1Chair of Functional Materials, Department of Materials Science, Saarland University, 66123, 

Saarbrücken, Germany. 

 

Published in February 2020 in “Scientific Reports” and accessible online via: 

https://doi.org/10.1038/s41598-020-60592-4 

 

Abstract: 

Surface structures in the micro- and nanometre length scale exert a major influence on performance 

and functionality for many specialized applications in surface engineering. However, they are often 

limited to certain pattern scales and materials, depending on which processing technique is used. 

Likewise, the morphology of the topography is in complex relation to the utilized processing 

methodology. In this study, the generation of hierarchical surface structures in the micro- as well as 

the sub-micrometre scale was achieved on ceramic, polymer and metallic materials by utilizing 

Ultrashort Pulsed Direct Laser Interference Patterning (USP-DLIP). The morphologies of the 

generated patterns were examined in relation to the unique physical interaction of each material with 

ultrashort pulsed laser irradiation. In this context, the pattern formation on copper, CuZn37 brass and 

AISI 304 stainless steel was investigated in detail by means of a combination of experiment and 

simulation to understand the individual thermal interactions involved in USP-DLIP processing. 

Thereby, the pattern’s hierarchical topography could be tailored besides achieving higher process 

control in the production of patterns in the sub-μm range by USP-DLIP. 

 

Own contributions: 

Conception and design of the study. Development of the laser setup. Conduction of the experiments 

including USP-DLIP processing as well as LSM and SEM analyzation of the different substrates 

processed. Conception of the modelling approach and design of the numerical thermodynamic model 

including programming of the FEM simulation. Data interpretation, reparation and editing of the 

manuscript. 
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Applying Ultrashort Pulsed Direct 
Laser Interference Patterning for 
Functional Surfaces
Daniel Wyn Müller*, Tobias Fox, Philipp G. Grützmacher   , Sebastian Suarez    & 

Frank Mücklich

Surface structures in the micro- and nanometre length scale exert a major inƪuence on performance and 
functionality for many specialized applications in surface engineering. However, they are often limited 

to certain pattern scales and materials, depending on which processing technique is used. Likewise, 

the morphology of the topography is in complex relation to the utilized processing methodology. In 

this study, the generation of hierarchical surface structures in the micro- as well as the sub-micrometre 

scale was achieved on ceramic, polymer and metallic materials by utilizing Ultrashort Pulsed Direct 

Laser Interference Patterning (USP-DLIP). The morphologies of the generated patterns where 

examined in relation to the unique physical interaction of each material with ultrashort pulsed laser 

irradiation. In this context, the pattern formation on copper, CuZn37 brass and AISI 304 stainless steel 
was investigated in detail by means of a combination of experiment and simulation to understand the 

individual thermal interactions involved in USP-DLIP processing. Thereby, the pattern’s hierarchical 

topography could be tailored besides achieving higher process control in the production of patterns in 

the sub-µm range by USP-DLIP.

Highly speci�c surface properties in nature, like the well-known lotus and shark skin e�ects, are closely related to 
surface structures in the micrometre and nanometre length scale, o�en involving hierarchical patterns1. In fact, 
such biomimetic surface patterns have already proven to provide unique properties in several technical systems 
including the manipulation of contact mechanics and optical properties like light di�raction and absorption2–4. 
Patterns on the threshold between the micro- and the nanometre scale also showed to provide promising surface 
properties for medical products, as they can tailor the adhesion of both, cells and germs5–7. In this context, current 
research projects investigate the intricacies to prevent bio�lm formation by surface patterning of di�erent solid 
materials on the International Space Station (ISS), which endanger its crew in terms of both, health and damage 
to critical components8.

�e predominant impact on the unique properties of patterned surfaces is de�ned by the scale and morphol-
ogy of the surface features also including sub-patterns, which have to be adjusted speci�cally for each application. 
For instance, in antibacterial applications, feature sizes in the sub-µm length scale showed to be most e�ective 
against bacterial adhesion7–10. �e processing methodology, dealing with such delicate surface modi�cation, 
needs to ensure high machining precision as well as processing speeds and costs, which are able to compete with 
the classical methods of surface engineering. Besides lithographic methods, laser interference-based techniques 
have proven their worth in generating precise surface patterns, as they provide high processing speeds with little 
to no need for preparation and post-processing11. Direct Laser Interference Patterning (DLIP) using short pulsed 
laser sources was successfully applied for the controlled creation of periodic surface patterns in the micrometre 
scale, but has struggled to obtain sub-µm patterns on conductive materials3–7,12. Applying pulse durations close to 
or below the threshold of 10 ps in DLIP (which de�nes the ultrashort regime), allows for the generation of smaller 
pattern periodicities on a wider set of materials, even reaching below the µm scale range on metals12–16. When 
using ultrashort laser pulses (USP), sub-µm patterns can also be applied on several metals, semi-conductors 
and polymers by the formation of Laser Induced Periodic Sub-Structures (LIPSS)10,12,17–19. LIPSS generation is 
assumed to originate from the superposition of the incident laser pulse and a super�cial plasmon wave within 
the irradiated substrate, inducing line-like sub-structures, which are oriented perpendicular to the laser pulse 
polarisation and exhibit a periodicity close to the laser wavelength. In addition to their use as primary pattern, 
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LIPSS might be used as additional sub-patterns, rendering the morphology of DLIP generated patterns hierarchi-
cal16. Avoiding their formation, on the other hand, is o�en hard to achieve, especially on low conductive metals 
and semi-conductors. Hence, pattern morphologies on di�erent materials generated by USP-DLIP might vary 
strongly in relation to the physical kinetics involved in topography formation, which need to be understood to 
e�ciently tailor surface functionalities.

�e current study investigates the material speci�c interaction in response to USP-DLIP for the creation 
of hierarchical structures in the micro- and sub-micrometre scale on ceramic, polymer and metallic materi-
als involving primary pattern formation as well as sub-pattern generation. Since metals showed the most intri-
cate response to processing by USP-DLIP in the experiments, the complex thermal surface kinetics involved 
in the pattern formation were examined by a combination of experiment and thermal simulation using a Two 
Temperature Model (TTM). �us, the thermal and kinetic response of the noble metal copper, as well as the 
alloys CuZn37 brass and AISI 304 stainless steel on USP-DLIP could be determined in relation to a range of laser 
�uences and pulse accumulation. �e knowledge of the material´s response allows for precise tailoring of the 
pattern’s topographical parameters and the creation of optimised patterns in the sub-µm scale.

Methods
Ultrashort pulsed direct laser interference patterning (USP-DLIP).  For Direct Laser Interference 
Patterning a Ti:Sapphire laser source emitting ultrashort laser pulses with a pulse duration tp of 100 fs at Full 
Width Half Maximum (FWHM) and a centred wavelength λ of 800 nm was used. In the optical setup, the seed 
beam �rst passes an aperture de�ning the working beam diameter, as well as altering the intensity pro�le from 
Gaussian to a near Top Hat. A wave plate adjusts the polarization angle of the laser beam perpendicular to the 
generated pattern orientation. �e femtosecond pulsed seed beam is divided by a Di�ractive Optical Element 
(DOE), while a lens system causes the coherent beams to overlap on the sample surface. Due to the short coher-
ence length of approx. 30 µm in case of 100 fs laser pulses, de�ection of the beam paths is kept as low as possible 
to still allow for interference across the full spot diameter. �e optical setup is schematically shown in Fig. 1a. 
Overlapping the coherent beams induces an interference pattern modulating the distribution of the laser intensity 
on the substrate surface. In case of the two-beam interference setup used in these experiments, the pattern shows 
a one-dimensional sinusoidal distribution of laser intensity illustrated in Fig. 1b.

In the used optical setup, the individual beams are focussed before reaching the substrate’s surface. �us, the 
interference zone is situated further along the beam path, where both beam diameters are widening again, which 
enables a faster processing due to the increased spot diameter. �e analogy of the beam paths in the interference 

Figure 1.  (a) Schematic illustration of the optical setup for USP-DLIP. 1 laser source, 2 aperture, 3 wave 
plate, 4 DOE, 5 lens systeme, 6 automated two axes (x, y) sample mount. (b) two beam interference leading to 
one-dimensional sinusodial intensity patterns. Periodicity p accounts for the distance between two intensity 
maxima. (c) Surface patterning takes place in the areas, where the laser �uence surpasses the material speci�c 
ablation threshold Fabl. Hence, the pattern parameters can be modi�ed by adjusting p and the seed beam 
intensity I0. (d) Single spot and planar scanning used for surface patterning also showing the alignment of 
the linear beam polarisation perpendicular to the pattern orientation. �e overlap cx and cy were modi�ed by 
adjusting the horizontal scanning speed vx and the vertical step size vy in relation to the pulse frequency of 
1 kHz, the laser spot diameter dSpot and the intensity pattern periodicity p.

https://doi.org/10.1038/s41598-020-60592-4


3Scientific Reports |         (2020) 10:3647  | https://doi.org/10.1038/s41598-020-60592-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

setup to the setup of the Fresnel mirror test can be utilised to calculate the periodicity p of the generated pattern 
in correlation to the incident angle θ of a single beam according to:

λ

θ
=p

2 tan( ) (1)

�e sinusoidal linear intensity distribution I(x) induced by DLIP can be calculated by13
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Patterning of the irradiated substrate happens by physical laser-material-interaction, which depends on the 
local intensity gradient, as illustrated in Fig. 1c. In this context, the material response mainly corresponds to the 
material speci�c ablation threshold Fabl

20.

Materials preparation.  In the experiments di�erent series of spots, as well as planar patterns with a peri-
odicity p of 3 µm were applied on 10 × 25 mm platelets of the three metallic substrates copper, CuZn37 brass 
(Wieland) and AISI 304 stainless steel (Brio). The two ceramic and polymer samples, 3Y-TZP zirconia and 
Poly-L-Lactide Acid (PLLA), were solely planar patterned, both with 3 µm and 10 µm periodicity. �e metallic 
substrates were �rst mirror-polished utilising an automated TegraPol system (Struers). Additionally, patterns of 
0.7 µm periodicity were fabricated to investigate the possibility of producing sub-µm periodic structures on metal-
lic substrates by this technique. To achieve this, the focal length of the lens system was changed from 100 mm 
(p = 3 µm) to 23 mm (p = 0.7 µm) by introducing an additional lens. �e single spot samples were irradiated with 
di�erent pulse numbers (n = 1, 2 and 5) at di�erent laser �uences. Planar patterning was conducted by scanning 
the substrate surface in continuous pulsing mode using a pulsing frequency of 1 kHz. �e di�erent processing 
types are schematically shown in Fig. 1d. �e overlap of the sequential pulses was tailored by the scanning speed, 
as well as the vertical spacing of the scanning lines as described in21. �e laser �uence was altered from 0.5 to 4.6 J/
cm² for p = 3 μm and from 2.07 to 7.6 J/cm² for p = 0.7 µm corresponding to the intensity calculated at FWHM of 
the DLIP-induced intensity pattern.

Characterisation.  Characterisation of the surface topography as well as the modi�cation of the micro-
structure was conducted by means of confocal laser scanning microscopy (CLSM) utilising a LEXT OLS4100 3D 
Measuring Laser Microscope by Olympus as well as scanning electron microscopy (SEM) (Helios 600 by FEI). �e 
CLSM measurements were done using the 50× lens in digitally doubled magni�cation mode at a laser wavelength 
of 405 nm. For SEM imaging, secondary electron (SE) contrast was used in addition to a sample tilt of 52° degree, 
which allows for an improved visualization of topographical features. �e acceleration voltage was set to either 
10 kV or 5 kV at a current of 0.86 pA.

Modelling the thermal response of metals to USP-DLIP.  In case of an irradiation of metals by ultra-
short laser pulses, the pulse duration and hence the time needed for a complete energy transfer to the material´s 
electron system is generally far shorter than the electron-phonon relaxation time22. �is induces a high thermal 
gradient between electron gas and lattice leading to a very localized, strong heating. To predict the materials 
response correctly under these circumstances, the temperatures of both the electron system Te and the lattice 
system Tl have to be considered separately in a Two Temperature Model (TTM)23. Corresponding to Fourier´s law 
of heating, the one dimensional distribution of Te and Tl oriented orthogonal to the substrate surface is de�ned 
by the following equations23,24.
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�e parameters Ce and Cl represent the speci�c heat capacity of the electron and the lattice sub-systems, while 
ke and kl are their thermal conductivities. �e energy transfer rate between electron gas and lattice is de�ned by 
the electron-phonon coupling coe�cient G. �e heat input induced by laser irradiation is represented by the 
source term S.

�e electron heat capacity Ce of a Fermi-distributed electron gas is increasing linearly in relation to the elec-
tron temperature Te for temperatures below the Fermi Temperature TF = EF/kB. Hence, Ce can be calculated by 
Ce = Ce0Te where Ce0 is the speci�c electron heat capacity at ambient temperature. For electron temperatures close 
to and higher than TF, the speci�c electron heat capacity should be determined by

=C
N k

2 (5)e
e B

where Ne is the electron density24.
�e heat capacity Cl of the lattice can be estimated as being invariable for temperatures higher than the Debye 

temperature and hence represents a constant material parameter25.
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�ermal di�usion in the electron system strongly depends on the local electron and lattice temperatures. 
For electron temperatures below TF, the thermal conductivity ke of the electron system is suggested to follow the 
ratio between Te and Tl as ke ≈ ke0(Te/Tl), where ke0 is the electron thermal conductivity at ambient temperature26. 
However, recent investigations have shown a more delicate behaviour of the electron thermal conductivity over 
a wider range of temperature, suggesting an improved term to determine ke using the speci�c material constants 
A and B27,28.

=
+

k k
BT

AT BT (6)
e e

e

e l
0 2

Nevertheless, by using Eq. (6) the electron thermal conductivity gets underestimated, when the electron tem-
perature reaches a temperature much higher than the lattice temperature (by two orders of magnitude)13,29. �is 
is most likely the case at high laser �uences and for metals exhibiting a low electron-phonon-coupling, like gold, 
silver and copper. Here, the electron thermal conductivity is represented more accurately by
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where θe = Te/TF and θl = Tl/TF. �e two material speci�c constants C and s can be determined by adjusting the 
progression of ke to the behaviour calculated by Eq. (6) at low electron temperature, as described in27. In the 
simulations, Eq. (7) was preferred for copper and CuZn37, since the calculated values for Te tend to signi�cantly 
exceed Tl at higher �uences. In the case of steel, Eq. (6) was applicable for all the calculations, as the di�erence 
between Te and Tl remained lower, which can be addressed to higher electron-phonon coupling.

As heat di�usion in metals is related up to 99% to transmissions by collisions within the electron system the 
contribution of kl to the thermal di�usion can be neglected30.

Similar to the electron thermal conductivity, the electron-phonon coupling coe�cient G depends on the sys-
tem temperatures. It can be determined using the following equation31
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G0 is de�ned here as the electron-phonon coupling at ambient temperature.
�e temporal intensity distribution of the laser pulse is following a Gaussian behaviour, de�ned by the pulse 

duration tp at FWHM32. In conjunction to the Beer-Lambert Law and the pattern-shaped distribution of I(x) on 
the target surface de�ned by Eq. (2), the energy absorption of the irradiated substrate accounting for the source 
term is de�ned by13
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In this term, t0 is the arrival time of the pulse at maximal intensity and σ the standard deviation de�ned by

t

ln2 2 2 (10)

p
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�e material speci�c absorptivity α and re�ectivity R depend on the wavelength of the laser used to irradiate 
the substrate and can be calculated using the corresponding refractive index n and extinction coe�cient k33 by
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As former works have shown, the optical substrate properties are signi�cantly changed due to strong thermal 
electron excitation during ultrashort pulsed laser irradiation, which increases the absorption of the laser pulse 
during irradiation34–36. To include this optical behaviour in the simulation of ultrashort pulsed laser-material 
interaction, n and k were altered according to enhanced electron energy states ΔeV using the data provided for 
copper and iron in33. Alteration of the optical properties was linked to the electron temperature Te by approxi-
mating ΔTe ~ ΔeV/kB.

Aside of the electron temperature, chemical or topographical surface modi�cations like oxidation or laser 
induced surface roughening also showed to enhance laser absorption of the substrate surface. In order to include 
this in�uence in the numerical calculation the factor Δabs was implemented in Eq. (9), which is raised from 1 to 
2 according to the �ndings of Vorobyev et al.37 for the calculation of thermal interactions in response to multi 
pulse irradiation.

�e thermal substrate response upon irradiation by USP-DLIP was analysed numerically in a 2D depth pro�le 
by solving the introduced thermal model with the simulation so�ware FlexPDE. �e speci�c material constants 
used in the numerical analysis of the thermal behaviour of copper and AISI 304 stainless steel are listed in Table 1. 
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For stainless steel, the optical and thermal material parameters of iron were used, only adapting the material spe-
ci�c constants A and B, as well as the electron thermal conductivity ke0 to represent the low thermal conductivity 
of steel38. In the case of CuZn37 brass, the main parameters of copper were used, as its characteristics still domi-
nate the metallic properties of this alloy. To specify the model for the alloy´s thermal behaviour, the lower thermal 
conductivity and heat capacity were implemented by choosing ke0 as 120 W/m³K and Cl as 3.17 × 106 J/m³K.

Results
USP-DLIP on insulating materials.  For USP-DLIP on the insulating materials zirconia and PLLA I0 was 
adjusted accordingly to ablate an area of 50% of the whole spot area. To obtain continuous line patterns, the sub-
strate surfaces were patterned with a pulse overlap cx of 90%. �e ablation areas on both materials are well de�ned 
and exhibit sharp boundaries to the non-ablated areas. �e morphology of the ablated areas indicates that in both 
cases a liquid phase appears to have been present aside of predominant evaporative ablation during thermal inter-
action in response to USP laser irradiation. In the case of zirconia, the surface in the ablation area exhibits a high 
porosity accompanied by crack formation illustrated in Fig. 2a,b, which is likely to be induced by thermal stress 
from fast temperature transitions during laser processing. Similar observations were made on zirconia substrates 
processed by short pulsed DLIP, in case of a higher number of overlapped pulses39. �e underlying mechanism 
leading to the occurrence of porosity could not be unambiguously determined, but it is most likely related to 
localized explosive vaporization events, which might originate from both inhomogeneity in the bulk material and 
enhanced localized absorption by laser induced surface roughening37. On PLLA the una�ected surface partitions 
exhibit spots and strands of re-solidi�ed substrate that stretch across the ablation areas, as can be seen in Fig. 2c. 
In the experiments, remarkably high ablation depths of up to 10 µm were achieved in comparison to the other 
materials investigated at comparable processing parameters. Since neither zirconia nor PLLA have a band gap that 
matches the wavelength of the laser radiation used, electron excitation by multiphoton absorption is assumed, as 
also formerly observed for other ceramics and polymers14,40. �is absorption mechanism was suggested to be able 
to induce avalanche ionisation, which is strongly increasing the absorptivity of the substrate in case of su�ciently 
high irradiation intensities41. �is might be the reason for the high ablation depths observed for USP-DLIP on 
PLLA. As thermal interaction for both materials only occurs in case of irradiation intensities surpassing the 
critical threshold of multiphoton absorption, the sharp borderline between ablated and unimpaired substrate 
also speaks in favour of the postulated mechanism29. �e laser �uence at FWHM surpassing the critical ablation 
threshold for multi photon absorption (leading to an ablation area of 50% of the periodicity p) accounts to 2.4 J/
cm² for 3Y-TZP zirconia and 0.58 J/cm² for PLLA. Roitero et al.39 measured a similar ablation threshold Fabl for 
3Y-TZP in case of short pulse durations of 10 ns, although melt formation clearly dominated the thermal inter-
action of the material. �e comparable ablation thresholds despite the di�erent pulse durations can be traced 
back to the lower laser wavelength of 355 nm used by Roitero et al., which appear to be energetically closer to the 
existing band gap of the material.

USP-DLIP on metallic materials.  Examination of the surface topographies on both copper and CuZn37 
induced by single pulse USP-DLIP at a �uence of 1.1 J/cm², which is close to the single pulse ablation threshold of 
copper42, reveals a morphology formed by super�cial melting, as shown in Fig. 3a,b. In the proximity of surface 
scratches, single craters indicate localised vaporisation events. �e craters appear more o�en and exhibit greater 
diameters on CuZn37. A�er dual pulse processing, the ablation rate and surface morphology on both materials is 
changed signi�cantly. �e roughened surface of a strongly agitated liquid phase, illustrated in Fig. 3d,e, is charac-
terised by large craters, which appear to be initiated by explosive removal of molten matter. �e a�ected area on 
both materials exhibits a signi�cantly increased width in comparison to single pulse patterns, while patterns on 
copper show slimmer ablation areas in comparison to CuZn37 patterns. Both the extended width of the ablation 
area as well as the more frequent occurrence of localised vaporisation on CuZn37 might be linked to a reduction 
of the ablation threshold Fabl by alloying.

In comparison to single pulse processing, the ablation of material is signi�cantly enhanced in dual pulsing. 
In fact, it was shown that consecutive pulsing alters the absorptivity of metals by oxidation as well as surface 

Copper Stainless steel

Absorptivity α λ= = ( )nm Te K m( 800 , 300 )

1 33 12.8 × 107 5.74 × 107

Re�ectivity R nm Te K( 800 , 300 )λ= =
33 0.9645 0.601

Electron heat capacity ( )Ce

J

m K
0 3 2

13,47 96.6 706.4

Lattice heat capacity ( )Cl

J

m K
3 2

48 3.39 × 106 3.66 × 106

Electron thermal conductivity ( )ke
W

mK0
49,50 401 15

Electron-phonon coupling coe�cient ( )G
W

m K
0 3

49 12 × 1016 130 × 1016

Material speci�c constants C and ( )A
sK

1 13,38 C = 386.5 A = 0.98 × 107

Material speci�c constants s and ( )B
sK

1

2
13,38 s = 0.14 B = 2.8 × 1011

Table 1.  Speci�c material constants used in the TTM simulation of copper and stainless steel.

https://doi.org/10.1038/s41598-020-60592-4


6Scientific Reports |         (2020) 10:3647  | https://doi.org/10.1038/s41598-020-60592-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

roughening, leading to multiple re�ections and absorption of the irradiating laser beam20,42. Surface roughness 
in the nanometre-scale has been proven to e�ectively enhance the absorptivity up to two-fold37, which might 
also be the reason for enhanced thermal interaction at scratches on copper and CuZn37 surfaces, leading to the 
evaporation induced craters visible in Fig. 3a,b.

�e topographies created on stainless steel by USP-DLIP strongly di�er in morphology compared to the 
copper-based metallic substrates, as shown in Fig. 3c,f. �e thermally a�ected area is marked by a clear melt-front. 
�e smooth surfaces resulting from single pulse irradiation are replaced by a slight ripple formation a�er dual 
pulse irradiation. Although the pattern morphology does not indicate evaporation, ablation can be detected even 
for the lowest tested �uence of 0.5 J/cm², which is in good correlation to the USP induced ablation behaviour of 
iron measured by Artyukov et al.43. �e ablation area width (i.e., line width) slightly increases a�er the second 
pulse. In the center of the ablation areas, ripple formation oriented perpendicular to the pattern orientation is 
visible. As the orientation of these ripples is parallel to the beam polarisation, they should not be related to LIPSS 
formation as it would be expected from other investigations16,19. �e enhanced ablation of steel for the second 
pulse might be linked to higher absorption by laser induced oxidation and minor surface roughening due to the 

Figure 2.  SEM-images of line patterns created by USP-DLIP on (a) 3Y-TZP zirconia at periodicity p of 3 µm 
and a �uence of 2.4 J/cm² as well as (c) PLLA at periodicity p of 10 µm and a �uence of 0.58 J/cm². (b) close-up 
of the ablation area on 3Y-TZP zirconia exhibiting porosity and cracks in the center, where the highest laser 
intensity was a�ecting the substrate surface.

Figure 3.  SEM-images of line patterns of 3 µm periodicity applied by USP-DLIP showing the di�erent 
physical interaction of the three metallic substrates induced by USP-DLIP using a �uence of 1.1 J/cm², which 
corresponds to the single shot ablation threshold of copper for the utilised laser parameters42. (a) copper, (b) 
CuZn37, and (c) stainless steel a�er single pulse, (d) copper, (e) CuZn37, and (f) stainless steel a�er two pulses.
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agglomeration of redeposited particles marked by a brighter SE contrast in Fig. 3c. Comparing the ablation area 
width between the illustrated DLIP patterns of the three metallic substrates in Fig. 3 additionally marks out the 
di�erent ablation thresholds for single and multi-pulse irradiation.

Thermal interaction of metallic substrates on USP-DLIP.  In order to study the thermal interaction of 
the di�erent metallic substrates in response to USP-DLIP in detail, the substrate heating a�er irradiation by �u-
ences of 0.5 to 4.6 J/cm² was simulated in 2D utilizing the aforementioned TTM. Alteration of surface absorptivity 
was involved in the calculation in two di�erent ways: Modi�cation of laser absorption due to excited electron 
states during laser irradiation was accounted for by modifying the optical parameters in relation to electron heat-
ing ΔTe, as mentioned in the Methods section. �e approximated relation of re�ectivity R and absorption coe�-
cient α to ΔTe are both shown in Fig. 4a,b. Experimental data achieved for �uence and equilibrium temperature 
dependent alteration of both parameters show good correlation to referenced experiments34,36. �e enhanced 
absorptivity due to laser induced chemical and topographical surface modi�cation was addressed by enhancing 
the value of the absorption factor Δabs in Eq. (9). According to the �ndings of Vorobyev et al.37, the chosen value 
of Δabs for the calculation of the thermal substrate interaction on consecutive pulses was 2, while it was kept 1 
for single pulse irradiation. �e change in thermal response of both copper and stainless steel by altered surface 
absorptivity is illustrated for an irradiation �uence of 1.1 J/cm² in Fig. 4c,d. Both graphs exhibit a signi�cant rise 
in the resulting heating of both materials due to enhanced laser absorption, which especially is true for copper.

To estimate the lattice heating induced by USP-DLIP responsible for phase changes and material ablation, 
the 2D depth pro�le of the lattice temperature at thermal relaxation τeq is calculated, marking the highest lattice 
temperature. As electron-phonon-coupling transitions are assumed to have the main e�ect on lattice heating in 
the ultrashort time regime, the in�uence of heat di�usion in the lattice system a�er τeq was neglected30. Phase 
fronts were estimated by following the isothermal frontiers of the threshold temperatures for solid/liquid and 
liquid/vapour phase transitions. In the context of ultrafast phase transitions within hundreds of femtoseconds, 
Rethfeld et al.29,44 discussed the stimulation of homogeneous melting of metals and semiconducting materials due 
to strong electronic in-equilibria in the substrate surface induced by ultrashort laser pulses. In case of copper, the 
critical lattice temperature leading to homogeneous melting within a pulse duration of 100 fs is assumed as Thm 100 

fs = 1.45 × Tm, with Tm as the melting temperature of copper44. Reduced metallic behaviour of the irradiated mate-
rial was shown to decrease the threshold and hence the period between irradiation and formation of superheated 
liquid44,45. �is e�ect appears to be triggered by a change in atomic bond forces a�er intense super�cial electron 
emission29,45. According to this theory, threshold temperatures for ultrafast homogeneous melt formation dur-
ing ultrashort pulsed irradiation of less conductive metals and alloys like CuZn37 and steel can be estimated to 

Figure 4.  Alteration of the optical parameters of (a) copper and (b) stainless steel (literature data from iron) 
by enhanced electron temperatures during the laser pulse. Electron and lattice heating calculated for both (c) 
copper and (d) stainless steel at the surface area exposed to the maximum intensity of the DLIP pattern induced 
by a �uence of 1.1 J/cm² at single and multiple pulse irradiation. �e thermal relaxation time τeq as well as the 
corresponding equilibrium temperature Teq is marked for both single (s) and multi pulse (m) irradiation.
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be in a considerable lower relation to Tm compared to copper45. Hence, the solid/liquid threshold temperature 
Tsl for copper was chosen at Tsl = 1.45 × Tm, while in case of both alloys Tsl was approximated to be equal to Tm. 
�e liquid/vapour threshold temperature Tlv for all materials was estimated as the boiling temperature Tb. �e 
calculated distribution of the di�erent material states at τeq a�er single pulse and dual pulse USP-DLIP irradia-
tion at a �uence of 1.1 J/cm² is illustrated for the three di�erent metallic substrates in Fig. 5a to f corresponding 
to the patterns displayed in Fig. 3. On both copper and CuZn37 the e�ect of enhanced surface absorptivity due 
to altered surface roughness and chemistry on thermal interaction clearly stands out due to the increase of both 
width and depth of the thermally a�ected area observed a�er two pulses. In both cases, the liquid/vapour thresh-
old was not surpassed a�er single pulse irradiation emphasising the relation of crater formation by evaporation to 
locally enhanced surface roughness by scratches in Fig. 3a,b. �e thermally a�ected area on stainless steel already 
exhibits a large width a�er single pulse irradiation accompanied by a comparably shallow depth, which both 
increase slightly a�er dual pulse irradiation. �is behaviour might be traced back to both the comparably low sur-
face re�ectivity for the irradiating wavelength of 800 nm as well as the smaller change of both surface re�ectivity 
and the absorption coe�cient in the present range of electron heating. �ereby, enhanced absorptivity by laser 
induced surface modi�cation has a less serious e�ect compared to copper.

�e observed ablation of highly conductive metals like copper a�er ultrashort pulsed irradiation can be separated 
into two di�erent mechanisms: At �uences slightly higher than the ablation threshold, ablation is linked to spalla-
tion (or foaming), which is denoting heterogeneous vapour nucleation in a subcritical liquid phase43,46. Spallation 
results in minor ablation, as measured a�er single pulse USP-DLIP. When the �uence signi�cantly surpasses the 
ablation threshold, the material’s ablation is associated with evaporative supercritical �uid expansion, also denoted 
as phase explosion46. �is mechanism is induced by an adiabatic unloading of a supercritical liquid phase leading to 
a strong impulse, detaching the vapour/liquid mixture from the surface at high velocities. �e explosive removal of 
hot matter initiates a strong convective cooling e�ect, which is limiting further heat di�usion and freezes the agitated 
melt-front, leading to the characteristic topographies of churned up melt43. �is corresponds well to the morphology 
visible on the surfaces treated by dual pulse USP-DLIP illustrated in Fig. 3d,e. In case of phase explosion, ablation 
is signi�cantly enhanced as the kinetic impulse also removes a considerable amount of molten material, while for 
spallation localized boiling with minor melt mobilisation can be observed, as schematically shown in Fig. 5g.

Wang et al.36 linked the onset of phase explosion on copper to lattice heating surpassing a threshold tempera-
ture of TPE = 0.9 × Tcr with a critical temperature Tcr of 7696 K. �e relation of ablation depths measured by CLSM 
to the calculated melting and vaporisation depth for single pulses on copper at the di�erent tested laser �uences, 
illustrated in Fig. 6a, shows a good correlation to the experimental results. �ereby, it can be noted that the meas-
ured ablation depth starts to match the calculated melting depth as soon as the maximum lattice temperature 

Figure 5.  Numerical simulation plots of the phase changes in each of the three metallic substrates induced by 
lattice heating a�er single and dual pulse USP-DLIP at a �uence of 1.1 J/cm² and 3 µm periodicity. �e utilised 
parameters correspond to the experimental setup used to fabricate the patterns illustrated in Fig. 3. (a) copper, 
(b) CuZn37, and (c) stainless steel a�er a single pulse, (d) copper, (e) CuZn37, and (f) stainless steel a�er two 
pulses. (g) Illustration of the two mechanisms of USP induced thermal ablation on highly conductive metals46, 
involving either expansion of subsurface vapour cavities (spallation) or explosive expansion of a superheated 
vapour-liquid mixture (phase explosion).
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surpasses TPE. �is can be traced back to melt expulsion expected during phase explosion. In case of dual pulse 
irradiation, TPE is reached at signi�cantly lower laser �uences due to the enhanced laser absorption. Here, exper-
imental values for ablation induced by phase explosion exceed the calculated depth of melt formation for an esti-
mated homogeneous melting threshold of Tsl = 1.45 × Tm for Tl > TPE. �is also applies if the considered melting 
threshold is reduced to Tm of copper. �is e�ect appears to be attributed to an accumulation of melt ejections at 
the edges of the ablation zone. In support of this theory, the experimentally measured ablation width tends to 
permanently exceed the calculated width of melt induction, as illustrated in Fig. 6b. It should be emphasised that 
the continuous increase in ablation width on copper leads to an overlap of the ablation areas a�er the second pulse 
for �uences higher than 2.4 J/cm². Hence, a complete covering of the substrate surface by expulsed melt can be 
assumed for multi-pulsed USP-DLIP substrate processing at a periodicity of 3 µm.

In case of CuZn37, the e�ect of a complete covering of the substrate surface by expulsed melt is already 
expected for a reduced threshold �uence of 1.88 J/cm² as a result of a lower ablation threshold as visible in Fig. 6d. 
Here, experimentally measured ablation depth shows a strong correlation to the calculated melting depth for 
single pulse irradiation without any indication of a change from ablation by spallation to phase explosion (see 
Fig. 6c), even though, ablation on CuZn37 appears to follow similar kinetics like on copper, judging from the 
resulting surface morphologies imaged by SEM. A possible reason for the contradictory results could be the 
stronger, scratch-induced crater formation a�er single pulses on CuZn37, which can lead to a higher average 
depth observed in the experiments. A topography-induced in�uence of the experimental values by scratches 
at low �uences can also be assumed by the strong correlation between measured single and dual pulse ablation 
width visible for both copper and CuZn37 in Fig. 6b,d, indicating similar e�ective ablation thresholds and lead-
ing to a strong deviation from the calculated ablation width at low �uences. In case of dual pulse irradiation, a 

Figure 6.  Comparison of the numerically calculated and measured (CLSM) ablation depth and width in 
relation to laser �uences in the range of 0.5 to 4.6 J/cm² a�er single and dual pulse USP-DLIP on the three 
metallic substrates: (a) ablation depth and (b) ablation area width on copper, (c) ablation depth and (d) ablation 
area width on CuZn37, (e) ablation depth and (f) ablation area width on stainless steel. �e parameters, where 
the lattice temperature exceeds the phase explosion threshold temperature Tl > TPE in the numerical calculations 
are additionally marked in (a–c,e,f).
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transition from spallation to phase explosion might be assumed between 0.88 J/cm² and 1.1 J/cm² from the com-
parison of experimental and calculated values. However, this is questionable due to the ambiguous values of single 
pulse ablation. Neither single nor dual pulse ablation can be linked to the phase explosion threshold temperature 
TPE of copper, indicating that other ablation mechanisms and/or threshold temperatures need to be considered 
for the USP thermal interaction for the alloy.

Tsibidis et al.38 indicate a similar relation of phase explosion to the critical temperature for steel as Wang et al.36 
using the critical temperature of iron (Tcr = 8500 K) for their calculations. However, USP-DLIP patterns produced 
on stainless steel do not exhibit traces of spallation or phase explosion in our observations, which might be linked to 
the in�uence of super�cial electron emission on atomic bond strength as discussed by Rethfeld et al.29. Accordingly, 
the resulting surface charging in the case of low-conductive steel might favour the formation of low-temperature 
plasma formation on the substrate surface during thermal interaction a�er USP irradiation. In this case, removal 
of superheated material can take place before spallation or phase explosion is induced. �ereby, thermal energy 
losses by plasma emission could cause a strong freezing e�ect on the electron subsystem, keeping the overall heating 
permanently below the threshold of spallation or phase explosion46. A similar behaviour was already reported for 
iron43. Consequently, patterns induced by single pulse USP-DLIP on stainless steel surfaces show a similar relation to 
the calculated melting depth as CuZn37, where changes between ablation mechanisms are not visible, as illustrated 
in Fig. 6e. Even though, phase explosion is not visible on steel, the melt seems to be displaced out of the ablation 
area during ablation, which is also indicated by the clear melt throw-ups marking the boundaries of the individual 
ablation areas in Fig. 3c,f. A�er dual pulse processing, on the other hand, measured ablation remains below the 
calculated melting depth until the theoretical phase explosion threshold estimated by Tsibidis et al.38 is surpassed. A 
similar approximation of the measured and calculated values can be observed for the ablation width of stainless steel 
in the low �uence regime, illustrated in Fig. 6f. However, the observed ablation behaviour is not equally connected 
to TPE of iron for both single and dual pulse irradiation. Additionally, surface morphologies in both cases do not 
indicate phase explosion ablation, by which an actual involvement of this parameter in thermal interaction of steel 
on USP irradiation is questionable. Comparing the measured ablation depths a�er single pulse irradiation of copper 
and stainless steel to the experimental results of Wang et al.36 and Artyukov et al.43 exhibit a good correlation of our 
own �ndings to literature data for the investigated range of �uence.

Aside of the di�erent mechanisms involved in ablation and surface morphology formation, all three metallic 
substrates exhibit a signi�cant increase of the experimentally measured ablation depth in relation to the calcu-
lated melting depth at higher �uences, especially for dual pulse processing. �is behaviour appears to be related 
to an increasing overlap of the ablation areas, leading to an accumulation of ejected melt between the ablation 
areas. For greater pulse numbers, this e�ect on pattern depth mostly vanishes in case of copper. Here, the ablated 
volume can be mainly related to evaporation by comparing measured and calculated ablation depth, illustrated in 
Fig. 7a. On CuZn37, ablation also appears to be related to evaporation for �uences below 2,4 J/cm², but yet exhib-
its an increasing e�ect of melt expulsion from 3 to 4.6 J/cm², similar to the additionally enhanced ablation depths 
measured a�er dual pulse irradiation, as can be seen in Fig. 7b. Although the surface of steel does not show any 
characteristics of phase explosion even a�er �ve pulses, ablation can again be linked closely to the threshold tem-
perature TPE of iron38. �is is demonstrated by an increasing involvement of melt expulsion in ablation as soon as 
the lattice temperature surpasses this threshold, as illustrated in Fig. 7c. At a �uence of 1.48 J/cm², the measured 
ablation even surpasses the corresponding calculated melt depth, until the measured vales are almost twice as 
high as the calculated values at 4.6 J/cm². Here, USP-DLIP processing of stainless steel might be bene�ting from 
the smaller expansion of the ablation area during consecutive pulsing in contrast to the enhanced expansion by 
melt expulsion during phase explosion on copper and CuZn37 (compare Fig. 6b,d,f).

Eơect of thermal interaction on surface morphology.  �e ablation mechanisms observed in the 
USP-DLIP processing of the di�erent metallic substrates are likely to not only in�uence ablation, but also the sur-
face morphology of the patterns. �is involves the formation of sub-patterns like in particular LIPSS on stainless 
steel. In case of copper, the two observable ablation mechanisms spallation and phase explosion di�er mainly in 
the amount of melt agitation during the ablation process. �e comparison of patterns produced on copper by a 
�uence of 1.48 J/cm², where the threshold temperature TPE for phase explosion at consecutive pulsing is barely 
reached in the simulations, and 3 J/cm², where TPE is considerably surpassed, is illustrated in Fig. 7d. �e aspect 
ratio of the patterns was adjusted to be equal by enhancing the pulse overlap for the lower �uence from 90% to 
95%, leading to an increase in pulse number from 10 to 20 pulses. �e di�erence in ablation width between the 
two laser parameters is clearly visible, leading to almost �at pattern peaks at lower �uence, while the peak sharp-
ness at higher �uence is enhanced by the agglomeration of expulsed melt. Aside of the main pattern geometry, 
the morphology the sub-patterns also di�er corresponding to the di�erent ablation mechanisms. In case of 1.48 J/
cm², spallation ablation leads to smaller scale feature sizes of the sub-pattern, which is dispersed equally on the 
whole surface. On patterns processed at a �uence of 3 J/cm², the sub-pattern is formed by re-solidi�ed melt, which 
was agitated during phase explosion inducing both a bigger feature size of the sub-pattern as well as a di�erence 
in surface morphology between the pattern peaks and valleys.

On steel surfaces processed by USP laser irradiation, LIPSS formation dominates the sub-pattern morphology 
at a �uence of 1.48 J/cm², which is mainly related to an agglomeration of a higher number of pulses at low laser 
�uence19,38. Consequently, LIPSS formation is signi�cantly reduced on stainless steel substrates by applying a lower 
pulse overlap combined with enhanced laser �uence, as visible in Fig. 7e. �e parameters utilised for USP-DLIP 
processing of the displayed patterns on steel were the same as the ones used on copper. In case of steel, the di�er-
ence in �uence is only recognizable by the di�erent slopes at the �anks of the peaks, as the main pattern geometries 
resemble each other closely. Both patterns exhibit a high peak sharpness attributable to melt agglomeration between 
the ablation areas similar to the pattern formed on copper at higher laser �uence. �is might be linked to the fact that 

https://doi.org/10.1038/s41598-020-60592-4


1 1Scientific Reports |         (2020) 10:3647  | https://doi.org/10.1038/s41598-020-60592-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

in both cases, the threshold temperature TPE was surpassed. As for the patterns produced on copper, similar aspect 
ratios were achieved by adjusting the pulse overlap accordingly to the alteration of the laser �uence.

In case of lower pattern periodicities, both enhanced absorptivity by laser induced surface modi�cation as well 
as melt expulsion during ablation might play a crucial role in DLIP processing. Bieda et al.13 for example showed 
a critical enhanced absorptivity in DLIP processing of copper using near-USP durations, where sub-µm patterns 
could be applied by single pulses, but vanished a�er dual pulse irradiation. A similar behaviour was observed in 
our experiments, a�er irradiation of copper at a �uence of 7.6 J/cm², where the sub-µm pattern exhibits a signi�-
cant overlap of the ablation areas already a�er single pulse irradiation. By reducing the �uence to 3.7 J/cm², a less 
critical surpassing of TPE was achieved in dual pulse irradiation, whereby the pattern could be maintained for two 
consecutive pulses, as illustrated in Fig. 8a. Similar results for two pulses were achieved for CuZn37 at a �uence 
of 2.07 J/cm² and steel at a �uence of 6.1 J/cm², where the di�erence between the applicable �uences once again 
highlights the e�ect of the individual ablation behaviour on USP-DLIP processing of the di�erent metals. �e 
patterns on both alloys corresponding to the mentioned processing parameters are displayed in Fig. 8b,c.

Conclusions
USP-DLIP processing at near-infrared wavelength of the three di�erent material groups ceramics, polymers and 
metals was achieved using similar laser �uences. �e processability of materials showing low absorptivity at this 
wavelength can be attributed to the altered laser-material interaction during USP irradiation. �e in�uence of the 
ultrashort pulse duration on the thermal interaction was discussed. Special attention was paid to processability as 

Figure 7.  Ablation depth measured by CLSM on USP-DLIP patterns compared to simulated results of melting 
and vaporisation depth a�er irradiation by �ve consecutive pulses at �uences ranging from 0.5 to 4.6 J/cm² on the 
three metallic substrates (a) copper, (b) CuZn37 and (c) AISI 304 stainless steel. (d) Modi�cation of the surface 
parameters on copper by adaption of the processing parameters in favour of faster processing speed leading 
to sharper pattern tips and a melt dominated sub-pattern. (e) Inhibiting LIPSS-formation on stainless steel by 
adaption of the processing parameters in favour of both higher laser intensity and lower pulse agglomeration.
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well as to surface morphology for the individual material groups, pointing out the unique speci�cations, which 
need to be considered in USP-DLIP.

On insulating materials, ablation is strongly related to the critical threshold �uence inducing multiphoton 
absorption. Measurable ablation only happens when the laser �uence surpasses this threshold leading to sharply 
de�ned pattern features. �ereby, sub-pattern formation within the clear-cut ablation areas represents substrate 
speci�c thermal responses involving both melting and evaporation that lead to unique pattern morphologies. 
Alteration of the processing parameters appears to only in�uence the amount of ablation without impacting the 
morphology of the ablation area.

In case of metals, an alteration of the occurring ablation mechanism related to material speci�c threshold 
�uences has to be taken into account. At elevated �uences, which induce lattice heating considerably surpassing 
the material-speci�c phase explosion threshold temperature TPE, a strong in�uence of melt agitation on pattern 
formation has to be considered. Numerically, this also seems to apply to the pattern formation on steel surfaces, 
although no change in the ablation mechanism has been observed based on surface morphology. At low �uences, 
pattern geometries on copper are more de�ned (e.g. exhibiting higher edge sharpness) similar to USP-DLIP 
patterns on insulating materials, while at �uences inducing lattice heating above TPE melt expulsion appears to 
dominate pattern formation. On AISI 304 stainless steel, lower �uences mainly result in enhanced LIPSS forma-
tion, which can consequently be reduced by increasing the laser �uence. Pattern geometry formation on steel 
is dominated by melt agitation for all parameters investigated, where it must be noted that the phase explosion 
threshold temperature TPE of iron was surpassed in each case.

It was shown that laser induced surface roughening and oxidation plays a signi�cant role in USP-DLIP of mate-
rials exhibiting low absorptivity for the utilised near-infrared wavelength, as it greatly increases the laser absorption. 
�ereby, signi�cant enhancement of ablation, as well as a change in ablation mechanism has to be considered on highly 
conductive metals for consecutive pulsing. �is has to be taken into account especially in the creation of sub-µm pat-
terns, where the enhanced laser absorption might lead to a vanishing of the pattern by a single subsequent pulse.

In summary, we were able to show that both pattern geometry as well as hierarchical sub-pattern formation 
during USP-DLIP processing of di�erent materials can be controlled by taking their individual thermal interac-
tion into account. By this, surface functionalisation for manifold applications including e.g. wettability or bacte-
rial adhesion can be tailored more precisely, thus enhancing the e�ect of the surface treatment.

Data availability
�e experimental data generated in this work can be made available on request.
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Abstract: 

Surface patterning in the micro- and nanometer-range by means of pulsed laser interference has 

repeatedly proven to be a versatile tool for surface functionalization. With these techniques, however, 

the surface is often changed not only in morphology but also in surface chemistry. In this study, we 

present an in-depth investigation of the chemical surface modification occurring during surface 

patterning of copper by ultrashort pulsed direct laser interference patterning (USP-DLIP). A multi-

method approach of parallel analysis using visualizing, topography-sensitive and spectroscopic 

techniques allowed a detailed quantification of surface morphology as well as composition and 

distribution of surface chemistry related to both processing and atmospheric aging. The investigations 

revealed a heterogeneous surface composition divided into peak and valley regions predominantly 

consisting of Cu2O, as well as superficial agglomerations of CuO and carbon groups. The evaluation 

was supported by a novel modelling approach for the quantification of XPS results in relation to 

heterogeneous surface composition, which was developed by means of a combination of different 

spectroscopic techniques. The overall results indicate a very good suitability of USP-DLIP for surface 

functionalization of antimicrobial and (super-) hydrophobic copper surfaces. 
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ABSTRACT: Surface patterning in the micro- and nanometer-
range by means of pulsed laser interference has repeatedly proven
to be a versatile tool for surface functionalization. With these
techniques, however, the surface is often changed not only in terms
of morphology but also in terms of surface chemistry. In this study,
we present an in-depth investigation of the chemical surface
modification occurring during surface patterning of copper by
ultrashort pulsed direct laser interference patterning (USP-DLIP).
A multimethod approach of parallel analysis using visualizing,
topography-sensitive, and spectroscopic techniques allowed a
detailed quantification of surface morphology as well as
composition and distribution of surface chemistry related to both processing and atmospheric aging. The investigations revealed
a heterogeneous surface composition separated in peak and valley regions predominantly consisting of Cu2O, as well as superficial
agglomerations of CuO and carbon species. The evaluation was supported by a modeling approach for the quantification of XPS
results in relation to heterogeneous surface composition, which was observed by means of a combination of different spectroscopic
techniques. The overall results provide a detailed understanding of the chemical and topographical surface modification during USP-
DLIP, which allows a more targeted use of this technology for surface functionalization.

■ INTRODUCTION

Surface functionalization by topographic structuring in the
micro- and nanometer range has established itself as a
successful technique to tailor surface properties for various
applications. It has been shown recently that surface patterning
can significantly improve the performance of spot-welding
electrodes,1 conductive heat exchangers,2 or light absorption,3

which can be used, for example, to enhance the efficiency of
solar cells.4 Further promising applications are possible by
varying the wetting properties since both fluid guiding on
hydrophilic and the synthesis of (super)hydrophobic surfaces
can be achieved by laser surface structuring.3,5−9 In addition,
cell or bacterial adhesion on technical surfaces has been
influenced by adapting the periodicity of the surface pattern to
the size of the colonizing organism in order to tune the
effective contact area: DLIP-induced periodicities on the same
scale as the diameter of cells or bacteria improved the adhesion
rate.10−12 Smaller periodicities decreased the adhesion rate in
the case of bacteria,13 while they provide beneficial anchorage
points during proliferation of cells.14

To better understand the actual mechanisms for optimal
surface functionalization by laser-based techniques, the impact
of both, the topographic surface modification as well as the
alteration of surface chemistry during processing, must be
considered. Especially the latter was shown to be tightly linked

to the actual thermal behavior of the irradiated substrate in
response to a particular setup of the laser parameters: previous
studies on nanosecond pulsed laser processing of copper
surfaces showed process-induced oxidation forming a predom-
inant superficial layer of CuO on an interface layer of
Cu2O.

15,16 Although this setup provides copper surfaces with
the natural composition of a passivating oxide layer as formed
in ambient atmosphere,17 the distribution of CuO and Cu2O
presented in ref 15 corresponds more to a thermally induced
oxide as produced by Hans et al.18 At this rate of thermal oxide
growth, self-assembling superficial oxide structures cover the
actual substrate topographies formed by melt kinetics leading
to an additional modification of the surface morphology.
In the case of ultrashort laser pulses in the femtosecond

regime, as used in the present study, similar mechanisms of
self-assembling structures in the nano- and micrometer range
have been used in surface functionalization.6,19 However,
investigations of surface chemistry alterations by ultrashort
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laser pulses was yet mainly focusing on functional aspects such
as altered wettability. Transitions from hydrophilic to hydro-
phobic wetting due to surface aging in a period of up to several
weeks, as it is observed after both short and ultrashort pulsed
laser processing, are commonly attributed to a time-dependent
alteration in surface chemistry due to carbon group
agglomerations.6,9,19,20 In this context, Long et al.21 were
able to modify the aging related composition of carbon groups
by exposing ultrashort pulsed laser processed copper surfaces
to atmospheres rich in either organic groups, CO2 or O2, which
exerted a significant impact on their functional properties.
Both carbon-group agglomeration as well as changes of

oxide thickness and composition were shown to be two
interdependent attributes in the process of chemical
stabilization of copper surfaces during atmospheric aging,17,22

which finally dictates functional surface properties.23 There-
fore, functionalization of copper surfaces by laser treatment
needs to be performed by considering both process-induced as
well as aging-induced alterations of surface chemistry. Also in
terms of antibacterial activity, surface oxidation has been

shown to significantly influence the cytotoxicity of the surfaces.
The antibacterial efficiency is reduced in the presence of CuO,
while it is lesser affected in case of a predominant content of
Cu2O in the superficial oxide layer.18

Against this background, a detailed knowledge of the
chemical composition of the USP-DLIP treated surfaces,
especially in terms of the distribution of copper and copper
oxides, is mandatory to understand and specifically modify
functional surface properties by laser treatment.
This work presents an in-depth investigation of the process-

related chemical composition of patterned copper surfaces, as
fabricated by USP-DLIP. Using complementary experimental
techniques such as scanning electron microscopy (SEM)
combined with focused ion beam (FIB) cross-sectioning and
energy dispersive X-ray spectroscopy (EDS), scanning
tunneling microscopy (STM) and spectroscopy (STS), as
well as X-ray photoelectron spectroscopy (XPS), a profound
understanding of the surface composition is achieved. This
provides detailed insight into the resulting chemical surface
modifications from material redistributions that occur during

Figure 1. Illustration of the patterned copper surface. (a) As-processed surface with a close-up in panel (c) exhibiting flakelike substructures
attached to the substrate surface (1) and forming agglomerations extending several nanometers from the surface (2) as well as redeposited substrate
particles (3). (b) Post-treated surface after etching with citric acid with a close-up in panel (d) showing no traces of (1) and (2) but still remaining
redeposited droplets (3). A more detailed view on the actual substrate topography reveals sections of melt overlays, which might induce cavities
beneath. (e) FIB cross section of as-processed surface showing a pattern peak, where each type of the three previously mentioned surface
characteristics is visible. Previously masked cavities (4) are also visible. (f) FIB cross section of post-treated surface, where both remnant droplets
(3) as well as cavities (4) are still remaining. All figures were imaged under 52° observation angle.
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laser patterning. The findings allow one to effectively tailor
surface functionalization, e.g., for both wetting and anti-
bacterial applications on copper surfaces by USP-DLIP.

■ EXPERIMENTAL SECTION

Sample Preparation. Platelets of oxygen-free copper (> 99.95%)
(Wieland) were laser processed by USP-DLIP applying linear
sinusoidal patterns with periodicities of p = 3 μm. Before laser
treatment, the copper samples (10 mm × 25 mm) were mirror-
polished using an automated TegraPol-21 system (Struers), resulting
in a smooth surface exhibiting an RMS roughness smaller than 10 nm.
A Ti:sapphire Spitfire laser system (Spectra Physics) with ultrashort
laser pulses (pulse duration of tp = 100 fs, full width at half maximum,
fwhm) was used for USP-DLIP. The centered wavelength λ was 800
nm. Planar patterning was performed by scanning the substrate
surface in continuous pulsing mode (pulse frequency 1 kHz, fluence 3
J/cm2, pulse overlap 90%). In the optical setup, the seed beam is split
by a diffractive optical element (DOE) and focused on the sample’s
surface by a lens system, causing an overlap of the two beams. This
setup provides a sinusoidal intensity distribution causing line-like
surface patterns. Details of the USP-DLIP methodology, as well as the
thermal interactions involved in pattern formation are described in a
previous work.24

After USP-DLIP processing, a batch of samples was additionally
treated by immersion etching in 3% citric acid in an ultrasonic bath
(40 s) to remove process-induced oxide on the patterned surfaces.
Characterization. Characterization of the surface morphology

and modifications of the microstructure were performed by means of
SEM (FEI Helios Nanolab 600 FIB/SEM). For SEM imaging,
secondary electron (SE) contrast was used at an acceleration voltage
of either 10 or 5 kV and a current of 86 pA. High-resolution imaging
was conducted in immersion mode using the system’s in-lens
detector. Sample surface morphology was investigated at a tilt of
52° degree for improved visualization of topographical features. For
depth-resolved analysis of the microstructure, FIB cross sectioning
was carried out at an acceleration voltage of 30 kV after applying an
electron-beam-deposited protective Pt layer to preserve the substrate
surface from ion-induced degradation. To achieve a better contrast
between the carbon-containing Pt-layer and the superficial oxide
layers, samples were sputter-coated from a Au80Pd20 target prior to
FIB work.
For chemical characterization focusing on individual surface

features, energy-dispersive X-ray spectroscopy (EDS) was applied.
As the interacting volume in this technique generally exceeds both the
thickness of superficial oxide layers and the pattern periodicity on the
copper surfaces, a low beam voltage of 5 kV was used for localized

probing to allow for a higher signal content of the superficial
chemistry as well as a higher spatial resolution in the analysis. Monte
Carlo simulations were used to estimate the relationship between
signal depth and the actual oxide layer thickness, providing a high
accuracy in the representation of the surface oxide distribution by the
EDS measurements (see Figure S1).

STM25,26 and STS27,28 were performed with a VT STM from
Scienta Omicron at room temperature and a pressure less than 3 ×

10−9 mbar. Etched, sharp tungsten tips were used for all measure-
ments. The STM tip is on ground potential, and any given voltages
refer to the potential of the sample.

XPS was performed (on samples as provided) with an ESCA Mk II
spectrometer by Vacuum Generators (base pressure ∼ 3 × 10−10

mbar). The spectra were recorded with nonmonochromatic Al Kα
radiation (photon energy 1486.6 eV) and a 150° analyzer at a pass
energy of 20 eV (energy resolution ∼ 1.4 eV). For calculating the
relative amount of Cu, O, and C in terms of atom %, a Shirley
background29 was applied to the Cu-2p3/2, the O-1s, and the C-1s
peaks and the peak intensities were scaled with the photoemission
cross sections by Yeh and Lindau.30 For depth profiling via Ar+ ion
etching a Specs IQE ion source was operated at 3 kV with an ion
current of approximately 5 μA at the sample. The calibration of the
etching rate was similar to the procedure described in literature31

(with white light interferometry replaced by atomic force microscopy
and with the shadow mask replaced by a razor blade).

■ RESULTS AND DISCUSSION

Scanning Electron Microscopy. To examine the surface
morphology and to reveal possible indications of inhomoge-
neous surface chemistry of the copper samples after USP-DLIP
processing, SEM analysis was applied involving FIB cross
sectioning as well as EDS analysis. As ascribed in a previous
study, investigating the surface morphology formation of
different metallic materials on USP-DLIP processing, copper
exhibits a roughened surface alongside the actual pattern
characterized by expulsive melt agitation after USP-DLIP.24

However, the as-processed substrate surface is actually covered
by a flakelike substructure, which is merged with redeposited
particles partially masking the substrate surface, as shown in
Figure 1a and Figure 1c. The bright appearance of these
substructures in the secondary electron (SE) detection mode
can be attributed to their small size and fine morphology,
allowing for high SE emission. The FIB cross section in Figure
1e is revealing a fairly stable connection of these intricate

Figure 2. FIB cross sections (observation angle 52°) of the patterned copper surface after Au PVD. (a) As-processed surface with a thin surface
layer in between the Au layer and the copper substrate. The overall thickness ranges from 2 to 7 nm, with some localized spots of enhanced
thickness. (b) Etched surface with no continuous surface layer of oxide. Localized spots between Au layer and substrate might be attributed to
remnants of localized spots of enhanced thickness on the former as-processed surface.
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structures to the solid substrate surface from where they extend
up to several tens of nanometers. Particles of redeposited
material were found to be directly fused to the substrate
surface via small, sinter-like contact areas. Some of the
redeposited particles additionally exhibit porous surfaces,
which might be linked to oxidation. FIB cross sectioning also
exposes cavities close to the substrate surface. Position and
shape of these cavities indicate that they are created by melt
inclusions during the ablation process. After post treatment by
etching with citric acid, the flakelike partitions are completely
removed alongside with a part of the redeposited particles, as
shown in Figure 1b,d.
Consequently, FIB cross sections after etching in Figure 1f

display no traces of the flakelike substructure but remaining
redeposited particles as well as cavities.
In an additional experiment, samples of both batches were

sputter-coated with a Au80Pd20 capping layer to provide a
better contrast between the substrate, superficial oxide layers,
and the protective electron-beam deposited Pt layer in FIB
cross sectioning. The Au80Pd20 layer of approximately 45 nm
thickness exhibits a bright contrast in Figure 2 separating the
Pt layer (upper left) and the copper substrate (lower right).
Compared to the etched samples (Figure 2b), the Au80Pd20
layer of the samples in the as-processed state (Figure 2a)
shows higher irregularity and higher porosity due to the
incomplete deposition on the closely interconnected flakelike
substructures. Between the capping layer and the substrate an
intermediate layer represented by a darker contrast is visible in
Figure 2a, which can be assigned to an oxide layer on top of
the surface. The overall thickness of this layer varies between 2
and 7 nm, while localized spots of higher thickness are also
detectable. In case of etched samples, a continuous
intermediate layer is missing in Figure 2b.
However, localized spots between capping layer and

substrate are visible, which might be attributed to either
remnants of localized spots that showed enhanced thickness on

the as-processed surface or sites of pitting corrosion during
atmospheric aging.
To get a first insight on the surface chemistry of both as-

processed and etched patterned copper surfaces, EDS analysis
was performed both localized and area integrated by focusing
on specific topographic features as well as measuring the
spatially distributed signal intensity.
In the SEM image in Figure 3a, four areas of local probing

on as-processed surfaces are highlighted, where the red and
blue area refer to agglomerations of the flakelike substructure
mainly found on the pattern peaks while the green and orange
areas are taken in the valley. The superposition of the different
spectra in Figure 3b shows a significant difference in oxygen
content compared to the prominent amount of copper
between peak and valley regions of the pattern (intensities
have been normalized to the Cu-Peak for comparison). This
trend is also visible in the oxygen map in Figure 3d, where a
higher oxygen signal is not only attributed to surface peak areas
but also especially to spots of stronger agglomeration of the
flakelike substructure visible by the brighter SE contrast in
Figure 1a. In contrast, no notable amounts of oxygen could be
detected in EDS measurements on etched samples.
Although the first overview via FIB/SEM methodology

already provides initial indications on the chemical composi-
tion of the sample surfaces resulting from USP-DLIP, the
possible impact of topographical features on the detected
intensity, such as signal amplification at the structural peaks or
attenuation in the valleys, has to be considered as well. A good
indication of the extent of this influence is provided by the
copper mapping in Figure 3c showing gaps in the valley areas
where a continuous Cu signal should be expected. The same
features are also reflected in the oxygen mapping. These are
most likely induced by shadowing, as the gaps are located in
the vicinity of prominent topographic features in the exact
opposite direction of the tilted EDS detector (positioned upper
right image corner, elevation angle 35°, azimuthal angle 43°).

Figure 3. EDS analysis of the as-processed patterned copper surface. (a) SEM image of the analyzed area showing the areas of the localized EDS
measurements. The color code links the marked areas to the corresponding spectra in panel (b), which was normalized to the Cu peak intensity.
(c) EDS mapping showing the distribution of copper. (d) EDS mapping of the oxygen distribution. Bright areas in the SEM image correspond to
higher oxygen content.
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Nevertheless, these results provide a first indication that
oxygen and thus most likely copper oxide are not distributed
uniformly throughout the surface in the case of as-processed
samples, and that the overall oxygen content is significantly
reduced on the etched samples.
Scanning Tunneling Microscopy/Spectroscopy. In

light of the results from EDS mapping, combined STM/STS
experiments were performed in order to obtain the spatial
distribution of metallic Cu and Cu oxides.
The wide range STM scan (5 μm × 15 μm) on the as-

processed Cu sample in Figure 4a displays the convolution of
topography and local density of states after USP-DLIP. STM
scans in the nanometer range show a variation of the surface
structure between the peaks and the valleys of the topography.
The peak region in Figure 4b exhibits a large number of
spherical particles (similar to the SEM images in Figure 1),
which can be assigned to redeposited droplets of material
ejected during USP-DLIP processing. These particles are also
found in the valleys in Figure 4c, yet to a much lower extent.
By comparing the I(V) curves in Figure 4d from STS

experiments (as averaged over several hundreds of measure-
ments) on the peaks and in the valleys, a slightly reduced
conductivity (slope of the I(V) curve) can be observed in the
peak region. This gives another evidence that, in accordance to
the EDS results, the copper oxides are distributed rather in the
peak regions than in the valley regions, either as CuO or Cu2O.
The material dependency of I(V) curves originates from the

local density of states (LDOS)32 that is proportional to the
slope dI/dV. Cu2O and CuO are both p-type semiconductors
with the band gaps varying from approximately 1.2 eV32 for
CuO to approximately 2.2 eV32 for Cu2O. Due to the p-type

character, the Fermi energy of both oxides is shifted toward the
valence band, causing the asymmetry of the I(V) curves in
Figure 4d with increased spectral weight at negative voltages.
I(V) curves are separated into two regimes: the ohmic

regime33,34 and the Fowler-Nordheim tunneling regime.35 The
latter is correlated to variations of the work function for various
materials.
The ohmic regime ranges from −0.5 to +0.5 V. Here, the

tunneling current depends linearly on the voltage via the
conductivity.36 Both I(V) curves display only slight differences
in this regime with a conductivity of approximately 0.28 nA/V
and a resistance of approximately 3.7 GΩ, respectively.
In the Fowler-Nordheim regime, i.e., |V| > 0.5 V, the I(V)

curves change to an exponential behavior. For increased
voltages, the height of the tunneling barrier correlates stronger
with the work function. A larger work function results in a
larger tunneling barrier and thus in a decrease of the
conductivity. The work functions of CuO (5.5 eV)37 and
Cu2O (5.0 eV)38 are larger than the one of Cu (4.5 eV),39

hence the lower conductivity in the peak region gives strong
evidence that copper oxide is depleted in the valley region,
both on as-processed and etched samples.
For metals, the linear behavior within the ohmic regime is

usually accompanied by zero-crossing at zero voltage. The
shifting of the zero-crossing toward positive voltage in Figure
4d represents a p-type doping which is characteristic for both
copper oxides.40 Since the shift is observed in both I(V) curves,
copper oxide is distributed in both regions, i.e., valleys and
peaks. However, the upper inset in Figure 4d displays a shift of
the zero-crossing toward zero voltage for the valley region,

Figure 4. (a) Overview STM image of the structured Cu surface. Tunneling parameters: U = 0.1 V, I = 100 pA. (b) Detailed STM image of the
peak areas [as brighter regions in (a)]. Tunneling parameters: U = 0.5 V and I = 100 pA. (c) Detailed STM image of the valleys [as darker regions
in (a)]. Tunneling parameters: U = 0.5 V and I= 100 pA. (d) STS data (as averaged over several hundreds of measurements) on the peaks and the
valleys. Top insets: detailed image of the region where I = 0 and U = 0. Bottom inset: STS data of peak and valley after sputtering. For clean Cu, the
conductivity is increased by more than 1 order of magnitude.
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giving more evidence that the oxide is enriched in the peak
regions.
Combining the variation in conductivity and the overall p-

type doping, one can conclude that copper oxide is generally
enriched at the peak regions. After removing the oxide by Ar+-
ion etching (i.e., after the XPS depth profiling experiments
were performed, see next section), the lower inset in Figure 4d
displays nearly symmetrical I(V) curves. The p-type doping
induced shift of the zero-crossing disappears, and for both
locations, the I(V) curves are identical within the experimental
uncertainties. In addition, the slope of the I(V) curve for the
clean copper sample is larger by more than 1 order of
magnitude compared to the slope of the I(V) curve of the
oxide covered sample, giving evidence that the conductivity of
the latter is strongly affected by the Cu2O layer.
X-ray Photoelectron Spectroscopy. Since the STS and

the EDS data predict a nonuniform distribution of copper and
copper oxides of yet unknown composition, XPS was
performed to achieve more detailed information on the actual
surface chemistry, especially the distribution of oxide(s).
Surface chemistry analysis was performed within 24 h after
sample processing and after 3 weeks of storage under ambient
conditions to investigate the influence of aging on surface
chemistry, which is commonly linked to altered wetting
behavior.6,19 In addition, the analysis of aged samples was
combined with Ar+ etching of the surface to get information on
the depth distribution of Cu, CuO, and Cu2O.
In XPS, Cu and CuO can be easily distinguished by the

shape of the Cu-2p spectra since for CuO the 2p spectra
display a characteristic satellite structure at higher-binding
energies.41−43 However, the distinction between Cu2O and Cu
is not straightforward since the Cu-2p spectra of both materials
display only marginal differences.41−43 However, for the Cu-
LMM Auger spectra the situation is reversed: Cu and Cu2O
display distinct differences in energies and in spectral shape
while the Cu-LMM spectra of Cu2O and CuO display only
slight differences.41−43

Figure 5 shows the Cu-2p and Cu-LMM spectra of the as-
processed and the etched USP-DLIP sample after 3 weeks of
aging for different ablation steps by Ar+ ion etching. The series
of Cu-2p spectra in Figure 5a,c give evidence that CuO is
present only at the initial surface (cf. the satellite peaks
between 940 and 945 eV and between 960 and 965 eV, as
being characteristic for CuO). After ablation of about 9 Å, the
CuO-like satellites completely disappear and the Cu-2p spectra
of both samples display only the Cu- and/or Cu2O-like
intensity distribution. From the Cu-LMM spectra in Figure
5b,d, it is evident that even at the initial surface, i.e., when both
oxides, CuO and Cu2O, are present, the contribution of Cu2O
is much larger than that of CuO (cf. peak position at the Cu2O
specific energy for the spectra at 0 nm).
For the etched sample, the Cu-LMM spectra in Figure 5d

are dominated by the Cu-like distribution for all ablation steps.
For the as-processed sample, the Cu-LMM spectra in Figure
5b show a smooth change from the Cu2O-like distribution to
the Cu-like distribution via increasing ablation, meaning that
the thickness of the oxide is noticeably larger.
The larger oxide thickness of the as-processed sample can be

directly observed in the O-1s spectra in Figure 6a,c. For the as-
processed sample, the O-1s intensity in Figure 6a decreases
smoothly with increased ablation, while for the etched sample,
the O-1s intensity in Figure 6c decreases rapidly. According to
the C-1s spectra in Figure 6b,d, the as-prepared surfaces are

mainly contaminated with hydrocarbons (peak at ∼ 284.5 eV)
and with minor amounts of carbon−oxygen species (peak at ∼
287 eV). For both samples, the latter contribution disappears
as soon as Ar+ ion etching is applied, meaning that all oxygen
that is observed after first Ar+ ion etching can be assigned to
Cu2O because CuO also disappears in Figure 5a,c after the first
Ar+ ion etching.
In accordance with the data displayed in Figures 5 and 6,

both samples are mainly formed by Cu and Cu2O after aging,
the materials with the largest antibacterial activity.18 This is
well corresponding to the p-doping measured in STS, which
was previously observed in relation to the semiconducting
properties of Cu2O. Since CuO is present only at the initial
surfaces, it can be regarded as a kind of surface contamination,
similar to C.
Comparing the surface composition measured within 24 h

and 3 weeks after processing, as shown in the XPS data in
Figure 7, as-processed samples exhibit a similar ratio of CuO/
Cu2O in surface composition with a slightly increased CuO
content after 3 weeks of aging (see Table S1). Metallic Cu is
totally missing in both cases, indicating a dense oxide surface
layer.
For etched samples, metallic Cu can still be measured to

some extent, while the composition differs more significantly,
as upon aging the (CuO + Cu2O)/Cu ratio appears to shift in
favor of the oxides, especially CuO (see Table S1). Platzman et
al.17 linked the formation of CuO in ambient atmosphere on

Figure 5. (a) Cu-2p spectra and (b) Cu-LMM spectra of the as-
processed sample (after 3 weeks of aging) for different steps of
ablation. (c) Cu-2p spectra and (d) Cu-LMM spectra of the etched
sample (after 3 weeks of aging) for different steps of ablation. The
spectra at the top and the bottom row refer to CuO and Cu reference
samples, respectively.
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polycrystalline copper surfaces to the interaction of hydrophilic
Cu2O with adherent moisture until passivation is achieved.
Both, the formation of Cu2O and superficial CuO is linked to
the energetic state of the substrate and therefore highly
influenced by grain boundaries, dislocations, etc.22 According
to the analysis of Cu-2p3/2 and Cu-LMM Auger intensities (see
Figure S2 and Table S2), the relative amount of CuO increases

from 15.2% (= 4.3/28.2 in Table S2) after several hours to
31.5% (= 5.8/18.4 in Table S2) after 3 weeks of aging. This
correlates to the results of Platzman et al.,22 where ∼ 48% (i.e.,
∼ 15.2/31.5) of the stable oxide is achieved shortly after
exposure of the pristine copper surfaces to ambient
atmosphere. In terms of antibacterial activity, etching the
samples after USP-DLIP processing benefits in a reduction of
the overall amount of CuO with less antibacterial activity.
For the as-processed USP-DLIP samples, the relative

amount of CuO is 62% (= 18.2/29.5 in Table S2) and 66%
(= 10.5/16.0 in Table S2) for the fresh and for the aged
sample, respectively. For the etched samples, the relative
amount of CuO is reduced to the smaller values listed above.
Hence, etched surfaces appear to undergo oxide growth, while
the process-induced oxide layer of as-processed samples
remains stable during aging.
Compared to the “fresh” samples, the amount of hydro-

carbons is increased compared to the amount of carbo-oxygen
species on as-processed surfaces after 3 weeks of aging (see
Table S2). This corresponds well with the atmospheric aging
observed in relation to significantly reduced wettability, which
is mainly linked to enhanced agglomerations of C−C/C−H
type carbon groups while carbo-oxygen groups retain hydro-
philic behavior.21 On immersion-etched samples, the overall
amount of carbon increases as well during aging. However, the
ratio of hydrocarbons and carbo-oxygen species remains nearly
constant, in contrast to the as-processed USP-DLIP surfaces.
According to the STS/STM data in Figure 4, both samples

display a larger conductivity in the valley region. This may
result from a spatial variation of the thickness of Cu2O, which
is also indicated by the reduced oxygen signal in the EDS
measurements. Since a sharp Cu2O/Cu interface is not very
likely, it can be assumed that the amount of Cu2O
exponentially decreases into bulk while the amount of metallic
Cu exponentially increases to saturation. In both cases, the
spatial modulation of the decay d(x) follows the cross section
of the topography, i.e.
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Figure 6. (a) O-1s spectra and (b) C-1s spectra of the as-processed
sample (after 3 weeks of aging) for different steps of ablation. (c) O-
1s spectra and (d) C-1s spectra of the etched sample (after 3 weeks of
aging) for different steps of ablation.

Figure 7. XPS detail spectra of (a) Cu-2p3/2, (b) C-1s, and (c) O-1s for fresh (●) and aged (○) USP-DLIP-prepared Cu surfaces as-processed
(blue) and after etching (green). The relative amount of Cu, C, and O are given in atom %.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c01625
Langmuir 2020, 36, 13415−13425

13421

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01625/suppl_file/la0c01625_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01625?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01625?ref=pdf


with Δ and δ describing two attenuation lengths, i.e., the
attenuation length for Cu2O is Δ+δ at the peaks of the
topography, while it is δ in the valleys. Then, the spatial
distribution of Cu2O (as represented by the distribution of O
after the first Ar+ etching, see before) and Cu in the plane of
the cross section of the USP-DLIP topography can be written
as

ρ ρ= ×
−

x y
y

d x
( , ) exp

( )Cu O 0,Cu O2 2

ikjjjj y{zzzz (2)

ρ ρ= × −
−

x y
y

d x
( , ) 1 exp

( )Cu 0,Cu

lmoonoo ikjjjj y{zzzz|}oo~oo (3)

These distributions of atomic densities are used to calculate
the atomic O:Cu ratio in dependence on the ablation of the
surface (see the model described in section 3 of the Supporting
Information). The attenuation lengths Δ and δ can be varied
to fit the experimental O:Cu ratio since the XPS-probed
amount of oxygen can be assigned to Cu2O exclusively
according to the vanishing carbo-oxygen group contributions
in the C-1s spectra in Figure 6.
In Figure 8 the O:Cu ratios, as calculated from the Cu and

Cu2O distributions, i.e., equations (1−3), are compared to the

XPS-derived O:Cu ratio for both samples. In Figure 8a,b, the
model fits the experimental data for Δ = 4.7 and δ = 0.5 nm for
the as-processed sample (see Figure 8c) and Δ = 1.6 and δ =
0.0 nm for the etched sample (see Figure 8d). XPS-derived
oxide “thicknesses” ranging from 0.5 to 5.2 nm for the as-
processed sample and ranging from 0 to 1.6 nm for the etched
sample are in very good agreement with the values observed in
the FIB cross sections in Figure 2a and the nearly vanishing
oxide layer in Figure 2b, respectively. Therefore, these

calculated values represent at least mean values for the
thickness of the oxide layers along a patterning period.
However, the model described in the Supporting Informa-

tion just uses a modulation of the oxide “thickness” according
to eq 1. It does not give information on how the maxima and
minima of the oxide “thickness” are correlated to the peaks and
valleys of the topography. Since the STS experiments revealed
a reduced conductivity at the peaks of the topography, it can
be assumed that here the oxide thickness is largest. This
assumption is also confirmed by angular-resolved XPS data:
according to Figure 9a, XPS experiments in normal emission

mode (ϑ = 0°) probe the whole surface, while in XPS
experiments in grazing emission mode (ϑ = 80°), intensity
distributions from the valley regions are suppressed. In Figure
9b, the Cu-LMM spectra of the as-processed sample are
compared for ϑ = 0° and ϑ = 80° emission with the intensity
normalized at the peak position for Cu2O. Since the spectra
taken at ϑ = 80° display reduced intensity at the peak position
for Cu, it is evident that the bottom region of the topography
has to be enriched with metallic Cu.
On the basis of the presented results, it can be assumed that

the oxide layer on the as-processed samples mainly forms
during USP-DLIP processing by condensation of hot metal
vapor and the preferential redeposition of already agglomerat-
ing nanoclusters of Cu2O on the topography peaks, which lead
to the flakelike substructure morphology. Oxidation by
thermally induced diffusion processes seems to play a
secondary role, which is indicated by the low oxide thicknesses
determined in the topography minima, where the highest laser
intensity and thus the strongest substrate heating is induced.
This may be linked to the high convective cooling rates that
are observed during ultrashort pulsed laser ablation on metals
leading to a very short time scale for diffusion processes.44 The
amount of process-induced oxidation appears to sufficiently
passivate the substrate surface, therefore postprocess changes
of the oxide composition are limited to superficial CuO
formation as it is generally observed under ambient
conditions.17 The expectable characteristics of a self-assembled
oxide layer on USP-DLIP-processed copper, in contrast,

Figure 8. Comparison of the XPS probed O:Cu with the expected
O:Cu ratio as calculated in the model described in the appendix for
(a) the as-processed sample and (b) the etched sample. Please note
that the 0 nm ablation refers to the surfaces that are obtained after the
first step of Ar+ ion etching that removes all CuO and adsorbates. The
calculated O:Cu ratio fits the experimental ratio (c) for Δ = 4.7 nm
and δ = 0.5 nm for the as-processed sample and (d) for Δ = 1.6 nm
and δ = 0 nm for the etched sample. Note that in (c−d), topography
and thickness of oxide layers are not scaled.

Figure 9. (a) Scheme of the XPS probed part of the surface
topography in normal emission (top) and grazing emission (bottom)
geometry. (b) Cu-LMM spectra taken at 0° and 80° on the as-
processed sample for different steps of ablation.
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appear to be characterized by the surface composition of
etched samples after aging, which can be assumed to be mainly
attributable to substrate properties.22 The higher ratio of CuO
on as-processed samples in comparison to etched samples can
be traced back to the highly enlarged surface-to-bulk ratio of
the flakelike morphology. According to the results achieved by
XPS, they appear to be partly composed of both, CuO and
Cu2O, which can be linked to superficial layers of CuO grown
in ambient atmosphere on a Cu2O backbone. Due to the
fragile structure and weak surface bonding of these
agglomerates, they are most likely removed within the first
Ar+ ion etching cycle (nominal ablation of 0.8 nm), by which
oxide measured in-depth by XPS is more related to the surface
layer visible in FIB cross sections of Au80Pd20-coated samples
than the actual height of the flakelike substructure.
The observed preferential agglomeration of condensing

Cu2O on the peaks during ablation in USP-DLIP processing
might be triggered by the topography itself leading to a
shadowing of the valleys as well as temperature differences of
the substrate surface. As the maximum of laser intensity in
USP-DLIP is applied in the center of the topography valleys,
substrate heating is highest at this location, while the
topography peaks do not experience noticeable heating with
the parameters used in this experiment.24 As a result, the peaks
show thermodynamically preferred conditions for a condensa-
tion of hot metal vapor and nanoscaled clusters compared to
the valley regions. Both mechanisms might have a combined
impact on the significant deviation of oxidation between peaks
and valleys on as-processed samples.
In the case of the etched samples, oxidation is not detectable

by SEM but only STS and XPS show a reduced oxide
thickness, even after aging, which is yet still dispersed
heterogeneously between peaks and valleys. Considering the
influence of substrate condition on oxide formation,22 this
observation might be traced back to the microstructure of the
copper substrate: compared to the bulk material, the grain size
in the peak region is reduced as visible in Figure 1e,f. The finer
grain size originates from sample preparation by mechanical
polishing, which induces a deformation area of about 500 nm
thickness on the substrate surface (see Figure S4), which is half
as deep as the ablated pattern valleys. Due to the low thermal
substrate affection by USP-DLIP, the original microstructure is
retained leading to heterogeneous properties in the peak and in
the valley regions also affecting their corrosive, hence
oxidation, behavior.
The heterogeneous oxide distribution appears similar to a

former study on surface chemistry modification of stainless
steel by DLIP using short laser pulses.45 However, in the
former case the highest oxide thickness of 15.4 nm was
detected in the middle of the valleys, which can be attributed
to the clearly different thermal effect on the substrate by
processing with higher pulse durations. In contrast to USP-
DLIP, pattern formation during short-pulsed DLIP is mainly
influenced by Marangoni convection causing melt flow from
areas exposed to high laser intensity to areas of low laser-
induced heating, instead of ablation.46 According to this
previous study, process-related oxidation during short pulsed
DLIP is related to actual substrate heating involving diffusion
processes, while we were able to show that oxidation during
USP-DLIP is predominantly caused by redeposition of ablated
matter in the case of USP-DLIP, where laser-induced thermal
affection of the substrate appears to play a minor role in
chemical surface modification.

■ CONCLUSIONS

By applying a multimethodical approach, we were able to shed
light on the chemical modification of copper surfaces by USP-
DLIP processing. The results allow for deeper insights in the
actual mechanisms leading to the process-induced surface
chemistry. (i) USP-DLIP induces a heterogeneous distribution
of oxidation, which is more distinct in the peaks than in the
valleys. This might be caused by a mechanism of preferential
metal vapor condensation and agglomeration of ablated
material during processing due to, for example, topographic
shadowing and heterogeneous surface temperatures. Aside
from a dense oxide layer, this mechanism is leading to
mechanically stable flakelike agglomerations of copper oxide,
highly affecting the overall surface morphology. In contrast,
oxidation by thermally induced diffusion appears to play a
minor role in oxide formation during USP-DLIP. (ii) The
process-related oxide layer can be almost fully removed by
post-treatment via immersion etching in 3% citric acid. While
on as-processed surfaces the process-induced oxide layer
remains stable during aging and etched surfaces exhibit growth
of a self-assembling oxide layer, which is still heterogeneously
distributed. The latter can be traced back to heterogeneous
crystallographic properties of the copper substrate exhibiting
lower grain sizes in the peak areas. (iii) Depth profiling
experiments by XPS on as-processed and etched USP-DLIP
processed copper surfaces (both after aging for 3 weeks)
revealed an inhomogeneous oxide layer of mainly Cu2O that is
covered by a sub-nm layer of CuO and several carbon species.
The agglomeration of carbon species is different for the as-
processed and the etched surfaces due to the elimination of the
USP-DLIP-induced modifications of surface chemistry on the
etched Cu surface.
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1. Estimation of EDS signal depth by Monte-Carlo Simulation 

In order to estimate the EDS signal depth in relation to the oxide thickness, a Monte-Carlo simulation 

(MCS) of the penetration depth of the electrons at a beam voltage of 5 kV was carried out using the 

software Casino V2.5.1. In the simulation, a Cu2O layer is added to the copper substrate, as Cu2O has 

proven to be the dominant process-related oxide from the XPS measurements. The oxide thickness 

probed in the FIB cross sections mainly varied between 2 nm and 7 nm in case of the as-processed 

samples, which was again confirmed by the simulation model based on the XPS results. Therefore, the 

MCS is conducted with an average oxide (Cu2O) thickness of 4.5 nm.  A visualization of individual 

electron paths in the substrate is shown in Fig. S1a as calculated in the MCS. The interface between 

oxide layer and Cu substrate is indicated by the red dotted line. The signal depth distribution of non-

absorbed Cu-LIII-X-rays contributing to the respective electron absorption depths are plotted in 

Fig. S1b. The Cu-LIII signal is used in EDS analyzation of the USP-DLIP Cu surfaces to measure the 

amount of Cu, whereas the latter value is used to estimate the overall signal depth in the experiment. 

The signal is plotted cumulatively as a function of the sample depth and shows that 90 % of the total 

signal originate from a sample depth of about 62 nm. Since the average oxide layer thickness on as-

processed surfaces accounts to about 7.3 % of the overall signal depth (varying from 3.2 % for 2 nm to 

11.3 % for 7 nm), the results achieved during elemental mapping allow for a qualitative estimation of 

oxide thickness distribution on these surfaces. In case of the lower oxide thickness observed on 

immersion etched samples on the other hand, the oxygen signal might not stand out sufficiently 

against the Cu signal to e.g. compare between peak and valley regions, which is also observed in the 

experiments. Nevertheless, based on the EDS analysis, a clear statement can be made about the 

difference in surface oxide thickness between the etched and as-processed samples. 
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Figure S1: a) Monte-Carlo simulation of a copper sample covered with a 4.5 nm thick process oxide of Cu2O. b) 

Cumulated signal of the non-absorbed X-rays of the Cu-LIII line as a function of the sample depth. The results 

exhibit that 90% of the detected signal originate from a depth of <62 nm from the sample surface.   

 

2. Analysis of XPS data 

In order to reveal the distribution of Cu, Cu2O and CuO of the as-processed and etched USP-DLIP Cu 

samples (as presented in Fig. 7) a combined analysis of the Cu-2p3/2 spectra and the Cu-LMM Auger 

spectra was performed. Since the satellite of the Cu2p3/2 spectra of CuO cannot be approximated by a 

simple line profile (i.e. Gaussian, Lorentzian or mixture of both) the Cu2p3/2 spectra in Fig. 7a (as well 

as the corresponding Cu-LMM Auger spectra, not shown) were approximated by a combination of 

model spectra. The reference spectra for Cu were obtained from a clean Cu surface after Ar+ ion 

etching whereas the reference for CuO were obtained from a Cu sample that was oxidized under 

ambient conditions by heating with a heat gun. The refence spectra for Cu2O were taken from 

literature. In ref. 1, the Cu-2p3/2 and Cu-LMM Auger spectra of Cu and CuO are nearly identical with 

our data. Therefore, the Cu-2p3/2 and Cu-LMM Auger spectra of Cu2O were digitized with the energy 

step width adapted to our data.  

Fig. S2 shows the result of the fitting procedure exemplarily for the fresh USP-DLIP sample after 

etching. The distribution of Cu, Cu2O and CuO, as averaged from the distributions obtained from the 

fitting of the Cu-2p3/2 spectra and the fitting of the Cu-LMM Auger spectra, are listed in table S1.    
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In addition, the C-1s and O-1s data from Fig. 7 were fitted by three Gaussians (the minimal number 

of lines needed to simulate the data), as exemplarily shown in Fig. S2c-d for the fresh USP-DLIP sample 

after etching. In Fig. S2c, the distribution from CuO and Cu2O could not be resolved and are 

represented by a common contribution. For O-1s, the peaks represent contributions from CuO, Cu2O, 

-OH, C=O and C-O like bonding. For C-1s, the peaks represent C-H, C-C, C-O and O-C=O like bonding. 

 

Figure S2. Example for fitting XPS data from the fresh USP-DLIP sample after etching. (a) Cu-2p3/2, 

(b) Cu-LMM, (c) O-1s and (d) C-1s. In (a) and (b) the envelope represents the combination of 

reference spectra from Cu, Cu2O and CuO. In (c)-(d) the envelope represents the superposition 

of three Gaussians and a Shirley background (the residuum is shifted downwards for better 

visibility).  
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The overall compositions of the samples from Fig. 7 are listed in Table S2. The overall amount of Cu, 

O and C is calculated from the overall Cu-2p3/2, O-1s and C-1s intensities as described in the 

experimental section. The distribution of the different bonding types refers to their relative amount as 

obtained from the fitting procedures described above. 

  

 etched as-processed 

aged 

 

Cu             35 

CuO          25 

½ Cu2O     40 

 

 

Cu               0 

CuO          49 

½ Cu2O     51 

 

fresh 

 

Cu             44 

CuO          12 

½ Cu2O     44 

 

 

Cu               1 

CuO           45 

½ Cu2O     54 

 

 

Table S1. Distribution of Cu, CuO and Cu2O for the USP-DLIP samples from Fig. 7 in at-% (please 

note, that for Cu2O, the amount refers to one Cu atom per formula unit). 

 

 Cu C O 

Cu CuO Cu2O C-C,   

C-H 

C-O O-C=O CuO, 

Cu2O 

-OH, 

C=O 

C-O 

as processed, 

fresh 

29.5 27.6 42.9 

0.4 18.2 10.9 17.9 2.5 7.2 21.0 20.0 1.9 

as processed, 

aged 

16.0 46.0 38.0 

0 10.5 5.5 35.6 4.8 5.6 14.5 22.1 1.4 

etched, 

fresh 

28.2 43.6 28.2 

15.9 4.3 8.0 31.8 5.6 6.2 11.2 15.4 1.6 

etched, 

aged 

18.4 54.3 27.3 

8.0 5.8 4.6 40.4 7.2 6.7 7.0 18.9 1.4 

 

Table S2. Distribution of bonding types for the USP-DLIP samples from Fig. 7 in at-% (please note, that in the Cu 

column the amount of Cu in Cu2O now refers to both Cu atoms per formula unit). For comparison, the colors of 

the lines refer to the colors used in Fig. 7. 
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3. Simulation of XPS probed depth distributions of Cu and Cu2O  

Fig. S3a displays the cross section of the laser patterned topography with a period of 3 μm and a 

bottom-top distance of about 1 μm. Since the thickness of the oxide is expected to be in the range of 

only a few nanometers, it is sufficient to regard photoemission contribution from a subsurface range 

of some tens of nanometers. Since the modulation of topography exceeds the oxide thickness by 2-3 

orders of magnitude, an overall extension of the sample along the y-direction of > 1 μm would be 

necessary. However, in XPS the atomic O : Cu is probed in normal emission mode, i.e. the momentum 

of the photoelectron is parallel to the y-direction. Therefore, the sample can be cut in slices (Fig. S3b) 

which are shifted along the y-direction to form a flat surface (Fig. S3c). 

The cross section is divided in N x M cells (xi, yj) of uniform height 𝛥y (Fig. S3d) and in each cell the 

distribution of Cu, Cu+ and O2- atoms/ions is given according to the oxide thickness in eqn. (1), i.e. 

+ݑܥߩ ,݅ݔ) (݆ݕ = +ݑܥ,0ߩ ⋅ ݌ݔ݁ (  ((݅ݔ)݆݀ݕ−

−2ܱߩ ,݅ݔ) (݆ݕ = −2ܱ,0ߩ ⋅ ݌ݔ݁ (  ((݅ݔ)݆݀ݕ−

ݑܥߩ ,݅ݔ) (݆ݕ = ݑܥ,0ߩ ⋅ {1 − ݌ݔ݁ (  ,{((݅ݔ)݆݀ݕ−

with the densities 0.143 = 0ߩ mol/l, 0.084 mol/l and 0,042 mol/l for Cu, Cu+ and O2-, respectively 

(when taking a mass density of 9 g/cm3 for Cu und 6 g/cm3 for Cu2O).  

From table 1 and equation 8 in ref. 2, the electron mean free paths for Cu-2p3/2 and O-1s 

photoelectrons with kinetic energies of 555 eV and 957 eV, respectively, can be calculated as  

 
Figure S3. (a) Cross section of the laser-patterned samples with 3 μm periods along the x-axis and a height of 

h ~ 1 µm with oxide distribution (dark regions) according to eqn. 3. (b)-(c) In normal emission XPS experiments 

only the projection of the topography is probed and the oxide distribution can be regarded relative to a flat 

surface. (d) The cross section is dived in cells of uniform height Δy. For details, see text. 

 



S7 

 

݌2ݑܥݑܥߣ = ݌2ݑܥ2ܱݑܥߣ      1.16݊݉ = ݏ1ܱݑܥߣ 1.62݊݉ = ݏ2ܱܱ1ݑܥߣ       1.69݊݉ = 24.1݊݉ 

The electron mean free paths for Cu-2p3/2 and O-1s photoelectrons in cell (i, j) is then given according 

to the overall material distribution in this cell  

݌2ݑܥߣ ,݅ݔ) (݆ݕ = ݑܥ߷ ,݅ݔ) ݑܥ,0߷(݆ݕ ∙ ݌2ݑܥݑܥߣ + +ݑܥ߷ ,݅ݔ) +ݑܥ,0߷(݆ݕ ∙ ݌2ݑܥ+ݑܥߣ
 

ݏ1ܱߣ ,݅ݔ) (݆ݕ = ݑܥ߷ ,݅ݔ) ݑܥ,0߷(݆ݕ ∙ ݏ1ܱݑܥߣ + +ݑܥ߷ ,݅ݔ) +ݑܥ,0߷(݆ݕ ∙ ݏ1ܱ+ݑܥߣ
 

The contribution of an Cu-2p3/2 photoelectron, as emitted in cell (i,j), to the detected overall Cu2p3/2 

intensity is given by the attenuation of all cells that are passed on the path to the surface, i.e. (i, j), (i ,j-

1), …, (i, 1). The overall attenuation factor for cell (i, j) is  

݌2ݑܥܦ ,݅ݔ) (݆ݕ = ∏ ) ݌ݔ݁ −𝛥(݊ݕ,݅ݔ)݌2ݑܥߣݕ)݆݊ =1 . 

Similar, for O-1s photoelectrons, the overall attenuation factor for cell (i, j) is  

ݏ1ܱܦ ,݅ݔ) (݆ݕ = ∏ ) ݌ݔ݁ −𝛥(݊ݕ,݅ݔ)ݏ1ܱߣݕ)݆݊ =1 . 

The overall intensity of Cu-2p3/2 and of O-1s photoelectrons is given by taking the sums over all cells 

via  (ݑܥ)ܫ = ∑ ,௜ݔ)஼௨2௣ܦ (௝ݕ ∙ {߷஼௨(ݔ௜, (௝ݕ + ߷஼௨+(ݔ௜, ௝)}௔௟௟௖௘௟௟௦ݕ (ܱ)ܫ , = ∑ ௜ݔ)01௦ܦ , (௝ݕ ∙ ߷ை2−௔௟௟௖௘௟௟௦ , 

finally providing the atomic ratio 
ூ(ை)ூ(஼௨) that can be compared with the experimental ratio. 
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4. Microstructure of the polished Cu-surfaces pre USP-DLIP 

In the main article, heterogeneous oxidation behavior of Cu samples processed by USP-DLIP and 

etched by citric acid during three weeks of aging was linked to differences in the microstructure 

between peak and valley regions of the pattern. The finer grains visible in the FIB cross sections of 

topography peaks in Fig. 1e and Fig. 1f are linked to the original substrate microstructure mechanically 

induced during preparation of the Cu samples by polishing. This microstructure comprises of a 

superficial deformation zone exhibiting a thickness of approx. 500 nm as visible in Fig. S4. This 

microstructure remains unchanged during laser processing due to the minimal thermal substrate 

affection by this ultrashort laser pulsed technique. Hence, localized ablation during USP-DLIP down to 

a depth of approx. 1 µm leads to inhomogeneous microstructure properties between peak and valley 

regions as illustrated in Fig. S4, which strongly influences corrosion resistance and alongside the 

thickness of locally forming passivating oxide layers.3 

 

Figure S4. FIB Cross section of the polished substrate surfaces exhibiting a superficial deformation layer of 

~ 500 nm thickness. Localised ablation during USP-DLIP having a minimal thermal effect on the substrate then 

induces a heterogeneous microstructure distribution between peak and valley regions, as illustrated by the 

blue line showing the final pattern. In the peaks, the mechanically induced fine-grained microstructure 

remains, while in the valleys, the larger grained microstructure of the mechanically unaffected substrate is 

present. 
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Abstract: 

Copper (Cu) exhibits great potential for application in the design of antimicrobial contact surfaces 

aiming to reduce pathogenic contamination in public areas as well as clinically critical environments. 

However, current application perspectives rely purely on the toxic effect of emitted Cu ions, without 

considering influences on the interaction of pathogenic microorganisms with the surface to enhance 

antimicrobial efficiency. In this study, it is investigated on how antibacterial properties of Cu surfaces 

against Escherichia coli can be increased by tailored functionalization of the substrate surface by 

means of ultrashort pulsed direct laser interference patterning (USP-DLIP). Surface patterns in the 

scale range of single bacteria cells are fabricated to purposefully increase bacteria/surface contact area, 

while parallel modification of the surface chemistry allows to involve the aspect of surface wettability 

into bacterial attachment and the resulting antibacterial effectivity. The results exhibit a delicate 

interplay between bacterial adhesion and the expression of antibacterial properties, where a reduction 

of bacterial cell viability of up to 15-fold can be achieved for E. coli on USP-DLIP surfaces in 

comparison to smooth Cu surfaces. Thereby, it can be shown how the antimicrobial properties of 

copper surfaces can be additionally enhanced by targeted surface functionalization. 

Own contributions: 

Conception and design of the study. Design of the interference-based USP laser setup. Sample 

preparation and surface characterisation via LSM and SEM including bacterial imaging. CA 

measurement and wet plating for antibacterial monitoring. Conception and design of the wetting 

experiment involving fluorescent bacteria in inverted LSM. Data interpretation, preparation and 

editing of the manuscript. 
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by biofouling.[1] Current estimates by the 
World Health Organization (WHO) sug-
gest that the number of deaths caused 
by multidrug-resistant bacteria world-
wide could rise to ten million per year 
by 2050, if the current trend continues.[2] 
One way to fight both critical biofilm for-
mation as well as the spreading of infec-
tious diseases is to reduce the survivability 
of bacteria on technically and frequently 
touched contact surfaces, by using actively 
antimicrobial materials like copper (Cu) 
and silver (Ag) that are not based on phar-
maceutical antibiotics. Here, Cu shows 
great potential for a wider application,[3,4] 
looking back to a multi-millennial history 
of repeated rediscovery of its aseptic prop-
erties,[5] while it is also involved as a trace 
element in central processes of human 
metabolism.[6] In contrast, Ag exhibits tox-
icity at low quantities,[7] by which dosing 
has to be precisely adjusted in case of 
antimicrobial application to avoid a nega-
tive immune response.[8] Due to the toxic 

effect of released Cu ions, bacteria[9,10] as well as viruses[11] 
are rapidly killed in both dry and moist environments, when 
adhering to Cu surfaces. The antimicrobial properties of Cu are 
closely linked to both the amount of ions released and absorbed 
by the attacked microorganism, whereby specific effects have to 
be considered when using Cu as an antimicrobial agent: 1)  It 

Copper (Cu) exhibits great potential for application in the design of antimi-

crobial contact surfaces aiming to reduce pathogenic contamination in public 

areas as well as clinically critical environments. However, current applica-

tion perspectives rely purely on the toxic effect of emitted Cu ions, without 

considering influences on the interaction of pathogenic microorganisms with 

the surface to enhance antimicrobial efficiency. In this study, it is investigated 

on how antibacterial properties of Cu surfaces against Escherichia coli can 

be increased by tailored functionalization of the substrate surface by means 

of ultrashort pulsed direct laser interference patterning (USP-DLIP). Surface 

patterns in the scale range of single bacteria cells are fabricated to purpose-

fully increase bacteria/surface contact area, while parallel modification of the 

surface chemistry allows to involve the aspect of surface wettability into bac-

terial attachment and the resulting antibacterial effectivity. The results exhibit 

a delicate interplay between bacterial adhesion and the expression of antibac-

terial properties, where a reduction of bacterial cell viability of up to 15-fold 

can be achieved for E. coli on USP-DLIP surfaces in comparison to smooth Cu 

surfaces. Thereby, it can be shown how the antimicrobial properties of copper 

surfaces can be additionally enhanced by targeted surface functionalization.
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1. Introduction

The decreasing effectiveness of antibiotics in fighting infec-
tious diseases is a growing problem not only in hospitals and 
public spaces, but even on the International Space Station, 
where biofilms might also induce hazardous system failure 
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has been shown that close contact to the Cu surface is man-
datory to achieve a high antimicrobial effectiveness.[12] Since 
bacteria act as reservoirs for released Cu ions, close contact 
to the surface might reduce the self-passivation of the copper 
surfaces through oxide formation, whereby the ion release can 
be kept constantly high.[13] 2) Cu surfaces might face reduced 
antimicrobial efficiency in certain cases of corrosion/aging, as 
its stabilizing oxides CuO and Cu2O show either less, or sim-
ilar antimicrobial efficiency as the pure metal, respectively.[14] 
3) Bacteria have to be exposed for sometimes up to 3 h to the 
Cu surface to achieve a sufficient reduction of 99.9% of viable 
cell count.[11,13] Against this background, it is essential to under-
stand how the antimicrobial capacity of copper-based materials 
can be both increased and maintained to allow for an efficient 
adaptation of its functional properties for different kinds of 
antimicrobial application.

Attempts to enhance the antibacterial properties and espe-
cially the speed of bacterial reduction of Cu mainly focused on 
its application as nanoparticles distributed in liquid or solid 
matter for several years, similar to Ag.[8,15–20] However, recent 
results suggest a negligible antibacterial impact of the low par-
ticle sizes, as bacterial killing by Cu nanoparticles was actually 
shown to be mainly linked to Cu ion release rate instead of 
absorption of the nanoparticles.[21] Another promising approach 
involves the functionalization of the Cu substrate surfaces, as it 
has been shown that bacteria respond quite sensitively to chem-
ical and topographic surface properties, where especially wet-
tability and features in the micro- and nanometer range appear 
to exhibit the highest effect: Using bacterial probe atomic force 
microscopy, Maikranz et al.[22] were recently able to determine 
a significantly enhanced adhesion force of Staphylococcus aureus 
on Si substrates, which were chemically modified to exhibit 
hydrophobic wetting behavior, compared to unmodified hydro-
philic Si. Similar behavior was observed in previous studies, 
where different bacterial strains showed higher adhesion on 
hydrophobic polymer surfaces compared to hydrophilic glass 
and metal surfaces.[23,24] In contrast, Lutey et  al.[25] detected a 
stronger reduction of bacterial retention on hydrophobic com-
pared to hydrophilic steel surfaces, where both were treated 
by ultrashort laser pulses to form laser-induced periodic sur-
face structures (LIPSS). In this context, they claimed that 
surface topography actually plays a more significant role on 
bacterial adhesion than wetting properties, as a parallel sample 
group exhibiting higher topographic feature size showed even 
increased adhesion in case of Escherichia coli.[25] The actual rela-
tion between topographic roughness/structuring to bacterial 
size was indeed proven to play a major role in bacterial adhe-
sion in various studies, where topographic features matching 
the size of the tested bacteria enhance attachment, while lower 
feature sizes reduce it, which lead to sometimes contrary effec-
tivity of a specific surface topography against different bacterial 
strains.[26–31]

Following the approach of topographically induced antimi-
crobial surface properties further on, a number of natural blue-
prints like the Cicada and Dragonfly wings are available where 
prevention of adhesion alters into mechanically triggered killing 
of bacteria by piercing and structurally damaging the bacterial 
cell wall when micro- and nanometer-scaled surface structures 
exhibit high aspect ratios.[32,33] This functional approach was 

successfully applied many times, so far, also involving more 
technically oriented surfaces like, for example, black silicon[34] 
and oxidic nanostructures on Ti surfaces.[35,36] However, the 
bactericidal interaction of these types of surfaces is tightly con-
nected to chemically induced attractive forces between bacteria 
and surface to enable mechanical damage of the cell walls.[32] 
It was also proven that particular structure types are highly 
effective for certain bacterial strains, while others may not be 
affected to a similar extent.[37]

First approaches involving functional surface properties on 
antimicrobial copper surfaces highlighted the possibility to 
reduce bacterial transmission by hydrophobic wetting similar 
to the lotus effect.[18,19] In more recent studies, both Boinovich 
et al.[38] and Selvamani et al.[39] achieved antibacterial efficiency 
exceeding the copper-based reference material by the coupled 
effect of surface roughening and enhanced wettability induced 
by short pulsed laser treatment. Here, soaking of the depos-
ited liquid into the porous surface structure forces the bacteria 
against the hierarchically scaled surface features resulting in 
structural cell membrane damage,[38–40] similar to the killing 
mechanism of bacteria piercing surface topographies on Cicada 
or Dragonfly wings.[32,33] Unfortunately, antibacterial efficiency 
decreases strongly as soon as the surfaces stabilize at hydro-
phobic wetting,[38,41] which is most likely linked to the dense 
superficial layer of CuO initiated during short pulsed laser 
processing[42] showing reduced antimicrobial capacities due to 
reduced Cu ion release.[14] Therefore, it is important to include 
all functional aspects of their antiseptic effectiveness when spe-
cifically optimizing antimicrobial copper surfaces in order to 
maintain the positive effects over a longer period of time.

As former research has proven the impact of functional sur-
face properties on the bacteria/surface interaction,[25,28] a suit-
able modification of the surface properties might positively 
affect the antibacterial efficiency of copper surfaces. Here, 
we introduce a novel methodology to enhance antimicrobial 
properties of Cu surfaces by topographic as well as chemical 
modification using ultrashort pulsed direct laser interference 
patterning (USP-DLIP). By adjusting the pattern parameters in 
the size of the tested bacterial strain E. coli K12 WT(BW25113) 
to allow for increased bacteria/surface contact area, bacte-
rial viability could be significantly reduced in comparison to 
smooth reference surfaces. In addition, aging-related altera-
tion of wettability of the patterned surfaces allowed for detailed 
investigation of the combined influences of molecular surface 
condition and contact favoring topography on the antimicrobial 
properties of Cu. The presented results form a suitable basis 
for the targeted optimization of copper-based antimicrobial 
contact surfaces by surface functionalization using ultrashort 
pulsed laser irradiation.

2. Results

2.1. Surface Characterization

The morphology as well as the topographic parameters of sur-
face patterns induced by USP-DLIP on metals have been previ-
ously shown to be tailorable by adjusting the fluence in respect 
to the individual thermal substrate interaction.[43] Here, an 
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alteration of the occurring ablation mechanisms by increasing 
the applied laser fluence has to be considered as well, since 
it prominently affects both primary pattern and sub-structure 
parameters. In the case of Cu, ablation behavior changes 
between spallation and phase explosion, as soon as substrate 
heating surpasses the threshold temperature of TPE = 0.9 × Tcr 
with a critical temperature Tcr of 7696 K,[44] which is shown to 
affect both peak geometry as well as surface morphology.[43] To 
create line pattern geometries befitting the scale of single cells 
of the tested E. coli K12 strain, laser parameters were adjusted 
to a fluence of 3 J cm–2 and pattern periodicity of 3 µm, which 
lead to ablation in the phase explosion regime on the utilized 
oxygen free Cu (OF-Cu) material.[43] The resulting surface mor-
phologies both in as-processed as well as post-treated state are 
illustrated in Figure 1.

The USP-DLIP patterns exhibit narrow peaks framed by 
spatially expanded valleys where material ablation during pro-
cessing took place. The ratio of the total surface area distributed 
between the two topographic features corresponds ≈29%/71% 
(peaks/valleys). In the as-processed state, these surfaces con-
tain flake-like nanostructures, which concentrate mainly on the 
peak regions, as visible in Figure  1a. In a former study, these 
sub-structures could be identified as agglomerations of Cu2O 
formed by re-deposition of ablated matter during USP-DLIP 
processing.[45] Post-processing by immersion etching in 3% 
citric acid was shown to fully remove surface oxide revealing 
both the metallic substrate material as well as a surface mor-
phology mainly induced by mobilized and rapidly cooled melt 
fronts resulting from the phase explosion ablation mechanism 

(see Figure  1b). Consequently, the surface roughness Rq is 
highest in the peak area of the as-processed surfaces, which 
can be attributed to the flake-like sub-structure, since in case of 
the immersion etched samples peak roughness almost equals 
the roughness measured in the valleys, as presented in Table 1. 
In contrast to the peak regions, roughness in the valley areas 
shows no alteration before and after chemical post-processing.

In USP-DLIP processing, pattern depth was set to 1  µm, 
which leads to an increase of surface area by factor 1.6 
(S-value) in comparison to the flat surface topography of pol-
ished Cu samples. Minor alteration of the S-value in between 
as-processed and etched surfaces can be attributed to surface 
roughening induced by the oxidic sub-structures.

2.2. Wettability

The wetting behavior of the different Cu surfaces was measured 
in relation to the duration of storage in ambient environment 
starting from 24 h after processing (Week 0) and repeating 
the measurement every 7 days on a yet unused sample. Wet-
ting behavior of all patterned samples followed a similar trend 
of rapidly enhancing hydrophobicity during aging within the 
first week starting from low contact angles (CA) that is fol-
lowed by leveling at slightly higher CA within 2 more weeks 
of aging as visible in Figure 2. This effect has been reported 
for Cu surfaces processed by ultrashort pulsed laser irradiation 
before and can be traced back to a prominent agglomeration of 
functional carbon groups of C-C/C-H bonding type,[46,47] which 

Figure 1.  SEM images of pattern peaks on USP-DLIP-processed Cu surfaces representing the individual topographies before and after post-treatment 
by immersion etching. a) Cu surface processed by 3 J cm–2 in as-processed state; b) Cu surface processed by 3 J cm–2 after immersion etching using 
3 % citric acid.

Table 1.  Surface parameters of USP-DLIP patterns applied on Cu surfaces in the as-processed and immersion etched state.

Valley width [µm] 2.19 +/ − 0.12

Depth [µm] 1.055 +/ − 0.084 1.016 +/ − 0.058

Rq peak [nm] 188.5 +/ − 30.5 97.3 +/ − 28.3

Rq valley [nm] 90.3 +/ − 12.3 94.2 +/ − 12.2

S-value 1.61 1.57
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was also recently verified for the surfaces investigated in this 
study.[45] However, the rapid increase in CA has to be empha-
sized especially for as-processed USP-DLIP surfaces where 
elevated values around 90° could be detected already 24 h after 
laser processing (see Figure 2a,b).

The quick attainment of high CA values in the first aging 
phase indicates a prominent effect of sticking on the droplet 
spreading by the rough surface topography alongside the 
chemical modification during aging, which also leads to 
higher drop shape anisotropy as spreading is less suppressed 
parallel to the line pattern orientation (compare Figures  2a 
and  2b). Besides the minor overall CA increase, the second 
aging phase highlighted in Figure 2a is characterized by fur-
ther approximation of the CA values measured in orthogonal 
and parallel orientation of the line patterns leading to reduced 
drop shape anisotropy. As soon as this approximation reaches 
a stable level, falling droplets would bounce off the pat-
terned surfaces in horizontal alignment, while they tend to 
stick on the surface before. This change indicates a transi-
tion between Wenzel and Cassie–Baxter like wetting of the 
surfaces, where sufficient sticking by penetration of the pat-
tern grooves is no longer possible. This assumption is sup-
ported by measured values of advancing and receding contact 
angles that are less than 15° in case of the non-sticking sur-
faces, while on sticking surfaces they are significantly higher. 
On as-processed surfaces, this state is reached already after 
2 weeks, while 3 weeks of aging are needed in case of immer-
sion etched samples.

The higher CA reached for as-processed surfaces (illustrated 
in Figure 2a), as well as the low droplet shape anisotropy sta-
bilized already after the second week of aging (see Figure  2b) 
appear to be linked to the roughness values Rq measured on the 
peak areas of the different surfaces, indicating an enhancing 
effect of the process-induced flake-like sub-structure on hydro-
phobic wetting behavior. A similar increase of CA was also 
observed on micrometer patterns by Allahyari et  al.,[48] which 
was traced back to a more pronounced nanoparticle decoration 
of the surfaces during processing with higher laser fluence. It 

has to be noted that the ratio of agglomeration between hydro-
philic carbo-oxygen and hydrophobic C-C/C-H bonding species 
was shown to vary in favor of the latter type on as-processed 
surfaces during aging in a recent study, while a similar ratio 
was already stabilized after 24 h of aging on immersion etched 
samples.[45] Hence, wetting of as-processed surfaces would be 
expected to show a more pronounced hydrophilic behavior in 
comparison to etched surfaces slightly after processing from a 
chemical aspect. However, CA measurements show the oppo-
site, which highlights the significant influence of the difference 
in surface roughness.

2.3. Antibacterial Properties

2.3.1. Antibacterial Effect of USP-DLIP Processing

The previous results show a prominent impact of the process-
related flake-like sub-structure on topographical and wetting 
properties of USP-DLIP Cu surfaces. To involve the influence 
of the oxidic sub-structure on antibacterial properties in the 
investigation of the actual impact of topographic patterning in 
the scale range of single bacteria cells, wet plating tests were 
conducted on both as-processed and immersion etched USP-
DLIP Cu surfaces. Testing was conducted after 3 weeks of 
aging of each the USP-DLIP as well as the polished reference 
surfaces, by which the patterned samples showed distinctive 
(super-)hydrophobic wetting, while the references were slightly 
hydrophilic (Figure  2a). A uniform droplet/metal contact area 
on all samples was achieved by applying the wet plating meth-
odology involving hydrophobic adhesive tape rings described in 
more detail in Experimental Section.

The results of the wet plating tests illustrated in Figure 3a 
show a considerable reduction of viable bacteria detectable on 
the different tested Cu surfaces with increasing exposure time. 
Although the polished Cu reference already shows high anti-
bacterial efficiency against the tested E. coli strain, the USP-
DLIP surfaces patterned in the scale range of single bacteria 

Figure 2.  Modification of surface wetting behavior on Cu samples processed by USP-DLIP in relation to aging under ambient atmosphere: a) Aging-
related alteration of CA in orthogonal and parallel orientation to the line-like pattern also highlighting the two different phases of either rapid CA 
increase or CA leveling; b) development of droplet shape anisotropy during atmospheric aging in Phase 2.
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cells exceed these values both in the case of as-processed and 
immersion etched state. While on polished Cu, viable cell count 
reduction reaches a critical amount of 99.9%[13] after ≈85 min, 
the same level is reached on the USP-DLIP surfaces already 
between 60 and 70 min. Surprisingly, the antibacterial proper-
ties of as-processed surfaces seem to exceed those of immer-
sion etched samples after 60 min despite a significantly higher 
amount of surface oxidation,[14,45] whereas the post-treated sur-
faces dominate in bacterial killing in the first 30  min. Com-
parison of the colony forming units (CFUs) reduction rate in 
relation to the smooth Cu reference reveal a 4.5-fold enhance-
ment on immersion etched surfaces in this early phase, which 
decreases to ≈3.6-fold during further exposure. On as-processed 
surfaces, this trend is reversed as CFU reduction rate continu-
ously increases up to 9.3-fold of the values measured on the Cu 
reference after 120 min exposure while starting at 1.9-fold in the 
first phase.

Parallel examination of the Cu ion release during the experi-
ment, as displayed in Figure 3b, reveals a considerable increase 
of Cu emission in comparison to the Cu reference on both 
USP-DLIP surfaces. Despite the presence of a dense oxide 
layer, ion release of the as-processed surfaces exhibits the 

highest values, which appears to be the reason for the high 
CFU reduction observed. Here, the dominance of Cu2O in the 
chemical composition of the oxidic sub-structure[45] seems to 
induce an overall positive effect on the antibacterial proper-
ties, as it shows minor reduction of Cu ion release in relation 
to pure Cu.[14] In combination with the increased surface/area 
ratio of the flake-like sub-structure expressed by the Rq values 
presented in Table 1, the overall balance appears to be in favor 
of an additional enhancement of Cu emission and hence anti-
bacterial efficiency on as-processed in comparison to immer-
sion etched USP-DLIP surfaces. The thin superficial layer of 
CuO that was determined on both surfaces via XPS depth pro-
filing does not appear to affect Cu ion release, here.[45] In addi-
tion to the overall increase of Cu emission, the ion release rate 
of both USP-DLIP surfaces remain on a stable high level after a 
peak during the first 30 min of exposure, while on the Cu refer-
ence ion release rate continuously drops throughout the whole 
experiment as presented in Figure 3b. It must be emphasized 
that the discussed CFU reduction rate as well as the Cu ion 
release rate are directly related to the real surface and include 
the surface enlargement on USP-DLIP surfaces by involving the 
S-value. The actual enhancement of CFU reduction determined 

Figure 3.  Illustrations showing the results of wet plating tests on USP-DLIP surfaces after 3 weeks of aging: a) CFU reduction of E. coli on the different 
Cu surfaces in relation to an inert steel reference. CFU values normalized to actual surface area show an increase of up to 9.3-fold of USP-DLIP surfaces 
against polished Cu. b) Cu ion release measured on the individual surfaces alongside CFU reduction. c) Cu Ion release in case of PBS application 
without bacteria.
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on immersion etched and as-processed USP-DLIP Cu surfaces 
in relation to the smooth reference accounts to 6- and 15-fold. 
Therefore, the observed enhancement of these two properties 
cannot be attributed to the increase in surface area caused by 
laser structuring but seems to be related to a beneficial bac-
teria/surface interaction, instead.

Analyzation of Cu ion release under exposure to PBS without 
bacteria on the other hand reveals a comparably low Cu emis-
sion on all surfaces, as displayed in Figure 3c: Both polished Cu 
and immersion etched USP-DLIP surfaces reach almost equal 
emission values after 120  min of exposure, which might be 
traced back to a similar surface chemistry mainly consisting of 
a native oxide layer leading to analogous passivation behavior. 
However, the etched USP-DLIP surfaces show a more leveled 
gradient of Cu emission also visible in case of the as-processed 
surfaces, which indicates a slightly different passivation process 
of the laser processed samples. Cu ion release on as-processed 
USP-DLIP surfaces stagnates at a considerably lower level 
related to a higher passivating effect of the process-related 
Cu2O layer. Here, the high surface/area ratio of the flake-like 
oxide topography does not appear to increase Cu ion release in 
contrast to the behavior observed in the presence of bacteria.

Bacteria have been recently reported to affect Cu ion release 
during wet plate testing using PBS as they act as drains for 
Cu ions, which prevents chemical surface passivation by oxide 
formation and leads to the maintenance of a constantly high 
corrosion-induced ion emission rate.[13] Against this back-
ground, USP-DLIP surface modification appears to addition-
ally enhance this effect leading to a significant increase in 
Cu ion release in the presence of bacteria compared to flat 
Cu surfaces, while corrosion resistance is actually enhanced 
after laser treatment, as indicated by the reduced emission 
values without bacteria. This especially accounts for as-pro-
cessed samples exhibiting the highest difference of Cu ion 
release with and without bacteria as well as the highest killing 
efficiency.

It has been reported before that dead cells are accumulating 
more copper in the cytosol than living cells, where membrane 
damage might induce the increased uptake of copper ions from 
the medium due to concentration gradients.[41,49] Furthermore, 
dead cells cannot discard the copper ions via efflux pumps 
which might also be a factor for increased Cu accumulation 
inside dead bacterial cells. Thereby it has to be questioned if 
the increase in antibacterial efficiency and Cu ion release on as-
processed surfaces might be affected by additional mechanical 
damaging of the bacteria by the flake-like oxidic sub-structure, 
like, for example, on Cicada and Dragonfly wing surfaces[32,33] 
and short pulsed laser treated Cu surfaces.[38,39] In order to 
investigate this more closely, scanning electron microscopy 
(SEM) imaging of formaldehyde-fixated bacteria after wet 
plating was conducted to get a hint on the dominant mode of 
action in bacteria killing on as-processed USP-DLIP surfaces. 
Since formaldehyde has a low pH value, bacteria fixation is 
accompanied by intense corrosive attack of the Cu surfaces, 
especially visible in the peak areas of USP-DLIP patterns, 
whereby this statement must be made primarily by observing 
the morphology of adhering bacteria.

The distribution of the bacteria over the surface area shows 
a clear preference of the valleys for adhesion, as displayed 

in Figure 4a, where peak regions appear to be mainly occu-
pied by greater clusters expanding out of neighboring valleys. 
Bacteria morphology in the valleys shows no change com-
pared to conspecifics adhering to flat reference surfaces (see 
Figure  4c), while single bacteria cells attached to peak areas 
often exhibit a shortened cell body, in contrast. No indication 
of topography-induced membrane damage is visible on most 
of the imaged bacteria cells aside of individual specimen that 
appeared to be collapsed due to leaking (see Figure 4b). How-
ever, relating to the low level of visible cell damage which can 
be observed likewise on polished reference surfaces as visible 
in Figure 4c, membrane damage is more likely to be caused by 
interaction with Cu ions, here.[9]

In the light of these investigations, the major mode of 
action leading to increased antibacterial efficiency of the 
USP-DLIP surfaces appears to be an amplification of Cu ion 
induced toxic stress. It was shown that bacteria have mech-
anisms for sensing if they are attached to a surface which 
include cell appendages (flagella, pili, curli) or envelope 
deformations resulting in envelope stress.[50] After sensing 
the surface attachment, phenotypic changes from the plank-
tonic life form toward a sessile state appear to be initiated, 
where metabolism alters to now focus on the formation of 
biofilms.[50] Compared to previous results, these phenotypic 
changes in relation to surface contact might influence the 
uptake of ions such as copper ions and hence the efficiency of 
copper mediated killing, even though the exact mechanisms 
are not completely understood yet.[12,51]

2.3.2. Influence of Wetting Behavior on Antibacterial Efficiency

The significant enhancement of the antibacterial properties 
of Cu surfaces by USP-DLIP processing, in parts also despite 
increased surface oxidation, indicates a pristine bacteria/surface 
interaction on the laser-induced topographies. In case of ultra-
short pulsed laser processing, chemical surface modification 
also involves an aging related change in wettability, which 
is also observed here (see Figure  2). As surface wettability is 
shown to have a huge effect on bacterial adhesion,[22,25] possible 
changes of bacteria/surface interaction might also lead to an 
alteration of the antibacterial efficiency of USP-DLIP surfaces. 
To further investigate this, wet plating tests were conducted on 
as-processed and immersion etched USP-DLIP samples after 
24 h and 3 weeks of aging under ambient atmosphere. With ref-
erence to the results presented in Figure 2a, the different aging 
periods lead to either hydrophilic wetting after 24 h or (super-)
hydrophobic wetting after 3 weeks.

Bacterial viability of the tested E. coli K12 strain on both Cu 
reference and the USP-DLIP surfaces aged for 3 weeks show 
a similar relation like in the previous experiment, exhibiting a 
predominant antibacterial efficiency of the laser-treated samples 
with increased bacterial killing rates on as-processed samples 
after 60 and 120 min exposure (see Figure 5a). CFU reduction 
on USP-DLIP samples after 24 h of aging show a comparable 
relation between as-processed and immersion etched samples 
after 120  min, although bacterial viability appears to be less 
decreased here. However, the etched surfaces of the hydrophilic 
samples remain more efficient in bacterial killing even after 
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60 min of exposure compared to as-processed surfaces despite 
significantly lower Cu ion release (compare Figure 5b). In addi-
tion, CFU reduction in relation to surface area falls below the 
values of the copper reference in the first two measuring points 
on both hydrophilic USP-DLIP surfaces. The slightly decreased 
overall bacterial viability after 120  min of exposure might be 
linked rather to increased Cu ion release instead of favorable 
bacteria/surface interaction, here.

By directly comparing hydrophobic and hydrophilic USP-
DLIP samples, a clearly lower antibacterial efficiency can 
be determined for the hydrophilic laser treated surfaces, 
although Cu ion release does not deviate noteworthy from the 
values measured on the hydrophobic surfaces, as displayed in 
Figure 5b. The almost identical course of the Cu emission on 
etched samples both after 24 h and after 3 weeks of aging is 

particularly striking when related to the significantly different 
CFU reductions measured in parallel. A similar trend can be 
observed between the different as-processed USP-DLIP sur-
faces, whereas it must be emphasized that bacterial killing 
on the hydrophilic as-processed samples still falls below the 
values of etched hydrophobic samples after 120  min despite 
significantly higher Cu ion release. This illuminates the grave 
influence of surface chemistry on the bacteria/surface interac-
tion, which in turn has a significant effect on the antimicrobial 
effectiveness of Cu surfaces. It appears that both increased Cu 
ion release and bacteria/surface contact area in case of the as-
processed surfaces only lead to an improved efficiency in bacte-
rial killing, if bacteria are facing wetting properties that might 
be preferential for adhesion. The same relation accounts to 
immersion etched samples, whereas it has to be noted that Cu 

Figure 4.  SEM images of E. coli (blue) on as-processed USP-DLIP and polished Cu surfaces fixated by 4% formaldehyde. a) Overview showing single 
bacteria cells and clusters. b) Close-up revealing several collapsed cells (1). Bacteria in peak areas show a more shortened morphology (2) compared 
to bacteria in valley regions. c) Bacteria on polished Cu surfaces showing similar collapsing (1) compared to cells on USP-DLIP surfaces. The visible 
surface roughening is due to corrosive attack during fixation after the wet plating experiment and not related to bacteria/surface interaction.
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ion release rate in relation to surface area of both hydrophobic 
and hydrophilic surfaces run lower than the values of the Cu 
reference in this experiment. However, the lower ion emission 
does not appear to affect antibacterial efficiency of the two dif-
ferent surfaces as much as the differences in wetting proper-
ties, where hydrophobic etched samples again exhibit increased 
bacterial killing, even despite low ion release, while the antimi-
crobial properties of the hydrophilic sample approximate the 
Cu reference when related to the relative surface.

From these results, the hydrophilic etched samples actually 
appear to reflect the antibacterial properties of the Cu refer-
ence surface transmitted to an increased ratio of surface area, 
while hydrophobic wetting induces bacteria/surface interac-
tion on the very same surface topography that enhances the 

antibacterial effect of Cu even without an actual increase 
of Cu ion release, in contrast. In case of as-processed USP-
DLIP surfaces, increased bacteria killing rates in comparison 
to etched surfaces are linked to a prominently enhanced Cu 
ion release rate, which however still needs to be coupled with 
preferential wetting properties to reach its full potential in 
bacteria killing.

It has to be noted here that bacteria killing as well as Cu ion 
release showed an overall decrease compared to the previous 
experiment as visible by comparing Figures  3 and  5, where 
especially a lower relative CFU reduction on hydrophobic 
USP-DLIP samples after 60  min of exposure as well as lower 
Cu ion release on both of the etched surfaces stand out. The 
underlying reason might be aging of the bacterial culture 

Figure 5.  Results of the wet plating tests in correlation to surface wetting properties: a) Reduction of detectable CFU count of E. coli K12 during wet 
plating tests on either hydrophilic (W0) or (super-)hydrophobic (W3) USP-DLIP surfaces in relation to a smooth Cu reference; b) Cu ion release on the 
different tested surfaces measured alongside CFU reduction.
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during storage at 4 °C for 2 months between both experiments 
leading to a reduced metabolic activity of the bacteria. Warnes 
and Keevil showed that the DNA of dead cells denatures much 
more slowly on Cu surfaces, suggesting that metabolic activity 
is involved in the expression of the initial superoxide-mediated 
killing.[52] By this, a significant antibacterial effect on Cu sur-
faces might be delayed in case of reduced metabolic activity.

2.3.3. Bacterial Attachment during Surface Wetting

Aside of the significantly increased Cu ion release, as-processed 
USP-DLIP surfaces exhibit a characteristic lag phase, where 
bacterial killing remains below the values of etched samples 
despite higher Cu ion release. In the case of hydrophobic sam-
ples, this phase includes the first sampling time after 30 min, 
while it seems to still continue after 60 min for hydrophilic 
samples (compare Figures  3a and  5a). A possible reason for 
this behavior might be reduced bacteria/surface interaction, for 
example, by reduced adhesion during the initial contact phase 
due to the increased nano-scale roughness of surfaces exhib-
iting the flake-like sub-structure.[28] To investigate bacterial 
mobility and adhesion alongside propagating surface wetting 
on the different tested surfaces in situ investigations were con-
ducted by means of confocal laser scanning microscopy (LSM). 
The specified setup used in the investigation, where the wetting 
front propagation of PBS with and without bacteria between 
the tilted sample surface and a glass substrate is imaged, 
is described in detail in the experimental section. To facili-
tate a detection of bacteria and their activity in LSM, a strain 
of E. coli (ClearColi BL21(DE3)) expressing green fluorescent 
protein (GFP) and exhibiting similar properties as E. coli K12 
WT(BW25113) was utilized. Propagation of the wetting front 
was recorded in situ by imaging the reflection signal of wetted 
partitions of the sample surface, while the location of bacteria in 
relation to the surface and wetting front was recorded through 
alternating imaging of the fluorescence signal (see Figure 6a). 
In order to determine the surface-specific wetting behavior in 
relation to the various topographical surface characteristics with 
parallel inclusion of a possible bacterial influence, the drop 
spreading velocity of PBS with and without bacteria was meas-
ured in parallel orientation of the line patterns. The presented 
results focus on USP-DLIP samples after 3 weeks of aging as 
well as the Cu reference, since the pronounced hydrophilic wet-
ting behavior of samples aged for 24 h leads to elevated drop 
expansion speeds too high to perform imaging of the drop 
front. Videos of the drop edge propagation alongside bacterial 
attachment on the different surfaces referring to the images 
shown in Figure 6 are provided in Supporting Information.

The main influence on bacterial mobility turned out to be 
sedimentation, through which the majority of bacteria are 
detected on or in close proximity to the glass substrate below 
the sample surfaces after 20  min without additional fluid 
dynamics involved. The additional drag induced by capillary 
forces in the utilized testing method on the other hand leads 
to fluid currents by which the planktonic bacteria gets flushed 
between the sample surface and glass substrate. Most of the 
bacteria still continue sedimentation, whereas individual cells 
or clusters in the vicinity of the sample surfaces might adhere 

in case the attractive surface forces surpass both fluid drag and 
gravity force.

In case of the smooth topography of the polished Cu refer-
ence samples, the propagation speed of the drop edge was too 
fast to allow for continuous switching between the two signal 
channels, whereas imaging was either focusing one or the 
other signal, as illustrated in Figure 6a. Records of the droplet 
propagation reveal a straight wetting front spreading at a speed 
of either 10.41 μms–1 without and 11.38 μms–1 with bacteria. 
Imaging the fluorescence signal emitted by the bacteria shows 
a slightly increased density of bacteria along the wetting front, 
which are getting pushed over the surface without adhering, 
while bacteria from the subsequent medium flow manage to 
adhere instead. The adhering units appear to mainly be com-
posed of clusters instead of single cells, especially in closer 
vicinity to the wetting front pointing out that fluid drag in this 
area represents a major obstacle to the adhesion of bacteria. 
However, attractive forces appear to induce interaction between 
the bacteria and the surface enabling adhesion as soon as 
fluid drag gets reduced. From the data received, the bacteria 
approach to the Cu surface appears to be mainly due to cur-
rents in the media, while self-motion capability of individual 
cells might additionally contribute to the final contacting in 
close vicinity to the substrate.

On USP-DLIP surfaces, imaging using the reflection con-
trast shows the pattern valleys as bright lines separated by 
dark areas attributed to the peak regions where surface inclina-
tion significantly weakens the signal (illustrated in Figure 6b). 
In case of immersion etched USP-DLIP surfaces, the wetting 
front exhibits a slightly less straight progression along the 
pattern compared to the Cu reference both with and without 
bacteria. Wetting propagation speed is significantly reduced 
to ≈159.59  nms–1 without and 877.22 nms–1 with bacteria that 
marks out both a decreasing effect of the hydrophobic sur-
face properties on wetting propagation as well as a significant 
alteration of surface wetting in the presence of bacteria on this 
type of surface. Adhesion of bacteria mainly takes place in the 
vicinity of the droplet edge, which is most likely linked to a 
lower fluid drag due to the lower wetting propagation speed in 
comparison to the Cu reference. Adhering bacteria occupy both 
peak and valley regions but are detected more frequently in the 
valleys (see Figure  6b) indicating a positive effect of concave 
topography features on bacteria/surface interaction.

Droplet propagation on as-processed samples is significantly 
reduced compared to both the Cu reference as well as immer-
sion etched samples. Imaging of surfaces exposed to PBS 
without bacteria exhibits a weak reflection signal alongside a 
distorted course of the wetting front along the surface pattern. 
The propagation speed of the drop edge runs at a very slow 
level of ≈51.61 nms–1 until droplet intrusion is finally stopped 
by pinning of the wetting front a few tens of micrometer after 
the sample edge, where the water-repellent forces of the hydro-
phobic surface seem to come into equilibrium with the coun-
teracting forces induced by the measurement setup. As soon 
as bacteria are present in the medium, droplet propagation 
is slightly increased to a speed of ≈61.39 nms–1 also showing 
a continuous wetting front expansion although localized pin-
ning is still apparent, as visible in Figure  6c. Planktonic bac-
teria detected in the medium appear solely in the wetting front 
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pointing out a rather low fluid drag, but a predominant influ-
ence of propagation induced currents near the drop interface 
on bacteria dispersed within the droplet volume close to the 
substrate surface. Bacteria leaving the droplet edge directly 
attach to the substrate surface, where they are fully immobilized 
leading to adhesion observed solely along the wetting front. In 
case of single bacteria cells and smaller clusters, attached bac-
teria are predominantly located within the pattern valleys, while 

larger clusters also manage to cover peak areas. However, initial 
attachment points of these clusters are also located within the 
valley regions indicating preferential bacterial adhesion in these 
areas, which might be attributed to the difference in nano-
scaled surface roughness Rq in between the two areas.[28] These 
observations correspond very well with the distribution of the 
bacteria visible in Figure 4a,b. It has to be emphasized that in 
several events a spontaneous release of localized pinning could 

Figure 6.  Imaging of the wetting propagation on the different Cu samples: a) wetting front propagation on a smooth Cu reference surface imaged 
parallel to bacterial attachment by LSM using fluorescent E. coli separated in reflection signal showing the substrate surface, as well as the fluorescent 
signal showing single cells (1) and clusters of bacteria (2). b) Wetting of an immersion-etched USP-DLIP surface by PBS with and without bacteria. 
Adhering bacteria are found in the valley (1) as well as the peak areas (2). c) Wetting on as-processed USP-DLIP surface showing areas of altered wet-
ting state (1) alongside local pinning and release events related to adhesion of bacteria (3) that were previously floating close to the drop edge (2).
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be observed in relation to the presence of bacteria close to the 
drop edge, which appeared to contribute to further propaga-
tion of surface wetting (displayed in Figure 6c). Here, attractive 
forces between patterned surface and bacteria seem to form an 
additional antipole to the hydrophobic properties, which shifts 
the balance of forces at the wetting front in favor of a progres-
sive wetting. Alongside these events, changes in the reflection 
contrast of the valley areas point out localized changes of the 
wetting state.

Considering these observations in the in situ LSM investiga-
tions, a clear influence of specific surface features on bacterial 
adhesion and surface wetting on the different examined sur-
faces can be determined:

On as-processed USP-DLIP surfaces, wetting involving 
bacteria is expressed less by an increase in wetting propaga-
tion speed but moreover by the destabilization of localized 
droplet pinning. Wetting without bacteria appears to stabilize 
in a Cassie–Baxter state, where the pattern valleys are not pen-
etrated by the liquid and contribute to a pinning of the drop 
edge. Once bacteria are involved, this state gets destabilized 
allowing both medium as well as bacteria to enter the valleys, 
which also reduces the previously observed pinning in the peak 
areas. Bacteria are predominantly attached to valley regions 
pointing out a low suitability of the peak regions for adhesion, 
whereas bacterial attachment can be assumed to be locally sup-
pressed until full surface wetting is achieved. In fact, previous 
literature has already pointed out the repelling effect of surface 
topographies exhibiting feature sizes smaller than the scale of 
single bacteria cells.[28,31] These results complement the SEM 
observations discussed earlier which are illustrated in Figure 4.

On immersion etched surfaces, instead, wetting observed 
via LSM appears to exhibit a low stability of a Cassie–Baxter 
and rather the appearance of a Wenzel state, which is further 
enhanced in the presence of bacteria. These examinations fit 
to the late change between sticking and bounce off behavior 
during wetting tests involving falling droplets after 3 weeks of 
atmospheric aging, as discussed earlier. In contrast to the as-
processed surfaces, bacteria attach to pattern peaks more often 
showing a higher suitability for adhesion of these regions after 
post-processing.

In that regard, the deviation of the overall wetting behavior 
and bacterial adhesion between the two types of USP-DLIP 
samples appears to be mainly contributable to the filigree mor-
phology of the flake-like sub-structure found on the peaks of as-
processed surfaces effecting reduced wettability[48] and bacterial 
adhesion[28] due to increased nano-scale roughness. Alongside 
the preliminary Cassie–Baxter wetting state, especially the sup-
pressed adhesion of bacteria on the rough surface peaks in the 
early state of surface wetting on as-processed USP-DLIP sur-
faces appear to be the reason for the lower bacterial killing rates 
measured after 30 min in the wet plating experiments in rela-
tion to immersion etched surfaces even despite higher Cu ion 
release rates. This illustrates the necessity of a direct and pro-
nounced contact between bacteria and Cu surface, as already 
postulated by Mathews et  al.[12] to enable a strong expression 
of antibacterial properties. In this context, the reduced bacte-
rial killing on hydrophilic USP-DLIP surfaces, as displayed in 
Figure 5a, might be attributed to lower adhesion forces between 
bacteria and the surface, similar to the results of Maikranz 

et al.[22]. This is particularly evident in the prolonged lag phase 
of hydrophilic as-processed samples, where increased sur-
face roughness and reduced adhesion forces between bacteria 
and surface appear to negatively interact. However, the exact 
mechanism of bacterial adhesion alongside altered sensitivity 
against Cu ions has to be clarified more precisely. Contrary to 
the S. aureus used in ref. [22], E. coli has a significantly lower 
hydrophobicity of the cell surfaces, which might be reflected 
in a weaker surface adhesion.[53] Therefore, preceding protein 
attachment preferring hydrophobic surfaces could also play a 
role here.[54]

3. Conclusion

We were able to show that surface functionalization via USP-
DLIP treatment has a significant effect on the antibacte-
rial properties of Cu surfaces. The results allow for a better 
understanding of the role of bacteria/surface interaction in 
the expressed Cu sensitivity of bacteria as well as an improved 
design of contact surfaces to enhance antibacterial properties of 
copper surfaces:

•	 Reduction of viable cell count of E. coli on Cu surfaces in wet 
conditions is enhanced by USP-DLIP patterning in the scale 
range of single bacteria cells leading to a relative increase of 
up to ≈ 6-fold in case of post-processed and 15-fold in case of 
as-processed surfaces. The enhancement of killing efficiency 
surpasses the capacities of sole enlargement of available sur-
face area indicating a beneficial effect on bacteria/surface 
interaction, which induces higher sensitivity of the bacteria 
against Cu intoxication.

•	 Cu ion release is increased in the presence of bacteria, which 
especially accounts for USP-DLIP surfaces in as-processed 
condition. In contrast, Cu emission falls below the smooth 
Cu reference in exposure to PBS without bacteria. Hence, 
increased Cu ion release can be directly connected to bacte-
rial Cu draining which was previously reported,[13] however 
with a much stronger effect on the laser structured sur-
faces. As-processed USP-DLIP surfaces exhibit the greatest 
differences in Cu ion release indicating an opposite corro-
sion behavior of the oxidic flake-like substructure with and 
without bacteria.

•	 Although increased Cu ion release exhibits a beneficial influ-
ence on antibacterial efficiency, the reduction of viable cell 
count appears to be influenced to a larger extent through 
quality and quantity of contact to the surface. This pre-
dominantly involves surface wettability, where hydrophilic 
USP-DLIP surfaces exhibit significantly lower effectiveness 
against E. coli compared to hydrophobic USP-DLIP surfaces, 
even despite higher Cu ion release.

•	 Furthermore, reduced bacterial attachment on the peaks of the 
as-processed samples was observed compared to immersion 
etched samples, indicating a repelling effect of the nanoscale 
substructure.[28]. Together with a lower bacterial contact in the 
initial phase of the wet plating experiments, reduced bacterial 
killing on these surfaces can be observed despite high Cu ion 
emission. This effect is particularly noticeable on the hydro-
philic sample, which further illustrates the strong influence of 
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topographic and chemical surface properties on the antibacte-
rial effectiveness of Cu surfaces.

The presented results show the possibilities of targeted sur-
face functionalization to increase the antibacterial effective-
ness of Cu contact surfaces to the same extent as they illus-
trate the necessity of a precise knowledge of the dominant 
influencing factors in order to achieve a maximum increase in 
efficiency. By this, they allow for a more targeted approach to 
the design of copper-based antibacterial surfaces that increases 
their effectivity beyond the toxic effect of emitted Cu ions 
itself.

4. Experimental Section

Sample Preparation: Sheets of OF-CU (>99.95%) (Wieland) and AISI 
304 stainless steel (Brio) of the dimensions 10 × 25 mm2 were mirror-
polished on an automated TegraPol-21 system (Struers). Shares of the 
polished Cu samples as well as the steel samples were deducted for 
their later use as references in the wet plating experiments.

The remaining Cu samples were laser processed by USP-DLIP 
utilizing a Ti:Sapphire Spitfire laser system (Spectra Physics) emitting 
a pulse duration of tp   =   100  fs (full width at half maximum) at a 
centered wavelength λ of 800 nm and 1 kHz pulse frequency. Two beam 
laser interference was achieved by using the optical setup previously 
introduced in ref. [43] consisting of a diffractive optical element to 
divide and a lens system to overlap the individual beams on the sample 
surfaces. The periodicity p of the generated pattern in correlation to the 
incident angle θ can be calculated by Equation (1) utilizing the analogy 
of the beam paths in the interference setup to the setup of the Fresnel 
mirror test:

λ
θ( )

=
2 tan

p � (1)

Planar patterning was conducted in continuous pulsing mode at a 
fluence of 3 J cm−2 and 90% pulse overlap. The periodicity of the applied 
patterns was set to 3 µm, by which the achieved topography closely fits 
the bacterial size of the tested E. coli K12 strain. A batch of samples was 
subsequently selected to undergo immersion etching in 3% citric acid 
for 40 s in an ultrasonic bath to remove process-induced oxidic sub-
structures on the pattern surfaces.[45]

Wetting Tests: CA measurements were conducted to examine aging-
related alterations of surface wettability of the different sample surfaces 
by means of a Drop Shape Analysator DSA 100 (Krüss GmbH) using 
distilled water at a fixed droplet volume of 3 µL. Due to the anisotropic 
surface patterns, the CA was detected in orthogonal and parallel 
orientation to the pattern on the USP-DLIP samples. In a parallel 
experiment, falling droplet tests are conducted by releasing the droplets 
at a height of 100  mm above horizontally aligned USP-DLIP treated 
surfaces leading to either sticking or bouncing off.

For the investigation of wetting front propagation and bacterial 
adhesion LSM experiments were performed on an inverted Zeiss LSM 
880 with a 40× Fluar N.A 1.30 oil immersion objective. The patterned 
(or smooth for reference) Cu sample was held upside down in a glass-
bottom dish by means of a sticking 300 µm thick spacer. The topography 
of the surface was imaged in reflection mode using a 20% reflection/80% 
transmission beam splitter and the detection of bacteria was achieved 
in the 530  nm range of the emitted light (emission of GFP). For both 
signal, 488 nm laser light was used as excitation.

The fluorescent bacteria are derived from the E. coli strain ClearColi 
BL21(DE3) from Lucigen. The strain was transduced with a pBAD-sfGFP 
plasmid in order to produce super-folder Green Fluorescent GFP (sfGFP) 
in the presence of arabinose. For each experiment, cells were freshly 
thawed 24 h, and arabinose was added 2 h before image acquisition. 
Short before imaging, the bacteria were diluted in PBS similar to the 
wet plating tests. A drop of 500  µL of the solution was deposited in 
close proximity of the metal sample and image acquisition was started 
immediately with a frequency of one image per 3 s. Capillary forces as 
well as fluid pressure would lead to a penetration of the solution into 
the narrow space between sample and glass surface due to hydrophilic 
wetting properties of the glass substrate exhibiting a CA of 62°. The 
experimental setup is schematically illustrated in Figure 7.

Figure 7.  Schematic illustration of the experimental setup used to investigate wetting propagation on the smooth and USP-DLIP-processed Cu sur-
faces. Cu samples are mounted upside down to allow for imaging in the inverse LSM forming a cavity of 300 µm spacing with the glass substrate of 
the sample holder below. Droplets of PBS solution with and without bacteria that are applied aside of the copper sample penetrate the cavity with a 
wetting front speed related to the wettability of the sample surface.
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Antibacterial Properties: E. coli K12 WT(BW25113) was cultured 
following the protocol of Molteni et  al.[55] by aerobic overnight growth 
in Lysogeny broth (LB) medium at 37 °C with a shaking speed of 
220 rpm. The stationary cells were collected from 5 mL culture medium 
by centrifugation for 15 min at 5000 × g, followed by three consecutive 
PBS washing steps involving the same centrifugation parameters. The 
final bacteria testing solution (BTS) was gained by resuspension in 5 mL 
of PBS. The initial average cell count following this routine ranges from 
3 × 109–5 × 109 CFU mL−1. Bacteria of the E. coli K12 WT(BW25113) strain 
were provided on Agar plates by the group of Prof. Rolf Müller from the 
Helmholtz Centre of Infection Research, Saarbrücken and stored at 4 °C.

Following the wet plating method, three droplets of 40 µL of the BTS 
were applied on each sample stored in water saturated environment 
from which two doses of each 5  µL were withdrawn after individual 
exposure intervals (30  min, 60  min, and 120  min). Resuspension of 
settled bacteria was conducted by vigorous pipetting where a parallel 
orientation of the tip to the surface pattern avoids shadowing of the 
bacteria attached in the pattern valleys. The cell count of bacteria was 
determined via the standard plate count method, whereby one of the 
5  µL doses was serially diluted in PBS and spread on LB agar plates, 
which were incubated at 37 °C and 80% moisture overnight to enable 
counting of the remaining CFUs after the individual exposure intervals. 
The second 5  µL dose was diluted 600-fold in 0.1% HNO3 and used 
to determine the corresponding Cu ion concentrations in the BTS by 
inductively coupled plasma mass spectrometry (Agilent 7500cx).

The wet plating experiments aimed to compare the antibacterial 
properties of USP-DLIP patterned samples to polished flat Cu surfaces, as 
well as patterned samples with different surface characteristics involving 
both topography and chemistry. To allow for comparability in between 
samples of different wetting properties, a novel wet plating routine was 
developed where the contact area between BTS and the sample surface 
was predefined by rings of polyvinyl chloride (PVC) adhesive tape 
exhibiting an inner diameter of 5 mm. Due to their hydrophobic wetting 
behavior, the PVC rings prevent the droplets from further expansion in 
case of hydrophilic sample surfaces, while they can be used to expand 
the droplet over the whole area inside the rings in case of (super-)
hydrophobic surfaces using the adhesive tape as anchorage for the edges 
of the droplets, as schematically illustrated in Figure 8.

Surface Characterization: Characterization of the topographical 
properties of the differently processed USP-DLIP Cu samples was 
conducted by means of both confocal laser scanning microscopy 
(CLSM) utilizing a LEXT OLS4100 3D Measuring Laser Microscope by 
Olympus and SEM (Helios 600 by FEI). The CLSM measurements were 
done utilizing the 50× lens and altering the digital post-magnification 
between 2× and 6× at a laser wavelength of 405  nm and focusing the 

detection of topographic surface parameters including, for example, 
roughness and surface/projected area ratio (S-value). SEM imaging was 
conducted in secondary electron (SE) contrast mode while the samples 
were tilted 52° degree to allow for better visualization of topographical 
features. The acceleration voltage was set to either 10 or 5  kV at a 
current of 0.86 pA. To allow investigation of bacterial cell morphology 
alongside the detection of preferential contacting areas on the surface, 
samples that underwent wet plating for 60  min were immersed in 4% 
formaldehyde for 12 h to assure stabilization of the cell shape in vacuum 
followed by immersion in sterilized distilled water for another 10 min to 
wash off remnants from PBS.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Aside of the images shown in Figure 6 in the main article, videos where recorded during LSM 

investigation of the wetting propagation of PBS with and without fluorescent Escherichia coli on the 

different Cu surfaces, which are accessible here. Following the order displayed in Figure 6, the videos 

are arranged according to the following parameter sequence: 

 

Video 1: Wetting of smooth Cu_Fluorescence Signal 

Video 2: Wetting of smooth Cu_Reflection Signal 

Video 3: Wetting of USP-DLIP surface immersion etched without Bacteria 

Video 4: Wetting of USP-DLIP surface immersion etched with Bacteria 

Video 5: Wetting of USP-DLIP surface as-processed without Bacteria 

Video 6: Wetting of USP-DLIP surface as-processed with Bacteria 

 

Due to recording times, where single images on the surfaces could be taken every 3 seconds in 

single channel (fluorescence or reflection signal) and every 10 seconds in dual channel imaging mode 

(fluorescence and reflection), the recorded processes on the surfaces are displayed in fast motion in 
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the videos (which are set to a frame rate of one image per second). The real duration of the 

individual processes shown in the videos as well as the utilized imaging frequency (recording time, 

showing the real temporal distance between the single images) are provided in Table S1. 

 

Table S1. 

Parametrization of imaging during LSM investigation. 

Video Nr. Real duration [s] Image frequency [s] 

1 27 3 

2 21 3 

3 813 3 

4 520 10 

5 498 3 

6 3320 10 
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Abstract: 

Copper (Cu) exhibits great potential for application in the design of antimicrobial contact surfaces 

aiming to reduce pathogenic contamination in public areas as well as clinically critical environments. 

However, current application perspectives rely purely on the toxic effect of emitted Cu ions, without 

considering influences on the interaction of pathogenic microorganisms with the surface to enhance 

antimicrobial efficiency. In this study, it is investigated on how antibacterial properties of Cu surfaces 

against Escherichia coli can be increased by tailored functionalization of the substrate surface by 

means of ultrashort pulsed direct laser interference patterning (USP-DLIP). Surface patterns in the 

scale range of single bacteria cells are fabricated to purposefully increase bacteria/surface contact area, 

while parallel modification of the surface chemistry allows to involve the aspect of surface wettability 

into bacterial attachment and the resulting antibacterial effectivity. The results exhibit a delicate 

interplay between bacterial adhesion and the expression of antibacterial properties, where a reduction 

of bacterial cell viability of up to 15-fold can be achieved for E. coli on USP-DLIP surfaces in 

comparison to smooth Cu surfaces. Thereby, it can be shown how the antimicrobial properties of 

copper surfaces can be additionally enhanced by targeted surface functionalization. 
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A B S T R A C T   

Surface functionalization by biomimetic patterns in the micro- and nanometer scale is well-established in a wide 
range of applications. The 1nely tuned surface properties are directly related to both primary and sub-pattern 
morphology of the applied topographies, which must be well-adjusted for maximum functionalization ef1
ciency. In this light, the role of proceeding surface modi1cation and its effect on pattern formation alongside 
multi-pulse ultrashort pulsed direct laser interference patterning (USP-DLIP) of Cu are investigated in detail by 
applying a multi-method characterization approach. It was shown that aside of topographical remodeling, USP- 
DLIP processing parallelly affects chemistry and the mechanical deformation state of the substrate surface, which 
in turn considerably in6uences laser/material interaction via incubation. An in-depth investigation of the in
dividual and combined impacts of these substrate alterations on localized optical absorptance reveals how pri
mary and sub-pattern formation dynamically respond to process induced surface modi1cation. The DLIP-speci1c 
incubation impact on pattern morphology increases with inverted relation to pattern scale. The 1ndings of this 
study provide a profound insight in the predominant physical interactions involved in pattern formation arising 
from the mutual in6uence between laser irradiation and substrate modi1cation during USP-DLIP-processing of 
Cu allowing for high precision micro- and nanometer scaled pattern design.   

1. Introduction 

Surface patterning in the micro- and nanometer scale mimicking 
natural blue prints found in manifold variation in the 6ora and fauna has 
been well-applied and developed to improve technical surface proper
ties in the last two decades [1]. The envisaged application areas cover a 
broad spectrum from optical effects and photonics [2],[3], to technically 
utilized surface functionalization including wetting, friction and wear 
[4–6], as well as biomedical surface optimization to enhance cell colo
nization or antibacterial surface properties in the civil and aerospace 
sector [7–10]. Here, a close connection between sophisticated pattern 
design and effectiveness of the surface functionalization was demon
strated across the different applications studied, which is highlighting 
the necessity to understand and precisely control the process of pattern 
formation. 

Among the technologies applied in this 1eld, pulsed laser irradiation 
in the pico- and femtosecond regime involving purposefully induced 

interference has proven to be particularly versatile in terms of precision 
and variety of pattern geometries that can be created [11],[12]. In direct 
laser interference patterning (DLIP), the primary geometry of the 
topographical pattern applied is controlled by the design of the laser 
setup involving beam count and incidence angle, the wavelength as well 
as single beam polarization [13],[14]. Pattern formation itself is in6u
enced by the material speci1c physical response to laser irradiation e.g. 
involving melt formation, vapor recoil pressure and Marangoni con
vection in case of pulse durations of several tens of picoseconds and 
higher [15], while ultrashort pulse durations <10 ps (USP) induce sur
face modi1cations dominated by varying material speci1c ablation 
mechanisms, which are closely related to individual threshold 6uences 
[16]. Applying USP-DLIP, high aspect ratios as well as the formation of 
sophisticated pattern geometries can be achieved via multi-pulse over
lap. However, material speci1c accumulation effects on pattern forma
tion have to be considered, which might also lead to pattern 
deterioration as previously shown for pattern scales in the sub-μm range 

* Corresponding author at: Chair of Functional Materials, Saarland University, Post Of1ce Box 151150, 66041 Saarbruecken, Germany. 
E-mail address: daniel.mueller@uni-saarland.de (D.W. Müller).  
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[16],[17]: 
Alongside primary pattern formation, multi-pulse USP processing 

involves sub-pattern alteration, e.g. by self-assembly of laser induced 
periodic sub-structures (LIPSS) on metals, semi-conductors and di
electrics [18]. LIPSS are divided in two subspecies with different relation 
to beam polarization: While the formation of high spatial frequency 
LIPSS (HSFL, oriented parallel to beam polarization and scaling < λ/2) 
have been shown to mainly involve melt kinetics like Marangoni con
vection, low spatial frequency LIPSS (LSFL, oriented perpendicular to 
beam polarization and scaled > λ/2) are shaped in multi-pulse overlaps 
by a combination of the interference between the incident laser beam 
and excited surface plasmon polaritons (SPP) on a roughened surface 
and further increased absorption in the resulting pits, according to 
current theories [19],[20]. Alongside USP-DLIP, LIPSS formation can 
even be purposefully superimposed with the primary DLIP pattern [21], 
[22]. Overlying process mechanisms may suppress LIPSS formation in 
some cases, resulting in other forms of sub-patterns, like e.g. crater-like 
morphologies in the case of Cu as a result from ablation kinetics, which 
are also subject to change during multi-pulse processing [23]. 

In parallel, substrate modi1cation during pulse accumulation 
alongside laser processing modi1es the optical surface properties 
resulting in decreasing ablation thresholds denoted as incubation [24], 
[25]. Incubation itself describes a sum-up of different effects involving 
the alteration of surface topography and chemistry as well as the 
disruption of internal order by defect-formation inside the substrate that 
altogether result in increasing laser absorption. To which extend the 
individual laser-induced substrate modi1cations contribute to incuba
tion might differ signi1cantly depending on the material and the laser 
parameters used. Incubation has not been considered in DLIP-processing 
so far. Especially in USP-DLIP, where pattern formation involves precise 
tailoring of threshold-related material response [16], the reduction of 
effective ablation thresholds in direct relation to the overlapping pulse 
count might considerably affect the resulting pattern morphologies. 

In this work, multi-pulse effects on pattern formation during USP- 
DLIP processing are investigated for Cu using femtosecond laser pulses 
and a near-infrared wavelength, exhibiting a pronounced incubation 
behavior in previous studies [26],[27]. To monitor the individual im
pacts of surface chemistry and topography modi1cation as well as defect 
implantation on overall incubation, a complementary multi-method 
approach is applied including confocal laser and scanning electron mi
croscopy, electron back-scatter diffraction, UV–Vis spectroscopy, sta
tistic image segmentation and numerical analysis. To include 
parametrization related in6uences into the investigation, altering DLIP 
setups as well as an application relevant 6uence spectrum spanning the 
different ablation regimes observed on USP processed Cu are applied in 
the experiments. The combined evaluation of the different examination 
methods in mutual complementation allows for the determination of the 
individual USP-DLIP speci1c incubation mechanisms and their effect on 
pulse-wise primary and sub-pattern formation during multi-pulse pro
cessing. Following this approach, our investigation shed light on the 
predominant incubation mechanisms as well as their interplay in multi- 
pulse USP-DLIP of Cu and how they can be purposefully applied in 
targeted process parameterization. 

2. Materials and methods 

2.1. Material preparations and USP-DLIP 

Sheets of cold rolled oxygen-free Cu (>99.95% purity, thickness 1 
mm, Wieland, Germany) were cut into coupons of 10 × 25 mm size. Fine 
grinding on 1200 Grid Silicon Carbide paper followed by three polishing 
steps (6 μm, 3 μm, 1 μm suspension with reducing pressure of 15 to 10 N) 
results in a mirror 1nish with a roughness Ra < 10 nm of the Cu samples. 
Mechanical preparation is followed by thorough cleaning with distilled 
water and ethanol to remove suspension remnants. To investigate the 
in6uence of microstructure on laser-material interaction during the 

experiments, one batch of samples underwent annealing for 12 h at 450 
◦C and 10−7 mbar in a vacuum furnace. Said samples underwent elec
tropolishing to avoid mechanical surface deformations, as described in 
[28]. 

Cu develops a native oxidation layer of Cu2O and CuO by atmo
spheric storage, whereas process related agglomeration of oxidic rede
positions also occurs during USP-DLIP [29]. Low concentrations of citric 
acid have been shown to remove both types of oxide [29],[30] and are 
therefore used to assess the in6uence of oxidation layers on optic surface 
properties. Deoxidized samples are produced by immersion in 3% citric 
acid for one minute in an ultrasonic bath directly before USP-DLIP 
processing or characterization. 

USP-DLIP was conducted using a Ti:Sapphire laser source emitting 
ultrashort laser pulses with a pulse duration tp of 100 fs at Full Width 
Half Maximum (FWHM) and a centered wavelength λ of 800 nm. An 
optical setup primarily containing a wave plate, diffractive optical 
element (DOE) and multi-lens system allows for the formation of two- 
beam interference patterns in μm and sub-μm scale on the sample sur
face [16]. While the wave plate is adjusted to alter the orientation of 
linear beam polarization in relation to the inference pattern to either s- 
or p-polarization, the setup of both DOE and multi-lens system de1nes 
the pattern periodicity P by adjusting the single beam incidence angle ϴ 

according to Eq. (1). 

p = λ

2 sin(θ) (1) 

In the experiments, pattern periodicity was varied between 6 μm, 3 
μm and 750 nm. Cu surfaces were either processed by multi-pulse 
overlaps of N = 1, 2, 5 and 10 pulses on a single spot or planar 
patterning by scanning the sample surface in continuous pulsing mode at 
a pulse frequency of 1 kHz. In the latter case, pulse overlap is controlled 
by adjusting the x- and y- hatching distances in relation to the laser spot 
diameter of 70 μm. The applied 6uences ranged from 0.31 J/cm2 to 4.0 
J/cm2 partly including the low to the middle-6uence processing regime 
of Cu [31]. Fluences denoted in the results section are corresponding to 
the mean 6uence at Full Width Half Maximum (FWHM) of the inter
ference modulation, which has been calculated applying the mentioned 
spot diameter and pulse frequency as well as the measured seed beam 
power and 22.2% power loss of the optical system. 

2.2. Characterization 

2.2.1. Confocal laser scanning and scanning electron microscopy (LSM, 
SEM) 

Characterization of the alteration in surface topography by USP-DLIP 
was conducted by means of confocal laser scanning microscopy (LSM) 
utilizing a LEXT OLS4100 3D Measuring Laser Microscope by Olympus 
(50× lens, 2× and 6× increased magni1cation, laser wavelength 405 
nm) and scanning electron microscopy (SEM) (Helios Nanolab600 by FEI 
and Helios PFIB G4 CXe by Thermo Fisher). Six individual samplings have 
been conducted for topographic characterization in relation to individ
ual USP-DLIP parameters to include statistical dispersion. High resolu
tion SEM imaging and characterization involved both secondary and 
back-scatter electron contrast (SE, BSE) combined with electron back- 
scatter diffraction (EBSD). High-resolution SE imaging was performed 
in immersion mode using the in-lens detector, while BSE imaging uti
lized a single segment retractable solid-state detector to visualize the 
grain orientations and surface topography of the sample. In both cases, 
an acceleration voltage of 5 kV was used, while in SE imaging, a beam 
current of 86 pA and in BSE imaging a beam current of 1.4 nA was 
applied. SEM imaging in SE contrast additionally involved a sample tilt 
of 52◦ degree to improve the visualization of topographical features. 
EBSD measurements were carried out using a high-speed CMOS camera 
(Velocity Super by EDAX) at 20 kV acceleration voltage and a beam 
current of 26 nA. The step size on a hexagonal grid was set to 250 nm. 
Lattice planes parallel to the sample surface of selected grains were 
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extracted using OIM Analysis 8.6 software by EDAX in order to correlate 
their response to the laser irradiation. 

2.2.2. UV–Vis spectroscopy 
A PerkinElmer Lambda 750 UV–Vis spectrometer was used to deter

mine the optical absorptance of the differently prepared initial state Cu 
surfaces as well as absorptance increase due to pulse agglomeration 
alongside USP-DLIP processing. The measurement was performed for 
electro-magnetic wavelengths of 800 to 200 nm (1.55 to 6.2 eV) with 1 
nm increments and 0.2 s integration time utilizing a 100 mm InGaAs 
integration sphere to guide the non-absorbed part of probing radiation 
to the detector. Due to the optical beam path involving several gratings 
and mirrors, the probing beam polarization is altered from circular to 
partly linear before it irradiates the samples. This feature is purposefully 
used in this study to allow for a qualitative assertion of polarization and 
topographic effects during multi-pulse processing by measuring the line- 
like patterned surfaces both in s- and p-polarization orientation to the 
probing beam. Multi-pulse agglomeration effects on absorptance have 
been monitored after irradiation with 1, 2, 5 and 10 pulse overlaps at a 
6uence of 2.1 J/cm2 and 3 μm pattern geometry. 

2.2.3. Numerical analysis 
Material processing using ultrashort laser pulse durations in the 

femtosecond regime involves complex physical laser-material in
teractions like e.g. multi-photon absorption in dielectrics and ceramics 
as well as considerable thermal non-equilibria between the electron and 
lattice sub-systems in metals. These different physical interactions 
altogether result in ablation dominated material response closely linked 
to 6uence levels surpassing the material speci1c ablation threshold Fabl, 
allowing to precisely tailor surface feature sizes down to the sub-μm 
scale. In case of USP-DLIP, this relation can be utilized to de1ne the 
targeted width of the ablated area in order to design primary pattern 
geometries as illustrated in Fig. 1a [16]. However, in case of multi-pulse 
surface processing the optical properties of the substrate surface change 
due to incubation leading to a reduction of Fabl that has to be considered 
in process parametrization, which is especially the case for Cu [32]. 

Alongside the previously described characterization methods, nu
merical analysis of the thermal response of Cu surfaces to USP-DLIP 
irradiation was therefore utilized to further assess the different accu
mulation effects on line-like primary pattern formation that contribute 
to incubation in multi-pulse processing. The 2D two-temperature model 
(TTM) for USP-DLIP irradiation of Cu surfaces previously introduced in 
[16] was modi1ed to include single beam polarization as well as pulse- 
wise increase of surface absorptance during multi-pulse processing. The 
key in6uences of altering laser-material interaction are fully described 
by the thermal heat source term S in the TTM denoted by Eq. (2), 

S(x, z, t) = αAx

I(x)
σ

̅̅̅̅̅

2π
√ exp

[

−(t − t0)2

2σ2
−αz

]

(2)  

which involves the energy absorption correlating to the Beer-Lambert 
Law, where α is the absorption coef1cient and Ax the localized optical 
absorptance. The spatial distribution of laser intensity correlating to the 
interference pattern is denoted by I(x) while the temporal distribution of 
laser power in relation to the arrival time t0 of the pulse at maximal 
intensity is de1ned by the standard deviation σ involving the pulse 
duration tp: 

σ = tp

2
̅̅̅̅̅̅̅̅̅

2ln2
√ (3) 

Optical absorptance of Cu surfaces varies depending on initial sur
face condition as well as multi-pulse agglomeration. Hence, the energy 
absorption in S is modelled to enable the inclusion of experimental 
values from UV–Vis spectroscopy. Here, absorptance A0 at different 
states of pulse agglomeration during surface processing is taken as the 
mean value between s- and p-pol from UV–Vis data for N = 1, 2, 5 and 10 
at a wavelength of 800 nm (1.55 eV). The increase of energy absorption 
alongside ultrashort pulsed irradiation due to thermally enhanced 
electron excitation states ΔeV [33] is involved for both A0 and α in the 
numerical calculation of the TTM by approximating ΔTe~ΔeV/kB, 
where Te is the electron temperature and kB the Boltzmann constant. 
This approach introduced in an earlier study shows good correlation to 
referenced experiments [33],[34]. 

Since optical absorptance of USP irradiation alters with incidence 
angle between s- and p-pol [36], the topographic in6uence on optical 
absorptance during multi-pulse pattern formation was additionally 
involved. Localized absorptance Ax involves the alteration of irradiation 
incidence angle ϴx perpendicular to the line-like surface pattern. The 
ablation area geometry of the primary surface pattern is approximated 
as a circular segment as illustrated in Fig. 1b where the slope of ϴx can 
be determined by Eq. (4) using the individual ablation width w and 
depth d from topographic characterization. 

θx = arcsin

(

x
8d

4d2 + w2

)

(4) 

The polarization dependent absorptance As,p in response to surface 
topography can be determined as (1-Rs,p) either for s- or p-polarization 
by calculating the Fresnel equations for Rs or Rp in relation to ϴx utilizing 
the optical properties of Cu from literature data [35]. To enable the 
determination of overall localized absorptance Ax including topographic 
absorption modelling, UV–Vis data and electron excitation in numerical 
analyzation, the calculated literature values for As,p are approximated by 

Fig. 1. Schematic illustration of a) the relation between interference intensity pattern, ablation threshold Fabl and laser-material interaction and b) the in6uence of 
surface inclination to the localized irradiation incidence angle ϴx due to advanced material ablation below the intensity maxima. c) alteration of optical absorptance 
for 1.55 eV and 3.4 eV in relation to beam polarization and incidence angle calculated from literature values (As, Ap, non-pol) [35] and approximated (As1, Ap1, Ap2). 
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a set of equations relating to A0(ΔTe) and ϴx(x,w,d), as well as the 
pseudo-Brewster angle BA for Cu corresponding to A0. Depending on 
beam polarization, Ax is either represented by As or Ap1 (for Ap1 < Ap2) | 
Ap2 (for Ap1 > Ap2). 

Ax

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

As = A0

(

1 − θ2
x • 10−3.9

)

(5)

Ap1 = A0 + θ(2.53−A0)
x

(

A0 • 10−3

−45 • A0 + 33.7

)

(6)

Ap2 = (1.3 • A0 + 0.05) − 5(θx − (A0 + BA − 2) )3 • 10−5 (7)

The comparison between polarization dependent absorptance As,p 
calculated by eqs. (5–7) and literature values in relation to ϴx is illus
trated in Fig. 1c for A0 at 1.55 eV and 3.4 eV showing a high level of 
conformity. 

Aside of absorptance alteration in response to topography, beam 
polarization also in6uences intensity modulation in laser interference, 
which was shown to have a signi1cant effect on pattern formation [37]. 
In case of two-beam interference, the modulation of intensity I(x) in 
relation to the electrical 1eld amplitudes E1 and E2 and incidence angle 
ϴ of the individual partial beams is described by Eqs. (8) and (9) for 
either s- or p-polarization. 

S − polarization :

Is(x) =
1

2

(

E2
1 + E2

2

)

+ E1E2 • cos

(

4π

λ
sin(θ)x

) (8)  

P − polarization:

Ip(x) =
1

2

(

E2
1 + E2

2

)

+ E1E2cos(2θ)cos

(

4π

λ
sin(θ)x

) (9) 

Assuming equal distribution of initial laser intensity I0 between both 
partial beams with I1 = I2 = 1

2I0 and E1 = E2 =
̅̅̅

I0
K

√

, where K = 1 is 
approximated, Eqs. (8) and (9) can be transformed to: 

Is(x) = I0 + I0 • cos

(

4π

λ
sin(θ)x

)

(10)  

Ip(x) = I0 + I0 • cos(2θ)cos

(

4π

λ
sin(θ)x

)

(11) 

Replacing F0 for I0 and w/2 for x, where w corresponds to the abla
tion width, either the effective ablation threshold Fabl can be calculated 
from experimental data or the estimated ablation width for prede1ned 
Fabl can be determined involving polarization dependent pattern 
modulation. 

Fabl s = F0 + F0 • cos

(

4π

λ
sin(θ)w

2

)

(12)  

Fabl p = F0 + F0 • cos(2θ)cos

(

4π

λ
sin(θ)w

2

)

(13) 

Numerical analyzation of the thermal substrate response on USP- 
DLIP during multi-pulse processing was conducted by solving the TTM 
in a 2D depth pro1le utilizing the simulation software FlexPDE, where 
initial Ao, Ax and I(x) are modi1ed corresponding to pulse count N and 
beam polarization. Lattice heating corresponding to phase changes and 
material ablation is calculated at thermal relaxation τeq between the 
electron and lattice sub-systems of the TTM, where isothermal frontiers 
of the threshold temperatures for solid/liquid and liquid/vapor phase 
transitions mark the phase fronts. 

2.2.4. Morphologic segmentation 
Alterations in sub-pattern formation and geometry during multi- 

pulse processing via USP-DLIP have been monitored using the Morpho
LibJ Plugin [38] of ImageJ (FiJi) [39] for the segmentation and 

morphological characterization of individual particles. In order to 
enable a targeted segmentation distinguishing between the individual 
crater-like sub-pattern features (in the following: craters), SEM images 
were taken in SE mode with increased topographic contrast allowing to 
separate the individual craters via watershed boundary conditions. 
Segmentation fragments are 1ltered out by size and shape 1lters (min
imal particle size and aspect ratio) whereas each segmentation result 
was carefully monitored for left-over fragments or falsely 1ltered cra
ters. Using the morphologic segmentation, the alterations in size, shape 
and orientation of the crater-like features in response to multi-pulse 
agglomeration were statistically evaluated to quantify the effect of 
beam polarization, laser 6uence and pattern scale on the development of 
sub-pattern geometry during USP-DLIP processing within the 1rst ten 
consecutive laser pulses. 

3. Results and discussion 

3.1. Effect of incubation on multi-pulse USP-DLIP 

3.1.1. Pattern formation in response to periodicity 
To investigate a possible effect of pattern scale on multi-pulse USP- 

DLIP processing of Cu surfaces, the three different periodicities 6 μm, 3 
μm and 750 nm have been applied in multi-pulse overlaps of N = 1, 2, 5 
and 10 on a single spot. The pattern geometry in terms of peak/valley 
surface ratio has previously been shown to be directly linked to the 
ablated area de1ned by the material speci1c ablation threshold Fabl in 
response to the 6uence utilized, as visible in Fig. 1a. Here, the effect of 
incubation during multi-pulse processing must be included, which might 
vary signi1cantly depending on the material processed and the laser 
parameters used. To investigate a broader range of laser/material 
interaction involving both spallative and phase explosion ablation, 6u
ences for USP-DLIP have been chosen in both the low-6uence regime 
below 1.5 J/cm2 and the mid-6uence regime ranging between 1.5 and 4 
J/cm2, where femtosecond pulsed ablation for Cu shows the highest 
ef1ciency according to Schille et al. [31]. This also 1ts to the Fmax = 7.4 
Fabl referenced in [25] taking the N = 10 and N = 100 multi-pulse 
ablation thresholds of 0.581 J/cm2 and 0.307 J/cm2 measured by 
Kirkwood et al. [26] into account. In a previous study, low-6uence USP- 
DLIP exhibited an ablation behavior mainly involving thermomechan
ical spallation, while in the mid-6uence regime photothermal phase 
explosion could be traced back as the dominant ablation mechanism 
after the second consecutive laser pulse [16]. 

In terms of localized laser/material interaction in response to the 
DLIP intensity pattern, the modulation depth induced by laser interfer
ence has to be considered, which decreases in case of p-polarization with 
enhancing incidence angle ϴ [37]. In Fig. 2a, the sinusoidal intensity 
modulation for either s- or p-polarized two-beam interference calculated 
by Eqs. (10) and (11) is plotted for the pattern periodicities 6 μm, 3 μm 
and 750 nm. While the modulation depth for p-polarized (p-pol) inter
ference does not alter signi1cantly for both μm-scaled patterns of 6 μm 
(I0 ± 99.2%) and 3 μm (I0 ± 96.4%), a considerable difference occurs for 
high incidence angles as used for 750 nm pattern periodicity with a low 
intensity pattern contrast (I0 ± 43,2%). Consequently, varying beam 
polarization can already be considered to in6uence pattern formation 
during multi-pulse USP-DLIP processing of Cu from interference mod
ulation alone. In fact, a more pronounced increase of ablation area 
during consecutive pulsing is visible comparing both SEM images and 
the 6uence dependent ablation plots in Fig. 2b, c and d in case of p-pol, 
which applies to a different extent on the individual pattern scales. 

In 6 μm USP-DLIP processing, the difference between s- and p- 
polarized ablation width mainly becomes prominent in the low-6uence 
regime after a pulse count of 1ve (see Fig. 2b). Here, p-pol ablation 
width surpasses the range, which would be estimated by applying the N 
= 10 ablation threshold from [26], while s-pol ablation width continu
ously stays below that threshold. Entering the mid-6uence regime, the 
slope of ablation width tends to drop with increasing pulse count N after 
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a strong increase for the second pulse. This trend is more pronounced for 
s-pol pattern formation where this trend already involves N = 5. For 
both polarization orientations a pulse count of N = 10 exhibits a kink at 
3.13 J/cm2 (s-pol) and 2.68 J/cm2 (p-pol), where a developed state of 
topographic pattern formation might get involved with laser/material 
interaction. In contrast to the ablation width ratio between the USP- 

DLIP patterns generated with different beam-polarization, s-pol pro
cessing induces a greater pattern depth than p-pol at similar 6uence and 
pulse count, especially in the mid-6uence regime. 

In case of 3 μm pattern periodicity, the previously observed kink in 
ablation width increase for higher pulse counts during multi-pulse 
processing can already be observed in the low-6uence regime at 0.76 

Fig. 2. Line-like USP-DLIP processing of the pattern periodicities 6 μm, 3 μm and 750 nm on Cu involving interference pattern modulation by altering linear single- 
beam polarization. a) Difference in two-beam interference pattern modulation between s- and p-polarization for each periodicity. b) SEM-imaging of 6 μm patterns 
applied by increasing multi-pulse overlap at 2.1 J/cm2 for either s- or p-polarization followed by a combined plot of ablation width (line graph) vs ablation depth 
(underlaying heat map). c) SEM-imaging of 3 μm patterns applied by increasing multi-pulse overlap at 2.1 J/cm2 for either s- or p-polarization followed by a 
combined plot of ablation width (line graph) vs ablation depth (underlaying heat map). The red arrows mark the individual setting points for s- and p-pol, where 
ablation area expansion is restricted for further increasing 6uence and pulse-count. d) SEM-imaging of 750 nm patterns applied by increasing multi-pulse overlap at 
1.4 J/cm2 for either s- or p-polarization followed by a combined plot of ablation width (line graph) vs ablation depth (underlaying heat map). The ablation thresholds 
marked in b), c) and d) are corresponding to the single and N = 10 pulse ablation threshold of 1.06 J/cm2 (Single) and 0.581 J/cm2 (Multi) from [26] calculated by 
Eqs. (12) and (13). SEM images have been taken at a sample tilt of 52◦. (For interpretation of the references to colour in this 1gure legend, the reader is referred to the 
web version of this article.) 
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J/cm2 (s-pol) and 0.57 J/cm2 (p-pol), as highlighted in Fig. 2c. For s-pol 
this point marks the onset of a plateau-like slope exhibiting constant 
ablation width for increasing 6uences at both N = 5 and N = 10 pulse 
counts, which also continues into the mid-6uence regime. A difference 
between low- and mid-6uence regime s-pol ablation width is only visible 
for dual pulse irradiation, where the referenced N = 10 multi-pulse 
ablation threshold is increasingly surpassed. In contrast, the plateau- 
like slope of ablation width during multi-pulse p-pol processing can 
only be exhibited for N = 10 in the low-6uence regime, although it re
mains below the values for N = 5 from this point on. In parallel to s-pol, 
p-pol dual pulse ablation width also exceeds the range denoted by the 
referenced multi-pulse ablation threshold in the mid-6uence regime. 
Including the 1ndings in [16], the second consecutive pulse applied in 
the mid-6uence regime induces a growing proportion of phase explosion 
in ablation, which leads to increasing melt-agitation and hence addi
tional pressure mediated expansion of the ablation area. The observed 
stagnation up to reduction of the ablation area width with elevated pulse 
count suggests an effect of the pattern topography on laser/material 
interaction during multi-pulse USP-DLIP processing of 3 μm patterns, 
which considerably depends on beam polarization. Similar to the ob
servations at 6 μm pattern periodicity, s-pol ablation depth surpasses the 
values of p-pol but on a signi1cantly higher scale. The maximum s-pol 
ablation depth of 1.71 μm after 10 pulses at 4.02 J/cm2 is almost double 
as high as the p-pol ablation depth of 0.88 μm with the same parameters. 
It is noteworthy that the actual maximum ablation depth of 0.99 μm for 
p-polarization was measured at a lower 6uence of 2.1 J/cm2, instead. 
Directly comparing overall ablation depth between 6 μm and 3 μm pe
riodicities shows a similar depth vs 6uence and pulse count ratio for s- 
pol, while ablation depth on p-pol 3 μm patterns fall below the values of 
6 μm with an additional decrease after 2.1 J/cm2. This might be related 
to partial ablation of the 3 μm peak areas in the course of reduced multi- 
pulse Fabl due to the less modulated p-pol interference pattern, which 
points out a polarization and pattern scale speci1c threshold 6uence to 
achieve high pattern aspect ratio and quality that lies lower than the 
general mid-6uence range in case of p-polarized USP-DLIP. 

Comparing the SEM images of both 6 μm and 3 μm patterns after 
different pulse counts applied at a 6uence of 2.1 J/cm2 in Fig. 2b and c, a 
difference in sub-pattern formation originating from melt agitation 
during ablation can be observed. Where the ablation areas on 6 μm 
patterns remain separated and the peak surface and geometry indicate 
minor thermal affection, overlapping structures of resolidi1ed melt 
cover the peak areas on 3 μm patterns, which appear to have been 
ejected from the neighboring topographic minima in the course of 
ablation. Agitated liqui1ed substrate has been shown to expand from the 
ablation site up to a certain range before it resolidi1es due to enhanced 
convective cooling in the process of material expulsion in relation to the 
amount of super-critical lattice heating and the parallel pile-up of in
ternal pressure during femtosecond pulsed laser irradiation of Cu [40]. 
Measuring the 6uence-dependent quantitative pulse-wise increase of 
ablation width for both periodicities, pattern valley expansion ranges in 
the same order of magnitude in the low-6uence regime and for N < 5 in 
the lower mid-6uence range, where ablation starts to be dominated by 
phase explosion [16]. Based on this ablation kinetics, agitated melt 
originating from the further expanding ablation areas appears to 
completely cover previously unimpaired pattern peaks in case of lower 
pattern periodicities after a certain 6uence-dependent pulse count in the 
mid-6uence regime, with a potential impact on further laser/material 
interaction from surface modi1cation. 

A signi1cant alteration of the previously observed polarization/ 
ablation depth relation can be determined for a pattern periodicity of 
750 nm. In contrast to μm-scaled pattern formation, p-pol pattern depths 
exceed the ones measured for s-pol processing up to two-fold. In parallel, 
p-pol ablation width exhibits a rapid increase, where an overlap of 
neighboring ablation areas can be observed within only three consecu
tive pulses at low 6uences close to the referenced single pulse ablation 
threshold of 1.06 J/cm2 [26]. It is noteworthy that for 6uences in the 

mid-6uence regime, this overlap already happens after the second pulse, 
which 1ts to the effect of phase explosion on melt-agitation previously 
discussed for 3 μm pattern scale. In a previous work, higher 6uences 
induced a melt-overlap already after the 1rst pulse, where pattern sta
bility could not be retained for two consecutive pulses highlighting the 
negative effect of mid-6uence processing in this pattern scale [16]. In 
close relation, the highest ablation depth is measured for 1.4 J/cm2 right 
below the mid-6uence regime. As also visible in the SEM images in 
Fig. 2d, further irradiation after melt-overlap leads to the destruction of 
pattern integrity by the formation of a stoichiometric topography of a 
randomized sub-pattern originating from phase explosion ablation ki
netics, which has already been reported for sub-μm USP-DLIP patterning 
in earlier works [16],[17]. Taking the polarization dependent interfer
ence modulation into account, the moderately decreased laser intensity 
within the p-pol interference pattern minima (approx. 0.8 J/cm2 in case 
of 1.4 J/cm2) might suf1ce to induce surface melting up to ablation 
already after a low pulse agglomeration due to incubation, while the 
reduced peak intensity should cause lower ablation in comparison to s- 
pol, in contrast. By this, the increased pattern depth of p-pol might result 
from bene1cial melt kinetics, similar to previous works, where melt pile- 
ups during sub-μm USP-DLIP of highly conductive metals have been 
shown to be usable as an effective mechanism in the formation of line- 
like topography patterns [41],[42]. However, in direct comparison the 
p-pol ablation values exceed the ones measured for the more sharply 
de1ned s-pol patterns already after the 1rst pulse, where melt-overlap is 
not observed in both cases. In addition to decreased ablation depth, s-pol 
ablation width tends to undercut the single and multi-pulse ablation 
threshold boundaries, especially for low 6uences. In contrast, p-pol 
ablation width constantly surpasses single and multi-pulse ablation 
threshold and even shows ablation on lower 6uences than s-pol, which is 
not consistent with the difference in interference pattern modulation 
indicating additional effects on sub-μm USP-DLIP processing. 

In direct comparison, the investigated pattern periodicities can be 
divided relating to the effect of material speci1c ablation kinetics on 
pattern formation during multi-pulse USP-DLIP: 6 μm shows an almost 
linear relation between both ablation depth and width to both 6uence 
and pulse count with low dependency on the 6uence regime, where 
however p-pol seems to have a slightly higher effect on ablation width 
compared to the comparably low interference modulation. On 750 nm 
patterns, an increase of melt agitation from altering ablation kinetics 
due to incubation leads to melt pileups covering the peak areas espe
cially in case of p-pol, where the topographic patterns are not stable for a 
higher number of overlapping pulses. In the case of 3 μm periodicity an 
intermediate behavior can be observed, where especially the formation 
of pattern geometry but also ablation related sub-patterns during multi- 
pulse processing can be divided by the involvement of either spallation 
or phase explosion. For mid-6uences on one hand, pattern peaks appear 
to be increasingly eroded during p-pol multi-pulse processing at 6uences 
higher than 2.1 J/cm2 as visible in the reducing pattern depth at N = 10, 
while they remain less affected aside of the visible melt overlap in case of 
s-pol. In the low-6uence range, a mostly parallel pattern formation 
behavior between s-pol and p-pol USP-DLIP can be observed suggesting 
a 6uence/pulse count relation of pattern formation 1tting closer to Fabl 
values from literature according to previously described incubation 
behavior of Cu [26]. Due to the intermixed relation between ablation 
kinetics and pattern formation, further investigation on the effect of 
incubation in multi-pulse USP-DLIP processing of Cu mainly focus on 3 
μm pattern periodicity. 

3.1.2. Pattern formation in response to altering ablation mechanism 
In Fig. 3, topographies of 3 μm patterns generated by planar surface 

scanning with an absolute agglomeration of 21 ± 0.78 J/cm2 are visu
alized by both SEM imaging and a comparison of the achieved topo
graphic parameters. Between the individual patterns, the effect of s-pol 
versus p-pol USP-DLIP on pattern morphology is investigated using 
different 6uences in the low- and mid-6uence regime at adjusted pulse 
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overlap (0.31 J/cm2, N = 70, scanning speed Δx = 1 mm/s | 0.76 J/cm2, 
N = 28, Δx = 2.5 mm/s | 2.1 J/cm2, N = 10, Δx = 7 mm/s | 3.37 J/cm2, 
N = 6, Δx = 11.5 mm/s). A differentiation between low- and mid-6uence 
regime USP-DLIP can directly be applied comparing the individual sub- 
patterns, where the involvement of melt-agitation in pattern formation 
is clearly visible after mid-6uence processing and appears to be absent 
on low-6uence patterns. This can be linked back to the dominating 
ablation mechanisms in the different 6uence regimes, where in case of 
low 6uence thermomechanical spallation can be assumed, whereas 
phases explosion prevails at mid-6uence within the 1rst two pulses. 
While the sub-pattern morphology seems to be independent of beam 
polarization in case of mid-6uence ablation, patterns generated by low- 
6uence irradiation differ signi1cantly in both primary and sub-pattern 
formation between s- and p-polarization. Most obvious is the differ
ence in the peak/valley ratio where ablation width is signi1cantly 
higher on p-pol and increases to a much lower extend with further 
enhanced 6uences compared to s-pol. Secondly, both 6uences in the 
low-6uence regime exhibit LSFL formation in perpendicular orientation 
to the beam polarization adding to the difference between s-pol and p- 
pol patterns. Relating the measured ablation widths to the individual 
pulse count dependent ablation thresholds Fabl(N) according to Jee et al. 
[24] (calculated by applying the incubation coef1cient S = 0.76 pro
vided in [26]) in Fig. 3b additionally points out the signi1cant difference 
in multi-pulse ablation between s- and p-polarization via 3 μm USP- 
DLIP. Ablation width of p-pol patterns constantly surpass the esti
mated values with an additionally increasing ratio in the mid-6uence 
regime. In contrast, ablation width of s-pol patterns signi1cantly un
dercuts the width corresponding to Fabl(N) in the low-6uence regime 
until the measured values are approaching the ones of p-pol with 
increasing contribution of phase explosion ablation in the mid-6uence 
regime, where the ablation threshold estimated pattern width is 
1nally surpassed for 3.37 /cm2. Since intensity pattern modulation does 
not alter to that extend in case of ϴ = 7.66◦ for 3 μm periodicity, 
topography-induced effects on absorptance for s- and p-polarization 
appear to be involved, here. 

Ablation depth shows a steady increase with decreasing pulse-energy 
undergoing a sudden drop in the case of 0.31 J/cm2. This behavior 
points out a reducing ef1ciency in the achievement of high pattern 

aspect ratio with accumulating 6uence in direct relation to the extent of 
phase explosion in the mid-6uence regime, which appears to also affect 
s-pol in case of planar patterning in contrast to the previously shown 
behavior during single spot ablation. However, the overall polarization 
related dominance in either ablation width (p-pol) or depth (s-pol) 
development for μm-scaled pattern periodicities still applies, as visible 
in the comparison plots in Fig. 3b. 

On low-6uence patterns, LSFL depth has been measured to allow for 
the evaluation of additional effects of LIPSS-formation that overlaps 
with the actual DLIP-patterning. Interestingly, LSFL depth is inverse to 
the measured ablation width for the different polarizations, suggesting a 
mutual in6uence between DLIP and LIPSS pattern, similar to recent 
1ndings [21]. If LSFL depth is subtracted, the corrected ablation depths 
of s- and p-pol at 0.76 /cm2 are approx. on par with 2.1 J/cm2, while 
overall formation of s-pol patterns at a 6uence of 0.31 J/cm2 appear to 
majorly dependent on the LSFL mechanism due to corresponding 
pattern and LSFL depths. The calculated multi-pulse ablation threshold 
equals to 0.38 J/cm2 for this parametrization setup, which still un
dercuts the interference modulated peak 6uence of approx. 0.61 J/cm2 

for both s- and p-pol, showing a signi1cant overestimation of the incu
bation effect for s-pol USP-DLIP. Concurrently, the reduced energy ab
sorption favors LSFL formation linked to sub-ablative threshold 6uences 
on Cu [18] over ablative substrate interaction, probably leading to the 
different extent of LSFL depth between s-pol and p-pol. By this, the 
substrate response to 3 μm USP-DLIP with different polarization corre
sponds to the previously observed behavior for 750 nm, where s-pol 
ablation exhibited sub-threshold widths, while topographic patterning 
was achieved for sub-threshold 6uences in case of p-pol, in contrast. 

3.2. Impact of individual incubation effects during USP-DLIP 

In the previously described topographic characterization, multi- 
pulse USP-DLIP pattern formation on Cu was shown to be in6uenced 
by incubation in differing response to both pattern scale and beam po
larization in contrast to homogeneous incubation previously described 
for spot ablations utilizing gaussian intensity distribution [24],[26], 
[27]. This might be due to a differing individual impact of chemical, 
topographical and thermomechanical surface modi1cation in case of 

Fig. 3. a) SEM imagines and b) corresponding plotting of topographic parameters of line-like 3 μm patterns generated on Cu via USP-DLIP in planar scanning 
utilizing different 6uences, x/y pulse overlaps and polarization parameters individually resulting in an agglomerated 6uence of 21 ± 0.78 J/cm2. The multi-pulse 
ablation thresholds in b) have been calculated applying Fabl(N) = Fabl(1)N(S-1) [24] with S = 0.76 [26] for both s- and p-pol interference pattern modulation. SEM 
images have been taken at a sample tilt of 52◦. 
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USP processing with an intensity distribution altered by DLIP, which 
will be further analyzed in the following sub-sections. 

3.2.1. Overall incubation 
The overall incubation during multi-pulse processing with 1, 2, 5 and 

10 consecutive pulses utilizing a 6uence of 2.1 J/cm2 and 3 μm pattern 
periodicity was analyzed by measuring the alteration of optical 
absorptance via UV–Vis spectroscopy. The individual samples have been 
processed utilizing adjusted pulsing frequency and scanning speed to 
allow for spatially patterning at speci1ed pulse accumulation (N = 1: 
250 Hz, Δx = 17.5 mm/s | N = 2: 500 Hz, Δx = 17.5 mm/s | N = 5: 1 kHz, 
Δx = 14 mm/s | N = 10: 1 kHz, Δx = 7 mm/s). A partly linearly polarized 
probing beam allowed for the parallel qualitative investigation of the 
effect of polarization orientation in relation to the line-like pattern 
topography on overall surface absorptance. In Fig. 4a, a continuous 

enhancement of absorptance alongside increasing pulse count for the 
whole spectrum of probed wavelengths is apparent especially for N = 5 
and N = 10 pulses in case of as-processed Cu surfaces (left graph of 
Fig. 4a). Tilting the orientation of beam polarization to the pattern ge
ometry exhibits a minor total effect on overall absorptance with slightly 
higher values for p-pol, which additionally increases for higher pattern 
depths in case of N = 10 pulses in the Near IR spectrum. Since the 
probing beam was only partly linear polarized, this effect can be 
assumed to increase for fully linear polarized irradiation. For low pulse 
counts, the difference in absorptance between one and two consecutive 
pulses is minor and lies below the measured differences of s- and p-po
larization at 800 nm, corresponding to the utilized laser wavelength. As 
soon as deoxidation via immersion etching in citric acid is applied, 
absorptance drops signi1cantly exhibiting an increasing magnitude 
scaling with N (from N = 1 with approx. -16.8 ± 0.8% up to N = 10 with 

Fig. 4. Investigation of the effect of overall absorptance on USP-DLIP processing at a pattern periodicity of 3 μm. a) UV–Vis spectroscopy on USP-DLIP surfaces with a 
pulse overlap of N = 1, 2, 5 and 10, as well as polished and high temperature annealed Cu reference surfaces. Left graph: as-processed/−polished state. Middle graph: 
after immersion etching. Right graph: comparison between the optical absorptance at the laser wavelength of 800 nm. b) process-related redepositions after 10 pulses 
at 0.76 J/cm2. c) process-related redepositions after 10 pulses at 3.37 J/cm2. d) comparison of increasing ablation width/reducing ablation threshold at 2.1 J/cm2 

with and without intermediate deoxidation starting from deoxidized initial surface conditions. e) effect of initial surface state of either polished, as-processed and 
deoxidized on pattern geometry formation in the course of ten consecutive pulses. SEM images have been taken at a sample tilt of 52◦. 
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approx. -57.9 ± 0.8%). By this, the difference in absorptance between 
increasing pulse counts gets signi1cantly reduced, where in case of near- 
infrared wavelengths, the N-relation of absorptance is canceled out (see 
middle and right graph in Fig. 4a). The drop in absorptance indicates a 
dominant contribution of oxidic redepositions in overall increase of the 
surface absorptance. In the course of continuous ablation via USP laser 
processing, a fraction of the ablated material tends to redeposit on the 
substrate surface covering both already processed and non-processed 
surface areas. In a recent study, the redeposited matter related to USP- 
DLIP processing of Cu was determined to predominantly consist of 
Cu2O with a smaller ratio of super1cial CuO [29]. Both oxide phases 
exhibit semi-conducting properties with optical bandgaps ranging from 
2.02 to 2.62 eV for Cu2O and 1.2 to 1.9 eV for CuO depending on 
interstitial defect density [43]. Especially the bandgap of CuO is in close 
relation to the photon energies of the utilized laser wavelength while the 
Cu2O bandgap facilitates two-photon absorption. By this, both oxide 
phases exhibit an increased absorptance in comparison to metallic Cu, 
hence impacting overall surface absorptance. An additional effect on 
both optical and thermal interaction might as well be induced by the 
nano-scaled morphology of the oxidic surface agglomerates exhibiting a 
high surface/volume ratio [29],[44],[45], where the single particle size 
of 10 up to 40 nm does not appear to change in the mid-6uence regime 
[46]. In fact, USP-DLIP ablation on thermally oxidized Cu substrates 
corresponding to [47] showed a signi1cantly reduced single pulse 
ablation thresholds of approx. 0.12 J/cm2. 

Alongside USP-DLIP induced incubation, the comparably high initial 
absorptance of mechanically polished Cu surfaces in relation to litera
ture data [35] has to be emphasized, which still ranges more than two- 
fold higher after immersion etching. Due to a negligible topographical 
in6uence on the mirror-polished surfaces, increased absorptance can 
predominantly be related to either chemistry + crystallographic defects 
for the as-polished sample and crystallographic defects alone after 
etching. It has been shown that the crystallography of Cu in6uences 
oxidic passivation layer formation, with a direct relation between grain 
boundary density and oxide thickness [48], by which the super1cial 
mechanical deformation from polishing appears to cause a double effect 
on absorptance, both by crystallographic surface defects and increased 
oxide layer thickness. Consequently, the absorptance of reference sam
ples, which have been annealed at high temperatures inducing excessive 
grain-growth (HT) exhibit a signi1cantly closer relation to the literature 
values for ideal single crystal states. Comparable deviations of initial 
absorptance between differently pre-treated Cu surfaces have also been 
observed in previous studies [26],[27]. 

Since immersion etching solely causes the removal of surface oxide 
[29], the incubating effects of both modi1ed topography and crystal
lographic defect formation during USP-DLIP remain active on the post- 
processed surfaces. Against this background, the inverted difference in 
absorptance between N = 1 and N = 2 before and after immersion 
etching exhibits different facets of incubation at the initial phase of 
multi-pulse USP-DLIP: Comparing the absorptance at both pulse counts 
after etching indicates a higher topography related absorptance-increase 
by the smaller scaled sub-pattern of N = 1 (compare Fig. 2c) for the 
utilized wavelength of 800 nm. Absorptance of N = 2 patterns matches 
mechanically polished Cu surfaces after etching, instead, indicating both 
a neglectable topographic in6uence of the N = 2 sub-pattern and similar 
defect related incubation. This suggests that additional defect implan
tation after the second consecutive laser pulse has not yet surpassed the 
crystallographic deformation of mechanical polishing. In addition, the 
more pronounced decrease in absorptance for N = 2 indicates signi1cant 
oxidic agglomeration already after the second pulse, which might be 
linked to the alteration of ablative interaction from spallation to phase 
explosion [16]. Comparing the quantitative agglomeration of oxidic 
particles between spallative (Fig. 4b) and phase explosion ablation 
(Fig. 4c) in vicinity to the ablation site of single laser spots further un
derlines the reinforcing in6uence of the more eruptive ablation mech
anism, 1tting to literature data on 6uence related ion-release [49]. The 

increase of absorptance related to N = 5 and N = 10 can mainly be linked 
to oxide agglomeration by comparison of the as-processed and etched 
values, as well, whereas enhancing sub-pattern perturbation, primary 
pattern geometry as well as defect formation seem to play a subordinate 
role in overall incubation on Cu according to UV–Vis examination with 
partly linear polarized probing beam. 

3.2.2. Incubation effects of surface oxide 
To further assess the pulse-to-pulse effect of oxide agglomeration on 

USP-DLIP incubation, a series of consecutive pulses at 2.1 J/cm2 in p- 
polarization was overlapped on single spots starting from a deoxidized 
initial state of the Cu surface, where a part of the samples was etched 
while mounted between each consecutive pulse. Comparing pattern 
formation within the 1rst three pulses in Fig. 4d with and without 
process-related oxide agglomeration reveal a reduced enhancement of 
ablation width on continuously deoxidized samples. Here, the ablation 
areas remain separated after three pulses in contrast to as-processed 
surfaces, while a lesser ablated outer region is visible. The latter in
dicates an intermixture of ablation mechanisms with spallation in the 
outer lower 6uence and phase explosion in the central higher 6uence 
area of the intensity pattern. Even though oxide agglomeration was 
removed, widening of the ablation area can be determined on both 
sample series due to melt-mobility aside of oxide-agglomeration, which 
is however still less expressed after deoxidation. It can be noted that 
melt-covering of the peak-areas already takes place after the third 
consecutive pulse in as-processed state traced back to enhanced melt- 
mobilization alongside more pronounced phase explosion ablation, 
which is also indicated by increasing crater size of the sub-pattern. 

The predominant impact of surface oxidation on optical absorptance 
of Cu surfaces especially in the near-infrared regime might additionally 
be effective at the initial state of USP-DLIP processing, when pre- 
decoration of Cu surfaces with oxidic redepositions is considered 
before irradiation, as visible in Fig. 4b and c. Alteration of ablation 
behavior is therefore compared in relation to beam polarization and 
6uence after N = 1, 2, 5 and 10 pulse overlap on a single spot for the 
different initial states as-polished, deoxidized and processed. In the 
latter case, the ablation spot was localized in direct vicinity to previously 
applied surface patterns, which were processed at an accumulated 6u
ence of 21 ± 0.78 J/cm2 applying the same pulse 6uence as used in the 
single spot investigation. A clear difference in ablation width between 
the three different initial surface states can be determined in both the 
low- and mid-6uence regime in Fig. 4e. Parallel comparison to estimated 
ablation width from single and N = 10 multi-pulse ablation thresholds 
emphasize an enhancing impact of initial oxide decoration with 
increased 6uence, where the multi-pulse ablation threshold is reached 
after two pulses at low-6uence and even surpassed in the mid-6uence 
regime. Deoxidizing appears to reduce not only initial ablation width, 
but also ablation area expansion rate in case of 0.76 J/cm2 indicating a 
reducing effect on overall incubation in the low-6uence regime. In both 
2.1 J/cm2 and 3.37 J/cm2 multi-pulse processing, differences between 
the varying initial surface states become leveled after N = 5 showing the 
previously described variation between s-pol and p-pol patterns with 
only one outlier in case of 2.1 J/cm2 at N = 10, in previously processed 
state. Here, higher melt-agitation with increasing expansion forces 
during phase explosion might play the predominant role in pattern 
formation with lesser dependency on the initial state of the Cu surface. 
The effect of this ablation mechanism in the mid-6uence regime is 
already visible after the second pulse where ablation width generally 
surpasses the multi pulse threshold mark. Ablation depth follows the 
same trend with higher values for pre-processed initial sample states 
that start to be dominated by polarization dependent effects after N = 5 
in the mid-6uence regime, where at 2.1 J/cm2 an inverse trend between 
s- and p-pol can be observed. In case of 3.37 J/cm2, reduced initial 
ablation appears to be involved with higher ablation depths after N = 10 
indicating an important effect of surface conditioning within the 1rst 
consecutive pulses on further processing. In the case of low-6uence 

D.W. Müller et al.                                                                                                                                                                                                                              



Applied Surface Science 611 (2023) 155538

10

regime ablation, preconditioning remains the dominant factor within 
the 1rst 10 pulses, where however deoxidized p-pol appears to be 
particularly suitable for high ablation rates. 

From these results an enhancing effect of surface oxide on absorp
tance that directly in6uences USP-DLIP pattern formation can be stated, 
which leads either to increased ablation ef1ciency in the low-6uence 
regime or tends to affect pattern aspect ratio and quality in the mid- 
6uence regime on Cu surfaces. Based on these observations, the vary
ing results of planar patterning at accumulated 21 J/cm2 illustrated in 
Fig. 3 can be assumed to be co-triggered by altering 6uence-dependent 
response on process-related oxide agglomerations, which also affect 
initial surface absorptance. 

3.2.3. Crystallographic defects 
The comparison of the absorptance between mechanically polished 

Cu reference and USP-DLIP patterned surfaces after immersion etching 
in Fig. 4a points out a low impact of mechanical substrate alteration on 
incubation over the amount of already existing deformation from pol
ishing. Defect formation from USP processing on Cu is mainly linked to 
thermomechanical substrate response on laser irradiation, which is 
getting more pronounced with decreasing pulse duration and increasing 
6uence [40]. In direct comparison between the two ablation regimes 
observed for Cu, increasing melt-kinetics during phase explosion ag
gravates a correct interpretation of effective ablation threshold in 
response to USP-DLIP pattern modulation at 3 μm pattern periodicity, 
while patterns achieved by spallation exhibit high ablation contrast (see 
Fig. 3a). Further investigation of the incubating effect of Cu crystallog
raphy and defect formation during USP-DLIP therefore focusses low- 
6uence regime thermomechanical spallative ablation at 0.31 J/cm2. 
Single scan lines have been applied utilizing an accumulated 6uence of 
approx. 9.9 J/cm2 (N = 32 at Δx = 2.2 mm/s), where the corresponding 
calculated multi-pulse ablation threshold of 0.65 J/cm2 ranges slightly 
above the peak values of the interference modulation. The initial crys
tallographic surface state of the Cu substrate condition was altered be
tween the originally intrinsic cold rolled Cu sheet microstructure 
exhibiting a super1cial deformation zone of approx. 500 nm depth from 
mechanical polishing [29] and a deformation free state by annealing the 
sample for 12 h in 450 ◦C under vacuum atmosphere at a pressure of 
10−7 mbar followed by electro polishing. Deoxidation via immersion 
etching was additionally included, to compare the combined and single 
initial incubation effects of surface chemistry and crystallography. 

The crystal orientation sensitive BSE contrast utilized for SEM im
aging reveals the difference of both initial substrate states as visible in 
Fig. 5a and b, where the original substrate grain structure can hardly be 
distinguished on cold rolled mechanically polished Cu, while clear grain 
differentiation is possible on annealed samples. The mechanically pre- 

deformed surfaces exhibit localized ablation sites from USP-DLIP pro
cessing, however with less expression on deoxidized samples. Clear ef
fects of differing beam polarization on overall ablation can be found in 
sub-pattern formation, where LSFL perpendicular to the polarization 
angle appear to contribute to localized ablation for both s-pol and p-pol. 
Aside of a more pronounced LSFL formation in case of s-pol, clear dif
ferences of ablation rate between s- and p-polarization cannot be 
determined unambiguously due to the unsteady ablation. Stripes of 
brightened contrast are framing ablation areas in the intensity maxima 
of the interference patterns that exhibit an identical width on all sam
ples, which might be linked to laser surface cleaning. On annealed 
surfaces, ablation is considerably reduced in comparison to the pre- 
deformed substrate state and cannot be detected on deoxidized sam
ples at all, which is 1nally 1tting to the 6uence/ablation threshold 
estimation for the chosen parameter setup from literature data [26]. 
Ablation on as-polished annealed surfaces appears to be related to 
crystal orientation with contrasting results for individual neighboring 
grains also exhibiting a more pronounced substrate interaction in the 
case of p-pol irradiation (see Fig. 5b). 

Further investigation of this phenomenon was conducted tracing 
individual p-pol USP-DLIP scan lines utilizing a combination of BSE and 
EBSD analysis to link local crystal orientation to laser induced substrate 
interaction. Detected surface morphology ranged between three inter
action regimes, where the measured width of the interaction area was 
used to calculate the locally effective threshold linked to that phenom
enon by utilizing Eq. (13). Threshold values below 0.58 J/cm2 did not 
induce ablation but rather rippling of the Cu surfaces (visible in the dark 
contrasted twins in Fig. 5b, s-pol and p-pol, as-polished), which appears 
to be related to HSFL formation considering both the small sub-pattern 
scale below λ/2 and orientation relative to the beam polarization [19], 
[20]. Since HSFL are mainly linked to melt-resolidi1cation, they also 
might affect the crystal state of the substrate after sub-ablative irradia
tion in size scales below EBSD sensitivity [50],[51]. Above 0.56 J/cm2 

spallative ablation was induced on the entire interaction area, whereas 
crater morphology and ablation width increase with decreasing 
threshold (visible in the bright contrasted grains and twin in Fig. 5b, s- 
pol and p-pol, as-polished) also exhibiting 1rst traces of LSFL formation. 
In the transition range, the rippled topography exhibits intermediate 
interaction characterized by widening HSFL morphology with incipient 
spallation in the central area highlighting a preconditioning incubation 
effect of the melt-induced surface reorganization. A mixture of non- 
ablative and transition range interaction can be detected for the ma
jority of identi1ed crystal orientations as visible in the orientation tri
angle in Fig. 5c, where corresponding interaction is marked by a heat 
map colour code ranging from blue to green. Ablative interaction is 
concentrated close to the {110} and {111} planes with signi1cantly 

Fig. 5. Investigation of the effect of initial Cu crystallography on USP-DLIP ablation and incubation by single scan line patterning utilizing a 6uence of 0.31 J/cm2 

and N = 32. a) SEM images in BE contrast of USP-DLIP patterns on mechanically pre-deformed Cu surfaces in as-polished and deoxidized state. b) SEM images in BSE 
contrast of USP-DLIP patterns on deformation free Cu surfaces in as-polished and deoxidized state. c) SEM analysis on annealed Cu samples utilizing BSE and EBSD in 
a complementary approach to link thermomechanical substrate interaction after USP-DLIP irradiation to local crystal orientation. 
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stronger expression of ablative behavior around {111}. According to 
this, thermomechanical defect implantation and agglomeration faces 
the lowest crystallographic resistance in 〈111〉 direction, corresponding 
to the early 1ndings of Porteus et al. [52] who stated a comparably low 
threshold 6uence for slip band formation on {111} oriented single 
crystal Cu mirrors in high power IR laser systems. Further increased 
ablation could be detected in the vicinity of grain boundaries. In more 
recent MD simulations on single crystal fcc Ni, {111} plane twinning 
was directly related to the formation of HSFL [51]. In another MD 
simulation study, single pulse USP irradiation of Cu showed altering 
thermal response in relation to crystal orientation as well, where melting 
and ablation depth is increased for {111} and {110} in comparison to 
{100} also involving a higher amount of defect formation in shape of 
voids and dislocations [53]. Here, the quantity of thermomechanical 
defect formation scales with {111} > {110} > > {100}, which 1ts the 
incubation gradient experimentally determined in this analysis. Crys
tallographic defects induce electron scattering, which affect surface 
plasmon formation and hence the re6ection of laser irradiation, which is 
also highlighted by the observed increase in ablation interaction in the 

vicinity of grain boundaries. The physical course of surface modi1cation 
however also involves HSFL formation as a preceding step before actual 
ablation, by which incubation by crystallographic defect implantation 
might involve nano-scaled surface roughening, as well [54]. 

3.2.4. Topographic impact of primary pattern formation 
Alongside varying pulse accumulation and laser intensity, consid

erable topographic in6uences on absorptance corresponding to both 
primary and sub-pattern morphology in response to beam polarization 
have been apparent on USP-DLIP processed Cu in the previously 
described analysis. The effect of beam polarization on localized 
absorptance alongside topography modi1cation on primary pattern 
formation was investigated numerically also applying FEM simulation of 
USP-DLIP induced substrate thermalization utilizing a speci1ed 2D 
TTM. 

Parallel to interference modulation, beam polarization in6uences 
localized absorption of radiation as soon as the incidence angle ϴ ∕=
0◦ [36],[44], which can either result from beam tilting on 6at surfaces or 
by increasing topographic surface slopes. While the 1rst case can be well 

Fig. 6. Combined in6uence of topography development and beam polarization on multi-pulse USP-DLIP pattern formation with 6 μm and 3 μm at 2.1 J/cm2 as well 
as 750 nm at 1.4 J/cm2. a) localized alteration of absorptance in response to beam polarization and increasing pattern aspect ratio AR of USP-DLIP with 3 μm and 
750 nm pattern periodicity. b) ablation width corresponding to substrate thermalization up to Tm calculated by numerical TTM simulation of USP-DLIP at 6 μm, 3 μm 
and 750 nm pattern periodicity and N = 1, 2, 5 and 10 with and without inclusion of topographically altered absorptance Ax in response to beam polarization. The 
calculated values are compared to experimental data. c) numerically calculated substrate thermalization corresponding to Thm at τeq (=1.37 × Tm [55]) in response to 
USP-DLIP with s- and p-polarization of 3 μm periodicity at N = 10 with and without the inclusion of Ax. d) numerically calculated substrate thermalization cor
responding to Thm in response to USP-DLIP with s- and p-polarization of 3 μm periodicity at N = 2 and e) N = 3 with and without the inclusion of Ax. 
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described by the Fresnel equations, localized alteration of ϴx in response 
to surface topography additionally requires full knowledge of mostly 
complex surface geometries. Taking advantage of the uni-directional 
periodic character of the line-like patterns, the local change in absorp
tance relative to ϴx is characterized in direct correlation to the pulse- 
wise development of a single ablation site, which can be scaled up to 
the entire pattern. Utilizing the experimental data of 6uence + pulse 
count speci1c ablation width and depth illustrated in Fig. 2, individual 
ϴx slopes for intermediate processing steps can be calculated via Eq. (4). 
In Fig. 6a, the alteration of polarization dependent localized absorptance 
Ax correlating to increasing pulse counts is plotted in relation to the 
corresponding ablation area geometries for 3 μm and 750 nm at 2.1 J/ 
cm2 and 1.4 J/cm2. A0 at ϴ = 0◦ is taken as a mean value from UV–Vis 
data for s-pol and p-pol of as-polished Cu at λ = 800 nm and N = 1, 2, 5, 
10 in the as-processed state. Alongside a signi1cant pulse wise increase 
of absorptance A0 due to oxide agglomeration, an inverse trend of 
localized absorptance Ax is obvious between s-pol and p-pol. Beam po
larization perpendicular to the line-like pattern induces further 
enhancing localized absorptance along the pattern slope in case of p-pol, 
while maximum localized absorptance can only be achieved in the 
ablation area center with decreasing gradient along the edge for s-pol. 
This polarization dependent absorptance modulation by altering surface 
topography determines the local uptake of the interference modulated 
laser intensity. By this, the actual substrate response involves the su
perposition of both the laser intensity and the absorptance modulation 
pattern. Consequently, ablation area width is shrinking for s-pol after N 
> 2 closely linked to the pronounced drop in absorptance, while it is 
increasing for p-pol along the further steepening slope of the ablation 
site. In the case of 3 μm, the increasing pattern aspect ratio 1nally in
duces incidence angles above the pseudo-Brewster angle for Cu at the 
outer edge of the ablation area at N = 10, where absorptance starts to 
drop for p-pol as well. Likewise, ablation area width starts to decrease 
similar to s-pol from this point on. The pseudo-Brewster angle for Cu 
ranges around 78.6◦ for 1.55 eV but tends to fall with increasing A0 
alongside incubation even below 70◦. Applying Eq. (4), one can calcu
late an approximated pattern aspect ratio of 0.4, where localized 
absorptance tends to drop for p-pol, as visible for N = 10 with an aspect 
ratio of 0.47. Since aspect ratio/pulse count inversely scales with pattern 
size in case of USP-DLIP, the threshold aspect ratio for 6 μm is not 
achieved within N = 10, while on 750 nm patterns, aspect ratio does also 
not reach this critical value, however due to preliminary pattern 
disruption, in contrast. 

For the sub-μm pattern scale, the slope in Ax increases stronger for p- 
pol in direct comparison to 3 μm, which can be related to the higher 
impact of melt-kinetics on primary pattern geometry already after two 
pulses. In the previously described topographic characterization, a sig
ni1cant deviation between estimated and measured ablation in relation 
to polarization speci1c intensity pattern modulation was apparent for 
750 nm periodicity. Here, the modulated minimum 6uence still ranging 
at approx. 56.8% of F0 must be considered to interpret ablation area 
expansion alongside incubation and topographic absorption ampli1ca
tion of p-pol in comparison to s-pol USP-DLIP. However, the distinctive 
difference in ablation rate already apparent after the 1rst pulse cannot 
be explained by the effects mentioned above, but rather indicates a 
preferential initial absorption of p-pol irradiation induced by the 
considerable partial beam incidence angle of ϴ = 32.23◦ [36]. Involving 
a corresponding initial offset of ϴx in the calculation of Ax induces 
differing absorptance between s-pol and p-pol even without topography 
involvement, which additionally increases with incubation (see Fig. 6a). 
This indicates that polarization speci1c initial absorption involved in 
USP-DLIP processing potentially counter balances the reduced 6uence 
ampli1cation by interference modulation in case of p-pol inducing 
ablation in inverse relation to the actual intensity pattern modulation 
between s- and p-pol at 750 nm periodicity. A similar but lesser pro
nounced polarization relation of initial ablation can also be exhibited for 
3 μm and 6 μm pattern periodicity whereas this effect appears to still be 

valid with decreasing partial beam incidence angles. 
Involving interference pattern modulation as well as chemically and 

topographically increased absorptance in numerical FEM simulation of 
the ultrafast substrate heating allows to identify the combined effects on 
substrate response in USP-DLIP. Since overall incubation was mainly 
related to oxidic agglomeration with an insigni1cant contribution of 
both defect formation and topography in the UV–Vis examination, the 
achieved spectroscopic data was utilized to model chemically related 
absorption increase. To allow differentiation between the single effects 
of interference modulation and topographic pattern formation alongside 
chemical incubation, numerical simulation has been conducted with and 
without inclusion of locally altered Ax. Due to lattice temperatures 
above the phase explosion threshold temperature TPE [56] achieved in 
numerical simulation, ablation-kinetics can be considered to involve 
melt-agitation. Hence, ablation width was related to the thermalization 
area corresponding to solid/liquid phase transition, where either the 
melting temperature Tm of Cu (1357.8 K, utilized in Fig. 6b) or the super- 
heating temperature Thm = 1.37 × Tm associated with ultrafast homo
geneous melting within the time period of τeq ≈ 4 ps is considered in 
numerical simulation [55], to parallelly allow for comparison and 
evaluation of the applicability of the ultrafast homogeneous melting 
theory in this study. The course of ablation area expanse in Fig. 6b that is 
corresponding to substrate thermalization up to Tm without involvement 
of Ax does not exhibit a signi1cant difference between s- and p-polari
zation for both 6 μm and 3 μm in case of 2.1 J/cm2. At 750 nm peri
odicity, on the other hand, chemical incubation alone suf1ces to 
enhance p-pol over s-pol ablation at 1.4 J/cm2. In contrast to topography 
insensitive simulation, experimental measurements exhibit character
istic kinks of dropping ablation area width with increasing pulse count, 
which cannot be mirrored without the involvement of topographical 
effects on localized absorptance. Consistently, the results achieved by 
numerical simulation applying Ax follow similar trends like the experi
mental values even achieving similar results at maximal N for 60% of the 
patterns, which emphasizes a mutual in6uence of topographic surface 
modi1cation and laser/material interaction. The clear deviation be
tween experimental and numerically calculated ablation width in 
Fig. 6b can be attributed to the pure consideration of the thermalization 
zone in FEM simulation without including melt-kinetics in the resulting 
ablation process additionally expanding the melt-affected area. 

Pattern scales of 6 μm show a weaker effect of polarization speci1c 
absorptance ampli1cation, which is visible in both experimental and 
calculated ablation width and can be directly linked to lower aspect 
ratios at similar pulse counts. This accounts to both ablation width 
enhancement and initial difference in ablation rate between s-pol and p- 
pol due to a comparably low partial beam incidence angle. Polarization 
speci1c ablation is well-expressed for 3 μm, in contrast, exhibiting 
characteristic kinks in ablation area expansion at N = 2 for s-pol and N 
= 5 for p-pol in both experimental and calculated values involving 
topographic alteration of localized absorptance. The deviation between 
both numerical calculations of substrate thermalization at N = 10 
especially for s-pol is additionally highlighted in Fig. 6c, where the 
difference of thermalization width up to Thm is marked for both s-pol and 
p-pol. The importance of involving the irradiation incidence angle to 
correctly model absorptance is especially apparent for 750 nm pattern 
periodicity, where calculated p-pol ablation width either match or un
derestimate experimental results depending on the involvement of Ax. 
Here, the effect of p-pol on ablation area expanse is already apparent 
after the 1rst pulse, as visible in Fig. 6b with less signi1cance for s-pol. 
Further processing 1nally induces melt-overlap for p-pol and shrinking 
ablation width for s-pol considering substrate thermalization alone. 
Comparing thermalization between Tm and Thm for 750 nm patter peri
odicity, it has to be emphasized that only the latter correctly predicts a 
full overlap of the molten areas corresponding to pattern deterioration 
in the experimental results at N = 3 (compare Fig. 6b, d and e). This 
indicates a good correlation of Thm with actual ablation related substrate 
thermalization when combined with incubation related laser/material 
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interaction in numerical calculation. The considerable deviation of both 
simulated s-pol values from experimental data highlight the additional 
effect of melt-agitation in ablation area expansion at this pattern scale, 
as visible in the topographic morphologies displayed in Fig. 2d. As soon 
as ablation area separation breaks down by melt-overlap, the DLIP 
induced pattern gets deteriorated, where surface morphology rather 
exhibits sub-pattern crater features also visible in the ablation area of 
μm-scaled USP-DLIP patterns. While topography/polarization depen
dent laser/material interaction has been shown to signi1cantly affect 
primary topography, sub-pattern formation might similarly be impacted 
by DLIP alongside multi-pulse processing. 

3.2.5. Sub-pattern morphology 
The morphology of sub-pattern craters for varying processing pa

rameters has been investigated by means of statistical segmentation 
based on watershed algorithm utilizing high-contrasted SEM images of 

3 μm and 6 μm patterned single laser spots. The investigated morpho
logic features involving crater size and shape factors (displayed in 
Fig. 7e) have been chosen to determine multi-pulse response mecha
nisms in sub-pattern formation alongside primary USP-DLIP. The effect 
of low- and mid-6uence irradiation has been analyzed for 3 μm peri
odicity including 0.76 J/cm2, 2.1 J/cm2 and 3.37 J/cm2, while a com
parison of 3 μm and 6 μm at 2.1 J/cm2 involves the in6uence of pattern 
scale on crater formation. 

Comparing the lower graphs in Fig. 7a-c, initial crater size is showing 
minor 6uence regime speci1c difference. According to thermal simula
tion from previous work, spallation ablation can be assumed as the 
predominant ablation mechanism in 1rst pulse ablation leading to less 
crater-like ablation features as visible in Fig. 2b-d. In case of mid-6uence 
regime irradiation, the dominant ablation mechanism changes to phase 
explosion after the second pulse [16]. Likewise, crater size gets 
enhanced alongside ongoing pulse accumulation with a shallow slope 

Fig. 7. Statistical segmentation of sub-pattern crater morphology utilizing high contrasted SEM images and watershed algorithm. Crater morphologies are plotted in 
combined graphs in case of correlated parameters comparing the effect of a) 0.76 J/cm2, b) 2.1 J/cm2 and c) 3.37 J/cm2 6uence at 3 μm periodicity as well as pattern 
scale between d) 3 μm and 6 μm periodicity at 2.1 J/cm2 on sub-pattern formation. e) Schematic illustration of the analytical procedure involving the investigated 
morphological parameters. 
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for 0.76 J/cm2 while this behavior is well-pronounced for 2.1 J/cm2 and 
especially 3.37 J/cm2, also indicating a higher pulse-wise increase of 
absorptance of the modi1ed surfaces. In the mid-6uence regime, the 
increase in crater size appear to saturate between N = 5 and 10 exhib
iting higher values for p-pol, while s-pol dominates in crater size after 
the second pulse. The latter aspect builds an interesting parallel to the 
inverted absorptance relation between s-pol and p-pol for N = 2 in the 
UV–Vis results after deoxidation. In case of further ablation at 0.76 J/ 
cm2, crater size increases almost linearly with pulse count on a low scale 
with consistently higher crater sizes for p-pol, indicating a prevailing 
dominance of spallation. The falling slope of crater density for 
increasing pulse agglomeration after N = 5 for 0.76 J/cm2 as well as N =
2 for 2.1 J/cm2 and 3.37 J/cm2 is directly linked to the continuously 
increasing crater size, due to the limited space available within the 
ablation area. Arising from the physical constriction by neighboring 
craters and the topographical pattern boundaries, radially expanding 
crater edges merge into a cellular network reducing the circularity of the 
individual crater shape (visible in Fig. 7e). Further pulsing decreases 
crater density independent of the utilized laser parameters as soon as 
circularity falls below 0.6 indicating a recombination of individual 
craters alongside crater size enhancement in the highly connected sub- 
pattern mesh. Based on this, the development of crater shape allows to 
detect preferred expansion/recombination angles depending on primary 
pattern topography and beam polarization. 

Increasing crater aspect ratio is plotted in relation to the orientation 
angle of the major axis, where 0◦ is oriented parallel to the line-like 
pattern and exhibits the preferential orientation angle of crater elon
gation relative to both beam polarization and the pattern topography. 
The boxes of the statistical graph represent 50% of the measured values 
closest related to 0◦ orientation, by which an overlap with the thresholds 
of ±45◦ (highlighted by the green lines) mark preferential perpendicular 
(90◦) overall crater orientation relative to the pattern topography, while 
no overlap indicates rather parallel (0◦) elongation. Closely linked to 
falling circularity, the aspect ratio of the individual craters increases 
almost to the same extent for both s- and p-polarization, with higher 
aspect ratio/lower circularity for s-pol after N = 10 in the mid-6uence 
regime. Here, the elongated s-pol craters are aligned almost parallel to 
the line-like primary pattern geometry already after the 5th pulse indi
cating an increasing in6uence of the lowered ablation area width of the 
primary pattern at higher pulse counts. A similar effect is also apparent 
for N = 10 in case of p-pol, where the later inset of this behavior follows 
the same trend as primary pattern formation in relation to localized 
absorptance Ax. An in6uence of either the beam polarization or pattern 
topography on crater orientation is not visible at 0.76 J/cm2, while 
slightly higher crater sizes might be linked to preferential p-pol ab
sorption. This might be resulting from both the low pattern aspect ratio 
and crater expansion at this state of processing for the low 6uence 
regime. 

Directly comparing pulse-wise alteration of crater orientation to 
corresponding primary pattern geometries highlights a paralleled rela
tion between high ablation width and majorly perpendicular crater 
orientation for p-pol as well as stabilizing lower ablation width and 
pronounced parallel orientation for s-pol. From this, an in6uence of 
polarization related absorptance on topography slopes appears to be 
effective on sub-pattern features similarly to the already shown impact 
on primary pattern formation. 

To better illuminate this phenomenon, a comparison of crater 
morphology segmentation was performed on USP-DLIP patterns of 3 μm 
and 6 μm periodicity with increasing pulse count at a uniform 6uence of 
2.1 J/cm2. Here, the slopes of crater density, circularity and aspect ratio 
alongside increasing pulse count on 6 μm patterns follow a similar trend 
like the low-6uence regime patterns at 3 μm periodicity, however with 
higher crater size linked to the 6uence. For similar 6uence applied, 
crater size is constantly higher on 3 μm and increases additionally in 
difference at N = 5 for p-pol, whereas the ratio between 3 μm and 6 μm 
crater size gets inverted at this pulse count for s-pol. In parallel, both 

crater density and circularity of the 3 μm patterns fall increasingly below 
the values of 6 μm at this state of pulse agglomeration alongside higher 
aspect ratio and a more pronounced crater orientation parallel to the 
pattern geometry. The combined alteration in crater morphology pa
rameters between the two pattern scales after N = 5 highlights the sig
ni1cant effect of primary pattern topography on sub-pattern formation: 
Higher pattern scales exhibit a smaller increase in primary pattern 
aspect ratio within the ten 1rst consecutive pulses, while at 3 μm peri
odicity the topography induced alteration in absorptance is already 
stronger expressed, which appears to also affect sub-pattern formation, 
as visible by comparison of the s- and p-pol crater size relation between 
3 μm and 6 μm. In parallel, the increased topography slope on 3 μm 
patterns after N = 5 focusses surface excitation at the ablation area 
centers while the steepening topography limits perpendicular crater 
expanse. However, beam polarization appears to also affect crater 
morphology at lower pulse counts before it gets affected by the primary 
pattern topography as visible in the pronounced perpendicular p-pol 
crater orientation independent of pattern scale. The overall widening of 
crater diameter appears to be preferentially aligned in perpendicular 
orientation to the beam polarization, which 1ts to the polarization 
relation of localized absorptance Ax and correlates with common LSFL 
formation theory [19]. Preferential localized absorption within the 
crater-like network of the initial sub-pattern topography at 0.76 J/cm2 

thus appears to be involved in the transformation to LSFL sub-pattern 
morphology after higher pulse counts as observed in planar patterning 
at accumulated 21 J/cm2 (see Fig. 3). 

As an additional effect, 3 μm ablation area width is in lower size- 
relation to the pulse-wise increasing sub-pattern crater size in the mid- 
6uence regime, by which the bottom pro1le of the ablation area at N 
= 10 is majorly related to single craters, especially for s-pol at 2.1 J/cm2 

and 3.37 J/cm2 (see Fig. 2c). The effect of low primary/sub-pattern 
feature size relation is further ampli1ed in the case of 750 nm 
compared to 3 μm periodicity, whereas incubation induced increase in 
crater size might invert the dominance in topography formation be
tween primary and sub-pattern. The Cu-speci1c incubation impact on 
ablation kinetics appears to cause the previously observed low 6uence/ 
pulse count threshold for qualitative processing at sub-μm pattern scale 
observed [16],[17]. This points out the need to consider sub-pattern 
formation alongside primary DLIP patterning in case of USP-DLIP on 
Cu for pattern scales <6 μm. Since crater size enhancement depends on 
laser energy absorption, threshold 6uences to avoid negative interplay 
between primary and sub-pattern formation for USP-DLIP can be 
interpolated from the experimental results. Involving primary pattern 
size and the speci1c incubation behavior, the polarization dependent 
threshold 6uences for high USP-DLIP pattern quality on Cu correspond 
to Fs ≈ P and Fp ≈ 2/3 P (in J/cm2 and μm). However, additional effects 
on laser/substrate interaction, like e.g. a reduced absorption of s-pol 
USP-DLIP irradiation at high single beam incidence angles for sub-μm 
pattern scales have to be considered in parallel, where higher 6uences 
need to be applied to achieve ablation. 

4. Conclusions 

The geometry and morphology of USP-DLIP patterns on Cu have 
been shown to be dependent on different ablation mechanisms in the 
low- and mid-6uence regime as well as pattern scale in parallel inter
action of primary and sub-pattern formation. Within the 1rst 2 to 10 
consecutive pulses, pattern geometry formation and chemical surface 
conditioning is initiated, which predominantly in6uences further USP- 
DLIP processing and the resulting pattern morphology. Here, the un
derlying mechanisms in pattern formation are related to beam polari
zation involving both interference pattern modulation, as well as 
altering absorptance by pulse wise substrate modi1cation that play an 
interconnected role. 

Incubation during USP-DLIP processing of Cu turns out to be too 
complex to allow the application of general methodology based on 
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Gaussian spot examination. This is mainly due to the combined impact 
of beam polarization and primary pattern topography on localized 
absorptance, but also relates to sub-pattern formation mechanisms in 
case of smaller pattern periodicities scaling close to the sub-pattern 
feature sizes. To better understand the contribution of incubation 
mechanisms on multi-pulse USP-DLIP pattern formation, the individual 
incubation mechanisms have been selectively investigated:  

• Between the different individual in6uences on incubation, surface 
oxidation, both as passivation layer and process-induced, has the 
highest impact on initial absorptance and its pulse wise increase 
during USP-DLIP processing of Cu at a wavelength of 800 nm. The 
results highlight the impact of initial substrate condition on laser 
processing also including its deformation state, which must be 
considered in laser parametrization. Directly related to the extent of 
ablative interaction, incubation by oxidic agglomeration scales 
higher in the mid- compared to the low-6uence regime. Since oxide 
agglomeration also covers previously unprocessed surface compart
ments, the resulting enhancement of initial absorptance must be 
considered in pattern formation, as well. In low-6uence processing, 
oxidic pre-conditioning leads to higher initial aspect ratios, while at 
mid-6uence processing, pattern formation starts to get negatively 
affected with raising 6uence in the case of 3 μm patterns. Here, melt- 
agitation during phase explosion is enhanced alongside the 
increasing surface absorptance, which causes the affection of pattern 
peaks in both s- and p-pol multi-pulse USP-DLIP processing.  

• Incubation by crystallographic defect formation mainly plays a role 
on deformation free Cu surfaces exhibiting low initial absorptance of 
0.036 at 800 nm. In contrast, mechanical polishing already induces a 
defect related increase of absorptance, which is barely surpassed 
during multi-pulse USP-DLIP processing. This might be linked to the 
upper limit of dislocation density in crystallographic deformation of 
Cu, which appears to be closely approximated in polishing already, 
whereby suf1cient defect formation during laser processing to 
considerably contribute to incubation cannot be accumulated. Here, 
the impact of surface oxide on overall absorptance can again be 
observed, as immersion etched samples exhibit reduced ablative 
interaction compared to their as-polished counter parts. Low-6uence 
USP-DLIP was applied at increased pulse counts close to the corre
sponding multi-pulse ablation threshold to investigate the impact of 
crystallographic substrate condition on incubation. Here, preferen
tially enhanced incubation by defect implantation on annealed Cu 
surfaces could be linked to preferential crystallographic orientations, 
where ablative interaction scales with a relation of {111} > {110} >
> {100}. The course of defect related incubation includes HSFL 
formation, followed by further enhancing spallative ablation, both 
expanding from the ablation area center outwards along the 
descending slope of the intensity pattern in case of low-6uence USP- 
DLIP irradiation. Here, a certain topographic effect on absorptance 
by HSFL formation might as well be involved alongside further 
pronouncing sub-pattern formation due to the nano-scaled feature 
size [54]. In the case of mechanically polished Cu exhibiting signif
icantly increased initial absorptance, ablation induces considerable 
LSFL formation correlating to low-6uence regime pattern 
morphology after twice the pulse count. Here, LSFL formation ap
pears to be the main mechanism involved in pattern formation for s- 
pol at sub-threshold 6uence. 

• Incubating effects of topography alteration unrelated to beam po
larization have mainly been observed for nm-scaled sub-pattern 
morphologies after the 1rst laser pulse, where the relation between 
feature size and laser wavelength induce enhanced absorptance [54]. 
This is visible in both the signi1cant increase of ablation width as 
well as the drop of measured absorptance in UV–Vis spectroscopy on 
immersion etched samples after the second consecutive pulse. 
Increasing sub-pattern feature size, especially related to phase ex
plosion ablation, appear to reduce topography induced overall 

absorptance, but rather follow polarization sensitive localized 
absorptance during pulse wise sub-pattern formation similarly to the 
primary pattern. 

• The formation of the primary line-like pattern proves to be pre
dominantly dependent on beam polarization in direct interaction 
with pulse-wise surface modi1cation. Comparison to experimental 
data exhibits the applicability of the introduced numerical model to 
determine pulse wise substrate thermalization corresponding to 
locally increased absorptance Ax and pattern formation, which al
lows for a better interpretation of the impact of the different incu
bation mechanisms. Absorptance is increased alongside topography 
edges in perpendicular orientation to the beam polarization, which 
favors ablation area expanse for p-pol and ablation depth increase for 
s-pol in case of μm-scaled USP-DLIP patterns. Reaching aspect ratios 
above 0.4, absorptance at the edge of the ablation area also decreases 
for p-pol inducing a trend of inverted ablation area expanse similar to 
s-pol ablation. Pattern peaks appear to also suffer partial ablation at 
higher 6uences in case of p-pol at 3 μm pattern periodicity due to the 
lesser modulated interference minima in combination with a pre- 
conditioning of the pattern peaks increasing the local absorptance. 
In contrast, higher pattern depths are achieved for p-pol at sub-μm 
pattern scales in inverse relation to intensity modulation, where melt 
pile-ups can contribute to pattern formation but become destabilized 
in case of further pulse agglomeration. Multi-pulse sub-μm pattern 
stability is improved in case of low-6uence regime USP-DLIP pro
cessing due to decreased melt-agitation and reduced oxidic 
agglomeration.  

• Sub-pattern formation is predominantly determined by the speci1c 
ablation mechanisms induced by USP irradiation of Cu. The initial 
sub-pattern morphology is characterized by crater-like features, 
which align into a mesh-like network along consecutive pulsing. 
Depending on the ablation mechanism prevailing throughout incu
bation, crater-sizes signi1cantly increase in case of phase explosion, 
by which they tend to merge with the primary pattern at low 
primary/sub-pattern feature size ratio especially in the mid-6uence 
regime. In the case of spallative ablation, the mesh-like sub-pattern 
may transform into LSFL at higher pulse counts in the low-6uence 
regime. Alteration of crater morphology is governed by polariza
tion dependent reshaping similar to LSFL formation and alignment 
along primary pattern scales in case of suf1ciently high aspect ratios.  

• Alongside primary and sub-pattern formation, beam polarization has 
been shown to also impact initial absorption in relation to the partial 
beam incidence angle. This leads to polarization speci1c ablation 
ef1ciency in inverse relation to the actual difference in interference 
modulation between s-pol and p-pol. This effects scales higher with 
decreasing pattern scale due to enhanced single beam incidence 
angles [36], by which single and multi-pulse ablation thresholds 
effective in USP-DLIP patterning scale above in case of p-pol and 
below the corresponding values calculated using incubation models 
relating on Gaussian spot experiments, in case of s-pol. According to 
these 1ndings, single beam interaction with the substrate surfaces 
also impacts DLIP processing alongside interference pattern forma
tion, which has not been considered, so far. 

In summary, pattern geometry and morphology formation on Cu in 
response to USP-DLIP underlies a complex interplay of mutually inter
acting multi-pulse agglomeration effects impacting the development of 
both primary and sub-pattern. Based on our 1ndings, polarization 
dependent locally increased absorptance alongside topographic and 
chemical surface modi1cation plays a similar critical role as intensity 
pattern modulation by interference. Hence, laser/material interaction in 
USP-DLIP is de1ned by the superposition of both intensity and absorp
tance modulation alongside multi-pulse processing, which as well affects 
initial surface and partial beam properties. By determining the impact of 
the individual agglomeration effects related to the speci1c optical and 
physical properties of Cu, these 1ndings can be used as a foundation to 
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improve the understanding of multi-pulse USP-DLIP of other metallic 
materials, as well. Using this knowledge, increased precision in targeted 
micro- and nanometer scaled surface pattering via laser interference 
inducing higher impacts of surface functionalization in the manifold 
application areas previously mentioned can be realized. 
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Abstract: 

Topographic surface patterning in the micro- and nanometer scale has evolved into a well applied 

approach in surface functionalization following biomimetic blueprints from nature. Depending on the 

production process an additional impact of process-related substrate modification has to be considered 

in functional surface optimization. This is especially true in case of antimicrobial applications of Cu 

surfaces where a modification of the substrate properties might impact bactericidal efficiency. In this 

regard, the effect of ultrashort pulsed direct laser interference patterning on the microstructure of pure 

Cu and resulting antimicrobial properties was investigated alongside line-like patterning in the scale of 

single bacterial cells. The process-induced microstructure modification was shown to play an 

important role in corrosion processes on Cu surfaces in saline environment, whereas the superficial 

microstructure impacts both corrosive interaction and ion emission. Surprisingly, antimicrobial 

efficiency is not predominantly following deviating trends in Cu ion release rates but rather depends 

on surface topography and wettability, which was shown to be impacted by the substrate 

microstructure state, as well. This highlights the need of an in-depth understanding on how different 

surface properties are simultaneously modulated during laser processing and how their interaction has 

to be designed to acquire an effective surface optimization e.g. to agitate active antimicrobial surface 

functionalization. 
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Introduction: Topographic surface patterning in the micro- and nanometer
scale has evolved into a well applied approach in surface functionalization
following biomimetic blueprints from nature. Depending on the production
process an additional impact of process-related substratemodiţcation has to be
considered in functional surface optimization. This is especially true in case of
antimicrobial applications of Cu surfaces where a modiţcation of the substrate
properties might impact bactericidal eťciency.

Methods: In this regard, the eŢect of ultrashort pulsed direct laser interference
patterning on the microstructure of pure Cu and resulting antimicrobial
properties was investigated alongside line-like patterning in the scale of single
bacterial cells.

Results and Discussion: The process-induced microstructure modiţcation was
shown to play an important role in corrosion processes on Cu surfaces
in saline environment, whereas the superţcial microstructure impacts both
corrosive interaction and ion emission. Surprisingly, antimicrobial eťciency
is not predominantly following deviating trends in Cu ion release rates but
rather depends on surface topography and wettability, which was shown to
be impacted by the substrate microstructure state, as well. This highlights the
need of an in-depth understanding on how diŢerent surface properties are
simultaneously modulated during laser processing and how their interaction has
to be designed to acquire an eŢective surface optimization e.g., to agitate active
antimicrobial surface functionalization.
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1 Introduction

While the need for improved decontamination measures
has become painfully aware to the public during the recent
pandemic, bioĕlm prevention has already been an increasing
issue in numerous technical and medical applications before. In
2019, the damage caused by bioĕlms was estimated to run up
to 4,000 billion USD, majorly comprising technical impairment
with a share of approx. 66% solely related to corrosion and 20%
to the health sector (Cámara et al., 2022). In parallel, bioĕlm
related health issues become increasingly severe with the ongoing
emerge of antimicrobial resistances in pathogenic microorganisms,
where multi-resistant bacteria have even been found in the most
remote habitats (Sobisch et al., 2019).

Concepts to control the microbial load of technical and hygienic
surfaces has been in the focus of research for decades aiming to
prevent severematerial deterioration aswell as a spread of pathogens
in multiple environments (Mikolay et al., 2010; Zea et al., 2020;
Siems et al., 2022). će most common approaches on antimicrobial
surfaces are following a strategy of either contact guiding up
to repulsion to avoid initial microbial seeding or active killing
mechanisms. Periodic surface patterns that scale slightly below
single bacterial cells have been found to reduce the overall bacterial
surface loads for certain tested bacteria strains (Peter et al., 2020).
ćis has been shown to be most eČective against several gram-
negative bacteria species, whereas a universal applicability of the
repelling topography eČect cannot be established (Fadeeva et al.,
2011; Epperlein et al., 2017). Following the natural blueprints of
topographies found on dragonĘy and cicada wings, nm-scaled
surface asperities can also be designed to induce a rupture
of bacterial cell membranes (Tripathy et al., 2017). However, a
supporting role of secondary functional surface properties such
as wettability, which introduces attractive forces or external drag
has to be considered here to drive the mechanical mode of
action (Tripathy et al., 2017; Boinovich et al., 2018). Such physico-
chemical surface properties have in fact repeatably been shown to
be highly involved in bacteria/surface interaction (Pratt and Kolter,
1998; Kimkes and Heinemann, 2020; Maikranz et al., 2020).

Applying active antimicrobial agents like Copper (Cu) and
Silver (Ag), the state of the surface has to be similarly considered
since the deactivation of adherent microorganisms is directly
related on the quantitative emission of toxic ions (Hans et al., 2014;
Meister et al., 2022). On Cu surfaces, eČective ion emission has been
shown to be negatively aČected by thermally induced oxide layers,
with a corresponding decrease in antimicrobial eďciency against
Escherichia coli (Hans et al., 2013). A similar eČect was observed
on Cu based surfaces aęer diČerent methods of laser processing,
whereas a change in alloy stoichiometry could also be determined to
play an important role (Boinovich et al., 2019; Ahmed et al., 2023).
Variations in surface ĕnishing on pure Cu surfaces has been shown
to cause diČerent states of surface deformation and grain ĕning
down to nm-scaleswhere antimicrobial eďciency could be impacted
by enhanced Cu ion release. Here, the superĕcial microstructure of
Cu has been shown to be modiĕed by polishing routines (Luo et al.,
2019a), surface processing via spray-coating and shot peening
(Razavipour et al., 2022). Consequently, rapid bacterial killing rates
onCu surfaces have recently been achieved by an signiĕcant increase

of initial Cu emission by means of a porous surface design that aims
for a high surface/volume ratio (Smith et al., 2022).

Further approaches to improve antimicrobial properties of Cu
surfaces aim for a combination of the active toxicity induced
killing eČect with e.g., mechanical surface functionalization by
involving the surface concepts of dragonĘy or cicada wings
(Emelyanenko et al., 2020; Yi et al., 2021). However, the gain of the
additional mechanic killing eČect is associated with losses in Cu ion
release due to the chemical surface modiĕcation of the structuring
methodology used (Hans et al., 2013; Boinovich et al., 2019).

In a recent study, the antimicrobial eďciency of Cu surfaces
against E. coli have been improved by applying periodic surface
patterns in the scale of single bacteria cells via ultrashort pulsed
direct laser interference patterning (USP-DLIP) (Müller et al.,
2021). Increased bactericidal activity was associated with both
topographic and physico-chemical surface modiĕcation, where
a process-induced impact on the substrate properties was
also evident. ćis antimicrobial surface concept is currently
investigated in the ISS Ęight experiments BIOFILMS and
Touching Surfaces (Siems et al., 2022). In this context, the objective
of this study is to provide a detailed analysis of how USP-DLIP
processing alters the functional surface properties of Cu surfaces,
whichmay be associatedwith their active antimicrobialmechanisms
with a particular focus on crystallographic substrate modiĕcation.
Analyzation involves X-ray diČraction (XRD), energy dispersive
X-ray spectroscopy (EDS) and electron back-scatter diČraction
(EBSD) aside of diČerent imaging modes of scanning electron
microscopy (SEM) including focused ion beam cross-sectioning
(FIB-SEM). Assessment of the resulting functional surface
properties is conducted via contact angle (CA) measurement and
wet plating experiments monitoring the antimicrobial properties
against E. coli. će dissection of process-induced inĘuences on the
superĕcial microstructure and related antimicrobial activity allows
for an improved comprehension of the complementing eČects of
the various functional surface properties impacted by USP-DLIP to
further enhance antimicrobial eďciency of Cu surfaces.

2 Materials and methods

2.1 Material preparations and USP-DLIP

Oxygen-free Cu (>99.95% purity, provided in sheets of 1 mm
thickness from Wieland, Germany) was cut to coupon sizes of
10 × 25 mm2. Surface ĕnishing of the Cu samples was executed
following a stepwise procedure involving ĕne grinding on 1200
grit silicon carbide paper and polishing by three consecutive steps
(6 μm, 3 μm, 1 µm diamond suspension with decreasing pressure of
15 to 10 N) that results in a roughness Ra < 10 nm. Between each
polishing step, a thorough cleaning with distilled water and ethanol
is conducted to remove suspension remnants. At this point, one
share of the as-polished samples additionally underwent annealing
for 12 h at 450°C and 10–7 mbar in a vacuum furnace followed by
electropolishing [as described in (Lößlein et al., 2021)] to provide
Cu substrates without microstructure deformation from cold-roll
processing of the Cu sheets and mechanical surface deformations
from polishing. Another share of both as-polished and annealed

Frontiers in Materials 02 frontiersin.org

https://doi.org/10.3389/fmats.2024.1397937
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Müller et al. 10.3389/fmats.2024.1397937

FIGURE 1
(A) optical Setup used for USP-DLIP: 1 laser source, 2 aperture, 3 waveplate, 4 DOE, 5 lens system, 6 sample on x-, y- motion stage. (B) intensity pattern
resulting from two beam interference. (A, B) have been adapted with permission from Müller et al. (2020a). (C) SEM image of USP-DLIP patterned
surface in SE contrast at 52° sample tilt.

samples is held back to be used as refence surfaces in the further
experiments.

Topographic surface patterning was conducted via USP-DLIP at
a pulse duration τp of 100 fs at Full Width Half Maximum (FWHM)
and centered wavelength λ of 800 nm using a Ti:Sapphire laser
system (Spitĕre, Spectra Physics). In the opticalDLIP setup illustrated
in Figure 1A (Müller et al., 2020a), a wave plate is used to adjust
the polarization of the seed beam, which is further separated into
two partial beams by a diČractive optical element (DOE). A multi-
lens system ĕnally superimposes the separated partial beams on
the substrate surface. ćis induces two-beam laser interference in
which the individual beams are p-polarized in orientation to the
line-like interference pattern (illustrated in Figure 1B). će setup
of both the DOE and multi-lens system adjusts the single beam
incidence angleϴ, by which the pattern periodicity P can be deĕned
according to Eq. 1.

p = λ
2 sin (θ) (1)

In this study, a partial beam incidence angle of ϴ = 7.66° was
applied resulting in a ĕxed pattern periodicity of 3 µm. Cu surfaces
were processed by scanning the sample surface in continuous
pulsing mode at a Ęuence of 2.1 J/cm2 and 1 kHz pulse frequency.
će pulse overlap was tuned to a spatially agglomeration pulse count
of N = 10 by adjusting x- and y-hatching according to (Müller et al.,
2020a). će resulting surface topography is shown in Figure 1C).

Both as-polished as well as annealed Cu samples underwent
USP-DLIP processing (laser structured LS and heat treated before
laser structuring HT-LS), from which a third share of LS
samples is extracted to be annealed as described above. ćis
results in topographically patterned surfaces without mechanically
deformed microstructure (laser structured, then heat treated, LS-
HT). Process-induced surface oxidation of the USP-DLIP samples
was removed for half of the sample batches via immersion
etching in 3% citric acid for 1 minute in an ultrasonic bath

[according to (Müller et al., 2020b)].ćis further allows analyzation
in an as-processed and naturally passivated surface state aęer
etching (LS-E, HT-LS-E, and LS-HT-E).

From this procedure, a matrix of Cu surface states is gained that
vary in topography, microstructure and the oxidic passivation layer
(listed in Table 1), which allows for investigation on their individual
impact on antimicrobial surface properties.

2.2 Surface wettability

Contact angle (CA) measurements were conducted on
each sample type listed in Table 1 aęer 3 weeks of aging in
ambient conditions. In this passivation state, surface wettability
alteration aęer surface treatment via mechanical/electro-polishing,
annealing or USP-DLIP processing can be considered as mostly
stabilized (Lößlein et al., 2022). će static contact angle of distilled
water was monitored in triplicates at a ĕxed droplet volume of 3 µL
by means of a Drop Shape Analysator DSA 100 (Krüss GmbH).
će CA was measured both in orthogonal and parallel sample
orientation to also include anisotropic droplet propagation in case
of the line-like surface patterns.

2.3 Wet plating

Escherichia coli K12 WT(BW25113) was cultured according to
the protocol provided by Molteni et al. (2010) by aerobic overnight
growth in Lysogeny broth (LB) medium at 37°C and 220 rpm
shaking speed. će stationary cells were collected from 5 mL
culture medium by centrifugation for 15 min at 5000 × g. će ĕnal
bacteria testing solution (BTS) was gained by washing the collected
cells in three similar consecutive centrifugation steps followed by
resuspension, each in 5 mL of phosphate buČered saline (PBS) with
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TABLE 1 Surface states of the diŢerent sample types.

Sample type Topography Microstructure Passivation layer

polished
Ęat

cold-roll + polishing deformation natural

annealed without microstructure deformation natural

LS

patterned in relation to single bacterial cell size

cold-roll + polishing deformation + USP-DLIP induced
surface defects

USP-DLIP induced

LS-E natural

HT-LS
only USP-DLIP induced surface defects

USP-DLIP induced

HT-LS-E natural

LS-HT
without microstructure deformation

aęer annealing (10–7 bar)

LS-HT-E natural

a pH value of 7.4.će initial average cell count following this routine
ranges in the scale of 9 log CFU/mL. Prior towet plating, the bacteria
were stored at 4°C on Agar plates, which were provided by the
group of Prof. Rolf Müller from the Helmholtz Centre of Infection
Research, Saarbrücken.

To enable a homogeneous exposure area on the individual
samples despite heterogeneous surface wetting properties, droplets
of 40 µL of the BTS were applied in predeĕned areas within
polyvinyl chloride (PVC) rings exhibiting an inner circular
diameter of 5 mm (Müller et al., 2021). će slightly hydrophobic
PVC prevents BTS from spreading on hydrophilic and facilitates
droplet covering of the predeĕned area on hydrophobic surfaces.
During the experiment, the samples were stored in water saturated
environment at ambient temperature. Aęer three exposure intervals
of 30, 60, and 90 min, two doses of 5 µL were withdrawn probing
a diČerent droplet for each interval. Surface adherent bacteria
were resuspended by vigorous pipetting in parallel orientation to
the surface pattern to avoid bacterial retention by topographic
shadowing within the pattern valleys. Assessment of the viable
bacterial cell numbers was conducted by the standard plate count
method following serial 2 log dilution of a single 5 µL BTS dose
in PBS and spreading on LB agar plates. To enable counting of
the remaining colony forming units (CFU), the inoculated agar
plates were incubated overnight at 37°C and 80% moisture. će
second 5 µL dose was diluted 600-fold in 0.1% HNO3 followed
by analyzation via inductively coupled plasma triple quadrupole
mass spectrometry (ICP-QQQ, Agilent 8900) to determine the Cu
ion concentration within the BTS corresponding to the parallelly
monitored CFU values.

Complementary to BTS exposure, a second set of wet plating
experiments was conducted utilizing PBS solution without E. coli
to assess diČerences in corrosion behavior of the individual surface
states related to the presence of bacteria.

2.4 Characterization

Characterization of the USP-DLIP surface topography was
conducted by means of confocal laser scanning microscopy (LSM)

utilizing a LEXT OLS4100 3D Measuring Laser Microscope by
Olympus (50× lens, 2x and 6x increased magniĕcation, laser
wavelength 405 nm) to assure conformity of the patterned sample
types. Detailed analysis of the individual surfaces was applied via
scanning electron microscopy (SEM) including characterization
in both secondary and back-scatter electron contrast (SE, BSE)
as well as focused ion beam cross-sectioning (FIB) and electron
back-scatter diČraction (EBSD). High-resolution SE imaging in
immersion mode was used for both surface and cross-section
imaging using the system´s in-lens detector (Helios Nanolab600
by FEI). Analyzation involved both the initial surface state as
well as corrosion damage and passivation layer formation aęer
exposure within the wet plating experiments. For FIB cross-
sectioning, the investigated surface site was covered with a
protective layer of electron and ion beam induced Pt-deposition
to prevent ion-induced degradation of the substrate surface. An
additional contrast layer of ∼10 nm Au80Pd20 was previously
applied via sputter coating to distinguish between original
surface features and the Pt-layers (highlighted in Figure 2A).
Measurement of passivation layer thickness was conducted using
ImageJ (FiJi) (Schneider et al., 2012). BSE imaging by means of
a solid-state detector was used in combination with EBSD to
visualize the sub-surfacemicrostructurewithin single cross-sections
(Helios PFIB G4 CXe by ćermo Fisher). For both SE and BSE,
an acceleration voltage of 5 kV was applied. Surface imaging
in SE contrast was conducted at a sample tilt of 52° degree
for improved visualization of topographical features. FIB cross-
sectioning was executed at 30 kV beam current for both Ga- and
Xe-ion beams. EBSD measurements were carried out at 20 kV
acceleration voltage and a beam current of 26 nA using a high-
speed CMOS camera (Velocity Super by EDAX) set to a 4 × 4
binning. For EBSD analysis, neighboring domains were measured
on a hexagonal grid with a step size of 50 nm. EBSD patterns were
recorded and processed using the Neighbor Pattern Averaging
and Reindexing (NPAR) algorithm in OIM Analysis 8.6 soęware
by EDAX to improve indexing rate and reduce orientation noise.
ćereaęer, lattice planes oriented parallel to the cross-section
surface were extracted. From the data, both Inverse Pole Figure
(IPF) maps in relation to the sample normal of the analyzed surface
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FIGURE 2
SEM analysis of sample microstructure for the diŢerent surface states via FIB cross-sectioning, utilizing SE imaging for (A) as-polished and (B) annealed
reference surfaces, as well as BSE imaging for (C) LS, (D) HT-LS and (E) LS-HT samples. Both IPF-Maps and KAM-maps from EBSD analysis are displayed
in (F, I) for LS, (G, J) for HT-LS and (H, K) for LS-HT. Red and blue arrows in (G, H) highlight superţcial domains of rearranged crystal orientation. The
scale bars in (B, E) apply uniformly to the reference and USP‑DLIP surfaces, respectively.

and Kernel Average Misorientation (KAM) relative to the next
neighbors were taken for depth related analyzation of superĕcial
deformation states.

To assess the initial as well as the post-exposure phase
and grain deformation state of the diČerent surface types, X-
ray diČraction (PANalytical X’Pert PRO-MPD) utilizing Cu Kα
radiation was applied in both Bragg-Brentano (BB-XRD) and
grazing incidence (GI-XRD) geometry at a grazing angle of 1°
with a Goebel mirror as primary optics. In these parametrizations,
95% of the measured signal is originating from substrate depths
of approx. 12 μm (Cu 111) to 24 µm (Cu 311) in case of BB-
XRD and <1.1 µm for GI-XRD according to Cullity and Stock
(2001). će diČraction plane was oriented parallel to the line-
like patterns to avoid topographic shadowing of the valley surface
compartments.

3 Results and discussion

3.1 Initial surface state

će initial surface state of the individual sample types was
analyzed by means of SEM/FIB - USP-DLIP processed samples
additionally underwent EBSD analysis - as well as BB-/GI-XRD and
CAmeasurement to determine both crystallographic and functional
surface properties. In case of the reference surfaces, SE imaging of
FIB cross-sections displays a deformation layer of approximately
500 nm depth (496 ± 238 nm) in case of the mechanically
polished Cu surface, which is absent on the additionally annealed
samples (see Figures 2A, B).

Based on the DLIP parametrization chosen, line-like surface
patterns have been generated on the diČerently pretreated Cu
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surfaces that exhibit trench widths of approx. 2.13 ± 0.09 µm and
depths of approx. 0.97 ± 0.1 µm. će applied Ęuence of 2.1 J/cm2

induces substrate ablation dominated by phase explosion kinetics,
which was previously been shown to impact the superĕcial substrate
crystallography by mechanically as well as thermally induced defect
implantation (Xiong et al., 2017; Müller et al., 2023). će resulting
laser induced modiĕcation of the substrate microstructure was
visualized via FIB cross-sectioning by means of the orientation
contrast in BSE imaging as well as EBSD. Cross-sections of LS
samples exhibit intragranular orientation gradients that can be
related to the cold-rolled state of the Cu sheets. će annealed
sample types HT-LS and LS-HT do not show variations in
intragranular orientation contrast but a marginally increased grain
size, instead (compare Figures 2C–E). In the surface vicinity of
HT-LS samples, a deformation layer originating from USP-DLIP
processing is exhibited, which intersects with the intragranular
contrast alterations of the cold-rolled substrate in case of LS.
Accordingly, a comparable microstructure state can be observed in
the micropatterned surface areas for LS and HT-LS surface types
via EBSD examination. ćis is indicated both by color-gradients
in IPF-mapping, as well as low angle orientation misorientations
visualized in KAM-maps that can be related to geometrically
necessary dislocations (GND) (displayed in Figures 2F, G, I, J).
In contrast, ultimately annealed LS-HT surfaces do not exhibit
misorientations within the bulk substrate. Here, EBSD analysis of
both LS and HT-LS samples indicates a predominant impact of laser
processing on the superĕcial microstructure state that additionally
adds to preexisting deformation layers. In superĕcial areas, minor
domains of crystallographic reorientation can additionally be
observed in IPF-mapping (examples marked in Figure 2G with
red arrows). Smaller domains of rearranged crystal orientation
of previously deformed surface compartments during annealing
are visible within the topographic surface features of the LS-HT
sample type in Figure 2H (blue arrows). In the LS-HT cross-
sections, misorientations determined via KAM are limited to the
pattern surfaces without loop shaped progressions into the substrate
interior, which indicates a possible link to boundary artifacts of the
misorientation measurement on the intersection between substrate
surface and covering layers of Pt (Figure 2H).

Monitoring the texture state of the diČerently processed near
surface volumes via BB-XRD reveals a predominant peak intensity
for 200 oriented lattice planes parallel to the surface that is linked
to the cold-rolled initial Cu surface state (see Figure 3A). Annealing
does not impact this characteristic texture, whereas a slight increase
of the Cu 111 integral intensities can be observed in comparison to
the LS and polished reference surfaces. Based on these observations,
USP-DLIP processing does not appear to have a signiĕcant eČect on
the state of bulk Cu microstructure in depths >12 µm. A process-
related impact on functional substrate properties might therefore be
predominantly related to superĕcial defect implantation in smaller
depths. With a shallower signal depth of approx. 1.1 µm (95% of the
signal intensity), peak dominance shięs to Cu 220 in GI-XRD with
a more pronounced deviation between the diČerent surface states
(visible in Figure 3B). For both polished and LS samples, Cu peak
integral intensities scale as 111 < 200 < 220 in similar magnitude.
ćis characteristic relation is ampliĕed aęer annealing with a
preferential increase of the 220 intensity as visible for LS-HT samples
as well as the annealed reference. Since the sample irradiation angle

is ĕxed in GI-XRD, the measured spectrum does not show grain
orientation distribution in parallel orientation to the sample surface,
whereas diČerent mostly complex indicated orientations contribute
to the individual peaks. However, in the GI-parametrization applied
here, Cu grains with a preferred crystal orientation 111 parallel
to the substrate surface exhibit a 220 plain orientation that might
contribute to the GI-Cu 220 signal due to a close angle relation. By
this, the increase of the Cu 111 peak in BB-XRD analysis might
at least partially contribute to the increasing Cu 220 dominance
in GI-XRD for annealed Cu surfaces. USP-DLIP processing of
annealed surfaces in case of HT-LS again induces higher 111
and 200 signals in GI-XRD, however with inverted relation in
comparison to polished and LS surfaces, which might be linked
to crystallographic adaption mechanisms like twinning following
plastic deformation (Vincenc Oboňa et al., 2014; Zhao et al., 2014;
Xiong et al., 2017).

Comparing the individual laser processed surface states
before and aęer immersion etching exhibits a neglectable impact
of post-processing on Cu substrate crystallography, while the
previously visible Cu2O 111 peak related to process-induced
oxidation vanishes for LS and HT-LS samples (visible in Figure 3B).
Peak broadening can already be observed visually for polished
in comparison to annealed reference surfaces in Figure 3B
with relation to a higher deformation state, similarly applicable
in LS, HT-LS vs. LS-HT comparison. Considering the peak
width deviation at FWHM between the individual deformed
surfaces states, peak broadening can be observed for the USP-
DLIP processed sample types LS and HT-LS compared to
the polished reference indicating a higher overall deformation
state (see Figure 3C). će annealed USP-DLIP samples LS-HT
and LS-HT-E exhibit higher peak broadening than the respective
annealed reference sample as well, but scale below the polished
reference.

će impact of microstructure modiĕcation aside of topographic
remodeling during USP-DLIP on functional surface properties
was assessed by CA measurements aęer 3 weeks of aging under
ambient conditions. At this stage, surface passivation involving
monolithic oxide growth and agglomeration of carbon species
can be assumed to have reached mostly stabilized conditions.
In case of the line-like USP-DLIP surface topographies, wetting
behavior can be assessed by both the quantitative CA values
and droplet shape anisotropy. Due to the pattern geometry,
droplets tend to get pinned on the pattern peaks, while they
can extend along the pattern trenches with lesser topographic
resistance leading to an elongation parallel to pattern orientation
in case of higher hydrophilicity. Accordingly, a mild CA drop in
orthogonal orientation to the pattern is always accompanied by
increasing droplet anisotropy, since the simultaneous decrease
in parallelly oriented CA is more signiĕcant. Comparing surface
wettability of the diČerent patterned surface states indicates
a dominant impact of laser-induced substrate modiĕcation,
whereas both the LS and HT-LS sample types exhibit high
CA and low anisotropy close to the super-hydrophobic wetting
regime, while LS-HT surfaces exhibit lower hydrophobicity
accompanied by increasing droplet anisotropy, as visible in
Figure 3D. Immersion etching also aČects surface wettability
indicated by decreasing CA, however with a lower impact
compared to laser-induced substrate deformation. će eČect of
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FIGURE 3
Results of the XRD analysis of initial crystallographic surface and substrate states via (A) Bragg-Brentano and (B) Grazing Incidence. (C) comparison of
peak broadening in GI-XRD between the diŢerent surface types represented by peak width data at FWHM. (D) surface wettability of the individual
surface types monitored via CA measurement.

crystallographic defect density on CA can also be seen for the
reference surfaces, however on a signiĕcantly lower scale. Based
on this, process induced microstructure modiĕcation alongside
USP-DLIP appears to play an at least similarly important role
in modifying surface wettability than the actual topographic
surface modiĕcation. A recent study observed similar relations
between the superĕcial defect state of Cu substrate microstructure
and surface wetting in case of polished surface topographies
where a quicker increase in hydrophobicity was linked to higher
chemical activity of surfaces that exhibit higher defect densities
(Lößlein et al., 2023).

3.2 Antibacterial eťciency against E. coli

Wet plating was conducted on samples that underwent 3 weeks
of aging under ambient conditions corresponding to the functional
surface properties previously described. će intervals for probing
were selected to enable continuous monitoring of the reduction
in bacteria viability, while still detecting a count of viable bacteria
aęer the longest exposure duration on most surfaces. ćis approach
intends to enable a better comparison of antimicrobial eďciency
between the diČerent Cu surfaces despite deviating interaction
under BTS exposure.

Each of the Cu surfaces exhibit high antimicrobial properties,
with a >99.9% reduction of viable bacteria cell count already
being assessed aęer 60 min of exposure independent of the surface
preparation routine (see the line graph in Figure 4A). Within this

time interval, contact killing on USP-DLIP surfaces is surpassing
the references leading to ĕnal CFU reduction rates aęer 90 min that
scale between one and three orders of magnitude higher (indicated
by the bar graph in Figure 4A). Comparison of CFU reduction
between as-processed and immersion etched samples exhibit
higher antimicrobial eďciency of the former within the diČerently
processed USP-DLIP surface types. LS and immersion etched HT-
LS samples exhibit an initial lag phase within the ĕrst 30 min of
exposure that shows an inverted relation to their respective CA-
values. A similar eČect was previously monitored in a comparable
experiment, where lower initial CFU reduction was linked to
yet developing surface wetting on highly hydrophobic surfaces
which delays initial bacteria/surface contact (Müller et al., 2021).
Both LS-HT sample types do not show this initial lag phase,
where lower CA values and high droplet anisotropy indicate an
early initial surface wetting in the Wenzel state. However, the as-
processed HT-LS samples do not seem to follow this relationship.
ćey exhibit initial killing rates that indicate well-expressed initial
surface wetting in contrast to the high CA values measured.
Considering the diČerent bacteria/surface contact states in the initial
experiment phase due to a still developing surface wetting of the
BTS droplet on USP-DLIP samples, CFU values aęer 90 min of
exposure might provide the most suitable indication of actual
diČerences in bacterial killing of the diČerent surface states. Here,
CFU reduction levels are of the same order of magnitude between
the majority of laser processed surface types, with reduction rates
normalized to similar surface/area ratio that scale between 2.5 and
7.5 times higher than the reference surfaces (bar graph in Figure 4A).
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FIGURE 4
Graphical reproduction of the results from the wet plating experiments on the diŢerent sample types: (A) Bacterial killing monitored via the assessment
of the viable cell count (CFU) after 30, 60 and 90 min of exposure (line graph), with a normalization of the assessed data to homogeneous surface
ratios representing the time dependent killing rate (bar graph). (B) parallelly detected Cu ion release (line graph), also normalized in surface area and
time dependency (bar graph). The inlay graph represents Cu ion release measured for PBS exposure without inoculated bacteria.

Between the immersion etched surface states, the highest killing
eďciency measured is shięed from LS-HT to LS between 60
and 90 min of exposure, which is however not observed for the
as-processed samples. It has to be mentioned that the abrupt
decrease of measured CFU for both HT-LS and LS-HT aęer
90 min of exposure is most likely linked to the close vicinity of
the measured values to the detection limit of the CFU counting
methodology for low amounts of viable bacteria. ćereby, the
actual viable bacterial count might range closer to the values of
the LS surface type in a similar relation like the deviation range
between the ĕnal CFU values of the immersion etched USP-DLIP
surface types.

In contrast to the variable progression of the CFU values, Cu ion
release exhibits an almost stable ratio between the diČerent surface
types throughout extended exposure. Normalizing the measured
values to surface area ratio and exposure time, a slight decline in
the Cu release rate over time can be uniformly visualized which is
most pronounced for HT-LS samples aęer 30 min of exposure (see
Figure 4B). će quantitative Cu emission throughout BTS exposure
scales higher on USP-DLIP surfaces in comparison to the smooth
references (represented in the line graph in Figure 4B). Here, as-
processed USP-DLIP surfaces tend to exhibit a higher Cu ion
release compared to their immersion etched counterpart, where
in each case ion emission measured on LS and HT-LS surfaces
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appear to be closely related. će normalized values presented in the
bar graph of Figure 4B reveal a lower µM/cm2 relation of both USP-
DLIP surface types to the reference surfaces. LS-HT surfaces in turn
exhibit the highest overall ion release values both with and without
surface/area ratio normalization, bywhichCu ion release in µM/cm2

scales as LS-HT > references > LS, HT-LS.
Surface exposure to PBS without inoculated bacteria exhibits

an inverted relation of Cu emission between the USP-DLIP and
reference samples, whereas LS-HT surfaces retain high release values
close to the references (visible in Figure 4B inlay).ćeCu ion release
measured on the as-polished and annealed reference samples is
inverted, as well. će barely observable decline in Cu ion release
aęer 30 min of exposure to BTS is well pronounced in case of PBS
exposure, especially on LS and HT-LS surfaces. će overall quantity
of ion release accumulated aęer 90 min of exposure remains below
the values of BTS exposed surfaces with a two-fold decrease for the
reference and a 3.3 to 5 fold decrease for theUSP-DLIP surface types.

će monitored diČerence in Cu emission with and without
bacteria inoculation highlights a catalytic eČect of bacterial
presence on corrosive processes on Cu surfaces, independent
of the deformation state of the superĕcial microstructure or
surface wettability. Similar observations have previously been
made (Luo et al., 2019b; Emelyanenko et al., 2020), where Luo et al.
(2019b) stated that bacteria play an active role in Cu corrosion by
draining the solution of Cu ions, which impairs the formation of
oxides and thus surface passivation. ćis has also been linked to an
alteration in quantitative ion release in a previous work, where USP-
DLIP samples exhibits a higher surface passivation than mirror-
polished surfaces under exposure to pure PBS (Müller et al., 2021).
A similar relation can be found in the results presented in Figure 4B,
where Cu ion release measured under exposure to PBS with
and without bacteria inoculation exhibits an alteration that is
more pronounced for USP-DLIP surfaces than the corresponding
behavior on reference surfaces. Quantitative Cu emission is similar
betweenUSP-DLIP surfaces, but in inverted relation to the reference
surfaces. Here, Cu ion release between LS and HT-LS samples can
be assumed to follow similar corrosion mechanisms due to closely
related values in both experiments. će combination of a lower Cu
ion release rate under BTS exposure, as well as continuously reduced
emission in contact to pure PBS observed on these surfaces indicates
increased passivation capacities in comparison to both LS-HT and
the reference surfaces.

Aside of a uniform increase, bacterial killing does not present
a clear relation to actual Cu ion release on the topographically
patterned surfaces. Although having the second highest Cu
emission, immersion etched LS-HT samples exhibit the lowest CFU
reduction rate aęer 90 min of exposure. On the other hand, the
relation of bacterial killing between LS and HT-LS in the immersion
etched state is closely linked to the corresponding ion emission
slopes, while the overall diČerence in contact killing between as-
processed and immersion etched surface states extends in the same
way to their ion release ratios, as well. Here, the high initial killing
on as-processed HT-LS also corresponds to a peaking Cu ion
release rate within the ĕrst 30 min of BTS exposure. In similar
relation, the higher killing rates on as-polished in comparison to
annealed reference surfaces are paralleled by a slightly higher Cu ion
release. će diČerences in bacterial killing aęer 90 min of exposure
appear to be more consistently related to the corresponding CA

values measured for the initial surface properties, rather than to
quantitative Cu ion release, apart from the LS-HT outlier. In fact,
hydrophobic wetting properties have previously been shown to
have a considerable impact on the antibacterial properties of USP-
DLIP surfaces (Müller et al., 2021).

3.3 Characterization of corrosion induced
surface modiţcation

Surface modiĕcation has been investigated via SEM/FIB aęer
90 min of exposure to assess the diČerences in corrosive interaction
under exposure to either BTS or pure PBS between the individual
surface types related to the variation of Cu ion release. Within the
FIB cross-sections, separation between the contrast of bulk Cu and
the Au80Pd20 layer allows to determine the localized thickness of
oxidic passivation layers, while surface deterioration by corrosion
is parallelly related to the underlying microstructure.

Corrosive surface modiĕcation of the reference surfaces has
been investigated prior to the USP-DLIP surfaces to gain a basic
understanding of the corrosion mechanisms occurring in relation
to the diČerences in the Cumicrostructure. Surface deterioration on
polished reference surfaces exposed to BTS includes the formation
of elongated pits along surface scratches and grain boundaries,
as well as smaller localized pits that are randomly distributed
on the surface (big/small red arrow in Figures 5A, C). FIB cross-
sectioning reveals a thin and unevenly distributed passivation layer,
which is locally interrupted at dominant corrosion sites. Localized
pitting appears to be linked to individual units of rearranged
crystal orientation within the superĕcial deformation layer of the
as-polished reference surfaces. Annealed reference surfaces exhibit
similar elongated corrosion pits, but an absence of randomly
localized pitting. Here, corrosive interaction appears to focus on
grain boundaries eventually including an intragranular attack of
single grains (red arrow in Figures 5B, D). će passivation layer
formed on annealed reference surfaces is slightly thicker with
a higher homogeneity compared to the polished references, but
similarly impaired at pitting corrosion sites.

Corrosion under PBS exposure without bacterial involvement
follows similar damaging mechanisms of scratch related and
randomized pitting in case of polished reference surfaces, while
grain boundaries are attacked on both surface types (red arrows
in Figures 5E, F, H, I). In both cases, the oxidic passivation layer
is thicker, but not homogeneously distributed. Protrusions of the
passivation layer are located within single grain domains and
especially on localized corrosion sites like grain boundaries. A
homogeneous oxide ĕlm can solely be determined for single grain
domains on annealed surfaces, where a pronounced intragranular
pitting can be determined on neighboring grains, as visible in
Figures 5F, I (well passivated grain domain is marked by light blue
arrows). On both surfaces, clusters of spherical particles can be
detected, which do not appear in similarly high concentration
during BTS exposure. EDX analysis reveals increased contents of
both oxygen and phosphorus (displayed in Figure 5G) indicating
the formation of cupric phosphate (Cu3(PO4)2) on Cu surfaces
due to the combined availability of dissolved oxygen, chloride
and phosphate-ions under PBS exposure in ambient conditions,
according to literature (He et al., 2015).
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FIGURE 5
SEM analysis of the surface modiţcation on smooth Cu surfaces after 90 min exposure to BTS and PBS: (A) polished and (B) annealed Cu surfaces
exposed to BTS that are supplemented by FIB cross-sections of the surface areas marked by the red arrows (C) polished, (D) annealed. (E) polished and
(F) annealed Cu surfaces exposed to PBS that are supplemented by cross-sections of individual surface features indicated by the diŢerent arrows (H)
polished, (I) annealed, red = pitting sites, blue = agglomeration of corrosion products, light blue = grain domain of annealed surfaces forming dense
passivation layers. (G) EDX analysis of the spherical corrosion products found on both polished and annealed surfaces after PBS exposure indicating
cupric phosphate formation. SEM images have been taken under 52° sample tilt. The dimension bars in each image account to 2 μm.

će grain speciĕc corrosion behavior observed on annealed
surfaces indicates the formation of galvanic microcells with
anodic and cathodic grain domains. ćis mechanism can be
driven by orientation related diČerences in corrosion resistance
or preferential epitaxial oxide growth as well as a combination of
both (Lapeire et al., 2013; Luo et al., 2019a). In case of annealed
Cu surfaces under PBS exposure, 100 oriented grain domains
have been observed to majorly act as cathodic sites, by which
neighboring grains undergo corrosive erosion where 111 oriented
grains were observed to exhibit the most pronounced degradation
(Lapeire et al., 2013). će deformed superĕcial microstructure
state of polished samples impairs the formation of such clearly
deĕned heterogeneous conditions, by which corrosion is rather
focusing localized weak spots of high defect energy (Nikfahm et al.,

2013; Miyamoto, 2016). Similar observations have previously been
made on ground and electro-polished Cu surfaces, where the
surface deformation state of the former increased localized pitting
corrosion, while grain orientation speciĕc corrosion could be
observed on the latter surface type (Luo et al., 2019a). Under
exposure to BTS, microcell formation on the Cu surfaces appears
to be modiĕed by the presence of bacteria, where no grain speciĕc
passivation behavior can be observed on the annealed surfaces,
while the overall passivation layer exhibits lower thickness for both
surface types. Former studies have shown that the re-accumulation
of dissolved Cu ions within protective oxide layers on smooth Cu
surfaces is largely suppressed by bacterial Cu scavenging (Luo et al.,
2019b). ćus, higher Cu release values measured alongside BTS
exposure can directly be related to both, a sustained high corrosive
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activity by prevention of surface passivation and parallelly increased
Cu levels bound within bacterial cells, which are withdrawn by
pipetting. će increased formation of cupric phosphate clusters in
pure PBS furthermore indicates an excess availability of free Cu ions
in vicinity to the substrate surface in the absence of bacteria.

će passivation layer formed on USP-DLIP samples under
BTS exposure exhibit low thicknesses akin to the refence samples
indicating similar impairment of surface passivation in the presence
of bacteria. In contrast, surface deterioration is less obvious on
USP-DLIP surfaces, where superĕcial pitting corrosion can only
be observed on LS and HT-LS sample types under BTS exposure.
Here, pitting corrosion sites are located within both the topographic
peaks as well as the valley regionsmostly related to grain boundaries
or complete corrosive removal of superĕcial grain domains. će
comparison between Figures 6A, C reveals that pitting sites in
valley regions tend to be covered by a superĕcial passivation
layer, while peak related pitting might also be detectable without
cross-sectioning mostly due to their exposed location (corrosion
sites are indicated by red arrows, the white arrows mark the
position of the cross-section taken). Small amounts of spherical
Cu phosphate particles can be observed on USP-DLIP surfaces
as well with a predominant relation to bacterial remnants (see
blue arrows in Figures 6A, C).

će impact of bacterial presence on surface passivation
is further emphasized by comparison to surface modiĕcation
on corresponding samples exposed to pure PBS, displayed in
Figures 6E–H. Both LS andHT-LS samples form a dense passivation
layer, which is homogeneously covering the surface. Pitting
corrosion sites cannot be determined in SEM analyzation but
are revealed by FIB cross-sectioning (an example is provided
in Figure 7E). In contrast, surface passivation appears to be
heterogeneously distributed on LS-HT surfaces. Here, surface oxide
agglomerates appear in separated rather spherical particles that tend
to connect by growth instead of a homogeneous layer. će localized
accumulations of surface oxide exhibit an increased thickness in
comparison to PBS-related passivation layers formed on LS andHT-
LS surfaces. Higher quantitative accumulation is observed on peaks
compared to valley regions, where yet non-passivated areas of theCu
surface remain uncovered between the agglomerated oxide clusters
(red arrows in Figures 6F, H).

An extended comparison between surface passivation under
BTS and PBS exposure as well as the initial surface state of the
diČerent sample types was conducted by means of FIB cross-
section analysis. Representative outtakes of the USP-DLIP related
data used in this investigation are illustrated in Figure 7 and
summarized in Figure 8A. Aside of both the as-processed LS and
HT-LS surfaces, initial oxide thickness of the diČerent surface types
ranges below 10 nm with slightly higher values on the USP-DLIP
samples. ćickness of the oxide layers on these surfaces further
increases alongside BTS and PBS exposure with a clear dominance
in PBS due to an unimpaired surface passivation, which is especially
striking for the LS-HT samples. ćese surfaces exhibit the largest
gap between BTS and PBS related oxide thicknesses.će high values
and standard deviation under PBS exposure are directly linked to the
heterogeneous passivation layer formed. će deviating distribution
of surface oxide indicates cathodic and anodic surface sites that
potentially form galvanic microcells, where resulting impairment of
surface passivation can be estimated to account for the continuously

high Cu ion release rate measured via ICP-QQQ. Full passivation
might be ĕnally attained on a later point aęer further oxide growth
but is not reached within the experimental time frame applied here.
će formation of oxide clusters ismajorly suppressed in the presence
of bacteria.

In case of PBS exposure, the passivation layer of HT-LS samples
is similar to the reference surfaces, će oxide thickness of LS
samples tend to range higher but in similar scale to single cathodic
grain domains of annealed reference surfaces. Here, the reduced
Cu ion release measured on USP-DLIP surfaces indicates higher
surface passivation in comparison to the correspondingCu emission
of the reference samples, although the measured oxide thickness
accounts to similar values aęer 90 min of PBS exposure. In parallel,
a deviating passivation behavior is observed on as-processed LS and
HT-LS surfaces between BTS and PBS exposure. će high initial
valuesmeasured for these samples are related to the localized surface
extension of the Ęake-like surface oxide accumulated during laser
processing (compare Figures 7A, B, M, N). Destabilization of these
oxide agglomerations might be assumed to occur during annealing
and under BTS exposure, where both as-processed LS and HT-LS
surfaces exhibit a decline in oxide layer thickness, while remnants
of this oxide structures could not be observed in SEM-analysis
aęer each treatment (see Figures 7A–D, M–P and as-processed HT-
LS in Figures 7Y, Z). A dissolution of the Ęake-like surface oxide
structures under BTS exposure might be related to the diČerence in
Cu ion release between the as-processed and etched surface types,
as well as the high initial Cu release peak aęer 30 min of exposure
on as-processed HT-LS samples. It can be assumed that the rapid
removal of these substructures has a parallel eČect on functional
properties such as surface wettability, which is emphasized by the
extended gap between CA of HT-LS surfaces in as-processed and
immersion etched surface state. će resulting accelerated surface
wetting appears to account for the absence of a CFU reduction lag
on as-processed HT-LS samples within the ĕrst 30 min of exposure.
In the case of PBS exposure, a strong increase of oxide thickness
especially on the peak regions indicates an opposing role in surface
corrosion, where the Ęake-like oxide structures appear to act as
nuclei for epitaxial oxide growth, in turn.

Complementary observations are made via GI-XRD regarding
the development of Cu oxide thickness represented by comparison
of the Cu2O 111 peaks as displayed in Figures 8B–D. Cu2O has
been determined as the stabilizing oxide phase predominantly
involved in surface passivation of Cu substrates exposed to
saline solutions (Luo et al., 2019a), whereas CuO plays a minor
role within the interface between Cu2O and moist/aqueous
environments (Platzman et al., 2008). Corresponding to the results
of FIB cross-section analysis, the integral intensity of Cu2O
111 peaks on the USP-DLIP surfaces increases alongside surface
exposure to both BTS and PBS, which furthermore indicates a
certain amount of oxide formation in the presence of bacteria, as
well. ćis indication of minor surface passivation can be linked to
the slight decline in Cu ion release rate aęer 30 min of exposure,
especially on both LS andHT-LS samples. Between these two surface
types, oxide thickness continuously ranges higher on LS samples
which is accompanied by a slightly higher Cu ion release rate under
BTS exposure and quicker passivation in pure PBS. Quantitative
oxide formation on LS-HT appears to level in similar magnitude
compared to both LS andHT-LS surfaces in spatial distribution.će
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FIGURE 6
SEM imaging of the surface modiţcation of immersion etched HT-LS and LS-HT samples induced after 90 min exposure to BTS and pure PBS that are
supplemented by FIB cross-sections in the areas are marked by white arrows: (A) HT-LS-E in BTS, where red arrows mark pitting corrosion sites (grain
boundary in the valley, full grain removal in the peak) and blue arrows highlight the agglomeration of spherical Cu phosphate particles. (B) LS-HT-E in
BTS, with corresponding cross-section in (D). (C) cross-section of (A) according to arrow indications. (E) HT-LS-E in PBS with corresponding
cross-sectioning in (G). (F) LS-HT-E in BTS. The red arrow highlights uncovered Cu regions. (H) cross-section of (F), where red arrows highlight
protrusions in the passivation layer. Imaging was done under 52° sample tilt. The dimension bars in each image account to 1 μm.

high oxide cluster thickness and uncovered surface compartments
tend to level out in an overall oxide growth rate closely related to
as-processed HT-LS samples.

će observed deviations in surface passivation between the
diČerent surface types seem to correspond to the process-
induced surface deformation states. Surface deformation by USP-
DLIP processing can be linked to rapid and stable surface
passivation under PBS exposure as well as reduced Cu release
rates per surface area in the presence of bacteria. Previous
deformation from polishing additionally appears to impact surface
passivation considering the slight diČerence in oxide thicknesses
between LS and HT-LS surfaces aęer 90 min of PBS exposure.
će reference as well as the annealed LS-HT surfaces exhibit
lower superĕcial deformations states, whereas higher Cu release
rates under pure PBS exposure indicate a reduced passivation

capability in comparison to both LS and HT-LS surfaces. ćis
diČerentiation in corrosion behavior is counterintuitive according
to Ralston`s rule, since surface defects including grain boundaries
and dislocations are points of attack for Cl− driven pitting
corrosion in saline solutions and should increase the corrosion
rate with higher densities (Vinogradov et al., 1999; Miyamoto, 2016;
Luo et al., 2019a). However, an alteration of passivation behavior
in saline environment was previously described at a certain state
of crystallographic deformation that inhibits a clear diČerentiation
between neighboring cathodic and anodic surface sites alongside
microcell formation (Miyamoto et al., 2008; Miyamoto, 2016).
Corrosion behavior of the Cu surfaces was observed to switch
from grain boundary focused and intergranular pitting to uniform
surface corrosion, aęer suďciently high substrate deformation that
results in enhanced surface passivation (Nikfahm et al., 2013). ćis
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FIGURE 7
FIB cross-sections of the three USP-DLIP processed Cu surface types (LS, HT-LS and LS-HT). Both as-processed and post-processed by immersion
etching are listed as analyzed in initial state as well as after exposure to BTS (+Bacs) or pure PBS. The provided image matrix displays the diŢerent
processing routines as listed in Table 1 of the manuscript in vertical orientation and alters the initial/exposed surface state in horizontal orientation. E.g.,
the initial as-processed (etched) LS surface condition is provided in (A, B, G, H), where the surface modiţcation by exposure to either BTS or PBS is
displayed in (C, D, I, J) or (E, F, K, L). This applies similarly for HT-LS (M-X) and LS-HT (Y-AJ). For each surface condition, a high resolved SE image of
both topographic maxima and minima is provided that focusses on the superţcial area to identify corrosive surface modiţcation as well as passivating
oxide layer thickness and spatial distribution.

is most likely linked to a higher mobility of Cu ions within the
dense dislocation network in vicinity to the surface that enables
a homogeneous surface passivation, where the lack of breaches
prevent further corrosive attack (Miyamoto et al., 2008; Zhao et al.,
2014). In Zhang et al. (2014) a comparably high deformation
state was reached by high-current electron beam irradiation. će
parallelly increased corrosion resistance was linked to the formation
of supersaturated dislocation networks alongside short-termed
surface melting and crater formation similar to the processing
characteristics of USP-DLIP on Cu (Müller et al., 2023). će role

of processed induced surface defects is especially emphasized by
comparing corrosion on LS and HT-LS sample types to LS-HT
samples, sharing similar topographies but deviating superĕcial
deformation states.

A diČerentiation between Cu surface types undergoing
homogeneous or microcell corrosion is similarly visible when
comparing theGI-XRD spectra in Figure 9 before and aęer exposure
to both BTS and PBS. Here, peaks related to the Cu 200, 220 and
311 orientations get weakened for both LS-HT and the annealed
reference samples, while a minor decline of Cu 220 can also be
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FIGURE 8
Examination of the passivation layer development on the diŢerent Cu surfaces under BTS and PBS exposure. (A) layer thickness measurement within
FIB cross-sections and GI-XRD analysis of USP-DLIP surfaces focusing the characteristic oxide peaks at low diŢraction angles for (B) initial surface
states, (C) after BTS and (D) after PBS exposure.

observed for the polished reference. će deviations between initial
and as-exposed XRD-spectra indicates a shię in the texture of
the near-surface microstructure by corrosive erosion of anodic
grain domains. ćis reduction is most expressed in BTS exposure,
where impaired passivation induces a higher corrosive rate, but
can also be observed in PBS exposure for LS-HT and annealed
surfaces.će Cu 220 signal undergoes the most pronounced decline
during exposure, which might be linked to its relation to the Cu
111 surface oriented microstructure compartments exhibiting the
highest erosion within microcell corrosion between neighboring
grain domains (Lapeire et al., 2013). Aside from HT-LS-E that also
shows a mild change of the GI-XRD spectrum under BTS exposure,
LS and HT-LS surfaces do not exhibit deviants of superĕcial
crystallography aęer BTS and PBS exposure, which indicates a
corrosion mechanism that is rather indiČerent of grain orientation.

Independent of the deformation state of the substrate surface,
the line-like surface topography generated via USP-DLIP processing
appears to impact localized surface passivation, since oxide
thickness is found to be constantly higher on peak compared to
valley regions. ćis might be inĘuenced by topographic eČects
with diČerent possible underlying mechanisms: On the one hand,

valley regions tend to be shadowed in case of galvanically induced
material Ęows. On the other hand, the higher surface/volume
ratio in the peak regions rather exposes grain subdivisions and
might inĘuence the local electric ĕelds leading to topographically
induced microcell formation. Grains located within the pattern
peaks additionally exhibit an enlarged and convex shaped surface
leading to an exposure of diČering crystallographic orientations
of the same grain to corrosive attack. ćis might drive the
increase of pitting corrosion in the peak regions on LS and
HT-LS samples partly inducing topographic erosion in case of
BTS exposure, while unimpaired passivation leads to thicker
passivation layers.

4 Conclusion

će inĘuence of microstructure modiĕcation on the
antimicrobial properties of Cu surfaces has been investigated by
means of a dissemination of the diČerent surface deformation
sources throughout sample preparation including topographical
patterning via USP-DLIP.

Frontiers in Materials 14 frontiersin.org

https://doi.org/10.3389/fmats.2024.1397937
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Müller et al. 10.3389/fmats.2024.1397937

FIGURE 9
Comparison of the GI-XRD spectra between the initial and the BTS/PBS exposed Cu surface types for (A) LS, (B) LS-E, (C) HT-LS, (D) HT-LS-E, (E) LS-HT,
(F) LS-HT-E, (G) polished and (H) annealed surfaces. Red and blue arrows mark a reduction of peak intensities for either BTS or PBS exposed samples.
In case of (E-H) the BTS samples additionally exhibit side peaks from the 10 nm Au80Pd20 coating.

• Initial state of the superĕcial microstructure: će initial
microstructure of the Cu substrate exhibits a characteristic
cold-rolled texture with a dominance of grain domains in 100
orientation parallel to the surface. Annealing induces a mild
increase of 111 domains. USP-DLIP processing does not aČect
the texture of bulk or superĕcial microstructure in case of
LS and LS-HT, whereas the superĕcial texture of previously
annealed Cu surfaces gets modiĕed in the case of HT-LS
samples. Regarding overall deformation state, the surface types
can be subdivided in LS > HT-LS >> polished >> LS-HT >

annealed. DiČerent impacts of the microstructure deformation
state on functional surface properties are observed:

• Surface wettability corresponding to topography and
microstructure state: će wetting behavior of the diČerent
Cu surface types appears to be highly impacted by surface
topography beĕtting to the Wenzel law (Wenzel, 1949).
će near-surface microstructure modiĕcation by USP-DLIP
processing appears to additionally impact the level of the
developed hydrophobicity. ćis is especially emphasized
comparing the CA of the diČerent immersion etchedUSP-DLIP
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surface types that exhibit identical surface topography. Near-
surface defect density furthermore seems to inĘuence surface
passivation, whichmight similarly include quantitative carbon-
group absorption, according to recent ĕndings (Lößlein et al.,
2023). A higher hydrophobicity can consistently be observed on
as-processed surface states, which is related to process-induced
oxidic sub-structures in the case of LS and HT-LS surfaces.
A dissolution of the delicate oxide structures in BTS solution
might lead to a rapid increase in surface wettability, in turn,
that appears to facilitate early state bacteria/surface contact on
HT-LS samples.

• Impact on corrosive interaction: Exposure to PBS solution
with and without bacteria induces surface corrosion that alters
between the diČerent surface types directly dependent on
superĕcial microstructure deformation. Corrosive interaction
in pure PBS is subdivided into homogeneous oxide growth
leading to stabilizing passivation for LS andHT-LS samples and
heterogeneous surface degradation alongside minor surface
passivation in the case of the reference and LS-HT surfaces.će
driving mechanism behind heterogeneous surface corrosion is
galvanic microcell formation between cathodic low energetic
and anodic high energetic surface sites, linked to surface defects
like scratches as well as grain boundaries and neighboring grain
orientations. A sacriĕcial erosion of certain grain orientation is
further suggested by a deviation in GI-XRD signal distribution
aęer both BTS and PBS exposure. On LS and HT-LS samples,
a clear spatial separation between cathodic and anodic surface
sites appears to be impeded due to the high superĕcial defect
densities, which leads to homogeneous corrosion and oxide
growth that enables stabilizing passivation. Surface passivation
is inhibited in the presence of bacteria, whereby the acting
corrosion mechanisms might slightly deviate from pure PBS,
also enabling localized pitting. Quantitative Cu ion release is
found to be directly linked to the passivation capabilities of
the diČerent surface types in either BTS or PBS environment.
Cu emission of LS and HT-LS samples solely surpasses the
reference surfaces because of their higher surface/area ratio.
Aside from the mentioned indications of microcell formation,
an additional impact of surface topography on localized oxide
agglomeration is apparent independent on the superĕcial
microstructure.

• Antimicrobial eďciency:Bacterial viability on the diČerent Cu
surfaces is found to be indirectly inĘuenced by the process-
induced deformation state of the superĕcial microstructure
due to its impact on functional surface properties like
surface wettability and corrosive interaction. Overall bacterial
deactivation assessed aęer 90 min of exposure exhibits an
enhanced reduction of viable bacteria on all tested USP-DLIP
surfaces than ranges between 4 and >12 times below CFU-
values of the smooth references. A consistently high killing
eďciency is achieved on LS surface types independent of their
post-processing state, whereas HT-LS levels above LS-HT both
in the as-processed and immersion etched state. Probably due
to increased Cu ion release by dissolution of the Ęake-like
surface agglomerations, as-processed samples exhibit higher
bacterial killing than their immersion etched counter parts.
Nevertheless, the bactericidal eďciency against E. coli appears
to correlate more with surface wettability than quantitative

Cu release, since CFU-decrease on the individual Cu surfaces
scales inversely with their respective initial state CA-values,
aside of the LS-HT outlier. Here, surface hydrophobicity and
antimicrobial eďciency is supported by USP-DLIP induced
defect implantation in contrast to the parallelly increased
surface passivation capabilities that reduce the quantitative Cu
emission. In accordance with previous ĕndings (Müller et al.,
2021), this indicates that physio-chemical surface properties
and their inĘuence on bacterial surface interaction play a
similarly important role in the antimicrobial eďciency of Cu
surface as the actual quantity of Cu ion release.

će presented results illustrate how integrated Cu surface
properties are inĘuenced by USP-DLIP processing, achieving
complementing functional features that beneĕt the application
scope. In the case of antimicrobial Cu surfaces, the USP-
DLIP induced modiĕcation of both superĕcial chemistry and
microstructure alongside surface topographywere found to improve
bactericidal eďciency inmutual interaction, whereby neutralization
of one or two of these impacts decreases bactericidal eďciency
against E. coli. ćis is a good example of how targeted surface
optimization involving multi-level substrate modiĕcation can be
tailored to provide the greatest beneĕt for a speciĕc application.
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Abstract: 

Antimicrobial surfaces are a promising approach to reduce the spread of pathogenic microorganisms in 

various critical environments. To achieve high antimicrobial functionality, it is essential to consider 

the material-specific bactericidal mode of action in conjunction with bacterial surface interactions. 

This study investigates the effect of altered contact conditions on the antimicrobial efficiency of Cu 

surfaces against Escherichia coli and Staphylococcus aureus. The fabrication of line-like periodic 

surface patterns in the scale range of single bacterial cells was achieved utilizing ultrashort pulsed 

direct laser interference patterning. These patterns create both favorable and unfavorable topographies 

for bacterial adhesion. The variation in bacteria/surface interaction is monitored in terms of strain-

specific bactericidal efficiency and the role of corrosive forces driving quantitative Cu ion release. The 

investigation revealed that bacterial deactivation on Cu surfaces can be either enhanced or decreased 

by intentional topography modifications, independent of Cu ion emission, with strain-specific 

deviations in effective pattern scales observed. The results of this study indicate the potential of 

targeted topographic surface functionalization to optimize antimicrobial surface designs, enabling 

strain-specific decontamination strategies. 
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Abstract 

Antimicrobial surfaces are a promising approach to reduce the spread of pathogenic 

microorganisms in various critical environments. To achieve high antimicrobial functionality, it 

is essential to consider the material-specific bactericidal mode of action in conjunction with 

bacterial surface interactions. This study investigates the effect of altered contact conditions on 

the antimicrobial efficiency of Cu surfaces against Escherichia coli and Staphylococcus aureus. 

The fabrication of line-like periodic surface patterns in the scale range of single bacterial cells 

was achieved utilizing ultrashort pulsed direct laser interference patterning. These patterns 

create both favorable and unfavorable topographies for bacterial adhesion. The variation in 

bacteria/surface interaction is monitored in terms of strain-specific bactericidal efficiency and 

the role of corrosive forces driving quantitative Cu ion release. The investigation revealed that 

bacterial deactivation on Cu surfaces can be either enhanced or decreased by intentional 

topography modifications, independent of Cu ion emission, with strain-specific deviations in 

effective pattern scales observed. The results of this study indicate the potential of targeted 

topographic surface functionalization to optimize antimicrobial surface designs, enabling strain-

specific decontamination strategies. 
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Keywords: Active antimicrobial surfaces, Biomimetic Surface Structures, Ultrashort Laser Pulses, 

Direct Laser Interference Patterning 

Introduction 

Diseases related to bacterial infections are considered as one of the major future threats for public 1 

health, which caused one out of eight deaths worldwide in 2019[1]. In the same year, biofilm induced 2 

economic damage was estimated at more than 4000bn USD, where approx. 30% are directly related to 3 

biofilm burden in the healthcare sector and food production[2]. In close relation, a considerable and 4 

ongoing hazard by the increase of bacterial resistance against antibiotic agents is reported. This also 5 

affects remote habitats such as the international space station (ISS)[3,4]. In case of bacterial spread in 6 

public and remote environments, contact surfaces represent one of the dominant distribution routes. 7 

This has recently been demonstrated by microbial tracking on the ISS, where the overall space station 8 

microbiome was shown to be dominated by bacterial strains associated with the human skin[5]. 9 

Multiple strategies to reduce the formation of biofilms and the viability of pathogenic microorganisms 10 

on technical as well as frequently contacted surfaces have therefore been investigated in the recent two 11 

decades. A variety of acting mechanisms can be utilized, here, without the need to involve antibiotic 12 

agents. 13 

The two most investigated and applied strategies are active antimicrobial substrate materials like 14 

silver (Ag) and copper (Cu) and bactericidal or contact guiding surface topographies[6–9]. The 15 

antimicrobial activity of Ag- and Cu based substrates is directly linked to the quantity of 16 

electrochemically emitted ions, which are toxic to most microorganisms[10,11]. Here, Cu proves to be 17 

particularly interesting due to extended environmental applicability[12], its higher broadband 18 

effect[11], lower human toxicity threshold[13,14] as well as economically more favorable and broad 19 

availability in technically applicable alloy systems. Cu mediated bacterial deactivation is related to 20 

several modes of action including membrane damage, formation of reactive oxygen species (ROS) via 21 

Fenton-type reaction and structural damage against DNA as well as protein molecules due to its high 22 

thiophilicity[15,16]. Certain guidelines need to be followed to achieve high antimicrobial efficiency of 23 

Cu surfaces. This includes a close contact between bacteria and Cu emitting agent[17], as well as the 24 

avoidance of chemical surface contamination[18]. 25 

Biomimetic surface patterns on inert substrates utilize self-cleaning and bactericidal surface 26 

properties based on the functionality of µm- and nm-scaled topographies found, e.g., on lotus 27 

leaves[19] or cicada and dragonfly wings. How bacterial surface interaction is modulated on these 28 

surfaces relates to the topographic pattern scale. Pillar like patterns at a scale below 200 nm following 29 

the design of cicada or dragonfly wings have been shown to exhibit bactericidal properties where 30 

adherent bacterial cells are deactivated by mechanical membrane rupture[8,20]. On surface patterns 31 
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with topographic feature sizes in the upper sub-µm range, bacterial interaction was found to switch 1 

from bactericidal to contact inhibition[21,22]. Further enlargement of the pattern scales up to the size 2 

of a single bacterial cell and beyond ultimately leads to improved bacterial adhesion and 3 

retention[9,23,24]. Here, contact guidance impacting cell orientation and initiation of biofilm 4 

formation can be achieved by targeted surface design[9,25]. How the actual scale of topographic 5 

surface patterns affects bacterial response may vary significantly between different bacterial 6 

strains[21,26], indicating a very complex interaction between the bacterium and the patterned surface. 7 

In fact, secondary surface properties were shown to play an important role in antimicrobial surface 8 

functionality, since mechanically induced killing or the attachment/repulsion of individual bacteria is 9 

driven by attraction and bonding forces. These forces depend, e.g., on environmental conditions[27], 10 

surface charge[28] and wettability[29,30]. 11 

More recently, antimicrobial surface design aims to agitate or combine the previously mentioned 12 

modes of action[31,32] which has already been shown to potentially improve inherent bactericidal 13 

surface properties. Functional coatings on topographically patterned inert surfaces have been proven to 14 

reduce bacterial viability either by inducing a positive surface charge that affects membrane 15 

integrity[33], or by adding the active killing capacities of Ag and Cu[34]. The application of Cu has 16 

also been investigated as nanoparticles (NP) in surface decoration or as a complementing composite in 17 

coatings, where the NP shape aims to facilitate aggregation on bacterial membranes up to 18 

intrusion[35,36]. More recently, it has been found that the antibacterial effect of Cu NP is closely 19 

linked to the quantitative release of Cu ions, while an actual intrusion into bacterial cells does not 20 

occur[37]. Recent functionalization to enhance the antimicrobial efficacy of Cu surfaces involves the 21 

combination with mechanically induced antimicrobial properties of cicada and dragonfly wing, such 22 

as nm-scale surface features piercing bacterial cell walls[38,39]. Depending on the methodology used, 23 

Cu ion release might however be negatively affected by excessive oxide formation, here[40,41]. In 24 

another approach, the surface/area ratio of bulk Cu is exponentially increased by inducing a super-25 

hydrophilic mesh-like porous morphology, which in parallel enhances the initial Cu ion release and 26 

bactericidal activity[42]. In another study, topographic surface patterns at the scale of a single 27 

bacterium were shown to enhance antimicrobial efficacy with lesser dependence on quantitative Cu 28 

ion release[43]. Here, the decrease of bacterial viability was discussed to be related to functional 29 

properties of the substrate surface, including both topography and wettability, which affect 30 

bacteria/surface bonding and, in parallel, the bacterial sensitivity against Cu. 31 

The current state of research on bactericidal surfaces highlights the complexity of the underlying 32 

mechanisms being involved in the actual expression of antimicrobial effects within the different 33 

surface design strategies. To achieve a sustained high decontamination efficiency, the actual 34 

bacteria/surface interaction must be actively tailored to agitate the focused mode of action by surface 35 

design. In this context, the aim of the presented study is to investigate how bacterial contact 36 
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modulation by topographical surface design impacts the antibacterial efficacy of Cu surfaces. Line-1 

like periodic surface patterns are generated using ultrashort pulsed direct laser interference patterning 2 

(USP-DLIP), which topographically modulate the contact surface available for the adhesion of 3 

individual bacterial cells. The resulting impact on the antimicrobial efficacy of Cu surfaces against 4 

rod-shaped gram-negative Escherichia coli K12 (BW25113) and spherical gram-positive 5 

Staphylococcus aureus SA113 is investigated in a complementary approach applying water contact 6 

angle measurement (CA) confocal laser scanning microscopy (LSM), high resolution electron beam 7 

analysis (FIB/SEM/EDS), grazing incidence X-ray diffractometry (GI-XRD) and wet plating. 8 

Improved comprehension of the influence of modified bacterial contact conditions on bactericidal 9 

efficacy of actively antimicrobial substrate surfaces potentially allows for a better conception of 10 

decontamination measures in various partly critical environments[6,7,31]. 11 

Results and Discussion 12 

Initial Surface State 13 

Line-like surface structures exhibiting pattern periodicities of 3 µm (P > Bac), 1 µm (P ≈ Bac) and 14 

750 nm (P < Bac) are generated on pure Cu surfaces via USP-DLIP with respect to the single cell 15 

dimensions of the two bacterial strains involved in this study (see Figure 1). The actual bacterial 16 

contact conditions on these surfaces result from the individual surface geometries including concave 17 

(valley areas) and convex (peak areas) sections. The primary pattern geometry with a periodicity of 18 

3 µm exhibits a valley width of 2.08 ± 0.14 µm and depth of 1.1 ± 0.15 µm, which enables complete 19 

intrusion of single cells and clusters. On 1 µm patterns, the valley width of 0.81 ± 0.07 µm 20 

approximates the single cell dimensions of both parallelly aligned E. coli and S. aureus, which 21 

facilitates single cell contact combined with the low pattern depth. The valley width of approx. 22 

0.54 µm on 750 nm patterns finally ranges below the single bacterial cell diameter, by which the 23 

valley floor is not fully accessible for adherent bacteria at the present pattern depth. In parallel to the 24 

described primary pattern geometry, the surface design involved tailoring of the sub-pattern formation 25 

by material specific thermodynamic response according to the aspired contact conditions[44]. 26 
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Figure 1: SEM images of line-like periodic surface patterns in the scale of 3 µm (P > Bac), 1 µm (P ≈ Bac) and 

750 nm (P < Bac) applied on the Cu surfaces: a-c) SEM imaging, where the 3 µm pattern was previously immersion etched, 

while 1 µm and 750 nm represent the as-processed state. d-f) representative topographic profiles of 3 µm, 1 µm and 750 nm 

patterns detected via CLSM also listing the deviation of corresponding pattern geometry parameters relevant for bacterial 

contact investigation between the different substrates.  

In parallel to topographic surface modification, an agglomeration of nm-scaled oxidic redepositions 1 

during USP-DLIP processing was previously described on Cu[45]. The redeposited oxide particles 2 

have been shown to mainly consist of Cu2O and scale with the amount of ablated matter as well as the 3 

fluence applied[44]. Accordingly, the Cu2O (111) signal measured by grazing incidence X-ray 4 

diffraction (GI-XRD) indicates a more pronounced agglomeration of process-induced surface oxides 5 

on as-processed 3 µm patterns in comparison to 1 µm and 750 nm (see Figure 2a) corresponding to the 6 

respective ablated volume. Post-processing by immersion etching in citric acid induces a reduction of 7 

the oxide signal as visible in Figure 2a, which can be attributed to the removal of oxidic process 8 

agglomerates[45]. The stable but low CuO signal intensity fits to the previously suggested oxidation 9 

mechanism, where this oxide phase is mainly formed as a superficial layer during consecutive 10 

atmospheric passivation[45]. 11 

In bacterial adhesion to technical surfaces, physicochemical surface properties were shown to play a 12 

parallel role to surface topography and might furthermore impact bactericidal efficacy[29,43,46]. This 13 

includes e.g. surface wettability corresponding to acid-base interactions[47]. Wettability of laser 14 

processed metallic surfaces is impacted by atmospheric aging as well as hierarchical pattern 15 

morphologies[48], which is confirmed by comparison of the contact angles (CA) measured on as-16 

processed and immersion etched USP-DLIP Cu surfaces after three weeks of aging (displayed in 17 

Figure 2b). Wettability is consistently reduced on the USP-DLIP surfaces, while the hydrophobic 18 

wetting behavior is enhancing alongside increasing pattern scale. In between similar pattern 19 

periodicities, the as-processed surfaces exhibit elevated hydrophobic surface properties over the 20 

immersion etched topographic counterparts suggesting an additional contribution of the nm-scaled 21 

oxide particles. 22 
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Figure 2: Process related modification of surface chemistry impacting functional aspects: a) alteration of surface oxidation 

after USP-DLIP patterning in as-processed and immersion etched state (E). b) stabilized surface wettability of the polished 

reference (Steel Ref., Cu Ref.) and USP-DLIP patterned Cu and stainless steel surfaces at 3 µm, 1 µm and 750 nm pattern 

periodicity after three weeks of aging under ambient atmosphere. Cu USP-DLIP surfaces are represented both in as-

processed and immersion etched state. 

Both, the high CA values, as well as the roll-off/sticking behavior on the 3 µm samples are 1 

consistent with previous results indicating a Cassie-Baxter wetting state on as-processed and Wenzel 2 

wetting on immersion etched surfaces[43]. A pronounced difference between CA on as-processed and 3 

immersion etched samples can be observed for less hydrophobic 1 µm and 750 nm patterns. CA 4 

anisotropy on the isotropic surface patterns remains close to 1.0 along reducing CA for 3 µm and 1 µm 5 

indicating a low pinning effect on droplet propagation. Surface wetting on 750 nm patterns exhibits a 6 

deviating behavior, where increased CA anisotropy in the as-processed state indicates pinning along 7 

the structure peaks, which is eliminated after immersion etching. 8 

Antimicrobial Properties vs. Bacteria/Pattern Scale Ratio 9 

Both gram-negative E. coli and gram-positive S. aureus have been exposed to as-processed and 10 

immersion etched USP-DLIP Cu surfaces by wet plating using mirror-polished samples of both 11 

bactericidal Cu and inert steel as topographically smooth reference surfaces. Strain specific exposure 12 

times were chosen to allow for the determination of topography related differences in bacterial 13 

viability with respect to the individual survival rates. The time-resolved reduction of viable bacterial 14 

cell count for both E. coli (blue) and S. aureus (green) is illustrated in Figure 3 and 4, each 15 

complemented by the corresponding Cu ion release. The line graphs represent experimentally 16 

measured bacterial viability/dissolved Cu while the bar graphs represent the respective time- and area-17 

dependent killing rates normalized by the surface ratio measured in LSM analysis. The factor of in- or 18 

decrease in relation to the smooth Cu reference is stated for each data-point of the USP-DLIP 19 

patterned surfaces in the bar graphs. 20 



7 
 

Bacterial cells of both strains were found to be rapidly killed on Cu surfaces with a reduction in 1 

viable cell count of more than 3 log already after 60 minutes of exposure, affecting the majority of the 2 

USP-DLIP surfaces as well as the Cu reference surfaces tested. Extended exposure times of up to 3 

120 minutes resulted in complete inactivation of bacterial cells on all tested surfaces, which was also 4 

found in additional test series after 90 minutes of exposure. Deviations in bacterial viability between 5 

the different USP-DLIP patterned Cu surfaces are well displayed after 60 minutes of exposure, before 6 

complete bacterial deactivation is initiated universally. USP-DLIP surface modification is found to 7 

exhibit a significant impact on bacterial viability, where both agitation and depletion of the 8 

bactericidal capacities of smooth Cu surfaces can be observed on the different pattern scales with 9 

varying dependency on the bacterial strain tested. 10 

In case of E. coli initial bacterial killing on USP-DLIP patterned surfaces consistently levels above 11 

topographically smooth Cu within the first 40 minutes of exposure (see Figure 3a). The observed 12 

differences between individual USP-DLIP surfaces do not follow a clear dependency on pattern scale 13 

or post-processing state, where the highest initial killing rates are distributed between immersion 14 

etched 3 µm followed by as-processed 1 µm and 750 nm. This is however altered after 60 minutes, 15 

where the post-processed surface state appears to play an additional dominant role aside of actual 16 

primary pattern scales. Here, bacterial inactivation is consistently higher on immersion etched surfaces 17 

compared to their as-processed counterparts of similar primary surface pattern. This is particularly 18 

evident for 3 µm and 1 µm structures with primary pattern geometries that are geometrically favorable 19 

for increased bacterial contact area: No remaining viable bacteria could be determined on etched 20 

surfaces, while the viable cell count still ranges close to the experimental detection limit on 21 

as-processed samples. In the case of 750 nm pattern scales, bacterial deactivation lies either within or 22 

below the range of the smooth Cu reference throughout 60 minutes of exposure. Independent of the 23 

post-processing state, samples of 750 nm pattern periodicity exhibit considerably lower bactericidal 24 

activity compared to 3 µm and 1 µm on which the bacterial killing rate ranges three to four orders of 25 

magnitude above the smooth reference (displayed Figure 3b). On as-processed 3 µm and 1 µm USP-26 

DLIP surfaces, a higher antibacterial efficacy of 1 µm (2 log increase of killing rate) over 3 µm (1 log 27 

increase of killing rate) against E. coli is observed. Overall, the bactericidal effect of the different 28 

surface topographies against E. coli scale as 1 µm (P ≈ Bac) > 3 µm (P > Bac) >> 750 nm 29 

(P < Bac) ≈ smooth. The post-processing state appears to have a similarly pronounced impact as the 30 

primary DLIP pattern size, scaling with immersion etched > as-processed in antibacterial efficacy.  31 
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Figure 3: a, b) Bacterial viability and c, d) respective Cu ion release rates measured via wet plating and inductively coupled 

plasma triple quadruple mass spectrometry (ICP-QQQ) for E. coli. Exposure times were chosen as 20, 40 and 60 minutes. 

Line graphs represent the measured a) colony forming units (CFU) and c) quantitative Cu ion release. The bar graphs in show 

the time dependent development of b) bacterial killing and d) Cu emission rates per area, corrected for the topography related 

increase in surface ratio complemented by the factor of in- or decrease observed on USP-DLIP surfaces in comparison to the 

smooth Cu reference surfaces. 

Initial bacterial killing within the first 30 minutes of exposure exhibits a pronounced lag phase for 1 

S. aureus, where CFU reductions remains below the values of smooth Cu on most USP-DLIP surfaces 2 

(see Figure 4a and 4b). Similar to E. coli, differences in topography mediated bactericidal efficacy 3 

between the surfaces tested are most evident after 60 minutes. In case of contact promoting surface 4 

topographies, post-processing by immersion etching also leads to higher bacterial deactivation within 5 

similar pattern scales, which is however inverted at 750 nm. In contrast to E. coli, the primary pattern 6 

scale appears to have a higher effect on bactericidal efficacy than the post-processing state. The 7 

highest bacterial inactivation rate is observed on 3 µm surface patterns exhibiting bacterial viability 8 

close to the detection limit. A 1 log increase of bacterial killing compared to smooth reference surfaces 9 

can furthermore be detected on immersion etched 1 µm patterns. Bactericidal efficacy is not promoted 10 

by USP-DLIP processing in case of as-processed 750 nm patterns and even reduced on as-processed 11 

1 µm as well as etched 750 nm surface patterns. In summary, the antibacterial efficacy of the tested 12 

surface topographies against S. aureus scales as 3 µm (P > Bac) >> 1 µm (P ≈ Bac) >/< smooth >/= 13 
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750 nm (P < Bac). The post-processing state shows a similar relation of immersion etched > as-1 

processed like for E. coli, but with a lower overall impact on bactericidal activity.  2 

 

Figure 4: a, b) Bacterial viability and c, d) respective Cu ion release rates measured via wet plating and inductively coupled 

plasma triple quadruple mass spectrometry (ICP-QQQ) for S. aureus. exposure times were chosen as 30, 60 and 120 minutes, 

displayed with a shortened time axis. Line graphs represent the measured a) colony forming units (CFU) and b) quantitative 

Cu ion release. The bar graphs show the time dependent development of b) bacterial killing and d) Cu emission rates per 

area, corrected for the topography related increase in surface ratio complemented by the factor of in- or decrease observed on 

USP-DLIP surfaces in comparison to the smooth Cu reference surfaces. 

The Cu ion release parallelly monitored during Cu exposure of E. coli exhibits a clear relation to 3 

surface area enhancement by USP-DLIP where the Cu emission rate appears to level with increasing 4 

pattern scale (displayed in Figure 3c). The surface ratio equalization of Cu ion release in Figure 3d 5 

shows an almost similar release rate of Cu ions between the different Cu surfaces, with only 3 µm 6 

textured surfaces showing lower values compared to the Cu references. Between similar pattern sizes 7 

Cu ion release tends to be higher on as-processed surfaces, which appears to be linked to the 8 

dissolution of the process-induced oxide particles as recently shown in a preliminary study[49]. In 9 

contrast, the relation of Cu ion release between USP-DLIP and smooth reference surfaces is inverted 10 

in the case of S. aureus, where the reference surfaces exhibit the highest Cu emission (compare Figure 11 

3c, d and 4c, d). Nevertheless, bacterial killing rates of S. aureus on 3 µm and immersion etched 1 µm 12 
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patterns are one to two orders of magnitude higher than the reference surfaces. In fact, bacterial 1 

viability is found to not necessarily correlate to the amount of Cu emission for both tested strains. E.g., 2 

Cu ion release on immersion etched 3 µm and 1 µm usually falls below the values of as-processed 3 

surfaces, while the corresponding killing rates after 60 minutes exposure against E. coli and S. aureus 4 

exhibit an inverse relation. Cu release from immersion etched 1 µm surfaces exposed to E. coli 5 

inoculated bacteria testing solution (BTS) remains at similar magnitudes like as-processed 750 nm, 6 

whereas bacterial killing rates of both sample types occupy the opposite ends of the bactericidal 7 

efficiency spectrum after 60 minutes of exposure. Likewise, the bactericidal efficiency of the smooth 8 

Cu reference surfaces against E. coli surpasses that of the as-processed 750 nm patterns, although the 9 

respective Cu ion release is lower. 10 

In parallel to the lower Cu emission on USP-DLIP surfaces exposed to S. aureus, the total amount of 11 

dissolved Cu appears to stagnate between 30 and 60 minutes of exposure, while bacterial viability 12 

undergoes a significant decline within this period. After 120 minutes of exposure, a further increase in 13 

the dissolved Cu content can be observed in Figure 4c, coupled with complete bacterial inactivation of 14 

S. aureus.  Here, the release of Cu ions on the 750 nm patterns shows an altered trend, eventually 15 

surpassing the values of the other USP-DLIP patterns despite a lower surface ratio. These combined 16 

observations indicate both, a different bacteria/surface interaction between the tested bacterial strains 17 

and a modulation of antibacterial efficacy by USP-DLIP, which is not necessarily linked to Cu ion 18 

release rates. Aside of a potentially beneficial effect of hydrophobic surface wetting[43], differences in 19 

CA between the tested surface types do not appear to allow a direct correlation to bactericidal activity. 20 

In view of the topography specific deviation in antibacterial efficacy, a closer look is taken on the 21 

individual contact conditions established alongside Cu exposure by post-mortem SEM analysis of 22 

bacterial allocation on the different topographies. 23 

Impact of Topographic Contact Conditions on Bacteria/Surface Interaction 24 

To gain insight into the actual bacterial contact conditions involved in the expression of Cu 25 

sensitivity on the different surface topographies, SEM analyzation of the bacterial interaction with the 26 

Cu surfaces was conducted after either 60 minutes (E. coli) or 90 minutes (S. aureus) of exposure. A 27 

capability of cell-cluster agglomeration can be determined on 3 µm patterned surfaces (P > Bac) for 28 

both E. coli (blue) and S. aureus (green) due to the increased valley dimensions, as visible in Figure 5a 29 

and b. On both 1 µm (P ≈ Bac) and 750 nm (P < Bac), surface attachment was found to be more likely 30 

to occur in the single cell domain in case of E. coli, while S. aureus remains clustered. Single cells of 31 

E. coli are frequently aligned in parallel orientation to the line-like surface pattern on 1 µm 32 

(Figure 5c), while they are more randomly oriented and less elongated on 750 nm (Figure 5e), which 33 

might indicate unfavorable bacteria/surface contact conditions for these pattern scales, similar to 34 

previous findings[23]. Individual S. aureus cells appear to be torn between increasing their surface 35 

contact area and maintaining connections with neighboring cells on both 1 µm and 750 nm surface 36 
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patterns, where individual cells also adhere to pattern peaks due to spatial restrictions within the small 1 

interconnected cell clusters (Figure 5d and f). The cell-cluster size on the mirror-polished reference 2 

surfaces is similar to 3 µm for E. coli, while it is increased for S. aureus compared to the topographic 3 

surface patterns, highlighting the strain’s preference for cell-cell connectivity. In fact, cell-wall 4 

associated macromolecules involved in surface adhesion of S. aureus have been reported to be 5 

similarly related to cell-cell connectivity and biofilm formation[50], where intercellular connectivity 6 

might be considered to be of similar importance as quantitative surface contact for single cell viability. 7 

Depending on the combination of topographical and chemical surface properties present, intercellular 8 

bond strength may outweigh the bacteria/surface bond strength[29,51]. 9 

Surface contact conditions have been shown to influence bacterial response mechanisms involving, 10 

e.g., the triggering of biofilm formation and stimulated metabolic activity[28]. In parallel, quantitative 11 

Cu uptake by viable bacteria has previously been discussed as being facilitated by respiratory activity, 12 

which leads to an accelerated cell-damaging rate[16]. In fact, bacterial killing was found to be 13 

significantly enhanced on surface patterns where an increased bacterial contact was observed for both 14 

strains independent from quantitative Cu ion release. In view of the bactericidal activity measured, 15 

cavity dimensions that allow for cell-cluster adhesion on 3 µm patterns seems to be effective to 16 

increase antimicrobial efficiency against both E. coli and S. aureus. An elevated Cu sensitivity on 17 

1 µm patterns was in turn solely found for E. coli, which predominantly showed single cell adhesion 18 

that allows for increased single cell contact on this surface type. A low up to inverted impact on 19 

bactericidal effectivity can finally be observed on the 750 nm pattern scale for both strains. In previous 20 

studies, reduced biofilm growth after extended exposure times could be ascertained for E. coli on 21 

comparable sub-µm topographies, which was however not the case for S. aureus that rather exhibited a 22 

higher adaptivity[21,26]. A recent publication linked surface adhesion of S. aureus to functional 23 

membrane sites, which are heterogeneously distributed across the cell envelope and display a 24 

characteristic patchiness that appears to befit this pattern periodicity[52]. This might improve surface 25 

adhesion of S. aureus on line-like 750 nm patterns in an extended time frame, whereas initial bacterial 26 

adhesion related to the rapid onset of the antibacterial mechanism of Cu surfaces might still be 27 

restrained within the time scales of the wet plating experiments. 28 
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Figure 5: Representative images of the SEM analysis on topography related contact conditions for single bacterial cells and 

cell-clusters on immersion etched USP-DLIP and polished Cu reference surfaces. Single cells of E. coli (blue) and S. aureus 

(green) are shown in exposure to a, b) 3 µm (P > Bac), c, d) 1 µm (P ≈ Bac) and e, f) 750 nm (P < Bac) pattern scale as well 

as g, h) Cu Ref. surfaces exhibiting varying impact on cell-adhesion. The bacterial cell morphology observed on inert 

stainless steel references is provided by an inset in both g) and h) for each strain. Several modifications on the substrate 

surfaces arising from chemical interaction during BTS exposure are highlighted in the images corresponding to (1) corrosive 

surface deterioration, (2) redepositions in the vicinity (E. coli) or attached (S. aureus) to bacterial cells, (3) weakly attached 

globular particle clusters. Imaging was done utilizing SE contrast on uncoated samples under 52° tilt. 

Bactericidal Interaction with the Cu Substrate 1 

The notable deviation of Cu ion emission between E. coli and S. aureus with inverse relation of 2 

USP-DLIP patterned to smooth surfaces indicates a different chemical surface interaction of the two 3 

bacterial strains (compare Figure 3c and 4c). Quantitative ion release on Cu surfaces exposed to 4 

bacteria inoculated PBS has previously been shown to be majorly dependent on the corrosive 5 
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interaction between the Cl--containing medium and substrate, where bacteria might act as corrosion 1 

catalysts due to the impairment of surface passivation by Cu ion scavenging[53]. This mechanism has 2 

been shown be enhanced in case of lysed bacterial cells[40,53] indicating a protective role of intact 3 

cell membranes. In the absence of bacterial cells, USP-DLIP Cu surfaces form a stabilized oxide layer 4 

preventing further surface degradation and Cu dissolution within 1 h of exposure to PBS indicated by 5 

a reduced Cu ion release rate[43]. 6 

In this study, the Cu ion release from USP-DLIP patterned Cu surfaces exposed to E. coli inoculated 7 

PBS exhibits a constant Cu release above the level of mirror-polished Cu, befitting the previously 8 

described catalytic behavior[53]. Under exposure to S. aureus inoculated PBS, Cu ion emission 9 

exhibits a closer correlation to stabilizing passivation without a bacterial impact on corrosion behavior 10 

presenting a similar relation between USP-DLIP patterns and the smooth reference surfaces[43]. This 11 

observation might be related to different cellular response mechanisms involved in the higher Cu 12 

resistance reported for gram-positive bacteria[6]. This may also be linked to the stagnation of Cu ion 13 

release between 30 and 60 minutes, as well as the lower bacterial inactivation rates of S. aureus within 14 

the first 60 minutes of exposure. 15 

Comparing the corrosive degradation of Cu surfaces alongside BTS exposure, pitting corrosion sites 16 

related to grain boundaries or intragranular corrosion are evident on mirror-polished surfaces, while 17 

localized corrosion is less evident on USP-DLIP treated surfaces (indicated by (1) arrows in Figure 5). 18 

This corresponds to previous investigation of corrosion kinetics of USP-DLIP processed Cu surfaces 19 

[49]. In the case of E. coli, corrosion products appear to agglomerate preferentially in the form of a 20 

condensing layer of Cu oxide particles close to cell clusters, surrounded by an outer ring of corrosion 21 

sites ((2) arrows in Figure 5a, c and g). The pH value of E. coli inoculated PBS has been shown to 22 

undergo an alkaline shift favorable for Cu2O formation[53] alongside Cu surface exposure, whereas 23 

preferential agglomeration sites in vicinity to E. coli clusters are potentially related to electrochemical 24 

microcell formation and mass transport under involvement of the bacterial cells[54]. Regarding 25 

S. aureus, USP-DLIP patterned Cu surfaces exposed to BTS exhibit considerably less degradation of 26 

the substrate surface and thicker oxide layers, indicating better surface passivation when combined 27 

with the comparably low Cu ion release rates measured[49]. Instead, particulate adsorbates on 28 

bacterial cells can be observed ((2) arrows in Figure 5b, d, f and h) which vary in quantity and size. 29 

Further agglomerations of circular particles can be found with loose connection to the substrate 30 

surface ((3) arrows in Figure 5f and h), which are more likely to be suppressed under E. coli BTS 31 

exposure. 32 
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Figure 6: SEM-imaging of S. aureus cells after 90 minutes of exposure on Cu surfaces. a) Cell-clusters on a 3 µm pattern 

exhibiting different types of particle agglomerations marked with red (large single particles) and blue arrows (small spherical 

particle accumulations). The red line indicates the location of the FIB cross-section displayed in b-d). e) Cell-cluster on a 

750 nm pattern mainly exhibiting large particle agglomerations, which appear to affect bacterial integrity further highlighted 

via FIB cross-sectioning in f) and g). Particles are not stable under electron beam irradiation as indicated by structural 

alteration of the left particle in g) after single (upper part) and multiple imaging (lower part). Imaging was conducted in SE-

contrast at 52° sample tilt. 

Comparative consideration of both the difference in corrosive surface deterioration and Cu ion 1 

release between E. coli and S. aureus suggests a deviation in the chemical bacteria/surface interaction 2 

for the gram-positive strain from the previously described involuntary Cu drainage of E. coli[40,53]. 3 
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Corrosion catalysis by Cu scavenging of E. coli was similarly determined on USP-DLIP Cu surfaces 1 

in saline environment in a recent study, where USP-DLIP was also found to increase the corrosion 2 

resistance of Cu surfaces by severe mechanical defect implantation[49]. 3 

To gain a better understanding of the underlying mechanisms in bacteria/surface interaction 4 

occurring alongside deactivation of S. aureus, alteration of bacterial cell morphology has been 5 

investigated in SEM analysis after 90 minutes of exposure to the Cu surfaces. Prior to SEM analysis a 6 

nm-thick sputter-coating of Au80Pd20 was applied on one sample batch to enable high resolution (HR) 7 

analyzation and to provide a contrasting layer to distinguish the original sample surface from the 8 

deposited Pt-cover layer in FIB cross-sections. HR imaging of S. aureus cells exhibits a considerable 9 

agglomeration of particles on and partially around bacterial cells (displayed in Figure 6a and e). These 10 

can be separated by morphology and local concentration into two groups, where small spherical 11 

particles (SP, blue arrows) tend to fully cover single bacterial cells, while larger particles (LP, red 12 

arrows) vary in shape and size without local reference to each other. FIB cross-sectioning reveals 13 

varying surface contact angles of SP to the bacterial cell as well as a bright SEM contrast that points 14 

towards heavy, non-organic element composition (illustrated in Figure 6b and highlighted in Figure 15 

6c). LP in turn constantly exhibit low contact angles to the bacterial surface and a dark SEM contrast 16 

similar to the bacterial cell (Figure 6d). However, in case of further enhanced particle sizes, also the 17 

previously dark contrasted LP begin to display an increasing contrast brightening in FIB cross-18 

sectioning indicating the agglomeration of heavier elements (see Figure 6e and f). LP show a weak 19 

structural stability against electron beam irradiation (visible in the cross-section of the particle in 20 

Figure 6g), indicating a partly organic composition.  21 

EDS analysis under low acceleration voltage reveals that both types of particles contain considerable 22 

amounts of Cu combined with trace elements C, N and Na originating from the bacterial matrix. An 23 

increased Cu content is additionally indicated by a bright Z-contrast in backscatter electron (BSE) 24 

imaging that deviates from the bacterial cell envelopes, as displayed in Figure 7a and c. Both particle 25 

types appear in different sizes, suggesting a continuous particle growth after nucleation onto the 26 

bacterial cell membranes. Aside of morphology, the two identified particle types differ in composition, 27 

where SP exhibit increased intensities of both O and P (see Figure 7a). This composition implies the 28 

formation of cupric phosphate (Cu3(PO4)2) on the bacterial membrane, whereas the unconnected 29 

spherical particle clusters at the periphery of the bacterial cells can also be assigned to this particle 30 

group according to their EDS spectrum (compare Figure 7b)[55]. Cu phosphate has previously been 31 

identified as a corrosion product formed on Cu surfaces under PBS exposure[55], whereas its 32 

formation might be decreased in the presence of E. coli due to the reduced availability of free Cu ions 33 

in solution and allocated to destroyed bacterial cells[53]. Phosphate formation has been shown to be 34 

triggered in the vicinity of bacteria under certain conditions, where the membrane acts as a nucleation 35 

site through the catalytic effect of specific membrane molecules and metabolites[56], which may cause 36 
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the spatial correlation between bacteria and phosphate formation observed here. Further particle 1 

growth on S. aureus cells indicates a predominant activity of the Cu phosphate formation driving force 2 

with an involuntary role of the subjected bacteria, where phosphate formation has been shown to 3 

potentially involve chemical dissolution of bacterial biomass[57]. 4 

 

Figure 7: EDS analysis of a) different particles found attached to S. aureus bacterial cells on coated samples imaged in BSE-

contrast at 10 kV, b) spherical particle clusters in the periphery of bacterial cells imaged in SE-contrast, c) uncoated bacteria 

exhibiting different Z-contrast in BSE-imaging at 1.5 keV acceleration voltage. Large and small particle types are 

exemplarily marked by red and blue arrows in a) and c). 

In contrast, LP exhibit increased Cu levels combined with traces of Cl, whereas P is completely 5 

absent. Considering the shape and imaging contrast at early formation stages and after further growth, 6 

Cu particle formation on S. aureus might be linked to defects in the bacterial cell membrane, where 7 

exposed cytoplasm triggers a localized agglomeration of Cu (further analysis of Cu particle formation 8 

is provided as Supporting Information). Both bacterial Cu scavenging and phosphate formation were 9 
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found to be enhanced in the case of previously lysed bacteria, where accessible cytoplasm appears to 1 

play the major role within the underlying chemical processes of bacterial Cu uptake with membrane 2 

integrity as the limiting factor[40,53,56,57]. Nucleation and growth of Cu based agglomerates has 3 

previously been found to disrupt bacterial cell wall integrity due to the opposing charging between Cu 4 

ions and the membrane that leads to a reduction in membrane Zeta-potential. The resulting 5 

avalanching cell wall collapse exposes the bacterial cytoplasm and allows for elevated intracellular Cu 6 

ingress[36,58]. Accordingly, S. aureus bacterial cells that show increased agglomeration of LP present 7 

both a brightened Z-contrast and higher levels of intracellular Cu monitored by EDS in comparison to 8 

bacteria lacking LP accumulation (displayed in Figure 7c). Therefore, the increasing Cu ion release 9 

between 60 and 120 minutes in case of S. aureus inoculated BTS visible in Figure 4c may potentially 10 

be linked to an increase in Cu uptake by the exposure of the cytoplasm, accompanying cell wall 11 

disruption and cell death after extended contact to the Cu surfaces, which was previously averted by a 12 

more rigid cell wall of the gram-positive bacteria. 13 

Based on these considerations, the deviation in measured Cu ion release between gram-positive 14 

S. aureus and gram-negative E. coli appears to be mainly related to strain-specific differences in 15 

membrane integrity, which affects Cu scavenging and thus Cu surface corrosion. In fact, the thickened 16 

surface oxide layer formation as well as the reduced Cu ion release of USP-DLIP Cu surfaces under 17 

exposure to S. aureus befits previous observations of increased surface passivation in PBS by defect 18 

implantation alongside USP-DLIP in a recent study[49]. This shows a considerably lower Cu 19 

scavenging effect of S. aureus, which results in lower Cu ion release rates on USP-DLIP compared to 20 

smooth surfaces. However, this does not appear to limit an enhancement of bactericidal activity by 21 

contact promoting topographies. 22 

Conclusions 23 

The impact of topographically modified contact conditions on antibacterial efficacy of Cu surfaces 24 

has been investigated for gram-negative E. coli and gram-positive S. aureus. The conclusions of the 25 

study can be summarized as follows: 26 

 Increased Bacteria/Substrate Contact and Antibacterial efficacy: Topographic surface 27 

modification by USP-DLIP that allows for a larger contact area between bacteria and the 28 

substrate is associated with increased bactericidal activity. Bacterial killing rates on these 29 

surfaces might level several orders of magnitude higher than the smooth reference surfaces. 30 

The USP-DLIP topography that exhibit the highest bactericidal efficacy varies between the 31 

two tested strains. In the case of S. aureus, the bacteria-specific tendency to cluster 32 

formation appears to reduce the capability of individual bacterial cells to achieve high 33 

surface contact within the topographic trenches close to single bacterial scale. Instead, an 34 

increased cavity scale that allows intrusion of whole cell clusters was shown to be highly 35 
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effective in increasing bactericidal efficacy against S. aureus. This results in higher pattern 1 

scales that are associated with increased bactericidal activity despite lower statistical cell 2 

diameters compared to E. coli, which is most efficiently killed on surfaces allowing high 3 

single cell contact. Pattern scales below the single bacterial cell size rather tend to decrease 4 

both antibacterial efficacy and Cu sensitivity for both strains. 5 

 Antimicrobial Efficacy and Cu Ion Release: Antimicrobial efficacy of Cu surfaces against 6 

E. coli and S. aureus is found to be less dependent on the quantity of Cu ion release, but 7 

rather scales with the extend of contact area between individual adherent cells and substrate. 8 

Surface topographies that provide high single cell contacts appear to trigger an increased 9 

sensitivity for environmental Cu, where bactericidal activity is enhanced independent from 10 

quantitative Cu emission. Based on this, contact dependent Cu sensitivity appears to be the 11 

main driving force behind deviating antimicrobial activity between the different tested 12 

surface topographies. 13 

 Strain specific Cu Interaction: Wet plating in PBS was found to involve Cu scavenging 14 

mechanisms in both bacterial strains that catalyzes Cu ion release over natural passivation. 15 

This effect is more pronounced in E. coli, where the bacterial cells seem to be less protected 16 

against involuntary Cu uptake due to the weaker cell membrane, while Cu accumulation 17 

may be additionally driven by chemical microcell formation. In the case of S. aureus, Cu 18 

scavenging is reduced, which additionally results in higher surface passivation of USP-DLIP 19 

processed samples. Initial Cu accumulation in S. aureus involves the agglomeration of 20 

extracellular Cu phosphate particles via membrane nucleation. Increased membrane stress 21 

finally appears to induce a step-wise collapse of the cell wall followed by an exposure of 22 

cytoplasm and a quantitative increase in Cu uptake under further extended Cu exposure. 23 

The chemical affinity of the bacterial cytoplasm for Cu ions combined with their high thiophilicity is 24 

a dominant driving force for the bactericidal properties of Cu substrates, with killing rates being 25 

directly related to the quantitative Cu uptake and associated damage to the bacterial cell. Up to now, 26 

this killing mechanism has been mainly driven by the quantitative Cu ion emission of the applied Cu 27 

based material. Here, it has been demonstrated that targeted surface design by USP-DLIP, involving 28 

topographic and chemical surface modification, can potentially increase antimicrobial surface 29 

efficiency with less dependency on quantitative Cu ion release. A higher Cu sensitivity could be linked 30 

to topographies that provide improved bacterial contact conditions, which might trigger bacterial 31 

activity by downstream response mechanisms[28]. An inverse effect on Cu sensitivity was similarly 32 

ascertained on rather contact inhibiting surfaces. These results show both the potential to increase the 33 

efficiency of functional surfaces by targeted surface design, as well as the peculiarities of strain 34 

specific surface interactions that need to be considered in parallel to enable targeted surface tailoring. 35 

This provides a valuable foundation to further investigate and potentially incorporate bacterial 36 
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interactions into advanced decontamination concepts including strain-specific adaptation strategies for 1 

critical environments[6,7,31]. 2 

Methods 3 

Sample Preparation 4 

For further surface modification and testing, single samples of the dimensions 10 x 25 mm² have 5 

been charted from 1 mm sheets of oxygen free Cu (>99,95%) (Wieland) and AISI 304 stainless steel 6 

(Brio) In case of stainless steel, the material was purchased in mirror-polished condition (Ra < 10nm), 7 

while Cu samples underwent polishing on an automated TegraPol-21 system (Struers) to reach 8 

equivalent initial surface roughness[59]. Shares of the polished samples are deducted to provide 9 

reference surfaces of flat topography (denoted as Steel Ref. and Cu Ref.). 10 

Mirror-polished samples of Cu are subjected to USP-DLIP inducing line-like periodic surface 11 

patterns in the scale of either 3 µm (P > Bac), 1 µm (P ≈ Bac) or 750 nm (P < Bac). In the USP-DLIP 12 

setup a Ti:Sapphire Spitfire laser system (Spectra Physics) is utilized, operating at tp = 100 fs pulse 13 

duration (FWHM), 1 kHz repetition rate and a centered wavelength λ of 800 nm. Line-like surface 14 

patterns are generated by two beam laser interference using a previously introduced optical setup[60] 15 

consisting of a diffractive optical element (DOE) to split and a lens system to recombine the partial 16 

beams on the substrate surface. To create the different pattern periodicities P the optical setup has 17 

been modified to adjust the single beam incident angle ϴ according to equation (1): 18 

� =
�

2 sin (
)
 (1) 

With P = 3 µm  ϴ = 7.66°, P = 1 µm  ϴ = 23.58° and P = 750 nm  ϴ = 32.23°. Planar 19 

patterning was conducted by scanning the substrate surface in continuous pulsing mode adjusting the 20 

fluence and pulse overlap according to the individual material ablation threshold and pattern scale 21 

specific impact of ablation kinetics in pattern formation using p-polarized two-beam USP-DLIP[44]: 22 

3 µm patterns have been produced with an overlapping pulse count of N = 10 at 2.14 J/cm², while for 23 

1 µm and 750 nm patterns reduced pulse counts of N = 3 and 2 at fluences of 1.38 J/cm² were applied. 24 

One batch of Cu samples subsequently underwent ultrasonic assisted immersion etching in 3% citric 25 

acid for 40 seconds to remove process-induced oxidic substructures[45]. The other batch of the Cu 26 

samples remained unaffected (as-processed samples).  27 
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Surface Characterization 1 

Surface characterization of the different samples with and without USP-DLIP treatment was 2 

conducted by means of both confocal laser scanning microscopy (CLSM) (LEXT OLS4100 by 3 

Olympus) and scanning electron microscopy (SEM) (Helios Nanolab 600 by FEI and Helios PFIB G4 4 

CXe by Thermo Fisher) also including the system’s focused ion beam (FIB) and energy-dispersive X-5 

ray spectroscopy (EDS) modules. 6 

The CLSM analysis involved a 50× objective (NA 0.95) with altered digital magnification of either 7 

2x or 6x at a laser wavelength of 405 nm. The surface geometry of the various topographies applied 8 

using USP-DLIP was quantified based on periodicity, valley/peak ratio, valley width and depth, and 9 

surface ratio, defined as the ratio between the actual surface and an idealized smooth reference 10 

surface. Each parameter was measured on six individual spots on three different samples per 11 

topography for statistical evaluation. 12 

High resolution SEM imaging was conducted in secondary electron (SE) contrast mode at an 13 

acceleration voltage of 5 kV and a current of 86 pA at 52° sample tilt for improved visualization of 14 

topographic morphology. High resolution imaging was conducted using the in-lens detector in 15 

immersion mode. Furthermore, low voltage backscatter electron (BSE) images of uncoated samples 16 

were acquired using a solid state detector at 0° sample tilt. To assess the initial state of surface oxide 17 

composition high resolution grazing incidence X-ray diffraction (GI-XRD, PANalytical X’Pert PRO-18 

MPD) was applied utilizing Cu Kα radiation with a Goebel mirror at a 1° grazing angle in parallel 19 

orientation to the line-like patterns to avoid shadowing of the valley surface compartments. Within this 20 

setup 95% of the measured signal can be estimated to originate from an interaction volume within a 21 

depth of < 1.11 µm from the substrate surface[61]. 22 

After surface exposure during wet plating, the bacteria/substrate contact as well as the induced 23 

damage on both bacterial cells and Cu substrate were investigated by SEM imaging, FIB cross- 24 

sectioning, and EDS analysis at an acceleration voltage of 1.5 kV to 10 kV (BSE-SEM), 30 kV (Ga-25 

ion beam) and 5 kV (EDS), respectively. The low acceleration voltage chosen for EDS was shown to 26 

enable a more surface sensitive spectroscopic assessment of element composition, in a previous 27 

study[45]. For FIB cross-sectioning, an additional contrast layer of ~10 nm Au80Pd20 was applied by 28 

sputter coating before covering the investigated site with a protective layer of electron and ion beam 29 

induced Pt-deposition to preserve the substrate surface from ion-induced degradation. For EDS 30 

measurements, the sample was rotated to align the line pattern on the surface with the azimuth angle of 31 

the detector to avoid shadowing. SE imaging to investigate bacterial contact condition has been 32 

conducted at ten different locations on samples of immersion etched USP-DLIP Cu surfaces and both 33 

the Cu and stainless steel references, whereas in-depth investigation of chemical surface modification 34 

for S. aureus was executed on representative locations chosen from this. 35 
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Surface Wettability 1 

Contact angle (CA) measurements were conducted to monitor the parallel influx of wettability on 2 

bacteria/surface interaction aside of surface topography. The samples have been tested after three 3 

weeks of aging in ambient condition, where surface wettability alteration after USP-DLIP processing 4 

can be considered as stabilized[43]. The static contact angle was monitored in triplicates for each 5 

surface by means of a Drop Shape Analysator DSA 100 (Krüss GmbH) using distilled water at a fixed 6 

droplet volume of 3 µl. The CA was detected both in orthogonal and parallel orientation to also 7 

include anisotropic droplet propagation on the line-like surface patterns. 8 

Wet Plating 9 

E. coli K12 (BW25113) was cultured via aerobically overnight growth in lysogeny broth (LB) 10 

medium for 12 h at 37 °C with a shaking speed of 220 rpm according to Molteni et al.[62]. Bacterial 11 

cells in the stationary growth phase were collected from 5 ml culture medium by centrifugation for 15 12 

minutes at 5000 × g, which is followed by three consecutive PBS washing steps involving identical 13 

centrifugation parameters. Finally, the bacteria testing solution (BTS) was gained by resuspension in 14 

5 mL of PBS. The hence achieved initial average cell count ranges in the scale of 9 log CFU/ml. Prior 15 

to cultivation, the E. coli bacteria have been stored for two weeks at 4 °C on agar plates after 16 

cultivation from cryo-storage at -81 °C, which have been provided by the Helmholtz Institute for 17 

Pharmaceutical Research Saarland (HIPS). 18 

For the preparation of BTS containing S. aureus a single bacterial colony from a previously prepared 19 

blood agar plate was added to 5 ml tryptic soy broth (TSB). The bacterial solution was cultivated for 20 

16 hours at 37 °C and 150 rpm in an incubator. Afterwards, 40 µl of the bacterial solution was 21 

transferred into 4 ml of TSB. To obtain bacteria in the exponential phase this suspension was placed 22 

for 2.5 hours at 37 °C and 150 rpm in the incubator. Subsequently, washing and centrifugation was 23 

performed, where 1 ml of the bacterial suspension was centrifuged for 3 minutes at 17000 g, followed 24 

by three washing steps in PBS. Before cultivation, the S. aureus bacteria have been stored on blood 25 

agar plates at 4 °C for less than two weeks after cultivation from a cryo-storage in glycerol stock at -26 

20 °C. The utilized S. aureus wild-type strain SA113 (ATCC 35556) was provided by the Institute of 27 

Medical Microbiology and Hygiene of the Saarland University medical center. 28 

Following the wet plating method for heterogeneous surface wetting properties described in a 29 

previous work[43], three droplets of 40 µl of the BTS were applied to individual exposure areas 30 

predefined by polyvinyl chloride (PVC) rings exhibiting an inner circular diameter of 5 mm. The 31 

slightly hydrophobic PVC prevent BTS spreading in case of hydrophilic and provide anchoring edges 32 

to facilitate complete droplet covering of the exposure area in case of (super-)hydrophobic surfaces. 33 

Each sample was stored in water saturated environment at ambient temperature during BTS exposure. 34 

Two doses of 5 µl each were withdrawn after three individual exposure intervals, each time probing a 35 
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different droplet. Bacterial survival on the Cu surfaces was initially monitored to define suitable 1 

exposure durations that allow for a comparative assessment of bacterial viability on the different 2 

surfaces, where complete killing of both bacterial strains could be initially ascertained after 120 min of 3 

exposure. Due to the varying resilience of the tested bacterial strains, E. coli cells were exposed for 20 4 

minutes, 40 minutes and 60 minutes, while S. aureus survival was monitored for 30 minutes, 5 

60 minutes and 120 minutes. Bacteria adhering to the surface were resuspended by vigorous pipetting 6 

with a parallel tip orientation to the surface pattern to avoid shadowing of the pattern valleys. The 7 

number of viable bacteria was assessed using the standard plate count method by serial dilution of one 8 

of the 5 µl doses in PBS followed by plating on LB/blood agar plates. The inoculated agar plates were 9 

incubated overnight at 37 °C and 80% moisture followed by counting of the remaining colony forming 10 

units (CFU) after the individual exposure intervals. The second 5 µl was diluted 600-fold dilution in 11 

0.1% HNO3 for further determination of the corresponding Cu ion concentrations in the BTS by 12 

inductively coupled plasma triple quadrupole mass spectrometry (ICP-QQQ, Agilent 8900 ICP-QQQ). 13 

The experiments were conducted in triplicates on separate dates for each bacterial strain, where 14 

statistical variation of both CFU and Cu-ion release is determined via standard deviation.  15 

In order to exclude the effect of surface enlargement by USP-DLIP on bacterial viability as well as 16 

quantitative Cu ion release, the CFU and ICP-QQQ results determined were normalized to a 17 

standardized surface area and exposure duration, thus allowing for a more accurate comparison. The 18 

corresponding CFU reduction and Cu ion release rate were defined by equation (2) and (3). 19 

CFU reduction rate = ���
���� � �    in    CFU

min cm²# (2) 

Cu ion release rate = �%�&'((�)
���� � �    in    µM

min cm²# (3) 

Here, CFU accounts to the viable colony forming units per ml and �%�&'((�) to the release of Cu in 20 

µM detected after a defined exposure interval ����. A is the exposed surface area of 0.196 cm² defined 21 

by the circular PVC rings and S corresponds to the individual surface ratio denoted in Figure 1, where 22 

S = 1 in the case of the smooth reference surfaces. 23 
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STEM analysis on particles observed on S. aureus cells after Cu exposure 

In the manuscript “Modifying the Antibacterial Performance of Cu Surfaces by Topographic 

Patterning in the Micro- and Nanometer Scale” high resolved SEM investigation of particle 

agglomerations observed on the cell surface of S. aureus bacteria after exposure to Cu in PBS was 

conducted. Differences in morphology, Z-contrast and stability under electron beam irradiation are 

observed including FIB-cross sectioning (displayed in Figure 6), while top-down EDS analysis 

(summarized in Figure 7) reveals differences in element composition between particle groups of 

different size. Singular particles of increased scale could be linked to enhanced compositions of 

intracellular Cu concentrations, which indicates a triggering of the agglomeration of environmental Cu 

by exposed cytoplasm. Further investigation of this phenomenon was conducted by means of scanning 

transmission electron microscopy (STEM). 

Sample preparation 

Sample preparation was conducted on a Ga-FIB equipped Helios Nanolab 600 (FEI) workstation that 

allows for high precision lamella extraction and thinning, while imaging and EDS analysis was executed 

on a Helios PFIB G4 CXe (Thermo Fisher) workstation due to better imaging and EDS detector area. 

STEM EDS was applied in addition to high-resolved STEM imaging to allow further reduction in 

background signals due to the signal depth. Both imaging and EDS analysis were conducted at an 

acceleration voltage of 20 kV. 

Target preparation was executed on a surface partition of an immersion etched 3 µm USP-DLIP 

patterned sample that exhibits S. aureus at different stages of cell deterioration in three neighboring 

topographic trenches, as shown in Figure SI1a) and b). Prior to SEM/STEM, the sample was sputter-



coated by several nm of Au80Pd20 to allow for both high resolved SEM imaging and a clear identification 

of the sample/Pt-coat interface in cross section view. Three sections were defined for further analysis 

each representing a specified cross section within the individual trenches that represent different states 

of bacterial deterioration and membrane particle agglomeration (highlighted in Figure SI1b). The 

particles investigated by STEM EDS are marked in Figure SI1c)-d), while the corresponding sample 

partition chosen for lamella extraction is illustrated in Figure SI1a). 

 

Figure SI1: SEM imaging of the sample partition investigated via STEM. a) top-down image of the three different trenches, 
where the colored overlay indicates the lamella extracted in a further step as well as the respective location of the thinned 
sections 1(green), 2 (red) and 3(blue). The three arrows indicate the STEM imaging perspective. b) Section 1-3 in 52° tilted 
perspective with close-ups in c)-e). The arrows in c), d) and e) highlight the bacterial membrane associated particles analyzed 
via STEM EDS and indicate the imaging/analysis perspective in STEM. The scale bar corresponds to 2 µm on each image. 

Target preparation and lamella extraction involved the application of protective Pt layers (Figure 

SI2a) followed by the extraction of the targeted sample partition as a several 100 nm thick lamella, 

which was attached to a grid-holder (Figure SI2b). Further thinning was conducted via ion beam 

polishing upon electron beam transparency at an acceleration voltage of 30 kV, focusing on the three 

sections highlighted in Figure SI1a). 

Results and discussion 

Bright field imaging of the targeted sections and particles marked in Figure SI1c)-e) after thinning is 

displayed in Figure SI2c)-e). The inverted Z-contrast indicates bacterial cell matrix (mainly composing 

of the light elements C, N, O and Na) by a bright contrast, while the Cu substrate surface and protective 

Au80Pd20-coating both exhibit a dark imaging contrast. Particles adherent to bacterial cells exhibit a 

light gray Z-contrast indicating an average Z-value of the overall element composition between the 



bacterial matrix and Cu/ Au80Pd20. At the interface between the bacterial cell and adherent particles, 

small (Figure SI2c) up to elevated (Figure SI2e) protrusion of bright contrast areas into the particles 

can be observed, potentially indicating cytoplasm exposure at defects of the bacterial membrane. This 

is especially pronounced for the bacterial cells in section 3 that exhibit the highest state of cell 

deterioration, as displayed in Figure SI2e). 

 

Figure SI2: Lamella preparation of the targeted sample partition. a) top-down image after Pt-coating, where the red arrow 
indicates the imaging perspective of b)-e). b) the extracted lamella after transfer to the grid before thinning with marking of 
the three investigated sections. c)-e) bright field imaging of section 1-3 where the particles marked by colored arrows 
correspond to the markings in Figure SI1c)-d). 

The two particles highlighted in section 1 deviate slightly in size and morphology whereas both 

exhibit contrast broadening at the interface to the bacterial cell. STEM EDS reveals a higher proportion 

of Cu accompanied by contents of Cl in the case of particle 1 (displayed in Figure SI3), which 

corresponds to the composition of large particles (LP) determined by top-down EDS in the manuscript 

(see Figure 7). Particle 2 exhibits slightly lower levels of Cu, O and almost no traces of Cl. However, a 

clear allocation of particle 2 to the small particle (SP) group is not possible due to the dominant Pt signal 

in the neighboring spectrum that prevents a clear identification of a phosphorus signal (indicated by the 

EDS spectrum of the bacterial cell center). Both particles exhibit a similar signal in Au, Pd and Pt 

contributing to the interfacial composition of the particle surface as well as neighboring or underlying 

partitions of the Pt-layer. The increased C signal in the Pt coating results from carrier gas remnants that 

have been implanted in parallel to the Pt coating process. Both particles exhibit similar levels of C, 

which are however accompanied by increased levels of N and Na that point towards a contribution of 

bacterial matter to the particle composition. 



The spectrum of the Pt layer furthermore displays a Cu signal peak, which results from background 

signals of the nearby Cu grid holder. The distance to the grid holder is increasing from section 1 to 

section 3, corresponded by a decreasing Cu/Pt ratio in the Pt spectrum, where the respective Cu signal 

intensity might be considered as a comparative offset for the interpretation of the other sampling spectra. 

 
Figure SI3: STEM EDS analysis of the bacterial cell as well as of the marked adherent particles in section 1. 

STEM EDS analysis of the dissected particles 1 and 2 in section 2 exhibits a similar composition of 

C, N, O and Na with a dominant proportion of Cu as well as interface related Au, Pd and Pt in 

comparison to particle 1 and 2 in section 1 (see Figure SI4). The dominance in C and O as well as the 

relative signal intensity of N and Na correspond to the bacterial cell spectrum in Figure SI3 in parallel 

to a similar dark imaging contrast in the case of particle 2. As visible in Figure SI1, particle 2 forms a 

connection between two individual S. aureus cells whereas it might not necessarily represent 

agglomerated matter but a direct link between the two cells containing bacterial cell matter. This is 

emphasized by higher C, N, O and Na as well as abundant Au and Pd signals representing a lack of 

interfacial areas that are well expressed in the spectrum of particle 1, instead.  

 
Figure SI4: STEM EDS analysis of the two particles marked in section 2. 

Although being completely separated from bacterial cell matter, particle 1 exhibits C, N, O and Na 

levels that are closely related to particle 2 also exhibiting a similar intensity ratio between the individual 

signals. It is worth mentioning that the Cu and Cl signal also exhibit a similar intensity ratio between 



particle 1 and 2, where considerable amounts of Cu are also observed in particle 2 although it potentially 

represents bacterial matter. 

In section 3, analysis via STEM EDS focused on the largest particle adherent to a deteriorated 

bacterial cell. Similar to the particles monitored in section 1 and 2, a certain level and ratio of C, N, O 

and Na signal intensity could be identified, however with a limited proportion compared to a 

predominant Pt signal. This indicates that the analyzed particle was sectioned at the outer volume close 

to the backward surface including a signal of background Pt in the thinned lamella section. 

Correspondingly, the Cu signal of particle 1 levels below the intensity observed within the bacterial cell 

of section 3. The high C to Cu ratio measured in the bacterial cell center points towards a considerable 

ingress of Cu, whereas the similar C to Cu ratio of particle 1 potentially involves an additional C signal 

from the Pt coat in the background. 

 
Figure SI5: STEM EDS analysis of the bacterial cell, the marked particle as well as debris at the interface between the bacterial 
cell and the Cu substrate.  

An increased amount of debris was found at the interface between the bacterial cells and the Cu 

surface and in close vicinity that deviates in morphology and layer thickness to oxidic passivation layers 

displayed in Figure 6. STEM EDS reveals predominant levels of Cu, aside of C, O and an elevated 

proportion of Cl. With regard to the low O signal, the debris does not appear to contain significant 

amounts of Cu oxide that might contribute to surface passivation. Instead, the high levels of Cl point 

toward an unpassivated pitting corrosion site in correspondence to preliminary findings[1,2]. This is 

further supported by the Cu surface profile below the bacterial cell that represents the morphology of a 

grain boundary, where the cavity partly filled with debris might represent a former grain that was 

dissolved due to anodic interaction[3]. 

Summarizing the results of STEM investigation in the three different sections, a connection between 

localized particle agglomeration and potential exposure of bacterial cell matter could be determined. 

Independent of their size, increased levels of C, N, O and Na are found for each particle where at least 

the N/Na and in some cases the overall signal intensity ratio corresponds to the element spectrum of the 

parallelly analyzed bacterial cells. Above a certain scale, Cu particles adherent to bacterial cells contain 



increased amounts of Cl, which is similarly observed in the debris at potential pitting corrosion sites of 

the Cu substrate. In parallel, these particles exhibit a crystal morphology of straight edges and corners, 

which is especially visible by the hexagonal symmetry of particle 1 in section 2. 

Based on these findings, the underlying mechanism of Cu particle formation and growth observed on 

S. aureus cells appears to follow a course of localized nucleation on the bacterial membrane and further 

accumulation of Cu that was dissolved by Cl induced pitting. Both the localized nucleation as well as 

the growth of Cu particles appear to be catalyzed by exposed bacterial cell matter as indicated by the 

particle element composition and morphology transformation of bacterial cells. This corresponds to the 

current state of literature, which ambiguously demonstrate the catalytic impact of bacterial matrix on 

copper agglomeration [4–9]. An increasing content of Cu and Cl combined with the crystalline 

morphology of larger scaled particles point towards the formation of preferential Cu agglomeration site 

within the galvanic microenvironment, that might induce a Cu scavenging impact. 
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Abstract: 

Maintaining crew health and safety are essential goals for long-term human missions to space. 

Attaining these goals requires the development of methods and materials for sustaining the crew’s 

health and safety. Paramount is microbiological monitoring and contamination reduction. Microbial 

biofilms are of special concern, because they can cause damage to spaceflight equipment and are 

difficult to eliminate due to their increased resistance to antibiotics and disinfectants. The introduction 

of antimicrobial surfaces for medical, pharmaceutical and industrial purposes has shown a unique 

potential for reducing and preventing biofilm formation. This article describes the development 

process of ESA’s BIOFILMS experiment, that will evaluate biofilm formation on various 

antimicrobial surfaces under spaceflight conditions. These surfaces will be composed of different 

metals with and without specified surface texture modifications. Staphylococcus capitis subsp. capitis, 

Cupriavidus metallidurans and Acinetobacter radioresistens are biofilm forming organisms that have 

been chosen as model organisms. The BIOFILMS experiment will study the biofilm formation 

https://doi.org/10.3389/frspt.2021.773244
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potential of these organisms in microgravity on the International Space Station on inert surfaces 

(stainless steel AISI 304) as well as antimicrobial active copper (Cu) based metals that have 

undergone specific surface modification by Ultrashort Pulsed Direct Laser Interference Patterning 

(USP-DLIP). Data collected in 1 x g has shown that these surface modifications enhance the 

antimicrobial activity of Cu based metals. In the scope of this, the interaction between the surfaces and 

bacteria, which is highly determined by topography and surface chemistry, will be investigated. The 

data generated will be indispensable for the future selection of antimicrobial materials in support of 

human- and robotic-associated activities in space exploration. 

 

Own contributions: 

Conduction of the pre-flight experiments. USP-DLIP sample preparation and characterization 

including SEM of the bacterial strains. Data interpretation, preparation and editing of the manuscript.  
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Maintaining crew health and safety are essential goals for long-term human missions to space.

Attaining these goals requires the development of methods and materials for sustaining the

crew’s health and safety. Paramount is microbiological monitoring and contamination

reduction. Microbial biofilms are of special concern, because they can cause damage to

spaceflight equipment and are difficult to eliminate due to their increased resistance to

antibiotics and disinfectants. The introduction of antimicrobial surfaces for medical,

pharmaceutical and industrial purposes has shown a unique potential for reducing and

preventing biofilm formation. This article describes the development process of ESA’s

BIOFILMS experiment, that will evaluate biofilm formation on various antimicrobial surfaces

under spaceflight conditions. These surfaces will be composed of different metals with and

without specified surface texture modifications. Staphylococcus capitis subsp. capitis,

Cupriavidus metallidurans and Acinetobacter radioresistens are biofilm forming organisms

that have been chosen as model organisms. The BIOFILMS experiment will study the biofilm

formationpotential of these organisms inmicrogravity on the International SpaceStation on inert

surfaces (stainless steel AISI 304) as well as antimicrobial active copper (Cu) based metals that

have undergone specific surface modification by Ultrashort Pulsed Direct Laser Interference

Patterning (USP-DLIP). Data collected in 1 x g has shown that these surface modifications

enhance the antimicrobial activity of Cu based metals. In the scope of this, the interaction

between the surfaces and bacteria, which is highly determined by topography and surface

chemistry, will be investigated. The data generated will be indispensable for the future selection

of antimicrobial materials in support of human- and robotic-associated activities in space

exploration.

Keywords: biofilms, direct laser interference patterning technique (DLIP), contamination (equipment), antimicobial,

surfaces
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INTRODUCTION

An enduring human presence in space is required to achieve the

primary goals of space programs worldwide. As longer human
missions, (e.g., to Moon and Mars) are being planned for the
foreseeable future, the optimization of isolated self-sustaining
habitats is of prime importance. One key aspect in this regard is
extensive microbial control. The ubiquity of microorganisms in
crewed spacecrafts such as the International Space Station (ISS)
poses several critical risks to astronauts as well as to structural
spacecraft materials. Decreasing unwanted microbial growth and
biofilm formation within a space craft will also aid in inhibiting
forward and backward contamination of extraterrestrial systems
as for improved adherence to planetary protection protocols.

Nevertheless, microorganisms have shown unparalleled potential
for regenerative life support systems, such asMELiSSA, which has
been designed to enable long-term manned missions in space
(Lasseur et al., 2010).

Microbiological studies have shown the pervasive presence of
microorganisms aboard the ISS associated with dust particles
(Checinska et al., 2015; Mora et al., 2016), filter debris
(Venkateswaran et al., 2014; Be et al., 2017), air vents (Lang
et al., 2017), walls and panels (Singh and Wade, 2014), as well as
touch surfaces such as laptop keyboards and handrails (Lang
et al., 2017). The microbial population described in these studies

is mostly composed of human-associated strains, but
environmental organisms are also present. Several bacterial
and fungal strains have been characterized in detail, often with
specific attention towards antimicrobial resistance (AMR) and
stress responses (Mijnendonckx et al., 2013; Romsdahl et al.,
2018; Seuylemezian et al., 2018). The prevalence of AMR genes in
the ISS microbiome was examined in a longitudinal study,
indicating multiple multidrug-resistant organisms (Urbaniak
et al., 2018). A similar study showed the persistence of several
opportunistic pathogens, including Klebsiella pneumoniae and
Staphylococcus aureus (Singh et al., 2018) that showed an increase

in AMR genes and virulence observed over the duration of the
study. These results are worrying in light of a decreased immune
function of astronauts during spaceflight (Sonnenfeld and
Shearer, 2002; Sonnenfeld et al., 2003; Aponte et al., 2006). In
contrast, it has been proposed that these health concerns are
unjustified, and that the risks accompanying unchecked
microbial contamination are associated with degradation of
equipment integrity rather than human health-related (Mora
et al., 2019). This hypothesis is validated by the low number
of observed health issues and infections of crew members
(Crucian et al., 2016).

Monitoring and controlling microbial contamination on the

ISS has been reviewed by Van Houdt and Leys (2020). While air
and surface contamination levels were generally within acceptable
levels, onboard potable water sources were found to be unsuited
for human consumption in 60% of cases (Bruce et al., 2005),
leading to increased costs and loss of crew time. Despite repeated
decontamination attempts, (e.g., with silver), microbial counts
rapidly increased above acceptable levels. These results could be
caused by the possible prevalence of silver resistance mechanisms
in contaminating cells (Mijnendonckx et al., 2013), as well as

adaptation to the oligotrophic environment by entering a viable
but non-culturable (VBNC) state (Davey, 2011; Schottroff et al.,
2018) that could be more resistant to extant biocides. Lastly, the
formation of biofilms on equipment surfaces could impair the

functioning of biocidal applications.
Biofilms have been defined as aggregated cell communities

enveloped in self-produced extracellular polymeric substances
(EPS) often associated with surfaces (Flemming et al., 2016).
Microorganisms in biofilms are often more resistant to
antimicrobial agents because of a decreased permeation of
these agents into the biofilm (Koo et al., 2017), and a high
cellular heterogeneity including dormant cells with increased
stress resistance (Singh et al., 2017). Biofilm formation on
spacecraft materials has been observed in the ISS (Novikova
et al., 2006; Perrin et al., 2018), as well as in the Mir space

station (Klintworth et al., 1999; Ilyin, 2005). The presence of
biofilms is known to cause damage to structural equipment via
polymer deterioration, metal corrosion and biofouling. Microbial
cells in space, in the planktonic phase as well as in biofilms, are
not subjected to the same net gravitational field as on Earth due to
a lack of convection, decreasing mixing in the system.
Consequently, mass transfer between the cell and its
immediate environment is limited to diffusion (Horneck et al.,
2010). This leads to depletion of nutrients and accumulation of
metabolites in the immediate extracellular environment that
elicits a biological response in the cell. To study the effects of

spaceflight on biofilm formation several experiments have been
conducted (reviewed by Zea et al. (2018). For example,
Pseudomonas aeruginosa is able to form biofilms in
microgravity (McLean et al., 2001) and shows an increased
propensity for biofilm formation dependent on nutrient
availability and flagella-driven cell motility (Kim et al., 2013).
This effect of motility onmixing rates in the fluid surrounding the
cell has been hypothesized to partially negate the effects of
microgravity and decreased convective phenomena (Horneck
et al., 2010). In microgravity, Escherichia coli clustered
together in liquid medium rather than being homogeneously

distributed in the medium, indicating enhanced biofilm
formation in space (Zea et al., 2017). Lastly, it must be noted
that the function of quorum sensing mechanisms that depend on
small signaling molecules can be impacted in microgravity. Cell-
cell communication via quorum sensing plays a key role in
biofilm formation and adaptation to a changing environment,
but also bacterial virulence (Li and Tian, 2012). An increased
concentration of N-acyl-homoserine lactones, that function as
signaling compounds, was shown in Rhodospirillum rubrum in
simulated microgravity while cell density was unaltered
(Mastroleo et al., 2013).

The prevalence of multispecies biofilms and their possible
effects on human health and equipment integrity, in combination
with the frequent problems with bacterial contamination of
drinking water, illustrates the need for advanced, integrated
decontamination systems (Van Houdt et al., 2012). One
promising alternative for existing antimicrobial strategies is the
use of copper (Cu) surfaces. Metallic Cu is extremely efficient in
killing microorganisms in atmospherically dry conditions, with
near-complete inactivation in minutes to hours (Vincent et al.,

Frontiers in Space Technologies | www.frontiersin.org January 2022 | Volume 2 | Article 7732442

Siems et al. ISS Experiment BIOFILMS

https://www.frontiersin.org/journals/space-technologies
www.frontiersin.org
https://www.frontiersin.org/journals/space-technologies#articles


2018). Among the modes of action of copper toxicity direct cell-
to-metal contact is important in the inactivation kinetics and has
led to the term “contact killing” (Mathews et al., 2013). Additional
killing modes or parameters include ambient temperature and Cu

concentration in any alloys used (Wilks et al., 2005; Noyce et al.,
2006). Interestingly, in wet applications the antimicrobial effects
of Cu surfaces are diminished, having inactivation times of
several hours (Dwidjosiswojo et al., 2011; Maertens et al.,
2020). The antimicrobial potential of Cu surfaces is currently
being studied in drinking water production, air conditioning and
in hospital settings (Vincent et al., 2016).

Copper, while an indispensable micronutrient, rapidly induces
toxic effects in bacteria upon exposure to excess concentrations. A
key aspect of Cu toxicity is the catalysis of intracellular reactive
oxygen species (ROS) production via a Fenton-like reaction

(Lemire et al., 2013). In addition, membrane and DNA
damage, as well as inactivation of Fe-S clusters have been
reported (Vincent et al., 2018). Amino acid and lipid
metabolism in space-grown bacteria are often pre-adapted to
increased oxidative stress, that has been linked to an elevated dose
of ionizing radiation in space (Crabbe et al., 2011; Li J. et al.,
2014). Interestingly, copper toxicity has been shown to induce the
VBNC state in bacterial cells suspended in oligotrophic media,
which is sometimes associated with subsequent recovery and
virulence (Dwidjosiswojo et al., 2011; Li L. et al., 2014; Dopp et al.,
2017; Maertens et al., 2021). In addition, bacteria have evolved a

multitude of mechanisms to maintain Cu homeostasis. While
import mechanisms have been relatively rarely studied
(Lutkenhaus, 1977; Balasubramanian et al., 2011; Ekici et al.,
2012), many Cu export systems are known (Arguello et al., 2013).
These exporters are supplemented by cytoplasmic and
periplasmic Cu chelators and chaperones, and the integration
of such systems into complex regulatory networks can lead to
high levels of Cu resistance (Monsieurs et al., 2011; Monsieurs
et al., 2015).

The antibacterial efficiency of Cu surfaces has been proven to
be directly linked to the quantitative release of Cu ions,

independent of the composition of the surface (purely metallic
or embedded in matrix material) or Cu particle size in the case of
nanoparticles (Hans et al., 2013; Hans et al., 2014; Sun et al., 2018;
Bastos et al., 2020). This mechanism is also responsible for the
decreasing antibacterial properties with depleting Cu content,
and is why additional surface functionalization focusing on
increased antibacterial efficiency is key to further improvement
of Cu-based antimicrobial surfaces. Surface functionalization
involving surface chemistry (Tripathy et al., 2018; Maikranz
et al., 2020) and topography (Helbig et al., 2016) can alter
bacterial adhesion by repelling or additional killing

mechanisms, similar to the mechanical destruction of the cell
wall on Cicada Wings (Tripathy et al., 2017). However, inherent
antimicrobial capacities might as well be decreased alongside
surface functionalization due to degraded Cu ion release
(Boinovich et al., 2019) emphasizing the need for a considered
approach to surface modification. Ion release itself was shown to
be mainly driven by corrosive interaction with the contacting
medium, where Cu scavenging of bacteria alongside nutrient
ingestion additionally increases ion release rates by preventing

the formation of a passivating Cu-oxide layer (Luo et al., 2019). In
this context, bacterial mortality on Cu surfaces has recently been
shown to be at least as dependent on metabolic activity as on
sufficiently high Cu ion release rates. Here, topographical and

chemical surface functionalization by Ultrashort Pulsed Direct
Laser Interference Patterning (USP-DLIP) at the scale of single
bacterial cells (Pattern periodicity P � Bac) targeting increased
bacterial adhesion induced an amplification of Cu sensitivity of
E. coli (Müller et al., 2021).

Copper containing antimicrobial surfaces have been
successfully applied before in clinical environments. The
replacement of frequent-touch items from standard materials
to copper alloys reduced the overall microbial burden
significantly. It also led to a decline in contamination with
antibiotic resistant microorganisms such as vancomycin

resistant enterococci and methicillin resistant S. aureus
(Karpanen et al., 2012). Regarding the astronauts’ health and
the integrity of the spacecraft, the application of copper
containing antimicrobial surfaces and coatings can be
beneficial also for spaceflight purposes (Hahn et al., 2017; Zea
et al., 2020). However, antimicrobial copper surfaces especially
those with surface functionalization have not been tested for their
potential against biofilm formation under spaceflight conditions
yet and it is not known to what extent the antimicrobial activity
might change in microgravity.

Scientific Aims and Approach
The BIOFILMS (Biofilm Inhibition on Flight equipment and on
board the ISS using microbiologically Lethal Metal Surfaces)
experiment proposal was submitted and accepted by ESA
within an open call for experiments in 2014 (ILSRA-2014-
054). The goal of the experiment is to compare how biofilms
are formed in microgravity in a liquid environment on inhibiting
and non-inhibiting metal surfaces to investigate the antibacterial
efficacy of several copper-based antimicrobial surface pattern
designs under different space-relevant gravity conditions.
Within a single experiment different microbial species will be

tested and the different metal surfaces will be cross-compared
from different gravity regimes. To accomplish this, three
specifically selected bacterial species will be exposed to
topographically functionalized metallic surfaces with and
without inherent antimicrobial material properties under
microgravity (µg) (ISS and space travel conditions), 0.4 x g
(approximated gravity level on Mars) and 1 x g (terrestrial
gravity control). Post-flight, the metal surfaces alongside the
adhering biofilms will be subjected to in-depth microbiological
and molecular biological analyses as well as high-resolution
spectroscopic and metallographic characterization of the metal

surfaces to determine altered surface properties.
The BIOFILMS project will evaluate the applicability of

topographically functionalized antimicrobial contact surfaces
for contamination control in extra-terrestrial environments,
including a focussed investigation on the role of the actual
bacteria/substrate contact. A recent study following a similar
approach of functionalized Cu contact surfaces has shown
enhanced antibacterial efficiency in close relation to altered
bacteria/surface interaction on Earth in 1 x g (Müller et al.,
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2021). Expectedly, the data generated will be indispensable for the
future selection of antimicrobial materials in support of
astronaut-/robotic-associated activities in space exploration.
An overview of the whole timeline of the BIOFILMS

experiment can be found in the Supplementary Material

(Supplementary Figure S1).

MATERIALS AND METHODS

Selection Criteria for Buffer, Growth
Medium and Fixative
The bacterial cells of the three species included in BIOFILMS need
to be stored in the flight hardware as pre-test inoculation cultures
until the experiment is activated aboard the ISS. For this, we

considered liquid buffers that fulfilled specific requirements.
Namely, the storage buffer needs to limit bacterial activity
during the storage phase, but keep the cells in an intact and
viable condition allowing growth when the experiment is
activated. Furthermore, in the selection process for the liquid
growth medium that will be present during the incubation and
biofilm formation phase of the experiment various factors were
considered. Since different bacterial species need different amounts
of nutrient for growth and biofilm formation, the growth medium
will need to support growth and biofilm formation of all three
selected strains. Furthermore, a growth medium that only includes

low concentrations of available nutrients was sought tomore closely
resemble realistic environmental conditions. Another important
point in the selection process was the comparability to other
spaceflight experiments, that can be limited in case different
types of growth media are used. After the cultivation phase the
experiment will be fixed to prevent further bacterial activity during
onboard storage, download from the station and transport and
storage post flight. The selection criteria for a chemical fixative were
the compatibility with the chosen bacterial strains, the metal sample
plates and the experimental hardware. Additionally, the chemical
hazard of the fixative had to be minimized.

Bacterial Species Selection Criteria
The bacterial species and strains for BIOFILMS were selected for 1)
their ability to form biofilms, 2) their relevance for spaceflight and
3) their potential risk to the crew. Spaceflight relevance was defined
here as either relevant for the astronaut’s health or the integrity of
spaceflight equipment. Moreover, species and strains were
considered that had been isolated from spacecrafts or the
International Space Station itself. We only considered bacteria
that are classified in the lowest risk group to eliminate possible
health risks in the unlikely event of exposure. The selected strains

were tested for their ability to grow in the chosen growth medium,
their biofilm formation on inert surfaces and their compatibility
with the experimental setup and chosen fixative. Furthermore, an
appropriate protocol for preparing the pre-test inoculation cultures
for flight was developed.

Antimicrobial Surface Functionalization
The concept of antimicrobial efficacy involves both topographical
influence on bacterial adhesion (Helbig et al., 2016) as well as

inherent bactericidal capacities of the materials. Since, the goal of
the BIOFILMS experiment is to evaluate topographically
functionalized antimicrobial surfaces under space conditions,
the selection of the materials itself and the method for

generating the different topographies was an integral part of
the experiment. As inert non-antibacterial reference surface
stainless steel (AISI 304) was selected for evaluating bacterial
biofilm formation. Furthermore, copper (OF-Cu) and brass as a
copper alloy (CuZn37) were selected as appropriate metal
surfaces with antimicrobial properties. In this selection process
for the antimicrobial surfaces it was important that the metal
itself had been well studied for its antimicrobial properties and
that it was suitable for topographic functionalization. In the
experiment, each material will be tested with three topography
modifications: smooth, patterned at or very near the bacterial

scale (P ≈ Bac), patterned smaller than the bacterial scale (P <

Bac). With this we will include the effect of topography on
bacteria-surface interactions. The proposed effective interplay
of mechanisms is listed in Table 1 for each of the surface
modifications.

Sterilization of Metal Sample Plates
Because the setup for the BIOFILMS experiment will be based on
a single species biofilm formationmicrobial contamination on the
metal sample plates will be prevented in advance of the
experiment. Copper containing surfaces may form additional

oxides during passivation in contact with water, therefore a
specific sterilization treatment with minimal contact with
water was developed, because the standard sterilization
methods such as autoclaving and treatment with 70% ethanol
are not suitable. We tested different combinations of ultrasound,
ethanol and UV-C treatment. To test the sterilization efficacy of
each, smooth steel surfaces were intentionally contaminated with
bacteria (Staphylococcus capitis subsp. capitis strain DSM 111179)
by placing the surfaces into petri dishes with 10 ml of liquid
growth medium (R2A) inoculated with 107 CFU/ml and
incubated overnight at 37°C. Next, the plates were treated

either with different concentrations of ethanol in tubes in the
ultrasonic bath at 50% for 30 min (Sonorex Digital 10P, Bandelin,
Berlin, Germany) followed by a UV-C treatment (total dose 840 J/
m2), autoclaved (positive control) or not treated (negative
control). To verify effective sterilization the sample plates were
placed in Erlenmeyer flasks containing 20 ml of liquid growth
medium (R2A) and incubated overnight at 37°C in a shaking
incubator at 100 rpm. The sterilization procedure was scored
effective in the absence of visual growth.

ScientificRequirements of the Experimental
Hardware
For the hardware design of the BIOFILMS experiment several
scientific requirements were stated. The basic principle for the
hardware design had to allow bacterial biofilm formation on
different metal sample plates in a controlled oxygenated
environment that will permit distinct activation and
termination of the experiment with little crew time involved.
The specific scientific requirements are listed below:
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(1) The experiment hardware needs to be equipped with culture
chambers, each one hosting five metal sample plates.

(2) Each chamber should offer sufficient room to accommodate
all five metal sample plates without touching or damaging

their surfaces during their placement into or removal from
the chamber.

(3) The bacteria need to be uploaded as “ready-to-start” pre-test
cultures. The volume of a pre-test culture should be 0.25 ml
for each culture chamber. The experiment hardware needs
to be capable of activating the pre-test cultures by the
addition of liquid growth medium.

(4) The experiment hardware must be capable of transferring
the activated culture into the culture chamber containing
the metal sample plates. The transfer should occur directly
after activation.

(5) The experiment hardware must be capable of filling the
complete culture chamber, covering all five metal sample
plates with growth medium and activated bacterial cultures.
The chamber must remain free of liquid until the cultures
are introduced to prevent premature chemical alterations of
the metal sample plates.

(6) The growthmediummust not be stirred after the chamber is
filled.

(7) The introduction of air bubbles must be prevented, since
these may obstruct the biofilm formation in an
unpredictable and non-verifiable way.

(8) The experiment hardware must be capable of providing the
bacterial cultures with oxygen throughout incubation.

(9) The experiment hardware must be capable of replacing the
liquid growth medium with a fixing solution.

(10) The culture chambers must be sterilizable (preferably via
autoclaving).

Moreover, a safety requirement is to maintain a level of
containment that will prevent any leakage from the
experiment hardware container once it is aboard the ISS.
Furthermore, aboard the ISS, the experiment must be

integrated into Kubik; a temperature-controlled cube shaped
facility with a centrifuge in its center to simulate gravity.
Therefore, the outer measures and electronic connections need
to be compatible between the experiment hardware and Kubik.

The experiment hardware was designed and produced by
Kayser Italia, SRL, Livorno LI, Italy. During the design
process, two prototypes, the reduced model and the scientific
model, were provided to the science team for initial tests before
the actual flight models were produced. Pre-flight hardware tests

included a biocompatibility test and a science verification test
(SVT). Additionally, an experiment sequence test was performed
to validate the overall set-up including the respective timeframes
of the experiment.

Biocompatibility Test
To confirm that all materials used in the BIOFILMS hardware are
biocompatible, thereby ensuring inhibition of bacterial growth
would not occur, a biocompatibility test was performed. All
materials (Table 2) were autoclaved in advance, put into test
tubes with plastic lids, and covered with 5 ml of liquid growth
medium (double concentrated R2A). An additional tube was
inoculated without including any material (positive control) and
a set of blank samples (materials without bacteria) was included.
The optical density at 600 nm (OD600nm) of an overnight culture

in double concentrated R2A of the bacterial strains was measured
with an absorbance reader (ELx808, BioTek). An appropriate
amount of overnight culture was used to inoculate the medium in
the test tubes so that final OD600nm was at 0.1. For the positive
control bacteria were cultivated in medium only. After 5 h and
15 days of incubation at room temperature (20–22°C), tubes were
vortexed and OD600nm was determined.

Science Verification Test
For the science verification test the science success criteria were
defined to determine if the hardware design allows for the

successful implementation of the experiment and at the same
time ensures that the scientific questions are answered. For
BIOFILMS the following science success criteria were defined:

(1) Successful integration of samples (5 metal plates per
hardware unit) and fluids into the experiment units
(0.25 ml of bacteria suspended in buffer in the bacterial
reservoir, 2.1 ml growth medium in the medium reservoir
and 2.1 ml chemical fixative in the fixative reservoir)

(2) Successful filling of the culture chambers with growth
medium (activation of experiment)

(3) Successful termination of experiments with injection of the
fixative into the respective culture chambers (termination of
experiment)

(4) Successful growth and even distribution of biofilm in the
chambers including steel sample plates

(5) Detection of traces of bacteria in the chambers containing the
antimicrobial sample plates

(6) Successful completion of the experiment without
contamination by other bacteria

TABLE 1 | Material/Topography sample set-ups involving the targeted bacteria/surface interaction.

Topography Material Smooth P ≈ Bac P < Bac

Stainless Steel neutral contact retaining repelling

inert inert Inert

Copper neutral contact retaining repelling

bactericidal bactericidal bactericidal

CuZn37 neutral contact retaining repelling

moderate bactericidal moderate bactericidal moderate bactericidal

Frontiers in Space Technologies | www.frontiersin.org January 2022 | Volume 2 | Article 7732445

Siems et al. ISS Experiment BIOFILMS

https://www.frontiersin.org/journals/space-technologies
www.frontiersin.org
https://www.frontiersin.org/journals/space-technologies#articles


The timeline for the test itself consisted of 2 days for assembly
and filling the experiment hardware, 7 days of storage at 4°C
followed by culturing for 14 days at 20°C. After this, the
experiment hardware was shipped at 20°C to the science team
for hardware disassembly o and sample retrieval from the
experiment units. Samples were analyzed via microscopy.

Development of an Experimental Setup for
Spaceflight
Gravity Conditions and Development of a Flight Plan
The BIOFILMS experiment will investigate biofilm formation of
three different bacterial species on three types of metal sample
plates with three different surface topographies in different
gravitational conditions. As a control, blank samples will be
included as well and the ground experiments will be
performed in the same setup. In the experiment gravity
parameters important for spaceflight were selected to study the
corresponding biofilm morphology and antimicrobial activity.
These gravity parameters are microgravity (µg), Mars gravity
(0.38 x g) and Earth gravity (1 x g) as control. For the simulation

of the gravity parameters on the ISS, two Kubik facilities aboard
the ISS are going to be used. To accommodate all sample types
and combinations throughout three flights with limited space
available in the two Kubik facilities, a specific flight plan was
developed that allows evaluation of the sample types such that a
successful comparison among the sample types and references
can be obtained throughout the different gravitational
parameters.

Experiment Sequence of Individual Flights
The experiment sequence must be identical for all three

BIOFILMS flights. Certain factors such as temperature and
duration can vary within the experiment sequence itself due to
their difficulty to control. Therefore, certain temperature
ranges and time periods were established that define the
minimum and maximum temperature fluctuations and
duration of incubation and storage time. The experimental
design for the ground-based experiments was developed that
provides for a detailed comparison between space and ground
conditions. For testing purposes, the whole experiment

sequence was simulated during the experiment sequence
test over a 2-month time period.

RESULTS AND DISCUSSION

Selected Buffer, Growth Medium and
Fixative
For the onboard storage of the bacteria inside the BIOFILMS
hardware phosphate buffered saline (PBS) was selected to ensure

there is an osmotic balance between the bacterial cells and the
ambient medium. Also, storage in PBS keeps the metabolic
activity of the bacteria minimal compared to storage in a
nutrient rich medium. The make-up of the PBS to be used for
BIOFILMS contains 7.0 g/L Na2HPO4, 3.0 g/L KH2PO4, 4.0 g/L
NaCl in ddH2O with pH 7.5 and is sterilized by autoclaving. The
selected liquid growth medium that provides nutrients for the
bacteria during the incubation phase of experiment is double
concentrated R2Amedium (Teknova R0005: 0.5 g/L yeast extract,
0.5 g/L peptone, 0.5 g/L casamino acids, 0.5 g/L glucose, 0.5 g/L
soluble starch, 0.3 g/L sodium pyruvate, 0.3 g/L KH2HPO4,

0.05 g/L MgSO4·7H2O in ddH20; pH 7.2). This medium was
selected because: (I) It supports growth of the selected bacterial
species, (II) it is a growth medium that contains only small
amounts of nutrients resembling a more realistic biofilm
formation scenario, and (III) it was already used in previous
spaceflight experiments such as BioRock (Loudon et al., 2018;
Cockell et al., 2020) and therefore allows comparability with the
published results.

The chosen fixative for BIOFILMS is a mixture of 1%
paraformaldehyde (PFA; Merck 104005) and 2.5%
glutaraldehyde (GA; Roth 3778.1) in 0.05 M Hepes buffer (pH

7.2–7.4). This fixative is a standard for ultrastructural research,
especially for clinical specimens. It is a variant of the Karnovsky´s
fixative (4% PFA, 5% GA) (Karnovsky, 1965) which uses higher
concentrations and is suitable for a wide range of biological
samples (Bozzola and Russell, 1999). The reason for using 1%
of PFA instead of 4%, as used in Karnovsky´s fixative, is that at
this concentration a substantial fraction of the PFA is persistently
present as formaldehyde in the mixture providing a stable fixative
over time.

TABLE 2 | List of materials from the BIOFILMS hardware that were tested for biocompatibility.

# Material Use and Location

1 American Iron and Steel Institute (AISI) 316 stainless steel Cover of culturing chamber, Duckbill valve retainer, stop valve screw

2A Silicone a O-rings

2B Silicone b O-rings

2C Silicone a with Vaseline O-rings

2D Silicone b with Vaseline O-rings

3 Silicone for LSR injection molding Gas permeable membrane

4A Ethylene propylene diene monomer a O-rings

4B Ethylene propylene diene monomer b O-rings

4C Ethylene propylene diene monomer a with silicone grease O-rings

4D Ethylene propylene diene monomer b with silicone grease O-rings

5 Silicone mL Duckbill valve

6 Polyetheretherketone Hardware body

7 AISI 304 stainless steel Screws

Frontiers in Space Technologies | www.frontiersin.org January 2022 | Volume 2 | Article 7732446

Siems et al. ISS Experiment BIOFILMS

https://www.frontiersin.org/journals/space-technologies
www.frontiersin.org
https://www.frontiersin.org/journals/space-technologies#articles


Selected Bacterial Strains for BIOFILMS
Three bacterial species with different spaceflight implications
were selected for the BIOFILMS experiment: Acinetobacter
radioresistens, Staphylococcus capitis and Cupriavidus
metallidurans. In the following sections, the rationale for
specific bacterial strain selection is presented.

Acinetobacter radioresistens
Members of the genus Acinetobacter are non-motile, Gram-
negative and strictly aerobic bacteria that can form biofilms
(Martí et al., 2011; Towner et al., 2013). The cells are rod
shaped, but become more coccoid as they approach and enter
stationary phase (Henriksen, 1973). Most clinically relevant is
Acinetobacter baumannii, a global pathogen that causes serious
infections particularly in intensive care units and is known for its
antibiotic resistance (Peleg et al., 2008). For the BIOFILMS
experiment A. radioresistens strain 50v1 isolated from the
surface of the Mars Odyssey spacecraft prior to flight (La Duc
et al., 2003) (Figure 1A) was selected. Studies show that strain

50v1 is remarkably resistant to extreme conditions including UV-
radiation, hydrogen peroxide and desiccation (La Duc et al., 2003;
McCoy et al., 2012). Furthermore, 50v1 is not only highly
resistant to cleaning reagents such as Kleenol 30, but can
biodegrade them (Mogul et al., 2018).

Staphylococcus capitis subsp. capitis
S. capitis is a Gram-positive skin-associated bacterium isolated
predominantly from the human head (Kloos and Schleifer, 1975;
Byrd et al., 2018). S. capitis has the ability to form biofilms and is a
causative agent of infections such as endocarditis, urinary tract

infections and catheter induced bacteremia (Cui et al., 2013). In
contrast to most other staphylococcal species, S. capitis is
classified as a biosafety level 1 according to the U.S. Public
Health Service Guidelines. In BIOFILMS we use the strain S.
capitis subsp. capitis DSM 111179 (Figure 1B) isolated from an
exposure experiment aboard the ISS, where different materials,
including antimicrobial materials containing silver and
ruthenium, were exposed to the ISS indoor environment

(Sobisch et al., 2019). The materials were in the pathway of
crew members and therefore were exposed to microorganisms
originating from the astronauts’ skin, hair and clothing. DSM
111179 was isolated after 19 months from V2A steel (Sobisch
et al., 2019). The strain was selected for BIOFILMS because of its
strong biofilm formation, its phylogenetic proximity to other
clinically relevant staphylococcal species and its origin from the

space station indoor environment.

Cupriavidus metallidurans
C. metallidurans is a non-pathogenic β-proteobacterial species.
The cells are Gram-negative peritrichously flagellated rods that
are resistant to high concentrations of metal ions (Vandamme
and Coenye, 2004). The species has often been isolated from
harsh, oligotrophic, artificial environments, including the ISS
(Mijnendonckx et al., 2013). For BIOFILMS, C. metallidurans
type strain CH34 will be used (Figure 1C), which was first
isolated from a zinc decantation basin in a non-ferrous

metallurgical plant near Engis, Belgium (Mergeay et al., 1978).
Strain CH34 has since become a model organism for bacterial
metal resistance, owing to its tolerance to a surprisingly wide
range of metal ions. This tolerance is mediated by a large number
of gene clusters associated with metal resistance as well as its
adaptation potential during metal exposure (Janssen et al., 2010;
Monsieurs et al., 2015; Ali et al., 2019; Mijnendonckx et al., 2019;
Van Houdt et al., 2021). These properties have led to the selection
of CH34 for several other space experiments (Leys et al., 2009;
Loudon et al., 2018). For BIOFILMS, this strain was selected for
its Cu tolerance, its ability to survive in harsh environments and

its previous space experiments.

Criteria for Suitability of Bacterial Strains
During the selection process, the strains were tested for several
parameters that are important for the space experimental setup.
These parameters include, but are not limited to: growth in R2A
liquid medium, biofilm formation on reference surfaces (smooth
stainless steel), inactivation by the selected fixative. All the
parameters were fulfilled by the selected strains (Table 3).

FIGURE 1 | Selected bacterial species for BIOFILMS. Scanning Electron Microscopy images of Acinetobacter radioresistens strain 50v1 (A), Staphylococcus

capitis subsp. capitis strain DSM 111179 (B) andCupriavidus metallidurans strain CH34 (C) after 18 h incubation in R2A liquid growth medium at 37°C (S. capitis subsp.

capitis) or 30°C (A. radioresistens and C. metallidurans) at constant agitation of 150 rpm. Cells were fixed with 1% PFA, 2.5% GA in 0.05 M Hepes buffer for 2 h at room

temperature and stored at 4°C afterwards. Scale bars represent 500 nm.
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Preparation of Pre-test Inoculation Cultures
The bacterial culture preparation for flight will occur prior to the
assembly of the hardware to assure that any contamination can be

detected before the cultures are loaded into the hardware. For backup,
three individual cultures will be prepared and cultivated on double
concentrated R2A agar plates for 48 h. DSM 111179 is cultivated at
37°C and the other two strains are cultivated at 30°C. After cultivation
(colonies formed) the plates are stored at room temperature. For
preparation of the flight bacterial samples, 50ml of a double
concentrated R2A liquid culture will be inoculated in 200ml
Erlenmeyer flasks containing the growth medium, and incubated
as described above for 16–18 h in two shaking incubators at 200 rpm.
Cultures will be transferred to 50ml tubes and centrifuged for 10min
at 4000 x g. Cultures are washed three times with 30ml phosphate
buffered saline and the final cell pellet is resuspended in 10ml

phosphate buffered saline. One mL of each culture is aliquoted
into individual 1.5 ml tubes and stored at 4°C until they are
inoculated into the experimental hardware. The final
concentration is approximately 109 colony forming units per ml
(CFU/ml) for all three bacterial species. This high concentration is
used to assure sufficient cell survival due to the possible 1-month time
lag for storage and uploading before the initiation of the experiment.
When the experiment is initiated the bacterial sample is diluted by the
addition of growth medium (dilution factor: 8.4).

Metal Sample Plates: Antimicrobial and
Reference Surfaces
The three different metals addressed in Materials and Methods
will be evaluated for their ability to prevent or affect microbial
growth and thus biofilm formation in the BIOFILMS hardware.
To fit into the experimental hardware designed for the flight
experiments, 1 mm sheets of of-Cu (Cu >99.95%), CuZn37 (Cu
63%, Zn 37%) (Wieland, Ulm, Germany) and AISI 304 Stainless
Steel (Brio, Lüdenscheid, Germany) are cut into plates of 10 ×

25 mm2 dimension. The Cu-based metals are mirror-polished on
an automated TegraPol-21 system (Struers, Willich, Germany).

The steel sample plates, however, are provided with polished
surfaces. The polished plates of each material are used as
reference samples of smooth surface topography and as
starting material for topographic surface functionalization.

Topographic Surface Functionalization
Topographic surface functionalization is done via USP-DLIP,
whereby both micro- and nanometer pattern scales are

achieved in high pattern quality (Müller et al., 2020a)
under low chemical surface modification (Müller et al.,
2020b). This technique enables both matching the required
size relation to single bacterial cells while retaining the

inherent antibacterial capacity of the Cu-based substrates
(Müller et al., 2021). The USP-DLIP setup consists of a Ti:
Sapphire Spitfire laser system (Spectra Physics, Irvine, US) that
emits ultrashort pulses of tp � 100 fs pulse duration (Full
Width at Half Maximum, FWHM) at a centered wavelength λ

of 800 nm at 1 kHz pulse frequency. The optical setup induces
two beam interference by dividing the seed beam in a
diffractive optical element (DOE) and overlapping the
individual beams on the sample surface using a lens
system. By varying the incident angle θ the periodicity P of
the one-dimensional interference pattern can be modified

applying the correlation stated in Eq. 1 (Müller et al., 2020a).

p �
λ

2tan(θ)
(1)

To achieve topographies in the size range of single bacterial
cells (P ≈ Bac) the periodicity is set to 3 µm. Surface patterning is
conducted in scanning mode at a fluence of 3 J/cm2 and 90%
pulse overlap, that induces homogeneous surface properties on
the three different metallic materials as described in Müller et al.
(2020a). For pattern scales below a single bacterial cell size (P <

Bac) the periodicity is set to 800 nm, while patterning is
conducted modifying the lasing parameters according to
Müller et al. (2020a) to achieve comparable pattern
morphology on each material. The laser processed samples are
subsequently selected to undergo immersion etching in 3% citric
acid in an ultrasonic bath to remove process-induced surface
oxide and sub-structures (Müller et al., 2020b). SEM images of the
USP-DLIP patterned surface topographies after post-processing
are displayed in Figure 2.

Sterilization of Sample Plates
Figure 3 shows the efficacy of the different tested sterilization

methods. Visual bacterial growth was only observed in the
untreated control (Figure 3A). All other sterilization methods
did not show visual growth, thus effectively inactivating and
removing all contaminants (Figures 3B–D). The bactericidal
activity of ethanol is normally achieved at a concentration of
70%. However, ≥99.9% ethanol in combination with ultrasound
and UV-C treatment was shown to be equally effective. The latter
approach prevents the metal sample plates from coming in

TABLE 3 | Selection process criteria for BIOFILMS bacterial strains.

Parameter A. radioresistens 50v1 S. capitis subsp.

capitis DSM 111179

C. metallidurans CH34

Growth in R2A liquid growth medium ✓ ✓ ✓

Biofilm formation on stainless steel ✓ ✓ ✓

Inactivation by Fixative ✓ ✓ ✓

Long-term storage in buffer ✓ ✓ ✓

Revival in growth medium after long-term storage in PBS ✓ ✓ ✓
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contact with water prior to the start of the experiment, which
could induce chemical alterations of the surfaces. Therefore, this
combination was selected for the BIOFILMS experiment with the
exact protocol being:

Metal sample plates are spray rinsed with ethanol (≥99.9%).
The plates are then placed into 5 ml tubes and submerged in 4 ml
ethanol (≥99.9%). The tubes are placed in an ultrasonic bath and
sonicated for 30 min. The ultrasonic treatment removes all
unwanted particles on the surface such as dust and other
particles. After that, the metal sample plates are placed into
sterile petri dishes with sterile tweezers and air dried in a
tilted state by leaning them against the wall of the petri dish.
Once the samples are dried completely, the samples are UV-C
irradiated with a dose of 420 J/m2 on each side. Sample plates are

stored in sterile petri dishes until they are integrated into the
BIOFILMS hardware.

BIOFILMS Hardware
The BIOFILMS hardware was manufactured by Kayser Italia.
Before the actual flight model was produced, two prototypes were
built. The first prototype, the Reduced Model (RM), only fits one
metal sample plate and served as a first testbed. Here, the bacteria
in the growth medium were injected directly into the hardware,
where they were incubated in direct contact with the metal
sample plate. Figure 4 shows the principle of experiment
activation and gas exchange during the experiment. For
oxygen exchange, a gas permeable membrane is placed on top
of the sample plate to allow gas exchange with the air pocket that

FIGURE 2 | SEM images of topographically functionalized surfaces of the three different metallic materials used in the experiments. The left column lists patterns

targeting retaining bacterial adhesion due to increased contact area. The right column presents sub-µm scaled patterns aspiring a repelling effect on bacterial cells by

decreased contact area. The single scale bar applies for all sub-images.

FIGURE 3 | Smooth steel sample plates after incubation in growth medium overnight at 37°C in a shaking incubator at 100 rpm after deliberate contamination and

different sterilization methods: (A) no treatment as negative control, (B) autoclaved as positive control, (C) incubated in the ultrasonic bath with 70% ethanol + UV-C

treatment, (D) incubated with 99.9% ethanol + UV-C treatment.
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is located above (Figure 5G). During assembly, the membrane
first is in direct contact with the metal sample plate, without any
space in between. When the medium with the bacteria is injected
in between the metal plate and the sample plate, the gas
permeable membrane bulges upwards.

After the successful first tests with the RM, the Scientific

Model (SM) was developed, in the same way as the
experiment units of the flight models would later be designed,
and was used for testing whether this design fulfils the scientific
requirements of the experiment. The assembly and filling process
of the RM and SM are depicted in Figure 5. In addition, the figure

shows how the metal plates (in this case smooth stainless steel)
appear after incubation in the experiment units with bacteria in
growth medium (Figures 5E,I). The tests with the SM showed
that the hardware design is suitable for the BIOFILMS
experiment since all requirements were met (Scientific
requirements of the experimental hardware) and therefore the

same design was incorporated into the experiment units of the
flight models. Since the flight hardware requires a double level of
containment to prevent leakage of contents in any case. The
experiment unit is integrated into an outer container, the
experiment container, that is inserted into Kubik during the

FIGURE 4 | Principle of experiment activation shown for the Reduced Model in an inactivated state (A) and after activation (B), illustrating the concept of oxygen

exchange during the incubation period.

FIGURE 5 |Overview of the assembly process and filling process of the BIOFILMS experiment unit prototypes. (A–D) Assembly and filling of Reduced Model (RM)

as prototype for first tests on basic experimental concept. (E) Image of a smooth stainless steel sample plate that was incubated inside the RM with S. capitis subsp.

capitis DSM111179 for 24 h at 37°C. (F–H) Assembly and filling of Scientific Model (SM) as prototype for further testing of the actual setup of the flight models. (I) Top

view of the SM after incubation of smooth stainless steel plates with S. capitis subsp. capitis DSM111179 for 10 days at RT.
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experiment sequence. Inside each experiment container is one
experiment unit that contains the sample plates, bacteria, growth
medium, fixative and electronic equipment (Figure 5). The whole
BIOFILMS experimental hardware system is the assembled

experiment unit inside the experiment hardware. For
BIOFILMS, the experiment units are specifically designed to
allow biofilm formation in a controlled environment on the
antimicrobial and inert sample plates. Five sample plates can
be accommodated on the bottom of the culture chamber inside
the experiment unit. The gas permeable membrane is placed on
top of the sample plates to allow gas exchange with the air pocket
located above (Figure 5G). The experiment unit has three
reservoirs that are separated from each other and from the
culture chamber by flat head valves. One reservoir has a
capacity of 0.25 ml and serves as a means of storage for the

bacterial inoculation suspensions. The other two reservoirs have a
capacity of 2.1 ml and are filled with sterile syringes and needles
during assembly with the growth medium and fixative,
respectively (Figure 5H). The BIOFILMS experiment is
activated by a release system with springs and pistons that are
controlled by internal electronics. The initiation of the
experiment is done by a ground controller providing Kubik
power to the experiment containers. This enables the
experiment to be conducted inside Kubik without extensive
crew interaction. When the experiment is initiated, a spring is
released that pushes a piston through the medium reservoir. By

doing so, the medium is flushed through the bacterial reservoir
into the culture chamber, delivering the bacterial cells. After
activation, the experiment is incubated for 14 days at 20°C.
During the incubation period, the bacteria are incubated in
the culture chamber in spatial proximity to the sample plates.
The contact area for bacteria/surface interaction is 2.1 cm2

(10 mm × 21 mm) per sample plate, totaling to 10.5 cm2. The
experiment is terminated by activating the release system of the
fixative reservoir forcing the fixative directly into the culture
chamber. The fixative mixes with the liquid inside the chamber
and chemically fixes the experiment to prevent further microbial

activity.

Biocompatibility and Science Verification Test
The biocompatibility test with all materials that were
incorporated in the BIOFILMS hardware revealed that none of
the materials were inhibitory to microbial growth (Figure 6). For
A. radioresistens and C. metallidurans, a strong increase in
OD600nm was observed between 5 h and 15 days of incubation
in all test tubes, including the test tube without any material. The
OD600nm for S. capitis subsp. capitis remained the same (3, 4B, 4C,
4D, 5, 6, Blank) or increased only slightly between the two

measuring points (1, 2A, 2B, 2C, 2D, 4A, 7). However, this
seemed to be due to insufficient mixing of the vial before
taking an aliquot for determining the OD600nm rather than
actual inhibition of growth induced by the material. Microbial
growth was clearly visible as turbidity around the materials on the
bottom in the test tubes as shown in Figure 6 with a white arrow
indicating strong cell agglomeration.

During the science verification test it was shown that the
design of the BIOFILMS hardware is able to meet the defined

science success criteria. The hardware was filled according to the
protocol and after incubation, an evenly distributed biofilm
formation was observed on the reference surfaces. Detailed
results of the science verification test can be found in

Supplementary Table S1. During the test, one of the
experiment units became contaminated. Nevertheless, all other
units including the blank units had no problems with
contamination, which is why the test was considered as an
overall success. However, the protocol for sterilization of the
experiment units and the sample plates was revised accordingly.

Experimental Setup for Spaceflight
Gravity Conditions
Within the BIOFILMS experiment, biofilm formation will be
investigated under three different gravitational levels aboard the

ISS. Gravity levels tested will be microgravity (µg), an
approximation of Martian gravity (0.4 x g) and Earth gravity
(1 x g) as a control. Additionally, ground experiments on Earth
will be performed. The two Kubiks that are currently located in
the Columbus module aboard the station will be employed. An
astronaut will integrate the experiment hardware into the two
Kubiks, which are controlled by a ground controller. Once the
Kubik power buses deliver power to the experiment containers,
the programmed experiment timeline is executed automatically,
meaning that the experiment is activated and terminated
automatically once the experiment container has been

integrated. This way the required crew time can be kept to a
minimum. Kubik can be set to specific temperatures, for
BIOFILMS this is 20°C. Furthermore, each Kubik has eight
slots for experiment containers, where gravitational forces can
be created via centrifugation (Figure 7A). Here, the gravitational
vector is directed towards the sample plates within the BIOFILMS
experiment. One Kubik will be set to a centrifugal setting
resembling 1 x g and the other one to 0.4 x g. Moreover, in
each Kubik, four slots in the corners outside of the centrifugal
rotor are used to subject the experiment containers to µg.

Flight Plan
Because there are only two Kubiks available at the station and
each has a limited number of slots, a specific flight plan had to be
developed to accommodate all sample types that require testing
during the BIOFILMS experiment. In total the BIOFILMS
experiment requires 72 slots. Biofilm formation of A.
radioresistens and S. capitis subsp. capitis will be tested on
steel, copper and brass with the three metal topographies
(Smooth, P ≈ Bac, P < Bac). Due to limited space for sample
accommodation, C. metallidurans will be tested only on steel and
copper surfaces with the three types of metal topographies. The

innovative aspect of the BIOFILMS experiment is the use of
different metal surface topographies for increasing the
antimicrobial efficacy. Therefore, the direct comparison of the
different topographies had the highest priority. Importantly, each
flight set had to include at least one sample set with stainless steel,
because it is the reference surface without antimicrobial efficacy
and at least one blank sample, to exclude the occurrence of
outside contamination. The flight plan is depicted in (Figure 7B).
With this flight plan, the direct effect of the metal topographies on
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the biofilm formation of one bacterial species can be compared on
one type of metal in gravitational condition each. The
comparison between the different flights and therefore, the

comparison between the different types of metals and gravity
conditions can still be made by evaluating all influencing factors
such as temperature variances, differences in storage time pre and

FIGURE 6 | Results of biocompatibility test with bacteria selected for BIOFILMS: (A) A. radioresistens 50v1, (B) S. capitis subsp. capitis DSM 111179, (C) C.

metallidurans CH34. Bacteria were incubated at room temperature (20–22°C) in a test tube with double concentrated R2A growth medium in presence of different

hardware related materials: (1) AISI 316 stainless steel, (2A) Silicone a, (2B) Silicone b, (2C) Silicone a with Vaseline, (2D) Silicone b with Vaseline, (3) Silicone for LSR

injection molding, (4A) Ethylene propylene diene monomer a, (4B) Ethylene propylene diene monomer b, (4C) Ethylene propylene diene monomer a with silicone

grease (4D) Ethylene propylene diene monomer b with silicone grease, (5) Silicone mL, (6) Polyetheretherketone, (7) AISI 304 stainless steel (X) positive control without

material. Optical density was measured at in a 96-well-plate a wavelength of 600 nm (OD600 nm) after 5 h and 15 days post inoculation with an absorbance reader.

Pictures on the right are exemplary for bacterial growth in the presence of material 4B (A), material 6 (B) and material 7 (C). The respective blank samples are shown

as well.

FIGURE 7 | (A) Exemplary accommodation of BIOFILMS experiment containers inside one Kubik aboard the ISS. 8 slots are located inside the centrifugal rotor

where gravitational forces (1 x g/0.4 x g) are resembled via centrifugation. 4 slots are located outside the rotor where µg is acting on the containers. (B) Flight plan for the

three flights of the BIOFILMS experiment with A.r.: A. radioresistens, S.c.: S. capitis subsp. capitis, C.m.: C.metallidurans for the three selected bacterial species and C:

Copper, B: Brass and SS: Stainless steel for the types of metals. The numbers account for the different types of metal topography with 1: smooth, 2a: USP-DLIP

pattern at P ≈ Bac and 2b: USP-DLIP pattern at P < Bac.
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post incubation, incubation time and period as well as possible
disturbances during upload and download to the station.

Experiment Sequence
For each flight of the BIOFILMS experiment, the experimental
sequence will be identical. However, due to unpredictable events
that can occur during launch or integration on board, shifts in
time and temperature range can occur and the conditions might

differ slightly between flights. Sample preparation and analysis is
carried out with sufficient lead time ahead of the actual flight
experiment. For each flight, two sets of ground experiments will
be performed. One will be performed in parallel to the flight with
the same bacterial cultures. The other ground experiment will be
performed at a later stage when all data from the flight are
retrieved and the exact condition from flight, such as storage
duration and temperature, can be recreated on Earth. The
experiment sequence for BIOFILMS is listed in following:

I. Pre-flight preparations in science lab

(1) USP-DLIP sample production and pre-flight analysis
(2) Preparation of growth medium and fixative
(3) Preparation of pre-test inoculation cultures
(4) Filling and assembly of the experiment hardware

II. Mission Operations
(1) Transport of experiment hardware to the launch site

FIGURE 8 | Experiment sequence for BIOFILMS showing the timeline for storage and incubation and the according temperature ranges. Dark blue line: optimal

temperature, upper light blue line: maximum temperature, lower light blue line: minimum temperature.

FIGURE 9 | Exemplary fluorescence microscopic image of

Staphylococcus capitis subsp. capitis biofilm on the smooth stainless steel

reference sample plate from the BIOFILMS science verification test. DSM

111179 was incubated for 14 days at 20°C within the BIOFILMS flight

hardware with an initial cold storage time of 7 days at 4°C and a post-

incubation storage time of 2 days at 20°C in a fixed state. Staining was

performed with DAPI (5 µg/ml) and FITC conjugatedWGA (10 µg/ml). Imaging

was performed by using an Axio Imager M2 with AxioCamMR3. Scale bar

represents 20 µm.
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(2) Upload in phase change material
(3) On-board cold storage at +4°C
(4) Integration into Kubik
(5) Automated supply of medium
(6) Incubation period: culturing at µg, 0.4 x g, 1 x g for

14 days at 20°C
(7) Automated supply of fixative

(8) On board storage
(9) Download, transport and hand-over to science team

III. Post-flight sample laboratory analysis
(1) Analysis of biofilms, metal surfaces and growth medium

For each step of the experimental sequence specific time
frames and temperature ranges are required (Figure 8). All
steps have an optimal temperature profile and time frame, but
certain deviations from the optimum can be tolerated within the
experimental setup. The first steps are the pre-flight preparation
of the metal sample plates and the pre-test of bacterial cultures as

well as the preparation of the growth medium and fixative.
Followed by the assembly and filling of the experiment
hardware. The experiment is packed and transported to the
launch site for upload to the ISS in its stored state. The time
between filling the hardware and activation of the experiment
aboard the ISS should be as short as possible and must not exceed
1 month. The temperature for this time period should optimally
be 4°C but can range between 1 and 8°C. The incubation period
begins when the experiment is integrated into Kubik and the
medium is supplied to the culture chamber. The optimal duration
for incubation is 14 days but can be shortened to a minimum of

10 ays and lengthened to 20 days maximum. The optimal
temperature during incubation is 20°C but can range between
18 and 22°C. The incubation period is terminated by the addition
of fixative into the culture chamber. After fixation the experiment
hardware will be stored until download at ambient temperature.
Here the tolerable temperature is between 15 and 30°C. The
preferred timeframe for storage, download, transport and
handover to the science team should be as short as possible
but can be extended up to 90 days maximum. Within the

experiment sequence test it was shown that this anticipated
experiment sequence is suitable for the successful
implementation of the experiment.

PLANNED POST-FLIGHT ANALYSIS

Biofilm Topography and Cell Viability
Post flight microbiological analysis will include scanning electron
microscopy (SEM) and fluorescence microscopy of the bacterial
cultures and biofilms. The SEM analysis will allow detailed
insights into biofilm morphology, matrix structure and overall
integrity of the bacteria. Via Focused Ion Beam cross sectioning
(FIB/SEM), biofilm thickness and structure in direct relation to the
available surface topography can be assessed by high resolution
imaging. For the fluorescence microscopic analysis, different
fluorescent dyes will be used such as DAPI for straining nucleic
acids and biofilm matrix straining dyes such as FITC-marked wheat

germ agglutinin (WGA). A typical image of a Staphylococcus capitis
(DSM111179) biofilm on the smooth stainless-steel reference surface
from the BIOFILMS science verification test is shown in Figure 9.

Material Characterization
By comparing the data from the pre-flight experiments, the
topographical and chemical influence of the bacteria (e.g.
through corrosive material removal) on the substrate is
determined. This allows both the ability to determine the
damaging influence of bacterial biofilms on the surface, and
local damage providing an indication of the presence and

activity of bacteria during the experiment (an example of
localized corrosion sites is illustrated in Figure 10).

This provides data to determine any differences in bacterial
behavior due to changes in gravity, as well as the weighting of
short-scale interactions such as Van derWaals forces on colonization
behavior through close comparison with the proteomic analyses.
Localized surface disruption, oxide growth and chemical surface
modification are investigated localized via FIB/SEM and energy
dispersive X-ray spectroscopy (EDS), while phase analysis of the

FIGURE 10 | Image of a microbial corrosion analysis (data obtained from contact killing experiment). (A) SEM image of a polished copper surface exhibiting sites of

pitting corrosion, especially in close vicinity to bacteria (E. coli as tested reference organism). (B) FIB/SEM cross section of single bacteria cell on copper surface exhibiting

smaller sites of pitting corrosion below.
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substrate and oxide films is conducted via grazing incidence X-ray
diffraction (GI-XRD). Additionally, inductively coupled plasmamass
spectrometry (ICP-MS) is used for the analysis of metal ions diffused
into themedium. Themethod allows the determination of metal ions

in a wide dynamic concentration range from parts-per-trillion (ppt)
to parts-per-million (ppm).

CONCLUSION

The BIOFILMS experiment successfully passed all preflight tests
including biocompatibility, science verification test (SVT) and

experiment sequence test (EST), indicating that the hardware is
biocompatible and meets the scientific requirements. The
hardware itself, including the two prototypes, allows for the
cultivation of bacteria in direct spatial proximity to the different
metal sample plates. As such, biofilm formation on the inert reference
(stainless steel) and antimicrobial surfaces can be compared, thereby
exposing inhibitory effects. Although the extended results of the SVT
and EST are out of the scope of this article, both proved that the
hardware designed by Kayser Italia fulfilled the scientific
requirements of the experiment, allowing biofilm formation on
the inert reference surfaces including both smooth and P ≈ Bac

patterned surfaces. P < Bac patterned surfaces were not tested within
the scope of the pre-flight tests. However, the antimicrobial surfaces,
both brass and copper showed an inhibiting effect on bacterial biofilm
formation with a stronger effect caused by the P ≈ Bac patterned
copper surfaces, which is in good correspondence to preliminary
results (Müller et al., 2021). The data that will be generated within the
BIOFILMS project will be valuable for the future selection of
antimicrobial materials in support of human- and robotic-
associated activities in space exploration.
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Supplementary Material 

Testing Laser-Structured Antimicrobial Surfaces Under Space 

Conditions: The Design of the ISS Experiment BIOFILMS 

Supplementary Table 1: Overview of BIOFILMS SVT results. Following science success criteria were validate: A) 

Successful integration of samples (5 metal plates per hardware) and fluids into experiment units (0.25 mL bacteria suspended 

in buffer in bacteria reservoir, 2.1 mL growth medium in medium reservoir and 2.1 mL chemical fixative in fixative 

reservoir). B) Successful filling of the cultural chambers with growth media (activation of experiment). C) Successful 

termination of experiments with injection of fixative into the respective culture chamber (termination of experiment). D) 

Successful growth and evenly distributed biofilm formation in chambers including steel sample plates (Biofilm formation 

was rated after viewing fluorescence microscopic images as: +++ very strong; ++ strong; + moderate; ~ weak; 0 no biofilm). 

E) Traces of bacteria in the chambers containing copper and brass samples. F) Successful completion of experiment without 

contamination by other bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1: project timeline and flight plan for BIOFILMS (state of late 2021) 

 

 

  

    Science success criteria  

# Surface Treatment Bacteria A B B D E F Damage to membrane 

1 Stainless Steel polished S. capitis yes yes yes +++ / yes no 

2 Stainless Steel polished C. metallidurans yes yes yes +/~ / yes no 

3 Stainless Steel polished A. radioresistens yes yes yes +++ / yes no 

4 Stainless Steel polished Blank yes yes yes 0 / yes no 

5 Stainless Steel patterned S. capitis yes yes yes + / no no 

6 Stainless Steel polished C. metallidurans yes yes yes ~ / yes no 

7 Stainless Steel patterned A. radioresistens yes yes yes ++ / yes no 

8 Stainless Steel patterned Blank yes yes yes 0 / yes no 

9 Copper polished S. capitis yes yes yes contamination yes no no 

10 Copper polished C. metallidurans yes yes yes +++ yes yes no 

11 Copper polished A. radioresistens yes yes yes +/++ yes yes no 

12 Copper polished Blank yes yes yes 0 / yes no 

13 Copper patterned S. capitis yes yes yes 0 yes yes no 

14 Copper patterned C. metallidurans yes yes yes ++ yes yes no 

15 Copper patterned A. radioresistens yes yes yes + yes yes no 

16 Copper patterned Blank yes yes yes 0 / yes no 

17 Brass polished S. capitis yes yes yes ~ yes yes no 

18 Brass polished C. metallidurans yes yes yes ~ yes yes no 

19 Brass polished A. radioresistens yes yes yes 0 yes yes no 

20 Brass polished Blank yes yes yes (2h later) 0 / yes no 

21 Brass patterned S. capitis yes yes yes 0 yes yes no 

22 Brass patterned C. metallidurans yes yes yes 0 yes yes no 

23 Brass patterned A. radioresistens yes yes yes (2h later) 0 yes yes no 

24 Brass patterned Blank yes yes yes (2h later) 0 / yes no 

25 Stainless Steel patterned C. metallidurans yes yes yes ~ yes yes no 
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VI |  Conclusions and Outlook 

The central scope of this dissertation is the investigation on how functional surface modification by 

ultrashort pulsed laser interference can be utilized to improve the antibacterial efficacy of actively 

bactericidal Cu surfaces. This involves the development of an ultrashort pulsed laser interference 

based processing methodology (USP-DLIP) for the design and production of deterministic surface 

patterns in the low µm and sub-µm scale to effectively modify bacterial contact conditions on 

technical surfaces in Objective (A). Since bacterial surface interaction was shown to be similarly 

influenced by physicochemical surface properties a central aspect of the investigation focuses the 

chemical and microstructural modification of the superficial Cu substrate as well as its functional 

surface properties in Objective (B). Based on a fundamental understanding of laser-induced surface 

modification, the integrated impact of USP-DLIP on the antimicrobial efficacy of actively bactericidal 

Cu is examined in Objective (C). The key findings of this work are summarized below in allocation to 

the respective objectives. 

Objective (A): Process Development 

In the initial phase of this research, an optical setup that enables the generation of laser interference at 

ultrashort pulse durations down to 100 fs for the processing of technical substrates was successfully 

developed. The high power density of the ultrashort pulses in the NIR wavelength spectrum was 

shown to allow for processing of a broad range of different material classes, including metals, 

dielectrics, ceramics, and glass (the latter by means of multi-photon absorption due to the high 

bandgaps). With a spectrum of line-like pattern periodicities between < 0.7 µm and > 10 µm, the 

technical requirements for further investigation according to the scope of this work, were successfully 

met. 

Pattern formation on metals by USP-DLIP 

In addition to establishing the proof of concept for the machinability of different material classes, a 

particular emphasis was placed on investigating the laser/material interaction involved in pattern 

shaping by USP-DLIP. The design of the primary DLIP pattern geometry was found to be adjustable 

by the laser fluence applied in USP-DLIP, where ablation area width follows the material specific 

ablation threshold with respect to spatial intensity modulation by interference. In addition, material 

specific thermal interaction in response to USP-irradiation is shown to exert an individual impact on 

pattern geometries, which is especially the case for metals. To this end, a 2D finite element method 

(FEM) simulation model was introduced and further developed to reproduce the thermal interaction of 

metallic substrates in response to ultrashort pulse durations in conjunction with an interference-

modulated energy input and localized deviation of laser absorption. The TTM-based numerical model 

supported the assessment of the influence of pulse-wise laser/material interaction on the formation of 

the pattern geometry and surface morphology on metals, as well as (USP-)DLIP-specific incubation 

effects on Cu. 

In terms of USP-DLIP-specific pattern formation on Cu, the two USP ablation mechanisms of 

thermomechanical spallation and photothermal phase explosion observed for Cu could be shown to 

exert a considerable influence on the pattern geometry through the formation of distinctive ablation-

related sub-patterns. The sub-pattern superimposes the primary DLIP pattern where both might 

eventually merge with an increasing number of overlapping pulses. This exerts and either constructive 
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or destructive impact on the primary DLIP pattern at pattern periodicities in the low and sub-µm 

range. Targeted parametrization including low- to mid-regime fluences as well as beam polarization 

could be shown to allow for an exploitation of the topography shaping effects of sub-pattern and 

primary pattern interaction alongside multi-pulsed USP-DLIP, supplemented by in-depth analyzation 

further addressed in Objective (B). Based on this, pattern scale specific processing strategies for Cu 

surfaces were developed including the superimposed sub-pattern morphology in the targeted surface 

design to influence quantitative bacteria/surface contact. 

Objective (B): Targeted Substrate Modification 

Referring to the state of research on bacteria/surface interaction, a potential multi-level impact of 

physicochemical surface modification by USP-DLIP was comprehensively considered on bacterial 

interaction. This includes chemical and microstructural modification of the Cu substrate and its 

respective impact on laser/material interaction and functional surface properties. A thermal induction 

of enhanced surface oxidation could not be observed, where process-related modification of the 

surface chemistry is found to predominantly occur through the ballistic redeposition of ablated matter, 

instead. Redeposition leads to the accumulation of a nm-scaled oxidic surface layer that is 

preferentially allocated at the exposed structural peaks, resulting in heterogeneous surface properties 

between topographic peaks and valleys. Surface oxides exhibit a predominant phase composition of 

Cu2O and were shown to be easily detachable by mild etching enabling the generation of a native 

oxidation state on USP-DLIP processed Cu surfaces. Irrespective of the post-treatment, the USP-DLIP 

surfaces accumulate functional C-groups on the surface over a passivation period of several weeks. 

This induced a transformation from hydrophilic to metastable (super-)hydrophobic wetting behavior. 

In addition to the reattachment of oxidic agglomerates, the eruptive removal of material alongside 

USP-DLIP process was found to impact the near-surface microstructure by thermomechanical defect 

implantation. The resulting superficial microstructure deformation is confined to a depth of a few µm 

and results in an increased density of GND and the formation of nanoscale grains. 

The impact of the evidenced USP-DLIP associated modification of surface chemistry and 

microstructure on both laser/material interaction alongside laser processing as well as the functional 

surface wettability and corrosion behavior of Cu surfaces was further investigated.  

Laser/material interaction in multi-pulsed USP-DLIP 

The mutual impact of the determined chemical, topographic and microstructural substrate modification 

during USP-DLIP processing of Cu was revealed to induce a (USP-)DLIP specific incubation 

behavior. This involves a delicate impact of locally modulated absorption on surface morphology 

formation, which was integrated in a numerical model of localized absorption profiles. This novel 

approach revealed a notable divergence of DLIP-specific incubation to the Gaussian intensity profile 

based models that have previously been proposed. The observed mechanisms of incubation are 

considered subdivided between the individual modes of surface modification: 

Chemical incubation: In case of NIR irradiation of Cu, oxide redeposition was shown to play a 

dominant role in the pulse-wise increase of laser absorption during continuous surface treatment. This 

can be attributed to the low band gaps of the Cu oxide phases Cu2O (2.02 to 2.62 eV) and CuO (1.2 to 

1.9 eV) ranging close to the electromagnetic energy level of NIR wavelengths, as well as a high 

surface/volume ratio of the redeposited oxide particle. The ablation mechanism applied in Cu 

processing was found to be highly involved in chemical incubation, where phase explosion induces 

higher levels of oxidic agglomerations compared to spallation under similar accumulated fluence. 

Hence, the impact of ablation kinetics on both primary and sub-pattern pattern formation is 

accompanied by a parallel enhancement of incubation mediated absorption further affecting the 

primary DLIP pattern stability with decreasing pattern size, which was considered in process design. 
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Topographic incubation: In addition to the general increase in absorption resulting from the modified 

surface chemistry, the progressive topography modification induces a polarization-dependent 

incubation effect. In both the primary DLIP and the secondary sub-pattern, the ablation area exhibits a 

pulse-wise broadening in the direction of the beam polarization vector. This behavior has a direct 

impact on the pattern geometry and sub-pattern formation and can be attributed to the preferential 

absorption of p-polarized radiation at topographic inclinations. Polarization dependent preferential 

absorptance was also found to be involved in USP-DLIP processing at increased incidence angles θ, 

where p-oriented beam polarization contributes to ablation and pattern formation in the sub-µm scale 

despite a low interference modulation contrast. 

Microstructural incubation: In the low and mid-fluence regime relevant for USP-DLIP processing, a 

microstructure-related incubation effect relevant for processing cannot be determined. The initial NIR 

absorptance of Cu surfaces is found to be increased in case of a mechanically polished over a 

deformation free microstructure state. This effect was however found to parallelly involve a chemical 

impact on absorptance by an increased thickness of native oxide due to a higher superficial 

microstructure defect density. In the case of an almost deformation-free initial Cu surface, grain 

orientation-dependent incubation by defect accumulation was found to scale in the ratio of {111} > 

{110} >> {100} for low-index grain orientations. An increase of laser absorption by microstructure 

related incubation did not occur on mechanically pre-deformed as-polished surfaces. 

The impact of USP-DLIP on the functional properties of Cu surfaces 

Microstructure: Contrary to the low incubation effect during laser processing, the microstructure 

modification by USP-DLIP has a significant influence on functional surface properties. It could be 

shown that the laser-induced superficial microstructure deformation is directly related to the degree of 

hydrophobic wetting behavior of USP-DLIP surfaces after several weeks of passivation. The 

hydrophobicity on similar pattern geometries levels with the amount of accumulated microstructure 

deformation, including a shift between Cassie-Baxter and Wenzel wetting. The process-related 

microstructure modification was furthermore shown to induce a change in Cu corrosion from 

heterogeneous pitting involving the formation of galvanic microcells to a homogeneous surface attack 

in saline environment. The change in corrosion behavior is accompanied by enhanced surface 

passivation, which indicates an increase in corrosion resistance of Cu surfaces by USP-DLIP 

associated superficial microstructure modification. 

Chemistry: The process-induced oxidic particle redeposition adds to corrosive passivating in saline 

environment by the formation of a thickened initial oxide layer that supports further oxide nucleation. 

The oxidic surface agglomerations were furthermore found to reinforce the hydrophobic character of 

passivated USP-DLIP Cu surfaces both by morphology and a higher proportion of C-C and C-H bonds 

within the accumulated functional C-groups.  

Topography: USP-DLIP pattern geometry impacts surface wettability aside of the physicochemical 

impact of USP-DLIP processing in accordance to the Wenzel wetting theory. Hydrophobic wetting 

was found to scale with increasing pattern size between line-like surface patterns ranging in 

periodicity from 0.7 µm to 3 µm due to a parallel increase in overall surface area between the different 

patterns. 
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Objective (C): Antimicrobial Properties 

Building on the examination of the topographic, chemical and microstructural Cu surface modification 

by USP-DLIP in Objective (A) and (B), the respective contribution of these individual impacts to the 

antibacterial efficacy of Cu substrates has been investigated in Objective (C). In fact, the bactericidal 

surface properties of Cu surfaces processed by USP-DLIP were shown to form a delicate relation to 

process-related impacts on the functional properties of the Cu substrate. 

Surface wettability: In addition to an improved topographic bacteria/surface contact condition, surface 

wettability was identified as a primary factor contributing an enhancement in bactericidal activity by 

USP-DLIP processing. Line-like surface patterns of P = 3 µm exhibiting either hydrophilic or 

hydrophobic wettability were both found to increase antimicrobial efficacy against E. coli. However, 

the enhancement of the bactericidal effect on hydrophilic surfaces was limited to the extent of the 

topographically induced surface enlargement, whereas bacterial killing on the hydrophobic surfaces 

exceeded this extent. The effect of enhanced antimicrobial efficacy by hydrophobic surface wettability 

was found to occur independent of the quantitative proportion of Cu ions released. 

Chemical bacteria/surface interaction: Bacterial exposure was shown to affect the Cu surfaces by 

chemical surface modification. This includes an increase of surface wettability of USP-DLIP surfaces 

by bacterial surface conditioning, as well as a catalyzation of Cu corrosion in saline environment. The 

latter induces a significant increase in Cu-ion release rate in the case of E. coli corresponding to the 

Cu-scavenging mechanism previously described. In S. aureus a catalytic effect on corrosion in saline 

environment is less pronounced, which appears to be linked to higher cell wall stability. Consequently, 

the release of Cu ions from USP-DLIP surfaces is reduced in comparison to mirror-polished reference 

surfaces in the case of S. aureus exposure, despite a larger surface area. This can be attributed to the 

passivating effect of the USP-DLIP surface treatment. The bacterial catalyzation of Cu corrosion was 

found to destabilize the process-induced agglomeration layer of oxide particles resulting in a 

considerable increase of Cu ion release compared to native oxidized USP-DLIP surfaces. 

Microstructure: Under bacterial exposure, the superficial microstructure deformation induced by USP-

DLIP remains a certain corrosion-inhibiting effect despite catalyzation of Cu corrosion. In contrast, Cu 

ion release is significantly increased on deformation-free USP-DLIP over reference surfaces exhibiting 

a grain orientation sensitive pitting mechanism in GI-XRD. In parallel, an elevated hydrophobicity on 

USP-DLIP Cu surfaces was found to level with an enhanced process induced deformation state of the 

superficial microstructure. Despite a significant deviation in quantitative Cu ion release, the 

antimicrobial efficacy in relation to the microstructure state of USP-DLIP Cu surfaces is again shown 

to correlate more dominantly with the level of hydrophobic wettability. The impact of microstructure 

modification by USP-DLIP on the bactericidal activity of Cu surfaces thus appears to be more related 

to its influence on physicochemical surface properties rather than corrosive modulation of quantitative 

Cu ion emission. 

Topography: The topographical effect of varying geometric contact conditions on the antimicrobial 

efficacy against E. coli and S. aureus was determined by applying line-like USP-DLIP patterns 

slightly larger (P = 3 µm), equal (P = 1 µm) and smaller (P = 0.75 µm) than a single bacterial cell. 

Enhanced bacterial killing on USP-DLIP Cu surfaces is found to be directly attributable to the 

capacity of individual bacterial cells to establish a quantitative surface contact. Pattern geometries 

associated with an increased bactericidal efficacy are found to differ between the two bacterial strains, 

which was found to be connected to strain specific inter-cell interaction. E. coli was observed to be 

most efficiently deactivated on P = 1 µm patterns that enable a high single-cell contact. In contrast, the 

highest bactericidal activity against S. aureus was determined on P = 3 µm patterns. This appears to be 

related to the high affinity of S. aureus to form multi-cell clusters, which limits the capability of 

individual bacteria to establish a quantitative surface contact on P = 1 µm and P = 0.75 µm patterns. 
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P = 3 µm patterns in turn enable the intrusion of multi-cell clusters and thus to a higher overall 

bacteria/surface contact area. A topographic prevention of quantitative single cell contact was found to 

be accompanied by decreased antimicrobial efficacy, which in some cases even falls below the values 

measured on the flat reference surfaces. 

In summary, this work demonstrates the potential of USP-DLIP to enhance the antimicrobial efficacy 

and corrosion resistance of Cu surfaces through the simultaneous modification of topographic, surface 

chemistry and superficial microstructure. Increased bactericidal activity on USP-DLIP Cu surfaces 

was found to be related to both topographic and physicochemical surface properties that exhibit a high 

conformity to the surface properties referred to preferential bacterial adhesion in the literature 

(illustrated in Figure 5), independent of the bacterial strain. According to the current state of literature, 

topographies that enable an increased bacteria/surface contact in conjunction with beneficial 

physicochemical surface properties tend to induce enhanced adhesion forces, which potentially 

influence mechanosensory stimulation, metabolism and surface interaction of the bacterial cells. The 

modest dependency of increased antibacterial capacity on quantitative Cu ion release in the case of 

USP-DLIP Cu surfaces speaks in favor of a potential mechanosensory impact on bacterial Cu-

sensitivity. This is indicated by the increased killing rates of both E. coli and S. aureus by several 

orders of magnitude on P = 3 µm (and P = 1 µm for E. coli) USP-DLIP surfaces despite an attenuated 

release of Cu ions due to the modified Cu corrosivity. A potential impact of bacterial activity on the 

bactericidal effect of Cu was furthermore implied by the implementation of both ambient temperature 

modulation and decreased bacterial fitness by increasing bacterial colony age in antibacterial testing. 

However, at this state of research the actual intricate microbial mechanisms that are involved in the 

enhancement of Cu sensitivity and antibacterial efficacy observed on USP-DLIP processed Cu 

surfaces from the bacterial side remain far from being fully understood. Before this background, this 

work aims to provide a modest contribution to a better understanding of how to modify substrate 

surfaces with a potential impact on microbial interaction. A deeper understanding towards the 

development of more sophisticated surface concepts to control microbial contamination and mitigate 

the risk of contact-mediated transmission of infectious diseases might built upon these results, but 

requires scientific inquiry that far exceeds the scope of this work.  
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Outlook 

Bacterial interaction on artificial surfaces is a matter of high complexity that offers great potential to 

improve microbial control in critical human environments or sensitive technical systems and facilities. 

Especially during the period of this dissertation this topic found increasing attention in research, where 

the multitude of different influences and aspects of bacterial behavior in response to external stimuli 

are starting to be investigated in higher depth and detail. This field of research is in its early stages of 

understanding the basics of bacteria/surface interaction, as well as its potential benefits in targeted 

application, which is highlighted by the novelty of the most groundbreaking publications that are 

mostly dating within the last five years. 

In the scope of this dissertation, novel insights could be contributed to this topic, which includes both 

the development of a laser interference-based methodology to impacting bacterial/surface interaction 

on artificial surfaces as well as on its application to effectively amplify bacterial decontamination on 

Cu surfaces. Based on the results of this work, further expansion of future research activities in this 

field might offer promising prospects including an improved scientific understanding on how to 

purposefully influence bacteria/surface interaction to either design optimized decontamination 

concepts or increase the production efficacy of bioreactors, e.g. 

The following section lists promising aspects for extending the research activities presented, some of 

which are already being addressed in parallel with this work. 

Targeted modification of Cu surface wetting: The transition of wettability from hydrophilic to (super-) 

hydrophobic of USP-DLIP processed Cu surfaces in the course of extended atmospheric exposure was 

shown to be linked to a delicate mechanism of surface passivation. Further research is conducted to 

build a fundamental understanding of the correlation between the underlying C-group accumulation 

and the Cu surface conditioning potentially impacted by laser processing. 

Extension of USP-DLIP surface optimization to Cu-alloys: Although the application of USP-DLIP on 

pure Cu presents a promising approach to increase the material inherent active antimicrobial surface 

properties, a wider application of this concept needs to enable a transfer to technically more relevant 

substrates exhibiting a higher mechanical robustness. This might involve Cu-based alloys like bronzes 

and brasses, where however additional impacts by USP-DLIP processing on functional surface 

properties involving the formation of intermetallic phases needs to be considered with respect to 

individual alloying systems. 

Impact of USP-DLIP on bacterial interaction on inert surfaces: Aside of modified antimicrobial 

activity on Cu surfaces, USP-DLIP patterning on technical substrates might similarly affect bacterial 

interaction in terms of adhesion and biofilm formation. This includes a focused impact of separated 

bacterial strains, as well as a potential impact on biofilm dynamics in more application relevant multi-

species environment. This is currently approached in terrestrial as well as space-related investigations 

within the ISS projects Touching Surface and BIOFILMS. First insights in µG biofilm formation of 

P. aeruginosa on USP-DLIP silicon surfaces were already elaborated in the frame of the ISS 

experiment “Space Biofilms”. 

Applicability of USP-DLIP Cu surfaces in broadband decontamination: Further emphasis on the 

investigation of a similarly antimicrobial effect of USP-DLIP Cu surfaces against fungi and viruses 

appears worthwhile in view of the very recent COVID-19 pandemic. In the case of viruses, the current 

knowledge of antiviral Cu modes of action suggests a potential deactivation impact of Cu exposure, 

whereas in fungi a high resilience towards increased levels on environmental Cu has been reported. 

Here, a modified surface interaction by USP-DLIP functionalization might improve the antifungal 

effect of Cu, which is currently investigated in cooperation with the DLR in Cologne. 
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Biomedical surface functionalization: Topographic and physicochemical surface functionalization by 

USP-DLIP might benefit biomedical applications, e.g. by optimization of the body tissue/surface 

interaction on implant materials. This might follow an integrated pace aiming for both decreased 

bacterial surface contamination by passive or active antimicrobial mechanisms as well as an improved 

cell-interaction supporting tissue integration, e.g. by selective endothelization of stents and 

osseointegration in the case of dental implants. This is effectively aspired by both topographic as well 

as chemical surface design in view of the combined impact of topography and physicochemical 

surface properties on microbial surface interaction without material restriction. 

USP-DLIP for technical surface functionalization: Aside of the previous focus on microbiological 

topics, the USP-DLIP methodology introduced in this work holds promising aspects in an 

implementation for surface functionalization in technical application involving advanced materials like 

metallic glasses, wear resistant MMCs, semiconductors and glass. 

Further development of the USP-DLIP methodology: In parallel, further development of the USP-

DLIP methodology paves the way for a promising expansion of the existing capabilities in surface 

functionalization. The currently applied imaging optical system e.g. facilitates the application of 

multiple partials beams in USP laser-interference allowing for a broader range of pattern geometries. 

Similarly, the minimal pattern scales generated by USP-DLIP might be further decreased down to 

< 300 nm by second and third harmonic generation based on the NIR seed wavelength. These 

conceptual considerations were implemented in the most recent modernization of the USP-DLIP laser 

system (DFG, INST 256/562-1 FUGG). 
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Figures 

 

Figure 1: Schematic illustration of the three successive phases of bacterial surface adhesion, where 
blue/red arrows in Phase I indicate the bacteria/surface related net forces involving rather 
attractive or repulsive interaction, while the long-term interactions in Phase III after successful 
solid adhesion might display either biofilm formation (e.g., on stainless steel) or active bacteria 
deactivation (e.g., on Cu surfaces) dependent on the surface properties. Modified according to 
[81]. 

S.5 

Figure 2: Schematic illustration of: a) The bacterial cell membrane exhibiting various types of appendage 
classes and adhesins highly involved in surface approach and adhesion which are 
heterogeneously distributed over the cell body. b) Initial bacteria surface interaction mostly 
involving extending membrane appendages exploring and adhering to the substrate surface. 
Surface properties like polar charge, wettability and potentially present conditioning films 
might induce spatial heterogeneity of rather adhesive or repulsive interaction. Modified 
according to [81,82] 
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Figure 3: Interbacterial interaction governed by attractive or repulsive forces involved in biofilm 
dynamics: a) Steric repulsion, b) bridging attraction, c) osmotic pressure, d) depletion attraction. 
Modified according to [110] 

S.10 

Figure 4: Interbacterial dynamics involved in biofilm shaping: a) Intercellular attraction and bonding, 
e.g., by T4P generate gas to solid-like agglomeration and cluster states in spherical bacteria. b) 
Rod-shaped bacteria exhibit crystallographic agglomeration behavior forming individual 
domains of aligned cell orientation. c) The size of single domains highly depend on strain 
specific bacterial shape and growth rate. d) The external morphology of the biofilm alters in 
boundary roughness similarly governed by bacterial shape and intercellular attraction inducing 
friction. Modified according to [110,112]. 
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Figure 5: Schematic illustration summarizing the combined impact of topography and physicochemical 
interaction on bacteria/substrate interaction. Topography is characterized by the deterministic 
pattern periodicity P related to the bacterial cell diameter d and length l in case of rod-shaped 
strains. The left side of the topographical spectrum represents pattern sizes above bacterial cell 
size while the right side transits into bactericidal topographies corresponding to the biomimetic 
blueprint surfaces of cicada and dragonfly wings. The spectrum of physicochemical surface 
interaction is represented by electrostatic 𝑭ࡱ  and acid-base 𝑭࡮࡭  (hydrophobic/-philic) 
interactions according to [132] whereby the superscripted +/−  indicate adhesive or repulsive 
interaction. 
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Figure 6: Schematic illustration summarizing the combined impact of topography and physicochemical 
interaction on bacteria/substrate interaction. Topography is characterized by the deterministic 
pattern periodicity P related to the bacterial cell diameter d and length l in case of rod-shaped 
strains. The left side of the topographical spectrum represents pattern sizes above bacterial cell 
size while the right side transits into bactericidal topographies corresponding to the biomimetic 
blueprint surfaces of cicada and dragonfly wings. The spectrum of physicochemical surface 
interaction is represented by electrostatic 𝑭ࡱ  and acid-base 𝑭࡮࡭  (hydrophobic/-philic) 
interactions according to [132] whereby the superscripted +/−  indicate adhesive or repulsive 
interaction. 
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Figure 7: Cu homeostasis of a) gram-positive and b) gram-negative bacteria separated into the following 
elements: 1. Cu entry into the bacterium, 2. Cu chaperones sequester cytoplasmic Cu for 
detoxification and routing to places of export or regulations, 3. Several genes are triggered in 
response to elevated cytoplasmic Cu upregulating key elements of Cu leveling, 4. Cu is pumped 
through the cytoplasmic membrane by Cu ATPase (powered by ATP), 5. CusCFBA transporter 
pumps transport periplasmic Cu across the outer membrane (only in gram-negative bacteria), 6. 
Glutathione (GSH) can bind Cu for detoxification, 7. Cu binding proteins buffer excess 
cytoplasmic Cu, 8. Extra-cellular/periplasmic modification of Cu ionization state. The 

S.23 
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membrane structures of both c) gram-positive and d) gram-negative bacteria furthermore exhibit 
the physiologic differences, e.g., by the protective role of the thick outer peptidoglycan layer in 
case of gram-positive strains. Modified according to [197]. 

Figure 8: Schematic summary of the Cu corrosion mechanisms and respective impacts in <0.5 NaCl 
saline as discussed in the current state of literature: a) Cu corrosion in saline mainly involves Cl- 
catalyzed pitting corrosion focussing energetic weak spots like grain boundaries and lesser 
passivated grains within a polycrystalline microstructure. b) Impact of Cu corrosion in the 
presence of bacteria involves the formation of differential concentration cells and potential 
membrane precipitation of mineralic Cu compounds like, e.g., cupric phosphate. c) Increase of 
corrosive interaction by grain fining/ dislocation density enhancement up to a critical point, 
where pitting tilts into homogeneous corrosion effecting improved passivation. 
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Figure 9: Time-scales of atomic level substrate response on laser irradiation, where sub-atomic scaled 
processes mostly take place within the initial 1-10 ps after irradiation, while atomic/substrate 
scaled processes are starting to be effective after several ps. Modified according to [250]. 
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Figure 10: Schematic illustration of the two mechanisms of USP induced thermal ablation following the 
acoustic relaxation of confined stress within a sub- or supercritical fluid, involving either 
thermomechanical spallation or thermodynamic phase explosion, dependent on substrate 
heating ࢒ࢀ in relation to the material specific phase explosion threshold temperature ࡱࡼࢀ . 
Modified according to [261]. 
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Figure 11: atomistic MD-simulation plots exhibiting a) a classic slab-design [250] and b, c) a local surface 
features within a periodic arrangement, where scale of MD-simulation dimensions is limited to 
computing capacity. Each plot displays the time resolved substrate response on USP irradiation 
of either a) Cu exhibiting energy implantation corresponding to a wavelength of 800 nm, pulse 
duration of 100 fs and fluence of 1.16 J/cm² as well as Au at a wavelength of 248 nm, pulse 
duration of 1.6 ps at b) 0.16 J/cm² and c) 0.25 J/cm². d) The atomistic state within the MD-plots 
is color-indicated, which represents a centro-symmetric parameter that indicates the local phase 
state. Adapted from [291] and [289]. 
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Figure 12: Exemplary illustration of damage threshold fluences 𝑭ࡰ  related to various morphologies 
induced by multi-pulse laser irradiation of chemically polished 110 Cu surfaces at 10 ns and a 
wavelength of 1064 nm. Adapted from [292]. 
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Figure 13: Comparison of nm-scaled surface roughening on a) Cu and b) AISI 304 stainless steel via melt 
agitation induced by ablation at fluences of ૜ × 𝑭࢒࢈ࢇ and pulse durations of either 525 fs or 
20 ps majorly related to phase explosion. Phase explosion as well as the related crated 
formation is more pronounced at longer pulse durations as well as lower electron-phonon 
coupling strength. Adapted from [265]. 
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Figure 14: a) overlapping of two coherent laser beams on a substrate surface leads to a sinusoidal spatial 
modulation of the e-field generating a one-dimensional pattern of alternating constructive and 
destructive interference. b) modulation of the e-field similarly varies the spatial intensity 
distribution where ࢞)࢙ࢋ࢘ࡵ, (࢚ = ૛ࡵ૙ or ૙ in case of fully constructive or destructive interference, 
respectively. 
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Figure 15: topographic surface modification of metallic substrates by a) two- and b) three-beam 
interference inducing characteristic pattern morphologies related to either melt-pool dynamics 
in the case of short pulsed DLIP (SP-DLIP) in c) and e) (adapted from [354]) or eruptive 
ablation kinetics induced by USP-DLIP in d) and f). 
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Figure 16: schematic illustration of the three imaging optical setups most frequently applied in USP-DLIP 
comprising a (1) beam splitter (e.g., a DOE or SLM), (2) a collimating optic, which can be a) a 
prism, or c) a compressor lens and finally a focusing optic, which might be either a),c) a 
compressor lens or b) a Schwarzschild optic. 

S.47 

Figure 17: Conceptional structure of the dissertation with assignment of the included papers I-VII to the 
initial proof of concept or the comprehensive elaboration phase as well as the Objectives (A), 
(B) and (C). 
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Figure 18: Schematic overview of the experimental progress of the dissertation. S.54 

Figure 19: Schematic illustration of the imaging optical setup enabling line-like interference pattern S.55 
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periodicities of a) 3 µm up to >10 µm and b) down to 0.7 µm. (1) DOE, (2) lens 1 (ࡸ૚), (3) lens 
 .(૛ࡸ) 2

Figure 20: The influence of bacterial cultivation time on antimicrobial efficacy of mirror-polished Cu 
surfaces. a) Reduction in colony forming units (CFU) of E. coli during extended exposure 
related to three different cultivation times fresh from cryopreservation (from Kryo), plated for 
two (2W) and sic weeks (6W) . b) Cu ion release parallelly measured via ICP-MS. 
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Figure 21: The influence of ambient temperature on the antimicrobial efficacy of both mirror-polished 
reference and USP-DLIP processed Cu surfaces (the E marks a deoxidized surface state). 
a) Reduction in colony forming units (CFU) of E. coli exposed to the different surface types at 
either 20°C or 30°C ambient temperature. b) the corresponding Cu ion release measured via 
ICP-MS. 
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Figure 22: Mission batches of the three ISS experiments conducted in the extended scope of this 
dissertation. Left to right: Space Biofilms (Flight in 2019), BIOFILMS (Flight 1 in 2021, Flight 
2 in 2022, Flight 3 in 2023, estimated Flight 4 in 2025), Touching Surfaces (On board the ISS 
from 09.2021 to 08.2022). 
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