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Abstrakt 

Výrobě funkčních povrchů je v posledních letech věnována velká pozornost, zejména díky 

možnosti změnit povrchové vlastnosti nad rámec samotného materiálu. Lze tak dosáhnout 

například superhydrofobicity, antibakteriálních, ledofóbních, samočistících, antikorozních 

vlastností, či snížení tření u široké škály materiálů. Inspirovány přírodou jsou povrchy těchto 

materiálů často tvořeny kombinací mikro a nanostruktur. Pro výrobu takových struktur je 

vhodné laserové mikroobrábění umožňující tvorbu široké škály mikro a nanostruktur pro 

různé funkční povrchy. Procesní rychlosti při klasickém opracování jediným svazkem („bod 

po bodu“) se však pohybují pouze v řádu minut na čtvereční centimetr, což omezuje 

průmyslové využití při opracování velkých ploch. K efektivnímu využití vysokého výkonu 

nové generace laserových systémů pro opracování s vysokou kvalitou v blízkosti prahu 

ablace je potřeba hledat nové procesní strategie.  Tato práce obsahuje rešerši optimálních 

struktur vhodných pro výrobu funkčních povrchů, zejména pak superhydrofóbních, 

ledofóbních a antibakteriálních povrchů. Následně jsou diskutovány vhodné procesní 

strategie, kde je detailní pozornost věnována laserovému mikrotexturování. V následující 

kapitole jsou rozebrány nejslibnější metody pro rychlé opracování velkoplošných povrchů 

laserem, zahrnující polygonální skener, interferenční obrábění a několikasvazkové 

skenovací přístupy využívající DOE nebo SLM. Tyto znalosti jsou pak zúročeny 

v experimentální části pro vývoj technologie výroby funkčních mikro a nanostruktur, psané 

formou souboru komentovaných publikací v mezinárodních časopisech.   
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Abstract 

Fabrication of functional surfaces has drawn a lot of attention in recent years since it allows 

to reach surface properties which go well beyond the properties of the bulk material. For 

instance, superhydrophobicity, anti-bacteria, anti-icing, self-cleaning, anti-corrosion or 

friction reduction properties have been demonstrated on a wide range of materials. Inspired 

by nature, functional performances often arise from hierarchical structures composed of a 

combination of micro and nanoscale features. Laser micromachining is a suitable method 

for fabrication of various micro and nanostructures providing a different kind of 

functionality to treated surfaces. However, the fabrication speeds of commonly used point 

to point approach - direct laser writing (DLW), is in a range of minutes per square centimetre, 

which limits the use of DLW for large-scale surfaces often required by industrial end-use. 

Moreover, a new generation of high-power laser system requires new processing strategies 

to effectively use the full laser potential for high-quality close-to-threshold processing 

ablation. In this work, a review of optimal topography for the fabrication of functional 

surfaces is given with a focus on superhydrophobic, anti-icing and anti-bacterial surfaces. 

Suitable fabrication methods are listed with a detail focus on laser surface microtexturing. 

In the next chapter, the most promising rapid large-scale techniques are depicted, including 

polygonal scanning systems, direct laser interference patterning and multi-beam scanning 

approaches using DOE or SLM plate. This know-how is applied for the development of 

processes for the fabrication of functional micro and nanostructures. Results are presented 

in the experimental section which is written in a form of scientific papers published in 

international journals. 
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1 Introduction 

Tremendous research efforts have been invested in recent years into the fabrication of 

functional surfaces. The functionality of many industrial parts and products depend on how 

their surfaces interact with the surroundings. The choice of material used for a certain 

application is usually limited by required mechanical properties. The intrinsic material 

properties often limit surface functionality. Therefore, surface functionalization is a suitable 

method to maximize the value of a product and enable new properties for common materials. 

For example, the value of a motorcycle helmet can be improved if it is more aerodynamic or 

if it repels dirt better. A glass surface can act as self-cleaning superhydrophobic surface 

dramatically improving visibility during heavy rain when used as a car windshield. Another 

example may include anti-corrosion, drag reduction, anti-ice, anti-bacteria or friction 

reduction surfaces fabricated on common metal and plastic surfaces.  

There are two commonly used techniques for surface functionalization. The first is to use 

another type of material in a thin layer (surface coatings) to change the surface chemistry 

without affecting the bulk properties. This work is focused on the second technique, which 

is surface structuring (texturing). Eventually, both of these methods can be combined for 

better results. The inspiration in the design of functional surfaces often comes from nature 

by replicating surface micro/nanostructure geometry. A common example is the famous 

lotus leaf when the combination of chemistry (wax coating) and hierarchical surface 

micro/nanostructures results in extremely water repellent surface [1]. Another example can 

be shark’s skin microtexture which improves hydrodynamic properties [2], or adhesive 

nanostructures on gecko feet, which allows the gecko to climb on a vertical glass sheet or 

antireflective texture of Moth-eye [3]. 

A large variety of fabrication methods have been developed for fabrication of functional 

surfaces including chemical vapour deposition [4], chemical etching [5], sol-gel [6], plasma 

treatments [7], thermal embossing [8], lithography [9], electrodeposition [10] or laser 

microstructuring [11]. However, most of these techniques are too slow to be implemented 

in an industrial environment or they require chemicals and thus are not environmentally 
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friendly. Among these, laser surface texturing offers a flexible, fast and environmentally 

friendly method for high-quality fabrication of desired micro and nano geometries with high 

precision and on a large variety of materials. 

The size of functional structures is usually in a range of a few tens of microns to hundreds 

of nanometers. Therefore, it makes a great challenge to optimize laser and processing 

parameters. Usually, ultrashort laser systems (picosecond laser pulses and shorter) are 

applied due to minimal heat input into the surroundings of the interaction zone. However, if 

a larger heat-affected zone is acceptable, longer pulses are often applied due to generally 

higher processing rates. 

Recent progress in the development of high power and high pulse energy laser systems 

reveals new challenges for laser microstructuring and surface functionalization. High 

precision which is necessary for the fabrication of micro and nano-scale functional structures 

often limits maximum pulse energy and power to be close to the ablation threshold. As a 

result, only a small portion of laser power is used during processing. There are several 

methods that can be used to optimize microstructuring with high power laser systems. 

Ultrafast polygon scanning systems can be utilized with high power high repetition rate  

(> 1 MHz) laser systems. Contrarily, multi-beam approaches including interference 

processing and multi-beam scanning techniques are much more suitable for high-energy 

pulsed laser systems. These techniques can significantly increase productivity compared to 

common direct laser writing (DLW) while keeping sufficient quality. 

Aim and motivation of this work 

Rapid development in the field of high power short and ultrashort laser systems is a 

promising step for rapid large-scale surface micro and nanostructuring. However, methods 

which can effectively use the full power of these laser systems for precise fabrication near 

the ablation threshold are still lacking. The aim of this work is to develop methods for surface 

functionalization by laser induced micro and nanostructures with the focus on 

superhydrophobic surfaces due to many potential applications in science and industry 

including for example self-cleaning, anti-icing, anti-bacteria, anti-corrosion surfaces. In the 
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next step, surface functionalization is scaled up by means of rapid large-scale approaches 

suitable for high-power high-energy pulsed HiLASE laser systems. 

To fulfil this goal, work presented contains a review of suitable microstructure geometry for 

superhydrophobic, anti-icing and anti-bacteria surfaces. Suitable fabrication methods are 

presented with the focus on laser micro/nanotexturing with optimal parameters and state-of-

the-art fabrication techniques for rapid-large scale laser microstructuring. The experimental 

section then uses this knowledge for fabrication of functional surfaces and is presented in a 

form of scientific papers published in international journals 
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2 Functional surfaces 

The inspiration of functional surfaces often comes from inexhaustible nature examples such 

as lotus or rice leaf, mosquito eye, shark skin, butterfly wings, cicada wings, red rose petals, 

fish scales, gecko feet, spider silks [12,13]. Biological systems had billions of years to 

develop strategies ensuring their survival. Their functional performances often arise from 

hierarchical structures composed of multiple macro, micro and nanoscale features  

assembled into a complex structure. The discovery of their advantageous  

structure-property-performance relations inspired extensive efforts for study and replication 

of naturally occurring functional structures. A high effort has been invested into developing 

strategies for multi-scale structure fabrication. However, the controlled assembly of 

multiple-length scale features remains a challenging task [13-15]. In this chapter, a brief 

review of suitable surface topographies is presented with an emphasis on superhydrophobic, 

anti-ice and anti-bacterial surfaces. 

Other applications of functional surfaces based on surface micro and nanostructures include 

holographs for goods protection, security elements and decoration, friction reduction,  

self-cleaning, anti-corrosion, drag-reduction surfaces and enhanced heat transfer, refractive 

index changes in transparent materials [16]. 

 

2.1 Superhydrophobicity 

Among a plethora of natural examples, superhydrophobic biological systems attract a lot of 

attention due to many potential applications of superhydrophobicity including anti-icing, 

anti-corrosion, self-cleaning or drag-reduction surfaces [17], lab-on-chip devices [18], 

control of cellular attachment and bacterial adsorption [19]. Wettability of a given surface is 

characterized by the static contact angle (CA) which is the visually measurable angle that a 

liquid makes with a solid. The surface is hydrophilic for a CA below 90°, hydrophobic above 

this value. The surface can be called superhydrophobic, when CA exceeds 150°. Another 

condition has to be fulfilled to call surface superhydrophobic and that is either contact angle 

hysteresis (CAH) or sliding angle (SA) below 10°. CAH is the difference between advancing 
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and receding angle of a water droplet. It reflects contact angles which the water droplet 

inhibits during the motion. The advancing angle reveals the hydrophobicity while receding 

angle hydrophilicity [20].  

In general, the wetting conditions are described by the two factors: the chemical composition 

and the surface roughness, which both affects the surface free energy (SFE) – the work that 

would be necessary to increase the surface area of a solid phase.  

 

The wettability of an ideal flat surface is described by Young-Laplace equation [21]: 

 𝛾𝑆𝐴 = 𝛾𝑆𝐿 + 𝛾𝐿𝐴 ∙ cos 𝜃 (1)  

 

Where 𝛾𝑖𝑗 is the surface tension between neighbouring surfaces. Subscripts i,j denotes  

S, L, A – solid, liquid and air phase, respectively (see Figure 1). The 𝛾𝑆𝐴 is responsible for 

the spreading of a liquid, while 𝛾𝑆𝐿 and 𝛾𝐿𝐴 resist the spreading due to an increase of surface 

tension between the two surfaces [22]. 

  

Figure 1: Schematics of surface tensions on a flat surface – Young model (left) and on a rough surface – Wenzel model 

(right). 

 

If the surface is ideally flat, the wettability is determined by the chemical nature of the 

different phases. In this case, the maximum CA is limited to ~ 120° [23,24]. However, 

suitable topography of a rough surface can increase the CA over this value due to increased 

surface area. The ratio between the apparent and actual surface area which is in a contact 

with the liquid is expressed by a roughness factor r and can be used in a Wenzel  

equation [25]: 
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cos 𝜃𝑟 =

𝑟(𝛾𝑆𝐴 − 𝛾𝑆𝐿)

𝛾𝐿𝐴
= 𝑟 cos 𝜃 

(2)  

 

As expressed by the equation, roughness impacts the apparent contact angle 𝜃𝑟, which is 

often different from the one expected from the Young equation. A droplet on a rough surface 

spreads until it reaches an equilibrium state characterized by Wenzel equation. 

Roughness and surface geometry are main leading factors responsible for wetting of 

microstructures since they affect the surface energy. As an example, we can take a 

rectangular groove with a width 𝛼 and depth 𝛽 (Figure 2). Then the following equation 

expresses the change in surface energy during liquid progress through the groove by a 

distance 𝑑𝑥: 

 𝑑𝐸 = (𝛾𝑆𝐿 − 𝛾𝑆𝐴)(2𝛽 + 𝛼)𝑑𝑥 + 𝛾𝐿𝐴𝛼𝑑𝑥 (3)  
 

 

Figure 2: Schematics of the wetting of microgroove surface. 

The liquid moves by a distance 𝑑𝑥 when 𝑑𝐸 < 0. Therefore, there is a critical Young angle 

𝜃𝑐 = arccos⁡ (
𝛼

2𝛽+𝛼
), which is the maximum Young angle 𝜃 when droplet wets the surface 

and progresses through the groove [24]. 

For a narrow and deep groove is 𝜃𝑐 = 90° which is the theoretical breakpoint between the 

hydrophilic and hydrophobic surface. For very shallow holes with 𝛽/𝛼 ratio close to 0 is 𝜃𝑐 

~ 0° resulting in a complete wetting similar to a flat solid. 
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However, the most common topography of the superhydrophobic surface is an array of 

micropillars. We assume a surface covered with an array of micropillars with following 

parameters (Figure 1): height h, hatch distance d, width w, number n. To simplify, we can 

assume unity of macroscopic surface: nd+nw = 1. Then for the actual substrate area, we can 

write nw+nd+2nh = r, where r is the roughness factor from equation (2). Now we can 

modify equation (3) for a change in the surface energy during spreading of the liquid between 

n pillars over a distance dx: 

 𝑑𝐸 = (𝛾𝑆𝐿 − 𝛾𝑆𝐴)(𝑟 − 𝜑)𝑑𝑥 + 𝛾𝐿𝐴(1 − 𝜑)𝑑𝑥 

 

(4)  

 

Where 𝜑 = 𝑛𝑤 is a micropillar density. Therefore, similarly to the previous case, the surface 

is wetted if: 

 
𝜃 < 𝜃𝑐 = arccos⁡ (

1 − 𝜑

𝑟 − 𝜑
) 

(5)  

 

From equation (5) it can be concluded that wettability can be changed by controlling the 

roughness factor r and micropillar density 𝜑. For example, large r and small 𝜑 lead to large 

𝜃𝑐, thus easy-to-wet surface. 

The best natural examples of water repellent surfaces had microcavities which can entrap air 

bubbles and are not easily wetted. In such case, liquid drops are usually suspended only on 

the top of micro and nano rough features due to air trapped between the solid-liquid phases. 

Thus, apparent CA cannot be described by the Wenzel model.  

The formation of an air trapped between microstructures is energetically favourable if in 

equation (4) 𝑑𝐸 < 0.⁡Then: 

 
𝜃 < 𝜃𝑐 = arccos⁡ (−

1 − 𝜑

𝑟 − 𝜑
) 

(6)  

 

In this case, the surface is hydrophobic (𝜃 > 90°) when r > 1.  
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The apparent static contact angle can be calculated for the static droplet using an energy 

balance equation [24]: 

 (𝛾𝑆𝐴 − 𝛾𝑆𝐿)𝜑𝑑𝑥 + 𝛾𝐿𝐴(1 − 𝜑)𝑑𝑥 + 𝛾𝐿𝐴 cos 𝜃
∗ 𝑑𝑥 (7)  

 

where   

 cos 𝜃∗ = −1 + (1 − 𝜑) cos 𝜃 (8)  

 

Equation (8) is called the Cassie-Baxter equation describing contact angle on a rough surface 

able to keep air pockets when a droplet is deposited on the surface. 

However, droplets in a Cassie-Baxter state are metastable and can switch to Wenzel state 

which is less energetic. Thus any perturbation or pressure to a Cassie drop can initiate droplet 

transition to Wenzel state, resulting in a decrease in CA and increase of CAH [24]. The size 

of a droplet is also important, the smaller is the droplet diameter compared to the distance 

between pillars the deeper is the penetration between pillars until it reaches critical diameter 

𝑅∗~𝑑2/ℎ and switches from Cassie-Baxter to Wenzel state [26]. Therefore, the height and 

density of pillars are critical parameters for stable Cassie droplets. 

As observed in nature, robust and stable Cassie-Baxter droplets can be formed on a surface 

with tall pillar-like arrays covered with nanoscale features. This double-scale design can be 

observed on already mentioned lotus leaf surface [12] or on the mosquito eye which can 

repel droplets larger than 100 nm thanks to an array of pillars with 100 nm high and 100 nm 

spacing (𝑅∗ = 100 nm) [27] (see Figure 3). Droplets of these sizes are vaporizing almost 

instantly, which allows mosquito eye to remain dry even in the foggy environment.  

 

Figure 3: SEM images of lotus leaf (a) and mosquito eye (b) surface topography [27,28]. 
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By optimizing the design of microstructured surface, it is possible to achieve 

superhydrophobic Cassie-Baxter state even for originally hydrophilic material with Young 

angle 𝜃 < 90°. As shown in literature [29,30], overhang or re-entrant microstructures (e.g. 

T-shape, inverted triangle – see Figure 4) are able to resist a Wenzel transition by pressing 

on the liquid with the Laplace pressure [24] to hang a wetting liquid droplet and prevent it 

from penetrating into the air pockets. Thanks to the topography, these structures enable local 

minimum in surface energy even for wetting liquids with minimal surface tension like  

oils [30-32]. Moreover, double re-entrant nano/microstructures (e.g. re-entrant 

microstructures covered with nanoscale features) could provide sufficient wetting resistance 

even for 𝜃 = 0°. In this case, omniphobic structures (repel all liquids) may be fabricated 

solely by suitable microstructure design without any chemical modification [22]. 

 

Figure 4: Illustration of overhand and re-entrant microstructures covered with nanoscale features [22]. 

However, it is worth to mention, that in the case of continuous wetting or surface fully 

immersed into a liquid the air pockets are depleted in time due to diffusion of air into water 

and surface is fully wetted afterwards [33]. 

 In summary, wettability of a surface can be characterized by the CA. Surface with water 

CA < 90° is hydrophilic, with CA > 90° hydrophobic and for CA above 150° 

superhydrophobic. For superhydrophobicity also CAH or SA has to be < 10°. Several models 

can predict CA on a surface. Young model is suitable only for ideally flat surfaces with 

maximum possible CA ~120°. To improve wettability further, roughness has to be 

introduced on the surface. Wenzel and Cassie-Baxter theories explain wettability through 

the surface roughness. According to the Wenzel equation (2) describing a fully wetted 

surface, the originally hydrophilic surface will become more hydrophilic and originally 

hydrophobic more hydrophobic with the increase in surface roughness [34]. On the other 

hand, Cassie-Baxter equation (8) describes rough surface, which is able to trap air between 
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surface features when a droplet is deposited on the surface. In this case, water repellence can 

be enhanced for both, originally hydrophilic and hydrophobic surface. By optimal design of 

microstructures (re-entrant and overhang nano/microstructures) is possible to repel any kind 

of liquid without additional chemical treatment.   

 

2.2 Anti-icing 

Anti‐icing surfaces have been studied since the 1950s [35]. However, the design of surfaces 

with the ability to delay ice formation is still a great challenge for science and industry. Ice 

formation may be dangerous and lead to accidents when ice is formed on helicopter blades 

or plane wings. It also decreases the performance of radars, antennas and complicates the 

maintenance of electric power lines [36,37]. Current anti-icing techniques including 

chemical treatments to decrease freezing point (salt, chemical sprays), mechanical vibration 

or Joule heating are focused on removing already formed ice while not preventing its 

formation. In addition, these techniques require toxic chemicals or intensive resources. For 

all these reasons, the development of anti-icing surfaces is devoted to passive anti-icing 

functional surfaces [38-40]. The most promising anti-icing surfaces are surfaces with 

superhydrophobic behaviour discussed in the previous section due to minimal contact 

between the liquid and solid surface [41,42]. 

There are many publications dealing with the optimal design of micro/nanostructures for 

anti-icing surface [38,43-46]. The findings can be summarized into the following points: 

• Freezing time delay is mainly dependent on temperature and environmental 

conditions. Lower is the temperature or stronger is the wind, the less effect has the 

surface structure on the ice formation. 

• Microscale structures provide high CA, low SA and CAH, therefore minimal contact 

between solid and liquid. They are resistant to freezing drop impacts and decreases 

ice adhesion. On the other hand, they are prone to mechanical damage during ice 

removal and can´t protect the surface from condensation freezing.  
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• Nanoscale features smaller than critical ice nucleus (temperature-dependent) 

prolongs freezing delay time. They may withstand several icing and de-icing cycles 

with stable Cassie-Baxter state. 

• The most suitable structure design combines the effects of micro and nanostructures. 

 

2.3 Anti-bacteria 

Presence of bacterial biofilms causing infections limits the performance of medical tools and 

implants [47]. Currently, the most common causes of medical implant failure are due to 

formation of pathogenic bacteria biofilm, which may result in systemic infection and serious 

health damage [48]. For example, a study by Troidle [49] demonstrated biofilm formation 

of the most common pathogen bacteria (S. aureus, E. coli, P. aeruginosa) on all catheters 

removed from patients participating in the study.  Investigation of the prevention of bacteria 

attachment to surfaces is an issue of great concern [50]. 

To prevent biofilm formation, antimicrobial agents are commonly used [51]. However, many 

bacteria developed resistance to common agents. An alternative may be metallic 

nanoparticles [52] or laser surface structuring [53]. The toxicity of metallic nanoparticles to 

both, the bacteria and surrounding human tissue is the limiting factor of this method [52]. 

On the other hand, roughness and surface topography of micro and nanosized features were 

shown to play an important role in cell adhesion, proliferation, differentiation, morphology 

and orientation [54].  

The bacterial cell ability to attach on the surface relies on the interactions between the surface 

and cell wall functional groups [55]. It was shown that surface features smaller than bacteria 

cell size can limit its ability to attach on the surface due to the limited amount of attachment 

points [56]. Fine surface micro/nanostructures may be also more effective than extremely 

smooth surfaces [57]. Another factor influencing the cell attachment is wettability [53,58]. 

A minimum contact area between solid and liquid in a superhydrophobic Cassie-Baxter state 

may minimize the contact area between cells and surface [58]. On the other hand, 

superhydrophilic surface may also reduce bacteria adhesion due to larger repulsive force on 
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the proteins necessary for bacteria attachment [59]. For these reasons, laser surface 

structuring is a suitable tool for fabrication of antifouling surfaces preventing bacterial 

adhesion.  

However, the number of parameters influencing bacteria behaviour is rather large making it 

difficult to optimize. Results presented in [55] shows change in bacteria attachment with 

different surface topography including mirror polished surface (Ra ~ 30 nm), microspikes 

(~ 20 µm ), LIPSS (~ 500 nm) and nanopillars (~ 800 nm) for two common bacteria cells, 

E. coli (rod-like gram-negative) and S. aureus (spherical gram-positive), as depicted in 

Figure 5. 

 

Figure 5: The geometric average of normalized residual E. coli and S. aureus bacteria counts for different surface 

geometries and corresponding SEM images [55]. 

These results demonstrate that anti-bacterial properties also depend on a cell type. Rod-

shaped E. coli with typical dimensions of 0.5 µm x 2 µm occupy ~ 1 µm2 whereas spherical 

S. aureus occupy ~ 0.25 µm2. This was found as the main reason for much lower E. coli 

bacteria count on LIPPS (~ 0.5 µm) compared to the S. aureus. On the other hand, bacteria 

adhesion is smaller for S. aureus on the mirror-polished surface or superhydrophobic 

microspikes. 
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In conclusion, to prevent bacteria attachment to the surface, surface topography, chemistry 

and wettability play a major role. Anti-bacteria surface features should be smaller than 

particular bacteria cell size to decrease cell adhesion by minimizing the number of 

attachment points. Typical bacteria cell sizes are often below 1 µm, which is in favour of 

LIPSS and nanoscale features. Better results may be also achieved if these structures have 

superhydrophobic or superhydrophilic character. Thus, ultrashort pulsed lasers are a suitable 

tool to fabricate anti-bacteria surface topographies. 

2.4 Summary 

• Hierarchical structures combining micro and nanoscale features are the key factor for 

mentioned functionalities.  

• Structure morphologies are similar - by tailoring the superhydrophobic surface structures 

additional functionalities may arise.  

• Superhydrophobic surfaces can be considered as the base material for anti-icing surface. 

Moreover, superhydrophobic properties may also influence bacteria retention.  

Hence from all these reasons, the experimental section will be mainly focused on the 

production of hierarchical micro and nanoscale structures with superhydrophobic properties. 
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3 Fabrication methods 

A large variety of fabrication methods have been developed over the past years for the 

production of functional microstructured surfaces. Based on the previous chapter, selected 

methods able to produce suitable surface topographies which are applicable in industry 

environment will be briefly introduced as an alternative to laser nano/microstructuring which 

will be discussed in detail. These methods may include coating and deposition techniques, 

casting and electrospinning, which are scalable at large surfaces, fast and cost-effective. 

However, control over the structure formation is limited. And methods with good control 

over the structure formation such as lithography, etching and laser nano/microstructuring. 

Also, chemical treatments like chemical vapour deposition or plasma treatments may be used 

separately or in combination with microstructuring to decrease surface energy. 

Electrospinning [60] may be used for fabrication of large-area superhydrophobic surfaces 

by introducing hydrophobic polymer solutions (e.g. polyvinylidene fluoride, polystyrene) 

on a surface forming a membrane of nanofibers. The average size of nanofibers can be 

controlled by solution flow rate and applied voltage allowing to tune the wettability. The 

produced structure geometry is random, unable to modify to the desired shape of 

microstructures. 

Another large-area treatment is spray coating [61]. The polymer or nanoparticle solutions 

are sprayed on a substrate and solidify into a thin film. Usually, a glue layer is sprayed prior 

to nanoparticles to enhance adhesion with the substrate.  

Dip coating [62] method is also commonly used as a fast and cheap method to functionalize 

the substrate surface. During the process, the sample is immersed into a solution to introduce 

roughness and low energy coating on the top surface.  

Casting [63] is a cost-effective method for surface functionalization. This method uses 

suspensions of nanoparticles, crosslinkers or prepolymers which solidify into porous 

scaffolds onto the material surface.  
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Photolithography [64] is the most common technique for fabrication of an array of 

nanoscale features. Re-entrant omniphobic (repel all liquids) structures can be fabricated by 

photolithography with precise control over each individual structure. However, the 

fabrication speed is the main limiting factor for industrial use. 

Etching [65] is widely used for complex micro/nanostructure fabrication. Material is 

removed by an etchant which is liquid (wet etching) or gas (dry etching). Dry etching with 

anisotropic material removal rate is suitable for the fabrication of asymmetric arrays of 

micropillars with high resolution or for the fabrication of omniphobic surfaces. 

3.1 Laser surface structuring 

Laser surface structuring is a non-contact, non-polluting and flexible alternative to the 

previous fabrication methods. With properly optimized parameters, it is possible to produce 

desired micro or nanostructure geometries on a large variety of materials with high precision, 

fabrication speed and minimal heat affected or damaged material.  

For efficient micromachining process, precise ablation and high processing rates, it is 

necessary to understand basic laser and processing parameters and principles of laser-matter 

interaction.  

Absorption 

The wavelength of a laser source is a crucial parameter directly affecting the amount of 

radiation absorbed. According to the Lambert-Beer law, for incident radiation and minimal 

refraction, reflection or scattering, the absorbed intensity can be described as follows:  

 𝐼(𝑧) = 𝐼0 ∙ 𝑒
−𝛼𝑧 (9)  

 

Where 𝐼0 is incident intensity, 𝐼(𝑧) is intensity in depth 𝑧 and 𝛼 is the absorption coefficient. 

By proper choice of laser wavelength is possible to improve process efficiency and quality. 

Metals have often high surface reflectivity at wavelength 1064 nm of Nd:YAG laser and 

thus small absorption (Figure 6a). Therefore, the use of lasers emitting in a green or UV 
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region may increase productivity and precision. Common plastics depicted in Figure 6b are 

transparent at 1064 nm and strongly absorbing in UV region [66]. 

 

 

Figure 6: Example of radiation absorption in metals (a) and plastic (b) [66,67]. 

  

Moving towards lower wavelength, photon energy increases, and it is possible to observe 

strong linear absorption for materials with a wider bandgap (typically dielectrics). However, 

laser systems have usually fixed wavelength, or they are limited to high harmonic 

generation. Another technique which may be used to tune wavelength is the optical 

parametric generation (OPG) which has the advantage of continuous change in  

wavelength [68].  

Considering intensity > 1012 W/cm2 a non-linear absorption, when the absorption coefficient 

is a function of intensity, may occur. At such high-intensity levels, it is possible to ablate 

almost any material, metals and dielectrics with a wide bandgap alike. However, major 

processes responsible for absorption in metals and dielectrics are different: The intra-band 

transitions comprise the electrons excitation and heating in metals. The inter-band transitions 

and electron excitation from the valence to the conduction band are important for absorption 

in dielectrics [69]. Metals are strongly absorbing even at the low laser intensity, while most 

of the dielectrics are transparent up to the optical breakdown threshold. Optical breakdown 

for dielectrics lies in the intensity range of a few TW/cm2 [70] that corresponds to the fluence 

of 0.1 J/cm2
 for 100 fs laser pulse. At the optical breakdown, up to 10% of valence electrons 
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are transferred to the conduction band resulting in a strong increase of intra-band absorption 

with minor effect on other parameters [71]. This phenomenon can be observed in Figure 7, 

where absorbed energy density in a dependency on absorbed laser fluence for aluminium 

and silica is compared [72]. 

 

Figure 7: Absorbed energy density in a dependency on absorbed laser fluence for aluminium and fused silica. The ablation 

threshold for aluminium is marked on the blue aluminium curve [72]. 

Dielectrics are transparent at a low intensity for the laser wavelength down to the ultraviolet 

range, in other words, they have low absorption at low laser intensity. The increase in laser 

intensity leads to ionisation of the target in a skin layer. The ionisation occurs through single-

photon ionisation, multi-photon ionisation, tunnel ionisation [73] or by avalanche ionisation 

[74]. Multi-photon processes are shorter than the pulse duration, therefore, material 

properties are modified during the pulse, affecting the interaction process. The absorption 

increases due to ionisation while the absorption depth decreases [69]. Higher energy 

absorption leads to acceleration of electrons in the valence band to energy exceeding the 

bandgap, resulting in ionisation and conversion of dielectric to metal-like state. Any 

dielectric converts to metal-like solid when the laser intensity approaches the ablation 

threshold [75]. Gamaly [69] concluded that at intensities above 1014
 W/cm2

, the ionisation 

time for a dielectric is just a few femtoseconds. The electrons produced by ionisation in 

dielectrics then dominate the absorption in the same way as the free carriers do in metals, 
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and the characteristics of the laser-matter interaction become independent of the initial state 

of the target. As a result, the inverse Bremsstrahlung and resonance absorption become the 

major absorption mechanisms for both metals and dielectrics. 

Absorption can be further controlled by surface modification – by increasing the roughness 

or by coatings. Surface properties are also often modified during multi-pulse irradiation. In 

this case, material absorption is increased during the first N pulses improving the ablation 

rate [76].  

Pulse duration 

Pulse duration is a very important parameter responsible for different ablation regimes and 

directly affecting the processing rate and thermal damage to the material. In the case of the 

continuous regime or long pulses down to µs, the material is heated up and melted. It is a 

purely thermal process which is suitable for laser welding, cladding or hardening, but cannot 

be used for laser microtexturing (Figure 8). With decreasing pulse duration down to ns (short 

pulses), the material can be removed by ablation. We can distinguish two ablation regimes 

by a pulse duration compared to the electron-lattice thermalisation time for a certain 

material. When the duration of a laser pulse is longer than the electron-lattice-relaxation 

time, which is of the order of picoseconds, the pulse hitting the sample surface will excite 

electrons. Their energy is then transferred to the lattice phonons and heats it up to the boiling 

and/or to vaporization temperature. After that, electrons and lattice are in thermal 

equilibrium [69,77,78]. 
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Figure 8: Comparison of the hole quality and potential applications of laser systems with different pulse durations [79]. 

For ultrashort femtosecond laser pulses, which are short compared to the electron-phonon 

relaxation time, an additional mechanism called Coulomb explosion was reported [80]. The 

fundamental processes can be described as follows. A sample surface is irradiated with 

ultrashort (ps, fs) laser pulses and the energy of the laser field is absorbed in the sample 

surface by electrons via inverse bremsstrahlung [81]. For energies above the ablation 

threshold, the energetic electrons escaping from the solid create a huge electrostatic field of 

charge separation, which pulls the ions out of a solid [69], therefore, no thermal load to the 

material occurs. For fs pulses, the electrons are excited instantaneously and thermalize on a 

time scale of ~100 fs [82]. During excitation and thermalization of the electronic system, the 

lattice stays “cold”. On a much longer time scale in the order of a few ps, electron-phonon 

coupling, i.e., transfer of energy from the electronic system to the lattice takes place. 

Therefore, despite the fact that quality is improved for ns pulses compared to the long ones 

(Figure 8), it is still a thermal process. Sample melting, melt expulsion due to vapour 

pressure and recoil pressure, as well as redeposition of aerosol onto the sample surface, 

greatly affect the accuracy and precision. “Cold” ablation regime of ultrashort pulses  
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(~ below 10 ps) is therefore favourable for precise micromachining. Moreover, heat 

diffusion length 𝑙𝐻, connected with pulse duration according to equation 10, limits the 

minimal achievable structure size [83]. When the structure resolution is below the heat 

diffusion length, structures may collapse into a melt pool due to insufficient distance 

between them. For example, the heat diffusion length of tungsten is 2,6 µm for 100 ns pulse 

and only 3 nm in case 100 fs (see paper E). 

 

𝑙𝐻 = √
𝐾 ∙ 𝜏

𝜌 ∙ 𝑐𝑝
 

(10)  

 

where 𝐾 is the thermal conductivity, 𝜌 is the material density and 𝑐𝑝 specific heat capacity. 

Another difference between ultrashort and longer pulses is in the interaction with plasma. 

As can be seen in Figure 9, in fs case, plasma will be formed after the end of the pulse, 

whereas in ns case, plasma is formed during the laser pulse. This plasma plume can scatter 

and absorb energy (shielding effect) from laser radiation, reducing the ablation  

efficiency [84].  

 

Figure 9: Approximate time scales of laser pulse absorption and ablation. along with the processes that accompany it [85]. 
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Despite the better quality and cold ablation regime of femtosecond pulses, short penetration 

depth of ultrashort pulses results in a low ablation rate [69]. Thus, there is a trade-off in pulse 

duration and ablation rate, see Figure 10. Consequently, picosecond or even nanosecond 

pulses may be favourable with properly optimized parameters, as demonstrated in papers A 

and B. 

 

Figure 10: Illustrative drawing of trade-off in pulse duration and ablation rate for laser machining [86]. 

 

Repetition rate 

Except for pulse duration, repetition rate may also greatly influence the quality of produced 

microstructures. If the repetition rate is too high the time between consecutive pulses may 

be shorter than the required cooling time which may lead to increase in local temperature 

between consecutive pulses and melting of the material (Figure 11) [87].  

 

Figure 11: Example of a hole quality drilled using different repetition rates and graph demonstrating temperature increase 

between consecutive pulses [87]. 
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High repetition rate in MHz regime can also decrease the ablation rate due to absorption of 

consecutive pulses in plasma and ejected particles, as depicted in Figure 9.  

Beam parameters 

In most cases, laser systems are generating Gaussian-like beams. The transverse profile of 

the optical intensity of fundamental (Gaussian) mode TEM00 of laser resonator can be 

represented by the following equation: 

 
𝐼(𝑟, 𝑧) = 𝐼0𝑒

(−2
𝑟2

𝑤(𝑧)2
)
 

(11)  

 

where 𝐼0 =
𝑃

𝜋𝑤(𝑧)2/2
 is the peak intensity and P is the power, 𝑤(𝑧) is the distance from the 

beam axis where intensity 𝐼0 drops to 1/e2.  

Beam propagates through space with a certain divergence 𝜃 (see Figure 12): 

 
𝜃 = lim

𝑛→∞
(
𝑤(𝑧)

𝑧
) ≅

𝜆

𝜋𝑤0
 

(12)  

 

where 𝜆 is laser wavelength and 𝜔0 is the beam waist, which is the beam size at the focus 

(z = 0). 

Thus, beam radius is increasing with the distance z as follows: 

 

𝑤(𝑧) = ⁡𝑤0√1 + (
𝑧

𝑧𝑟
)
2

 

(13)  

 

where 𝑧𝑟 = 𝜋𝑤0
2/𝜆 is Rayleigh length (a distance from a waist where the area of the cross-

section is doubled). In some cases, confocal parameter (or depth of focus) b = 2𝑧𝑟 is used 

instead. 
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Figure 12: Caustic of laser beams with marked beam parameters. 

To describe the quality of laser beam a beam parameter product (BPP) is applied as the 

product of beam radius and beam divergence. The higher BPP the worse quality is the beam. 

 
𝐵𝑃𝑃 = 𝑀2

𝜆

𝜋
= 𝑤0𝜃 

(14)  

 

where factor M2 quantifies the deviations from Gaussian beam, which has M2 = 1 and thus 

smallest BPP. M2 provides the “times diffraction limit” that a laser spot can be focused. 

Equation (14) also points out an essential relation between beam diameter and radius. The 

smallest is the beam radius, the bigger is the divergence and vice versa.  

For laser micro and nanostructuring is important to reach small spot sizes. The focus spot 

size 𝐷 = 2𝑤0 fulfils: 

 
𝐷 = 𝑀2

4𝜆𝑓

𝜋𝐷0
 

(15)  

 

where 𝑓 is the focal length of a lens. Therefore, shorter wavelength or shorter focal length 

can be used to decrease the spot size.  

In some cases, also different intensity distributions are advantageous. For example, a top-

hat beam with near-rectangular intensity distribution can improve ablation efficiency and 

quality by minimizing heat affected zone (HAZ) [88]. As depicted in Figure 13, top-hat 

beams are much more suitable for precise ablation and stitching, when shaped to rectangular 
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footprint. Another example may be Bessel beams which can be used for glass cutting due to 

smaller focal spot size and elongated depth of focus [89]. 

 

Figure 13: Comparison of Gaussian and top-hat beam distributions. (a) intensity profiles, (b) stitching footprint, (c) cross-

section of processed material with marked HAZ [88]. 

 

Processing parameters 

Fabrication of well-defined and melt free nano/microstructures requires optimization of 

processing parameters and processing strategies. Basic laser processing parameters include 

the spot to spot overlap 𝑜, scanning speed 𝑣𝑠, number of pulses per unit area 𝑁𝑝, number of 

overscans 𝑁.  

Pulse to pulse overlap is an important parameter for stitching the pulses over larger areas. It 

is typically higher than 60% for a circular beam to ablate straight line. Overlap can be defined 

as follows: 

 
𝑜 = 1 −

𝑙

2𝑤0
= 1 −

𝑣𝑠
𝑓𝑟2𝑤0

 

 

(16)  

where 𝑓𝑟 is the laser repetition rate and 𝑙 is the distance between the centres of two 

neighbouring spots. Using equation (16), scanning speed equals: 
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 𝑣𝑠 = (1 − 𝑜)⁡2𝑤0𝑓𝑟 (17)  

 

For a number of spots per unit area (number of pulses per focal spot) we can write: 

 
𝑁𝑝 =

𝐷𝑓𝑟
𝑣𝑠

 
(18)  

 

These parameters together with the number of overscans (number of process cycles) have to 

be optimized to prevent overheating of the sample and melting of the material close to the 

interaction zone due to heat accumulation.  

Beam displacement over the sample is an important aspect for a proper scanning strategy, 

defining heat distribution and precision of microstructures. The simplest way is to use linear 

stages to displace the beam in two orthogonal directions. However, the maximum speed of 

state-of-the-art linear stages is ~ 2 m/s, which limits processing rates. In addition, the mass 

of sample and stages limits the acceleration and deceleration times and thus affecting the 

duty cycle significantly. Without these delay times, the overlap is increased at the beginning 

and at the end of scanned geometry making inhomogeneous ablation of desired geometry. 

When laser on and laser off delays are applied correctly to provide enough time to reach 

constant speed, the device is accelerating prior to making desired geometry (so called 

skywriting), which increases processing times but ensures constant overlap. In addition, 

synchronization of laser triggering is necessary to accurately define the starting position, see 

Figure 14. 

 

Figure 14: Example of different scanning modes [90,91] 
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To reach higher scanning speeds, galvanometric (galvo) scanners are commonly used. They 

are using two galvo scan mirrors to deflect an incident beam in X and Y direction  

(see Figure 15a) and F-theta lens. F-theta lenses are engineered to have a planar imaging 

field compared to simple spherical lenses which can focus deflected beam only on a spherical 

plane (Figure 15b). This issue can be addressed by flat-field scanning lens (Figure 15c) 

however the distortion of the focused spot on a flat focal plane is dependent on the product 

of focal length f and tangent of a deflection angle θ. F-theta lens is a flat field lens designed 

with built-in barrel distortion. The position of the focal spot is then dependent on the product 

of f and θ simplifying positioning algorithms (Figure 15d).  

  

Figure 15: (a) Illustration of galvo scanner system [90]; Comparison of spherical (b), flat-field (c) and f-theta (d)  

lenses [92].  

The maximum speed of commercially available galvo scanners reaches ~10 m/s [90,93]. 

However, the effective speed is reduced due to necessary laser on and laser off delays during 

acceleration and deceleration of galvo mirrors. For high-speed scanning, this delay times can 

increase the processing time up to more than 50% [91].  

With processing of large areas, another issue has to be addressed. Scanning fields of galvo 

scanners is limited to tens of cm2 depending on the mirror size and F-theta lens. Moreover, 

mirror size and thus scanning field is decreasing with higher scanning speeds due to obvious 

reasons. Therefore, working areas of galvo scanner have to be stitched to cover larger areas 

by means of stages. However, stitching errors and an increase in processing time are 

unavoidable. These stitching errors can be very small in the order of a few micrometres with 

a) b) c) d)

) 
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properly aligned and synchronized scanner and stages. However, even that is significant in 

micro and nanoprocessing. Recently, companies like Aerotech or Scanlab start to address 

this issue and presented synchronized continuous motion of stages and galvo scanner. In this 

case, stitching errors can be eliminated and the scanner working area extended over the 

whole range of stages. However, this technology is currently limited to 2D or 2.5D 

processing (2 axis + galvo scanner).  
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4 Rapid large-scale approaches of laser surface structuring 

As discussed in the previous section, laser surface structuring is a suitable tool for fabrication 

of various micro and nanostructures providing different surface functionalities. However, 

the fabrication speed of commonly used point to point approach - direct laser writing (DLW), 

is in a range of minutes per square centimetre [1,94,95], which limits the use of DLW for 

large-scale surfaces often required by industry needs.  

Development of new high-power laser systems with corresponding high pulse energies and 

repetition rates facilitate large area micromachining applications on macroscopic areas with 

high throughputs meeting industry requirements. For example, ultrashort laser systems 

developed at HiLASE centre can nowadays deliver up to 500 W with pulse duration < 2 ps 

and either high repetition rate up to 1 MHz (Perla C) or high pulse energy up to 0.5 J  

(Perla B) [96]. In contrast to high available laser power, high quality laser ablation with 

minimal thermal damage require processing close to damage threshold [97]. Thus, only a 

fraction of available laser power can be used for high quality single spot laser ablation. 

Hence, new methods for rapid large-scale processing are necessary to use the full potential 

of high-power laser systems. The most promising rapid large-scale techniques include 

polygonal scanning systems [90,98,99], direct laser interference patterning [100-102] and 

multi-beam scanning approaches using DOE or SLM plate [103,104]. However, each of 

these approaches have its limits and drawbacks as well as different requirements for the laser 

source. These will be addressed in the following text. 

4.1 Ultra-fast scanning systems 

Current state-of-the-art ultrashort laser systems can provide very high repetition rates in 

MHz range. This enables new strategies for rapid large-scale processing of materials, 

especially ultrafast scanning techniques. 

As discussed in the laser surface structuring section, commercially available scanning 

systems reach maximum scanning speeds of ~10 m/s [90,93], which is still insufficient to 

keep up with repetition rates in order of tens of MHz. This issue can be solved by polygon 

scanning systems, which can reach scanning speed of a few hundreds m/s [105].  
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Instead of a classical flat mirror used by galvo scanners, polygon scanners are using 

multifaceted polygon mirror, as depicted in Figure 16. The polygonal mirror is rotating 

around a fixed mechanical axis and the beam is angularly deflected every time facing the 

flat facet of the polygon. Since the mirror is rotating continuously, a higher number of 

scanned lines per second can be realized, compared to the back and forward motion of mirror 

in galvo scanner. Consequently, the polygon scanner does not need laser on and laser off 

delay times necessary for mirror acceleration or deceleration. However, the incident laser 

beam has to be completely on the facet during processing, which reduces the duty cycle and 

average laser power to ~60% [93]. 

 

Figure 16: Scheme of classical galvo scanner (left) and polygon scanner (right) [90]. Galvo scanner can deflect the beam 

in X and Y plane, whereas polygon scanner is only one dimensional. The perpendicular direction to the polygon scanner 

direction has to be handled by stages. 

Polygon systems have been successfully implemented for material processing such as 

texturing and engraving [105,106]. Comparing results already available in the literature, 

processing rates of 30 min/cm2 have been reached for LIPSS formation on stainless steel 

with 2 MHz, 20 W, 400 fs laser system [98] and 1.3 min/m2 for microstructuring of stainless 

steel with 76 W 20 MHz, 10 ps laser system [105].  

However, the main disadvantage of this technology is the lack of flexibility. Processing 

solutions have to be tailored to fit the scanning technology since it is suitable only for flat 

surfaces. There is no time to adjust height during rapid scanning for the structuring of 

complex or 3D shapes. Another limitation lies in the line like (raster) or bitmap scanning 
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strategy. Polygon scanners are utilizing only one polygon mirror, therefore they are suitable 

only for 1D scanning. The second direction is usually handled by stages synchronized with 

the scanner. Consequently, not all applications are suitable for polygon scanning including, 

for example, trepanning, helical drilling or complex shape microstructuring. Therefore, 

polygon scanners are considered as a complementary technology to the existing galvo-based 

systems.  

4.2 Direct laser interference patterning 

Direct laser interference patterning (DLIP) is a technique when two or more coherent laser 

beams overlap on a surface in order to directly impose a periodic interference pattern on the 

material, see Figure 17. The geometry of the interference pattern can be controlled by the 

number of laser beams and their incidence angle as well as by wavelength, polarization, 

intensity and phase difference of these beams [100]. The DLIP technique demonstrated the 

capability of processing a wide spectrum of materials including metals, polymers and coated 

surfaces [34,83,107-109] with a processing speed up to 0.36 m2/min for metals and 0.9 

m2/min for polymers [102]. It was shown that DLIP is capable of producing sub-wavelength 

structures not limited by a beam spot size and it became a fast and efficient way for laser 

micro-processing [101,110].  

 

Figure 17: Illustration of two beam interference with incidence angle Θ and lateral period Λ. 

 

The intensity profile of interfering beams in the interference area can be calculated using the 

formula [111]: 
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𝐼(𝑟) ∝ (∑𝐸⃗⃗𝑖(

𝑁

𝑖=1

𝑟, 𝑡))

2

 (19)  

 

where 𝑟 is the coordinate vector, 𝑡 is time, 𝑖 is the index of interfering beams, N is the number 

of beams and 𝐸⃗⃗𝑖 is the electrical field of i beam, which can be expressed as follows: 

 𝐸⃗⃗𝑖 = 𝐸⃗⃗0𝑖⁡cos⁡(𝑘⃗⃗𝑖 ∙ 𝑟 − 𝜔𝑡 + 𝜑𝑖) (20)  

 

where |𝐸⃗⃗0𝑖| is the amplitude of i wave, |𝑘⃗⃗𝑖| = 2𝜋/𝜆 is the wave vector of i wave, 𝜆 is the 

laser wavelength, 𝜔 is the frequency of radiation and 𝜑𝑖 is the phase of i wave. 

In the case that all interfering beams have the same frequency, periodical intensity field is 

formed and equations (19) and (20) can be simplified [112]: 

 

𝐼(𝑟) ∝
1

2
∑|𝐸⃗⃗0𝑖|

2
+∑∑𝐸⃗⃗0𝑖 ∙ 𝐸⃗⃗0𝑗 ⁡cos⁡(

𝑁

𝑖=1

𝑁

𝑗<1

𝑁

𝑖=1

𝑘⃗⃗𝑖 ∙ 𝑟 − 𝑘⃗⃗𝑗 ∙ 𝑟 + 𝜑𝑖 −𝜑𝑗) (21)  

 

As observed from equation (21), the interference period depends on the incident angle 

between the beams and on the wavelength. Therefore, the lateral dimensions of the 

interference pattern (spatial period Λ) can be controlled by the angle Θ between incident 

laser beams (see Figure 17) [113]: 

 
Λ𝑁 = 𝛼𝑁

𝜆

sin⁡(Θ/2)
 

(22)  

 

where 𝛼 = 1/2 for N = 2, 𝛼 = 2/3 for N = 3, 𝛼 = √2 /2 for N = 4 

Equation (12) shows the limit for minimal achievable periodicity, which can be smaller than 

the laser wavelength. Thus, it is possible to achieve sub-micrometre structures with common 

~1 µm lasers which would not be otherwise possible without additional microscopic 

objectives. Moreover, this sub-micrometre resolution can be achieved in the whole 
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interference area. The size of overlapped beam region is reduced to several tens of 

micrometres in diameter by focusing lens with short focal length, which is necessary for high 

incidence angle Θ and thus small pattern periodicity according to equation 22. As an 

example, in paper C the overlapped beam region is reduced by focusing lens to 70 µm in 

diameter for two beam interference pattern and wavelength of 1064 nm. Inside this diameter, 

interference periods down to 2 µm were fabricated significantly increasing the fabrication 

speed compared to the single beam approach.  

Higher throughputs can be reached by increasing the overlapped beam region. However, 

high enough pulse energy is necessary to be above the ablation threshold for larger areas and 

thus for a higher number of interference maxima. In addition, laser parameters like pulse 

duration, temporal and spatial coherence limits the maximal reach of interference area inside 

the overlapped beam region. Therefore, high quality and high pulse energy laser source is 

necessary for large-beam DLIP. The suitable pulse duration for a certain diameter of 

interference area 𝑑 can be estimated by equation (23) for two beams overlapping at angle Θ 

[114]: 

 𝑑 ≈
𝑐𝜏

sin(Θ/2)
 (23)  

 

where 𝑐 is the speed of light, 𝜏 is the pulse duration. 

Another important aspect of pulse duration is connected with heat diffusion length 𝑙𝐻 

(equation 10) which limits the minimal achievable structure size due to melting. Therefore, 

there is a trade-off between the interference area and heat diffusion length. The shorter the 

pulse duration, the finer the structures can be produced, but at the same time the smaller is 

the area of interference. Methods for increasing the diameter of the interference area above 

1 mm and thus significantly increasing processing throughputs are presented in papers D, E.  

The most common intensity distributions with N-beam interference are shown in Figure 18. 
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Figure 18: Simulations of 2D (a-c) and 3D (d-f) intensity distributions of two-beam interference (a,d), three-beam 

interference (b,e) and four-beam interference (c,f) [115]. 

 

 

Figure 19: Exotic DLIP configurations: (a) Twelve beam interference pattern (b) 25 beam interference pattern [116].  

Nevertheless, these intensities can be further tuned by different angle, polarization, intensity 

and phase difference of beams, the most reasonable patterns for microfabrication are a group 

of dots and lines. Thus, two, three and four beam interference (Figures 18) are the most 

appropriate. In some cases, a higher number of beams may be useful to get sharper intensity 

maxima or exotic patterns (Figure 19) [116]. 

These intensity distributions (Figure 18 and 19) are calculated with the assumption of an 

infinite monochromatic plane wave. However, the majority of laser systems are producing 

Gaussian-like beams. That results in higher intensity maxima in the centre of interference 
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area, which is dropping down to the edges following the Gaussian envelope, as pointed out 

by Alamri [117] (Figure 20). 

  

Figure 20: (a) Calculated intensity distribution obtained by overlapping two Gaussian laser beams (Λ = 6 µm); (b) Confocal 

microscope profile on polycarbonate foil ablated with the same intensity distribution [117]. 

As observed in Figure 20, except higher ablation depth in the centre of interference area, 

also unselective ablation (outside interference maxima) in the centre part occurs. All these 

reasons make stitching over larger area difficult and limiting hatch distance just to a few 

interference periods to reach homogeneous pattern distribution.  

To obtain beams with the same parameters, splitting the initial laser beam is favourable 

compared to the higher number of laser sources. In this case, several beam-splitters may be 

used according to the desired number of beams. Moreover, when ultrashort pulses are 

applied, the setup has to be precisely aligned to achieve homogeneous pattern distribution in 

the whole interference area. The major challenge of multi-beam interference with ultrashort 

pulses is achieving temporal superposition of pulses [118]. Compensation of temporal delay 

is necessary in this case. It is usually based on nonlinear frequency conversion methods of 

second or third harmonic generation. Levels of difficulty and complexity increase 

exponentially with a higher number of beams. Therefore, there are no efficient ways to form 

more than 7 beam interference [119]. A possible solution for a simple and precise multi-

beam DLIP setup and ultrashort pulses are diffractive optical elements (DOEs). DOE 

inclines the wavefront that it remains perpendicular to the common optical axis, it also splits 

the beam in a small angle making possible to use the same optics for all splitted beams. That 

also ensures the same optical path for all beams, making alignment simple even for 
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femtosecond pulses. More details about DOE splitting will follow in chapter 4.3. Illustration 

of a beam splitter based and DOE based setup is shown in Figure 21: 

 

Figure 21: Interference setup based on beamsplitters (upper) and DOE (lower) [118]. 

In summary, among advantages of DLIP belong fast processing over a large area with sub-

wavelength resolution. The speed of the fabrication process can be easily tuned by the size 

of the interference area. There is no need of special optics which may be damaged due to 

high pulse energies, fabrication speed can be scaled up to square meters per minute [102] 

with powerful enough laser source. Contrarily, the most significant drawbacks of DLIP are 

the limitations in shape control of the interference pattern. The reasonable pattern 

distributions are limited to the group of dots or lines. The separation distance between these 

shapes cannot be tuned independently of the period. Also, the formation of a uniform pattern 

is limited by the Gaussian spatial intensity distribution of the incident laser beam, resulting 

in higher intensity maxima in the centre of the interference area. Hence, it is also difficult to 

accurately overlap several interference areas for the highly uniform pattern over a large area.  

4.3 DOE and SLM based multi-beam approaches 

Beam splitting using Diffractive Optical Element (DOE) or Spatial Light Modulator (SLM) 

in a combination with high power ultrashort laser systems is a promising way to meet 

industry standards in high-speed processing of large areas. DOE beamsplitter distributes the 

incident laser beam intensity into a desired far field pattern, which is usually a 1D or 2D 
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array of M x N beams (see Figure 22), each splitted beam has the same characteristics as the 

original beam, except for pulse energy and angle of propagation. The number of beams, their 

location and propagation angle can be changed by DOE design. Also, as shown in  

Figure 22, it is possible to combine DOEs with each other. 

DOE diffractive gratings, usually fabricated on fused silica substrates, enable to withstand 

high power damage thresholds around 10 J/cm2 with common AR coatings [120]. The power 

efficiency (splitted beams to incident beam) is often > 70% for AR coated element and it 

can reach more than 95% [121]. The remaining power is distributed among the non-desired 

orders, mainly the 0th order of diffraction. Therefore, especially for high power cases, it is 

necessary to mechanically block the zero order to prevent undesirable damage of the sample.  

 

Figure 22: Illustration of DOE beam splitting (left) and DOE combinations (right) [120,121]. 

The DOE effectivity and uniformity of resulting pattern are mainly dependent on beam 

quality and in the case of multi-level high efficient DOEs also on the precise allignment. 

Computer-generated diffraction grating written in DOE body is usually calculated for a 

perfect gaussian beam. Therefore the effectivity and pattern uniformity may be decreased 

for M2 > 1.2. Also, there is a requirement for minimum input beam size, which should be at 

least 3 times the size of the grating period Λ [121]: 

 
Λ =

𝑚𝜆

sin 𝜗
 

(24)  
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where Λ is a grating period of DOE, 𝑚 is a diffraction order, 𝜆 wavelength, 𝜗 separation 

angle between beams. 

It is worth to mention that capabilities of industry available DOEs are not limited to only 

beamsplitters, but continuous shapes like hollow rings, lines, squares and different intensity 

distributions can be generated. 

The simplest DOE setup for rapid large-scale fabrication contains a laser source, DOE 

splitter, focusing lens and fast stages. The separation distance between spots on the sample 

can be controlled by the distance between DOE and focusing lens. DOE can also be 

fabricated to be compatible with F-theta lenses and thus to be used in a combination with a 

galvo scanner allowing much faster beam displacement. However, in this case, the 

separation angle between beams has to be small enough, or additional optics has to be placed 

after DOE to ensure that the pattern area fit the scanner mirrors. Example of drilling and 

cutting with DOE splitting the incident beam into 784 beams is reported in paper F. 

Spatial light modulator (SLM)                                                                                                        

Spatial light modulator (SLM) is a device that can modulate phase, amplitude or polarization 

of light waves. For laser beam shaping phase-only modulations are preferable due to energy 

reasons [122]. SLMs are usually based on liquid crystals controlled by a direct and accurate 

voltage, which can modulate a wavefront of the beam allowing high resolution, high speed 

reflective or transmissive phase modulation with individually addressable pixels to control 

beam shape, focus position and even intensity distribution [123]. It essentially works as a 

computer-controlled diffraction grating with each pixel introducing different phase delay. 

Consequently, SLMs are used for variable beam splitting and shaping applications 

[103,124,125]. Phase modulation is changed according to the alignment of liquid crystals, 

which may be controlled pixel by pixel. A difference in crystal tilt results in different 

refractive index, thus changing the optical path length and so causing a phase difference 

[126]. 



45 
 

The diffractive patterns are generated in real-time by computer-generated holograms 

(CGHs), which can be calculated by appropriate algorithms [122,127]. Most algorithms for 

phase mask calculation are based on the fact that the phase mask and far field diffraction 

patterns are related through the Fourier transform [122,127]. For a good quality 

reconstruction of the calculated hologram, it is necessary to count with SLM parameters (for 

instance pixel distance, count, pixel geometry,…), reconstruction wavelength, beam quality 

and all other phase changes and aberrations introduced by optical system [128]. 

Examples of calculated phase masks uploaded on SLM and resulting patterns are shown in 

Figure 23. The grayscale tones correspond to the phase shift from 0 (white) to 2π (black). 

These phase masks form diffraction images on the sample. 

 

Figure 23: Calculated phase masks (a-d) and corresponding patterns (e-h) formed from a single incident Gaussian beam 

[123,129-131].  

Another advantage of the SLM based systems is in a convolution of phase masks. For 

example, the focusing position of a diffraction pattern can be easily changed by convolving 

the phase mask of the desired diffraction pattern with a phase mask of a lens (Figure 24). 

Analogously, if optical aberrations of the whole system are known, they can be compensated 

by convolving with the appropriate phase mask.  
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Figure 24: Example of a convolution of a phase mask of a cross with lens phase mask used for focus change. Observation 

of the defocused image is shown in the lower row [123]. Numbers represent the focal length of the imaginary lens. 

For all these reasons, SLM has a great potential in multi-beam laser micromachining for 

speeding up the processing rate. The straightforward application is beam-splitting, where 

spacing and intensity of each beam can be changed independently, which is not the case of 

DOEs. Moreover, beam shaping, change in focus and compensation of aberrations of the 

optical system and the laser beam can be incorporated into the final phase mask. For rapid 

large-scale processing, pattern distribution over the sample is necessary. It can be done either 

by fast stages or galvo scanner (Figure 25).  
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Figure 25: Industry ready SLM based micromachining station combined with galvo scanner and 3 axis linear stage 

system (Pulsar Photonics GmbH). 

In conclusion, DOE based systems are easy to use, cheap and able to withstand high pulse 

energies necessary for multi-beam processing. The disadvantage is a fixed configuration of 

DOE generated pattern. Contrarily, SLM based system offers programable patterns which 

can be changed in tens of ms providing the freedom to the operator in design and 

optimization of pattern distribution according to the final application needs. Advantage of 

the SLM approach is also the possibility to compensate optical system aberrations and poor 

beam quality of laser source. However, the LIDT limit of SLM of ~ 0.5 mJ and 100W of 

average power is a significant drawback of this device.  

4.4 Summary 

Surface functionalities can be tuned by suitable microstructure geometry and impose new 

properties like superhydrophobicity, anti-ice or anti-bacteria to common materials. Laser is 

a suitable tool to fabricate such microstructures on a large variety of materials ranging from 

metals to dielectrics and composite materials.  
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Several laser and processing parameters had to be optimized for high-quality micro and 

nanostructure fabrication. The complexity of parameter combinations increases when  

state-of-the-art high-power laser systems are applied. To utilize the potential of these 

systems for the close-to-threshold fabrication of micro and nanostructures, new ultrafast 

scanning or multi-beam approaches had to be applied. Most promising approaches are 

polygon scanning systems, DOE based scanning systems, direct laser interference 

processing and programable SLM holographic processing coupled with galvo scanner.  

Polygon scanning system is still only complementary technology to classic scanning 

approaches due to lack of flexibility and limitation to raster-only (or bitmap) scanning 

strategy of plane surfaces. Polygon scanner-based systems require very high repetition rate 

laser systems (> 10 MHz). These systems often had to generate ultrashort pulses in order to 

minimize heat accumulation due to a very short time between consecutive pulses.  

Multi-beam approaches are much more suitable for higher freedom in microstructure 

geometry. DOE based systems are splitting the incident beam into the desired array of beams 

or another diffraction pattern, which is static and can be further displaced over the sample 

by means of scanner or stages. Interference based systems have an advantage in more 

freedom in pattern change by adjusting the periodicity and shape of inference pattern. Both 

methods are suitable for high pulse energies, therefore it is possible to generate a large 

number of beams to increase throughputs.  

SLM based scanning systems have the highest degree of freedom in pattern generation. 

Except for simple splitting, SLM can further change intensity distribution and shape the 

beam. The disadvantage is a lower damage threshold (in the means of pulse energy and also 

average power). Therefore, the use with high average power laser systems is limited.  

As a conclusion, all approaches have their advantages and limitations depending on the final 

application and available laser source. The optimal solution for rapid-large scale 

micromachining laboratory would be a combination of SLM-based scanning system to 

develop optimal diffraction pattern and process parameters and DOE-based scanning system 

with DOE manufactured according to final parameters found by SLM while providing much 
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higher LIDT to be able to use a maximum of a laser source. High-energy pulsed laser systems 

can also benefit from interference processing, which is a less expensive and more compact 

solution, easily scalable to structure large area in resolutions below the diffraction limit of 

common lenses while fully utilizing available pulse energy.    
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5 Experiment 

The first step in the development of rapid large-scale surface functionalization by laser 

induced micro and nanostructures is the development of the fabrication process with optimal 

laser and processing parameters. Then in the following step, a process can be scaled up to 

higher processing speeds which require further optimization of processing parameters due 

to challenges connected with the processing technique and high-power input into the 

material. 

As discussed in the previous section, superhydrophobicity has great potential for many 

scientific and industrial applications. The development of the fabrication process of 

superhydrophobic surfaces using a single beam in a combination with a galvo scanning 

system was developed at HiLASE Centre. Both, ultrashort laser system (1030 nm, 1.8 ps, 

100 kHz) and nanosecond fibre laser source (1062 nm, 3 ns, 10 - 1000 kHz) were optimized 

for dual-scale (micro and nano) hierarchical structure fabrication on the top of aircraft 

aluminium alloy 7075, as depicted in paper A (ps laser source) and paper B (ns laser source). 

Despite the different physical phenomena during ablation with 1.8 ps and 3 ns laser pulses, 

it was possible to fabricate a dual-scale pillar-like array of microstructures covered with 

nanoscale features, which have a great potential for superhydrophobicity. 

In the following step, interference processing was investigated, as it was found to be the 

most suitable for high-energy pulsed ultrashort laser systems available at HiLASE. In the 

first step, functional superhydrophobic microstructures were fabricated on carbon fibre 

reinforced composite plates in cooperation with Fraunhofer Institute for Material and Beam 

Technology using commercial nanosecond laser sources (Paper C). Based on this 

experience, an advanced interference processing station was designed and build at HiLASE, 

demonstrating two (Paper E) and four-beam (Paper D) interference processing with enlarged 

interference area for higher throughputs. Ultrashort pulsed laser system (1030 nm, 1.7 ps, 10 

mJ) was used to generate interference patterns combining micron-scale interference pattern 

with nanoscale structures resulting in superhydrophobic surface properties and a change in 

structural colour. 
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Nevertheless, the direct laser interference patterning was identified as the most fitting to 

HiLASE laser sources, other approaches were proved to be useful for specific applications. 

Such an example is rapid parallel microdrilling and microcutting of several hundred 

microholes at once with exact dimensions and spacing. DOE splitter combined with galvo 

scanner was identified as the most suitable method in this case. As a result, the author 

successfully delivered a solution for microstructuring with 784 beamlets at the same time, 

significantly improving productivity (Paper F). 

5.1 Journal article A. Non-fluorinated superhydrophobic Al7075 aerospace 

alloy by ps laser processing 

In this publication, a technique for surface functionalization of aircraft aluminium alloy 7075 

using 1030 nm picosecond laser source Perla 500 with 1.8 ps pulse duration and repetition 

rate of 92 kHz was reported. Nanoscale ripples (LIPSS), also in a combination with 

micropillars were successfully fabricated on the top surface.  A novel method of post-

treatment – vacuum processing, was applied to laser processed samples in order to speed up 

transformation time from originally hydrophilic to superhydrophobic state. This transition 

time was successfully reduced from a couple of days to only 4 hours. Corresponding 

chemical processes were analysed with the conclusion that synergic effects of hierarchical 

micro and nanostructures together with non-polar elements are responsible for 

superhydrophobic behaviour. 

 

Author contribution 

In the work related to the production of this journal article, the author contributed to the 

sample preparation.  The author designed and performed experiment together with R. 

Jagdheesh, analysed results with J. Kopeček, P. Jiříček and both the author and R. Jagdheesh 

contributed to the final version of the manuscript drafted by R. Jagdheesh. Detail authors 

individual contributions are shown in table 1. 

 

 



52 
 

 

 

Term Authors’ individual contributions 

Conceptualization R. Jagdheesh, P. Hauschwitz 

Methodology R. Jagdheesh, P. Hauschwitz 

Software P. Hauschwitz, R. Jagdheesh  

Validation R. Jagdheesh, P. Hauschwitz, D. Rostohar 

Investigation R. Jagdheesh, P. Hauschwitz 

Resources T. Mocek, J. Mužík, J. Brajer, J. Kopeček, P. Jiříček 

Writing - Original Draft R. Jagdheesh 

Writing - Review & Editing R. Jagdheesh, P. Hauschwitz, D. Rostohar 

Visualization R. Jagdheesh 

Supervision R. Jagdheesh, J. Brajer, D. Rostohar 

Project administration Petr Hauschwitz, Jan Brajer 

Funding acquisition T. Mocek 

 

Table 1: Credit author statement - Non-fluorinated superhydrophobic Al7075 aerospace alloy by ps laser processing. 
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5.2 Journal letter B. Nanostructure fabrication on the top of laser-made 

micropillars for enhancement of water repellence of aluminium alloy 

In this letter, a two-step method for fabrication of superhydrophobic surface structures with 

common nanosecond fibre laser was developed. In the first step, well-defined melt-free 

micropillars were fabricated followed by a second step with a defocused laser beam to 

introduce nanoscale protrusions on the top of micropillars. To enhance water repellency and 

to shorter the transformation time, vacuum processing technique was used. It was 

demonstrated that wettability of the surface can be tuned by hatch distance, defocusing 

distance and a number of pulses per focal spot.  

Author contribution 

In work related to the production of this journal letter the author planned, designed and 

carried out all experiments. The author also analysed SEM data with J. Kopeček and XPS 

data with P. Jiříček. The author was responsible for data interpretation, drafting the 

manuscript and communication with the journal. Detail authors individual contributions are 

shown in table 2. 

Term Authors’ individual contributions 

Conceptualization P. Hauschwitz 

Methodology P. Hauschwitz 

Software P. Hauschwitz  

Validation R. Jagdheesh, P. Hauschwitz, D. Rostohar 

Investigation P. Hauschwitz 

Resources T. Mocek, J. Houdková, J. Brajer, J. Kopeček, P. Jiříček 

Writing - Original Draft P. Hauschwitz 

Writing - Review & Editing R. Jagdheesh, P. Hauschwitz, D. Rostohar, J. Brajer 

Visualization P. Hauschwitz 

Supervision R. Jagdheesh, J. Brajer, D. Rostohar 

Project administration Petr Hauschwitz, Jan Brajer 

Funding acquisition T. Mocek 

 

Table 2: Credit author statement - Nanostructure fabrication on the top of laser-made micropillars for enhancement of water 

repellence of aluminium alloy 
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5.3 Journal article C. Fabrication of Functional Superhydrophobic Surfaces 

on Carbon Fibre Reinforced Plastics by IR and UV Direct Laser 

Interference Patterning 

Carbon fibre reinforced composites are lightweight materials of the future for many 

industrial applications, but also difficult to process. This joint publication with Fraunhofer 

Institute for Material and Beam Technology demonstrates the capability of interference 

patterning for rapid large-scale microstructuring and surface functionalization of CFRP for 

the first time in literature.  

In this journal paper, an interference processing technique has been applied in order to 

produce hierarchical microstructures in a single step with the use of commercial nanosecond 

laser systems, despite vastly different optical and thermal properties of matrix and carbon 

fibres. The analysis of surface geometry and wettability concludes that DLIP is a suitable 

tool for fast functionalization of CFRP.  

Author contribution 

In work related to the production of this journal paper, P. Hauschwitz planned, designed and 

carried out all experiments with the help and supervision of S. Alamri and T. Kunze. P. 

Hauschwitz also analysed SEM data with J. Kopeček and interpreted data with the help of 

R. Jagdheesh. P. Hauschwitz was responsible for drafting the manuscript and 

communication with the journal. Detail authors individual contributions are listed in table 3. 

Term Authors’ individual contributions 

Conceptualization P. Hauschwitz, S. Alamri, D. Rostohar, T. Kunze 

Methodology P. Hauschwitz, S. Alamri, T. Kunze 

Software P. Hauschwitz, 

Validation S. Alamri, P. Hauschwitz, R. Jagdheesh, T. Kunze 

Investigation P. Hauschwitz 

Resources T. Kunze, J. Kopeček, P. Jiříček 

Writing - Original Draft P. Hauschwitz 

Writing - Review & Editing 
R. Jagdheesh, P. Hauschwitz, S. Alamri, D. Rostohar, T. 

Kunze, J. Brajer 

Funding acquisition T. Mocek 
 

Table 3: Credit author statement - Fabrication of Functional Superhydrophobic Surfaces on Carbon Fibre Reinforced 

Plastics by IR and UV Direct Laser Interference Patterning  
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5.4 Journal article D. Towards Rapid Large-Scale LIPSS Fabrication by 4-

beam ps DLIP 

In this journal paper a newly developed interference setup, designed and built by the author, 

has been used to produce LIPSS-structured microcraters inside each of 4-beam interference 

maxima. A unique combination of ultrashort high-energy pulsed HiLASE laser source with 

a novel large-beam DLIP technique resulted in the fabrication of ~1016 LIPSS-structured 

microcraters in 5 ms (203 200 spot/s). The functional properties of the structured surface 

were demonstrated showing superhydrophobic behaviour and a change in structural colour, 

thus showing great potential for rapid large-scale production of LIPSS-based functional 

surfaces. 

Author contribution 

In work related to the production of this journal paper, P. Hauschwitz designed and build 

interference processing station, planned, designed and carried out all experiments with the 

help of D. Jochcová. P. Hauschwitz also analysed SEM data with J. Kopeček and interpreted 

results. P. Hauschwitz was responsible for drafting the manuscript and communication with 

the journal. Detail authors individual contributions are listed in table 4. 

Term Authors’ individual contributions 

Conceptualization P. Hauschwitz, D. Jochcová 

Methodology P. Hauschwitz 

Software D. Jochcová 

Validation P. Hauschwitz 

Formal analysis P. Hauschwitz 

Investigation P. Hauschwitz, D. Jochcová 

Resources T. Mocek, J. Brajer, J. Kopeček, M. Cimrman 

Writing - Original Draft P. Hauschwitz 

Writing - Review & Editing P. Hauschwitz, D. Rostohar, J. Radhakrishnan, D. Jochcova 

Visualization P. Hauschwitz 

Supervision J. Radhakrishnan, D. Rostohar, J. Brajer, T. Mocek 

Project administration P. Hauschwitz, J. Brajer 

Funding acquisition T. Mocek, M. Smrž, A. Luccianetti 
 

Table 4: Credit author statement - Towards Rapid Large-Scale LIPSS Fabrication by 4-beam ps DLIP 
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5.5 Journal article E. Large-beam picosecond interference patterning of 

metallic substrates 

In this paper, the author introduces a method for efficient use of high-energy 1.7 ps HiLASE 

Perla laser system for two beam interference patterning. The new method permits the 

production of micron and sub-micron sized features on a treated surface with increased 

processing throughputs by enlarging the overlapped beam area. The formation of a variety 

of functional surface micro and nanostructures and their combination are reported on 

stainless steel, invar and tungsten with the maximum fabrication speed of 206 cm2/min. 

Author contribution 

In a work related to the production of this journal paper, P. Hauschwitz designed and build 

interference processing station, planned, designed and carried out all experiments with the 

help of D. Jochcová. P. Hauschwitz also analysed SEM data with J. Kopeček and interpreted 

results. P. Hauschwitz was responsible for drafting the manuscript and communication with 

the journal. Detail authors individual contributions are listed in table 5. 

Term Authors’ individual contributions 

Conceptualization P. Hauschwitz, D. Jochcová 

Methodology P. Hauschwitz 

Software D. Jochcová 

Validation P. Hauschwitz 

Formal analysis P. Hauschwitz 

Investigation P. Hauschwitz, D. Jochcová 

Resources T. Mocek, J. Brajer, J. Kopeček, M. Cimrman 

Writing - Original Draft P. Hauschwitz 

Writing - Review & Editing 
P. Hauschwitz, D. Rostohar, J. Radhakrishnan, D. Jochcova, 

J. Kopeček, M. Cimrman, M. Smrž, A. Lucianetti 

Visualization P. Hauschwitz 

Supervision 

J. Radhakrishnan, D. Rostohar, J. Brajer, J. Kopeček, M. 

Cimrman, M. Smrž, A. Lucianetti, T. Mocek 

Project administration P. Hauschwitz, J. Brajer 

Funding acquisition T. Mocek, M. Smrž, A. Luccianetti 
 

Table 5: Credit author statement - Large-beam interference micro and nanostructuring of metallic substrates 
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5.6 Journal letter F. Micromachining of invar with 784 beams using 1.3 ps 

laser source at 515 nm 

This journal paper is aimed to establish a novel cost-efficient technology of multi-beam 

micromachining of invar capable to produce microstructures in a cost-efficient way by 

parallel microdrilling and microcutting with several hundred beamlets at the same time. 

DOE beamsplitting approach was investigated over well-established interference approach 

due to requirements of the exact number of beamlets, perfect pattern homogeneity and a 

combination with galvo scanner. 

Author contribution 

In work related to the production of this journal paper, P. Hauschwitz designed and build 

multi-beam processing setup, incorporating optical module from company Meopta, galvo 

scanning head and positioning system. He executed all laser processing experiments, drafted 

the manuscript with scientific interpretation with the help of co-authors. He holds the major 

contribution as primary and corresponding author responsible for communication and 

convincing the reviewers and editors for the successful publication of the article. Detail 

authors individual contributions are listed in table 6. 

Term Authors’ individual contributions 

Conceptualization B. Stoklasa, M. Písařík 

Methodology B. Stoklasa, M. Písařík, P. Hauschwitz 

Validation B. Stoklasa, M. Písařík, P. Hauschwitz, J. Brajer 

Formal analysis B. Stoklasa, J. Kuchařík 

Investigation P. Hauschwitz, B. Stoklasa, H. Turčičová, M. Písařík,  

J. Kuchařík 

Resources B. Stoklasa, H. Turčičová, M. Duda 

Writing - Original Draft P. Hauschwitz 

Writing - Review & Editing P. Hauschwitz, J. Kuchařík, D. Rostohar, A. Lucianetti 

Visualization P. Hauschwitz 

Supervision B. Stoklasa, J. Brajer, M. Písařík, T. Mocek 

Project administration J. Brajer, B. Stoklasa 

Funding acquisition B. Stoklasa, M. Písařík, J. Brajer, T. Mocek 
 

Table 6: Credit author statement - Micromachining of invar with 784 beams using 1.3 ps laser source at 515 nm  
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6 Conclusion 

Surface functionalities can be tuned by suitable microstructure geometry and impose new 

properties like superhydrophobicity, anti-ice or anti-bacteria to common materials. Laser is 

a suitable tool to fabricate such microstructures on a large variety of materials ranging from 

metals to dielectrics and composite materials. Several laser and processing parameters have 

to be optimized for high-quality micro and nanostructure fabrication. The complexity of 

parameter combinations increases when state-of-the-art high-power laser systems are 

applied. To fully use the potential of these systems for the close-to-threshold fabrication of 

micro and nanostructures, new ultrafast scanning or multi-beam approaches have to be 

applied. The most promising approaches are polygon scanning systems, DOE based 

scanning systems, direct laser interference processing and programable SLM holographic 

processing coupled with galvo scanner. All approaches have their advantages and limitations 

depending on the final application and the laser source. Optimal solution for rapid-large scale 

micromachining laboratory may be a combination of two systems: SLM head combined with 

galvo scanner to develop optimal diffraction pattern and process parameters. Consequently, 

according to that final parameters, DOE can be manufactured while providing much higher 

LIDT to be able to efficiently use a high-power laser source. High-energy pulsed laser 

systems can also benefit from interference processing, which is a less expensive and more 

compact solution, easily scalable to structure large area in resolutions below the diffraction 

limit of common lenses while fully utilizing available pulse energy.    

In the experimental section, methods for micro and nanofabrication of functional 

superhydrophobic structures have been introduced in a form of scientific papers published 

in international journals. Several structure geometries suitable for superhydrophobic surface 

have been demonstrated with the use of picosecond and nanosecond laser sources. The novel 

nanostructuring technique developed by the author allows to cover microstructures with 

nanoscale protrusions despite using the nanosecond laser source with heat diffusion length 

much higher than the structure size. Consequently, the wide range of structure geometries, 

as well as different applied laser sources, allow users to choose appropriate parameters to fit 

the final application. Moreover, the novel vacuum post-processing technique improves 
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further the water repellency of superhydrophobic structures. It also significantly decreases 

the transition time of the initially hydrophilic surface to reach a superhydrophobic state from 

several days to a few hours.  

Following the findings in the theoretical section, multi-beam approaches have been 

employed to overcome the limits of single beam processing and to increase the fabrication 

speed and efficiently utilize high-power laser sources. In line with that, the author designed 

and developed interference processing station and demonstrated large-beam interference 

patterning of functional micro and nanostructures. In addition, beam-splitting by DOE 

combined with galvo scanner was employed for parallel micromachining of invar. The 

author also supervised the tendering and installation of SLM-based dynamic beam-shaping 

and splitting head combined with galvo scanner to complete the key technologies for rapid 

large-scale functionalization discussed in the theoretical section.   

In conclusion, the author significantly increased his knowledge and expertise in the field of 

rapid large-scale surface functionalization and micromachining, gained abundant 

experiences, and published his results in numerous international peer-reviewed journals.  

 

6.1 Contribution to the scientific community 

The results achieved in this doctoral thesis will, according to the author's opinion, contribute 

to the better understanding and faster development of rapid large-scale surface 

functionalization and micromachining for various scientific and industrial applications.  

The main outstanding results can be summarized as follows: 

• Development of a wide range of micro and nanostructures for superhydrophobic 

surfaces fabricated by picosecond and nanosecond laser sources 

• A novel technique for surface nanostructuring utilizing 3 ns fibre laser 

• A new vacuum-based post-treatment method significantly reducing the 

transformation time of initially hydrophilic surfaces to superhydrophobic state.  
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• Fabrication of functional superhydrophobic microstructures on carbon fibre 

reinforced plastics by interference patterning for the first time in literature. 

• Development of interference processing station for a novel method of large-beam 

interference patterning 

• Novel techniques for large-scale fabrication of hierarchical structures combining 

interference patterning with LIPSS and nanostructuring. 

• Large-scale micromachining technique with 784 beams combined with galvo 

scanner 

Except for the scientific publications in peer-reviewed international journals, the author is 

also involved in the following projects: 

• LM2015086 – HiLASE: New lasers for industry and research (2016-

2019,MSM/LM) – supported by Ministry of Education, Youth and Sports of the 

Czech Republic 

• CZ.02.1.01/0.0/0.0/15_006/0000674 – HiLASE Centre of Excellence (2017-2022, 

MSM/EF) – supported by Ministry of Education, Youth and Sports of the Czech 

Republic within Operational Programme Research, Development and Education 

•  TN01000008 NCK CEPO – New methods for laser micromachining – supported by 

Technology Agency of the Czech Republic within the program of National Centre 

of Competence   

• TM01000021 Delta2 - Development of non linear absorption driven optic system 

and process for high throughput TGV formation – supported by Technology Agency 

of the Czech Republic within the program Delta 2. 

Since January 2020, the author leads the Laser Micro-Machining group at HiLASE. 
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