
5 Laser surface texturing on different target materials 

 

Abstract ï Examples of surface pattering, by means of target scanning mode, aiming at using fs laser 

irradiation to add functional response to the sample are presented. In the previous chapters, the experiments 

were carried out on silicon, which offers a crystalline substrate, whereas here metallic, thin films and wide 

band-gap semiconductor samples are used as target. The first example concerns large area laser scanned 

surfaces of copper showing interesting capability of controlling the wetting behavior. The second one makes 

use of thin gold films over a silicon substrate to fabricate patterned samples as suitable candidates as 

metasurfaces for THz radiation. The third one, CdZnTe, shows the presence of cracks as well as the 

formation of both LSFL and HSFL and can be interesting for optoelectronics applications. 

 

5.1 Introduction  

This thesis is principally focused on irradiation of solid surfaces with fs laser pulses. So far, the 

previous chapters dealt with the effects of laser irradiation of silicon and formation of LSFL. This 

last chapter reports few examples of preliminary work carried out in the frame of the present thesis 

on surface structuring with laser beam scanning approaches to pattern various target materials, 

such as pure metal and thin films, with a glance towards applications. Direct fs laser structuring 

can offer advantages for industries being non-contact, applicable to a wide range of materials 

(metals, semiconductors, polymers, etc.) and without processing environment limitation, like high-

vacuum or clean room facilities. Applications can be found in the possibility of changing surface 

roughness or even surface topography that can impart or modify the functional response of the 

samples. 

In the first example (Section 5.2), pure copper plate is considered as target. The investigation 

regards a study of the relationship between surface structures induced by changing the laser beam 

fluence and the wetting response to water of the produced surfaces. It is shown that the 

combination of the microscale trenches, written by laser line scanning, ripples and random 

nanoparticles decoration, formed on the surface, allow developing highly hydrophobic copper 

samples with contact angles reaching values around 160°. 
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In the second case (Section 5.3), a gold thin film deposited on a silicon substrate is used as target. 

An array of periodic patterns is fabricated by means of direct fs laser ablation and their response 

in the THz spectral range is analyzed with the aim to clarify if the approach can be suitable for the 

fabrication of THz metasurfaces. The unit cells of these patterns are composed of through-holes 

or metallic islands in this proof of principle experiments. The response of the resulting structures 

is characterized using THZ Time-Domain Spectrometry in the frequency range (0.3-1.5) THz. 

In the third case (Section 5.4), a wide band-gap semiconductor, namely CdZnTe, was considered. 

The preliminary investigation involves the static laser irradiation with a sequence of fs laser pulses 

and the observation of the surface modifications induced. The results showed different types of 

surface structures depending on the experimental conditions (pulse number and fluence). These 

structures can be cracks, LSFL and HSFL.  

 

5.2 Copper and wettability  

The control of surface roughness is a useful method to regulate the degree of wetting. Depending 

on the applications, the surface response can vary from hydrophobic to hydrophilic, when water is 

used as a measuring liquid. Direct interaction of linearly polarized laser beam with a metallic 

surface generally leads to formation of subwavelength ripples and decoration with nanoparticles 

[1ï4]. Larger scales ordering can be also added by appropriate laser beam scanning procedures.  

Here, large area surface patterns composed by micro-trenches were generated on copper foils 

(thickness 1 mm) by means of bidirectional laser scanning. The line width of each micro-trench is 

º50 µm and the depth is varied by using different laser peak fluence. The laser irradiation also 

causes the formation of sub-wavelength ripples and the redeposition of ablated nanoparticles. 

Measurements of the contact angle of water droplet is carried out to highlight the correlation 

between the wetting degree and the morphological features of the treated copper surfaces. 

Linearly polarized pulses with a pulse duration of å35 fs were provided by a Ti:Sa laser source 

operating at central wavelength of 800 nm and repetition rate of 1 kHz. The laser beam was focused 

by a plano-convex lens with a focal length of 75 mm. The target was positioned at the laser beam 
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focal plane and held on a high-precision XYZ translation stage (PPS-20, Micronix USA) allowing 

its scanning. The resulting focal spot diameter, at 1/e2 of the maximum laser pulse fluence, was 

estimated to be Ὀ υπ ɛm. The copper plates were first polished by micro-grit finishing papers 

with a mechanical polishing machine and then made mirror-like by means of an ultra-fine 0.5 ɛm 

diamond powder. AFM analysis of the target surface indicated a RMS roughness of å10 nm. 

The large area scanned surfaces were prepared by bidirectional continuous line scanning at scan 

speed of 1 mm/s, in air. The vertical step between lines was selected to be comparable to the laser 

beam diameter Ὀ, i.e. ῳώ υπ ɛm (see inset in Figure 5.1(a)). The number of overlapping pulses 

was ὔ υπ. Several samples were fabricated for different values of the laser beam energy,Ὁ, 

in the range (10ï100) ɛJ, with corresponding values of the peak fluence Ὂ ψὉ Ⱦ“Ὀ  

ranging from å 0.8 J/cm2 to å8 J/cm2. The current experiment [5] is designed not only to evaluate 

the wettability of the structured substrates but also to study decoration of redeposited nanoparticles 

and features of ripples, which are known to be conditioned by the target properties, laser 

characteristics and scanning speed [6ï8]. Instead, it is seen that the period of ripples formed on 

copper target does not change significantly as the number of pulses and laser fluence changes, in 

our experimental conditions [9].  

The topographic measurements were registered by AFM and profilometry over the full area of 

structured copper samples. Figure 5.1 reports a typical example of a micro-scale surface pattern 

for a sample elaborated at a laser peak fluence of Ὂ ςȢτ J/cm2 as registered by an optical 

microscope (panel (a)) and by AFM (panel (b)), respectively. Horizontal parallel lines with a 

period of about 50 ɛm are clearly visible. The height profiles along a single AFM line and averaged 

over several AFM lines are registered along the dotted line of panel (b). The AFM and profilometry 

analyses confirm that the long-range height variation approximately follows a sinusoidal 

dependence [5]. Panel (c) of Figure 5.1 displays the dependence of the micro-trenchesô height Ὤ 

on the laser peak fluence Ὂ. At each laser fluence, Ὤ is estimated by averaging values of the peak-

to-valley distance of successive micro-trenches registered by a profilometer over a length of about 

500 ɛm. One can observe that the height of the micro-trench Ὤ shows a double logarithmic 

dependence of the type Ὤ ὬὰὲὊȾὊȟ  with two different regimes, similarly to that typically 
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observed for ablation depth variation on pulse fluence of copper samples in static irradiation 

conditions [10ï12]. 

 

Figure 5.1 Panel (a) reports a typical optical microscope image of the copper sample surface showing the parallel 

micro-trenches inscribed on the target surface by the bidirectional scanning of the laser beam, as depicted in the right-

corner inset. Panel (b) reports an example of AFM image of the sample surface. The double-headed arrow in panel (b) 

indicates the laser beam polarization. Panel (c) shows the variation of the micro-trenches height (full dots) as a function 

of the laser peak fluence Ὂ as registered by a profilometer. The solid curves are logarithmic dependences of the type 

Ὤ ὬὰὲὊȾὊȟ  addressing the two different ablation regimes of fs laser ablation of a metallic target. The triangles 

are estimates of the micro-trenches heights obtained by AFM analysis. The AFM height profile registered along the 

dotted line in panel (a).  

 

Figure 5.2 reports an exemplificative SEM image of the sample obtained at a laser peak fluence of 

Ὂ ςȢτ J/cm2. Panel (a) shows the substrate surface with micro-trenches. An image at higher 

magnification is shown in panel (b) with zoomed views on two regions, inside (panels (c) and (e)), 

and outside (panels (d) and (f)) the trench. The two regions have thicknesses of å24 ɛm and å27 

ɛm, respectively. In both regions, the presence of sub-wavelength ripples can be clearly 

recognized. Inside, the trenches are covered by ripples with a period of (φφπχπ) nm and 

nanoparticles with diameters in the range of couple of hundreds nm. The ripples formed outside of 

the trenches seem to be mainly composed by assemblies of nanoparticles organized along a 

direction normal to the laser polarization. This is likely due to the effect of the Gaussian beam 

wings that are not intense enough to induce ablation but are capable of influencing the spatial 

arrangement of the nanoparticles deposited out of the main ablated region during the laser scanning 

process. 



Chapter 5 ï Laser surface texturing on different target materials 78 

 

 

 

Figure 5.2 SEM images of the surface for the sample elaborated at a laser peak fluence of Ὂ ςȢτ J/cm2. Panel (a) 

reports a SEM image of the sample surface addressing the parallel micro-trenches pattern. The double-headed arrow 

in panel (a) indicates the laser beam polarization. Panel (b) is a zoomed view registered at higher magnification. Panels 

(c) and (d) show SEM images of the surface structure inside and outside a micro-trench written by the laser patterning 

process, respectively. Panels (e) and (f) are zoomed views of the SEM images of panels (c) and (d), respectively. 

 

The degree of wetting was evaluated by standard method of static contact angle (CA) of a water 

drop. Figure 5.3 (a) shows two examples of photographs of water droplets on surfaces patterned 

at the minimum and maximum values of peak fluence used. CA measurements are carried out for 

both the parallel and orthogonal views of the droplets, as sketched in Figure 5.3 (b). The 

corresponding CA values as a function of Ὂ are reported in Figure 5.3 (c). The dotted horizontal 

line in Figure 5.3 (c) represents the CA measured on the copper sample surface without laser 

texturing, which is (º100°), in fairly good agreement with a previous measurement of CA on bare 

copper of 101.7° [13]. One can observe a step increase of the CA, with respect to the un-treated 

copper surface, already for the smaller value of Ὂ πȢψ J/cm2.  

As the fluence increases, the surface progressively changes to the more complex hierarchical 

topography illustrated above. Consequently, a rise of the CA with the fluence is generally 
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observed, both in the orthogonal and parallel imaging configurations (see Figure 5.3 (c)), 

eventually reaching values of the order of 160° at Ὂ ψ J/cm2 [5]. This suggests a clear effect of 

the progressive changes induced by surface texturing on the wetting response of the copper 

samples. The increase of surface hydrophobicity is likely due to concurrent contributions to the 

surface morphology occurring over different length scales, like micro-trenches deepening, ripples 

formation and nanoparticles decoration. 

 

 

Figure 5.3 (a) Photographs of water droplets on the copper surfaces for samples fabricated at two different values of 

the peak fluence Ὂ: 0.8 J/cm2 ï CAº115°  ; 8.1 J/cm2  ï CAº160°. (b) Sketch of the orthogonal and parallel views 

used in the water droplet image analysis. (c) Variation of the CA with the laser peak fluence Ὂ for orthogonal (orto) 

and parallel (para) views. The dotted horizontal line represents the CA measured on the pristine Copper samples 

surface. The solid line shows a best fit to a linear dependence. 

 

Our experimental findings show that the formation of micro-trenches decorated with finer 

morphological features intrinsic to the fs laser surface texturing can be usefully exploited for the 

modification of the wetting properties of copper samples. More investigations are anyway 

necessary to further clarify the role of the different length-scales, going from nanoparticle to sub-

wavelength ripples to regular patterns of micro-trenches with pitches of several tens of mm, on the 

different factors affecting the wetting response of a hierarchically structured metallic surface.  
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5.3 Gold thin-film and THz metasurfaces 

In this section, we present a preliminary investigation aiming at producing metasurfaces active in 

the THz electromagnetic (EM) spectral range by means of fs laser surface patterning. Metasurfaces 

are a class of metamaterials, i.e. artificial materials with features that do not exist in nature 

displaying different optical response compared to the transmission theoretical models [14,15]. This 

is due to the fact that a metamaterial gains its EM properties from its structure rather than inheriting 

them directly from the materials it is composed of [16,17]. In the visible spectral range, 

metamaterials are composed of metal-dielectric elements, with micro or nano-scale size, that 

during the passage of EM waves with relatively larger wavelength act as an array of artificial atoms 

showing unusual EM properties [15,18]. The geometry of metamaterials can be either volumetric 

(3D) or two-dimensional (2D), the latter being called metasurfaces (or flat optics). Metasurfaces 

(MS) consists of a structured dielectric, semiconducting or conducting layer deposited on a low 

loss insulating substrate. The MS are made by individual elements named unit cells. In the limit of 

large wavelengths, a MS behaves as a homogeneous material with engineered electrodynamic 

properties. Thus, a MS can be designed to manipulate the impinging light to realize, for instance, 

elements showing selective absorption, beam steering, super focusing properties, polarization 

converters, or to control the overall dielectric function of a sample [19ï24].  

As for the fabrication techniques of MS for visible light, generally UV [25], soft lithography [26], 

etc. are employed. However, fs laser ablation can be used as a  mask-free manufacturing technique 

of one and two dimensional MS [27ï30] for long wavelength EM radiation, e.g. THz, thanks to 

the possibility of selective patterning of the original target.  

Here we investigated the production of THz MS by means of fs laser surface patterning using as 

target a thin metallic film over a dielectric substrate. Two approaches were considered fabricating 

an array of subwavelength holes (static irradiation mode) of substrate dielectric and generating 

metallic islands through removal of channels of the metal (dynamic irradiation mode) [31]. The 

fabrication process was carried out by using a Ti: Sapphire system delivering pulses with a duration 

of å35 fs at 800 nm wavelength. The beam was used with a Gaussian spatial intensity distribution 

to test the feasibility of the approach.  
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The sample used was a thin gold film over a 400 µm thick silicon (100, intrinsic) substrate. The 

thickness of the gold film was around 180 nm. Between the Au film and the Si substrate an 

intermediate sacrificial layer of CrNi with thickness 20 nm was present in order to improve 

adhesion of gold over the silicon substrate (see Fig. 5.4 (a)).  

 

Figure 5.4 Panel (a) displays a schematic cross section of the Au-Si composite sample used as target for the fabrication 

of the structures. The 3-dimensional schematic view of the procedure used to fabricate the metasurfaces are shown in: 

panel (b) step scan laser method and (c) upper panel is continuous laser scanning fabrication mode. Lower panel (c) 

displays a schematic 3-dimensional view of a regular array of the gold. Panel (d) shows images of optical microscopy 

of the patterned surfaces in static and dynamic irradiation. The red dashed square in panel (b) identifies a basic unit 

cell. 

 

The sample was mounted on a high precision three-axis stage, electronically controlled by a 

custom software, and was irradiated at normal incidence. In the static irradiation mode (see i.e. 

Figure 5.4 (b)), the laser repetition rate was set at 100 Hz, whereas in the dynamic irradiation mode 

(see i.e. Figure 5.4 (c)) the repetition rate was 500 Hz. In the static mode, circular polarization was 

used in order to avoid any deformation in the circularity of the hole formed in the metallic film. 

Instead, linear polarized laser pulses are employed for the dynamic mode. In panel (d) of Figure 


