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Abstract 

Laser-induced periodic surface structures (LIPSS) are nanometric surface undulations 

produced by short and ultrashort pulsed lasers. The production of high-quality LIPSS 

is essential to obtain the required surface responses in various applications. In this work, 

the LIPSS were fabricated on stainless steel surfaces by a 515 nm nanosecond laser 

operating under ambient and argon enriched atmospheres to investigate their quality. 

The LIPSS quality is correlated to the diffracted light intensity and their key geometric 

parameters such as periodicity and amplitude. The LIPSS formation was observed at an 

accumulated fluence of above 13.9 J/cm2 and the optimal processing window was 

sustained up to 46.2 J/cm2 before the oxidation occurred. The LIPSS generated in the 

argon environment exhibited a relatively higher intensity of the diffracted light than 

those processed in the ambient conditions. Furthermore, LIPSS generated in argon 

showed minimum surface defects and higher amplitude ripples compared to those in 

air. The X-ray photoelectron spectroscopy analysis revealed that the ratio of oxygen to 

metal species decreased in the argon atmosphere and thus minimal surface oxidation 

occurred on the samples. Since the generation of high-quality LIPSS is a prerequisite 

for an accurate predictive modeling of surface responses, the results reported here show 

that good nanostructured surfaces can be produced with cost-effective nanosecond 

green lasers.  

Keywords: Argon, fluence, LIPSS, nanosecond, oxidation, XPS. 
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1. Introduction 

Surface functionalization technologies have received significant attention from industry 

and research as an important enabler for imparting attractive surface functionalities to 

products without changing their bulk material properties. In particular, various surface 

treatment methods, such as coatings, photolithography, chemical etching, sol-gel, ultra-

precision machining and laser micro-machining, have been deployed to tailor the 

functional properties of surfaces by modifying their topography and/or surface 

microstructure and composition [1-2]. Compared to the other technologies, laser 

surface texturing (LST) can be considered as a more environmentally friendly process 

that offers selectivity, relatively high processing accuracy, productivity and even the 

flexibility of processing freeform surfaces [3]. At the same time, it can be employed as 

a simple one-step surface treatment to selectively fabricate micron and submicron 

structures on almost any engineering material without requiring any hazardous 

chemicals. In addition, LST alters simultaneously the surface chemistry together with 

the topography, thus, eliminating the need for fluorinated coatings [4].  

Laser-induced periodic surface structures (LIPSS) are periodical ripple-like 

nanostructures that can be imprinted on a variety of materials by employing linearly or 

azimuthally polarized laser sources [5]. These surface structures can be clustered into 

low spatial frequency LIPSS (LSFL) and high spatial frequency LIPSS (HSFL) with 

periodicities close to and much smaller than the laser wavelength, respectively. Among 

them, only LSFL, referred to as LIPSS in this research, can be obtained both with ultra-

short (femtosecond and picosecond) [6] and short (nanosecond) [7] pulse durations and 

have attracted attention from researchers. Owing to their wide applicability and varying 

geometrical characteristics, these ripple-like structures have been extensively 

investigated as a means for functional surface treatments. More specifically, surfaces 

textured with such nanoscale ripples have displayed anti-bacterial [8-9], anti-icing [10], 

anti-reflective [11], hydrodynamic drag reduction [12], lubricant-retention [13], 

secondary electron yield reduction [14] and improved cell-adhesion [15-16] properties 

in applications related to food packaging, biomedical and energy storage sectors.  

Predictive analytical and computational modeling offers the possibility to tailor the 

surface responses by varying the periodic nanometric geometries in the aforesaid 

functional applications. For instance, recent efforts employing the computational 

modeling have shed light on the interaction mechanisms of periodic nanometric surface 
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structures with matter to obtain optimal surface responses in applications related to anti-

biofouling [17], hydrodynamic drag reduction [18], anti-reflection [19] and 

condensation [20]. However, it is imperative to imprint LIPSS homogeneously with 

sufficient repeatability and reproducibility, and only then the predictive results can be 

sufficiently accurate within some pre-define limits. To date, most studies have been 

focused on the use of ultra-short pulse lasers to attain homogeneous LIPSS onto plain 

and freeform surfaces while maintaining their geometric characteristics within pre-

defined ranges [21-22]. Although high precision, controllability and minimum heat-

affected zone (HAZ) can be achieved by employing ultrashort lasers, their average 

power is relatively low and consequently this entails longer processing times. While 

the usage of multi-beam processing [23] and high repetition rate (MHz or GHz) [24] 

can reduce the processing time, they increase substantially the required capital 

investment.  As a result of these inherent shortcomings, the broader use of LIPSS 

treatments in industrial applications is hampered. On the contrary, nanosecond lasers 

are a cost-effective alternative to treat large surface areas without requiring substantial 

investments.  

One of the main concerns when employing lasers with longer pulse durations for 

texturing/structuring metallic surfaces is that this is thermal processing with the 

associated heat-induced negative side effects, i.e., oxidation and re-cast formations on 

the surface. Nevertheless, it has been shown that the level of laser-induced oxidation 

can be minimized upon irradiation in a controlled environment when nanosecond lasers 

are used for polishing operations [25-26]. In general, the use of nanosecond lasers on 

metals has been mostly limited to the creation of superhydrophobic surfaces by taking 

advantage of their negative side effects, i.e., by roughening the surface [27] or the 

fabrication of LIPSS when operating at near-infrared wavelengths [28]. Although the 

importance of this technology for functionalizing surfaces at an industrial level is 

recognized through these studies, only a few publications were focused on investigating 

the generation of LIPSS on metallic substrates using visible wavelengths (400-700 nm) 

[29-30]. However, some investigations are reported on processing semiconductors [31], 

polymers [32] and glasses [33-34] using green (500-550 nm) nanosecond pulsed lasers. 

By operating in the green wavelength regime, nanostructures with a periodicity close 

to 500 nm can be formed on surfaces.  
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Nürnberger et al. [29] elucidated the effect of material crystal orientation on the 

formation of LIPSS when a 532 nm wavelength nanosecond laser was used to process 

stainless steel and silicon. Simões et al. [30] applied a green nanosecond pulsed laser 

to investigate the evolution of LIPSS on stainless steel surfaces by employing different 

process parameters and proposed an approach based on the diffracted light to assess the 

quality of the LIPSS. However, investigations onto the improvements of the quality and 

homogeneity of LIPSS have not been reported. In addition, the surface chemical 

changes of metallic surfaces processed with green nanosecond lasers have not studied 

earlier.  Therefore, this research reports an investigation into the formation, evolution, 

and properties of LIPSS generated with a green nanosecond pulsed laser on stainless 

steel substrates under ambient and argon enriched conditions to assess their impact on 

LIPSS quality. In particular, this research elucidates the influence of processing 

environment on LIPSS geometrical characteristics, i.e., amplitude and periodicity, and 

surface chemistry, and subsequently their combined influence on wetting properties. 

Moreover, the effects of the nanoscale surface topography are analyzed with light 

diffraction to qualitatively assess their homogeneity.  

2. Materials and methods 

2.1 Experimental setup and process parameters 

The AISI 316 stainless steel (SS) rectangular plates with a 0.5 mm thickness and an 

average roughness (Sa) of 35 nm were used in the LST experiments. In this work, the 

as-received substrates were laser textured immediately after removing the plastic tape 

from surfaces without any pretreatment. The experiments were conducted on the state-

of-the-art LASEA LS4 laser micro-machining workstation and its main beam delivery 

component technologies are shown in Fig. 1a. The platform integrates a s-polarized 

nanosecond fiber laser source (GLPN -500-1.5-50-M, IPG) with the following main 

technical characteristics: a pulse duration of 1.5 ns at a nominal wavelength, λ, of 515 

nm and pulse repetition rate up to 1 MHz with a maximum average power of 50 W. A 

scan head (LS-Scan XY 20) is used to steer the laser beam across the samples at a 

maximum scanning speed of 2 m/s. A telecentric lens with 100 mm focal distance was 

utilized to focus the laser beam down to a spot size (2𝑤0) of 40 μm at the focal plane. 

Thereafter, the accurate positioning of the samples inside the machine’s working 

envelope and specifically at the focal plane was performed using a stack of two rotary 
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and three linear motorized stages in combination with a high-resolution positioning 

camera (Dino-Lite Premier, AM7013MT).  

 

Fig. 1. Schematic illustration of: (a) laser processing set-up. (b) the process used to 

texture the samples in argon environment. (c) the scanning strategy used to generate 

LIPSS. The optical image shows diffraction colors resulted from generated LIPSS 

(scale bar: 10 mm). 

To study the generation and evolution of LIPSS on surfaces, the influence of three 

critical laser processing parameters was investigated, i.e. (i) average power (ii) scanning 

speed and (iii) hatch distance. The SS substrates were textured by using a horizontal 

raster scanning strategy as illustrated in Fig. 1c. The distance between successive 

scanning lines is defined as a hatch one (h), which was varied in the range from 1 to 3 

μm. The laser texturing was carried out at various scanning speeds (𝑣) from 0.3 to 2 

m/s and average power (𝑃) between 0.189 and 0.671 W. All the experimental trials 

were conducted at a fixed pulse repetition rate (𝑓) of 100 kHz. As the laser beam was 

scanned across the surface area, the pulse-to-pulse distance (𝑑 =  𝑣/𝑓) varies and 
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consequently the effective number of pulses (𝑁𝑒𝑓𝑓) or number of pulses per unit area 

on the surface can be determined from Eq. 1.  

𝑁𝑒𝑓𝑓 =
𝜋𝑤0

2

𝑑ℎ
 (1) 

Similarly, the substrates were subjected to different pulse fluence (𝐹0) by varying the 

average power, and this is calculated with Eq. 2.  

𝐹0 =
𝑃

𝜋𝑤0
2𝑓

 (2) 

The combined influence of these two parameters increases the accumulated fluence per 

unit area (𝐹𝑎𝑐𝑐) on the surface, which can be calculated using Eq. 3.  

𝐹𝑎𝑐𝑐 = 𝑁𝑒𝑓𝑓𝐹0 =
𝑃

𝑓𝑑ℎ
 (3) 

Initially, the laser processing was restricted over an area of 5 × 5 mm2 on the SS 

substrates in order to assess the formation of LIPSS on the surface. Thereafter, larger 

areas of 25 × 25 mm2 were textured for investigating their functional response. The 

experiments were conducted under atmospheric and argon gas environments to 

investigate their impact on both surface morphology and chemical state after 

undergoing LIPSS treatments. The laser texturing of samples in a controlled argon gas 

environment were conducted inside a hollow cylindrical aluminium chamber as 

illustrated in Fig. 1b. As argon is heavier compared to air, the SS samples were placed 

at the bottom of the chamber while the gas filled the enclosed area at a constant flow 

rate of 12 L/min.  

2.2 Surface characterization techniques 

The surface topographies of the textured SS substrates were initially characterized using 

a Scanning Electron Microscope (SEM, Hitachi TEM3030Plus). To capture the first-

order diffracted light (m = 1) out of the treated surfaces, an optical microscope (Alicona 

G5) was employed by holding a collimated white light beam (70 Lumens) at an incident 

angle (θ) of 60° relative to the sample surface. Both, the light source and its incident 

angle were kept constant in regard to the treated surface during the measurements and 

an open-source image analysis software (ImageJ) was used to obtain the mean intensity 

(𝐼) of diffracted light. The morphology of the nanoscale topographies was captured by 

using Atomic Force Microscopy (AFM, MFP-3D, Asylum Research, USA) together 

with 2D Fast Fourier Transformation (FFT) analysis to evaluate their spatial periods. 
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The acquired AFM and SEM scan images were analyzed using an open-source image 

analysis software (Gwyddion).  

To inspect the surface chemistry of the substrates produced under air and argon gas 

environments, the X-ray Photon Spectroscopy (XPS) was conducted by using a Kratos 

Axis SUPRA spectrometer. These experiments were performed using a monochromatic 

Al kα (1486.69 eV) X-ray source over an analysis area of 700 × 300 µm2, operating at 

15 mA emission and 15 kV HT (225W). The instrument was calibrated to gold metal 

Au 4f (83.95 eV) and dispersion adjusted give a binding energy of 932.6 eV for the 

Cu2p (3/2) line of metallic copper. The instrumental resolution was determined to be 

0.29 eV at 10 eV pass energy using the Fermi edge of the valence band for metallic 

silver. The survey scans in the range of 0 to 1200 eV binding energy were recorded at 

pass energies of 160 eV, whilst the high-resolution ones were obtained at pass energies 

of 40 eV. The step sizes were 1 and 0.1 eV, respectively. Charge neutralization was not 

required due to high sample conductivity. All data was recorded at a base pressure of 

below 9 × 10-9 Torr and a room temperature of 294 K. The curve fitting was 

implemented in CasaXPS v2.3.19PR1.0 using a Shirley background prior to component 

analysis. O1s components were fit using a lineshape of GL(30). 

The wetting properties of the treated surfaces were assessed with a goniometer (OCA 

15EC, Data Physics GmbH, Germany). Specifically, water droplets of 4 μL were 

deposited on the surface and the corresponding static contact angle values were 

recorded. It is worth noting that the same measurement procedure was repeated five 

times at different locations on the samples’ surfaces to assess the repeatability of the 

measurements.    

3. Results and discussion 

3.1 LIPSS evolution and quality in ambient environment 

The first part of this research was focused on investigating the LIPSS evolution with a 

single-pass laser processing in ambient environment. The primary goal was to identify 

the minimum accumulated fluence required for LIPSS generation on the irradiated 

surface when operating at high processing speeds, which is a key aspect for their 

broader implementation in industrial applications. Therefore, the SS substrates were 

textured with a scanning speed of 2 m/s and different accumulated fluences by adjusting 

only the average power. As can be seen in Fig. 2, the surface remained intact up to an 
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accumulated fluence of 12.9 J/cm2, whilst further increase led to the appearance of 

LIPSS on the surface. So, the accumulated fluence threshold for the LIPSS generation 

with an effective number of pulses of 63 was determined to be as low as 13.9 J/cm2. 

Thereafter, the irradiation of SS samples was conducted above the predetermined 

LIPSS threshold with varied pulse fluence but at a fixed effective number of pulses to 

assess their evolution onto the surface.  

 

Fig. 2. Evolution of LIPSS with the increase of accumulated fluence at a scanning speed 

of 2 m/s (scale bar: 10 μm). Note: The black dashed rectangle on the upper right corner 

is a magnified view showing the first LIPSS formation. 

The first-order diffracted light was captured from these surfaces to determine the LIPSS 

quality as illustrated in Fig. 3a. First, the LIPSS spatial periodicity was measured at 

various pulse fluence levels while keeping the effective number of pulses at 209. To 

obtain information about their spatial periods, the acquired SEM images of the samples 

were processed and analyzed by using 2D FFT. The plot in Fig. 3b shows the main 

spatial periodicities of LIPSS against pulse fluence. As can be seen, the spatial 

periodicities of LIPSS were below the laser wavelength (λ = 515 nm) for a normal beam 

incident angle and varied from 473 to 498 nm. Moreover, the 2D FFT image as shown 

in Fig. 3c also shows excellent LIPSS regularity at a pulse fluence of 171.2 mJ/cm2.  

Three representative SEM images of LIPSS formation on the surface by increasing 

pulse fluence are shown in Fig. 3d. Here, the effective number of pulses is 126. For 

normal beam incidence angle, the orientation of LIPSS was found to be perpendicular 

to the laser beam polarization vector (indicated by yellow double-sided arrows) 

regardless of the applied pulse fluence. In the early stage of LIPSS generation, i.e., at 

𝐹𝑜 = 153.6 mJ/cm2, some pits/holes were observed on the surface which gradually 
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disappeared as the pulse fluence was further increased to 206.2 mJ/cm2. Typically, the 

LIPSS begin to develop on the surface between the melting and the ablation threshold 

of the material [35]. Thus, the formation of these surface defects may be attributed to 

some low-level heating and consequently not well pronounced melting of the material. 

These experimental observations confirm the hypothesis that the LIPSS generation 

upon irradiation with nanosecond pulsed lasers is strongly related to the melting of an 

adequate layer thickness on the surface [30]. By increasing the pulse fluence further to 

220.5 mJ/cm2, more consistent and pronounced LIPSS formed on the surface. A further 

increase of pulse fluence beyond 220.5 mJ/cm2 led again to a gradual LIPSS 

deterioration, whilst the oxidation effects started to become pronounced at a pulse 

fluence higher than 261.9 mJ/cm2. 

Since the LIPSS periodicity is 470-500 nm, the first-order diffracted light has 

wavelength in the same range, which is predominantly blue light. As can be seen in Fig. 

3d, the intensity of the blue light emitted from the textured surfaces increased with the 

increase of LIPSS quality. In addition, the surfaces covered with pits/holes at low pulse 

fluence did not emit intense blue light when compared to ones without any such defects. 

Next, the influence of the effective number of pulses on the evolution of LIPSS at a 

fixed pulse fluence was analyzed. Representative SEM micrographs in Fig 3e depict 

the LIPSS generated with pulse fluences of 171.2 mJ/cm2 but with the different 

effective number of pulses. It is evident that both laser processing parameters had a 

significant impact on the LIPSS evolution onto the surface. As the distance between 

two successive pulses decreased and consequently the effective number of pulses 

increased, the necessary pulse fluence to produce good-quality LIPSS was significantly 

decreased, too. This is also apparent from the blue light intensity of the corresponding 

LIPSS topographies. In general, there was a narrow window of pulse fluence up to 

220.5 mJ/cm2 at 209 effective number of pulses that led to LIPSS without surface 

oxidation. This phenomenon is associated with the material-dependent incubation 

effect, which leads to a reduction in the material’s ablation threshold when the number 

of pulses per spot increases [36]. The most homogeneous LIPSS obtained at a pulse 

fluence of 171.2 mJ/cm2 and an effective number of 209 pulses in ambient environment 

exhibited a diffracted light intensity of 199.9.  
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Fig. 3. (a) An illustration of the experimental set-up to obtain first-order diffraction blue 

light images from LIPSS. (b) The periodicity of LIPSS produced with 209 pulses and 

pulse fluences varying from 150.5 up to 220.5 mJ/cm2. (c) 2D FFT image showing the 

regularity of the LIPSS generated with 209 pulses and pulse fluence of 171.2 mJ/cm2. 

The LIPSS formation with (d) the increase of pulse fluence in the range of 153.6 to 

220.5 mJ/cm2 and a constant effective number of pulses set at 126 (scale bar: 5 μm) and 

(e) the increase of effective number of pulses from 126 to 209 at a constant pulse fluence 

of 171.2 mJ/cm2 (scale bar: 5 μm). The corresponding blue light diffraction images are 

also shown. Note: The yellow double-sided arrows represent laser beam polarization 

vector.  

At the same time, irradiation of surfaces with an effective number of 209 pulses and 

pulse fluences higher than a specific level also led to surface coloration due to the 

oxidation effects. Fig. 4a shows oxidation colors appearing at different pulse fluences 

and effective number of pulses. This color generation is caused by the thin film 

interference phenomena and depends on the thickness of the oxide layer in the laser 

processed area [37]. For instance, beyond the pulse fluence of 220.5 mJ/cm2 at an 

effective number of pulses of 209, the LIPSS started to disappear, and the surface 

showed a yellow (𝐹0 = 320.9 mJ/cm2), which is followed by orange (𝐹0 = 386.9 mJ/cm2) 

colors. Moreover, a further increase in effective number of pulses to 419 resulted in 

purple (𝐹0 = 386.9 mJ/cm2) and blue (𝐹0 = 457.0 mJ/cm2) colors. Furthermore, the 
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higher accumulated fluence at the edges of the processed area, where the laser beam 

had to accelerate/decelerate along its scanning path, led to the appearance of the blue 

color as shown in Fig. 4b.  

 

Fig. 4. Oxidation colors on SS substrates: (a) the matrix shows the colors appearing at 

high pulse fluences and a higher number of pulses (scale bar: 5 mm). (b) The 

corresponding magnified optical images showing yellow, orange, and purple colors as 

a result of the increasing accumulated fluence (scale bar: 1 mm). The corresponding 

inset image shows the blue color at the edge of the squares due to beam 

deceleration/acceleration and the resulting high accumulated fluence there.  

Finally, the threshold value of blue light intensity was set at 160 to determine the quality 

of LIPSS in this research. Therefore, LIPSS that exhibited 𝐼 < 160 were considered as 

low-quality ones, whereas those with 𝐼  > 160 were deemed as LIPSS with a satisfactory 

quality. Fig. 5 shows the map of morphologies obtained within the investigated 

processing window. The surface morphologies were clustered into four categories, i.e., 

no LIPSS formation, low- and high-quality LIPSS and excessive oxidation on the 

surface. Overall, it is worth stating that the accumulated fluence during the LIPSS 

generation with the green nanosecond laser was identified to be in the range from 13.9 

to 46.2 J/cm2. While the use of laser settings outside this processing window led to 

either no LIPSS formation or alterations in surface chemistry, i.e., oxidation over the 

processed area. As can be seen, an effective number of pulses between 105 and 209 led 

to the generation of high-quality LIPSS on the surface.  
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Fig. 5. LIPSS morphologies as a function of the pulse fluence and the effective number 

of pulses.  

3.2 LIPSS quality in argon gas environment 

Experiments were also carried out in argon environment with the process parameters 

used to obtain good quality LIPSS in the ambient one. In particular, the pulse fluences 

used was in the range from 150.5 mJ/cm2 to 220.5 mJ/cm2 with an effective number of 

pulses were kept the same at 209 during these experiments. Fig. 6a shows SEM images 

of LIPSS generated in the ambient and argon environments along with their 

corresponding blue light images. At a pulse fluence of 150.5 mJ/cm2, the LIPSS 

topographies were also covered by pits/holes when laser processing was conducted in 

the ambient environment. In contrast, such defects were not anymore present on LIPSS 

processed in argon. Consequently, the corresponding blue light images appear to be 

brighter for the samples produced in argon environment compared to those in the 

ambient one. When the fluence was increased to 171.2 mJ/cm2, the LIPSS showed no 

more defects even in the ambient environment. At the same time, it is worth noting that 

the LIPSS generated in argon environment were defect-less under the same pulse 

fluence, too. In both environments, the LIPSS had almost the same periodicities. 

Although the SEM micrographs show no remarkable differences, the blue light images 

reveal that LIPSS generated in argon environment are brighter than those in air. When 

the blue light intensities are plotted at three different pulse fluences as shown in Fig. 

6b, it immediately divulges that the quality of LIPSS produced in argon environment is 

better.  
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Fig. 6. (a) The SEM images of LIPSS generated under ambient and argon atmospheres 

with 209 pulses and pulse fluences of 150.5 and 171.2 mJ/cm2 (scale bar: 5 μm). Their 

corresponding blue light diffraction images are shown as insets. (b) Comparison of blue 

light intensities of LIPSS generated with pulse fluences of 150.5, 171.2 and 206.2 

mJ/cm2 and 209 pulses in ambient and argon atmospheres. Note: The yellow double-

sided arrows show the laser beam polarization vector.  

 

Fig. 7. (a) AFM images of LIPSS and (b) the height profiles of the samples processed 

in ambient and argon environments at a pulse fluence of 171.2 mJ/cm2 and an effective 

number of 209 pulses. (c) The comparison of the LIPSS amplitude at different pulse 

fluences and a fixed effective number of 209 pulses.  
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To investigate further the differences in blue light intensities of LIPSS produced in the 

two environments, AFM measurements were taken to analyze the LIPSS amplitude. 

Fig. 7a and b present the AFM images of LIPSS together with their extracted height 

profiles, respectively. It is evident that the LIPSS topographies have higher amplitudes 

when they were processed in argon than those in air. In particular, the amplitudes vary 

from 5 to 14 nm and 17 to 27 nm in ambient and argon environments, respectively. This 

clearly shows that LIPSS generated in argon exhibit heights that are twice higher than 

those in air. If the mean height of the LIPSS topographies generated in both 

environments at different pulse fluences are compared, as shown in Fig. 7c, it is obvious 

that the argon ones exhibit higher aspect ratios. This further underline why the blue 

light intensity of the samples produced in argon is more pronounced even though the 

SEM images have shown no discernible differences.  

3.3 Surface chemistry analysis 

To further understand why the quality of LIPSS differs in argon and ambient 

environments, XPS analysis was conducted to investigate the alterations in surface 

chemistry. Fig. 8a-e presents the XPS survey spectrums obtained on the untreated SS 

substrate and the LIPSS ones processed in both argon and ambient conditions. Here, 

the LIPSS-I and LIPSS-II are the ones processed with an effective number of pulses of 

209 and pulse fluences of 150.5 mJ/cm2 and 171.2 mJ/cm2, respectively. A quick look 

at the spectra shows that oxygen, carbon, chromium, and iron elements dominate on the 

surface, whereas the influence of other elements, such as nickel and manganese, was 

not considered as their atomic concentrations were barely quantified. The surface 

chemical compositions of these LIPSS treated samples are given in Table 1. 

 

Table 1. Elemental composition extracted from the XPS survey spectra of untreated 

and laser processed SS surfaces.   

Surface C (at%) O (at%) Fe (at%) Cr (at%) O/Fe O/Cr 

Untreated 59.95 35.00 3.50 1.55 10.00 22.58 

LIPSS-I (argon) 37.02 46.75 8.64 7.59 5.41 6.16 

LIPSS-I (air) 44.33 44.62 6.00 5.05 7.44 8.84 

LIPSS-II (argon) 35.05 48.18 10.26 6.51 4.70 7.40 

LIPSS-II (air) 45.00 42.79 7.52 4.69 5.69 9.12 
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Fig. 8. The XPS survey spectra for: (a-d) LIPSS fabricated on SS substrates with 209 

pulses and pulse fluences of 150.5 and 171.2 mJ/cm2 after irradiation in argon and air 

environments, respectively; (e) untreated SS surface. 

The elemental composition of the untreated SS sample is characterized by a higher 

concentration of carbon compared to oxygen and a significantly low concentration of 

iron and chromium. The detection of non-zero carbon quantity clearly indicates that 

this surface was contaminated, and the primary source of such contamination is the 

adsorption of organic matter from the atmosphere [38]. On the other hand, a remarkable 

reduction of the carbon content was observed on all laser textured surfaces, which 

should be attributed to the removal of the pre-existing adventitious carbon during laser 

irradiation. This cleaning phenomenon was more pronounced on the surfaces processed 
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in argon and the one treated with a higher pulse fluence resulted in the sharpest decrease 

of the carbon content. Furthermore, significant variations in the oxygen content were 

observed among the various analyzed surfaces, too. In particular, the oxygen amount 

increased together with that of Fe and Cr on the surfaces subjected to laser treatment, 

especially in those samples processed in argon. However, the ratio of oxygen to iron 

(O/Fe) and chromium (O/Cr) shows that the LIPSS processed in ambient conditions are 

oxygen-rich as compared to the ones in argon.  

 

Fig. 9. High-resolution O1s spectra of LIPSS treated under (a) argon and (b) ambient 

environments.  

To evaluate the oxygen contribution, the deconvolution of O1s spectra was analyzed as 

shown in Fig. 9. It revealed that two contributions related to oxygen in the form of 

lattice oxides at 530 ± 0.2 eV and hydroxides at 531.5 ± 0.1 eV dominate on the surface 

while the rest (C-O/C=O at 532.6 ± 0.2 and O-C=O/H2O at 534 ± 0.2 eV) are minor. 

As can be seen, most of the oxygen on LIPSS substrates was the result of oxidation 

reactions, followed by the formation of hydroxides and organic compounds. More 

specifically, the concentration of lattice oxides was found to be greater on the laser-

treated surfaces, while they dominated in those processed in air. It can be inferred that 

the LIPSS generation led to the exposure of more Fe and Cr from the bulk to the ambient 

air, which instantly reacted and formed a mixed oxide layer at the surface. On the other 

hand, the hydroxides had more contribution to the LIPSS processed in argon.  

To determine the reason for more hydroxide formation on the LIPSS generated in 

argon, the high-resolution spectra of metallic elements were also analyzed. The Cr2p 

(3/2, 1/2) XPS spectra as extracted from the laser-treated surfaces are presented in Fig. 

10a, where the resultant positions of the major components are specified. In all the 

cases, the existence of Cr (III) oxide, Cr2O3, was observed on the surfaces at a binding 
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energy of 576.6 eV. However, a second maxima was presented on all the laser-treated 

surfaces at around 577.1 eV and it is more pronounced on the LIPSS textured in argon, 

which most likely is ascribed to the hydroxides Cr(OH)3. On the other hand, by 

analyzing the Fe2p spectrum as shown in Fig. 10b, it can be inferred that the Fe (III) 

oxide state, Fe2O3, dominates on all the surfaces at a peak position of 711 eV. This 

observation can also be verified by the weak satellite peak situated at around 719 eV, 

which is characteristic of Fe (III) oxide. At the same time, the contribution of Fe (II) 

oxide components, FeO, at a binding energy of approximately 709 eV was more 

pronounced on the surfaces subjected to laser treatment. Among these surfaces, no 

distinguishable signal of Cr or Fe in the metallic state was observed over the 

background noise on the substrates processed in air, which can confirm the formation 

of a uniform oxide layer on their surfaces. On the other hand, it should be highlighted 

that the samples processed in argon gas had some contribution of pure metallic 

components at 707 eV and thus the thickness of the oxide layer on these surfaces was 

less than 10 nm (the photoelectron’s penetration depth in XPS measurements) [39]. 

This observation underlines that the thickness of the oxide layer has contributed to less 

depth of ripples in LIPSS processed in the air as evident from the AFM measurements.  

 

Fig. 10. High-resolution XPS spectra of (a) Cr2p and (b) Fe2p of untreated surface and 

LIPSS generated in argon and ambient environments.  

Based on the observations from first-order diffraction response (blue light intensity), 

surface topography (SEM and AFM) and chemistry (XPS) responses, Fig. 11 illustrates 

evidently the processing environment influence on surface topography and chemistry 

at low and high accumulated fluences. Apparently, at low accumulated fluences (< 50.1 

J/cm2), the interaction of the green nanosecond laser beam with the SS surface results 

in the formation of LIPSS in ambient environment. However, the formation of a thin 
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layer of oxide during the processing suppresses the amplitude of the LIPSS. A change 

of processing environment to argon decreases the thickness of the oxide layer, which is 

evident from the decrease in oxygen content (O/Fe ratio) as shown in Table 1. The 

thickness of the oxide layer (t) can be estimated to be less than 20 nm, as evident from 

AFM profiles of LIPSS produced in ambient and argon environments (see Fig. 7b). On 

the other hand, high accumulated fluences (≥ 50.1 J/cm2) generate roughness on the 

substrate along with a thick oxide layer. For instance, a recent investigation onto green 

nanosecond laser coloring of stainless steel surfaces in an ambient environment showed 

that the oxide film thickness varies from 200 to 600 nm, which led to different colors 

[40]. At the same time, the surface roughness of these thick oxide covered areas ranged 

from 0.5 to 1.2 m. 

 

Fig. 11. An illustration showing the influence of processing environment on oxide layer 

formation at low and high accumulated fluences with a green nanosecond laser. 

3.4 Contact angle analysis 

To investigate the combined influence of surface topography and chemistry on 

macroscopic properties, the contact angle measurements were conducted on the LIPSS 

surfaces produced in air and argon environments. Contact angle variations over a period 

of two weeks on the surfaces are shown in Fig. 12. On the untreated SS surface, the 

contact angle was measured to be 71.2o  1.2o. It is apparent that the contact angle 

decreased immediately after the LIPSS treatment in both air and argon environments. 

The magnitude of this decrease is more on the surfaces that were processed in argon 

when compared to those treated in air. However, the contact angle gradually increased 
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on both LIPSS topographies after day 3 and reached a maximum of 90.8o  2.8o in argon 

exhibiting hydrophobicity.  

 

Fig. 12. Contact angle evolution as a function of time in number of days on untreated 

and LIPSS treated substrates in the air and argon environments. 

One of the key indicators of surface chemistry to determine the wetting state is the 

oxygen-to-carbon ratio (O/C) on the surfaces, which influences the contact angle of the 

laser-treated surfaces [41]. The lack of oxygen species on the surfaces processed in 

argon exhibited a lower contact angle immediately after laser processing. However, 

over a period of time, the CO2 decomposes from the atmosphere and hence the O/C 

ratio increases on the surfaces. The decomposition of CO2 leads to a transfer of O2- ions 

to oxygen-deficient magnetite Fe3O4−δ (0 < δ < 1) and results in the formation of Fe3O4 

[42]. On the surfaces processed in argon, the decomposition of CO2 favors the 

formation of Fe3O4 and the surface becomes rich in oxygen-to-carbon ratio. For 

instance, the O/C on samples processed in argon is 1.2 - 1.3 whereas on the ones treated 

in the air is 0.9 - 1.0. At the same time, the LIPSS are deeper in the samples processed 

in argon than those in air. Therefore, the combined effects of topography and surface 

chemistry have led to an increase in the contact angle on LIPSS generated in an argon 

environment. However, it should also be noted that the magnitude of the difference is 

not significant between the ones processed in argon and air as the LIPSS exhibit a low 

roughness factor (a ratio of actual surface area to the projected one). 

4. Conclusions 

Laser texturing/structuring of surfaces with LIPSS topographies has been extensively 

deployed as a means for tailoring their functional characteristics. However, the 
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generation of high-quality homogeneous LIPSS cost-effectively on relatively large 

surfaces is an important step toward the broader use of this technology for 

functionalizing surfaces at an industrial scale. In this research, a green nanosecond laser 

was investigated for producing LIPSS on AISI 316 stainless steel under air and argon 

environments. The quality of LIPSS generated in both environmental conditions was 

evaluated through the SEM, AFM and XPS analysis and correlated with their blue light 

diffraction response. In an argon environment, the intensity of the diffracted light 

increased, and this was indicative of the improved quality and homogeneity of LIPSS 

generated on the surfaces. The relatively low-quality LIPSS produced in the air can be 

attributed to the formation of oxides as a side effect compared to the laser processing 

in argon. Since the intensity of the first-order diffracted light depends only on the LIPSS 

periodicity and depth and not on the surface chemistry, the topographical changes (e.g., 

periodicity/depth) of the LIPSS could be qualitatively captured by first-order diffracted 

light (blue light intensity). Therefore, the blue light intensity can act as a 

global/macroscopic parameter to judge about the quality of the LIPSS, instead of time 

consuming local measurements, such as SEM/AFM. A higher blue light intensity is 

indicative of better quality LIPSS, which means that LIPSS are deeper and devoid of 

pits.  

Moreover, the high amplitude LIPSS produced in argon environment could be used for 

texturing replication masters that can find applications in soft/compression and 

injection molding. For instance, such masters with high aspect ratio LIPSS treatments 

could be utilized for producing high quality textured replicas through micro injection 

molding [43]. At the same time, considering these capabilities for producing sub-

wavelength nanostructures, i.e., LIPSS with the green nanosecond laser, such LIPSS 

treatments can be used to enhance the antireflection properties of surfaces on various 

materials. Thus, the proposed nanosecond laser treatment in this research could be a 

potentially cost-effective solution for fabricating functional nanostructured surfaces 

that can find applications in energy storage, optoelectronics and sensors. For instance, 

one such application could be to design broad-band ultralow optical reflective surfaces. 

Future in-depth research will be conducted to explore the optical properties of the 

nanostructured surfaces. At the same time, the fabrication of multi-scale structures 

(LIPSS on top of microscale structures) could be an interesting step towards designing 
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cost-effective superhydrophobic metallic surfaces for anti-bacterial and anti-icing 

applications. 
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