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Functionalization of surfaces by engraving micro or nano-textures using laser-based methods 
has become a broad field of research with potential for large-scale manufacturing. Particularly, Di-
rect Laser Interference Patterning (DLIP) is a surface structuring method that allows the fabrication 
of periodic structures with resolutions down to the micro- or submicron scale with throughputs even 
over 1 m2/min. However, the production of large areas with high texture quality and reproducibility 
is still challenging. One of the reasons for this, is the lack of an objective methodology to quantify 
the texture homogeneity so that different processing conditions can be compared to find the opti-
mum laser process window. In this study, a statistical analysis based on the Gini coefficient is em-
ployed to quantitatively assess the homogeneity of DLIP-produced textures on three coating sys-
tems. The method allowed for an objective comparison of the impact of the process conditions on 
the different materials. For instance, it was observed that within the set of studied parameters the 
number of applied pulses has a higher impact on the texture homogeneity than the fluence per pulse 
and that the optimum number of pulses for the studied process lies between 10 and 20. 
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1. Introduction 
Functionalization of surfaces by engraving micro or 

nanotextures has become a broad field of research with 
potential for industrial deployment [1,2]. Particularly, laser-
based methods offer a unique combination of flexibility, 
high resolution, high throughput, and environmental-
friendly by-products [3,4]. Among these methods, Direct 
Laser Interference Patterning (DLIP) is able to fabricate 
periodic surface structures with resolutions down to the 
micro- or submicron scale with throughputs even over 
1 m2/min [5,6]. In DLIP two or more laser beams are over-
lapped onto the sample surface to produce an interference 
pattern with a periodic intensity distribution. If the local 
intensity is sufficiently high, the material can be ablated or 
melted at the maxima positions leaving a repetitive topog-
raphy on the surface. The texture geometry can be con-
trolled with high flexibility by adjusting the number of in-
terfering beams, their polarization, and overlapping angles 
[7,8]. Additionally, the spatial period can be easily con-
trolled by fine-tuning the overlapping angle between the 
beams or changing the working wavelength [9].  

 One of the current challenges for this technique is to 
ensure a sufficiently good texture homogeneity over large 
areas so that the produced functionality can be controlled 
on the entire workpiece. In this context, reliable methodol-
ogies for quantifying the homogeneity of periodic textures 
are required as a first step for designing process control 
schemes. Traditional surface roughness parameters like 
Root Mean Square (RMS) roughness or average height 
cannot be used unequivocally to characterize periodic to-

pographies because those parameters cannot distinguish a 
deviation from the average value due to the induced period-
ic modulation or due to surface imperfections [10,11]. To 
circumvent the limitations of traditional roughness parame-
ters to assess the homogeneity of periodic surfaces, several 
methods were developed for specific surface textures [12–
22]. According to these reports, these approaches were able 
to provide a quantification of the texture homogeneity and 
allowed a comparison between textures with similar char-
acteristics. However, they were either designed for particu-
lar texture geometries or they are not robust enough be-
cause user-defined parameters must be arbitrarily defined 
[11]. 

Recently, a statistical analysis based on the Gini coeffi-
cient was developed for periodic surfaces [11,23], whereby 
the homogeneity can be objectively assessed in terms of a 
set of attributes, such as the structure height. The Gini 
analysis has been extensively used to characterize the ine-
quality of a society, typically in terms of income distribu-
tion of the population [24,25]. The output of this method is 
the Gini coefficient G, a figure of merit that oscillates be-
tween zero and one depending on the degree of inequality. 
For a perfect equal population G = 0, while for an absolute 
inequal distribution G = 1. When the method is applied to 
periodic topographies, the calculated homogeneity is in-
versely proportional to the Gini coefficient. Furthermore, 
the authors state this approach can be easily adapted to dif-
ferent texture geometries including 2D periodic structures. 
Although this method has the potential to become a robust 
tool for surface characterization, it has not been exploited 
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thoroughly. Thus, in this contribution DLIP-structured hard 
coatings with varying aspect ratios were analyzed with the 
Gini coefficient theory to establish a correlation between 
the DLIP-irradiation conditions and the resulting surface 
homogeneity. 

 
2. Materials and methods 
2.1 Samples preparation 

Three coatings systems, namely CrN (chromium ni-
tride), WC (tungsten carbide), and a-C:H (amorphous hy-
drogenated carbon), were studied in this work. The coat-
ings were deposited on stainless steel plates using a combi-
nation of PVD (Physical Vapor Deposition), namely reac-
tive magnetron sputtering, and PACVD (Plasma-Assisted 
Chemical Vapor Deposition) methods adding a thickness 
between 20 µm and 30 µm to the substrates.  Details on the 
coatings deposition can be found elsewhere [26–28]. 

The samples were structured by two-beam DLIP em-
ploying a solid-state laser source (Edgewave PX2000) 

emitting radiation with a wavelength of 1064 nm, a pulse 
duration of 10 ps, and a repetition rate of 10 kHz. In the 
DLIP optical module, the primary beam is divided by a 
diffractive optical element (DOE) into two beams of com-
parable intensities. Then, the beams are parallelized by a 
prism and finally overlapped with a lens on the substrate, 
yielding line-like textures with a nominal spatial period of 
5.8 µm for all samples. Different structure heights and tex-
ture uniformities were achieved depending on the used la-
ser parameters, namely fluence per pulse and number of 
applied pulses. The diameter of the interference area was 
approximately 196 µm. The fluence threshold was calculat-
ed with the D2 method applying one pulse per position, 
yielding 0.36 J/cm2 (WC), 0.32 J/cm2 (CrN) and 0.51 J/cm2 
(a-C:H). Further experimental details of the used DLIP 
system can be found in Ref. [26]. 

  

 

 
Fig. 1  Flowchart describing the algorithm used to implement the Gini analysis in MATLAB together with exemplary images (a-e) pro-

duced during the execution of the code. 
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2.2 Topography characterization 
 The topography of the laser-treated surfaces was meas-
ured by optical confocal microscopy (Sensofar S–Neox) 
equipped with a 150X objective providing a vertical and 
lateral resolution of 1 nm and 140 nm, respectively. The 
measured topographies were post-processed with Senso-
MAP Advanced Analysis Software (Sensofar) to level the 
surface by the least squares plane method, eliminate high-
frequency noise (data outliers), and fill non-measured pix-
els, if any. 

 
3. Results and discussion 
3.1 Development of an algorithm for the Gini analysis 

The Gini analysis and homogeneity quantification were 
implemented in MATLAB with a self-developed script 
following the flowchart in Fig. 1. The algorithm uses as 
input the post-processed topography data from the confocal 
microscope of each sample. As an example, Fig. 1a shows 
the topography of a WC coating treated with 10 pulses with 
a fluence of 0.87 J/cm2 per pulse. After initializing the pro-
gram, the fast-Fourier transform (FFT) algorithm is execut-
ed on the topography data Z(x,y). Next, the code searches 
for the maximum of the absolute value of the Fourier trans-
form of the topography ℱ(Z(x,y)). If the maximum lies 
within a predefined range of allowed spatial frequencies, 
then the spatial period of the line-like texture can be ex-
tracted from the location of the maximum. In this study the 
maximum and minimum allowed spatial periods were 
20 µm and 2 µm, corresponding to the spatial frequencies 
of 0.5 µm-1 and 0.05 µm-1, respectively. This region of al-
lowed spatial frequency is defined in Fig. 1b, between the 
concentric circles. If the maximum value of ℱ(Z(x,y)) is 
found outside the allowed spatial frequency range, then it is 
inferred that the texture is so inhomogeneous that there are 
no periodic structures but rather a random surface. In this 
case, the algorithm stops, concluding that the homogeneity 
is too low for quantification.  

For good quality textures, the topography image is divid-
ed into square unit cells with an edge length equal to the 
spatial period (see Fig. 1c). This allows the evaluation of 
different topographical attributes of each unit cell accord-
ing to the Gini analysis approach. In this work, three ampli-
tude roughness parameters, namely structure height h, 
skewness sk, and kurtosis ks, and one hybrid parameter, i.e. 
real-to-projected area ratio, or effective area Aeff, were used 
as attributes. These parameters combined provide a general 
impression of the characteristics of the topography in terms 
of roughness, shape, symmetry, and increase of effective 
area [10].  

Fig. 1d shows as an example the structure height calcu-
lated for each unit cell. After the determination of the four 
attributes in each unit cell, the Gini coefficient Gi for each 
attribute i is calculated from the Lorenz curves [29] and the 
homogeneity relative to each attribute is determined as 
Hi = 1 - Gi. In Fig. 1e, the Lorenz curve corresponding to 
the structure height distribution of Fig. 1d is shown. In this 
case, the Gini coefficient was relatively low (Gheight = 0.065) 
which implies a high homogeneity factor Hheight = 0.935. 
Finally, the global homogeneity is calculated as the average 
of the individual homogeneity factors. 

3.2 Impact of laser parameters on the texture quality 
To illustrate the general trends observed in the topogra-

phy characterization results, Fig. 2 shows confocal micros-
copy images and corresponding extracted profiles of se-
lected samples for the three coatings. The labels indicate 
the number of applied pulses N and the used fluence per 
pulse F. Namely, in Fig. 2a the impact of the number of 
applied pulses N on the topography of CrN-coated samples 
can be observed. Typically, less than 10 pulses per spot 
yielded low-quality textures with poorly-defined ridges. As 
N increased to the range 10 – 20 the homogeneity improved 
and the grooves became deeper. It was noticed that as 
N increased beyond 20 the amount of molten and redepos-
ited material increased and therefore the texture homogene-
ity tended to degrade. 

In the examples of Fig. 2b, a-C:H coatings were irradiat-
ed with increasing fluence per pulse F. Generally, the im-
pact of this parameter is much less significant than the 
number of pulses, and the optimum value is strongly de-
pendent on the chosen value of N. Interestingly, ablation 
even took place at fluences below the measured fluence 
threshold of 0.51 J/cm2 (see Fig. 2b, leftmost). This finding 
can be ascribed to incubation effects that reduced the effec-
tive threshold fluence to values below 0.22 J/cm2 [30]. Fi-
nally, Fig. 2c shows how the cumulated fluence (Fcum = 
N×F) influences the topography in WC coatings. If Fcum is 
low, the line-like textures are shallow and not very well-
defined. As Fcum increases, the homogeneity improves and 
an optimum region can be determined until, eventually, the 
cumulated fluence is so high that large amounts of molten 
and redeposited material redistribute randomly over the 
surface degrading the final topography. The described im-
pacts of the three process parameters as well as the reduc-
tion of the effective threshold due to apparent incubation 
phenomena were observed in the three analyzed coatings. 

As described in section 2.3, each attribute was calculated 
in each unit cell of the topography images. Fig. 3 shows the 
a) structure height, b) skewness, c) kurtosis (in log-scale) 
and d) effective area averaged over all the unit cells as a 
function of fluence and number of pulses applied on the 
WC-coated substrate. As expected, when the cumulated 
fluence increases (top-right corner in the sub-plots), so do 
the structure height and effective area [31]. However, for 
the highest Fcum the structure height and effective area drop. 
The skewness (Fig. 3b) and kurtosis (Fig. 3b) have a strong 
dependence on the number of pulses, but they show negli-
gible variations when the fluence changes. For a low num-
ber of pulses (N < 10) the skewness is positive and sk > 1, 
which means that the bulk of the material lies below the 
mean height [32]. This implies that the shape of the texture 
has open valleys and sharp ridges [10]. For N ≈ 10, the 
skewness oscillates in the range -1 < sk < 1, implying an 
approximately symmetric distribution of the material below 
and above the average height. When the number of pulses 
is higher than 10, the skewness is negative which suggests 
that the process induced topographies with broader peaks 
and narrow valleys, as shown exemplarily in the profile of 
Fig. 2a (rightmost sample).  

In the case of the kurtosis parameter, there are also two 
clear regimes, i.e. below and above 10 pulses per spot (Fig. 
3c). According to its definition, when ks = 3 the histogram 
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of the topography values has a gaussian distribution, which 
interestingly occurs at N ≈ 10 (note that log(3) ≅ 0.477). 
When N < 10 the kurtosis increases steeply yielding 
ks >> 3 and thus the topographies have a so-called lepto-
kurtic distribution. This hints at textures with a large 
amount of high sharp peaks and deep narrow valleys, as 
can be observed in the profile of Fig. 2c (leftmost sample). 

As the pulse number increases beyond 10, the kurtosis 
takes values in the range 1 < ks < 5, which can be consid-
ered as topographies with an approximately normal distri-
bution of the material. The trends for the four analyzed 
attributes were also observed for the a-C:H and CrN sam-
ples (see Supplementary Information). 

 
 

 
Fig. 2  Topography images and corresponding extracted profiles taken on exemplary samples to illustrate the impact of the number of 

pulses N and fluence per pulse F on the texture quality. 
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Fig. 3  a) Structure height, b) skewness, c) kurtosis (in log-scale) 

and d) effective area averaged over all the unit cells as function of 
fluence per pulse and number of pulses applied on the WC coat-

ing system. 
 

3.3 Quantification of homogeneity 
Figs. 4, 5, and 6 summarize the main results from the 

Gini analysis of the WC, a-C:H, and CrN coated substrates, 
respectively, detailing the homogeneity factors for the a) 
structure height, b) skewness, c) kurtosis and d) effective 
area as a function of fluence and number of pulses. The 
scale of each homogeneity factor is displayed next to each 
plot. The black color in the plots represents poor-quality 
textures whose homogeneity could not be quantified with 
the current method. This limitation was caused by the fact 
the dominant spatial frequency of the Fourier transform of 
the topography lies outside the permitted range of allowed 
frequencies. Hence, this can be interpreted that the topog-

raphy has such a low quality that the DLIP periodicity is 
not, or maybe barely, detectable, as it can be seen for ex-
ample in Fig. 2c (rightmost image). In general, it is ob-
served that the homogeneity factors are strongly influenced 
by the two analyzed laser parameters as well as by the cho-
sen material. Within the analyzed DLIP parameters range, 
the three studied coatings systems have an optimum DLIP-
processability window that maximizes the surface uni-
formity. Interestingly, for the three materials the optimum 
number of pulses for the four homogeneity attributes lies 
approximately in the range between 10 and 25.  

 

 
Fig. 4  Homogeneity factors for the a) structure height, b) skew-
ness, c) kurtosis and d) effective area as function of fluence and 

number of pulses applied on the WC-coated substrate. 
 

Upon comparing the average structure height and effec-
tive area (for example Fig. 3a and d) with their correspond-
ing homogeneity factors (Fig. 4a and d) no direct correla-
tion can be established, except for the fact that shallow 
structures, i.e. lower than 1 µm, tend to have a lower ho-
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mogeneity. However, when analyzing the skewness and 
kurtosis, the results suggest that high values of skewness 
and kurtosis correlate to low homogeneity factors. From 
this finding then it can be inferred that the closer the topog-
raphy histogram to a gaussian one is, then the more homo-
geneous the periodic textures are. 

 
Fig. 5  Homogeneity factors for the a) structure height, b) skew-
ness, c) kurtosis and d) effective area as function of fluence and 

number of pulses applied on the a-C:H material system. 
 

 
Particularly, for the CrN samples, the optimum region is 

narrower than for the WC and a-C:H coatings and more 
combinations of laser parameters produced less homoge-
neus textures when compared to the other materials (see the 
black regions in the top-right corners of the plots in Fig. 6). 
Further studies on this material should be carried out in 
order to explain its poorer processability by DLIP. 

The global homogeneity was defined in section 2.3 as the 
arithmetic average of the four homogeneity factors. Fig. 7 
shows the global homogeneity obtained for the a) WC, b) 
a-C:H and c) CrN coatings. Interestingly, the ranges of the 
global homogeneity for the three materials are very similar 
(see color scales on the right-hand side of Fig. 7). As was 
already inferred from analyzing Figs. 4, 5, and 6, the tex-
tures have generally higher homogeneities if the number of 
applied pulses is greater than 10. This claim is also true for 
the global homogeneity of the three materials. In the case 
of WC, the optimum processing window is larger than for 
the other coatings and particularly does not depend strongly 
on the fluence. In the cases of a-C:H and CrN the optimum 
fluence values were found to be close to the threshold flu-
ence of these materials, namely approximately in the range 
0.3 - 0.5 J/cm2. 

 
Fig. 6  Homogeneity factors for the a) structure height, b) skew-
ness, c) kurtosis and d) effective area as function of fluence and 

number of pulses applied on the CrN coating. 
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Fig. 7 Global homogeneity calculated on the a) WC, b) a-C:H and 

c) CrN coatings as function of fluence per spot and number of 
pulses. 

 
 
4. Conclusions 

In summary, the followed approach based on the Gini sta-
tistical analysis allowed for objectively quantifying the 
homogeneity of periodic textures produced by ps-DLIP. 
Despite the attributes on which the present study relies 
were arbitrarily selected, they effectively served as indica-
tors for the texture shape, roughness, and peak-to-valley 
distance. The method enabled the detection of correlations 
between the attributes and homogeneity. For instance, ana-
lyzing the skewness and kurtosis of the textures, it was 
found that the closer the distribution of the material heights 
to a gaussian distribution is, the higher the homogeneity is. 
Overall, the samples treated with more than 10 pulses per 
spot showed high homogeneity factors. For the WC coat-
ings, the best processing conditions were obtained for ap-
proximately 20 pulses at a fluence in the range from 
0.3 J/cm2 to 0.8 J/cm2. In the cases of a-C:H and CrN coat-
ed substrates, the process window is narrower than in the 
case of WC because a stronger dependence of the fluence 
on the texture homogeneity was found. Therefore, for both 
materials the optimum textures were obtained for approxi-
mately 20 pulses at a fluence of 0.3 J/cm2. It is worth men-
tioning that the found processing windows with the pre-
sented method are subject to other laser parameters that 

were held constant in this work, such as repetition rate, 
wavelength or DLIP spatial period. Further studies should 
be conducted under different DLIP process conditions to 
find the global optimum process window for each material. 
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