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Recently, process monitoring emerges as a breakthrough technology in industrial laser machines
applications to enhance process stability and economic efficiency while ensuring high-quality pro-
cessing parts and significantly reducing scrap rate. Furthermore, the latest advances in monitoring
systems open a broad range of new opportunities to increase the capabilities of laser surface structur-
ing. In this study, stainless steel and aluminum substrates are structured with a line-like geometry by
Direct Laser Interference Patterning. A high-speed infrared camera is used to detect the thermal effects
throughout the laser process. Simultaneously, a diffraction measurement system is implemented to
analyze the quality of the fabricated periodic patterns by comparing the diffraction order characteris-
tics. This specific combination of the systems allows a remarkably high-performance process moni-
toring and quality assurance. The obtained results reveal a correlation between the signals detected
by the infrared camera and the intensity of the diffraction orders recorded with the quality of the

surface reached.
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1. Introduction

Currently, functional surfaces resulting from structured
materials with features in the micrometer and sub-microme-
ter range can be efficiently produced using industrial laser
microprocessing systems equipped with ultra-short pulsed
laser sources. These generated textured surfaces are often
designed to mimic the unique structures that can be found in
many natural examples such as plants, animals and microor-
ganisms that exhibit outstanding properties. These attributes
can be related to hierarchical microscale features and surface
chemistry [1-3]. These engineering-specific functionalities
include, for instance superhydrophobic properties [4-6],
self-cleaning and antibacterial behavior [7-9] and light re-
flexion materials among others [10,11].

One of the most advanced structuring techniques capable
to create well-defined periodic micro/nanopatterns on a va-
riety of materials with high throughput is Direct Laser Inter-
ference Patterning (DLIP) [12-14]. In DLIP, a coherent and
pulsed laser beam is split into two or more sub-beams that
are subsequently superimposed on the surface of the work-
piece. This results in an interference pattern in which the ma-
terial surface is selectively ablate or modify at the interfer-
ence maxima positions. Furthermore, while the geometry of
the interference pattern can be changed by using a different
number of sub-means as well as by controlling the laser
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beam polarization, the intercepting angle of the beams deter-
mine the periodic distance (spatial period) of the pattern.
Moreover, the method has been shown to produce textures
with feature sizes down to 170 nm [15,16]. As in several
manufacturing methods, both efficiency and process safety
are of great economic importance [17]. Therefore, process
monitoring is a highly valuable tool to guarantee the quality
of the manufacturing process in industrial production.

Monitoring methods of laser processes and the manufac-
tured parts are essential to improve the process stability by
optimizing reproducibility as well as increasing the quality
of the outcoming items [18]. Moreover, these methods can
be used in laser processing to generate a comprehensive un-
derstanding of the underlying processes such as analyzing
the temperature distribution field in additive manufacturing
[19,20], studying the optical emission of plasma plumes [21],
and evaluating the weld penetration depth in laser welding
[22].

As in other applications, where an ultra-short pulsed la-
ser system is used, the heat accumulated by the process
might substantially influence the conditions of the fabricated
structures. Furthermore, the thermal effects exhibit a strong
dependency with the material properties and the process pa-
rameters utilized [23]. Infrared cameras have shown the abil-
ity to monitor these effects during short and ultra-short laser
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processing and can be implemented for improving the sta-
bility of a process [24-26]. In addition, to classify the con-
dition of a patterned area, the produced topography has to be
characterized and analyzed. However, this is particularly
challenging to realize in a real-time process, for instance by
using typical topographical characterization methods such
as confocal microscopy (CM) and scanning electron micros-
copy (SEM) [27,28]. Hence, despite their strong potential in
high-resolution imaging, both methods are limited in terms
of their applicability for larger areas.

A promising strategy to close the gap between topo-
graphical information and measurement time is the integra-
tion of a scatterometry-based system [29-31]. This system
allows a high-speed evaluation of the topography of the pat-
terned areas even in the course of the laser treatment, and
thus permitting control of the stability and efficiency of the
DLIP process. The concept of the method is based on meas-
uring and analyzing the light diffracted from the laser-
treated surfaces. When a coherent light source irradiates a
surface with a periodic structure, the reflected light beams
picture a diffraction pattern. If the incident irradiation is nor-
mal to the surface of the sample, the captured image includes
different diffraction orders, which can be mathematically de-
scribed using (1):

1)

sinf,, =m-
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where 6, is the angle of diffraction for the m-diffraction or-
der relative to the surface, 4 is the wavelength of the incident
light beam and A is the spatial period of the structured line-
like pattern on the sample surface [32]. Thus, line-like tex-
tures with larger spatial periods produce shorter diffraction
angles and vice versa.

A combination of a scatterometry system with infrared
cameras can be used to further enhance the capabilities of
the monitoring strategy in order to detect flaws during the
laser treatment. However, although there is a range of mon-
itoring technologies available on the market, to the best of
our knowledge, they have rarely been used to optimize the
DLIP process.

In the present study, stainless steel and aluminum sub-
strates were structured by DLIP varying different process
parameters such as laser fluence and repetition rate. An un-
cooled high-speed mid-wavelength infrared (MWIR) cam-
era was used to monitor the DLIP experiments to detect and
analyze possible heat accumulation effects. The MWIR
camera was integrated with a diffraction measurement unit
in order to increase the capability of the control systems to
detect possible flaws associated with the quality of the peri-
odic textures produced. Afterwards, for the sake of compar-
ison of the two methods the topography of the laser treated
samples were characterized with CM and SEM methods.

2. Experimental procedure
2.1 Materials

Stainless steel sheets (X5CrNil8-10, 1.4301) with a
thickness of 0.8 mm and aluminum sheets (2024-T351) with
1.0 mm thickness were used in this study. All samples were
electropolished in order to avoid effects of the initial surface
roughness on the process evolution. The surface roughness
S, for stainless steel and aluminum were 9.5 nm + 1.1 nm
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and 159.3 nm £ 30.3 nm, respectively. Before the laser ex-
periments, all metallic samples were gently rinsed with eth-
anol in order to remove any contaminations.

2.2 Laser structuring setup

The structuring process of the metallic samples was per-
formed in a DLIP workstation including an ultra-short
pulsed laser source (PX200-2-GFH, EdgeWave GmbH, Ger-
many) and an optical DLIP head (Fraunhofer IWS, Dresden,
Germany) for two-beam interference patterning (see Fig-
ure 1). The 12 ps-pulsed laser system operated at 532 nm
wavelength with a maximum repetition rate of 100 kHz. A
positioning stage system (PR0165-300, Aerotech, USA) ac-
complished the movement of the sample under the DLIP
head in x- and y-directions. This experimental setup allowed
the production of line-like periodic patterns with a defined
repetitive distance of 4.5 um by overlapping the laser beams
at an angle o of 6.8°.

The pulse-to-pulse overlap op, the repetition rate f; and
the laser fluence F were varied in order to obtain different
structuring results. The repetition rate was adjusted to the
speed of the positioning stage system in order to obtain dif-
ferent pulse overlaps. For each used condition, areas of ap-
proximately 40 x 5 mm2 were structured with the line-like
pattern geometry by keeping the hatch overlap at 0 %. Then,
the laser spot was shifted until 30 parallel lines were pro-
duced. Table 1 shows the different process parameters used
for the structuring experiments.

Table 1 Applied process parameter for the DLIP surface struc-
turing of the metal samples (fz: repetition rate, op: pulse-to-
pulse overlap, F: laser fluence)

fr (KHZ) op (%) F (J/cm?)
100 99...99.67 0.21...0.69
80 99...99.67 0.18...0.45

Fig. 1 Experimental setup for structuring and monitoring the
heat accumulation during a two-beam-DLIP treatment of me-
tallic samples: (1) interference volume produced by the overlap
of two laser beams at an angle a producing a line-like structure;
(2) midwave infrared camera; (3) DLIP head; (4) cross jet gas
(compressed air); (5) positioning stage system.
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2.3 Monitoring systems

A midwave infrared camera (TACHYON 16k, New In-
frared Technologies NIT, Spain) in an off-axis configuration
was used to detect the thermal effects at the material surface
occurring during the laser treatment. The camera was
equipped with an objective lens with a focal length of 35 mm
and a protecting silicon window for filtering the visible and
near-infrared light including the reflection of the laser beam.
The working distance between the sample and camera was
100 mm at an angle of 45° to the vertical direction. The cap-
turing process was set to a constant frame rate of 1 kHz and
a fixed integration time of 200 ps. Depending on the applied
process parameters, every experiment showed specific char-
acteristics of the infrared signal. Figure 1 shows the config-
uration employed for the infrared camera.

The laser-treated surfaces were analyzed (ex-situ) with a
specifically designed diffraction measurement system (TU
Dresden, Germany) already described elsewhere [30]. The
Figure 2 shows the schematic setup of the diffraction meas-
urement system including the required optical components,
the camera as well as the coherent light source (e.g. a laser
pointer). The method is based on irradiating the laser-treated
area with a low-power laser source operating at a wave-
length of 532 nm. Afterwards, the reflected radiation passes
an optical system with a charge-coupled device (CCD) cam-
era that constantly captures the diffraction patterns, which
are correlated to the topography of the produced structure
[30]. The collected images can be rapidly analyzed by com-
puter algorithms.

Fig. 2 Representation of the diffraction measurement sys-
tem with laser structured sample at the bottom (1). The
beam path of the illumination beam and the reflected dif-
fraction pattern from the treated surface are also shown. The
system includes the use of a (2) CCD camera, (3) a laser
pointer, (4) a coupling mirror, (5) a beam splitter, (6) two
polarizers and (7) a lens.
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All captured images were analyzed using ImageJ (Na-
tional Institute of Health, Bethesda, USA) software.

2.4 Surface characterization

The topography of the processed samples was character-
ized using CM with a 20x magnification objective (Sensofar
S Neox, Spain). The optical and vertical resolutions of the
used objective were 310 nm and 8 nm, respectively. The
software SensoMap® 7.3 (Sensofar, Barcelona, Spain) was
used to analyze the measured topography data. Likewise,
high resolution pictures of the surfaces were obtained with a
SEM (Zeiss Sigma 300, Germany) at an operating voltage of
6.0 kV and work distance of 5.5 mm.

3. Results and discussion

Confocal and SEM images of the obtained line-like pat-
tern were analyzed in order to achieve a qualitative evalua-
tion of the surface quality (see Figure 3). As it can be seen,
the good surface condition was indicated by a well-defined
line-like pattern. The surface topography of the sample
showed a homogeneous structure without any remarkable
solidified material. The line-like structures had a maximum
depth of 1.99um+0.35um for stainless steel and
2.12 pm = 0.28 pm for aluminum, respectively. In contrast,
the bad quality surface exhibited an extensive amount of
resolidified material on the line-like pattern and had a dete-
riorated structure. The amount of the remolten material can
strongly influence the orientation and uniformity of the line-
like structure.

For the quantitative description of the quality of a peri-
odic structure, an analytical surface parameter was estab-
lished in this work. In particular, due to the directionality of
the produced lines, the texture (or pattern) orientation of the
produced periodic structure can be utilized as has been al-
ready shown in other studies [33]. The isotropy of a surface
is a spatial area roughness parameter that indicates a crite-
rion for uniformity of surface patterns in the different direc-
tions. A three-dimensional surface characterization based on
an autocorrelation analysis of the surface texture computes
the isotropy. The value allows the distinction between the
well-aligned from the misaligned surfaces. The texture as-
pect ratio S, defines the isotropy I that can be calculated
with (2):

I [%] =100-S,, (2

This parameter can vary between 0 and 100 %. In one
extreme case a perfectly isotropic surface has identical prop-
erties independent from the measurement direction and it
shows no prominent textures on the surface. In this case, the
texture aspect ratio value is 1 and, consequently, the isotropy
is 100 %. On the other extreme case, if the isotropy value is
0 %, the surface presents a totally anisotropic structure with
an specific orientation or periodicity [34], which is the case
of perfect periodic line-like structure. The percentage of
isotropy of all laser processed samples were determined and
correlated to the CM images of the corresponding surface
pattern.

Due to the strategy used to process the samples, each la-
ser structured line (containing by the interference pattern)
could have an isotropy value that can differ from the other
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lines depending on the accumulated heat. Therefore, to es-
tablish a statistical analysis, the isotropies of the 1%, 15" and
30 line were calculated from the CM images and their av-
erage value was used as a descriptive parameter of the ho-
mogeneity and quality of the whole laser treated area. Based
on the evaluation of the CM images of the treated examples
(see Figure 3a) a threshold isotropy | value was defined, cor-
responding to the condition in which any melt or deteriora-
tion of the line-like pattern was observed. For both used ma-
terials, stainless steel and aluminum, the determined thresh-
old isotropy value was 2.3 % which was significantly close
to the theoretical value for a perfect line-like structure (0 %).

In addition to the SEM and CM of selected structures,
Figure 3 shows for the different surface conditions the cal-
culated isotropy values. As it can be seen, for lower fluences
and overlaps, both materials presented a homogenous pat-
tern and the calculated isotropies | were 1.94 % and 1.97 %
for stainless steel and aluminum, respectively. By using
higher fluences and overlaps, the laser-treated surfaces ex-
hibit a considerable excess of resolidified material over the
structure. In this case, the amount of resolidified material in-
creases with the number of structured lines (1% line to 30%"
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line) due to the accumulated heat in the material that oc-
curred during the laser treatment [35]. Therefore, the isot-
ropy for a bad surface quality raises with the number of lines.
That implies a huge deviation of the mean isotropy value.
The condition of the surfaces also reflects in the corre-
sponding infrared intensity captured by the MWIR camera.
Figure 4 shows exemplarily the maximum intensities of the
detected infrared signal by the MWIR camera for stainless
steel and aluminum as a function of the line length for two
different processing conditions. At the start of the laser pro-
cess, the infrared signal for the stainless steel sample treated
with a laser fluence of 0.59 J/cm? increases rapidly (Fig-
ure 4a). This indicates that the energy introduced in the sam-
ple by the laser irradiation did not dissipate fast enough. This
could be explained by the high energy levels used as well as
the relative low thermal conductivity of the stainless steel
material. Consequently, heat started to accumulate. After the
substrate was translated approximately 20 mm, the infrared
signal dropped to a constant level. The behavior of the infra-
red signal at this point could be based on the fact that the
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Fig. 3 Confocal microscope and scanning electron microscope images of the produced structure on stainless steel (a, b) and
aluminum samples (c, d) processed at: (a) F = 0.24 J/cm2 and op = 99.67 % showing a good surface quality with a homogeneous
pattern and a mean isotropy of 1.94 %, (b) F = 0.59 J/cm? and op = 99.67 % showing a bad surface quality with an significant
amount of resolidified material on the line-like pattern and a mean isotropy of 21.98 %, (c) F =0.28 J/cm? and op = 99.67 %
showing a good surface quality with a homogeneous pattern and a mean isotropy of 1.97 %, and (d) F = 0.69 J/cm? and
op =99.67 % showing a bad surface quality with an extensive amount of resolidified material on the line-like pattern and a mean
isotropy of 11.67 %. The obtained mean roughness profiles of the structures are shown below the corresponding microscopy
images. The SEM images do not reflect the same surface position that is shown in the CM images.
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Fig. 4 Maximum infrared intensity of the signal as function of the process position during the laser treatment representing different
fluences: a) for stainless steel (red solid line: F = 0.59 J/cmz; green dashed line: F = 0.24 J/cm?) with constant process parameters
(Overlap op =99.67 %, repetition rate f =100 kHz) and b) for aluminum (red solid line: F = 0.69 J/cm?; green dashed line:
F =0.28 J/cm?) with constant process parameters (Overlap op = 99.67 %, repetition rate f = 100 kHz).

Stainless steel Aluminum

Overlap 0p =99.00 % and Fluence F = 0.24 J/cm*: Overlap 0p =99.00 % and Fluence F = 0.28 J/cm*:

Overlap op =99.00 % and Fluence F = 0.36 I/cm?*: Overlap op =99.00 % and Fluence F = 0.41 J/cm?*:

Overlap op = 99.67 % and Fluence F = 0.47 I/cm?: Overlap op =99.67 % and Fluence F = 0.55 J/cm?

Overlap op =99.67 % and Fluence F = 0.59 I/cm?: Overlap op =99.67 % and Fluence F = 0.69 J/cm?

\

Fig. 5 Selected resulting images of the diffraction patterns for stainless steel (left) and aluminum samples (right), captured with
the diffraction measurement system. The background color in the figure represents two obtained surface conditions: green — good
surface quality; red — bad surface quality.

absorbed energy of the laser and the dissipated energy were Similarly as in the case of steel, the intensity captured by
balanced. In contrast, the infrared signal measured during the MWIR camera during the laser treatment was evaluated,
the laser treatment at 0.24 J/cm? laser fluence, was approxi- too. Figure 4b shows the infrared signals for the laser pro-

mately four times lower and remained constant along the cessing of aluminum samples at 0.28 and 0.69 J/cm2. Con-
processed track without significant fluctuations during the trary to the experiments with stainless steel, the signal inten-
process. sity remained on a constant level during the laser treatment
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Fig. 6 Schematic process of the analysis algorithm to
evaluate the diffraction image with its different diffrac-
tion orders.

also at high fluence (0.69 J/cm?). Furthermore, the captured
intensity was significantly lower (at least four times) com-
pared to stainless steel. The higher thermal conductivity of
aluminum might explain this behavior (15 W/m-K and
119 W/m'K for steel and aluminum, respectively) [36,37].

This suggests that the heat, which is introduced in the mate-
rial with the lowest thermal conductivity, cannot be dissi-
pated efficiently and quickly from the process zone to the
surrounding material. Furthermore, the emissivity of alumi-
num is significantly lower compared to stainless steel (e.g.
0.06 and 0.19 for aluminum and stainless steel, respectively)
and thus a lower emission intensity can be expected for the
former material [38]. Similarly as for stainless steel, for the
lower laser fluence, a relatively lower intensity and the in-
frared signal was detected and the intensity level was con-
stant during the laser treatment. The structures produced at
these energy levels (0.24 and 0.28 J/cm?) presented a high
quality and uniformity of the line-like pattern geometry.
Subsequent to the structuring process, the treated sam-
ples were evaluated with the diffraction measurement sys-
tem (scatterometry system). Figure 5 shows different exam-
ples of the recorded signals depending on pulse overlap, la-
ser fluence and material. Clearly, different patterns were ob-
tained as a result of the dissimilar surface conditions. In par-
ticular for the treated steel samples, the images showed the
different diffraction orders, whose position on the camera
can be correlated with the number of the diffraction order as
well as with the spatial period of the produced pattern. The
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Fig. 7 Mean area ratio as a function of the maximum intensity of infrared signal for O, +1t and +2" diffraction order. In
the charts, the surfaces in a good (green squares) and bad condition (red circles) are shown. Charts (a-c) correspond to
stainless steel samples and (d) to aluminum. The mean area ratio was calculated with the area ratio of the corresponding

positive and negative diffraction order in the image.
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fields highlighted with green background indicate good sur-
face conditions (isotropy | lower than 2.3 %) without exces-
sive molten material as has been discussed before. Contrarily,
the surface quality of fields with red background color are
characterized by surface topographies with an excessive
amount of molten material over the produced line-like struc-
ture on the metallic samples. As discussed in previous study
[30], the area of the captured diffraction orders can be used
for analyzing the different geometries of a line-like structure.
In the case of the stainless steel samples, the 0™, + 1% and
+ 2" diffraction orders are visible, while for aluminum, only
the zero order was observed (Figure 5). In addition, the area
of the diffraction orders differs depending on the used pro-
cess parameters (due to the different surface quality of the
line-like patterns).

A quantitative analysis to evaluate the different diffrac-
tion images was carried out, following the strategy presented
in Figure 6. The procedure started from the diffraction im-
ages caught by the diffraction measurement system. A rec-
tangular frame was overlaid symmetrically on each diffrac-
tion order m. Afterwards, a gray scale analysis within the re-
gion of interest was performed. Thus, the ratio between the
number of bright pixels (pixels with a grey scale value
higher than zero) and the number of black pixels (with a grey
scale value of zero) could be calculated. This analysis was
accomplished for all diffraction orders (m = -2, m = -1%,
m =0" m = +1%, m = +2") of the images.

With the resulting data of both the infrared camera and
the scatterometry system, it was evaluated which combina-
tion of parameters can be used to identify structures that
have a good surface quality (isotropy value lower than
2.3 %). Figure 7 illustrates the ratio area of the 0", + 1t and
+ 2" diffraction order as a function of the intensity of the
infrared signal captured by the MWIR camera for stainless
steel and aluminum samples. The represented area of a dif-
fraction order in the plots was calculated as an average value
of the corresponding positive and negative diffraction order
in the images. The condition of the resulting surface struc-
ture is highlighted with different shapes and colors. The red
circles indicate a bad surface quality with significant amount
of resolidified material as well as a deteriorated pattern
structure, whereas the green squares are characterized for
having a good surface condition with a homogenous pattern
on the surface.

From the plots it is possible to deduce that there is a
threshold value related with the intensity of the detected in-
frared signal, that distinguish deteriorated surface structures
from homogeneous (well-aligned) ones for both materials.
For stainless steel, an intensity level lower 66 counts de-
scribes the samples that have a good surface quality. For alu-
minum, the threshold intensity value was 18 counts.

A similar analysis was performed for the calculated area
of the captured diffraction orders. In case of the stainless
steel samples, the area ratio of the 0™ (Figure 7a) and +1%
diffraction orders (Figure 7b) do not provide a satisfactory
criterion for drawing conclusions on the quality of the sur-
face pattern. For example, area ratios between 20 and 40 %
were observed for surface structures with arbitrary good or
bad qualities. For the +1% diffraction order the same behav-
ior was observed, with area ratios between 4 and 15 %. Dif-
ferently, the analysis of the +2" diffraction order (Figure 7c)
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provides reliable criteria to clearly distinguish the two sur-
face conditions. In this case, patterned surfaces providing
area ratios of 0 % were only related to structures with a bad
surface quality (such as in Figure 5, for op = 99.67 % and
F =0.59 J/cm?). This implies that, for structures with a bad
surface quality, the +2" diffraction order were not visible.
Consequently, if the area ratio of the 2" diffraction order is
higher than zero, these structured surfaces denote a good
quality.

In contrast to stainless steel, for all treated aluminum
samples, only the zero diffraction order was visible. The rea-
son for this behavior is not fully understood yet. A possible
explanation could be related to the formation of oxides dur-
ing the laser treatment, as well as the significant darkening
of the aluminum surfaces due to the laser treatment. There-
fore, in future investigations a laser source with higher
power will be used in the diffraction measurement system
developed (Figure 2) in order to increase the intensity of the
reflected light and thus allowing at least the + 1% diffraction
order to be visualized.

In consequence, only the zero diffraction order was ana-
lyzed (Figure 7d). Differently from the stainless steel sub-
strates, in this case it was observed an increase of the inten-
sity of infrared signal for patterns showing a good quality.
The threshold of the area ratio for this case was 14 %, which
indicates that above this threshold, surfaces with sufficient
pattern quality can be identified.

Considering both monitoring approaches presented in
this work, it can be inferred that the thresholds of both the
intensity of the infrared signal and the relative area of the
diffractions orders can be utilized to clearly determine peri-
odic surface structures with significant quality. For the stain-
less steel surfaces, the recorded infrared signal and the area
(or relative intensity) of the +2™ diffraction orders are suffi-
cient to distinguish between good and bad qualities. In case
of aluminum, the zero diffraction order has to be considered,
in combination with the infrared signal. Nevertheless, the
captured information does not allow to determine topo-
graphical further parameters like relative roughness or struc-
ture depth. Therefore, additional investigations are neces-
sary in the future to elucidate these questions.

4. Conclusions

In this work, two different innovative monitoring sys-
tems have been proposed in order to evaluate the quality of
periodic structures produced by DLIP. The used systems
consisted on a MWIR camera recording the infrared signal
during the laser treatments as well as a self-developed dif-
fraction measurement system capable to examine precisely
periodic surface patterns.

Firstly, the isotropy factor was used to evaluate the qual-
ity of the produced patterns quantitatively. For both used
materials, values lower than 2.3 % corresponded to periodic
structures not showing resolidified material induced by ex-
cessive energy provided by the laser during the DLIP treat-
ment.

The MWIR camera could accurately observe the result-
ing infrared radiation during the DLIP process for both stain-
less steel and aluminum samples. The infrared intensity
showed a strong dependence on the quality of the obtained
surfaces. In addition, the diffraction measurement system
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was able to capture the images with the characteristic signa-
ture (e.g. diffraction pattern) of the produced structure. The
combination of both methods allowed to determine the fol-
lowing criteria for structure quality evaluation depending on
the used material:

(i) for stainless steel, structures with an adequate quality
were obtained when the intensity of the infrared signal was
lower than 66 counts and the area ratio for the + 2" diffrac-
tion orders was higher than 0 %.

(ii) for aluminum, structures with an adequate quality were
obtained when the intensity of the infrared signal was lower
than 18 counts and the area ratio for the zero diffraction or-
der was higher than 14 %.

In conclusion, the parameters described above allow the def-
inition of an effective criteria for distinguishing high quality
DLIP-structures. In the future, monitoring of aluminum sub-
strates could be improved by utilizing a laser source with a
higher power, allowing to record at least the 1% diffraction
orders. Further aspects should also be implemented in order
to determine quantitative information of the produced topog-
raphies during the structuring process.
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