
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

From Femtosecond to Nanosecond Laser Microstructuring
of Conical Aluminum Surfaces by Reactive Gas Assisted
Laser Ablation
Simon Rauh,[a] Karl Wöbbeking,[a] Mingji Li,[a] Wolfgang Schade,[a, b] and Eike G. Hübner*[a, c]

A conical microstructure is one of the most versatile surface
textures obtained by ultrashort laser micromachining. Besides
an increased surface area, unique surface properties such as
superhydrophilicity, increased absorptivity; and thermal emis-
sivity can be tailored. On metals, usually ultrashort laser pulses
in the femtosecond to low picosecond range are used to obtain
these surface structures, whereas nanosecond laser pulses favor
melting processes. Herein, we report on an investigation of
reactive gas atmospheres such as oxygen, steam, and halogens

during laser micromachining of aluminum with 6 ns laser
pulses. At a reduced pressure of 20 hPa (air) with additional
iodine vapor as reactive species, we found a perfectly micro-
conical structured surface to be formed with nanosecond laser
pulses. The resulting surface structures were proven to be free
of residual halogens. The application of nanosecond instead of
femtosecond laser pulses for the surface structuring process
allows to apply significantly less complex laser sources.

1. Introduction

Femtosecond (fs) laser microstructuring is a versatile technol-
ogy to target the surface structure and surface properties of
various materials ranging from metals to semiconductors and
ceramics. Recent reviews summarize the range of substrates,
achievable surface structures and applications of the laser
structured surfaces.[1–3] A special focus is given to the micro-
conical surface structure, often denoted as columnar structures,
spikes, nanowhiskers, and bumps, which is referred to “the
most common microstructure” in femtosecond laser
processing.[2] These structures provide a large increase in the
specific surface area, the cones can act as light traps, surface
adhesion can be adjusted precisely and various more surface
properties can be optimized.[4–8] On aluminum, femtosecond
laser structuring is challenging due to its low melting point (see
Table 1) and high thermal conductivity.[9] Nevertheless, homo-
geneously microconically structured surfaces of aluminum have
been reported in literature.[10–15] The resulting surfaces provide

the expected unique properties strongly differing from the
plane metal. Characteristic features of the microconical alumi-
num surfaces include controlled light absorbance[13,14] and
targeted wettability/adhesion[15] properties (superhydrophobic
aluminum). Figure 1a visualizes a microconically structured
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Figure 1. SEM images of aluminum surfaces treated with laser pulses. a)
Femtosecond laser pulses (λ=800 nm, τ=60 fs, J=2.61 Jcm� 2, N=250,
f=10 kHz, Sspot=100 μm, Dline=100 μm, N2 atmosphere). b) Single nano-
second laser pulses (λ=1064 nm, τ=2 ns, J=12.73 Jcm� 2, Sspot=100 μm,
air).
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aluminum surface obtained by femtosecond laser ablation with
60 fs laser pulses.

In contrast to femtosecond laser microstructuring, nano-
second (ns) laser pulses generally lead to other mechanisms of
material ablation and surface structuring.[16–18] Material ablation
is combined with melting processes and the resulting structure
is dominated by molten and resolidified material.[18] This effect
is visualized in Figure 1b, which represents a series of single
pulses with a pulse width of 2 ns on an aluminum surface. The
molten aluminum solidifies around the crater of each laser shot.
Still, there is a strong motivation for nanosecond laser
structuring. In general, ns laser systems are much more stable
and cost-effective in comparison to fs laser setups.[19] Con-
sequently, various examples in literature describe nanosecond
laser structured aluminum surfaces.[20–25] In all these examples,
melting processes during the surface structuring process are
clearly visible in scanning electron microscopic (SEM) or laser
scanning microscopic (LSM) images. It must be noted that
regular columnar surface structures have been achieved by ns
laser structuring, yet the column distance is larger by one order
of magnitude in comparison to the irregular microconical
surface obtained by fs laser structuring. This is explained by
different mechanisms leading to the microcolumns. The origin
of the columns is based on crossings of molten grooves in case
of ns laser structuring in contrast to the self-organized micro-
structures formed during femtosecond laser ablation.[10,21]

Besides the physical parameters, the surrounding gas
atmosphere during laser irradiation significantly affects the
structuring process. Reactive gases can lead to additional
etching processes on the surface. For example, on silicon and
steel an SF6 atmosphere during the structuring process with
femtosecond laser pulses has been reported to form deeper or
sharper and finer structures.[4,10] Recently, we reported on a
comparison of the microconical surface structure on titanium
realized by near-picosecond (750 fs) pulses from a high-power
laser setup in the presence of reactive gases to the surface
obtained with the usual 60 fs pulses of Ti:sapphire laser.[26] C. H.
Crouch, E. Mazur et al. demonstrated that silicon can be
structured towards a coarser microconical surface with 30 ns
pulses from a KrF+ Excimer laser at 248 nm in the presence of
SF6.

[5] The resulting cones are approx. 5 times larger than in case
of the sample irradiated with fs laser pulses, but clearly based
on self-organized processes.

Here, we investigated the surface structuring of aluminum
with a robust Nd:YAG laser source with 6 ns laser pulses in the

presence of various reactive gases. Since both aluminum as well
as nanosecond laser pulses favor melting processes, a careful
parameter selection has been performed. To the best of our
knowledge, we report for the first time on a homogeneous
microconical surface obtained on aluminum by self-organizing
processes induced from nanosecond laser pulses.

2. Results and Discussion

The nanosecond laser source applied here is a robust Nd:YAG
laser with a center wavelength at λ=1064 nm, a pulse length
of 6 ns, a maximal pulse energy of E=50 mJ and a pulse
repetition rate of f=20 Hz. To investigate the ablation process
in the presence of reactive gases (Figure 2a), all experiments
have been performed within a stainless-steel chamber (Fig-
ure 2c) equipped with an NIR transparent glass window,
temperature and pressure sensors, inlet and outlet valves and
electric heating. First, the laser parameters have been optimized
at air to obtain a homogeneously structured surface without
grooves formed by the incident laser beam. The theory of laser
ablation of aluminum with femtosecond and nanosecond laser
pulses is well investigated in literature.[9–11,27–31] The ablation
threshold for femtosecond pulses is given at J=0.4 Jcm� 2

(180 fs at 775 nm).[9] The ablation threshold for 5 ns pulses at
1064 nm is given at a fluence of approx. J=5 Jcm� 2,[28,30] which
is roughly 10 times larger than the femtosecond ablation
threshold and readily explained by the reduced peak power. A
second threshold is reported above a fluence of J=15-30 Jcm� 2

(for 5 ns pulses at 1064 nm), at which a sudden increase in
ablation occurs due to phase explosion processes.[29,31] These
processes lead to sharp pits in the center of the ablated
region.[32] To achieve a homogeneous surface structure, these
pits are undesired. Consequently, a laser fluence between these
two thresholds has been chosen here. Parameter variation was
started with a fluence of J=20.7 Jcm� 2 at a pulse diameter of
S=555 μm. The LSM image of a single crater with these
parameters reveals the complete absence of deep pits and
presents a homogeneously ablated region (see Figure S2 of the
Supporting Information). Scanning the aluminum surface with
these parameters and N=11 pulses per spot at a line distance
of D=400 μm revealed isolated molten lines on the surface
(see Figure S3). By reducing the line distance and increasing the
spot size, the surface structure developed more and more
homogeneously towards a porous and rough surface (see

Table 1. Physical properties of aluminum, the reagents and reaction products discussed here.

m.p.[33]

[°C]
b.p.[33]

[°C]
Vapor pressure[33]

[hPa] at 25 °C
Electronegativity[33]

Al 660 2519 – 1.6
Al2O3 2053 ~2975 – –
O2 � 219 � 183 >1013 3.4
H2O 0 100 32

199 (60 °C); 474 (80 °C)
–

I2 114 184 0.3[34]

0.16 (18 °C); 1.0 (40 °C)
2.7

AlI3 188 382 <0.0007[35]
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Figures S3–S7 for selected examples). The final laser parameters
with a fluence of J=9.80 Jcm-2, a spot diameter of S=806 μm, a
number of pulses per spot of N=16 and a line distance of D=

25 μm led to aluminum samples with a dark grey surface
appearance. The SEM image (Figure 3b) reveals the micro-
structure, which differs significantly from the sharp grooves
typically achieved in ns laser structuring, which is explained by
the large spot diameter, comparably low fluence and strongly
overlapping lines. The structured aluminum sample provides a
significantly increased surface roughness compared to the

plane surface (see Table 2 for all surface properties), yet the
surface is not strongly structured and not comparable to the
microconical surface of Al-ref obtained with fs laser pulses
(Figure 1a). The chemical surface composition determined by
energy-dispersive X-ray spectroscopy (EDX) reveals a significant
amount of 48 atom-% of oxygen, indicating an aluminum oxide
layer formed during laser processing at air. The dull appearance
of the surface is confirmed by reflective UV/Vis spectroscopy,
which reveals an absorptivity of roughly 84% (at 600 nm).
“Black metals” are a common feature obtained by femtosecond

Figure 2. Sketch of nanosecond laser structuring a) in the presence of reactive gases and resulting surface chemistry, b) processed in the presence of iodine
and formation of low boiling aluminum triiodide, and c) photographic image of the processing chamber with iodine vapor at a total pressure of 20 hPa at
40 °C.

Figure 3. SEM images of aluminum samples: a) untreated surface, b)–i) laser structured with nanosecond laser pulses at (b) air, (c) nitrogen, (d) oxygen, (e)
water (l) at 25 °C (left) and 60 °C (right), (f) water vapor at 60 °C (left) and 80 °C (right), (g) iodine/air (1013 hPa), (h) vacuum (20 hPa), and (i) iodine/vacuum
(20 hPa). Laser parameters: λ=1064 nm, τ=6 ns, J=9.80 Jcm� 2, Sspot=806 μm, N=16, Dline=25 μm for all samples except (c): Sspot=718 μm, Dline=75 μm.

ChemPhysChem
Articles
doi.org/10.1002/cphc.202000418

1646ChemPhysChem 2020, 21, 1644–1652 www.chemphyschem.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Montag, 03.08.2020

2015 / 171154 [S. 1646/1652] 1

https://doi.org/10.1002/cphc.202000418


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

laser processing.[13,14] In contrast, the reference sample Al-ref
obtained with fs pulses provides an absorptivity of only 77%.
This is readily explained by the surface composition, which
reveals Al-ref to consist of 91% pure aluminum and conse-
quently reflecting significant amounts of light. Repeating the
femtosecond laser structuring process in the presence of air
leads to a deep black aluminum surface (see Figure S15) but
with a less pronounced surface structure covered with a porous
oxide layer (see Figure S11). The deep black color can be
explained by a combination of structural parameters (light trap)
and the chemical surface composition here. Oxygen-deficient
aluminum oxide reveals a dark color[36] and consequently the
combination of a structured surface and the aluminum-rich
oxide layer leads to the black appearance. This assumption
matches with the absorptivity of 84% obtained for the nano-
second laser processed sample, since the oxide layer leads to
absorption processes, but the surface structure is not sufficient
to support complete light absorption.

Surface structuring with nanosecond pulses has been
repeated in a nitrogen atmosphere to determine the influence
of oxidation processes. The resulting surface (see Figure S10) is
less homogeneous than in the presence of oxygen and surface
structuring processes are visibly reduced. The chemical surface
composition reveals a surprisingly high amount of oxygen of
44 atom-% (in contrast to 3 atom-% oxygen for the sample
processed with femtosecond laser pulses under a nitrogen
atmosphere). Since during ns laser processing the hot, molten
aluminum surface is exposed to the nitrogen atmosphere,
partial formation of aluminum nitride (AlN) can be assumed.
AlN decomposes upon contact with wet air and aqueous
cleaning of the samples to aluminum hydroxide, which can
explain the resulting oxygen content. As an interesting aspect,
the typical periodic parallel lines induced by laser irradiation
(laser induced periodic surface structures, LIPSS[37]) have been
detected with a periodicity of approx. 1 μm in the sample. The
effect is more pronounced by laser processing with an
increased line distance of 75 μm and is visualized in Figure 3c.
These LIPSS have not been detected for any sample in the
presence of reactive gases at any parameter set during this

work and visualize the domination of etching processes in the
presence of additional reactants.

Switching to pure oxygen at 1013 hPa as first reactive
species and applying the given parameter set for nanosecond
laser structuring revealed a slightly coarser surface structure
(Figure 3d). The chemical composition shows an oxygen
content of 58 atom-% O, which matches nicely with the
formation of aluminum oxide (Al2O3, 60 atom-% O). The surface
appearance is dark grey, again readily explained by the slight
oxygen deficiency and formation of dark aluminum oxide.[36]

The absorptivity of the surface is uniformly around α=90%
across the visible spectrum (see Figure 4e). The water contact
angle of the sample processed in an oxygen atmosphere
indicated superhydrophilicity (Table 2). In general, contact
angles of laser processed surfaces must be discussed with
caution, since freshly prepared surfaces are usually super-
hydrophilic while they switch to superhydrophobic after some
days. Reasons for the change of the contact angle are
condensation reactions of terminal hydroxide groups on the
metal surface (M� OH) towards metaloxane bridges and a
surface coverage with organic impurities.[21,38,39] Here, contact
angles have been documented one week after laser processing.
The superhydrophilicity of the sample Al� O2 is in clear contrast
to the bare aluminum surface or the surface obtained after laser
processing at air or the fs laser processed sample, respectively.
The superhydrophilicity is in accordance with the chemical
analysis and can be explained by a porous oxide layer.

The thermal emissivity of the samples has been measured
at 100 °C by MIR imaging as an additional surface property,
which can be tailored by femtosecond laser treatment.[2] The
sample structured in presence of oxygen reveals a strong
increase in emissivity from ɛ=9% (plain aluminum surface) to
ɛ=83% (see Figure 4d). Again, this effect can be explained by a
combination of surface structuring and chemical composition.
The emissivity of bulk alumina (Al2O3) is reported to approx. ɛ=

80% at 100 °C matching with this result.[40] In contrast, the
oxide-free, but structured surface of the sample Al-ref proc-
essed with fs laser pulses reveals an emissivity of ɛ=39%.
Overall, the oxygen atmosphere changes the surface chemistry
towards an oxide layer but does not significantly assist in the

Table 2. Properties of the aluminum surfaces treated with 6 ns laser pulses in various atmospheres.

Sample Atmosphere
(at 25 °C)

Surface composition
[atom-%]

Θ[a]

[°]
ɛ[b]
[%]

α[c]

[%]
Ra

[d]

[μm]
Surf. enlargement
factor[d]

O I

Al untreated 7.1�0.3 – 63�3 9�2 36 0.40�0.05 1
Al-ref[e] N2 2.7�0.4 – !180 39�2 77 4.4�0.9 7
Al-air air 48.0�3.9 – 118�3 30�3 84 1.8�0.1 2
Al� N2 N2 43.7�3.6 – 131�3 36�8 – 1.5�0.1 2
Al� O2 O2 57.7�4.7 – !0 83�6 88 1.9�0.5 2
Al� H2O(l) water 10.4�0.8 – 109�3 10�2 – 1.3�0.2 2
Al� H2O(g) steam (60 °C) 63.9�3.1 – !0 53�11 90 0.7�0.1 2
Al� I2 air+ I2 33.0�2.6 0.02�0.03 138�3 17�3 – 0.8�0.2 2
Al-vac 20-30 hPa 15.0�1.1 – 129�3 9�1 – 1.1�0.1 2
Al-vac-I2 20-30 hPa+ I2 1.9�0.3 0.02�0.04 !180 25�6 56 4.8�0.8 9

[a] Contact angle, measured with water 1 week after laser structuring. [b] Thermal emissivity, at 100 °C. [c] Absorptivity, at 600 nm. [d] Surface roughness and
enlargement factor, measured by LSM. [e] processed with a Ti:sapphire laser setup and 60 fs pulses under N2 atmosphere for comparison (see Figure 1a).
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structuring process. This may be explained by the high boiling
point of aluminum oxide (Table 1). Oxides formed during ns
laser irradiation do not evaporate from the surface.

Since aluminum is known to be attacked by water, surface
structuring was repeated in liquid phase and the aluminum
plate was immersed 1 cm below the water surface. Laser
structuring of aluminum in liquid-confined environment has
been investigated in literature and generally proceeds well.[41,42]

Explosive water evaporation and shock compression have been
given as reasons for an increased ablation rate. With the
standard parameter set here, a homogeneous surface covered
with resolidified melt in form of a wavy structure has been
obtained (Figure 3e, left). Obviously, melting processes have
dominated surface structuring in this case. The chemical surface
composition is in accordance with the absence of chemical
reactions and presents basically an aluminum surface. Con-
sequently, the contact angle of Θ=109° is in agreement with a
structured aluminum surface and the emissivity matches with
pure aluminum, too. The ns laser structuring process has been
repeated with water at a temperature of 60 °C (Figure 3e, right).
Basically the same observations have been made. The surface
structure is significantly coarser and larger amounts of material
are molten towards larger solidified structures, yet etching
processes are absent. Overall, water was found to be too
unreactive to assist in material ablation.

Since cooling processes seemed to dominate in liquid water,
hot water vapor was applied as reactive medium in contrast to
liquid water. The vapor pressure of water was adjusted by the
chamber temperature to 200 hPa (60 °C) and 470 hPa (80 °C),

respectively (Table 1). The SEM images reveal a surface structure
close to the structure achieved at air and at oxygen (Figure 3f).
The chemical composition of the sample Al� H2O(g) obtained at
60 °C is in clear contrast to the surface obtained in liquid phase
confinement and reveals an oxygen content of 64 atom-%. This
value is above the theoretical maximum for alumina (Al2O3,
60 atom-% O). Consequently the formation of aluminum
hydroxide [Al(OH)3, 75 atom-% O (excluding H, invisible in EDX)]
and alumina monohydrate (AlO(OH), 66 atom-% O) can be
assumed. Initially, the formation of Al(OH)3 is to be expected
upon reaction of Al with water. At elevated temperatures,
stepwise condensation of aluminum hydroxide to alumina
monohydrate and alumina takes place.[43] The EDX analysis
matches quite well with slightly oxygen-deficient AlO(OH),
which is in agreement with the dark black surface color
(absorptivity around α=90%) again. The thermal emissivity is
rather low at ɛ=53% and the MIR image at 100 °C reveals a
significant inhomogeneity (see Figure S13) although the surface
structure is visibly and according to SEM completely homoge-
neous. Consequently, we assume a mixture of the aluminum
hydroxides to be formed at the conditions of the ns laser
surface treatment in a water vapor atmosphere. Switching to
water vapor at 80 °C and increasing the vapor pressure to
470 hPa did not significantly change the structuring process
(Figure 3f, right).

Since the formation of high-boiling oxides inhibited deeper
structuring processes in all the cases discussed above, halogens
had been applied as additive to ns laser structuring. The
concept is presented in Figure 2b. Halogens react readily with

Figure 4. a) SEM image of a large surface area from the sample Al-vac-I2 treated with 6 ns pulses at 20 hPa in the presence of iodine, b) close-up view of a
single microcone, c) depth information of Al-vac-I2 obtained from LSM, d) thermal emissivity MIR images at 100 °C for the sample processed with femtosecond
laser pulses Al-ref (left), processed with 6 ns pulses at 20 hPa in the presence of iodine (Al-vac-I2, middle) and with 6 ns pulses in the presence of oxygen
(Al� O2, right), and e) UV/Vis reflectance spectra (black: untreated Al, blue: Al-ref, beige: Al-vac-I2, green: Al� O2 and dark green Al� H2O(g) (processed with 6 ns
pulses in water vapor at 60 °C).
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aluminum, can etch the surface and the resulting aluminum
halides provide low boiling points. Consequently, the surface is
not protected by an oxide layer any longer. First, bromine was
investigated as additive at ambient conditions. Bromine assists
in the laser structuring of titanium surfaces with picosecond
laser pulses.[26] Unfortunately, the reactivity of bromine towards
aluminum is too high and together with a comparably high
bromine concentration caused by the vapor pressure of
250 hPa (see Table 1), the aluminum surface was massively
attacked by bromine before laser irradiation was performed
(see Figure S12 of the supplementary material). Consequently,
iodine was applied as least reactive halogen. The processing
chamber saturated with iodine vapor reveals an intense violet
appearance (see Figure 2c), but at the wavelength of the
incident laser beam at 1064 nm iodine is completely NIR
transparent[26] and absorption processes can be disregarded.
Owed to the low vapor pressure of iodine of 0.3 hPa at 25 °C,
the total amount of iodine inside the chamber is low. The
chamber with a volume of 0.65 L provides approx. 0.01 mmol
iodine. Assuming an ablation of a layer of 10 μm aluminum (see
below) would require a stoichiometric amount of 0.15 mmol
iodine per 1 cm2 (see Figure 2b). Consequently, an iodine
reservoir with excess iodine was kept inside the chamber during
laser processing to keep the iodine concentration constant. At
ambient pressure with additional iodine in air, the ns laser
processed structure did not significantly differ from ns laser
structuring at pure air (compare Figure 3b and 3 g). The grainy
structure appears slightly more pronounced and deeper
although this is not confirmed by the surface roughness. As an
interesting aspect, the elemental composition reveals a signifi-
cantly reduced amount of oxygen of 33 atom-% O for the
sample processed in the presence of iodine (Al� I2) in compar-
ison to the sample processed at air (48 atom-% O). This
observation has been confirmed by the reduced emissivity of
ɛ=17% and proves the general concept of halogens as additive
to reduce surface protection from an oxide layer to be
applicable. Fortunately, residual iodine was not detected on the
surface (see Table 2).

Since the fraction of iodine in comparison to oxygen was
too low to significantly affect the structuring process, ns laser
structuring was repeated at a reduced pressure. Surface
structuring of aluminum with nanosecond laser pulses at a
reduced pressure has been investigated in literature.[44] The
ablation depth is significantly increased by a factor of two for
the fluence of 10 Jcm� 2 applied here at high vacuum and at
13 hPa in an inert gas atmosphere in comparison to 1013 hPa
at air.[44] With the standard parameter set applied here at
20 hPa, a pronounced surface structure has been observed
(Figure 3h). The surface is covered by broad, flat but regular
bumps. Looking at the structure more closely reveals fine pores,
which may be formed by boiling aluminum. The boiling point
of aluminum is reached during ns laser processing, for example
up to a depth of 3 μm in the material with 10 ns pulses.[45]

Unlike our observations for femtosecond laser processing in
vacuum,[26] the glass window of the processing chamber
remained clean during ns laser processing at 20 hPa and laser
structuring of larger surfaces is achieved without problems. As

expected, the chemical composition of the surface processed at
the reduced pressure reveals a low amount of 15 atom-% O and
the emissivity of ɛ=9% does not differ from the bare aluminum
surface. The contact angle of Θ=129° reveals hydrophobicity,
which is in accordance with a basically oxide-free, but
structured surface.

Repeating the ns laser treatment with the same parameter
set at a pressure of 20 hPa, but in the presence of iodine
(0.3 hPa at 25 °C) revealed a strong impact on the surface
structuring process. The combination of etching processes and
the formation of low boiling AlI3 (see Table 1) led to a surface
coverage with well-defined microcones (Figure 3i). The cones
are clearly not formed at distinct spots on the surface such as
crossings of laser-structured lines, but by self-organizing
processes. The tip of the cones reveals as a sharp spike, which
can be seen as a further indication for etching processes. The
chemical surface composition reveals an amount of only
2 atom-% of oxygen. These findings back the expected
mechanism of material ablation by aluminum iodide formation
and evaporation. The surface consists basically of pure alumi-
num (92 atom-% Al) comparable to the fs processed sample Al-
ref (91 atom-% Al). Consequently, the reflectivity (α=56%) is
still rather high, despite the conical structure motif. This is in
accordance with the sample Al-ref as discussed above. The
surface of Al-vac-I2 was proven to be iodine-free (Table 2).
Fortunately, the application of iodine to assist the laser
structuring process does not lead to a contamination of the
surfaces with halides. In accordance with the absence of
aluminum oxide, the thermal emissivity of ɛ=25% is rather low
(see Figure 4d), which is in consistence with the fs laser
processed sample. In accordance with the SEM images, the
surface roughness of the sample is significantly increased in
comparison to all other ns laser processed samples discussed
here. The arithmetic average of the roughness Ra is determined
to 4.8 μm, which is comparable to the reference sample (Ra=
4.4 μm). The height of the microcones has been analyzed by
LSM (Figure 4c). and reveals an average height of 10–15 μm for
each tip, which is in good accordance with fs laser processed
microconical surfaces. The pillar density has been calculated to
0.01 cones μm� 2, which matches with the range of self-
organized microconical surfaces obtained by femtosecond laser
micromachining.[5,46] The surface enlargement factor, i. e. the
surface area compared to the plane surface, is calculated to 9,
which demonstrates the pronounced surface structure. It must
be noted, that BET measurements usually reveal a larger surface
area, which can be explained by a porosity not recognized by
the LSM.[47] Figure 4a visualizes the homogeneity of the micro-
conical structure on larger areas. We found samples of 2×2 cm2

to be processed without any problems. Due to the low vapor
pressure of iodine, the amount of halogen consumed during
the laser structuring process of the large sample is around
100 milligrams. Looking at the microcones more in detail by
high-resolution SEM (Figure 4b) visualizes porous substructures
of the cones, possibly caused by etching processes, and reveals
some molten areas on the sub-micrometer scale. Overall, the
cones provide a very well-defined and bare appearance, which
matches with the chemical composition.
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The formation of the cones has been investigated more in
detail. From a chemical point of view, the iodine concentration
within the chamber has been varied. Since the vapor pressure
of iodine shows a strong dependence on the temperature
around 25 °C, the partial pressure of iodine was halved from
0.3 hPa to 0.16 hPa by reducing the temperature from 25 °C to
18 °C. The SEM images (see Figure S8) demonstrate, that
sufficient etching is not observed any longer and the cones are
not isolated, but partly connected to a larger structure.
Increasing the temperature to 40 °C (v.p.(I2)=1 hPa) leads to
strong etching and deep channels formed on the surface, but
melting processes start to dominate the structure building
process (see Figure S8).

From a physical point of view, structure formation can be
discussed looking at the edge of the structured area. According
to the scanning speed of the pulsed laser beam, each spot on
the surface is hit by a train of N=16 pulses. Since a large laser
spot diameter of approx. 800 μm has been applied and the lines
on the sample have been scanned with a line distance of D=

25 μm during ns laser processing, the number of laser pulses on
each spot on the surface summarize to 16×32=512 pulses per
spot if these additional pulse trains are taken into account. At
the upper and lower border of the structured area, a boundary
zone with a diameter of 400 μm exists, in which the number of
pulses on each spot increases from 16 pulses to 512 pulses by
16 pulses every 25 μm. Figure 5 visualizes this peripheral zone
of the structure and indeed it takes the full 400 μm until the
microconical structure is achieved, which then is homogene-
ously covering the surface. Starting at the plane surface
(bottom left), first slight etching processes, then channel
formation and finally the microcones evolving from the
channels are visible. With different parameter sets applied at
the same ambient conditions, e.g. increasing the line distance
to D=50 μm or increasing the scanning speed and conse-
quently reducing the number of pulses of each pulse train to
N=8, conical structure formation is absent. Consequently, we
can assume that 512 laser pulses are necessary to form the

microconical structure. Interestingly, these findings match well
with the observations documented in literature for microconical
surface formation by femtosecond laser irradiation.[10,48] First,
ripples are formed and an increasing number of pulses per spot
leads to microgrooves and initial microconical structures,
followed by intensifying of the structure and finally large pillar
formation with a height of 10 μm if the number of pulses
reaches 120–300.[10,48]

Directly contrasting the femtosecond laser processed
sample Al-ref and the sample Al-vac-I2 processed with nano-
second laser pulses in a iodine atmosphere at 20 hPa visualizes
the similarity of the structures (Figure 6). The homogeneous
dull appearance on a macroscopic scale (Figure 6a) as well as
the conical structure of the same dimension on a microscopic
scale (Figure 6b) appear similar. Together with an identical
chemical surface composition, the surface properties match
with each other. The water contact angle of both structures
reaches superhydrophobicity (Figure 6c). The superhydrophic
surface is readily explained by water droplets positioned on top
of the columnar structures with air filling the gap between the
cones.[48]

Figure 5. Development of the surface structure beginning at the edge of the
ns laser processed area on the plane aluminum plate (bottom left) towards
the homogeneous microconical surface (top right) with increasing number
of overlapping laser processed lines.

Figure 6. Aluminum surface treated with 60 fs laser pulses in a nitrogen
atmosphere (Al-ref, left) and 6 ns laser pulses in an iodine/air atmosphere at
20 hPa (Al-vac-I2, right). a) Photographic image, b) SEM image, and c) water
contact angle.
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3. Conclusions

Femtosecond laser microstructuring allows to achieve unique
surface structures and surface properties by self-organizing
processes. In contrast, nanosecond laser structuring favors
melting processes and surface structures are frequently not
obtained by self-organizing processes, but macroscopically
designed by the path laser beam. As a consequence, the
resulting structures are dominated by molten and resolidified
material und usually larger by one order of magnitude.

The addition of reactive gases to initiate etching processes
on the laser-processed area can be applied in laser micro-
structuring to achieve sharper and deeper structures. Here, we
investigated the addition of reactive gases to the structuring
process of aluminum with 6 ns laser pulses. Due to its low
melting point, molten structures are strongly favored on
aluminum. In an oxygen and water vapor atmosphere, the
surface was found to be covered by oxide and hydroxide layers,
while etching processes were inhibited. In contrast, the addition
of iodine at a reduced total pressure of 20 hPa strongly
increased etching and structure formation on the aluminum
surface. At a comparable weak laser fluence of 10 Jcm� 2, a
homogeneous surface structure covered with microcones was
achieved by self-organizing processes. The height and density
of the microcones is comparable to the structure obtained by
femtosecond laser micromachining. Consequently, the chemical
and physical surface properties showed up to be nearly
identical, too.

The moderate vacuum conditions of 20 hPa and the low
vapor pressure of iodine lead to a convenient process handling.
Minimal amounts of iodine are sufficient to saturate the
atmosphere within the chamber. Larger surfaces could be
processed without impairing the quality of the microstructure.
Upcoming work focuses on an extension towards further
materials and the integration of high-power fiber lasers to
speed-up the process.

Experimental Section
Plates of aluminum (99.5+%) with 0.8 mm thickness (rapa GmbH)
have been cleaned by ultrasonication with acetone and deionized
water. All chemicals have been obtained from Sigma Aldrich unless
stated differently. Iodine, bromine, oxygen (Linde), nitrogen (Linde)
and sodium thiosulfate have been used as received. Reflective UV/
Vis Spectra have been recorded with a Jasco V650 spectrophotom-
eter equipped with an integrating sphere (Jasco ISV-722). Diffuse
reflectance spectra are referenced to a standard white sample
(reflectivity 1=100%) from Jasco. Absorptivity values α have been
calculated according to α+1=1. Emissivity measurements have
been taken at 100 °C with a Testo T885 MIR camera. Contact angles
have been measured from photographic images with water
droplets of a volume of 10 μL on the samples. Contact angles have
been measured 30 s after application of the drop and 1 week after
laser processing of the sample. Scanning electron microscopy (SEM)
images have been taken with an EVO MA10 (Zeiss) SEM operated at
10 kV. Elemental composition of surfaces has been determined with
an energy dispersive X-ray spectroscopy (EDX) unit (Bruker XFlash
6/30) integrated in the SEM at 10 kV with a penetration depth
resulting from the voltage of the electron beam of approx. 1 μm in

aluminum. High resolution SEM images have been taken with a
Zeiss DSM 982 Gemini microscope with field emission cathode. A
laser scanning microscope (LSM) operated at 408 nm (Keyence VK-
X200) has been used for microscopic depth information and the
determination of surface roughness.

Our general setup for laser surface processing with femtosecond
pulses has been described previously.[49] Here, a Nd:YAG nano-
second laser source (Big Sky Ultra) with a centre wavelength of λ =

1064 nm and a pulse length of τ = 6 ns has been integrated in the
setup. Spot diameters are given at the threshold width of 1/e2.
Besides the preliminary parameter variation, the following parame-
ters have been applied for all final samples at reactive gas
atmospheres. A spot diameter of approximately S=806 μm on the
surface has been adjusted by a 420 mm f-theta objective. The
average optical laser output power of P=1 W leads to a pulse
energy of E=50 mJ and a laser fluence of J=9.80 Jcm-2 at a
repetition rate of f=20 Hz. The scanning speed of v=0.001 m/s of
the laser beam on the surface results in every spot on the surface
to be hit by a number of N=16 laser pulses. Areas of 5×5 mm2

(parameter variation) and 2×2 cm2 (final samples) have been
irradiated in lines with a line distance of D=25 μm. All experiments
have been performed within an air-tight stainless-steel processing
chamber (inner diameter 10 cm) equipped with a borosilicate
window, temperature and vacuum sensors and 2 inlet and outlet
valves positioned on an 800 W heating plate. The total volume of
the chamber is 0.65 L. The inner atmosphere of the chamber has
been exchanged by repeated evacuation and flushing with oxygen
or nitrogen, equilibrated with the vapor pressure of bromine or
iodine at ambient pressure or in vacuo for 1 h or with water vapor
at the desired temperature. All samples have been cleaned by
ultrasonication in deionized water for 5 min. Samples have been
stored at ambient conditions. The processing chamber has been
rinsed with sodium thiosulfate solution after all experiments with
halogens.

For comparison, samples have been processed with a Ti:sapphire
laser source with t=60 fs laser pulses at a wavelength of 800 nm
according to a setup reported previously.[47] Samples treated with
τ=2 ns pulses from a fiber laser at ambient air have been obtained
from Trotec.
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