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ARTICLE INFO ABSTRACT

Keywords: This work studies the combination of direct femtosecond laser structuring of metal surfaces and Spatial Atomic
LIPSS Layer Deposition (SALD) of metal oxides as a novel approach to generate colours on different types of day-to-day
ISACI;D metallic objects. In particular, a stainless-steel knife and an outdated 25 ct Dutch florin coin have been selected
riaescence

Interference colours
Laser

for the study. Our results show that it is possible both, to preserve the iridescence properties produced by laser
processing and to tune the final metal surface colour by controlling the thickness of the ZnO coating. At the same

time, this oxide coating could act as a protecting layer for the original material. We thus explore two different
strategies to generate colour, namely, iridescence and interference, which can be even developed selectively.
This novel methodology to colour metallic surfaces is a promising route to achieve cheap, scalable, and high-
throughput processing methods and opens up a new avenue of possibilities and applications related to colour.

1. Introduction

Colours are essential to humanity in their visual perception of the
world, serving as media, as a symbol, or as adornment. It is difficult to
mention a branch of human activity in which colour would not occupy a
significant position, either from an artistic-aesthetic point of view, or
from the psychophysiological perception and reaction to colour [1].
Therefore, one of the main interests of materials science and engineering
is to generate more accurate colours using structural and functional
coloured materials, even with the development of modern and more
sustainable techniques.

Nature has three main sources of generating colours: pigments,
structural colours, and bioluminescence. In case of structural colours,
the colour is produced by micro- or nano-structures, as a result of
different physical phenomena related to film interference, diffraction
grating, scattering and photonic crystals [2]. In addition, these processes
involved in structural colouration can be a promising route to obtain
brilliant and dazzling colours, for decoration purposes, adaptive
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camouflage, or label marking, among others.

Several fabrication methods can be used to generate a structural
colour. These include, for instance, electron beam lithography [3,4],
two-photon polymerization lithography [5], ion beam lithography [6,
71, ion milling [8] or nanoimprint lithography [9,10]. However, these
methods exhibit a slow fabrication rate, require highly precise and costly
equipment, and, as a consequence, the working surfaces are limited.
Therefore, they are not suitable for the large-scale production of cost
effective coloured surfaces [11].

Lasers have been used to generate coloured surfaces using two
different physical processes. In the first one, by controlling the thickness
of an oxide layer on top of the metallic surface [12,13]. In the second
one, by generating a nanostructure that behaves as a diffraction grating
on the metallic surface [14,15]. The generation of Laser Induced Peri-
odic Surface Structures (LIPSS) has emerged as a mask-free, flexible,
versatile, and cheap contactless approach to modify surface properties.
Furthermore, this colour-production method provides additional
inherent advantages to laser processing. These include environmentally
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respectful methodology and the capability of modifying complicated
shapes with a simple single-step process [12,16]. The most characteristic
feature of LIPSS is that they behave as diffraction gratings, causing the
surface to exhibit different colours at different viewing angles (angle--
dependent), a phenomenon called iridescence. As the colouration effect
depends on the angle of illumination and observation, the orientation of
the ripple pattern relative to these angles and the LIPSS period are the
dominant parameters [11,16-18].

According to a generally accepted theory, the spatial ripple period
(A) is directly related to the laser wavelength (1), so that, the structural
patterns are normally equal to or smaller than A [19-21]. The LIPSS
structure period, which gives rise to these iridescence patterns, has been
found to be related to the laser irradiation wavelength and the optical
properties of the material. The relation between A and A define two
groups of nanostructures: Low-spatial frequency LIPSS (LSFL) with A >
/2 and high-spatial frequency LIPSS (HSFL) with A < A/2. In metals,
LSFL, usually called ripples, are mainly characterized by A ~ 2, and they
are oriented near perpendicular to the beam polarization [22]. This
offers the opportunity of generating different regions of the surface with
different ripple geometries. As a consequence, when white light is
irradiated from different directions on those nanostructured surfaces,
different patterns can be selectively displayed [16,23].

LIPSS-based direct laser structuring can be used to generate colours
on a wide variety of metals. These include, for example, gold, silver,
copper, aluminium, steel and titanium [17,24]. Accordingly, colour can
be induced in metal alloys commonly used in day-to-day objects and it
can, therefore, exhibit a great potential for numerous industrial, com-
mercial, and technical applications [16].

After laser processing, however, the surface of the material may
become more reactive, leading to oxidation and/or other reactions that
may degrade the irradiated surface in contact with ambient and reactive
atmospheres [25,26]. As a consequence, the iridescent metal surfaces
may need a protection coating [18]. Nevertheless, it is widely known
that some metals are naturally resistant to corrosion as a result of
nanometer-thick native oxide layer formation on their surface [27]. The
latter could provide additional benefits and even new functionalities
[28,29]. To begin with, the thin oxide layer can be used to tune the
surface colour. In the case of ZnO for example, it also shows strong
antibacterial activity against E. coli and S. aureus bacteria, good me-
chanical durability and enhanced anti-stain qualities [30]. It would be
therefore convenient to deposit an oxide thin film such as a ZnO coating
over the nanostructured metal surface. The film should be deposited
with a fine control of the thickness and conformal enough so that the
nanostructured surface morphology is maintained.

In this context, Atomic Layer Deposition (ALD) appears as an
adequate technique to deposit such protective layers with thicknesses in
the nanometer range and good conformality. ALD is a chemical gas-
phase deposition technique that uniquely relies on the alternate puls-
ing of precursors, separated in time, that react with the surface in a self-
limiting manner [31,32]. These characteristics result in the development
of homogeneous ultra-thin coatings with atomic-scale control of mate-
rial thickness and composition, even on non-planar substrates and
complex features, for example, nanorods, nanowires, deep trenches,
nanoparticles, and mesoporous and nanoporous surfaces [31,33].
However, ALD has a low deposition rate and is mostly performed in
vacuum conditions. These represent drawbacks for the industrial
application of ALD for low-cost, low-added value applications.

Recently, Spatial ALD (SALD) has emerged as an alternative ALD
approach [34,35]. This novel technique is based on separating the
precursors in space rather than in time [36]. As a result, there is no need
for the typical ALD purge steps and deposition rates become up to a
hundred times faster [37,38]. Additionally, the deposition using SALD
can be easily performed at atmospheric pressure for several applications.
Similar to ALD, highly conformal coatings with a fine thickness control
can be obtained via SALD. Therefore, this process is more suitable to
scale up and for industrial and commercial applications [39].
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Furthermore, as stated above, the deposited SALD thin films can tune
and modify the colour generated by the laser surface treatments, hence,
create different colour schemes, and add new functionalities. In this
case, the colour is generated by the interference effects due to the
thickness of the deposited SALD coating and the passivation oxide layer
formed after the laser treatment [18]. The SALD approach also offers the
possibility of coating direct patterning [34], which could facilitate the
generation of different colours in different regions. Finally, the spatial
approach permits to have both ALD and CVD deposition conditions, thus
giving an extra degree of freedom in tuning the coating properties [40].

In this work, we present the combination of LIPSS-based direct laser
structuring and SALD to colour metallic surfaces. Two day-to-day ob-
jects are used as a proof of concept of the proposed method. These are an
outdated 25 ct Dutch florin coin made of Nickel-Zinc alloy and a
Stainless steel knife. These items provide two representative overused,
non-planar surfaces from out-of-laboratory objects. This study consti-
tutes a proof of concept that colour and iridescence can be combined in
everyday objects for decoration purposes, such as to design a
commemorative coin or customized knife.

2. Materials and methods

The items selected for this study were two different metallic objects
that differ on the composition and surface characteristics: outdated
coins (25 ct Dutch florin) made of nickel alloyed with zinc (97%at nickel
and 3%at zinc) and a stainless steel knife. The colouring fabrication
route employed in this work is represented in Fig. 1. In a first step, the
selected object surfaces were treated using a femtosecond laser to
generate a LIPSS nanostructure. In a second one, the resulting nano-
structured surface was coated with ZnO using the SALD process.

A linearly polarized femtosecond laser (Carbide model from Light
Conversion, Vilnius, Lithuania) equipped with a harmonic generator
was used in this work. Its emission wavelength was selected at 4 = 515
nm, its pulse duration at 7 = 249 fs, and its pulse repetition frequency at
f = 200 kHz. The laser beam was moved by a galvanometer mirror
system at a given speed, using a specific control software (DMC, Vilnius,
Lithuania). The output laser beam exhibited a Gaussian energy profile,
with a 1/e? intensity decay dimension 2r = 50 um. Sample surfaces were
treated using a laser beam scan configuration with the particular laser
parameters detailed in Table 1. These proposed laser treatments were
the result of an optimization process which included testing of several
laser parameters. Logos of both research institutes (INMA and of LMGP)
were initially marked on the knife blade, before the full blade surface
was treated with the same processing parameters.

A home-made SALD system was used to deposit the oxide coatings
[36,41]. The conditions for the SALD process were as follows: Dieth-
ylzinc precursor (CyoHs)2Zn (DEZ) and water were used as ZnO pre-
cursors. The DEZ was bubbled using a nitrogen flow of 30 sccm while
150 scem for HyO, and respectively diluted in 270 and 300 sccm of No.
Nitrogen was also used as inert gas barrier with a total flow rate of 900
sccm to separate the precursors. The temperature of the substrate was
maintained at 200 °C. The distance between the substrate and the SALD
injection manifold was approximately 150 pm with a scanning speed of
100 mm/s.

The surface microstructural characterization was performed in a FEG
ZEISS Gemini 300 field-emission scanning electron microscope (SEM)
(Carl Zeiss, Jena, Germany) equipped with an energy dispersive X-ray
spectroscopy (EDX) system with a SDD detector (BRUKER AXS-30mm?)
operated at 10 kV. Additional characterization was performed with a
field-emission scanning electron microscope (FESEM, MERLIN Carl Zeiss
GmbH, Oberkochen, Germany) using secondary electron (SE), in-lens,
and backscattered (ESB) detectors. The electron beam acceleration
voltage was set to 5 kV. Surface topographic cross-sections were ana-
lysed by Scanning Transmission Electron Microscopy (STEM) and High
Resolution Transmission Electron Microscopy (HRTEM) using a Tecnai
F30 microscope (FEI Company, Hillsboro, OR, USA), also equipped with
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Fig. 1. Schematic description of the colouration process combining surface laser nanostructuring and SALD coating.

a high-angle annular dark field (HAADF) detector. Sample preparation
was performed with a Focused Ion Beam (FIB) in a Dual Beam Helios 650
(FEI Company, Hillsboro, OR, USA) apparatus, using 30 kV Ga™ ions for

Table 1
Laser parameters applied on the different objects subjected to this study. The rest
of the processing parameters were maintained in all treatments: A = 515 nm; T =

249 fs; f — 200 kHz. the initial steps and 5 kV for final thinning. Prior to the preparation of a
FIB lamella, a protective C cap layer was deposited at the region of
Object Power Pulse energy ~ Laser scan Distance between interest
[W] [pJ] speed [mm/s] lines [pm] :

Atomic force microscopy (AFM) measurements were performed with

E\?ﬁ:b::;: 1.32 66 2500 2 a scanning probe microscope (SPM) Ntegra Aura system (NT-MDT,
LMGP logo Moscow, Russia). The analysis of the AFM measurements was carried
25 Dutch 8.71 43.5 2400 10 out using Gwyddion software (version 2.53).

florin Iridescence was measured with a home-made set-up based on the

Bragg diffraction law [42], using a super-continuum laser (450-2400
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Fig. 2. (a) SEM micrograph of the knife surface before coating and after 20 nm and 40 nm of ZnO SALD coating. b) 2D fast Fourier transform images of SEM
micrographs of the laser nanostructured knife surface with no coating, 20 nm and 40 nm-thick ZnO coatings. The SEM images that were selected to perform this
analysis were taken with a magnification of 1 K and are shown in Figure Al of Supplementary material. ¢) Corresponding profiles along the lines drawn in b).
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nm) (SC500,FYLA, Valencia, Spain) as illumination source and a
BLACK-Comet-SR-50 Miniature Spectrometer (StellarNet Inc, Tampa,
USA). The diameter of the laser spot size was approximately 1 mm. The
nanostructure can create a diffraction grid and this maximum is related
to the period of the grid by Ref. [42]:

sin 8, +sin 6; = 1/A (€D)

where 6, is the observation angle, ¢; the illumination angle, both
measured from the normal to the sample surface, 1, the wavelength
where the maximum appears and A the period of the diffraction grid.

3. Results and discussion
3.1. Modifications in the stainless-steel knife surface

A laser treatment covering the full blade was performed over the
knife surface, using the laser processing parameters indicated in Table 1.
The combination of laser nanostructuring with a Spatial ALD coating is
the key part of this novel process. The following steps are thus aimed at
understanding the effect of this thin film coating.

The analysis of the surface microstructure with electron microscopy
confirms the low influence of the coating on the iridescence behaviour of
the samples. SEM micrographs included in Fig. 2 (a) show that nano-
structures are clearly observable in the three regions, even for the
sample with a thicker ZnO coating. In addition, LIPSS morphology is
very similar within the three surfaces. The LIPSS period, measured
directly from the SEM images, is 390 + 8 nm for the non-coated layer;
385 + 14 nm for the 20 nm-thick coating and 392 + 12 nm for the 40
nm-thick ZnO coating. These values correspond to approximately 0.75
times the laser output wavelength (515 nm). This is in agreement with
previous reports, where the LSFL spatial period is found between A and
A/2 [19-21] for these materials.

The 2D Fast Fourier transform (2D-FFT) of the SEM images allows us
to determine the LIPSS period of larger surfaces (about 6000 pm?). Fig. 2
(b) shows the 2D-FFT images obtained on the three surfaces. The maps
presented in Fig. 2 show that the generated nanostructures are similar in
the three samples, approaching a LIPPS period of 395 + 4 nm. In
addition, these analyses provide us with more complementary infor-
mation about LIPSS. We can barely spot a tilted line in Fig. 2(b) within
the 2D-FFT corresponding to the laser processed sample. This is assigned
to the presence of scratches and notches on the knife’s surface, already
present before the laser treatment as a result of its common use. An
important observation is the presence of a “circular exclusion area” of
about 515 + 4 nm, which may indicate that the formation of LIPSS with
a larger period than the laser incident wavelength has not occurred.

The proper deposition of the thin film using SALD has been
confirmed by EDX. The measured compositions are presented in Table 2
and the clear increase in Zn content confirms the growth of the ZnO thin
film.

These microstructural observations are confirmed by AFM mea-
surements. Fig. 3 shows the AFM images and the profiles measured in
the surface after the laser treatment and after coating with a 40 nm thick
ZnO layer. These measurements provide additional information about
the ripple depths and the gap distance (defined as the free space between
ripples at half height). After the SALD deposition there are still well-
defined ripples on the surface. At least two different ripples height
values can be spotted on both surfaces. For the laser treated sample
without coating, ripples heights of 43 + 11 nm and 79 + 10 nm can be

Table 2
EDS quantification summary in atomic percentage (%at).
Oxygen Silicon Chromium Iron Zinc
0 nm 2,67 2,10 13,55 81,68 0,00
20 nm 3,52 1,90 12,43 79,25 2,90
40 nm 3,95 1,80 13,03 77,17 4,05
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observed. Similarly, for the 40 nm-thick ZnO coated sample, ripples with
average heights of 37 + 16 nm and 74 + 7 nm were obtained, depending
on the zone selected. These differences could be due to the above
mentioned irregularities on the treated surfaces, which lack perfect
flatness and homogeneity within the laboratory-type samples, adding
difficulty to the AFM experiments.

The ripples period has also been estimated from AFM measurements,
being similar in both samples, 400 + 12 nm for the initial laser treated
surface (Fig. 3 (a)) and about 407 + 14 nm (Fig. 3 (b)) for the 40 nm-
thick ZnO coated surface, in good agreement with the electron micro-
scopy results. The empty space at half height between two undulations,
or gap distances (for the laser treated sample: 225 + 13 nm; for the 40
nm ZnO coated sample: 213 + 17 nm) are consistent with the previous
experiments.

Further analysis of the LIPSS cross-section structure was performed
with TEM on the sample coated with the highest amount of ZnO. Images
presented in Fig. 4 show that the ZnO coating covers completely the
metallic surface, and is conformal enough to replicate the ripple struc-
ture. While the ripple height obtained from these cross-section images
appear of the same order than those estimated from AFM experiments,
they are slightly higher. Thus, the LIPSS height is about 102 + 9 nm for
bare ripples (i.e. non-coated) and decreases to 78 + 7 nm, after SALD
coating (40 nm-thick). The differences between both type of measure-
ments could be due to the AFM resolution and tip size, but very likely
denote some inhomogeneities on the treated surfaces, since the TEM
lamella provides information of tiny specific area of the samples and, the
AFM has shown that different areas with different LIPSS heights are
present on the samples.

These nanostructures produce strong iridescence effects. The LMGP
and INMA laboratory logos were initially generated in the steel surface
using the fs laser treatment presented in Table 1. The generated surface
effect exhibits an iridescence effect, as observed in Fig. 5(a), where
iridescent greenish and bluish colours are observed from an angle of 40°.
This suggests that this laser treatment can be employed for decorative
purposes.

Moreover, Fig. 5 (b) shows some photographs that were taken at four
different observation angles, selected to show the iridescence effect
generated on the laser treated surface. The obtained iridescence colours
are observed to change from blueish at low angles (20°) to yellowish at
high angles (60°). Even after this second treatment, the logos continue to
be visible on the knife’s surface.

The observed iridescence effects can be explained using Equation (1)
and the period of the diffraction grid determined in the previous anal-
ysis. Fig. 5 (c) shows the evolution of the expected iridescence colours
for different observation and illumination angles. The measured colours
are similar to those expected for an illumination angle of 50°. The po-
sitions of the four images presented in Fig. 5 (b) have been levelled as A,
B, C and D.

Fig. 6 shows the iridescence of the surface after applying two ZnO
SALD coatings, with approximate respective thicknesses of 20 nm and
40 nm. The first outcome that can be directly noticed in Fig. 6 (a) is that
the induced changes in the optical response of the surface do not appear
to be so significant. In consequence, the observed colours are similar in
the three regions under different illumination and observation angles, as
deduced from Fig. 6 b-d.

The changes in the iridescence related to the coating has been
studied to determine the influence of the ZnO SALD thin film on light
diffraction phenomena. The iridescence spectra of the samples with the
different coatings are shown in Fig. 7. The optical response of the sample
surface was recorded using an illumination angle of 6, = 60° with
respect to the normal and an observation angle of 6; = 35°. In all cases,
they show a well-defined peak with a maximum at 547 nm. Applying
Equation (1), a value of A = 385 nm is obtained, analogous to the LIPPS
periods measured with other characterization techniques that have been
reported. These measurements confirm that the surface nanostructures
exhibit similar periods within the three surfaces studied.
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Fig. 3. AFM images and corresponding profiles of the stainless-steel knife surface: a) No coating, after laser treatment; b) After the 40 nm ZnO SALD coating. The

background has been subtracted in the profiles presented.
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Fig. 4. Cross section of the stainless-steel knife LIPSS with theoretical 40 nm of ZnO SALD coating: a) HR-TEM image; b) STEM image.

The laser induces the LIPSS nanostructure that is responsible for the
significant increase in the iridescence of the sample (visually perceptible
in Fig. 6, when we compare the first photograph and the other three).
The coating can affect the intensity of this generated iridescence. The
thinnest ZnO coating (20 nm) maintains the original iridescence of the
nanostructure. Conversely, the 40 nm-thick coating decreases the
iridescence by ca. 23% with respect to the original laser treated surface.
Such a decrease can be caused by some parasitic absorption at the ZnO
coating [43]. Nevertheless, the iridescence in the 40 nm ZnO coating is
still strong and visible.

These results confirm the deposition of the ZnO thin film without
generating an evident change in colour. Therefore, it can be stated that
below a threshold coating thickness, no colouring due to the interference
phenomena appears. In fact, this particular case can be decisive in the
case of using the ZnO thin film as a protective layer for the LIPSS-
structured stainless-steel knife where, in some cases, the iridescence
colour is sufficient and a coloured coating is not required.

3.2. Modifications in the 25 ct Dutch florin coin surface

The 25 ct Dutch florin coin provides a genuinely inhomogeneous
surface, on the one hand, due to its inherent use as a coin, and, on the

other hand, because several motifs with different heights are present in
the patterns on the coin surface. In addition, the coin has been used to
explore the changes induced by applying thicker ZnO SALD coatings.

Fig. 8 shows the final aspect of the Ni-Zn coin. Initially the laser
treatment was applied to the full surface with the laser parameters
indicated in Table 1. Three different SALD processes were subsequently
applied in three quadrants of the coin with the aid of adequate masks.
This front view of the coin shows that the ZnO thin film changes the
colour of the original laser-treated coin. This change of colour is the
result of the interference effects caused by the layer deposited on the
metallic surface. This interference colour appears blue in the case of the
coating with the lower thickness. It appears light purple and, subse-
quently, silver metallic grey in the two thicker ZnO coatings. The slight
variations in colour within each particular quarter coated with ZnO are
due to thickness gradients obtained during the deposition and which are
difficult to avoid with the SALD deposition system employed, designed
for larger, flat samples.

The thicknesses of the different coatings were measured by TEM
analysis of the cross-section in lamellas obtained in each of the three
coated regions. Fig. 9 shows the STEM images for the three ZnO coat-
ings. The main outcome that can be determined from the micrographs is
that the coating is extremely conformal in this case, reproducing
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Aspect of an equivalent knife surface after laser processing at different observation angles (20°, 30°, 45° and 60°, from left to right). (c) Theoretical predictions of the
iridescence colours for different observation and illumination angles. Positions A, B, C and D correspond to colours observed in Fig. 5 (b).
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view, b) 20°, ¢) 50° and d) 70°.
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Fig. 8. Front view showing the resultant colour of the coin after laser pro-
cessing and subsequent SALD of ZnO thin films with different thicknesses (No
coating, 50 nm, 70 nm and 100 nm).

satisfactorily the LIPSS nanostructure. The estimated coating thick-
nesses are 50 = 2 nm, 70 &+ 4 nm and 100 + 10 nm, respectively.
Taking into account this nanostructure, it is expected that the
iridescence behaviour of the surface after laser irradiation is maintained
after the SALD process. Fig. 10(a) shows the resultant iridescence col-
ours at different observing angles (20°, 30°, 45° and 60°, from left to
right) maintaining in all cases the same illumination angle. The irides-
cence is intense for all the ZnO coatings, producing some bright colours
that are angle-dependent. In the selected observation angles, a dark

blue, light blue, green and red colour can be observed. Furthermore,
slight changes can be observed in the iridescence intensity for the
different ZnO coatings. Fig. 10(b) shows the complete colour pattern
generated by light diffraction that can be observed in the iridescence
measurement apparatus. The full colour range is clearly observable in
the wall behind the fibre detector. A similar behaviour was observed in
the measurement of the four regions described above. It seems that the
intensity of the iridescence light diffraction decreases when an inter-
ference colour is formed over the sample. The iridescence spectra were
measured in order to confirm this statement. The particular iridescence
spectra are presented in Fig. 10(c).

The above analysis becomes more complex for the coin, since its
intricate topology, that is, the inscribed patterns and macro-defects,
affect the measured iridescence patterns. Although the iridescence ef-
fect is perceived visually during the measurement, these defects cause
light to be diffracted outside the detector, with their corresponding in-
tensity changes in the measurement. In order to perform an accurate
analysis, the intensity of each spectra has been scaled to the maximum
intensity measured in the same position in a coin where only the laser
treatment was performed. These measurements are presented in the
supplementary material (Section S2). The decrease in intensity of
around 20%, spotted for the laser treated surface, illustrates this mea-
surement issues. This decrease is related to human error in sample
positioning and to the intrinsic tolerance of the measurement apparatus.

As observed for the knife, the iridescence spectra measured in the
coin surfaces exhibit a narrow and steep peak, even though the surface is
not planar and has a complicated morphology, associated with the re-
quirements of the coins. The latter observations suggest that both, the
laser patterning and the SALD coating yield desirable control over sur-
face quality. This is more evident when taking into account the spectra
associated with the original raw surface, also included in Fig. 10(c) for
comparison. In the four surfaces, the corresponding spectra show a well-
defined peak with a maximum at 560 nm. In consequence, and applying
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Fig. 9. STEM cross sections obtained on FIB-prepared lamellas of a LIPSS nanostructured Ni-Zn coin after SALD coating with different ZnO thickness: a) 50 nm; b)

70 nm; ¢) 100 nm.
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Fig. 10. a) Iridescence resultant colour in the coin at different observation angles: 20°, 30°, 45° and 60°, from left to right. b) Light diffraction observed in the
iridescence measurement apparatus. c) Iridescence spectra measured in the three regions of the treated surface in the 25 ct coin with an illumination angle of 60° and
an observation angle of 35°. The relative peak intensity is calculated relative to the maximum intensity measured on the laser treated surface. The spectrum obtained

for the original raw surface is also plotted.

Equation (1), the generated LIPSS have a period of approximately, A =
390 nm, also similar to the value obtained on the knife surface.

The iridescence intensity decreases when the LIPSS structure is
coated. This visually observable decrease is estimated, in the case of
thinner coatings, to be ca. 30% of the intensity observed on the original
laser treated surface. However, a further increase in coating thickness
produces a substantial rise in iridescence, almost achieving the original
iridescence level for the thickest coating studied. Combining these re-
sults with those obtained for the knife, it appears that the iridescence
level decreases when the ZnO coating thickness starts to increase and
reaches values close to 50 nm. Above this value, it starts to increase

again, recovering similar iridescence intensities for the thickest coatings
reported here.

A possible explanation for the above observation could be related to
the colour generating mechanism. The blue and purple colours are
produced by interference of the light reflected in the two interfaces of
the thin film coating. However, the ZnO layer is quasi-transparent, so
that the light can diffract in the two interfaces, losing coherence and,
therefore, intensity of the iridescence colour. Subsequently, the irides-
cence is almost recovered when increasing the thickness of the coating.
A significant increase in the thickness of the thin film causes more light
to be absorbed by the coating. Accordingly, the contribution of the lower
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interface to the diffraction grating is nearly negligible and the initial
iridescence intensity is recovered. In this case, the interference colour
contribution is negligible and the now dominant natural metallic grey of
the ZnO is observed.

These statements would imply that the coating is fully conformal to
the LIPSS structure and that the laser nanostructures are translated to
the surface of the samples with the additional SALD coating. SEM mi-
crographs presented in Fig. 11 confirm this circumstance. Insets show a
detail of the coating morphology where ZnO tiny crystals are observed to
form a very dense structure over the LIPSS surface.

As for the knife, the 2D fast Fourier transforms of the SEM images of
the coins allow us to determine the LIPSS period of larger surfaces.
Fig. 12 shows the 2D-FFT images for the laser nanostructured samples
for all the SALD ZnO coatings of the study obtained from the FESEM
images presented in section S1 of the supplementary material.

The maps presented in Fig. 12 enable an estimate of the average
LIPSS period, found around 402 + 4 nm. Fig. 12 b) shows that the
measured period is identical for all the coatings with the laser generated
nanostructure. As the same laser has been used for processing the two
items studied in this work, the period of the surface nanostructures is
similar for the knife and the coin. Also analogous to the knife case, an
“exclusion circular area” is observed at about 515 + 4 nm where no
LIPSS are formed, related to the laser irradiated wavelength.

4. Conclusions

This paper demonstrates that the generated LIPSS structure on a
stainless steel knife can be successfully coated with a ZnO thin film
deposited by SALD. The deposited coating barely affects the LIPSS
period, determined as 395 + 10 nm in all cases studied. In addition,
there is no visual change in the color of the surface due to interference
effects. On the contrary, the iridescence is changed by the coating,
decreasing its intensity with increasing film thickness. Nevertheless, a
20 nm ZnO coating maintains the initial laser generated iridescence.
This thin film coating is conformal and fully covers the surface, so it can
be used as a protective thin film.

For the Ni-Zn coin studied, thicker ZnO coatings of 50-100 nm tune
the colour of the coin as the result of the interference effects caused by
the layer deposited on the metallic surface. Blue, purple and silver grey
colours can be obtained respectively for 50, 70 and 100 nm ZnO coat-
ings. The thin film coating changes the intensity of the laser generated
iridescence. The latter decreases sharply when an interference colour is

Materials Today Advances 19 (2023) 100414

visualized. This phenomenon is produced due to the fact that the ZnO
layer is quasi-transparent, so that the light can diffract in the two in-
terfaces, losing coherence and, therefore, intensity of the iridescence
colour. 30% of the intensity is maintained for 50 nm ZnO coatings and
39% for 70 nm ZnO coatings. This effect is mitigated for thicker films (i.
e. 100 nm), where 93% of the initial iridescence intensity is recovered.
In all cases, the mean LIPSS period remains at ca. 402 + 4 nm. In this
case, the coating is highly conformal, satisfactorily following the LIPSS
nanostructure.

The results presented in this study show that SALD deposited ZnO
coatings with different thicknesses conform to the contour of the sub-
strate’s laser-induced LIPSS nanostructure. This process can allow tun-
ing of the final obtained colour, even in an area-selective fashion of
regular day-to-day objects with out-of-laboratory non-planar surfaces,
such as a stainless-steel knife or an outdated 25 ct Dutch florin coin.

The combination of LIPSS-based direct femtosecond laser nano-
structuring and subsequent Spatial ALD surface coating is a promising
route to achieve cheap, scalable, and high-throughput colouring of
metallic objects, based on two different colour strategies —iridescence
and interference. These were both explored in this paper using scalable
processing methods and the presented results open a new avenue of
possibilities and applications related to colour.
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Fig. 11. SEM micrographs of the coin surfaces after laser processing and SALD of ZnO coating thin films: a) no coating; b) 50 nm; ¢) 70 nm; d) 100 nm. Insets show a

detail of the original ripples surface and of the ZnO coatings morphologies.
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