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Efficient Composite Colorization of Copper by Spatially
Controlled Oxidation with Deep-UV Ultrafast Lasers

Baptiste Groussin, Miguel Martinez-Calderon, Oihane Beldarrain, Ainara Rodriguez,
Santiago M. Olaizola, Bruce A. Marsh, and Eduardo Granados*

Colorizing metals using micrometer and nanometer scale surface
modifications has been vastly investigated and presents many advantages for
applications across scientific and technological fields. By tuning the surface
chemical composition or controlling its morphology, it is possible to produce
a wide range of chromatic effects. Ultrafast laser processing presents here an
interesting asset, as it allows to simultaneously provide chemical and
morphological modifications at the micro-scale in a single step. In this article,
the composite colorization of copper surfaces with mW-class average power
deep ultraviolet (DUV) femtosecond laser pulses is demonstrated. The
advantages of this setup are twofold: first, thanks to the increased absorption
of copper in the DUV, the technique allows scaling down the requirement for
laser power. Second, under ultrafast short-wavelength illumination molecular
oxygen bond-breaks occur, enhancing the oxidation rate of the copper. The
technique allows for highly controllable and efficient copper oxidation with
the irradiation parameters. Taking these two effects into account, the
generation of a wide spectrum of colors—from dark blue to shiny red—is
demonstrated, and the role of the surface oxidation rate, the laser fluence, and
laser scanning strategies in the colorization of copper surfaces employing
DUV lasers is discussed.

1. Introduction

In recent years, methods for coloring metals without the
need for complex industrial chemical processing have become
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attractive as they can provide an envi-
ronmentally friendly, low-cost alternative
to traditional chemical paints. Standard
ink-based methods cannot easily produce
durable colors because of the difficulty of
adhering paints to polished metallic sur-
faces, while high spatial resolution and
energy-efficient solutions are challenges
still to be overcome. An ink-less coloring
method represents a key alternative that
does not require material transport, supply
chains, or industrial processes, and hence
reduces the overall impact on the environ-
ment. Coloring copper is particularly inter-
esting due to its well-known characteristics,
such as high electrical and thermal conduc-
tivity, making it ubiquitous in its microelec-
tronic and power electronics industries.[1]

Copper can also be laser printed into flex-
ible wearable materials,[2] however, a non-
invasive, non-destructive, and ultra-precise
technique for coloring its delicate surface
remains elusive.

Technologies for color variation exploit-
ing nanofeatures and interference effects
have been actively studied for applications

in sensors,[3,4] displays,[5,6] and manufacturing industries, in-
cluding the printing of serial numbers, barcodes, company lo-
gos, and anti-counterfeiting measures.[7] Surface coloring us-
ing lasers, with a remarkable throughput exceeding mm2 s−1,
presents an enticing solution to surmount this challenge.[8–10]

Moreover, lasers have the capability to perform large-scale fabri-
cation on surfaces with significant roughness, a task that proves
challenging for traditional methods like electron beam lithogra-
phy and nanoimprinting.[11]

Two types of ink-less coloring can be distinguished: First,
surface-structural coloring is based on the production of micro-
or nanometric morphological features that interact with light
in various ways. For example, it is possible to tailor the ab-
sorption spectrum and hence the perceived colors of a copper
surface by employing plasmonic effects in optimized 3D nano-
geometries.[12–19] Alternatively, periodic structures that mimic
diffraction gratings can also produce iridescent colors if the
condition given by Bragg’s law is met for visible light.[20–24]

Second, altering the chemical composition of a surface without
using chemical substances can be achieved using lasers,[25–27] as
a way to effectively fabricate a highly adhesive thin-film that will
give rise to colors via interferometric effects, hence modifying
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the reflectance spectrum of the metal. Oxide layers constitute
one of the most suitable options for the production of thin-films
on copper, for it is well-known that this metal easily oxidizes and
produces robust, long-lasting oxide layers.[28–32]

The chemical mechanism of copper oxidation is well
understood,[33] and several methods allow fabricating such films
with high accuracy and reproducibility.[34,35] Although an ideal
thin-film deposition method like atomic sputtering or epitaxial
growth may produce results of unrivaled homogeneity,[28] exten-
sive environment control and vacuum requirements render this
approach complex. In this respect, laser-based copper oxide thin-
film fabrication methods provide an easy, in-air alternative with
high precision down to the diffraction limit.[36–39] Laser process-
ing of surfaces can be performed easily on flexible and 3D ob-
jects and requires no additional components whatsoever.[40,41]

However, the work conducted so far with infrared laser photo-
oxidation sometimes presents several undesirable side-effects,
like the fabrication of laser induced periodic surface structures
(LIPSS) that inevitably produce a strong angle-dependency of the
coloring of the surface via diffraction.[31,42]

In this paper, we address these limitations by performing effi-
cient photo-oxidation with a femtosecond laser in the DUV range
at 257 nm. The increase in photon energy improves the oxida-
tion rate by approaching the bond dissociation energy of molec-
ular oxygen,[43] while the increased absorption cross-section of
copper allows for effective localized heat deposition. The combi-
nation of these two effects yields enhanced oxidation rates us-
ing laser pulses with nJ energy at mW average powers. Ultra-
short laser pulses enable high peak powers to be reached, as re-
quired for efficient molecular dissociation, thereby making the
oxide production via non-thermal effects overall more efficient.
In addition, the lowered diffraction limit in the DUV also allows
for smaller spot sizes for processing with high accuracy on the
sub-micron scale. Conveniently, the nanostructures produced by
localized surface Plasmon polaritons (LSPP) such as LIPSS have
a spatial periodicity that does not allow diffraction of visible light,
hence inhibiting the production of iridescent coloring. We have
developed a nanomachining setup, allowing us to investigate a
wide range of fabrication parameters, including scanning speed,
pitch distance, and laser energy. We obtain a wide range of vi-
brant colors covering nearly the entire visible spectrum, from the
shiny golden-orange look of polished copper to the typical light
green tone of cuprous oxide (Cu2O), passing by deep-blue and
purple colors. The coloring here is achieved due to interferomet-
ric effects in the oxide layer and is tuned with its thickness. We
study the processed surfaces using optical profilometry and char-
acterize the elemental content of the surface via energy dispersive
X-ray spectroscopy (EDX).

2. Theory

The fast oxidation process of a metallic surface during laser ir-
radiation can be broken down to five distinct steps:[20,29] 1) heat-
ing of the metal due to the relaxation of electron energy excited
by the laser; 2) at high temperature the reaction between oxy-
gen and the metal is enabled by the physical adsorption of oxy-
gen on the copper surface; 3) dissociation of the oxygen bonds
in the air around the surface by laser photons and ionic liai-
son formation between copper ions and oxygen free electrons;

4) lateral growth of the oxide germ producing a thin metal oxide
film; and 5) perpendicular growth of the metallic oxide layer by
cation/anion charge diffusion. Copper oxide primarily exists in
either of the two known stoichiometric forms: Cu2O and CuO,
corresponding to cubic and monoclinic crystal structures and
known as cuprous and cupric oxide, respectively. The copper ox-
idation mechanism and the composition of surface oxide layers
formed at different temperatures have been extensively studied
in the literature[44] and it was shown that an oxide layer formed
under low or ambient oxygen pressure and temperatures below
300 °C contains predominantly Cu2O. Analogously, it has been
shown that the oxidation produced by laser beams is mainly dom-
inated by the cuprous type,[45] although mixtures of both oxides
usually coexist.[33] This is relevant for our coloring application
because cupric oxides present large optical absorption at visible
wavelengths, which is beneficial for some applications such as
coatings for solar panels,[46] but for our application it will de-
crease the overall color brightness.

In terms of the resulting overall chromatic and optical re-
sponse, two main aspects shall be taken into account, namely:
the layer thickness and its composition, and its spatial distribu-
tion. For our calculations, we assume a configuration consisting
of a semiconductor cuprous oxide layer of variable thickness over
a copper polished substrate since it retrieves optimal coloring re-
sults. The simulation was carried out by modeling the system
as a Fabry-Perot cavity with complex reflection and transmission
coefficients calculated using Fresnel equations, a technique simi-
lar to calculating the structural color response of Gires–Tournois
cavities[38] and ultra thin-films[26,47] but with a lossy copper back-
reflector in our case. In this arrangement, the total reflected wave
amplitude can be calculated as[48]

Ur(𝜆) = r1 +
t1t′1r′2ei𝜙

1 − r′1r′2ei𝜙
(1)

where r1 and t1 are the complex amplitude reflectance and trans-
mittance of the air-oxide interface, analogously r′1 and t′1 are
for the oxide-air interface, and r′2 is the complex reflectance of
the oxide-pure copper interface. At normal incidence, the re-
sulting expressions for reflectance and transmittance are sim-
ply r1 = (1 − nCu2O)/(1 + nCu2O), t1 = 2/(1 + nCu2O), r′1 =
(nCu2O−1)/(1 + nCu2O), t′1 = 2nCu2O/(1 + nCu2O), and r′2 =
(nCu2O−nCu)/(nCu2O+nCu). We use here the complex refractive
index n(𝜆) to account for the spectral absorption in both the cop-
per and oxide layers. ϕ is the phase accumulated between succes-
sive reflections due to the oxide layer of thickness h and the angle
of incidence 𝜃, and can be calculated using the expression

𝜙 = 4𝜋𝜈
n0(𝜆)h

c
cos(𝜃) (2)

𝜈 corresponds to the frequency of the impinging light, and n0(𝜆)
is the real part of the complex index of refraction of the oxide
layer. For the values of the index of refraction n0 and extinction
coefficient 𝜅 of copper and cuprous oxide in the visible spectral
range, we used the ones reported in refs. [49] and [50], respec-
tively. The specific model results for the experimental arrange-
ments are included in Figure 1a, where we show the calculations
of the spectral reflectivity |Ur(𝜆)|2 of ideal Cu2O layers. Figure 1b
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Figure 1. a) Computed spectral reflectivity in the visible range of a copper surface covered by a thin layer of Cu2O of thickness h. b) Centroid of the
reflected spectrum calculated for the visible spectral range (400–700 nm) and for the human eye spectral response.

shows the centroid of the reflected spectrum calculated in the
range 400–700 nm as well as taking into account the human eye
response (modeled as a Gaussian sensitivity profile centered at
555 nm with a FWHM of 150 nm corresponding to photopic vi-
sion under well-lit conditions).

The calculations were performed using Equation (1) and with
the purpose of qualitatively supporting the experimental obser-
vations. The specific values for complex index of refraction of
copper and copper oxides are included in Supporting Informa-
tion. An analogous calculation can be performed for other forms
of copper oxide (such as CuO), although they do not produce a
modulated visible color reflectance as in the cuprous oxide case,
as it is mostly absorptive. In reality, the resulting oxide layer will
contain both oxide types, and so it is possible to calculate the over-
all results by estimating the effective refractive index and extinc-
tion coefficient using a mixing rule, such as the effective medium
approximation (EMA) or Maxwell–Garnett equation. These mix-
ing rules take into account the refractive indices, extinction co-
efficients, and volume fractions of the individual oxides to calcu-
late the effective properties of the mixture. The simulations show
that for cuprous oxide layers of about 10–25 nm, 80–125 nm, and
around 190 nm, the reflectivity in the green–yellow spectral range
is heavily suppressed. We suggest that this is the mechanism by
which the appearance of the sample gains blue and purple tones.
For layers of thickness between 40–50 and 125–175 nm the re-
flectivity at green wavelengths is clearly increased, producing the
typical green copper oxide color.

In terms of the spatial distribution of the oxide layer, the
laser-based deposition technique is generally in-homogeneous
at micron scales due to the typical Gaussian profile of the
laser beam as well as the dynamic ablated depth while pro-
cessing. However, since the laser spot used is only a few mi-
crons, the composite result of different layer thickness across
the surface in a relatively small area produces a homogeneous
color effect as perceived by the human naked eye, which can
only recognize objects down to around 50 μm. This allows us
to carefully adjust the rastering pitch s (spacing between adja-
cent grooves), speed v, and laser fluence F0 simultaneously to
produce a homogeneous-looking broad palette of colors, even

though the deposition of the oxide layer is in-homogeneous at the
micron scale.

3. Experimental Section

The schematic of the setup is depicted in Figure 2a. Here the
use of ultrashort pulses of DUV 257 nm photons of energy E
= 4.8 eV brought numerous advantages to this scheme. First, the
photon energy was placed above the work function of Cu (4.7 eV).
This, combined with the high energy density of ultrashort laser
pulses, ensured an increased absorption cross-section of the cop-
per surface. Second, the sub-picosecond timescales of ultrafast
beams also enabled fast electron heating without much lattice
diffusion, implying optimal electron excitation without cumula-
tive heating and surface melting, which favored the production
of colorful cuprous oxides. Finally, singlet oxygen (O2) in air at-
mosphere presented double-bonds having a dissociation energy
above 5 eV.[43]Thus, a two-photon excitation will break bonds effi-
ciently and provide a higher influx of oxygen ions to the oxidation
reaction. Overall, more oxygen ions and an increased affinity of
the metallic surface result in the quicker growth of a thin-film
copper oxide layer. Therefore, DUV photo-oxidation presented
interesting potential gains for producing efficient oxide layers
on copper.

A high repetition rate Yb:KGW laser source from Light Con-
version was used for the copper surface processing setup, which
is depicted in Figure 2b. The laser was capable of delivering up
to 6 W average power at 1030 nm, with a pulse duration between
190 fs and 10 ps at up to 200 kHz repetition rate. In order to
produce a DUV beam, second and fourth harmonic conversion
stages were used based on beta barium borate (BBO) crystals to
reach a final wavelength of 257 nm. The DUV energy was pre-
cisely adjusted in a range between 300 and 10 nJ by rotating
a motorized 𝜆/2 waveplate to tune the amount of S-polarized
light transmitted through a thin film polarizer (TFP). The av-
erage power deposited on the sample did not exceed 10 mW in
any of the experiments performed. The S-polarized beam is then
steered toward a UV femtosecond-grade 100 mm focal length
lens and focused on the copper sample surface with a spot size 𝜔
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Figure 2. a) Photo-oxidation process schematic showing DUV ultrashort pulses irradiating the surface, with insets showing the dissociation of oxygen
molecules and copper oxidation reaction. b) Experimental optical setup featuring an IR femtosecond laser, its harmonic conversion to DUV, the nanopo-
sitioning stage for sample handling, and the imaging system. c) Image of the nanostructured sample as seen by the naked eye (left) and with a low
magnification microscope (right), showing the produced colors as they appear under ambient light.

of 10 μm (1/e2). Patterning the surface with sub-micron accuracy
was achieved by moving the sample using a three-axis motorized
stage with down to 200 nm repeatability. Finally, a microscope
imaging system placed on top of the machining line was used
to have live visual feedback over the machining operations at the
few-micron scale.

The samples used for this study were 80 × 80 × 5 mm3 square
foils of oxygen-free high thermal conductivity (OFHC) copper
that were polished via diamond turning down to Ra 10 nm. Prior
to laser treatment, the samples were rinsed in an ultrasonic bath
with a 15 g L−1 alkaline solution at 50 °C for 20 min. The next step
was an immersion-cleaning in de-mineralized water, followed by
a spray cleaning with ethyl alcohol to aid in the drying process.
Finally, the foils were dried with pressurized nitrogen and stored
in a low-vacuum desiccator before and after the laser treatment.

The machining analysis was performed rastering the ultrafast
laser over the copper: arrays of lines were scanned at constant
speed but with variable inter-spacing or pitch s between the lines
over areas of 500 × 300 μm2 as shown in Figure 2a,c. The rep-
etition rate of the laser was set to frep = 10 kHz, the IR output
pulse energy of 90 μJ and spot size 𝜔 of 10 μm were fixed at these
values during the study. A series of rectangles featuring different
combinations of fluence F0 and number of overlapping pulses
N, by changing the DUV pulse energy E0 and the translation
stage speed v, were produced. These two variables were grouped
by sorting the results in terms of cumulative energy deposited
per unit area, namely the dose D in J cm−2, taking into account
the mean single-pulse laser fluence F0 multiplied by the effective
number of overlapping pulses N, and defined as

D = F0 × N =
E0

𝜋𝜔2
0

×
frep2𝜔

v
(3)

where 𝜔 is the beam spot size, frep and v account for the overlap
of consecutive pulses along a line during machining, increasing
the total laser energy impinging the surface.

4. Results

The laser processed areas were characterized by analyzing their
surface morphology, color (both at the micro- and macro-scales),
and elemental composition. To this end, an optical profilome-
ter (S neox from Sensofar Metrology) was used to obtain the re-
flected chromatic information from the processed areas. This de-
vice uses a confocal microscope capable of capturing high reso-
lution images of surfaces by illuminating the sample with cali-
brated sources of white, red, blue, and green light at normal in-
cidence.

Examples of colored surfaces are shown in Table 1, where it can
be easily observed that the resulting color is dependent mostly
on the integrated dose D for a fixed pitch distance s of 12 μm.It
should be noted, however, that D is not the only parameter defin-
ing the resulting color. The combination of dose D, processing
speed v and pitch distance s ultimately defines the result.

Figure 3a shows arrays of machined areas using low-
magnification, summarizing the results obtained in terms of dif-
ferent laser machining parameters. The coloring effect occurred
for a pulse peak fluence F0 between 10 and 20 mJ cm−2 for all
tested values of N. Three single pulse energies E0 were tested: 61,
43, and 34 nJ which cover the range between the ablation thresh-
old of copper and the low fluence regime.[51] We then explored
scanning speeds v from 50 μm s−1 to 3 mm s−1 and pitch distance
s for a range of deposited doses D between 2.58 and 54.74 J cm−2.
The pitch was set to s = 6, 8, 10, and 12 μm. We observed that
within this finely-tuned range of D, the laser processing of copper
generates bright and homogeneous colors, going from a shiny
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Table 1. Color images showing the evolution of machined copper surfaces with the increasing dose D, as a function of the single pulse fluence F0 and
the number of pulses N for a constant pitch s of 12 μm.

F0 (mJ cm−2) 19.41 19.41 10.82 19.41 13.68 19.41 10.82 13.68 10.82 13.68 10.82 13.68

N 133 266 100 666 1000 1000 2000 2000 2666 2666 4000 4000

D (J cm−2) 2.58 5.17 10.82 12.94 13.68 19.41 21.64 27.37 28.86 36.49 43.29 54.74

Figure 3. a) Obtained colors as a function of processing scanning speed, pitch s, and fluence F0. b) Measured oxygen content of the laser-processed
areas as a function of integrated dose D for pitch distances of s = 6 and 12 μm. c) Commission Internationale de L’Eclairage (CIE) xy chromaticity diagram
with our averaged colors over the processed areas with different laser processing parameters. The arrow indicates the trajectory of the produced color
as a function of integrated dose D. (inset) Laser-processed copper surface showcasing vivid purple colors for values of D in the range of 19–36 J cm−2.

yellow/gold to a light green tone and passing by deep blue and
purple. To the naked eye, the perceived colors were independent
of the viewing angle. Further information regarding the expected
angle dependency as well as pictures at different angles of the
produced colors can be found in Section S3.2, Supporting Infor-
mation.

The results of this 3D scan are projected onto two dimensions
in Figure 3a to highlight the composite effect of our coloring ap-
proach: while the colors at the local μm level present strong dif-
ferences, the overall perceived color depends on a combination
of pitch and fluence and scanning speed. To some extent, the re-
sults show that these variables are exchangeable; for example, a
blue-purple tone is achievable using either a slow scanning speed
at low fluence and large pitch or at high speed, high fluence, and
small pitch. Ultimately, the choice of optimum parameters for
producing a desired color depends on the characteristics of the
laser and positioning stages utilized, and here we only portray
the interchangeability of the machining parameters. The pitch
s does not seem to have a significant effect on the coloring at
the μm scale, that is, colors inside the grooves measured at large
microscope magnifications essentially stay constant for different
pitches, but it is crucial for the resulting composite color. The
scanning speed v has the most impact on the evolution of color
at the micron scale, as it changes rapidly the total number of in-
cident pulses and hence the integrated dose D.

For the oxide content analysis, a scanning electron microscope
(SEM) equipped with an EDX allowed us to study the surface

morphology and estimate the chemical composition at the ele-
mental level at sub-micron scales. Figure 3b shows the results of
the oxygen content (integrated across the penetration depth of the
electron beam into the sample) for different values of D. For inte-
grated doses D above 50 J cm−2 the oxygen content dominates the
resulting color of the sample (typical green color from cuprous
oxides). The linear trend of the oxygen content as a function of
integrated dose D showcases the controllability of our coloring
technique. The oxygen content inside each laser-produced groove
was independent of the pitch s, meaning that there was no sub-
stantial formation of oxide from the adjacent laser passes. More-
over, as the number of pulses N was increased further, the oxi-
dized area became clearly green, supporting the hypothesis that
cuprous oxide formation dominates at low temperatures, while
at higher temperatures, cupric oxide is dominant. Additional re-
sults are included in Supporting Information. It is worth noting
the appearance of nanostructures for a narrow window of inte-
grated dose, mostly occurring at lower fluence than the reported
values of Cu surface nano-patterning with longer wavelength fs-
lasers[52] and even UV wavelengths.[53]

The resulting surface-averaged colors were mapped in the
Commission Internationale de L’Eclairage XYZ space of coordi-
nates, plotted in Figure 3c. Here, we computed the mean spec-
trum over the entire surface of the processed areas of a few
mm2. The colors evolve from yellow to green gradually with an
increased D, ranging from 10–54 J cm−2. For very low doses,
the resulting color is red–orange as expected for untreated cop-
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Figure 4. a) Schematic of the measurement device (Sensofar S Neox) featuring sequential pulsed illumination at 455, 530, and 625 nm. (inset) Schematic
cross-section of a laser-processed area, indicating the oxide layer thickness h and pitch s. b) Example of a topographic map overlaid with the local surface
color of a sample processed with 34 nJ pulses at a speed of 75 μm s−1 and a pitch of 10 μm. (inset) Two examples of processed surfaces with the same
laser parameters but different pitch s of 8 and 12 μm, highlighting the composite effect of the perceived color as a function of groove interspacing. c)
Results of the profilometer depth measurement for the same processing parameters before and after removing the oxide layer, indicating its thickness
at various locations.

per surfaces. As the dose is increased, the reflected spectra be-
come purple, followed by blue and then turquoise. For the high-
est dose, the color produced is mostly green. Notably, colors pro-
duced using our technique cover about half of the area of the
standard red/green/blue (sRGB) color space, which is similar
to the capabilities reported using other more complex oxidation
mechanisms,[28] and still much larger coverage than that ob-
tained using plasmonic effects.[12]

To further analyze the process, we conducted a study of the
color composition of these matrices and the oxide layer thickness
using optical microscope profilometry before and after removing
the oxide layer. Figure 4 shows the concept behind composite col-
oring using variable spatially distributed oxide layer thicknesses:
while the deposited oxide layer can be thicker at the groove deep-
est point, its thickness varies around the groove and toward its
sides resulting in a perceived averaged color. To this end, the opti-
cal profilometer allowed us to simultaneously obtain the reflected
chromatic information from the processed areas at micron scales
while simultaneously measuring the depth with nanometer res-
olution. This device uses a confocal microscope capable of cap-
turing high-resolution topographic and true-color images of sur-

faces by illuminating them sequentially with calibrated sources
of white, red (625 nm), blue (455 nm), and green (530 nm) light
at normal incidence, as shown in Figure 4a.

Figure 4b shows the 3D topography overlaid with the reflected
color measured at each sample location. The result shows how
the reflected color varies gradually as a function of lateral dis-
tance y from the deepest point inside each groove at micrometric
scales, from green to turquoise, then blue and purple. This color
gradient arises from a variable oxide thickness deposition during
the laser processing. In the inset of Figure 4b we show result-
ing “true color” microscope images, for equivalent laser process-
ing parameters but with pitches s of 8 and 12 μm. We performed
depth measurements of the samples before and after removing
the oxide layers, taking reference points outside the grooves for
the off-set height compensation.

The oxide layers were removed using a mask and a mono-
ethyleneglycol (MEG) solvent, the residual chemicals on the cop-
per surface were negligible after the clean-up. An example of a
profilometer trace before and after the oxide removal is shown in
Figure 4c, where a thickness between 20 and up to 100 nm was
observed. This range of thickness results in colors ranging from
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violet at the highest point to greenish at the deepest point, with
variable thickness at the edges. The results agree reasonably well
with the expected from simulations: for a layer of around 100 nm
there is a decrease in the reflectivity at wavelengths above 500 nm,
resulting in a turquoise color. A layer of thickness 20–30 nm pro-
duces analogously an increased reflectivity in the spectral range
below 400 nm, yielding a purple–blue color. It is worth noting
that the same coloring effect can be obtained with thicker lay-
ers, as the spectral response of the thin-film is periodic to some
extent, but with lower brightness due to increased absorption.
While the accuracy of the profilometer was about 0.1 nm in depth,
the method used for adjusting the overall height of the sample
had an accuracy of around 10 nm, and therefore the depths indi-
cated in Figure 4c are only approximated to that level. The depth
profiles for the tested parameters can be found in the supporting
information. The results show that our technique is highly re-
producible over large areas, as seen in the regularity of the color
distribution across the grooves. Further analyses were realized 1
year after laser processing of the samples, and no deterioration of
the coloring of the copper surfaces was observed. An additional
EDX analysis (included in the Supporting Information) was con-
ducted to quantify the amount of oxygen content variation over
one year, resulting in a negligible increase in its concentration.
This indicates that the produced colors can be considered stable
in years time-scales.

5. Discussion and Conclusion

We have demonstrated a composite coloring scheme for copper
attributed to progressive and spatially tailored oxidation using
DUV lasers. Fast and intense heating of the surface and excita-
tion of the dioxygen molecules in the vicinity of the surface are re-
sponsible for breaking chemical bonds and combining ions into
CuO and Cu2O groups at the surface. Generally, it can be stated
that the more laser doses is sent to the surface, the higher the
oxidation rate. We studied surface composition at the nano-scale
by EDX to measure the oxide proportion in the surface composi-
tion, the results show a concentration going from 0.5% to 3.5%
of oxide. The evolution of color can be explained by a progressive
accumulation of oxide at the surface, aiming toward green which
is the typical color of copper-oxide surfaces. Shiny yellow, on one
side of the spectrum, is obtained through very low fluence laser
processing. Then a progressive increase in D shows a clear rise
in oxide rate and an evolution of the observed color toward blue
and then green. The micron-precision spatially distributed oxide
layer, in which the thickness is modulated by the integrated dose,
opens the doorway to highly controllable composite coloring of
copper surfaces.

Deep UV laser surface processing of copper is interesting as
it enables the coloring of its surface with enhanced control. The
coloring process is shown to require significantly lower fluence
than other wavelength ranges (enabling speedy large area pro-
cessing) and offers a high degree of flexibility and reliability as it
does not produce angle-dependent coloring results. Fast develop-
ments of laser technologies promises that such methods for sur-
face coloring might become increasingly popular in the upcom-
ing years thanks to their efficiency and precision. Our technique
offers significant advantages over standard ink-based methods
including the very good spatial resolution due to the spot size

scale while avoiding the use of consumable materials like chem-
ical ink or paints in the coloring process. In this sense, the main
technological edge of a purely oxide-based coloring approach is
the expected color stability over time as oxide layers are usually
chemically stable, although further investigations would have to
be done in that matter.

In conclusion, achieving a large gradient of vivid colors is
straightforward with the current DUV ultrafast laser technolo-
gies by simply tuning machining parameters such as scanning
speed or focused spot size, by adapting the integrated dose with
micro-meter resolution. We believe the technique will be highly
relevant for coloring applications in materials exhibiting non-flat,
delicate and flexible surfaces, where precision and durability are
key aspects.
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