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The study of femtosecond laser structural coloring has recently attracted a great amount of research
interest. These studies, however, have only been carried out in air. At the same time, laser ablation has
also been actively studied in liquids as they provide a unique environment for material processing.
However, surprisingly, structural coloring has never been performed in liquids. In this work, we perform
the first study of metal structural coloring in liquid and compare the results to metal structural coloring
in air. Colors created in liquid are formed by nanoparticle-induced plasmonic absorption and result in
a range of colors transitioning from purple to orange. Surface structures formed in liquid are less
hierarchical and more uniform than those formed in air, producing a surface with a much higher
reflectance due to reduced light trapping, resulting in a more vibrant color. However, colorization
formed in water suffers from less uniform colorization due to turbulence at the air—water and water-
target interfaces, resulting in slight changes to the laser beam’s focus during processing. Finally, finite-
difference-time-domain simulation based on the measured surface structures is used to understand the
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1. Introduction

Colorization of solid surfaces using plasmonic effects of nano-
structures, known as structural coloring, has attracted great
interest because of their applications in non-additive coloring
or decorating surfaces with high values where conventional
pigment or paint should be avoided for several reasons such as
counterfeiting, environmental hazard, additional mass, and
short lifetime of these coatings."™ Several fabrication methods
such as electron beam lithography, interference lithography,
ion beam lithography, and milling and nanoimprint lithog-
raphy are used to realize structural colors.”® However, these
methods exhibit a slow fabrication process, need highly precise
and costly equipment, and are limited to flat working surfaces,
therefore are not suitable for the large-scale production of cost-
effective colored surfaces. Moreover, the colors produced from
the periodic nanopatterns fabricated by these techniques are
generally iridescent i.e. angle-dependent.*

Laser-induced metal colorization is a form of material
functionalization. By ablating the surface of a metal, a series of
micro and nanostructures can be formed, that through direct
light absorption, multiple reflections, and plasmonic reso-
nance, can tune the reflection profile of metals making them
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role of plasmonic resonance in colorization.

appear a different color.”™** Femtosecond pulsed lasers are
particularly useful in this task due to their small heat-affected
zones, and high peak intensities, allowing for the formation
of dense and high aspect ratio micro and nanostructured
surfaces.”'® We and other groups widely used femtosecond
laser surface processing in the air to produce highly absorptive,
so-called “black metals”,"*'” and surfaces that reflect specific
color i.e. “colored metals”.">**° Pulsed laser ablation in liquid
(PLAL), where laser beam irradiates target surface at solid-
liquid interface through a transparent liquid has a number of
advantages over ablation in air/vacuum including smoother
surfaces and edges in laser cutting and drilling,*** higher rate
of material removal, plasma-induced etching of material
surface, formation of colloidal solution of nanoparticles (NPs),
and surface functionalization.®* However, mostly PLAL
research is focused on the formation of colloidal solution of NPs
either using laser ablation of bulk metal target and solid-liquid
interface®® or laser-induced melting/fragmentation of sus-
pended nanoparticles for their resizing and reshaping,® and
surprisingly has been never used for the structural coloring of
surfaces. To the best of our knowledge, this is the first report on
the liquid-phase laser-induced structural coloring of the surface
of any material.

Here, we demonstrate femtosecond laser-induced structural
colorization of copper surface in water and air and explain the
plasmonic colorization mechanism through the combination of
experimental hemispherical optical reflectance and numerical
simulation. By varying the average incident pulse number per

This journal is © The Royal Society of Chemistry 2020
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unit area on the Cu surface, we produced a range of colors from
purple to orange. Through optical reflectance and nanoparticle
analyses, we study these structures and directly compare them
to similarly femtosecond laser colorized Cu in air. Finally, finite-
difference-time-domain (FDTD) simulation is used to under-
stand the role of plasmonic resonance in copper colorization.

2. Experimental and optical
simulation

All samples in this study were irradiated using a pulsed
Ti:sapphire laser system operating at 800 nm central wave-
length with linear polarization, 53 fs pulse width, and 1 kHz
repetition rate. For liquid ablation experiment: the sample was
mounted on a platform at the center of an acrylic cubical box
filled with double distilled water. The water reservoir with the
sample was translated in the x-y plane using a computer-
controlled dual-axis translation stage (Fig. 1(a)). The laser
beam (fluence = 5.4 ] cm ™) was focused on the sample surface
through a 5 mm thick water layer using a 100 mm focal length
plano-convex lens. For ablation in air, the sample was mounted
on a vertical x-y translational stage and irradiated with a laser
fluence of 5.6 ] cm 2. In both cases, 1 mm thick polished Cu
foils were used as starting surface. The laser beam was unidi-
rectional raster scanned on the sample surface with 100 pm
interline spacing and 100 um spot size. The average laser energy
delivered at a given spot and hence the size and morphology of
structures produced at that spot is controlled by scanning speed
of the laser beam. The surface morphology of the irradiated
samples was studied using a scanning electron microscope
(SEM). PerkinElmer Lambda 365 double beam spectropho-
tometer equipped with a 50 mm integrating sphere was used for
hemispherical reflectance measurements of the laser processed
colored copper samples.
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For FDTD simulation, a commercial FDTD package known
as Lumerical solutions (Lumerical Inc.) was used to calculate
the spectral response of E-field distribution on reflection
monitor. An array of copper nano-protrusions (NPTs) with
average size and separation extracted from SEM images was
designed on the copper substrate. A normally incident broad-
band unpolarized light in the spectral range of 400-800 nm was
considered as a light source, and periodic boundary conditions
were used in the x and y directions, while the phase-matched
layer (PML) was used in the z-direction.

3. Results and discussion

By increasing the laser scanning speed from 0.5 to 2 mm s,
a range of colors can be formed on Cu following femtosecond
laser ablation in water (Fig. 2(a-d)). Raster scanning faster or
slower than this range yielded ablated samples with either no
visible ablation or a dulled grey colorization, respectively.
Colors formed shows transition from a deep purple at 0.5 mm
s~' to a light orange at 2 mm s~ " scanning speed. These colors
are similar to those formed after laser surface processing of
copper in the air (top of Fig. 3). Colors formed in the air are
produced using a comparable laser fluence to that used for
liquid ablation but require faster scanning speeds to produce
similar colorization, 3 mm s ' to 4 mm s . The wave-like
patterns observed on the surface of the Cu samples ablated in
water are variations in the apparent color. These are neither due
to variations in ablation depth nor as a result of material
transport. This change in color on the Cu surface is most likely
a consequence of the translation stage's movement, as observed
before,”® perturbing the water-air and water-target interfaces
that probably altered the laser beam's effective focus position
and produced areas of local color difference on the Cu surface.
The appearance of the wavelike pattern is more intense at
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(a) Experimental setup of liquid-phase femtosecond laser induced structural colorization, (b) schematic for laser produced plasma (LPP)

induced pressure that pushes molten material to produced hemispherical NPTs on copper surface.
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Fig.2 Photographs of colored copper samples irradiated in double distilled water with laser scanning speeds (a) 0.5 (b) 1.0 (c) 1.5 and (d) 2.0 mm
s71 (e) Reflectance spectra of colored copper samples produced at different scan speeds.
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Fig. 3 Colored copper samples irradiated in air at scanning speeds
(left to right) 3 mm st 3.5 mm s7%, 4 mm s~ and corresponding
reflectance spectra (bottom).

higher scanning speed that supports our speculation. The
wavelike pattern can be avoided to produce a more uniform
color by scanning the laser beam at a fixed water-target interface
instead of scanning of the target at a fixed laser beam position,
as shown in ref. 29 in the formation of LIPSS through fs laser
ablation in water. Another possibility of the non-uniform
appearance in the color may be due to the scattering and
refraction of the laser beam from persistent bubbles, nucleate
and grow due to the laser-heating of the target surface and
incubation effect, that reduces the overall laser power reaching
at the target surface.?
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The hemispherical spectral reflectance of the colored
copper samples produced by pulsed laser ablation (PLA) in
double distilled water is shown in Fig. 2(e). Compared to one
another, samples irradiated with scanning speeds between 1 to
2 mm s ' exhibit the same overall spectral shape but tends
towards decreased reflectance for slower scanning speeds.
Instead of following this same trend, samples irradiated with
0.5 mm s~ scanning speed (red curve) exhibit comparatively
higher absorption in the spectral range of 480 nm-640 nm
along with a larger reflection at a longer wavelength that
explains its deep purple appearance. As compared to the
sample produced at 0.5 mm s ' scanning speed, copper
surface processed with 1 mm s ' scan speed has slightly
higher reflectance in the visible (480-640 nm), but much lower
reflectance at longer wavelengths (green curve) that gives it an
orange color. Comparing reflectance spectra of liquid-phase
laser ablated samples to that of the similarly colored air
ablated samples (see the top of Fig. 3), liquid ablated samples
have much higher reflectance. Previous works also show
similarly low reflectance spectra for colorized air ablated
Cu'”*® and other metals.*" Faster scanning speeds are required
for air ablated Cu to form colors similar to those formed in
water. Having used comparable initial fluences, this difference
in required scanning speeds is likely due to water having
a greater absorption than air at 800 nm wavelength. Due to this
increased absorption, a larger number of pulses hence a slower
scanning speed is required to achieve similar colorization
results.

Surface morphological investigation of the liquid ablated
samples under SEM shows the growth of an array of hemi-
spherical nano-protrusions (NPTs) on the copper surface,
where the size of these nano-protrusions decreases and wall-
to-wall separation between them increases with increase in
the scanning speed (Fig. 4(a-d)). These NPTs are possibly

This journal is © The Royal Society of Chemistry 2020
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Fig.4 SEM images of copper samples, ablated in double distilled water with laser scanning speeds of (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 mm s~

Lat

scale bars of 1 um (left) and 100 nm (right). Encircled regions in the right show deposition of small copper oxide NPs (5-20 nm) on the surface of
NPTs. Insets (b) and (c) show corresponding fast-Fourier-transform images. (e) EDAX image of the square region in the SEM image of the surface

processed with 0.5 mm s~ scan speed.
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formed through high pressure exerted by liquid-confined- confinement of laser-produced plasmas (LPPs) generally
copper-plasma at the molten-copper beneath it followed by increase temperature, pressure and kinetic energy of the
ultrafast cooling and re-solidification (Fig. 1(b)). Spatial plasma species.?> The LPPs, spatially confined by transparent

am—" Aitilaoubenal - L —— -
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Fig.5 SEMimages of the colored copper samples laser processed in air with the scanning speeds of (a) 3.0, (b) 3.5, and (c) 4.0 mm s~*. Scale bars
1 um (left) and 100 nm (right). (d) EDAX image of the colored copper sample produced at 3.0 mm s~* scan speed.
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water overlayer, interact and push its surrounding interfaces
and the molten metal layer beneath it. The size of NPTs
produced on the target surface depends on the amount of
molten metal beneath the LPP that itself depends on the
amount of deposited laser energy per unit area at the solid-
liquid interface. A higher scan speed of 2.0 mm s~ ' corre-
sponds to an average of 50 laser pulses at the focus spot area
of 100 um, while a slower scan speed of 0.5 mm s~ ' results in
an average of 200 laser pulses in the same area. The smaller
amount of deposited laser pulse energy on the target surface
for higher scan speed (2.0 mm s~ ') results in the formation of
smaller size NPTs (Fig. 4(d)). Dotted encircled regions in
Fig. 4 show either deposition of copper oxide NPs on the
surface or in the gap regions of NPTs (right panels of Fig. 4(a-
c)) or formation of small size of copper oxide NPTs (right
panel of Fig. 4(d)). It is interesting to note that several
smaller sized copper oxide NPTs are formed on the copper
surface with higher scan speed (right panel of Fig. 4(d)),
while several smaller sized (5-20 nm) copper oxide NPs are
deposited on the surface of Cu NPTs structured at lower scan
speed (right panel of Fig. 4(a)). The density of deposited
copper oxide NPs increases with a decrease in the scan speed.
Generally, metal oxide nanoparticles (NPs) forms at the
plasma-water interface are dispersed into liquid and have
a lesser probability to get redeposit at the target surface.
Therefore, structures formed at the copper surface by laser
ablation in water has a much smoother surface with lower
oxide content as compared to those produced in the air (see
EDAX images Fig. 4(e) and 5(d)). Fast Fourier Transform
(FFT) analysis of these surfaces shows the spatial period (av.
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Fig. 6 (a) Average particle size, and (b) average interparticle distance
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dia. of NPT + wall-to-wall separation) of NPTs from ~140 to
~170 nm (inset Fig. 4(b) and (c)). These quasi-periodic arrays
of NPTs induce an anti-reflective effect at wavelengths close
to four-times of their period (Fig. 2(e)). An increase in the
scanning speed slightly decreases the period of NPTs array
resulting in shorter wavelength shifts in the resonance
absorption and appearance of a reddish color. EDAX image of
the sample prepared at 0.5 mm s scanning speed, shown in
Fig. 4(e), shows <2% of the oxygen content.

In contrast to liquid-phase ablation, Cu surfaces laser pro-
cessed in the air are covered with dense layers of redeposited
NPs and their self-assembled hierarchical nanostructures
(Fig. 5(a—c)). The left panels of these images show zoomed out
views of the irradiated samples, better illustrating the unifor-
mity (liquid ablation), or lack thereof (air ablation), of NPs on
the ablated Cu surface. The redeposition of ablated material
causes the surface of air-ablated samples to exhibit a wider
distribution in NPs sizes. The wider NP size distribution, along
with the formation of hierarchical structures is likely the cause
of the decreased reflectance of air-ablated Cu as compared to
one ablated in liquid, for similar colors. The larger nanoparticle
distribution excites a more broadband plasmonic absorption,
while the hierarchical nanostructures trap light in cavities and
absorb light by means of angular dependent Fresnel absorp-
tion.**** Laser-induced periodic surface structures (LIPSS) (left
panels Fig. 5(a-c)), observed only in the case of air ablated
samples, can scatter light to contribute towards the overall
reduced reflectance over the water ablated samples.”” The EDAX
image of the sample prepared at 3 mm s ' scanning speed,
shown in Fig. 5(d), demonstrate <5% oxygen content in the
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on the surface of copper after fs laser processing in double water with

different scanning speeds. Error bars show range of smallest and largest size of NPTs on the colored copper surface processes at corresponding

scan speed.
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sample. For both air and liquid ablation, overall reflectance is
further reduced by antireflection effects caused by the graded
effective refractive index at the air-metal interface due to the
random subwavelength structures formed on the Cu surface
following ablation.**

Size of periodic nanostructures and their period determine
position and intensity of surface plasmon resonance modes®
and hence structural colorization. To understand this, we
carefully analyze and extract the mean radius and interparticle
separation of NPTs from SEM images of colored samples
produced by PLA in double-distilled water. Analysis of the water
ablation Cu samples reveals that, for increasing laser beam
scanning speeds, the average size of NPTs decreases, but
a larger number of NPTs are formed (Fig. 6(a)). At slower
scanning speeds, the irradiated sample is receiving a larger
number of average pulses per unit area, which has been shown
to increase the size of NPTs and decrease in the number of NPTs
formed.'”*® With an increase in the number of pulses at a given

(@)1.0
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spot, the smaller size of NPTs formed from previous pulses
melted, got coalescence and formed the larger size of NPTs.
Although an increased number of NPTs are formed at larger
scanning speeds, due to a decrease in the average NPTs size the
average interparticle spacing increases (Fig. 6(a and b)). Due to
an extremely hierarchical nature and high density of NPs in the
air ablated Cu, the statistical analysis of nanoparticles formed
on the surface of the air processed colored copper sample is not
possible. However, from SEM images shown in Fig. 5, one can
see a similar trend of smaller NPs formation with higher scan-
ning speed. The study of NPs for Cu ablated in the air has been
extensively studied and shows similar results to those of liquid
ablated Cu where faster scanning speeds resulting in a smaller
average NPs size and a larger interparticle separation.*®?”**

To further understand and support our claim for the
mechanism of structural coloring in the present case, we
numerically simulated optical reflectance from an array of
hemispherical Cu NPTs on perfectly flat Cu substrate
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Fig.7 (a) FDTD simulation for spectral reflectance from an array of Cu corresponding to surfaces produced with 0.5 and 2.0 mm scan speeds.
Electric field distribution for 2 = 550 nm light at 2 nm above the copper substrate around NPTs of (b) D = 60 nm, d =70 nm, (c) D =120 nm, d =
50 nm, and (d) smaller sized NPs around D = 120 nm, d = 50 nm NPTs.
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illuminated with a normal incident broadband unpolarized
light source. Three sets of nanostructured surfaces with arrays
of Cu NPTs of (i) diameter (D) = 60 nm and wall-to-wall spacing
(d) = 70 nm (corresponding to SEM image Fig. 4(d)), (ii) D =
120 nm, d = 50 nm (corresponding to SEM image Fig. 4(a))
without redeposited NPs, and (iii) D = 120 nm, d = 50 nm with
smaller sized copper NPs (D = 20 nm, d = 10 nm) are designed.
Here, first, we ignored the oxidation of copper NPTs and
considered the deposition of copper NPs on the surface.
Simulated reflectance spectra for all the three cases show
resonance absorption at 550 nm with an overall spectral shape
very similar to our experimental reflectance shown in Fig. 2(e).
Similar to experimental results, the simulated reflectance peak
close to 550 nm shows higher absorption and a longer wave-
length shift with an increase in the size of NPTs and a decrease
in the interparticle spacing (slower scanning case). From
Fig. 7(a), we can see that an increase in the particle size from D
= 60 nm to D = 120 nm causes decrease in the reflectance from
~58% to ~33% at 550 nm wavelength resulting ~43% sensi-
AR/R,
AD/D,
tance from the structure and diameter of the NPT). The
presence of smaller sized NPs on the surface and in the

tivity (%S = x 100; where R, and D, are initial reflec-
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interparticle gap in the SEM image of Fig. 4(a) encouraged us to
study effects of these NPs (D = 20 nm, d = 10 nm) on the
spectral reflectance. The addition of copper NPs further
decreases absorption near 550 nm and slightly shifts resonance
absorption towards longer wavelengths. However, the change in
the absorption due to the addition of smaller sized NPs is much
smaller as compared to the change in the size of NPTs. Surface
processed with slower scanning speeds results in a larger
density of smaller sized NPs (Fig. 4(a)) that slightly increases
total absorbance around 550 nm (Fig. 2(e); red curve) for slower
processed sample. Electric-field distribution (Fig. 7(b-d)) also
shows higher absorption at 550 nm wavelength for larger sized
NPTs with smaller interparticle spacing (Fig. 7(c)). The addition
of smaller sized NPs further increases near-field interaction and
hence absorption at 550 nm (Fig. 7(d)). Near-field coupling
between NPs hybridizes the plasmonic modes and generate
electromagnetic resonances at longer wavelengths that
broadens the spectral absorption profile.*

It is well known that laser ablation of active metals, such as
zinc and copper, in water generates their oxide NPs and makes
a thin layer of oxide on the target surface.”* It is also verified
from the appearance of lighter NPTs (encircled region Fig. 4(d))
and lighter NPs (encircled regions Fig. 4(a—c) in the SEM
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Fig.8 FDTD simulation to investigate the influence of shell layer thickness in Cu core@CuO shell NPTs on optical reflectance for (a) D = 60 nm,
d=70nm, and (b) D =120 nm, d = 50 nm NPTs. FDTD simulation to investigate the influence of CuO spherical NPs around Cu core@CuO shell
NPTs for (c) D = 60 nm, d =70 nm, and (d) D =120 nm, d = 50 nm NPTs. Arrangements of NPTs of 120 nm diameter and 50 nm interspacing with
20 nm diameter CuO NPs in the gap region, and corresponding spatial distribution of E-filed in the x—y plane are shown in the inset of (d).
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images. Since electron density in metal oxides is much lower as
compared to corresponding metals, therefore in SEM imaging,
a region with higher oxide content shows whitish appearance.
We further studied the influences of the thin oxide shell layer on
the surface of Cu NPTs and deposition of smaller sized spher-
ical CuO NPs (SEM image Fig. 4(a) and EDAX image Fig. 4(e)) on
the spectral absorption and hence plasmonic colorization.
Arrays of hemispherical Cu core@CuO shell NPTs (inset
Fig. 8(a) with fixed dimensions of (i) D = 60 nm and d = 70 nm
(Fig. 8(a), and (ii) D =120 nm, d = 50 nm (Fig. 8(b)) are designed
and CuO shell layer thickness is varied in the range of 2 to
10 nm. It is interesting to note that for smaller as well as larger
sized NPTs, absorbance at 550 nm slightly increased (i.e. 5%
decrease in the reflectance; ~55 to ~50% for smaller size, and
~10% from ~35 to ~25% for larger size NPTs) with (2 to 10 nm)
increase in the CuO shell layer thickness. The results shows
a maximum of 10% change in the absorbance for 400% change
in the CuO shell layer thickness resulting ~7% sensitivity
AR/R,
At/t,
layer thickness and initial shell thickness respectively). To
further study the influence of CuO NPs in the gap region of Cu
core@CuO shell NPTs on spectral absorbance, we considered
10 nm thick CuO shell layer and added CuO NPs of 5 to 20 nm in
diameter in the gap region (Fig. 8(c) and (d)). For both cases,
spectral absorbance at 550 nm slightly increased with an
increase in the size of NPs (~50 to ~40% change in the reflec-
tance for smaller, and ~25 to ~21% change in reflectance for
larger size NPTs). A maximum of 10% change in the absorbance
for 300% change in the particle size resulting 6.6% sensitivity.
With the careful analysis of these simulation results, it seems
that the size of CuO NPs has more influence on the array of
smaller sized NPTs (Fig. 8(c)) over the larger one (Fig. 8(d), while
the effect of shell layer thickness is more pronounced in the
optical reflectance for larger sized NPTs (Fig. 8(b)) as compared
to smaller ones (Fig. 8(a)). The FDTD simulation shows that the
size of the NPTs and their separation, structural, has the highest
contribution (S = 43%) in the colorization, while thickness of
CuO shell layer and size of redeposited CuO NPs have much
weaker dependence i.e. ~7% and ~6.6% sensitivities. The close
resemblance of simulated reflectance from an array of Cu NPTs
on the copper substrate with experimental results supports our
claim of plasmonic colorization. From these simulations, we
can say that the colorization largely depends on the size of NPTs
(structural effect) rather than the oxidation (chemical effect) of
the surfaces.

(%S = x 100; where At, and ¢, are change in the shell

4. Conclusions and prospects

By varying the laser's scan speed, we successfully created four
non-iridescent colors ranging from purple to orange on the
surface of copper using femtosecond laser ablation in water.
Compared to laser ablation in air, the reflection profiles for
samples formed in water are on average twice as reflective,
resulting in a much brighter apparent colorization. This can be
attributed to both smaller nanoparticle sizes, and a lack of
hierarchical structures, forming in water that would otherwise
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trap light. The different scanning speeds resulted in different
colors on the material's surface which relate to the average
diameter and spacing of Cu NPTs formed on the Cu surface.
Higher scanning speed results in the formation of smaller size
NPTs with larger spacing causing higher overall reflectance with
an orange appearance. However, larger sized and closely spaced
NPTs formed with slower scanning speed result in higher
absorption with a purple appearance. The surface structure is
modeled using average size and spacing obtained by SEM
images to numerically simulate optical reflectance and under-
stand the mechanism of colorization. At last, the colorization
has much higher dependence on the size of NPTs (structural
effect) as compared to the surface oxidation (i.e. compositional
or chemical effect).
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