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ABSTRACT

Laser marking has become a versatile method for industrial product identification because of its applicability to almost all kinds of solid mate-
rials in a simple and single-step process. However, traditional laser marking generally produces contrast marks which are often monochro-
matic. There is increasing interest in color marking by laser processing for decoration and visual attraction. This tutorial provides a digest of
the recent advancement of laser coloring technologies for surface coloration. An overview of existing methods for laser coloring is summa-
rized, and three distinct physics mechanisms behind color formation are discussed. It is found that the coloration of diverse solid surfaces
originates from laser induced oxidation, surface structuring, and micro/nanoparticles generation. How the laser processing parameters and
experimental conditions affect the resulting colors is also presented. The laser coloring technique is capable of producing complete Hue
palettes on metal surfaces by the precise control of laser processing parameters and will find much more extensive applications.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5089778

. INTRODUCTION

As a versatile and environment-friendly technology, laser
marking is rapidly replacing traditional marking methods such as
painting and printing.' It has become a foremost industrial pro-
cess today in many applications, such as the labeling of serial num-
ber, date, barcode, quick response (QR) code, company logo, trade
marker, and other product information. Current laser marking typ-
ically produces monochromatic marks with gray or black color.
However, there is greater interest in colorful marks or patterns for
new applications, such as identification tags and product decora-
tion.” In addition, color marking is more appealing from an aes-
thetic point of view. Recently, color marking by laser processing
without using any chemicals has emerged as a novel and versa-
tile technology to create various colors on solid substrate surfaces.
This laser color marking technology has received a great amount of
research attention due to special advantages over traditional coloring
methods (1) noncontact and operating without tooling requirement,
(2) permanent wear resistant colors which do not fade over time,
(3) high processing speed, high flexibility in automation, and low
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operating cost (without using consumables), (4) ability to create pre-
cise features and various colors on a small area, (5) outstanding
design flexibility in patterns and images because no molds or stencils
are required, and (6) environmental friendliness due to the chemical
free process.

Under the laser irradiation, physical or chemical effects usually
occur on the substrate surface. The effects lead to the modification
of optical properties in the visible range; as a result, various colors
are created on the surface. Generally, laser color marking is mainly
achieved through three approaches: thin film interference effect of
the surface oxide layer,”” laser induced periodic surface structures
(LIPSSs),”” and plasmonic colors excited from metallic nanoparti-
cles and nanostructures.’ In the first approach, laser heating leads to
the formation of a transparent or semitransparent oxide film on the
substrate surface. With white light illumination, it can be reflected
from the top and bottom surfaces of the oxide film. Constructive
interference of the reflected beams makes the surface appear a cer-
tain color, which is determined by film thickness, refractive index
of the oxide, and the order of interference. Some studies found that
the intrinsic colors of the metal oxides play a more important role
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in the surface color formation.” The second approach of the laser
coloring is to produce LIPSSs on substrate surfaces by high-peak-
power femtosecond or picosecond lasers. The LIPSS acts as a grating
to give rise to iridescent colors due to the optical diffraction effect.
The colors are not caused by pigments but originate from material
surface micro/nanostructures, namely, structural colors. The main
feature of these structural colors is that they are highly dependent on
a viewing angle. The third laser colorizing approach is also derived
from the structural colors. Different from the second mechanism,
the surface structures which excite the surface colors are randomly
distributed without regularity, and the color does not vary with the
viewing angle. Surface plasmon resonance (SPR) effects arising from
metallic nanostructures and nanoparticles are the main causes for
this type of coloring.

The scope of this tutorial is to present the recent advancement
and the fundamental basics of laser color marking for surface col-
oration and decoration. An overview of the existing methods for
laser color marking is provided, and several possible mechanisms
responsible for the surface color formation are discussed. How the
laser processing parameters and experimental conditions affect the
resulting colors is also presented. Some important applications of
the laser color marking are also introduced.

Il. EXPERIMENTAL

For the laser color marking, relative motion between the laser
beam and sample is required. There are two commonly used meth-
ods to achieve the relative motion. The first one is to scan the
beam over the sample by using two galvanometer-driven scanning
mirrors, while the second method is to move the sample under a
fixed beam by computer-controlled 2D or 3D translation stages.
The experimental setups for the laser color marking are shown in
Fig. 1.

The laser coloring can be achieved by nanosecond, picosecond,
and femtosecond laser irradiation, with the wavelength ranging from
UV to IR. The laser parameters which have significant impacts on
the colors being produced are power, wavelength, pulse width, rep-
etition rate, and beam size. Usually, each color is associated with a
set of laser parameters. The key of the laser processing is to find the
correspondence between the color and parameter set. In addition to
the laser parameters, there are some other factors which also affect
the produced colors: processing parameters, ambient condition,
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and sample properties. Processing parameters include scanning
speed, line spacing, defocusing value, and number of scanning.
Ambient conditions refer to surrounding temperature and atmo-
sphere. Most of the laser coloring experiments are performed at
room temperature and atmospheric environment. The influences of
different ambiences, such as oxygen, nitrogen, inert gas, and liquid
on the surface coloring, have also been studied. Sample properties
mainly refer to the compositions of the substrate, surface roughness,
and substrate thickness, which significantly affect the compositions
of the formed oxides and the types of the surface structures. Most
studies of the laser coloring focus on metal and alloy substrates as
they are easy to be oxidized and structured in air. Some metal oxide
and semiconductor materials can also be color marked by laser irra-
diation. Table I provides a summary of the laser coloring research
on different substrates, for different lasers and key parameters
used.

Ill. LASER COLORING FROM SURFACE OXIDATION

Laser induced oxidation is a well-known phenomenon because
substrate materials react much easily with oxygen under the assist
of laser heating. As early as the 1980s, laser induced oxidation has
been extensively studied on a variety of materials, such as silicon
(Si), chromium (Cr), cadmium (Cd), copper (Cu), and tellurium
(Te).ZT * 1t was found that the oxide films produced on Cd, Cu, and
titanium (Ti) surfaces exhibit colors which are different from the
substrates.”””" Thus, laser processing provides a possibility to cre-
ate permanent colors on sample surfaces by controlling the oxide
layer formation. This color marking technique was extensively stud-
ied on numerous metals and alloys with a variety of lasers. Being
a most widely used alloy, stainless steel is the most studied mate-
rial. Laser colorizing has been demonstrated on various grades of
stainless steels, such as 304,'"*% 304L,*"* 316,"" 316L,”" and even
a home-made stainless steel with definite compositions."” Since the
produced colors are governed by laser induced oxide films, the con-
trol of the oxide film thickness and composition is essential to the
surface performances.'"'>"*** Systematic studies of the oxide layer
formation and the influences of various laser processing parameters
on the produced colors have been studied.””® Through the precise
adjustment of the laser parameters and process parameters, a variety
of colors and even complete color palette’ can be obtained. Figure 2
shows a matrix palette produced on a 304 grade stainless steel surface
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P

Lens FIG. 1. Experimental setups for laser
color marking: (a) galvanometer scan-
ning and (b) translation stages. My, My,

SEAnsIAtion and M3 are mirrors.

4

4,051101-2

¥0:1€:1Z €20 Joquia0a( g1


https://scitation.org/journal/app

TABLE 1. A summary of the laser color marking on different substrates by different lasers. A: wavelength; 7: pulse width; f: repetition rate; v: scanning speed; /: line spacing; and

SS: stainless steel.

Mechanisms Substrates Lasers Parameters: A; 7; f; v; |
SS 304 Yb:glass fiber laser'’ 1062 nm; 100 ns; 20-100 kHz; 50-225 mm/s; 10-50 ym
3rd-harmonic Nd:YVOy laser'’ 355 nm; 25 ns; 40 kHz; 400-500 mm/s; 30 ym
Yb pulsed fiber laser'” 1060 nm; 100 ns; 20-99 kHz; 1-250 mm/s; -
$S 316 Yb pulsed fiber laser'’ 1064 nm; 100 ns; 20-100 kHz; 10-500 mm/s; -
SS SU303 KrF excimer laser’ 248 nm; 20 ns; 225 kHz; -; -
Surface oxidation  pyreTi  Nd:YAG laser* 1064 nm; 300 ns; 30 kHz; 25-300 mm/s; 200 ym
Pulsed fiber laser'” 1064 nm; 119 ns; 225 kHz; 90-600 mm/s; 10 ym
YD pulsed fiber laser'? 1060 nm; 100 ns; 20-99 kHz; 1-250 mm/s; -
Fiber ns laser® 1064 nm; 15-225 ns; 500 kHz, 1 MHz; up to 2500 mm/s; -
Ti-6Al-4V  Nd:YAG ns laser’ 1064 nm; 100 ns; 20 Hz; 3-100 mm/s; -
WO; KrF excimer pulse laser” 248 nm; 23 ns; 10 Hz; -; -
SS Ti:sapphire fs laser' 800 nm; 90 fs; 1 kHz; 1-4 mm/s; 50 ym
Ti:sapphire fs laser’ 800 nm; 150 fs; 5 kHz; 10-130 mm/s; -
Ti:sapphire fs amplifier- OPA" 240 nm-2600 nm; 1 kHz; 13 mm/s; -
Cu ps laser”’ 1064 nm; 10 ps; 203.6 kHz; -; -
LIPSS Ag Ti:sapphire fs laserii 800 nm; 65 fs; 1 kHz; -; -
Al Ti:sapphire fs laser™ 800 nm; 120 fs; 1 kHz; 0.1-16 mm/s; 50 um
Ti:sapphire fs laser’ 800 nm; 65 fs; 83 Hz; 1 mm/s; -
Ti Ti:sapphire fs laser” 744 nm; 100 fs; 10 Hz; 0.02-0.6 mm/s; -
Si Ti:sapphire fs laser” 800 nm; 65 fs; 1 kHz; 1 mm/s; -
Ti:sapphire fs laser” 800 nm; 100 fs; 1 kHz; 1 mm/s; -
Ag Nd:YVOy ps laser® 1064 nm; 10 ps; 50 kHz; 11-3000 mm/s; 1-13.5 ym
Nanoparticles and Cu Nd:YVOyq ps laser™® 1064 nm; 10 ps; 100 kHz, 200 kHz, 1 MHz; 50-5000 mm/s; 10-20 ym
nanostructures Al Ti:sapphire fs laser” 800 nm; 65 fs; 100 Hz; 1 mm/s
Au Nd:YVOy ps laser® 1064 nm; 10 ps; 50 kHz; 11-3000 mm/s; 1-13.5 ym

by a nanosecond fiber laser in raster scanning. Rich colors are pro-
duced at different scanning speeds and line spacings. The laser col-
oring technique shows wide potential applications in colorful tags
and logos, decorative artwork, and product identification. Some

>

0.015

0.01
0.008

Line spacing/(mm)

2 s 6

=]

20 25 30 35 40 45

Scan speed/(mm/s)

FIG. 2. A matrix palette produced on 304 grade stainless steel at different powers
and line spacings. Repetition rate: 300 kHz; laser power: 4.5 W; and pulse width:
10 ns.
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applications of laser coloring are presented in Fig. 3, where color
bar code, World Cup logo, and some artwork images are marked on
stainless steel surfaces, demonstrating the ability of laser coloring to
create exquisite images and patterns on metal substrates.

Many studies of the laser color marking have been focused on
Ti and its alloys because of their wide range of applications. Carey
et al. demonstrated the laser coloring of Ti jewelry with a pulsed
Nd:YAG laser,” establishing the viability of laser coloring in the
ornamentation of craft metal work and jewelry. By controlling the
oxide growth, O’Hana et al. used the laser as a “pen” to produce
precisely defined colors for fashion metal jewelry design and decora-
tion.” Further studies on pure Ti and its alloys have been performed
to reveal the physics mechanisms behind the laser color marking, "'
to analyze compositions and structures of the oxide film,*”* *' and to
investigate the effects of laser processing parameters on the resulting
colors.'>'*"'° Similar to stainless steel, a wide spectrum of colors has
been achieved on Ti and its alloys. Figure 4 shows a series of colors
produced on Ti substrates at different scan speeds and different laser
powers.13 Figure 5 shows a International Commission on Illumina-
tion (CIE) 1931 x-y chromaticity diagram of laser-induced Ti oxide
layers.”” It can be seen that the obtained colors span a large range
of x and y values, which are vibrant but not saturated. However,
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FIG. 3. Demonstration of applications of laser coloring on stainless steel. (a) Color bar code, (b) FIFA World Cup logo, (c) facial markup, and [(d) and (e)] cartoon images.
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FIG. 4. A variety of colors produced on
Ti substrates by varying laser param-
eters. (a) Colors produced at differ-
ent scan speeds and a fixed laser
power.'® Reproduced with permission
from Adams et al., Surf. Coat. Technol.
248, 3845 (2014). Copyright 2014 Else-
vier B. V. (b) Color matrix by varying scan
speed and laser power.

ENET
ENE
EEE

190 mm/s 170 mm/s 110 mm/s 90 mn/s —

200 mn/s 180 mn/s
240 m/s 220 m/s

the obtained colors do not cover the integral visible range. Red and
green colors cannot be achieved on Ti surfaces by the laser oxidation
method. This phenomenon may be attributed to the film thickness,
which becomes too big for the origin of interference effects inside
the film."”

In addition to metals and alloys, some oxide substrates can also
be colorized by lasers. Lu and Qiu reported that the surface color of
an amorphous WO3 thin film could be modified from brown to pur-
ple by a 248 nm KrF excimer laser, and the color could be thermally
bleached back to brown by a Nd:YAG laser.'”
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FIG. 5. Chromaticity of various titanium oxide coatings produced at laser powers of
5.6, 6.6, and 7.6 W plotted over the CIE 1931 color space.® The red diamond sym-
bol is the measured x and y chromaticity of a bare Ti substrate. Reproduced with
permission from Adams et al., Surf. Coat. Technol. 248, 38—45 (2014). Copyright
2014 Elsevier B. V.
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Physical mechanisms underlying the laser coloring by the sur-
face oxidation have been discussed in a number of the previous
studies.”'****" Laser oxidation of metals is a process of fast gaseous
corrosion occurring at high temperatures. The laser oxidation pro-
cess and oxide layer growth are roughly divided into 5 stages:"’ (1)
heating of the metal surface by laser radiation. Upon metals being
exposed to laser irradiation in air or oxygen environments, the laser
energy is provided to electrons which are then excited from the lower
energy state to the higher energy state. Then, the excited electrons
decay rapidly to their fundamental state by releasing their energy
to the lattice and produce a temperature increase to the irradiated
area. (2) Reaction between the oxygen of air and the metal occurs
due to high temperatures. The oxidation process starts from a phys-
ical adsorption of oxygen on the metal surface. (3) The 2nd stage
is followed by the dissociation of the oxygen-oxygen liaisons and
formation of ionic liaisons between oxygen free electrons and the
metallic ions. Then, the first oxide germ is formed on the surface. (4)
The oxide germ grows laterally, leading to the formation of a con-
tinuous thin metal oxide film on the laser irradiated area. (5) The
cation/anion diffusion at the interface of the metal/oxide results in
a perpendicular growth of the oxide. In theory, based on the ther-
modynamic data and kinetic coefficients, the reaction course and
products of the laser oxidation may be foreseen. However in real
conditions, the laser heating process introduces a series of complex
factors, which leads to the oxidation to be a nonisothermal process.
The process is nonlinear and takes place in nonequilibrium circum-
stances. In the case of short laser pulse, the temperature variation
may be faster than the chemical reactions. In addition, the reaction
rate is high due to local high temperatures. Therefore, the laser oxi-
dation process is complicated, and the oxidation kinetics is different
from the isothermal process. It is hard to give a universal physical-
chemical mechanism to describe the process.”” On the other hand, it
is possible to obtain the regulation of the laser oxidation process for
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a given metal via experimental studies. The connection between the
oxide layer and the laser parameters can be found through the quan-
titative analyses of the oxide layer characteristics (chemical compo-
sitions, thickness, and crystallinity). An example of the investigation
on the oxidation process is demonstrated in Ref. 14. It is found
that as the laser fluence increases from 54 to 648 ]/cmz, the char-
acteristic signals of Ti»O, TiO, TiO», and Ti,O3 appear successively
from XRD diffractograms. The onset of each different oxide occurs
at a specific accumulated laser fluence, and the higher the laser flu-
ence, the higher the degree of oxidation. The studies on the laser
oxidation of stainless steel also show that the proportion of oxides
(Cr203, Fe;03, MnO, and NiO) varies with different laser process-
ing parameters,” suggesting that the oxidation kinetic process has a
strong dependence on the laser parameters.

Two main mechanisms have been suggested to explain how the
oxide layers exhibit different colors. The first one is based on the
thin film effect. As illustrated in Fig. 6, a white illumination light can
be reflected from the surfaces of both the oxide film and the metal.
The optical path difference § between the two reflected beams can
be expressed by the following formula:
5= L, 1)
n? — sin? 6;
where h, n1, and 0; are the oxide film thickness, refractive index of
the oxide film, and the incidence angle, respectively. When the opti-
cal path difference § = kA (k is an integer) for a wavelength A, the
specific color is enhanced due to the constructive interference. Equa-
tion (1) indicates that the enhanced color is dependent on the thick-
ness and refractive index of the oxide layer, viewing angle, and order
of interference. This laser color marking mechanism is confirmed
by the experimental observation of the oxide film interference and
the surface color changing with viewing angle. Strong oscillations
of reflected light intensity were measured on a laser-induced oxi-
dation surface of Cu.”’ Variation of observed colors with the oxide
thickness has also been demonstrated on laser color marked Ti sub-
strates.”'” XRD spectra of laser treated Ti samples revealed that the
oxide film is a mixture of several Ti oxides, as shown in Figs. 7(b)
and 7(c)." Detailed microstructures and phase analyses show that the
oxide film is composed of a thin layer of TiO, rutile formed at the
surface and a mixture of Ti oxides with a lower degree of oxidation
(TiO and other oxides) below the TiO, layer. The oxide thickness
increases with laser fluence, giving rise to different observed colors
due to the interference between the reflected light from both sur-
faces of the TiO; layer. This interference effect was also confirmed by
experiments on stainless steel,” where the laser-induced colors were

Air: ny=1

Oxide: n;

FIG. 6. Schematic diagram of the interference effect of the oxide film. ny and ny
are the refraction indices of air and oxide, respectively.
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FIG. 7. Grazing incidence X-ray diffractometry spectra of (a) an anodized sample
for comparison and laser treated samples obtained at the scanning speeds of (b)
240 and (c) 80 mm/s." In addition, the powder diffraction patterns corresponding to
a-Ti, TizO, y-TiO, B-Ti, O3, and TiO; rutile (R) and anatase (A) are also presented.
Reproduced with permission from Del Pino et al., Surf. Coat. Technol. 187(1),
106-112 (2004). Copyright 2004 Elsevier B. V.
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found to vary with the oxide thickness. The reflectance spectrum of
the laser marked surface as a function of incidence angle of the probe
light (i.e., viewing angle) has been measured.”” It is shown that not
only the color brightness and saturation but also the color hue vary
with viewing angle. The reflectance spectrum is blue-shifted as the
angle increases.

The second mechanism of the laser coloration effect is
attributed to the intrinsic colors of the metal oxides. Composi-
tional analyses and structural studies of the laser induced Ti oxide
films have been performed,l 13138 where there is a certain correla-
tion between the final surface colors and compositions of the laser-
induced oxide films. For example, golden color is the same as bulk
TiO;"" the purple is the color of Ti; O3, which is confirmed by XRD
analyses;’' and the white layer may attribute to the presence of TiO,
anatase.” Lu et al. studied the laser coloration mechanism of 304
grade stainless steel through the quantification analyses of surface
compositions.” The colors of laser marking are dominantly con-
tributed to the colorful oxides and spinel compounds, which act as
natural pigments presenting distinct colors.

The two physics mechanisms on the laser induced colors are
both reasonable and supported by numerous pieces of experimen-
tal and theoretical evidence. A systematic study of Ti and stainless
steel substrates suggests that both the interference effect and the
intrinsic color of oxide films contribute to the final surface colors."”
Which one is dominant depends on the specific color and substrate
properties.

For practical applications, the key factor is to control the for-
mation of the oxide film accurately so that to obtain desired col-
ors. Regardless of which mechanism is, the oxide layer thickness
and composition are the dominant factors in determining the final

4,051101-5
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FIG. 8. Photographs of the stainless steel surfaces processed by a nanosecond
laser in various gases.”® Samples 1-9: the laser scanning speed was varied from
10, 20, 30, 40, 50, 60, 70, 80 to 90 mm/s. Reproduced with permission from Luo
et al., Appl. Surf. Sci. 328, 405-409 (2015). Copyright 2015 Elsevier B. V.

surface colors, which are eventually determined by several factors,
including laser processing parameters, ambient condition, and sam-
ple properties. How these parameters or conditions affect the oxide
films and the resulting colors has been studied. Li et al. studied the
processing of UV laser-induced surface coloration and photother-
mal oxidation of stainless steel.' The results show that the colors
produced by laser irradiation are affected by processing parame-
ters, including laser power, focal plane offset, scanning direction and
speed, and repetition scanning number. A systematic research on the
relation of laser parameters to the obtained colors was performed
by using a master oscillator power amplifier (MOPA) fiber laser,”
where pulse energy and its peak power are considered as the main
limiting factors to produce high quality surface colors. The required
colors can be obtained by selecting correct pulse energy and proper
peak power by optimizing the pulse width. Lavisse et al. demon-
strated that laser fluence has a significant influence on the colors
obtained.”> When the laser fluence was varied from 4 to 60 ]/cmz,
the surface color changed from colorless and yellow for low fluence
(<25 J/em?) to purple and blue at a higher fluence. Antoficzak et al.

Laser | I I

scitation.org/journal/app

studied the sensitivity scaling of a number of laser processing param-
eters on laser color marking of stainless steel.'” The impact of each
laser processing parameter was analyzed separately. This study offers
an accessible approach to achieve greater stability and repeatability
for industrial applications of the laser color marking.

Since the laser induced colors are attributed to the oxide film
formed by the reaction of the substrate material with surrounding
oxygen, the ambient environment must have major influences on
the produced colors. Zheng et al. reported experimental results of
laser marking in different gas ambiences, such as O;, N, Ar, and
He.”"" High O, concentration can help to speed up the oxidation
and reduce the number of required laser pulses. On the other hand,
in a low O, ambience, the oxidation process is slowed down, how-
ever, enabling a finer control of the growth of the oxide layer and the
surface colors.” Luo et al. also found that the O, concentration can
greatly affect the surface morphology and chemical compositions of
the produced oxide films and therefore affect the surface colors.”
Laser processing was performed in four different gaseous environ-
ments: air, Oz, Ny, and Ar. All photographs of the laser processed
surfaces are shown in Fig. 8. It can be seen that colorful surfaces
were obtained in O, and air environments, and the surface cre-
ated in O, presents much richer colors than those in air. On the
other hand, however, in the oxygen-free environment (N, and Ar
environments), only dark and gray surfaces were obtained. This is
because that more oxides are produced at oxygen-rich conditions,
which exhibit more colors due to film effects or their instinct colors.
In addition, environmental temperature is also an important factor
affecting the laser induced colors."’

The final colors of laser treated surfaces are also highly depen-
dent on substrate composition and thickness. Although with the
same laser processing parameters, different colors can be obtained
on several stainless steels by varying chemical compositions."
Because the laser coloring process is driven by laser heating, the sub-
strate thickness can have significant impact on the resulting colors.

FIG. 9. (a) Microscope images and surface colors (insets) of
two sets of samples [oxide layer 1 (OL1) and oxide layer 2
(OL2)] before and after the thermal annealing at 300, 400,
and 500 °C, duration of 0.5, 1.0, and 1.5 h, respectively.
(b) The color tuning process via the post-thermal annealing.
(c) The model of the oxidation process during the anneal-
ing.“® Reproduced with permission from Zhou et al., Appl.
@ Sci. 8(10), 1716 (2018). Copyright 2018 MDPI Journals.
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A thick substrate can provide a bulk heat-sinking capability. On the
contrary, thin substrate may suffer from serious thermal effects.”
The difference of substrate temperature leads to different surface
colors.

Finally, it is noted that surface colors produced by the laser
marking can also be tuned by post-treatment.'® Thermal annealing
has been performed on laser colored Ti substrates. Two sets of sam-
ples before and after the thermal annealing are shown in Fig. 9(a).
It is found that the post-treatment can increase the color lightness
and lead to a color hue change. The color shift depends on anneal-
ing temperature and duration. Composition analyses of the surface
oxide film reveal that thermal annealing leads to further oxidation
and generates a new oxide, which changes the surface color. The
schematic diagrams of color tuning and oxidation process during
the annealing are illustrated in Figs. 9(b) and 9(c).

IV. ANGLE DEPENDENT COLORS ARISING
FROM LIPSSs

There is a category of colors called structural colors,”” which are
not caused by pigments or dyes but intrinsically generated from light
diffraction, interference, or scattering from micro/nanostructures.
One approach to obtain structural colors is to utilize laser-induced
LIPSSs. LIPSSs are regular groove structures with a spatial period
on the wavelength scale produced by laser irradiation. Like a one-
dimensional grating, the LIPSSs can give rise to structural colors
due to the diffraction effect. LIPSSs were first observed by Birnbaum
on semiconductor materials using a ruby laser."” They were then
extensively studied on various semiconductors,”””’ metals,””' and
dielectrics.””’

The generation of LIPSSs provides a simple way to control
the surface optical properties and visual colors of metals. Various
colors have been observed on a variety of metals, such as AL*”
Ag,21 stainless steel,”'*"” and Cu.”’ The LIPSS-generated colors are
highly dependent on viewing angle. Figure 10 shows an Al sample
produced by femtosecond laser processing, which exhibits various
colors at different viewing angles.” SEM images reveal that LIPSSs
are produced on the laser irradiated region, which caused the angle-
dependent colors, as shown in Fig. 10(b). The LIPSS period is about
540 nm and much less than the laser wavelength of 800 nm. The
LIPSSs are significantly polarization dependent with the periodic
structure orientation perpendicular to the incident laser polarization
for metal substrates. This characteristics makes it possible to control
the surface visual colors through controlling the laser beam polar-
ization. Colorful pictures and patterns on metallic surfaces have
been demonstrated by producing a set of LIPSSs along different
orientations.”"”

Structural colors of the LIPSSs have also been observed on
semiconductors.”*”>”> Vorobyev and Guo studied the formation
and the effects of femtosecond laser induced LIPSSs on a silicon
wafer.”* A unique nanostructured grating at a period of 575 nm
was produced, and the laser structured area exhibits various colors
at different viewing angles, which is similar to the angle effects of
metal LIPSSs. However, the structural colors are much darker than
those on metals. Yang et al. performed a comparative study on laser
coloring of silicon based LIPSSs in different ambiences, such as air,
vacuum, and nitrogen.” It is found that LIPSS-generated structural

APL Photon. 4, 051101 (2019); doi: 10.1063/1.5089778
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FIG. 10. An angle-dependent color Al samples produced by laser-induced
LIPSSs.® (a) Photographs show that the surface color varies with viewing angle.
(b) SEM images showing the LIPSSs on the color Al sample. Reproduced with per-
mission from A. Y. Vorobyev and C. Guo, Appl. Phys. Lett. 92(4), 041914 (2008).
Copyright 2008 AIP Publishing LLC.

colors in a vacuum and nitrogen are clearer than those produced in
air, as presented in Fig. 11. Low-oxygen ambience can improve the
brightness of structural colors. A further study of femtosecond laser
processing of silicon has observed that long and deep grooves lead
to the redistribution of the incident laser light inside the grooves.”
As a result, one- and two-dimensional nanohole arrays can be pro-
duced on the laser irradiated area. Such a surface decorated with
high-density nanoholes exhibits vivid structural colors covering the
entire visible spectrum.

LIPSS is a self-organized laser structuring. Generally, the
LIPSSs have a period close to the laser wavelength and orient perpen-
dicular to the polarization of the incident laser beam for metal and

FIG. 11. Photographs of colorized silicon in (a) air, (b) vacuum, and (c) N.”* The
corresponding SEM images in (d) air, (e) vacuum, and (f) N,. Reproduced with
permission from Yang et al., Appl. Phys. A 104(2), 749-753 (2011). Copyright 2011
Springer-Verlag.
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semiconductor substrates. Formation of the surface ripples implies
that there should be a mechanism allowing for the incident laser light
to couple with the surface and create ripples on it. According to the
classical theory, surface scattering waves are considered as one of
the possible sources as they are able to provide the required cou-
pling with the incident laser light. For an ideally flat surface, the
incident light is reflected with 6; = 6;, and there is no light cou-
pling on the surface. For a surface with random roughness, inter-
ference between the incident light and the surface scattered wave
occurs, when the wave vector of a harmonic Fourier component of
the surface roughness g satisfies*

Kjp+mg=Kyp(m=1,2,3...). (2)

Equation (2) is also called momentum conservation law, where Ki,
and Ky are the wave-vector component parallel to the surface of the
incident light and the wave vector of the surface wave. The geometry
relationship of these wave vectors on a substrate surface is presented
in Fig. 12. When m = 0, the period of the interference pattern A =
27/|g], i.e., the period of the LIPSS can be derived’”

A ®
n + sin 0;

where A, 6;, and » are laser wavelength, incidence angle, and refrac-
tive index of material, respectively. This explanation agreed well with
the experimental observation using continue wave (CW), nanosec-
ond even picosecond pulsed lasers.”” With the advancement of
femtosecond pulsed laser technologies, more complex LIPSSs were
observed on different materials, challenging the established classical
model.”” Some LIPSSs produced under the irradiation of the fem-
tosecond laser are characterized by much smaller periods than laser
wavelength or by a high dependence on laser fluence,”””® which
cannot be explained by Eq. (3). The surface plasmon polaritons
(SPPs) were introduced to explain the femtosecond laser induced
LIPSSs.”*”” It is well known that the incident light can couple to
SPPs via nanoroughness on the metal surface due to diffraction.”
The interference between the incident light and the excited surface
plasmon waves leads to a periodic spatial modulation of the sur-
face energy distribution and results in the formation of periodic

structures. The period A is given as follows:””"'

FIG. 12. The geometry of light incident on a substrate surface. K, is the wave-
vector component parallel to the surface of the incident light, Ks, is the wave vector
of the surface wave, g and A are the wave vector and period of the surface period
structures, respectively, and 6; is the incident angle.

TUTORIAL
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A
A= Re[#] + sin 6;’ )

where 7 = [e4€metar/ (€4 + smeml)]l/ % is the effective refractive index
of the surface plasmons at the dielectric-metal interface and ¢,
and &, are the dielectric constants of the ambient medium and
the metal, respectively. Moreover, there is another type of LIPSS
(often referred to as high-spatial-frequency LIPSS) that has a period
much smaller than laser wavelength.”>*" The formation of the
high-spatial-frequency LIPSSs can be explained by the polariton
model.” The interference between the incident laser and the spa-
tial harmonics of the excited SPPs results in a finer periodic mod-
ulation on the samples surface, leading to the formation of peri-
odic nanostructures with the period equal to or even as a fraction
of the incident wavelength (A/2™, m = 0, 1, 2, ...). In addition,
other mechanisms have also been introduced to explain the for-
mation of high-spatial-frequency LIPSSs, such as self-organization

(o))
(=3
g
=

wuppg  WuQoL

wuo06

FIG. 13. (a) LIPSSs of different spatial periods produced with different laser wave-
lengths. (b) Various iridescent colors on stainless samples with different periods.
The vertical axis represents the LIPSS period. The first number in the bracket is the
angle between the illumination and the normal direction (Z), and the second num-
ber is the angle between the ripple and the horizontal direction (X). Reproduced
with permission from Li et al., Appl. Phys. A 118(4), 1189-1196 (2015). Copyright
2015 Springer-Verlag.
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from laser-induced surface instability” and second-harmonic
generation. Y

The physical processes and the evolution of femtosecond laser
induced LIPSS formation are investigated on the Ti material.”® At
the first few laser pulses, randomly distributed nanostructures are
produced on the surface. Then, the next laser pulses excite SPPs on
the substrate surface, which couple with the incident laser via the
previously produced nanostructures.”’ The coupling effect causes
the periodic spatial modulation of the energy deposited on the irra-
diated area and leads to the formation of nascent periodic struc-
tures. As the laser spots continue to increase, the nascent periodic
structures grow and become more regular.

Equation (4) gives the dependence of LIPSS period on laser
wavelength, incidence angle, and real part of the effective refrac-
tive index. Controllable formation of LIPSSs at different periods
has been demonstrated by varying laser wavelength,'”” incidence
angle,”” ambient dielectric medium,”””’ and laser fluence.”””® An
example of laser color marking at different wavelengths is demon-
strated in Ref. 19, as illustrated in Fig. 13, where the LIPSSs with
periods from 400 to 1500 nm were produced on stainless steels using
a wavelength-tunable femtosecond optical parametric amplifier. The
LIPSSs at different periods exhibit various iridescent colors with dif-
ferent viewing angles. The effect of the laser incidence angle on the
LIPSS period has been studied in Ref. 23. Bright colors covering the
entire visible range were achieved via predetermined variation of
the laser incidence angle and the change of ripples period.

APL Photon. 4, 051101 (2019); doi: 10.1063/1.5089778
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V. ANGLE-INDEPENDENT COLORS ARISING
FROM MICRO/NANOSTRUCTURES

As discussed above, structural colors arising from LIPSSs are
angle dependent. However, some research studies on laser color
marking using femtosecond or picosecond lasers have shown that
the treated surfaces exhibit fixed colors which do not vary with view-
ing angle. Localized SPR effects arising from metallic nanostruc-
tures and nanoparticles have been suggested to explain the angle-
independent color production. In order to simplify the physical
model, a spherical nanoparticle of a radius a is considered. When
the nanoparticle is irradiated by a z-polarized light at a wavelength
A, which is much larger than g, by solving Maxwell’s equations using
a quasistatic approximation, the electromagnetic field (Eout) outside
the nanoparticle can be given’'

~ Ein — Eout 3 2 3z ~ ~ ~
Eout(x,y,2) = Eoz — [m]a Eo|:r3 - r—s(xx +yy+ zz)], (5)
where ¢;, is the dielectric constant of the metal nanoparticle and eou
is the dielectric constant of the external environment. The dielectric
constant of the metal ¢;, is dependent on the incident light wave-
length. When ¢;, is roughly equal to —2¢,u, the electromagnetic
field is significantly enhanced at the corresponding wavelength. This
surface plasmon resonance leads to an absorption enhancement at
the resonant wavelength.”>””> When the enhanced absorption wave-
lengths are in the visible range, the surface reflection properties

FIG. 14. Demonstration of noniridescent
coloring of metal surfaces.® (a) Photo-
graph of a colored silver coin featuring
a representation of an eagle. [(b) and
(d)] Photographs of silver coins bearing
a frosted butterfly (b) before and (d) after
laser coloring. (c) Microscope image of
the frosted regions, having topographic
variations of up to 2 mm in height and
a roughness of ~1-2 um. (e) Photo-
graph of a laser-colored 5 kg silver coin
of diameter 21 cm and thickness 2.5 cm
[the butterfly coin of (d) is also shown for
comparison]. (f) Close up of (e) show-
ing crevices ~5 mm deep of black and
white-colored eyes. (g) Alternate color-
ing of another 5 kg coin over topographic
relief ~1 cm in height. (h) Close up of
(g) near the nose and brow, the highest
points on the coin. (i) Angle-independent
colors produced on the surface of a gold
coin. Reproduced with permission from
Guay et al., Nat. Commun. 8, 16095
(2017). Copyright 2017 Springer Nature
Publishing AG.
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and visual colors can be modified. The absorption peak is sensi-
tive to the nanoparticle size, the dielectric constant of the metal
material, and the dielectric properties of the ambiences. There-
fore, the visual color can be tuned by controlling these factors. The
laser-induced nanostructures are often randomly distributed on the
sample surface and consist of one or more of the following struc-
tures: nanocavities, nanoholes, nanoprotrusions, and nanoparticles.
Different mechanisms are proposed to explain the formation of
the laser-induced nanostructures, such as hydrodynamic process of
laser-induced melt,”* cavitation nanospallation,ﬁ and nanoparticle
redeposition process.”’

Angle-independent blue color on the Ti surface produced by
a femtosecond laser has been demonstrated.”” The morphological
analyses show that irregular and dense nanostructures are gener-
ated on the sample surfaces. Wavelength dependent reflectance of
the blue surface reveals that the surface absorptions of green and red
light are higher than that those of blue light. The author suggested
that this property results from the irregular surface nanostructures,
which excite a higher plasmonic absorption at green and red wave-
lengths than that at blue wavelength. Fan et al. reported the simulta-
neous generation of nanostructures and redeposited nanoparticles
on copper surfaces through direct picosecond laser processing in
air.”® The produced surface colors do not vary with viewing angle but
vary with particle size and mean particle distance. The unique opti-
cal properties under a broad range of viewing angles are attributed to
the spherical shape and the randomly distribution nanoparticles on
the irregularly nanostructured copper surfaces. Guay et al. presented
a bottom-up approach for noniridescent coloring of metal surfaces
and demonstrated the process by colorizing silver coins and Au, Cu,
and Al surfaces,” as shown in Fig. 14. This technique is able to pro-
duce a complete Hue palette covering the entire spectral region, as
plotted in Fig. 15. The remarkable feature is that blue, red, and yellow
colors have relative high chroma, while the green and cyan colors
have the lowest chroma. Numerical simulation shows that the col-
ors originate from the random distributions of small and medium
nanoparticles embedded inside the surface, and the plasmonic reso-
nances play a key role in the color formation. The above-mentioned

Chroma (arb. unit)

. . e
260 310 0 (360) 50 150 200

Hue

FIG. 15. Graph of chroma vs hue obtained from a collection of color palettes.® The
colors are produced by using different processing parameters and the same laser
fluence. The horizontal color bar at the top is constructed from a collection of pho-
tographs of the 30 highest chroma colors. Reproduced with permission from Guay
et al., Nat. Commun. 8, 16095 (2017). Copyright 2017 Springer Nature Publishing
AG.
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FIG. 16. (a) Photograph of a black Pt sample.”” (b) SEM image shows the detailed
nanostructures on the Pt surface. [(a) and (b)] Reproduced with permission from A.
Vorobyev and C. Guo, J. Appl. Phys. 117(3), 033103 (2015). Copyright 2015 AIP
Publishing LLC. (c) Photograph of a textured black Si surface.®” (d) SEM image
shows the detailed microstructures on the Si surface. [(c) and (d)] Reproduced
with permission from Yang et al., Light: Sci. Appl. 3(7), 185 (2014). Copyright
2014 Springer Nature Publishing AG.

research studies of the laser coloration are all carried out in air. The
formation of nanostructures has also been demonstrated on Al and
Ag surfaces in water and ethanol.”*””"* The nanostructures mod-
ify the absorption spectra of the laser treated surfaces and extend
the wings of the absorption peak to the visible, leading to a distinct
yellow coloration.

Through the controlling of surface optical property, laser
direct processing allows us to create not only colorful surfaces but
also black surface on metals or semiconductors. The black color
can enhance the surface absorption over the whole visible spec-
trum range via laser structuring of micro/nanoscales and has been
demonstrated on a variety of metals, such as Pt,”’ stainless steel,”’
ALY Cu,®8! and semiconductor material Si.®* % Figure 16
shows the examples of blackened Pt and Si samples, where
micro/nanostructures produced on the sample surfaces are consid-
ered as the origins for the large absorption. For metals, the physics
mechanism underlying the laser blackening is suggested to be broad-
band surface plasmon absorption induced by various sizes and
shapes of subwavelength structures and particles.”** While for Si
material, the large absorption is attributed to surface structures with
high aspect ratios, which lead to multiple reflections of light inside
the structured surface.””"’

VI. DISCUSSION AND COMPARISON

There are several major concerns with regard to the practical
applications of the laser color marking techniques: color stability,
operation cost, productivity, and resolution. In this section, a com-
parison of the three laser coloration techniques is made, in terms of
their important performances on these major concerns. The results
are shown in Table II.
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TABLE II. A comparison of the three laser coloration techniques presented in this article, in terms of their performances on color stability, operation cost, productivity, and

resolution.

Technique Surface oxidation LIPSS Nanostructures/particles
Stability High Moderate Low

Operation cost Low High High

Productivity High (0.5-60 mm?/s) Low (0.005-0.8 mm?/s) Moderate (0.1-36 mm?/s)
Resolution (focused beam spot) (#m) 13-350 5-300 14-50

Color stability describes the ability of a color surface to main-
tain its color properties over time. It is an important index for eval-
uating the performance of surface coloration techniques. For color
coloration by laser-induced oxidation, the stability has been studied
by evaluating the ageing and corrosion properties of surface col-
ors.'”* Although laser treatment and harsh environment can affect
the surface properties, the corrosion resistance and color durabil-
ity are stable enough at a normal use condition if the parameters
are properly set. It is evident that the color stability obtained from
LIPSSs and nanoparticles/structures is not high enough for long-
term uses’  because the subwavelength structures and nanoparti-
cles/structures are easily oxidized in air. The smaller the structure
is, the easier the oxidation is. Therefore, the color stability obtained
from the LIPSSs method is higher than that obtained from the laser-
induced nanoparticle/structure method. However, the stability can
be improved by coating a protection film via atomic layer deposition
or evaporation.”*’

As discussed above, the laser coloration technology does not
use consumables except electric power. A typical laser coloration
machine consumes about hundreds of watts power. It is a green
manufacturing technology with low energy consuming. Actually,
the biggest expense of laser coloration is the equipment, which is
much different depending on the methods of laser coloration. The
laser-induced oxidation method uses low-cost CW or nanosecond
lasers, while the other two methods require picosecond or femtosec-
ond lasers, which are much more expensive than nanosecond lasers.
With the development of laser technology, in general, the laser price
has been declining a lot in recent years.

The productivity of laser coloration technology is highly depen-
dent on the substrate properties and processing parameters, such as
power, pulse width, pulse repetition rate, scanning speed, and line
spacing. Generally speaking, the productivity is directly proportional
to the scanning speed and inversely proportional to the line spacing,
and larger laser power is conductive to high scanning speed. How-
ever, the increasing of scanning speed is limited by the pulse rep-
etition rate and the desired color, which determines the processing
parameters for a given substrate. In addition, the coloration methods
by LIPSSs and laser-induced nanostructures/particles are usually less
efficient. This is because the lasers (pico/femtosecond lasers) used
in these two methods are often operating on lower repetition rates.
According to the scanning speed and line spacing provided in some
research, we calculate some typical productivities of the three laser
coloration methods presented in this article, as shown in Table II.

Comparing with the traditional surface coloration methods,
laser coloration is better at selective coloring and multiple colors at
a time due to its high resolution and simple process. In theory, the
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laser coloration technology can produce a small color area down to
a focused laser spot, and so the resolution is related to focus length
and beam quality. There is little difference in resolution between the
three laser coloration methods. Typically, resolution of the laser col-
oration varies from 5 to 300 ym. Higher resolution is also available
by tightly focusing the laser beam, but at the cost of productivity.

Vil. SUMMARY

Laser processing has shown itself to be an impressive tech-
nique for surface coloration, offering clear benefits of high resolu-
tion, single-step process, and flexibility in processing parameters.
Laser color marking is achieved by producing surface structures or
oxidation films under the laser irradiation, which lead to the mod-
ification of optical properties in the visible range. According to the
physics mechanisms, there are three main approaches to realize the
surface colorizing: (1) laser induced oxidation and the thin film
effect, or intrinsic colors of the oxides, (2) LIPSSs and their diffrac-
tion, giving rise to iridescent colors, and (3) laser induced nanos-
tructures and nanoparticles, which lead to high absorption at some
wavelengths due to the SPR effect. Recent advancements of laser
color marking based on each approach are presented. The physics
mechanisms underlying the laser color marking techniques are dis-
cussed in detail. The resulting surface colors are related to a range
of conditions and parameters, including laser processing parame-
ters, ambient condition (temperature), and material properties. The
effects of these conditions and parameters on the final colors are also
discussed. As presented in this paper, most studies of laser color
marking focused on metals and alloys. It is demonstrated that the
laser color marking technique is capable of producing complete Hue
palettes on metal surfaces through the precise control of laser pro-
cessing parameters. The laser color marking can find a number of
applications in fashion jewelry, souvenirs, product identification and
tracking (QR code or barcode), personalized gifts, and anticoun-
terfeiting. The produced colors are sensitive to process parameters,
environmental conditions, and material properties. It is essential to
improve the repeatability and stability of the process to reduce the
influences of the changes of environment and materials. In addi-
tion, further research and application tests are needed to determine
the optical, wear, corrosion, and scratch properties of the colorized
surfaces.
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