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a  b  s  t  r  a  c  t

Enhanced  colors  can  be  formed  when  white  light  is  irradiated  on  the  surface  ripples  induced  by femtosec-
ond  laser.  In this  paper,  we  have  demonstrated  the  ability  to  display  the  diverse  colors  by  simultaneously
adjusting  the  incident  white  light  angle  and  the ripples  orientation.  Furthermore,  our investigation
revealed  that  multi-patterns  constituted  by  ripples  with  different  orientations  could  be  designed  on
eywords:
aser materials processing
etal surfaces
iffraction gratings
etals

metal  surfaces.  The  diverse  display  for the  desired  ones  can  be  realized  by  exquisitely  varying  the  inci-
dent  light  angle  and  rotating  sample  angle.  More  interestingly,  it is found  that,  although  the  same  patterns
could  be  displayed  under  different  conditions,  the  colors  might  be different.  These  findings  can  provide  a
novel method  to carry  and  identify  high  quantity  of  information,  which  may  find  potential  applications
in  the  fields  of information  storage,  identifying  codes  and  anti-counterfeiting  patterns.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The creation of colorful metals produced by Laser Induced Peri-
dic Surface Structures (LIPSS) has drawn considerable attention
n recent years [1–6]. These LIPSSs can be considered as a kind
f grating structures, which could play important roles in modi-
ying the optical properties of metal surfaces in a very versatile
ay [1–6]. The widely accepted theory believed that the formation

f LIPSSs was the result of the interference between the incident
aser beam and the surface-scattered wave [5–20]. In addition, it
s indicated that the ripples (LIPSSs) orientation usually is perpen-
icular to the polarization of laser pulse [1,5]. The correlation of
ipples orientation and laser polarization offers us an opportunity
o skillfully utilize the laser polarization as a control parameter
o write diverse displayed patterns on metal surfaces [5,6]. Spe-
ific color patterns can be generated due to the diffraction of light
y producing polarization dependent structures [5,6]. Color effects
an be diversely displayed by altering the incidence angle of white
ight, which is used to irradiate the patterns constituted by ripples
ith different orientations [6]. Although many works have been
eported to explore how to use the laser polarization dependent
ipples to obtain the needed optical diffractive effects, there are

∗ Corresponding author. Tel.: +86 551 3601478; fax: +86 551 3601478.
E-mail addresses: jwl@ustc.edu.cn, jwl@ustc.edu (J. Li), huyl@ustc.edu.cn (Y. Hu).
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169-4332/© 2014 Elsevier B.V. All rights reserved.
still few researches on systematical study of the combined influ-
ence of incident light angle and the ripples orientation on the color
effects. Also there are few reports on the diverse displays for multi-
patterns which are fabricated in the adjacent locations on the metal
surface and constituted by ripples with different orientations.

In this paper, we not only discussed the combined influence of
incident light angle and the ripples orientation on the diversity of
structural colors, but also proposed the possibility of realizing the
carry and diverse display of multi-patterns. Our investigation may
find applications in the fields of information storage, identifying
codes and anti-counterfeiting patterns and so on [5,6,13].

2. Experimental

The fs laser-induced surface ripples experiments were con-
ducted by employing a femtosecond laser micro/nano machining
system, as shown in the schematic diagram of the experimen-
tal set up (Fig. 1(a)). The linearly polarized pulse, delivered from
a regenerative amplified Ti: Sapphire femtosecond laser system
(Coherent) at the repetition rate of 1 kHz, central wavelength of
800 nm,  was  focused onto the mirror polished 316 L stainless steel
surface. Before the laser irradiation, the polarization direction of

the laser pulse was adjusted by a linear Glan–Taylor polarizer. The
scanning was  realized by using a computer controlled high preci-
sion x–y galvo mirror. The beam diameter focused onto the sample
surface was about 20 �m.  The laser induced surface structures
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Fig. 1. (a) Experimental setup for stainless steel surface st

orphology was observed by a Field Emission Scanning Electron
icroscopy (FESEM) (JSM-6700F). Schematic illustrations of mea-

uring the optical properties were shown in Fig. 1(b). A digital
ptical camera (Cannon) was used to take the pictures of the struc-
ural colors. During the process of taking pictures, the surface
ipples were irradiated by an unpolarized white light source from a
ED lamp. For an objective evaluation of color effect, a spectrometer
Ocean Optics, USB2000) was used to measure the reflectance spec-

ra diffracted by the formed ripples, if necessary. All measurements
ere carried out in dark to avoid stray lights from the surrounding

nvironment.

Fig. 2. (a) Photograph of the structural colors observed at different incidence angle
ing. (b) Schematic illustration of color measuring system.

3. Results and analysis

Based on experimental investigation, a series of processing
parameters were optimized to satisfy the optimum condition for
generating ripple structures. In this experiment, the pulse overlap
was set to 32%, the line space was  fixed at 20 �m,  and the laser flu-
ence was chosen as 1.1 J/cm2. Under the processing parameters, a
circle pattern with diameter of 6 mm was fabricated on the stain-

less steel surface. The SEM images indicate that periodic ripples
with period of d = 540 nm,  and orientation to be perpendicular to
the polarization orientation of laser pulse were formed [5,6,14–17].

s and ripples orientations. (b) The simulation results of the structural colors.
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Fig. 3. (a) Schematic illustration of measuring the optical property. (b) 

In order to systematically investigate the influence of the inci-
ent angle of white light and the ripples orientation on the
ormation of structural colors, a color measuring system was  con-
gured as presented in Fig. 1(b). Fig. 1(b) illustrates that the incident
hite light and the optical camera were placed in the XZ plane, with

 and  ̌ orientation to the Z-direction on both sides, respectively.
he sample constituted by the ripples with ϕ orientation to the X-
irection was located in the XY plane. The range of  ̨ was from 0◦ to
0◦, and that of ϕ was from 0◦ to 180◦. The optical properties of the
ipples can be considered to be close to those of reflective diffrac-
ion gratings. When white light is shined on the sample surface,
iffraction gratings divide incident light into spectra with different
avelengths. The spectra are reflected differently by virtue of its
avelength-dependent refractive index. In this case, the lights with

ertain wavelengths are deflected from reaching the optical camera
wing to the presence of structures. As a result, the reflected light
ith particular wavelength captured by the digital camera becomes

ources of structural colors [21].
As the clarity of the taken colors depend on the observation

ngle to some extent, many measurements were performed to find
he optimal location of the digital camera. It was found that the
hadow of the camera could be seen in the sample surface when
he viewing angle  ̌ was  less than approximately 20◦ for the spec-
lar reflection of the mirror polished stainless steel surface. On the
ther hand, if the viewing angle was larger than approximately 60◦,
art of the taken colors was dim, which was unsatisfactory. Hence,
bservation of the clearest color on the basis of analyzing the opti-
al images was  adopted as a criterion for the optimal viewing angle.
n this basis, an angle of about 25◦ was chose, and this was  kept
onstant for all measurements.

Under different incident light angle  ̨ and ripples orientation
ngle ϕ, the pictures of the diverse colors were taken. The pictures
ere cropped and arranged in order, as shown in Fig. 2(a). It is

evealed that the colors are strongly dependent on the incident light
ngle  ̨ and ripples orientation angle ϕ. In addition, it is noticed that
he colors mainly appear in the central zone, with “V” shaped pro-
le, nearly spanning the whole visible spectrum. On the contrary,

n other regions, the colors disappear, or display completely dark.
To explain this phenomenon, the ripples are regarded as rectan-

ular reflection grating, and the theoretical analysis based on the
rating diffraction is performed. The diffracted light wavelengths �
hat match the different colors can be calculated with the following
iffraction equation [13]:
� = d(sin  ̨ · sin ϕ + sin ˇ). (1)

ere m is the order of diffraction, which is an integer. � is the
avelength of white light wavelength, and the range is from
mages of the ripples with orientations of 0◦ , 30◦ , 60◦ , 90◦ , respectively.

approximately 400–700 nm,  to cover the visible color spectrum.
d indicates the period of the grating (540 nm). The range of the
d(sin ˛·sin ϕ + sin ˇ) in our case is from 228 nm to 768 nm,  hence
only the first-order diffraction from the grating can be selected,
namely m = 1. Then the calculated wavelengths are transformed
into the corresponding colors, and the result is presented in
Fig. 2(b). Obviously, for each specific incident angle of white light,
diverse colors can be viewed at different angles.

In detail, we take the incident angle of 90◦ for example. In this
case, the diffraction equation can be rewritten as

� = 540 sin ϕ + 228. (2)

The diffraction condition is 0.3 ≤ sin ϕ ≤ 0.874. Therefore, the cor-
responding range of ϕ is from 17.46◦ to 60.93◦, and from 119.07◦ to
162.54◦. For other orientation angle ranges, there is no visible wave-
length found to fulfill the diffraction condition, hence no structural
color can be observed.

A systemical comparison between the experimental results and
the simulation ones reveals that some color differences can be
found. This can be attributed to the following reasons: (1) even
though the processing parameters were carefully chosen, LIPSS
itself is not a very uniform periodic structure which has its intrin-
sic limitation in terms of grating uniformity. This nonuniformity
can causes the differences in the light modulation; (2) the irregular
nano-particles formed on the top of the LIPSSs can absorb or reflect
certain wavelengths of light; (3) the discordance between environ-
mental conditions and the measurement system; (4) the fluctuation
and distortion of light source. Although the experimental results are
not very perfect compared to the model, this colors reported in this
work demonstrate angle sensitive.

From the above discussion, it is evident that the colors can be
periodically displayed if ripples orientation angle ϕ is ranged from
−∞ to +∞. Moreover, in this case, all the above-mentioned colors in
Fig. 2(a) can appear at different locations if another viewing angle

 ̌ is chosen.
The following section provides an example to illustrate a pos-

sible application of this finding, which is done by introducing the
diverse display of multi-patterns. For this purpose, four numbered
circle patterns, arranged in two rows and two columns, were fabri-
cated on the stainless steel surface, as shown in Fig. 3. The diameter
of each pattern is 6 mm.  The surface structures are constituted by
ripples with orientations of 0◦, 30◦, 60◦, 90◦, respectively, which
are designed by controlling the laser polarization. The polarization

angles for samples 1–4 are 90◦, 60◦, 30◦, and 0◦, respectively, as
shown in the SEM images of Fig. 3(b). In the initial position, the
ripples orientation of the No. 1 pattern is alignment with the X-
direction.



454 G. Li et al. / Applied Surface Science 316 (2014) 451–455

ed with different structural colors.
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Fig. 4. Multi-patterns display

The change of the rotating sample angle � can be realized by
otating the platform anticlockwise around the Z-direction. In this
ay, ripples orientations of all these patterns can be varied. Corre-

pondingly, the diffraction equation for each pattern can be written
n sequence as

1�1 = d(sin  ̨ · sin � + sin ˇ) (3)

2�2 = d(sin  ̨ · sin(� + 30◦) + sin ˇ) (4)

3�3 = d(sin  ̨ · sin(� + 60◦) + sin ˇ) (5)

4�4 = d(sin  ̨ · sin(� + 90◦) + sin ˇ) (6)

t should be noted that enhanced colors can be observed on the pat-
ern when the corresponding diffraction equations meet condition
00 ≤ m� ≤ 700 nm,  (m = 1). In this way, one or more patterns can be
istinguished selectively from all the patterns by the correspond-

ng colors. It is desirable to use a computer to perfectly analyze this
electivity. In this analysis, four cases of “one out of four pattern”,
ix “two out of four patterns”, four “three out of four patterns”, a
none” and an “all” can be obtained.

For verification, the related experiments are conducted by
tudying the structural colors of the patterns. The home-made
etup is illustrated in Fig. 3(a). By conducting the experiment care-
ully, it is found that the desired patterns can be observed with
nhanced colors by adjusting the incident light angle and the rotat-
ng sample angle, as shown in Fig. 4. Meanwhile, the rest cannot be
bserved for the colors disappeared.

In addition to the cases shown in Fig. 4, the sample can present
he same patterns with different enhanced colors at other incident
ight angle and rotating sample angle. A typical experiment shown
n Fig. 5 analyzes the impact of the angle sensitivity on the color
ffects for the same patterns.

In Fig. 5, the No. 1 pattern exhibits with blue, green, yellow and
range at the given angles. Since the main reason for the colors is the
iffracted light received from the observed pattern by camera, the
pectral properties for the pattern are investigated with a spectral
easurement system (Fig. 3(a)). The reflectance spectrum of the

attern is made as a function of the visible wavelengths, as shown
n Fig. 5. The measurements give the spectral information for the

easured color. This experiment reveals that the desired patterns
an be displayed with different enhanced colors, demonstrating
trong angle sensitivity. Assuming that enhanced colors represent
ifferent information, multiple types of information stored with
he mentioned method can only be correctly identified in certain

ondition. Such an investigation can provide a promising method
o fabricate patterns containing security information with various
olors which are not only readable but also difficult to be imitated.
ence, the technique may  find applications in meeting the urgent
Fig. 5. Images and spectrum of No. 1 pattern measured at different angles.

requirements for forgery protection, information storage, and iden-
tifying codes and so on.

4. Conclusion

In summary, this paper has reported the study of the combined
influence of incident light angle and the ripples orientation on
the diversity of colors. Furthermore, this work has researched the
diverse display of multi-patterns with the discussed method. The
novel marking way  may  find broader applications in the field of
identifying codes, information storage and anti-counterfeiting and
so on.
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