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Abstract The femtosecond laser color marking stainless

steel surfaces with different incident wavelengths were

investigated theoretically and experimentally. It indicates that

the spectral regions of the colors firstly increase and then

reduce with increasing spatial periods of the ripples induced by

laser irradiation. Additionally, the colors are gradually chan-

ged from blue to red due to the elongation of the diffracted light

wavelengths. As a result, the color effects are distinctly dif-

ferent. This study offers a new controllable parameter to pro-

duce diverse colors, which may find a wide range of

applications in the laser color marking, art designing and so on.

1 Introduction

Femtosecond laser-induced periodic surface structures

(LIPSSs) on metals surfaces, frequently simply called

‘‘ripples,’’ have been extensively investigated for diverse

applications [1–9]. Recently, it is found that the sub-

wavelength ripples have a distinct feature of acting as

surface grating which can powerfully alter the optical

property on the metal surfaces [10–15]. The pioneering

work indicated that colorizing metals by femtosecond

laser-induced periodic ripples can be realized with suitable

laser fluence level and scanning speed [10–14]. It is

reported that the formed ripples directions are always

depending on laser polarization [16]. This directional

dependence can be utilized to mark the surfaces with dif-

ferent oriented ripples to form different colors which are

sensitive to incident light coming from a certain direction

[10–15]. In addition to this, we recently have reported the

control of the color effects on aluminum surfaces just by

adjusting the pulse overlaps [15]. From the above, the

colors on metal surfaces can be controlled by optimizing

the laser processing parameters, such as the laser fluence,

scanning speed and laser polarization and so on.

We find that the ripple’s period is directly dependent on

the laser wavelength and the materials [17]. To the best of

our knowledge, most papers indicate that the colors are

produced with laser wavelength of about 800 nm, and the

corresponding ripples periods ranged from 480 to 580 nm.

However, the structural colors formed by other laser

wavelength are less researched. In this paper, a systematic

study is performed on the dependence of structural colors

on the laser wavelengths which ranged from 400 to

2,200 nm. It is found that completely different colors can

be obtained by different types of ripples induced with

varying laser wavelengths. The discussion in this paper

suggests femtosecond laser wavelength as a potential

parameter to fabricate various colors and ultimately leads

to controlling the optical properties of the metals.

2 Experimental

The experiments were conducted to study the colors which

are formed by a variety of subwavelength ripples induced
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with varying laser wavelengths. For this purpose, an

amplified Ti: sapphire femtosecond laser system that con-

sists of a mode-locked oscillator (Chameleon VISION-S)

and a regenerative amplifier (Legend Elite-1 K-HE) was

applied to scan the mirror polished 316L stainless steel

surface. The schematic diagram of the experimental setup

is shown in Fig. 1a. The laser system generates pulses with

the width of 104 fs at repetition rate of 1 kHz. The laser

wavelength, a key processing parameter, is modulated by

the optical parametric amplifier (OPA, TOPAS-800-fs),

and the modulation range is from 240 to 2,600 nm. The

laser beam is horizontally polarized and is focused

vertically onto the samples by an x–y galvo with a flat field

lens. The beam diameter focused at the sample surface is

about 20 lm. Before laser surface treatment, the laser

power was adjusted via a linear Glan–Taylor polarizer

combining a half-wave plate. The surface morphology of

structural modifications on the stainless steel samples was

examined with a scanning electron microscope (SEM).

It indicates that ripples with various kinds of periods can

be induced by different laser wavelength under suitable

laser fluence and scanning speed. The exact calculation for

spatial period K is still difficult [18–20]. However, the goal

of our work was to obtain the needed ripple periods by

Fig. 1 a Schematic diagram of the experimental set up. b Ripple spatial periods as a function of the incident laser wavelength. c Partial SEM

images for the laser-induced periodic surface structures by different laser wavelengths
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precisely controlling the laser wavelengths experimentally.

It is found that uniform ripples with different spatial peri-

ods can be obtained at optimized laser fluence in the range

of 0.96–1.02 J/cm2, scanning speed of 13 mm/s. The ripple

spatial periods (K) as a function of the incident laser

wavelength (kL) are illustrated in Fig. 1b. The partial SEM

images of the ripples formed on stainless steel surface are

presented in Fig. 1c.

3 Results and discussion

The results in Fig. 1b and c show that the spatial periods of

LIPSS depend on the laser fluence and the incident laser

wavelength. The formation mechanism has been studied by

Sakabe et al. [18] and Okamuro et al. [19]. The ripple

spatial periods (K) can be expressed as

K ¼ kL 1þ nes � e2 � k2
L

mc2
� 2

� ��1
( )�1=2

ð1Þ

where kL is the incident laser wavelength, nes is the surface

electron density induced by the incident laser, c is the

speed of light in vacuum, e is the electron charge, and m is

the electron mass, respectively. nes in our case is influenced

by the laser fluence and the incident laser wavelength.

From Eq. 1, an obvious and direct correspondence can be

obtained between ripple spatial periods K and incident

laser wavelength kL. To study the formed colors, we regard

the ripples as gratings [21–24]. It is known that the dif-

fracted light by the ripples strongly depend on the light

source directions and the ripple directions. Therefore, the

sample is examined under the color measuring system, as

shown in Fig. 1d. It indicates that the horizontally mounted

sample, rotated around Z-direction, is illuminated by an

unpolarized light source which is placed in the XZ plane,

with a orientation to the Z-direction, equivalent to the day–

light spectrum. u is the ripple direction to X-direction. Both

the ranges of a and u are from 0� to 90�. Then, the dif-

fracted light is observed with a b orientation to the Z-

direction, at the contrary direction of light source. In our

study, the viewing angle is fixed at 20�.

The gratings with different spatial periods having a size

of 5 mm 9 5 mm are examined under the color measuring

system as shown in Fig. 2a. The photographs are taken by

means of a conventional digital camera (Canon, IXUS 95

IS). The results are shown in Fig. 3. It is indicated that the

colors are different at different coordinates for a given

ripple period. In addition, the observed colors are also

different at the same coordinates for different ripple

periods.

Based on the color measuring system, a related theo-

retical simulation can be performed through the analysis of

the diffraction equations with different periods. The dif-

fraction equation [24]can be written as:

nk ¼ K sin a � sin uþ sin bð Þ ð2Þ

where k is the wavelength of white light, and the range is

from 400 to 700 nm, covering the whole visible spectrum.

n is the order of diffraction. The schematic diagram of the

diffraction of light at the grating is shown in Fig. 2b. The

wavelength of second-order diffraction light is \400 nm

which cannot be observed for most spatial periods. In

addition, the intensity of the second-order diffraction light

or even higher orders is so weak that it can be ignored.

Hence, only the first-order diffraction from the grating can

be selected, namely n = 1. From the calculated spatial

periods matching the different diffracted wavelengths, it is

observed that the processed areas can exhibit structural

colors when the period K is [298 nm and \2,047 nm.

When the ripples period is beyond this scope, there is no

wavelength k found to fulfill the diffraction conditions,

thus no color can be observed. In addition, the colors can

cover the whole visible spectrum if the spatial period is

[522 nm and \1,170 nm. As described above, we can

divide the periods into three scopes, namely 298 to

522 nm, 522 to 1,170 nm and 1,170 to 2,047 nm, to

separately study the influence of periods on the color

effects.

Firstly, the spatial periods ranged from 298 to 522 nm is

discussed. By solving the diffraction equation, a and u
matching different periods are calculated. Then, the cal-

culated a and u are set to horizontal and vertical coordi-

nates, respectively. The segmental results are presented in

Fig. 4. One can see that the silhouette which is besieged by

a and u meeting the diffraction equation (marked blue in

figures, hereinafter referred to as ‘‘silhouette’’) present a

completely symmetric about the angular bisector of the

coordinate system.

By comparison, obviously, at low spatial period of

300 nm, the diffracted light can cover only a few nano-

meters, namely from k = 400 to 403 nm, as shown in

Fig. 4a. As the periods increase, a broader spectrum

appears and the maximum value of the spectrum increases

(Fig. 4b, c). When the periods are increased to 521.6 nm,

the whole visible spectrum can be covered (Fig. 4c).

Moreover, the locations of the silhouettes are getting closer

to coordinate axes.

In order to get a deep insight into the influence of the

spatial periods on the transfer of the spectrum, we calculate

the locations of spectrum k = 400, 500, 600 and 700 nm in

the a, u coordinate system, which are presented in Fig. 4d–f.

For K = 300 nm, it indicates that only the spectrum of

k = 400 nm can be observed near (90�, 90�), presenting an

arc-shaped line, which is symmetric about the angular

bisector of the coordinate system. When K is increased to
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400 nm, the coordinate areas for the spectrum k = 400 nm

becomes broader. In addition, the spectrum k = 500 nm

appears. However, it is noticed that the two spectra are

away from each other, which is demonstrated in Fig. 4e. As

K becomes 521.6 nm, it is the lower limit of the K meeting

the condition to cover the whole visible spectrum. In this

Fig. 2 a Color measuring

system. b Schematic diagram of

the diffraction of light at the

grating

Fig. 3 Photographs of the structural colors formed with different spatial periods
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case, the four spectra lines appear together. In contrast, the

spectra lines are located very close to each other, and they

have the trend to get close to the origin of coordinates.

Secondly, the influence of spatial periods ranged from

522 to 1,170 nm on the diffracted spectrum is discussed,

and the results are shown in Fig. 5. In this period scope, it

is found that no matter what the location of the silhou-

ette is, diffracted light can cover the whole spectrum

(Fig. 5a–c). Similar to the previous, the locations of

k = 400, 500, 600 and 700 nm are getting closer to the

Fig. 4 Calculated coordinate meeting the diffraction equation and spectrum for the structural colors formed under the spatial periods of 298 and

522 nm. The bars on the right of a, b and c indicate the spectrum range

Fig. 5 Calculated coordinate and spectrum for the structural colors formed under the spatial periods of 400 and 500 nm
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origin of coordinates, and the spectral lines are closer to

each other (Figs. 5d–e).

In addition to the two period scopes discussed above, it

is indicated that the spatial periods ranged from 1,170 to

2,047 nm also affect the diffracted spectrum greatly. The

silhouette is becoming narrower with the increasing peri-

ods, leading to the diffracted light only covers a part of the

visible spectrum, and the lower limit of the spectrum rises

and the red shifts occur. The partial results are graphically

expressed in Fig. 6.

As described above, the coordinate areas and the spec-

tral ranges of the colors are affected by the spatial periods

of the ripples. In order to demonstrate this effect, we have

calculated the ratio of silhouette area to total coordinate

area and the extremum of the spectrum formed under the

whole spatial periods range. The results are illustrated in

Fig. 7. From Fig. 7a, it is worth noticed that the ratio has

two maximum values of 43.9 and 39.5 %, which are

obtained at spatial periods of 522 and 1,170 nm, respec-

tively. As for the spectrum range of the diffracted light, it

Fig. 6 Calculated coordinate and spectrum for the structural colors formed under the spatial periods ranged from 1,200 to 2,000 nm. The

structural colors produced under spatial periods of 1,200, 1,300, 1,500 and 1,600 nm

Fig. 7 a Ratio of silhouette area to total coordinate area. b Maximum value and the minimum value of the spectrum of the structural colors

formed with different spatial periods
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can be found from Fig. 7b that the spectrum range has a

linear relation to the spatial periods of ripples.

Based on the above-mentioned discussion, it is not dif-

ficult to understand why the surfaces composed of ripples

with different spatial periods exhibit very different colors.

Furthermore, from Fig. 2, it is found that the colors are

gradually changed from blue to red with the increase of

periods under the same ripple orientation angle and inci-

dent light angle. At the approximate symmetric coordinate

points, such as the points of (50�, 60�) and (70�, 50�) in

Fig. 2a (20�, 85�) and (80�, 20�) in Fig. 2b, the colors are

nearly identical. This can be attributed to the symmetry of

the spectral lines about the angle bisector for coordinate. In

Fig. 2c, it is obviously observed that the colors formed by

the ripples with spatial period of 1,200 and 1,300 nm can

cover most of the visible spectrum. While for the colors

formed under spatial periods of 1,500 and 1,600 nm, only

the spectrum longer wavelength can be covered. In addi-

tion, at many points, such as (10�, 40�), (10�, 50�), (10�,

90�) and so on, there is no wavelength of white light found

to fulfill the diffraction conditions, thus no color can be

observed. As for the ripples with spatial periods longer than

1,600 nm, the formed colors are not experimentally dis-

cussed, because the power of the laser at longer incident

wavelength is reduced too rapidly to induce uniform rip-

ples. However, the results give the experimental evidence

that color effects depend on the ripple period strongly.

As described above, the theoretical and experimental

analyses demonstrate that the colors are affected greatly by

the ripples with different spatial periods. The study pro-

poses the possibility of marking the metal surfaces with

various colors which are formed by different laser

wavelengths.

4 Conclusion

In summary, this paper has reported the study of various

structural colors on stainless steel surface produced by

femtosecond laser with different wavelengths, theoretically

and experimentally. We find that ripples with various

spatial periods can be induced by different wavelengths

under suitable laser fluence and scanning speed. The rip-

ples strongly affect the spectrum of the diffracted light.

When a pattern is marked by ripples with various spatial

periods, different vivid colors can be simultaneously

observed under the same viewing conditions. This study

offers a new controllable parameter to produce diverse

colors, which may find a wide range of applications in the

laser color marking, art designing and so on.
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