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Abstract 

The topic of durable coloration and passivation of metal surfaces using state-of-the-

art techniques has gained enormous attention and devotion with unremitting efforts of 

researchers worldwide. Although femtosecond laser marking has been performed on many 

metals, the related coloration mechanisms are mainly referred to structural colors produced 

by the interaction of visible light with periodic surface structures. Yet, general quantitative 

determination of the resulting colors and their origins remain elusive. In this work, we 

realized quantitative separations of structural colors and compositional pigmentary colors 

on 301LN austenitic stainless steel surfaces that were treated by femtosecond laser 

machining. The overall color information was extracted from surface reflectance, with 

structural color given by numerical simulations, and oxide compositions by chemical state 

analysis. It was shown that the laser-induced apparent colors of 301LN steel surfaces were 

combinations of structural and compositional colorations, with the former dominating the 

angular response and the latter setting up the brownish bases. In addition to the 

quantification of colors, the analysis method in this work may be useful for the generation 

and specification of tailored color palettes for practical coloration on metal surfaces by 

femtosecond laser marking. 

 

Keywords: Laser coloration, Structural color, Compositional color, Femtosecond laser 

marking 
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1. Introduction 

Pulsed lasers have been widely used to produce structural colors on metallic 

surfaces1,2. Periodic micro and nanostructures can be formed on metallic surfaces by the 

interference of femtosecond, picosecond or nanosecond laser pulses with the excited 

surface plasmon polaritons3,4 and the surface structures can be precisely controlled5,6. Such 

laser-induced periodic surface structures (LIPSSs) are attributed as the main origin of 

apparent colors resulting from the laser coloration. It is worth mentioning that LIPSSs are 

also employed in medical applications to improve biocompatibility by controlling cell 

adhesion and migration7,8 and in surface chemistry applications to increase wettability by 

fabricating the spacings and patterns9,10. LIPSSs involve fundamental challenges due to 

complicated inter- and intra-pulse light-matter interactions, and technical advances in 

practical applications thanks to their straightforward laser-induced processes. Thus, 

LIPSSs remain “evergreen” in both materials science and engineering11. The LIPSSs affect 

the coloration by diffraction grating effects1 and also plasmonic effects if there are metallic 

nanoparticles decorating the LIPSSs12. Complete color palettes have since been realized by 

laser irradiation on both noble-metal and stainless-steel surfaces 12,13. Recently, a mechano-

responsive color change was realized by varying the LIPSS spacings, and such surface 

features can be replicated by polymer casting14. 

Despite these recent advances, the elusive quantification of laser-induced colors 

hinders broad implementation of laser coloration in practical application. Besides forging 

surface structures, the exposure of metal alloy surfaces by fast and intensive laser pulses 

will also induce rearrangement of surface chemical states15 or even phase transformations16. 

The laser-induced chemical compositions (metal oxides, spinels, etc.) have their intrinsic 
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pigmentary colors. As a result, such compositional pigmentary colors also contribute to the 

coloration17,18. This, however, complicates the dominant role of LIPSSs in metal surface 

colorations. Thus, a reliable quantitative description of structural and compositional colors 

formed during laser treatment is a critical requirement for bringing laser coloration towards 

practical applications. 

Quantifying compositional colors requires careful determination of surface chemical 

species and their contents after laser treatments. For example, stainless steels can be 

polished to obtain extremely flat surfaces that are well suited for subsequent laser-induced 

coloration. During the formation of LIPSSs, the laser treatment may also cause metal 

oxidation and metal alloy formation in the steel surface. Besides colorization of the steel 

surfaces, these effects can also lead to improved corrosion resistance and hydrophobicity 

of the treated surfaces19. Among various stainless steel grades, AISI 301LN is an austenitic 

stainless steel grade having a good balance of properties in respect of high strength, 

ductility and strain hardening capacity, besides excellent corrosion resistance20,21. This in 

turn enables extensive forming without necking feasible and commonly finds applications 

as automotive components, rail car structural components, airframe sections, etc. 

Considering the environmental issues, it is interesting to render metal surfaces with 

different colors without coating by conventional chemical or electrochemical technique22. 

In this paper, we present a quantitative study of femtosecond laser coloration of 

301LN stainless steel surfaces and the prevalent structural and compositional mechanisms 

involved in the color formation. We have characterized the reflectance behavior of the 

laser-treated surfaces through ellipsometry and spectrophotometry measurements, and we 

also have computed the reflectance by finite differential time domain (FDTD) methods. 
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We found that the simulated and experimental reflectance spectra match very well for the 

main peaks, thus leaving differences in relatively limited values. We discussed the 

agreements and discrepancies in respect of individual contribution of the structural colors 

and compositional pigmentary colors. The compositional coloration was further confirmed 

through surface chemical analysis. Our quantitative analysis of the femtosecond laser-

induced coloration of 301LN stainless steel surfaces confirms that the color formation is 

due to a combination of structural and compositional coloration. 

2. Experimental section 

2.1 Femtosecond laser processing 

Femtosecond laser coloration was applied on mechanically-polished stainless steel 

(AISI 301LN) substrates. In the coloration experiments, we used a femtosecond laser 

(Spirit 1040-4-SHG, Spectra-Physics) with a wavelength of 521 nm, the pulse length of 

293 fs (FWHM), and linearly polarized laser light. Laser pulses with the energy of 0.64 µJ 

were focused on a sample surface through an objective with a numerical aperture of 0.10. 

By measuring the crater diameters induced by different laser fluences23, we found that the 

focused beam had the 1/e2 Gaussian beam radius of 8 µm, and a damage threshold energy 

of 0.1 µJ for a single pulse on steel surface. From these values we calculated the damage 

threshold peak fluency of 0.09 J/cm2 for a single laser pulse. This threshold fluency is 

comparable to a value reported for stainless steel24. 

The stainless steel samples were colorized by moving them laterally underneath the 

laser focus, thus placing individual laser pulses over the sample surface with an even pulse 

pitch. The pulse pitch was varied between the samples with the aim of obtaining different 

stable, i.e. non-iridescent, colors while at the same time keeping iridescence around one of 
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the tilting axes. Each pulse pitch corresponds to an average fluency over the sample surface 

because the pulse energy was kept constant. An average fluency of 1.6 J/cm2 (6.4 µm pulse 

pitch) resulted to a blue stable color (Sample A) and an average fluency of 3.2 J/cm2 (4.5 

µm pulse pitch) resulted to a light-green stable color (Sample B). The applied average 

fluencies ranged from 17 to 144 times the damage-threshold for a single-pulse peak fluency. 

The pulse pitches are comparable to the beam radius of 8 µm, indicating that only a small 

number of laser pulses affected any single point on a sample surface. This limited overlap 

between the pulses is compatible with the fact that the pulse energy used in the experiments 

(0.64 µJ) exceeds the damage-threshold energy for a single laser pulse (0.1 µJ). The pulse 

repetition rate was 625 Hz for Sample A and 885 Hz for Sample B, both values sufficiently 

low to avoid significant heat accumulation in the sample surfaces during laser processing. 

2.2 Characterization 

A scanning electron microscope (SEM, Zeiss Sigma) equipped with an energy-

dispersive X-ray spectroscopy (EDAX Apollo X) analyzer was employed to study the 

LIPSSs on the 301LN surfaces. The heights of LIPSS layers were measured by a Bruker 

ContourGT-K surface profiler, and the profilograms were shown in Fig. S1 

(Supplementary material). This technique is non-destructive and suitable for studying 

laser-induced structures on steel surfaces18. 

In order to record and present the apparent colors of the laser-irradiated steel surfaces, 

the optical photographs of the samples surfaces were taken in two ways: (a) photos taken 

using a digital camera with natural light illumination and (b) photos taken by an optical 

microscope (Nikon Eclipse LV100DA-U). The color information was read from the photos 
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and recorded in the RGB color model. The average RGB values of the samples were 

calculated by ImageJ software with the Color Histogram plugin25. 

The optical properties of the laser-irradiated surfaces were measured with an 

ellipsometer (UVISEL-VASE Horiba Jobin-Yvon) and an Automated Spectroradiometric 

Measurement System (Optronic Laboratories). The angles of incidence were 70° and 13° 

for ellipsometry and spectrophotometry measurements, respectively. The refractory indices 

of the laser-irradiated surfaces determined through ellipsometry were the basic parameters 

used in the FDTD simulation. 

The quantitative compositional study of the laser-treated surfaces was performed by 

X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi XPS 

System with Al Kα X-ray source). The chemical states and relative contents of the elements 

Fe, Cr, Ni and Mn were characterized. The XPS spectra were calibrated with the reference 

value of adventitious C 1s at 284.8 eV. 

2.3 Simulation 

Optical simulation work was performed by using the Lumerical FDTD Solutions 

software. The calculation was carried out based on the space and time partial derivatives 

of discrete time-dependent Maxwell’s equations. Simulation models were established for 

the LIPSSs structures with and without metal nanoparticles. The refractive indices 

employed in each model were consistent with the data obtained from the ellipsometry 

measurements. More details of the simulation method can be found in previous studies of 

patterned nanostructure surfaces26,27. 
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3. Results and discussion 

3.1 Surface morphologies and resulting colors 

Due to the ablation effect of the femtosecond laser pulses, the stainless-steel surfaces 

were reconstructed with micro and nano-scale structures. The resulting LIPSS 

morphologies of the two samples are shown in Fig. 1a and b. Created by the lasers using 

different fluencies (6.25 J/cm2 for Sample A and 13.22 J/cm2 for Sample B), the two 

samples are rendered with LIPSSs of different sizes. The surface of Sample A is covered 

by 280 nm wide ripples with a periodic repetition width of 420 nm. Sample B has a 

relatively smaller surface structure with 230 nm wide ripples and a periodic repetition 

width of 380 nm, in accordance with the higher average fluency employed 28 . The 

dimensions and periodicity of these structures are in the same scale as the wavelength of 

visible light, and thus interference with visible light should be expected, leading to 

iridescent structural colors. In addition, there are metallic nanoparticles distributed on the 

surfaces of both samples. These nanoparticles are mainly 20 - 50 nm in size (Fig. S2), with 

similar chemical compositions to the LIPSSs (Fig. S3). Apart from the LIPSSs, the 

nanoparticles on the surfaces usually create angle-independent (non-iridescent) colors via 

plasmonic effects12. The morphology of the sample surfaces is conceptually illustrated in 

Fig. 1c. The heights of the LIPSS topographies were determined by surface profile 

measurements (Fig. 1d). The above information shows that the two samples are covered 

by LIPSSs of different sizes in both the lateral and vertical dimensions. 
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Fig. 1. The morphologies and thicknesses of the LIPSSs. (a) SEM image of Sample A. (b) 

SEM image of Sample B. (c) Schematic of the morphology of the LIPSSs with randomly 

distributed nanoparticles. (d) Measured heights of the LIPSS topography (labelled as d in 

panel c). 

The laser-irradiated steel surfaces present iridescent colors which are typical features 

of structural coloration. Observed from different directions, the surfaces appear shiny and 

feature changeable colors. Fig. 2a-e show the appearance of the two sample surfaces at 

incident angles of 13° and 70°, respectively. Such angle-dependent colors suggest that the 

LIPSSs dominate the coloration in comparison with the surface nanoparticles.  
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Fig. 2. (a-d) Photographs of the samples illuminated by natural light. (e) Schematic diagram 

illustrating the image acquisition from different directions. θ is the observation angle. (f-g) 

Optical microscopy photos of Sample A with the LIPSS trenches running parallel and 

perpendicular to the light polarization, respectively. (h-i) Photos of Sample B with the 

LIPSS trenches running parallel and perpendicular to the light polarization, respectively. 

(j) Schematic diagram of the optical microscopy measurements. 

In order to quantitatively describe the induced colors, the RGB color model was 

employed for color calculation and presentation29. The RGB model presents colors in red, 

green and blue components. Each of the color components varies from 0 to 255 in accord 

with the brightness and color saturation. For each of the photographs in Fig. 2, the RGB 

values of each pixel is recorded and averaged to obtain the average color. The average 

colors are listed in Table S1 in the Supplementary material. It is worth noting that the light 

source employed to record the colors of Fig. 2a-d was natural light while the photos of Fig. 

2f-i were taken with polarized light illumination. 
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LIPSSs are typically sensitive to the polarizations of incident light. To demonstrate 

the influence of polarized light, we took photos of the samples with the camera kept over 

the sample surfaces (see Fig. 2f-i). The samples were illuminated by linearly polarized light 

and positioned with their LIPSS trenches parallel or perpendicular to the polarization of 

the illumination (Fig. 2j). In these two cases, the samples feature distinct colors. With a 90° 

rotation along the normal line of the sample surfaces, both samples appeared from 

brownish to bluish in color. It is well known that light-matter interference is not effective 

when the polarization of the light is running in parallel to the grating alignment. In this 

aspect, the colors in Fig. 2f and h are less impacted by structural colors and closer to the 

intrinsic colors resulting from the surface compositions. Thus, the femtosecond laser-

patterned surfaces feature tunable colors by altering either the incident angle or the 

polarization of the illuminating light. 

3.2 Structural coloration 

In accordance with the photographs in Fig. 2a-d, the reflectance was measured at two 

incident angles: 70° by ellipsometry (Fig. 3a) and 13° by spectrophotometry (Fig. 3b), 

respectively. The results show that the reflected light from the two incident angles leads to 

different reflectance spectra, which is the mechanism of structural colors. It is worth 

mentioning that in ellipsometry the reflectance is not measured directly. Instead, the 

complex refractive index, ellipsometric angles and other optical parameters are measured. 

With these measured data, the reflectance can be extracted based on a suitable model of 

the surface topography, including appropriate materials and dimensions30. 

Sample A shows two reflectance peaks in the visible range at wavelengths of 384 nm 

and 601 nm while there is only one strong peak at 625 nm for the sample B as depicted in 



 

12 

 

Fig. 3a. Both curves show high reflectance at long-wavelengths which in turn represent 

colors with high red and green contents. In the case of a 13° incident angle (Fig. 3b), both 

reflectance spectra increase along with the wavelength, which is in agreements with 

previously published research results31. No obvious reflectance peaks were found in the 

measured wavelength interval in this case. 
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Fig. 3. Experimental reflectance spectra. (a) Reflectance results at an incident angle of 70°. 

(b) Reflectance at an incident angle of 13°. 

To identify the influence of surface structures on the resulting colors, FDTD 

simulations were performed. The simulation was based on a model of the LIPSSs without 

nanoparticles (Fig. 4a) and a model of the LIPSSs with nanoparticles (NPs) on the surface 

(Fig. 4b), respectively. The simulation results (Fig. 4c,d) represent and predict the 

structural coloration effect. For Sample A (Fig. 4c), the simulated results based on the two 

models are almost identical, suggesting that the nanoparticles have little influence on the 

reflectance. This is reasonable because the nanoparticles are usually not related to 

iridescent colors12. Although the size, shape and composition of the nanoparticles 

contribute to the coloration32, the influence on the reflectance is limited and it is difficult 

to identify the spectra induced by the nanoparticles from the measured reflectance results. 
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The reflectance spectra are dominated by the LIPSSs. The simulated reflectance curves 

matched the experimental reflectance quite well below a wavelength of 400 nm and near 

the region of the reflectance peak at 600 nm, leaving obvious discrepancies in the 

wavelength range of 400 - 500 nm. These discrepancies between the simulated and 

measured reflectance are located in the blue color region. In Fig. 4d, the simulation based 

on the model involving nanoparticles predicts more oscillations in the reflectance curve, 

but the simulated spectra based on the two models still followed similar trends. The 

differences between the experimental and simulated results are mainly in the wavelength 

intervals of 450 - 550 nm and 650 - 750 nm, which are essentially responsible for green 

and red colors. Such discrepancies in reflectance raise questions towards the influence of 

intrinsic colors of surface chemicals on the overall color appearance. 
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Fig. 4. Simulation results of the reflectance. (a) LIPSSs model. (b) LIPSSs+NPs model. (c) 

Measured and simulated reflectance of Sample A. (d) Measured and simulated reflectance 

of Sample B. The simulation results based on LIPSSs models and LIPSSs+NPs models are 
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illustrated with red and blue curves, respectively. The dashed curves in red represent the 

difference between the experimental and the simulated reflectance. The spectral colors in 

the visible range (380 - 750 nm) are shown at the bottom of the graphs. 

3.3 Compositional coloration 

To elucidate the experimental and simulated reflectance, we examined the intrinsic 

colors of the chemical compositions in steel surfaces. Steel surfaces were reconstructed 

after laser irradiation, leaving metal oxides and spinels randomly arranged on the surfaces18. 

The metal oxides and spinels contribute to the surface coloration with their intrinsic colors. 

Such compositional coloration is ubiquitous for laser-treated metallic surfaces. In this work, 

we quantitatively studied the surface composition by XPS spectra and calculated the 

compositional distributions. The XPS spectra of Fe 2p, Cr 2p, Ni 2p and Mn 2p of samples 

A and B are shown in Fig. 5, the survey scans are presented in Fig. S4 and the peak fitting 

details are listed in Table S2. All spectra were fitted to identify specific chemical species. 

It can be seen in Fig. 5a that the steel surface was mostly oxidized to the spinel at 710.5 eV 

and Fe2O3 at 712.5 eV33, with very small amounts of Fe remaining on the surface. The 

spinel usually forms on steel surfaces during laser processing34 and has a typical form of 

XY2O4 (X and Y are metallic ions with +2 and +3 valences, respectively) and can be 

specified as (Fe2+
x1Ni2+

x2Mn2+
x3)(Fe3+

x4Cr3+
x5)O4 in our study. Satellite peaks were also 

identified in the XPS spectra, which are typical for transitional metal elements. Metal 

oxides and the spinel structure were also identified in the Cr 2p, Ni 2p and Mn 2p 

spectra35,36, as shown in Fig. 5b-d. 
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Fig. 5. XPS spectra of the laser-irradiated steel surfaces. (a) Fe 2p, (b) Cr 2p, (c) Ni 2p, (d) 

Mn 2p. The measured data, backgrounds, and fitting envelopes are illustrated with scatters, 

grey and magenta lines, respectively. The doublet peaks are plotted with the same color. 

The fitted XPS results quantified the relative contents of the spinels in the two samples, 

which were determined as (Fe2+
0.66Ni2+

0.14Mn2+
0.20)(Fe3+

1.46Cr3+
0.54)O4 and 

(Fe2+
0.67Ni2+

0.11Mn2+
0.22)(Fe3+

1.59Cr3+
0.40)O4 for samples A and B, respectively. The relative 

amount of metal oxides and spinel can be also calculated from the XPS data, as shown in 

Table 1. The RGB values of metal oxides were referred to the reports of pure minerals 
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which could be referenced from previous reports37, while the spinel color was determined 

according to the relative amounts of the metallic ions. The main differences of the two 

spinels are the contents of Fe3+ and Cr3+. More Fe3+ ions render the spinel dark brown while 

less Fe3+ ions turn the spinel greenish or bluish38. On the other hand, Cr3+ ions in the spinel 

produce reddish colors39. Thus, the spinel colors of the two samples are specified as (105, 

70, 225) and (210, 90, 165), respectively. The contribution of Fe was neglected due to the 

low contents in both samples. Based on a previous study, the chemical species contribute 

quantitatively to the apparent colors by their relative contens18. Compositional color of 

each sample can be computed by the product of its color matrix and content matrix via 

1

21 2 3 4 5

1 2 3 4 5 3

1 2 3 4 5 4

5

C

CR R R R R R

G G G G G G C

B B B B B B C

C

 
 

    
           
    

 
 

   (1) 

where Ri, Gi, and Bi represent the red, green and blue intensity of the metal oxides and the 

spinel, respectively; Ci is the relative content of each chemical species. The calculated 

compositional colors are (115, 105, 134) and (145, 112, 118) for the Samples A and B, 

respectively. 

Table 1. The relative content of metal oxides and spinels. The intrinsic RGB colors of the 

oxides and the specified RGB values of the spinels are also listed in the table. The cells are 

shaded with the RGB values therein. 

Sample 
Fe2O3 Cr2O3 NiO MnO Spinel Compositional 

Colors (130, 110, 90) (80, 121, 95) (160, 210, 195) (105, 110, 85) A B 

A 44.90% 10.20% 7.38% 7.47% 27.87% (115, 105, 134) 

B 44.93% 10.31% 8.43% 6.46% 27.62% (145, 112, 118) 
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From the data it can be seen that the two samples have slightly different chemical 

compositions, likely caused by the varied average laser fluency which was employed to 

create the surface structures. The compositional pigmentary colors thus can be calculated 

in accordance with the relative content of the oxides and spinels. As shown in Table 1, the 

compositional colors of the two samples are (115, 105, 134) and (145, 112, 118), 

respectively. The green and blue components of these colors are close to those shown in 

Fig. 2g (66, 112, 131) and Fig. 2i (114, 132, 119), while they are very different from those 

shown in Fig. 2f (134, 97, 62) and Fig. 2h (136, 84, 44). Thus, the contribution of the 

structural colorations on the overall coloration is lessened due to specific optical geometry 

and light polarization. 

A reflectance spectrum and an RGB triplet can be derived from one another by various 

computational algorithms 40 , 41 . Here we calculate the reflectance curves from the 

compositional RGB triplets by employing an iterative-least-log-slope-squared (ILLSS) 

algorithm41. This algorithm generates reflectance spectra in the visible range (380 - 730 

nm) with a step of 10 nm. Based on this algorithm, the compositional RGB values of the 

samples (Table 1) can be converted to the reflectance curves (Fig. 6). For both the samples, 

the converted reflectance curves roughly matched the main peaks of the difference between 

experimental and simulated reflectance spectra. Therefore, the experimental reflectance 

can be expressed by the combined contribution from the structural colors and 

compositional pigmentary colors. From Fig.4 and Fig. 6, it can be seen that the apparent 

colors are primarily determined by the structural colors because the simulated reflectance 

match the main features of the experimental results, while the surface chemicals also 

influence the apparent colors. 
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Fig. 6. Converted reflectance spectra from compositional RGB colors. (a) Sample A. (b) 

Sample B. The green curves represent the reflectances converted from the compositional 

RGB values by the ILLSS algorithm. The red dashed curves represent the differences 

between measured and simulated reflectances. 

4. Conclusions 

In summary, we have quantitatively assessed the colorations and their origins on 

femtosecond laser-treated 301LN stainless steel surfaces. The processed steel surfaces 

demonstrated iridescent structural colors. Through experimental and simulated study of the 

reflectance properties, the laser-induced iridescence was found to origin mainly from the 

interaction between surface LIPSSs and visible light. However, discrepancies between 

measured and computed reflectance results remained obvious, and were further identified 

as the contributions of intrinsic colors from laser-induced oxides. Therefore, the 

femtosecond laser coloration is quantitatively defined by the combination of obvious 

structural colors and intrinsic pigmentary colors. Such a mechanism can also be generalized 

in various occasions, e.g., coloration on other metal or alloy surfaces by employing lasers 

of different pulses. In addition to colorizing the steel surfaces, the established routes and 
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analysis offer a comprehensive understanding of laser coloration phenomena, which is 

expected to facilitate practical pulsed laser colorations. 
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