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Abstract 
We have studied the nanostructuring and colorizing of the copper surface by scanning with a 

femtosecond laser beam with a near-Gaussian beam profile. The experimental studies were conduct-
ed using a femtosecond laser comprising a Ti:Sapphire oscillator and a multi-pass amplifier with the 
maximum pulse energy of 0.7 mJ, pulse frequency of 1 kHz, and pulse duration <30 fs. It is shown 
that the use of a short-pulsed femtosecond laser leads to the formation of wavelength scale periodic 
surface structures and eventually increases the brightness of the color of the copper surface. It is re-
vealed that via reciprocally scanning the copper surface by multiple ultrashort laser pulses with a 
weakly asymmetric spatial energy density distribution and an energy density below the material abla-
tion threshold, it is possible to create a combined nanostructure composed of low-spatial-frequency 
laser-induced periodic surface structures coated with nanoscale roughness. It is shown that relatively 
minor changes in the nanostructures obtained by scanning the copper surface by multiple ultrashort 
laser pulses can lead to a significant change in the color during surface colorizing. 
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Introduction 
Diffraction gratings, being dispersive optical ele-

ments, are widely used for spectral instruments and in 
other fields of science and technology [1]. Most spectral 
instruments, except for a few produced by diamond cut-
ting techniques [2], use holographic diffraction gratings, 
which are produced by using the method of recording an 
interference pattern from a laser source [3]. A photosensi-
tive material applied to a substrate is used for such a reg-
istration. After a chemical treatment of the material, a re-
lief-like structure of lines with a quasi-sinusoidal profile 
shape is formed on the surface of the substrate. An addi-
tional promising method for manufacturing of reflective 
diffraction gratings is the irradiation of metallic samples 
by ultrafast laser pulses. Such an irradiation can cause the 
formation of periodic structures on the surface of sam-
ples. The laser-induced periodic surface structure acts ac-
tually as a diffraction grating for light which illuminates 
the surface with a wavelength close to the periodicity of 
the structures. Such ultrafast laser generated periodic 
structures are able to decompose incoming light into its 
spectral components, generating a bright colorful appear-
ance of the sample surface. 

Ultrafast lasers, which is a generic term for picosec-
ond and femtosecond lasers, have created a new path to 
laser processing of materials in terms of the capabilities 
in ultrahigh precision micro- and nanofabrication of not 
only opaque but also transparent materials and threedi-
mensional (3D) and volume processing [4 – 6]. The pulse 
width of ultrafast lasers is defined as several tens of 
femtoseconds to tens of picoseconds, where a pulse width 
shorter than picoseconds is typically used for fundamen-
tal research, while longer pulses are used for commercial 
and industrial applications because of the high output 

power and high reliability. Laser nanostructuring using an 
ultrafast pulse laser source has been used to induce sur-
face micro/nanostructures on metals and thus to obtain 
surfaces with unusual optical properties or wettability [7 –
 10]. For a number of technologies of computer optics, the 
problem of adhesion is extremely topical [11 – 15]. 

For the first time, the effect of colorizing of a metal 
surface by means of ultrashort pulses was described in 
[16]. Such a method of generating surface periodic struc-
tures by means of ultrashort pulses allows the colour 
marking of surfaces of almost any solid structure, which 
is especially important for materials that are weakly oxi-
dized or have an opaque oxide (for example, copper). 
Ref. [17] shows a possibility of achieving material modi-
fications using ultra short pulses, via polarization de-
pendent structures generation, that can generate specific 
colour patterns. These oriented nanostructures created on 
the metal surface, called ripples, show a periodicity typi-
cally smaller than the laser wavelength and in the range 
of the visible spectrum. 

Ripples with a subwavelength period were induced on 
the surface of a stainless steel (301 L) foil by femtosecond 
laser pulses [18]. By optimizing the irradiation fluence of 
the laser pulses and the scanning speed of the laser beam, 
ripples with large amplitude (~150 nm) and uniform period 
could be obtained, rendering vivid structural colours when 
illuminating the surface with white light. Ref. [19] con-
firms that the colorizing phenomenon mainly ascribes to 
the grating diffraction effect of the laser-induced periodic 
surface ripples, which would help to enable the flexible 
control of the colorizing effect induced by laser processing 
on pure copper. Ref. [20] reports the modification of opti-
cal properties of 304 stainless steel surfaces by femtosec-
ond laser direct writing. Regularly arranged ripples with a 
spatial period of ~700 nm were obtained, rendering vivid 
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structural colours when the surface was illuminated with 
white light. This study adds a new parameter, the scanning 
pitch, to the list of parameters in the production of control-
lable colorized metal. 

In [21] functional copper surfaces combined with viv-
id structural colours and superhydrophobicity were fabri-
cated by picosecond laser processing. Laser-induced pe-
riodic surface structures (LIPSS), i.e. ripples, were fabri-
cated by picosecond laser nanostructuring to induce rain-
bow-like structural colours which are uniquely caused by 
the grating – type structure. The effects of laser pro-
cessing parameters on the formation of ripples were in-
vestigated. The increased amount of nanoscale structures 
decreased the adhesive force to water and increased the 
contact angle simultaneously. Ref. [22] clarified the 
mechanism underlying the transition of picosecond laser 
microstructured aluminium surfaces from a superhydro-
philic nature to a superhydrophobic one under ambient 
conditions. The aluminium surface studied exhibited su-
perhydrophilicity immediately after being irradiated by a 
picosecond laser. Periodic microstructures with different 
topographies were fabricated on copper surface via 
femtosecond laser irradiation [23]. The topography of 
these microstructures can be controlled by simply chang-
ing the scanning speed of the laser beam. After surface 
chemical modification, these as-prepared surfaces 
showed superhydrophobicity combined with a changed 
adhesion to water. Surfaces with deep microstructures 
showed self-cleaning properties with extremely low water 
adhesion, and the water adhesion increased when the sur-
face microstructures became flat.  

Ref. [24] presents a method for manipulating the na-
noscale surface topology, as well as the chemical compo-
sition of titanium surfaces by scanning a femtosecond la-
ser beam with an asymmetrical spatial fluence distribu-
tion over the surface. For the experiments, an asymmetric 
beam, which has had initially a Gaussian energy distribu-
tion, has been deformed by using a diaphragm where only 
half of the beam could pass. However, no information 
was provided as to whether there can be significant dif-
ferences in the formed relief during forward and reverse 
scanning by a weakly asymmetric beam of a femtosecond 
laser with a nearly Gaussian energy density distribution 
without any beam masking. It is possible to assume that 
phenomena found for titanium could be observed for oth-
er materials, too. But it is plausible that individual fea-
tures will be present. Additionally, it is advisable to study 
the possibilities of the formation of various combined 
nanoreliefs during a forward and reverse scanning of a 
material surface with a beam of ultrashort pulses with an 
energy density below the material ablation threshold. Be-
sides, as such a change of topological properties influ-
ences copper colorizing and is an opportunity to receive 
bright colours. The purpose of this research is to study of 
the features of change of topological properties and color-
izing of copper during forward and reverse scanning with 
a femtosecond laser beam with a nearly Gaussian energy 
density distribution in the range below the material abla-
tion threshold. 

Results of experimental studies 
For the performance of experimental studies a femtosec-

ond laser was used: Ti: Sapphire oscillator and multi-pass 
amplifier with max. 0.7 mJ pulse energy, 1 kHz pulse fre-
quency and pulse duration < 30 fs. Beam mode TEM00, 
pulse contrast > 109: 1. Central wavelength was 800 nm, 
bandwidth approx. 100 nm. The laser beam has been fo-
cused on the surface of pure copper plates by a metal mirror 
with a focal length f = 101.6 mm; for sample processing a 2D 
displacement system was used. Spot size was adjusted to get 
the energy density of 1.49 J/cm². Spot sizes were 0.3 mm 
height and 0.23 mm width, spot area 0.0538 mm². 

The sample was produced by scanning with the focused 
laser beam over a surface of a copper plate. The processed 
area size was 20×20 mm2. The plate has been moved 
20 mm in the positive x-direction during laser exposure. At 
the end of the line, the laser was turned off and the plate 
was displaced by 0.3 mm in the positive y-direction. Fol-
lowing that, the laser was switched on again and the sam-
ple was moved in the negative x-direction. The whole pro-
cessing cycle was repeated until an area of 20×20 mm2 has 
been structured by ultrashort laser pulses. 

Thus, the copper surface has been treated with femtosec-
ond laser pulses. Samples have been moved during pro-
cessing in x-direction first, and then, after a small displace-
ment in y-direction the moving direction was reversed. So, a 
line-by-line processing, first in +x-direction, followed by 
processing in x-direction could be achieved. Speed of mo-
tion was 135 mm / min, distance between lines 0.3 mm, 
overlap ~ 0 %. From experiments were able to observe that 
visible colours (with a more blue or more red appearance) 
depend only on the direction of movement. Fig. 1 shows an 
image of the treatment zone obtained using a metallographic 
optical microscope. The arrow indicates the direction of 
movement of the sample during laser processing. 

A similar pattern was observed when spot size changes 
to 0.26 mm height and 0.27 mm width, spot area 0.07 mm². 
In this case the energy density was 1.05 J/cm², speed of mo-
tion 180 mm/min, and the distance between lines 0.28 mm. 
Fig. 2 shows the zone of a single pulse action on the sample 
surface. Results of our experiments indicate that a forward 
and reverse scanning of a copper surface by a beam of ultra-
short pulses with a weakly asymmetric spatial distribution in 
a multipulse mode and an energy density below the material 
ablation threshold can lead to significant colour differences 
between different scanning directions. 

It is known that during normal incidence of femtosec-
ond, linearly polarized laser pulses, low-spatial-frequency 
laser-induced periodic surface structures (LSFL) are formed 
on the copper surface, which demonstrate the effect of dif-
fraction staining [25, 26]. That is, the appearance of a sur-
face relief demonstrating properties of a diffraction grating 
in the visible range is observed. However, generated at nor-
mal incidence, LSFL do not allow to obtain bright colours in 
the long-wavelength part of the visible electromagnetic radi-
ation [27, 28]. By using a femtosecond laser with a pulse du-
ration of 30 fs the formation of near-wavelength periodic 
surface structures makes it possible to increase the bright-
ness of colorized copper surfaces. 
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Fig. 1. Image of the treatment zone obtained using 

a metallographic optical microscope. Visible colours (more 
blue or more red) depend only on the direction of movement 

 
Fig. 2. Zone of a single pulse action on the sample surface 
Accordingly to the many times experimentally con-

firmed interference model [29, 30]; the process of the for-
mation of periodic structures can be schematically represent-
ed as follows: the process begins with the appearance of a 
periodically modulated interference light field in a space 
near the surface. The reason for its appearance is the inter-
ference of an incident light wave with a wave scattered by a 
certain surface roughness. The interference of an incident 
wave with resonant components of the diffracted field is 
most effective. A spatially inhomogeneous heating of the 
surface occurs in a periodically modulated intensity field. In 
this case, the temperature distribution along the surface ob-
viously correlates with the distribution of the intensity of the 
interference light field. If the intensity of the laser radiation 
is sufficiently large, inhomogeneous heating of the surface 
can cause inhomogeneous melting, and then evaporation and 

removal of matter: the interference relief is "remembered". 
The above considerations can only be considered in general. 
For a more rigorous description it is necessary to consider 
the problem of an inhomogeneous imbedding of the elec-
tromagnetic field energy into the irradiated rough surface. 
The total electromagnetic field on the surface has the charac-
ter of a periodic structure only if the scattered wave has a 
different tangential component of the wave vector than the 
incident wave. This is the situation when light is reflected 
from an even slightly rough surface: in the reflected light 
field there are not only mirrored components of the reflected 
wave, but also components that have experienced diffraction 
on various Fourier components of the roughness spectrum. 
Any real rough surface can be represented as a set of sinus-
oidal gratings with random orientations of the strokes, ran-
dom periods and relief amplitudes. Then the scattering of the 
incident light wave on the surface roughness can be regarded 
as diffraction on various Fourier components of the rough-
ness spectrum. Because of the addition of the fields of the 
incident and surface electromagnetic waves in the skin layer, 
the formation of interference maxima occurs, and conse-
quently an inhomogeneous or periodic heating of the sur-
face. 

The action of a femtosecond laser in a multipulse 
mode leads to the appearance of tracks on the material, 
which were studied by scanning electron microscopy. For 
the examination of laser processed tracks, an analytical 
scanning electron microscope VEGA \\ SB, Tescan was 
used, whose accelerating voltage range is between 0.2 –
 30 kV; the electron source is a tungsten cathode with 
thermionic emission. Fig. 3 shows an image of tracks on 
a sample surface formed as a result of scanning the sur-
face with multipulses from a femtosecond laser. 

 
Fig. 3. Image of tracks on a copper sample formed as a result 

of multipulse scanning with a femtosecond laser 
Nanostructures formed on the surface at an energy 

density below the one-pulse ablation threshold for the 
normal incidence of ultrashort laser pulses in the multip-
ulse mode show a ridgelike, one-dimensional lattice 
structure. These ridges are orientated perpendicular to the 
polarization vector of the ultrashort laser pulse with an 
average periodicity of 0.68 μm, which is slightly shorter 
than the wavelength of the laser radiation. Fig. 4 shows 
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SEM images of such nanostructures created on the sur-
face of copper corresponding to red and blue areas. In the 
scanning mode, all types of periodic surface structures 
coexist, which occurs as a result of superimposing differ-
ent zones of a laser beam (different in energy density of 
the exposure regimes) onto one surface region, and the 
formation of various types of surface structures corre-
sponding to them. Therefore, the evolution of the surface 
structure on a fixed region of the sample which is irradi-
ated by multiple laser pulses during scanning consists of 
three stages: the front wing (related to the moving direc-
tion) of a laser beam with a relatively low energy density 
forms nanoroughness. When the maximum intensity of 
the laser beam approaches that spot LSFL replace nano-
roughness and finally at the rear wing of the beam, the 
nanoroughness covers the remaining LSFL. 

a)  

b)  
Fig. 4. SEM images of nanostructures recorded on the surface 
of copper corresponding to red (a) and blue areas (b). Field 

of view is 108.3 µm 
For obtaining information on the structure of a surface, 

images in secondary and in backscattered electrons were 
investigated, presented in Fig. 5. It is known that the con-
trast in secondary electrons most strongly depends on the 
surface contour, and backscattered electrons contain, ex-

cept an information on the morphology of a surface, addi-
tional information on the composition of the sample. Since 
the sample has a rather smooth surface, the output of the 
reflected electrons remains almost unchanged, independent 
of the position of the beam. The intensity of the reflected 
electrons is practically independent of the topography of 
the sample surface, and the resulting images characterize 
the chemical elemental composition. The brighter areas 
correspond to greater oxygen content, which indicates cop-
per oxidation with the formation of copper oxide during 
processing. The elemental chemical analysis of the surface 
of microvolumes of the sample showed that the oxygen 
content in various microvolumes of the treatment zone var-
ies within the limits of 1.5 – 12.5 by weight, and the copper 
content is within 98.5 – 87.5 % wt %. 

a)  b)  
Fig. 5. Images in secondary (a) and in backscattered electrons 
(b): the brighter areas correspond to greater oxygen content 

and lower content of copper 
It has been determined that on the laser treated surface 

the resulting nanostructure is not completely regular; var-
ious oxidation levels at different zones could be identi-
fied. The morphology of the surface in the regions of in-
tegral red and blue colours differs, which is due to the 
presence of oxide inclusions. On the surface of the inte-
gral red zone there are significantly more sub-micron ox-
ide deposits in a form close to the globular (Fig. 6). That 
is, it has been experimentally confirmed that relatively 
small changes of the nanostructure obtained by scanning 
the copper surface with a beam of ultrashort pulses in a 
multipulse mode can lead to a significant colour change 
during diffraction staining of the surface. 

Conclusions 
Features of change in the nanostructure and colorizing 

of copper has been studied during scanning a femtosec-
ond laser beam with a nearly Gaussian energy density 
distribution. It is shown that the use of a femtosecond la-
ser with a pulse duration of 30 femtoseconds leads to the 
formation of near-wavelength periodic surface structures. 
By structuring the surface, it was possible to increase the 
brightness of colours achieved during colorizing the cop-
per surface. It has been determined that nanostructures 
formed on the surface at an energy density below the one-
pulse ablation threshold for the normal incidence of ultra-
short laser pulses in the multipulse mode have the form of 
a one-dimensional lattice of ridges oriented perpendicular 
to the polarization vector of the ultrashort laser pulse with 
an average periodicity of 0.68 μm, which is slightly 
shorter than the wavelength of the laser radiation. This 
can be the basis for further improvement of the manufac-
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ture method of reflecting diffraction gratings using ultra-
short laser pulses, which can take a worthy place among 
other methods of computer optics on the basis of interac-
tion of laser radiation with a metallic surface [31 – 35]. 

a)  

b)  
Fig. 6. SEM images of nanostructures produced on the surface 
of copper corresponding to red (a) and blue areas (b). Field 

of view is 10,83 µm 
It was revealed that during forward and reverse scan-

ning of the copper surface by a beam of ultrashort pulses 
with a weakly asymmetric spatial distribution in a multip-
ulse mode and an energy density below the material abla-
tion threshold it was possible to create a combined nanore-
lief consisting of low-spatial-frequency laser-induced peri-
odic surface structures (LSFL) coated with nanoroughness. 
The obtained experimental results indicate that different 
overlapping regimes during the scanning the surface play 
an important role on the development of resulting struc-
tures. An overlapping of various regions of the laser beam 
during the scanning process leads to the formation of a 
combined topology - nanostructures and LSFL. 

On the treated surface, the nanorelief is not completely 
regular; various oxidation levels of different zones take 
place. The morphology of the surface in the regions of inte-
gral red and blue colours differs, which is due to the pres-
ence of oxide inclusions. On the surface of the integral red 
zone there are significantly more sub-micron oxide deposits 
in a form close to the globular. Thus, it is revealed that rela-
tively minor changes in the nanostructure obtained by scan-
ning the surface of copper by a beam of ultrashort pulses in a 

multipulse mode can lead to a significant change in the re-
sulting colour during surface colorizing. 
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