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The effect of changing the incident laser wavelength on the surface morphology is shown via femtosecond laser direct 
writing on a copper surface. For the first time in the literature, we demonstrated the formation of the cubic-shaped 
nanoparticles (NPs) on the laser-irradiated copper surface at the incident wavelength of 860 nm. We observed the 
formation of laser-induced periodic surface structures (LIPSS) are favorable over a broad range of laser fluences at 
900 nm irradiation wavelength. We presented the variation of low spatial frequency LIPSS (LSFL) periodicity with 
the change of the fluence. We did not observe clear LIPSS formation at 960 nm irradiation on the copper surface out 
of the four wavelengths used. The energy dispersive X-ray (EDX) spectroscopic analysis on the cubic nanostructures 
reveals the presence of oxygen on the copper surface. The specific copper oxygen composite formation can be achieved 
at 860nm. © Anita Publications. All rights reserved. 

Keywords: Laser-induced periodic surface structures (LIPSS), Low spatial frequency LIPSS, Copper nanoparticles, 
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1 Introduction

	 The fabrication and investigation of metallic nanoparticles (NPs) gained tremendous attention from 
research communities due to their diverse applications in industry and academia [1-3]. These NPs can be used 
in energy storage and conservation devices [4-6], as catalytic materials [3,7], in environmental technology [7-
10], biological sensing applications [11,12], surface-enhanced Raman scattering [13-15], and many more. The 
use of NPs for catalyst activity triggered the research for synthesis of functionalized NPs including graphene-
based catalysts [16], nanocarbon-based catalysts [17], core/shell nano catalysts [18], magnetic supported 
nano catalysts [19,20], etc. These various needs have been justified by rapid synthesis and preparation of 
NPs of different-shapes, sizes, and morphologies using various methods such as solution-based preparation, 
e-beam lithography, extraction from the natural biological plants, and laser-induced NPs synthesis [21-25], 
etc. The fabrication of NPs using above mentioned conventional methods involve multiple steps, complexity, 
skill dependence and they are time-consuming. The fabrication of NPs by ultrafast laser irradiation offers a 
simple, one-step, and environmentally friendly method. It is a reliable technique of preparing NPs, because 
of its repeatability, controlled precise fabrication and pollution-free method [13,14,22,26]. 
	 Ultrafast laser ablation of metallic surfaces was reported using nanoseconds, picosecond, femtosecond 
pulsed lasers to fabricate superhydrophobic surfaces [27-30], antireflective surfaces [31-33], and various 
functional surfaces [30,34]. The underlying mechanisms of laser ablation depend on the materials used, 
irradiation parameters such as incident wavelength, pulse width, repetition rate, scanning speed or number 
of pulses per spot, and intensity of laser beams [35-39]. Most effective plasmonic NPs are gold and silver, 
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but their use in industrial puposes is limited due the associated cost. In this aspect the copper NPs got special 
attension due Due to its superior performance in terms of heat and electrical conductivity, catalytic activity, 
and cost-effectiveness [3,5].
	 Many researchers use femtosecond lasers for laser writing either at its fundamental frequency or at 
the second harmonic frequency. However, high-power lasers allow one to tune the frequencies continuously 
over a broad range with the help of optical parametric amplifiers. The effect of driving force frequency on the 
formation of the nanostructures and morphology is a relatively unexplored area of research. In this work, for 
the first time in the literature, we report the fabrication of laser-induced cubic shaped copper NPs decorating 
the laser structured surfaces. Also, we reported the formations of laser-induced periodic surface structures 
(LIPSS) with varying incident wavelengths. We observed that cubic-shaped copper NPs can be fabricated 
at only particular incident laser wavelength and at optimized laser parameters. The formation mechanism, 
properties of the nanoparticles, and LIPSS are discussed in this work.

2 Experimental procedure

	 We used Ti: Sapphire femtosecond laser pulses of 75 fs time duration, at repetition rate of 1 kHz, 
800 nm central wavelength, and energy of 6 mJ per pulse. However, we used 3 mJ/pulse energy to pump 
commercially purchased optical parametric amplifier (TOPAS Prime, Light Conversion) to generate tunable 
wavelength of the laser beam from 300 nm - 2400 nm. After initial optimization, we chose to report four 
wavelengths, viz.: 800 nm, 860 nm, 900 nm, and 960 nm, to irradiate the copper substrate. A microscopic 
objective of 10X with a numerical aperture of 0.25 is used to focus the laser beam on the substrate’s surface, 
as shown in Fig 1. The substrates were moved on raster scanning with the help of the 3D Newport nano-
positioner stage, which is controlled by the ESP motion controller. The substrates were moved with a fixed 
scanning speed of 0.2 mm/s, and 100 μm spacing was maintained between the successive scanning. The 
surface morphologies are characterized by Field Emission Scanning Electron Microscope (FESEM, Zeiss 
Ultra55). 

Fig 1. Schematics of laser direct writing set-up.
3 Results and discussions
	 Our initial goal is to study the variation of the LIPSS spatial periodicity over a broad range of incident 
wavelengths from 400 nm to 2000 nm on different materials. While working on copper surfaces, only at 
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particular wavelengths, we found unique nano-shaped surface features as serendipity. In this work, we report 
only that narrow range of incident wavelengths, where special structures are forming. The femtosecond laser 
beam is focused with microscopic objectives (10X/0.25) on copper substrates with four incident wavelengths 
viz.: 800, 860, 900, and 960 nm, at a fixed scanning speed of 0.2 mm/s. The incident laser fluences for each 
wavelength are presented in Table 1. 

Table 1. Laser fluences for each wavelength at which the laser direct writing experiments were performed on the copper 
substrates

Fluence (J/cm2)
800 nm 860 nm 900 nm 960 nm

2.5 3.1 2.7 1.3
4.1 3.9 3.5 2.4
4.9 4.1 3.9 2.9
5.4 7.1 6.7 3.7

3.1. Surface morphology
3.1.1. Laser direct writing at 800 nm
	 Different surface topographical structures of laser-induced copper surfaces are shown in Fig 2. On 
each image, the incident fluence used is indicated on the left top corner, and all are irradiated with a fixed 
central wavelength of 800 nm (Fig 2). The low spatial frequency LIPSS (LSFL) are formed at fluence of 2.5 
J/cm2, and their spatial periodicity of LSFL is 515±14 nm. The magnified area of each surface is shown in 
the bottom row of (Fig 2). With the increment in fluence, LSFLs tend to get destroyed at the center of the 
focused beam and form feeble structures at the edges. As the fluence increases, LIPSS gets destroyed (LSFL) 
randomly distributed and irregularly shaped particles formation is observed. 

Fig 2. FESEM images of laser-induced copper surfaces for various fluences for the incident wavelength of 800 nm. 
The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 µm and 400 nm of the images in the first and second 
rows, respectively. 

3.1.2. Laser direct writing at the central wavelength of 860 nm
	 Figure 3 represents the surface morphology of laser irradiated surfaces with the incident wavelength 
860 nm. The fluence varies from 3.1 to 7.1 J/cm2 with a constant scanning speed of 0.2 mm/s. At this 
incident wavelength, the response of the copper surface is significantly different in many aspects. There is 
the formation of LSFL with the spatial periodicity of 732±35 nm at the incident laser fluence of 4.1 J/cm2. In 
the fluence range 3.1- 3.9 J/cm2, the most notable interesting surface morphological features are appeared. 
Apart from the LSFL, we observe the formation of cubic-shaped copper nanoparticles of variable sizes. The 
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particle’s average size is found to be 127 nm and 101 nm for the incident fluence of 3.1 J/cm2 and 3.9 J/cm2, 
respectively. It indicates that the particle size reduces as the fluence increases. On further increase in incident 
fluence, the formation of cubic-shaped particles is reduced and they are sparsely distributed over the LSFL 
ridges. 

Fig 3. Surface morphologies of laser-induced copper surfaces at various laser fluences with the incident wavelength of 
860 nm. The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 µm and 400 nm of the images in the first 
and second rows, respectively.

 
Fig 4. Distribution of copper NPs at the laser fluences of 3.1 J/cm2 (A & B), and 3.9 J/cm2 (C & D) on laser-irradiated 
copper surfaces at 860 nm incident wavelength.

	 Figure 4 depicts that the size of NPs change as the fluence increases; it also illustrates the impact on 
the shape of the copper nanoparticles. The cubic nature is not completely formed at lower incident fluences, 
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and perfect edges are less prominent at 3.1 J/cm2. The perfect cubic nanostructures are formed only at 3.9 J/
cm2. Upon further increase in incident fluence, the surface density of NPs appearance is reduced drastically 
and favors the formation of LSFL ridges as primary feature. At the fluence of 4.1 J/cm2, the cubic-shaped 
particles start disappearing, and few particles are scattered at the peripheral area of the grooves and on LSFL 
ridges. Upon further increase in fluence, even the LSFL structures are destroyed at the fluence of 7.1 J/cm2. 
The most important aspect of the effect of fluence on surface morphology is the formation of highly regular 
cubic-shaped copper nanoparticles. These cubic-shaped NPs are formed only at a particular fluence range 
when the irradiated wavelength is 860 nm. This study suggests that one can tune the formation of particle 
features on surfaces with incident laser parameters.
3.1.3. Laser direct writing at 900 nm
	 Figure 5 shows the surface morphological features of laser irradiated surfaces with the incident 
wavelength of 900 nm. One can see that for each fluence, the formation of LSFL is observed. As the fluence 
increases, the smooth LSFL are formed over a larger area. The best regular LSFL is formed at 3.5 J/cm2 with 
a spatial periodicity of 662±8 nm.

Fig 5. FESEM images of laser-induced copper surfaces for various fluence for the incident wavelength of 900 nm. 
The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 µm and 400 nm of the images in the first and second 
row, respectively.

	 There is a variation of LSFL spatial periodicity with the incident fluence on the copper irradiated 
surfaces, with an incident wavelength of 900 nm. The spatial periodicity increases from 632±20 nm to 
693±13 nm as the fluence increases from 2.7 J/cm2 to 5.0 J/cm2. As we increased the fluence further, the 
spatial periodicity remained close to 693±13 nm. This variation of spatial periodicity with respect to fluence 
is shown in Fig 6. The underlying reasons behind the LIPSS formations are attributed to the interference 
between the surface plasmon polariton and incident laser wavelengths [40]. A rigorous analysis of wavelength-
dependent LIPSS formation with the irradiation wavelength from 400-2200 nm has been reported using 
various optimized laser parameters [41]. 
3.1.4. Laser direct writing at 960 nm
	 The effect of incident fluence on the surface morphology is shown in Fig 7 for the incident 
wavelength of 960 nm. One can observe the formation of particulate-type features throughout the patterned 
surface for this wavelength. However,we did not observe the LIPSS formation at this wavelength, for any 
fluence value. For this incident wavelength, as the fluence increases, the depth of the grooves increases. At 
the fluence of 2.9 J/cm2, the surface morphology at the center of the laser-focused beam looks like a molten 
state with several cracks throughout the grooves. 
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Fig 6. Variation of spatial periodicity of LSFL with incident laser fluence for the incident wavelength of 
900 nm.

Fig 7. FESEM images of laser-induced copper surfaces for various fluences for the incident wavelength of 960 nm. 
The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 µm and 400 nm of the images in the first and second 
rows, respectively. 

	 In summary, surface morphologies of laser-irradiated copper surfaces patterned with four different 
incident wavelengths are quite different. Each incident wavelength interacted with the surface differently 
and led to the formation of various surface morphologies. At the incident wavelength of 800 nm, formation 
of both irregular particles and LSFL are observed. In contrast, the formation of highly regular cubic-shaped 
NPs and LSFL appeared for the incident wavelength of 860 nm only. At the incident wavelength of 900 nm, 
only LSFL periodic structures formed; neither particulate-type features nor regular cubic-shaped structures 
are observed. Finally, at the incident wavelength of 960 nm, irregular particles are formed at the lower fluence 
values. The deep groove with cracks is formed at higher laser fluences. 
3.1.5. Elemental analysis of different surface structures
	 The EDX analysis is carried out to probe the elemental composition of LIPSS, cubic features, and 
unpatterned surfaces. The EDX of the un-irradiated surface reveals the presence of copper only, as shown in Fig 8. 
	 In Fig 9, the EDX is taken on two different places on the surface: (i) large area of cubic structures 
and (ii) small area of cubic features. It is clear from the EDX analysis, that the percentage weight of copper 
and oxygen is 95.51% and 4.49%, respectively, over the large area (~36 μm2). Large area cubic features are 
dispersed on the copper surfaces shown in the top row of Fig 9.
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Fig 8. EDX analysis of the unpatterned surfaces. The scale bar is equal to 3 µm.

Fig 9. Energy dispersive analysis of cubic copper features. The scale bar is equal to 3 µm.

	 There is a slight change in elemental composition ratio when EDX is taken at a smaller area (~0.09 
μm2) close to single cube as shown in the second row of Fig 9. The presence of oxygen is found to be more 
on a single CuNP compared to entire region of laser-irradiated copper surface; the percentage weight of 
copper and oxygen are 93.59% and 6.41%, respectively. The EDX analysis depicts that oxygen is trapped 
on the surface during the irradiation using 860 nm, only at lower fluences. In contrast, EDX analysis depicts 
completely different aspects of the elemental composition of LIPSS features. The composition analysis 
reveals 100% copper on LIPSS surfaces with no oxygent content, Fig 10.

Fig 10. EDX analysis on LIPSS formation on laser-irradiated surfaces. The X-ray signatures show it is pure copper, 
and the result is the same all over the surface. The scale bar is equal to 3 µm.



1644	 Md Abu Taher, D Narayana Rao, Sri Ram G Naraharisetty

	 In summary, the compositions of LIPSS are purely periodic modulation of copper materials itself, 
whereas cubic features are composites of copper and oxygen elements. Further studies and experiments 
are needed to understand the underlying physics, and the reason why the oxygen being trapped during the 
irradiation of 860 nm only but not at other wavelengths. 

4 Conclusions

	 Controlled fabrication of cubic-shaped copper NPs on the surface of copper is shown for the first 
time. This can be achieved uniquely via femtosecond laser irradiation using a particular incident wavelength, 
scanning speed, and incident laser fluence. The study shows that the surface topological structures could 
be controlled or varied using different wavelengths and irradiation energies. The ideal wavelength for the 
formation of LIPSS over a broad range of energies is 900 nm. The variation of the LIPSS periodicity with 
energy is presented for 900 nm; at higher fluences, the periodicities remain constant until they get randomized 
at destruction energies. At 960 nm of irradiation wavelength, we could not observe any LIPSS formation for 
any incident energy. Cubic-shaped nanoparticles will have more effective surface area due to their edges, 
and they have a wide range of potential applications, particularly as electrodes in catalytic reactions. The 
formation of the cubic structures is due to the trapping of oxygen; this process is favored only at the 860 nm 
central wavelength of femtosecond pulses. We believe this type of wavelength-dependent surface structuring 
will have many more potential applications and new physics to be explored in many more materials. 
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