
NOMENCLATURE 
D = diameter 
F0= laser flux
Fth= ablation threshold fluence 
w0= focused laser beam spot radius on the focal plane 
E0= energy of a single peak pulse of the laser 
h = ablated depth  

 
 
1. Introduction  

 
Nanowires are widely used in optoelectronics, microelectronics, 

plasma, and other fields for their unique electrochemical, optical, and 
mechanical properties, especially as anode materials for lithium-ion 
batteries [1-5]. The increasing demand for higher integration density, 
greater portability, and improved performance of modem devices calls 
for further improvements in pattern resolution and quality. Due to the 
limitations of the diffraction limit, conventional patterning techniques, 
such as electron beam, [6-9] focused ion beam, [10] X-ray [11], and deep 
ultraviolet laser beams, are employed to obtain high resolution. [12] 
Even if the resolution requirement is satisfied, the short wavelength 
beam suffers from the disadvantages of high operational costs, high 
vacuum requirements, complicated processes, low efficiency, and 

contamination of the substrate by processing chemicals. Because of 
these shortcomings, it is increasingly important to find a simple, 
economical, and efficient way to manufacture nanowires. Near-
infrared femtosecond (fs) laser is a promising alternative to short-
wavelength lasers, which can avoid the constraints of complex 
processes [ 13-16]. The traditional laser ablation method for preparing 
nanowires involves gas-phase growth by heating the target material to 
form high-temperature concentrated steam, which results in complex 
equipment and high costs[ 17]. In light of this, in this paper, a novel ultra-
fast laser with a 4F optical system is proposed, which can process the 
nanowires on the target. This is a simple and cost-effective way to 
produce low-cost nanowires on a large scale. 
 
 
2. Principle 
 
2.1 Ultrafast laser ablation configuration 

Fig.1 illustrates a schematic diagram of the prototype of the ultrafast 

laser ablation configuration. As illustrated in Fig. 1, a femtosecond 

laser having a central wavelength of 1040 nm (Spiritone 1040-8-SHG, 

Newport Spectra-Physics Technology Co., Ltd.), with an adjustable 

pulse width of 400 fs to 4 ps, and a maximum power of 8 W is used. A 

laser beam emitted from a laser source, in which an acoustic modulator 
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(AOM) and a shutter which is assembled to control the opening/closing 

state of the laser source, is made to pass through a beam expander (BE). 

Three mirrors (M1, M2, and M3) are then used to bend the laser beam. 

The laser beam is focused on the surface to be ablated after passing 

through a non-polarized beam splitter (BS). The copper workpiece to 

be ablated was fixed on a three-axis linear motion stage with 50 nm 

positioning resolution per movement axis. An industrial CCD camera 

was used to monitor the ablation process. 

2.2 Ultrafast laser ablation principle 
Since the bimodal energy distribution of the femtosecond double 

hump laser beam is similar to Gaussian spatial distribution, the D2 
method [18] is used to separately calculate the spot diameter d of the 
laser beam focused on each ablative focal plane. According to the D2 
method, the relationship between the diameter D of the ablation 
position on the workpiece surface and the laser flux F0 of the irradiation 
peak can be written as[19,20] 
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where w0 stands for the focused laser beam spot radius on the focal 
plane, Fth represents the ablation threshold fluence, and F0 is the peak 
fluence which is given by: 
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Where E0 represents the energy of a single peak pulse of the laser. After 
laser ablation on the workpiece surface, the function relationship 
between the ablation depth H and the peak laser flux F0 can be written 
as: 

1 0

th,

ln
N

FH h N
F

� � �
� � �� �

	 


 (3) 

where h represents the ablated depth by a single-pulse laser. 
 
 

3. Simulation 

3.1 Laser-focused spot energy profile 
A femtosecond laser is used to illuminate the surface of a copper 

workpiece. The femtosecond laser (Spiritone 1040-8-SHG, Newport 
Spectral Physics Technologies, Inc.) uses a central wavelength of 1040 
nm and a pulse width of 400 fs. The monopole energy E0 ranges from 
1.09 μJ to 8.00 μJ. Fig. 2 depicts a mathematical model built to 
investigate the forming mechanism of single-pulse ablative surface 
profiles. As depicted in the figure, the relationship between the 
sectional profiles and the sectional profiles of the laser-ablated 
monocrystalline silicon workpiece based on the above parameters is 
illustrated.  

3.2 Morphology of single-pulse ablated nanowires  
Fig. 3 illustrates an ablation model of the nanowires in which 3D 

profiles of the ablated nanowires with various laser pulse energies on a 

 

Fig.1. Schematic diagram of the prototype of the ultrafast laser ablation configuration. 
  

 
Fig.2. Mathematical model built to investigate the forming 
mechanism of a single-pulse ablative surface profiles. (a) 
Sectional profiles of laser energy distribution. (b) Sectional 
profiles of laser ablated workpiece.  
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monocrystalline silicon workpiece are illustrated. As can be seen in the 
figures, the depth of ablation depths on both sides increases as the 
single pulse ablation energy increases from 2 μJ to 8 μJ, which is in 
good agreement with the ablation mathematical model established in 
Figure 2. With the increase of the ablation energy, the laser ablated 
nanowires become more and more obvious, and the diameter of the 
nanowires becomes smaller, which provides basic guidance for 
selecting laser processing parameters for ultrafast laser processing of 
nanowires. 

 

 

4. Conclusions 
 
Nanowire has been widely used for its outstanding 

electrochemistry, optical, and mechanical properties, especially in its 

application as cathode materials in lithium-ion batteries.  In this paper, 

a novel nanowire processing method by the use of an ultrafast laser 

with an optical 4f system for laser energy distribution modulation to 

directly process nanowires on the target material has been proposed, 

which can be directly fabricated on a target. A mathematical model is 

built to investigate the forming mechanism of single-pulse ablative 

surface profiles based on which the ablation model of nanowires has 

been established. Theoretical analysis and computer simulation have 

shown that the proposed method might be a simple and cost-effective 

approach for large-scale, low-cost preparation of nanowires. 
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