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ABSTRACT: Femtosecond laser direct writing achieves high precision into micro-metric in 
additive manufacturing of customized-geometric structures and was used to fabricate the high 
quality micro optical lenses in various photoresist, including SU-8, by two-photon polymerization. 
The fabricates axicons could approximately create the Bessel beam, which has smaller beam 
diameter and extended depth of focus, so that widely employed in imaging systems. The axicons
and any geometric micro-lenses of certain applications were designed and optimized using 
ZEMAX before the lenses being fabricated by femtosecond laser direct writing, and they serve as 
core components of imaging systems, microscopy, and other research fields. 
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INTRODUCTION

Nowadays, additive manufacturing (AM) has achieved high precision and has high flexibility in
producing any geometric structures, so that it has been employed in producing three-dimensional 
(3D) components with customized designs and applications. Among all the techniques, the 
femtosecond laser direct writing (FsLDW) is used to fabricate various ultra-precise micro optical 
structures in micro- or nano-scales with the photoresist. The femtosecond laser reaches the
extremely high intensity in an ultra-fast pulse, and enables the two-photon polymerization (TPP)
within confined voxels in photoresist, such as SU-8 (Lorenz et al., 1997).

In this research, the femtosecond laser direct writing system was set up, and the parametric study 
was carried out. We demonstrated the fabrications of some basic structures of one, two and three 
dimensions, such as some micro-scale axicon lenses were well produced based on two-photon 
polymerization (TPP). The results indicated that the technique is capability to fabricate the 
customized micro-optical components. Axicon lenses and triangular prisms were proposed with 
different parameters for optical applications.

In many bio-medical optical microscope systems, Bessel beam has advantages over conventional 
Gaussian beam in terms of smaller beam diameter and extended depth of focus, so are widely 
employed. The “non-diffracting” Bessel beams can be generated by the axicon lens. We simulated
the beam transformation, design, and optimize the axicon’s dimensions using ZEMAX. The axicon 
lens will be fabricated on top of various kinds of substrates, including single mode fibers (SMFs) 
terminal by two-photon polymerization. The characteristics of the printed lens system are
confirmed by scanning electron microscope (SEM).
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METHODOLOGY 
 
Fabrication with Femtosecond Laser Direct Writing (FsLDW) 
 
Femtosecond laser direct writing technique is used to fabricate the SU-8 micro-structures in any 
designed geometries. A thin layer of SU-8 is applied on coverslip and soft-baked before it is sent 
to laser scanning.  The piezoelectric controlled platform, whose movement resolution reaches as 
high as 1 nm, carrying the sample moves along the designed routine, forming the structure layer by 
layer, relatively to the stationary laser focal point of diameter of around 1 m. The scanned sample 
is then post-baked for proper duration and finally polymerized by developing with SU-8 
developer. The residual material is rinsed with IPA.  
 
During the laser scanning, sample is illuminated by LED light from bottom. By this manner, it 
enables the printing process to be monitored in real time by CCD camera. The laser direct writing 
system configuration is shown in Figure 1. 

 
Figure 1 printing system configuration of laser direct writing 

 
Material 
 
In this research, SU-8 is selected out of various polymer to fabricate the micro optical components 
due to its transparency and high hardness. It is widely used to fabricate the highly precise optical 
components and other high-aspect-ratio 3D microstructures of complex geometries (Liu, Nolte, & 
Pyrak-Nolte, 2010). 
 
SU-8 is a negative photoresist having 8 epoxy groups (a statistical average per moiety) as shown in 
Figure 2. The epoxies are cross-linked under UV exposure, or equivalently absorbing two photons 
of 780 nm, to give the final structure with assist of heating and development with developer. SU-8 
3050, that is of most viscous series, is selected out of the epoxy series in this research. 
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Figure 2 schematic of SU-8 molecule 

 
Two-photon polymerization  
 
The two-photon polymerization (TPP) derives its name as the liquid polymer absorbing two 
photons of same wavelength simultaneously induces the cross-link insitu within molecules and 
polymerized to solid form. SU-8 is sensitive to UV exposure. The laser of 780 nm wavelength is 
used in the system. The two-photon absorbance (TPA) and subsequent TPP processes are only 
realized after the emergence of femtosecond laser, which has the extremely high intensity and 
ultra-fast pulse. With the two outstanding properties of femtosecond laser, the TPA and TPP 
processes occur in situ at the voxel of laser focal spot of diameter around 1 to 2 m, where the 
laser intensity exceeds the threshold of the TPA. This property enable the fabrication of precise 3D 
microstructure by 3D printing with SU-8 (Guo et al., 2006).  
 
ANALYSIS AND RESULTS  
 
In this research, parametric study is carried out to determine the optimal printing condition so that 
fabricate the precise structures. Structures of different dimensions were fabricated on substrates 
with proper printing conditions and have the practical use. 
 
Printing parameters  
 
Parameters that affect the printed structures’ morphology are listed in the following, among which 
the laser power, scanning routine and speed control are of most importance.  
 
Laser power  
The efficiency of the polymerization in material depends on laser energy doze absorbance. Lower 
the laser power, smaller the focal voxel whose intensity exceeds the SU-8’s TPP threshold, and 
thus higher precision the structure is formed. On the other hand, sufficient laser exposure ensures 
the structures’ adhesion to substrates. The proper laser power in our system is set to be 3 to 5 mW. 
 
Scanning speed 
The proper speed at power of 5 mW is determined to be in range of 10 to 20 m/s.  
 
Other factors  
Other than laser power and scanning speed control, times of repetition scanning, the design 
interval between scanning lines, SU-8 thin film thickness, the temperature and duration of soft-
bake and post-bake, and development duration are factors of consideration.  
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Application 
 
High quality axicon lens and other geometric optics can be fabricated by femtosecond laser direct 
writing of SU-8. Practical applications of micro-optics attract lots of attentions. The axicon is the 
basic structure used to transform the Gaussian beam to the less-diffracting pencil-like Bessel 
beam, and triangular prisms is proposed to transform the Gaussian beam to a sheet of Bessel light, 
with small sheet thickness and extended depth of focus. The less-diffracting Bessel sheet beam 
could be applied to the Light Sheet Microscopy or Selective Plane Illumination Microscopy 
(SPIM) for the 3D live imaging in biomedicine and other research field (Gao, Shao, Chen, & 
Betzig, 2014). The simulation results indicated that the sheet thickness could be narrowed down to 
less than 2 m, which 1200 times smaller than the depth of focus extended to 3 mm, and therefore 
the axial resolution could be improved than the conventional SPIM. Objective sample is 
illuminated by Bessel beam sheet or the virtual beam sheet scanned by sliding pencil-like Bessel 
beam, so that the illumination is confined near the focal plane, while it generates less out-of-focus 
illumination background. By illuminating the sample layer by layer, the light sheet microscopy 
reconstructs the 3D imaging of the sample.  
 
Conclusion 
 
The femtosecond laser direct writing has successfully produced some polymeric micro-structures. 
The axicon is well fabricated by the femtosecond laser direct writing and proven to transform the 
Gaussian beam into Bessel beam. Simulation results reveals that the geometry of micro-lenses and 
the beam transformation through corresponding lenses can be accurately designed and optimized 
by ZEMAX. With the proper design and fabrication of the micro-lenses that generates beams with 
outstanding properties, it could make their ways to the practical uses in the microscopy, 
biomedicine, and various research fields.  
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