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Abstract:

This research has examined the process of nanolithography using the femtosecond laser direct writing method.
Nanolithography is an advanced technology that enables the fabrication of microscopic and nanoscale structures. This
process, in addition to the ability to produce very small and fast electronic devices such as micro and nanochips, is also
used in the fabrication of flexible and powerful nanophotonic components for integrated photonic circuits. Using this
technique, the ability to fabricate waveguides and micro-rings with very smooth surfaces has been investigated, which
leads to a significant reduction in optical loss during wave propagation in these structures. This technology can be very
useful in improving the efficiency and performance of various devices.
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1. Motivation of the work
Nanolithography plays a critical role in the fabrication of

advanced electronic, photonic, and
microelectromechanical devices. Conventional
lithographic  techniques such as electron-beam
lithography, ion-beam lithography, and standard

photolithography often suffer from limitations including
high fabrication cost, complex processing requirements,
limited three-dimensional patterning capability, and
constraints imposed by the optical diffraction limit. These
challenges become increasingly significant as the demand
for nanoscale and highly integrated photonic devices
continues to grow.

Femtosecond laser direct writing based on two-photon
absorption has emerged as a promising alternative for
high-resolution micro- and nanofabrication. The
technique enables localized polymerization within a
confined focal volume, allowing the fabrication of
structures with dimensions below the diffraction limit
while maintaining high flexibility in design. Furthermore,
the method provides the capability of true three-
dimensional fabrication without requiring masks or
vacuum environments.

The motivation of this work is to investigate the
principles, advantages, and practical implementation of
femtosecond laser direct writing for nanolithography
applications. Particular attention is given to its ability to
fabricate high-quality optical waveguides and microring
structures with reduced surface roughness and lower
optical losses, which are essential requirements for
modern integrated photonic circuits.

2. Contributions

This work presents a comprehensive investigation of
femtosecond laser direct writing for nanolithography and
highlights its advantages compared with conventional
fabrication techniques. A detailed comparison is provided
between femtosecond laser lithography and alternative
methods in terms of achievable feature size, fabrication
flexibility, three-dimensional patterning capability,
system complexity, and substrate compatibility.

The study explains the physical mechanism of two-
photon absorption and demonstrates how this nonlinear
optical phenomenon enables sub-diffraction-limited
fabrication. An optimized experimental setup developed
in the Integrated Photonics Laboratory is described,
including laser power control, spatial filtering, automatic
focusing, and high-precision motion control.

The work further demonstrates the fabrication of
nanoscale structures, optical waveguides, microrings, and
three-dimensional microstructures using femtosecond
laser exposure. Experimental observations confirm the
capability of producing structures with dimensions
around 200 nm and significantly improved surface
quality compared with conventional UV laser
lithography. These results illustrate the potential of the
proposed  approach  for integrated  photonics,
nanophotonics, and MEMS/NEMS applications.

3. Procedures

The experimental study was carried out using a
femtosecond laser direct writing system based on two-
photon polymerization. The setup consisted of a
femtosecond laser source with a pulse duration of
approximately 100 fs and a repetition rate of 80 MHz.
The laser wavelength was adjusted near 800 nm to match
the two-photon absorption requirements of the SU-8
photoresist. The optical system included beam steering
mirrors, adjustable polarizers for power control, a beam
splitter for real-time power monitoring, a spatial filter for
beam quality enhancement, and a microscope objective
for tight focusing. A high-precision Newport motion
stage with nanometer-scale positioning capability was
employed to move the sample according to predefined
writing paths.

The  fabrication process relied on localized
polymerization within the focal volume generated by
two-photon absorption. Different laser powers and
exposure conditions were investigated to evaluate their
effects on lithographic resolution. Various structures,
including nanoscale patterns, optical waveguides,
coupled microrings, and three-dimensional
microstructures, were fabricated and examined. The
resulting structures were analyzed with respect to
fabrication quality, dimensional accuracy, surface
smoothness, and overall suitability for photonic device
applications.

4. Findings

The results demonstrate that femtosecond laser direct
writing is a highly effective method for nanolithography
and advanced microfabrication. Due to the nonlinear
nature of two-photon absorption, polymerization was
confined to a very small focal volume, enabling
fabrication beyond the diffraction limit of conventional
optical lithography.

Experimental structures with characteristic dimensions of
approximately 200 nm were successfully fabricated. The
method also enabled the realization of high-quality
optical waveguides and microring resonators with smooth
sidewalls and reduced structural imperfections.
Compared with structures fabricated using conventional
UV laser exposure, the femtosecond-laser-fabricated
devices exhibited significantly improved geometric
accuracy and cleaner gaps between adjacent features.

In addition, the technique demonstrated excellent
capability for creating complex three-dimensional
microstructures. The combination of high spatial
resolution, maskless fabrication, and compatibility with
various materials makes the approach attractive for
integrated photonics, optical communication systems,
microelectromechanical ~ devices, and  nanoscale
functional components.

5. Conclusion

This study reviewed the principles and implementation of
femtosecond laser direct writing for nanolithography
applications. By utilizing two-photon absorption, the
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technique overcomes many limitations of conventional
lithographic methods and enables high-resolution,
maskless, and three-dimensional fabrication.

The experimental results confirmed the successful
fabrication of nanoscale structures, optical waveguides,
microrings, and complex three-dimensional architectures
with high precision and excellent surface quality.
Structures with dimensions around 200 nm were
achieved, demonstrating the capability of the method to
operate below the diffraction limit.

The combination of flexibility, fabrication accuracy,
reduced optical losses, and three-dimensional patterning
capability makes femtosecond laser lithography a
powerful platform for future developments in integrated
photonics, nanophotonics, and advanced microsystems
technologies.
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