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Femtosecond Laser Nonlinear Lithography

Hiroaki Nishiyama and Yoshinori Hirata
Osaka University

Japan

1. Introduction

Micro-optical elements with precisely controlled three-dimensional surfaces are expected to
play important roles in the fields of functional photonic devices, micro-opto-electro-
mechanical systems, lab-on-a-chip devices, and so forth. For example, blazed gratings
exhibit more than two times higher diffraction efficiencies than those of their standard
binary counterparts. Aspheric lenses are effective for precise control of light refraction for
compensation of optical spherical aberration. Sub-wavelength periodic structures can
markedly suppress Fresnel-reflection losses—generated at the interface between lens
materials and air—over a wide spectral bandwidth and a large field of view.

Most micro-optical elements are manufactured using semiconductor fabrication technology
including lithography and various etching methods. Although such a technology is an
effective means for arbitrary nano/microstructures with high quality on a wafer, the cross-
sectional profiles of the structures are limited to binary shapes. Consequently, the
fabrication of three-dimensional surfaces such as slopes and hemispherical shapes remains a
challenging task. For obtaining slope structures, a gray-scale mask method (Suleski &
O’Shea, 1995), a multiple mask technique (Herzig, 1997), and a moving mask process (Hirai
et al.,, 2007) are often used. Electron-beam direct writing with dose control can also be
utilized (Fujita et al., 1982). However, these techniques entail strong restrictions in spatial
resolution and cross-sectional profiles of the resist. Alternatively, highly precise control of
exposure conditions and stage alignments are required.

In addition to this limitation, the semiconductor fabrication technology has another
problem: this technology typically cannot be applied to the microfabrication on non-flat
substrates because of its planar nature. When photoresists are coated onto non-flat
substrates, the resist thickness varies from area to area because of the surface tension. The
focal position and the light power are modulated by the resist thickness. Consequently, the
pattern sizes are strongly affected by the depth profiles of underlying substrates. The spray-
coating technique was reported to obtain uniform distribution of the resist thickness even on
non-flat substrates (Singh et al., 2005). However, its long-focal-depth optics is unsuitable for
achieving high spatial resolution. Some research groups have demonstrated the lithographic
fabrication onto convex or concave lenses using specially modified stage systems with
ultraviolet laser sources (Radtke & Zeitner, 2007). Although this technique is useful,
complex exposure systems are necessary.

To overcome these difficulties of current semiconductor fabrication technology, we have
proposed a combined process of nonlinear lithography and plasma etching, and have
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42 Lithography

demonstrated the fabrication of three-dimensional surfaces of various optical materials
(Nishiyama et al., 2008). This approach is designated as femtosecond-laser lithography-
assisted micromachining (FLAM). When femtosecond laser pulses are tightly focused into
transparent materials including photoresists, nonlinear optical phenomena such as two-
photon absorption (TPA) occur only near the focal region. Such a unique property of
nonlinear processes enables us to induce photochemical reactions directly inside the
materials, which can be a powerful tool to elevate the current semiconductor technology. In
this chapter, we describe fundamentals of femtosecond laser nonlinear lithography and
present the microfabrication of functional three-dimensional surface structures using FLAM.

2. Femtosecond laser nonlinear lithography

Figure 1 schematically shows the optical absorption behaviors when photopolymers are
exposed to ultraviolet light and near-infrared femtosecond laser pulses. Here, these
photopolymers are transparent within the spectral range from visible to near-infrared
wavelength. For the former, photon energy of ultraviolet light is absorbed mainly near
polymer surfaces following the Lambert-Beer law. Depending on the concentration of
photoinitiators, the penetration depth is within few micrometers. Consequently, ultraviolet
lithography is useful only to form planar structures. In contrast, for the latter, photochemical
reactions such as photopolymerization can be induced only near the focal volume, where
the laser intensity is highest, via nonlinear optical processes including TPA.

The principle of near-infrared femtosecond laser lithography for the formation of three-
dimensional polymeric structures is presented in Fig. 2. Once a laser spot is scanned inside
the resist three-dimensionally, the photo-modification is initiated along the trace of the laser
spot. The resist is developed to reveal the desired three-dimensional structures. For a
chemically amplified negative-tone resist such as SU-8, the cross-linking reaction of
monomers is induced in exposed regions by post-exposure baking. Subsequently,
unexposed regions are washed away by development treatment, leaving only the desired
freestanding structures. The photo-modified region in the focal spot can be approximated as
an ellipsoid as shown in fig. 2(d). The aspect-ratio of the ellipsoid is 3-5 when laser pulses
are focused into the polymers via an objective lens of NA of 1.2-1.4, depending on the
exposure conditions and photosensitivity of the materials.

(a) (b) ,
near-infrared

ultraviolet light fs laser pulses

Nonlinear

> __—| absorption

\
\

photopolymer

Fig. 1. Optical absorption behaviors of (a) ultraviolet light and (b) near-infrared femtosecond
laser pulses.
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Fig. 2. Femtosecond laser lithography processes in the case of a negative-tone resist. Three-
dimensional polymeric structures can be created.

In 1997, Kawata et al. first reported the fabrication of full three-dimensional microstructures
using femtosecond laser lithography (two-photon lithography) (Maruo et al., 1997). Four
years later, the same research group created the world’s smallest three-dimensional bulls
(Kawata et al., 2001). The bulls were based on polymeric materials and their feature sizes
were approximately 10 um, similar in size to red blood cells. In this report, the lateral spatial
resolution was as high as approximately 100 nm, which is below the diffraction limit. After
their works, various three-dimensional micro-sculptures such as Venus statues (Serbin et al.,
2003), an opera house (Straub, 2004), jars (Park et al., 2005), and gears (Sun et al., 2004) have
been demonstrated using this nonlinear lithographic technique. Functional devices such as
full three-dimensional photonic crystals (Deubel et al., 2004), plasmonic elements (Reinhardt
et al.,, 2006) and optically-driven microsystems (Maruo et al., 2003) were also reported.
Femtosecond laser lithography is a truly three-dimensional process because of its capability
of direct exposure of the internal volume, whereas conventional single-photon lithography
is based on its planar nature. Depending on laser systems, exposure conditions and material
responses, feature sizes of 200-300 nm are typically achievable. Recently, much higher
resolution of sub-30 nm was achieved in bridge patterns through careful control of the laser
intensity (Juodkazis et al., 2005).

Figure 3 shows a typical exposure setup for micro/nanofabrication using femtosecond laser
lithography. Near-infrared femtosecond laser pulses can be obtained from a Ti:sapphire
laser system. The laser power and the pulse number are controlled, respectively, by neutral
density filters and a high-speed shutter. The repetition rate of the oscillator system is
approximately 80 MHz, which is much higher than that of the amplified system (1 kHz).
Recently, an Er-doped femtosecond fiber laser is also commercially available as a light
source for nonlinear lithography. Compared to Ti:sapphire systems, fiber laser systems have
several advantages of beam quality, long-term stability, and cost competitiveness. The
fundamental wavelength of Er-doped fiber laser is 1560 nm, and the second harmonic
wavelength (780 nm) is obtainable via periodically poled LiNbO; (PPLN).
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Fig. 3. Femtosecond laser nonlinear lithography system.

In most previously reported studies, the laser beam is focused into resists or photopolymers
through an ultra-high-NA objective lens (= 1.2) to achieve high spatial resolution. In these
cases, a cover glass, which is thin and transparent, is generally used as a substrate because
of the extremely short working-distance of the lens. The laser pulses are focused into resins
from the back of the substrates. It must be emphasized that, in femtosecond laser
lithography, laser irradiation from above the substrate is rarely used because of the short
working-distance problem. Direct laser writing of three-dimensional patterns is carried out
using a piezo-stage system or a galvano-scanner system using three-dimensional computer-
aided design data. Although photopolymers such as SCR-500 were used in early works of
femtosecond laser lithography, various negative-tone (Kondo et al., 2005), positive-tone
photoresists (Yu et al., 2003) and hybrid materials (Serbin et al., 2004) have been used for the
microfabrication during the last several years.

3. Fundamentals of nonlinear absorption

In this section, we describe TPA as a popular approach of femtosecond laser lithography.
Two-photon absorption is an interaction between optical waves and materials that occurs in
the photo-excitation process of an atom or a molecule from a lower quantum state to an
excited state. Two kinds of TPA mechanisms exist, as portrayed in Fig. 4: sequential
excitation and simultaneous excitation. The former is an electronic transition to excited
energy state via an intermediate state. The electron excited to the intermediate state is
pumped further to a higher quantum state by absorbing the second photon with the same
energy. For the latter, the electrons are excited to a higher state by absorbing two photons
simultaneously in one quantum event with no excited intermediate state. This simultaneous
TPA is generally referred to TPA. The life time of the virtual intermediate state for the
simultaneous excitation is on the order of several femtoseconds. Two photons can be
absorbed simultaneously to transcend the energy band-gap if the second photon arrives
before the decay of the virtual state.

The TPA rate is proportional to the square of the laser intensity. In single-photon
lithography, photochemical reactions are induced along the entire beam path through the
photopolymers, as shown in Figure 1. The number of excited species in any cross-section
along the optical axis decreases as the laser beam is absorbed. Compared to this, the
integrated intensity squared is markedly increased at the beam waist in two-photon
lithography. This quadratic dependence of TPA on laser intensity enables the direct internal
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Fig. 4. Two-photon absorption mechanism: (a) sequential two-photon absorption and (b)
simultaneous absorption.
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Fig. 5. Laser intensity distribution. Two-photon absorption occurs only near the focal
volume where the laser intensity exceeds the threshold value for two-photon absorption.

exposure of materials and the confinement of the photochemical changes into submicron
dimensions near the focal point, where the laser intensity exceeds a certain threshold value
for TPA. When femtosecond laser pulses are focused into a rhodamine B solution, the
localization of photochemical responses can be observed directly as visible fluorescence,
which is intuitively understandable for TPA processes (Wu et al., 2006). Figure 5 shows the
laser intensity distribution near the focal region schematically. The photochemical reactions
can be initiated at the volume below the diffraction-limit by controlling the laser energy and
the pulse numbers because of the threshold behaviors of TPA.

The existence of TPA was predicted theoretically in 1931 (Goppert-Mayer). An experimental
demonstration was first conducted in 1961 (Kaiser & Garrett). However, widely various
applications were not been found for many years until the development of a light source
with sufficient intensity. The cross-section for TPA is orders of magnitude lower than that
for single-photon absorption. Extremely high laser intensity is required to generate a
sufficient concentration of starter species via the TPA process. For example, with a resist of
TPA coefficient of 20 cm/TW, intensity on the order of terawatts is necessary to drive TPA.
Two-photon absorption can be induced easily using femtosecond laser with ultra-high peak
intensity generated by a novel pulse-compression technique. The typical pulse duration of
femtosecond laser is 100-200 fs, and the time between pulses is about 10 ns. Consequently,
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the optical electric field sufficient for TPA is achievable. Although the average laser power
of femtosecond fiber laser is several tens of milliwatts, TPA can be initiated at average
power of a few milliwatts when laser pulses are tightly focused using a high-NA objective
lens. The half wavelength of the oscillation wavelength of 800 nm is located around
absorption bands that are responsible for photochemical reactions of resists. Simultaneously,
laser pulses can be focused into the internal region without single-photon absorption
because typical resists are transparent in the near-infrared spectral region.

4. Femtosecond-laser lithography-assisted micromachining

4.1 Fabrication of three-dimensional surfaces

Figure 6 presents a process for the formation of three-dimensional surfaces using FLAM
(Nishiyama et al., 2008). Here, as an example, we chose microfabrication on non-flat
substrates using negative-tone resists. First, resists are spin-coated onto substrates.
Subsequently, arbitrary patterns are written directly inside the resists via femtosecond laser-
induced TPA. These patterns are transferred to underlying substrates by reactive plasma
after post-baking process and development treatment.

Conventional ultraviolet or electron beam lithography is based on a linear (single-photon)
absorption process. Therefore, incident energy is absorbed from resist surfaces, which
causes difficulty in the dose-control and alignment of the exposure position for deformed
resists. In contrast, FLAM enables us to irradiate the internal regions directly through TPA.
Previously, three-dimensional lithography was reported using single-photon process with
precise control of laser power (Maruo & Ikuta, 2000). Compared to this, high spatial
resolution is available in TPA. By combining femtosecond laser nonlinear lithography with
plasma etching, we can fabricate complicated three-dimensional surface structures of
various optical materials.

fs laserpulses

resist

v

(a) Direct exposure (b) Baking and

inside resist development
Plasma
(c) Pattern transfer (d) 3D surfaces

Fig. 6. Femtosecond-laser lithography-assisted micromachining.
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We used a femtosecond fiber laser system for lithographic processes in FLAM. The central
wavelength, pulse duration and repetition rate are, respectively, 780 nm, 128 fs and 100
MHz. The focusing lens is expected to have sufficient working distance to fabricate
structures of various optical materials including SiO; and Si. Consequently, the laser pulses
were focused into resists through an objective lens with a numerical aperture (NA) of 0.5
and working distance of 15 mm. Resist patterns are finally removed as sacrificed layers after
the pattern transfers in FLAM. Therefore, we used a chemically-amplified negative-tone
resist KMPR and positive-tone resist PMER because of the lower adhesive strengths than
that of SU-8, which was often used in previous works of femtosecond laser lithography. The
pattern transfers were conducted using electron cyclotron resonance plasma with CHF3 and
O gases.

4.2 Nonlinear lithographic properties of FLAM

In this section, we describe the formation of high-aspect-ratio patterns, which are observable
only when femtosecond laser pulses are focused via a low-NA objective lens into resists
(Nishiyama et al., 2008). Figure 7 shows SEM images of KMPR patterns generated using
TPA processes. Each filamentary rod was formed by laser irradiation from above without
translating the focal spot along the optical axis (z-axis). Here, the resist thickness was 50 pm.
The average laser power and exposure time were, respectively, 27 mW and 1 s. The focal
position for writing of each pattern is also indicated in Fig. 7, where the z-axis origin is
defined as the substrate surface. The dotted line represents the resist surface before
development treatment, indicating that all filamentary rods were formed inside the resist.
Compared to previous reports of femtosecond laser lithography, much higher rods were
observed, as shown in Fig.7. For example, rod heights were reported to be approximately
500 nm for SCR-500 when femtosecond laser pulses were focused using a high-NA (ca. 1.4)
lens (Kawata et al., 2001). In our experiments, the maximum rod height was more than 45
um, which corresponds to three-times larger than the focal-depth of the exposure setup. On
the other hand, we could not find a clear threshold of laser power for this filament
formation, suggesting that the mechanism was not related to the optical Kerr effect.
Kewitsch et al. reported the formation of fiber-like patterns with high aspect ratios, and
explained the mechanism in terms of “self-trapping based on photopolymerization”
(Kewitsch & Yariv, 1996). Refractive indices of photopolymerized regions increase by cross-
linking reactions of monomers through the Lorentz-Lorenz relation. Therefore, the
photopolymerized region can works as a waveguide core, leading to channel propagation of
subsequent laser pulses. However, unlike photopolymers used in Kewitsch’s experiments,
the cross-linking reactions are initiated during post-exposure baking using photogenerated
acid for chemically amplified resists such as KMPR and SU-8. In short, a marked increase in
the refractive index cannot be expected from light exposure alone. On the other hand, Seet et
al. reported a heat accumulation effect by femtosecond lasers exposure, and also
demonstrated fine patternings of SU-8 without post-exposure baking (Seet et al., 2006). The
thermal cross-linking temperature of KMPR was measured as approximately 170°C, which
is close to that of SU-8. Therefore, the laser-induced cross-linking reaction can be induced in
KMPR as it is in SU-8. However, the formation of filamentary rods (channel propagation)
cannot be explained sufficiently solely by the cross-linking reactions. When laser pulses are
focused using a high-NA objective lens (= 1.2), we cannot observe the formation of
filamentary rods. The amplitudes of refractive index increases of KMPR are very small (less

www.intechopen.com



48 Lithography

z=85 35 Uic

SE substrate WOLL Smm 101

Fig. 7. SEM images of filamentary rod patterns formed using femtosecond laser lithography.
Reprinted with permission from Optics Express. Copyright 2008, Optical Society of America.

than 2.0 x 10-3) before and after post-exposure baking in the case of ultraviolet exposure.
Therefore, when laser pulses are focused using a high-NA lens as described in most
previous reports, the coupling of incident laser pulses to guided modes of a polymerized
waveguide is strongly suppressed because of large mismatch of NA, assuming that laser-
induced refractive changes are similar to those by ultraviolet exposure. In contrast, the laser
pulses can be coupled to the guided modes effectively in the case of low-NA focusing. The
filamentary rods in fig. 7 were most likely to be formed by laser-induced thermal cross-
linking reactions of KMPR followed by effective coupling of subsequent laser pulses to a
polymerized waveguide. As mentioned in section 2, the photo-modified region, where the
laser intensity exceeds a certain threshold value for TPA, is an ellipsoid. The diameters of
pointed ends of the ellipsoids were approximately 400 nm, which corresponds to one-fifth of
the diffraction-limit 1.9 um. Using a pointed end of a filamentary rod, high spatial resolution
was obtained, even with low-NA focusing.

5. Fabrication of microlenses and micro-Fresnel lenses

In this section, we present the fabrication of three-dimensional surfaces of SiO»-based
glasses on planar wafers using FLAM (Nishiyama et al., 2009). Figure 8 shows a schematic
illustration of the laser writing procedure of microlenses. Lens patterns of two types (sample
1 and sample 2) were written directly inside resists. Then, the patterns were transferred to
underlying GeO»-SiO; glass films. The GeO,-SiO, thin films were deposited onto SiO;
substrates using plasma-enhanced chemical vapor deposition. The lenses consist of a series
of concentric circles of different radii and heights. The distance dr between adjacent circles
was 300 nm. When the dr was larger than 300 nm, the trace lines of laser-spot were often
visible. The average laser power and the laser translation speed were, respectively, 33 mW
and 300 pm/s.

Figures 9(a)-9(d) present SEM images of two-dimensional arrays of resist microlenses. The
respective diameters and curvature radii of sample 1 and sample 2 were 90 and 200 um
(Figs. 9 (a) and 9(b)) and 38 and 27 pm (Figs. 9 (c) and 9(d)), respectively. It is apparent that
uniform patterns were obtained. Although several steps were visible on the surfaces of
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sample 1 because of the large curvature radius, the lenses of sample 2 have smooth surfaces.
Figure 10 portrays optical microscope images of focal spots from GeO,-SiO, microlenses
when 633-nm-wavelength He-Ne laser light was normally coupled to the lenses. The
curvature radii increased during pattern transfers because of the difference of etching rates
between the resist and GeO>-5iO,. The beam diameters were 3.0 um. It is apparent that all
lenses exhibited almost identical behaviors.

laserfocus
Top view
—» |
dr=300nm
Cross-sectional view

fslaser

= | A |
GeO,-Si0, |1
Si0,

Fig. 8. Direct laser writing procedure for microlenses.

5-1-1-

Fig. 9. SEM images of two types of resist microlens. Reprinted with permission from
Applied Surface Science. Copyright 2009, Elsevier.
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Fig. 10. Optical microscope images of focal spots from a GeO,-5iO; glass microlens array
fabricated using femtosecond laser lithography. Reprinted with permission from Applied
Surface Science. Copyright 2009, Elsevier.

Fig. 11. SEM images of two-dimensional array of resist micro-Fresnel lenses.

Figure 11 presents SEM images of two-dimensional arrays of the resist micro-Fresnel lens
with blazed structures. These patterns were transferred to SiO, glass substrates using
plasma etching. The inner radius r,, of m-th zone and cross-sectional profile are expressed
using the following equations.

1, =\ 2mA f +(mA,)? (1)

_ mh cr’
M=t T+41—(k+ 1) .

k=-n? (3)

Therein, r signifies the distance from the center of the Fresnel lens (1, < r < r,+1); Ao, 1, and f
respectively denote the operation wavelength, refractive index, and primary focal length.
Using these relations, the maximum radius and the primary focal length of a SiO; Fresnel
lens were designed, respectively, to be 240 and 2800 pm. The operation wavelength was 633 nm.
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Fig. 12. Laser microscope image of a SiO, micro-Fresnel lens. Three-dimensional surfaces
such as slopes and convex shapes can be obtained.

Considering that the etch selectivity (5i0./ KMPR) during pattern transfers is 0.25, the resist
heights were determined to be four times higher than those of transferred SiO, counterparts.
The Fresnel lens patterns were written in KMPR under laser exposure conditions similar to
those for GeO»-S5iO, microlenses. From laser microscope images of a SiO, Fresnel lens after
pattern transfers in Fig. 12, well-defined three-dimensional surfaces of slopes and
hemispherical shapes can be confirmed. The primary focal length was measured to be 2790
um for He-Ne laser light, which agreed well with the theoretical value. The diffraction
efficiencies were about 80%, which was two times higher than the theoretical maximum
efficiencies of binary lenses.

6. Fabrication of diffractive—refractive hybrid lenses

The maximum diameters of the photo-modified region are determined mainly using
threshold processes of the laser electric field. Consequently, constant pattern widths are
expected to be formed at any position in resists. Simultaneously, high spatial resolution is
achievable. These properties are great advantages over conventional single-photon
lithography. Figure 13 shows SEM images of Si lines across a 65-um-deep step (Mizoshiri et
al., 2008). Wall-like patterns were written directly inside a positive-tone resist PMER on a
step using TPA process. Subsequently, the patterns were transferred to the underlying step
using plasma etching. Constant linewidths of approximately 5 um were observed clearly at
every depth position on a step. This linewidth is one order of magnitude less than that
formed using the spray-coating method.

The binary Fresnel zone plates were fabricated on convex microlenses for SiO, hybrid
diffractive-refractive lenses (Nishiyama et al., 2008). The direct laser writing procedure is
presented in Fig. 14. The Fresnel zone plates were formed by translating a laser-induced
filamentary rod three-dimensionally inside KMPR on convex lenses. The respective
diameter, height, curvature radius, and primary focal length of individual microlens were
240, 18.9, 380, and 830 pum. The primary focal length of the hybrid lens can be determined
using eq. (4), as
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Fig. 13. SEM images of Si lines across a 65-um-deep step. Reprinted with permission from
Applied Physics Express. Copyright 2008, The Japan Society of Applied Physics.

Top view

laser focus

. [}
resist i

Cross-sgctional view filamentary rod
1

SiO, substrate

Fig. 14. Direct laser writing procedure for SiO, diffractive-refractive hybrid microlenses.

1 1 1
= 4
fi fu e

where fi, fn and fr respectively represent the primary focal lengths of a hybrid lens, a convex
microlens, and a Fresnel lens. The inner radius R,, of the m-th zone of the Fresnel zone plate

(4)

can be expressed as R, =./mf.4, . Hybrid lenses with primary focal lengths of 617 pm were

obtained by fabricating Fresnel zone plates of the focal length of 2700 pm on convex lenses.
Figures 15(a)-15(c) show SEM images of the Fresnel zone plates on the convex lenses before
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and after the pattern transfers. We could obtain well-defined structures even on non-flat
substrates. When He-Ne laser light was normally coupled to a SiO; hybrid lens, the primary
focal length was shifted by 216 um because of hybridization. This shift amount was close to
the theoretical value of 213 pm, indicating that FLAM is an effective means for fabrication of
precisely controlled three-dimensional surfaces. As described in the section 4, the spatial
resolution as high as 400 nm is achievable in spite of low-NA focusing. For that reason,
FLAM is expected to be useful for the formation of more complicated structures even on
non-flat structures.

7. Future prospects

In FLAM, the laser pulses are focused using a low-NA objective lens to fabricate structures
of various materials, irrespective of their optical transparencies and thicknesses.
Consequently, the aspect ratios of the resist patterns become high, as shown in Fig. 7.
Therefore, we cannot obtain high spatial resolution in the vertical direction. On the other
hand, the use of high-NA objective lens is not desired because of the strong restrictions of
the exposure setup and the choice of target materials by short working-distance. To address
such problems, laser beam shaping techniques using diffractive elements and other
processes will be of growing importance over the next few years.

. — x1.18K
r—

Fig. 15. SEM images: (a) overview, (b) enlarged view of SiO; hybrid lenses, and (c) a resist
Fresnel zone plate on a convex lens. Reprinted with permission from Optics Express.
Copyright 2008, Optical Society of America.
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Femtosecond laser lithography is an attractive technique for the formation of three-
dimensional polymeric structures. However, this technique is also a serial process by which
microstructures are formed one point at a time. Consequently, significant improvement of
its throughput is an important issue for scale-up to the wafer-level mass production. Kato et
al. demonstrated parallel fabrication with femtosecond laser lithography by irradiation
through a microlens array (Kato et al., 2005). By scanning multiple focal spots inside a
photopolymer, they fabricated individual 227 individual three-dimensional structures
simultaneously on a wafer. The fabrication time was as short as 5 min. Fourkas et al.
reported a replication technique of three-dimensional microstructures generated using
femtosecond laser lithography, referred to membrane-assisted microtransfer molding
technique (LaFratta et al., 2006). Using this technique, one can reproduce even structures
with closed loops such as arches using membranes formed inside original structures and
highly elastic PDMS molds. In addition, several approaches using multi-beam interference
(Kondo et al., 2003), spatial light modulators (Hayasaki et al., 2005), and phase masks (Jeon
et al, 2004) are studied intensively to enhance the throughput of femtosecond laser
lithography. Through further studies of these approaches, femtosecond laser nonlinear
lithography is expected to play an essential role in the development of novel functional
devices in various fields such as photonics, microelectromechanical systems, and
microfluidics.

8. Conclusion

In this chapter, we presented the fundamentals of femtosecond laser nonlinear lithography
and demonstrated the fabrication of three-dimensional surfaces of inorganic materials using
FLAM. We can write complex structures directly inside resists using TPA. Simultaneously,
high spatial resolution below the diffraction limit was achievable in spite of low-NA
focusing. Using such unique properties, the semiconductor fabrication technology was
extended to microfabrication on non-flat substrates. Optimization of lithographic conditions
can realize devices with more functionality and with finer and more complicated three-
dimensional surfaces.
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