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As a noncontact strategy with flexible tools and high efficiency, laser precision engineering is a significant advanced processing
way for high-quality micro-/nanostructure fabrication, especially to achieve novel functional photoelectric structures and
devices. For the microscale creation, several femtosecond laser fabrication methods, including multiphoton absorption, laser-
induced plasma-assisted ablation, and incubation effect have been developed. Meanwhile, the femtosecond laser can be
combined with microlens arrays and interference lithography techniques to achieve the structures in submicron scales. Down
to nanoscale feature sizes, advanced processing strategies, such as near-field scanning optical microscope, atomic force
microscope, and microsphere, are applied in femtosecond laser processing and the minimum nanostructure creation has been
pushed down to ~25nm due to near-field effect. The most fascinating femtosecond laser precision engineering is the possibility
of large-area, high-throughput, and far-field nanofabrication. In combination with special strategies, including dual
femtosecond laser beam irradiation, ~15nm nanostructuring can be achieved directly on silicon surfaces in far field and in

ambient air. The challenges and perspectives in the femtosecond laser precision engineering are also discussed.

1. Introduction

Surface engineering in micro-/nanoscales plays a major role
in a material’s performance improvement [1, 2]. For exam-
ple, the material’s photoelectrical properties can be modified
by changing its surface morphology and chemical energy
states [3-5]. By tuning its surface chemical composition
[6], structure [7, 8], and lattice structure [9], the functions
of photoelectrical devices are feasible to be improved. Fur-
thermore, the frictional force [10, 11], adhesivity [12, 13],
and wettability [14, 15] behaving on a material interface
are also considered to be strongly controlled by the feature
sizes and morphologies of the micro-/nanoscale structures.
Therefore, multiscale surface engineering is a key issue in
developing novel material structures and the analysis of
behavior that exist at surfaces and interfaces.

As a noncontact technique working in the atmosphere,
laser energy can be confined within a small region, which
leads to photothermal or photochemical reactions. Laser
direct writing has shown its great ability from micron, sub-
micron, to nanoscale applications, including semiconductor
devices [16, 17], micro-/nanofluidics [18-20], biotechnology

[21], and sensors [22], on various materials [23-25]. Due to
the great three-dimensional (3D) manufacturing ability and
extensive material usability, the numerous applications of
femtosecond laser precision engineering have been wit-
nessed from academic researches to production lines in the
past decades [26-28]. Subdiffraction limited creations at a
scale of dozens of nanometers using multiphoton absorp-
tion, thresholding, stimulation emission depletion (STED)
effect, and incubation effect have been realized in various
materials [29-31]. In combining with advanced manufactur-
ing strategies, the feature size of femtosecond laser precision
engineering has been reduced to ~15nm in the lab [32-34],
far smaller than the optical diffraction limit, which would be
an important and feasible way for the next generation
nanofabrication.

Here, we summarize the recent advances of this powerful
technology used in micron, submicron, and nanoscale crea-
tion. First of all, the development of femtosecond laser pro-
cessing is introduced, including the emergence, advantages,
improvement, and goal of femtosecond laser precision engi-
neering. The interaction between laser and materials under
different pulse durations is then discussed, including the
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strategies of two-/multiphoton absorption, near-field effect,
and incubation effect. Typical strategies using the femtosec-
ond laser precision engineering for micro-/nanomachining
are also sketched out. Sections 2, 3, and 4 focus on the recent
researches of femtosecond laser precision engineering in
micron, submicron, and nanoscale, respectively. For
micron-scale processing, femtosecond laser is widely used
in transparent material fabrication. The laser-induced
plasma-assisted ablation (LIPAA), two-photon absorption
(TPA), and direct irradiation are feasible to create 2D/3D
microstructures on different transparent materials. In com-
bining with special strategies, such as microlens array
(MLA) and laser interference lithography (LIL), the feature
size of the femtosecond laser precision engineering can be
pushed down to submicron scale. Laser-induced periodic
surface structure (LIPSS) is also an available way to achieve
periodic structures in submicron. The femtosecond laser-
induced nanoscale features can be divided into near-field
and far-field creations. In combination with the advanced
manufacturing tools, including atomic force microscope
(AFM), near-field scanning optical microscope (NSOM),
and microsphere, the smallest feature size can be lower than
30nm, depending on the near-field effect. To pursue the
nanofabrication in far field, the strategies of multiphoton
absorption (MPA) and incubation effect are developed, the
minimum feature size at ~15nm can be obtained, which
may be further reduced by the fine control of the femtosec-
ond laser precision processing. The challenges and perspec-
tives for the femtosecond laser precision engineering are
discussed.

2. Basic Theory and Development of Ultrafast
Laser Processing

Since the emergence of the first pulse ruby laser and the ear-
liest study of laser processing [35], the unique laser-matter
interaction has been widely studied because it can lead to
the obvious modification of materials, which is hard to be
realized using other means. The material’s property affects
how the material behaves for a given application. With laser
irradiation, the main energy can be injected into the target
within a very short time and confined around the focus posi-
tion. Thus, it is easy to achieve a property modification of
the treated surface compared to other areas without laser
irradiation. In particular, the laser-induced modification
can be well-tuned by changing the laser processing parame-
ters, including laser fluence, pulse number, pulse duration,
and polarization, which can achieve properties improvement
across multiple length scales, from nanoscale to microscale.

2.1. Interaction between Laser and Materials at Different
Pulse Durations. To realize micromanufacturing with high
efficiency and precision, it is significant to choose laser lights
with suitable wavelength, pulse duration, and beam shape
[36]. The laser-matter interaction is required to be detail
investigated and studied since it is a dynamic and complex
process as many factors should be considered. To achieve
desired precision engineering on the specific material sub-
strate, the laser parameters need to be optimized, including
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laser fluence, repetition rate, pulse duration, processing
times, atmosphere, ambient temperature, and processing
strategy. The interaction of laser with the material is mainly
concluded as the absorption of photon-induced electronic
excitation. In many circumstances, the time scale for the
electrons with high excitation energy to transform into heat
is about one picosecond [36]. During the photothermal pro-
cess, electrons in the irradiated substrates firstly absorb inci-
dent laser energy and soon transfer the absorbed energy to
the atoms via intense collisions, which lead to the rise of sub-
strate temperature. While the surface temperature of irradi-
ated substrate increases to the melting or even vaporization
points, the substrate will transform from solid to liquid or
gas, also the plasma generation. Meanwhile, as the laser
pulse is off, the plasma after supercooling can be used for
the synthesis of different functional nanomaterials [37]. In
details, for metal materials, the main absorption process is
free-free transitions. In this case, the kinetic energy of the
conduction electrons increases due to the absorption of pho-
ton’s energy, which results in the temperature rise of the
conduction electrons. Through this interaction between
electrons and phonons, the absorbed energies are transferred
to atoms in the metallic lattice. For the laser interaction with
semiconductors, depending on the Drude model, the heating
by the free-free transitions leads to an effective conductivity
with high frequency, which means not only the high reflec-
tivity but also the shallow penetration depth of incident
light. The photon energy of incident light must be larger
than the semiconductors’ bandgap for strong absorption.
In this case, electron-hole pairs can be generated by the
absorption of photon energy, corresponding to the inter-
band transition of electrons from the valence band to the
conduction band. The laser-induced electron-hole pairs have
a considerable kinetic energy E 9= hv, which instantly deliv-

eries to the lattice vibrations and results in the heating of the
semiconductor. With high laser fluence irradiation, the high
density of generated electrons leads to numerous electron-
hole recombination via Auger processes. The optoelectronic
properties of semiconductors behave similarly to metals in
this case. For the insulating materials, since the energy band-
gap E, > hv, such materials are mostly transparent to the

incident light. Thus, the interaction between laser and insu-
lating materials should be realized under high laser intensi-
ties, which is sufficient to cause multiphoton absorption. In
this case, conduction electrons with high concentrations
can be generated, which makes the interaction between light
and insulating materials become similar to those described
for metals and semiconductors.

As one of the key issues for the evaluation of laser preci-
sion engineering, the heat-affected zone (HAZ) is affected by
the laser parameters and the target materials’ properties,
including laser fluence, laser pulse duration, absorption coef-
ficient, and thermal conductivity. Mostly, the feature size of
HAZ is on a submicron scale, while it can be further reduced
via steam- or liquid-assisted laser processing. Under laser
irradiation with a pulse duration larger than a few picosec-
onds, as shown in Figure 1(a), the HAZ would be strong
since the electrons is able to transfer the energy to the lattice
in nanosecond, which results in the temperature increase of
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FIGURE 1: Schematic of laser interaction with materials under different pulse durations: (a) long pulse duration and (b) short pulse duration.
SEM images of laser ablated holes fabricated on a 100 um steel foil by (c) 780 nm nanosecond laser of 3.3 ns, 0.5 J/em? and (d) 780 nm

femtosecond laser of 200 fs, 0.5 J/cm?.

samples. The thermal effect also leads to the material expul-
sion on the sample surface and leaves enormous debris
around the irradiated area. For femtosecond pulses, with
pulse duration t, < 10715, the absorbed energy cannot be
transferred from electrons to the lattice in such a short relax-
ation time. In this case, the electron-electron interaction can
only increase the local electron temperature. For the femto-
second laser interaction with metals, the conduction elec-
trons gas can be heated up to 10*K within the femtosecond
pulse duration (<107s). In a relaxation time of 107!3
~10712 5, the atoms can receive kinetic energy from hot elec-
trons. Thus, atoms are mainly limited in their lattice posi-
tions since there is not enough time for energy absorption
from electrons within 107'*s. In this case, the HAZ is small,
as shown in Figure 1(b). Meanwhile, the irradiated surface
is smoother compared to that irradiated by a nanosecond
laser. Due to the time of ablation processing being ultrashort,
the femtosecond laser ablation can be considered a direct
solid-vapor (or solid plasma) transition. In this case, the lat-
tice is heated within several picoseconds, which leads to the
creation of vapor and plasma with rapid expansion. Thus,
the femtosecond laser-induced surface ablation exhibits low
HAZ. Figures 1(c) and 1(d) are the surface ablation under

nanosecond and femtosecond laser irradiations, respectively
[38]. The molten area surrounding the hole structure drilled
on steel foil at a laser fluence of 4.2 J/cm® for the laser pulse
duration of 3.3ns can be observed obviously, as shown in
Figure 1(c). In this case, there is enough time for the energy
to propagate from electrons to lattice and to create a rela-
tively large molten layer. Both vapor and liquid phase steel
foils are removed since the vaporization leads to a recoil pres-
sure that expels the liquid. In Figure 1(d), the hole drilled in a
100 um thick steel foil using a laser fluence of 0.5J/cm® for
the laser pulse duration of 200 fs irradiation is shown. The
cold process effect of the femtosecond laser fabrication allows
the surface precision engineering of metals, which is experi-
mentally demonstrated. As can be seen, there is no existence
of the molten area around the irradiated area. Only a few dust
distribute around the hole structures. Femtosecond-laser-
induced multiphoton absorption is applied to achieve the
direct laser writing of solid substrates but the resolution is
in the region of 100 to 200 nm. To make nanostructures by
laser, photochemical reaction is a feasible approach to bring
the feature size to less than 100 nm. This is because the pro-
cess is based on chemical bond breaking during the laser irra-
diation of photoresist polymer materials. Followed by a
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FIGURE 2: Femtosecond laser precision engineering strategies and the related applications: (a) bull sculpture produced by TPA, the scale bar
is 2 ym, (b) microhole array fabricated on 150 ym Al film by femtosecond laser direct scanning, (c) wet etching of nanopores fabricated by
3D femtosecond laser writing in YAG crystal, (d) negative metal oxide semiconductor patterns fabricated by femtosecond laser assisting
NSOM, (e) functional microstructures made by parallel femtosecond laser processing, (f) surface morphology of HP-PCL achieved by
femtosecond laser microperforation, (g) SEM image of laser microstructured Si surface formed in SF, with femtosecond laser pulses, and
(h) 3D functional photonic crystal fabricated using 1030 nm femtosecond laser in a SZ2080 photoresist without using of photo initiator.

chemical etching, the patterned nanostructures can be trans-
ferred from the photoresist down to the solid substrates,
which is similar to the photolithography process.

2.2. Strategies for Femtosecond Laser-Matter Interaction. Up
to now, many strategies have been proposed for femtosec-
ond laser fabrication in diverse scales, as shown in
Figures 2(a)-2(d), including two-/multiphoton absorption,
incubation effect, and near-field effect can be employed.
Since Kawata et al. reported the ‘microbull’ sculptures
(Figure 2(a)) [39], TPA has been proved as one of the most
extensively used means for 3D processing in polymers [40,
41]. Normally, a typical TPA process requires the target
material to absorb two photons, with similar or different fre-
quencies, synchronously to achieve sufficient photon energy,
which can lead molecules to high energy states. Besides, the
sum of photon energies should be high enough for excited
molecules to overcome the energy gap between two energy
levels [42]. The TPA can only be realized in a high laser
intensity, since it is a third-order nonlinear effect. Thus,
the femtosecond laser pulses of a 10'*~10"° W/m® peak
intensity can localize numerous photons in a tiny focus zone.
Under the femtosecond laser irradiation with Gaussian dis-
tribution, the TPA-induced threshold effect allows the
laser-generated modification to exist at the center of the
focal point. In this case, precision engineering with feature

sizes of high resolution, even smaller than the diffraction
limit can also be created. The femtosecond laser fabrication
is mostly processed under the multiple laser pulses irradia-
tion. When using trains of pulses lower than the ablation
threshold, the required threshold fluence for the irradiated
substrate will be reduced due to the incubation effect [43,
44]. This effect was experimentally observed on several
materials, including metals, dielectrics, and semiconductors
[45-47]. The incubation effect is attributed to an improve-
ment of laser energy absorption and the increase of the tar-
get surface roughness with continuous pulses. As shown in
Figure 2(b), Liu et al. reported an interesting experimental
phenomenon of self-assembly periodic microhole array cre-
ation on Al surface by multiple 800 nm femtosecond laser
scanning [48]. The size, shape, and arrangement of such
microholes are uniform and tunable, which is different from
the hole structures with random distribution in the previous
reports. The generation of such periodic microholes is due to
the multiple femtosecond laser irradiation-induced incuba-
tion effect, which is a feasible way to realize tunable and
arbitrary microstructures on the target using single-step
manufacturing. Despite the micromachining ability, femto-
second laser is more attractive in nanofabrication since its
HAZ is significantly lower than nanosecond and picosecond
lasers. As a nonlinear absorption effect, multiphoton absorp-
tion is also widely used for nanoscale precision engineering
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[49]. For instance, Rddenas et al. proposed that the inner
chemical reactivity of YAG crystals could be locally changed
in nanoscale, and dense ~110 nm nanopores can be created
using femtosecond laser-induced multiphoton absorption
[50], as shown in Figure 2(c). In classical optics, the optical
diffraction limit has been proved as the reason that leads to
the light confinement at feature size larger than the half
wavelength of the incident light [51]. At the interface
between two different media, an evanescent wave can be
excited with laser irradiation [52]. However, with increasing
the propagation distance, the intensity of the evanescent
wave will perform exponential decay rapidly. Thus, the eva-
nescent wave is strong while it is in the region near the inter-
face of the medium. It means the laser irradiation in near
field is a way to break the optical diffraction limit and bring
the surface nanomanufacturing down to 100 nm. As shown
in Figure 2(c), Lin et al. created negative metal oxide semi-
conductor patterns employing 400nm femtosecond laser
assisting NSOM nanofabrication strategy [53]. By using this
method, 20 + 5nm nanoline structures, which are ~1/20 of
laser wavelength, can be achieved. Furthermore, NSOM
probe with a smaller aperture, which can lead to higher
order nonlinear effect, has great potential to use the femto-
second laser-assisted NSOM fabrication to push the resolu-
tion lower than 10nm for the optical device in extreme
nanoscale.

In combining with such interesting strategies, femtosec-
ond laser precision engineering is used in various applica-
tions. For instance, making a functional metasurface
requires fabricating large area, uniform, and even nanoscale
surface patterns on sample surfaces. By using MLA femto-
second laser irradiation, it can achieve large area (over 10°
structures) periodic submicron structures on target surfaces.
As shown in Figure 2(e), Hong et al. employed femtosecond
laser beam to exposure the MLA and created millions of sub-
micron structures, which can be worked as THz split ring
resonator metamaterials [54]. The femtosecond laser is also
attractive in the fabrication of biological devices, including
biological sensors [55, 56], microfluid [57], and cell surface
behavior regulation [58, 59]. Wang et al. fabricated a novel
bioresponsive film with dual micro-structured geometries
using femtosecond direct perforation of flexible polymer
thin film [60], as shown in Figure 2(f). The cold effect of
femtosecond laser leads to small HAZ and keeps the irradi-
ated polymer film with less chemical modification, which is
beneficial for the growth of biological cells. Besides, the fem-
tosecond laser is also used for flexible smart surface fabrica-
tion. Sun et al. proposed a facile creation with the potential
wearable application of an ingenious superhydrophobic elas-
tomer skin using femtosecond laser direct writing. Such
structures can be used as dynamic and reversible switches
between rose petal and lotus leaf modes mimicking human
skin surface [61], which demonstrates the great potential
and feasibility of femtosecond laser precision engineering
in biological devices. As mentioned above, femtosecond
laser-matter interaction is different from long laser pulses,
while it can excite the bonding electrons of substrate mate-
rial to a high energy state without energy exchange between
electrons and atoms. Especially, the bond-breaking results

from the coeffect of multiphoton ionization and photo disso-
ciation, leading to the atoms removal via Coulomb explosion
within pulse duration. Therefore, the thermal effect of fem-
tosecond laser ablation is significantly small, even can be
completely neglected. It means the laser-induced composi-
tional and structural modifications of the substrate can the
minimized. However, with multiple pulse femtosecond laser
irradiation, the accumulated heat is still high enough for sur-
face texturing and modification [62]. The formation of
highly absorbing nanotextured interfaces via femtosecond
laser-induced photochemical reactions is already known to
process various materials [63-65]. Figure 2(g) shows the
periodic structures generated on the silicon surface in the
presence of SF, using femtosecond laser irradiation of
800nm and 10fs pulse duration [66]; the textured silicon
surface exhibits considerable below band gap absorption
and photo-induced carrier creation. Femtosecond laser-
induced surface chemical modification is used to fabricate
a highly crimped surface morphology, which can capture
incident light efficiently and perform excellent absorption
[67]. In addition to the surface structuring and patterning,
another fascinating function of femtosecond precision
engineering is the 3D shaping ability. Ever since the report
of microbull, micro-/nanoscales 3D manufacturing on various
polymers are widely explored. As shown in Figure 2(h), by
using 1030 nm femtosecond laser irradiation, high-resolution
and good structural quality 3D functional microstructures
can be created in the SZ2080 photoresist without employing
a twophoton absorbing initiator [68, 69]. Depending on the
above descriptions, the femtosecond laser is powerful to real-
ize 2D and 3D structures in micron, submicron, and nano-
scale, including surface patterning and internal sculpturing.
In the following sections, detail characterization, advantage,
limitation, and applications of various strategies for femtosec-
ond laser precision engineering will be discussed.

3. Femtosecond Laser Fabrication in
Microscale (1~100 ym)

To form devices with a smooth and clean surface with low
damage, it requires fast, stable, selective, and anisotropic fab-
rication technology. In past decades, femtosecond laser
micromachining has been considered a superior material
processing tool, capable of generating complex geometries
without photomasks and cleanroom facilities, enabling the
processing of materials in different atmospheres, as well as
in a vacuum. Various targets are feasible to be ablated by
the femtosecond laser irradiation [70-72]. Even diamond,
with Mons’ hardness scale of 10, can be processed [73].
The femtosecond laser-treated hard materials can also be
further processed with postchemical etching [74]. In this
section, typical strategies, including LIPAA, TPA, and direct
ablation are introduced.

3.1. LIPAA. Although laser ablation has been widely used for
high-quality and efficient microfabrication of different mate-
rials, direct laser irradiation often causes severe damages and
cracks during the ablation of transparent materials because
of the weak light absorption. To achieve high-quality surface
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FIGURE 3: Femtosecond laser microprocessing for different applications. (a) Close-up view of microcolumn array fabricated on sapphire,
(b) fabrication of flexible surface plasmon resonance film by LIPAA, (c) microscopic images, theoretically designed diffraction patterns,
and measured diffraction patterns of femtosecond laser-induced Dammann grating.

ablation, the laser absorption by irradiated substrates should
be strong enough. LIPAA is proposed as an available strat-
egy for the surface precision processing of transparent mate-
rials [75, 76]. The mechanism of this strategy is that the
traditional laser can generate a considerable ablation of
transparent substrates via coupling the incident laser with
the plasma that came from the metal substrate irradiated
by the same light [77, 78]. In this case, the laser microparti-
cle deposition from the metal target creates defects on the
back-side of the transparent substrate and leads to the
absorption enhancement, which allows the subsequent laser
pulses to ablate the transparent substrate easily. Since this
method is very simple and performs precise controllability,
it has been extensively employed in micromanufacturing,
surface patterning, and color marking on transparent sub-
strates [79-81]. The femtosecond LIPAA exhibits more
advantages and is able to achieve higher quality and smaller
roughness microstructures due to low HAZ. As shown in
Figure 3(a), Liu et al. obtained microstructures with high
aspect ratio and few cracks on sapphire surfaces by using
800 nm femtosecond LIPAA and following direct laser abla-
tion [82]. By tuning and optimizing the processing parame-
ters, the irradiated sapphire performs a low heating zone and
less crack formation. The maximum high aspect ratio of cre-
ated microgroove arrays on sapphire can be up to 10: 1 with-
out crack. Meanwhile, the average roughness of the side wall
is ~259 nm, which is much smaller than the structure depth
(>400 ym). Thus, LIPAA can achieve micron-scale engineer-
ing of transparent hard brittle materials with high controlla-
bility and precision.

In addition to the cutting of hard brittle transparent
material, LIPAA can also be employed in functional device
fabrication. Xu et al. reported a one-step and environmen-
tally friendly strategy to create flexible metal coating poly-
mer film for surface enhanced Raman scattering (SERS)
detection using femtosecond LIPAA [83], as shown in
Figure 3(b). With laser irradiation, Au and Ag particles can
be deposited on the fluorinated ethylene propylene film.
The Raman signals exhibit great uniformity and the
enhancement factor is 5.6 x 10”7 via R6G Raman probe with
respect to bare fluorinated ethylene propylene film. It indi-
cates LIPAA is not only used in the cutting of transparent
materials but also able to fabricate functional surfaces.
Despite metal materials, it is also feasible to deposit non-
metal particles on substrates using LIPAA [84]. Jiang et al.
realized selective graphite films patterning on the glass sub-
strate with a well-control of the LIPAA [85]. The graphite
film exhibits strong adhesion resulting from the recast layer
of silica and graphite, while the adhesion force and electrical
conductivity of the laser-induced metalized pattern can be
improved by embedding nickel into the graphite film.
Although the LIPAA should deposit metal particles on the
substrate surface first, in combination with other methods,
it can also realize high surface quality with a lower surface
roughness of the transparent materials. As shown in
Figure 3(c), inspired by the strategies of double laser beam
irradiation and LIPAA, Li et al. proposed a novel dual-
beam LIPAA for high-quality sapphire micron-scale pro-
cessing [86]. In this case, the femtosecond laser is separated
into two laser beams with different focusing positions. The
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FIGURE 4: (a) Optical microscope images of 30 yum femtosecond
laser-induced channel waveguides inside Pr : YLF crystal, (b)
dual-microstructured profile of PUX;;,-PCL with periodic hole
structures, and (c) detail image of single hole structure.

first femtosecond laser is focused on the metal surface for
nanoparticle generation, which enables the surface ablation
of sapphire by the second laser beam. This method can sig-
nificantly decrease the ablation threshold of sapphire sub-
strates and the surface roughness of the irradiated surface
after the laser ablation. The patterned sapphire can also be
used as a Dammann grating and function as an orbital angu-
lar momentum generator. The unmodulated power of dual-
beam LIPAA fabricated Dammann grating is only 14.3%,
which is significantly smaller than the single laser beam-
induced substrate (58.5%). Thus, as a hybrid femtosecond
laser processing method, LIPAA has great potentials in laser
micromachining for functional devices fabrication, espe-
cially for the microstructuring of transparent materials.
However, the limitation of this method, for instance, the
material selectivity, is still required to be improved. Besides,
it cannot create nanopatterning using this method since the
generation of plasma is hard to be controlled at nanoscale.

3.2. Femtosecond Laser Inscription and Perforation. In addi-
tion to the transparent materials, femtosecond laser irradia-
tion can also create microstructures inside crystals. Micron-
scale waveguides could confine laser transmission in small
regions, which leads to large optical intracavity intensity
with respect to the nonwaveguide area. Femtosecond laser
irradiation has been regarded as a strong means to create
various 3D waveguide structures for different utilizations,
exhibiting the advantage of low HAZ, wide feasibility of
materials, and ability for mask-free 3D manufacturing [87,
88]. As shown in Figure 4(a), Liu et al. fabricated channel
waveguides in a Pr : LiYF, crystal using 800 nm femtosecond
laser [89]. It can be observed that the laser-irradiated area is
modified, instead of material removal. The refractive index
difference An between the modified area and the unirradi-
ated region is confirmed around —9 x 107 according to the
measurement of the numerical aperture. With a 444.5nm
laser pumping, the crystal with these inscribed waveguides

is feasible to generate 605 and 720 nm 7-polarized wave-
guide lasers, which can achieve 66 and 47 mW maximum
output powers with efficiencies of 9.5% and 6.3%, respec-
tively. The femtosecond laser is also able to create arbitrary
structures inside crystals. Chen et al. successfully achieved
S-curved channel waveguides with a low bending loss using
femtosecond laser irradiation of hexagonal optical lattice-
like waveguide and depressed cladding structures [90]. Such
waveguides fabricated in the crystal are used to realize dou-
ble wavelengths (1064 and 1079 nm) curved waveguide laser
with a repetition rate of 31.6 GHz, pulse duration of 16 ps,
and maximum signal to noise ratio of 49 dB. The most fasci-
nating advantage of femtosecond laser-induced inscribed
crystal is low HAZ and MPA, which leads to less crack and
smaller feature size. Furthermore, the femtosecond laser-
induced modification of doped ions inside the crystal is also
beneficial to fabricate crystal waveguides with novel optoe-
lectrical properties.

The microperforation using femtosecond laser is not
only obtained on the hard materials [91, 92] but also realized
on the flexible substrates [93, 94]. For instance, as shown in
Figures 4(b) and 4(c), Wang et al. created the microperfora-
tion on a bioresponsive film to imitate the structure of the
endothelial cell basement membrane for vessel development,
which can be used for vascular tissue engineering applica-
tions [95]. Through tuning the interhole space, the human
mesenchymal stem cells developed on the PCL film covered
by periodic hole structures and exhibited a high efficiency of
cell alignment with few damages. By increasing the growth
time, such cells can form regular cell multilayers similar to
that exist in the original tunica media. By developing cells
of human umbilical vein endothelial on the backside of the
PCL film, cells of human umbilical vein endothelial are
found to improve the interaction between the mesenchymal
stem cells and transmural interdigitation cells through the
femtosecond laser-created periodic hole structures, resulting
in a quick endothelialization of the laser-treated PCL film
surface. The good cultured cell growth is attributed to the
low heating effect of femtosecond laser precision engineer-
ing, which guarantees no chemical change of irradiated
PCL film and high uniformity of created microhole struc-
tures. Therefore, in addition to the high precision and be
suitable for various materials, femtosecond laser can also
provide new surface modification according to the process-
ing requirements.

3.3. Two-Photon Polymerization. It is a key issue to fabricate
micron-scale 3D structures using an efficient strategy for the
realization of many exciting goals, such as direct 3D printing
to make bionic organs and integrated photonic circuits.
Two-photon polymerization (TPP) is more attractive than
other 3D printing strategies due to its unique approach
capable of achieving around 100 nm resolution to fabricate
smaller structures. Du et al. developed a flexible hybrid
TPP approach that could directly make highly customized
microstructures with various desired features. A relatively
numerous designed microstructures can be obtained in a
time much shorter compared to other lithography methods
[96]. As shown in Figure 5(a), including nanolines, 3D Eiffel
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FIGURE 5: 3D precision engineering using TPP effect. (a) SEM images of nanolines, 3D Eiffel Tower, nanopillars, and woodpile structures
fabricated by 800nm femtosecond laser irradiation. (b) SEM image of the microclaw arrays in photopolymers using dual-3D
femtosecond laser fabrication, the scale bar is 20 ym. (c) SEM images of the femtosecond laser-created microspider with the blending of

bovine serum albumin muscles.

Tower, nanopillars, and woodpile structures can be made by
high repetition rate femtosecond laser-induced (800 nm,
80 MHz) TPP technique. Furthermore, gold nanoparticles
can also be doped into the photoresist and perform tunable
light trapping features. By varying the sizes of the gold nano-
particles, the absorption features can be tuned, which is flex-
ible to meet the requirements of different photonic sensors.
These results reveal the potentials of the TPP method to
make more functional materials for various applications.
The 3D structuring ability of TPA allows people to real-
ize more bionic structures using femtosecond laser irradia-
tion. Inspired by natural plants, Zhang et al. reported a
two-step 3D femtosecond laser manufacturing method for
creating intelligent and transformable 3D microactuators
using optical polymers [97]. By digital designing, the nano-
scale dimensions and distributions of voxels can be achieved,
as well as the 3D morphology of the photopolymer can be
tailored with good controllability. Figure 5(b) shows that
the size of an individual microclaw is ~30 ym, while each
micron finger is ~3um wide. Such microclaws could be
designed to exhibit snatching and reversibly releasing
actions, like the muscle of Mollusca. Furthermore, natural
musculoskeletal systems are widely considered a feasible
and advanced way to fabricate robust and flexible microbots.
In combination with programmed artificial musculoskeletal
systems and femtosecond laser irradiation, Ma et al. realized
3D microbots in which SU-8 was used as the skeleton and
bovine serum albumin, which was a pH-responsive protein,
as the intelligent muscle [7]. As shown in Figure 5(c), the
microspider is formed after the integration of muscle and
polymer, while the microspider has a photoresist body and
eight photoresist legs that function as the skeleton. On the
junction of each leg, a vacancy is left for muscle integration.
In this case, the liveness of BSA is still maintained after fem-
tosecond laser irradiation, which is attributed to the ultra-
short pulse duration-induced low thermal diffusion in the
biological materials. The successive on-chip TPP strategy
that allows programmable integration of multiform mate-

rials into complex 3D microfabrication is universal, without
limitation to the SU-8 and bovine serum albumin system.
Up to now, the TPP strategy still has some limitations. First
of all, this method requires the substrates to be transparent
at the wavelength of incident laser. Besides, two-photon sen-
sitizers are still the requirement to guarantee the high effi-
ciency processing. However, the above limitations still
cannot stop it to become one of the most powerful strategies
for femtosecond laser precision engineering due to its high
controllability and designability in 3D structuring. In sum-
mary, for micron precision engineering, the femtosecond
laser is a suitable processing strategy with the capability of
high efficiency, high accuracy, low roughness, high repro-
ducibility, and controllability.

4. Femtosecond Laser Submicron Scale
Processing (100nm~ 1 ym)

The submicron structures are mostly used for functional
optoelectronics in the range of near-infrared and mid-
infrared wavelengths. Since the scale of submicron structures
is mostly in the optical diffraction limit, it is feasible to
obtain structures with a feature size of a few hundred nano-
meters with direct laser irradiation. However, the precision
engineering of feature size slightly larger than 100 nm is hard
to be realized with the nanosecond or picosecond lasers. In
this case, the femtosecond laser is an excellent choice for
submicron precision processing due to its nonlinear effect
and ability in combining with other advanced tools and
strategies [98-100]. In this section, the typical methods for
femtosecond laser submicron processing, including MLA,
LIPSS, and LIL, will be discussed.

4.1. Femtosecond Laser Fabrication Using MLA. Nanopat-
terning with a high efficiency, low cost, and high degree of
freedom in fabricating nanopatterns is always the objective
of nanolithography technologies. To achieve parallel laser
fabrication and increase processing efficiency, one of the
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FIGURE 6: Surface patterning via MLA assisting femtosecond laser irradiation. (a) Optical microscope image of field emission transistor
structures created on Ge,Sb,Te, film by femtosecond laser irradiation. The inset is a detail image of the structures marked in the dashed
square, (b) multifoci patternings on photoresist induced by fractional Talbot effect, and (c) microscopic image and the bonding process
of metamaterials for split ring resonators obtained by MLA-assisted 800 nm femtosecond laser manufacturing.

most effective ways is to employ “laser pens” arrays for the
realization of numerous patterns synchronously, without
using a single laser beam to write the single pattern one by
one. MLA is proposed to realize this function for surface
submicron patterning with high uniformity and high effi-
ciency [101]. MLA consists of numerous miniaturized lenses
which are arranged regularly. The MLA is able to focus
incident light into multibeam spot synchronously, which is
suitable for various applications, such as optoelectronics,
parallel image processing, and optical information transmis-
sion. Since it is a noncontact and far-field nanopatterning
method that can be processed in parallel, it is hard to achieve
feature size smaller than the optical diffraction limit with
laser irradiation of longer pulse duration. Thus, the femto-
second laser is used for the creation of precise structures
with feature size breaking the optical diffraction limit and
manufacture numerous submicron features via MLA syn-
chronously. For instance, Lin et al. used MLA assisting
800 nm femtosecond laser method to create dot arrays, line
arrays, and field emission transistor nanostructures on
30nm Ge,Sb,Te, film surface [102]. Figure 6(a) is the opti-
cal microscope image of field emission transistor nanostruc-
tures array created by 200mW laser irradiation at a
processing speed of 5 ym/s, and the inset detail image shows
that the gate linewidth is ~200 nm. It can be observed that
the MLA-assisted femtosecond laser patterning distributes
on the target’s surface with good uniformity.

The period of surface patterning using MLA-assisted
femtosecond laser irradiation is mostly decided by the distri-
bution of each unit on MLA. By using special strategies,
more structures with tunable periods can be created on the
irradiated surface synchronously. For instance, the fractional
Talbot effect of MLA demonstrates that for different dis-
tances from the focus plane, and more foci can be found
on other planes parallel to the focus plane. As shown in
Figure 6(b), using the Talbot effect, Lim et al. realized the
patterns with multiple focus points at various fractional Tal-
bot planes [103]. It can be found that, except for the basic

foci induced by MLA, additional ‘subfoci’ distribute around
the original foci of the focus plane. The number of multiple
focus points is depended on the relative position between the
substrate and focus lens, which is the so-called Talbot dis-
tance. Such multiple focus points at the partial Talbot plane
are available to create high-density patterning using only
single-pulse irradiation. Since it is easy to create numerous
submicron structures within single-laser pulse irradiation,
the MLA can be employed for various functional devices
fabrication. As shown in Figure 3(c), Chen et al. fabricated
split ring resonators array in large area on flexible polyethyl-
ene naphthalate substrates by using MLA lithography [104].
By stacking and combining several layers of femtosecond
laser-induced metastructures together, multilayer metasur-
faces are obtained. In this case, the resonance effect of mul-
tilayer metastructures performs significant enhancement
with respect to the single-layer metastructures. Different
from other strategies, the working distance of MLA is in
the order of incident laser wavelength, which is in the range
between the near field and far field. It means both the
evanescent wave and propagating wave exist during the
MLA-assisted laser fabrication. Thus, it requires high-
precision nanostage and smooth substrate surface to create
millions of nanostructures with high uniformity synchro-
nously. With the development of information technology
nowadays, MLA will be more attractive and applicable
widely in manufacturing.

4.2. LIPSS. For the laser-induced damages, LIPSS is a com-
mon phenomenon, while this effect has attracted a lot of
attention since the short pulse duration laser is easy to gen-
erate ripple structures with subwavelength feature size [105,
106]. Sipe et al. demonstrated that the formation of LIPSS
under laser irradiation of short pulse duration can be
described according to the interaction effect between inci-
dent laser and surface scattering lights [107]. It predicts that
the laser induced surface wave vectors k, where k| =27/A,
should be a function of laser parameters, including the
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FIGURE 7: (a) LIPSS structures fabricated by 800 nm femtosecond laser at different polarizations. (b) SEM images of morphology evolution of
femtosecond laser treated magnesium (Mg) surface with line by line scan and the related photos of coloring effect.

polarization orientation, incident angle 6, and wave vector
related to the incident lightk; =27/A, as well as substrate
properties (surface roughness and dielectric constant).
Huang et al. further improved the simplified scattering the-
ory of LIPSS formation by taking into account the surface
plasmon (SP) [108]. At the very beginning of near subwave-
length ripples formation, the interference between the SP
and irradiated laser are the main mechanisms. With the
development of ripples, the grating induced by the interfer-
ence will feedback the SP laser coupling, which plays the
most significant role for the following structuring. Depend-
ing on this theory, the period decreasing performance is
attributed to the coeffect of the grating coupling and the
optical field distribution. For the direction of LIPSS struc-
tures, Bonse et al. proposed that the LIPSS direction is due
to the incident light-induced high carrier excitation levels
[109]. The LIPSS wave vectors k can be divided into k,
and ky, which are parallel and perpendicular to the polariza-
tion of incident light, respectively. In case of high carrier
excitation levels, which means under high laser fluence, the
wave vector k, disappears. Only wave vector k, exists and

interferes with incident beam k;. Thus, as shown in
Figure 7(a), the directions of LIPSS structures are mostly
perpendicular to laser polarization.

The LIPSS with different feature sizes exhibits various
physical properties. Guan et al. found that two types of
micro-/nanoripples were created on Mg surface with
775nm femtosecond laser irradiation [110], which per-
formed different colorings, as shown in Figure 7(b). The sur-
face reflectivity measurement reveals that this coloring effect
is primarily due to periodic nanostructures being formed
and functioned as diffraction gratings, while the surface
color intensity is tuned by the morphology of periodic
microstructures. SEM images show that the direction of
the periodic microstructures is parallel to the incident laser
polarization and the corresponding period increases with

pulse number. According to the formation mechanism men-
tioned above, polarization plays an important role in the
LIPSS direction [111, 112]. To obtain various surface pat-
terns by using the strategy of LIPSS, Jalil et al. used dual-
femtosecond laser beams with orthogonal polarization and
time delay to create different LIPSS structures on a bulk
Co surface, including triangular, spherical, rhombic, and
high spatial frequency structures [113]. The time delay and
the laser fluence are the two most important factors
influencing the final morphology of LIPSS. The formations
of such structures are attributed to the laser-irradiated sur-
face wave interference of orthogonally polarized pulses
(spherical structures), self-organization driven by Coulomb
repulsion (honeycomb packed triangles structures), and
merging between two existing triangular structures (rhombic
structures). It indicates the LIPSS formation using multiple
laser beams overlapping is complicated and required to be
further exploration. Except for the overlapping of two linear
polarized laser beams, the circularly polarized laser beam is
also feasible to be employed in the double beams overlap-
ping. Fraggelakis et al. demonstrated that homogeneous tri-
angular 2D-LIPSS were obtained using both two linearly
crossed polarized beams and double counter-rotating circu-
larly polarized beams [114]. Similarly, rolls, hexagons, and
squares structures can be created and tailored by a variation
of the interpulse delay. Furthermore, for the LIPSS forma-
tion in the case of surface scan processing, the orientation
of LIPSS is also influenced by scanning direction and speed,
and it would rotate by certain angles. Liu et al. realized the
manipulation of the LIPSS orientation on silicon via double
femtosecond laser beams irradiation of orthogonal polariza-
tion in scanning processing [115]. In this case, the orienta-
tion of LIPSS is constantly perpendicular to the scanning
direction, regardless of the applied scanning path. Thus,
the coupling of multiple laser beams may provide a much
more flexible means to control the LIPSS orientation
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FI1GURE 8: Surface patterning using femtosecond laser interference. (a-d) SEM images of bionic structures, which show various periods,
structure morphology, and dimensions. (e) Nanodrop and (f) nanohole structures created by the six-femtosecond laser beam
interference; top right inset displays a nanodrop created by the interference of four beams.

without complex rotating devices. In summary, the LIPSS
strategy is a feasible way to create large area periodic nano-
structures with high efficiency and uniformity. However,
the low depth-to-width ratio of the nanostructures using
LIPSS constrains its applications in industry, which may be
optimized using postchemical etching. Furthermore, this
strategy also lacks the ability of free design, which leads it
more suitable to be used in the surface coloring, superhydro-
phobic surface, and grating, rather than the photoelectric
devices of complex surface patterning.

4.3. LIL. As a large area, mask-free, and noncontact nanofab-
rication method, LIL has been studied from 1967 to create
numerous periodic structures on and inside targets employ-
ing a single step of laser irradiation [116], while the ultrafast
laser irradiation is used for the interference manufacturing
of metal substrate in 1996 exhibited better processing quality
with respect to the nonultrafast laser processing experiments
[117]. Since the rapid development of laser beam shaping
technology, it is easy to flexibly modulate the optical distri-
bution of femtosecond laser irradiation, which provides
new possibilities in LIL processing [118]. The principle of
LIL is dependent on the interference of two laser beams,
which should be coherent for the formation of horizontal
standing wave patterns. The LIL is mostly used for the
exposure and record of the patterns on the photoresist.
For the interference of two coherent beams, the pattern
formed by the standing wave is normally a grating struc-
ture. The period A is related to light wavelength A and
the angle 0 between two incident beams [119]. The com-
mon two- laser beam-induced standing wave interference
can be calculated as

A=2/(2sin0). (1)

It means that the period of structures fabricated by LIL
is normally larger than 100nm. As the incident angle
changes, the nanostructures obtained using LIL are tunable
periodic structures, including nanodot, nanonut, and
nanorod arrays [120]. Liu et al. fabricated large-area bio-
mimetic hierarchical structures using two 800nm femto-
second laser beam interference lithography [121]. Due to
the excellent capability of surface patterning, different
large area periodic structures can be realized and perform
great biomimetic ability, such as superhydrophobicity
mimicking the lotus. Figures 8(a)-8(d) show the variety
of the periodic structures fabricated using four-laser beam
interference. The dimension is able to be changed from 1D
to 3D, while the revolving angle of the target is tunable up
to 90°. The structure height can also be changed by the
exposure time, while its range is from 700 to 900 nm for
the basic hierarchy and 50 to 100nm for the secondary
one. A series of biomimetic functions can be realized by
these periodic hierarchical structures, such as structural
coloring and the lotus leaf effect.

The number of laser beams using for the LIL strongly
affects the morphology of surface patterning. Thus, three-
[122], four- [123], and even six-laser beam [124] LIL pro-
cessing have been developed. Wang et al. modulated the
intensity distribution by using a spatial light modulator
(SLM) and realized complicated surface patternings similar
to the laser intensity distribution [125]. In combining with
three- and four-beam interference, large area nanostructure
arrays are obtained with a high output of 1600 um* per
pulse. Nakata et al. investigated the surface patterning using
six coherent 785 nm femtosecond laser beams for the inter-
ference to create nanostructures in a regular hexagonal dis-
tribution [126]. The periodic structures are following the
numerical simulation depending on the theory of electric
fields overlapping. Figures 8(e) and 8(f) show that the
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TaBLE 1: Summary of nanoscale precision engineering using femtosecond laser.
Type Strategy Wavelength, pulse duration, repetition rate Feature size Target Reference
800 nm, 83 fs, 80 MHz 10nm Au [127]
ASOM
1040 nm, 150 fs, 46 MHz 10 nm Au [128]
Near field NSOM 400 nm, 100 fs, 80 MHz 30 nm Photoresist [32, 53]
400 nm, 100 fs, 85 MHz 19.5nm Photoresist [129]
Microsphere 800 nm, 100fs, 5kHz 100 nm Si [130]
MPA 800 nm, 100 fs, 250 kHz 40 nm Sio, [131]
800 nm, 150fs, 1 kHz 20 nm TiO, [33]
STED 800 nm, 200 fs, 76 MHz 40 nm Resin [31]
Far field 780 nm, 110fs, 82 MHz 55nm Photoresist [30]
800 nm, 50 fs, 1 kHz 32 nm ZnO [132]
LIPSS 400 nm, 38 fs, 80 MHz 40 nm SU-8 [133]
800 nm, 50 fs, 100 kHz 20 nm Sio, [134, 135]
Incubation effect 800 nm, 50 fs, 76 MHz 12nm Si [34]

modular structures achieved on Au thin films are nanodrops
and nanohole arrays. The formation of such nanodrop struc-
tures can be explained via a solid-liquid phase transition
mechanism, where the locally molten gold film is ejected
by a coeffect of thermal stress and vapor pressure; then,
the melting nanostructure is cooled down. It demonstrates
that the LIL using multibeams can provide more designabi-
lity of the interference patterns for the fabrication of optoe-
lectrical devices. From the surface periodic structuring, LIL
can serve as a strategy available to replace traditional
methods, for instance, electron beam lithography (EBL)
and focused ion beam (FIB) lithography, which are time
consuming and costly. Similar to the LIPSS strategy, LIL
process also lacks the capability of free design, which can
only be slightly improved via multibeam interference. The
capability on periodic structuring of this means can be used
widely in various applications, including plasmonic, nano-
photonic, and other optoelectronic devices fabrication.

5. Femtosecond Laser Nanoscale
Processing (10~ 100 Nm)

Remarkable progress in nanofabrication has been spurred
due to the numerous requirements of powerful functional
nanostructures and nanodevices. How to improve the fea-
ture resolution is a critical issue for next-generation nano-
scale precision engineering. Since the required feature size
of nanostructures for chip manufacturing become increas-
ingly smaller, it is a big challenge for the traditional lithogra-
phy to create large area ~ 10 nm structures at an acceptable
cost. Besides, the high device cost and low output limit the
large area fabrication by traditional lithography strategies,
such as EBL and reactive ion etching (RIE). Thus, novel
nanofabrication means with high manufacturing efficiency
are important to suffice future industry demands. As shown
in Table 1, the advanced approaches using the femtosecond
laser processing in near field, such as ASOM, NSOM lithog-
raphy, and microsphere, can achieve 10~ 100 nm fabrication
resolution that breaking the optical diffraction limit. How-
ever, the evanescent waves can only work near the substrate

surface, which limits its ability of large area nanofabrication.
Thus, the femtosecond laser-induced creation of ~100 nm
structures in far field is attractive and worth studying. Strat-
egies based on MPA, STED, LIPSS, and incubation effect can
fabricate structures with sub-50 nm feature size on different
materials including polymers (Resin, Photoresist, and SU-
8), dielectric materials (SiO, and TiO,), and semiconductor
materials (Si and ZnO). These technologies, which can be
used in far field and in ambient air, possess great potentials
and can be widely applied in future nanoscale precision
engineering.

5.1. Near-Field Femtosecond Laser Processing. Since the
evanescent wave decreases quickly with the propagation dis-
tance in near field, it works only in a tiny area near the
medium’s interface, which can be employed to fabricate
nanostructures much smaller than the wavelength.
Chimmalgi et al. proposed a controllable surface nanoma-
chine that can be realized by femtosecond laser irradiation
using a sharp probe tip to generate the local field enhance-
ment in the near field [127]. As shown in Figure 9(a), nano-
patternings of sub-15nm on the thin Au layers were
achieved. The numerical predictions of the spatial optical
field distribution of intensity below the silicon AFM tip indi-
cated that the high resolution is attributed to local electric
field enhancement. It provides an attractive method for
extreme nanofabrication due to its ~10 nm spatial resolution
and high efficiency achievable via the simultaneous irradia-
tion of multitip arrays. Near-field scanning optical lithogra-
phy is superior to the other direct writing strategies, such as
RIE and EBL, because it can process in ambient air and be
easily controlled at a reasonable cost [129]. Figures 9(b)
and 9(c) show 20+5nm nanodot and nanoline arrays
[32], which exhibit a one-twentieth wavelength resolution
and half of NSOM probe aperture diameter, respectively.
In combining with an NSOM and a 400 nm femtosecond
laser of 100 fs pulse duration, Lin et al. achieved nanostruc-
tures breaking the optical resolution and further reduced it
to sub-50nm on an ultraviolet photoresist [53]. Besides,
the laser fluence, working distance, and irradiation time also
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FIGURE 9: (a) AFM surface maps showing different symbols and curve patterns on gold film surface demonstrating the ability of complex
shaping using femtosecond laser-assisted AFM processing, (b) AFM image of the dot arrays, and (c) AFM morphology of a nanoline
structure fabricated by NSOM-assisted femtosecond laser nanolithography.

decide the fabricated feature sizes. The higher laser fluence
and longer irradiation time will result in a larger feature size.
With the fine controlling of the laser fluence and scanning
speed, ~20nm surface structuring can be realized. Com-
pared with the traditional lithography, features with such
high resolution by near-field femtosecond laser precision
engineering can be used for the fabrication of nanoscale
optoelectrical devices.

Microsphere array assisting laser processing is one of
the wonderful techniques which can overcome the diffrac-
tion limit as well [136, 137]. Based on this method,
micro-/nanostructure arrays can be created on the surface
using a hexagonally close-packed monolayer of microspheres
self-assembled on different substrates. The micro-/nano-
structures perform various morphologies and distributions
as laser fluence and microsphere size change, respectively
[138]. The curved surface can also be processed since the
microspheres can be assembled on flexible substrates.
Mostly, the microsphere-assisted femtosecond laser irradia-
tion is processed in contact mode, which means the micro-
sphere should be directly deposited on the substrate. For
instance, by using surface self-assembling a single layer of
microspheres assisted 800 nm femtosecond laser irradiation,
Zhou et al. created nanohole structures on the silica surface
[139, 140]. Figure 10(a) presents the regular array of crater
structures with a period of 6.84 yum, which consists of the
diameter of the microsphere being used [140]. In the case
of 35 J/cm? laser irradiation, the morphology of the nanohole
structures characterized by AFM exhibits that the full-width
at half-maximum of nanohole structures is 250 nm and the
depth is about 150 nm, as shown in Figure 10(b). There is less
debris on the irradiated area except for the microspheres in

the center removed away and deposited in other locations.
Since the photon energy of femtosecond laser (1.55eV) is
much smaller than the electronic bandgap of glass (5eV),
in this case, the MPA induced by the nonlinear effect signif-
icantly narrows the laser ablation area, which leads to the
noncrack surface nanofabrication on the glass substrate.
Thus, the microsphere-assisted femtosecond laser irradiation
in contact mode is mostly used for periodic nanostructure
creation.

In addition to the nanohole structures, the microsphere-
assisted femtosecond laser fabrication can also realize
arbitrary structures on sample surfaces under noncontact
processing. As shown in Figure 10(c), Yan et al. combined
the high index microsphere with a plano convex lens as a
compound lens to create large area subwavelength surface
manufacturing with programmed design [130]. The plano
convex lens superlens can be assembled into a microscope,
which leads to a subwavelength focus point at a micron-
scale working distance. By using a side view observation sys-
tem for real-time monitoring, and high spatial resolution
nanoplatform for the fining control, the working distance
between the microsphere and target can be well-tuned dur-
ing the scanning pattern process. The single subwavelength
creation of 230~ 350 nm feature size can be directly created.
Combining with 355nm UV laser irradiation, even ~100 nm
nanostructures can be achieved. In summary, for the femto-
second laser processing in near field, the feature size
achieved by such strategies is far lower than the incident
laser wavelength, including NSOM- and AFM-assisted
femtosecond laser fabrication. However, it requires the sub-
strates have a smooth surface since the working distances of
such strategies are mostly within a wavelength. As mentioned
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FIGurk 10: (a) SEM image of silica surface after single layer 6.84 ym silica microsphere-assisted femtosecond laser irradiation. (b) AFM
cross-sectional image of the nano-hole structures created by using microsphere assisted femtosecond laser. (c) Arbitrary patterns
including the QR code and Welsh dragon made on Si surfaces through removable microsphere assisted femtosecond laser irradiation.

above, the microsphere-assisted femtosecond laser operating
on noncontact mode may be a feasible way to solve this issue.
By lifting the microsphere up with a special holder, the work-
ing distance of this strategy can be increased to several micro-
meters. Furthermore, the microspheres can be fabricated in
different shapes, which can modulate the optical energy distri-
bution and reduce the focus size [141-143], even achieving the
multifocal functionalities by patterning the Fresnel zone on
the microsphere surface [144]. By using engineered micro-
spheres under the noncontact mode, the microsphere-
assisted femtosecond laser irradiation may be able to realize
surface nanoscale precision engineering with large-area com-
plex structures of arbitrary shapes.

5.2. Femtosecond Laser Nanostructuring in Far Field. The
near-field femtosecond laser fabrication mostly requires a
smooth target surface due to its short working distance. As
a direct writing and mask-free technology, the femtosecond
laser direct irradiation can create 3D microfluidics and com-
plicated optofluidic devices in silica substrates and in far
field. Using the femtosecond laser direct writing, Liao et al.
created microfluidic channels with long lengths and designa-
ble 3D structures in porous silica with water immersing and
the following postannealing process [145, 146]. As shown in
Figures 11(a) and 11(b), nanochannels with spatial widths
smaller than 50 nm inside the silica substrate were realized
using femtosecond laser direct writing [131]. Such nano-
channels are easy to expand to 3D microfluidic systems

which can be simultaneously created inside the silica and
used for the detection of single molecule DNA. Inspiring
by the STED, Li et al. realized the creation of features with
a minimum scalable resolution of 40 nm along the beam axis
by processing spatial phase shaping of the laser beam deacti-
vating [31]. With the fine controlling of laser fluence, the
feature sizes of LIPSS can be well-tuned and the number of
periodic nanostructures can be reduced to only a single
nanogroove [132-135]. In this case, ~20 nm nanoline struc-
tures can be created inside the SiO, substrate. Combined
with characteristics of femtosecond laser-induced multipho-
ton excitation and optical near-field effect, Li et al. found
that the nanohole enhanced optical near field can provide
very small resolution and reduce the required laser intensity
for laser direct nanofabrication [33]. By tuning the polariza-
tion direction of the laser beam, it is feasible to create the
nanogroove down to sub-50 nm with the designed pattern.
Recently, hybrid laser methods are widely used in the pre-
cision engineering of various materials. Especially, the strat-
egy of double beams irradiation is feasible to achieve optical
enhancement or nanofabrication [147-149]. As shown in
Figure 11(c), our research group proposed a novel strategy
that realizes the direct creation of 12nm (A/66) structures
on semiconductor surfaces via the orthogonal polarized
dual-femtosecond laser beam irradiation in far field and in
ambient air [34]. The overlapping of the orthogonal polarized
dual-femtosecond laser beams leads to the direction of nano-
line structures almost parallel to the scanning direction,
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FIGURE 11: (a) Schematic diagram of the femtosecond laser direct fabricate 3D micro/nano-channels and (b) corresponding SEM cross-
sectional image of a 40 nm nanochannel. (c) SEM and AFM images of the nanostructures fabricated using dual-femtosecond laser beams
irradiation, including single-, double- and triple-line and the curve line structures.

regardless of the scanning path. Furthermore, multifemtose-
cond laser pulse irradiation-induced incubation effect under
high repetition rate is considered the main reason for the
~12nm creation. However, this method is still required to
be further improved. In this strategy, the optical intensity dis-
tribution of on the focal plane is in a Gaussian distribution,
which leads to a considerable melting region after femtosec-
ond laser irradiation. Besides, some unnecessary ripples exist
in the edge area. Thus, if the optical intensity distribution of
the laser spot can be changed to flat-top distribution, the irra-
diated profile difference between the overlap region and non-
overlap region will be more distinct, as well as the microbump
due to the melting effect can be removed or decreased obvi-
ously. Thus, we suggest using dual flat-top beams to achieve
~10 nm nanostructures. In addition, the repetition rate plays
an important role for the fabrication of dual-femtosecond
laser beams induced nanostructures. By using a tunable repe-
tition rate, the feature size, including the width and depth of
such nanoline structures can be further controllable. There-
fore, femtosecond precision engineering in nanoscale is an
attractive method with great potentials. Although all the pro-
posed near-field and far-field strategies still have limitations
and need to be further improved, the nonlinear effect of the
femtosecond laser is still a feasible way to realize sub-10 nm
feature creation.

6. Challenges, Outlooks, and Conclusions

Up to now, the femtosecond laser has been widely developed
and investigated in precision engineering with feature sizes
from micron to nanoscale. However, there are still several
challenges needed to be overcome. As shown in Figure 12,
for the femtosecond laser precision engineering, three main
challenges, including smaller HAZ, larger area/higher-speed
processing, and feature size smaller than optical diffraction
limit are demonstrated. The first main challenge in high-
quality laser precision engineering to reduce the feature size
from micron scale to nanoscale is how to achieve a small
HAZ. To employ femtosecond laser-induced photothermal
effect and photochemical reactions is a key issue required
to be solved. Although the femtosecond laser is called as
“cold process,” there are still considerable thermal effects at
high repetition rates and high laser fluences. Thus, it is sig-
nificant to avoid and control the thermal effect properly dur-
ing femtosecond laser fabrication. Meanwhile, the use of
ultraviolet femtosecond laser can realize the modification
of material’s physical and chemical properties within dozens
of femtoseconds, which can reduce the thermal effect and
achieve smaller HAZ. Since it is hard to realize laser process-
ing with high resolution and high efficiency simultaneously,
the second key issue is to increase the efficiency to meet
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FIGURE 12: Schematic diagram of the challenges for femtosecond laser precision engineering: (a) smaller HAZ via photothermal and
photochemical effects, (b) parallel laser processing for large area/high-speed processing, and (c) hybrid femtosecond laser processing to

realize resolution smaller than the optical diffraction limit.

various industry demands. Parallel laser beam manufactur-
ing is proposed as a versatile solution to fit both the require-
ments. As shown in Figure 12(b), MLA, spatial light
modulator (SLM), and LIL are proposed as the most avail-
able strategies for high-efficiency femtosecond laser preci-
sion engineering. Especially, the MLA can provide over 10°
nanostructure creation synchronously under single-pulse
irradiation. Furthermore, combining with the phase change
materials, the feature size fabricated by MLA-assisted femto-
second laser irradiation can be reduced to sub-100 nm. The
last key challenge is how to realize nanomanufacturing of
feature size smaller than the optical diffraction limit. The
strategies using near-field optics, including NSOM, AFM,
and microsphere, can create feature size in the order of
~10nm. However, the weak signal of the evanescent wave
due to the increase of working distance strongly constrains
the actual application of near-field optics. For the NSOM
and AFM, although the signal of evanescent wave can be
increased via the surface plasmon enhancement effect, it is
still hard to achieve high efficiency. Since the microsphere
has been proved that can operate in noncontact mode
[150, 151], it should be a promising near-field approach
for the creation of sub-100 nm feature. Besides, the engineer-
ing microsphere also provides a feasible way to increase the
working distance and modulate the optical focus property of
microspheres. Furthermore, it is important to develop the
femtosecond laser precision nanostructuring in far field
and in ambient air since the near-field processing requires
a short working distance, which limits the near-field nano-
fabrication to be only used on the samples with smooth sur-
face and nonablation processing. For the femtosecond laser
fabrication in far field, the obtained feature size is still con-
fined by the optical diffraction limit. Thus, it should use

some hybrid methods to achieve nanostructures for smaller
feature sizes, as shown in Figure 12(c). By covering the sub-
strate with water, the relative numerical aperture can be
increased to 1.2. In this case, nanoline structures of 32 nm
can be created on ZnO with 800 nm femtosecond laser irra-
diation due to the nonlinear threshold effect [132]. Further-
more, optical regulations such as STED and double-beam
irradiation are both attractive and regarded as potential
strategies to reduce the feature resolution to sub-10nm.
Especially, the double-beam irradiation, which can be
extended to multiple beam irradiation, are also feasible to
modulate the optical energy distribution in temporal and
spatial domains simultaneously.

Despite the above three main challenges, the laser source
and the optical processing systems are also key issues for
high efficiency and quality femtosecond laser precision
micro-/nanostructuring. To scale up the femtosecond laser
micron processing, high-power laser sources with stable
and good beam quality are significant. Besides, using of high
repetition rate femtosecond laser oscillator for the nanos-
tructuring should be a preferred choice in the future due to
its low cost and high stability. The nanostage with higher
scanning speed and motion resolution can improve the fem-
tosecond laser micro-/nanoprocessing throughput as well.
Furthermore, micro-/nanodevices fabricated by femtosec-
ond laser tend to be more flexible, integrated, and intelligent.
It requires that the femtosecond laser micro-/nanostructur-
ing strategies can be suitable in different conditions. In sum-
mary, the ultrafast laser-matter interaction and its nonlinear
effect make the femtosecond laser suitable for micron, sub-
micron, and nanoscale precision engineering of various
materials. First of all, the most attractive part of femtosecond
micron-scale precision engineering is the capability of
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processing semiconductors, hard brittle, and flexible mate-
rials. For a high laser fluence, the local absorption coeffi-
cient (<1 ym) of hard brittle material increases obviously,
which leads to high efficiency and low surface roughness
on the irradiated area. For the fabrication of flexible mate-
rials, the low HAZ of femtosecond laser irradiation is ben-
eficial for the reduction of thermal deformation and the
improvement of edge quality on the irradiated surface.
Secondly, for the submicron processing, the femtosecond
laser can be combined with other strategies, including
MLA, LIL, and LIPSS, which are widely used for periodic
surface patternings. Finally, the most fascinating of femto-
second laser precision engineering is the nanoscale feature
creation. Although the near-field effect can obtain ~10 nm
feature sizes, the short working distance and low efficiency
make it hard to be employed for large area patterning.
Noncontact microsphere-assisted femtosecond laser fabrica-
tion may be an available way to achieve large-area processing
based on near-field effects. The sub-100 nm nanocreation
working in far field and in atmosphere can solve the issues
of short working distance and low output. Therefore, femto-
second laser irradiation is one of the most excellent and pro-
spective processing methods for precision engineering. There
are still many unexplained phenomena since the nonlinear
interaction between the femtosecond laser and materials is
complicated, which deserved to be further explored and
investigated.
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