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Abstract: The recent progress in laser processing reaches
a level where a precise fabrication that overcomes the
diffraction limit of the far-field optics can be achieved.
Laser processing mediated by enhanced near field is
one of the attractive methods to provide highly precise
structuring with a simple apparatus. In this review, we
describe the fundamentals of the electromagnetic near
field in the vicinity of small structures and the application
of its specific properties for nanomodification. Theoreti-
cal and experimental results on nanoablation based on
electromagnetic field enhancement due to plasmon polar-
iton excitation and Mie scattering are discussed. High-
throughput nanohole fabrication mediated by arrayed
nanospheres is discussed, as the coupling effect of near
field is also considered. In addition, recent fabrication
techniques and their potential applications in nanopat-
terning, nanoscale deformation, and biophotonics are
discussed.

Keywords: laser processing; nanoprocessing; near-field
optics.
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1 Introduction

Laser processing technology has shown rapid and robust
development in industrial applications based on scientific
understandings. It should be noted that the utilization of a
femtosecond laser has provided precise and intense laser
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processing of various kinds of materials, which is realized
by the photon energy confinement in an ultrashort period
of time [1, 2]. To improve the processing performance or
to create new innovations, two major continuous efforts
in laser processing have been made: ‘how precise’ and
‘how efficient’ (processing throughput). For the former
challenge, several methods have been proposed to over-
come the theoretical resolution limit of laser processing
determined by Abbe’s criterion. Laser fabrication in sub-
diffraction-limited spatial resolution was demonstrated
by non-linear multiphoton absorption, which took advan-
tage of the Gaussian spatial profile [3]. Nanohole fabrica-
tion on a GaN surface is also demonstrated by using the
second harmonic of a near-infrared femtosecond laser [4].
Laser processing mediated by enhanced near field is one of
the most promising methods to realize high-precision pro-
cessing to meet the demand. Photon energy confinement
in terms of spatial distribution has widely been known at
present by the development of near-field optics, and the
localized interaction zone in nanoscale overcomes the dif-
fraction limit, which provides highly precise fabrication
especially with a synergistic effect by using the femto-
second laser. For the latter challenge, fabrication methods
of multiple subwavelength structures were demonstrated
by a single pulse illumination, e.g. the formation of peri-
odic patterns by using a simple apparatus [5, 6].

Laser irradiation of nanostructures such as nano-
spheres and nanotips excites enhanced electromagnetic
(EM) field in nanospace. Besides the optical proper-
ties observed in the far field, the nature of the near field
defines a significant decrease of the optical intensity with
the distance from the surface of the nanostructures, ena-
bling the interaction in the submicro to the nano scale. The
excited near field shows large dependency for the pres-
ence of target materials, as we describe in this review. It
is essential to discuss the interaction with target materials
for the understanding of laser processing with enhanced
near field. The laser processing properties, therefore,
should be discussed not only with the excitation of near
field, but also with the coupling effect of the near field.
In this review, the fundamentals of enhanced near field
will be described followed by that of nanoablation by
using a single small structure for near-field excitation.
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High-throughput nanostructure formation by simultane-
ous ablation with arrayed nanospheres, i.e. nanopattern-
ing, will be discussed with the coupling effect of near
field. In addition, recent fabrication techniques based on
the near-field processing will be introduced. Bioapplica-
tions will also be described as the recent and emerging
applications of laser nanoprocessing.

2 Enhanced optical near field

Being an object of fundamental modern physics as mate-
rials with ‘unusual’ properties related to size-dependent
electron energy states, nanostructures found practical
application centuries ago [7, 8]. Romans used these proper-
ties to fabricate pieces of art such as the dichroic Lycurgus
cup. The specific extinction spectra of gold nanoparticles
having an intense peak in the visible region give a brilliant
ruby color used to decorate glasses in cathedrals in the 17th
century. More than a hundred years ago, in 1908, Gustav
Mie explained the phenomena by solving Maxwell’s equa-
tions for the absorption and scattering of the EM radiation
by spherical particles. It becomes clear that the decrease
of the particle size at dimensions smaller than the illu-
minated optical wavelength can contribute to a resonant
excitation of collective electron oscillations (plasmon
polariton) in these structures. The plasmon excitation
influences their far-field optical properties, giving sharp
resonances in absorption and scattering spectra, which
are not present in bulk material. In the near-field zone,
the EM intensity could be significantly enhanced, and due
to its evanescent characteristics light ‘focusing’ at dimen-
sions defined by the metal nanostructure size rather than
the far-field optical components can be achieved.

The qualitative interpretation of the response of a par-
ticle to the incident EM field can be easily presented in the
case of dipole or quasi-static approximation. In such an

Figure 1: A schematic representation of the interaction of a small
metal particle with EM field. Assuming that the heavy ion system is
static, the electrons oscillate following the incident E field.
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assumption, which is applied when the size of the particle
is at least an order of magnitude smaller than the EM field
wavelength, the incident wave induces coherent oscilla-
tions of the electron system over the particle (Figure 1).
The properties of the EM field components for such system
can be described as for an oscillating dipole [9]. For an
incident plane wave, the components of the EM field are

H =cpe™| L1 _lsing
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These expressions show a dependence on the para-
meter kr=r/r,, which is equal to 1 when r=r =A/2r. In the
zone where r<<r,, referred to as the near-field zone, the
dominant component is proportional to 1/ as it is present
only in the electric field component. Thus, the field in the
near-field zone is expressed by the electric component,
and its amplitude can be significant with the decrease of
1, i.e. approaching the dipole (Figure 2).

In the dipole approximation, the particle polarizabil-
ity can be expressed as

e(w)-e, (o)

a(w)=4me R ()2t (0) )

@

where ¢ and ¢, are the dielectric functions of the par-
ticle with radius R and the environment, respectively.
The polarizability of particle has a resonance when
le(w)+2e |=(e,(w)+2e, )+(e,(w))* is minimal. If the dielec-
tric function of the environment is a constant in the con-
sidered spectral range, and ¢ (w) and ¢ (w) are the real and

Y

Figure 2: Components of the EM field presented in Eq. (2).
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imagined parts of the particle dielectric function, this con-
dition can be satisfied at ¢ (w)=-2¢ , ase,<<1.

The rigorous solution to the problem of the interac-
tion of a spherical particle with the EM field is given by
G. Mie. In his work, the Maxwell equations in spherical
coordinates are solved with appropriate boundary condi-
tions [10]. The electric and magnetic components of the
incident and resulting field are presented using multipole
expansions. The scattered field components (E, H) and
the extinction (C, ), scattering (C_ ), and absorption (C,, )
cross sections are given by
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where p:(e/em)”2 , x=27R/ A, ], and H, are the Riccati-
Bessel functions.

On the basis of these equations, the far-field optical
properties of spherical particles can be obtained.

Messinger et al. developed the solution of the scatter-
ing problem considering the effects in the close vicinity
of the particle surface [11]. The near-field scattering effi-
ciency, Q,, defined as a ratio between the power scattered
in the near-field zone to the incident one for a given geo-
metrical cross section, is given by

an:2i|an|2 [+ 1) p 2 (o

h,<31>(x)| J+20+ 1) b | (0 )
where h”’(x) is the second kind Hankel function and, a,
and b, are given in Eq. (4). The parameter x=kR, as k=2rm/A.

The application of Eq. (5) to metal particles expresses
aresonance behavior representing plasmon excitations as
the resonance wavelength depends on the particle char-
acteristics. As the near field consists of evanescent com-
ponents, the resonances are shifted with respect to the
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corresponding ones in the far-field zone. At resonance
conditions, the Q. can be orders of magnitude >1, repre-
senting the local field enhancement close to the particle
surface. With the increase of the particle size, excitation of
higher modes is realized, as the dipole mode is shifted to
longer wavelengths due to the retardation effect. Equation
(5) can be used for the definition of the optimal conditions
for near-field intensity enhancement for a given particle
size and environment dielectric function.

In the case of dielectric particles, the optical response
includes the EM field scattered out and inside the particle.
The extinction cross section as a function of the parameter
x may consist of sharp peaks, with a value >1 expressing
enhancement of the EM field. These originate from super-
position of different excited modes I. For large particles
(R>4,), the particle efficiently focuses the incident irra-
diation, which can be sufficient for local modification of
the underlying surface. With the decrease of the particle
size, the focusing ability decreases. In a low-size regimen,
the contribution of low-order scattering modes defines the
characteristics of the EM in the near-field zone [12]. The EM
field properties can be significantly modified by changing
the dielectric properties of the particle. It is shown that for
dielectric particles with a high refractive index, the field
enhancement at the resonances can exceed that observed
for the corresponding Au nanoparticle [13].

The recent developments in powerful computer
systems and numerical approaches for the description
of the interaction between the EM field and nanostruc-
tures, like the finite-difference time-domain (FDTD) and
discrete dipole approximation, brought more light to the
specific properties of the EM field in the near-field zone.
It is found that the spatial characteristics of the zone
with the enhanced field intensity depend on the incident
field properties, geometry of irradiation, environment
dielectric properties, and the presence of neighbor nano-
particles [14-19].

3 Nanoablation

The optical near field is proportional to r? of the scatter-
ing amplitude of the scattered EM field. The optical near
field provides not only localization of light energy in a
small space but is also accompanied by enhancing light
intensity, which is the key phenomenon for laser process-
ing. Localized laser ablation occurs in a limited zone in
which the enhanced laser energy exceeds the threshold.
By tuning the optical intensity distribution, precise laser
ablation is achieved in the localized spot. As the use of
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femtosecond laser significantly reduces the heat-affected
zone, its combination with the near-field enhancement
can provide efficient processing with high resolution.

As the area of enhanced near-field intensity is strongly
confined to the illuminated structure surface, structures
whose sizes are smaller than the incident wavelength
can be used to generate enhanced optical near field for
nanosized processing. As for a pen-writing-like scheme,
two structures are used: an apertureless pointed tip and
an aperture tip. The former case uses tips for atomic force
microscope (AFM) or scanning tunneling microscope
(STM). The latter case uses a probe tip for a near-field
scanning optical microscope. The enhanced near field on
the tip depends on the geometry of the tip structure, inci-
dent wavelength, incident angle, and distance between
the tip and the target substrate surface. A pioneering work
was reported by Jersch and Dickmann by using an STM tip
to treat metal surface in air in 1996 [20]; however, a ques-
tion has arisen on whether the surface modification is
attributable to the near-field enhancement or a mechani-
cal contact due to the transient tip expansion [21]. The
thermal expansion of the tip at the laser irradiation is
still challenging in this technique because the near-field
intensity drastically decreases with increasing distance
from the surface of the nanostructure, resulting in the dif-
ficulty in precise positioning of the tip [22, 23]. Although
there are difficulties in tip positioning and the processing
throughput is lower, high preciseness is an advantage of
this technique. Chimmalgi et al. demonstrated fabrication
of grooves whose width is 10-50 nm on metal thin films
by irradiating a silicon tip placed above the surface with
femtosecond laser pulses at a wavelength of 800 nm [24].
Periodically modified metal structures support propagat-
ing plasmons that at specific geometries may result in field
localization at a specific location. Using such a system,
Srituravanich et al. developed a nanolithography system
that is capable of high-speed nanostructuring [25]. The
same group used a periodic nanohole two-dimensional
(2D) array for parallel structuring of photoresist [26].

Metallic nanospheres show attractive properties to
generate intense optical near field. Unlike nanoprocess-
ing using nanotip, which requires accurate configuration
and precise adjustment of tip-to-substrate distance, nano-
processing with metallic spheres requires only deposi-
tion of spheres on the substrate surface. The distribution
of the enhanced near field around a sphere is governed
by the plasmon polariton as described above; however,
the EM field is largely affected by the electromagnetic
coupling between the metallic sphere and the substrate.
This results in a strong enhancement of the field intensity
in the contact point of the sphere and the substrate. The
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coupling is due to the capacitive interaction of the near
field around the sphere and the image charge induced in
the substrate (Figure 3). Figure 4 shows optical intensity
distribution around a gold sphere irradiated in vacuum
(A) or on a silicon substrate (B). The intensity distribu-
tion was calculated by the FDTD method. Strong optical
near field is generated on the contact point of the sphere
and the substrate surface (B), while the distribution char-
acteristic for dipole oscillation is dominant in the case of
vacuum (A). The strong enhancement on the contact point
contributes to nanoablation on the substrate surface. The
localization of the near field in the vicinity of the contact
point between the particle and the substrate strongly
depends on the dielectric properties of the latter. For metal
or dielectric substrates with a high refractive index, the
zone with enhanced field intensity localizes in the contact
point even when the polarization of the incident irradia-
tion is parallel to the substrate surface [14]. The oscillation
direction of electrons depends on the polarization of the
incident laser pulse; thus, the enhanced optical field on
the substrate surface will depend on the polarization. This
results in a change of the shape of nanoholes created on
the surface by changing the polarization of the incident
irradiation (Figure 5). The influence of the polarization
and the specific spatial distribution of the near field in the
vicinity of metal nanoparticles are used also for fabrica-
tion of holes with non-circular geometry by using incident
irradiation at different than normal to the surface substrate
incidence [15]. The strong confinement of the zone with
the enhanced near-field intensity to the particle surface
results in a decrease of the enhanced field area size with a
decrease of the particle diameter. FDTD simulation shows
that the specific width of the enhanced field area could
be several times smaller than the particle diameter [28].
This indicates that the size of the enhanced field area and,

=

Laser
irradiation

Figure 3: Conceptualillustration of EM coupling between a metallic
sphere and a substrate.
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Figure 4: Optical field intensity (|E/E |?) distribution for a 200-nm gold sphere (A) in vacuum and (B) on silicon substrate. The 800-nm
incident wave polarization is linear and the E vector is parallel to the x axis [27].
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Figure 5: SEM images of the fabricated nanohole with 200-nm gold sphere on silicon substrate. The pulse duration is 150 fs, laser fluence
is 0.2 J/cm?, and the hole is ablated by a single shot irradiation. (A) and (B) show the hole obtained with circular polarization and linear
polarization, respectively. The inset shows the optical field intensity distribution inside the Si substrate (z=-1.25 nm) [27].

respectively, the produced structure dimensions can be
controlled by the particle size. Based on this fabrication of
nanoholes with a size of 1/20, using 40-nm gold particles
is demonstrated [29]. Metallic nanoparticles whose shape
is not spherical have also been used for near-field process-
ing. Hunbenthal et al. fabricated nanochannels by using
arrayed gold nanotriangles on glass substrate irradiated
by femtosecond laser pulse [30]. Harrison et al. used gold
nanorods with tuning aspect ratio to fabricate nanoholes
[31]. Leiderer et al. used the modification induced by the
near-field enhancement in vicinity of spherical and tri-
angle particles for visualization of the near-field spatial
characteristics [32].

Dielectric nanospheres are promising candidates
as well to generate enhanced optical field. In their work
on laser cleaning of silicon substrate, Luk’'yanchuk et al.
reported nanohole formation on the substrate [33]. Irra-
diation of 500-nm silica nanospheres on the substrate
using nanosecond laser pulses resulted in the formation
of a hillock of 100 nm in diameter at laser fluences below

the ablation threshold for the bulk material. As in the pre-
sented experiments, the size of the sphere was smaller
compared to the laser wavelength, and the spheres are
deposited onto the substrate; the authors concluded that
the spheres behaved as scatterers that generate enhanced
near field, resulting in nanohole ablation, instead of the
possibility to act as a far-field microlens. Miinzer et al.
compared nanohole fabrication with nanosecond laser
and femtosecond laser and reported that femtosecond
laser provides precise laser ablation with a limited heat
affected zone [12]. For the nanoablation using a dielec-
tric sphere, the size parameter (¢=27R/A, R: radius of the
sphere, A: incident wavelength), defined in the Mie scat-
tering theory, is a critical parameter for the properties of
the generated near-field light. Figure 6 shows the depend-
ence of the near-field efficiency Q,, at the sphere surface
on the size parameter for four wavelengths: 800 nm
(fundamental wave of Ti:sapphire femtosecond laser),
400 nm (SHG), 263.5 nm (THG), and 200 nm [34]. At the
incident wavelength of 263.5 nm, the near-field efficiency
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Size parameter (=27 R/A)

Figure 6: Dependence of the near-field efficiency on the size
parameter for four wavelengths [34]. The near-field efficiency Q,is
starting from ¢=0.01.

decreases with the increasing size parameter due to the
optical absorption by the polystyrene (PS) sphere itself,
which can be understood by the increase of the mate-
rial extinction coefficient k at shorter wavelengths. Wang
et al. proposed near-field laser ablation in liquid using
5-um silica spheres on glass substrate [35]. The focusing
point under the sphere was tuned due to the change in the
relative refractive index. Drawing of lines, star-like struc-
tures, and alphabets were also demonstrated with oblique
irradiation of multiple pulses [36, 37]. The theoretical
investigation was also reported on the temporal dynam-
ics of near field around dielectric microparticle excited by
femtosecond laser pulse [38].

The mechanisms playing role in nanoablation in the
presence of enhanced near field are not clearly under-
stood yet. A simple interpretation could be related to
the strong heating of the metal nanoparticle or the lens
effect, and localization of the scattered field induced
by dielectric particles that will trigger thermal ablation
mechanisms, such as evaporation, non-equilibrium
phase explosion, fragmentation, or stress-induced mate-
rial removal, when ultrashort laser pulses are applied. For
metal nanoparticles on a dielectric substrate with a low
refractive index, the heating of particles is considered to
be triggering the nanohole formation [14, 39]. However,
in the cases of strong localization of the near field in the
contact point between the particle and substrate, the pres-
ence of additional mechanisms could be considered. The
material removal in this case is accompanied by the pres-
ence of strongly enhanced electric field. Furthermore, the
performed experiments demonstrate a strong relation of
the hole shape to the spatial distribution of the enhanced
field zone. It is shown that the presence of a strong elec-
tric field may induce ionization, atom and electron emis-
sion from the particle and the substrate [40, 41], leading
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to a permanent substrate modification. In addition, the
presence of electric field in the vicinity of a sharp metal
structure and conductive substrate may generate tunnel
currents that could induce resistive heating of the sub-
strate and subsequent local structuring [40].

The thermal and near-field enhancement-related
mechanisms for surface modification may play a different
role for given processing conditions. The maximum in the
absorption spectra, which is related to the efficient heating
of the particle, generally do not coincide with the maximum
of the near-field scattering efficiency. In the case of gold,
the contribution of d and sp band electronic transitions
defines high absorption at wavelengths lower than about
530 nm, and the absorption peak position for spherical par-
ticles exhibits a weak dependence on the particle size [11].
In the wavelength range from 520 to 900 nm, the imaginary
part of the complex refractive index of gold is low [42], con-
tributing to the possibility of efficient excitation of plasmon
modes in this spectral range and efficient near-field scatter-
ing. Thus, the change of the particle size results in an effi-
cient shift of the plasmon resonance even in the infrared
region of the spectrum, which can result in the existence of
enhanced field intensity in the particle vicinity.

4 Nanopatterning

One of the attractive advantages in sphere-mediated
near-field ablation is high-throughput fabrication of mul-
tiple nanoholes by using arrayed spheres. The underly-
ing physics are plasmon polariton and Mie scattering in
the case of arrayed spheres, as similar to single sphere;
however, the phenomenon attributed to closely aligned
spheres is necessary to be considered. The capacitive
coupling between the charges of adjacent spheres is a
key factor to understand the optical properties, so as to
understand the near-field processing in case of arrayed
metallic spheres. A strong near field can be excited in the
intersphere gap of closely spaced spheres. The spatial dis-
tribution and the magnitude of the optical near field are
affected by intersphere interaction, i.e. plasmon coupling
(Figure 7). The scattering cross section of a sphere in the
array would also be affected due to the presence of the
adjacent particles. Figure 8 shows the near-field intensity
distribution on the gold substrate surface on which gold
nanospheres with a diameter of 200 nm are arrayed hex-
agonally, and irradiated by a single laser pulse at a wave-
length of 800 nm. The intensity distribution is shown for
three different intersphere distances. When the spheres
are in contact, the near-field intensity is comparably low
on the surface; however, it is significant between particles.
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Figure 7: Conceptualillustration of EM coupling between metallic
spheres and a substrate.

Arrayed dielectric spheres also show change in the
near-field properties, compared to the isolated particles,
but the effect is comparably low compared to the case of
metallic spheres. Laser ablation using dielectric spheres
is also known as laser nanosphere lithography or sphere-
mediated laser ablation, and it is widely used for parallel
nanostructuring [44-47]. In case of dielectric particles, the
near-field properties are affected by interaction not only
with surface charge induced in the spheres but also with
the EM field inside the spheres. Sakai et al. reported fab-
rication of periodic nanohole array on silicon and glass
substrate surfaces by using 2D arrayed PS spheres irra-
diated by femtosecond laser pulse [34]. Figure 9A and B
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show scanning electron microscopy (SEM) images of
silicon substrate surface after irradiation of hexagonally
arrayed PS spheres with single femtosecond laser pulse
at wavelengths of 800 and 400 nm, respectively. Nano-
patterning was also demonstrated for a silicon carbide [49]
and a silicon dioxide layer [50]. A dielectric sphere with a
high refractive index can also provide a strong near-field
enhancement even for small size parameter due to Mie res-
onance scattering. Figure 10 shows intensity enhancement
for hexagonally close-packed 200-nm sphere array depos-
ited on Si substrate as a function of the sphere’s refractive
index. The enhancement factors for 2D sphere arrays show
peaks at around 2.1 and at 3.1, which are shifted from the
case of a single sphere. Recently, David et al. experimen-
tally imaged the complex optical near fields with monolay-
ers of PS spheres by imprinting them on photosensitive
films [52]. The fabrication of multiple and complex struc-
tures shows the potential of arrayed sphere-mediated laser
processing toward tailor patterned structures.

5 Recent progress in near-field
nanoprocessing

Near-field nanoprocessing using a sphere can be used for
pen-like writing of nanostructures similar to tip-mediated
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Figure 8: Calculated optical near-field intensity (|E/E |?) distribution on a gold substrate surface when gold nanospheres with diameter of
200 nm are arrayed hexagonally and irradiated by optical wave at a wavelength of 800 nm. The field distribution is shown for three inter-
sphere distances: (A) 200 nm (touching spheres), (B) 400 nm, and (C) 785 nm. The white circle represents the sphere delineation in (A) [43].
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Figure 9: (A and B) SEM images of the Si surface after femtosecond laser irradiation. (A) 800 nm with fluence of 288 mJ/cm?; (B) 400 nm
with fluence of 57 mJ/cm?. (C and D) SEM images of ordered monolayer PS spheres in hexagonal array on silicon substrate. (C) The diameter

is 800 nm. (D) The diameter is 450 nm [48].
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Figure 10: Evaluated factors for intensity enhancement when the
hexagonally close-packed sphere array with the diameter of 200 nm
is placed on an Si substrate, as a function of the sphere’s refractive
index #=400 nm) [51].

methods by combination with optical trapping [53, 54].
Unlike optical trapping using Gaussian beam, Bessel beam
provides the flexibility for the positioning of the sphere in
vertical direction with respect to the substrate surface. In
this case, self-positioning for keeping a constant sphere-
to-substrate distance even for a non-flat surface can be
achieved. Due to the good control of the distance, which
is one of the key parameters for efficient structuring, this

method may have high potential in fabrication of lines
with a high width control.

Femtosecond laser irradiation of gold nanoparticles
placed on a substrate can also create unique structures in
addition to nanoholes, in a wide area around the particles.
Figure 11 shows the surface structure obtained when gold
nanoparticle placed on a silicon substrate surface is irradi-
ated by femtosecond laser pulses. A circular ripple pattern

Polarization

Acc.V Det WD } 4 2000 nm

Spot Magn
2.00kv 3.0 15556x TLD 5.2

Figure 11: SEM image of the silicon surface after laser irradiation.
The circularly polarized femtosecond laser at 400 nm was irradiated
at 0.08 J/cm?. The two white circles are the 200-nm-diameter gold
spheres. The interference period is 400 nm approximately [55].
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can be seen around the spot where the gold nanoparticle
was placed. The experimental result can be explained
by an interference effect that is well consistent with EM
field distribution simulation [55]. A similar nanostructure
was also found with the case of a dielectric microsphere
for both oblique and normal incidences using an excimer
laser (Figure 12) [56, 57]. Those nanostructures are unique
and attractive; however, still unrevealed physics, e.g. the
origin of dotted substructure in the ripple in the case of
gold nanosphere [55], remain.

Femtosecond laser processing is a powerful and
reliable tool not only limited to material removal. The
reduction of the heat-affected zone, and the strong time
confinement of the interaction, gives opportunity for

Height (nm)

Distance (um)

Figure 12: Near-field pattern in PTT film generated by a silica
microsphere after a single excimer laser pulse irradiation at an
angle 6=54° (laser impinges from the left). (A) AFM topography map
(25%25 um?) and (B) zoom (5x4 um2) and topography profile (below)
along the red line in the backscattering region. The original position
of the silica microsphere is marked by a dashed circle. Reprinted
with permission from Ref. [56]. Copyright 2013 American Chemical
Society.
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other attractive processing. One of the promising methods
is nanoscale deformation by ultrafast plasmon localiza-
tion. Femtosecond laser irradiation to preformed metallic
nanostructure, which is smaller than the incident wave-
length, excites localized plasmon followed by the local-
ized melting at the plasmonic hotspot [58]. This technique
is used for nanobump fabrication where femtosecond
laser interaction enables the ultrafast melting phenomena
in limited area, which results in partial melting and mate-
rial deformation. Deformation using gold nanoprism [59]
and nanostripe [60] is also reported.

6 Bioapplications of near-field
processing

Recent developments in near-field processing opened a
new avenue in the field of bioapplications as well. The
interaction of laser pulse and nanoparticles has been
used for decades for photothermal therapy, inactivation
of microorganisms, tumor detection or treatment, biosen-
sors, etc. One of the notable streams is the utilization of
ultrashort pulsed lasers for the nanoprocessing of bioma-
terials, which attract growing interest recently. Ultrafast
interaction and the localized interaction zone in nanoscale
provided by ultrashort pulsed laser allow the treatment
of cells with little effect on the survival rate. Schomaker
et al. reported the cell membrane perforation and deliv-
ery of plasmid DNA to cultured cells in vitro by using gold
nanoparticles dispersed around cells [61]. This method
is called gold-nanoparticle-mediated laser transfection
[62—64]. Meunier et al. investigated in detail the mecha-
nism of near-field cell processing in water and reported
that the shock wave generated around a gold nanoparti-
cle after femtosecond laser irradiation is responsible for
the rapid expansion of plasma instead of rapid increase
of the gold nanoparticle temperature [65-67]. Simultane-
ous treatment of multiple cells and cell selectivity by an
antibody-antigen interaction are significant advantages in
this method. Recently, the interaction of ultrashort laser
pulse and gold nanoparticle shows a wide variety of appli-
cations in cell stimulation and manipulation, such as the
intracellular increase in calcium accompanied by an intra-
cellular calcium wave after the gold-particle-mediated
stimulation [68, 69]. Polymer spheres are also promising
candidates for nanoprocessing of cell membrane [70-72].
The enhanced optical field generated under the polymer
sphere perforates the cell membrane and enables to intro-
duce exogenous molecules inside the cells (Figure 13).
Fluorescent molecules and small interfering RNA were
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Figure 13: Conceptual diagram of biodegradable sphere-mediated
perforation of a cell membrane using a femtosecond laser. The
sphere works as a microlens, and a femtosecond laser irradiation
generates a strongly enhanced optical field under the sphere to
perforate the membrane [71].

successfully introduced to cells by using polylactic acid
(PLA) microsphere. PLA is one of the typical biodegrad-
able polymers that are already used in clinical treatments.

7 Conclusions

In this paper, laser nanoprocessing by near-field enhance-
ment is reviewed from the fundamental of near-field optics
to recent applications. The use of near field generated
around nanoparticles is an attractive method to provide
precise processing that overcomes the far-field diffraction
limit. The method is capable of fabrication of nanoholes
on various substrates, including metals, semiconductors,
and dielectrics, and may offer a base of new technologies
for photonics and electronics industries. Recent emerg-
ing techniques based on near-field processing, such as
fabrication of circular patterns as well as nanoscale defor-
mation, are also attractive for the fabrication of novel
nanostructures. Near-field laser nanoprocessing opens
new avenues not only for material removal or nanohole
formation, but also for versatile manufacturing, fabrica-
tion, and stimulation techniques.
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