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Surface modification by localized surface plasmon polaritons
excited by femtosecond laser pulse
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Nanohole fabrication using near electromagnetic field enhancement in vicinity of gold particles is demon-
strated. Gold spherical particles with the diameters of 40, 80 and 200 nm are deposited on substrate
surfaces and irradiated by a 100-fs laser pulse at the wavelength of 800 nm. The enhanced near field
results in substrate surface modification and nanohole formation under the particle. The applied laser
fluence ranges from the values below the ablation threshold of the substrate material without particles
to the values slightly above it in order to estimate its influence on the properties of the produced struc-
tures. The morphological changes on the surface of soda lime glass, Si, and Au, and the parameters of the
produced nanostructures are analyzed by scanning electron microscope and atomic force microscope. The
distribution of the near electric field is analyzed by a finite difference time domain simulation code. The
produced structures are found to depend strongly on the properties of the substrate and laser parameters.
In the case of the metal and semiconductor substrates, the electric field is localized in the vicinity of the
contact point. In the case of glass substrate the electric field is spreading in an area larger than the parti-
cle size. The enhancement factor is about an order of magnitude lower than the case of using the silicon
substrate. The results indicate that this method is capable of producing precise nanostructure of a variety
of materials.

OCIS codes: 350.3390, 240.5420, 240.6680, 220.4000.

The research field of precise nanostructuring of different
materials attracts a growing interest in recent years[1−4].
This is related to the common tendency of miniaturiza-
tion of the new optical, electro-optical, electrical, and
photonic devices that require a processing with a spatial
resolution in a nanometers range. The direct application
of lasers as a flexible and capable tool for precise process-
ing faces some restrictions related to the diffraction limit
of the focusing optics that limit the spatial resolution of
processing by the applied laser wavelength. Although the
careful choice of the processing parameters and applied
configuration can allow direct nanostructuring[5−7], the
method cannot satisfy the requirements of new technolo-
gies. Different methods and techniques are developed in
order to minimize the spatial dimensions of the affected
area based on electron and ion beam lithography[8−10],
and laser lithography[11]. A promising technique that
has recently been applied is based on the use of low
dimensionality of the resonant plasmon field produced
from metal nanostructures[12−15]. Due to the effective
coupling of the incident electromagnetic radiation with
the plasmon oscillation, a significant enhancement of the
field in the vicinity of the structure can be produced.
The intensity of the enhanced field can exceed melting or
ablation threshold of the substrate placed near the metal
structure and this can result in permanent modification
of the substrate surface. Since the induced near electro-
magnetic field has properties of an evanescent wave, its
amplitude decreases rapidly with the distance from the
metal surface. This defines the main advantage of this
technique: the size of the field enhanced zone is governed
not by the wavelength of the incident radiation, but by
the size of the illuminated metal structure.

In this paper we present the specific properties of the
near field around gold nanoparticles to produce modi-
fication of different materials surfaces. Using a simple

method of deposition of gold particles, the method offers
a nanostructuring with flexible capabilities and can be
realized under simple experimental conditions.

Gold spherical particles with the diameters of 40, 80
and 200 nm, and a standard diameter deviation of less
than 8% (BBInternational Corp.) are used for the ex-
periments. The particles are deposited on the substrates
of soda lime glass, Si and Au by spin-coating method
and colloidal droplet method. The root-mean-square
(RMS) roughness of the native substrates is in the order
of few nanometers. The experiments are performed with
a Ti:sapphire chirped-pulse amplification (CPA) system
that produces 1-mJ pulses at a repetition rate of 1 kHz,
at a central wavelength of about 800 nm. The laser pulse
duration used is 100 fs (full width at half maximum
(FWHM)). The laser radiation is directed perpendicu-
larly to the substrate surface and focused by a lens with
a focal length of 400 mm. The pulse energy is adjusted
by a variable attenuator. The experiment is done in air,
on a single-shot basis, as the shot number is controlled
by a high-speed mechanical shutter. The outgoing laser
radiation is linearly polarized. A quarter-wavelength
plate is used for its transformation to circular one. The
irradiated samples are analyzed by the atomic force mi-
croscope (AFM) (SPA300/SPI3800, Seiko Instruments
Inc.) and scanning electron microscope (SEM) (Sirion
400, FEI Company).

To study near-field properties around the irradiated
nanoparticles, the finite difference time domain (FDTD)
simulation model is applied. This computational tech-
nique based on the numerical solution of the Maxwell’s
equations[16] is proven to give an adequate picture of
the electromagnetic field distribution in the near and
far fields around structures with arbitrary shapes[17]. In
all the simulations a plane wave irradiates gold particles
placed on various substrates. Electric-field strength of
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the incident irradiation is set at 1 V/m. The optical
properties (i.e. dielectric function) of the investigated
substrate materials are introduced in the model by using
data taken from Refs. [18] and [19].

Figure 1 shows a SEM image of nanoholes fabricated
on Si substrate when 200-nm gold particles are deposited
on the surface and it is irradiated by laser pulse at flu-
ence of 0.21 J/cm2. The measured maximal depth under
these conditions is about 33 nm and the hole diame-
ter is about 200 nm. As it can be seen, the formed
nanoholes have a symmetrical shape. This is connected
to the use of circular polarization light, which ensures
a symmetrical distribution of the near electromagnetic
field in vicinity of the contact point between the parti-
cle and substrate[20]. It should be noted that the used
laser fluence is about 40% lower than the fluence where
surface modification is observed when a single laser shot
irradiates clear Si surface.

In order to estimate the ability of the presented method
of nanostructuring of different materials, experiments are
performed using with dielectric and metal substrates.
Figure 2 represents the SEM images of nanoholes fab-
ricated on soda lime glass, silicon, and gold substrates,
when particles with a diameter of 200 nm are used.
The laser fluence in all cases is about 40% lower than the

Fig. 1. SEM image of nanoholes produced on Si surface us-
ing gold particles with diameter of 200 nm. Laser fluence
is 0.21 J/cm2. The polarization of the incident radiation is
circular.

Fig. 2. SEM images of nanoholes produced on different sub-
strates when gold particles with a diameter of 200 nm are
deposited and irradiated by a 100-fs laser pulse. (a) Soda
lime glass substrate, laser fluence F = 4.2 J/cm2; (b) silicon
substrate, F = 0.21 J/cm2; (c) gold substrate, F = 0.1 J/cm2.
Circular polarization light is used in all cases.

single-shot ablation threshold of the different substrates.
The parameters of the produced holes are also found

to depend on the gold-particle size. This dependence
is investigated for Si substrate. Figure 3 shows SEM
images of holes produced when a 0.185-J/cm2 laser pulse
irradiates silicon surface with gold particles with diame-
ters of 200, 80, and 40 nm. The maximal depths of the
produced holes are 30, 15, and 7 nm, respectively. The
results clearly indicate that the decrease of the particle
size results in the decrease of the hole dimensions.

In order to clarify experimentally the observed such
dependences, FDTD model is applied to describe the
near-field distribution properties. Figure 4 represents the
calculated distributions of the electric-field intensity (ra-
tio between the obtained electric-field intensity and the
incident one, i.e., |E/E0|2) around the gold particle with
a diameter of 200 nm placed on Si surface. The incident
laser radiation is circularly polarized. The electric-field
intensity distribution is shown in a cross-sectional plane
of the system, through the center of the sphere and the
point of contact with the substrate. When the particle
is placed on the substrate surface the field is localized in
the vicinity of the contact point on the Si surface.

The strong field on the gold-particle surface induces
image charges in the substrate material. The electric
field in the region of the contact point between the
particle and substrate is strongly enhanced and the
electric-field intensity is about 103 times higher than the

Fig. 3. SEM images of holes produced when a 0.185 J/cm2

laser pulse irradiates Si surface with gold particles with di-
ameters of (a) 200, (b) 80, and (c) 40 nm deposited on it.

Fig. 4. Distribution of the electric-field intensity around Au
particle with a diameter of 200 nm placed on Si surface.
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incident one. The value of the charge density induced
on the substrate surface depends on the dielectric prop-
erties of the substrate material. Thus, one can expect
that changing the substrate will affect the properties
of the near field. Figure 5 represents the electric-field
distribution on the substrate surface (z = 0) where the
calculations are performed for soda lime glass, silicon,
and gold. The results clearly indicate that the substrate
material strongly influences the near-field properties.
The changes are related both to the spatial distribution
and magnitude of the field. In all cases the area of the
strongest field enhancement is symmetrical with the di-
ameter several times smaller than the particle’s one. In
the case of glass and metal substrates, the strongest field
has a ring shape on the surface which can be explained by
some geometrical considerations. In the presented simu-
lations the incident radiation is perpendicularly directed
to the substrate surface. In this case, the polarization
of the metal particle follows the direction of the incident
electric field. The highest displacement of the electrons
with respect to the ions is realized around the equator
of the particle. The magnitude of polarization decreases
in direction to the poles where it approaches zero. Fur-
thermore, the magnitude of the near electromagnetic field
rapidly decreases with the increase of the distance. Thus,
when a substrate is present, the induced charge density
on its surface will increase in direction to the contact
point between the particle and substrate. As a result of
these effects, the enhanced field will form an area with
a ring shape. In the case of silicon substrate, the observed

Fig. 5. Distribution of the electric-field intensity on the sub-
strate surface (z = 0, see Fig. 4) when Au particle with a
diameter of 200 nm is used. (a) Soda lime glass substrate;
(b) silicon substrate; (c) gold substrate.

distribution has different features. A possible explana-
tion could be related to the high refractive index of Si
(high polarization) and the low absorption at this wave-
length. This can result in a redistribution of the near
field in the small spatial region around the contact point.

The field enhancement dependence on the substrate
material can be explained by the interaction between
the charges on the particle surface and image charges
induced into the substrate. The density of the induced
charges is governed by the values of dielectric function
of the substrate material. In the case of gold substrate,
electromagnetic coupling between plasmon modes in the
particle and the substrate may also play an important
role, leading to the strong enhancement of the electric
field.

The simulations performed with particles with different
diameters predict a decrease of the enhanced field area
with decrease of the gold particle diameter. This effect
is related to the strong confinement of near field in the
vicinity of the particle surface. The estimated enhanced
field area is several times smaller than the particle diam-
eter. This result is in agreement with the experimental
results (see Fig. 3) and it indicates that both the size
of the enhanced field and the produced structures are
precisely controllable by the particle size.

The nanohole formation is also investigated for laser
radiation at the wavelength of the second harmonic of
Ti:sapphire laser (λ ≈ 400 nm). The pulse width of the
second harmonic is 300 fs, approximately. At this wave-
length the plasmon resonance is significantly damped be-
cause this wavelength falls into the interband transition
of gold. The FDTD results clearly indicate a decrease of
the near-field amplitude compared with the case of 800
nm. For the case of 200-nm gold particle on Si substrate
the simulation results predict an about 4 times decrease
in the amplitude of the electric field. The experiments
confirm these predictions. When the wavelength of 400
nm is used, the nanoholes are only observed at fluences
near to the surface modification threshold. Due to the
absence of ablation the gold particles are not removed
from the substrate after laser irradiation at low fluences.
Their presence is confirmed even after tens of laser shots.
In these cases clear traces of particle melting and de-
composition are observed which are related to the strong
absorption of gold at this wavelength.

An interesting phenomenon is observed when experi-
ments are done at the wavelength of 400 nm. Figure 6(a)
represents the SEM images of Si surface after 20 consec-
utive laser pulses at fluence of 0.05 J/cm2. As is clearly

Fig. 6. SEM images of Si surface with deposited 200-nm
gold particles on it after irradiation with 20 laser pulses at
wavelength of 400 nm. (a) The laser fluence is 0.05 J/cm2;
(b) the laser fluence is estimated to be 0.008 J/cm2. Circular
polarization light is used.
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seen, a large-scale surface modification is produced. This
modification consists of concentric rings centered at the
gold particle’s position. They are spaced to a distance
equal to the laser wavelength. We attribute the formation
of this structure presumably to the mechanism of ripple
formation, often observed in laser material processing[21].
At the edge of the laser spot, where the laser fluence
is significantly low (the spatial intensity distribution is
Gaussian) the modification of the surface contains sub-
wavelength structure (Fig. 6(b)). The mechanism of this
structure formation is still unclear, but it may be at-
tributed to the presence of non-thermal effects that can
dominate the energy dissipation into the material at low
laser fluences and structure changes related to them.

In this work we presented the experimental and the-
oretical results on nanostructuring of different surfaces
using the enhanced near field in vicinity of gold nanopar-
ticles irradiated by the femtosecond laser pulse. The re-
sults clearly indicate that this technique is capable in
the nano-sized surface modification of different materials
such as dielectrics, semiconductors, and metals. The pa-
rameters of the produced holes strongly depend on the
substrate material properties. Furthermore, the dimen-
sions of the produced structures are found to be governed
by the nanoparticle size. This result indicates that the
size of the applied particles can be used to effectively
control the parameters of the produced structures. The
results of the numerical model are in good agreement
with the experimental data, which confirms its validity.
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