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Abstract

In this paper we present experimental and theoretical results on the properties
of the electromagnetic field in the near-field zone of gold nanoparticles
excited by an 800 nm ultrashort laser pulse. The near-field properties are
studied for the case of a single isolated particle and 2D nanoparticle array
case. Particles are deposited on different substrates: metal (Au),

semiconductor (Si) and dielectric (SiO7). The calculations based on the finite
difference time domain (FDTD) simulation technique predict that the field in
the vicinity of the particles is enhanced as the magnitude of the field intensity
depends on the substrate material and the interparticle distance for 2D array.
For closely arrayed nanoparticles on the gold substrate, the maximal field
intensity is more than two times lower than that of a single particle. With the
increase of the distance between 200 nm diameter gold particles, the value of
the field intensity increases up to a distance of about 800 nm. The theoretical

prediction of the field enhancement on the substrate is confirmed
experimentally. The irradiation of the nanoparticles deposited on the three
different substrates with a single laser pulse of a Ti:sapphire laser results in a
nanohole formation. Discussion on the observed properties is presented.

1. Introduction

In the field of nanoscience and nanotechnology, the specific
properties of metal nanoparticles have attracted growing
attention in recent years [1-7]. Being an object of fundamental
physics as materials with ‘unusual’ properties related to
the size-dependent electron energy states, they also have
interesting applications in different areas of contemporary
technologies [2]. In noble metals, decrease of size down to
the nanometre range results in an intense peak in the extinction
spectra in the near-ultraviolet to visible region of the spectrum,
which is related to the resonant excitation of collective electron
oscillations (plasmons). The plasmon excitation can govern
the optical properties of the nanoparticles not only in the
far-field, but also in the near-field zone it can result in a
strong enhancement of the electromagnetic field [8]. Having
properties of an evanescent one, the enhanced field is localized
in the close vicinity of the particle, within a zone proportional
to the particle radius [9]. For a single isolated particle the
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properties of the near-field depend on the particle parameters,
properties of the incident irradiation and the surrounding
medium. When a nanoparticle array is considered, these
properties can be additionally modified by the interparticle
plasmon coupling [10-13]. The narrow absorption spectral
band and the existence of the enhanced field in the vicinity
of noble particles opened a new innovative avenue in
biological applications as biomedical diagnostics [14], targeted
drug delivery [15], photo-thermal therapy [16] and surface-
enhanced Raman spectroscopy (SERS) [17]. The enhanced
optical field in the vicinity of the noble metal structure can also
result in a permanent modification of a substrate surface placed
in the near-field zone [6, 9, 18]. The recent advancement of
fabricating metal nanoparticles with a narrow size distribution
and methods developed for their arrayed deposition [19, 20]
opens a way for designing a processing technique that can
use the enhanced near-field for surface modification with a
spatial resolution governed by the size of the used particles.
Such a technique could satisfy the requirements of high
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processing speed, low cost and application to a wide variety
of materials that, despite of the developed different methods
for precise nanostructuring [21-24], are not fully satisfied.
Using a transparent nanoparticle array, several groups [25-28]
demonstrated their efficiency in parallel nanostructuring of
surfaces.

Although the far-field properties of noble particles and
particle arrays are intensively investigated, the reports about
the properties of the near electromagnetic field for these
structures are rarely presented.

In this paper we report on the nanohole fabrication
on different substrate materials produced by the enhanced
near-field in the vicinity of gold nanoparticles irradiated by
femtosecond laser pulses. The obtained results confirm
the validity of the theoretical predictions and demonstrate
that the use of the enhanced field can be an efficient tool
for nanomodification. In order to bring this closer to an
interesting application, we also present the near-field properties
in the vicinity of arrayed nanoparticles, a system that is
able to produce periodic nanostructuring on different substrate
surfaces.

2. Experimental set-up

Gold spherical particles used in the experiment have a diameter
of 200 nm, with a standard diameter deviation of less than
8% (BBInternational Corp.). The particles as a colloid are
deposited on polished gold, silicon and glass substrates by
a spin-coating method. Under the used conditions all the
substrate surfaces are covered by randomly distributed gold
particles. The RMS roughness of the virgin substrates (without
particle deposition) is of the order of a few nanometres.
The samples are irradiated by laser pulses delivered by a
Ti:sapphire chirped pulse amplification system that produces
pulses with energy of 1 mJ at a repetition rate of 1 kHz, and a
centre wavelength of 800 nm. The laser pulse duration used
is 100 fs FWHM. The laser radiation is incident normally
to the substrate surface and it is focused by a lens with a
focal length of 400 mm. The pulse energy is adjusted by
a variable attenuator. The experiments are done in air on a
single shot basis. The polarization of the incident irradiation is
circular in the present experiment. The irradiated samples are
analysed by SEM (Sirion 400, FEI Company). The substrate
surface is not chemically cleaned after the laser irradiation.
It should be mentioned that the incident laser intensity has a
Gaussian profile which results in a different incident intensity
corresponding to particles located at different positions within
the focused laser spot. This results in different nanohole
parameters within the irradiated area. The experimental data
presented here are for the central area of the irradiated laser
spot.

3. Simulation technique

To study near-field properties around the irradiated nanoparti-
cles, a finite difference time domain (FDTD) simulation tech-
nique [29] is applied. The method is based on the numerical
solution of the Maxwell’s equations and can be used to ob-
tain an adequate picture of the electromagnetic field distribu-
tion in the near-and far-fields around the structures with ar-
bitrary shapes [30-32]. The simulation system consists of a
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Figure 1. Schematic of the simulation system used in FDTD
calculations. A gold particle is placed on a substrate. The incident
electromagnetic wave propagates in the —z direction. For a 2D
nanoparticle array a hexagonal arrangement is considered. The
interparticle distance in this case is defined as the distance between
the gold particle’s centres.

X

(This figure is in colour only in the electronic version)

Table 1. Dielectric functions of the materials used in the calculations
at a wavelength of 800 nm. The data are taken from [33] and [34].

Dielectric functions
Au Si

SiO,
2.365

—24.016 +i1.510 13.6+1i0.04

gold nanoparticle or 2D nanoparticle array placed on different
substrates. Figure 1 shows a sketch of the simulation system.
Absorbing boundary conditions are applied on the boundary of
the simulation cell. The optical properties (dielectric function)
of the investigated materials used in the calculations are taken
from [33] and [34] and are presented in table 1. For the simu-
lations of the nanoparticle array, the effect of the interparticle
distance on the near-field properties is investigated. The inter-
particle distance is defined as the distance between the centres
of the particles. It is assumed that a hexagonal arrangement of
the particles is placed on the array because this arrangement
is predominantly obtained by the developed chemical meth-
ods for deposition [19, 20]. In all the simulations a circularly
polarized wave irradiates the simulated system. Electric field
strength of the incident wave is set at | V.m™'. The wave-
length of the incident irradiation is 800 nm, corresponding to
the ultrashort Ti:sapphire laser used in the experiment.

4. Results and discussion

Isolated particle

In our recent work we demonstrated theoretically some
properties of the near-field in the vicinity of a single gold
nanoparticle irradiated by electromagnetic radiation [35]. In
this configuration, the charge accumulation on the particle
surface induces an image charge on the substrate surface. As
a result, the formed electric field has a strong component
in the direction perpendicular to the substrate surface. Due
to the specific properties of the near-field, the zone of the
highest field enhancement (ratio of the specific near-field to
the incident field intensity) for the isolated particle is localized
in the vicinity of the contact point between the particle and
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the substrate, having a specific size smaller than the particle’s
diameter. Furthermore, the resulting near-field distribution
can also be governed by the scattering and reflection on the
electromagnetic field by the particle and substrate. Since the
optical parameters and the induced charge on the substrate
surface are functions of its dielectric properties, different field
enhancement is obtainable for the different materials.

Figure 2 shows SEM images of holes produced on (a) Au,
(b) Si and (c) SiO, substrate when the nanoparticles deposited
on the substrate are irradiated by a single laser shot. The
laser fluence is 0.1, 0.13 and 6.3 J cm™2, respectively. In all
cases, the incident fluence is lower than the threshold for native
surface modification estimated by the single shot experiment.
In the case of gold and silicon surfaces the laser fluence is about
two times lower than the bulk modification threshold. For
the case of glass substrate, the nanohole formation is clearly
observed at laser fluence of about only 1.1 times lower than
the threshold. The near electric field intensity calculated by
the FDTD simulation is also shown with each SEM image in
figure 2. The near electric field intensity is highest for the case
of gold substrate while it is lowest for the glass one, an effect
related to the value of the dielectric function of these materials.
The ring shape structure of the 2D near field distribution
can be attributed to some geometrical considerations. In the
present simulations the incident radiation is perpendicularly
incident to the substrate surface. The magnitude of the induced
polarization of the particle decreases in the direction to the
poles where it approaches zero. Furthermore, the magnitude
of the near-field decreases rapidly with the distance from the
particle surface. Thus, when a substrate is present, the induced
charge density on its surface will be increased in the direction
to the contact point between the particle and the substrate. As
a result of these effects, the enhanced field will form an area
with a ring shape for the case of a circular polarization of the
incident laser.

A comparison between the calculated field distribution
as an initial energy deposition pattern and the experimentally
observed holes as a final result of the electromagnetic field—
matter interaction, can be done by taking into account
realization of complex processes. They may include local
heating, melting, melt dynamic and ablation. The heating
of the substrate in the vicinity of the nanoparticles can also
result in a change of the local chemical composition of the
substrate surface. It is seen, however, that the hole shape
follows the symmetry of the zone with the highest field
enhancement. Furthermore, the experiments performed with
linearly polarized incident radiation show a direct connection
between the direction of polarization and the hole shape. This
effect is also confirmed by simulation [9, 35]. The observation
of hole formation only near the threshold fluence for native
glass surface modification can be explained by the low field
enhancement predicted by the model simulation. The size of
the formed dimple in this case is in good agreement with the
size of the zone with the maximal near-field intensity value.
This can be related to the fact that the heat conduction in the
glass substrate is lowest among the used materials. In the
case of metal substrate the redistribution of the incident energy
by the free electrons and the effects related to the electron
heat conduction can increase significantly the initial energy
deposition region. These phenomena are important especially
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Figure 2. SEM images of holes produced in (a) Au, (b) Si and

(c) SiO, substrates when the substrates with deposited nanoparticles
are irradiated by a single laser shot. The applied laser fluence is 0.1,
0.13 and 6.3 J cm~2, respectively. Laser radiation has circular
polarization. The distribution of the near electric field intensity on
the substrate surface calculated by FDTD simulation is also shown.
The spatial scale of the intensity distribution is equivalent to the SEM
image.

in the case of gold, where the electron—phonon relaxation
time is as long as a few tens of ps [36]. The importance of
thermal effects can be understood from the formation of the re-
solidified rim around the holes in gold and silicon substrates,
as is seen in SEM images shown in figure 2. The rim becomes
more expressed with the increase of the applied laser fluence.
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Figure 3. Calculated near electric field intensity distribution on gold
substrate surface when gold nanoparticles with diameter of 200 nm
are arrayed hexagonally and irradiated by electromagnetic waves at a
wavelength of 800 nm. The field distribution is shown for three
interparticle distances: (a) 200 nm (touching particles), (b) 400 nm
and (c) 785 nm. The white line represents the particle delineation.

1000

Nanoparticle array

Assuming a potential application of the enhanced near-field in
the vicinity of gold nanoparticles to a reproducible technique
for periodic surface nanostructuring, we will focus our further
discussion on an arrayed particle system.

Figure 3 shows the electric near-field intensity distribution
on the gold substrate surface on which gold nanoparticles
with a diameter of 200 nm are arrayed hexagonally, and
irradiated by laser pulses at wavelength of 800 nm. The
intensity distribution is shown for the three interparticle
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Figure 4. Dependence of the calculated maximal value of the near
electric field intensity on the gold substrate on the interparticle
distance. Dashed line shows the value for an isolated particle.

distances: (a) 200 nm (contact mode), (b) 400 nm and
(c) 785 nm. The results indicate that the field intensity
is enhanced under the particles, similarly to the case of
the isolated particle one, but both the magnitude and the
spatial distribution on the gold substrate surface are strongly
dependent on the interparticle distance. The lowest value
for the near-field intensity is achieved for the system of no
interparticle distance (figure 3(a)). In this case the spatial
distribution of the near-field intensity is not homogeneous,
but the intensity is higher under the particles located at the
edge of the aggregation, and it is about an order of magnitude
lower than that under the particles located at the centre of the
particle system. This intensity difference decreases with the
increase of the interparticle distance, and in the case of 400 nm
interparticle distance, the optical intensity distribution under
all particles is similar. Furthermore, an increase in the near-
field intensity with the increase of the interparticle distance is
observed. In order to quantitatively express this tendency, a
theoretical plot of the maximal value of the near electric field
intensity distribution on the gold substrate as a function of the
interparticle distance is shown in figure 4. The intensity for
the isolated particle is also shown. The field intensity increases
with the increase of the distance up to about 785 nm. This
value becomes much higher than that of the isolated particle.
A further increase of the interparticle distance up to 1000 nm
results in a remarkable decrease of the maximal value of the
field intensity.

The interparticle interaction can govern both the spatial
distribution and the maximal strength of the electromagnetic
field. Due to the capacitor effect a strong near-field strength
can be developed in the interparticle gap of closely packed
particles [12]. Thus, the properties of the near-field on the
substrate are determined, not only by the interaction between
the particle and its image charge on the substrate, as it is
in the case of isolated particles, but also by the coupling
between the neighbouring particles. The particle coupling
effect is dependent on the interparticle distance and thereby
this parameter will determine the near-field distribution and
strength.

Figure 5 shows the results of the intensity distribution on
an yz (cross-sectional) plane in the simulated system with gold
substrate for three interparticle distances—(a) 200 nm (contact
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Figure 5. Electric field intensity distribution in an yz plane of the simulation system with gold substrate for three interparticle distances:

(a) 200 nm (touching particles), (b) 220 nm and (c) 300 nm. The intensity distribution is shown in the plane that corresponds to a
cross-sectional view through the centre of a particle chain in the array structure. The particle chain is arbitrarily chosen, because the obtained
behaviour has similar features within the array. The substrate surface is at z = 0. The intensity colour scale in all figures is the same for clarity

in comparison. Particle delineations are shown by a white line.

mode), (b) 220 nm and (c) 300 nm. The intensity distribution
is shown on the plane, corresponding to a cross-sectional view
through the centre of a particle chain in the array structure.
The particle chain is arbitrarily chosen, because the obtained
behaviour has similar features within the arrays. It is seen that
at the closest particle distance (figure 5(a)) the strongest field is
achieved between the particles: the characteristic value is more
than two times higher than the one obtained in the vicinity
of the contact point between the particle and the substrate.
With the increases of the interparticle distance the near-field
coupling between the neighbouring particles becomes less
efficient due to the evanescent character of the near-field. Here,
the interaction between the image charges on the substrate
surface and these induced on the particle surface becomes
dominant for the near-field properties. In addition to the above
discussion, we should mention that in the interaction between
the optical radiation and small particles the characteristic
absorption cross section of the particle can be several times
larger than the geometrical size [37]. In a particle aggregate,
this cross section is modified due to the presence of the
neighbouring particles. The change of the interparticle distance
will influence the absorption cross section and consequently
the amplitude of the near electromagnetic field. This could
explain the inhomogeneous near-field intensity distribution for
the particles located at the edges of the aggregate and at its
centre for an array consisting of closely spaced particles.

With the increase of the interparticle distance, the optical
wave scattered by the particles also affects the near-field
properties of the arrayed structure. It is shown previously

that the local field of a particle array is governed by the
retarded field of all assumed particles [11]. At a certain
interparticle distance, when the radiative (not near-field) term
is dominant, an increase and sharpening of the extinction peak
can be realized. Such an effect could be expected when the
interparticle distance approaches the incident wavelength and
the diffracted field couples efficiently with the local plasmon
of each particle. A periodically modified metal structure can
satisfy the wave momentum conservation condition for the
excitation of a surface plasmon wave. If we assume the
present nanoparticle array on the gold substrate as a grating
with a grating constant equal to the interparticle distance, then
according to [38], the wavelength of the induced plasmon
wave, Agp, is obtainable from the condition:

kp = ko sin6; % ikgy £ jkey, ()

that gives for the diffraction order of (i = 0, j = 1) and at the

normal incidence:
1
= p Emél 2 )
T \ewta )

In the above equations, kg, is the wavevector of the air-gold
surface plasmon mode, kg sin6;, is the in-plane wavevector
of the incident wave, 6; is the incident angle, k,; are the
grating wavevectors, and i and j are integers. P is the grating
period, and ¢,, and &, are the dielectric functions of gold and
air, respectively. For the case of an interparticle distance of
785 nm (the interparticle distance corresponding to the highest
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Figure 6. Intensity distribution in an yz plane through the centre of a nanoparticle chain of the array on (a) silicon and (b) glass substrate
when the interparticle distance is 300 nm. The intensity colour scale is the same for both figures as that for the case of gold substrate shown in
figure 5(c) for clarity in comparison. The substrate surface is at z = 0. Particle delineations are shown by a white line.

field intensity obtained from FDTD simulation, as shown in
figure 4) the plasmon wavelength calculated by equation (2)
is consistent with the incident one. The resonance condition
realized in this case can explain the maximal amplitude of the
near electric field obtained at this distance. Decrease of the
field enhancement value at larger interparticle spacing can be
attributed to the out-of-phase interaction between the scattered
optical field and the local plasmon of each particle and the
higher losses of the optical field due to decrease of the particle
density.

Although the particle distance influences the field
distribution on the different substrates in a similar manner, the
quantitative expression of the field properties is found to be
different. Figure 6 shows the optical field intensity distribution
in an yz plane through the centre of a nanoparticle chain of
the array for silicon (a), and glass substrate (b), when the
interparticle distance is 300 nm. The intensity colour scale in
the figures is the same as this for the case of gold substrate
shown in figure 5(c) for clarity in comparison. It is seen that,
while the maximal near-field intensity tends to be located in
the vicinity of the contact point for the case of gold and silicon
substrates (figures 5(c) and 6(a)), it is induced between the gold
particles when glass substrate is considered at this interparticle
distance.

A confirmation of the validity of the theoretical results
is found experimentally. Figure 7 represents SEM images of
the gold substrate before laser irradiation (a), and (b) after
a single pulse irradiation at laser fluence of 0.15 Jcm™2.
The spin-coating method used for deposition of the gold
nanoparticles on the substrate leads to a random particle
distribution, as single particles and clusters of different sizes
are observed. After the laser irradiation single particles
are removed from the surface and then holes can be seen
in figure 7(b). The large clusters, however, remain on
the substrate. According to the previously described near-
field distribution properties, this selective particle removal
and nanohole formation can be attributed to the lower
field enhancement under the particle being composed of
the closely packed array than the isolated (large distance

Figure 7. SEM images of the gold substrate (a) before laser
irradiation and (b) after a single ultrashort pulse laser irradiation at a
laser fluence of 0.15 J cm™2.

separation) particles. Although the detailed explanation of the
obtained phenomena will need more experimental verification,
the present result confirms the validity of the theoretical
findings. The obtained results will open a challenge for
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further investigation in versatile applications of the near-field
properties of arrayed nanoparticles that are in progress.

5. Conclusions

In this paper we present experimental and theoretical results on
the near-field distribution in the vicinity of gold nanoparticles.
The theoretical predictions of the existence of an enhanced
near-field are confirmed experimentally: nanoholes are formed
on different substrates after ultrashort laser irradiation of gold
nanoparticles deposited on the substrate surface. As a function
of the dielectric properties of the surroundings, the near-field
characteristics are found to be different on the surface of Au,
Si and SiO; substrates. The near-field intensity is maximal in
the case of a metal substrate and lowest for a dielectric one. In
all cases, the laser irradiation of the samples at fluences lower
than the modification threshold of the native surface results
in a formation of nanoholes with a size smaller than the gold
nanoparticle diameter. The spatial distribution of the near-field
on the substrate surface and quantitative difference of the field
intensity for the different substrates predicted theoretically is
confirmed by the experiment.

When a 2D nanoparticle array is considered, the near-field
properties are found to strongly depend on the interparticle
distance. In this configuration, the near-field distribution
depends on the interaction between the charges of the
neighbouring particles and those induced on the substrate
surface. At interparticle distances smaller than the particle
size the plasmon coupling leads to the localization of the
highest intensity area between the particles. With the increase
of the particle separation, this effect becomes less efficient
and an area with the highest field enhancement is obtained
in the vicinity of the contact point between the particle and
the substrate. Increasing the interparticle distance a long
range interaction mediated by a scattered optical field can
affect the properties of the local field under the gold particles.
These effects and their importance are found to depend on the
substrate material.

The obtained results can be a base for the nanomodifi-
cation technique of different optical and electronic materials.
Furthermore, the present analyses can be used for an appropri-
ate selection of substrate and interparticle distance in designing
the efficient substrates for the surface-enhanced Raman scatter-
ing (SERS) technique.
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