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We present a method for imaging the optical near-fields of nanostructures, which is based on the
local ablation of a smooth silicon substrate by means of a single, femtosecond laser pulse. At those
locations, where the field enhancement due to a nanostructure is large, substrate material is removed.
The resulting topography, imaged by scanning electron or atomic force microscopy, thus reflects the
intensity distribution caused by the nanostructure at the substrate surface. With this method one
avoids a possible distortion of the field distribution due to the presence of a probe tip, and reaches
a resolution of a few nanometers. Several examples for the optical near-field patterns of dielectric
and metallic nanostructures are given. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1819990]
The optical properties of nanostructures are an important
issue in nanoscience with a tremendous potential for applications. This holds both for individual particles and particle
arrays, and for dielectric materials (e.g., photonic crystals) as
well as metals (e.g., optical antennas).1–3 The optical nearfields of such particles, which are essential for understanding
their function, are not easily accessible by experimental
means. One approach is to use a scanning near-field optical
microscope to image the intensity distribution in the vicinity
of the nanostructures with a fine aperture.4 Different
approaches have improved the resolution to below 25 nm.5,6
We introduce here an alternative method that consists in imaging optical near-field intensities by means of intense short
laser pulses. This technique also reaches a resolution of a
few nanometers, much smaller than the laser wavelength
used, but which, moreover, is not hampered by possible distortions of the resulting patterns due to the presence of a
probe tip.
In our experiments the nanoparticles, located on a
smooth substrate, are irradiated with a single, femtosecond
laser pulse, which is perpendicularly incident onto the substrate plane. The intensity of the pulse is adjusted to a value
sufficiently low that the parts of the substrate far away from
the particles are not affected. Nevertheless, the substrate surface under and near a particle will be ablated if the local
intensity enhancement in the optical near-field is high
enough.7 Thus, the resulting ablation pattern in the substrate,
which can be imaged by scanning electron or atomic force
microscopy (AFM), represents a nonlinear “photograph” of
the optical near-field intensity distribution of the nanoparticle
under study. Because of the short duration of the laser pulse,
a smearing out of the resulting structures due to thermal conduction, as it can appear for nanosecond pulses, does not
occur.
Our investigations cover optical near-fields of both dielectric and metallic nanostructures. In the case of dielectric
nanoparticles, we have used polystyrene spheres, available as
monodisperse colloidal suspensions, with different diameters
in the range of a few hundred nanometers. These particles
were deposited on a silicon substrate (commercial silicon
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wafer) by means of spin coating. Using properly diluted suspensions one can obtain samples in which nearly all the
spheres are isolated and distributed statistically across the
surface.8 These samples were then illuminated with a slightly
focused Ti:sapphire laser 共 = 800 nm兲, providing pulses with
a duration of 150 fs and energies up to 10 mJ per pulse.
For isolated particles in free space, the scattered light
field is described by Mie theory.9 As long as the dielectric
spheres are larger than the light wavelength, one can consider such particles as spherical lenses. In terms of geometrical optics, a sphere with radius R and refractive index n
= 1.59 (polystyrene) has a focus at a distance of about R / 4
behind the surface of the sphere. Thus, for a sphere resting
on a flat substrate, one expects, in this approximation, a nearfield in the substrate plane which is circular and which has a
diameter of roughly R / 2. Indeed, in previous experiments,
we have shown that micrometer-sized colloid spheres on Si
substrates give rise to nearly circular holes of approximately
this diameter when irradiated with a femtosecond laser
pulse.7
When the particle diameter becomes smaller than the
light wavelength, however, this simple approach no longer
holds, and one has to use treatments based on Mie theory.
Figure 1(a) shows a calculation for the intensity distribution
below a sphere with R /  = 0.4 in a plane touching the particle. The polarization of the incident light is along the y
axis. The intensity pattern now no longer has circular symmetry, but rather reflects the dipole character of the optical
near-field, reminiscent of a Hertzian dipole. It should be

FIG. 1. Near-field of a colloidal sphere 320 nm in diameter. (a) Left: Mie
calculation of the optical near-field intensity in the substrate plane. (b)
Right: AFM picture of the silicon substrate under the colloidal sphere after
irradiation with a femtosecond laser pulse. The particle itself has been removed due to material ablation.
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FIG. 3. AFM pictures [inverted gray scale as in Fig. 2(d)] of the near-fields
of gold triangles illuminated with a femtosecond laser pulse (polarized along
the y axis). (a) Left: mask with 580 nm colloids, maximum field enhancement in the middle of the edge perpendicular to the polarization. (b) Right:
mask with 420 nm colloids, highest field enhancement for the tips in field
direction. In both cases, fragments of the ablated gold triangles have not
been removed.

FIG. 2. (a) Top left: gold triangles. (b) Top right: after a 150 fs laser pulse,
maximum field enhancement at the tips at the edge perpendicular to the
polarization. (c) Bottom left: (b) after chemical removal of the remaining
gold. (d) Bottom right: (c) with inverted gray scale; that is, the holes in the
Si, corresponding to the areas of high local intensity, appear bright. Polarization of the laser pulse was in the direction of the y axis.

mentioned that in this calculation the particle was taken as an
isolated object, that is, the refractive index n of the substrate
was assumed to be n = 1. For a Si substrate (n = 3.8 at 
= 800 nm), a modification of this pattern is to be expected,
but the essential features should remain.
The fact that this is indeed the case is shown by the
ablation pattern generated by a 320 nm (PS) sphere [Fig.
1(b)], which corresponds to the situation calculated in Fig.
1(a). The Si surface exhibits a dumbbell-shaped hole structure, with a depth of 10 nm and a separation of the minima
of about 150 nm. The polarization of the incident light was
along the dumbbell axis. Around the ablated area, there is an
elevated rim, as has already been observed for the larger
structures with circular holes.7 The composition of this rim
has not yet been identified, but we suppose it to consist of
SiOx as an ablation product of the Si substrate.
The similarity between the intensity distribution in Fig.
1(a) and the ablation pattern Fig. 1(b) is obvious. This demonstrates that this method can be used, at least qualitatively,
to obtain experimental information about the optical nearfield intensity distribution of a nanoscopic object on a surface.
As already mentioned, in addition to these nonabsorbing
particles we have also investigated the optical properties of
metallic nanostructures, which were also more complex in
shape than the colloidal spheres. One example of such structures are metallic triangles, as they can be obtained, for example, by means of colloid lithography.10,11 Using this technique, first, a self-assembled monolayer of polystyrene
spheres was grown on a silicon substrate. A thin gold film
was then evaporated, and the colloid particles were removed,
leaving behind a regular array of gold triangles, as shown in
Fig. 2(a).
In addition, these structures were illuminated with a laser pulse of 150 fs duration, and the resulting ablation patterns were analyzed with an AFM. Results for triangles with

a side length of 450 nm (produced by a mask with a
1500 nm sphere diameter) and 25 nm thickness are shown in
Fig. 2(b). The polarization of the incident laser light was
again along the y axis. As seen in the figure, most of the gold
is removed by the laser pulse, and there are holes, again
surrounded by elevated rims, at two corners of each triangle.
After chemical removal of the nanoscopic gold droplets,
which are scattered over the sample surface as a result of the
ablation process, the hole-rim structure becomes more evident [Fig. 2(c)]. We found that the radius of curvature at the
tip of the holes can be as small as 5 nm, which was also the
tip radius of the original gold triangles. In order to highlight
the areas with field enhancement, we present in Fig. 2(d) the
same data as in Fig. 2(c) in an inverted gray scale; that is,
there, the holes in the Si, corresponding to the areas of high
local intensity, appear bright.
At this point we should mention that although we had
expected the near-field pattern of a metallic triangle, when
irradiated with polarized light, to be anisotropic and display
strong field enhancement at the triangle tips, we were still
surprised by the orientation of the field enhancement. Taking
the triangle as a resonator with a side length of about  / 2,
one could naively imagine that the field enhancement should
develop as in the case of a dipole antenna; that is, at the tips
oriented parallel to the polarization of the electric field. As
Fig. 2(c) shows, however, this is not the case. Instead, the
intensity is largest for the tips aligned along the direction
perpendicular to the electric field, and the tip pointing in the
direction of the field bears no indication of field enhancement.
This result is at variance, at first sight, with the studies
by Crozier et al.,3 where the field distribution of triangular
gold structures, located in regular arrays on a silicon substrate, has been calculated for irradiation with infrared light.
In these calculations, which have also been supported by
far-field absorption measurements, the field enhancement always was largest at the tip pointing in the direction of the
electric field. A detailed comparison between these results
and our investigations is hampered by the fact that Crozier
et al. consider irradiation from the substrate side where the
wavelength of the electromagnetic radiation is considerably
reduced and also by the distinctly lower frequencies used by
the authors.
Figure 3 demonstrates that the geometrical dimensions
of the antenna in relation to the optical wavelength are of
crucial importance, as expected. In the figure we show the
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results for gold triangles, taken under similar conditions as in
Fig. 2, but this time for smaller structures (side length 240
and 160 nm). For the smallest triangles, the field enhancement is highest for the tip in the field direction, now in agreement with the calculations of Ref. 3. For the intermediate
triangle size, however, the field enhancement reaches its
maximum not at a tip, but rather in the middle of the edge
that is perpendicular to the plane of polarization. These examples show that the plasma resonances in metallic structures can be quite complex. It should be mentioned that similar resonances, although somewhat more blurred, can also be
observed in far-field measurements using a confocal scanning microscope.12 This technique is not suitable, however,
for sizes distinctly smaller than the light wavelength. The
results presented here are only some of the first examples for
the ablation method, which should now be complemented by
more detailed and systematic studies, for example, regarding
size, thickness, and material of the nanostructures, as well as
the near-field interaction of particle arrays.13 The influence of
the substrate on the near-field intensity distribution can be
investigated by using substrates with different refractive indices (bulk glass and polymer and metal films have already
been tested successfully, the only requirement being that the
surfaces have to be sufficiently flat that the modification in
topography due to the optical near-field can be distinguished). For a more quantitative analysis of the ablation
patterns, one will have to take the different coupling of normal and tangential field components into account. An improved understanding of the ablation processes induced by
femtosecond pulses, which is still incomplete,14 will also be
required. On the other hand, the very local material removal
taking place in the near-field of nanostructures might help to
shed some light on the ablation mechanisms themselves.
The results presented here are of great interest for the
nanostructuring of substrates and for the mapping of field
distributions of plasmon resonances with visible and near-IR

wavelengths. With infrared spectroscopy 共 = 10 m兲, a spatial resolution of ⬍ / 100 is possible.15 As we have shown,
with our technique one is able to produce nanostructures—
using a wavelength in the near-infrared—with lateral dimensions well below the diffraction limit, and one can image
details of the optical near-fields also with a resolution better
than  / 100.
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