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Imaging optical near-fields of nanostructures
P. Leiderer,a) C. Bartels,b) J. König-Birk, M. Mosbacher, and J. Boneberg
University of Konstanz, Universitätsstrasse 10, 78457 Konstanz, Germany

(Received 17 June 2004; accepted 16 September 2004)

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.
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The optical properties of nanostructures are an impo
issue in nanoscience with a tremendous potential for a
cations. This holds both for individual particles and part
arrays, and for dielectric materials(e.g., photonic crystals) as
well as metals(e.g., optical antennas).1–3 The optical near
fields of such particles, which are essential for understan
their function, are not easily accessible by experime
means. One approach is to use a scanning near-field o
microscope to image the intensity distribution in the vicin
of the nanostructures with a fine aperture.4 Different
approaches have improved the resolution to below 25 n5,6

We introduce here an alternative method that consists in
aging optical near-field intensities by means of intense s
laser pulses. This technique also reaches a resolution
few nanometers, much smaller than the laser wavele
used, but which, moreover, is not hampered by possible
tortions of the resulting patterns due to the presence
probe tip.

In our experiments the nanoparticles, located o
smooth substrate, are irradiated with a single, femtose
laser pulse, which is perpendicularly incident onto the
strate plane. The intensity of the pulse is adjusted to a v
sufficiently low that the parts of the substrate far away f
the particles are not affected. Nevertheless, the substrat
face under and near a particle will be ablated if the loc
intensity enhancement in the optical near-field is h
enough.7 Thus, the resulting ablation pattern in the subst
which can be imaged by scanning electron or atomic f
microscopy(AFM), represents a nonlinear “photograph”
the optical near-field intensity distribution of the nanopart
under study. Because of the short duration of the laser p
a smearing out of the resulting structures due to thermal
duction, as it can appear for nanosecond pulses, doe
occur.

Our investigations cover optical near-fields of both
electric and metallic nanostructures. In the case ofdielectric
nanoparticles, we have used polystyrene spheres, availa
monodisperse colloidal suspensions, with different diam
in the range of a few hundred nanometers. These par
were deposited on a silicon substrate(commercial silicon
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wafer) by means of spin coating. Using properly diluted s
pensions one can obtain samples in which nearly al
spheres are isolated and distributed statistically acros
surface.8 These samples were then illuminated with a slig
focused Ti:sapphire lasersl=800 nmd, providing pulses wit
a duration of 150 fs and energies up to 10 mJ per pulse

For isolated particles in free space, the scattered
field is described by Mie theory.9 As long as the dielectr
spheres are larger than the light wavelength, one can
sider such particles as spherical lenses. In terms of geom
cal optics, a sphere with radiusR and refractive indexn
=1.59 (polystyrene) has a focus at a distance of aboutR/4
behind the surface of the sphere. Thus, for a sphere re
on a flat substrate, one expects, in this approximation, a
field in the substrate plane which is circular and which h
diameter of roughlyR/2. Indeed, in previous experimen
we have shown that micrometer-sized colloid spheres o
substrates give rise to nearly circular holes of approxim
this diameter when irradiated with a femtosecond l
pulse.7

When the particle diameter becomes smaller than
light wavelength, however, this simple approach no lo
holds, and one has to use treatments based on Mie th
Figure 1(a) shows a calculation for the intensity distribut
below a sphere withR/l=0.4 in a plane touching the pa
ticle. The polarization of the incident light is along they
axis. The intensity pattern now no longer has circular s
metry, but rather reflects the dipole character of the op
near-field, reminiscent of a Hertzian dipole. It should

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
irradiation with a femtosecond laser pulse. The particle itself has bee

moved due to material ablation.

© 2004 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.1819990
http://apl.aip.org/
http://www.ub.uni-konstanz.de/kops/volltexte/2007/2734/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-27349


s a
e

ed,

the

Fig.
truc
ima
as

is a
arge

st o

ig.
-

tivel
ear-
sur-

bing
s o

x in
stru
r ex
-
rene
film

oved
n in

la-
pat

a
in
as
old
again
ngle.
ets,
of the
evi-

the
o the
ght

is,
high

had
hen
lay
still
king

ould
e tips
As

, the
tion
he
ce-

dies
ar
sub-
ight.
d by
nt al-
the
sults
ozier

the
ably
d by

sions
e of

e,
to th
ng
the
olar

s

ce-

field
e not

Appl. Phys. Lett., Vol. 85, No. 22, 29 November 2004 Leiderer et al. 5371
mentioned that in this calculation the particle was taken a
isolated object, that is, the refractive indexn of the substrat
was assumed to ben=1. For a Si substrate(n=3.8 at l
=800 nm), a modification of this pattern is to be expect
but the essential features should remain.

The fact that this is indeed the case is shown by
ablation pattern generated by a 320 nm(PS) sphere[Fig.
1(b)], which corresponds to the situation calculated in
1(a). The Si surface exhibits a dumbbell-shaped hole s
ture, with a depth of 10 nm and a separation of the min
of about 150 nm. The polarization of the incident light w
along the dumbbell axis. Around the ablated area, there
elevated rim, as has already been observed for the l
structures with circular holes.7 The composition of this rim
has not yet been identified, but we suppose it to consi
SiOx as an ablation product of the Si substrate.

The similarity between the intensity distribution in F
1(a) and the ablation pattern Fig. 1(b) is obvious. This dem
onstrates that this method can be used, at least qualita
to obtain experimental information about the optical n
field intensity distribution of a nanoscopic object on a
face.

As already mentioned, in addition to these nonabsor
particles we have also investigated the optical propertie
metallic nanostructures, which were also more comple
shape than the colloidal spheres. One example of such
tures are metallic triangles, as they can be obtained, fo
ample, by means of colloid lithography.10,11 Using this tech
nique, first, a self-assembled monolayer of polysty
spheres was grown on a silicon substrate. A thin gold
was then evaporated, and the colloid particles were rem
leaving behind a regular array of gold triangles, as show
Fig. 2(a).

In addition, these structures were illuminated with a
ser pulse of 150 fs duration, and the resulting ablation

FIG. 2. (a) Top left: gold triangles.(b) Top right: after a 150 fs laser puls
maximum field enhancement at the tips at the edge perpendicular
polarization.(c) Bottom left: (b) after chemical removal of the remaini
gold. (d) Bottom right:(c) with inverted gray scale; that is, the holes in
Si, corresponding to the areas of high local intensity, appear bright. P
ization of the laser pulse was in the direction of they axis.
terns were analyzed with an AFM. Results for triangles with
Downloaded 07 Nov 2005 to 134.34.142.23. Redistribution subject to AIP
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a side length of 450 nm(produced by a mask with
1500 nm sphere diameter) and 25 nm thickness are shown
Fig. 2(b). The polarization of the incident laser light w
again along they axis. As seen in the figure, most of the g
is removed by the laser pulse, and there are holes,
surrounded by elevated rims, at two corners of each tria
After chemical removal of the nanoscopic gold dropl
which are scattered over the sample surface as a result
ablation process, the hole-rim structure becomes more
dent[Fig. 2(c)]. We found that the radius of curvature at
tip of the holes can be as small as 5 nm, which was als
tip radius of the original gold triangles. In order to highli
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
there, the holes in the Si, corresponding to the areas of
local intensity, appear bright.

At this point we should mention that although we
expected the near-field pattern of a metallic triangle, w
irradiated with polarized light, to be anisotropic and disp
strong field enhancement at the triangle tips, we were
surprised by the orientation of the field enhancement. Ta
the triangle as a resonator with a side length of aboutl /2,
one could naively imagine that the field enhancement sh
develop as in the case of a dipole antenna; that is, at th
oriented parallel to the polarization of the electric field.
Fig. 2(c) shows, however, this is not the case. Instead
intensity is largest for the tips aligned along the direc
perpendicularto the electric field, and the tip pointing in t
direction of the field bears no indication of field enhan
ment.

This result is at variance, at first sight, with the stu
by Crozieret al.,3 where the field distribution of triangul
gold structures, located in regular arrays on a silicon
strate, has been calculated for irradiation with infrared l
In these calculations, which have also been supporte
far-field absorption measurements, the field enhanceme
ways was largest at the tip pointing in the direction of
electric field. A detailed comparison between these re
and our investigations is hampered by the fact that Cr
et al. consider irradiation from the substrate side where
wavelength of the electromagnetic radiation is consider
reduced and also by the distinctly lower frequencies use
the authors.

Figure 3 demonstrates that the geometrical dimen
of the antenna in relation to the optical wavelength ar

e

-

FIG. 3. AFM pictures[inverted gray scale as in Fig. 2(d)] of the near-field
of gold triangles illuminated with a femtosecond laser pulse(polarized along
the y axis). (a) Left: mask with 580 nm colloids, maximum field enhan
ment in the middle of the edge perpendicular to the polarization.(b) Right:
mask with 420 nm colloids, highest field enhancement for the tips in
direction. In both cases, fragments of the ablated gold triangles hav
been removed.
crucial importance, as expected. In the figure we show the
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



s in
0
ce-
ee-
iate
s it
dge

ex
truc

simi
lso b
can
er,
he

es fo
d by
rdin
ell a
f
n be

in-
ady
t th

n in
tin-

tion
or-
im-
d b

ova
lp to
s.
r th
field

-
,
es—
en-
ge

etter

M.
ma-
ngs-
k-

.

ppl.

d A.

pura,

erer,

s. A:

nd P.

, and

ci.

5372 Appl. Phys. Lett., Vol. 85, No. 22, 29 November 2004 Leiderer et al.
results for gold triangles, taken under similar conditions a
Fig. 2, but this time for smaller structures(side length 24
and 160 nm). For the smallest triangles, the field enhan
ment is highest for the tip in the field direction, now in agr
ment with the calculations of Ref. 3. For the intermed
triangle size, however, the field enhancement reache
maximum not at a tip, but rather in the middle of the e
that is perpendicular to the plane of polarization. These
amples show that the plasma resonances in metallic s
tures can be quite complex. It should be mentioned that
lar resonances, although somewhat more blurred, can a
observed in far-field measurements using a confocal s
ning microscope.12 This technique is not suitable, howev
for sizes distinctly smaller than the light wavelength. T
results presented here are only some of the first exampl
the ablation method, which should now be complemente
more detailed and systematic studies, for example, rega
size, thickness, and material of the nanostructures, as w
the near-field interaction of particle arrays.13 The influence o
the substrate on the near-field intensity distribution ca
investigated by using substrates with different refractive
dices(bulk glass and polymer and metal films have alre
been tested successfully, the only requirement being tha
surfaces have to be sufficiently flat that the modificatio
topography due to the optical near-field can be dis
guished). For a more quantitative analysis of the abla
patterns, one will have to take the different coupling of n
mal and tangential field components into account. An
proved understanding of the ablation processes induce
femtosecond pulses, which is still incomplete,14 will also be
required. On the other hand, the very local material rem
taking place in the near-field of nanostructures might he
shed some light on the ablation mechanisms themselve

The results presented here are of great interest fo
nanostructuring of substrates and for the mapping of

distributions of plasmon resonances with visible and near-IR
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wavelengths. With infrared spectroscopysl=10 mmd, a spa
tial resolution of,l /100 is possible.15 As we have shown
with our technique one is able to produce nanostructur
using a wavelength in the near-infrared—with lateral dim
sions well below the diffraction limit, and one can ima
details of the optical near-fields also with a resolution b
thanl /100.
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