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Using a scanning near-field optical microscope, we visualize, in three dimensions, the electromagnetic
field distribution near an isolated slit aperture in a thin gold film. At the metal-air interface and for
a TM incident polarization, we confirm some recently observed results and show that the slit generates two kinds of surface waves: a slowly decaying surface plasmon polariton and a quasi-cylindrical
wave that decreases more rapidly when moving away from the slit. These waves are not generated for
a TE incident polarization. In a noncontact mode, we also observe how the transmitted light diverges
in free space. At a small distance from the slit 共⬍ 2 m兲, we find that the emerging light spreads in all
directions for TM, forming an electromagnetic cloud, whereas it is concentrated above the slit for TE,
forming a more directive light jet. The experimental images are in good agreement with the numerical
simulations. © 2007 Optical Society of America
OCIS codes: 240.6680, 050.1220.

Light scattering by nanoapertures in thin noble
metal films has recently been widely studied by scanning near-field optical microscopy (SNOM) and other
unconventional techniques [1–5]. The interest in
such a microscopic characterization is motivated by
understanding the physics hidden behind the surface
waves generation, their propagation, and their interaction with the local environment [6], but also by the
design of new photonic and plasmonic devices or sensors [7,8]. Since the usually observed effects depend
on many geometrical parameters of the apertures,
such as their shape, their size, and their relative
distance, the comprehension of basic phenomena can
be eased by studying elementary structures, such as
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nanoholes or nanoslits, isolated on the metal surface
or simply coupled two by two to minimize the number
of varying parameters.
In this paper, we perform a study of the near-field
distribution around an isolated nanoslit aperture as a
function of the incident polarization direction. We
will confirm some recently observed results that
showed that the surface waves generated by nanoslit
apertures in a metal film are the sum of two kinds of
wave: a surface plasmon polariton (SPP) and another
nonplasmonic quasi-cylindrical wave that decays at a
much faster rate [4,9 –11]. In contrast with previous
near- and far-field measurements, the waves are directly visualized, without involving any multiple interference phenomena with the light transmitted
through the substrate [1,3], with another SPP [2,4] or
by far-field interferometry [10 –12]. By performing
scans in a noncontact mode in a plane perpendicular
20 December 2007 兾 Vol. 46, No. 36 兾 APPLIED OPTICS
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Fig. 2. (Color online) (a) Topography and (b) SNOM images for
TM, and (c) TE incident polarizations. The “background” observed
on the whole TM image is due to surface waves launched on the
metallic interface.
Fig. 1. (Color online) Experimental setup. Excitation is performed
at  ⫽ 975 nm and fluorescence is recorded at  ⫽ 550 nm.

to the surface and to the slit axis, we have also been
able to observe how the light diverges in the far-field
for both polarizations. At a short distance from the
aperture 共⬍ 2 m兲, the light emerging from the slit
spreads in all directions for TM forming an electromagnetic cloud, whereas it is much more directional
for TE forming a narrow beam above the slit.
The sample consists of a slit aperture (width
⫽ 350 nm, length ⫽ 20 m) made in a 100 nm thick
gold film on a fused silica substrate by electron-beam
lithography and subsequent ion-beam etching. A
5 nm thick chromium layer was sputtered on the
glass prior to the gold deposition to ensure good adhesion. A scanning electron microscope image (SEM)
of the structure is shown in Fig. 1, with a sketch of the
experimental setup. The SNOM apparatus used in
this study is different from the configurations usually
employed in near-field optics (see, for instance, [1–3]
and [13–15]). It uses a fluorescent particle glued at
the end of an atomic force microscope tip to detect the
local electromagnetic field [16]. Although unusual,
the fluorescence of films deposited on metal surfaces
has recently been employed by several groups to detect surface plasmon fields with far-field microscopy
techniques [17,18]. In the present case, the fluorescent material has a subwavelength size 共⬃300 nm兲,
providing a lateral resolution in the order of 兾3. It is
made of an erbium兾ytterbium codoped fluoride glass,
highly fluorescent, and chemically stable. The compound is excited in the near-infrared 共 ⫽ 975 nm兲
and the fluorescence that involves a nonlinear absorption process called up-conversion is collected in
the visible range 共530–550 nm兲. Under such excitation, we therefore expect to detect the square of the
electromagnetic field intensity. Besides, since the
material structure is amorphous, the probe is sensitive to all components of the electromagnetic field,
giving a representation of the total electric field on
the surface. Under direct illumination by a laser
beam, the particles can emit up to 106–107 photons
per s, offering a good signal-to-noise ratio. For the
experiments, the tip is scanned above the sample
with an XYZ piezoelectric stage, and both the sample
8574
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and illumination remain static. The tip is movable in
all three directions allowing scans to be performed
either on the surface (XY mode) or in planes perpendicular to the sample (XZ or YZ modes). For a XYtype scan, the tip兾sample distance is maintained
constant in the tapping mode (oscillation amplitude
⬃10–20 nm) with a feedback loop. For the XZ- or
YZ-type scans, the feedback loop is disabled and the
tip freely moves above the sample. The latter is illuminated from the rear side by a 975 nm laser diode
polarized in a direction either parallel (TE) or perpendicular (TM) to the slit axis. The incident beam is
only weakly focused, so that the entire slit is illuminated.
The recorded topography and the SNOM images of
the nanoslit structure are given in Fig. 2. The light
transmitted through the slit is apparent, both for TE
and TM polarizations. However, in the TM case, an
additional electromagnetic field background is clearly
visible on the whole image. As will be shown hereafter, it corresponds to surface waves launched by the
aperture on the metal-dielectric interface. To characterize this surface field, we have averaged the optical
images of Fig. 2. The averaged cross-section data over
all the columns of the images are displayed in Fig. 3.
We clearly observe that the surface waves are generated only for TM polarization. Indeed, the only direction of the incident electromagnetic field that can
efficiently create charge oscillations associated to surface waves on both sides of the slit is TM. This is
consistent with previous theoretical simulations [19],
far-field transmission measurements [12], and nearfield observations on nanoholes [1] or ring apertures
[2], which all show that the SPPs are launched in the
direction of the incident polarization. We note that
the surface wave generation is not symmetric on both
sides of the slit. This difference can be explained by
the fact that the laser beam may impinge on the
surface with a slightly oblique incidence angle. Indeed, a deviation from the normal axis may favor the
surface wave generation rate on one side of the slit.
Another possibility is that the Au walls inside the slit
may also be slightly asymmetric because of the ion
beam etching treatment during the fabrication process. Finally, it is also possible that the fluorescent
particle morphology break the symmetry.

Fig. 4. (Color online) Near-field optical images in a plane perpendicular to the surface for TM and TE polarizations: (a), (b) experimental data; (c), (d) computational results. The images are
slightly intensity saturated to show the presence of surface waves.
Fig. 3. (Color online) Near-field fluorescence data as a function of
the slit distance extracted from the TE and TM images of Fig. 2. The
data were obtained by averaging all the column data in the images
of Fig. 2. The dotted curve represents the theoretical decay of the
squared intensity of a SPP on gold. The inset represents computational data obtained under TM polarization, for the total field, the
SPP contribution, and the CW contribution. The calculation is performed at 50 nm above the metal surface.

Nevertheless, despite the apparent asymmetry,
the damping of the electromagnetic field essentially
exhibits the same shape on both sides when moving
away from the slit center. It is characterized by
two regimes; a rapid decrease at small distances
共⬍ 3 m兲 from the slit, followed by a slow decay at
larger distances. The slow decay is almost perfectly
exponential and fairly matches the theoretical decay
of an SPP mode propagating at the gold–air interface
[20]. The latter is represented by the dotted curves in
Fig. 3. The curves, which are arbitrarily positioned in
the vertical direction to fit the experimental data,
scale as exp关⫺4 Im共ksp兲x兴, where the fourth power
stands for the nonlinear nature of the fluorescence
measurements. We note that the experimental damping is slightly more pronounced than the theoretical
one, probably because the gold layer is polycrystalline
and presents some roughness. In the vicinity of the
slit, the fluorescence data decrease at a much faster
rate. The associated field contribution does not
present any SPP character. According to previous
works [4,9], it is formed by a quasi-cylindrical wave
(CW) that creeps along the interface over distances of
several wavelengths. This wave possesses a freespace character, with an amplitude scaling approximately as 1兾冑x exp共ik0x兲 [4,9,21].
To further analyze the experimental results, we
have calculated the field diffracted 50 nm above the
air–metal interface by the subwavelength slit with
a full-vectorial aperiodic Fourier modal method
(a-FMM) [22]. The fourth power of the predominant
electric field component, |E|4, is shown by the solid
curve in the inset of Fig. 3. The calculation has been
performed for the same geometric parameters as
those in the experiment and for a Au dielectric per-

mittivity s ⫽ ⫺44.1253 ⫹ 3.2507 i [20]. From the
total field, we have extracted the SPP contribution
using the theoretical formalism in [19], and by difference the CW contribution (dotted curve). Consistent
with the fluorescence experimental data, it is shown
that the CW contribution decreases much faster than
the SPP contribution, and that it is dominant at slit
distances smaller than two wavelengths. All these
experimental and computational data provide a direct confirmation of recent observations obtained
with interference patterns produced with slit doublets [4].
All the previous results are related to the field
scattered on the interface. For applications in nanophotonics, it is also interesting to know the radiation
diagram above the slit in the near field. To answer
this question, we performed noncontact scans in a
plane perpendicular to the surface with the same tip.
The corresponding SNOM images (slightly intensitysaturated to better reveal the surface waves) are represented in Figs. 4(a) and 4(b). Again, the SPP is
clearly visible on the surface for TM polarization and
absent for the TE case. We compared the experimental measurements with computational results. The
latter that correspond to |E|4 are represented in
Figs. 4(c) and 4(d). The overall resemblance is stringent: the same divergence pattern for TE and TM
polarizations, the same surface waves and electromagnetic cloud around the slit for TM, and the absence of them for TE. The only difference is that the
experimental data exhibit an asymmetry with respect to the direction normal to the interface. We do
not know the exact cause of this observation, but the
reasons discussed in relation with Fig. 3 are plausible. Additionally, we note that such asymmetry has
previously been observed in far-field measurements
performed for a circular aperture at microwave frequencies [23]. A rapid glance at the two images
indicates that at large distances above the slit
共⬎3–4 m兲, the divergence of light in free space is not
very different for the two polarizations. To confirm
this observation, we also plotted the angular dependence of the measured scattered field in Fig. 5. The
curves represent the signal intensity on a circle sit20 December 2007 兾 Vol. 46, No. 36 兾 APPLIED OPTICS
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Fig. 5. (Color online) Experimentally measured signal on a circle
of radius r ⫽ 5 m from the slit center (a) analyzed zone. (b)
Experimental data for TM polarization. (c) Same for TE. The
curves are extracted from the experimental images in Fig. 4.

uated at 5 m above the slit center. Apart from the
presence of SPP waves for the TM polarization (located at directions ⫺90° and ⫹90°), the measured
signals are similar. Another interesting characteristic of the TM curve is that at 5 m from the slit center
the SPP wave has an intensity comparable to the
light diffracted at normal incidence, indicating that a
large amount of energy is converted into an SPP and
is not transmitted in the far field [19].
In summary, we have studied the electromagnetic
field distribution near an isolated nanoslit aperture
in a thin gold film using a fluorescent SNOM technique. We have clearly observed the two different
contributions to the surface waves generated by the
aperture on the interface under TM illumination. The
measured field distribution is in good agreement with
theoretical results. The observation of the surface
waves in a lonely manner, without any interference,
permits us to directly appreciate the SPP propagation
on the surface and to evaluate its importance compared to the light diffracted in the far-field. This
opens the way to characterize more complex structures, such as slit ensembles, and, for instance, to
quantify the initial influence of SPPs or CWs to collimation effects resulting from the scattering by adjacent nanostructures.
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