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ABSTRACT

Surface plasmon polariton (SPP) localization control on rough metal surfaces has been achieved by varying the gap between a scanning
near-field aperture probe and the surface. The qualitative explanation for this observation is based on the overlapping of spatial frequencies
available for near-field excitation of the SPP, with the spectral distribution of spatial frequencies characterizing the surface roughness. From
a practical point of view, this selective excitation of electromagnetic states on nanostructures provides a way to estimate the reflectivity of
structures such as grooves engraved into the metal film. Qualitative aspects of transmission and scattering through parallel slit pairs acting
as Fabry−Perot resonators are discussed.

Surface plasmon polaritons (SPPs) are collective electron
density fluctuations coupled to an outer electromagnetic field
which propagate at a metal surface and decay exponentially
along the normal to the surface.1 They have been extensively
studied in the past in relation to the field enhancement effect
involved in nonlinear surface processes such as surface
enhanced Raman scattering,2 the fluorescence quenching of
molecular dyes in the vicinity of metal surfaces,3,4 and the
shape resonance of metal nanoparticles.5

More recently, special attention has been given to the
interaction between SPPs and nanostructures,6,7 due to its
importance in practical problems relevant to microanalytical
sensor integration,8,9 microelectronics,10 photonics,11 and
structural rational design of SERS substrates.12 Experimental
investigations with sub-wavelength spatial resolution have
been facilitated by the direct local excitation of SPPs by near-
field optical probes.13-16 It has been demonstrated that with
suitable tips one can directly map the predicted electromag-
netic eigenmodes associated with nanostructures17 and that,
close to nanostructures, the weighting of the nonradiative
eigenmodes exceeds that of the radiative eigenmodes, with
the optical local density of states (LDOS) being dominated
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by sub-wavelength features.18 We show here that using a
near-field optical fiber aperture tip, one can selectively excite
different spectral regions of the LDOS of a nanostructured,
optically thick gold film. To this end, we use the gap between
the near-field probe and the nanostructured metal surface as
the variable allowing for manipulation of the spectrum of
excited electromagnetic eigenmodes of the surface.

The interaction of SPPs in thin silver films with narrow
slits using a near-field excitation scheme has been studied
by Bouhelier et al.19 This previous work is different from
our approach in two respects. When using our technique,
the film can be arbitrarily thick. SPPs at the air/metal surface
are decoupled from the buried semiconductor/metal interface.
Another difference is that we detect the surface plasmons
directly through semiconductor excitations without the need
for reconversion to far-field propagating optical radiation.
In the second part of the paper, we estimate the reflection
coefficient of a slit in an optically thick gold film and we
discuss qualitative aspects of transmission and scattering
through parallel slit pairs.

The experimental setup is similar to the one described by
Sönnichsen et al.,20 Figure 1. A 250 nm thick gold film is
evaporatively deposited onto a photodiode surface. An
aluminum-coated, glass fiber, near-field scanning optical
microscope tip launches SPPs, which travel along the air/
metal surface and hit 150 nm wide, 1.5µm long slits etched
into the film down to the photodiode surface. Then, the SPPs
are transferred from the air side of the film to the silica side
through the nanoslits connecting the two surfaces and decay
into semiconductor excitations detectable as photocurrent.
This scheme effectively provides a 2π srad detection angle,
which offers the advantage of a direct connection between
the image and the local density of states.18 Our setup uses
25 mW of the fundamental and the second harmonic of a
Ti:sapphire mode-locked laser, to provide a basis for
comparison between plasmon-mediated and direct photon-
generated photocurrent in the Si photodiode underlying the

gold nanostructured sample. In addition to the deep etched
slits, the surface has a statistical roughness characterized by
Au dots on a relatively flat surface with an average size of
150 nm × 10 nm, with a relative lateral size standard
deviation of∼20%.

Photocurrent generated at the slit bottom surface is
measured as a function of the tip position on the sample
surface. The near-field aperture diameter is 80-100 nm. Far-
field measured light polarization emerging from the tip is
preserved in a proportion of better than 70% with respect to
the coupled light at the fiber input. On optically thick films
such as those in this work, the surface plasmons at the air/
gold and silica/gold surfaces do not couple, as in other near-
field experiments, and there is no light transmitted through
the film, either. It follows that the only possibility for
semiconductor excitations to occur when the tip is away from
the slit, is by nonradiative local fields, i.e., SPPs propagating
between the tip and the nanoslits. Figure 2 shows this
effect: at 400 nm excitation wavelength, SPPs do not
propagate over detectable distances due to the strong
absorption in Au at this wavelength. A photocurrent is
therefore generated in this case only by direct absorption of
photons when the tip is located just above the slit. When
changing the wavelength to 775 nm, a signal is present for
every location of the tip on the surface. The spatial scale
involved in the differences between the photocurrent maps
of Figure 2 is too large to be an artifact due to the differences
in resolution of near-field tips at different wavelengths.21-22

Moreover, we routinely check our tips by comparing the far-
field diffracted light from the tip with the theoretical Airy
distribution at 400 and 775 nm. Only the tips showing good
agreement with the theoretical diffraction pattern are used.

The presence of a signal throughout the entire scanned
area is therefore the result of the SPP excitation, which
transfers the electromagnetic energy from the tip to the
semiconductor surface on the bottom of the nanoslits. For
the same photon density coupled at the fiber input, the
absolute maximum of the photocurrent intensity at 775 nm
is 2-3 times larger than at 400 nm. According to the Bethe-
Bouwkamp approximation,23 the transmitted light should vary
as (a/λ),4 wherea is the aperture diameter. Therefore, at 775
nm the photon flux is∼15 times smaller than at 400 nm.
However, the Bethe-Bouwkamp approximation does not
take into account the fiber losses, which in our case are 10
times larger at 400 nm than at 775 nm. Taking into account
all these factors, we infer that SPP-assisted coupling through
a single slit is 3-4 times more efficient than direct photon
transmission.

Figure 1. Schematic of the photocurrent measurement of surface
plasmons excited on a structured metal film by a near-field aperture.

Figure 2. (a) Shear-force topographic image, (b) photocurrent
image at 775 nm, and (c) photocurrent image at 400 nm excitation
wavelength. Images are taken at the same detection sensitivity,
which is saturated above the slits in the (b) panel, at 125 nA. Light
is partially polarized (∼70%) perpendicular to the slit.
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The extraordinary transmission enhancement discovered
by Ebessen et al.24 in metal films perforated by arrays of
subwavelength holes is generally believed to be due to the
excitation of coupled SPPs on the upper and lower interfaces
of the film. However, in our case, the lower interface does
not support plasmons due to strong semiconductor absorp-
tion. More likely then, when plasmons are present, nonra-
diative propagation continues efficiently from the horizontal
surface down to the semiconductor surface along the slit
walls. Because the weighting of the nonradiative modes is
greater than the weighting of radiative modes, the energy
transfer is more efficient with respect to direct photon
excitation. The SPPs reach the other side of the film where
they decay into semiconductor excitations without major
losses by scattering conversion from plasmons to free
photons again, on the rims of the nanoslits. Therefore, the
SPP-assisted transmission enhancement can be at least
partially explained as resulting from a possible vertical
waveguide-mode resonance.25

To study in more detail the role of the distribution of the
lateral wave-vectors, which couple to the SPP, we continu-
ously varied the gap between the tip and the surface, while
continuously scanning laterally in one dimension across a
slit pair, Figure 3. SPPs (and therefore photocurrent signal)
couple over a distance of 290 nm normal to the surface, for
λ ) 775 nm photons, but are totally absent atλ ) 400 nm.

The importance of the slit geometrical arrangement is
revealed in Figure 4 by choosing mutually orthogonal light
polarization directions along the symmetry axes of the pair
of slits. The relative intensities as well as the spatial
photocurrent pattern are very different for the two polariza-
tions. The light polarization determines the plasmon emission
direction. The three slit pairs in the figure are separated by
1.5 µm, 1 µm, and 0.5µm. When the incident polarization
is parallel to the slits, the SPP-generated photocurrent pattern
clearly shows that the near-field aperture behaves as a point
dipole. The distance between the slit pairs is longer than the
horizontal decay length and the slits communicate through
SPP waves. When the light polarization is perpendicular to
the slit axis, Figure 4a, a “W” pattern emerges. This is

reminiscent of the diffraction pattern calculated by Shchegrov
et al. for scattering of surface plasmons on finite-size surface
defects.26 Another explanation for it may be imperfections
of the tip and/or slit shape. However, if the tip were the cause,
one would have the same “fingers” in Figure 4b, too.

The SPP “fingers” in Figure 4a extend farther for the slit
pair having the smallest separation. Decreasing the distance
between the slits from 1.5µm to 0.5µm seems therefore to
increase the SPP coupling with the slit system. We infer from
this observation that the SPPs tunnel through the first slit
and the entire pair system acts as a Fabry-Perot resonator
or a multilayered mirror.

Photocurrent images do not probe directly the plasmon
spatial distribution, but rather the overall local efficiency of
coupling between the field emitted by the tip and the possible
surface electromagnetic states for an area of the order of
100µm,2 compatible with the boundary conditions imposed
by the surface structures and the tip position. The lateral
spread of wave-vectors available for coupling into plasmons
decreases with the gap between the tip and the surface. To
point out an interesting implication of this fact, we present
here two constant height mode photocurrent images: one at
the upper vertical limit of the SPP-coupling zone (200 nm
gap, Figure 5c) and the other at a short height from the
surface (8 nm gap, Figure 5b). One can readily notice, in
the case of the smallest gap, that sharp variations of
photocurrent signal are present and correlate well, although
not entirely, with the topographic roughness (Figure 5a). The
constant height mode has been chosen to minimize possible
topographic artifacts. When increasing the gap close to the
limit of plasmon coupling, the sharply corrugated photocur-
rent landscape gives way to a pattern of spatially extended
undulations with a period of 378( 2 nm (half of the SPP
wavelength).

Figure 3. Scanning the tip normal to the surface (Oz direction) in
a plane, which contains a line crossing the pair of slits (Ox
direction), reveals the characteristics of the SPP coupling zone. Top
panel: 750 nm wavelength, bottom panel: 400 nm, no SPP
emission.

Figure 4. Photocurrent images of three parallel slit pairs of
different gaps between the slits. From left to right, the gap is 1.5
µm, 1.0 µm, and 0.5 µm. (a) Incident light polarization is
perpendicular to the slits, (b) incident light polarization is parallel
to the slits. The photocurrent map was taken with the tip at∼180
nm from the surface. The intensity map is logarithmic, to emphasize
the spatial structure of the surface plasmon coupling between the
slit and the near-field tip.
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In the case of the 200 nm gap we observe therefore a
narrower, quasi-monochromatic spectral distribution of the
excited electromagnetic eigenmodes of the surface. The
period of the photocurrent pattern in this case corresponds
to the interference between delocalized SPPs emitted by the
tip, with secondary SPPs reflected from obstacles (slits).
From the modulation of the interference pattern, Figure 6,
one can estimate the reflection coefficient of a slit.19 From
the overall signal change with the lateral distance between
the NSOM aperture and the slit, one can find the SP
attenuation length.

In a first approximation, a one-dimensional model based
on the interference between a damped planar wave,u+(x,t),
and its image reflected by the slit,u-(x,t)27 yields the wave
intensity at the slit:

whereC is a constant factor including contributions from
the SPP wave intensity at excitation, the transmission
efficiency through the slit, and the conversion of SPPs into
excited electron-hole pairs,x is the distance between the
tip and the slit,R is the attenuation coefficient,F2 ) R is
the reflection coefficient, andθ is the phase shift at reflection.

A 3.6% reflection coefficient and a 0.065µm-1 linear
attenuation coefficient are obtained as fit parameters for the
experimental intensity vs distance variation, Figure 6. When
the tip is close to the surface, electromagnetic radiation from
the aperture impinging on the surface has a broad spectrum
of spatial frequencies, with a cutoff at approximately 2π/a,
wherea is the diameter of the tip aperture,28 Figure 7. The
physical process causing the spatial frequency fluctuations
necessary to reconstruct the surface roughness in a photo-
current image is the scattering of near-field photon wave-
vectors on surface spatial perturbations, which effectively
broadens the SPP spectrum. In order for plasmons to be
emitted, overlap between the tip-limited photonk-vector
spectrum and surface-roughness-limited plasmonk-vector
spectrum must occur. The result of a complete overlapping
is a broad spectrum of SPP spatial frequencies, allowing for
the sharp, localized features in Figure 5b. In the case of
limited overlap between the SPP spectrum and the photon
spectrum, occurring at the 200 nm gap, a narrower bandwidth
for plasmon spatial frequencies is achieved, Figure 7. One
obtains therefore a coherent, quasi-monochromatic surface
plasmon emission, similar to the one obtained on smooth
surfaces. Note that, in this case, significantly lower photo-
current intensity occurs than for short gaps. It is worthwhile
to point out that the exact shape of the wings of the tip spatial
frequency distribution and the surface spatial frequency
distribution will determine the behavior, as seen from Figure
7.

In conclusion, the possibility of switching between local-
ized and delocalized electromagnetic mode excitation by
using the tip/surface gap variable is a distinctive and
potentially useful feature of the near-field coupling scheme.
Our results show that surface plasmon coherence can be

Figure 5. Topographic (a) and constant-height (shear-force
feedback disabled) photocurrent images at two different gaps
between the tip and the surface: (b) 8 nm gap, photocurrent range
125 nA and (c) 200 nm gap, photocurrent range 250 pA. Excitation
wavelength 775 nm.

Figure 6. Photocurrent intensity vs lateral distance between the
tip and the edge of a slit (continuous line) and fitting (dashed line)
using a one-dimensional damped wave interference model.

|u+ + u-|2 ) Ce-Rx[1 + 2F cos(2kx - θ) + F2]

Figure 7. Schematic of the SPP coupling that occurs when the
k-vector distribution of the impinging radiation overlaps with the
roughness-broadenedk-vector distribution of the SPP. A quasi-
monocromatic selection of electromagnetic plasmon modes is
possible only when the edges of the two distributions barely overlap
(200 nm gap). Thek-vector distributions in the near-field were
calculated using the Bethe-Bouwkamp model.
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maintained even over rough surfaces when appropriate
coupling conditions are reached. In addition, our findings
support the proposed picture of plasmons propagating along
the inner walls of deep holes in optically thick gold films.
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