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Efficient generation of surface plasmon by single-nanoslit illumination

under highly oblique incidence
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Using scanning near-field optical microscopy, we investigate the ability of nanoslits in metallic films
to launch surface plasmon polaritons (SPPs) under highly oblique incidence at A\=975 nm. The SPP
generation efficiency is inferred by fitting the recorded near-field data with a simple analytical
model. We find a remarkably large efficiency of 20% for the front side of the slit, which is in
agreement with recent theoretical predictions relying on a fully vectoral electromagnetic formalism.
An even larger efficiency is predicted experimentally (44%) and theoretically (33%) for the rear
side. The present near-field analysis provides a direct approach to measure SPP generation
efficiencies and may find applications for characterizing SPP devices. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3068747]

As the potential information carrier in future optical
communication, surface plasmon polaritons (SPPs) have at-
tracted much attention due to their remarkable ability for
breaking the diffraction limit.* Optical plasmonic devices op-
erating with SPPs are expected to possess diminished sizes
by comparison with those achieved with dielectric devices.
So far a large diversity of active and passive optical nanode-
vices based on SPPs has been theoretically proposed and
experimentally demonstrated.? A key device is a SPP genera-
tor that may efficiently convert the exciting field (often light)
into SPPs. Traditional SPP generators or antennas such as
prisms and gratings seem too bulky to be integrated in large
scale. With the development of nanotechnology, subwave-
length structures offering small footprints such as slits or
ridges on metal surfaces are currently investigated® ™ to gen-
erate SPPs. The SPP generation efficiency has been experi-
mentally investigated by detecting SPPs in the near-field
region8 or by measuring their leakage in the far-field
region.>*® However, only normally incident light was consid-
ered in these previous works. As predicted in a recent theo-
retical study,12 highly oblique incidence may allow higher
SPP generation efficiency.

In this letter, we present a near-field optical study of an
isolated nanoslit aperture, illuminated at oblique incidence.
The near-field measurement is performed in the reflection
mode by recording the near field at the side illuminated by
the incident light. We will show that the presence of the slit
strongly modifies the standing wave usually observed on il-
luminated flat metallic surfaces. For TM polarization (mag-
netic field parallel to the slit), the near-field pattern contains
two SPPs generated on each side of the aperture and a non-
plasmonic field localized near the slit. Since these waves
interfere with the specular incident and reflected fields, two
oscillating patterns are observed on each side of the slit.
From the near-field fringes, we can infer the SPP generation
efficiency at the given incidence.
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The experimental configuration is represented in Fig.
1(a). The sample consists in a 280 nm large nanoslit [Fig.
1(b)] etched in a 100-nm-thick gold film by a focused ion-
beam apparatus.’® It is laterally illuminated by an intensity
modulated laser diode (A=975 nm), with an angle of inci-
dence =75° from the surface normal [Fig. 1(a)]. At this
incident angle, the beam impinging the metal surface is over
100 wm in width, largely covering the entire slit. Thus the
incident wave can be regarded as a plane wave in this case.
The plane of incidence is perpendicular to the slit axis and
the incident beam polarization is either in the plane of inci-
dence (TM) or perpendicular to it (TE). The near-field probe
is a fluorescent erbium/ytterbium codoped fluoride glass par-
ticle with a size close to 200 nm.® The particle absorbs the
near-infrared photons and re-emits light in the visible by a
nonlinear up-conversion process. For such a material, the
measured fluorescence signal is proportional to the square of
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FIG. 1. (Color online) (a) Experimental configuration. The slit makes a 50°
angle with the x axis. The plane of incidence is defined by the vertical z- and
u-directions. (b) Scanning electron microscope image of the slit. (c) Near-
field optical image for a TM-polarized incident illumination. (d) Same
for TE.
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FIG. 2. (Color online) [(a) and (b)] Experlmental measurement and [(c) and
(d)] numerical simulation of the near-field distribution in a y-z plane above
the slit aperture, for [(a) and (c)] TM or [(b) and (d)] TE polarizations. In (c)
and (d) the computed data represent the square of the total electric-field
intensity |E|* and the slit center is located at y=3 wm. The white arrows
indicate the position of the slit.

the intensity of the total electromagnetic field. Images have
been obtained on the surface of the sample (x-y plane) or in
a plane perpendicular to it (u-z plane). In Figs. 1(c) and 1(d)
we show the near-field optical images measured in the x-y
plane for the two incident polarizations. For TM polarization
[Fig. 1(c)], rapidly varying interference fringes are visible on
the front side of the slit [the side from which the incident
light impinges, u<0 in Fig. 1(a)]. On the other rear side
(u>0), a slowly varying oscillation is visible, increasing
progressively when getting far away from the slit. In the case
of the TE- polarlzed incident light [Fig. 1(d)], no fringes are
observed.®

For TM polarization, two SPPs are launched and propa-
gate in opposite directions along the metal surface, away
from the slit. As the SPPs interfere with the incident and
reflected plane waves, fringes with different periods appear
at each side of the slit. The fringe period for u<0 (front
side) is A"=2/|kg sin(6) +Re(ksp)|, where k, and kgp are
the wave-vector moduli of the incident light and of the SPP.
Taking the tabulated data in Ref. 14, we get A™=493 nm, a
value in quantitative agreement with the experimental data
(A™=490 nm). For u>0 (rear side), there should be fringes
with a period A*=2m/|ky sin(#)—Re(kgp)|. Because of the
highly oblique incidence, A*(=21 wm) is much larger than
the wavelength. Consequently, no fringe is observed in the
finite scan window of Fig. 1(c).

To get an insight view of the field on the metal surface,
we have additionally performed scans in the vertical plane
(y-z plane). These noncontact maps have been obtained for a
small height range (from z=0 to 450 nm) above the surface.
They are shown in Fig. 2 together with calculation data ob-
tained with a fully vectoral aperiodic Fourier modal method
(a-FMM). % In the calculation, the field is normalized such
that the intensity of the incident plane wave is unitary. A
good agreement is obtained between the experimental im-
ages and the calculation. Note that the scaling factor in the
experiment is in arbitrary unit. For TM polarization, the
bright spot near the slit corresponds to the strong field en-
hancement shown in the computed image. For TE polariza-
tion, the intensity of the electromagnetic field decreases right
above the aperture, as previously shown in Fig. 1(d) in the
x-y plane. Figure 2 provides a qualitative comparison be-
tween the recorded data and the calculated ones. We next
present a quantitative analysis.

The square of the total electric-field intensity, computed
with the a-FMM just above the metal surface for TM
polarization, is shown in Fig. 3(a) with the blue-dashed
curve. We also show the experimental data with a red

Appl. Phys. Lett. 94, 011114 (2009)
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FIG. 3. (Color online) (a) Comparison between the recorded near-field data
(red curve) and computational results (blue dashed curve) representing the
squared intensity of the total electric field. The computed data include a
spatial convolution to take into account the finite size of the fluorescent
particle. (b) Atom force microscopy signal topography is recorded at the
same time as the optical near-field map. The dip allows for an accurate
positioning of the slit.
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curve. The data are obtained from Fig. 1(c) by averaging
several adjacent scans performed along the u-axis. The
computed data S(u) include a convolution of the calculated
field E,(u, ) within the particle area a? to take into account
the finite size a of the fluorescent particle, S(u)
= [3f"@2E (s,2)|*dsdz. The electric-field component E,, par-
allel to the u-axis is neglected in the integral since E, domi-
nates in the vicinity of the metal surface. To determine the
particle size a, we have performed an iterative optimization,
minimizing the difference between S(u) and the experimental
data. After optimization, we obtain a=220 nm, a value in
good agreement with the average size of our doped particles.
As shown in Fig. 3(a), a quantitative agreement is observed
for the fringe oscillation period and contrast between the
computational and the experimental data. However, some
difference also exist, especially in the immediate vicinity of
the slit, |u/<200 nm. This deviation can be explained by
considering that, as it approached the slit, the fluorescent
particle penetrates inside the slit [see Fig. 3(b)] and the fluo-
rescent signal can no longer be considered as a signature of
the electric field above the surface.

To infer the SPP generation efficiency from the experi-
mental data, we further assume that the total field is a super-
position of the incident and reflected plane waves and of two
SPP modes that are launched on both sides of the slit in
opposite directions. Within the scope of this simplified
model, the magnetic near-field is expressed as

H"(u,2) = Hy exp(jku)[exp(= jk, 2) + 1 exp(jk, 2)]
+ A" exp(jkspu)exp(— yz), for u>0, (1)

H™(u,2) = Ho exp(jku)[exp(- jk, 2) + 1 exp(jk, 2)]
+ A” exp(— jkspu)exp(= yz), for u<0, (2)

where y=(K3—k3)Y?, k=ko sin(6), k, =ky cos(6), and H*
and H™ stand for the magnetic field for u>0 and u<0. The
first terms of the right sides of Egs. (1) and (2) represent the
incident and reflected plane waves, r being the Fresnel re-
flection coefficient of the flat interface. The second terms are
related to the launched SPP modes. Hy is a scalar denoting
the amplitude of the incident plane wave, while A" and A~
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FIG. 4. (Color online) Fit of the experimental data with the model of Egs.
(3) and (5) to extract the SPP generation efficiencies. The red-solid curve
corresponds to the experimental data in Fig. 3(a). The fitted curve is plotted
with blue dashed curve, and the fitting region boundaries (ju|>2 um) are
shown by the vertical dashed lines. In the interval |u|<2 um (not consid-
ered for fitting), the slit near field additionally encompasses a CW that is not
taken into account in the model. The inset shows the definition of SPP
generation coefficients 8" and 8.

represent the amplitudes of the SPPs launched on the rear
and front sides of the slit, respectively. From Egs. (1) and
(2), the dominant z-component of the electric field at the
metal surface (z=0) is given by

E;(u,2) = - Hy sin(g)exp(jku)[exp(- jk, 2)
+1 exp(jk, 2)] = A'ksp/kg exp(jkspul)
xexp(-yz), for u>0, (3)

E;(u,2) = - Hy sin(§)exp(jku)[exp(- jk, 2)
+r1exp(jk; 2)] + A kgp/Kg exp(— jkspu)

Xexp(- yz), for u<Do. (4)

Thus, the measured signal should be approximately given by
a ruta/2

SiplU) = f f |E/(s.2)|*dsdz. (5)
0 Ju-a2

By using Egs. (3)-(5), we fit the experimental data to extract
the unknown parameters Hy, A*, and A™. Note that only the
SPP modes are considered in the model. Actually, there are
nonplasmonic quasicylindrical waves (CWs) that are addi-
tionally scattered on the surface. As shown by recent theo-
retical and experimental studies,>'® these CWs rapidly decay
as one moves away from the slit. In fact, they persist over the
metal surface only over a few wavelength distance. In the
present case, since the incidence is highly oblique, these two
additional waves (just like the SPPs) may have different
strengths on both sides of the slit. Since our simplified model
neglects the presence of these waves, the fit has been per-
formed only for |u|>2 um, where the SPPs are dominant.
The fitted data (blue dashed curve) are depicted in Fig. 4,
together with the experimental one (red curve). A good
agreement is achieved over the entire fit regions, the devia-
tion observed for =2 um<<u<0 wm being essentially as-
cribed to the presence of the CW on the front side of the slit.
After having optimized the fitting parameters Hy, A", and A7,
one may easily derive the SPP generation efficiencies |8*[?
and |B7|?, defined as the fraction of the incident energy flow
that directly impinges onto the slit entrance and that is con-
verted into SPPs on the rear (u>0) and front (u<0) sides of
the slit, see the inset in Fig. 4. We obtain |3*[2=44% and
|B7[?=20%. We have additionally performed calculation to
check our analysis. Using the a-FMM, we have first calcu-

Appl. Phys. Lett. 94, 011114 (2009)

lated the field scattered by the slit, and using the modal-
orthogonality formalism developed in Ref. 9, we have ex-
tracted the SPP contributions to the near-field computational
data. We find |8*|=32.65% and |87|°=19.25%. The second
value quantitatively agrees with the experimental one, while
the first value is significantly smaller. We believe that this
discrepancy is due to the fact that, in contrast to the rear
zone, the front zone offers several oscillation fringes in the
near-field pattern and allows for an accurate fitting proce-
dure. Finally, let us mention that both the experimental and
theoretical data predict that the intensity of the SPPs
launched on the rear side is larger than that launched on the
front. However, as shown by other calculations,*? this is not
a general property of slits or grooves.

In summary, with near-field microscopy, we have mea-
sured the field distribution in the vicinity of a nanoslit aper-
ture in a metal film under illumination at oblique incidence.
For TM polarization, the SPPs that are launched in opposite
directions on the metal surface have been identified in the
recorded near-field images, and with a simple model, we
have extracted the SPP generation efficiency. We find a large
efficiency of 20% for the SPPs that are launched at the front
side of the slit, which is in fair agreement with that obtained
from rigorous computational result using reciprocity argu-
ments. A larger efficiency of 44% is also achieved at the rear
side by fitting the experimental data, the reliability of which
could be increased by recording more oscillation fringes.
Anyway, it coincides with the theoretical prediction on the
present case that the efficiency at the rear side is larger than
that at the front. We believe that the present near-field ap-
proach may be of interest for characterizing the capability of
various nanostructures to launch SPP on metallic surfaces.

The authors thank Michel Mortier for providing the fluo-
rescent particles used in the near-field optical experiments.
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