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Near-Field Analysis of Surface Waves Launched at Nanoslit Apertures
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With the aim of analyzing the properties of the waves that are scattered by nanoslits on metallic
surfaces, we provide a direct observation of the near-field in a slit-doublet experiment at optical
wavelengths. We show that two distinct waves are involved: a surface plasmon polariton and another
wave with a free-space character. From the recorded data, we have extracted the amplitudes and phases of
these waves, their damping characteristic lengths and their relative weights as a function of the separation
distance from the slit. The analysis is fully supported by a quantitative agreement with vector-theory

computational results.
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Light transmission from subwavelength apertures has
been a subject of long-standing interest in the microwave
domain. This interest has been recently renewed at visible
frequency by important phenomena such as the extraordi-
nary light transmission [1] or the collimation effect en-
countered in apertures dressed with subwavelength
grooves [2,3]. At a microscopic level, these phenomena
are governed by the waves launched by individual nano-
structures on the metallic film surface. When created, these
waves can interact with other nanostructures to build up the
observed phenomena. At optical or near-infrared frequen-
cies, real metals are capable of sustaining modes known as
surface plasmon polaritons (SPPs) that are bounded at the
interface and readily recognized to mediate the interaction
between the nanoapertures [1,2]. With the objective of
studying the optical properties of these waves, more ele-
mentary structures, composed of a slit and a groove or of
two slits, have been studied [4—6]. For large slit separation
distances, the observation of an oscillatory transmission as
a function of the wavelength of the incident light has
unambiguously confirmed the SPPs character of the inter-
action [4], but for much smaller separation distances like
those involved in arrayed nanoapertures, the oscillatory
behavior has been shown to strongly differ from that
provided by a SPP mode [5-7]. Indeed, the total nearby
field scattered on an interface by a nano-object is not a pure
SPP and, additionally, incorporates radiative and evanes-
cent field components (REC) [8]. The latter are not
bounded at the interface like SPPs, but may creep at the
metallodielectric interface over a certain distance and fur-
ther interact with other nearby nanostructures, just like
SPPs.
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Many optical phenomena such as the transmissions
through arrayed slits or holes, or the oscillatory transmis-
sion in slit-doublet experiments, that are observed with
metallic nanostructures at visible frequencies, can be re-
produced in the THz and microwave domains by scaling
the geometrical parameters [9—11]. At these energies, SPPs
spread far away into the dielectric medium. Because of
their weak confinements, their excitation probability by a
subwavelength structure vanishes [12], and they are not
involved in the phenomena observed in the long wave-
length regime. However, the REC field exists and can be
excited at all energies [6]. Despite its importance for con-
ceptual understandings and for applications, its actual
characteristics are not well known for noble metals at
optical frequencies. In this Letter we provide an accurate
description of the field generated by a nanoslit on a metal
film. Using a scanning near-field optical microscope
(SNOM), we perform a direct visualization of the near
field in a slit doublet experiment, and, by anatomizing
the fringe pattern, the REC and SPP contributions of
each individual slit are extracted. This allows us to analyze
their relative amplitudes and phases, and to compare their
damping characteristic lengths and their relative weights.
In the near infrared, it is found that the REC field is able to
propagate over several wavelength distances without sig-
nificant damping, and that its excitation intensity is as large
as the SPP one at subwavelength distances from the slit.

The subwavelength structures are fabricated by electron-
beam lithography (FEI XL30S) followed by ion beam
etching, in a 100-nm-thick gold layer evaporated onto a
fused-silica substrate. The sample consists of a 2D array of
slit doublets, with different center-to-center separation
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FIG. 1 (color online). Near-field fringe xz pattern in a slit-
doublet experiment. (a) Experimental data. (b) Computational
results. The displayed image shows (|E,|?> + |E,|?)? calculated
with a fully vectorial method for the actual parameters measured

on the sample and for 2d = 6.24 um. The intensity of the
images is both saturated at the same level for the sake of clarity.

distances, 2d = 6.24 and 10.44 pum, and with a 280-nm
slit width. For the near-field measurements, the sample is
illuminated from the silica substrate by the normally inci-
dent beam of a laser diode (Ay = 974.3 nm), polarized in a
direction either parallel (TE) or perpendicular (TM) to the
slit axes. The SNOM experiments are performed with a
subwavelength fluorescent particle settled at the end of a
tungsten tip operated in a tapping mode (oscillation am-
plitude ~10 nm) and placed on a xyz piezoelectric stage
for scanning purposes [13]. The particle contains erbium
ions that absorb the near-field pattern at A, and fluoresce at
visible frequencies (530-550 nm). By collecting the fluo-
rescence as a function of the tip position on the sample, 3D
cartographies of the transmitted near-field light are re-
corded. In contrast to earlier SPP-SNOM experiments
[14] that rely on a linear detection scheme, the fluorescence
emission involves two-photon absorption, and the recorded
images obtained after spectral filtering are therefore ex-
pected to scale with |E|*.

In Fig. 1(a), we show the experimental SNOM image
obtained for a slit doublet (2d = 6.24 um) in a plane
perpendicular to the surface (x, z plane) for TM polariza-
tion. The 2D computed image [15] in Fig. 1(b) is per-
formed for a gold permittivity (g, = —44.05 + 3.24i)
taken from the data in [16]. Essentially, the images evi-
dence the presence of an interference pattern generated by
two surface waves, which counterpropagate between the
two slits. They represent the near-field part of the Young’s
fringe pattern generally observed at much larger distances
in the far field. Figures 1(a) and 1(b) qualitatively resemble
each other: same number of fringes with a dark fringe at the
doublet median plane, same hyperbolic fringe rounding in
the vicinity of the slits. Figure 2 shows the xy images
obtained through horizontal scans of the tip for the same
doublet and for the two polarization states. The fringes
obtained for TM [Fig. 2(b)] are no longer visible for TE
[Fig. 2(a)]. As expected, the amount of surface waves
generated for TE is much weaker than for TM because of
the different boundary conditions at the air-metal interface
for the two polarizations.
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FIG. 2 (color online). yx-scanned near-field images obtained at
the air-gold interface of the slit doublet shown in the scanning
electron microscope (SEM) photograph (c). The same laser
power is used for TE (a) and TM (b) polarizations.
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In Fig. 3(a), we present an xy image obtained for the
structure with the largest interslit separation distance
(2d = 10.44 pm). From the recorded pattern we have
extracted 10 adjacent horizontal line scans and have further
averaged them; see Fig. 3(c). As similarly observed in far-
field experiments [5], the near-field interference pattern
exhibits two distinct behaviors: a short-range decreasing
component with a characteristic length of =~ 2-3 um,
followed by a persistent component with a nearly constant
oscillation amplitude in the central part of the structure. We
first consider the persistent oscillatory component of the
fringe pattern. When they interfere, SPPs offer clear sig-
natures like the associated fringe periodicity Agp/2 =
7/Re(kgp), where kgp is the SPP propagation constant.
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FIG. 3 (color online). (a) xy-scanned near-field image for
2d = 10.44 pm under TM polarization. (b) SEM picture of
the slit doublet. (c) Associated data (black dots) obtained by
averaging 10 adjacent line scans from (a). The fitted curve
obtained from Egs. (1) and (2) is shown with the solid red
line. The vertical arrows indicate the slit positions. The inset
shows the fitted curve obtained for a pure SPP pattern fit in the
central part of the interference pattern, |x| <2 um.
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By fitting the oscillations with an offseted-sinusoidal func-
tion in the central part of the interference pattern, |x| <
2 pm in Fig. 3(c), the fringe spacing is determined to be
equal to 480.5 nm * 2 nm. Compared to the SPP half-
wavelength computed from the data in [16], Agp/2 =
481.1 nm, the relative deviation is as weak as 0.12%.
This evidences that the REC field is negligible at slit
distances larger than 3A,, and that the launched surface
wave is there mainly composed of a SPP.

In order to access to the main characteristics of the REC
field, we further provide an in-depth analysis of the re-
corded near-field data. The analysis is rendered difficult
because of the presence of spatial uniformities, of eventual
noise, and of an inevitable contamination of the actual near
field by the tip. However, as we shall see, it is possible to
extract the main REC-field properties with a few reason-
able assumptions that will be further checked by compari-
son with fully vectorial computational results. First, we
assume that the recorded near-field pattern results solely
from the interference of two counterpropagating waves
scattered on the interface by the slit apertures (x = *=d),
and that each wave is a superposition of a background SPP
mode and of a REC field. Therefore, the total magnetic
field on the interface (z = 0) between the slits reads as
H,=H.x—d)+ Hsp(x —d) + H.(x + d) + Hsp(x + d),
where Hgp refers to the SPP mode and H,. to the REC field.
Hgp is known analytically but no closed form expression
exists for H, in the literature. In general, the latter can be
written as a superposition of homogeneous and inhomoge-
neous plane waves, whose respective weights depend on
the geometrical parameters of the scatterer and on the
dielectric properties of the interface [6]. To remove the
absence of theoretical results, we further assume that H,
takes the approximate form H,(x) « exp(ikox)/x'/2, ko
being the free-space wave vector modulus. The
cylindrical-wave approximation is virtually exact in the
limit of infinitively small scatterers (line source) on a
perfectly conducting plane [6], and is expected to remain
qualitatively valid for nanoslits in a real metal film at small
distances from the slit [17]. Finally, we assume that, as it is
the case for the SPP modes, the z component E, - of the
REC electric field is dominant and we neglect the contri-
bution of the other x component (|E, | > |E, ¢|). Under
these assumptions, the signal S(x) emitted by the fluores-
cent particle and detected in the far field is simply

x+a/2

S(x) = [ |E, (1), 0
x—a/2

with

iko(x + d
E. = Agp explikyyd) sin(kspx) + A, expliko(x + d)]

(x + d)0
.05 7 expl—iky(x — d)]
x [’ko ot d)} < (d— )3
. 0.5

In Eq. (2), Agp is a scalar, and A, is a complex number
whose argument accounts for a possible phase delay be-
tween the SPP modes and the REC fields. The convolution
by a window of length a in Eq. (1) results from the spatial
integration due to the finite fluorescent particle size. In
Egs. (1) and (2), Agp, A., and a are unknown parameters to
be optimized by fitting the processed data. To calculate
these coefficients, we adopt a two-step procedure. We first
consider the central part of the interference pattern, and
under the assumption (a posteriori verified) that the near
field is solely composed of two counterpropagating SPPs
there, |A.| < |Agpl; we find that Agp = 1.45 and a =
0.38 um from the fitted curve shown in the inset of
Fig. 3(c). The a value is in good agreement with the
0.4 pum average size of the fluorescent particles used in
the experiments. In a second step, using Eq. (2) with Agp
and a fixed to their optimized values, we fit the experi-
mental data over the full spatial interval between the slits.
As shown in Fig. 3(c), a good agreement is obtained
between the experimental data (black circles) and the fitted
curve (solid red line) evaluated for the optimized parame-
ter, A, = —0.014 + 0.046i.

From the previous analysis, we now investigate the
optical properties of the near-field waves launched by an
isolated nanoslit at a metallic interface. According to
Eq. (2), the z component E, of the electric field reads as

Ez(xs) = Ez,SP(xs) + EZ,C(xs)

A
=3P exp(ikgx,) + A,

exp(ikox;) [ 0.5}
: ———— | ikg —— |
2i

0.5
Xy s

3)

Using Eq. (3) with the fitted parameters, we have repre-
sented the real parts of E,, E, sp, and E, - as a function of
the slit distance x,; see Fig. 4(a). Clearly, these data and
Eq. (3) rely on a number of approximations and need to be
cross-checked. For that purpose, we have calculated [15]
the field scattered by an isolated slit, for parameters iden-
tical to those used in the doublet experiment. From the total
field calculated on the rear air side of the slit, we have
separated the SPP and REC-field contributions by applying
the formalism developed in [12], and have further adjusted
the complex amplitude of the incident wave so that the
calculated value of the total field E, exactly matches that
obtained with Eq. (3) at x; = 8 um. The computed data
are displayed in Fig. 4(b). An overall good agreement,
especially for the relative phase difference between E, gp
and E, , is achieved with the data of Fig. 4(a). There are
also some differences. Clearly, the experimentally driven
data underestimate the initial REC intensity and also pre-
dict a slight initial phase shift between the REC field and
the SPP, while the computational data show that, indeed,
the two waves are exactly excited in phase. We believe that
these discrepancies result from the fact that, when posi-
tioned in the close vicinity of a slit, the fluorescent particle
cannot be considered as completely passive. It probably
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FIG. 4 (color online). REC-field main characteristics and com-
parison with fully vectorial computational results. (a) and
(b) Real part of the electric-field z component scattered by an
isolated nanoslit on an interface as a function of the separation
distance xg from the slit center : SPP (black-dashed line), REC
field (red-thick line), total field (blue line). (a) Extracted with
Eq. (3) from the experimental data. (b) Computational results
displayed with the same scale. (c) Calculated REC-field compo-
nents as a function of xg: Re(H() in blue, Re(E_ ¢) in red-dashed
and Re(E, ¢) in black. (d) Relative fraction agp of the intensity
carried by the SPP mode. The red-dashed curve corresponds to
computational results. The black-dotted and blue-solid curves
are obtained from Eq. (3) with the optimized fitted parameters
for 2d = 6.24 and 10.44 pm, respectively.

perturbs the scattered field that cannot be fully recovered at
subwavelength distances. Figure 4(c) shows computational
results obtained for the three components, H, ¢ (blue), E_ ¢
(red), and E, ¢ (black), of the REC field on the interface.
Consistently with the cylindrical-wave approximation, all
components exhibit a near free-space oscillatory wave with
a quadrature phase shift between E,. and E, .
Additionally, and consistently with our previous approxi-
mation, |E, | is found to be much larger than |E, c|.
Finally, in Fig. 4(d), we show the SPP relative intensities,
asp = |E, spl*/(IE_spl?> + |E. c|?), as a function of the slit
separation distance. Again, the experimentally driven data
obtained for 2d = 10.44 um (blue-solid line) and for
2d = 6.24 pm (black-dotted line) agree well with the
computational data (red-dashed line). Because of their
different damping characteristics, the REC-field decay
rate is much faster than the SPP one, and for x; > 2A, at
least 80% of the energy propagated at the interface is
carried by the SPP. Equally importantly, the initial excita-
tions of the two waves are found to be almost equal for
subwavelength distances.

In conclusion, computational and near-field experimen-
tal data have both evidenced that the waves launched by a
single nanoslit on a metallodielectric interface are a com-
bination of two different near-field contributions: a bound

SPP mode with a classical exponential damping character-
istic and another field with nearly free-space cylindrical-
wave characteristics. Although more studies are needed for
full assessment, especially for nanoholes that do not sus-
tain propagative modes, we believe that the two-wave
model picture represents a helpful microscopic picture
for the physics and for the engineering of many recent
phenomena involving multiple scattering by arrayed sub-
wavelength apertures in perforated metal films. At visible
frequencies, the interaction between the apertures is
mainly mediated by SPPs. In the long wavelength limit,
this is no longer the case and the REC field dominates. The
latter is excited with approximately the same initial phase
and intensity as the SPP ones in the visible and it prop-
agates with almost the same phase velocity. All these
similarities might well explain why some important phe-
nomena encountered at visible frequencies [1-4] also oc-
cur at much longer wavelengths [9-11].
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