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The interaction of the s-polarized waveguide mode in the dielectric layer placed on a metal film with
one-dimensional indentations in the metal is studied. The efficiency of the coupling to the
out-of-plane radiation is considered. It is shown that varying the parameters of the cavities, the
periodical array of resonant indentations can almost totally reflect back the incident waveguide
mode or, on the contrary, efficiently transform it into a narrow-directional outgoing beam. An
efficient waveguide mode launcher is examined on the basis of the results for Bragg mirror. The
differences and similarities between scattering of surface plasmon polaritons and waveguide modes
are discussed. © 2009 American Institute of Physics. [DOI: 10.1063/1.3081457]

Surface waves (SWs) attract a great deal of attention in
photonics for their ability to resonantly enhance the interac-
tion of light with nanostructures. It is well known that a flat
metal surface supports p-polarized SW in the form of surface
plasmon polaritons (SPPs). Diffraction of the p-polarized
wave at nanocavities leads to enhanced transmission,’ light
beaming,2 SPP 1aunching,3’4 and Bragg reflection.”™ When
the incident plane is perpendicular to the axis along which
the structure is homogeneous, the SPP-assisted effects only
exist for p-polarization. However, if a dielectric layer is de-
posited onto the metal surface, bound modes are present for
s-polarization in the form of the waveguide modes (DWMs).
These modes also enhance numerous diffraction effects. For
instance, a periodically perforated metal film surrounded by
dielectric slabs displays the enhanced transmission,®’ analo-
gously to the SPP-enhanced light transmission' "' in
p-polarization for the uncoated perforated film.

In this letter, we show how to transfer SW-launching
effects to the case of s-polarization for a two-dimensional
geometry. First, we consider the coupling of a normally in-
cident s-polarized wave to the DWM due to the presence of
a slit, second we study a Bragg mirror for the DWM and,
finally, we propose a back-side slit-illumination method to
provide localized unidirectional excitation of the DWM.

We use the mode expansion technique to treat the elec-
tromagnetic problem5 considering as many modes as needed
in order to achieve convergency. For simplicity, the metal is
assumed to be a perfect electric conductor (PEC). In a real
metal, the dispersion of DWM would slightly change, result-
ing in a small shift in the computed scattering spectra.
Throughout the manuscript, both the dielectric inside the slit
and that of the slab have permittivity e=2.25. We consider
dielectric slab thickness 400 nm, so only the fundamental
mode propagates in the dielectric waveguide in the spectral
region 600-1700 nm. The wavelength dependency of the
parallel component of the lowest DWM wavevector g,
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=k,./g (with g=2m/\) is shown in the inset of Fig. 1. No-
tice that nanometric scales are chosen here just for conve-
nience. They can be rescaled appropriately for any spectral
range since only the ratio of the structure dimensions to the
wavelength are crucial.

To start with, let us concentrate on the situation depicted
in Fig. 1(a). A s-polarized plane wave (electric field along the
y-direction) impinges normally onto a slit of width a drilled
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FIG. 1. (Color online) (a) Normalized-to-slit-width spectra of both the trans-
mission 7 and DWM current J through a slit filled with glass. The thickness
of both metal film and glass slab (£=2.25) is 400 nm. The slit width is 400
nm. (b) Near-field intensity contourplot at the maximum of J3; (point A on
the dashed line, A\=1070 nm), where the slit is centered at x=0. Here and in
the other figures z=0 and horizontal white light are the regions of the glass
layer. Inset of (a) shows dispersion curve of the lowest TE mode of the
dielectric slab ¢,,=¢,,(\).
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in a metal film, on which a continuous dielectric film lies.
The indexes of the computed values T, (fraction of energy
flux transmitted through the slit) and J,4 (fraction of energy
flux coupled into the DWM) indicate that the wave is inci-
dent from the half-space “«,” penetrating through the slit
into the half-space “B.” “1” marks the half-space above the
dielectric slab. Both T3 and T3, present a resonant character
at wavelengths slightly smaller that the cutoff one'? A,
=2ave (1200 nm for chosen parameters). A set of resonant
maxima appears when the condition of Fabry—Pérot reflec-
tion is fulfilled. For wavelengths larger than the cutoff, the
transmission have an exponential decrease due to attenuation
of the fundamental mode of the slit, T~ f(\)exp(-2|k,|h;),
where k. =m/a\(\./\)*-1, hy is the slit thickness, and a is
the slit width. For very long wavelengths, in the region ga
<1, the transmission spectrum scales as f(\) ~ (ga)>. Notice
that this radically differs from the case of the p-polarization,
where the slit does not present cutoff and, therefore, the
transmission can be high even for small ga. J,3 and J3; also
have a resonant behavior. The current is higher when the
wave is incident from 1, Jy3>J3q, i.e., when the DWM is
excited directly, without penetration of the radiation through
the slit. The intensity pattern of the field emitted by the slit is
rendered in Fig. 1(b). The angular scattering cross section
S,(6) has approximately the dependence corresponding to an
in-plane electric dipole S,(6)~ cos? 6.

Let us now focus on a different problem: the scattering
properties of a DWM by indentations [see Fig. 2(a)]. The
reflection coefficient of a single indentation has a nonmono-
tonic character as a function of the groove width"? a;, see
Fig. 2(b). In the limit of a small depth [see the case of
h=40 nm in Fig. 2(b)], R behaves periodically as R
~sin?(k,,a;) thanks to interference caused by wave reflec-
tion from walls of the indentation (as can be proven within
perturbation theory following14). However, small cavities do
not scatter DWM as efficiently as they do for the SPP in an
uncoated metal film. For example, grooves with /=40 nm
reflect SPPs about ten times more than they reflect DWM.
Such a difference between SPP and DWM comes from the
significant difference in their field structure. The SPP electric
field is maximal on the metal surface, while the electric field
of DWM is very small (exactly zero for PEC). Thus, DWMs
are much less sensible to the surface roughness than SPP, and
larger scatterers are needed for obtaining appreciable reflec-
tion values. For deeper indentations [see the case of &
=200 nm in Fig. 2(b)], and especially close to their resonant
wavelengths, the reflection coefficient increases and its be-
havior as a function of @;/\ does not follow any simple law.

Several equidistantl?f separated indentations form a
Bragg mirror for DWM. > The reflection R, transmission 7,
and out-of-plane scattering S spectra for the DWM imping-
ing onto the Bragg mirror composed of ten indentations are
shown in Fig. 2(c). R has a strong maximum close to the
wavelengths \,=2Lq,,/n, where L is the period and the in-
teger n is the order of the band gap. For the chosen param-
eters, the resonance is better pronounced for the first band
gap (A\=1300 nm) than for the second one (A =800 nm).
This difference is due both to the DWM dispersion and to the
scattering cross section of the single indentation with A
=200 nm. For the considered geometrical parameters, R in-
creases when M\ increases (that is opposite to the case of
small a;/\, where the Bragg reflection peak of the second
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FIG. 2. (Color online) Scattering properties of an incident waveguide mode
impinging onto an array of N grooves in the metal. The dielectric slab
thickness is 400 nm. (b) Reflection coefficient for a single groove (N=1), as
a function of groove width and for A=1144 nm. The solid curve is for &
=40 nm while the dashed one is for /=200 nm. (c) The DWM reflection R,
transmission 7, and out-of-plane scattering coefficient S wavelength spectra
for the Bragg mirror with N=10. The period of the array is L=600 nm, the
groove depth and width are 200 and 400 nm, respectively. (d) Electric field
intensity spatial structure at maximum reflection [point A in (c), N\
=1342 nm]. The continuous blue curve renders the angular scattering cross-
section S,(6) for the wavelength of maximum S [point B in (c), A
=930 nm]. The indentations occupy the region x>0, with the center of the
first one placed at x=0.

band gap can equal or even exceed that of the first one). The
out-of-plane emission coefficient S has a wide maximum be-
tween the first and the second reflection gaps. The beam
emitted by the Bragg mirror can be highly collimated [see
Fig. 2(d)]. The spatial near-field distribution illustrates the
effect of the Bragg reflection, see Fig. 2(d). As expected, the
field does not penetrate into the region to the far end of the
mirror.

Now, using the previous results and following,4 we can
design a very simple structure to unidirectionally launch
DWM with a localized source. Placing the Bragg mirror to
the right from the slit in the metal film (at the exit face,
which is coated with a dielectric layer), the DWM emerging
from the slit to the right side will be mainly backscattered at
A=\,. The interference of the reflected DWM with the one
propagating to the left from the slit can be tuned by the
distance from the slit to the Bragg mirror d. Analogously to
the case of SPP, the efficiency coefficient E}, is defined as the
ratio between the current intensity of left-propagating DWM
with and without the array of grooves. Notice that when
ER>?2, the left-propagating DWM carries more current than
the total DWM current in the single-slit case, implying that
some of the power radiated out of plane has been reimbursed
onto the DWM channel. Using the amplitude reflection co-
efficient of the groove array rp, the efficiency coefficient can
be approximated by a simple expression Eg==|1+ rge?*wd|2,
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FIG. 3. (Color online) Waveguide mode launcher. (b) Dependency of the
efficiency coefficient E; upon the distance d from the slit to the Bragg
mirror at \=1342 nm. The solid curve represent the exact calculation, while
the dashed curve is obtained with the simplified interference model. The
Bragg mirror parameters are the same as in Fig. 2, the slit width is 400 nm.
(c) Electric field intensity for the point A in (b). (d) Electric field intensity
for the point B in (b). The array extends to the region x>0, with the center
of the slit at x=0.

Figure 3(b) shows Ej as a function of d, obtained with both
the full calculation and the simplified analytical model. In
the analytical model, we take the Bragg mirror reflection
coefficient at the maximum of the spectra in Fig. 2(b), |rg]
=0.876 at A=1342 nm. The locations of maximum Ej are
accurately predicted by the analytical model. To visualize the
backscattering of DWM, we have rendered the near-field
contour-plots at the point of destructive interference “A” (d
=744 nm) and constructive interference “B” (d=1000 nm).
For the configuration B, the enhanced left-side current of
DWM is clearly seen, while for A the left-side current is
zero. Notice that when ER=0, all radiation is emitted out of
plane and the coupling into DWMs propagating in both di-
rections has been totally suppressed, despite using only one
Bragg mirror.

To conclude, we have studied the excitation of DWMs
by a slit and the scattering of DWM by an array of indenta-
tions. The conditions for maximum reflection and out-of-
plane coupling have been given. We have found that due to
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the field structure of DWM (zero at the metal boundary),
efficient scattering or excitation of DWM requires larger
cavities than for the case of SPPs. Additionally, we have
shown how to make a unidirectional launching of the DWM
using a slit and a Bragg mirror composed by an array of
grooves. These effects could be used for the design of ultra-
compact optical devices such as photonic circuits or light-
emitting diodes.
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