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Analysis of Plasmonic Waveguides:
An Embedding Approach
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Abstract — We present a hybrid modeling approach
for the modeling of 2D-waveguides in layered media
based on an embedding envelope. The inner domain
is treated spatially, and the outer domain is treated
partly spatially for the direct terms, and partly spectrally for the reflected terms.
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INTRODUCTION

d

At optical frequencies, metals are characterized by
permittivities with a negative real part (ejωt convention) and allow for guidance of waves confined
to regions much smaller than the diffraction limit
at the interface between the metal and the surrounding dielectric. These waves exhibit exponential decay in both the directions perpendicular to
the interface. The main parameters for the guiding structure of such waves, i.e. the waveguide, are
the propagation length and the confinement of the
fields, which pose a fundamental trade-off. To increase confinement and lower the losses, many configurations have been studied in recent literature
e.g. [1]. Typically these structures are embedded
in a layered substrate, with metals like silver or
gold.
2

HYBRID MODELING APPROACH

We present a hybrid modeling approach based on
both spectral and spatial Green’s functions, to
solve the modal problem for such waveguides. The
method relies on embedding the structure in a rectangular domain, the envelope (see Figure 1), and
applying the Methods of Moments. The more complex structure in the inner domain, allows for a
complete spatial treatment, and hence, is numerically tractable. For the outer region, the layered
substrate, the Green’s functions can be obtained in
closed form in the spectral domain, e.g. following
the Michalski C formulation [2]. The direct term
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Figure 1: Normalized power density plot for
Re{Sz } of a Channel Plasmon Polariton mode localized in the V-groove at λ = 750nm, with w =
523nm and d = 1.2µm. The embedding envelope is
shown by the thick white rectangle.
in the spectral domain is separated from the reflected terms, and allows for a spatial treatment, as
the inverse Fourier transform exists in closed form.
Furthermore, if the inner medium of the embedding
rectangle is equal to that of the layer, this Green’s
function can be reused in the combination of the
interior and exterior boundary integral equations.
The main numerical effort lies in the evaluation
of the remaining reflected terms. Over the past
decade several attempts have been made in lowering the numerical cost of this step, e.g. by using discrete complex imaging (DCIM) [3]. In our
approach, however, the rectangular shape of the
envelope fits the spectral domain naturally, which
has three major advantages. First, the implementation is less complicated compared to the DCIM
approach. Second, the kernels in the inverse Fourier
transform can be separated in functions of x and y,
which in turn makes it possible to separate even
and odd terms with respect to the spectral transform variable kx . By doing so, the inverse Fourier
integral reduces to an integral from 0 to ∞, and
requires half the numerical effort. Furthermore,
the surface-wave poles are accounted for by adding
their residues if needed, such that the integration
path can be chosen conveniently. The residues need
to be calculated only once for each observation and
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source layer combination. Hence, the numerical effort in calculating these is not significant. Third,
the geometrical properties of the rectangle may be
exploited. After a uniform segmentation is applied
to the envelope, many of the integrals over the test
and expansion segments can be reused. This effectively lowers the numerical cost by a factor of
about 5 to 10, depending on the aspect ratio of the
rectangle.
The modes are then found by using a search algorithm based on the argument principle in combination with a Newton search, applied to the determinant of the MoM matrix.
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Figure 2: The solid line shows the effective index
(left vertical axis), for the V-groove CPP-mode.
As an example of a plasmonic waveguide, we ana- The dashed line shows the propagation length Lp
lyze the V-grooved structure presented in Figure 1 for this type of structure (right vertical axis).
with our proposed modeling method. This type of
structure has been thoroughly studied (e.g. in [1]
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