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Abstract—Plasmonic circuit elements, which are based on com-
plementary waveguide structures (waveguides with a dielectric
core and metal cladding), are becoming preferred plasmonic de-
vices for applications. In this paper, we look into the modeling
of such devices, namely 1-D waveguides and related elements as
well as 2-D slots, trenches, and channels supporting plasmonic
slow waves. Methods such as the effective index, finite-difference
time domain, finite elements, or other full-vectorial propagation
schemes are among the methods discussed, and their limitations
in the field of plasmonics are set. We believe that although many
successful validated modeling methods were presented intensive
efforts are still required for perfecting the various tools to faith-
fully describe nanosized plasmonic wave propagation on high-
contrast nanometal discontinuities.

Index Terms—Integrated optics, optical interconnections,
optical planar waveguide components, optical propagation,
optical propagation in absorbing media, optical propagation in
dispersive media, optical propagation in plasma media, optical
waveguide components, optical waveguide theory, plasmons.

I. INTRODUCTION

URFACE plasmon—polariton (SPP)-based waveguides
have been a subject of intensive research during the past
few years [1]-[5]. Research on them has been focused on the
understanding of the benefits and limitations of plasmonic-
based circuitry for signal delivery [2], [6] and sensing [1], [7].
The embedded mechanism for all SPP-based waveguid-
ing phenomena is the existence and propagation of a single
SPP [8], [9] (to be denoted here as plasmon for brevity) on the
interface between regular and negative dielectrics (e.g., metal
at optical frequencies). This electromagnetic wave propagating
along the single interface with its supporting surface plasma is
a slow wave, i.e., smaller phase velocity, shorter wavelength,
higher momentum, and higher wave impedance compared to
regular waves in the same medium. This effect is the essence
of the ability of realizing nanocircuitry based on plasmons.
However, this merit does not come without limitation; the
accompanying loss is substantial and is further enhanced when-
ever the slow-wave characteristic is enhanced. This intrinsically
limits the propagation length of the plasmonic wave to the range
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of about a few micrometers up to a few millimeters (typically),
and this is a limitation with substantial impact on the optimized
way of exploiting plasmons in circuitry.

The logical extension of the single surface plasmon is the
metal film plasmon [10], [11], which supports two plasmonic
modes that can be interpreted as the in- and antiphase coupled
single surface plasmons, mediated by the metal film. The two-
mode degeneracy is removed when the metal thickness is
reduced to the order of the skin depth at the given frequency
(typically sub-100 nm). The antisymmetrical mode evolves to
the so-called long-range SPP (LRSPP) [12], which exhibits the
longest propagation length in the plasmon family due to smaller
overlap with the metal core. Taking a further step toward
realization, 2-D rectangular metal waveguides were analyzed
by various methods, including the method of lines, effective
index (EI) method, coupled dipole equations, and Green dyadic
method, and were subsequently verified by experimental mea-
surements [13]-[19]. These strip waveguides were predicted
to exhibit LRSPP when embedded in a highly symmetrical
cladding in addition to other special modes such as corner
modes [13]. Asymmetry, which is unavoidable in real devices,
reduces the propagation length substantially and leads to a
cutoff of the mode when the lateral size of the metal core
is of about one wavelength [20], [21]. Circular configuration
(metal wires) was analyzed analytically, and it supports various
plasmonic modes, some with angular momentum [22]-[25].
The rectangular metallic waveguides were the infrastructure for
many theoretical and experimental realizations of plasmonic
circuit elements. The LRSPP modes of micrometric wide (and
nanometric thick) rectangular metal waveguides were measured
for asymmetric [14], [26] and symmetric [15], [17] cladding
by employing various source-waveguide coupling (e.g., near-
field scanning optical microscopy [27], end-fire [15], [17],
prism [14], [26], discontinuity [28], and gratings [29]). A large
set of related waveguide devices was analyzed, designed, and
measured including bends, branches, couplers [18], [30], [31],
tapers [14], multimode interference [18], and gratings [32].

Although a good understanding and validation of metal core-
based plasmonic waveguides and devices were established,
the emphasis was shifted in recent years toward the comple-
mentary structure, such as a scheme comprised of dielectric
core with plasmonic metal cladding [10], [33], which is the
subject of this paper. The motivation for this transition is
partially discussed here. While LRSPP modes of metal core
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waveguides are propagating for up to a few millimeters, their
modal transverse dimension is similar to modes of regular di-
electric waveguides (few micrometers), so the rationale of using
such lossy waveguides (and related devices) for applications is
questionable. Furthermore, the transition to nanomodal size in
metal core waveguides, although theoretically feasible, requires
a very symmetric dielectric cladding and is accompanied by
a very short propagation length. The complementary structure
is mitigating some of these deficiencies. First, the transverse
modal dimension is determined by the dielectric core thickness
(penetration to the metal is always about the skin depth).
This allows the designer to generate an accurate mode with
dimensions that can go to the nanoscale. Since no radiation
modes are supported by the (1-D) complementary structure,
waveguides and devices can be spaced as close as 150 nm
(for typical parameters) with no crosstalk. Due to the absence
of the radiation modes, the asymmetry of the surrounding
(substrate versus superstrate) does not impact the mode, which
is inclosed between the metal layers. Furthermore, the com-
plementary configuration allows the employment of a variety
of core materials overlapping optimally with the field intensity
profile and can exhibit a span of usable optical characteristics,
e.g., nonlinear medium, analyte for sensing, and electrooptic
material.

It may look surprising (to the nonexpert) that both a structure
and its complementary one support bound modes, which is of
course not the case for regular dielectric waveguides. In the
latter, although inverse structures were designed for different
applications, they do not support bound modes (e.g., hollow
fiber [34] and antiresonant reflecting optical waveguides [35]
are supporting only leaky modes, and in the more recent dielec-
tric slot waveguide configuration [36], the mode is generated
by the finite-width high-index “cladding,” and the slot only
enhances the field locally). In the plasmonic case, however, the
basic mode is the single interface plasmon, and the plasmonic
modes of the complementary structures can be interpreted (as
aforementioned) as the two coupled single interface plasmons
mediated by the dielectric buffer.

It should be mentioned that another popular field, i.e., the
enhanced transmission via hole/slit arrays [1], [37], is highly
related to the subject of this paper due to the fact that the trans-
mission is performed eventually through a (short) complemen-
tary waveguide as well as due to the mechanisms of efficient
harvesting of the input field serving an important role also for
our waveguide devices and couplers, as will be discussed.

As the last introductory remark, we believe that waveguide
modeling methods and their adaptation to plasmonic circuitry,
particularly at the nanoscale, are still in progress and far from
being exhausted. A few major obstacles hindering the analysis
of plasmonic structures are given as follows: 1) The materials
are characterized by extreme dispersion and very high loss;
2) nanodimensions, e.g., edge guiding, require complex com-
putational meshes and special source coupling; and 3) extreme
dielectric contrast at the metal dielectric boundaries challenges
difference-based method stability, bidirectional power flow
(source coupling), etc.

In this paper, we look at various modeling avenues ex-
ploited for the research of complementary plasmonic wave-
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Fig. 1. Modal solutions of plasmonic gap, which is schematically illustrated
in the inset, on the complex 3 plane (propagation constant). Green arrows
illustrate the trajectories of the TMp and TM1 modes as the gap width is
reduced or the frequency is increased.

guides. This paper is organized by the phenomena studied
rather than the modeling methods. We start with 1-D gap
(metal—dielectric-metal) plasmon waveguides and related de-
vices and continue to the more diverse 2-D field of plasmonic
channel (void carved in metal), slot (cut through thin metal),
and trench (cut through thick metal). Finally, we look at the
frontier of nanocavities and plasmonic nonlinear devices. We
made our best to prepare a comprehensive paper, but due to
limited space, not all contributions could be included.

II. PLASMONIC GAP WAVEGUIDES (1-D)

A. Modeling Metal, Dispersion Relations, and Reduced
Diffraction Subspaces

The modes of a uniform plasmonic gap waveguide
(metal-insulator—metal as depicted in the inset of Fig. 1) can
be derived analytically, and the modeling part of this section
is related more to the complexity of the metal description.
We examine the gap modal structure by employing a metal
permittivity model, which is gradually enhanced toward a re-
alistic description. The basic modal features (“Fano modes”)
are obtained by the conventional practice of employing the
lossless Drude model, while the lossy Drude model and the
actual empirical dispersion of typical metals are adding and
modifying modal characteristics.

1) Lossless Drude Model, Closed Waveguide, and the “fate”
of a Mode: The lossless Drude model [10] based on free
electron gas yields a metal dielectric constant of the form € =
e0(1 — w2 /w?), where ¢ is the vacuum permittivity, w is the
frequency, and w,, is the plasma frequency. The compatibility
of this model with measurements of typical metals (Au, Ag, Al)
[38], [39] is well established for light wavelength above
~600 nm, which is remote from the interband transition reso-
nances. For this red—near-IR regime, the electrical permittivity
is highly negative, e.g., eay (A = 1550 nm) = —131(+12¢)
[38] and is further increasing (absolute value) with wave-
length. Due to the highly (negative) dielectric constant, the
field penetration to the metal is small, the modes have some
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Fig. 2. “Plasmonic gap” dispersion curve of TM modes. The 500-nm gap
filled with air (¢4 = 1) and the metal are modeled by lossless Drude model
with 137-nm plasma wavelength (e.g., for Au or Ag). TM modes: (Black)
even and (red) odd; (blue dashed) light line; (green dashed) single surface
modal dispersion. Gray curve illustrates the penetration of single surface SPP
dispersion curve to the band gap when metal losses are considered. Inset:
Enlarged view of dispersion curve, where TM1 crosses the light line. Modal
H,-field profiles at points (b)—(e) on the dispersion curve are depicted on the
right. Metal interfaces are denoted by red lines A = 1.5 pm.

similarity to those of a perfect electric conductor (PEC)-cladded
waveguide, and the first plasmonic TM mode is similar to
the TEM mode (longitudinal E-field becomes very small)
of a parallel plate transmission line (TL) [40]. Thus, many
modeling tools from the field of TLs can be employed here,
as exemplified later [41]. The dispersion relations of the gap
plasmonic waveguide are essentially the geometrical dispersion
of a dielectric slab with the embedded chromatic dispersion of
the metal layers and were derived many times to yield expres-
sions [33] for symmetric and antisymmetric guided modes.

1) Symmetric guided modes:

Plasmon :  tgh(kyd) = (b /em)/(kp/ca)  (1-0)
Oscillatory : tg(kod) = (km/em)/(ko/€a) (1-b)

2) Antisymmetric guided modes:
Plasmon :  ctgh(k,d) = —(km/em)/(kp/ea)  (1-¢)
Oscillatory : ctg(kod) = —(km/em)/(ko/eq) (1-d)

where k2 = 3* — kieaq, k3 = kjeq— (%, and k2, =
6% — kem.

The complete analysis of the gap plasmonic waveguide
(Figs. 1-3) yields two decoupled TE/TM mode families (each
family is comprised of three E- and H-field components). It
might come as a surprise that although the plasmonic metal is
a (negative) dielectric and not a PEC, the modal structure is
similar to that of a closed waveguide, such that only a discrete
spectrum of bound and evanescent modes is supported (Fig. 1),
while the continuous radiation mode spectrum and the complex
leaky modes that are so typical of dielectric slab waveguides are
both absent. The importance of the absence of radiation modes
is obvious for the practical employment of this structure, as well
as for more compact modeling of gap waveguide devices.

To better comprehend the modal characteristics, we digress
to the single metal interface TM plasmonic mode (green dashed
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Fig. 3. (a) Real and (b) imaginary parts of propagation constants of some TM
modes in plasmonic gap versus the gap width. The inset shows the cutoff region
of the asymmetric plasmon mode. The metal is modeled by the Drude model
(from [50]) A = 1.5 um, g4 = 1.52.

line in Fig. 2). The dispersion curve is asymptotic to the light
line at low frequencies and to the SPP frequency wgpp at
high frequencies. Above the wgpp, a band gap exists up to the
plasma frequency w,, where the plasmonic modes are absent.
For high-frequency plasmons, the longitudinal and transverse
E-field components become comparable as well as the dielectric
and metal skin depth. The mode becomes substantially slow;
the propagation constant and vertical k-component are compa-
rable, which can be modeled as a “retardation-free” case.

The potential plasmonic (slow) modes of the gap waveguide
are only the two first TM modes, while all other modes (both
higher TM and all TE modes) are either oscillatory or evanes-
cent. It should be emphasized that although the gap is com-
prised of two metal—dielectric interfaces, we cannot interpret
simply the two first TM modes as in- and antiphase coupling
of the two single surface SPP modes, particularly for narrow
(below one wavelength) gaps, where the coupling coefficient is
very large (this interpretation is, however, valid for a metal slab
of any thickness). This is evident by examining the trajectory of
mode TM; (Figs. 1-3). As the thickness of the gap is decreased
below about one wavelength, the TM; plasmonic (slow) wave
crosses the light line and becomes an oscillatory (fast) wave,
and eventually at a thickness of about half-wavelength, this
mode crosses the cutoff point to become an evanescent one.
TM; exhibits an additional extraordinary feature. For very thin
gaps, the cutoff frequency approaches w,, such that the modal
dispersion curve enters the band gap and exhibits a negative
slop, i.e., TM; becomes a backward wave mode [10].

The TMg mode is a pure plasmonic (slow) wave propagating
only at frequencies below wgpp, and it does not experience a
cutoff. The TM wave slows down (phase velocity decreases),
which is accompanied by the reduction of the group velocity
as the frequency is enhanced or the gap thickness is reduced.
Here, we should put forward the difference between the TEM
of a PEC TL, which is neither a fast nor a slow wave, and the
TMj plasmonic mode, which is a slow wave leading to reduced
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Fig. 4. Reduced diffraction origin for slow waves illustrated in modal
k-vector space. (a) For transparent material, the k-vector components are
bounded on a sphere translated to diffraction-limited modal size in the spa-
tial space. (b) For SPP (at all media), the k-space is a hyperboloid; thus,
k-components are increased simultaneously indefinitely, and hence, the spatial
modal size is reduced indefinitely.

diffraction and serving as the main avenue for nanoplasmonic
circuitry, as will be discussed later on.

Another issue of interest is the asymmetric plasmonic gap,
i.e., metal clad layers are made of different metals [42]. In
contrary to a regular dielectric slab waveguide, which exhibits a
cutoff even for its zero-order mode, here, TM, does not exhibit
a cutoff (a plasmonic mode cannot exhibit a cutoff), and its
dispersion relation is in between those of the two corresponding
single surface plasmons.

Two final points are related to power flow and energy storage
by this mode. The power flow of the plasmonic (TMy) mode is
dissected to forward propagation in the dielectric and backward
propagation in the metal, which naively may question the
integrity of the mode or its usefulness for describing source-
mode coupling. This extreme discontinuity of the pointing
vector (discontinuity that exists for any TM mode of a dielectric
waveguide) on the interface is compensated by a power cou-
pling source at the interface, which is exactly the same surface
plasma supporting the TM field discontinuity. Another point of
caution is the calculation of stored energy in the metal part,
which is important, e.g., for the evaluation of cavity quality or
for energy velocity calculations, we should definitely use the
following dispersive medium formula: We = 9, (ew)|E|?.

2) Plasmonic Gap—A Subspace With Reduced Diffraction:
We may consider the dielectric material of the gap structure
as a subspace with reduced diffraction, which is essential for
stepping down into the nanoregime. To better comprehend this
fundamental effect, we observe the modal momentum space,
which is similar to the discussion by Takahara et al. [43].

A dielectric optical cavity cladded by dielectric materials
must conform with the k-vector equality k2 + k2 + k2 = ke,
where k is the vacuum wave vector and ¢ is the dielectric con-
stant of the layer. For a regular lossless dielectric configuration,
all the elements of this momentum relation are positive within
the waveguide core (or cavity core); thus, the propagation wave
vector is bounded by a sphere of radius (kge)'/?, as illustrated
in Fig. 4(a). The classical uncertainty imposes a minimal spatial
modal volume of (\/2)3. Replacing the vertical clad layers
by metal allows for a plasmon solution, which has a unique
feature compared to the aforementioned dielectric case, i.e., an
imaginary transverse wave vector in all layers (including the

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 9, SEPTEMBER 2007

waveguide or cavity core). The k-vector components relation is
modified subsequently to k2 + k2 — |k,|* = kge. The dielec-
tric constant ¢ is either positive or negative in the dielectric
or metal layers, respectively (x is the coordinate normal to
metal interfaces). The resulting hyperboloid surface, which is
illustrated in Fig. 4(b), has no bound for the vertical wave
vector, and moreover, the in-plane k-vector is enhanced by
increasing the vertical one. This is in contrary to the char-
acteristics of regular dielectric structures, where by reducing
the size in one dimension, the modal size is enhanced in the
others. Therefore, there is no apparent fundamental limitation to
a minimal modal volume for both normal to the metal layers and
in the in-plane directions. Although calculations show that the
mode size may shrink to zero for vanishing interface spacing,
we restrict the statement to “almost indefinite confinement”
since the macroscopic Maxwell equations may fail at a few
nanometers scale.

The previous discussion may be interpreted as follows: as
the gap width is reduced, the vertical momentum of light
inside a plasmonic gap is enhanced. The “slow” nature of
this mode leads to a corresponding in-plane momentum en-
hancement, which is equivalent to the reduction of diffraction.
This unique characteristic emphasizes that in order to obtain
cavities of subdiffraction modal size in all 3-D, the metal in-
terfaces are required only in 1-D. Inside the reduced diffraction
subspace (in between two metal plates), scaled down optical
devices (waveguides, cavities, etc.) may support nanoscale
modes, which sketches a plausible designing method for optical
nanocircuitry.

3) Modeling Losses: Losses, which are intrinsic to the
metal-cladded gap structure at optical frequencies, can be added
to the model either phenomenologically [11], [12] or by ap-
plying a Drude model with loss terms [44] or eventually by
incorporation of interpolated experimental information [39],
[44], [45]. The structural dispersion relation term (1) is not
modified, but complex dielectric constants are used [38]. Few
papers looked at the impact of loss on the Fano modes of the
real permittivity [11], [12], [44]. The impacts of the loss, in
addition to the obvious attenuated propagation of the modes,
are the collapse of the plasmon band gap, which is penetrated
by Zenneck modes to generate a branch with negative group
velocity (gray line in Fig. 2), the propagation of real power into
the metal cladding, and the tilt of the amplitude wavefront to
compensate for different losses in the core and cladding.

Experimental verification of modal losses [46] of plasmonic
gap (Au/SiOy/Au) was in a good agreement with the calcula-
tions based on Drude model.

Some general remarks related to loss in gap waveguide are
given. In the red—near-IR wavelength regime, the losses are
small enough, such that their main impact is an attenuated
propagation [Fig. 3(b)]. The discrete modal spectrum is pre-
served, with 8 values pushed slightly from the real axis into
the fourth quadrant of Fig. 1. However, at the regime close to
plasma frequency, the metal loss dramatically alters the modal
characteristics. At a recent paper, Dionne et al. considered
the implications of the discrepancy of the Drude model from
the measured metal permittivity of metals [39], [45]. They
reaffirmed that the Drude model (for a complex permittivity)
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Plasmonic gap taper (from [15]). (a) Schematics: a 1.25-um silica slab coupled to 50-nm plasmonic gap via tapered gap. (b) Transfer matrix analysis

prediction for the transmitted power versus the propagation distance along the taper. (c) Two-dimensional FDTD simulation result of the pointing vector versus
propagation along the tapered plasmon gap waveguide coupler: TM excitation with ~70% transmission (similar to calculations), TE excitation (no plasmon mode

exists), oscillating mode is cut off and back reflected.

is valid for the near IR [39], as compared to experimental
results [38]. There is no pure distinction between “allowed” and
“forbidden” energy bands in the dispersion curve but, rather, so-
lutions with finite propagation length throughout the spectrum.
The empirical permittivity values were incorporated into the
known dispersion relations, and the complex eigenmodes were
solved by converging algorithm based on Nedler—Mead mini-
mization routine in complex wave-vector space.

Since the short propagation length of plasmonic modes is a
fundamental limitation, the introduction of gain was discussed
either in the broader scope of plasmonic modes [47] or for plas-
monic gaps describing the required gain [48]. Unfortunately,
the gain factors of known usable media are still not enough to
compensate for the metallic loss in nanoscale devices.

B. Modeling Gap Waveguide-Based Devices

For modeling devices based on plasmonic gap, photonic
integrated circuit modeling tools as well as methodologies em-
ployed in RF circuitry are employed, with some modifications.
Some of the most prominent tools include mode-matching
techniques and finite-difference time domain (FDTD), which
is the tool of choice in the domain of nanophotonics. The
subsequent sections exemplify the use of such methods for
specific device modeling.

1) Couplers and Tapers: In 2005, we reported the sur-
prisingly high-efficiency light coupling into plasmonic gap
waveguide, with tapered couplers that can be (and better be)
nonadiabiatic [49], [50]. Coupling efficiency of ~80% was
obtained even when input/output waveguide dimension ratio
was 20 and even though the “diffraction limit” point was
crossed in the taper toward the nanoscale. The closed-form
analysis employed a mode-matching method, i.e., the transfer
matrix formalism, to resolve the transmission and reflection
of plasmonic gap taper. The tapered coupler was segmented,
and mode boundary conditions between segments were applied.

Some assumptions must be emphasized here, i.e., the coupling
of TE and TM modes is generally negligible, and only modes
of TM family were considered. The number of modes to be
traced at each segment is a differentiating factor from a regular
dielectric taper; although all the modes here are discrete (see the
previous section), many evanescent modes must be considered,
since the closure of the system launches the power of these
modes, propagating on the interface between the segments,
back to the waveguide core. The intrinsic metal loss causes the
modal family to be biorthogonal (rather than power orthogo-
nal), hence more coupling coefficients should be calculated and
not assumed to be zero. As commented on in [50], this fact
stabilizes the numerical procedure. We should point out that
adiabaticity is not the optimal solution for plasmonic tapers
due to the dominance of the propagation loss and the absence
of other forward propagation modes to which to be coupled.
Thus, the very short nonadiabatic plasmonic coupler is the
optimal solution, as was validated by a 2-D FDTD simula-
tion (Fig. 5).

An analysis of an adiabatic plasmonic taper was reported
using the geometrical optics approximation (GOA) [51]. When
validated by 2-D FDTD method, discrepancies appear for very
small taper angles, which were attributed by the authors to the
accumulation of numerical errors in the FDTD method. On the
other hand for short tapers, the GOA adiabatic assumption is
invalid.

The similarity of the gap waveguides to parallel plate mi-
crowave TL can be exploited by borrowing TL design tools.
This idea was practiced in the design and simulation of an ul-
trashort abrupt coupler between two gap plasmon waveguides,
using the optimized A/4 transformer [41]. The TM wave
impedance Zr\;, which is determined as the ratio between
the transverse parts of the electric and magnetic fields, was
calculated, and together with the additional reactance due to
the discontinuity, a nanometric long matching segment was
designed to yield power transmission efficiency of ~85%, as
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Fig. 6. Plasmonic gap couplers (from [41]). (a) Direct coupling and (b) via A /4 coupler; coupler schematics, major magnetic field distribution, and modal power.
Extracted from 2-D full-vectorial FDTD simulation with excitation at A = 1.55 pm.

validated by FDTD (Fig. 6). A point of interest is the highly
efficient direct coupling (with no matching segment), which
exceeds significantly the propagating modes overlap. This can
be interpreted by a similar mechanism generating the enhanced
harvesting in the hole array scenario [37]. Here, the metal walls
of the input waveguide serve as reflectors to reproduce multiple
images (array) of the output waveguide.

An abrupt coupler was designed by optimization meth-
ods and analyzed with 2-D finite-difference frequency do-
main (FDFD) [52] between a wide dielectric slab and a thin
vacuum-filled plasmonic gap. Both waveguides, comprising the
coupler, were modified in the vicinity of the interface with
optimized segments to improve impedance matching. The 2-D
FDFD method is advantageous for stationary [continuous wave
(CW)] solutions and for employment of detailed dispersion
characteristics, e.g., from experimental data. In addition, they
employed a multigrid with a very fine grid resolution of ~1 nm
at the metal—dielectric interfaces. This nonuniform orthogonal
grid, which tackles properly the high-contrast metal-dielectric
interfaces but does not substantially increase the overall compu-
tational complexity, has an undisputable merit particularly for
plasmonics.

2) Bending and Junctions: Bended plasmonic gap and
T-junction were analyzed with FDFD and compared with the
analytical results of PEC-cladded waveguide. The discrepancy
between transmission of bends in PEC and real metal gap
waveguide is apparent particularly as the wavelength is reduced
[53]. The lower cutoff of plasmonic gap compared to the
parallel PEC plate TL is due to the smaller wavelength of the

slow plasmonic wave. Incorporating the “effective width effect”
into the aforementioned comparison would compensate for
the discrepancy. The T-junction results are interpreted by im-
pedance calculations. The T splitter is equivalent to a junction
of three TLs with the same characteristic impedance Zj. The
load connected to the input TL at the junction consists of the
series combination of the two output TLs. Thus, the equivalent
load impedance is Z; = 27, and the reflection coefficient is
R=((Zr - 2y)/(Z + Zp))? = 1/9. Because of the symme-
try of the structure, the transmitted optical power is equally
distributed between the two output waveguide branches, so
that the transmission coefficient is 7' = 4/9, as verified by
FDTD simulations at long wavelength, where the metal is
PEC-like.

The analysis of X-junctions is reported in [54]. The difficulty
in using the complete coupling scheme in subwavelength junc-
tions is that due to the closure of the system many high-order
evanescent modes play a role and should be incorporated. The
modeling in that reference was based on first-order physical
reasoning, FDTD simulations, and closed-form analysis with
some simplifications. The 2-D FDTD simulations [54] predict
a “memory-less splitting: equal power four-port outputs” when
light is inserted to a single arm for plasmonic gap thickness
d < X [Fig. 7(a)]. For wider gap sizes (A\/2 < d < \), more
complex dynamics evolve, including mode beating dynamics.
Applying impedance calculations for the X-junction, Zj =
3Zy, R =1/4, and symmetry results with 1/4 power in each
arm. Therefore, four equal outputs are predicted, which are
validated by the simulation for subwavelength gap sizes. The
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X-junction. (a) Junction and excitation schematics and perfect four-way splitting example (subwavelength gaps). Polarization split view of CW

propagation in X-junction for (b) gap size smaller than A /2 and (c) gap size between A/2 and A. FDTD simulation results are both from [54].

impedance analysis employed PEC-like metal, which is rea-
sonable for subwavelength analysis at the near-IR wavelength.
When the gap thickness is increased, additional propagating
modes are involved. The physical reasoning interprets the in-
put field at the subwavelength junction as a broad azimuthal
spectrum source. In the simulations, it appears that a cylindrical
wave that is polarized azimuthally enters the junction. Since
the basic mode is polarized normal to the gap walls (metal
interfaces), the azimuthal polarization perfectly couples to plas-
monic TM( arm modes. TMj is the only propagating mode for
d < A/2, and the dynamics is simple [Fig. 7(b)]. For thicker
gap (A\/2 < d <)) in the forward going arm, only TMj is
launched due to the symmetrical excitation, whereas in the side
arms TMy and TM; combination is excited, exhibiting mode
beating [Fig. 7(c)].

3) Coupled Multilayer Gap Plasmon Devices: If the metal
clad thickness is below 100 nm (for practical parameters), the
plasmon fields in the gap can be coupled to a neighboring
structure, enabling the design of multilayer gap waveguides.
The modes of five-layered plasmonic structures were solved by

applying a transfer matrix method, and modal extraction was
performed using the reflection pole method [55].

In [56], formalism was derived for extracting recursively
the modes of a multilayered structure based on constitut-
ing waveguide. This was applied to plasmonic multilayered
structures and verified for the five-layer case with direct
calculation [57].

III. PLASMONIC COMPLEMENTARY 2-D
WAVEGUIDE STRUCTURES

Practical waveguides for plasmonic circuitry should confine
light in two dimensions (Fig. 8). In Fig. 8(a) and (b), the 2-D
waveguide is formed by a lateral modification of the dielec-
tric internal space of the gap plasmon waveguides, whereas
Fig. 8(c) shows an analog of RF waveguide, which is primarily
a A/2 limited device. All other devices in Fig. 8 are open
structures, thus supporting radiation as well as leaky modes
(in contrary to the 1-D gap waveguide). This is also critical to
the modeling, since proper boundary conditions [e.g., perfectly
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Fig. 8. Plasmonic waveguide structures. (a) Slab within plasmonic gap.

(b) Variable size plasmonic gap. (c) Rectangular channel in metal. (d) Slot
line. (e) Trench. (f) Rectangular channel. (g) V-groove channel. (h) Metal
wedge. (i) Partially loaded channel. (j) and (k) Slab and void layers on metal.

matched layer (PML)] should be employed to capture these
modes. In addition, most of these structures belong to class II
waveguides, as defined by Oliner and Peng [58] (similar to
ridge waveguides), where except for the zero-order mode, only
quasi-modes can be guided due to the coupling between TE-
like and TM-like modes on the interfaces. In Fig. 8(d) and (e),
the slot and trench waveguides can also be considered as TLs
(two not simply connected metal layers), whereas all other
configurations are based on modified single metal surfaces.

A. Waveguides Within a Plasmonic Gap

Exploiting the reduced diffraction subspace that exists in be-
tween the metal layers of the gap structure, one can implement
plasmonic circuitry by employing in-plane dielectric bound-
aries. The notion of reduced diffraction that is vertical gap
width-dependent fits well the concept of the EI method, which
is a very important modeling engine for plasmonic structures.
The EI analysis, which is easily implemented and interpreted,
was found valid for many configurations of 2-D plasmonic void
waveguides, as will be discussed in the subsequent section.

The effective index is the propagation constant divided by
free-space wavenumber. For slow waves, it is higher than
the actual index of the dielectric (filling the plasmonic gap).
Therefore, the effective indexes as well as the in-plane core/clad
effective indexes ratio are higher than the respective material
values, such that regular dielectric structures within a gap can
support subdiffraction modes.

A dielectric stripe within a plasmonic gap [Fig. 8(a)] was
analyzed with FDTD [59] simulations, and the results were
compared to the EI calculations. Although the EI method is
not a completely rigorous tool and may fail, particularly when
the refractive index difference is large, it was found that the
EI predictions match well the FDTD results for the embed-
ded waveguide. Here, the EI method is applied first to the
(fast) vertical dimension (normal to the metal interfaces), and
subsequently, the calculated effective indexes of the plasmonic
(TMp) modes were assigned as the in-plane index profile.

The effective index of the gap structure also depends on
the permittivity of the metal plates, hence using an assembly
with different lateral metals (termed metal heterowaveguide)
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can serve to confine the mode in the in-plane dimension [60],
as was verified with FDTD simulation.

In [61], the waveguide cross section is a rectangular air
channel in metal, with a reduced metal gap in its center where
the wave is actually guided [Fig. 8(b)]. The structure may
be considered as composed of three plasmonic gaps, with the
central one having a reduced gap size and, thus, higher EI.
The EI incentive is verified by a volume integral equation
discretized by pulse-function and point-matching collocation
method. The resultant linear equations were resolved by a gen-
eralized conjugate residual iteration combined with fast Fourier
transform. Using this guiding concept, a waveguide splitter was
studied as well. The modal propagation constant (according to
standing waves periods) matches reasonably the calculated ef-
fective indexes, but the EI method was quantitatively successful
only for relatively small gap thickness difference. This theme
was continued in [62] for N-arms multiplexer. The structure
size was 0.88)\ x 0.86\ x 0.51), and it was discretized uni-
formly with 0.008\ resolution. The multiplexer performance
was substantially sensitive to structural modifications, necessi-
tating highly accurate simulations. This example elucidates the
difficulty of simulating plasmonic devices, due to nanometric
grid requirements.

Finally, the fully inclosed rectangular air channel in metal
[Fig. 8(c)] was examined by EI analysis and FDTD simulations,
and only slight variations were exhibited between the two [63].
The simulation results were also compared to PEC metal, which
gives distinctive cutoff values. For PEC, the cutoff is exhibited
for a gap width of \/2. For the real (Drude) metal, the cutoff
wavelength was enhanced by 41%. The FDTD calculations
showed that the material loss did not influence the cutoff
wavelength and was negligible for wavelengths just a few
nanometers above the cutoff wavelength.

B. Modeling Plasmonic Slots and Trenches

We first dwell with symmetrical open system, i.e., a
waveguide embedded in a homogenous dielectric (same sub-
strate and superstrate). This applies only to the slot and trench
waveguides [Fig. 8(d) and (e)], due to the built-in asymmetry
of all the channel waveguides. Symmetry is crucial, since even
slight asymmetry may result in a cutoff of nanosized modes.
The slot configuration is supported by a very thin metal (order
of skin depth), and as such, the dominant mode will be the TM
modes of the metal layers coupled via the slot. However, as the
metal thickness is increased, the vertical sidewalls of the trench
can support their own plasmonic mode, which is the TE mode
in our scheme (see the inset of Fig. 9).

For highly symmetrical structure, the EI method predicts
the existence of bound modes in a slot (e.g., 20-nm metal
thickness) or trench (e.g., 400-nm metal thickness), for any
wavelength or width. Full-vectorial H-field finite-difference
(FVHFD) simulations of gold trenches were verified by mea-
surements [64]. H-field is the better choice for mode solvers
or propagation schemes of plasmonic structures due to the
large discontinuity of the E-field on the interfaces. Both the
simulation and experiments resulted in a hybrid mode with
a “TE-like” component confined in the trench. However, for



FEIGENBAUM AND ORENSTEIN: MODELING OF COMPLEMENTARY (VOID) PLASMON WAVEGUIDING

Y - axis (um)

X - axis (um)

2555

e (C) H —
4 X
\gi 2‘ —
D O —— | —
s 2
)
> -4
6
-15 -10 -5 0 5 10 15
X - axis (um)

Fig. 9. Modal pattern of a 10-pum-wide trench engraved in a 400-nm-thick gold layer, embedded in a dielectric host (n = 1.5), with the TE (Ex field) excited at
A = 1.55 pm. The gold layer borders are graphically illustrated. (a) Experimental imaging of optical power at the output facet in comparison to FVHFD-calculated
guided mode (second mode). (b) Ex/Hy electromagnetic field component peak value is 3.5 times higher than the (c) Ey/Hx electromagnetic field components.
Inset: Symmetrical SPP waveguide structures studied: (Upper) slot and (lower) trench (from [64]).
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(a) Modal pattern measurement of an 8-y m-wide slot made in a 20-nm-thin gold slab, with TM excitation at A = 1.55 pm. (b) FVHFD calculation with

TM excitation resulting to SPP-assisted slot mode, as neff = 1.502534 — j - 0.0001544. The location of the metal stripe is graphically drawn as a golden solid
line, as BenzoCycloButene (BCB) cladding borders are drawn as green dashed lines (from [65]).

a symmetrical slot configuration, neither the simulation nor
the experiments gave the confined mode predicted by the EI
method, only the surface-like TM mode [65] (Fig. 10). This
may be due to either (or both) failure of the EI method at such
low confinement scenario or (and) the problematic excitation
of this mode. The two first modes of a slot in a thin metal
film waveguide were further explored with compact 2-D FDTD
and FDTD and experimentally validated [66]. The lowest mode
does not exhibit a cutoff, as the metal layer is thinned. For a
thick metal layer, the effective index for both modes is similar
to that of a plasmonic gap.

Nanometric size asymmetrical slot waveguide (silica—air) in
a 50-nm-thick Ag film and with aspect ratio of 1 (50-nm gap)
was examined in [60] with H-field full-vectorial FDFD mode
solver. Since the slot dimensions are much smaller than the
wavelength in the frequency range of interest, the fundamental
bound mode is quasi-TEM with dominant field components
Ex and Hy, and this waveguide does not support any higher
order bound modes. Since the fundamental mode is quasi-

TEM, it can be efficiently excited by linearly polarized light.
The dispersion curve is showing slow modes as expected. It
should be emphasized that a PEC slot line does not support a
bound mode (although the leaky mode may have small radiation
loss). The slow wave characteristic of the plasmon is what
enhances its effective index above the surrounding material to
produce a bound mode. The modal size remains small even at
low frequencies where the dispersion relation approaches the
silica light line, which is a completely distinctive characteristic
compared to that of a dielectric waveguide mode approaching
a cutoff. This may explain the extended usefulness of the EI
method for plasmonic slot trench, even close to cutoff, since
the mode retains its high confinement.

Similar slot-line structure was analyzed with the FDTD
method [67], as well as its arrays and bending. EI notion
was utilized to explain the confinement. A more elaborated EI
analysis of such structure was presented with comparison to
2-D FDTD results [68]. In this paper, the mode in the trench
is calculated (using complex permittivity), and the EI is used to
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solve a three-layer TE mode. The EI mode calculations match
very well the values obtained by the FDTD simulations (for the
mode supported by the trench metal interfaces), and the fit was
better as the metal film thickness was increased.

It should be emphasized that the asymmetrical slot-trench
configurations are nanodevices by nature. Only nanometric
wide slot trench can support a confined mode in an asym-
metrical environment. Again, EI interpretation to the latter is
obvious, i.e., one has to narrow the slot to the nanoregime in
order to generate slower plasmon, which has EI larger than
the actual index of the higher index substrate. Unfortunately,
the thickness/width aspect ratio of the slot trench should also
be raised substantially, such that implementation may become
challenging.

C. Modeling of Plasmons on Deformed Single Surface
(Channel and Edge Waveguides)

A unique family of waveguides supporting 2-D bound plas-
monic modes is the deformed single metallic surface. While
similar structures using PEC may guide leaky waves, here
bound modes on corners, edges, and channels can propagate.
The channel plasmon—polariton (CPP) is the distinguished
member of this family, and recently, waveguides and devices
based on CPP were fabricated and measured [69], [70].

Rectangular and V-groove CPPs were analyzed with EI
method [68]. The model is applied with the fast axis parallel
to the metal layer. The V-groove was subsectioned to variable
thickness “gap” waveguides. The final calculation was for the
TE mode of a multilayer structure, i.e., air—EI layers—metal.
Since reduction of the gap size results to EI enhancement,
the CPP mode confinement is better in narrower grooves
(at the expense of larger damping). However, generally, the
modes propagating on small deformations are highly hybrid,
and the EI method is not readily applicable; therefore, other
modeling methods should be employed. Similar modes also
appear in highly asymmetrical slot configuration (Si—air) as
corner modes (calculated by full-vectorial H-field finite element
method (FVHFEM) in [71]).

An analysis of guided modes on a deformed metal interface
was performed, based on the modified moments method [72].
Since it is based on Green functions and using discrete point
matching at finite resolution around the metal edge, it may be
nonoptimized for abrupt surface changes; however, it is a funda-
mental method that can be adapted to the plasmonic scenarios.
It is based on an ordinary method of moments but then uses
some specific assumptions for single interface guidance. The
model is applied to CPP modes, assuming real permittivity,
even though it is possible to incorporate a complex one into
the model.

A similar method, such as multiple multipole method
(MMP), was applied for CPP and verified by FDTD simula-
tions, where the metal dispersion was interpolated by measured
values [73]. The dispersion curves of MMP (calculated with
10-nm resolution) and FDTD (5-nm resolution) are very
similar.

Several FDTD simulations of CPP were reported [70], [74],
[75]. In [70], a good match with EI results as well with exper-
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Fig. 11. FVHFEM calculations of 55° silicon-filled V-groove in gold. The
two transverse H-fields are given (from [76]).

iments is given. Results of FVHFEM calculations are shown
in Fig. 11, emphasizing the hybrid mode characteristics (the
two polarizations have similar magnitudes) [76]. In [77], a half-
loaded rectangular CPP [Fig. 8(i)] mode is studied by a finite-
difference mode solver, and its coupling scheme is studied with
FDTD and compared to an experiment. The measured loss was
substantially higher (~0.2 dB/um) than the predicted one.

Similar analysis was also performed to the complementary
wedge structure. The wedge plasmon—polaritons (WPP) were
studied by compact 2-D FDTD, FDTD, and experimentally
[78]. An excitation artifact obtained in the FDTD algorithm
resulted in a snakelike pattern due to the interference of the
wedge mode and the surface plasmons on the sides of the
wedge. To overcome this artifact, an entrance aperture was
realized to reduce the excitation of sidewall surface modes
(both in simulation and in the actual experiment). This, for
example, is a disadvantage of the compact 2-D FDTD; however,
it is faster and, as argued in [78], results in more accurate modal
distributions. This example is discussed here to emphasize the
importance of a proper excitation of these types of discontinuity
waveguides, both for modeling and measurements.

Retardation-less (“electrostatic modes”) assumption obvi-
ously simplifies the analysis of these structures; the transverse
wavenumber is assumed to be the same in both media adjacent
to the interface, hence the field along the interface is solvable
analytically [79]-[83]. Including the retardation effects, WPP
modes that are much smaller than the wavelength are calculated
using a full-fledged mode expansion analysis [84]. Unique field
distributions and dispersion curves are observed. The analysis
(necessarily) involves not commonly used optimal basis func-
tions set with solutions that are a limited bandwidth series of
the basis functions. We found that the retardation-less analysis
coincides asymptotically for high propagation constants and
exhibited sub-\/2 modal sizes (Fig. 12).

Finally, in [85], a different type of 2-D plasmonic waveguide
was suggested and analyzed [Fig. 8(j) and (k)]. The vertical
confinement is by a single surface plasmon, and the single
surface is loaded by a different dielectric (laterally). In seg-
ments where the dielectric layer is loading the metal surface,
the vertical mode is modified, and so is its effective index.
The EI method is found to be within 1% accuracy for the
fundamental modes in comparison to FDFD mode solver for
few frequencies, as demonstrated for several structures.

To conclude this section, the modeling of the edge—channel
configurations (being very unique to slow modes) can be
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Fig. 12. Hybrid polarization nanosized modes of metal wedge. (a) Schematics. (b) and (c) Modal full-fledged analysis and E-field component distributions

(from [84]).

categorized in to finite-difference propagators, simplified solu-
tion of nonretarded schemes, and full-fledged solutions. Finite-
difference propagators may miss the modes, which are very
small, are usually highly lossy and require special excitation,
and may yield mainly single surface slow modes close to the
light line or fast modes. Retardation-free solutions are only
asymptotic approximations, whereas full-fledged solutions are
very problem dependent.

IV. CAVITIES WITHIN PLASMONIC
COMPLEMENTARY STRUCTURES

An optical cavity realized in a plasmonic gap may turn out to
be the better way for achieving much below 1A\3 dimensions
supporting nanosized modes in all three dimensions with a
reasonable quality factor.

A Fabry—Pérot cavity inside a plasmonic gap that is 3 um
long in 1-D but nanosized in the other two (55—483 nm wide
and 3.3-14 nm thick) was analyzed by employing the 2-D
boundary element method, as well as fabricated and actu-
ally measured [86], [87]. Partial agreement was obtained by
comparing the theoretical and experimental results (not all
the transmission dips were reproduced by the calculation).
Experimental results validated the analytical dispersion curves
of the gap waveguides. These results are highly encouraging
as they indicate both the validity of macroscopic (continuous)
electromagnetics with no spatial dispersion effects down to a
gap thickness of 3 nm (at least as far-field response is discussed)
and the quantitative guidance model for gap plasmons (the
observed short wavelengths validates the predicted “reduced
diffraction”). Theoretical claim sets a gap thickness of 1.5 nm
as the limitation for continuous electrodynamics and the local
Drude model [51].

A complete 3-D dielectric cavity within the plasmonic gap
was modeled, exploiting the reduced diffraction concept [88],
[89]. This structure is beneficial both for reducing the ver-
tical leakage (no vertical radiation modes as discussed) and
for allowing unlimited shrinkage of the modal volume. The
dielectric cavity was designed as a cavity in photonic bandgap
structure [89] or as a simple cylinder [88]. The modeling results
were validated by the (FDTD) numerical solutions of Maxwell
equations. In this configuration, each calculation box dimension
is smaller than half of the wavelength, and a PML is used for
boundaries.

The EI method that is conventionally used to extract the
propagation constant and modal fields of a waveguide struc-
ture was employed here very successfully to calculate the
eigenfrequencies and modal fields of a 3-D cavity. The fast
direction of the EI method was taken vertically to the layers
(the shortest dimension of the structure). The propagation con-
stant of the TMy gap mode was resolved from the dispersion
relations, both inside and outside the dielectric cylinder. The
modal effective index is assigned, generating a 2-D in-plane
equivalent structure of a dielectric circular cavity. The boundary
conditions for each (m) azimuthal order yield a set of discrete
radial solutions (indexed by [), each having a distinct modal
frequency.

The definition of modal volume is an involved issue, partic-
ularly when metal is involved. While most of the cavity-related
literature is using the effective mode volume from the Purcell
effect calculations [90], we believe that this effective mode
volume (while being important for exhibiting the Purcell effect)
is mostly the spatial intensity enhancement factor at the point
of maximum intensity rather than the “actual mode volume.”
Furthermore, this measure has nothing to do with diffraction
effects, which are related to the “uncertainty” of the mode
distribution, such as the intensity distribution variance. Since a
major fundamental interest is the relation between plasmonic
cavities and diffraction, we characterized our structure by a
mode “uncertainty” volume V' = D3y = mR2;hefr, where Reg
and heg are the variance of the intensity distribution along the
radius and height, respectively. In order to facilitate the com-
parison with other reported cavities, the Purcell effective mode
volume is provided as well, which always yields a significantly
lower value (Fig. 13).

For a specific structure excited by a broad-band pulse
(as in the following FDTD simulations), the modal wavelength
is specific to the given cylinder radius [Fig. 14(a) and (b)]. A
unique feature in the plasmonic-assisted cavity is that higher
Q-factors are expected for high-order modes, which is counter-
intuitive with the common wisdom of regular dielectric cavities.
For regular cavities, higher order in-plane modes have lower
vertical k-vector, resulting in enhanced vertical radiation losses.
For the “plasmonic” cavity, the metal layers disallow vertical
radiation; however, they are a source for material loss. The in-
plane radiation loss into the dielectric clad decreases with the
order of the mode. Mathematically, it can be traced to the fact
that the solution outside the core (r > a), which is a Hankel
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Fig. 13. Nanosized cavity—dielectric cylinder embedded in plasmonic gap.

Averaged modal size (calculated with EI method) versus cylinder height at
Ao = 700 nm. ng; = 3.5, 19 = 1, Aplasma = 137 nm (from [88]).
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Fig. 14. FDTD simulations. Metal thickness is 100 nm (practically infinite).
A short x polarized pulse inside the cavity results to a major spectral peak
at ~700 nm. Hy distribution. (a) Vertical plane at z = 0 (from the higher
resolution CW excitation at 700 nm). Inset: Field profile along =, at y = 20 nm.
(b) In-plane at x = 0 (from the impulse excitation since CW has poorer
visualization due to interference with the continuous source). (¢) Calculations
by the EI method for A\g = 700 nm. Cylinder boundaries in white dashed line
(from [88]).

function of the second kind, vanishes rapidly for higher orders.
However, larger material losses are typical to higher order
modes. This interplay results in an optimized quality factor for
modes of intermediate orders.

FDTD, incorporating the complex metal dielectric function
of the Drude model, was used to simulate a silicon cylinder
with 100-nm diameter in a 20-nm gap between gold plates. The
resulting major cavity mode has a spectral peak of ~700 nm
(examined with broad-band pulse and CW at the major cavity
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mode wavelength). The intensity full-width at half-maximum
resolved effective modal volume of 36 nm? is more than an
order of magnitude smaller than the “diffraction limit” and has
a @Q-factor of 170, which is calculated by the ratio of total
stored energy in a volume encompassing the cavity and the total
outgoing power from the volume surfaces. The QQ-factor can be
further enhanced by employing lower loss metals (e.g., silver)
or for increased intermetal gap.

The EI analysis for these structure parameters (air gap of
20 nm between gold plates) also predicts that the balance
between the vertical metal losses and in-plane radiation losses
retains the {0, 2} and {2, 1} modes, both having similar eigen-
frequencies of about 700 nm. Their interference [Fig. 14(c)]
matches the mode distribution and spectrum as obtained in the
FDTD simulation [Fig. 14(b)], and the expected axial rotation
of the pattern is due to the slight difference in the modal prop-
agation constants. The calculated field confinement is slightly
smaller compared to the simulation results—the effective modal
volume of 41 nm?, which may be due to the influence of the
imaginary part of the metal dielectric constant-not included in
the effective index analysis.

V. KERR NONLINEARITY WITHIN GAP
PLASMONIC WAVEGUIDES

The plasmonic gap can be loaded with nonlinear medium,
thus combining nanoscale modes, enhanced intensities, and
self-guiding mechanism. Incorporating a Kerr nonlinearity as
a first case modeling yields the possible evolution of a novel
hybrid-vector plasmon—soliton.

The novel soliton was modeled by a modified nonlinear
Schrodinger equation (NLSE), encompassing hybrid-vector
field characteristics [91]. Assisted by the transverse plasmonic
effect, the self-trapping dimension of the plasmon-soliton
was substantially compressed (compared with a dielectrically
cladded slab case) when the slab width was reduced. The
practical limitation of the plasmon-soliton size reduction is
determined by the availability of nonlinear media and metal
loss. For the extreme reported values of nonlinear index change,
we predict a soliton with a cross section of 300 x 30 nm
(average dimension of 100 nm).

From the modeling perspective, the reduced diffraction of the
plasmon in a gap is instrumental for a proper transformation of
Maxwell equations to the NLSE of the envelope function for
ultrasmall solitons. Nevertheless, the enhancement of the non-
linear effect is not proportional to the linear reduced diffraction
[Fig. 15(a)].

A general NLSE for transverse TM modes with lateral (in-
plane) nonlinear confinement was derived by taking into ac-
count the two electric field components. The derivation assumes
that the TE/TM modes of the layered structure hold, which is
reasonable when the in-plane soliton width Ay is significantly
larger than the mode vertical width Ax. A scalar wave equa-
tion [aligned parallel to the E = (E,,0, E,) field] could be
derived and transformed to a nonlinear Schrodinger equation
by employing a paraxial approximation and averaging over z. A
unique first-order plasmon—soliton emerges. The same scenario
when applied to Kerr medium confined by regular dielectric
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yields effective soliton dimension with a minimum at slab
thickness of ~\/2 [see Fig. 15(b)]. The soliton confinement
cannot be enhanced further by increasing the intensity, as the
nonlinear index change reaches its saturation value.

However, for the nonlinear plasmonic gap, the “plasmonic”
effect is shown to overcome this minimum effective soliton
width restriction. The unique role of the reduced diffraction
of the plasmonic wave is quantified by a factor I3/, which
weights the nonlinear coefficient ns. I3 is the vertically inte-
grated squared intensity in the core, and I is the total integrated
intensity, and thus, the factor I3/I is the figure of merit for
the intensity localization in the nonlinear segment (dielectric
core). It turns out that decreasing the plasmonic gap size mod-
ifies differently the linear and nonlinear “diffraction” terms,
as illustrated in Fig. 15(a). While the linear effective index
increases rapidly, as the gap size is reduced, the nonlinear index
enhancement saturates.

Solving for a nonlinear Kerr medium that is in between two
silver layers yields a closed-form expression for the soliton
width. The Kerr media used in the calculations include non-
linear glasses, exhibiting a nonlinear index change of 1073,
as well as materials exhibiting the extreme high index change
of 0.1 [effective size: Fig. 15(b); intensity trace: Fig. 15(c)
and (d)]. The “plasmonic” signature is evident; in contrast to
the minimum of D.g exhibited for dielectric clad, here, the
effective size may be reduced with gap thickness, and nanoscale
dimensions below the diffraction limit (Deg < 100 nm) are
achievable.

The two major physical sources limiting the compression of
the plasmon—soliton beam size are the maximal attainable non-
linear index change and the mode attenuation. As the effective
wavelength in the plasmonic gap is reduced (shorter free-space
wavelength or narrower gap), the mode attenuation becomes
larger, setting a practical limit on the plasmonic-assisted re-
duced diffraction. Yet, the fundamental saturation of the factor
I3/1 for reduced gap sizes limits the soliton lateral width

Ay to the diffraction limit dimension. Therefore, attainable
plasmon-—soliton beams may have a lateral size of about the dif-
fraction limit and a transverse size of a few tens of nanometers.

VI. CONCLUSION

As evident from this paper, the field of plasmonic com-
plementary waveguides is in a formation stage with exciting
results. A large variety of plasmonic configurations is offered,
taking advantage of the possibility of guiding plasmons on
single interface metallic waveguides within a rich ensemble of
complementary (void) structures and on nanoscale discontinu-
ities (e.g., edges and corners). The shaped channel waveguide
and the edge guiding may serve as a prototype for nanoscale
plasmonic elements.

The various analyses and simulation methodologies were
adopted from photonics and microwave TLs and were suc-
cessfully modified to the plasmonic field. Good results were
obtained for micrometer size modes and for the mesoscopic
submicrometer regime to a few hundred nanometers. However,
most of these methods are not trivially implemented in the deep
nanoscale regime, and this should be the direction for future
modeling.

The EI method, even though it is not a rigorously proven
method, provides first-order compatible results, as shown in
several comparisons to experiments and other numerical meth-
ods. The relative success of the EI method can be attributed
to the highly confined nature of the plasmonic mode, which is
even close to cutoff.

Finite-difference methods (FDTD, FDFD, etc.) are very
common and useful. However, some caution should be exer-
cised when modeling plasmonic waveguides.

1) A very high resolution (1 nm) should be applied at the
high-contrast metal-dielectric interfaces. Proper inter-
face smoothing should be applied for difference method
stability.
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2) The nanosized plasmonic slow wave is characterized by

very small modal cross section, high losses, and complex
source mode coupling. Methods of filtering out other
modes and designing proper excitation schemes are cru-
cial to track the modes of interest.
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