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Abstract

In this paper, the directional excitation of surface plasmon
polarities (SPPs) was investigated with numerical simula-
tions in two plasmonic structures based on the metallic
nanochannels with bumps. The simulation of SPPs and
directional propagating fields on the output interface was
carried out by employing a finite element method
implemented by COMSOL Multiphysics. By analyzing
behavior of the instantaneous electric field and power flow,
the introduction of dielectric-metal (DM) bumps produced
an enhancement of the directionality and confinement of the
output field in comparison with the case of metallic bumps.
Since the DM bumps can form the vertical MDM Fabry-
Pérot (FP) cavity modes which are coupling with FP surface
cavity modes between two bumps. The simulation results
show that the optimized FP cavity length, dielectric thick-
ness of layer in DM bumps and dielectric thickness of the
layer between two bumps is crucial for the enhancement of
the directional beaming effects. It is hoped that these out-
comes can be used in several potential applications such as
directional coupler (generator), plasmonic circuits, and nano-
resolution optical beaming.
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1 | INTRODUCTION

Striving for the progress in nanofabrication technology has
become the standard impulse and the conventional topic for
the introductory paragraphs for most researches are dealing
with nanophotonic devices, that are of fundamental or engi-
neering character, experimental' > or theoretical.*® The opti-
cal diffraction limit acts as an obstacle to the downscaling of
photonic devices. One approach to conquer this case is the
utilization of the properties of surface plasmon polaritons
(SPPs).” SPPs are electromagnetic waves coupled to the free
electron oscillation on the metal surface and strongly con-
fined to the near vicinity of the dielectric-metal interface
with amplitudes evanescently decaying perpendicular to the
interface of metal and a dielectric, leading to an enhance-
ment of the electromagnetic field at the interface or resulting
in extraordinary sensitivities to 811
Owing to the above points, SPPs are suitable for various
applications. For example, optical beaming,'>"? filters,'*'>
optical logic gates,'®!” sensors,'®?* and waveguides®>*
and that is just to name a few. In the visible spectrum region,
the SPPs wavelength Agpp is slightly less than the free space
wavelength 4. This light-SPPs decoupling means that light
cannot convert directly to SPPs on a planar surface.”’ In the
plasmonic nanoscale structures and devices, the nanoslit is
generally utilized to excite SPPs because it is a small dimen-
sion and efficient light-SPPs coupling.”®>' The light dif-
fracts uniformly into all directions when it propagates
through a nanoslit. Thus, this phenomenon lays a lower
restriction on the dimension of photonic devices in applica-
tions. To collect electromagnetic energy efficiently, an ultra-
compact highly directional beaming device is required. In
fact, in many applications, it is desired to convert SPPs into
a freely directional propagating field. Many studies have
mainly focused on investigating the phenomenon of
beaming or directionality of light. A simplified model of slit-
bump32 and subwavelength aper[ure,33 are applied to under-
stand the physical mechanism behind this phenomenon.
Meanwhile, periodic surface corrugation at the output inter-
face of metallic slit has also been widely studied.***> Most
recently, the proposed configurations such as implanted
nanogrooves,36 metasurf'clces,37 array of nanoslits,38 and
metalens® are aiming to enhance the directional beaming
effects, which are particularly focused on the study of shape,
size and periodicity of a metallic slit and array of nanoslits
with straight channel. Despite the fact that SPPs have an
essential role in beaming light, there is still a necessity for
inclusive investigations into this phenomenon, especially the
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introduction of nanoslits with shaped channels and various
configurations of bumps at the output interface, which repre-
sented surface defects that altered surface morphology.
Herein, the present study employs numerical simulations
dependent on finite element method (FEM) to further inves-
tigate the phenomenon of directional beaming in the
plasmonic nanostructures consisting of the metallic
nanochannels with two pumps. To observe this phenomenon
of the proposed structures, the distributions of an instanta-
neous electric field and power flows are analyzed in detail.
The present study highlights a considerable contribution of
the bumps configurations at output of metal surface, in the
enhancement of beam directionality which provide effective
way of light-SPPs coupling and then constituting different
kinds of Fabry-Pérot (FP) cavities. Furthermore, this investi-
gation contributes to the increasing knowledge on the SPPs
signal features such as distribution of instantaneous electric
field, field confinement, and power flow carried by SPPs,
which are significant in real applications of SPPs. The
remainder of this paper is organized as follows: the simula-
tion structures and physical mechanisms for directional exci-
tation of SPPs are outlined in Section 2. The obtained results
are presented and discussed in Section 3. The paper is con-
cluded in Section 4.

2 | SIMULATION STRUCTURES
AND METHODS

Diagrammatic sketch of the proposed structures is shown in
Figure 1. The structural geometries are divided into the fol-
lowing: first is a metallic nanostructure composed of two
symmetric U-shaped metallic nanochannels (U-shaped and
upside down U-shaped) which are connected by a central
connecting channel, where the two bumps stand at the output
interface. The dielectric layer covers the top of the metal sur-
face in the region between the two bumps. Based on the first
structure (Figure 1A), the second structure in Figure 1B is
designed, where dielectric-metal DM bumps are introduced
instead of metallic bumps. For simplicity, the above two
structures are pointed “structure 17 and “structure 2”, respec-
tively. The structures are illuminated normally by a plane
wave of TM polarization (the magnetic field perpendicular
to the x-z plane) with wavelength 4y = 500 nm.

The coordinate origin is set at the center of distance
between the nanochannels at output side. The geometries are
defined by the following parameters: the height and width of
side channels (central connecting channel) are H; (H,) and
W, (W,), respectively. The width of the nanochannels is less
than half of the incidence light wavelength (10/2), which
controls the near field effects at the nanochannels. The dis-
tance between the two bumps is defined as d. The height and
width of bumps are H; and W3, respectively. The dielectric
layer on the top of metal surface with a thickness of Hy; and
the dielectric layer of DM bumps with a thickness of Hy,

1

Incident Light

FIGURE 1
(A) metallic nanochannels with bumps (structure 1) (B) metallic

Schematic configuration of proposed nanostructures

nanochannels with DM bumps (structure 2). The plane wave of TM
polarization is normally an incident from the bottom [Color figure can
be viewed at wileyonlinelibrary.com]

consist of SiO, with refractive index of n = 1.46.*° The pro-
posed structures are constructed of a silver (Ag) film which
is a dependable plasmonic material in the visible spectrum
and usually utilized for fabrication of optical
nanostructures.*' The thickness of the Ag film H; which
contains nanochannels is more than the skin depth
(~26.85 nm) of the Ag film. The optical material properties
of Ag are described by*® where the wavelength dependent
permittivity value of —7.632 + 0.730i at 4o = 500 nm is
used. Most of Ag and SiO, properties are available in COM-
SOL Multiphysics material library. In this FEM simulation
model, the scattering boundary conditions are applied at the
outsider boundaries. Notably, the physical mechanism of the
directional excitation of SPPs in the proposed structures is
described as follows: under the normal incident of electro-
magnetic plane wave, the SPPs can be excited at the input
and output sides of the nanochannels. A portion of electro-
magnetic mode couples into propagating mode in the
nanochannels. The light emerging from the nanochannels on
the output side includes radiating and evanescent modes (ie,
SPPs mode). The SPPs exiting the nanochannels propagate
towards the two bumps will be backscattered due to the
bumps reflection. The reflected SPPs will interfere with
directly emanating from the nanochannels. Thus, there are
two kinds of FP cavities for SPPs modes based on MDM

structure. One is a surface cavity which is formed between
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two bumps in the lateral dimension of both structures, and
other is a vertical MDM cavity which is formed by DM
bumps in structure 2. Accordingly, the proposed structures
would act as an efficient source of directional SPPs coupler.

3 | SIMULATION RESULTS AND
ANALYSIS

The simulation results of the finite elements method FEM
present an intriguing phenomenon taking place instanta-
neously for the appropriate surface FP cavity length d. The
SPPs are converted into a directional collimated beams and
their directions are determined by the geometry parameters
of the structures. To observe this phenomenon of structure
1 and structure 2, the behavior of normalized instantaneous
electric field is shown in Figure 2 with different surface FP
cavity lengths d where d = 470, 940, 1410, and 1880 nm
depicted in Figure 2A-D, E-H, respectively. Figure 2A-D, E-
H corresponds to the structure 1 and 2, respectively.

In Figure 2, extra symmetric beams are emerging at the
output interface with both directions of propagation for SPPs
when the increment of the cavity length d is about
Aspp = 470 nm. However, comparing the results in Figure 2,
it is clear that the directional beaming effects in structure
2 corresponding to Figure 2E-H are much stronger than in
structure 1 corresponding to Figure 2A-D. Intriguingly, in
Figure 2E-H, the number of extra symmetric beams, which
emerged at the output interface, increased significantly by
increasing d by Agpp. The enhancement of the directional
beaming effects in structure 2 is mainly due to the introduc-
tion of the DM bumps which form two vertical MDM cavi-
ties over the metal surface. Thus, their modes are coupling
with surface FP cavity modes. To further buttress the above

observation, normalized instantaneous electric field intensity
at distance of 400 nm above the metal surface along the x-
axis was calculated with different values of cavity lengths d.
Figure 3A,B shows the results corresponds to the structure
1 and 2, respectively.

In Figure 3B, the output field gains directionality with
confinement along the stronger than in
Figure 3A. Also in Figure 3B, the intensity at optimized
value d = 470 nm is around 1.08-times higher than
Figure 3A at optimized value d = 1410 nm. Obviously, this
enhancement in structure 2 clarifies that a vertical MDM

surface

cavity presence efficiently increases the intensity which was
discussed previously. However, for all cavity lengths d as
shown in Figure 3A,B the greatest portion of the field is
diffracted rather than confined in the propagating direction.
The simulation results show that the instantaneous electric
field intensity in structure 2 depends on the bumps configu-
rations and thickness of SiO, layer Hy, in bumps.
Figure 4A,B displays the dependence of normalized instan-
taneous electric field intensity on the bumps configurations
and thickness Hy,, at distance of 400 nm above the metal
surface, respectively.

In Figure 4A, there are two cases of the bumps configu-
rations in structure 2: DM bumps and MD bumps. The
employment of DM bumps provides the most directional,
confined, and high intensity beam than MD bumps. The out-
put electric field intensity due to DM bumps (in blue color)
is 1.15-times higher than due to the MD bumps (in red
color), respectively. This is due to the presence of a vertical
MDM cavity, while there is only one surface cavity
(between two bumps) in presence of MD bumps without a
vertical MDM cavity. In Figure 4B, the directionality of the
output electric field is decreased when Hy, is increased and
vice versa for the confinement field. At Hy, = 50 nm the

Min

FIGURE 2 Distribution of normalized instantaneous electric field at different values of d. In both structures L, Wy, W5, H,, H», H5, and Hy; are
taken as 200, 50, 100, 150, 100, 300, and 50 nm, respectively. The value of W, in structures 1 and 2 are taken as 150 and 200 nm, respectively. In
structure 2, Hy, is taken as 50 nm [Color figure can be viewed at wileyonlinelibrary.com]
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directionality (confinement) approaches to its maximum
(minimum), respectively. When Hy, = H; = 300 nm the
bumps will be completely filled with a SiO, thus, the
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FIGURE 3 The output electric field intensity at distance of

400 nm above the metal surface with different values of d for structures
1 (A) and 2 (B). All geometrical parameters are the same as those in
Figure 2 [Color figure can be viewed at wileyonlinelibrary.com]
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directionality (confinement) it has minimum (maximum)
value. In other words, the DM bumps will become
completely dielectric bumps without surface defect cavities.
Its well-known that the variation in the thicknesses of the
dielectric layer Hy; on the metal surface enables tuning of
the efficiency of the nanochannels coupling to SPPs, so the
distribution of the power flows on the output side of
nanochannels is sensitive to Hy;. To explore the influence of
Hy; on the distribution of normalized time-averaged power
flows at different Hy; where Hy; = 50, 150, 200 and 300 nm
depicted in Figure 5A-D, E-H, respectively. Figure SA-D, E-
H corresponds to the structure 1 and 2, respectively.

With respect to structure 1, at Hq; = 50 nm (Figure 5A)
the power flow reaches its maximum and the behavior of it
is approximately same behavior at Hy = 200 nm
(Figure 5C). At Hyg; = 150nm and Hy; = 300 nm
(Figure 5B,D) most of the power flow is confined to the near
vicinity of the nanochannels between two bumps. To some
extent, the power flow reaches directionality and neverthe-
less it stills rather weak and the beam is split into fragments.
This behavior is clearer at Hy; = Hz = 300 nm (Figure 5D),
where the region between bumps is completely covered by
Si0;. Introduced DM bumps in structure 2 (Figure SE-H)
produce relatively higher directionality of the power flow
compared with structure 1. It is noticeable that Hq; = 50 and
Hy; = 300 nm (Figure 5E,H) give the strongest power flow
in the propagating direction with higher light confining
effect in case of Hy; = 50 nm than Hyg; = 300 nm. At
Hy; = 150 nm (Figure 5F) the power flow is not behaving
like a beam but rather it is diffracted on the output side of
the nanochannels and most of the power flow is confined
along the surface, while in the case of Hy; = 200 nm
(Figure 5G) the power flow is akin to Figure SE but it has a
slight directionality and the large portion of it is confined
along the surface. Motivated by the results in Figure 5,
Figure 6 shows the distribution of normalized power flows
at 400 nm above the metal surface with different values of
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FIGURE 4 Dependence of the output electric field intensity on the bumps configuration (A) and thickness Hy, (B). d and W, are taken as
470 and 150 nm, respectively, and the other geometrical parameters are the same as those in Figure 2 [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 5 Distribution of normalized time-averaged power flow at different values of Hy; for structures 1 (A-D) and 2 (E-H). For structure

1 (structure 2) the values of d and W, are taken as 1410 nm (470 nm) and 200 nm (150 nm), respectively, and the other geometrical parameters are

the same as those in Figure 2 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Distribution of normalized power flows at 400 nm
above surface at different values of Hy; for structures 1 (A) and 2 (B).
d and W, are taken as 1410 nm (470 nm) and 200 nm (150 nm) for
structure 1 (structure 2), respectively and the other geometrical
parameters are the same as those in Figure 2 [Color figure can be
viewed at wileyonlinelibrary.com]
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Hy,. Figure 6A,B corresponds to the structure 1 and
2, respectively. In Figure 6A,B, at the optimized value of
Hy; = 50 nm, the power flow in structure 2 is around
1.07-times higher than in structure 1. The previous reasons
are sufficient to interpret the results in Figure 6.

4 | CONCLUSIONS

The directional excitation of SPPs is numerically investi-
gated in two plasmonic structures. The two structures that
are proposed and simulated consist of a metallic
nanochannels with two bumps, where the dielectric layer
which covers the region between two bumps (structure 1).
Depending on the structure 1, the structure 2 is designed by
replacing the two bumps with DM bumps. There are two
kinds of FP surface cavities formed, one is the surface cavity
in lateral dimension (structure 1) and the other is lateral sur-
face cavity with a vertical MDM cavity (structure2). The
simulation results show that the directional beaming effects
in structure 2 with DM bumps are enhanced in comparison
with those in structure 1. DM bumps could further improve
directionality and the confined field, owing the coupling
between lateral and vertical MDM cavities modes. By opti-
mizing the surface cavity length, thickness of dielectric layer
for DM bumps and thickness of dielectric layer between two
bumps, the directional beaming effects can achieve enhance-
ment. It is expected that the recent results may be utilized in
several applications such as directional coupler (generator),
plasmonic circuits, and nanoresolution optical beaming.
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