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ABSTRACT

We introduce wavelength-scale light coupling structures and switches for plasmonic coaxial waveguides. We first consider single-slit
structures optimized for a wavelength of 1550 nm and find that, when the slit is on resonance, the coupling to the plasmonic coaxial wave-
guide is maximized. We also observe that for optimized double- and triple-slit structures, the coupling efficiency is enhanced compared to
the single-slit structure by factors of ~3.02 and ~4.21, respectively. We find that, in the case of double- and triple-slit structures, the surface
plasmons excited at the metal-air interface enhance light coupling to the plasmonic coaxial waveguide via the slits. In addition, we investi-
gate slit-based outcoupling structures for light extraction from the waveguide into a free space. We observe that while the far-field radiation
pattern of single-slit structures is symmetric, double- and triple-slit structures have asymmetric radiation patterns. We also show that by
exciting the incoupling slit structures at proper angles, we can excite only the right- or the left-propagating mode of the plasmonic coaxial
waveguide. We finally design compact plasmonic switches consisting of a plasmonic coaxial waveguide side-coupled to a periodic array of
two open-circuited coaxial stub resonators. Such a structure is based on a plasmonic analog of electromagnetically induced transparency
and supports a slow-light mode. The space between the metallic parts is filled with an active material with a tunable refractive index. We
show that the modulation depth of this structure is large enough for optical switching applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0043936

I. INTRODUCTION

Plasmonic waveguides are important components of inte-
grated photonic circuits due to their ability to guide light with
subwavelength optical modes.'”"” A variety of nanoplasmonic
waveguides have been investigated.'”'®™** In particular, metal-

the inherent ohmic loss of the straight waveguide itself over a broad
wavelength range, including the optical communication wavelength
of 1550 nm.”!

Developing coupling nanostructures in order to efficiently
excite the fundamental mode of plasmonic waveguides, when they

dielectric-metal (MDM) plasmonic waveguides have attracted a lot ~ ar¢ illuminated by a free—sgagge radiation source, is important for
of attention, owing to their broad spectral range of operation.”*”’ applications of plasmonics.”””’ Several different coupling structures
Since there is no cutoff frequency for the fundamental mode of for quasi-two-dimensional MDM waveguidesg(}igyfz been investi-
MDM waveguides, they are able to support deep subwavelength ~ gated both theoretically and experimentally.”™ It has been
modes. This feature enables MDM waveguides to squeeze optical shown that compact wavelength-scale slit-based structures can effi-

modes to nanoscale volumes, which are suitable for realizing nano-
photonic devices.”®

Plasmonic coaxial waveguides, which are based on an MDM
configuration, have been investigated both theoretically and experi-
mentally in the past several years.”” It has been shown that
sharp 90° bends and T-splitters based on plasmonic coaxial wave-
guides can be implemented with nearly no bending loss other than

ciently couple free-space light into quasi-two-dimensional subwave-
length MDM plasmonic waveguides.””**™*° Developing active
plasmonic devices such as switches and modulators is another
important challenge for on-chip applications of plasmonics.*”**

In this paper, we introduce wavelength-scale light coupling
structures and switches for plasmonic coaxial waveguides. We first
consider a single-slit coupling structure and show that, by optimizing
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the slit dimensions at the wavelength of 1550 nm, we can maximize
the coupling efficiency to the plasmonic coaxial waveguide. We also
show that the coupling efficiency exhibits maxima when a Fabry-
Pérot resonance condition is satisfied. We then consider double- and
triple-slit coupling structures. We show that for such structures, the
light power coupled into the slits is greatly enhanced. The optimized
double- and triple-slit structures result in ~3.02 and ~4.21 times
coupling enhancement, respectively, compared to the optimized
single-slit structure. In addition, we investigate the outcoupling effi-
ciency of the proposed slit-based structures for extraction of light
from the plasmonic coaxial waveguide to the free space. We show
that slit-based couplers, functioning as slit nanoantennas, efficiently
couple the fundamental mode of the plasmonic coaxial waveguide to
free-space radiation, which can be collected at a light detector
located in the far-field region of the slit nanoantennas. We also show
that, while for a single-slit nanoantenna the radiation pattern is sym-
metric, for double- and triple-slit structures, the radiation pattern is
asymmetric and the direction of maximum radiation can be tuned
through the design parameters of the coupling structure. In addition,
we show that, by exciting the incoupling slit structures at proper
angles, we can excite only the right- or the left-propagating mode of
the plasmonic coaxial waveguide. We finally design compact plas-
monic switches consisting of a plasmonic coaxial waveguide
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side-coupled to a periodic array of two open-circuited coaxial stub
resonators.

The remainder of the paper is organized as follows. In Sec. II,
we first define the transmission cross section of the plasmonic
coaxial waveguide for a given coupling structure and briefly
describe the simulation method used for the analysis of the cou-
plers. In Subsections II A-II C, we investigate single-, double-, and
triple-slit incoupling structures, respectively. In Subsection II D, we
investigate outcoupling structures as well as the asymmetric excita-
tion of the modes of the plasmonic coaxial waveguide. In
Subsection II E, we design compact switches for plasmonic coaxial
waveguides. Finally, in Sec. III, we summarize our conclusions.

Il. RESULTS

Nanostructures for efficiently coupling free-space light into
plasmonic coaxial waveguides have not been previously investi-
gated. In Subsections IT A-II C, we investigate slit-based nanostruc-
tures through which the fundamental mode of plasmonic coaxial
waveguides is excited by normally incident free-space waves. The
cross section of the reference plasmonic coaxial waveguide investi-
gated in this paper is shown in Fig. 1(d). The waveguide is placed
on top of a silicon (Si) substrate, and the space between the inner

Electric field
polarization

Incoming
field

FIG. 1. (a) Schematic of the proposed nanostructure for exciting the fundamental guided mode of the plasmonic coaxial waveguide. The normally incident plane wave
excites the guided modes of the slit that in turn excite the modes of the plasmonic coaxial waveguide. (b) Cross-sectional view of the coupler structure at the y = 0 plane.
(c) Cross-sectional view of the coupler structure at the interface between the slit and air. (d) Cross section of the reference plasmonic coaxial waveguide. Silver is used as

the metal and silica as the dielectric.
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and outer coaxial metals is filled with silica (SiO,). The metal used
here is silver (Ag). We introduce coupling slits in the upper metal-
lic side of the waveguide [Fig. 1(a)].

For a normally incident plane wave on a symmetric coupling
structure, the power coupled into the plasmonic coaxial waveguide
is equally divided between the modes propagating in the left and
right direction. To quantify the coupling efficiency of a slit struc-
ture, we define its transmission cross section ot as the ratio of the
amount of optical power that is coupled to the fundamental
quasi-TEM mode of the waveguide propagating in the right direc-
tion over the incoming free-space optical power density.””

We use the three-dimensional finite-difference time-domain
(FDTD) method to numerically calculate the transmission in the
plasmonic coaxial waveguide (Lumerical FDTD Solutions).*’
Dielectric permittivity data for silver and silica are obtained from
CRC and Palik, respectively.”””' We use the perfectly matched
layer (PML) absorbing boundary condition on all sides of the simu-
lation domain.”” We use a nonuniform simulation grid with grid
size as small as 1 nm inside the waveguide and the slit regions and
as large as 20 nm away from the waveguide. An incident plane
wave excites the structure.

A. Single-slit coupler

We start by investigating a single-slit structure as a coupler
between free-space light and the fundamental mode of the plas-
monic coaxial waveguide [Figs. 1(a)-1(c)]. The dielectric core area
of the waveguide is A = 2 x 10* nm? [Fig. 1(d)]. In Fig. 2(a), we
vary the width d and the length & of the slit and calculate its trans-
mission cross section or (in units of A). The maximum coupling
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efficiency is achieved when d=70nm and h=95nm with
or ~4.9 A.

We use the scattering matrix theory to model the coupling
mechanism.”” We calculate the transmission (#;) and reflection (r;)
coefficients defined in Fig. 3 using FDTD. We also use FDTD to
calculate the transmission cross section oy, of the silver-silica-
silver MDM slit [Fig. 3(a)]. Using scattering matrix theory, we find
that the transmission cross section o7 of the single-slit coupler
[Fig. 1(a)] is given by’

OT = OT, Tes, Tsplittera (1)

2. - .
where Tylier = |t1]” is the power transmission coefficient of the

2
exp(=y,h) is the res-

waveguide junction of Fig. 3(b), n,, = ThnepC 2
onance enhancement factor of the silversilica-silver MDM slit
resonator, and y, = o +iff; is the complex wavenumber of the
fundamental propagating quasi-TEM mode in the silver-silica-
silver MDM slit. We observe that, when arg(r;) + arg(r,) — 23,h
= —2mr (for integer m), the slit is on resonance and 7, is maxi-
mized. In other words, if the width d of the slit is fixed, the trans-
mission cross section exhibits maxima when the above Fabry-Pérot
resonance condition is satisfied by tuning the slit length h.

Figure 2(b) shows the transmission cross section or of the
plasmonic coaxial waveguide for the single-slit coupler as a func-
tion of the slit length h. We calculate the transmission cross section
or using FDTD. The peaks in the transmission cross section are
associated with the slit Fabry-Pérot resonances. The maximum
transmission cross section corresponds to the first peak. This peak
corresponds to the first slit Fabry-Pérot resonance. Also shown in

FIG. 2. (a) Transmission cross section o of the plasmonic coaxial waveguide in units of A for the single-slit coupler structure of Fig. 1(a) as a function of the slit width d
and length h [Fig. 1(b)] calculated using FDTD. Here, A is the area of the dielectric core in the cross section of the plasmonic coaxial waveguide [Fig. 1(d)]. Results are
shown for 29 = 1550 nm. All other parameters are as in Fig. 1(d). (b) Transmission cross section o7 for the single-slit coupler structure of Fig. 1(a) as a function of the
slit length h calculated using FDTD (red circles) and scattering matrix theory (black solid line). Results are shown for d = 70 nm. All other parameters are as in Fig. 2(a).
(c) Profiles of magnetic and electric field components for the single-slit coupler structure of Fig. 1(a) depicted at y = 0 [Fig. 1(d)]. Results are shown for the optimized slit

parameters d = 70 nm, h = 95 nm. All other parameters are as in Fig. 2(a).
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FIG. 3. Schematics defining different variables in the scattering matrix formalism. (a) The transmission cross section o7, of the silversilica-silver MDM slit for a normally
incident plane wave. (b) The transmission and reflection coefficients, t and ry, when the MDM slit mode is incident at the junction with the plasmonic coaxial waveguide.
(c) The reflection coefficient r, at the slit/air interface.
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FIG. 4. (a) Schematic of the proposed double-slit nanostructure for exciting the fundamental guided mode of the plasmonic coaxial waveguide. The normally incident
plane wave excites the guided modes of the slits that in turn excite the modes of the plasmonic coaxial waveguide. (b) Cross-sectional view of the coupler structure at the
y = 0 plane. (c) Transmission cross section o7 of the plasmonic coaxial waveguide in units of A for the double-slit coupler structure of Fig. 4(a) as a function of the slit
width d and length h [Fig. 4(b)] calculated using FDTD. Here, A is the area of the dielectric core in the cross section of the plasmonic coaxial waveguide [Fig. 1(d)]. The
total width of the incoupling structure is 2d + D = 1.1 um. Results are shown for g = 1550 nm. All other parameters are as in Fig. 1(d). (d) Profiles of magnetic and
electric field components for the double-slit coupler structure of Fig. 4(a). Results are shown for the optimized slit parameters d = 210 nm, h = 165 nm. All other parame-
ters are as in Fig. 4(c).
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the figure are the results of scattering matrix theory for calculating
or [Eq. (1)]. We find that the results of the scattering matrix
theory agree very well with the exact results calculated with FDTD.
However, for small slit lengths A, even though the resonance wave-
length is correctly predicted by the theory, the predicted peak
transmission cross section o deviates from the numerical simula-
tion result. This deviation is due to the fact that in the theory,
direct coupling between free-space light and the fundamental mode
of the plasmonic coaxial waveguide is not taken into account. For
small slit lengths h, this direct coupling cannot be neglected.

For the optimized structure (d =70 and h = 95nm), the
transmission cross section of the silver-silica-silver slit is
or, ~5.02A ~ 1 x 10°nm?. The enhanced transmission cross
section indicates that the plasmonic slit coupler collects incoming
light from an effective area much larger than the geometrical area
of the slit, which is 70 x 200nm = 1.4 x 10* nm?. We also calcu-
late the power transmission coefficient of the waveguide junction
as  Tgplier ~ 0.07 and the resonance enhancement factor as
Tres, = 11.10 for the optimized single-slit structure. We observe

a Incoming
Light

275
=205
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that the high resonance enhancement factor of the silver—silica—silver
slit 7., compensates for the low power transmission coefficient of the
waveguide junction, resulting in a high coupling efficiency to
the fundamental mode of the plasmonic coaxial waveguide.

In Fig. 2(c), we show the profiles of the y component of the
magnetic field H, and the z component of the electric field E, for
the structure of Fig. 1(a) at y = 0 [Fig. 1(d)] for the optimized slit
parameters d =70nm, h=95nm. We observe a large field
enhancement in the plasmonic coaxial waveguide compared to the
incident field because, as mentioned above, the plasmonic slit
coupler collects light from an effective area much larger than the
geometrical area of the slit.

B. Double-slit coupler

In order to further enhance the coupling efficiency from the
free-space plane wave to the fundamental mode of the plasmonic
coaxial waveguide, we investigate a double-slit structure [Fig. 4(a)].
We limit the width of the structure 2d + D to be less than 1.1 um

Electric field
polarization

Incoming
field

silica

d Triple-slit coupler - Hy

200 nm

FIG. 5. (a) Schematic of the proposed friple-slit nanostructure for exciting the fundamental guided mode of the plasmonic coaxial waveguide. The normally incident plane
wave excites the guided modes of the slits that in turn excite the modes of the plasmonic coaxial waveguide. (b) Cross-sectional view of the coupler structure at the y = 0
plane. (c) Transmission cross section o7 of the plasmonic coaxial waveguide in units of A for the triple-slit coupler structure of Fig. 5(a) as a function of the slit width d
and length h [Fig. 5(b)] calculated using FDTD. Here, A is the area of the dielectric core in the cross section of the plasmonic coaxial waveguide [Fig. 1(d)]. The distance
between two adjacent slits is P = 900 nm. Results are shown for Ao = 1550 nm. All other parameters are as in Fig. 1(d). (d) Profiles of magnetic and electric field compo-
nents for the structure of Fig. 5(a). Results are shown for the optimized slit parameters d = 70 nm, h = 115 nm. All other parameters are as in Fig. 5(c).
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[Fig. 4(b)], which approximately corresponds to one wavelength of
light in silica (4, = j‘l—‘z, where n; = 1.44), when operating at the
optical communication wavelength (19 = 1.55um). In Fig. 4(c), we
show the transmission cross section or of the plasmonic coaxial
waveguide for the structure of Figs. 4(a) and 4(b) as a function of
the width d and length h of the slits calculated using FDTD. The
maximum transmission cross section o1 2~ 14.80 A is obtained for
d =210nm (D = 680 nm) and h = 160 nm. The maximum trans-
mission cross section or of the double-slit coupler is ~3.02 times
larger than the one of the single-slit coupler. The greatly enhanced
transmission cross section of the double-slit coupler is associated
with the excitation of surface plasmons at the interface between the
slits and air by the incident light waves. The surface plasmons are
coupled into the slits and, therefore, lead to an increase in the
transmission cross section of the structure.

In Fig. 4(d), we show the profiles of the y component of the
magnetic field H, and the z component of the electric field E, for
the structure of Fig. 4(a) at y = 0 [Fig. 1(d)] for the optimized slit
parameters d = 210nm, h = 165nm. Similar to the single-slit
coupler, we observe a large field enhancement in the plasmonic
coaxial waveguide compared to the incident field because the struc-
ture collects light from an effective area much larger than its geo-
metrical area.

C. Triple-slit coupler

In order to further enhance the coupling efficiency of the
structure, we increase the number of slits and consider a triple-slit
coupler. As we increase the number of resonators, we expect
increased coupling efficiency from the free-space plane wave to the
fundamental mode of the plasmonic coaxial waveguide. Here, we
consider a symmetric triple-slit structure [Fig. 5(a)]. We vary the
distance between adjacent slits P [Fig. 5(b)] and find that
for Ap =1550nm, the coupling efficiency is maximum for
P =900 nm. Figure 5(c) shows the transmission cross section o
of the plasmonic coaxial waveguide in units of A for the structure
of Fig. 5(a) as a function of the width d and length h of the slits
calculated using FDTD. The maximum transmission cross section
or = 20.65 A is obtained for d =70 nm and h = 115nm. In the
optimized triple-slit coupler, the transmission cross section of the
plasmonic coaxial waveguide is ~4.21 and ~1.39 times larger than
the one in the optimized single- and double-slit couplers, respec-
tively. The number of incoupling slit resonators can be further
increased. We found, however, that the transmission cross section
or does not significantly increase for structures with four or five
slit resonators. On the other hand, the total size of the coupler
greatly increases for four- and five- slit couplers. We, therefore, did
not further consider couplers with more than three slits.

In Fig. 5(d), we show the profiles of the y component of the
magnetic field H, and the z component of the electric field Ez for
the structure of Fig. 5(a) for the optimized slit parameters
d =70nm, h = 115nm. The triple-slit coupler has higher incou-
pling efficiency compared to the double-slit coupler. This, however,
comes at the cost of a significantly larger size.

As discussed above, all incoupling structures were optimized
at Ap = 1.55um. Even though the single-, double-, and triple-slit
structures were optimized at a single wavelength, we observe that

ARTICLE scitation.org/journalljap
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FIG. 6. Transmission cross sectional o7 spectra in units of A for the optimized
single-, double-, and triple-slit incoupling structures. Here, A is the area of the
dielectric core in the cross section of the plasmonic coaxial waveguide
[Fig. 1(d)]. Results are shown for the optimized structures of Figs. 2(c)
(black line), 4(d) (blue line), and 5(d) (red line).

their transmission cross section is large in a broad wavelength
range (Fig. 6). This indicates that the quality factors of these struc-
tures are low. Even though the transmission cross sections of the
structures are enhanced, the enhancement does not originate from
strong resonances.

D. Outcoupling structures

So far, we have investigated slit-based structures for incoupling
free-space light into the fundamental mode of the plasmonic coaxial
waveguide. It is also interesting to investigate light extraction from
the plasmonic coaxial waveguide. In this subsection, we consider slit-
based outcoupling structures for coupling the propagating mode of
the plasmonic coaxial waveguide to free-space radiation that can be
collected at a detector. We note that light extraction from plasmonic
coaxial waveguides and the radiation pattern of such slit nanoanten-
nas have not been investigated before.

Figure 7(a) shows the cross-sectional view of an outcoupling
structure based on slit resonators. Here, we consider a triple-slit
outcoupling structure. Single- and double-slit structures can also be
used for outcoupling. As shown in the schematic, the fundamental
mode of the plasmonic coaxial waveguide is incident from the left,
and the slits act as nanoantennas that outcouple the propagating
waveguide mode to free-space radiation. Here, € is the angle
between the direction of the maximum radiation intensity (main-
lobe) and the z direction. In Fig. 7(b), we show the calculated local
electric field amplitude immediately above the slits of the optimized
triple-slit structure [Fig. 5(d)] when the fundamental mode of the
waveguide at 1o = 1550 nm is incident from the left. We calculate
the far-field radiation pattern of these slit nanoantennas using their
calculated near-field distribution.”’ Figures 7(c)-7(e) show the far-
field radiation pattern of the outcoupling structures with single-,
double-, and triple-slit nanoantennas, respectively. We observe that,
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FIG. 7. (a) Schematic of a triple-slit coupler structure in a cross-sectional view at the y = 0 plane when the fundamental quasi-TEM mode of the plasmonic coaxial wave-
guide is incident from the left and the slits outcouple light to the free space. Here, 6 is the angle between the direction of maximum radiation intensity (mainlobe) and the
z direction. (b) Profile of the electric field amplitude calculated immediately above the interface between the slits and air [Fig. 7(a)]. All parameters are as in Fig. 5(d).
(c) Far-field radiation pattern above the slit for the optimized single -slit structure when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide is excited as

in Fig. 7(a). Results are shown for the structure of Fig. 2(c

). (d) Far-field radiation pattern above the slits for the optimized double-slit structure when the fundamental
quasi-TEM mode of the plasmonic coaxial waveguide is excned as in Fig. 7(a). Results are shown for the structure of Fig. 4(d

(e) Far-field radiation pattern above the

slits for the optimized triple-slit structure when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide is ex0|ted as in Fig. 7(a). Results are shown for the
structure of Fig. 5(d). (f) Profile of the magnetic field component H, at the y = 0 plane when a plane wave is incident at an angle & = 20° on the optimized double-slit
structure of Fig. 4(d). FDTD calculations show that ~93.9% of the power coupled into the waveguide couples to the right-propagating mode.

while the radiation pattern of the single-slit nanoantenna is sym-
metric, the radiation patterns of the double- and triple-slit struc-
tures are asymmetric. This asymmetric radiation pattern is a result
of the asymmetric excitation of the slit nanoantennas, which leads
to stronger resonant fields in the slits closest to the excitation
source [Fig. 7(b)]. However, we found that, if the slit nanoantennas
are symmetrically excited with waveguide modes incident from
both the left and right directions, the radiation pattern becomes
symmetric. The direction of the maximum radiation intensity of
the slit nanoantennas can be adjusted by tuning the distance

between the slits and their dimensions. For instance, in Figs. 7(d)
and 7(e), the radiation intensity is maximized for 6 ~ 20° and
6 ~ 35°, respectively.

The asymmetric radiation pattern of the multiple-slit struc-
tures when used for outcoupling suggests that, if we adjust the
angle of incidence of the free-space plane wave, the fundamental
mode of the plasmonic coaxial waveguide can be asymmetrically
excited by such multiple-slit structures when used for incoupling.
More specifically, with a proper choice of the dimensions of the slit
couplers and the angle of incidence of the free-space plane wave,
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one can excite only the right- or only the left-propagating mode of
the plasmonic coaxial waveguide. Figure 7(f) shows the profile of
the y component of the magnetic field H, at the y = 0 plane when
a plane wave is incident from the free space at an angle 6 = 20° on
the optimized double-slit structure of Fig. 4(a). Based on our
FDTD calculations, ~93.9% of the power coupled into the wave-
guide couples to the right-propagating mode. We note that highly
asymmetrical excitation of plasmonic waveguide modes typically
requires nanostructures with multiple grooves or slits.”” In contrast,
in our structure, the highly asymmetrical excitation of the funda-
mental mode of the plasmonic coaxial waveguide is achieved with
only two slits.

E. Switches for plasmonic coaxial waveguides

As discussed in Sec. I, coupling optical power into plasmonic
waveguides is of paramount importance for applications of plas-
monics. Another challenge for on-chip applications of plasmonics
is developing active plasmonic devices such as switches and modu-
lators.””*" It is known that slowing down light in plasmonic wave-
guides leads to enhanced light-matter interaction and can,
therefore, enhance the sensitivity to refractive index variations. The
slow-light enhancement of the sensitivity in turn leads to enhanced
switching and sensing performance.”* Here, we use this concept to
design compact switches for plasmonic coaxial waveguides.

Figure 8(a) shows the schematic of the proposed plasmonic
coaxial waveguide-cavity structure investigated in this section. The
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structure is built by side-coupling a periodic array of two stub reso-
nators, consisting of plasmonic coaxial waveguides of finite length,
to a plasmonic coaxial waveguide. This structure is based on a
plasmonic analog of electromagnetically induced transparency
and supports a slow-light mode.””*> The structure exhibits
plasmon-induced transparency through destructive interference of
the two bright resonators in each period.” Figure 8(b) shows the
top view schematic at z = 0 [Fig. 1(d)] of the proposed plasmonic
coaxial waveguide-cavity structure. As before, the metal used is
silver, and the space between the metallic parts is filled with an
active material with a tunable refractive index. The active material
used here is silicon dioxide doped with CdSe quantum dots with
refractive index n = 2.02+ix.”””® The imaginary part of the
refractive index «x is tunable. The inner and outer metals at the end
of the stubs are not connected [Fig. 8(a)] so that the stubs are
open-circuited. We use open-circuited coaxial stub resonators
because they lead to much more compact waveguide-cavity devices
compared to short-circuited resonators.”” We calculate the trans-
mission of the structures by normalizing their output power by the
output power from a plasmonic coaxial waveguide of the same
length without stubs. The stub lengths d; =25nm and
d, = 65nm [Fig. 8(b)] are chosen so that the transmission peak for
k=0 is at A = 1550 nm. Figure 8(c) shows the transmission
spectra for the structure of Fig. 8(a) for k = 0 (transparent state of
the active material) and x = 0.05 (absorbing state of the material).
The transparent state of the active material corresponds to the on
state of the switch [Fig. 8(c)]. When x changes to x = 0.05 in the
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FIG. 8. (a) Schematic of a plasmonic coaxial waveguide side-coupled to a periodic array of two open-circuited coaxial stub resonators. The propagation direction of light is
indicated by red arrows. The metal used is silver, and the space between the metallic parts is filled with an active material with refractive index n = 2.02 + ix, where x is
tunable. (b) Top view schematic at z = 0 of the plasmonic coaxial waveguide side-coupled to the periodic array of two stub resonators. (c) Transmission spectra for the
structure of Fig. 8(a) for x = 0 (black) and x = 0.05 (red). Results are shown for dy = 25nm and d, = 65nm. The length of the active region is L = 1100 nm. Three

periods of the structure are included in the active region.

J. Appl. Phys. 129, 193103 (2021); doi: 10.1063/5.0043936
Published under an exclusive license by AIP Publishing

129, 193103-8


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

active region [Fig. 8(b)], the switch is turned off [Fig. 8(c)]. We
find that the modulation depth of this structure, defined as the
ratio of the transmission in the on state T(x = 0) to the transmis-
sion in the off state T(x = 0.05), is 8.7 dB at Ay = 1550 nm. Such
a modulation depth is large enough for optical switching
applications.

11l. CONCLUSIONS

In this paper, we introduced wavelength-scale light coupling
structures and switches for plasmonic coaxial waveguides. We
started by investigating single-slit structures as couplers between
free-space light and the fundamental mode of plasmonic coaxial
waveguides. We found that, when the Fabry-Pérot resonance con-
dition of the slit is satisfied, the transmission cross section is maxi-
mized. To further enhance the coupling into the plasmonic coaxial
waveguide, we then investigated a double-slit structure. We found
that the transmission cross section of the double-slit coupler is sig-
nificantly larger than the one of the single-slit coupler. The greatly
enhanced transmission cross section of the double-slit coupler is
associated with the excitation of surface plasmons at the interface
between the slits and air by the incident light waves. The surface
plasmons are coupled into the slits and, therefore, lead to an
increase in the transmission cross section of the structure. Overall,
the double-slit coupler resulted in ~3.02 times enhancement of
the coupling into the plasmonic coaxial waveguide compared to the
single-slit coupler. To even further enhance the coupling into the
plasmonic coaxial waveguide, we also considered a triple-slit struc-
ture. We found that, even though the coupling efficiency into the
plasmonic coaxial waveguide for the optimized triple-slit structure
increased ~1.39 times compared to the optimized double-slit struc-
ture, the size of the structure also significantly increased. We also
found that, even though we optimized the single-, double-, and
triple-slit structures at a single wavelength, their transmission cross
section is large in a broad wavelength range.

In addition, we found that the same slit-based structures can
couple the fundamental mode of the plasmonic coaxial waveguide
to free-space radiation, enabling light extraction from the plas-
monic coaxial waveguide. We observed that, while the far-field
radiation pattern of a single-slit structure on top of the waveguide
is symmetric, double- and triple-slit structures have asymmetric
radiation patterns. This feature enables the tuning of the direction
of maximum radiation of the slit nanoantennas. We also showed
that the fundamental mode of the plasmonic coaxial waveguide can
be asymmetrically excited by adjusting the angle of incidence of the
free-space plane wave.

We finally designed compact plasmonic switches consisting of
a plasmonic coaxial waveguide side-coupled to a periodic array of
two open-circuited coaxial stub resonators. Such a structure is
based on a plasmonic analog of electromagnetically induced trans-
parency and supports a slow-light mode. The space between the
metallic parts is filled with an active material with a tunable refrac-
tive index. The transparent (absorbing) state of the active material
corresponds to the on (off) state of the switch. We found that the
modulation depth of this structure is large enough for optical
switching applications.
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As final remarks, coaxial waveguides with square cross sec-
tions as in Fig. 1(d) can be fabricated using standard lithography-
based methods.”’ Thus, the proposed switches (Fig. 8) can be fabri-
cated using lithography-based fabrication techniques.”’ They could
also be fabricated using metal-coated semiconductor nanowires.’ "
Since semiconductor nanowires can be grown into structures such
as bends®” and combs,’! they could be used to build networks of
plasmonic coaxial waveguides’' as in Fig. 8. For the characteriza-
tion of the proposed switches, incoupling and outcoupling slits
(Subsections II A-II D) can be introduced to couple light into and
out of the structures.””*® Far-field illumination and detection tech-
niques can then be used to characterize the structures.””*°
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