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Recently, plasmonic waveguides have been intensively studied as promising basic building blocks for the construction of extremely compact
photonic devices with subwavelength characteristic dimensions. A number of different types of plasmonic waveguide structures have been
recently proposed, theoretically analyzed, and their properties experimentally verified. The fundamental trade-off in the design of plasmonic
waveguides for potential application in information technologies lies in the contradiction between their mode field confinement and
propagation loss: the higher confinement, the higher loss, and vice versa. Various definitions of figures of merit of plasmonic waveguides
have been also introduced for the characterization of their properties with a single quantity. In this contribution, we theoretically analyze
one specific type of a plasmonic waveguide - the hybrid dielectric-loaded plasmonic waveguide, or - as we call it in this paper - the hybrid
dielectric-plasmonic slot waveguide, which exhibits very strong field confinement combined with acceptable losses allowing their application
in some integrated plasmonic devices. In contrast to the structures analyzed previously, our structure makes use of a single low-index
dielectric only. We first define the effective area of this waveguide type, and using waveguide parameters close to the optimum we analyze
several waveguide devices as directional couplers, multimode interference couplers (MMI), and the Mach-Zehnder interferometer based on
the MMI couplers. For the full-vector 3D analysis of these structures, we use modelling tools developed in-house on the basis of the Fourier
Modal Method (FMM). Our results thus serve to a dual purpose: they confirm that (i) these structures represent promising building blocks

of plasmonic devices, and (ii) our FMM codes are capable of efficient 3D vector modelling of plasmonic waveguide devices.
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1 INTRODUCTION

Recently, among a vast number of other plasmonic wave-
guides, a novel plasmonic waveguiding structure — a hybrid
dielectric-loaded plasmonic waveguide (HDLPW) — has been
proposed, its waveguide properties were numerically ana-
lyzed, and some passive and even also active plasmonic wave-
guide devices based on HDLPW were investigated both the-
oretically and experimentally [1]-[12]. This waveguide com-
bines very strong mode field confinement with acceptably
long propagation distances. In fact, we have recently inde-
pendently arrived to a very similar structure in the course of
testing the capabilities of modelling plasmonic structures with
our full-vector 3D modelling tools developed on the basis of
the Fourier Modal Method (FMM) [13]-[16]. Our thoughts
were inspired by our previous work on silicon nanowire slot
waveguides [17] that enable strong mode confinement in non-
plasmonic structures, and were further directed to plasmonics
by the idea of a PIROW waveguide [18]. The resulting wave-
guide combines the confinement of a surface plasmon with
that of the electric field discontinuity at the dielectric interface;
for this reason we suggest to call this waveguide — perhaps
more aptly —a “hybrid dielectric-plasmonic slot waveguide”
(HDPSW).
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Although a number of different definitions of “figures of
merit” have already been proposed [19] for characterization
of plasmonic waveguides that combine both the mode field
confinement and its propagation length, in the next section
we discuss basic properties of the HDPSW with the help of
a physically sound definition of the “mode effective area”.
Then, using waveguide parameters close to the optimum, we
analyze several waveguide devices as directional couplers
[7, 8, 12], multimode interference couplers (MMI) [10], and
the Mach-Zehnder interferometer based on the MMI couplers.
For the full-vector 3D analysis of these structures we use our
in-house modelling tools [13]-[16]. Results confirm that these
structures represent promising building blocks of plasmonic
devices, and also that our FMM codes can be efficiently used
for full-vector 3D modelling of plasmonic devices.

2 HYBRID DIELECTRIC-PLASMONIC SLOT
WAVEGUIDES

The cross-section of the hybrid dielectric-plasmonic slot wave-
guide being analyzed here is shown in Figure 1. The wave-
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FIG. 1 a) Cross-section of a HDPSW, b) distribution of the absolute value of the vertical
component of the electric field intensity of the fundamental mode for w = 150 nm,

d = 120 nm, h = 30 nm at the wavelength of 1550 nm.
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FIG. 2 The dependence of the real part of the effective refractive indices Re(N,fy)
(solid lines) and the propagation lengths Ly, (dashed) of the eigenmodes of the

HDPSW on the waveguide parameters d(a) and w (b). The gap size is h = 30 nm.

guide consists of a high-index “photonic wire” separated from
a metal surface by a very small low-index gap. In our design,
the HDPSW is composed of a silicon nanowire surrounded by
5i0;, and gold is considered as a metal layer. Optical proper-
ties of Si and SiO; are well-known, and optical constants of
e-beam vacuum-deposited Au layers were ellipsometrically
measured in our laboratory. At the wavelength of 1550 nm
we obtained €4, = —117 + 6.6i. Substitution of Au with Ag
makes only minor difference, however.

To get an insight into the properties of this waveguide, we
plot the dependence of the real parts of the effective refractive
indices Re{ N.fr } and of the propagation lengths of the funda-
mental and higher-order TM modes on the silicon bar height d
and width w in Figures 2(a),(b), respectively. The propagation
length is defined as in [19],

Lprop = A/ (47 - Sm{Nygs}). (1)

After a series of calculations of field distributions and propa-
gation lengths for different values of the gap size h, we fixed
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FIG. 3 Distributions of the absolute value of the vertical component of the electric field
intensity of the fundamental eigenmode of HDPSW with w = 150 nm and /& = 30 nm:
a) d =100 nm, b) d = 200 nm, ¢) d = 300 nm, and d) d = 400 nm. The colour scale

is the same as in Figure 1(a).

the gap size at the value of 30 nm. All calculations were per-
formed for the wavelength A = 1550 nm. It is apparent that
the real part of the effective refractive index is increasing with
increasing both d and w, and for w > 500 nm the waveguide
supports propagation of the higher lateral mode. The physical
reason for the nonmonotonneous dependence of the propaga-
tion length on the silicon bar height 4 in Figure 2(a) is apparent
from Figure 3 that shows the distributions of the vertical com-
ponent of the electric field intensity of the fundamental mode
for four values of d marked in Figure 2(a) with green dots,
namely 4 = 100, 200, 300 and 400 nm.

It is apparent that for small d below about 200 nm, the field
penetrates above the high-index bar, the field confinement
is lower and the propagation length is correspondingly in-
creased. For d large enough, the field starts to concentrate in
the high-index bar which again leads to reduced field confine-
ment and increased propagation length. This behaviour can be
reasonably quantified by using of the concept of the “effective
mode area” for which we choose the “momentum definition”

nff%e(ExH*-zO) (rl—fl)zds
S

Aefs = J[Re (Ex H*-20)dS @
S
where
fsfé)‘Ee(E x H*-2%) 1, dS
T [] Re (E x H* - 20)dS ®
S

is the “center of gravity” of the power transmitted by the
waveguide, r; = (x,y) is the transverse position vector, Z0
is a unit vector in the direction of propagation z, and S is the
total cross-section area of the waveguide. The dependence of
the effective mode area on the high-index bar width plotted in
Figure 4 agrees qualitatively well with the HDPSW behaviour
demonstrated in Figures 2 and 3: for Si bar height 4 = 120 nm
the effective mode area A, is small for widths w between 200
and 300 nm.
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FIC. 4 Effective mode area of the HDPSW in dependence of the width w of the high-

index bar. d = 120 nm, h = 30 nm, A = 1500 nm.
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FIG. 5 The cross-section of the coupling section of the DC coupler.

3 PLASMONIC WAVEGUIDE DEVICES

In this section we briefly discuss three kinds of plasmonic de-
vices based on HDPSW - a directional coupler (DC) [7, 8], a
multimode interference (MMI) 3-dB coupler [10], and a Mach-
Zehnder interferometer based on 3-dB MMI splitters.

Let us start with directional couplers. Suitable waveguide di-
mensions in the coupling region of the DC can be chosen on
the basis of Figure 1. To make use of a very strong field con-
finement in the HDPSW, we chose the slot width & = 30 nm
and the high-index bar height 4 = 120 nm. A reasonable choice
of the waveguide structure in the coupling region should as-
sure that individual waveguides are single mode while the
twice wider waveguide supports propagation of just two
modes. According to Figure 1(b), a suitable choice is appar-
ently w = 300 nm. In order to keep the coupling length rea-
sonably short, we choose rather small gap between the wave-
guides, ¢ = 200 nm. The cross-section of the DC coupling sec-
tion is schematically shown in Figure 5.

To allow low-crosstalk coupling to individual waveguides, in-
put and output s-bends that increase the waveguide separa-
tion are required. We thus first analyzed the properties of an
s-bend of the waveguide with w = 300 nm, & = 30 nm, and
d = 120 nm. Its shape was determined as a 5~ *-order poly-
nomial which allows connecting any two given points in the
waveguide plane with predetermined first and second deriva-
tives at the initial points, i.e., the slopes and the curvatures
of the bend. In our case, the slopes and curvatures were cho-
sen to be zero, and in such case the bend shape is uniquely
determined by its length and the lateral shift of the wave-
guide. We chose the s-bend length of 5 pm, and the lateral
shift was chosen as 1 pm. The edge-to-edge separation of the
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FIG. 6 a) The DC waveguide geometry, b) distribution of the absolute value of the
vertical component of the electric field intensity within the plane 15 nm above the

metal.

input and output waveguides is thus 2.2 pm which safely pre-
vents the waveguides from mutual coupling. Finally, we chose
the length of the coupling section also as 5 nm. The wave-
guide geometry is plotted in Figure 6(a). As it is apparent,
for the purpose of numerical modelling using our FMM al-
gorithms that are based on eigenmode expansion and bidirec-
tional propagation of eigenmodes in piecewise longitudinally
uniform structures, the s-bends have to be approximated by
staircase shapes. We found that reasonably reliable results can
be obtained with the number of uniform segments in the input
and output s-bend sections as low as 20 (shown in Figure 6(a).

In Figure 6(b) we demonstrate the field distribution in the DC
structure excited into port 1. Rather incidentally, at the wave-
length of 1550 nm, light is coupled just to the neighbouring
waveguide and back. The power transmittance from port 1 to
port 3 was calculated to be20log|S3;| = —4.8 dB. It can be
estimated that to obtain a 3-dB splitting, the length of the cou-
pling section should be as short as about 1.25 um; the domi-
nant device length is then primarily limited by input and out-
put bends.

The feasibility of using also substantially longer devices is
demonstrated in Figure 7 where we show the waveguide ge-
ometry and the field distribution in a DC with four times
larger length of the coupling section (20 pm). In this case, the
power transmittance from port 1 to port 3 was calculated to be
about -9.4 dB. As expected in plasmonic structures, the dom-
inant loss is due to light absorption in a metal layer.

The next device that we describe here is a 1x2 splitter
based on a multimode interference (MMI). We start with the
same waveguide geometry of input and output ports, i.e.,
w =300 nm, h = 30 nm, and d = 120 nm. To keep the device
small enough we chose the width of the MMI section only
2 um. Then we modelled field distribution in the multimode
section excited with the input waveguide and determined
the suitable length of the MMI section and position of the
output guides from this figure. The near-to-optimum length
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FIG. 7 The geometry and the vertical component of the electric field intensity distribu-

tion in the DC with the length of coupling section of 20 um (15 nm above the metal).

of the MMI section was thus determined as 3.5 pm, and the
center-to-center separation of the output ports was 1.2 pm.

The MMI device design and the corresponding electric field
distribution in the device are shown in Figure 8. Although
the calculated power transmittance from port 1 to port 2 or
3 is reasonably high — about -6 dB, it is apparent from the
standing wave pattern in the input waveguide that relatively
high power is back-reflected from the MMI section; its calcu-
lated value is —24 dB. In order to suppress this back-reflection,
we modified the structure by inserting short “A /4 impedance
matching” sections between the ports and the MMI section.
The sections were 500 nm wide and 250 nm long. The wave-
guide design and the calculated field distribution are shown
in Figure 9. It is apparent that the standing-wave pattern in
the input waveguide is now substantially weaker — the cal-
culated reflectance was only 51 dB. The forward 1 to 2 (or
3) port transmittance was only weakly increased to -5.5 dB.
In both Figures 8 and 9, it is also seen that inside the MMI
section there are rather strong Fabry-Perot (F-P) interferences.
We have not so far investigated this effect deep enough; we
suppose that their origin comes from imperfect group veloc-
ity matching at the interfaces between the port waveguides
and the MMI section.

Inspired with [10], we have also tried to reduce the dimen-
sions of the MMI splitter. We found that reduction to about
1/2 in both horizontal (y, z) dimensions (i.e., to 1/4 in the de-
vice area) is, in principle, possible, but in this case, the sepa-
ration of the two output ports is too small: they are mutually
coupled with the coupling length of about 5 pm, which dras-
tically affects the application of the MMI coupler.

Rather promising operation of HDPSW MMI splitters led
us to the idea to investigate the behaviour of a compact
plasmonic Mach-Zehnder (MZ) interferometer based on
these MMI splitters. Its waveguide structure is shown in
Figure 10(a). In principle, it is formed by two MMI couplers
connected together by the two arms. The length of both
arms was chosen equal, of 20 um. The field distribution in
this symmetric MZ is shown in Fig. 10b). The calculated
transmittance was —6 dB, the back-reflected power was at the
level of -37 dB.

(a)1s
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FIG. 8 First design of a MMI 3-dB splitter based on HDPSW. a) waveguide configuration,
b) distribution of the absolute value of the vertical component of the electric field

intensity.
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FIG. 9 Improved design of a MMI 3-dB splitter based on HDPSW. a) Waveguide config-
uration, b) distribution of the absolute value of the vertical component of the electric

field intensity.

To demonstrate the behaviour of the unbalanced MZ, we
modified the refractive index within the slot between the high-
index bar and the metal surface just below the arms in the
opposite sense so as to reach the relative phase shift between
the arms close to 7r. The required refractive index change was
found to be rather huge, about +0.15. The calculated field
distribution in this unbalanced MZ interferometer is plot-
ted in Figure 10(c). It is apparent that throughput power is
now “switched-off”; the calculated transmittance decreased to
-21 dB. Higher extinction could be perhaps attainable by more
careful tuning of the refractive index change, but it would
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FIG. 10 HDPSW-based Mach-Zehnder interferometer. a) Waveguide structure, b) field
distribution in the balanced Mz, ¢) field distribution in the unbalanced MZ.

be limited by the difference in attenuation of the arms due
to their different refractive indices. Note that in this case, the
reflected power increased to —25 dB, and F-P resonances are
clearly visible also in the arms.

We have to concede that we have also tried to model HDPSW
microring resonators similar to those described in [11], but
without clear success — the calculated losses were too high and
thus prohibitive for proper functioning of the device. The rea-
son for this has to be analyzed in more detail which we plan
to report in a succeeding paper.

4 CONCLUSION

In our contribution we analyzed a novel type of a plasmonic
waveguide — the hybrid dielectric-plasmonic slot waveguide
that combines a very high field confinement into a deeply sub-
wavelength area with moderate loss. Propagation lengths are
in the range of 50 pm at the telecommunication wavelength of
1.55 nm. We have also numerically investigated several types
of devices based on this type of waveguides — directional cou-
plers, 3 dB MMI splitters, and a Mach-Zehnder interferometer
using our 3-D codes developed in-house on the basis of the
Fourier Modal Method. Although we have not tried to fully
optimize the design of the devices, their basic functionality
was clearly demonstrated. We believe that because of its com-
patibility with the present silicon microelectronics, this type
of planar hybrid semiconductor-based plasmonic waveguide
can find interesting applications, e.g., in on-chip data commu-
nication, optical sensing, etc.
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