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A compact, highly efficient optical coupler for dielectric slot waveguides and hybrid plasmonic waveguides based on transition layers (air slot
grooves) was investigated. The power-coupling efficiency of 75% for the direct coupling case increased to 90% following the insertion of an
intermediate section. By performing time-averaged Poynting vector analysis, we successfully separated the factors of transmission, reflection, and
radiation at the coupler interface. We found that the insertion of optimal air grooves into the coupler structure contributed to the improvement of
coupling performance. The proposed compact structure is characterized by a high transmission efficiency, low reflection, small length, and broad-
band spectrum response. © 2018 The Japan Society of Applied Physics

1. Introduction

In recent years, research on high-density optical integrated
circuits has attracted considerable interest. Optical waveguides
in such circuits can be broadly classified into two types de-
pending on their functions. One is a simple wiring waveguide
and is typically composed of a wire of Si or other high-index
contrast material. The other is a functional waveguide such as
a slot or plasmonic waveguide. They play fundamental roles in
various functional sections of optical circuits with their ability
to concentrate intense fields at sub-wavelength scales.

Plasmonic waveguides, in which surface plasmon polar-
itons (SPPs) on the metal=dielectric interface form guided
modes, can achieve nanometer-scale field confinement.1,2) A
variety of devices utilizing this superior characteristic have
been proposed.3–8) For the core=clad structure, there are
several versions of plasmonic waveguides, including metal–
insulator–metal (MIM) and metal–dielectric–metal (MDM)3–5)

structures, as well as hybrid plasmonic structures.6–8) In the
first two structures, the waveguide is constructed by sand-
wiching a dielectric or air layer as a core with a pair of metal
materials. SPPs are induced on both sides of the dielectric core
layer. Conversely, in hybrid plasmonic waveguides (HP-
WGs), another dielectric material is inserted in the middle of
the first core region. The mode field is more confined in the
central dielectric than the MIM or MDM plasmonic wave-
guides, which helps to slightly reduce the propagation loss.
Owing to these characteristics, HP-WGs have found many
potential applications.9–13) However, because of the basic
guiding mechanism, none of the plasmonic waveguides can
avoid large propagation losses compared with conventional
dielectric waveguides. Thus, plasmonic waveguides are
usually studied as a core functional part of integrated circuits.

Dielectric slot waveguides (DS-WGs) are another type of
functional waveguide that can achieve sub-wavelength field
confinement and relatively low propagation loss. The large
index difference between the core and cladding leads to a
large discontinuity of electric field. A large amount of basic
theoretical research14–17) and application proposals18,19) have
been reported. Because of the low propagation loss, DS-WGs
can be used both as a simple connection part and a functional
part. In addition, the coupling is easier to the Si wire than
to plasmonic waveguides. From the above background, in
future complex integrated circuits, we can imagine a situation

where plasmonic and slot waveguides are used together
to full make use of the individual characteristics. In such
circuits, it is important to achieve an efficient coupling
between the slot and plasmonic waveguides.

To date, highly efficient couplers between Si waveguides
and MIM waveguides have been widely reported and exper-
imentally certified.20–23) The adiabatic nano-focusing taper
between two waveguides functions as a mode converter to
achieve smooth mode conversion from a Si waveguide to
a MIM waveguide, as the two modes are very similar.
However, firstly, the taper length is still a neglected factor
that greatly affects the coupling efficiency (e.g., 600 nm taper
length in Ref. 21); secondly, to our knowledge, the coupling
between two waveguides with a large mode difference
(e.g., DS-WG and HP-WG) has not yet been clarified. Thus,
designing a taper between these waveguides is difficult, and
other coupling mechanisms need to be investigated.

In this study, we investigated the coupling characteristics
between DS-WGs and HP-WGs through two-dimensional
(2D) electromagnetic simulations. For simplicity, the 2D
simulation has been proved to be time-efficient and mature in
Refs. 24 and 25. First, the performance of the direct connec-
tion without the coupler structure was studied. Then, 50 nm
transition coupler structures were studied. The basic concept
of the structure is the insertion of air grooves into the wave-
guide interface as a transition region. In the design of actual
structures, we referred to previous research24) on the direct
coupling characteristics between slot and MDM waveguides.

We selected Si and Ag as the dielectric and metallic mate-
rials with dielectric constants of 12.38 + i0 and −103.71 +
i8.23 at a wavelength of 1550 nm, respectively.3) From the
material constant viewpoint, Ag is one of the most advanta-
geous and common materials. Therefore, in many of the
former theoretical research studies was used Ag3,4) instead of
practical useful materials such as Cu and Au.20,21) For both
types of waveguides, a fundamental TM mode was assumed.
Furthermore, the computational domain of a uniform orthog-
onal 2D mesh was used. The ends of the domain were
terminated by perfectly matched layers (PMLs). The grid size
was 1 nm for both directions. The transmittance is defined as
the ratio of transmitted power to launched power, similar
to reflectivity. We also reduced metal absorption loss and
waveguide propagation loss in both calculated transmittance
and reflectivity for higher accuracy.
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2. Dielectric slot waveguide and hybrid plasmonic
waveguide

A schematic of the DS-WG studied here is shown in Fig. 1(a).
The central air gap (nL = 1) of width dL serves as a core and is
sandwiched by a pair of symmetric Si claddings (nH = 3.52)
of width dH. The space outside the Si is filled with air. The
structure extends infinitely toward the y- and z-directions.
Guided modes are assumed to propagate along the z-direction.
The field profile of the fundamental TM mode, composed of
Ex, Ez, and Hy components, for dH = 200 nm and dL = 50 nm
is presented in Fig. 1(b) (Ex distribution). The profile has a
flat-top single rectangular peak near the center. In addition, in
the Si and air claddings, there is non-negligible amplitude,
which is approximately 1=5–1=6 of the peak.

A schematic of an example HP-WG studied here is shown
in Fig. 2(a). The Si center core (width: dS) is embedded in the
air gap between a pair of Ag claddings. The Ag claddings
were assumed to semi-infinitely extend toward the outside
of the waveguide. The spacing between the Ag and Si is
denoted by dR. We used dS = 200 nm and dR = 50 nm. The
calculated field distribution of Ex is shown in Fig. 2(b). This
mode exhibits double peaks at the air regions. In addition, the
field amplitude almost decreases to zero in the Ag claddings
and the amplitude of the central Si core is approximately 1=7
of the peak amplitude.

The above results regarding the basic mode profiles imply
that it will be crucial to the structure design to determine how
to couple the main peak and the side lobes of the DS-WG to
the double peaks of the HP-WG.

3. Direct coupler design

3.1 Transmittance and reflection of direct coupler
First, we studied the direct connecting performance of a DS-
WG and HP-WG. Figure 3(a) shows a schematic of the

analyzed junction. The structural parameters of the HP-WG
were set to dR = 50 nm and dS = 200 nm, which are the typical
values used in the literature.7,12) We simulated transmission
and reflection characteristics by changing the parameters of
the slot waveguide (dH and dL). The fundamental mode of
the DS-WG was launched from the bottom of the figure, and
the Poynting vector (discussed later) was measured in the
dotted square.

Figure 3(b) shows the transmitted mode power of the
HP-WG as a function of dH and dL (widths of Si and air
gap of DS-WG, respectively). Figure 3(c) shows the power
of the reflected mode at the DS-WG. The remaining input
power was lost through radiation. The variations of trans-
mission efficiency and reflectivity are relatively small when
dH is less than 200 nm; however, they both vary rapidly with
dH is larger than 200 nm. The maximum transmission (∼75%)
is achieved at their boundary: dH ∼ 200 nm. In addition, a
larger dL results in a smaller transmittance and a larger
reflection. To understand the transmission peak and reflec-
tion minima at dH ∼ 200 nm, we considered the following
explanation.
3.2 Effect of effective mode width on transmittance
peak
We try to explain the mechanism of the transmittance peak at
dH = 200 nm in view of the effective mode area (Weff) of each
waveguide. Note that this dH also yielded the minimal radia-
tion loss. We assumed that if the Weff of the two waveguides
were of the same order, the coupling performance would be
improved. We varied the structural parameters of the DS-WG
and plotted the transmittance as a function of its Weff, while
keeping the parameters of HP-WG fixed. The following
definition was used for Weff in the 2D situation.26)

(a)

(b)

Fig. 1. (Color online) Schematic and mode field profile of a sample
dielectric slot waveguide. (a) Schematic of the waveguide. The guided mode
is assumed to propagate along the z-axis. (b) E-field (Ex) distribution of the
fundamental TM mode for dH = 200 nm and dL = 50 nm.

(a)

(b)

Fig. 2. (Color online) Schematic and mode field profile of a sample
HP-WG. (a) Schematic of the waveguide. The guided mode travels along the
z-axis. (b) E-field (Ex) distribution of the fundamental TM mode for
dR = 50 nm and dS = 200nm.
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Weff ¼

Z þ1

�1
jEðxÞj dx

� �2

Z þd

�d
jEðxÞj2 dx

ð1Þ

Here, d = dH + dL=2. We plotted the transmittance along with
Weff in Fig. 4 as a function of DS-WG Si width (dH). The
smallest Weff clearly occurs at around dH = 180–200 nm for
various dL values, which coincides with the maximum
transmittance region. This result proves that the matching
of the effective mode area could be critical for achieving a
good connection performance, even though their mode field
profiles are quite different.
3.3 Reflection influenced by reflection coefficient
Next, to further understand the coupling mechanism, we try
to check the reflection characteristics. For this purpose, we
define the “local” reflectivity Γ(x) and its average value Γ
over the whole waveguide cross section using the following
equations:

�ðxÞ ¼ ZDSðxÞ � ZHPðxÞ
ZDSðxÞ þ ZHPðxÞ ; ð2Þ

� ¼ 1

2w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ þw

�w
j�ðxÞj2 dx

s
; ð3Þ

where w represents half of the calculated region, and ZDS(x)
and ZHP(x) represent the “local” wave impedance of DS-WG
and HP-WG as Z(x) = Ex(x)=Hy(x), respectively. The effec-

tive mode width discussed in the previous section does not
necessarily consider the point-to-point field matching, but
does consider the global extent of the fields. In contrast,
Γ here considers the field mismatch at all points on the
waveguide cross section. Thus, it is capable of checking a
more detailed field difference.

The calculated average reflectivity (Γ) is shown in Fig. 5.
Reflection minima again appear at dH = 160–180 nm for
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Fig. 3. (Color online) Schematic and basic coupling characteristics of a direct coupler. (a) Schematic of the direct coupler. (b) Transmittance and
(c) reflectivity of DS-WG as functions of Si width (dH).

Fig. 4. Effective width (Weff) and transmission efficiency as a function of
dH with different dL.
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various dL values. This is consistent with the results
described in the previous section. As a result, the matching
of both effective mode area and average reflectivity (they will
give us an almost identical optimal design) is critical to
realizing a highly efficient coupling.

4. Improved coupler with transition layers

4.1 Transmittance and reflection of improved coupler
Research work on the direct coupler provides us with hints
on how improve the performance. In plasmonic couplers,
the “funnel effect” phenomenon plays an important role in
efficient light transmission. With the help of this effect, sub-
wavelength MDM waveguides can collect light from an area
significantly larger than that of its cross section.25) The
central idea is to insert narrow air grooves into the end of the
metal cladding part of the MDM waveguide and to make it
function as a transition layer. The incoming electromagnetic
field from the other waveguide excites the SPP waves, which
creep along the surface of the grooves and finally become a
part of the guided mode of the MDM. Because our HP-WG
has a similar structure to that of a traditional MDM wave-
guide, we can expect the same performance. On the basis
of this concept, we design an improved coupler using air
grooves as transition layers.

Figure 6(a) shows a schematic of the proposed coupler
structure. Air grooves are inserted into the overlapped section
of Ag and Si. The dotted lines denote the monitoring sections
for the Poynting vector (described later). The width and height
of the air grooves are given by Wgap and Hgap, respectively. In
the FDTD simulations, we varied dH for a given Wgap and
Hgap, and measured the transmission efficiency and reflectiv-
ity. Figures 6(b) and 6(c) show the transmission efficiency
and reflectivity for dL = 50 nm. For Wgap = 120 nm, the peak
transmittance improves by approximately 25% at dH ∼ 300
nm, whereas the reflectivity decreases by approximately 25%
compared with that of the direct coupling structure. The maxi-
mum transmission efficiency reaches more than 90% and then
slowly decreases compared with that of the direct coupler.
4.2 Optimal design of transition layers
As we have introduced the enhanced funnel effect caused by
the weight of air grooves of the transition layers, we believe

that the optimal design of the height of those layers with
optimal power fluxes from the DS-WG to HP-WG can also
achieve optimal transmittance and reflectivity. Figures 7(a)
and 7(b) show the results corresponding to the variations of
Wgap and Hgap. In this special design, dH and dL were kept
constant at 200 and 50 nm, respectively. The highest trans-
mittance is approximately about 90% when Hgap = 60 nm and
Wgap = 100 nm, while the reflectivity decreases to less than
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Fig. 6. (Color online) Improved coupler design. (a) Schematic of
improved coupler with transition layers. (b) Transmission and (c) reflection
as a function of dH with different Wgap values.
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6%. The relative dimensions of each part of the improved
coupler correspond to the proposed design in Ref. 20, which
supports the validity of our design concept.
4.3 Discussion: Funnel effect
To further check the appearance of the funnel effect caused
by the transition layers, the time-averaged Poynting vectors
without and with transition layers were visualized. Results
are presented in Figs. 8(a) and 8(b). The parameters are dH =
200 nm, dL = 50 nm, Hgap = 50 nm, and Wgap = 100 nm. In
the direct coupler, almost all power in the air region outside
the Si waveguide and some of the power inside the Si are
reflected back [as shown in Fig. 3(c)] or radiated out of the
coupler. Meanwhile, in the improved coupler, even some
parts of the power in the air region (evanescent waves) can be
coupled to air grooves. With the same field distribution of
slot waveguides in two couplers, we can predict a higher
transmittance because of the enhanced optical flows in the
improved model.
4.4 Spectrum analysis
The broad-band spectrum response could also be achieved by
our coupler design. To show that, we carefully selected a

proper value of the central wavelength of a Gaussian light
source (1550 nm) and changed the excitation type from con-
tinuous wave (CW) to pulse. Then, in our FDTD program,
we applied fast Fourier transform (FFT) on the received time-
domain wave signals. By doing so, the spectrum results were
obtained. Figure 9 shows the spectrum response of the
structures in Figs. 3(a) and 6(a). It is clearly seen that the
improved coupler design shows superiority over the direct
coupler design in a wide wavelength range. The two designs
both show low transmittance at a long-wavelength region.
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Fig. 7. Detailed transmittance and reflectivity characteristics of a coupler
with the transition section as a function of Hgap at different Wgap values.
(a) Transmission and (b) reflectivity.

(a)

(b)

Fig. 8. Time-averaged Poynting vector of dotted square in the (a) direct
coupler without transition layers and (b) improved coupler with transition
layers. The parameters are dH = 200 nm, dL = 50 nm, Hgap = 50 nm, and
Wgap = 100 nm.

Fig. 9. Spectra of the structures shown in Figs. 3(a) and 6(a).
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The transmittance is measured close to the interface, leading
to weak wavelength dependence caused by metal materials
(e.g., Ag).

5. Conclusions

In this study, we first analyzed the factors of mode mismatch
and reflectivity of a direct DS-WG=HP-WG coupler and
clarified that the matching of the effective mode area (Weff)
of both waveguides is important to realize highly efficient
couplers. We also demonstrated that, at the optimal coupler
dimension, the average local reflectance Γ(x) over the wave-
guide cross section became minimum. We then proposed an
improved high-efficiency coupler using air gaps as a transition
region at the DS-WG=HP-WG junction. Compared with
the direct coupler, it was confirmed that the transmittance
improved from 75 to 90% following the insertion of 50 nm
transition layers instead of an adiabatic taper of several
hundreds of nanometers. The proposed structure can enhance
the transmission efficiency of optical signals between DS-
WGs and HP-WGs. With this simple design and achievement,
the coupler with transition layers has potential applications in
modern highly integrated nano photonic devices. Detailed
physical theories behind the funnel effect and optimal design
of transition layers will be studied in future work.
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