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Abstract: We propose a novel broadband coupler for silicon photonics
using a hybrid plasmonic waveguide section. The hybrid plasmonic
waveguide is used to create an asymmetric section in the middle of a silicon
nanowire waveguide coupler to introduce a phase delay to allow for a 3-dB
power coupling ratio over a 150 nm bandwidth around 1.55 µm. The device
is very compact (<8.5 µm) and has a low insertion loss (<0.15 dB).
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1. Introduction
A directional coupler is a very important component for many applications in integrated
optics ranging from optical communication systems to biosensing [1–3]. The simplest form of
directional coupler consists of two identical waveguides separated by a small gap to allow for
coupling between the waveguides. This simple design is however very sensitive to the
wavelength of operation. Although this wavelength dependence can be used for implementing
useful devices such as optical filters [1], it limits the usefulness of the directional coupler for
many other applications where a broadband response is required, for example optical sensing
[2] and passive optical networking [3]. The bandwidth of the directional coupler can be
increased by making the coupler asymmetric [4], adiabatic [5], by using a grating [6], or by
introducing a bend in one arm of the coupler [7–9]. These approaches significantly increase
the length of the coupler (over several hundred microns) and most of these designs are for low
index contrast systems e.g., glass or fluorinated ploymide [8, 9]. There have been only a few
reports of SOI compatible broadband directional couplers [5–7].
Recently we have proposed a hybrid plasmonic waveguide (HPWG) that consists of a
metal plane separated from a high index material by a low index spacer [10, 11]. The
proposed guide offers a number of advantages: it is very compact and provides a better
compromise between loss and confinement compared to purely plasmonic guides. Since our
first proposal, many different HPWG structures have been analyzed [12, 13] and many
applications of the HPWG have been suggested [14–18]. These devices can outperform
previously reported SOI based devices.
Here we propose a compact, broadband directional coupler using the HPWG concept and
analyze its performance using full wave numerical analysis methods. The coupler uses an
asymmetric section with an HPWG to compensate for the spectral dependence of the coupling
between two identical silicon waveguides by introducing a phase difference between the
fields in the two waveguides. We will first discuss the details of the operation as well as a
simplified design method based on transfer matrix in the next section. The details of the final
design as well as the full wave simulation results are presented in Section 3. The high
sensitivity to fabrication imperfection is a major limitation of directional couplers. A possible
way to correct for this limitation in case of our device is discussed in section 4.
2. Using a phase delay section to create a broadband directional coupler
The power transfer ratio of a directional coupler depends on the ratio of field amplitude at the
two inputs and their relative phase. This concept can be used to make a cascade of directional
coupler wavelength insensitive. In this approach by tuning the length of the first coupler and
the length of the phase delay line, one controls the input field amplitude and phase for the
second coupler in such a way that it cancels out the wavelength dependence of the first
coupler section [9]. In this work we use the asymmetric section as the phase delay line
between the two couplers. As we will see in later sections, such a design allows us to achieve
a very broadband response using a very short device length. A top view of the proposed
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broadband directional coupler is shown in Fig. 1(a). The device consists of three sections: the
first and third sections are symmetric directional couplers consisting of two identical silicon
waveguides (Fig. 1(b)) and the middle section is an asymmetric section consisting of a silicon
waveguide and a HPWG (Fig. 1(c)). The silicon waveguide cross section is constant
throughout the device (340 × 340 nm2). Our device is designed for the quasi-TM mode of the
waveguide. All the results presented in this paper are for the structure shown in Fig. 1(a). To
connect the directional coupler with other on chip devices, waveguide bends must be used at
the input and output of the proposed coupler [6]. Because of the high confinement of silicon
waveguide modes, the effect of the bend on the coupling ratio is not large even for small bend
radius. For example, in case of 6 µm long input and output bends, the coupling ratio changes
by less than 2% for our final design described in Section 3. By excluding the waveguide
bends in our simulation, we achieve significant saving in time and use of computational
resources without sacrificing accuracy. A good understanding of the HPWG mode
characteristic is essential for design of the proposed coupler. Such an analysis has been
reported in [11].

Fig. 1. (a) Top view of the broadband directional coupler (b) Cross section of the first and third
silicon coupler sections. (c) Cross section of the second section. Positions of power monitors
used in finite difference time domain (FDTD) simulation for calculating of power in the output
waveguides are shown by dashed lines.

Figures 2 (a) and 2(b) show the mode profiles of the symmetric ( + ) and anti-symmetric
(-) TM modes of the coupled silicon waveguides at 1.55 µm. The power coupling ratio of the
directional coupler formed by the silicon waveguides depends on the amplitude and phase of
the incident fields, and the difference in the propagation constants (Δβ = β+-β-) of the coupled
modes [19]. This difference in propagation constant is wavelength dependent and thus the
power transfer ratio of the silicon coupling section of Fig. 1(a) will be wavelength dependent
(shown in Fig. 3, green line). To compensate the wavelength dependence of the power
transfer ratio an asymmetric HPWG section is inserted between the symmetric sections. The
HPWG inhibits coupling due to the large difference in both propagation constants and
patterns of the TM silicon waveguide mode on the left and the TM hybrid waveguide mode
on the right (Figs. 2(c), 2(d)). The difference in propagation constant of the non-coupling
waveguides thus causes a wavelength dependent phase difference between the field coupled
to WG 2 in section 1 and the field still in WG 1. Proper tuning of the lengths of the three
sections allows for compensation of the wavelength dependence and leads to broadband
operation.

Fig. 2. Guided power density profiles of the TM modes of the directional coupler at 1.55 µm.
(a) Even (b) odd supermodes in the silicon waveguide section. (c) and (d) even and odd modes
in the asymmetric hybrid section. The boundaries between different layers are shown by
dashed lines.

A simple transfer matrix model can be used to allow for a fast design process, where we
calculated the field amplitude of the waveguide modes along our structure. The modes
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supported by the cross-sections shown in Figs. 1(b) and 1(c) were calculated using a
commercial finite element code (Comsol Multiphysics). The transmitted power was then
calculated by propagating these modes along the sections and calculating the coupling
between the modes by evaluating the power overlap.
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Here PM describes the propagation of the two modes present in section M, using the
propagation constant β+/− and the length of the section LM. The coupling between the sections

is described using the transfer matrix T12 with the coupling constants cij calculated using the
integral over the power overlap of the modes involved. The final transmission can be found
by multiplying the matrices for the three sections, where the elements of the final vector
 
   

( a End = P3 ⋅ T12T ⋅ P2 ⋅ T12 ⋅ P1 ⋅ aStart ) each give the field amplitude of the supermodes. The above
mentioned design method significantly speeds up the design process of the broadband
coupler.
3. Design of a 3 dB broadband HPWG coupler

Depending on the application different coupling ratios can be chosen. Here we present the
design for a 3-dB coupler. To simplify the design process we used the simple transfer matrix
based design method described in Section 2. The length of three sections as well as the
thickness of the silica layer between the silicon and the gold in the hybrid section was varied
to achieve broadband coupling. The final design was simulated using a three dimensional
finite difference time domain code Lumerical to confirm the results obtained from the
simplified design process. The material properties of silica and silicon are taken from [20]
and that of gold is taken from [21]. The mesh accuracy and simulation size were varied to
ensure convergence and to estimate the numerical error. Power at the two output waveguides
are calculated by integrating the power density over the cross sections at the end of the
waveguides marked by dashed lines in Fig. 1(a) by using two power monitors [22]. The final
device dimensions for the 3 dB coupler design are w = 340 nm, hSi = 340 nm, hspacer = 45 nm,
dcoup = 220 nm, L1 = 4.5 μm, L2 = 3 μm, L3 = 0.8 μm. The power transfer ratio for the final
design calculated using a full-wave three dimensional simulation FDTD simulation is shown
in Fig. 3 (red line). Here power transfer ratio (η) is defined as η = P2/(P1 + P2); P1 and P2 are
power outputs at first and second branches respectively. The power transfer ratio is close to
0.5 (with the value of η limited within the range 0.45 to 0.55) for the wavelength range 1.45
to 1.6 μm. For comparison the results obtained from the transfer matrix model is also shown
(blue line). Both models show good agreement. The slight deviations are caused by
reflections between the sections, which could be eliminated by implementing an Eigenmode
expansion method (EME) instead of the transfer matrix model [23]. The insertion loss of the
coupler is less than 0.2 dB over the entire range. Here insertion loss is defined as the power
loss caused by the directional coupler when it is inserted between silicon waveguides having
same cross sections (340 nm × 340 nm). This loss includes propagation loss caused by
presence of metal and reflection loss at the two ends of the directional coupler. Since the
HPWG section is very short, the presence of metal has very little effect on the insertion loss,
and the overall insertion loss is negligible.
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Fig. 3. Power transfer ratio for the broadband coupler calculated using full 3D FDTD (red) and
the 2D approach (blue) as well as the coupling coefficient for a non-broadband coupler with
the same waveguide dimensions (green).

4. Compensation for fabrication imperfections

Directional couplers are very sensitive to fabrication imperfections, especially in high contrast
waveguide systems such as silicon photonics [24]. Figures 4(a) and 4(b) show the effects of
varying waveguide width (w) and spacer height (hspacer) from the design specifications, while
all other dimensions and material properties are kept constant. We have also examined the
effect of temperature variation on the device performance. Although silicon has a high thermo
optic coefficient (1.8 × 10−4/K) due to the short length, the proposed device is not very
sensitive to temperature variations. For example, for 25°C temperature change, the coupling
ratio changes by less than 0.03 dB.
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Fig. 4. Power transfer ratio of the broadband coupler when the dimensions are different from
design specifications. (a) Effect of spacer height variation (b) Effect of waveguide width
variation. All other dimensions are same as the final design described in section 3.

Since dielectric waveguide based directional couplers depend on a single etch step for
their implementation, there is no straightforward way to correct for possible variation of
width from design value which may occur during fabrication. Fabrication of the proposed
device will require etching of silicon followed by either thermal oxidation or PECVD for
depositing the spacer layer followed by a metal deposition and lift off [14]. If after the
etching, it is found that the silicon waveguide widths are different from the design, the desired
power transfer ratio over a broad wavelength range can still be obtained by changing the
thickness of the spacer layer.
To illustrate this we have considered the scenario when the spacing between the
waveguides for the final design (dcoup) changes from 220 nm from 250 nm. As shown by the
dashed red line in Fig. 5, the device does not work as a 3 dB coupler after such a change.
However, as shown by the solid black line of Fig. 5 by changing the spacer thickness to 65
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nm and by changing the section lengths to L1 = 4 µm, L2 = 3.5 µm, L3 = 0.8 µm, 3 dB
operation of the device can be restored. Dielectric film thickness accuracy within a few nm
can be readily achieved using standard fabrication processes, for example plasma enhanced
chemical vapor deposition (PECVD) [25]. Although we have considered only one possible
scenario, i.e., variation of waveguide spacing, the effects of other fabrication imperfections on
the coupler performance, e.g., variation of waveguide width (w) or variations of both
waveguide width (w) and gap (dcoup) can also be corrected in a similar manner. The proposed
design, therefore, has the additional advantage to be able to compensate for fabrication
imperfections and thus is more robust in terms of fabrication tolerance.

Power transfer ratio [η]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
1.45

1.50

1.55

1.60

1.65

Wavelength (μm)

Fig. 5. Power transfer ratio of the broadband coupler when gap width is increased by 30 nm
from final design (dashed line) and after the adjustment of metal section length and spacer
thickness (solid line).

5. Conclusion

We have proposed a broadband directional coupler for silicon on insulator platform using the
recently proposed HPWG. The device is very short, has low insertion loss and is wavelength
insensitive over more than a 150 nm bandwidth with less than 5% variation of power transfer
ratio. Performance of the device compares favorably against previously reported devices.
Both adiabatic couplers [5] and directional coupler using a Mach-Zehnder interferometer [7]
can offer a broadband response but require length exceeding several hundred micrometers. In
contrast the proposed HPWG based directional coupler, while has a wavelength independent
response over 150 nm bandwidth with an imbalance less than 5% and a length of less than 10
μm. The design presented in this work therefore, can be an important component for future
silicon based optical communications systems.
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