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Abstract
Multimode interference power splitters based on hybrid plasmonic waveguides are investigated
theoretically. Balanced power splittinga 1 1tti4.1(0(e)6.1(d)-255.8(po)25.4(we)6.1(r)-251.6(s)0(p1-0.7(ra3-4.9(c9.9626)]TJ 9.9626)302.7
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Figure 1. (a) Schematic diagram of the 1 × 3 SOI-HP MMI power splitter. The HP waveguide-based MMI regime has a width wMMI and
length L MMI . The input SOI waveguide has a width winput . The output HP waveguides have a width woutput and the separation between them is
s . (b) The cross section of an SOI waveguide with the width wSi and height h Si . (c) The cross section of an HP waveguide composed by
depositing an alumina layer (h Al2O3 ) and then a silver layer (h Ag ) on top of an SOI waveguide with a height h Si and width wplas .

the total coupling efficiency as high as 76.1% and 78.3% for
the designed 1 × 3 and 1 × 2 SOI-HP MMI power splitters,
respectively.

proposed plasmonic waveguide system. Due to this factor, all
MMI structures designed in this study use such a central incoupling configuration.
For an MMI, imaging resolution is an important parameter
which refers to the accuracy of the reproduction of the input
field [19]. To obtain a 1 × N splitter with high imaging
resolution, the multimode waveguide is required to support at
least N + 1 modes [21].

2. Self-imaging principle
MMI power splitters rely on the self-imaging principle, by
which the input field profile is reproduced as multiple-fold
images at certain propagation distances [19]. At the entrance
of the MMI regime, the input field profile (0) will be
decomposed into all guided modes ϕν (0) supported by the
multimode waveguide:

(0) =

m−
1

aν ϕ(0)

3. SOI-HP MMI power splitters
A schematic diagram of the designed SOI-HP MMI power
splitter is depicted in figure 1(a). The input waveguide is
a standard SOI waveguide composed of a silicon waveguide
(h Si = 250 nm, wSi = 450 nm) on the 3 µm thick silica
substrate (figure 1(b)) for which only a fundamental transverse
electric (TE) mode and a fundamental transverse magnetic
(TM) mode are supported at the wavelength of 1550 nm. The
MMI regime and the output access waveguides are based on an
HP waveguide system which can be fabricated by depositing
an alumina layer (of thickness h Al2O3 = 50 nm in the proposed
structure) and then a silver layer (of thickness h Ag = 100 nm)
on top of SOI waveguides (figure 1(c)). Here, a finiteelement method (FEM)-based commercial software COMSOL
Multiphysics is used to simulate the complex effective indices,
propagation lengths and transverse field profiles for the HP
waveguide, at various widths, that constitutes our proposed
MMI power splitter. Since the intended operating wavelength
is around the telecommunication wavelength, the parameters
of the materials are set to be n Si = 3.45, n SiO2 = 1.45 and
n Al2O3 = 1.74, and the dispersive permittivity of the silver is
calculated according to a Drude model which is fitted with the
experimental data (εAg = −87 − 8.7i at the telecommunication
wavelength λ = 1550 nm) [25].
For the proposed HP waveguides, there are two types of
modes existing: TE modes which are dielectric-like modes
and TM modes which are plasmonic-like modes. To obtain

(1)

ν=0

where the coefficient av is the modal amplitude and v is the
mode number. At a distance z = L , the profile has the
form [19]


m−
1
ν(ν + 2)π
(L) ≈
aν ϕ(0) exp i
L
(2)
3Lπ
ν=0
where L π = π/(β0 − β1 ) is the beating length of the two
lowest-order modes, and β0 = n 0 k0 and β1 = n 1 k0 are
propagation constants of the two modes. Then (L) will be
a single image of (0) at a distance L = p(3 L π ) ( p =
2)π
1, 2, 3, . . .), where exp(i ν(ν+
L) = 1 or (−1)ν , and N 3L π
fold images will occur at distances of L = p(3 L π )/N [19].
If the input waveguide is connected to the center of the
multimode waveguide, only even modes (v = 0, 2, 4, . . .) can
be excited and the corresponding N -fold images are expected
to be formed at much shorter distances [19]:


p 3Lπ
1
p 3λ
.
L=
(3)
=
N
4
N 8 (n 0 − n 1 )
Such a reduction in the length of the MMI regime directly
leads to a smaller loss owing to ohmic absorption in our
2
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Figure 2. (a) The dependence of the real part of the effective index for TM00 ∼ TM03 modes on the width of the HP waveguide with
h Si = 250 nm, h Al2O3 = 50 nm and h Ag = 100 nm, calculated by FEM. (b) The dependence of the propagation length for TM00 ∼ TM03
modes on the width of the HP waveguide. (c) The cross section of the electric field |E y | for the TM00 mode of a 200 nm wide HP waveguide
and the TM00 , TM01 and TM02 modes for a 1200 nm wide HP waveguide.

the subwavelength mode confinement, we naturally focus on
the TM modes. The dependences of the effective indices
and propagation lengths for all supported TM modes on the
widths of HP waveguides are plotted in figures 2(a) and (b), at
λ = 1550 nm. The fundamental TM mode (TM00 ) always
exists for any width, and high-order modes emerge as the
width increases. The cutoff widths for TM01 , TM02 and TM03
modes are about 450, 750 and 1100 nm. Accordingly, the
widths of the HP MMI regime for the proposed 1 × 2 and
1 × 3 HP MMI power splitters should be larger than 750
and 1100 nm, respectively, in order to realize high resolution.
To observe the modes more clearly, the normalized |E y | field
distributions for the TM modes supported by a 200 nm wide
and 1200 nm wide HP waveguide are shown in figure 2(c).
For all these modes, the field distributions are similar and the
electromagnetic energy is well confined in a subwavelength
scale in the alumina layer.
For the 1 × 3 SOI-HP MMI power splitter, the width of
the MMI regime is set to be wMMI = 1200 nm. From the selfimage principle, it is expected that the onefold, twofold and
threefold images occur at the distances L 1 = 3360 nm, L 2 =
1680 nm and L 3 = 1120 nm, respectively. To confirm and
optimize the power splitting, a home-made three-dimensional
finite-difference time-domain (FDTD) code is used to simulate
the wave propagation in the system. The parameters of the

structure are the same as those used in the FEM simulations
and the TM mode of the input SOI waveguide is excited by
a Gaussian source with a central wavelength λ0 = 1550 nm.
Figure 3(a) shows the field distribution of E y in the center
of the alumina layer for the designed 1 × 3 SOI-HP MMI
power splitter for which the length of the MMI regime is
L MMI = 1200 nm and the separation between the adjacent
output HP waveguides is s = 400 nm. From figure 3(a), we
notice that the electric field in the central output waveguide
decays quickly compared to the two side output waveguides.
This is mainly caused by the strong crosstalk between the three
output waveguides, which can be solved by increasing their
separation s or add S-bends to the two side output waveguides.
Here, for numerical simplicity, we set the power detectors in
the output waveguides at only 50 nm from the end of the
MMI regime, whereby the influence of the crosstalk can be
neglected.
The total transmission efficiency η and the power splitting
ratio γ among the output waveguides are two important
parameters to characterize the performance of an MMI power
splitter [19]. Here the transmission efficiency is defined as
η = Pout /Pin , where Pout is the power in the output HP
waveguide and Pin is the power in the input SOI waveguide;
more specifically, γ is defined as the ratio between the power
transmitted to the central output waveguide and the average
3
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Figure 3. (a) The E y field distribution in the center plane of the alumina layer for a 1 × 3 SOI-HP MMI power splitter, calculated by FDTD.
(b) The dependence of total transmission η on the length of the MMI regime L MMI (red solid line), compared with the same design but with
lossless silver (blue dashed line). (c) The dependence of splitting ratio γ on the length of the MMI regime L MMI (red solid line), compared
with the same design but with lossless silver (blue dashed line).

power transmitted to the two side output waveguides [24].
The values of η and γ at different MMI lengths are plotted
in figures 3(b) and (c), respectively. As shown in figure 3(c)
(red solid line), the splitting ratio γ is very sensitive to the
length of the MMI regime. As L MMI increases from 1100
to 1300 nm, γ decreases from 1.45 to 0.64, which means
more and more power is transmitted to the side waveguides.
To realize a balanced power splitting (1:1:1), the length of
the MMI regime should be L MMI = 1200 nm, at which the
total transmission is η = 76.1%. There is a little difference
between the numerical simulated and theoretical predicted
values of L MMI which is probably caused by the mode
mismatch between the SOI waveguide and the HP waveguide.
As a comparison, we also show the total transmission η
and the splitting ratio γ for the same structure but with a
lossless silver layer in figures 3(b) and (c) (blue dashed lines).
In such a system, attenuation is solely due to the insertion
loss [19]. The total transmission η of 81.0% is achieved
at L MMI = 1200 nm. The γ curve is almost the same as
that for the lossy silver case, which means the propagation
loss influences equally all the output waveguides. To further
reduce the insertion loss, HP tapers can be adopted at the
output interfacing of the MMI device [16, 17]. But it will
nevertheless increase the propagation loss and in turn reduce
the total transmission.
For a 1 × 2 SOI-HP MMI power splitter, we similarly
set the width of the MMI regime at wMMI = 800 nm for

which the twofold image is expected to occur at the distance
L 2 = 847 nm by equation (3). The corresponding field
distribution of E y and the dependence of the total transmission
η on L MMI are plotted in figure 4. At L MMI = 820 nm,
the highest total transmission is achieved with η = 78.3%
(figure 4(b), red solid line) which again is higher than the
designs with HP tapers. With a lossless silver layer, the total
transmission at L MMI = 820 nm increases to 82.1%. There
is also a little difference between the FDTD simulated and
theoretical predicted values of L MMI , which is similar to the
1 × 3 SOI-HP MMI power splitter.
According to equation (3), the position for the N -fold
image is sensitive to the wavelength, and so is the performance
of the whole device. To gain quantitative knowledge about the
influence of the wavelength, we calculate the variations of the
total transmission η and the splitting ratio γ in the wavelength
range of 1500–1600 nm for the 1 × 2 (wMMI = 800 nm,
L MMI = 820 nm) and the 1 × 3 (wMMI = 1200 nm, L MMI =
1200 nm) SOI-HP MMI power splitters. The results are plotted
in figure 5. Notice that, for the 1 × 2 SOI-HP MMI power
splitter, γ is always 1. From figure 5, for both splitters the
total transmission decreases slowly but always remains higher
than 70% as the wavelength increases from 1500 to 1600 nm.
For the 1 × 3 HP MMI power splitter, the splitting ratio varies
sharply. To limit the imbalance in power splitting to be smaller
than 10%, i.e. 0.9  γ  1.1, the wavelength should be in the
range of 1543–1555 nm.
4
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Figure 4. The E y field distribution in the center plane of the alumina layer for a 1 × 2 SOI-HP MMI power splitter, calculated by FDTD.
(b) The dependence of total transmission η on the length of the MMI regime L MMI (red solid line), compared with the same design but with
lossless silver (blue dashed line).

Figure 5. The total transmission η in the wavelength range 1500–1600 nm for a 1 × 2 SOI-HP MMI power splitter with wMMI = 800 nm and
L MMI = 820 nm, calculated by FDTD. (b) The total transmission η and the splitting ratio γ in the wavelength range 1500–1600 nm for a
1 × 3 SOI-HP MMI power splitter with wMMI = 1200 nm and L MMI = 1200 nm.

output waveguides; however, the transmission to the side
output waveguides will be subject to a linear increase or
decrease with respect to the shift. As the shift increases from
0 to 50 nm, the transmissions of three output waveguides
change from a balanced splitting of 25.4%:25.3%:25.4% (in
total 76.1%) to 28.8%:25.6%:21.7% (in total 76.1%) in the
case that the shift is for the input waveguide, compared to
29.5%:25.3%:20.7% (in total 75.5%) in the case that the shift
is for the output waveguides. Therefore in terms of total
transmission, the influence of a shift due to misalignment is
not significant, while a misalignment does adversely affect a
balanced splitting.
The dependences of the transmission on the waveguide
shifts for a 1×2 SOI-HP MMI power splitter (wMMI = 800 nm,
L MMI = 820 nm) is plotted in figure 6(b). As the shift
increases from 0 to 50 nm, the transmissions of three output
waveguides change from a balanced splitting of 39.2%:39.2%
(in total 78.3%) to 44.5%:33.8% (in total 78.3%) in the case
that the shift occurs for the input waveguide, compared to
40.2%:36.7% (in total 76.9%) in the case that the shift occurs
for the output waveguides. Here it is noticed that the influence
of a shift on the input waveguide is more severe than that
on the output waveguides. One should therefore pay more
attention in the fabrication procedure to reduce the shift of
the input waveguide in order to realize a balanced power
splitting.

4. Effect of possible misalignment in fabrication
In section 3, we have theoretically studied the performance
of SOI-HP MMI power splitters and obtained the optimized
parameters for the 1 × 3 and 1 × 2 configurations. However,
it is unavoidable that some errors during fabrication would
occur which may lead to deviations from the original design.
As shown in figure 1(a), the input and output waveguides
are placed in positions symmetric to the yz plane to realize
a balanced splitting. If there exists some misalignment
of the input and output waveguides from their designed
positions during the fabrication procedure, the balanced power
splitting will be broken. If a lateral shift only occurs for
the input waveguide, the imbalance of the power splitting is
mainly caused by the appearance of odd modes according
to equation (2). If such a dislocation occurs only for
the output waveguides, the imbalance is mainly caused by
the mode mismatch. In an actual fabrication, the amount
of misalignment is limited by the resolution limit of the
fabrication procedure, which, e.g. for the electron-beam
lithography and lift-off procedure, is smaller than 50 nm.
Figure 6(a) shows the dependences of the transmission
on the lateral shifts of the waveguides for a 1 × 3 SOIHP MMI power splitter (wMMI = 1200 nm, L MMI =
1200 nm). The total transmission and the transmission to
the center output waveguide are almost unchanged, regardless
of whether the shift happens for the input waveguide or the
5
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Figure 6. The dependences of the transmissions on the shifts of the access waveguides in the x direction, calculated by FDTD. (a) The total
transmission (solid line) and the transmissions of the top (dashed line), center (dashed–dotted line) and bottom (dotted line) output
waveguides for a 1 × 3 SOI-HP MMI power splitter (wMMI = 1200 nm, L MMI = 1200 nm) with the shift of the input (blue line) and output
(red line) waveguides. (b) The total transmission (solid line) and the transmissions of the top (dashed line) and bottom (dotted line) output
waveguides for a 1 × 2 SOI-HP MMI power splitter (wMMI = 800 nm, L MMI = 820 nm) with the shift of the input (blue line) and output (red
line) waveguides.
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5. Conclusions
In conclusion, we have proposed and theoretically studied the
performance of 1 × N SOI-HP MMI power splitters. The
HP MMIs are implemented as a coupler between a standard
SOI waveguide and several HP waveguides. With optimized
structure parameters, the corresponding 1 × 3 and 1 × 2
SOI-HP MMI power splitters can realize balanced power
splitting with the total transmission of 76.1% and 78.3%.
The wavelength dependences of such SOI-HP couplers are
also investigated. In particular, broadband splitting can be
achieved with the 1 × 2 SOI-HP MMI splitter. Furthermore,
the effect of possible misalignment of the input and output
waveguides on both the total transmission and the balance
of power splitting is discussed. We expect that the proposed
1 × N SOI-HP MMI can serve an important role in near-future
nanophotonic systems that incorporate both silicon photonics
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