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LETTER

Ultra-small shape-simpliﬁed optical diode derived from topology
optimal design in plasmonic waveguide
Akito Iguchi1,2 and Yasuhide Tsuji1a)

Abstract We present in this paper an ultra-small plasmonic optical diode,
which converts a symmetric mode into an asymmetric one and reﬂects
backward propagation of the symmetric one, with a metal-insulator-metal
(MIM) structure. A proﬁle of an optical diode is derived from a topology
optimal structure obtained in our previous study, and it is simpliﬁed so as
to reduce insertion loss and diﬃculty in fabrication. An optimal proﬁle is
found out using a diﬀerential evolution (DE) which is one of the evolutionary algorithms, and optimization is carried out taken into account
fabrication tolerance. According to the results of numerical simulation by
2D ﬁnite element method (FEM), the optimized plasmonic optical diode
has insertion loss of <0.5 dB, reﬂection of <−20 dB in the forward
propagation, and backward transmission of <−20 dB over C-band, and
it is tolerant of ²5 nm boundary deviation. In addition, this device has an
extremely small functional region (<1.5 µm).
Keywords: optical waveguide, optical diode, plasmonics, evolutionary
algorithms
Classiﬁcation: Integrated optoelectronics

1. Introduction
Recently, more-compact and high-performance optical
waveguide devices are required so as to realize higher
density photonic integrated circuits for higher-speed optical
communication networks. Among optical components, an
optical diode is perceived as one of the key and attractive
components for optical integrated circuits [1]. An optical
diode can oﬀer an unidirectional building block only using
reciprocal materials [1, 9, 10], and a lot of studies on an
optical diode have already been reported [1, 2, 3, 4, 5, 6,
7, 8]. As a solution for miniaturization, optical diode based
on photonic crystal (PhC) waveguide are presented [5, 6, 7].
This type of optical diodes achieve extremely small footprint, but there is room for improvement especially in an
operation wavelength range. A plasmonic waveguide is also
a good candidate to realize high-integration of optical
circuits because it can conﬁne light to waveguide regions
beyond diﬀraction limits [11]. So far, miniaturization has
been achieved for many optical components by using
plasmonic eﬀects [12, 13, 14, 15, 16, 17, 18, 19, 20, 21].

Structural optimization utilizing numerical simulation
is widely employed to design photonic devices. Topology
optimization is one of the structural optimization methods
and has the highest design of freedom. It has been applied to
a design of optical components composed of dielectric
materials [22, 23, 24, 25, 26, 27]. In [28], The author’s
group present a design approach with topology optimization
for plasmonic waveguide devices. In the previous work,
using topology optimization based on a function expansion
method and evolutional algorithms, an extremely small
plasmonic optical diode is designed with a metal-insulator-metal (MIM) structure. However, the topology optimal
diode has complex proﬁles which induce localization of
lightwave, and this localization causes extra propagation
loss because of lossy nature of metal materials. Moreover, a
simpler proﬁle is desirable in terms of actual fabrication.
In this paper, we present an ultra-small, shape-simpliﬁed plasmonic optical diode which is derived from topology optimal structure reported in [28]. Extracting geometrical features from the topology optimal one, we oﬀer
an optical diode with simpler proﬁle. The optical diode
consists of two triangular objects and a rectangular one.
The vertex coordinates of these objects are optimized using
a diﬀerential evolution (DE) [29] which is one of the
evolutionary algorithms. Moreover, in the DE optimization,
fabrication tolerance of material boundary deviation is
newly taken into account.
2. Optical diode and design methods
A function of an ideal optical diode is shown in Fig. 1. An
optical diode converts completely a symmetric mode into an
asymmetric one for forward input, and reﬂects backward
wave of the symmetric one. Although unidirectional operation can be achieved only using reciprocal materials, it is
pointed out that its scattering matrix is symmetry and reciprocity holds [1, 9, 10]. In this study, we consider an
plasmonic optical diode which transforms from a funda-
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Fig. 1. A function of an ideal optical diode.
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Fig. 2. Topology optimal plasmonic optical diode given in [28]. Black
color indicates silver and white means air.

Fig. 3. The schematic of a plasmonic optical diode. The computational
window in z-direction is terminated by perfectly matched layer (PML).
Table I.
a1 :
a2 :
a3 :
b1 :
b2 :
b3 :
c1 :
c2 :
c3 :
c4 :

Constraint condition of 10 vertex coordinates.

0:5 m  a1z  1 m,
0:5 m  a2z  1:5 m,
1:01 m  a3z  1:5 m,
0:5 m  b1z  1 m,
0:5 m  b2z  1:5 m,
1:01 m  b3z  1:5 m,
1:51 m  c1z  1:75 m,
1:51 m  c2z  1:75 m,
1:76 m  c3z  2 m,
1:76 m  c4z  2 m,

a1x ¼ 0:4 m
0:39 m  a2x  0:01 m
a3x ¼ 0:4 m
b1x ¼ 0:4 m
0:01 m  b2x  0:39 m
b3x ¼ 0:4 m
0:39 m  c1x  0:01 m
0:01 m  c2x  0:39 m
0:01 m  c3x  0:39 m
0:39 m  c4x  0:01 m

mental TM wave (TM0) into TM1 wave in the forward direction, and shuts oﬀ backward transmission of these waves.
Fig. 2 shows the plasmonic optical diode obtained by
topology optimization in [28]. The proﬁle can be interpreted as a device composed of two triangular objects and a
rectangular island. The solid red line is a simpliﬁed proﬁle
of an optical diode studied in this paper. A design schematic in the plasmonic optical diode is shown in Fig. 3.
The dimensions shown in the ﬁgure are as follows: l ¼
0:5 µm, Wy ¼ 0:8 µm, Wz ¼ 1:5 µm. A computational window in z-direction is terminated by a perfectly matched
layer (PML) with thickness of d ¼ 0:5 µm. The permittivity
of silver (Ag) is determined by a Lorentz-Drude model
presented in [30], and the relative permittivity of air is 1.
We estimate a propagating ﬁeld and output power using 2D
ﬁnite element method (FEM) [31].
We solve the minimization problem of the following
objective function to optimize the simpliﬁed optical diode:
X
minimize f ¼
ð f1 þ f2 þ f3 Þ ð1Þ
2f5 nm;0 nm;þ5 nmg

where superscripts of S-parameters denotes mode order of
input and output TM waves. These S-parameters are estimated at the wavelength of 1.55 µm. f1 is a term to achieve
TM0-to-TM1 conversion, and f2 is one to reduce reﬂection
in forward propagation. By minimizing f3 , backward
transmission is shut oﬀ. Δ denotes deviation of material
boundary. In this study, we design an optical diode to be
tolerant of 5 nm over- and under-etching. α and β are
weight factors, and they are let  ¼  ¼ 102 so that low
reﬂection in the forward input and high backward rejection
are achieved. We optimize 10 vertex coordinates of the
extracted objects using the DE [29]. To avoid collision
between the objects, we restrict movable region of the
vertexes as Table I. x-positions of vertexes, a1x , a3x , b1x ,
and b3x , are ﬁx not to break the original proﬁle.
In the DE algorithm, ﬁrst, the design parameter vector
is randomly generated Np times. Then, mutant vector, fvg0i
(i 2 ½0; Np  1), is created at random according to crossover ratio, Cr , as follows:
fvg0i ¼ fvgi þ Fðfvgp1  fvgp2 Þ

ð2Þ

where F is a scale factor, fvgp1 and fvgp2 are randomly
selected vectors (p1; p2 2 ½0; Np  1). If a mutant vector
has greater potential, a previous vector is discarded and is
replaced by the mutant vector. We iterate the mutation and
the replacing procedure 200 times with DE parameters of
Np ¼ 120, Cr ¼ 50%, and F ¼ 0:5.
3. Optimization results
Fig. 4 shows the value of the objective function as a
function of DE iteration number. Since the DE is based on
a random searching algorithm, we conduct 10 optimization
runs with the same DE parameters. It takes about 2 hours to
ﬁnish 1 DE optimization run using a workstation with Intel
Xeon CPU X5690@3.47 GHz. As shown in the ﬁgure, the
values converge around f ¼ 2  102 , and the smallest
value is 1:78  102 . The optimized proﬁle and propagation
waves are shown in Fig. 5. Optimized vertex coordinates

Fig. 4. The value of objective function as a function of iteration number
in 10 DE optimization runs.
2
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Table II.
DE.

(a)

a1 :
a2 :
a3 :
b1 :
b2 :
b3 :
c1 :
c2 :
c3 :
c4 :

Optimized vertex coordinates of the feature objects with the
a1z
a2z
a3z
b1z
b2z
b3z
c1z
c2z
c3z
c4z

¼ 0:763342 µm,
¼ 0:895082 µm,
¼ 1:186733 µm,
¼ 0:576922 µm,
¼ 1:408439 µm,
¼ 1:426864 µm,
¼ 1:710309 µm,
¼ 1:759773 µm,
¼ 1:885142 µm,
¼ 1:773301 µm,

a1x ¼ 0:4 µm
a2x ¼ 0:207506 µm
a3x ¼ 0:4 µm
b1x ¼ 0:4 µm
b2x ¼ 0:016381 µm
b3x ¼ 0:4 µm
c1x ¼ 0:317124 µm
c2x ¼ 0:160880 µm
c3x ¼ 0:270315 µm
c4x ¼ 0:347117 µm

(b)

(a)
(c)

(d)
Fig. 5. Optimized proﬁle of a plasmonic optical diode and propagation
ﬁelds in the optimized plasmonic diode. (a) The optimized proﬁle of the
simpliﬁed optical diode. (b), (c), and (d) are propagation ﬁelds at wavelength of 1.55 µm when boundary deviation, Δ, is (b) −5 nm, (c) 0 nm, and
(d) +5 nm.

(b)

are listed in Table II. Fig. 5(b), (c), and (d) are propagating
waves at wavelength of 1.55 µm. We can see that TM0-toTM1 conversion in the forward propagation and rejection of
the backward propagation, that is, the functions of an optical
diode are achieved in the optimized structure. Moreover, the
diode functions are maintained even if 5 nm boundary
deviation is caused. Transmittance and reﬂectance spectra
in the optimized optical diode are given in Fig. 6. We deﬁne
the transmittance and reﬂectance as follows:
ð0!1Þ 2
Transmit:ðforwardÞ ¼ 10 log10 ðjS21
j Þ
ð0!0Þ 2
ð0!1Þ 2
Reflect:ðforwardÞ ¼ 10 log10 ðjS11
j þ jS11
j Þ
ð0!0Þ 2
ð0!1Þ 2
j þ jS12
j Þ:
Transmit:ðbackwardÞ ¼ 10 log10 ðjS12

Fig. 6(a) is transmission spectra of TM1 wave transformed
from TM0 wave in the forward propagation, and Fig. 6(b)
shows reﬂection spectra observed at port 1. The optimized
optical diode has insertion loss of less than 0.5 dB for 5 nm
boundary deviation in the wide wavelength range from
1469 nm to 1624 nm. Reﬂection is less than −20 dB over
the range from 1511 nm to 1585 nm covering C-band. These
results shows that under-etching induce red-shift in trans-

(c)
Fig. 6. Transmittance and reﬂectance spectra in the optimized plasmonic
optical diode. (a) Transmittance of a converted TM1 wave at port 2,
(b) Reﬂectance at port 1 in the forward propagation, and (c) Backward
transmittance at port 1.

mittance and reﬂectance spectra. A resonant cavity is made
of the rectangular island and the larger triangular object, and
this shift may be attributed to the change of resonant
frequency of the cavity. Backward transmittance spectra
are shown in Fig. 6(c). For the 5 nm variation, backward
3
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transmission is less than −20 dB over the range from
1515 nm to 1634 nm. The functional region is extremely
small in the longitudinal direction (<1:5 µm), and this
optical diode achieve insertion loss of <0:5 dB, reﬂection
of <20 dB, and backward transmission of <20 dB over
C-band for 5 nm over- and under-etching. It has lower-loss
than topology optimal optical diode shown in the previous
paper [28]. This is because unnecessary complex structure
which induces localization of lightwave is avoided by
simpliﬁcation of a proﬁle.
4. Conclusion
We presented a shape-simpliﬁed, ultra-small plasmonic
optical diode which is derived from a topology optimal
proﬁle. A simpliﬁed proﬁle was optimized by the DE
algorithm, and we found out the plasmonic optical diode
which has insertion loss of <0:5 dB, reﬂection of <20 dB,
and backward transmission of <20 dB over the range
from 1515 nm to 1585 nm covering C-band for 5 nm
boundary deviation. By the simpliﬁcation approach, a lower-loss plasmonic optical diode was obtained compared to
the topology optimized one.
Topology optimization oﬀers attractive and novel proﬁles, but it is diﬃcult to obtain a simple proﬁle which
has suﬃcient performance because of its design of freedom. The design procedure conducted in this paper can be
applied to the other optical components. If the simpliﬁcation procedure is automated, this design procedure becomes more useful, and it is our future works.
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