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Abstract

In this paper, we present a topology optimization method
for designing plasmonic devices. We employ the function
expansion method to express a device structure in a design
region because arbitrary structure can be expressed with rel-
atively few design variables. In addition, we employ CMA-
ES for optimizing the design variables.

1 Introduction

In order to explore new possibilities of photonic devices,
inverse design techniques are intensively studied and var-
ious kinds of optimization approaches have been reported
[1]. Among these optimization techniques, topology op-
timizations have the highest design freedom and have the
possibility to find out innovative photonic devices beyond
human knowledge. In most topology optimizations, a de-
sign region is expressed by numerical design variables and
the design variables are iteratively updated using numerical
simulations.

In our past study on topology optimization [2]-[5], we have
developed a new scheme of expressing a structure in the
design region, referred to function expansion method. In
this approach, the design variables are iteratively updated
by the gradient method (GM) based on sensitivity analysis
calculated by the adjoint variable method (AVM). GM is
an efficient optimization technique for unimodal optimiza-
tion problems. However, there is a problem that optimized
results depend on the initial solution in multimodal opti-
mization problem. In addition, an availability of an efficient
sensitivity analysis is required.

Although plasmonic devices are one of promising candi-
dates for improving photonic systems, the sensitivity anal-
ysis is generally not so easy in the optimal design of plas-
monic devices because metals have a negative relative per-
mittivity. In addition, strong light confinement, which is the
preferable nature of plasmonic devices, leads an objective
function to be complicated and highly multimodal.

In this paper, in order to develop more robust and efficient
optimization method for plasmonic devices, we apply the
covariance matrix adaptation evolution strategy (CMA-ES)
[6] to our function expansion method.
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Figure 1. Schematic of design problem of plasmonic de-
vice. (a) Design model with N input/output ports, (b) Image
of representation of refractive index distribution of function
expansion method.

2 Topology Optimization

‘We consider a design problem as shown in Fig. 1. In our op-
timal design method of photonic devices, a refractive index
distribution in the design region is expressed by function
expansion method as follows [2]:

n(xy) =ng+(ny—ng)H(E)  (E=wxy) D

where n, and n;, are the refractive indices of two materials
used in the design region. H (&) is the usual Heaviside func-
tion used to binarize refractive index distribution. w(x,y) is
expressed as follows:

Ny
w(x,y) =Y cifi(x,y) )
=1

where fi(x,y) (i =1,2,---N,) are basis functions and their
amplitudes, c;, are the design variables. Various kinds of
basis functions are available and three kinds of basis func-
tions have been used in our previous work [3]. The actual
form of basis function will be given when numerical exam-
ple is shown. Finite element mesh is automatically gener-
ated to fit material boundaries when w(x,y) is updated in
optimal design [5].

The design variables should be optimized to minimize a
given objective function which represents device perfor-
mance. We employ the CMA-ES in this study. The CMA-
ES is a derivative-free method for nonlinear or non-convex
continuous optimization problems. In the CMA-ES, new
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Figure 2. A search image of CMA-ES. Search space is
updated from (a) to (d).

search points are selected according to a probability distri-
bution expressed by a generalized Gaussian function. The
probability distribution expressed by center coordinate and
covariance matrix is updated in each optimization iteration
based on information of past search results. The search im-
age is shown in Fig. 2. Search step sizes are related to an
average distribution of the objective function in the vicinity
of search center. The search sizes are shrunk in the direc-
tions of convexity and stretched in the other directions.

3 Design Example

We consider an optical diode [4],[7] in which light trans-
mits in the forward direction and the backward transmis-
sion is prohibited. The design model of a plasmonic diode
is shown in Fig. 3 and the fundamental TM mode incidence
is considered. The operation wavelength is assumed to be
A =1.55 pum and the relative permittivity of silver is cal-
culated as ey = —103.33 — j8.1302 based on the Lorentz-
Drude model. The relative permittivity of air is assumed to
be & = 1. The structural parameters in Fig. 3 are assumed
tobe w=W, =08 um, W, = 1.5 um, I =d = 0.5 um.
In order to realize diode operation by using only reciprocal
materials, the fundamental mode from port 1 should be con-
verted to the higher-order mode in port 2 and the transmis-
sion of the fundamental mode from port 2 to port 1 should
be prohibited. Therefore, the objective function to be mini-
mized is given as follows:

Minimize C = Cyorward + Coackward, 3)
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where the superscripts of S-parameters denote the transmit-
ted modes. If there is no material loss, the ideal value of the
objective function is 0. However, the material loss cannot
be ignored, thus, the optimal value of the objective function
may be greater than 0. The structure in the design region
is expressed by function expansion method and the actual
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Figure 3. Design problem of a plasmonic optical diode.
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Figure 4. Objective function as a function of iteration step.
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Figure 5. Propagation field in the optimized plasmonic
diode. (a) Forward and (b) backward propagation.

form of w(x,y) is given as follows:

Ne—1 Ny—1
w(x,y) = Z (a[jCOSGij+b[jSin6ij)7 “4)
i=—Ny j=0
2ni  2mj
0 = fxx+ ?J)’a L= 12W, L, =1.2W,

where N, = 8, N, = 2.

Figure 4 shows the objective function as a function of de-
sign variables. In this optimization, only 28 device struc-
tures are evaluated by using the finite element method
(FEM) at each iteration step. Therefore, total number of
FEM calculation is 14,000. This computational cost is
smaller than those in [4], in which several evolutionary ap-
proaches, such as GA, PSO, DE, HF, and HFA, are em-
ployed. The propagation fields in the optimized plasmonic
diode are shown in Fig. 5 for forward and backward prop-
agations. The transmitted power is 0.854 for forward prop-
agation and 8.3 x 10~ for backward propagation. This re-
sult is slightly superior to that of the best result in [4].



4 Conclusion

In this paper, we proposed the topology optimization
method combining function expansion method and CMA-
ES for the design of plasmonic devices. The function ex-
pansion method can express device structures with a rela-
tively small number of design variables and CMA-ES can
efficiently optimize design variables without requiring sen-
sitivity analysis. The effectiveness of this approach was
shown in the design of plasmonic diode. In our future work,
we are considering to apply this method to the design prob-
lems of various kinds of plasmonic devices.

5 Acknowledgements

This work was supported by JSPS (Japan) KAKENHI
Grant Number 21K04169.

References

[1] S.J.Molesy, Z. Lin, A. Y. Piggott, W. Jin, J. Vuckovi¢,
and A. W. Rodriguez, “Inverse design in nanophoton-
ics,” Nature Photonics, 12, 11, Nov. 2018, pp. 659—
678, doi:10.1038/s41566-018-0246-9.

[2] Y. Tsuji, and K. Hirayama, “Design of optical cir-
cuit devices using topology optimization method with
function-expansion-based refractive index distribu-
tion,” IEEE Photon. Technol. Lett., 20, 12, June 2008,
pp- 982-984, doi:10.1109/LPT.2008.922921.

[31 Z. Zhang, Y. Tsuji, T. Yasui, and K. Hi-
rayama, “Design of ultra-compact triplexer with
function-expansion based topology optimization,”
Opt. Express, 23, 4, Feb. 2015, pp. 3936-3950,
doi:10.1364/0E.23.003937.

[4] A. Koda, K. Morimoto, and Y. Tsuji, “A study on
topology optimization of plasmonic waveguide de-
vices using function expansion method and evolution-
ary approach,” J. Lightw. Technol., 37, 3, Feb. 2019,
pp- 981-988, doi:10.1109/JLT.2018.2884903.

[5] M. Tomiyasu, K. Morimoto, A. Iguchi, and Y.
Tsuji, “A study on function-expansion-based topol-
ogy optimization without gray area for optimal
design of photonic devices,” IEICE Trans. Elec-
tron., E103-C, 11, Nov. 2020, pp. 560-566,
doi: 10.1587/transele.2019ESP000S.

[6] A. Auger and N. Hansen, ‘“Tutorial CMA-ES:
evolution strategies and covariance matrix adapta-
tion,” Proc. GECCO’12, July 2012, pp. 827-848,
doi:10.1145/2330784.2330919

[7]1 H. Ye, D. Wang, Z. Yu, J. Zhang, and Z. Chen,
“Ultra-compact broadband mode converter and opti-
cal diode based on linear rod-type photonic crystal
waveguide,” Opt. Express, 23, 8, Apr. 2015, pp. 9673-
9680, doi:10.1364/0OE.23.009673.



