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An optimization methodology for designing a dielectric-filled plasmonic slot waveguide is presented. 
The genetic algorithm combined with a rigorous analysis based on the finite element method is used to 
optimize a nano-scaled plasmonic slot waveguide to have high mode confinement and a long propagation 
length, for which the objective function is defined as a figure of merit combining both propagation 
parameters. 
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I. INTRODUCTION

Plasmonic waveguides have been considered promising 
candidates to guide light beyond the diffraction limit by 
using a surface plasmon-polariton that propagates along the 
interface between a metal and a dielectric medium [1]. Various 
types of plasmonic waveguiding structures have been proposed, 
such as insulator-metal-insulator (IMI) [2, 3], metal-insulator-
metal (MIM) waveguides [4-6], metallic nanowires [7], and 
metallic nanoparticle arrays [8]. 

However, the tight confinement of propagating light power 
in plasmonic waveguides is fundamentally associated with 
high ohmic loss in the metal, and so plasmonic waveguides 
have an intrinsic trade-off between field confinement (mode 
size) and propagation loss. To overcome this problem, several 
different waveguides have been suggested [9-15]. Feng et 
al. reported that a partial dielectric-filled slot waveguide 
improves the field localization while keeping the propagation 
loss low [16]. However, their design procedure for improving 
the propagation characteristics was sequential and therefore 
non-optimal design parameters may have been selected.

In this paper, we focus on the dielectric-filled slot plasmonic 
waveguide and theoretically investigate the propagation characteri-
stics at the telecom wavelength of 1550 nm. The mode 
field and its propagation characteristics were obtained by 
use of the finite element method (FEM). We first examine 
the effective index and propagation length for different 
geometries. The symmetric geometries are employed here 

for efficient coupling with other photonic structures. We 
present a systematic design procedure that is applicable to 
the shape optimization of a dielectric-filled slot waveguide 
using the genetic algorithm (GA). We obtain a plasmonic 
waveguide that has high confinement and a moderate pro-
pagation length with optimal propagation characteristics.

II. PROPAGATION CHARACTERISTICS OF 
DIELECTRIC-FILLED PLASMONIC SLOT 

WAVEGUIDES

Figure 1 shows a schematic diagram of the dielectric-filled 
plasmonic slot waveguide. The structure consists of a 
symmetric plasmonic slot waveguide with a dielectric core 
in the slot between metals surrounded by an infinite homo-
geneous dielectric cladding. The slot has a width W and 
thickness H, and the dielectric core has a width w and 
thickness h. In this paper, Ag is chosen as the metal, 
silicon as the dielectric core, and silica (SiO2) as the cladding. 
The corresponding dielectric constants are εm= -86.6424 + 
8.7422i, ε d=12.25, and ε c=2.13 [17] at 1550 nm. The 
characteristics of propagation modes supported by this geometry 
have been investigated in detail using the FEM.

Fig. 2(a) and 2(b) show the field distributions of the 
dominant electric field component, for a dielectric core of 
w=50 nm and h=50 nm and a slot of W=100 nm and 
H=100 nm, along the center of the core dielectric vertically 
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FIG. 1. Schematic diagram of a dielectric-filled plasmonic slot 
waveguide.

(a)

(b)

FIG. 2. (a) The vertical field distribution of the dominant 
electric field component and (b) the lateral distribution of the 
dominant electric field component along the center of the 
dielectric core for a dielectric core of w=50 nm and h=50 nm 
and a slot of  W=100 nm and H=100.

  

(a)

   

(b)

FIG. 3. (a) The effective index and propagation length and (b) 
the FOM of the propagation mode of the dielectric-filled 
plasmonic slot waveguide as a function of the slot width W for 
different slot thicknesses at a fixed dielectric core size of w=50 
nm and h=50 nm.

and horizontally, respectively. In the dielectric-filled plasmonic 
slot waveguide, the electric field is focused between the 
metal and the dielectric core owing to the charge distribution 

on the edge of both metal regions. This geometry thus operates 
like a capacitor with a dielectric filling in that the electric 
field has a dominant component in the x direction (ratio of 
the peak values Ex/Ey=58.8 vertically and 931.6 horizontally 
in this model).

In Fig. 3(a) we show the effective index neff and the 
propagation length Lsp (defined by the 1/e field length) of 
the propagating mode of the dielectric-filled plasmonic slot 
waveguide as a function of the slot width W for different 
slot thicknesses at a fixed dielectric core size of w=50 nm 
and h=50 nm. We can note that the effective index of the 
mode decreases at a fixed dielectric core size as the slot 
width W increases because the electric field produced by 
the electric charge on the metal at the interface between 
the slot and the metal becomes weak, and therefore the 
velocity of the mode increases. It is also found that the 
propagation length increases as the slot width W increases. 
As the slot width decreases, the fraction of modal power 
in the metal at the interfaces increases, resulting in a 
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(a)

(b)

FIG. 4. (a) The effective index and propagation length (The 
solid line denotes the effective index and the symbols plus 
non-solid line the propagation length.) and (b) FOM of the 
propagation mode of the dielectric-filled plasmonic slot 
waveguide as a function of the slot width W for different slot 
thicknesses at a fixed dielectric core size of w=50 nm and 
h=50 nm.

(a)

(b)

(c)

FIG. 5. (a) The effective index, (b) propagation length, and (c) 
FOM for several dielectric-filled plasmonic slot waveguides: 
W=100 nm and H=100 nm, with case 1 (w,h)=(100 nm, 100 
nm) (simple slot waveguide), case 2 (100 nm, 50 nm), case 3 
(20 nm, 20 nm), and case 4 (50 nm, 50 nm).

decreasing propagation length.
In Fig. 3(b) we show the figure of merit (FOM) of the 

propagating mode of the slot plasmonic waveguide as a 
function of the slot width W for different slot thicknesses 
at a fixed dielectric core size, similarly to that in Fig. 3(a). 
The FOM is defined here as  / , where A is taken 
as the area inside which half of the mode power is distri-
buted and   is the imaginary part of the complex pro-
pagation constant β /k0 with k0 the free-space propagation 
constant [18]. Unlike the effective index, the FOM has no 
monotonic behavior because as slot width increases, the 
propagation length increases but mode size also increases 
at a different rate, resulting in the FOM having a maximum. 
In order to obtain optimal propagation characteristics, the 
design procedure for optimal propagation characteristics, 
therefore, should be not sequential but rather a systematic 
and simultaneous one where all the variables affecting the 
FOM are varied at the same time.

In Fig. 4(a) we show the effective index neff and pro-
pagation length Lsp of the propagating mode of the slot 

plasmonic waveguide as a function of the slot thickness H 
for different slot widths W at a fixed dielectric core size 
of w=50 nm and h=50 nm. We observe that as the slot 
thickness H increases, the effective index decreases and 
the propagation length increases as in Fig. 3(a). 

In Fig. 4(b) we show the FOM of the propagating mode 
of the slot plasmonic waveguide as a function of the slot 
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(a)

(b)

(c)

FIG. 6. The vertical (a) and lateral (b) distributions of the 
dominant electric field component along the center of the 
dielectric core, and (c) FOM for several dielectric-filled 
plasmonic slot waveguides:  W=H (square slot), and w=h 
(square dielectric core) with case 1 (W,w)=(20 nm, 10 nm), 
case 2 (50 nm, 25 nm), case 3 (150 nm, 75 nm), and case 4 
(200 nm, 100 nm).

thickness H for different slot widths at a fixed dielectric core 
size, similarly to that in Fig. 4(a). We note that although 

it is less sharp, the trend is still non-monotonic with the 
slot thickness H. 

To further investigate the effect of the dielectric core 
and the slot on the propagation characteristics, we need to 
analyze the effective index, propagation length, and FOM 
for different dielectric-filled plasmonic slot waveguides. 
The structures we studied here are characterized by the 
following parameters: a common metal slot of width and 
thickness W=100 nm and H=100 nm, with case 1 (w, h) =
(100 nm, 100 nm) (simple slot waveguide), case 2 (100 
nm, 50 nm), case 3 (20 nm, 20 nm), and case 4 (50 nm, 
50 nm). In Fig. 5(a), (b), and (c), we show the effective 
index neff, propagation length Lsp and FOM of the pro-
pagating mode of the slot plasmonic waveguides. The 
mode field of case 3 becomes less localized between the 
slot and the core (inferred from the lower effective index) 
but it has a long propagation length, and the FOM of case 
3 is found to be the maximum among the four analyzed 
geometries. It is evident from these results that dielectric-
filled plasmonic slot waveguides may have higher FOM 
than simple plasmonic slot waveguides.

We have explored further different geometries with square 
slots and dielectric cores since we obtained the maximum 
FOM for case 3, which was a geometry with a square slot 
and core. The geometrical values analyzed here are as 
follows: W=H (square slot) and w=h (square dielectric core), 
with case 1 (W,w)=(20 nm, 10 nm), case 2 (50 nm, 25 nm), 
case 3 (150 nm, 75 nm), and case 4 (200 nm, 100 nm). 
Fig. 6(a), (b) and (c) show the lateral and horizontal distri-
butions of the dominant electric field component along the 
line passing through the center of the dielectric core and 
the FOM. The field distributions remain essentially 
unchanged in that the dominant electric field is maximized 
at the edge of the core and most of the power is distributed 
between the metal and the core.

III. OPTIMAL DESIGN

For this optimization problem, sequential quadratic pro-
gramming (SQP), a nonlinear programming technique which 
is iterative and uses the gradients of the objective and constraint 
functions, was used. [19]. One of the disadvantages of using 
SQP and other approaches based on gradient information 
is that it is not known whether the final solution denotes 
the global optimum or simply a local optimum unless the 
objective function is convex in design parameter space. In 
Fig. 7, we show the variation of the FOM with the height 
h and width w of the dielectric core with the thickness H 
and width W of the metal slot fixed at 200 nm. Since we 
focus on the dielectric-filled plasmonic slot waveguide in 
this paper, we know that the optimal values here are local 
optima, which is usual with techniques using gradient 
information. The result confirms the fact that it is not 
possible to find the global optimum by using only the 
designers’ intuition or experience due to the complexity of 
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FIG. 7. The variation of the FOM with the height h and width 
w of the dielectric core with the thickness H and width W of the 
metal slot fixed at 200 nm. (The symbol o denotes an local 
optimum.)

FIG. 8. The objective function with the number of iterations.

the objective function. In the present case, in order to search 
for the global maximum, we employ a genetic algorithm 
[20-21].

To design the shapes of the dielectric core and metal 
slot in the dielectric-filled slot waveguide, we take the 
objective function as the FOM defined earlier, which combines 
the performances of field confinement and long propagation 
length and uses them to determine the optimal parameters. 
We solve the following optimization problem:

Maximize FOM(x)
Subject to  ≤  ≤ , i=1, 2, 3, 4
where x is a 4-dimensional design variable vector whose 

components denote the height h and width w of the core, 
and the thickness H and width W of the metal slot, 
respectively. The values   denote the lower and upper 
bounds of each design variable, respectively. The condition 
of  is employed to meet the shape requirement that the 

dielectric is to be inserted into the metal slot. The lower 
and upper search bounds of the design parameters are 10 
nm and 200 nm, respectively.

In the genetic algorithm, the initial population is created 
randomly. Crossover and mutation are performed based on 
random numbers. As a result, the genetic algorithm performs 
differently for each run under the same analysis conditions. 
Optimization using the GA is performed 100 times, each 
with a population size of 10, with a crossover rate of 0.2, 
and hence the mutation rate was 0.8. In Fig. 8, we show 
how the genetic algorithm optimizes the objective function 
as generations proceed. The optimal parameters are h = 
194.5 nm, w = 112.4 nm, H = 198.3 nm,  and W = 196.7 
nm and its corresponding FOM is 208.6.

IV. CONCLUSIONS

We investigate the propagation characteristics of the 
dielectric-filled plasmonic slot waveguide. We employ the 
FEM and examine the effect of the slot dimensions on 
propagation characteristics such as the effective refractive 
index, propagation length, and a FOM combining both confine-
ment and loss effects. The field distributions of the pro-
pagation mode for the slot waveguide were investigated 
numerically in detail. Furthermore, we carried out optimization 
of the waveguide slot for high mode confinement and a 
long propagation length, between which there is an intrinsic 
tradeoff with the design parameters including the width 
and height of the core and the width and thickness of the 
metal slot. We made a comparison between SQP and GA 
approaches and found that GA is an efficient and powerful 
approach to the optimization since it is not known whether 
the final solution denotes the global optimum or merely a 
local optimum unless the objective function is convex in 
design parameter space. The approach proposed here was 
found to be useful and applicable to designing highly 
integrated nanometric optical circuits.
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