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ABSTRACT

Propagation modes of symmetric metal-insulator-metal SPP waveguides are analyzed. Main characteristics of these

waveguides such as mode effective index, propagation length, and penetration depths are calculated at the telecom

wavelength for different layer thickness. We adopt Au, Al as a metal material and air, glass as a dielectric material and

obtain different optical characteristics. The surface plasmon characteristics in this paper provide a numerical insight for

designing nanostructure metal plasmon waveguide.
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1. Introduction

Surface plasmon polaritons (SPPs) are electromag-

netic excitations that are coupled to surface plasmon

(surface plasma oscillation) and propagate along

metal-dielectric interfaces [1]. SPP optics has been an

area of active research and its applications include opti-

cal devices for coupling, confining, and guiding in

nanometer scale [2]. Plasmonic waveguides with sub-

wavelength field profile have been proposed and ana-

lyzed [3-5]. Recently, SPP gap waveguides whose core

is thin dielectric and cladding is metal have been sug-

gested and various structures have been modeled [6,7].

In this paper, we discuss fundamental characteris-

tics of SPP waveguide structures with a thin dielectric

layer surrounded by metal, that is, symmetric metal-

insulator-metal (MIM). For the effective index, prop-

agation length, and penetration depths which are criti-

cal for designing photonic devices with subwavelength

dimension, we present some computational results for

different dielectric and metal materials.

2. Surface Plasmon polaritons (SPPs) at 

metal-air single interface

Fig. 1 shows the wavelength dependence of dielec-

tric constant (the real part in (a) and the imaginary

part in (b)) of Au and Al at telecommunication wave-

lengths (1450-1650 nm) [8]. SPP waveguides needs

one or more metal-dielectric interface. In this paper,
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Fig. 1. The real (a) and imaginary (b) parts of dielectric

constants of Au and Al [8].
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we employ Au, Al as a metal material and air, glass as

a dielectric material since they are frequently used as

a SPP material and have much different permittivity

values. Over the wavelength range of interest, both of

the real and imaginary parts of Au are smaller than

that of Al in magnitude. 

We now consider SPP propagating along an inter-

face consisting of a dielectric material (ed) and a

metal with complex dielectric function (em) as shown

in Fig. 2(a).

The interface between semi-infinite materials hav-

ing positive and negative dielectric constants can only

transverse magnetic (TM) surface waveguide [4]. The

electric field has only y component (Ey) and can be

expressed in the form

(1)

where b is the complex propagation constant β=β'-

iβ'', which is related to the mode effective index

according to β'=k0neff and propagation length defined

as Lsp=1/(2β'') with k0 propagation constant at air. The

penetration depths in metal and dielectric are defined

in Fig. 2(b), respectively. SPP waveguids have advan-

tage of sharp confinement over dielectric ones, and

thus, the penetration depths are among primary param-

eters.

The dispersion equation of SPP at a single interface

can be expressed as 

. (2)

In Fig. 3(a), (b) we show, respectively the effective

index neff and propagation length Lsp of SPP mode

calculated using Eq. (2). We can see that the effective

index increases and the propagation length decreases

when we use large-refractive index dielectric and

small -magnitude dielectric function metal. 

Fig. 4 shows the penetration length of SPP modes

in dielectric (a) and metal (b), respectively as defined

in Fig. 2(b). We observe that the effective index

increases with the refractive index of dielectric mate-

rial and decreases with magnitude of dielectric func-

tion of metal, and the propagation length has contrary

trend. It is interesting that the penetration depths in

E E y( ) i ω t βz–( )[ ]exp=

β
εdεm ω( )

εd εm+ ω( )
--------------------------k0=

Fig. 2. (a) Schematic representation of a single dielectric

material and metal. (b) penetration depths in the

dielectric material and in the metal.

Fig. 3. (a) The calculated effective index (b) propagation

length for a metal-air interface.
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metals depends rather weakly on the wavelength

staying at the level of a few tens of nanometers, while

that in dielectrics increases fast and nonlinearly with

the wavelength.

3. Gap SPP Symmetric mode

Considering the SPP modes associated with two

symmetric metal-dielectric interfaces, a dielectric

layer surrounded by metals as shown in Fig. 5, there

are two propagating modes, symmetric and anti-sym-

metric mode [4]. Note that the symmetric mode

means the symmetric transverse electric field compo-

nent about the horizontal axis passing through the

center of the dielectric layer. As shown in Fig. 6,

propagation modes in gap SPP waveguide with gold

and glass, split into two of which one has symmetric

(even) transverse electric field profile Ey, and the

other anti-symmetric(odd) one. The effective index of

even mode increases to infinity, while that of odd

mode has a cutoff thickness.

Now, we calculate primary SPP parameters of the

symmetric mode with gap thickness h with a fixed

wavelength. In the simulation results presented hear-

after, an excitation wavelength λ=1550 nm, Au(εm=

-95.924+10.968i), Al(εm=-253.93+46.08i), glass(n=1.5),

and air(n=1) are used. It can be immediately seen that

the effective index of the waveguide decreases and

the propagation length increases with the thickness of

dielectric layer.

In Fig. 7(a), (b), we show respectively the effective

index neff and propagation length Lsp of symmetric

SPP mode supported MIM waveguide. It is expected

that the effective index is monotonic decreasing with

gap width and the order in value does not change.

Furthermore, the effective index is big when the

refractive index of dielectric is large and the magni-

tude of dielectric function of metal is small. At larger

gap width, we can also see that the propagation length

Fig. 4. The calculated penetration depths (a) in the dielectric

and (b) in the metal.

Fig. 5. Schematic representation of a metal-insulator-metal

(MIM) waveguide.

Fig. 6. Propagation modes (symmetric and anti-symmetric)

in MIM SPP waveguide.
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is small when the refractive index of dielectric is large

and the magnitude of dielectric function of metal is

small, in accordance with the general consideration.

This, however, is not strictly true in the overall range

as shown in the range 20-100 nm in Fig. 7(b). This

feature arises from the fact that the order of the con-

finement in the interface and propagation loss in the

metal is always the same.

Fig. 8 (a), (b) show the penetration depths vs. gap

width for several metals in the dielectric and metal,

respectively. From this figure, it is known that the

penetration depths in metals depends rater weakly

on the dielectric layer thickness staying at the level

of a few tens of nanometers, while that in dielectrics

increases fast and nonlinearly with the thickness.

The results presented here show that larger effective

index cause shorter penetration depth in dielectric

and this is strictly true in the gap width range of

interest.

4. Gap SPP Anti-symmetric Mode

From fig. 9(a), (b), we see that the anti-symmetric

mode has a cutoff thickness, 3.12λ, 5.14λ, 1.378λ,

2.276λ, in air-Al, air-Au, glass-Au, and glass-Al,

respectively. In Fig. 7(a), (b) we show, respectively

the effective index neff and propagation length Lsp of

anti-symmetric SPP mode supported MIM waveguide.

We can see that the effective index is big and the

propagation length is small when the refractive index

of dielectric is large and the magnitude of dielectric

function of metal is small. 

Fig. 10. (a), (b) show the penetration depths vs.

gap width for several metals in the dielectric and

metal, respectively. From this figure, it is known

that the penetration depths in metals depends rater

weakly on the dielectric layer thickness staying at

the level of a few tens of nanometers, while that in

dielectrics increases fast and nonlinearly with the

thickness.

Fig. 7. (a) The Gap SPP effective index (b) propagation

length of symmetric mode as a function of the

width of air gap in metal.

Fig. 8. The penetration depths of the symmetric mode (a)

in the dielectric and (b) in the metal as a function

of the width of air gap in metal.
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5. Conclusions

The characteristics of symmetric MIM SPP

waveguide configuration have been considered in

detail. We calculated effective index, propagation

length, and penetration depth for the waveguide

structures with single dielectric-metal interface and

MIM at telecommunication wavelengths. The metals

such as Ag, Au, Al, and Cu were adapted and the val-

ues of dielectric constants were employed using Palik

data instead of the simple Drude model. It has also

been found that for each dielectric layer, the results

presented here can be used for choosing appropriate

materials for metal and dielectric for optimal parame-

ters of MIM including mode effective index, and

propagation length, penetration depths in dielectric

and metals. We believe that the our results enhance

our understanding of main features of SPP guiding in

symmetric MIM structures as well as afford useful

guidelines for designing MIM-based components.
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