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ABSTRACT

Recently stacked metamaterial structures coupled to a conductive plane have been investigated and have been shown to
exhibit the same properties as stacked structures with double the layers, due to dipole mirror coupling. Here we study a
system of stacked subwavelength metallic grating layers coupled to a metal film and show that this system not only
supports the localized modes of a doubly layered structure, but also, for non-normal incidence, supports modes that
exhibit a clear propagation and in one case a simultaneous localization of the electromagnetic field in the region between
the metal film and the first grating layer. Furthermore we show that this hybridized propagating mode, excited for any N
number of periodic layers, is further influenced as it couples with the highest energy localized mode of the periodic
layered stack. Additionally it is found that the localized modes of the structure can be spectrally positioned in a directly
adjacent manner, resulting in wideband absorption that can effectively be tuned by varying the grating film spacing.

Keywords: Localized, delocalized, surface plasmon, plasmonic, multilayer, grating, film, propagating, hybrid,
hybridization, absorption.

1. INTRODUCTION

Plasmonics, the bridge between the best of optics and electronics, is based on resonant electron plasma oscillations in
metallic nanostructures" >. There are two types of plasmon resonances, localized plasmons and propagating plasmons’.
The former, confined around nanoparticles, nanoantennas, and various other compact nanostructures, allows for very
high near-field enhancements at optical frequencies due to high localizations of the scattered field and has been shown
useful in applications ranging from trapping and sensing™® to cancer treatment” ®. The latter, based on the free
propagation of surface waves at an extended metal dielectric interface, has been key to the development of surface
plasmon based biosensors’'? and shows great promise in the development of ultra-fast and compact optical circuitry'*"”.
Metamaterials composed of subwavelength structures are of great interest since they can be tuned to exhibit normally
unattainable electromagnetic properties. At optical frequencies, artificial structures such as periodic metallic gratings,
nanodots, and splitring resonators have been investigated. A combination of localized plasmonic structures, especially
2D arrays, stacked to give a 3D geometry'® '°, has allowed for the progressive development of optical metamaterials®,
which come in as key components for the development of many new plasmonic devices.

Stacked composites of such structures have also been proposed and investigated for additional tunability of spectral
properties. Branching out even farther we have systems of such stacked structures above a conductive plane®’. Although
these have not been well investigated thus far, studies till this point have shown that a conductive plane in very close
proximity to a multilayer acts as a mirror and thus doubles the number of layers®'. In the case of optical metamaterials,
the metallic nanostructures support localized plasmon resonances while a continuous conductive plane such as a metal
film supports propagating plasmon resonances. Here we take the simplest optical metamaterial structure, an array of
subwavelength Au gratings, and explore its response when up to four layers are stacked directly above a Au film. As
shown previously in the case of two cut-wire layers®', use of the plasmon hybridization model®> * suggests the existence
of 2n number of dipolar modes, which we will refer to as dipole-dipole modes, for n number of layers above a
conductive plane. If we apply the rules of mirror coupling, however, only n number of dipole-dipole modes can exist. In
addition to verifying this claim and explaining some minor digressions, we also examine as a function of both angle of
incidence and wavelength, the effects of near-field coupling between multiple dipole-dipole plasmon modes and
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propagating SPP modes. Furthermore we demonstrate how this coupling can be used to tune the wideband absorption
that we observe in this system.

The outline of this paper is as follows. In sections 2 we briefly introduce the geometry and method used; in section 3
we discuss modes primarily propagative in nature; in section 4 modes primarily localized in nature; in section 5 the
emergence and tuning of wideband absorption; and finally conclude in section 6.

2. STRUCTURAL GEOMETRY AND SIMULATION METHOD

The geometry being studied consists of n number of Au grating layers of 200nm periodicity. The gratings are
1=100nm long, w=15nm wide and infinite along the y-axis. The gap between each adjacent layer is g=30nm. They are
placed s=20nm from the surface of a t=25nm thick Au film all embedded in a SiO, background of €=2.13. The optical
dielectric constants of Au are taken from the dielectric data of Johnson and Christy**. The simulation method used in this
paper is based on the Surface Integral Equation (SIE) technique, extended for use in periodic structures®. The structure
is excited via p-polarized planewave illumination, as shown in Fig. 1, over a range A=400-1200nm and angles 6=0-85°
with respect to the normal.

Figure 1. The geometry being studied, a mutlilayer stack, composed of Au, periodic in the x direction, infinite along the
y-axis, and with structural parameters s=20nm, t=25nm, I=100nm, w=15nm, g=30nm, a 200nm periodicity, and a
glass background with a permittivity of e=2.13.

3. PROPAGATING MODES

In any such system with both continuous and discrete metallic structures, we expect two kinds of modes, the first
being the propagating surface plasmon (SPP) modes of the continuous structure and the second being localized surface
plasmon (LSP) modes supported by the discrete structures'™ ****. Due to the fact that we have a film thickness of just
t=25nm thickness, the SPP modes on the two sides of the film couple, resulting in two SPP modes, an asymmetric (odd)
and a symmetric (even) mode®. Since we are illuminating in an entirely SiO, environment the launching of SPP waves
can only be achieved either through Bragg scattering or possibly through hybridization with the Au grating layers. We
plot in Fig. 2(a-d) the absorption spectra of this hybrid system for n=1,2,3,4 grating layers respectively. Apart from the
parasitic absorbance, caused by the interband transitions of Au primarily below A=500nm, we are able to distinguish in
the range A=500-700nm two distinct modes that redshift with increasing angle of incidence. Via additional simulations
(not shown here) where we replace the Au gratings with dielectric gratings of a very high permittivity, e=30, we find that
we are able to excite the same two modes, implying that that they must be due to Bragg scattering. Further calculations
(not shown here) of the SPP dispersions, assuming a periodicity of 200nm, show us that these modes are indeed the
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Bragg scattered SPP modes folded back into the first Brillouin zone. Due to the presence of the Au grating layers,
however, we see a constant change in the dispersion of the SPP modes as the number of grating layers is increased.
Additionally, the lower wavelength/long range SPP mode, normally plagued by losses due to its close vicinity to the
500nm mark, becomes much more pronounced as the number of grating layers is increased, due to the increased level of
Bragg scattering. We verify the nature of these modes further by plotting the electric field profile, in vector form, within
an x-z cross section for an n=4 grating layer structure at wavelengths of A=570nm, A=670nm and 6=55° incidence (Figs.
3(a,b)). As can be seen, we obtain a symmetric field profile for the lower energy/higher wavelength even mode and an
asymmetric field profile for the higher energy/lower wavelength odd mode. Furthermore, it can be seen that in the case
of the even mode, a capacitance effect is present due to the coupling between the first grating layer and the film, thereby
resulting in a local concentration of the optical field in the region between the two. Although the discussion of the
remaining peaks in the absorption spectra of Fig. 2 is to be left for section 4, it should be mentioned here that these are
the dipole-dipole modes of the multilayer structure and are primarily localized in nature. The presence of these modes,
predominantly the one of highest energy, excited in the case of multiple grating layers only for angles of incidence of
6=70° and above, leads to a very pronounced repulsion/blueshift of the even SPP mode at high angles of incidence and
hence results in the high level of distortion in the SPP dispersion observed for an increased number of grating layers.
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Figure 2(a-d). Absorption spectra for structures with n = 1, 2, 3, 4 number of Au grating layers respectively, spaced
s=20nm above a Au film. As can be seen, there are two main absorption bands between A=500nm and A=700nm
that correspond to the odd and even SPP modes of the film respectively. The additional modes are the LSP dipole-
dipole modes of the Au grating layers, which hybridize due their close vicinity to the Au film.
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Figure 3(a,b). Cross sections of the four layer Au grating and film structure showing the electric field profile. The arrows
indicate the orientation of the electric field, while the color scale indicates the magnitude of the field. (a) Odd SPP
mode for a 6=55° and A=570nm. (b) Even SPP mode for 6=55" and A=670nm.

4. LOCALIZED MODES

In Section 3 we investigated the two absorption bands lying in the range A=500-700nm and established that they
correspond to the odd and even propagating SPP modes. Recalling that we expect both SPP and LSP modes for any such
structure similar to the one shown in Fig. 1, it is only logical that the remaining modes must be primarily localized in
nature. Indeed in agreement with the plasmon hybridization model and the effects of mirror coupling’', previously
discussed in section 1, we see that we obtain n number of these additional modes for n number of grating layers. The
theory suggests that these LSP modes consist of dipolar charge distributions in the metallic gratings that couple to their
mirror image in the metal film, hence the term dipole-dipole modes. As a result, we expect the following modes for
n=1,2,3,4 grating layers (Fig. 4(a-d)).
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Figure 4(a-d). LSP dipole-dipole modes predicted for the system under study, predicted by the plasmon hybridization and mirror
coupling model for n = 1,2,3,4 number of grating layers respectively. Modes are plotted from left to right in order of
increasing wavelength/decreasing frequency.
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The electric field profiles (not shown here) of these modes within cross sections just like those shown in Fig. 3(a,b),
indicate a very good agreement with the hybridization and mirror coupling model, in almost every case, the exception
being for the case of the highest energy/lowest wavelength dipole-dipole mode for multilayer structures with n=3.4
grating layers. Rather than having the charge distributions shown on the far left of Figs. 4(c,d) respectively, it turns out
that these two modes have instead the charge distributions shown in Fig. 5(a,b). This is simply due to the fact that these
modes are only excited for angles of incidence 6>70°. The high incidence angle limits the overall quantity of excitation
light that can penetrate down into the grating layers. As a consequence of this limitation, only the first few grating layers
are excited by the incident light, and thus mirror coupling is induced in the center of the stack, i.e. between two adjacent
grating layers, rather than at the surface of the Au film. It should be noted that unlike the lower energy dipole-dipole
modes of the multilayer structure, the highest energy dipole-dipole is excited only for high angles of incidence due to the
fact that the incident phase front impinging on the stacked grating layers must essentially be void of phase retardations in
order to excite the same dipolar charge orientation in multiple neighboring grating layers.
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Figure 5(a,b). Numerically obtained charge distribution of the lowest wavelength/highest energy LSP dipole-dipole modes
excited for n = 3, 4 grating layers.

5. WIDEBAND ABSORPTION

As seen in Fig. 2 and explained in Sec. 4, the presence of n number of Au grating layers above a Au film results in
the existence of n number of LSP dipole-dipole modes. For a grating film spacing of s=20nm and n > 3 number of
grating layers, the resonance position of the n-1 lowest energy modes lie spectrally adjacent to one another, thereby
resulting in a relatively wideband of absorption. For n = 4 number of grating layers, the close proximity of these modes,
combined with their relatively broad linewidths gives an almost dispersionless absorption band of 120nm width, with an
absorption value of up to 90%. This structure, therefore, could be a very good candidate for a broadband plasmonic
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Figure 6(a,b). Absorption spectra for structures with n = 5 number of Au grating layers spaced s=20nm and s=15nm above a Au
film respectively. (a) As can be seen the addition of just another grating layer results in a much more pronounced and flatter
absorption band than for the case of n = 4 grating layers. (b) The bandwidth of absorption can be controlled further by
varying the spacing between the grating layers and Au film. Here we see the case for s=15nm a bandwidth of 160nm.
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In order to demonstrate the tuning of this wideband absorption, we investigate the case where we have n = 5 number
of grating layers. We show in Fig. 6(a,b) the absorption spectra assuming n = 5 number of grating layers and spacings
s=20nm and s=15nm respectively. Already with the addition of just a single grating layer, we are able to achieve a much
more uniform and higher absorbing band than for the case of n = 4 number of grating layers, assuming angles of
incidence 6<40°. As in the case of n = 3, 4 grating layers, for angles 6>40°, the bands begin to disperse and gradually
become visibly distinct. If we now reduce the grating film spacing down to s=15nm, we effectively increase the level of
coupling between the LSP and SPP modes and thus induce a redshift, more so to the lower energy SPP modes than the
higher energy modes, thereby effectively broadening the absorption bandwidth from 120nm to 160nm.

6. CONCLUSION

We have demonstrated numerically a hybrid plasmonic structure composed of multiple layers of sub-wavelength Au
gratings coupled to a Au film. The hybrid structure supports for any n number of grating layers both even and odd SPP
modes as well as n number of dipolar LSP modes. The dispersion of the even SPP mode is found to be influenced greatly
through coupling with the highest energy LSP mode, while the odd SPP mode remains unaffected. Additionally it is
found that the plasmon hybridization and mirror coupling model accurately describe the existence and charge
distribution of the LSP dipole-dipole modes up to a certain degree. It is for n > 3 number of grating layers that these
models fail to accurately describe the charge distributions associated with the highest energy LSP mode. An
interpretation is provided to explain these deviations. Finally, we observe that this multilayer structure is able to provide
a relatively high level of wideband absorption and, additionally, how this absorption band can be tuned via coupling
between the grating layers and the Au film.
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