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Abstract: We study a compound plasmonic system composed of a periodic
Au grating array placed close to a thin Au film. The study is not limited to
normal incidence and dispersion diagrams are computed for a broad variety
of parameters. In addition to identifying localized and propagating modes
and the coupling/hybridization interactions between them, we go further
and identify modes of compound nature, i.e. those exhibiting both localized
and propagating characteristics, and discuss which plasmon modes can
exhibit such a behavior in the system at hand and how structural parameters
play a central part in the spectral response of such modes.
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1. Introduction

Plasmonics, the bridge between the best of optics and electronics, is based on resonant
electron plasma oscillations in metallic nanostructures. In the most basic sense, two types of
plasmon resonances exist, delocalized plasmons and localized plasmons. The former, based
on the free propagation of surface waves at an extended metal dielectric interface (e.g. a
conductive film), shows great promise in the development of ultra-fast and compact optical
circuitry [1-6] and has played a major role in the development of surface plasmon based
biosensors [7]. The latter, 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 cancer treatment [8—11] to trapping and sensing [12—16]. In the last few years,
great attention has been devoted to studying systems composed of not only localized metallic
nanostructures or a conductive film, but rather composed of both [17]. The interaction and
hybridization of localized surface plasmon resonances (LSPRs) and propagating surface
plasmon resonances (SPPs) in such systems results in a variety of rich and interesting optical
phenomena [17-33].

For a given metal, environmental condition, planewave illumination, and compact system
where retardation does not play a significant role, the resonant response of localized plasmon
modes depends primarily on the structural geometry [34, 35]. The resonant response of a
conductive film, however, depends not only on the structural geometry, i.e. the film thickness,
but also on the orientation of the excitation source, specifically the incident k-vector matching
conditions [36, 37]. Thus for a system composed of a metallic nanostructure in close
proximity to a conductive film, one naturally expects that under the right coupling conditions,
the resonant response of a given mode depends not only on the structural parameters of the
nanostructure or on the excitation conditions, but rather upon both factors. Most studies,
however, have focused primarily on normally incident excitation. Here we investigate
excitation at a wide range of incidence angles and wavelengths. We observe not only the
coupling/hybridization between localized and propagating modes, but also investigate
whether such modes themselves have a compound nature, i.e. exhibit both properties of
localized and propagating plasmon modes due to near-field coupling effects.

The paper is organized in the following manner: after quickly introducing the geometry of
the plasmonic structure and the computational method used in Section 2, the three basic
resonances of the system are identified in Section 3. The compound nature and
coupling/hybridization of these resonances is then discussed in Section 4, and finally a
conclusion is made in Section 5 with a summary of the results.

2. Geometry and method

The geometry under study consists of a single Au grating layer of period A = 200nm placed a
distance s = 20nm from the surface of a continuous Au film of thickness ¢ = 25nm. We use the
dielectric constant of Au obtained by Johnson and Christy [38]. The entire structure is
embedded within a silica (Si0,) matrix with a dielectric permittivity of ¢ = 2.13. The length of
each grating element/particle in the array is varied between / = 50-150nm, the widths are set
to w = 15nm, and the entire structure is invariant along the y-axis. The system is excited via p-
polarized planewave illumination (H-field oriented along the grating lines), as shown
schematically in Fig. 1, over a range of wavelengths 4 = 400-1200nm and angles 8 = 0-85°
with respect to the normal.

The simulation method used in this paper is based on the Surface Integral Equation (SIE)
technique, extended for use in periodic structures. This method is particularly useful as it
decreases the computation time significantly through surface rather than volume meshing and
also allows for calculation of the electromagnetic field arbitrarily close to or far from the
structure being studied, as well as within the structure [39-41]. With this we obtain the
absorption of radiation in the structure via calculated far-field reflection and transmission
spectra. The near field of the structure is then investigated at the corresponding angles and
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wavelengths of the multiple resonant absorption peaks in order to determine the nature of
each resonance.

Fig. 1. The geometry being studied, a plasmonic system composed of a periodic Au grating
layer above a Au film. The structural parameters used in this study are s = 20nm, ¢ = 25nm, / =
50-150nm, w = 15nm, a background of glass with a permittivity of ¢ = 2.13, and a periodicity
of A =200nm.

3. Identification of the plasmonic modes

For the system being studied we expect two families of modes, the first being the localized
plasmon modes supported by the particles and the second being the propagating SPP modes
of the continuous Au film. In this case, where we have a film of small thickness (¢ = 25nm)
embedded in silica, the SPP modes on the two sides of the film couple, resulting in two
distinct SPP modes, one where the charge distribution on the two sides of the film is
symmetric (even mode, or short-range mode) and another where it is antisymmetric (odd
mode, or long-range mode) [42, 43].
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Fig. 2. Absorption spectra and SPP dispersions of the system shown in Fig. 1. (a) Absorption
spectra for a particle length of / = 100nm, showing three absorption bands at 4 = 550nm,
660nm, and 970nm for & = 55° incidence that correspond to the odd and even SPP modes of
the film and the localized dipole-image mode of the particles, respectively. (b) Calculated
dispersion curves for even and odd SPP modes on a plain Au film folded back into the first
Brillouin zone (A = 200nm periodicity) and matched dispersion curves extracted from panel (a)
for even and odd SPP modes of the full grating and film system assuming m = —1 Bragg
scattering.
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We plot in Fig. 2(a) the calculated absorption spectra for a Au grating layer s = 20nm
above the continuous Au film. The spectra show three distinct absorption bands for
wavelengths 4 > 500nm. Below A = 500nm the system is plagued by the intrinsic losses of Au.
The band at a larger wavelength of 2 = 970nm for 6 = 55) incidence is the localized dipole
mode of the grating elements coupled to their mirror image in the Au film [25]. To verify this
fact we display in Figs. 3(a), 3(b) the total electric field amplitude in an x-z cross section of
the grating-film structure, and the polarization charge distribution, respectively (the
polarization charges are proportional to the divergence of the electric field at the Au-SiO,
interface) [44]. Vector arrows in all figures show the electric field orientation. Note all such
figures in this paper show the electric field profile and charge distributions at the instant when
the maximum field amplitude occurs. Movies linked via these figures show the periodic time
evolution of these modes. In Figs. 3(a), 3(b) these animations verify the nature of this
resonance as a dipolar mode of the grating elements coupled to their mirror image within the
Au film. We will refer to this mode here on as simply localized dipole-image mode. In
contrast, the two bands at lower wavelengths of 4 = 550nm and 660nm for § = 55° incidence
are those corresponding to the even and odd SPP modes respectively.
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Fig. 3. Cross section of the system shown in Fig. 1, with / = 100nm, showing a snapshot of (a)
the electric field amplitude (Media 1) and (b) the normalized polarization charge distribution
when the field is at a maximum (Media 2). The arrows indicate the orientation of the electric
field, while the color scale indicates the amplitude of the field and the distribution of positive
(red) and negative (blue) charges. Clearly this is the dipole mode of the particle coupled to its
mirror image in the Au film. The media files illustrate how the field and charges vary in time
and thus the nature of the resonance. Planewave excitation at # = 55° incidence and A = 970nm.

At first glance one would expect the two SPP modes to disperse in the opposite direction
than that shown in Fig. 2(a), decreasing wavelength with increasing angle of incidence. These
modes, however, are the m = —1 Bragg scattered SPP modes and thus disperse in the opposite
direction. To verify this claim, the following is plotted in Fig. 2(b): first, the dispersion of the
SPP modes are calculated analytically [45] for a simple 25nm thick Au film in SiO, and
folded back into the first Brillouin zone assuming a A = 200nm periodicity. Second, all

values for kg, possible via grating excitation are calculated from Eq. (1) [37], assuming m =
+1:

2r . 27
k,, = \/Esio, 751n6+mx (1)

For m =1, Ky > 3x10" m™' are obtained, much too large to match the analytically
calculated SPP curves, which indicate kg, < 3x10” m™". For m = —1, however, values of Kepp <
3x10" m™" are obtained. Thus, the angular and spectral position of the absorption peaks of the
two SPP modes are subsequently matched up with the corresponding ks, values for m = -1,
translated into the first Brilliouin zone, and plotted in Fig. 2(b). As can be seen, these match
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well with the analytically calculated curves of a plain Au film, particularly for the case of the
odd SPP mode. Further simulations with dielectric gratings having a large permittivity
contrast with respect to the silica matrix have shown excitation of the same two SPP modes,
thereby verifying that the modes can be excited via Bragg scattering. Additional simulations
with large permittivity contrast also show much better excitation of the odd SPP mode than is
seen here, as one would naturally expect.

Physically, the folding back of the two modes into the first Brillouin zone means that the
incident light is scattered backwards rather than forwards, resulting in a reverse propagating
SPP wave. This can be seen in the movie files linked by Figs. 4(a)-4(d), where we display the
time varying electric field amplitude and polarization charges in an x-z cross section of the
grating-film structure like in Figs. 3(a), 3(b). Notice that the field vectors within the Au film
exhibit a symmetric distribution for the even mode and an antisymmetric distribution for the

odd mode as is expected. Furthermore, the SPP propagation direction is reversed with respect
to the incident field.
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Fig. 4. Cross sections of the system shown in Fig. 1 with /= 100nm, showing (a) (Media 3), (c)
(Media 5) time varying electric field amplitude and (b) (Media 4), (d) (Media 6) polarization
charges. (a), (b) Odd SPP mode for a § = 55° incidence planewave excitation, 2 = 550nm. (c),
(d) Even SPP mode for a & = 55° incidence planewave excitation, A = 660nm. The linked
media files show the time evolution of the field amplitude and polarization charges.

4. Compound nature of plasmonic modes

An interesting feature that can be seen in Figs. 4(c), 4(d) is that the field profile for the even
SPP mode, which resembles horizontally oriented dipoles of switching orientation within the
Au film [46], induces anti-parallel oriented dipoles within each grating element, thereby
resulting in effectively a quadrupole mode coupled to its mirror image, i.e. an octupole mode
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as the SPP wave propagates along the Au film. Note, that quadrapole resonance seen here is a
pair of opposing dipoles oriented and positioned along the length of the particle and should
not be confused with the often seen case of two opposing dipoles, with one along the top edge
of the particle and the other along the bottom edge. Additional simulations of absorption
spectra shown in Fig. 5 for increasing particle lengths of / = 100-150nm, while keeping the
period constant at A = 200nm, and a incidence of @ = 55) reveal a red-shifting of this mode
with incremental increases in the particle length, just like that of the localized dipole-image
mode of the grating elements. This shows that the mode is not only a Bragg scattered SPP
mode, but rather an SPP mode of compound nature, i.e. exhibiting properties of both localized
and propagating plasmon modes (we refer to this specific mode from here on as the even-
compound SPP mode). This can also explain the mismatches seen in the dispersion of this
mode and that of a plain Au film, particularly why the dispersion of the even-compound SPP
mode for this Au grating and film system is flatter (a usual characteristic of localized modes)
than that of just a plain Au film.

0.9

—L =100nm
—L=110nm
L =120nm
L =130nm
—L =140nm
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Absorption
o o
s o
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Fig. 5. Absorption spectra of the system shown in Fig. 1, as a function of particle length from /
= 100-150nm, while keeping the period constant to A = 200nm, for § = 55° incidence. Note the
redshifting of the localized dipole-image mode and also that of the even-compound SPP mode
with increasing particle length.

Furthermore, field profile and charge distribution plots shown in Figs. 6(a), 6(b)
respectively for the same even-compound SPP resonance now positioned at 4 = 680nm given
a length / = 120nm and an incidence 6 = 55°, display a much clearer view of the quadrapole
that is supported along the length of the particle. This is simply because shorter particles
cannot as easily support this quadrapolar charge distribution as longer particles. In fact, as
will be shown in Figs. 7(c), 7(d), at a much shorter length of / = 50nm, the field profile and
charge distribution of the same peak display instead a dipolar orientation along the length of
the particle. In contrast to this size dependent modal and spectral response, the odd SPP mode
is almost purely dependant on Bragg scattering and thus its resonance position stays almost
constant with the same increase in particle length (Fig. 5). The absorption peak, however,
decreases in strength with increasing particle length. This is simply due to the fact that an
increase in particle length leads to a loss in symmetry on the two sides of the Au film.
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Fig. 6. Cross section of the system shown in Fig. 1 with / = 120nm, showing (a) the time
varying electric field amplitude (Media 7) and (b) polarization charges (Media 8) for a 8 = 55°
incidence planewave excitation and 1 = 680nm, corresponding to the even-compound SPP
mode. Note, in contrast to the field and charge profiles for / = 100nm (Figs. 4(c)-4(d)), here for
/ = 120nm, the quadrapolar nature of this mode is much more distinctly visible, due to the
elongation in the particle length.

The effective nature of the even-compound SPP mode as a propagating surface wave and
simultaneously a quadrapole mode coupled to its mirror image has a limit as the particle
length is decreased below / = 100nm. One intuitively can see that below a certain size, the
grating elements will be too small to support a quadrupole as the SPP propagates by. At this
stage the polarization charges within the grating elements will be primarily dipolar rather than
quadrapolar. To illustrate this fact, we show in Figs. 7(a)-7(d) calculated field profile and
polarization charge plots at the resonance peaks corresponding to the even-compound SPP
mode and localized dipole-image mode referred to in Fig. 2(a) and Fig. 5, but for a grating
size of [ = 50nm. As can be seen, the two peaks at A = 610nm and 700nm, respectively, for 8
= 55) incidence, exhibit the characteristics of a compound plasmonic mode, with both
displaying a localized dipole-image resonance as well as a simultaneous backward
propagating SPP mode. Referring to the calculated absorption spectra for / = 50nm, Fig. 8(a),
we see that the large spectral shift of the localized dipole-image mode towards the blue has
brought it in close proximity to the even SPP mode, thus resulting in a coupling/hybridization
of the two. As can be seen in Figs. 7(b), 7(d), this hybridization results in a parallel
combination of the localized dipole-image mode and the even SPP mode at a higher
energy/lower wavelength of 4 = 610nm and an anti-parallel combination at a lower
energy/higher wavelength of A = 700nm respectively. In the anti-parallel combination (Fig.
7(d)), the dipole in the particle is anti-parallel to the charges of the even SPP mode in the Au
film and thus the induced image charges of the dipole follow/are parallel to those of the even
SPP mode, hence a fully symmetric charge distribution is seen in the Au film. In the parallel
combination, however, the induced/forced image charges are opposite/anti-parallel to those of
the even SPP mode thereby resulting in the observed asymmetry in the charge distribution
between the two surfaces of the Au film (Fig. 7(b)). It is interesting to note, however, that
despite this hybridization, the field profile at the higher resonance wavelength of 1 = 700nm
(Fig. 7(c)) still exhibits more than double the maximum field amplitude of the resonance at 1
= 610nm (Fig. 7(a)), since it originates from the branch corresponding to the localized dipole-
image mode (Fig. 2(a)). In contrast with this plasmon hybridization, the odd SPP mode still
shows a negligible spectral shift (staying centered at 1 = 550nm) with varying particle length
and negligible interaction with any localized modes (Fig. 8(b)), thus it does not play a role in
the formation of any compound or hybridized plasmonic modes in such a system. This is
simply due to the fact that the localized modes of this system are characterized by dipoles
along the length of the particles and hence they can easily interact with the anti-parallel
horizontally oriented field vectors of the even SPP mode in the Au film, but not the odd SPP
mode.

#175682 - $15.00 USD  Received 6 Sep 2012; revised 19 Nov 2012; accepted 29 Nov 2012; published 19 Dec 2012
(C) 2012 OSA 31 December 2012 / Vol. 20, No. 28 / OPTICS EXPRESS 29454


http://www.opticsinfobase.org/oe/viewmedia.cfm?uri=oe-20-28-29451-7
http://www.opticsinfobase.org/oe/viewmedia.cfm?uri=oe-20-28-29451-8

5
150/
4.5 7
/
4 10077
= |
g 3.5 g 50 ?
£ s £ |
s 5 ok
: . i
& g
N 2 N -50p ) lK
1.5 il
- 1001 7 41
1 "y
R 777
0.5 -150( 774
. My
E ‘ £ 777
200 150 200 250 o
X position (nm)
12 (@ 4 1447 LRSI
- |l " S
15 IS
‘ ~ o SO
W h b4
100 100 j{;‘:;’f
£ ° Eso‘\\}'\‘“jg‘M
= £ ‘\\ :f by 'g { !
£ 6 S
N 4 N
-10
2
-150 I3
, f, Vo,
7 ! ; AAIIAY
-200 4 £ = o L / /Y
100 150 200 250 300 350 50 100 150 200 250 300 350
x position (nm) x position (nm)
Fig. 7. Cross sections of the system shown in Fig. 1 with / = 50nm, showing (a) (Media 9), (c)
(Media 11) time varying electric field amplitude and (b) (Media 10), (d) (Media 12)
polarization charges via linked movies. Note the compound nature of both resonances for this
particle size. (a,b) parallel hybridization combination of the even SPP and localized dipole-
image mode for # = 55° incidence, 4 = 610nm. (c,d) anti-parallel hybridization combination of
the even SPP and localized dipole-image mode for 8 = 55° incidence, 4 = 700nm.
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Fig. 8. (a) Absorption spectra of the system shown in Fig. 1 with a particle length of / = 50nm.
Three absorption bands at 2 = 550nm, 610nm, and 700nm for § = 55° incidence correspond to
the same odd SPP, even SPP, and localized dipole-image modes shown in Fig. 2 for a length of
[ =100nm, however, now the last two bands have hybridized with a decrease in particle length,
forming a parallel and anti-parallel combination of the two modes respectively. (b) Absorption
spectra as a function of particle length from / = 50-100nm, while keeping the period constant to
A =200nm, for # = 55° incidence. Note similar to Fig. 5, a shifting of the localized dipole-
image mode and even-compound SPP with a decrease in particle length. The odd SPP mode,
however, maintains the same spectral position.
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5. Conclusion

In this communication, we have presented our computational findings on the compound
plasmonic modes of a periodic Au grating array placed above a conducting Au film. A
detailed study on the plasmon modes of this system was carried out as a function of both
varying angle of incidence and wavelength. Excitation of a localized surface plasmon dipole-
image mode was demonstrated, as well as excitation of two SPP modes via Bragg scattering.
Furthermore, cross sections showing the time varying electric field profile and polarization
charges illustrated the compound nature of the even SPP mode in the presence of a metallic
grating, i.e. exhibiting both the characteristics of localized and propagating plasmon modes.
These plots also illustrated additional hybridization of the even SPP mode with the localized
dipolar plasmon mode of the system as the size of grating elements was reduced. The odd SPP
mode, however, did not exhibit a compound nature or any plasmon hybridization and was
shown to be solely due to Bragg scattering. Verification of the results was made through
simulations with particle/grating element lengths varying from / = 50-150nm.
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