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ABSTRACT
A plasmonic coupling device consisting of an array of ellipsoidal silver nanoparticles embedded in silica in close
proximity to a silver surface is studied. By tuning the inter-particle spacing, the shape of the particles in the array,
and the height of the array above the silver film, the array-mediated surface plasmon excitation is studied. Finite
Integration Technique simulations of such a plasmon coupler optimized for operation at a free space wavelength of
676 nm are presented. Plane wave normal incidence excitation of the system results is seen to result in resonantly
enhanced fields near the nanoparticles, which in turn excite surface plasmons on the metal film. The existence of an
optimum particle-surface separation for maximum surface plasmon excitation efficiency is demonstrated. Analysis
of the frequency dependent electric field in the simulation volume as a function of particle aspect ratio reveals the
influence of the particle resonance and the surface plasmon resonance on the excitation efficiency.
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1. INTRODUCTION
In recent years, there has been a tremendous amount of research in surface plasmon nanophotonics. Surface
plasmons are collective oscillations of charge density that occur at a metal-dielectric interface or at a metal surface.1
Surface plasmon modes can be strongly confined, and as a result surface plasmon waveguides are considered to be a
possible candidate for densely integrated photonic circuits.2-10 Recently several viable designs have been
demonstrated. These include metal stripes11, wedges5, and gaps4 in metal films, and strip-loaded surface plasmon
waveguides2. Passive surface plasmon based components have been developed, including Bragg reflectors12, ring
resonators13, and Y-splitters13. Active components such as Mach-Zehnder interferometer based switches14 have been
also realized. A crucial component for integrated optical circuits based on surface plasmons is an integrated light
source; however no viable surface plasmon source has yet been developed. As a result, surface plasmon based
circuits require optical coupling elements that allow addressing of nanophotonic devices using far-field optics.
Far-field excitation of surface plasmons is challenging due to the mismatch between the free-space wavelength of
light and the surface plasmon wavelength at a metal-dielectric interface. A common method of exciting surface
plasmons is prism coupling in either the Kretschman1 or the Otto1 geometry. In this approach the wavevector of the
incident light is increased using a high refractive index material in close proximity to the metal surface. The
excitation efficiency using these methods can be close to unity using broad area illumination. A second method of
surface plasmon excitation is grating coupling, which also allows for close to unity excitation efficiency if extended
gratings are used.1 Here the momentum mismatch between free-space light and the surface plasmon is overcome by
the grating momentum. A third method of surface plasmon excitation involves the use of sub-wavelength features
on a metal surface. For example, a near-field scanning optical microscope tip can be used to excite surface plasmons
locally.15 Surface plasmon excitation by light incident on random surface roughness16, as well as intentionally
created features such as metal nanoparticles17 and lines17 on or near18, 19 a metal film, holes in metal films20-22, and
edges of metal films23 has also been demonstrated.
In this study we numerically investigate excitation of surface plasmons in a silver film using a 2-dimensional array
of ellipsoidal silver nanoparticles placed in close proximity to a silver surface. We evaluate the effect of the inter-
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particle separation in the longitudinal (x) direction, the particle resonance, and the particle-surface separation on the
efficiency of surface plasmon excitation at the Ag surface.

2. DEVICE STRUCTURE AND SIMULATION DETAILS
We investigate a structure consisting of a two dimensional array of ellipsoidal silver nanoparticles in close proximity
to a silver surface. The response of the system to electromagnetic illumination was simulated using the Finite
Integration Technique (FIT)24, 25 with commercially available software CST Microwave Studio. A silver film of
thickness 200 nm, and extended infinitely in the x-y plane, was embedded in SiO2. This thickness was chosen to
prevent significant coupling of surface plasmon amplitude from the top to the bottom surface of the silver film. An
ellipsoidal silver nanoparticle of semi-axes a×b×c in the x, y, and z-directions respectively was embedded in the
silica with the center of the nanoparticle positioned 80 nm above the
Plane Wave
metal surface for all calculations except in the array-surface distance
dependent calculations. The system was illuminated using a plane wave
polarized along the x-direction and travelling along the negative zdirection. The temporal dependence of the excitation signal was a
Gaussian modulated sine wave centered at a free-space wavelength of
676 nm (4.35×1014 Hz) and a pulse duration of 16 fs, which corresponds
to a wavelength range from 451 nm (6.65×1014 Hz) to 1357 nm
(2.21×1014 Hz). The center wavelength was chosen to correspond to a
wavelength of a Kr-ion laser. However, the system is expected to
behave similarly at communication wavelengths such as 850 nm, with a
further reduction in losses, and a corresponding shift in the resonance
frequencies described below. The lateral particle-particle spacing was
set to Ly = 100 nm, and the longitudinal particle-particle spacing was set
to Lx = 440 nm, which corresponds to the calculated surface plasmon
wavelength at a Ag-SiO2 interface for a free-space wavelength of
676 nm. A schematic of the simulation volume is shown in Figure 1.
Pseudo-periodic boundary conditions were implemented in the x and ydirections by setting the tangential electric field to zero at x = 0 and at
x = Lx/2, and setting the tangential magnetic fields to zero at y = 0 and
y = Ly/2. These parameters effectively simulate an infinite array of
nanoparticles with a longitudinal spacing of Lx and a lateral spacing of
Ly above an infinitely extended silver film. Open boundary conditions
Lj2
were used at the positive and negative z-boundaries. The dielectric
Figure 1. Schematic of the simulation
constant of silver was described using the modified Drude model

—

volume.

(1)
where εr is the relative permittivity of the silver, ε∞ (= 4.03783) is the dielectric constant of the metal at infinity,
ωp (= 1.3807×1016 rads/s) is the plasma frequency, and Г (= 1.1171×1013 Hz) is the damping frequency of the
material. The real part of the permittivity was found to be within 6% of the experimental data26 across the bandwidth
used, and the imaginary part of the permittivity was set to the experimental value at the design frequency. Due to the
non-Drude like behavior of the damping in silver, deviations up to 80% were present at the extreme frequencies. The
dielectric constant of silica was set to a constant value of εr = 2.21.
Mesh cell sizes between 1-4 nm were used in the regions of high field variation in the simulation volume to ensure
mesh convergence of the results. Mesh convergence tests show that the errors in the electric field magnitude and
resonance frequency values in the remainder of this work are ±2.5%and ±0.2% respectively.
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3. SIMULATION RESULTS
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Figure 2 shows the obtained distribution of the z component of the electric field (Ez) in the x-z plane at y = 0, for an
ellipsoidal particle with an aspect ratio (AR) of 3.5 at the frequency f = 4.35×1014 Hz. The vertical component of the
electric field is seen to change sign around the film surface, which implies the presence of a surface charge
indicative of a surface plasmon. Around the nanoparticle evidence for a predominantly dipolar mode is found,
although partly masked by the presence of strong surface related field components. The charge distribution of both
the surface plasmon mode and the dipolar particle
mode is sketched schematically by the + and – signs
in Figure 2. In order to evaluate the excited surface
plasmon amplitude, we monitor the Ez amplitude at
position 1. Note that at this position, the particle
dipole field adds an Ez contribution. The time
evolution of the Ez signal at location 1 is shown in
Figure 3 (bottom panel). Although the excitation
signal ends at time 0.016 ps (top panel), extended
ringing of the electric field is observed after the
excitation has ended, indicating the existence of
electromagnetic resonances of the system. Figure 4
displays the Fourier Transform of this time-domain
signal, normalized to the Fourier Transform of the
Figure 2. Ez fields at y = 0 at a frequency of 4.35×1014 Hz. The +
incident pulse. Two clear resonances are observed.
and – signs schematically indicate the location of charges and the
The resonance at 4.35×1014 Hz approximately
arrows indicate the directions of the fields.
coincides with the analytically calculated frequency
of 4.44×1014 Hz for a silver-silica surface plasmon with a wavelength of λSP = Lx. Consequently, this resonance is
attributed to the constructive excitation of surface plasmons along the x-direction as excited by the nanoparticle
grating, and is referred to as the surface plasmon resonance. The resonance observed at 3.7×1014 Hz lies close to the
numerically calculated nanoparticle resonance frequency of 3.81×1014 Hz for an isolated silver particle of an AR of
3.5 embedded in silica. Note that since the signal shown in Figure 4 is normalized to the excitation signal Fourier
Transform, the field amplitudes larger than 1 are indicative of local field enhancement.
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Figure 3. Top: excitation signal monitored at the port. Bottom:
Time evolution of the Ez field at location 1.

Figure 4. Fourier Transform of the time domain Ez signal at
location 1.

The frequency dependent field amplitude as shown in Figure 4 was calculated as a function of inter-particle distance
in the x-direction, particle aspect ratio, and array-to surface distance.
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We first examine the effect of varying the longitudinal inter-particle spacing while keeping the particle aspect ratio
at 2.5 and the array-surface distance at 80 nm. The inter-particle spacing was varied from 400 nm to 500 nm, in
steps of 20 nm, and the results are shown in Figure 5. A sharp resonance peak is observed for all simulations, and is
again attributed to the constructive excitation of propagating surface plasmons. The resonance feature observed at
approximately 4.6×1014 Hz lies close to the analytically
calculated nanoparticle resonance frequency for a particle
8
400nm
with AR = 2.5. Separate simulations of an isolated silver
420nm
7
particle of the same dimensions in SiO2 also exhibit this
440nm
460nm
6
resonance peak, confirming that this resonance is particle
480nm
5
500nm
related. The surface plasmon peak is seen to shift from
4.75×1014 Hz to 3.75×1014 Hz as the inter-particle
4
distance is changed from 400 nm to 500 nm. From the
3
simulations, the FWHM of the particle resonance is found
2
to be 3×1013 s-1, and the FWHM of the surface plasmon
1
resonance is 2×1012 s-1. The amplitude of the surface
0
plasmon resonance is seen to reach a maximum of
3.5
4.0
4.5
5.0
5.5
14
7.6 V/m at a longitudinal particle spacing of Lx = 440 nm.
Frequency (x10 Hz)
The occurrence of maximum surface plasmon amplitude
at frequencies below the single particle resonance is most
Figure 5. Ez at location 1 for Lx ranging from 400 nm to
500 nm, at an aspect ratio of 2.5.
likely due to a balance between excitation efficiency and
radiative loss: for strong particle-film interaction, any excited amplitude can rapidly dissipate in the form of freespace radiation. At frequencies away from the particle resonance, excited SP amplitude will not couple efficiently to
the nanoparticle, resulting in a longer effective SP lifetime. At frequencies above the particle resonance frequency,
the particle amplitude is reduced, as is typical of any resonator, resulting in reduced surface plasmon excitation
strength.

Figure 6. Electric field strength of oscillations in the frequency
range 3×1014 Hz to 6×1014 Hz at location 1 as measured in the
simulations. The color represents the magnitude of the relevant
component of the electric field.

To study the influence of the interaction strength of the
nanoparticle array with the incident field, the aspect
ratio (defined as a/c) of the particle was varied from 2
to 4 while keeping the volume constant and equal the
volume of a 15 nm radius spherical nanoparticle. The
calculation shown in Figure 4 was repeated for particle
aspect ratios in the range of 2-4 (in steps of 0.1)
corresponding to single particle resonance frequencies
in the range 5.1×1014 Hz to 3.5×1014 Hz. The results are
shown in Figure 6. The color represents the magnitude
of the electric field response at each frequency and
aspect ratio, and the corresponding electric field
amplitudes are indicated by the color bar. The location
of the silver-silica surface plasmon resonance at
4.35×1014 Hz is indicated by the vertical dotted line.

As the aspect ratio of the particle increases, the
resonance frequency of the feature associated with the
nanoparticle resonance is seen to decrease from 5.4×1014 Hz to 3.6×1014 Hz. The dashed white line in Figure 6
marks the independently calculated resonance frequency of an isolated silver nanoparticle of the same aspect ratio
embedded in SiO2. As the particle resonance approaches the surface plasmon resonance, a shift in the surface
plasmon resonance as well as the particle resonance is observed. This type of anti-crossing is typical of strongly
coupled resonant systems.

NOTE: Corrected Fig. 6. The original graph displayed Ex data instead of Ez data.

Finally, to study the behavior of the system as a function of array-surface separation, we examine two sets of
simulations, one set at AR = 2.5 and another set at AR = 3.5, while changing the array-surface distance from 15 nm
to 200 nm. Figure 7 shows the z-component of the time domain electric field at location 1 for the various arraysurface spacings, both for AR = 2.5 (Figure 7(a-e)) and 3.5 (Figure 7(f-j)). Note that a maximum in the
(instantaneous) field amplitude is observed at a separation of 50nm. Surprisingly, the SP amplitude is found to drop
to near-zero values at a particle height of 15 nm. This result is most likely due to a combination of strong radiative
loss, a change in the particle resonance frequency due to interaction with the film, and a and reduced spatial overlap
between the dipolar particle field and the surface plasmons at these small spacings.
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Figure 7. Time dependence of the Ez field at location 1 for various particle-film separations. The height of the center of the
particle is indicated in each graph. Graphs (a)-(e) correspond to AR = 2.5, and graphs (f)-(j) correspond to AR = 3.5.

The peak amplitude of the surface plasmon resonance obtained from the Fourier transforms of the time domain
signals at location 1 is shown as a function of particle-film separation in Figures 8(a) and (b). The two particle
shapes produce a remarkably similar behavior: as the array-surface separation is increased from 15 nm to 50nm, a
strong increase in the amplitude of the excited surface plasmon is observed. As the separation is increased from
50nm to 150 nm, the field amplitude remains relatively constant. As the separation is increased further the surface
plasmon amplitude gradually decreases. For both aspect ratios an optimum field amplitude is observed at a particlefilm separation of approximately 80 nm. The similarity of the results obtained for particles with AR = 2.5 and
AR = 3.5 is surprising. As can be seen from Fig. 6 (particle-surface separation 80nm) an AR of 2.5 corresponds to
SP excitation below the nanoparticle resonance, while an AR of 3.5 corresponds to SP excitation well above the
particle resonance. It is expected that these findings are the result of the distance and AR dependent field overlap of
the nanoparticle field with the SP field distribution and vice-versa, as well as the intrinsic AR-dependent
nanoparticle damping. Although further work is needed, it seems likely that the observations are linked to the
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existence of low damping in the surface resonance and the requirement of small particle-film separations for nearfield excitation of surface plasmons.
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Figure 8. Peak Ez value of the surface plasmon resonance for as a function of particle-film separation, showing (a) results for
AR = 2.5, and (b) results for AR = 3.5. The error bars are representative of the inaccuracy of the calculations as described in
section 2.

4. CONCLUSION
We have performed FIT simulations to study the behavior of an array of silver nanoparticles embedded in silica
above a silver film under normal incidence plane wave illumination. The simulation results show strong coupling
which is observed as anti-crossing of the resonant features of both the individual particles, and of surface plasmons
at the Ag-SiO2 interface. The simulations indicate the presence of an optimum particle-surface separation of 80 nm
for maximum surface plasmon excitation. The optimum spacing appears to be relatively independent of particle
aspect ratio in these particular infinitely extended structures. The simulation results suggest that the optimization of
the surface plasmon excitation efficiency in such resonant systems requires a balance between the intrinsic damping
and the radiative loss.
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