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Excitation of propagating surface plasmons by a periodic nanoparticle
array: Trade-off between particle-induced near-field excitation and damping
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The excitation of propagating surface plasmons 共SPs兲 on a silver-silica interface by an array of
ellipsoidal silver nanoparticles is investigated using numerical simulations as a function of particle
volume for three different nanoparticle aspect ratios with representative resonance frequencies. We
find that while the SP amplitude depends sensitively on particle volume for each selected aspect
ratio, the maximum SP amplitude obtained for the different particle shapes is remarkably similar.
These observations are explained in terms of particle-mediated SP excitation, counteracted by a size
dependent particle-induced damping. An analytical model is presented that quantitatively describes
the observed trends in SP damping. © 2009 American Institute of Physics.
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propagating along the z-direction with a center frequency of
2.73⫻ 1015 rad/ s and a duration of 9.5 fs 关see inset, Fig.
1共a兲兴. The interparticle spacing in the x-direction Lx
= 440 nm coincides with the Ag– SiO2 SP wavelength at the
center frequency. Fits to literature dielectric functions were
used in the simulations, as described in detail in Ref. 11. A
field probe monitors the normal field component Ez just
above the metal surface at position 共Lx / 4, 0, 1 nm兲 coinciding with the location of maximum SP amplitude.11 A relatively small interparticle spacing in the y-direction, Ly
= 100 nm, was used to create a high particle density along
the y-direction compared to that in the x-direction while
keeping interparticle interactions low. This results in structures macroscopically similar to y-oriented line gratings.
Figure 1共a兲 shows the Fourier transform of the timedomain signal at the probe location, normalized to the Fourier transform of the incident pulse, for a NP with AR= 3.5
and volume VNP = 9.8⫻ 103 nm3. Two resonances are
observed—one related to propagating SPs constructively excited due to the periodicity of the array 共sharp resonance at
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Surface plasmons 共SPs兲 are electron charge density
waves that can exist at a metal surface or at the interface
between a metal and a dielectric.1 SPs can be strongly confined, making SPs on metal films possible candidates for
nanoscale optical waveguides.2–6 Typical methods for exciting propagating SPs are 共1兲 prism or grating coupling1 and
共2兲 near-field excitation using isolated structures on or near a
metal surface.7–10 We have previously both theoretically and
experimentally studied SP excitation on a metal film using a
nanoparticle 共NP兲 enhanced grating coupler, and demonstrated strong coupling between the NP localized plasmon
resonance and a grating resonance associated with the periodic particle arrangement.11,12 In the present work we numerically investigate the effect of changing the NP size on
the excitation of SPs on the silver film. We demonstrate that
the optimum particle volume for SP excitation depends sensitively on the particle resonance frequency.
The structure under investigation consists of a periodic
array of ellipsoidal silver NPs placed near a silver film, as
sketched in Fig. 1共a兲. This arrangement enables the constructive excitation of propagating SPs by NPs placed approximately one plasmon wavelength apart, while utilizing the NP
plasmon resonance to modify the excitation efficiency. The
system was studied using the Finite Integration Technique as
implemented in CST MICROWAVE STUDIO.13 A detailed description of the simulation setup is available in Ref. 11. The
silver film is 200 nm thick and extended infinitely in the x-y
plane, embedded in SiO2. An infinite array of ellipsoidal
silver NPs of semiaxes a ⫻ b ⫻ c along the x, y, and
z-directions, respectively, is located in the SiO2 with the center of the NPs placed 80 nm above the metal surface. The NP
aspect ratio 共AR兲 is defined as a / b, and for all NPs the crosssection is circular, i.e., c = b. Due to the dipolar nature of the
NP mode, maintaining a fixed particle-center height allows
us to separately investigate the dependence of particle volume without the complicating influence of a varying dipoleto-surface distance. The system is excited using a pulsed
x-polarized oscillating electric field 共Ein兲, with the pulse
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FIG. 1. 共Color online兲 Electric field magnitude 兩Ez共兲兩 at the indicated probe
location, for 共a兲 AR= 3.5, 共b兲 AR= 2.9, and 共c兲 AR= 2.5, for a NP volume of
9.8⫻ 103 nm3. The solid vertical lines indicate the isolated NP resonance,
and the vertical dashed line marks the grating resonance.

94, 251102-1

© 2009 American Institute of Physics

Downloaded 24 Jun 2009 to 132.170.50.219. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

251102-2

Appl. Phys. Lett. 94, 251102 共2009兲

A. Ghoshal and P. G. Kik

100

Γtot
Γr
Γnr
Γfilm

FWHM
Ez,max

50

(d)

100
50

12

Ez,max (V/m), FWHM (10 rad/s)

(a) AR = 3.5

(e)

(b) AR = 2.9

50

50
0

0

(f)

(c) AR = 2.5

50

50
0

0

Γ (THz)

0

0

1

2

3
4

4
3

Volume (10 nm )

0

1

2

3
4

4

0

3

Volume (10 nm )

FIG. 2. 共Color online兲 Peak electric field amplitudes of the grating resonance 共open squares兲 and the FWHM of the grating resonance 共filled circles兲
as a function of NP volume for NP ARs 共a兲 3.5, 共b兲 2.9, and 共c兲 2.5. Calculated radiative and nonradiative damping contributions to the total SP damping for 共d兲 AR= 4.05, 共e兲 AR= 3.38, and 共f兲 AR= 2.97. The dashed vertical
lines indicate the condition ⌫nr = ⌫r.

2.73⫻ 1015 rad/ s兲, and one related to SPs excited at frequencies close to the dipolar plasmon resonance of the NPs
共broad resonance at 2.32⫻ 1015 rad/ s兲. These features will
be referred to, respectively, as the grating resonance and the
NP resonance. Figures 1共b兲 and 1共c兲 show the corresponding
results obtained for NPs with the same volume, but with an
AR of 2.9 and 2.5, respectively. Since the particle resonance
frequency is shape dependent,14 the shapes studied cover
representative cases in which the particle resonance frequency is well below 共AR= 3.5兲, near 共AR= 2.9兲, and well
above 共AR= 2.5兲 the grating resonance frequency.
To study the influence of the NP volume on SP excitation, the calculations shown in Figs. 1共a兲–1共c兲 were repeated
for NP volumes in the range of 1.4⫻ 103 – 4.2⫻ 104 nm3.
The SP electric field amplitude at the grating resonance
Ez,max and the full width at half maximum 共FWHM兲 of the
grating resonance peak were obtained for all three NP shapes
by performing a two-peak Lorentz fit for the data obtained
from the simulations. For the case where the particle and
grating resonance frequencies are almost equal 共AR= 2.9兲,
the narrow peak closest to the predicted grating resonance
frequency was analyzed. Figures 2共a兲–2共c兲 shows Ez,max
共open squares兲 and the FWHM 共filled circles兲 for the grating
resonance as a function of VNP for the three NP ARs. For
NPs with AR= 3.5 in the low-volume limit 关Fig. 2共a兲兴, the
FWHM of the grating resonance is approximately constant
and Ez,max increases approximately linearly with NP volume.
At high volume 共VNP ⬎ ⬃ 1.5⫻ 104 nm3兲 Ez,max decreases
slowly as VNP is increased, while the FWHM increases significantly. At the transition between these two regimes, a
maximum SP amplitude of 22 V/m is obtained. Similar
trends are observed for ARs of 2.9 and 2.5 关Figs. 2共b兲 and
2共c兲兴 with Ez,max peaking at VNP ⬇ 0.4⫻ 104 nm3 and 1.4
⫻ 104 nm3, respectively. In all cases the onset of an increase
in the FWHM coincides with the occurrence of a maximum
in Ez,max. In addition, as VNP approaches zero, the FWHM of
all the grating resonances converge to ⬃1.17⫻ 1013 rad/ s.
Note that the maximum Ez,max reached for the three cases is
approximately 20.3⫾ 3.3 V / m. Perhaps surprisingly, these
results suggest that the frequency of the NP resonance is not
a critical parameter in the optimization of SP excitation in

these large-area NP enhanced grating couplers.
While the NPs are necessary to convert the incident farfield radiation into near-fields that can excite SPs, they also
introduce significant radiative and nonradiative damping of
the propagating SPs. In the system under consideration, SP
damping occurs due to 共a兲 intrinsic resistive losses in the
metal substrate, 共b兲 nonradiative damping due to finite fieldoverlap of the SP modes on the film and the SP modes of the
NPs resulting in NP-induced resistive losses, and 共c兲 radiative damping via dipole radiation generated by the NPs. The
latter occurs when the particles are placed approximately one
plasmon wavelength apart, leading to constructive interference of the NP radiation along the surface normal.
The different radiative and nonradiative damping contributions can be calculated analytically. The intrinsic SP damping rate can be found from known expressions for the SP
group velocity and propagation length.1 For a Ag/ SiO2 interface this leads to a predicted field damping constant
⌫film = 1.24⫻ 1013 s−1 at the center frequency used. The NPinduced contribution to the total damping can be estimated
by considering analytically calculated optical cross-sections
for the dipolar NP plasmon resonance. For an isolated NP
illuminated along one of its principal axes by a plane wave
with electric field amplitude E, the total scattered 共radiated兲
power is Pr,NP = rI = 1 / 2nc0E2r, where r is the radiative
dipolar plasmon scattering cross-section for the incident
electric field direction, I is the incident irradiance associated
with the incident electric field E, n is the refractive index of
the host material, 0 is the permittivity of vacuum, and c is
the speed of light. In order to determine an approximate
value for the NP-induced radiative damping we consider the
local electric field Eloc at the location of the NP caused by the
presence of SPs on the metal film, assuming that the calculated r of the NP remains approximately valid in the presence of the metal substrate. Although this assumption excludes any influence of image charges in the substrate, it will
be shown to lead to reasonable estimates for the FWHM of
the grating resonance. For a given lateral electric field amplitude E0 of the SP at the metal surface, the local lateral
electric field Eloc at the NP height zNP is Eloc = E0e−kzzNP with
kz the known normal component of the SP wavevector. Given
this assumption, the total damping of the SP energy per unit
cell, USP, due to reradiation by a single NP is approximately
given by 共dUSP / dt兲rad = Pr,NP = −1 / 2nc0E20e−2kzzNPr. To convert this radiated power to a SP damping rate we compare
this value to the USP共t兲 in a single unit cell of volume V
averaged over one optical cycle, given by USP共t兲
2
共rជ , t兲dV. Here 共rជ兲 is the known position= 兰V1 / 20共rជ兲ESP
dependent isotropic permittivity, and ESP共rជ , t兲 is the positiondependent electric field amplitude associated with a standing
SP wave with an angular frequency  equal to the center
wavelength and a lateral wavevector kx = 2 / Lx. In this
analysis the decay rate of the SP amplitude is assumed to be
slow compared to an optical cycle. The radiative damping
rate is related to the energy loss through 共dUSP / dt兲rad
= −2⌫r,NPUSP共t兲, where the factor 2 reflects the fact that the
damping rates in this study represent electric field decay
rates. With these expressions for the total energy and the
scattered power per unit cell, we can now calculate the effective radiative damping rate according to ⌫r,NP
= Pr,NP / 2USP. An analogous analysis is done to obtain a similar expression for the NP-induced absorption, based on the
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nonradiative scattering cross-section nr. The cross-sections
r and nr are calculated based on the Rayleigh–Gans
theory14 as r = k4兩␣兩2 / 共6兲 and nr = k · Im关␣兴, where k
= 2n / 0 at the center wavelength 0 = 676 nm, and ␣ is the
complex polarizability of the NP, calculated using the dielectric functions for SiO2 and Ag that were previously used in
the simulations. Note that this analysis leads to entirely analytical expressions for the estimated NP-induced radiative
and nonradiative damping.
Using the analysis described above, NP-induced damping contributions were evaluated for NPs with ARs 4.05,
3.38, and 2.97, corresponding to theoretical resonance frequencies close to the numerically obtained results in Figs.
2共a兲–2共c兲. Relatively high ARs were needed to match the
numerically obtained resonance frequencies, since the
Rayleigh–Gans theory does not take into account finite NP
size effects and NP-substrate interactions. Figures 2共d兲–2共f兲
shows the calculated damping contributions for the three
ARs considered. The total nonradiative damping 关blue
dashed lines in Figs. 2共d兲–2共f兲兴 is given by ⌫nr = ⌫nr,NP
+ ⌫film. Figure 2共d兲 shows the calculated damping terms for
AR= 4.05, in which case the NP resonance frequency is
lower than the grating resonance frequency. In the limit
VNP → 0, we see that the total nonradiative damping is equal
to ⌫film. As VNP increases, ⌫nr is seen to increase linearly,
while ⌫r increases quadratically. For VNP ⬍ 2.3⫻ 104 nm3,
nonradiative damping is found to be the dominant loss contribution, whereas for larger values of VNP radiative damping
quickly becomes dominant. The volume at which radiative
damping becomes the dominant loss contribution is indicated
by the dashed vertical lines in Figs. 2共d兲–2共f兲. The dependence of the FWHM based on the estimated damping contributions mimics the observations made in the numerical results shown in Fig. 2共a兲, suggesting that NP-induced
damping is the cause of the increased FWHM of the grating
resonance in Fig. 2共a兲 at large VNP. Since the FWHM 共units
rad/s兲 of a narrow Lorentzian resonance is equal to the numerical value of ⌫共s−1兲, we may directly compare the calculated ⌫ values in Figs. 2共d兲–2共f兲 with the FWHM values in
Figs. 2共a兲–2共c兲. This comparison reveals that the approximate analytical calculations predict the correct order of magnitude for the FWHM, without the use of any free parameters. It is important to note that the analytical calculations
described here can be used to evaluate the damping contributions in similar NP arrays of different materials and for
different particle shapes by simply replacing the corresponding parameters 共dielectric function, semiaxes a, b, and c兲.
Additionally, particle-induced damping for a different grating period can be evaluated by repeating the calculations at
the resonance wavelength corresponding to the new grating
spacing, and analytically calculating the particle crosssections at this wavelength.
Similar trends are observed for NP ARs of 3.38 and 2.97.
For these cases the volume at which the ⌫r contribution
becomes dominant can be seen to be 0.7⫻ 104 and 1.7
⫻ 104 nm3, respectively. These findings can be understood
by realizing that the damping of the grating resonance depends on the NP-induced damping at the grating resonance
frequency. When the NP resonance lies close to the grating
resonance, the NP has a large radiative and nonradiative
cross-section 共i.e., appears “optically large”兲, leading to
strong NP-induced damping at relatively low volume. Note

that the presented model also correctly predicts that the total
damping will always converge to ⌫film in the limit of zero
particle volume, as observed in the numerical simulations.
While the model calculations accurately predict the
trends observed in Figs. 2共a兲–2共c兲, the simulated volumedependent FWHM in Fig. 2共b兲 differs significantly from the
corresponding calculated damping in Fig. 2共e兲 for NPs with a
resonance close to the grating resonance frequency. At low
volume the simulated FWHM follows a similar increase as
the estimated FWHM in Fig. 2共e兲, but rapidly diverges from
the simulated FWHM above a volume of 0.7⫻ 104 nm3.
Above this volume, the calculated total NP cross-section exceeds the size of the unit cell, as marked by the arrow on the
right axis. We therefore attribute the deviation from the calculated damping in Fig. 2共e兲 to the saturation of the NPinduced damping.
The use of isolated NPs is expected to be beneficial in
cases where maximum field enhancement or maximum control over resonance frequencies is needed. For optimum excitation of unidirectional propagating SPs the use of suspended metal lines along the y-direction may present added
advantages. In such systems a similar optimization of line
volume and cross-sectional shape will be needed in order to
balance line-induced SP excitation and damping.
In conclusion, we have demonstrated that the appearance
of a maximum SP amplitude in NP-enhanced grating couplers is due to the combined effect of an increased excitation
of SPs as the particle volume increases, counteracted by an
increase in the particle-induced damping at increasing volume. Our results indicate that control over the NP resonance
frequency does not strongly affect the SP excitation efficiency in large NP-enhanced grating couplers if the NP volume can be freely modified, but does affect the NP volume at
which maximum SP excitation occurs.
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