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Abstract—We design and investigate plasmon waveguides based
on linear arrays of Au nanorings in an SiO2 host for use in an
optical communication band (λ ∼ 1550 nm). Nanoring parti-
cles have better tunability and can achieve more laterally com-
pact waveguides, compared to their solid counterparts, such as
nanospheres and nanodisks. Three-dimensional simulations em-
ploying the finite-difference time-domain algorithm are used to
determine the set of geometrical parameters attaining localized
surface plasmon resonance at 1550 nm. It is found out that, in
the SiO2 host, Au nanorings attain LSPR at 1550 nm with a
175-nm inner diameter, a 35-nm height, and a 30-nm thickness.
It is shown that linear chains of Au nanorings can transport
the electromagnetic energy at 1550 nm, with transmission losses
γT = 3 dB/655 nm and γL = 3 dB/443 nm and group ve-
locities vgT

= 0.177c0 and vgL
= 0.327c0 for transverse and

longitudinal polarizations, respectively, where c0 is the speed of
light in a vacuum.

Index Terms—Finite-difference time-domain (FDTD) methods,
metal nanoparticle, nanophotonics, optical communication,
plasmonics.

I. INTRODUCTION

THE electrodynamic properties of subwavelength-sized
metallic nanoparticles have been extensively investigated

in the past [1], [2]. It is well known that localized surface
plasmon resonance (LSPR) due to coherent electron oscilla-
tions that are excited at metal–dielectric interfaces yields highly
localized field enhancement and can provide guidance and con-
finement of electromagnetic waves below the diffraction limit.
The significant enhancement of fields near metallic nanopar-
ticles has been exploited, for example, in surface-enhanced
Raman spectroscopy [3], [4], near-field optical microscopy
[5], [6], and, more recently, biological sensing [7], [8]. For the
latter one, the ability to sense a surrounding material is based
on the high dependence of LSPR on the optical properties of
the dielectric background media around metallic nanoparticles.

Plasmon waveguides based on an ordered array of metallic
nanoparticles have attracted much interest [9]–[21]. Plasmon
waveguides transport electromagnetic energy below the dif-
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fraction limit via near-field coupling [10]–[16] between closely
spaced nanoparticles. Plasmon waveguides have been analyzed
using extended Mie theory [9], point dipole models [11], mul-
tipole models [18], and finite-difference time-domain (FDTD)
simulations [22]. Most previous works have considered plas-
mon waveguides operating at the ultraviolet or visible spectrum.

In this paper, we design and investigate plasmon waveguides
to operate at wavelengths λ ∼ 1550 nm (optical communication
band). LSPR must be red-shifted in order to make plasmon
waveguides possible at 1550 nm. Previous works have shown
that the optical response of metallic nanoparticles depends
on the size and shape of particles and surrounding materials
[1], [8]. Using the quasi-static approximation (Rayleigh the-
ory) [23], it is easy to show that in order to provide LSPR
near 1550 nm, Au nanospheres must be surrounded by a host
medium with relative permittivity as high as 55, which is not
practical. Therefore, better candidates should be sought among
nanoparticles with extra degrees of freedom (DoFs) in their
geometry, such as nanodisks and nanorings. In the former case,
the plasmon resonance can be further tuned by modifying the
ratio of the longest axis (diameter) to the shortest axis (height)
or by changing the radial thickness. Our numerical modeling
has shown that LSPR at λ = 1550 nm occurs for Au nanodisks
with 340-nm diameter and 35-nm height in the SiO2 host.
Due to their cylindrical structure, both nanodisks and nanorings
allow for microfabrication techniques based on electron beam
lithography (EBL). As an example, Fig. 1 shows scanning
electron micrographs (SEMs) of arrays of metallic nanodisks
with various diameters and interelement spacings that were fab-
ricated in our laboratory. The fabrication process employs EBL,
followed by a metal liftoff. Initially, polymethyl methacrylate
with a molecular weight of 950 k is spin-coated on a blank
silicon wafer with 2 µm of thermal silicon dioxide. The initial
resist thickness is approximately 100 nm. The exposed resist
is developed in a solution of methyl-isobutyl-ketone/isopropyl
alcohol (IPA) and then rinsed in IPA. After a brief exposure to
an oxygen plasma, 5 nm of Ti and 30 nm of Ni are deposited on
the sample by electron beam evaporation. The initial titanium
layer is used for adhesion. Metal liftoff is conducted using
heated Baker PRS-2000. A similar process is applicable to
other truncated cylindrical geometries, including the metallic
nanorings that were considered in this paper. Compared to
nanodisks, nanorings allow for further size reduction and better
tunability because of the extra DoF in the geometry. LSPR in
nanorings can be tuned by changing 1) the radial thickness;
2) the outer diameter; or 3) the height. The electromagnetic
coupling between the inner and outer ring surfaces plays an
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Fig. 1. SEMs of metallic nanodisks arrays with various diameters and interelement spacings. The EBL fabrication process is applicable to both the metallic
nanodisks and nanorings that were discussed in this paper. (a) D = 135 nm, s = 105 nm. (b) D = 160 nm, s = 95 nm. (c) D = 185 nm, s = 65 nm.
(d) D = 195 nm, s = 60 nm.

important role in optical plasmon resonance in this case [24],
similarly to nanoshells [25]–[29].

The analysis and design of metallic nanorings with LPSR at
1550 nm are performed here by means of a custom 3-D FDTD
algorithm that is described in the Appendix. FDTD is suited for
modeling plasmon resonances and energy transport in chains of
nanoparticles because of its geometrical flexibility and matrix-
free (explicit update) nature. FDTD has been successfully em-
ployed to analyze a variety of structures including nanospheres
[14], [17], [30], nanoellipsoids [14], nanorods [31], nanocylin-
ders [32], nanocubes [33], nanoholes [34], and nanoshells [25].
In particular, Maier et al. [14] successfully applied FDTD to
calculate nanosphere-based plasmon waveguide characteristics
such as transmission loss and group velocity.

The remainder of this paper is organized as follows: Optical
properties of an isolated Au nanoring are studied in Section II.
In Section III, numerical simulations illustrate the main charac-
teristics of plasmon waveguide based on an ordered array of Au
nanorings. Concluding remarks are provided in Section IV. The
present FDTD algorithm is briefly discussed in the Appendix.

II. PLASMON RESONANCES OF ISOLATED

Au NANORING IN SiO2 HOST

We first consider the optical resonance properties of an
isolated Au nanoring, as depicted in Fig. 2, using the FDTD
algorithm described in the Appendix. Fig. 2 shows the basic

Fig. 2. Schematic illustration showing a Au nanoring surrounded by SiO2

(core, substrate, and host medium). The three independent geometrical parame-
ters t (metallic thickness), Di (inner diameter), and H (height) are indicated in
the side view.

geometrical parameters: metallic thickness t, inner/core diam-
eter Di, outer diameter D, and height H . The Au nanoring is
surrounded by SiO2 (in the core, substrate, and host medium).
The Au nanoring particle is excited by a plane-wave with mod-
ulated Gaussian pulse in time. We first investigate the LSPR
behavior under variations on the inner diameter while setting
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Fig. 3. Effect of inner diameter Di on Au nanoring optical response. LSPR is
red-shifted by increasing Di. In other words, LSPR is red-shifted by increasing
the ratio between the longest axis (diameter) and the shortest axis (height) of
the structure.

Fig. 4. Effect of height H on Au nanoring optical response. LSPR is red-
shifted by decreasing t. This effect is consistent with Fig. 3, where a larger
axial ratio red shifts the LSPR.

t = 30 nm and H = 35 nm fixed (to compare with the nanodisk
case that was alluded to in Section I). Fig. 3 shows that a Au
nanoring with an inner diameter of 175 nm leads to a plasmon
resonance at 1550 nm. In this case, D = 235 nm, which is less
than the diameter of the nanodisk (340 nm), leads to LSPR at
the same wavelength.1

Next, we investigate the sensitivity of the plasmon resonance
to variations on inner diameter, height, and thickness. For each
case, one geometrical parameter is changed within ∼15%,
while the others are fixed. Fig. 3 shows the influence of Di

on the optical response. The LSPR is red-shifted by increasing
Di. Two distinct plasmon resonances are observed at visible
(∼700 nm) and infrared (∼1550 nm) regions of the optical
spectrum. This plasmon hybridization [29] is caused by the
interaction between the “cavity” [29] and “disk” [24] plasmons,
which is analogous to what occurs in nanoshells. Fig. 4 shows
the effect of H on the optical response. The LSPR is red-shifted
by decreasing H . The dependence of the optical response on
Di and H is somewhat similar to that of a spheroidal particle.
Applying a quasi-static approximation [23] to a spheroidal
particle, it can be verified that the LSPR is red-shifted by
increasing the eccentricity. Similarly, LSPR is shifted to longer

1These geometrical parameters are not unique in yielding a plasmon reso-
nance at 1550 nm since the resonance frequency is determined by a combination
of geometrical parameters and surrounding medium permittivity.

Fig. 5. Effect of thickness t on Au nanoring optical response. LSPR is red-
shifted as t decreases, which is akin to what is observed in nanoshells.

Fig. 6. Effect of simultaneous variations of inner diameter Di and thickness t
on Au nanoring optical response. LSPR is red-shifted as both Di and t increase
under similar fractional changes.

Fig. 7. Effect of simultaneous variations of inner diameter Di, thickness t,
and height H on Au nanoring optical response. LSPR is red-shifted as Di, t,
and H are increased simultaneously under similar fractional changes.

wavelengths by increasing the diameter-to-height ratio of the
nanoring. We also evaluate the change in the plasmon resonance
due to variations in t, as shown in Fig. 5. The LSPR is red-
shifted by decreasing t, which is akin again to the behavior of
a nanoshell. Comparing Figs. 3–5, we observe that, for similar
parameter deviations of about 15% at the LSPR resonance, the
spectrum is considerably more sensitive to Di than to H or t.
This suggests the use of Di as the first parameter of choice
for tunability purposes.

We next examine the interplay among the geometrical param-
eters. First, we illustrate the interplay of Di and t for fixed
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Fig. 8. Field intensity (circles) along a linear chain with seven nanoring particles under T -mode excitation. A linear fit is used to calculate the transmission loss.
The field intensity along a shorter array (missing the seventh nanoring) is indicated by stars. In addition, shown in the inset is a snapshot of the Ey distribution,
with polarization indicated by a gray arrow.

Fig. 9. Field intensity (squares) along a linear chain with seven nanoring particles under L-mode excitation. A linear fit is used to calculate the transmission loss.
The field intensity along a shorter array (missing the seventh nanoring) is indicated by stars. In addition, shown in the inset is a snapshot of the Ex distribution,
with polarization indicated by a gray arrow.

H(= 35 nm). From Figs. 3 and 5, it is known that the LSPR is
red-shifted or blue-shifted by increasing Di or t, respectively.
Fig. 6 shows that the LSPR is red-shifted by increasing both Di

and t simultaneously. Compared to the case with Di increase
only, the red shift on the LSPR is reduced due to the influence
of t. Fig. 7 shows results when Di, t, and H are all increased
simultaneously for three value sets. The red shift on the LSPR is
smaller in this case compared with Fig. 7. Although an increase
on only t or H would produce a blue shift on the LSPR, the
LSPR is still red-shifted in Fig. 7 because of the stronger effect
from the increase on Di. This again illustrates that the reso-
nance is more sensitive to (same fractional) variations on Di.

III. PLASMON WAVEGUIDES BASED ON ORDERED

ARRAYS OF Au/SiO2 NANORINGS

We next analyze optical pulse propagation in plasmon
waveguides based on ordered arrays of Au nanorings in SiO2

host with Di = 175 nm, H = 35 nm, and t = 30 nm. Seven
nanoring particles with an intercenter distance of 352.5 nm
(= 1.5D) are located along the x-axis, forming a linear ar-

Fig. 10. Three-dimensional sliced plot of the Ey field distribution under
T -mode excitation. The field is highly localized at metal–dielectric interfaces
and confined transversely.

ray. To study electromagnetic energy transport, noncollective
modes with wavenumber k �= 0 need to be excited (instead
of collective modes with k = 0) [14]. To excite noncollective
modes, a point dipole source is placed 1.5D away from the
center of the first nanoring, with effective bandwidth in the
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Fig. 11. Amplitude peak positions over time along a linear nanoring waveguide. Note the faster group velocity for the L mode compared to that of the T mode.

range of 1530–1570 nm. We set the center of the first nanoring
at reference position 0 nm.

Plasmon waveguides are lossy, and to examine the transmis-
sion loss, we calculate the field intensity along the linear chain
when excited by a dipole pulse with transverse (T -mode) or
longitudinal (L-mode) polarizations (with respect to the chain
axis). Figs. 8 and 9 show the logarithm of the peak amplitude
squared of the electric field along the plasmon waveguide for
the T and L modes, respectively. In addition, shown in the inset
are snapshots of Ey for the T mode and Ex for the L mode
along the nanochain. The polarization is indicated by a gray
arrow. The field intensity shown is calculated by averaging the
square of electric fields over the outer surface of nanoring. Due
to impedance mismatch [9], reflections are observed at the first
and last nanorings, and hence, these values are excluded when
interpolating the values along the plasmon waveguide. As the
pulse propagates along the waveguide, the field intensity decays
in an exponential fashion, i.e., |E|2 ∝ exp(−γx) [9]. The trans-
mission loss is extracted by fitting the data (indicated by circles
or squares) with a linear fit in the log scale. The transmission
loss factors for the T and L modes are γT = 3 dB/655 nm
and γL = 3 dB/443 nm, respectively. We also display the field
intensity (indicated by stars) along a shorter array missing the
seventh nanoring. To illustrate the field confinement on the
transverse direction, we show a 3-D sliced plot of the Ey field
distribution (T mode) in Fig. 10, where it is observed that the
fields are highly localized at metal–dielectric interfaces and
confined transversely.

Next, we determine the group velocity by tracking the ampli-
tude peak positions over time, as shown in Fig. 11. The group
velocities for T mode (vgT

) and L mode (vgL
) are found to be

about 0.177c0 and 0.327c0, respectively, where c0 is the speed
of light in a vacuum. Note the faster group velocity of L mode
compared to that of T mode, which is akin to the nanosphere
plasmon waveguide case [14]. The influence of interelement
spacing on both the propagation loss and the group velocity is

shown in Fig. 12. The three interelement spacings that were
considered (0, 117.5, and 235 nm) correspond to intercenter
distances D, 1.5D, and 2D, respectively. The interelement
spacing of 0 nm corresponds to successive nanorings that touch
each other. For the T mode, the 3-dB intensity decay length de-
creases as the intercenter distance increases. On the other hand,
for the L mode, the 3-dB intensity decay length is maximum
for an intercenter distance of 1.5D. Fig. 12 also shows that
the intercenter distance of 1.5D supports the fastest (slowest)
group velocity for the L mode (T mode).

The potential for subwavelength routing and switching of op-
tical pulses is one of the major appeals of plasmon waveguides
[11], [21]. L-junction (90◦ sharp bend) structures that are com-
posed of seven nanorings (three nanorings in both horizontal
and vertical arms, and one nanoring at the junction position)
are analyzed under T -mode excitation. Note that a T -mode
excitation is converted into L mode through L-junctions, and
vice versa. Comparison of (time-averaged) the field amplitude
around the last nanoparticle between this bending structure
and the linear chain leads to a bending loss of 7.3 dB. The
transmission performance for 90◦ bends (zero radius of curva-
ture) in nanoring plasmon waveguides is worse than those in
metal–dielectric–metal plasmon waveguides [35] and in pho-
tonic crystal waveguides [36] but better than that in dielectric
rib waveguides [37]. Fig. 13 shows a snapshot of the Ey field
along the L-junction. As can be seen, the electric field is guided
along the horizontal arm and coupled into the vertical arm.

We next illustrate the coherent interference of two plasmon–
polariton waves that are excited with different phases. The
operation of optical switches can be based on such interference
[21]. A linear chain that is composed of seven nanorings is
excited at both ends with oscillating dipole sources either in-
phase (“constructive” interference) or 180◦ off-phase (“destruc-
tive” interference). Fig. 14 displays snapshots of the Ey field
distribution along the linear chain, showing the interference of
two plasmon–polariton waves. One can observe that the Ey



2762 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 9, SEPTEMBER 2007

Fig. 12. Influence of interelement spacing on propagation characteristics. (a) 3-dB intensity decay length. (b) Group velocity.

Fig. 13. Snapshot of Ey under T -mode excitation. The electric field is guided
along the horizontal arm and coupled into the vertical arm with the bending loss
of 7.3 dB.

field is symmetrically or antisymmetrically distributed along
the y plane of the center (fourth) particle under constructive
or destructive interferences, respectively.

IV. SUMMARY AND CONCLUSION

Plasmon waveguides that are based on ordered arrays of Au
nanorings in an SiO2 host have been designed and investigated
for use in an optical communication band. The analysis was
performed by a complex frequency shifted–perfectly matched
layer–FDTD algorithm that accounts for the monospecies
Drude dispersion model of Au at the frequencies that were
considered and effectively suppresses spurious reflections from
both propagating and evanescent waves on the computational
grid boundaries. This leads to a decrease in the computational
cost as the computational boundary can be closely placed near
the nanoparticles. Furthermore, in order to reduce staircasing
error, a field-centered approach was employed to model the

Fig. 14. Interference of two plasmon–polariton waves under T -mode
excitation. The comparison between two snapshots of the Ey field provides the
evidence of coherent interference of two plasmon–polariton waves. Two dipole
sources are employed with either (a) in-phase or (b) out-of-phase excitation.
(a) Constructive interference and (b) destructive interference.

material properties that better conform to the curved metal-to-
dielectric interfaces.

The optical properties of an isolated Au nanoring were stud-
ied to determine the set of geometrical parameters producing
LSPR at 1550 nm (optical communication band). It has been
found that a nanoring with 175-nm inner diameter, 30-nm
metallic thickness, and 35-nm height in the SiO2 host produces
LSPR at the desired wavelength. The transmission loss and
group velocity were calculated for both T - and L-polarized
pulses. The L mode was found to be more lossy and have
a faster group velocity than the T mode. The effect of the
intercenter distance between nanorings on propagation charac-
teristics was also considered. For the interelement distances that
were considered, a spacing of about 120 nm has produced the
faster group velocity and smaller loss for the L mode. For the
T mode, the loss was found to increase with the interelement
distance, being minimal for adjoining particles. Finally, more
complex structures such as an L-junction and a linear chain
with two driving dipole sources were also considered and
simulated to further illustrate the guiding properties of nanoring
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chains and the coherent interference of two plasmon pulses with
opposite directions of propagation.

APPENDIX

FDTD ALGORITHM FOR PLASMONICS

At the wavelengths of interest, the (complex) relative permit-
tivity of Au is described by a monospecies Drude dispersion
model given by

εr(ω) = ε∞ −
ω2

p

ω2 + iΓω
(1)

where ωp is the plasma frequency, and Γ is the damping coeffi-
cient, with ε∞ = 9.5, ωp = 8.9488 eV, and Γ = 0.06909 eV
[25], [38]. From the preceding equation, 3-D FDTD update
equations can be derived in a standard fashion [32], [39],
[40], with the accuracy mainly dictated by truncation and
grid dispersion error. Modified finite differences can also be
easily implemented to yield low grid dispersion error over
prescribed frequency ranges [41]. It should be pointed out
that a multispecies Drude–Lorentz dispersion model (rather
than monospecies Drude only) becomes necessary when the
wavelength range of interest is below 700 nm due to interband
transitions [31], [42]. However, we use the monospecies Drude
model in our study, because the prescribed wavelength range
is out of the wavelength range that is influenced by interband
transitions. The refractive index of SiO2 deviates from the
nominal value within 1% in the wavelength range between
590 and 2500 nm [43]. Hence, we use the nominal value 1.44
in all simulations. We use a coordinate-dependent permittivity
(εx, εy, εz) that is associated with each electric field compo-
nent (Ex, Ey, Ez) (field-centered), rather than assign a single-
valued permittivity to a whole unit cell (cell-centered) [44].
For example, the finite-difference update equations for
Ampere’s law in the dielectric regions are given by

En+1
xi+1/2,j,k

= En
xi+1/2,j,k

+
∆t

εi+1/2,j,k

[
H

n+1/2
zi+1/2,j+1/2,k

− H
n+1/2
zi+1/2,j−1/2,k

∆y

]

− ∆t

εi+1/2,j,k

[
H

n+1/2
yi+1/2,j,k+1/2 − H

n+1/2
yi+1/2,j,k−1/2

∆z

]
(2)

En+1
yi,j+1/2,k

= En
yi,j+1/2,k

+
∆t

εi,j+1/2,k

[
H

n+1/2
xi,j+1/2,k+1/2 − H

n+1/2
xi,j+1/2,k−1/2

∆z

]

− ∆t

εi,j+1/2,k


H

n+1/2
zi+1/2,j+1/2,k

− H
n+1/2
zi−1/2,j+1/2,k

∆x


 (3)

En+1
zi,j,k+1/2

= En
zi,j,k+1/2

+
∆t

εi,j,k+1/2

[
H

n+1/2
yi+1/2,j,k+1/2 − H

n+1/2
yi−1/2,j,k+1/2

∆x

]

− ∆t

εi,j,k+1/2

[
H

n+1/2
xi,j+1/2,k+1/2 − H

n+1/2
xi,j−1/2,k+1/2

∆y

]
(4)

where the subscript refers to spatial grid indexing, and the
superscript refers to the time step. Such coordinate-dependent
permittivity is also used for the dispersive models in metallic
regions. Although this field-centered approach requires three
times more unknowns for the permittivity than the cell-centered
approach in isotropic media, it does a better job of conforming
to material boundaries and, hence, reducing the staircasing error
of FDTD [44].

To minimize spurious reflections from the outer boundary
of the computational domain, the perfectly matched layer is
incorporated through a modified nabla operator with complex
stretching coordinates [45]–[48], where complex-frequency
shifted stretching [49]–[51] is utilized. In all simulations, we
use a mesh cell size of 2.5 nm and a Courant factor of 0.95.
The simulations were performed on a Cray X1 using one mul-
tistreaming processor with four 800-MHz internal processors.
The FDTD grid comprised 1080 × 236 × 114 nodes for a total
of 5.4 × 108 unknowns for the seven-nanoring chain example,
requiring about 42.5 h of computation time for a 5 × 10−13 s
time window. The L-junction example employed 657 × 617 ×
114 nodes, for a total of 8.4 × 108 unknowns, requiring about
71.6 h for a 5 × 10−13 s time window.
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