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T
he downscaling of photonic devices
remains one of the major challenges
in nanophotonics. Metallic wave-

guides are promising candidates to achieve
subdiffraction waveguiding since they sup-
port surface plasmon polaritons (SPPs),
propagating electromagnetic excitations
associated with the collective motions of
conduction electrons confined to metal�
dielectric interfaces.1 So far, various types
of metallic structures have been demon-
strated to support propagating SPPs with
potential for constructing subdiffraction
photonic circuits, includingmetallic wires,2�5

nanoparticle chains,6 wedges,7 V-shaped
grooves or slots on films,8,9 and hybridized
waveguides.10 The main obstacle for using
such plasmonic structures is the severe
losses associated with the metal compo-
nents, resulting in a short propagation
length, typically on the order of several
micrometers in the visible range. Therefore,
searching for high-performance plasmonic
waveguides with a longer propagation
length and smaller modal area represents
a topic of intense interest.1 By exploiting
the interactions between adjacent compo-
nents, pioneers have succeeded in achiev-
ing high figure of merit (FoM) waveguiding
in dielectric wires on a metal substrate and
in coupling metallic structures.5,10,11 The
idea works because the strong coupling
between the closely spaced components
dramatically squeezes the plasmon modal
volume into a deep subwavelength space,
while preserving a modest propagation
length. In terms of fabrication, these gap
modes require ultrasmooth metal surfaces
or nanowires aligned with nanometer
precision.5,12 On the other hand, well-
developed aqueous solution procedures

or template-based methods are now avail-
able for high-throughput fabrication of
crystallized silver/gold nanowires with a
controlled shape and atomic-scale smooth
surfaces.13,14 Integration of such high-qual-
ity nanowires can reduce additional losses
due to the polycrystalline nature of the
depositedmetal by using top-down fabrica-
tion techniques. In this article, we present a
theoretical study of the SPPs supported in a
metallic nanowire over substrate (NWOS)
configuration. We show that by using a
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ABSTRACT

Seeking better plasmonic waveguides is of critical importance for minimizing photonic circuits

into the nanometer scale. We have made a theoretical study of the properties of surface

plasmon polaritons in a metallic nanowire over substrate (NWOS) configuration. The dielectric

substrate breaks the symmetry of the system and mediates the coupling of different primary

wire plasmons. The lowest order hybridized mode can be used for subwavelength plasmonic

waveguiding for NWOS with thin wire, for a low-permittivity substrate, and in the shorter

wavelength region. For NWOS with a high-permittivity substrate, leaky radiation into the

substrate raises the propagation losses so that the propagation distance is shorter in the

longer wavelength region. By simply adding a high-permittivity layer onto the low-

permittivity substrate, we show that leaky radiation can be blocked and high-performance

plasmonic waveguiding can be extended to the near-infrared region. Importantly, the NWOS

configuration is compatible with current silicon technologies and can be designed into various

deep subwavelength active devices such as electro-optical or all-optical modulators.

KEYWORDS: SPPs . nanowire . plasmonic waveguides . substrate . silicon
compatible
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layered dielectric substrate, leaky radiation can be
blocked so that NWOS can be used for plasmonic
waveguiding in both the visible and near-infrared
regions. More importantly, this structure is fully com-
patiblewith semiconductor fabrication techniques, but
with a low fabrication barrier. This finding provides a
simple prototype for on-chip optical interconnects and
other integrated active devices.
Metallic nanowires have been a subject of intense

interest for subwavelength optical guiding or circuitry
in the past two decades.2�4,15�21 Though the proper-
ties of SPPs on a cylindrical wire in homogeneous
medium have been known analytically for a long time,
these solutions are not valid when the wire is brought
into the vicinity of a dielectric substrate due to the
breaking of the cylindrical symmetry. Despite the fact
that most of the experimental investigations3,4,15,21�27

involve nanowires deposited on a dielectric substrate,
little is known about how the wire plasmons interact
with a nearby dielectric substrate.28,29 It has been
shown that the dielectric environment created by an
asymmetric interface can strongly modify the surface
plasmon resonances of a nearby metallic nanoparticle,
such as shifting their energies, creating new modes,
and changing the resonant line shapes and/or radia-
tion patterns.30�35 The degree of interactions with the
substrate depends on the permittivity of the substrate,
the gap distance, and the geometry of the contact
between the metal and the substrate.33,36 As will be
shown below for one-dimensional metallic nanowire,
an optimized degree of interaction with the substrate
is critical to achieve high-performance plasmonic wa-
veguiding. This requires a well-designed substrate and
gap distance, in combination with a nanowire with a
proper size and cross section.

RESULTS AND DISCUSSION

To model the metallic waveguides, we use a mode
solver integrated with a commercial finite element
method package (COMSOL Multiphysics, 3.5a). Con-
vergence tests were carried out by refining the mesh

and enlarging the computation domain until all the
calculated parameters remain unchanged. In order to
simulate infinite air and substrate regions, the compu-
tation domain was truncated by a perfectly matched
layer (PML) to reduce reflections. To describe the silver
metal, we use experimentally measured permittivity
data (JC),37 while a parameter fit to, and interpolation
of, the JC data was adopted for describing the wave-
length dependence of the dielectric function.38 The
glass substrate wasmodeled using a refractive index of
ns = 1.5. The properties of a SPPmode are characterized
by a complex wave vector, ~k, whose parallel compo-
nent k ) = βþ iR defines the propagating constant with
β and R the phase and attenuation constants, respec-
tively. The propagation length L is obtained from
L=1/2R, while themodeareaA is definedas aminimum
area that contains as much as 1 � 1/e2 of the total
modal energy39 (see Methods). A good plasmonic
waveguide is a combination of long propagation
length and high mode confinement. Therefore, the
ratio between the propagation length L and the effec-
tive mode diameter 2(A/π)1/2 defines a unitless FoM as
FoM = (1/2)L(π/A)1/2.40

To ease the mode assignments, we choose nano-
wires with a cylindrical cross section. Figure 1A shows
the dispersion relationship of the three lowest order
modes on a silver nanowire (radius R= 100 nm), both in
air and at the air�glass interface. Due to the cylindrical
symmetry, the nanowire in air supports SPPmodes that
are well characterized by the azimuthal quantum
number m (m = 0, ( 1, ( 2, ...). According to their
major field components (electric or magnetic), these
modes are assigned as TM0, HE(1, HE(2, and so on.41

However, the cylindrical symmetry is broken when a
dielectric substrate is present. The substrate mediates
the coupling between primary SPP modes via polar-
ized charges on the substrate surface, leading to a new
set of hybridized modes (denoted H0, H1, H2, ...). As
shown in Figure 1A, the fundamental mode (H0) in the
NWOS system is located at the bottom right compared
to the primary TM0mode. It is also revealed in Figure S2

Figure 1. Substrate-mediated surface plasmon hybridization. (A) Dispersion relationship of the three lowest order modes on
a silver nanowire (R = 100 nm) in air (thin lines) and supported on an air�glass interface (thick lines). The black and gray lines
are the light lines in air and glass, respectively. (B) Schematic drawing of how different primary wire plasmons interact
through the dielectric substrate. (C) Normalized surface charge contour (left) and time-averaged power flow (right) of the
three hybridizedmodeswith equal phase constantβ= 28 μm�1. Top to bottom: H2 (3.432 eV), H1 (3.359 eV), andH0 (2.988 eV).
The nanowire (R = 100 nm) is supported on a glass substrate.
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by using the free electron model for silver (εAg = 1 �
ωB

2/ω2,ωB is the bulk plasmon frequency of silver) that
the corresponding surface plasmon frequency is
shifted from ωB/

√
2 (TM0) to ωB/(1 þ ns

2)1/2 (H0) when
the nanowire ismoved from air to being in contactwith
the substrate (ns is the refractive index of the substrate).
Another important feature of the NWOS system is that
below a critical energy the phase constant β of the
SPP modes becomes smaller than that for light in the
substrate, even for the otherwise no-cutoff fundamen-
tal mode (TM0). The modes then become leaky
(radiative) into the substrate and the propagation
losses rise.28,42 These leaky modes enable the experi-
mental observations of the SPPs via leaky mode
microscopy.25 Furthermore, for a nanowire in air, the
HE(1 modes are degenerate, corresponding to a col-
lective surface charge oscillating perpendicular to the
wire axis in a horizontal or vertical plane.43 However,
the interaction with the substrate lifts the degeneracy
of the two modes, leading to two new hybridized
modes (H1 and H2).
The substrate effect can be qualitatively interpreted

using an “image charge” picture in the quasi-static
limit.35 For structures with one infinitely extended
dimension, the substrate-mediated coupling takes place
between primary modes with equal β. Figure 1B shows
schematically how the primary wire plasmons interact
via the dielectric substrate underneath, with those
coupling to higher order modes (m > 2) not shown in
the figure. Obviously, the otherwise degenerate HE(1

modes interact predominantly with different primary
wire modes and evolve gradually into the H1 and
H2 modes as the substrate-mediated coupling is get-
ting stronger. The H1 mode comes from an in-phase
(inducing the same polarized charges on the substrate
surface) coupling of the HE1 and HE2 modes, while
the H2 mode comes mainly from an out-of-phase
(canceling their induced polarized charges on the
substrate surface) coupling between the TM0 and
HE�1 mode. According to the plasmon hybridization,44

the coupling with the HE2 (TM0) mode will result in a
red-shift (blue-shift) for the H1 (H2) mode compared to
the original HE(1 mode. That is why the H2 mode has a
higher energy than the H1mode, as shown in Figure 1A
and B. Besides the asymmetric coupling to the sub-
strate, the pure dielectric screening effect and the
interactions with other higher order modes can further
reduce the energies, which explains why both the
energies of the H1 and H2 modes are smaller than that
of the original HE(1 mode. Figure 1C shows the
calculated surface charges and the time-averaged
power flow distributions of the three lowest order
hybridized modes. The charge plots agree with those
in Figure 1B, further confirming our understanding of
the interactions of different wire plasmons via the
substrate. Compared with the primary HE1 (HE�1)
mode, most of the energy of the hybridized H1 (H2)

mode is located toward the bottom (top) of the
nanowire. When excited by a focus laser at the nano-
wire terminal, the H0 and H2 mode can be launched if
the incident electric field is polarized parallel to the
nanowire axis, while the H1 can be excited for perpen-
dicular incident polarization.43 It is the H0 and H2

modes, excited under parallel polarization, that are
responsible for the previous experimental observa-
tions of the plasmon beatings in the NWOS con-
figuration.23 Originating from the HE(1 mode, the H1

and H2 modes preserve, to a certain degree, the
unidirectional emission characteristic at the termi-
nals,45 which explains the experimental observations
by Shegai et al.24,46

The mode area of the TM0 mode can be shrunk as
the nanowire gets smaller, at the price of larger
propagation losses. The behavior of the HE(1 modes,
however, is the opposite.45 Such a trade-off between
mode confinement and propagation distance is well
known for plasmonic waveguides. Figure 2A shows the
propagation length L, mode area A, and FoM of the H0

mode for a nanowire (R = 40 nm) near a dielectric
substrate with a refractive index of ns. Interestingly, the
propagation length of the H0 mode in NWOS is com-
parable to or even larger than that of the TM0 mode in
air. This is actually the consequence of the hybridiza-
tion to the low-loss HE�1 mode. However, the reduced
propagation loss is accompanied by an increase in the
mode area so that the trade-off between mode con-
finement and propagation distance remains. The FoM
is smaller for the H0 mode in NWOS compared to the
TM0 mode in air. Another definition of the mode area
will result in the opposite behavior (see Figure S3).
Figure 2A also reveals that as the wavelength in-

creases, the propagation length and mode area in-
crease. This is due to the fact that the real part of the
dielectric constant of silver metal becomes more ne-
gative, so that the penetration depth into the metal is
getting smaller, resulting in a smaller ohmic loss.
However, the presence of the substrate prevents the
system from working in the long-wavelength regime:
above a critical wavelength, the H0 mode becomes
leaky. Note that once the mode is leaky, the definition
of mode area becomes problematic and the propaga-
tion length obtained in our simulation models be-
comes inaccurate. That is why the plots are cut in the
long-wavelength region in Figure 2A. The spectral
region clamped between the surface plasmon fre-
quency and this bound-to-leaky transition point de-
fines a window where the H0 mode is nonradiative: a
spectral workingwindow. Figure 2A also shows that for
NWOS with a larger gap (G = 5 nm), a thicker nanowire
(R = 60 nm), or a higher refractive index substrate (ns =
2.5), this window becomes narrowed. Even within the
spectral working window, the coupling with a high-
permittivity substrate is so strong that the mode
becomes highly localized and the propagation losses
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increase significantly. The occurrence of such high loss
features in the entire spectral range represents the
major obstacle for the metal waveguides to be directly
incorporated with a high-permittivity substrate.29

To get an intuitive view of the influence of the leaky
loss, Figure 2B and C compare the NWOS in the bound
and leaky region. Modeled by an oscillating current
segment, a point dipole source sitting 20 nm away
from the terminal of a 3μm longAgnanowire is used to
launch the H0 SPP. There are three channels that the H0

mode eventually dissipates into: Joule heating within
the metal region, radiation leaking into the substrate,
and the cavity loss due to the end facets. Figure 2B
clearly shows the absence and the presence of leakage
radiation for λ = 685 and 950 nm, respectively. Since
the Joule heating is proportional to howmuch electro-
magnetic energy resides in the nanowire, we plot the
heat in Figure 2C to better compare the propagation
losses. Obviously, the leakage radiation raises the
propagation losses so that the Fabry-Pèrot interference
is less apparent and the heat decays faster along the
nanowire. It is noted that when leaky loss dominates
over the dissipative loss, the wavelength dependence
of the propagation losses will be reversed; that is, the
longer the wavelength, the larger the propagation
losses will be. This is a marked difference from SPPs
in a bound region, where the opposite is true.18,22,27

To overcome the leaky problem, we propose an
alternative structure by simply adding a high refractive
index dielectric layer onto a low refractive index sub-
strate, as shown in the inset of Figure 3A. We chose

silicon (nspacer = 3.48) on top of silica (ns = 1.46)
substrates, aiming for Si-compatible devices. The high
refractive index layer induces stronger substrate-
mediated coupling of the wire plasmons, which shifts
the dispersion curve of the H0 mode to the bottom
right of the light line in the low refractive index
substrate. The combined effect of the layered substrate
is to provide an optical barrier blocking the leaky
radiation. Figure 3A shows the propagation length L,
mode area A, and FoM of the H0 mode as a function of
the radius of a nanowire for different spacer thick-
nesses T at the telecom wavelength (λ = 1550 nm). For
NWOS without the silicon layer, the H0 mode becomes
leaky for thicker nanowires. The thin silicon layer is to
make the H0 mode bound in the whole range. The
benefit of the optically dense layer is illustrated in
Figure 3B and C, which compare the NWOS with (i) a
30 nm Si layer on a silica substrate, (ii) a silica substrate,
and (iii) a Si substrate. Clear Fabry-Pèrot interference in
Figure 3B(i) is a strong indication of long propagation
distance compared to the nanowire length. The de-
graded performance of (ii) is clearly due to the leaky
radiation, which becomes evenworse for nanowires on
a high refractive index substrate (iii).
The beauty of the NWOS configuration is that when

active materials are incorporated into the substrate,
deep subwavelength functionalized devices such as
electro-optical or all-optical modulators can be de-
signed. The NWOS configuration serves as a prototype
for CMOS-compatible plasmon interconnects. The re-
liability of the NWOS configuration as active devices

Figure 2. (A) Propagation length L (top), mode area A (middle), and FoM (bottom) of the fundamental mode as a function of
wavelength. Inset: Cross section of the NWOS configuration. The nanowire (R = 40 nm) is separated from the glass substrate
(ns = 1.5) by a gap G = ¥ (black square), 0 nm (red circle), and 5 nm (blue up triangle). The cases for a thicker nanowire (R =
60 nm,G = 0 nm, ns = 1.5, green down triangle) or higher refractive index substrate (R = 40 nm,G = 0 nm, ns = 2.5, magenta left
triangle) are also compared. Electric field (B) and Joule heating (C) distribution for NWOS configuration in the bound (λ =
685nm) and leaky (λ=950nm) regions,R=40nm,ns = 2.5. The position andorientation of the exciting dipole are indicatedby
a blue arrow in B.
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also relies on the fact that the fraction of mode energy
distribution inside the active medium could not be too
small. For a Si layer of 60 nm thickness in Figure 3A, the
energy fraction within the Si layer is larger than 40%.
Also, the NWOS is to a large extent experimentally
accessible, thanks to various well-developed schemes
preparing high-quality metallic nanowires and atomic-
flat dielectric substrates. Crystallized metallic nano-
wires have been demonstrated to have no loss caused
by crystal grains and surface roughness.15 Therefore,
the ability to integrate such wires represents an
important step toward realistic low-loss plasmonic
waveguides.
For a nanowire with a noncircular cross section, the

primary modes on the wire will reassemble according
to its symmetry group.25 Unlike a cylindrical wire, a
polyhedron wire contains sharp corners that are cap-
able of supporting wedge (corner) modes with signifi-
cant deep subwavelength characteristics.7,25,47�49

When the size of thewire is reduced, thewedgemodes
in neighboring corners start to couple to each other
and reassemble into wire-like modes. If the corners are
not infinitely sharp, for a significantly thin wire, the
coupling between corners becomes dominant so that
the modes are fully wire-like. Therefore, the above-
mentioned substrate-induced plasmon hybridization
applies to nanowires with arbitrary cross sections. The
shape of the nanowire can greatly influence the
strength of the coupling. Figure 4 compares the effec-
tive mode index and the propagation length of the
H0 mode in NWOS with circular, square, rectangle,
and pentagon wire cross sections. To avoid abrupt
structural discontinuities and be comparable with

experimental realizations, all the sharp corners in the
noncylindrical wire were smoothed to a 2 nm curva-
ture. Unlike a cylindrical wire with a line contact with
the substrate below, a noncylindrical wire has a facet
contacting with the substrate, which results in a stron-
ger coupling. The hybridized mode is therefore more
red-shifted compared to the primary mode in air for a
noncylindrical wire, as shown in the top panel of
Figure 4. Meanwhile, the bound-to-leaky transition
point is shifted to the low-energy region, where the
metal has a smaller intrinsic loss. Therefore, a non-
cylindrical nanowire on a substrate has a larger spectral

Figure 4. Phase constant β and propagation length L as a
function of wavelength for nanowires with different cross
sections: circular (black), square (red), rectangular (blue),
and pentagonal (green). The characteristic size of the wires
(indicated as black arrows in the inset) is 50 nm. Thewidth of
the rectangle is twice as large as its height, i.e., 200 nm.

Figure 3. Layered substrate for plasmonic waveguide in the telecom wavelength (λ = 1550 nm). (A) Propagation length L
(top), mode areaA (middle), and FoM (bottom) of the H0mode as a function of the nanowire radius. The nanowire is sitting on
top of a silica substrate (ns = 1.46) with a Si layer (nspacer = 3.48) of thickness T = 0, 30, and 60 nm. The L, A, and FoM for the TM0

mode for a nanowire in air are also compared (green down triangle). Electric field (B) and Joule heating (C) distribution for
NWOS configurationwith (i) a Si layer (T = 30 nm) on a silica substrate, (ii) a silica substrate, and (iii) a Si substrate. The position
and orientation of the exciting dipole are the same as in Figure 2. Permittivity of silver, εM = �129 þ 3.3i.
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working window. However, at a given wavelength
where the pure bound mode exists, e.g., λ = 700 nm,
the propagation distance of a cylindrical wire is larger
than those of other geometries, i.e., L = 22.6 μm (circle),
16.0 μm (square), 21.6 μm (rectangle), and 13.2 μm
(pentagon). The rectangular wire has a similar propa-
gation length at the cost of more than a 2-fold increase
in the physical dimension. The larger spectral working
window for a pentagonal wire than for a square wire
comes from the fact that the pentagonal wire has a
smaller transverse area used in the calculations (we
used equal characteristic lengths).
Besides metallic nanowires with different cross sec-

tions, the idea of substrate-mediated plasmon cou-
pling can also apply to thin metal films, where the
asymmetric dielectric environment will balance the
long-range and short-range SPPs. Though the present
analysis of plasmonic waveguiding has been con-
cerned exclusively with the fundamental mode, we
note that for thick wires or a rectangular wire with
extended width, i.e., a stripe, higher order modes will
be shifted to the visible frequency. Even though some
of these higher order modes may propagate over a
longer distance, the deep subwavelength mode con-
finements are usually difficult to achieve simulta-
neously. This means that for realistic applications
a suitable combination of size and wavelength is
critical to achieve single-mode operation and a better

balance betweenmode confinement and propagation
length.

CONCLUSION

In conclusion, we have shown how a nearby di-
electric substrate mediates the coupling of primary
SPP modes on a metallic nanowire. The degree of
interaction with the substrate can be controlled by
changing the nanowire shape, gap, and refractive
index of the substrate in order to achieve an improved
balance between confinement and propagation
length. For NWOS with a high-permittivity substrate,
leaky radiation becomes dominant and raises the
propagation losses significantly in the long-wave-
length region. An optical barrier provided by a high-
permittivity layer over a low-permittivity substrate can
be used to block the leakage radiation. This simple
layered substrate enables the NWOS to maintain high
performance at the telecom wavelength. This finding
paves the way for the fabrication of high-performance
plasmonic waveguides by simply dropping a crystal-
lized nanowire onto a flat dielectric substrate. More-
over, the NWOS configuration is compatible with the
current semiconductor technology and is a prototype
for deep subwavelength active devices. The reduced
mode area can facilitate the interactions of SPPs with a
quantumemitter, whichmakes themetallic nanowire an
attractive quantum information transmission line.50,51

METHODS
As a measure of the mode confinement for a plasmonic

waveguide, the mode area A should satisfy two criteria. First, it
can be identifiable over the waveguide cross-section irrespec-
tive the geometry of the waveguide. Second, it contains a
significant fraction of the total mode energy. In our calculations,
A is defined as a minima area that contains as much as 1� 1/e2

of the total modal energy. The evaluation of A is done numeri-
cally by integrating the area enclosed by a contour defined
by a threshold energy density W0. The value of W0 is varied
until the fraction of the modal energy within the contour
reaches 1 � 1/e2, i.e.,

A ¼
Z
WgW0

ds

in which W0 is determined by

Z
WgW0

W(r) ds ¼ 1 � 1
e2

� �Z
S¥

W(r) ds

W(r) = (1/4)Re{d[ε(r)ω]/dω}|E(r)|2 þ (1/4)μ0|H(r)|
2 is the energy

density. |E(r)|2 and |H(r)|2 are the electric and magnetic field
intensities, ε(r) is the electric permittivity, and μ0 is the vacuum
magnetic permeability.
The point dipole is modeled by an electric current segment,

1 nm in length, sitting 20 nm away from the center of the
nanowire end-facet. The orientation of the segment represents
the oscillation direction of the exciting dipole. The mesh grid
was refined to 0.2 nm near the dipole to ensure accuracy. The
simulation boundary is bounded by a PML layer to reduce
reflection. The Joule heat plotted in Figure 2 and Figure 3 is
integrated over the entire wire cross section with a 30 nmwidth
in the x-direction.
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