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Future integrated circuit technology will feature a fusion of optical and optoelectronic components with traditional electronic

devices. Information can be rapidly transmitted as light in dielectric waveguides, photonic crystal guides and metallic

nanoarrays. This paper presents a description of electromagnetic propagation in semiconductor and metallic nanostructures.

Diffraction effects will dominate the propagation of light when the dimension of the cavity or device approaches its wavelength.

The plasmonic effect circumvents this problem by propagating the light wave through highly localized conduction electrons

in a noble metal [1].
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Introduction

Three technologies to propagate light on a semicon-
ductor chip, in increasing levels of complexity, are dielectric
waveguides, photonic crystals, and metallic plasmonic
structures [2]. Confinement in dielectric waveguides and
photonic crystals is on the order of the wavelength of
the propagated light wave. The simple miniaturization
of optics and optoelectronics to the nano-scale introduces
adverse optical effects when the size is comparable to
or less than the wavelength of light generated [3]. To
circumvent this effect, light can be propagated at the
intra-transistor level along plasmonic waveguides. The
small size of these features necessitates an understanding
of electromagnetic wave propagation in nanostructures.

Cavity Design

For certain waveguide constructions, wave propagation
can not be represented by a simple transverse electric
(TE) or transverse magnetic (TM) mode. In restricted
dielectric cavities, such as a fiber optic waveguide or a
GaN nano-wire resonant cavity, field configurations
arise that are a combination of TE and TM modes. These
mixed hybrid modes are termed hybrid electric (HEnm)
or magnetic (EHnm) to indicate that the mixed electro-
magnetic field is more analogous to a corresponding
TE(H) or TM(E) mode. The subscript index n designates
the angular symmetry and m designates the radial field
dependence. These hybrid modes are also assigned the
moniker of a hybrid electromagnetic (HEM) mode although

there are inconsistencies in the literature regarding this
classification [4].
In general, only a restricted number of unattenuated

waveguide modes will concentrate their propagating
waves within a finite cylindrical dielectric waveguide.
Simple TE(H) and TM(E) modes are symmetric and do
not display angular variations. When the dielectric cylinder
diameter is on the order of the propagating wavelength,
then non-symmetric hybrid modes propagate.
Based on waveguide diameter, TE, TM and certain

hybrid modes exhibit cutoff frequencies, below which
the propagating wave will be rapidly dampened (or
simply not exist). Conversely, the fundamental HE11 mode
has a cutoff frequency of zero (or approximately zero)
and thus can propagate unattenuated in waveguides
thinner than the wavelength, such as in a GaN nano-wire.
Following Balanis [4], the hybrid modes internal to a
dielectric rod can be written as:
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with

(7)

where r, the radial distance is less than a, the radius
of the dielectric, z is the axial distance, φ is the angle
relative to an arbitrary x-axis, ε0 and εr are the vacuum
and relative permittivity, m0 and mr are the vacuum and
relative magnetic permeability, βρ,z,d are the propagation
constants which are related to kρ,z,d, the effective wave
vector in the dielectric, k0 (= ω0/c) is the wave vector
in vacuum, and ω0, is the angular frequency

 [4].
Application of boundary conditions that match the E

and H fields at the dielectric surface [4] yields an eigenvalue
equation in terms of the appropriate constants-including
Am and Bm-that is used to calculate the supported
modes in the dielectric rod. A similar set of equations
can be developed for the field that extends outside the
rod (ρ ≥ a).
In all cases, k0 ＜ βz ＜ k0εr, where the phase velocity,

βz, approaches k0εr at zero or cutoff frequency, and

approaches the wave vector in vacuum at high frequency.
If βz surpasses k0εr then mathematically an imaginary
component enters the field equations. Physically, this
implies an evanescent decay along the cylinder z-axis.
These boundary conditions and equations are matched
to the evanescent wave exterior to the cavity with an
analogous set of equations and constants. The Bessel
and modified Bessel functions define the family of
waves that are supported in the cylindrical dielectric as
described by the characteristic wave equations. That is,
the Bessel function defines the cut-off wavelength above
which the mode can propagate as 2πa/λ ≥ 2.405 (TE01,
TM01), 3.83 (HE12, EH11), 5.136 (TE02,TM02), etc., except
for the HE11 mode which does not have a cut-off [4].
Propagation of a wave-packet through a guide is

described as a linear combination of waveguide modes,
where a dispersion relation (Fig. 2.) exists for each
mode between the propagation constant, βz, and the
frequency, ω [5]. For extremely narrow dielectric rods
(or wires), only the fundamental hybrid HE11 mode is
supported. A significant fraction of the HE11 field is
external to the bare dielectric core, thus hampering the
Q value of resonant cavity [6]. At larger diameters but
still less than the vacuum wavelength, other modes can
be supported, particularly the TE01 and TM01 mode.
There is a general trend of increased confinement with
increasing rod diameter or increasing wavevector, k
(~frequency), for all modes. If present, the TE01 and
TM01 modes have superior axial confinement and thus
may dominate over a loosely bound hybrid mode in a
resonant cavity such as in a III-nitride nano-wire [7, 8].
The analytical expressions for the electric field, E,

and magnetic field, H, patterns inside a dielectric rod
are imaged in Fig. 3 [4, 9]. The reader is directed to
the fundamental original development in Okoshi [9]
and Balanis. [4] The rectangular cross-sections that bisect
the cylinder show the symmetry between the TE and
TM modes for a rod length one-half the optical wavelength.
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Fig. 1. Schematic of next-generation processor device merging traditional electronic CMOS technology with optic based technology
including (a) dielectric waveguides (b) micrometer-scale photonic crystal propagation and switching technology such as a Mach-Zender
Interference Modulator as well as (c) plasmonic based emitters/detectors coupled to noble metal arrays as a nano-scale confined propagation
channel.

Fig. 2. (Color Online) Guided mode dispersion curves at 3.35 eV
for a GaN (εr = 8.4) nano-rod. The kz and k0 wave vectors denote
the light line in the dielectric and vacuum, respectively.
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Historically, TM01 is referred to as circular-magnetic
(or radial-electric) and TE01 is designated as circular-
electric (or radial-magnetic) [10-17], which fittingly
describes the wave patterns displayed in Fig. 3.

Plasmonic Enhancement

Electromagnetic excitation of a continuous metal-
dielectric interface creates charge density waves on the
surface with free electrons propagating along the
interface of this conductor and a dielectric medium.18

The wave character of this surface plasmon polariton
(SPP) field decays exponentially perpendicular to the
metal and dielectric interface [19]. Thus, the field at
the free surface of the metal is increased and per-
pendicularly confined. A metallic stripe is used to provide
micrometer-scale lateral localization of the SPP. The
SPP can propagate over several micrometers; however,
this is diminished with sub- micrometer localization
[20]. The wavevector, k, of a SPP mode of coherent
longitudinal charge oscillations of the conduction electrons
is given by [21-24]:

(8)

An alternative waveguide is an ordered array of
nano-particles on a continuous dielectric film for finer
lateral confinement of light compared to the traditional
diffraction limit. The light propagates to near micrometer
lengths with nano-scale lateral confinement via near-field
particle interactions.
When a light-wave interacts with a metal, the electrons

respond resistively with a velocity proportional to the
electric field. At low frequency, the metal conduction
electrons lose the energy of the field via collisions with
ions in the metal which creates phonons (heat). At high

frequency, the mean time for collision is reduced and
thus the electrons travel freely, proportional to the
oscillating electric field. This system can be described
as a simple Drude metal with a dielectric constant, ε =
1-ωp

2/ω2. The plasma frequency of a metal, ωp
2 = ne2/

meε0 is the transition point from a reflecting (negative
dielectric constant) at low frequency light to transparency
(positive dielectric constant) at high- frequency light.
Gold, copper and silver are of interest as their electron
gas plasma frequencies exist at or near visible frequencies
and, particularly in the case of silver (Fig. 4), strongly
interact with visible and ultra-violet light-waves.
Electromagnetic excitation creates a non-dispersive,

localized surface plasmon (LSP) in nano-scale metal
particles [12]. The conduction electrons in the particle
will oscillate as a dipole with a plasmon resonance

k
ω

c
----

εmetalεdielctric

εmetal εdielctric+
--------------------------------=

Fig. 3. Calculation and visualization of the supported modes for a dielectric rod (Color Online) E (grey print; light blue, green, red online) and
H (black) field patterns of (a) HEM11, (b) TE01, and (c) TM01 modes [4, 9].

Fig. 4. Dielectric function of bulk silver for real, ε’ (solid line) and
imaginary, ε” (dotted line) permittivity, e = ε’ + iε” [11]. Note that
III-nitride optoelectronic emission and nano-scale silver resonance
can be readily tailored to access this frequency range.
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[13, 14]. This induced homogeneous polarization inside
the metal can be expressed as the dipole polarization,
α = 4πa3(εmetal− εdielectric)/(εmetal + 2εdielectric) when the particle
size is sub-wavelength (a＜＜λ). Thus, when εmetal ≈-2,
the polarization is resonantly enhanced at the Frohlick
frequency, i.e., LSP frequency [15]. In larger particles (＞
100 nm) the plasmon resonance red-shifts from retardation
effects that prevent electrons from moving in phase as
this interaction can only travel at a certain speed (less
than the velocity of light) [16].
A related expression describes the polarization of an

elliptical particle, with dimensions of a, b, and c by,
α = 4/3πabc(εmetal-εdielectric)/(εmetal-Li(εmetal-εdielectric))
where, Li is the normalized geometric portion and sums
to unity.17 At a specific excitation, a dielectric rod will
show a short-wavelength peak for polarization perpendicular
to the long major axis and a long-wavelength peak for
polarization parallel to the long major axis.
To illustrate these effects, silver nanoparticles were

fabricated and dispersed on a silicon substrate (Fig. 5).
The silver deposition was conducted in a Parr pressure-
restricted solvothermal chamber. The solvent consisted
of 10 ml of methanol, ethylene glycol, hexane, or glycerin
mixed with 400 mg sodium hydroxide and 250 mg
silver nitrate in a fitted Teflon cup. The Teflon cup was
loaded into the sealed Parr bomb which was subsequently
placed for one hour in an oven operating at 180oC. The
ex situ reflectance was measured at normal incidence
using a halogen lamp as a source and reflected beam
was dispersed through an Ocean Optics S2000 spectrometer
with a 50 µm slit.
A number of elegant solutions have been developed

since the pioneering work of Mie made calculations of
scattering by an isolated metal particle [25-27]. Nevertheless,
even simple geometric alteration of a nano-scale metal
structure or its environment will alter the electromagnetic
resonance beyond what can be described by an analytical

expression.
To describe electromagnetic propagation in an array

of silver nanoparticles as pictured in Fig. 1(c), it is
necessary to employ a three-dimensional finite difference
time domain (FDTD) computational electrodynamics
modeling technique. Maxwell's equations were modified
to central-difference equations, discretized, and implemented
in object-oriented C++ code. The electric and magnetic
fields are solved in an alternating leapfrog scheme
originally developed by Yee [28]. A perfectly matched
layer (boundary condition) was employed to diminish
outer-boundary reflection errors [29].
In the simulation, an electromagnetic wave was input

at the leading edge of a one-dimensional array of silver
nanoparticles placed on the surface of a Si substrate.
This plasmon wave propagates by the successive interaction
of particles along the array. This array is a highly
confined optical waveguide with minimal loss into the
Si substrate.

Conclusions

The integration of optical components with electronic
components present a number of engineering and scientific
problems [30-33]. Simple dielectric waveguides are a
relatively simple structure to fabricate, however, actual
ultra large scale integration is difficult due to the inherent
size differential with electronic transistors [34-38]. Never-
theless, dielectric waveguides are well-suited for long-
run interconnects in a multi-core die. Plasmonic based
transfer along noble metal nanoparticles is promising
but the propagation length is limited by the inherent
absorption. Commercial implementation of one or a

Fig. 5. Ultra-violet/white light absorbance spectra of silver nano-
particles on a silicon substrate. The peak at 407 nm corresponds to
the plasmonic response of silver nano-particles.

Fig. 6. Plasmon wave (left to right) propagation along a array of
silver nanodiscs placed on the surface of a silicon substrate.
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mixture of the optical components presented in this
work is conceivable [40-43].
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