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Abstract

The discrete sources method has been extended to analyze the scattering behavior of a cylindrical nanohole in a noble-metal film
deposited on a glass prism. The dependence of the transmitted intensity on the incident angle has been investigated. Extreme transmis-
sion of the incident plane wave has been detected in the evanescent waves area.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of enhanced optical transmission through
a subwavelength hole has attracted considerable interest to
this optical phenomena and applications associated with
nanoscale apertures in metal films [1]. The ability to local-
ize light in spots much smaller than the volume predicted
by diffraction theory offers multiple applications in biopho-
tonics, such as probing a few molecules in a highly concen-
trated solution or monitoring a cell membrane with a
submicrometer resolution [2,3]. Combination of a hole with
other surface nanostructures or using nanohole arrays
offers a wide variety of potential applications as well [4].

It is generally agreed that surface plasmon resonances
play a key role in enhancing of light transmission through
apertures in noble metal films [5,6]. Different groups world-
wide have recently examined the transmission properties of
sub-wavelength apertures. In particular, Wannemacher [1]

has studied the fundamental characteristics of a single cir-
cular nanohole in thin conducting films, as well as the role
played by surface plasmon polaritons in the transmission
process. Sönnichsen et al. [6] detected locally excited sur-
face plasmons in a metal film by investigating transmission
through a single nanohole using scanning near-field optical
microscopy (SNOM). de Abajo [7,8] has examined light
transmission through simple circular holes in perfectly con-
ducting and real metal films, and holes containing addi-
tional structure such as a sphere or a high index dielectric
filling, which seems to improve the transmission efficiency
at specific wavelengths. Shuford et al. [9] have been inves-
tigating the effect of a substrate influence on the transmis-
sion properties. Degiron et al. [10] have shown that real
metal plays a key role to support light transmission in a
nanohole. The effect of P-polarized transmission efficiency
has been considered by Eom et al. [11]. In the paper of Yin
et al. [12] the final difference time domain (FDTD) has been
used to model the problem and simulation results have
been compared to experimental ones. More information
regarding the transmission problem can be found in recent
reviews [5,7].

In most papers mentioned above normal incidence is
used as an external excitation. At the same time, there
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are multiple practical applications using an evanescent
wave as external excitation [13,14]. Employing evanescent
waves may allow to avoid the problem of filtering the scat-
tered light from the refracted one. In this paper, we con-
sider the evanescent wave scattering properties of a single
sub-wavelength hole in a noble-metal film filled by a dielec-
tric medium. The discrete sources method (DSM) [15] has
already been applied to model light scattering by different
nanoobjects on a plane surface [14,16]. In this paper, the
DSM is adjusted to model evanescent light scattering of a
fixed wavelength by a nanohole. The influence of the inci-
dent angle on the scattering properties of the hole is inves-
tigated. The effects of the size and filling of the hole, as well
as the material and thickness of the metal film are
considered.

In the next chapter, we present the theoretical outlines
of the DSM. In the third chapter the numerical algorithm
is presented and computer simulation results are discussed
in the last chapter of the paper.

2. Mathematical model

Let an axially symmetric hole occupying a certain
domain Di with a smooth boundary oD be situated inside
a film of thickness d, which is bounded by the planes R1

and Rf . The plane R1 separates the film and the substrate
(glass prism). We denote the prism domain by D1 and
ambient space exterior to the film and the hole by D0.
The upper half-space D0 and the interior of the hole Di

are filled with water. Let us introduce a Cartesian coordi-
nate system Oxyz by choosing its origin O at the prism-sur-
face R1 in the center of the hole and Oz axis is directed into
domain D0. The plane z = 0 corresponds to the R1 plane
(Fig. 1). We assume that the exciting field {E0,H0} is a
plane wave propagating from D1 at the angle h1 with
respect to the z-axis.

Then the mathematical statement of the scattering prob-
lem can be formulated as follows:

r�Hf ¼ jkefEf; r� Ef ¼ �jklfHf in Df;

f ¼ 0; 1; f ; i;

np � ðEiðpÞ � Ef ðpÞÞ ¼ 0;

np � ðHiðpÞ �Hf ðpÞÞ ¼ 0;
p 2 oD;

ez � ðEf ðpÞ � E1ðpÞÞ ¼ 0;

ez � ðHf ðpÞ �H1ðpÞÞ ¼ 0;
p 2

X
1

;

ez � ðE0ðpÞ � Ef ðpÞÞ ¼ 0;

ez � ðH0ðpÞ �Hf ðpÞÞ ¼ 0;
p 2

X
f

ð1Þ

and radiation/attenuation conditions at infinity for the
scattered field at z 6¼ 0,d.

Here, ez is the unit normal vector to the surfaces R1;f , np

is the outward unit normal vector to oD, k = x/c and
{Ef,Hf} stands for the total field in the corresponding
domain Df, f = 0,1,f,i. While in D1,f the total field consists
of incident and reflected waves, in D0 the total field
includes the transmitted wave which transforms to the eva-
nescent one under certain conditions. If Im ef, lf 6 0 (the
time dependence for the fields is chosen as exp {jx t})
and the particle surface is smooth enough: oD � C(2,a), then
the above boundary-value scattering problem is uniquely
solvable [17].

We construct an approximate solution to the scattering
problem (1) based on the DSM [14]. First, the plane wave
{E0,H0} scattering problem on the interface is solved. The
result yields external excitation fields fE0

f ;H
0
fg; f ¼ 0; 1 in

domains D0,1, which satisfy the transmission conditions
at the plane interface. Let us construct the approximate
solution of the boundary value problem (1) for the scat-
tered field fEs

f;H
s
fg in DB, f = 0,f,1 and the total field in Di.

In the frame of DSM [15] the approximate solution is
constructed by representing the electromagnetic fields as
a finite linear combination of the electric and magnetic
fields of multipoles distributed over an axis of symmetry
inside the scatterer. Besides, the fields analytically satisfy
the transmission conditions enforced at the plane interfaces
R1;f , which provides an opportunity to account for whole
interactions between scatterer and interface. Then the
approximate solution satisfies Maxwell equations in the
domains Df, f = 0,1, f, i, the infinity conditions and the
transmission conditions at plane interfaces R1;f . Thus, the
scattering problem is reduced to the problem of approxi-
mation of the exciting field on the hole surface oD. Only
the amplitudes of the discrete sources (DS) are to be deter-
mined from the boundary conditions at oD. Which can be
rewritten in the following form

np � ðEi � Es
f Þ ¼ np � E0

f np � ðHi �Hs
f Þ ¼ np �H0

f :

ð2Þ
Prior to the construction of an approximate solution for
the scattered field, the plane wave diffraction problem on
the layered structure must be solved. The field representa-
tion can be written as

EP ;S
f ¼ W P ;S

i Eþf þ W P ;S
r E�f ; HP ;S

f ¼ W P ;S
i Hþf þ W P ;S

r H�f :

ð3Þ
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Fig. 1. Model geometry.
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