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Abstract— This article presents a computational-analysis
study of the enhanced optical transmission phenomenon found
within a thin gold film surface, containing a single subwavelength
1-D slit. The central difference approximation and the Yee
algorithm were implemented to discrete classical 2-D space-time
Maxwell´s Equations throughout the Finite-Difference TimeDomain method and Matlab® software. A single nanoslit air
region pierced in gold thin films was lighted under normal
modulated Gaussian TMz pulse at wavelength of 300 nm and with
a unit amplitude. The computational domain in the xy plane was 1
µm x 1 µm, and the time step was 5 fs. In this work were studied
the behavior of the tangential electric field intensity values Ez
through a nanoslit, derived from the FDTD computational
simulations for twelve different aspect ratios R=t/d. It was shown
that the diameter d (120, 150 or 200 nm) and the depth t (50, 100,
200, and 300 nm) of the nanoslit are critical for the coupling of the
TMz wave with localized surface plasmons, inside the nanoslit
region. In general, it was observed that when diameter d decreases,
the extraordinary optical transmission phenomenon does not
occur within the nanocavity air region, due to influence of higher
order evanescent modes.
Keywords— FDTD, Matlab, EOT, subwavelength slit

I. INTRODUCTION
The extraordinary optical transmission phenomenon is
focused in the confinement of the electromagnetic fields by
periodic arrays of subwavelength apertures drilled in a metallic
film. The boost transmission efficiency is originated mainly in
the coupling interaction of the electromagnetic modes with the
surface plasmon on both sides of the metal film throughout the
holes [1] and dynamical light diffraction [2, 3].
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Optical excitation of a surface plasmon resonance (SPR)
on a thin gold film on the prism is widely applied for highthroughput bioaffinity assays [4-6]. It measures, with high
sensitivity (< 10-6 RIU) and a time resolution of a few seconds
refractive index unit (RIU), variations of solution near the SPRactive metal surface [5]. On the other hand, using perforated
metal with subwavelength holes present optical features making
them interesting for biosensing applications and provides an
opportunity the transmission setup more suitable for
miniaturization, implementation of multiplex detection by
imaging SPR, and also increase the bulk sensitivity 3x10-5 per
RIU [7-9]. In particular, using nanholes arrays in metal films,
Ferreira et al. reported the detection of attomolar concentration
of stretatividin-biotin interaction, which means around 7-8
orders higher sensitivity than a traditional surface plasmon
resonance sensor [10].
A large amount of literature is focused on the fundamental
aspects of the extraordinary optical transmission phenomenon
by comparing experimental and theoretical development [1115]. Several computational methods and numerical algorithms
have been used to compute the strong transmission enhancement
of electromagnetic fields through subwavelength holes in
periodic structures. Numerical techniques such as finitedifference time domain (FDTD), rigorous coupled-wave
analysis, differential method, discrete source method, and
transfer matrix method have been used to study transmission
properties of arrays of apertures [16-19].
It has previuosly been shown that circular isolated nanoholes
in optically thin gold films exhibit a distinct resonance that redshifts as the size of the nanoholes increases [11-15]. However,
while studying the optical properties of aspect ratio of nanoholes

at a fixed wavelength λ0 (300 nm), lighted under normal
incident laser to a gold film surface containing a single 1-D slit,
we found that a change in the slit aspect ratio produced a tunning
extraordinary transmission phenomenon.
The aim of this paper is to study the spectral dependencies
of the enhanced optical transmission through a gold film with a
single subwavelength slit and its relation to the excitation of the
surface plasmon polaritons inside of a single subwavelength 1D slit. We have considered a transverse-magnetic mode with
respect z axis in two dimensions (TMz wave) at a fixed
wavelength λ0 (300 nm), lighted under normal incident to a gold
film surface containing a single 1-D slit of diameter d (200, 150,
120 nm) and depth t (300, 200, 100, 50 nm). We have employed
FDTD method to determine the first-order solutions of the
classical electromagnetic Maxwell´s Equations of the crosssection of the computational domain containing a single
subwavelength 1-D slit. The distribution of electric field vectors
Ez in the whole domain was used to describe each selected
computational space experiment. Thus, the behavior of the
extraordinary optical transmission as function of t and d are
reported when a TMz wave, with constant wavelength λ0, is
lighted under normal incident to a gold film surface containing
a single subwavelength 1-D slit. Discrete Space-Time
Maxwell’s Ecuations FDTD
A. Physical Model
The propagation of an electromagnetic wave in a metal film
containing a subwavelength nanoholes array is governed by
time-dependent Maxwell´s equations of the classical
electrodynamics, plus the constitutive relation describing
material properties [20]. Here, we assumed a single
subwavelength 1-D slit of diameter d perforated through a gold
thin film of depth t, enlightened under transverse-magnetic
mode respect to z (TMz) in two dimensions [21]. The Eqs. (1-2)
are the Faraday´s and Ampere´s laws

where
, =
, is the magnetic induction, =
is
, the electric current
the electric displacement,
, =
density, the magnetic permeability, the magnetic field, the
electrical permittivity, the electric field, and the electric
conductivity.

=

.

(5)

Here ϵ0 is the vacuum electrical permittivity, ϵr the relative
dielectric constant of gold, and Hx, Hy, and Ez are the x, y, and z
components of the magnetic and electric field, respectively.
B. Geometry and Numerical Method
The geometry of the system under study is shown in Fig. 1.
It consists of a gold thin film of depth t containing a
subwavelength 1-D slit of diameter d in air. The perforated metal
is placed in the middle of computational space, with its left and
right surfaces positioned perpendicular to the x direction. The
media surrounding the gold is assumed isotropic and
homogeneous. The TMz wave propagates under normal incident
onto the perforated film. Then, we studied the temporal
transmission of the TMz electromagnetic wave throughout the
gold thin film slit.
Yee algorithm was applied to solve, both electric and
magnetic fields in time and space, the coupled Maxwell´s curl
equations. The derivate finite-difference expressions for the
space and time are central-difference in nature and second order
accurate. In particular, the set of field wave components TMz for
two-dimensional space involves only Hx, Hy, and Ez.
Hy

Perfect Matcher
Layer

d

Hx

y

Incident
TMz wave

x

tl

Fig. 1. A single subwavelength 1-D slit of diameter d perforated through a
gold thin film of depth t, lighted under normal incident transverse TMz wave.

We denote a space point in a uniform rectangular lattice as
(i,j)=(i∆x,j∆y). Here, ∆x and ∆y are the lattice space increments
in the x and y coordinate directions, respectively, and i and j are
integer numbers. Furthermore, we denoted any space and time
function u, evaluated at a discrete point in the grid and at a
discrete point in time, as
∆ , ∆ , ∆ = , , where ∆t is
the increment of time and n is also an integer [21].
Then, Eqs. (3-5) become,

Then, the 2-D Maxwell´s equations that describe the
behavior of the proposed TMz wave are given by Eqs. (3-5)

=

,

(4)
where ∆x, ∆y, and ∆t are the spatial and temporal discrete
intervals in FDTD, respectively; time-step n = [1, N], and N is
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the number size ∆t of the experiment. The ±1/2 increment is in
the n time coordinate superscript of u, denoting a finite
difference time over ±1⁄2 ∆t, due to computational convenience
derived from Yee algorithm [22]. We consider the field vector
components TMz wave in the space lattice represented by the
unit cell of Fig. 2.
and ∆
The spatial domain was considered as ∆
series, where
corresponds to the total points in which the
physical region of interest is divided. In other words, we have a
discretization of a physical system, with arbitrary length,
divided into a finite number of intervals Δx and Δy.
,
Analogously, the temporal domain was considered ∆
where
is the total number of intervals ∆ in which the
experiment was divided.
Furthermore, to maintain numerical stability in 2-D square
Yee grid ∆ is defined as function of the Courant´s parameter
=
as

called perfectly matched layer PML (Fig. 1). Here, we use the
computational boundary conditions corresponding to a type Mur
magic-step adsorbent frontier; so that the finite-differences
scheme for ABCs become [21]

=

1 ,

0 =

1 ,

10

11

where Eq. (10) corresponds to the right boundary condition and
Eq. (11) is the left boundary condition of the computational
space, whereas periodic boundary conditions apply on the other
boundaries.
D. Aspect Ratio of a Subwavelength Slit
To study the optical extraordinary transmission through the
rectangular structure slit, we changed its aspect ratio R given by
Eq. (12) [14]

√

∆ =

1
1 1/2
∆ 2 ∆ 2

,

9)

where c is the light speed.

=

.
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The hole diameter perforated through a gold thin film d was
assumed as 120, 150 or 200 nm, since the depth of the slit t was
varied as 50, 100, 200, and 300 nm (see Table 1).
The simulated optical extraordinary transmission spectra are
presented in Fig. 3, 4 and 5. It is corroborated that the
extraordinary optical transmission phenomena is inside the air
nanoslit region, and its intensity attenuated out of the slit air
region directions. The extraordinary optical transmission
phenomena inside the nanoslits is achieved by changing the
aspect ratio R of the nanoslits at 300 nm TMz polarized
wavelength, as previously reported by other authors by using a
TE and TM waves [13,18, 24, 25].
II. RESULTS AND DISCUSSIONS
A. Extraordinary Optical Transmission Inside the Air
Nanoslit Region
As previously was reported by other authors, when a
polarized electromagnetic wave lights a nanohole, it is possible
to detect the extraordinary optical transmission phenomenon, if
the size of an individual hole diameter is smaller nearly five
times the wavelength of this incident wave [13].

Fig. 2. Position of electric and magnetic field vector components of a TMz
plane wave contained in a unit cell of space 2-D lattice [23].

For a space region with media having different optical and
electrical properties, we defined an integer array for each set of
electric and magnetic field vector components. This array stores
an integer at each location of such field component in the 2-D
lattice.
C. Boundary Conditions
The field computational domain is limited in size whereas it
must be large enough to enclose the slit of interest. Also, we
restricted the outer perimeter of the domain for absorbing
boundary conditions (ABCs). One of the most successful
techniques is to truncate the computational domain with
artificial materials that absorb nearly all incident fields, which is

On the other hand, the solutions of Maxwell's equations at
the interface of a thin film present surface plasmon resonance
phenomenon if and only if the incident wave polarization is TM
type. In the case under study, TM as well as TE waves can
generate extraordinary optical transmission.
However, it has been noted that the extraordinary optical
transmission is weaker from a TE type signal, in comparison to
the TM component, because of the excitation that the electric
field produces on the minor axis at the interface [27].
Here we studied the behavior of the intensity of the
electric field Ez through a nanoslit, when the depth t of the gold
thin film takes values of 300, 200, 100, and 50 nm with a
selected constant nanoslit diameter d: 120, 150 or 200 nm. Then,

the nanoslit was lighted under a normal modulated Gaussian
TMz pulse of λ0 = 300 nm, and with an amplitude of A = 1. We
considered the size of the domain as 1 μm x 1 μm on the xy plane
and the simulations were carried out at ∆ = 5
, with
Re(εgold) = -11.7532 and εair = 1.0 [28].
Thus, a total of twelve simulations were carried out (Fig. 35). Fig. 3 shows the results generated when d = 120 nm and t =
300, 200, 100, 50 nm. At any simulated case, we did not observe
the optical extraordinary transmission phenomenon,
independently of the used t depth. Particularly, we observed at
R = 0.833 and R = 0.416 (Fig. 3.c-d) the TMz incident waves
were diffracted [18].

Fig. 4. The tangential electric field EZ distribution at 300 nm wavelength
through nanoslit in the xy plane at fixed diameter d = 150 nm pierced in a gold
film of variable depth: a) t = 300 nm, b) t = 200 nm, c) t = 100 nm, and d) t =
50 nm. Dot lines are eye guide lines of nanoslit diameter and depth.

The extraordinary effect of optical transmission, by
monitoring the electric field Ez, is shown in the case of d = 200
nm when the gold depth t were 300, 200, 100, and 50 nm (Fig.
5).

Fig. 3. The tangential electric field EZ behavior at 300 nm wavelength through
nanoslit in the xy plane, with fixed width d = 120 nm, pierced in a gold film
thickness: a) t = 300 nm, b) t = 200 nm, c) t = 100 nm, and d) t = 50 nm. Dot
lines are eye guide lines of nanoslits of diameter d and depth t.

We performed more features about resonance mode at λ0 =
300 nm, in the case that the diameter of nanoslit is increased
from d = 120 nm to d = 150 nm, and the depth takes same values
of t = 300, 200, 100, and 50 nm. Fig. 4(a)-(c) show the
tangential electric field Ez in the xy plane. Ez is localized inside
the air nanoslits region, and its intensity attenuated out of the slit
air region along –x and x directions [14, 29, 25]. Particularly, we
found at t = 300 nm the coupling of the TMz wave (λ0 = 300 nm)
with the plasmons through metal-film nanoslit. Furthermore, the
enhancement of Ez is about 1.2 times, and it is localized inside
the nanoslit region. As the depth t of the gold film decreases
(Fig. 4.b-d), a decoupling of the TMz incident wave with
localized plasmon inside the nanoslit is observed, because of the
influence of higher-order evanescent modes in the cavity [18].
There is no static charge induced on the corners that form the
nanohole since the component of the electric field is in the z
direction (Ez).
Then, the surface plasmon polaritons (SPPs) are not excited.
Instead, only localized surface plasmons (LSPs) are observed
[14, 27, 29]. In addition, it is observed that the contribution of
the Ez intensity is confined in the nanohole and it decreased
when x and/or y increased out of the aperture, in accordance with
the studies in silver ultrathin films previously reported by Popov
and co-workers [18].

Fig. 5. The tangential electric field EZ distribution at wavelength 300 nm
through nanoslit in the xy plane at fixed diameter d = 200 nm pierced in a gold
film of variable depth t: a) 300 nm, b) 200 nm, c) 100 nm, and d) 50 nm. Dot
lines are eye guide lines of nanoslit diameter and depth.

In the cases where the aspect ratio corresponded to R = 1.0,
0.5, or 0.25 (Fig. 5.b-5.d) were detected the coupling of the
incident TMz wave with localized surface plasmons inside the
air nanoslits region. From its part, when t > d (R = 1.5) the
optical extraordinary transmission phenomenon was not carried
out.
Table I resumes the tangential electric field values Ez,
derived from the FDTD computational simulations for the
twelve aspect ratios R analyzed in this work.

TABLE I.
THE TANGENTIAL ELECTRIC FIELD EZ VALUES OF THE
INTERACTION OF A GAUSSIAN TMZ WAVE (300 NM) WITH A NANOSLIT SPACE
REGIONS OF VARIABLE DIAMETER AND DEPTH.

[6]
[7]

Variables
Diameter
d (nm)

120

150

200

Depth t (nm)

Aspect ratio R

Ez (V/m), measured at the
center of the slit

300
200
100
50
300
200
100
50
300
200
100
50

2.500
1.660
0.833
0.416
2.000
1.330
0.667
0.330
1.500
1.000
0.500
0.250

0
0
0
0
> 1.2
< 0.8
< 0.6
< 0.6
0
> 1.4
> 1.4
> 1.2

It is noted that the diameter d and the depth t of the nanoslit
are critical for the coupling of the TMz wave with localized
surface plasmons, inside the nanoslit region. In general, it is
observed that when d decreases, the extraordinary optical
transmission phenomenon does not occur within the nanocavity
air region, due to influence of higher order evanescent modes.

[8]
[9]

[10]

[11]

[12]

[13]
[14]

[15]

III. CONCLUSIONS
In this paper, the discretization of the Maxwell´s equations
by FDTD and Yee algorithm have been applied to corroborate
the optical extraordinary transmission phenomenon inside the
air nanoslit region pierced in gold thin films. The main result of
this research is that the extraordinary optical properties are
controlled mainly by the diameter d and depth t of the nanoslit
which are critical for the coupling of the TMz wave with
localized surface plasmons. The enhancement of the tangential
electric field Ez is about 1.4 times, and it is localized inside the
nanoslits region. It is observed that when d decreases, the
extraordinary optical transmission phenomenon does not occur
within the nanocavity air region, due to a decoupling of the TMz
incident wave with localized plasmon inside the nanoslit.
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