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Abstract
We numerically simulate the enhancement of optical transmission through the double-layer
gold nanohole arrays by using the finite-difference time-domain (FDTD) method. The optical
transmission originates not only from the localized waveguide resonance but also from the
well-recognized surface plasmon resonance due to the periodicity. The transmission
characteristic of the two different resonance modes is also revealed clearly by analyzing the
maps of electric field and electromagnetic energy distribution. In addition, we also show clearly
the wave transport characteristics between the two-layer gold films.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The observation of extraordinary optical transmission (EOT)
through periodic arrays of sub-wavelength holes in metallic
films reported by Ebbesen et al [1] has launched a large
number of experimental and theoretical studies. Many
researchers demonstrated that the enhancement is attributed
to the resonant coupling between the incident light and the
surface plasmon excited on the metal–dielectric boundary
of the periodic structure through evanescent waves [2–4].
The influence of the hole shapes on the transmission was
investigated recently [5, 6]. It has been shown that the
enhanced transmission phenomenon through hole arrays in
perfect-conductor thin films may be attributed not only to the
resonance-induced field enhancement arising from the periodic
structure factor [7] but also the shape effect of the holes [7–11].
The similarities and differences between the structure factor
resonance and general surface plasmon are investigated by Wen
et al [12] and subsequently they discover that Fabry–Perot
resonances and structure-factor-induced resonances are, in
fact, the two limits of a single resonance phenomenon through

4 Author to whom any correspondence should be addressed.

a periodic array of sub-wavelength holes for electromagnetic
waves. A recent explanation for the enhancement phenomenon
is the collaboration of localized waveguide resonance with
surface plasmon resonance [4, 8, 13, 14]. Work has been
done mostly on the single-layer metal film with periodic hole
arrays in the past few years, while studies of double-layer metal
hole arrays have gained particular attention. Transmission
for double-layer metal hole arrays with isotropic shapes
(circular shapes) has been studied recently [15]. However, the
mechanics for double-layer metal hole arrays with nonisotropic
shapes has not been clearly explained.

In this paper, the enhanced normal transmission through
the double-layer gold films perforated with periodic arrays of
sub-wavelength rectangular holes is studied from two different
resonance features: one is the localized waveguide resonance
where each air hole can be considered as a truncated rectangle
with both ends open to free space, while the other is the well-
recognized surface plasmon resonance due to the periodicity
of arrays. The normal electric field component Ez , tangential
electric field component Ey and total energy distributions
are shown in order to obtain a more detailed description (as
shown in figures 4(a)–(c) and 5(a)–(c)). The positive and
negative charge densities can extend to metal regions between
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the holes. The periodic distribution of surface charges is
consistent with the local charge dipole oscillations. The local
charge dipole oscillation is revealed by the tangential electric
field component (Ey) distribution [16]. We find that the
tangential electric field component Ey and the total energy for
a freestanding gold film nanohole array are nonzero only in the
rectangular air hole region. The double-layer perforated gold
films clearly show the energy transport of the two resonance
peaks.

2. Theory

The three-dimensional (3D) FDTD method [17] is employed
to simulate the interaction between the metal and the incident
wave impinging on double-layer arrays of gold films structured
with periodic sub-wavelength holes. The propagation of
the light in the metal can be described by Maxwell’s
equations [17, 18]:

d �B
dt

= −∇ × �E − �JB �B = μ �H ,

d �D
dt

= ∇ × �H − �J �D = ε �E,

(1)

where �D is the displacement field, ε is the dielectric constant,
�J is the current density and �JB is the magnetic charge current

density. �B is the magnetic flux density (often called the
magnetic field), while currently μ (the magnetic permeability)
is specified as 1, so we do not need to distinguish between
�B and �H . Due to the frequency dependence of absorption
and permittivity for a metallic material, we must consider the
dispersion properties of the metal. With a Drude model, the
frequency dependence can be described in our calculation in
the following form [19]:

εm(ω) = ε∞

(
1 − ω2

p

ω(ω + iγ )

)
(2)

where ε0 is the permittivity of the vacuum, ωp = 1.374 ×
1016 s−1 is the bulk plasma frequency of the gold, ω is the
angular frequency of the incident wave and γ = 4.08 ×
1013 s−1 represents the damping rate which characterizes the
ohmic absorption loss. Physically, material dispersion arises
because the polarization of the material does not respond
instantaneously to an applied field E , and this is essentially the
way that it is implemented in FDTD. In particular, �D = ε �E is
expanded to

�D = ε∞ �E + �P (3)

where ε∞ is the instantaneous dielectric function (the finite-
frequency response) and �P is the polarization density in the
material. �P , in turn, has its own time-evolution equation,
and the exact form of this equation determines the frequency
dependence ε(ω). In particular, any material dispersion of the
form of a sum of harmonic resonances can be given by

ε(ω, X) = ε∞(X) +
∑

n

σ(X) · ωn�εn

ω2
n − ω2 − iωγn

(4)

where ωn, γn and �εn are user-specified constants, and σ(X)

is a user-specified function of position (usually 0 or 1). This
corresponds to evolving �P via the equations

�P =
∑

n

�Pn (5)

d2 �Pn

dt2
+ γn

d �Pn

dt
+ ω2

n
�Pn = σn(X)ω2

n�εn �E . (6)

That is, we must store and evolve a set of auxiliary fields
�Pn along with the electric field in order to keep track of the

polarization �P . Essentially any ε(ω) could be modeled by
including enough of these polarization fields. To implement a
Drude model of ε(ω), in which ωn is zero in the denominator,
we just set ωn to be a very small number (e.g. 1 × 10−20) and
make �εn large to compensate in the numerator, where γ, ω0

and �ε are material parameters. The energy loss due to the
absorption by this resonance is simply

�U = �P d �E
dt

. (7)

When a plane wave is incident on the double-layer metal
films with periodic hole arrays, the surface plasmon enhances
the energy transmission. The interaction between light and the
surface plasmon obeys momentum conservation [1]:

�ksp = �k0 sin θ ± m �ux ± n�uy, (8)

where �k0 sin θ is the in-plane component of the wavevector of
the incident light, k0 = w/c. �ux and �uy are the reciprocal
lattice vectors, |�ux | = |�uy| = 2π/a0, and m and n are
integers expressing the mode indices. From the conservation
of energy, the surface plasmon vector �ksp on a metallic film can
be found [20]:

|�ksp| = |�k0|
√

ε1ε2

ε1 + ε2
(9)

where ε1 and ε2 are the dielectric constants of the incident
medium (air here) and the metal films. For the normal
incidence, from equation (8) with θ = 0 associated
with equation (9), the wavelengths of the exited surface
plasmon resonance modes are given approximately by λmax as
follows [1]:

λmax(m, n) ∼= a0√
m2 + n2

√
ε1ε2

ε1 + ε2
. (10)

In addition, theoretically, a rectangular waveguide with
perfect metal walls has the resonant frequencies given by

ω = π√
με

√
m

bx
+ n

by
(11)

where integers m and n denote the number of half-wave
variations in the x and y directions, respectively. bx and by

denote the x and y dimensions of the waveguide, respectively.
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Figure 1. Schematic illustration of the double-layer metal hole
arrays structure. (a) Top view of the structure: the rectangular air
holes of sides bx and by are perforated on a freestanding gold film of
thickness h for each layer. (b) yz cross section of the computational
domain consisting of a single unit cell of the double-layer hole
arrays. A normal incident light wave polarized along the y direction
illuminates the array along the z direction. Periodic boundary
conditions are imposed on the four surfaces perpendicular to the gold
film, while perfect matched layers are imposed at the left and right
surfaces.

3. Results and discussion

Two infinite arrays of sides bx = 0.792a and by = 0.176a
rectangular apertures perforated on two freestanding gold
films of thickness h = 0.427a are shown schematically in
figure 1(a), where a = 750 nm. In addition, the lattice
constant is a0 = a. The layer spacing is fixed at d = 0.29a.
In figure 1(b), we can see the input light wave is polarized
along the short edge of the coaxial rectangular holes (the y
direction) and propagated to the two gold films’ surface along
the z direction. In addition, periodic boundary conditions are
imposed on the four surfaces in the holes perpendicular to
every gold film. Perfect matched layers are imposed at the left
and right surfaces of each layer.

Figure 2 shows the normalized transmission spectrum for
a single-layer gold hole array (the solid line) and double-
layer gold hole arrays (the dot line) at normal incidence.
In the single-layer gold hole array transmission spectrum,
the transmission peaks are observed at 0.935 μm with a
transmission of 0.861, and at 1.499 μm with a transmission
of 0.776. The anomalous transmissions mean that not only the
electromagnetic energy impinging directly on the holes gets
transmitted but also part of the energy shining on the gold
surface is converted into transmission, and such transmission
peaks are attributed to the surface plasmon at the metal–air
interface. In the transmission spectrum for the double-layer
gold hole arrays, we obtain two transmission peaks at the same
location as that of the single-layer hole array but with much

Figure 2. The normalized transmittances for the single-layer metal
hole array (the solid line) and the double-layer metal hole arrays
(the dotted line).

narrower peak widths. The quality factor of the transmission
peaks, which can be defined as Q = λ0/�λ, increases when
the number of building blocks is increased, where λ0 is the
wavelength of the peak and �λ is the half-width of the peak.
For the two transmission peaks with 0.935 and 1.499 μm
peak wavelengths, the Q values are Q = 11.308 and 5.5173,
respectively, for the single-layer gold hole array, while Q =
15.560 and 14.450, respectively, for the double-layer gold hole
arrays. The intensity of transmission peaks decreases when the
number of gold layers is increased from one to two. However,
the values are still extraordinary. These features may originate
from multiple scatterings and the coupling of electromagnetic
waves in the double-layer films. More interestingly, from
both transmission spectra in figure 2 one can find the cutoff
wavelength region around 750 nm corresponding to Wood’s
anomaly which should occur at wavelength λ = a0. Two
transmission peaks of enhanced transmission appear above the
cutoff wavelength range. In addition, in the double-layer hole
arrays transmission spectrum, it can be seen that the cutoff
wavelength region around 750 nm becomes wider, extending to
a longer wavelength. Furthermore, in a wide wavelength region
between the two resonant peaks, no light wave can transmit;
similarly, almost no light wave can transmit at a wavelength
longer than the second peak position. It is intriguing in
designing devices such as good-performance, band-pass metal
filters.

We also studied three structures with different lattice
constants (a) a0 = 0.9a, (b) a0 = 0.95a and (c) a0 =
1.0a, respectively. The calculation results are shown in
figure 3. The lattice constant a0 increases while the hole size is
fixed. The long-wavelength peak does not change significantly
while the short-wavelength peak is redshifted obviously.
The transmissions are still very high and increasing as the
lattice constant increases. Another interesting phenomenon
is that the transmission bandwidths of the two resonances are
quite different. The long-wavelength transmission resonance
wavelength width is always wider than that of the short-
wavelength one.

Now we discuss the mechanism of such an anomalous
transmission property for the double-layer gold hole arrays. In
the visible region, the localized surface plasmon located close
to the gold surface attenuates exponentially with distance on
the metal surface. When the two layers of the gold hole arrays
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Figure 3. (a) Normalized transmission for the double-layer metal
hole arrays with a square array of rectangular bx × by holes for
different lattice constants: (a) a0 = 0.9a, (b) a0 = 0.95a and
(c) a0 = 1.0a. The thickness of each film is 320 nm.

-       +  +       - 

+       -  -      +

(c)

(b)

(a)

Figure 4. yz cross section for the amplitude evaluated at the resonant
wavelength 1.499 μm of (a) the normal electric field component Ez

distribution, (b) the tangential electric field component Ey

distribution and (c) the total energy distribution of magnetic and
electric fields.

are placed close together, the surface plasmons excited on these
layers couple with each other. Consequently, a change of the
transmission spectrum is expected. To investigate the validity
of the physical picture in the infrared region, we simulated
the electric field distribution and the total energy distribution
of the double-layer gold hole arrays using the FDTD method.
Figures 4(a) and (b) show the normal electric field components
Ez and tangential electric field components Ey at wavelength
1.499 μm for the double-layer hole arrays in the y–z plane,
respectively. From figure 4(a) we can find that the normal

+       +  -       - 

-       - +        +

(c)

(b)

(a)

Figure 5. yz cross section for the amplitude evaluated at the resonant
wavelength 0.935 μm of (a) the normal electric field component Ez

distribution, (b) the tangential electric field component Ey

distribution and (c) the total energy distribution of magnetic and
electric fields.

electric field component Ez is seen to be concentrated around
the metal region along the long edges of the rectangular hole.
According to the boundary condition �n · �E = σ/ε0, where σ is
the surface charge density. Moreover, in the normal direction,
�n = n�z. Therefore we are able to determine the magnitude
of surface charges through detecting |EZ |. The positive and
negative charge densities (labeled with + and −) as measured
by the normal electric field Ez can extend to the metal regions
between the holes [16] and we also can see the charges tend
to accumulate at the metal corners. Furthermore, the charge
patterns on the two surfaces are nearly the same for each layer,
but they have opposite signs. Additionally signs at the output
side of the first layer are the same as that at the input side of the
second layer. From figure 4(a) we obtain a periodic distribution
of surface charges and such a distribution is consistent with the
local charge dipole oscillation in the direction perpendicular
to the long edges of the rectangular air holes. Seemingly,
these ‘dipoles’ are flanked by opposite surface charges and
these periodic charges establish a standing wave resonance
in the rectangular air hole region for both layers. The local
charge dipole oscillation is also revealed from the tangential
electric field component Ey that is mostly concentrated in
the hole region decaying exponentially with distance of the
metal–air interface along the −z and z directions (as shown
in figure 4(b)). Ey inside holes of the first layer is negative,
which is the opposite to that inside holes of the second layer.
The resonance mode at wavelength 1.499 μm can be explained
by the localized waveguide resonance. Each air hole in the
films can be considered as a truncated rectangular waveguide
with four metal walls and two sides open to free space. The
truncated waveguide forms a low-quality resonator. It is
dependent on the hole shape but almost independent of the
period of the structure [19]. Additionally, even if the gold
film is very thin the waveguide resonances exist, which can
be expressed by the Fabry–Perot effect [8, 12].
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The total energy distribution of the electric and the
magnetic field are obtained in the yz plane as shown in
figure 4(c). It can be clearly seen in figure 4(c) that the total
energy is mostly concentrated inside the holes for both layers.
It seems the total energy distribution for the second layer is
smaller than that for the first layer, which may due to the
multiple scatterings in the two layers. The localized waveguide
resonance mode transports from the first layer to the second
layer through the air gap with self-guiding behavior.

The electric fields and total energy distributions of the
near-field at the peak transmission wavelength 0.935 μm is
also shown, which can help us to understand how the light
passes through the holes. The enhanced transmittance is
due to the well-recognized structure-factor-induced resonance
determined by the periodicity. Figures 5(a)–(c) show the
normal electric field components Ez , the tangential electric
field components Ey and the total energy distribution of the
calculation results for electromagnetic waves at wavelength
0.935 μm for the double-layer metal hole arrays in the y–z
plane, respectively. As is known [7, 8] the surface plasmon
mode originates from the well-recognized surface plasmon
structure-factor-induced resonance effect. The positive and
negative charge densities (labeled with + and −) as measured
by the normal electric field Ez can extend to the metal regions
between the holes in figure 5(a). As can be seen the signs of
charge densities at one long edge of the rectangular hole are
opposite to those at the other long edge for every metal–air
interface, which is similar to that of figure 4(a). However,
for each layer, charge density signs at the input side and the
output side are the same. Coupling of the surface charges at the
region between the two layers can be observed. Additionally,
the Ez intensity at the input side of the double-layer arrays
is larger than that at the output side. We obtained a periodic
distribution of surface charges (labeled with + and −) and
such a distribution is consistent with the local charge dipole
oscillations that establish a standing wave resonance (labeled
with → and ←) along the y direction inside the rectangular
air holes for both layers. The local charge dipole oscillation
is also revealed from the tangential electric field component
Ey . For the first layer, Ey is positive inside the holes near
the entrance interface, while it is negative at the exit side.
Instructive coupling of the surface plasmon with different signs
is expected. The electromagnetic energy simulated result
shown in figure 5(c) is that the total energy is mostly located
around both ends of each hole for the first layer. However,
for the second layer, energy is concentrated inside the hole
region. As a result, the wave can propagate from the first film
to the second film due to the surface plasmon resonance, which
is different from the self-guiding effect for the waveguide
resonance.

Generally speaking, the surface plasmon is generated
from the interaction between the surface charge oscillation
and the electromagnetic field of the light. It is mainly a
longitudinal, compressive electronic density wave, propagating
along the metal surface (the y direction) following a certain
dispersion [21, 22]. The surface plasmon resonance coupling
light into and out of the holes enhances the field at two ends
of each hole in the double-layer gold hole arrays. Therefore,

the surface plasmon resonance plays an important role in
transmission enhancement through the sub-wavelength hole
arrays. Additionally, in this paper, we observe that the surface
plasmon (Ey) is mostly concentrated inside the holes, which is
different from the general surface plasmon.

4. Conclusions

In conclusion, we have investigated the optical transmission
properties of the double-layer gold nanohole arrays. We
have clearly shown the two different resonance tunnels by
using double-layer gold nanohole arrays. The mechanism
of the transmission is mainly attributed to two reasons as
follows: one is the localized waveguide resonance and the
other is the surface plasmon resonance. The corresponding
field distributions and energy distributions are also presented
for a better understanding of how the light wave passes through
the holes. When light transmits from one metal–film nanohole
array to another, the energy transporting behaviors of the
two resonance modes are different: one is light self-guiding
transport behavior through the air gap, while the other one is
dipole oscillation transporting behavior through the air gap.
The good band-pass transmission property can be applied in
device designs such as a metal filter.
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