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We investigate the relationship between the transmission and the layer distance of double-layer gold slit arrays by

using the finite-difference time-domain method. The results show that the transmission properties can be influenced

strongly by layer distance.

We attribute the two types of resonant modes to surface plasmon resonance and the

localised waveguide resonance. We find that the localised waveguide transmission peak redshifts and becomes broader

with increasing layer distance D. We also describe and explain the splitting, shift, and degeneration of the surface

plasmon resonant transmission peak theoretically. In addition, to clarify the physical mechanism of the transmission

behaviours, we analyse the distributions of electric field and total energy for the three transmission peaks with distance

D = 45 nm for the double-layer system. Light transporting behaviours are mostly concentrated in the region of the

slits as well as the interspaces of the two layers, and for different resonant wavelengths the electric field and energy

distributions are different. It is expected that the results obtained here will be helpful for designing subwavelength

metallic grating devices.
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1. Introduction

A phenomenon known as extraordinary optical
transmission, in which a thin metal film perforated
with an array of subwavelength-sized slits can trans-
mit much more light than expected, was first re-
ported by Ebbesen et al. in a famous paper.l!! In
this phenomenon the transmitted fraction of the inci-
dent light can exceed the open fraction of the array
for certain wavelengths. The underlying mechanism
for the transmission itself is intricate and merits sci-
entific attention. Pioneering attempts to understand
enhanced transmission pointed out surface plasmon
polariton modes as responsible for the phenomenon.
More generally, it has been shown that this behaviour
occurs whenever two surface modes are coupled be-
tween themselves and weakly coupled to a continuum
allowing a Fano-like description of the process.'—3!
Other explanations about the experiments of Ebbe-
sen et al. have been presented, such as the localised
waveguide resonances and the shape resonance de-

pendent on the hole geometric shape, Fabry—Pérot-
like guided-mode resonance of coupled-surface plas-
mon polarition (SPP) modes.[*5! In an attempt to un-
derstand the underlying physical mechanisms better,
many aspects of the structure have been studied in-
cluding the arrangement of the subwavelength holes,
the thickness of the metal film, the polarization of
the incident light, the symmetry and the nonlinear-
ity of the whole structure.[':2:6=8] In addition, various
complicated hole array structures have been proposed
for even better light transmission efficiency.®='" The
enhancement phenomenon has been widely studied
partly due to the potential applications of the large

transmission for one layer system.['?l

Double-layer
metallic subwavelength structures are investigated re-
cently, these works focused on the effects of the lateral
alignments of the slits between the two metal layers
theoretically and experimentally.[!3:14]

In this paper, we show transmission behaviours of
a double-layer metal structure composed of two single

metallic slit arrays mainly focused on the distance be-
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tween the two metal layers, assuming perfectly aligned
slits. In the investigated wavelength range, we find
We at-
tribute the two types of resonance modes to surface

two types of transmission resonance peaks.

plasmon resonance and the localised waveguide reso-
nance. We find that the localised waveguide trans-
mission peak redshifts and becomes broader with in-
creasing layer distance D. Moreover, we investigated
other transmission properties, such as the increase of
D, surface plasmon resonance peak’s splitting, degen-
eration and decrease. In addition, we simulate the
spatial distributions of electric field and the total en-
ergy distributions at resonance wavelength in such a
kind of structures, and we describe and explain the

simulation results briefly.

2. Theory

The transmission spectra and the time-dependent
near fields of the metal film are numerically calcu-
lated by applying a two-dimensional finite-difference
time-domain (FDTD) method. The incorporation of
Maxwell equations into Yee’s FDTD scheme follows
instructions given in Ref. [15].

The space grid is composed of 100x700 cells in
y and z directions respectively. The size of the lat-
tice is @ x 7a, where a = 750 nm. Periodic boundary
conditions are applied to the top and bottom of this
unit cell. To terminate the FDTD lattice on the left
and right sides of the metal films, we have employed
the perfectly matched layer (PML) approach, which
involves surrounding the computational cell with a
medium that in theory absorbs without any reflection
electromagnetic waves at all frequencies and angles of
incidence. This approach is proposed by Berenger in
1994.016] Light propagation in the metal is described
by Maxwell’s equations that are coupled to an equa-
tion for the light-induced oscillations of quasi-free elec-
trons in the metal (Drude model)
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where E and H are the electric and magnetic field
vectors, respectively. J is a current density (A/cm?)
corresponding to the time derivative J = 0P/t of
the metal polarization. Outside the metal film J = 0.
The parameter € is the relative dielectric constant,

with ¢ = 1 for the air, g is the permittivity of the
vacuum, wy, is the plasma frequency of the metal and
v is a damping rate characterizing ohmic absorption
losses. Both parameters are related to the complex

relative dielectric function of the metal &, by

w2
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where w is the angular frequency of the incident wave,

for gold, wp, = 1.374x 1010 s=1 v = 4.08 x 103 s~ 1.[17]

3. Results and discussion

Using the FDTD method, we calculate the trans-
missions of the double-layer gold films perforated with
slits of a width b = 132 nm. The film is infinite in the x
direction, and the thickness of each film is h = 320 nm;
in addition, the lattice constant is ag = 750 nm. The
schematic is shown in Fig. 1.
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Fig. 1. Schematic illustration of the double-layer metal
slit arrays structure. The y — z cross section of the com-
putational domain consisting of a single unit cell of the
double-layer slit arrays. A normal incident light wave po-
larised along the y direction illuminates the arrays along
the z direction. Periodic boundary conditions are imposed
on surfaces perpendicular to the gold film, while perfect
matched layers are imposed at the left and right surfaces.

A y-polarised Gaussian pulse is propagating in z
direction and illuminates the metal films at normal
incidence (see Fig. 1). In addition, periodic boundary
conditions are imposed on the surfaces perpendicular
to every gold film. Perfect matched layers are imposed
at the left and right surfaces of the lattice.

As double-layer slit arrays contain two identical
single-layer arrays, it is necessary to investigate the
electromagnetic transmission property in single-layer
array first. Single-layer array has been well investi-
gated and the results reveal that the periodicity and
thickness influence mainly the wavelength of extraor-
dinary transmission peak, and the slit width influ-
ences mainly the amplitude and width of transmission
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peak.['8=2% By changing these parameters, many in-
teresting phenomena have been discovered and some
important applications have been found.29=22] To re-
veal the physical mechanisms behind the extraordi-
nary optical transmission, here, the transmission spec-
tra of single-layer array is investigated for different
film thickness h ranging from 100 to 640 nm, to find
the dependence of the wavelength of the transmission
peak on the thickness h. The investigation of single-
layer array could provide the useful information for
understanding the enhanced transmission behaviours
in double-layer slit arrays. Throughout the paper,
we fix the lattice constant a = ag and the slit width
b =132 nm.

Figure 2 shows the normalised transmission for
the single-layer gold film perforated with slits for dif-
ferent film thicknesses. When h = 100 nm, only one
When h is
greater than 390 nm, the second extraordinary trans-

extraordinary transmission peak exists.

mission peak appears in the shorter wavelength re-
gion near the period 750 nm, with a narrower spectral
width than that of the long wavelength transmission
peak. From the pictures we can find that the po-
sitions of the peaks are affected by the thickness of
It is found that all peaks
Moreover, we can also obtain

the gold film obviously.
undergo a redshift.
that the resonance peak magnitude increases, and
the resonance peak width becomes broader while the
redshift happens. We attribute the short wavelength
transmission peak to the surface plasmon resonance
and the long wavelength transmission to the localised

waveguide resonance. With increasing thickness of
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Fig. 2. Normal incident transmission of a lattice of the
single-layer gold film perforated with slits with the thick-
ness h ranging from 100 to 640 nm, curve a: h = 100,
curve b: h = 160, curve c: h = 320, curve d: h = 400,
curve e h = 500, and curve f: h = 640 nm.

single-layer gold slit array, higher-order modes can
also be supported, so more transmission peaks appear
which have the very similar properties with the zeroth-
order mode.

Figure 3 shows the curve of normalised trans-
mission versus wavelength for different layer distance
D between the two metal films with thickness h =
320 nm. The following discussions are limited to the
case of D < 300 nm. When D is zero, the double-
layer structure can be treated as a thickened one layer
gold film and the corresponding transmission spec-
trum shows two resonance peaks as shown in Fig. 3(a),
similar to that of the one layer system. As D in-
creases, the short wavelength transmission peak (the
surface plasmon resonance) splits dramatically into
two as shown in Fig. 3(b). If D increases further,
the splitted resonance modes move towards each other
gradually as shown in Figs. 3(c) and 3(d). When D is
about 165 nm, we can find that the two splitted trans-
mission peaks degenerate into a single one as shown
in Fig. 3(e).
more, the degenerate transmission peak does not move

Additionally, when D increases further

any more, but its magnitude becomes smaller and
smaller, which may be explained by that the two sin-
gle layer gold slit arrays have almost decoupled at too
large D.
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Fig. 3. Normalised transmission through the double-layer
metal slit arrays for different layer spacing ranging from
0 to 0.4a, curve a: D = 0, curve b: D = 45, curve c:
D =75, curve d: D = 180, curve e: D = 217.5, and curve
f: D =300 nm.

From Fig. 3, we can also see clearly that the
transmission peak at a long wavelength (the localised
waveguide resonance) has a wide band existing in
all lines of these pictures. It becomes broader and
broader and redshifts with increasing D. This reso-

nance wavelength is always independent of the peri-
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odicity, where each air slit can be considered as a trun-
cated waveguide with metal walls and the two sides of
it open to free space, while the truncated waveguide
forms a low-@Q (quality factor) cavity resonator.

From Figs. 2 and 3, what can be obtained is that
the film thickness h and the layer distance D affects
the transmission spectra dramatically. In the follow-
ing, we present the electric field and total energy dis-
tributions of the three transmission peaks at thickness
h = 320 nm for both films, and the layer distance
D = 45 nm (as shown in Fig. 3(b)).

The surface plasmon polariton Bloch waves are
known existing in the spatial periodic hole array in a
metal film. With the normal incidence of an external
excitation light, the wave vector of an excited surface
plasmon Bloch wave can be written as

2 27
Ksp :pfuw +QTuya (3)

where u, and u, are the unit reciprocal lattice vec-
tors of the periodic hole array, L is its period, and
p and ¢ are integer numbers determining the surface
plasmon waves propagation direction.® Moreover, the
low-order [i.e., (p,q) = (£1,0) or (0,£1)] Bloch waves
have been shown to play very important roles in the
extraordinary optical transmission.>?¢] Notice that
the wave vector of the excited surface plasmon Bloch
waves is determined totally by the period of the hole
array, as shown in Eq. (1). Due to the symmetry along
the z direction, double-resonance phenomenon will ap-
pear in this structure, i.e., identical Bloch waves will
be excited on the two metal-air surfaces of the metal
film, and they will attenuates exponentially with in-
creasing distance between the metal surfaces.[®l When
the two layers of the gold slit arrays are placed closely,
the surface plasmon Bloch waves excited in these lay-
ers couple with each other, consequently, a change of
the transmission spectrum is expected.

In Figs. 4(a), 4(b), and 4(c), we can see the nor-
mal electric field E,, the tangential electric field E,
and the total energy distribution of the first transmis-
sion peak at a centre wavelength 969 nm (as shown in
Fig. 3(b)). For each layer, the surface plasmon on one
of the two metal-air surfaces interacts strongly with
the other one which is localised on the other metal—
air surface so that a ‘repulsion of the levels’ occurs,27)
the tangential electric field component E, is concen-
trated at both ends of the slit of each layer, which can
be seen in Fig. 4(a). While Fig. 4(b) shows that the
normal electric field component E, mostly localised at
the metal edge of the silt, distributes along the metal

film, and decays into the air. At a location inside the
gap between the two layers from the output side of the
first layer and the input surface of the second layer,
there appear opposite charge signs, and they decouple
to each other inside the air gap. As a result, the en-
ergy is found mostly localised inside the slit region in
Fig. 4(c).
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Fig. 4. The y—z cross section for the amplitude evaluated
at the resonant wavelength 969 nm of (a) the tangential
electric field component Ey, (b) the normal electric field
component E., and (c) the total energy distribution of the
electromagnetic waves. The layer distance is D = 45 nm.

Figures 5(a), 5(b), and 5(c) show the y — z cross
section for the amplitude evaluated for the second
transmission peak at the resonant wavelength 1323 nm
(as shown in Fig. 3(b)) of the tangential electric field
component E,, the normal electric field component
E., and the total energy distribution of the electro-
magnetic waves respectively. From Fig. 5(a) we can
see that the tangential electric field component E, is
concentrated inside the slit, however it is localised at
both ends of the slit in the second layer. We can find
the normal electric field component E, at the metal
edge of the slit in Fig. 5(b), particularly, the strength
of the normal electric field component E. inside the
It is
related to the surface charges constructively coupling.

gap between the two layers is much stronger.

Additionally, we can see that the total energy is dis-
tributed both inside the slit and the air gap of the two
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layers in Fig. 5(c).

OF 1

Fig. 5. The y—z cross section for the amplitude evaluated
at the resonant wavelength 1323 nm of (a) the tangential
electric field component E, (b), the normal electric field
component E, and (c) the total energy distribution of the
electromagnetic waves. The layer distance is D = 45 nm.

Figures 6(a), 6(b), and 6(c) show respectively the
tangential electric field E,, the normal electric field
E, and the total energy distribution of the third high
transmission peak at 2826 nm (as shown in Fig. 3(b)).
The normal electric field component E, as shown in
Fig. 6(b) is seen to be concentrated around the metal
region along the metal edges of the first layer. It be-
haves as positive or negative surface charges extending
to the metal region of metal-air surface between slits
periodically. Such a distribution is consistent with the
local charge dipole oscillation in y direction. These
dipoles are flanged by opposite surface charges and
these periodic charges establish a standing wave reso-
nance in the air slit region. As a result, we can see the
tangential electric field component E, that is mostly
concentrated in the slit region decaying exponentially
away into air along —z and z direction in Fig. 6(a).
Energy transport leads to a self-guiding behaviour/2®!
in the gap for a localised waveguide resonance mode.
The self-guiding mode will be influenced by the varia-
tion of the gap width, when the two layers are set close
to each other, we can see the total energy distribu-
tion as shown in Fig. 6(c). If the gap is large enough
(D > 300 nm), explained by the effective medium

theory,[??! the double-layer system may be viewed as
a multiple Fabry—Perot cavity, it will be discussed in
the following works.
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Fig. 6. The y—z cross section for the amplitude evaluated
at the resonant wavelength 2826 nm of (a) the tangential
electric field component E,, (b) the normal electric field ¢
component E,, and (c) the total energy distribution of the
electromagnetic waves. The layer distance is D = 45 nm.

From Figs. 4 and 5, we can obtain that at the
output surface of the first layer and the input surface
of the second layer the surface plasmon modes can
be supported respectively. When the two slit arrays
are put close to each other, the two surface plasmon
modes will couple each other. The coupled mode will
propagate parallel to metal surface inside the air gap
between the two layers. As a result of this coupling ef-
fect, the electromagnetic wave from the first layer can
tunnel into the second one through the gap. With the
decrease in layer distance D, the coupling of the sur-
face plasmon modes becomes stronger, which results
in the splitting of the transmission peak. In addition,
the coupling may be associated with the diffracted
evanescent waves. It has been proposed that the elec-
tromagnetic radiation propagation behaviour in the
subwavelength slits can also be influenced by the inter-
action of evanescent wave.[%) Since the energy trans-
ports in the gap between the two films following a
self-guiding behaviour, when the gap becomes larger,
the resonance energy gets lower, so the centre wave-
length of the localized waveguide resonance transmis-
sion peak redshifts (as shown in Fig. 3), corresponding
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electric fields are shown in Fig. 6.

4. Conclusions

In conclusion, we have investigated the optical
transmission properties of the double-layer gold slit
arrays with changing the layer distance by using an
FDTD method. Two types of resonance modes ap-
pear in the calculated spectra with increasing layer
distance. It is found that the longer wavelength trans-

mission peak redshifts and becomes broader, which is
associated with the localised waveguide resonance. We
also describe the peak shift, splitting and degenerat-
ing of the short wavelength resonance mode which is
mostly related to the surface plasmon resonance. The
corresponding electric field and total energy distribu-
tions at a certain layer distance are presented for bet-
ter understanding the transmission mechanism. The
results obtained in this paper may provide a useful
guide to design metallic slit grating devices.
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