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We present the numerical investigation of the optical transmission through a periodic gold nano-slit
structure composed with two non-identical layers, and compare it with that of double-layer structure with
two identical layers. The optical enhancement is attributed to the surface Plasmon resonance collaborated
with the localized waveguide resonance. It is shown that the transmission behaviors are strongly dependent
on the layer separation and lateral displacement between the two single metallic gratings. Especially, it is

g?; beerfilz: er gold film found that extraordinary transmission exists even if the slit of one layer shifts laterally over that of the other
Slit wi dthy 8 one to the situation that no light can propagate directly when layer separation D = 0. When the slit widths of

two layers are not equal, the surface plasmon resonance peak alternately decreases and increases twice, and
the localized waveguide resonance peak appears at a longer wavelength as the lateral displacement varies
for a non-zero layer separation, which differs from the situation with two identical layers. These
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transmission properties of the structures show promise for applications in optical devices.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The enhanced optical transmission through metal films with periodic
sub-wavelength holes was found firstly by Ebbesen in 1998 [1], which
has aroused a considerable interest due to its possible numerous
applications in optics such as frequency selection and photolithography
[2-5], and so on. It is found that the enhanced optical transmission
through periodic metal hole arrays originates from the resonance of
surface Plasmon mode, which is a surface wave generated by the
interaction between the surface charge oscillation and the electromag-
netic field of the light. The enhancement also depends on the array
geometry (diameter, periodicity, and thickness of the metal film), light
wavelength, angle of incidence, as well as material of a film [6-10]. For
periodic slit arrays, Porto et al. [11], who base their arguments on the
transfer matrix formalism claim that surface plasmon excitation
enhances the efficiency. However, Treacy [12] uses a rigorous dynamical
diffraction model to compute the transmission of light through slit arrays
in metallic films, and he does not attribute any specific role to surface
plasmon excitations, emphasizing the cooperation between evanescent
and guided modes in determining the overall transmission efficiency of
the slit array. Enhanced optical transmission studies have been focused
traditionally on single-layer structures [13]. It is until quite recently when
studies of multilayer hole and slit arrays have gained more attention.
Transmission through double-layer smooth surfaces [14,15], hole and slit
arrays [15-18] with different shapes and dimensions has been
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investigated. These systems are always consisted of two identical single
layers; however, double-layer structures with slit width of one layer
different from that of the other layer are seldom investigated.

In this paper we present a double-layer structure composed of two
non-identical single layers with periodic nano-slits, and simulations for
structure with two identical layers are included as base lines to compare
the results to. In the structure with non-identical single layers, slit width
of one layer is different from that of the other one. Transmissions of the
double-layer metal slit arrays for both situations are investigated as the
layer separation and lateral displacement vary. The underlying trans-
mission mechanisms are attributed to the collaboration of the surface
plasmon resonance and the localized waveguide resonance. Transmis-
sion peaks of both resonances behave differently along with lateral
displacement varying for different layer separations, and the related
electric field distributions simulated at the resonance wavelengths are
helpful to understand the physical mechanism.

2. Theory
The propagation of the light in the metal is described by the Maxwell

equations which are coupled with the oscillations of quasifree electrons
in the metal as follows:
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where E andH are the electric and magnetic field vectors, respectively.
Jis the current density (A/cm?) and equal to the time derivative of the
metal polarization, i.e. ] = 0P/ dt, & and i are the permittivity and
magnetic permeability of the vacuum, respectively.

Calculations are performed using the finite-difference time-
domain (FDTD) method [19,20], which solves Maxwell's equations
by discretizing both time and space and by replacing derivatives with
finite differences. The structures are irradiated normally by a TM-
polarized plane wave pulse (Ey, Ez, Hx #0). The spectrum width of
this pulse can cover the range desired in the calculation. The temporal
response of the structure is saved after calculation. Through a simple
Fourier transform, the transmission spectra of the structure can be
obtained.

The dielectric constant of Au metallic grating is described by the
Drude model [21]:
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where @, is the plasma frequency and v is the collision frequency,
related to energy loss. The parameters used in the Drude model for Au
are ®,=1.374x10'® s~ ' and y=4.08 x 10" s, taken from Ref. [22].
It is well known that at the metal-dielectric interface, the surface
plasmon mode obeys the following dispersion relation:
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where kg is the wave vector of the incident light and &, and &, are the
permittivities of the metal and the dielectric, respectively. And in a
metal film with periodic slit array, the interaction between light and
the surface plasmon polariton obeys momentum and energy
conservation given by [1]:

[kgpp| = lkosind + jG, | (6)

where |T<spp| is the wave vector of the surface plasmon polariton,
ko sin¢ is the in-plane component of the incident wave vector, G, is
the reciprocal lattice vector which for a slit array has the value
\5y | = 2m/p, pis the lattice periodicity and j is integer. This equation
can be used to analytically predict the approximate excitation
frequencies at which the incoming light couples to the surface
plasmon polaritons on a double layer slit array via grating coupling.
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Fig. 1. yz cross section of the computational domain consisting of a single unit cell of the
double-layer slit arrays. A normal incident light wave polarized along y direction
illuminates the arrays along z direction. Periodic boundary conditions are imposed on
the surfaces perpendicular to the gold films, while perfect matched layers are imposed
at the left and right surfaces.
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Fig. 2. Normalized transmission through the double-layer metal slit arrays for different
layer separations ranging from 0 to 270 nm in step of 45 nm for the structure with two
identical layers (a=b=150 nm) shown in (a) and with two non-identical layers
(a=150 nm, b=50 nm) shown in (b).

3. Results and discussion

Many researchers show that the enhanced transmission is
attributed to the surface plasmon resonance arising from the surface
periodicity [11,23], and should be independent of hole shape. Klein et
al. [24] demonstrated experimentally that there is strong influence of
hole shape on the enhanced transmission. Recently Z.C. Ruan and M.
Qiu [25] investigated the property of the resonance by analyzing the
electromagnetic band structures in the structured metal film. They
showed that the enhanced transmission through metallic film with a
periodic array of sub-wavelength holes results from two different
resonances: (i) localized waveguide resonances where each air hole
can be considered as a section of metallic waveguide with both ends
open to free space, forming a low-quality-factor resonator, and (ii)
well-recognized surface plasmon resonances due to the periodicity. In
addition, we proved previously that, for the double-layer structure
with two identical single layers, there are two such resonances, and as
the periodicity increases the surface plasmon resonance peak varies
obviously, but the localized waveguide resonance is nearly indepen-
dent on it [16]. The transmission spectrum of the periodic metal slit
array behaves similarly to that of the periodic hole array. For a
periodic metal slit array, the two extraordinary transmission peaks
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Fig. 3. Transmission spectra for lateral displacement varying from ¢=0 to c=200 nm
in step of 25 nm of the double-layer structure with two identical layers a=b =150 nm
and layer separation D=0.

can also be attributed to the surface plasmon resonance and the
localized waveguide resonace. In this paper, we study double-layer
structure composed of two non-identical layers of gold slit arrays
basing on structure with two identical layers. And both resonance
modes are modified by the coupling between the layers.

As depicted in Fig. 1 the structure lies on the yz plane and consists of
two single layers of gold nano-slit arrays. Dielectric medium filling in the
slits and surrounding the structure is air. The incoming wave is
considered to be normal to the structure with the E field polarized
along the y axis. The thickness of each layer h=300 nm, the lattice
parameter p =750 nm are kept constant in all the simulations. The slit
widths of the two layers are noted as a and b, respectively. c is the lateral
displacement, which is the distance of the slit center of the first layer to
that of the second layer in y direction, and D is the layer separation.
Transmission spectra and electric fields inside and near the metal films
are simulated using the FDTD method. Periodic boundary conditions are
imposed on the top and bottom boundary surfaces perpendicular to the
gold film, while at the left and right surfaces of the lattice, it is attached
by the perfect matched layers (PML), which associate with an approach
involving a medium that in theory absorbs electromagnetic waves
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Fig. 4. Transmission spectra for lateral displacement varying from ¢=0 to c=200 nm
in step of 25 nm of the double-layer structure with slit width a =150 nm of the first
layer, b= 50 nm of the second layer, and layer separation D =0.

without any reflection at all frequencies and angles of incidence
proposed by Berenger in 1994 [26].

We now study the transmission properties when the two gold slit
arrays are set coaxially, first for the situation of two identical slit
arrays as shown in Fig. 2(a), and then for the situation of two arrays
with different slit widths as shown in Fig. 2(b). For both situations, it
can be obtained that, when D=0, the double-layer structure is
equivalent to a single layer film with a twice thickness, there are two
extraordinary transmission resonances. According to the peak posi-
tions, the shorter wavelength transmission peak is considered to be
the surface plasmon resonance induced by the periodicity, and the
longer wavelength resonance peak is associated with the localized
waveguide resonance related to the slit shape and size. At the rear
surface of the first layer and the front surface of the second layer of the
structure, the surface plasmon modes can be supported, respectively.
When the two single layers of gold slit array are put close to each
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Fig. 5. The field distributions on the yz-plane of Ez and Ey (A;;-A12) at the surface plasmon resonance wavelength A =0.9410 um, and (A1-A;) at the localized waveguide
resonance wavelength A =1.7198 um, for c=0; Ez and Ey (By;-B2) at the surface plasmon resonance wavelength A =1.3336 um, and (B,;-B,;) at the localized waveguide
resonance wavelength A =1.7439 um, for c=100 nm; and Ez and Ey (C;,-C;2) at the surface plasmon resonance wavelength A =1.3336 um, and (C;;-Cy;) at the localized
waveguide resonance wavelength A =1.7439 pm, for ¢ =200 nm with layer separation D= 0.

other, the two surface plasmon modes will couple to form a coupled
surface plasmon mode, which can propagating along the air gap, and
the electromagnetic radiation from the first layer can tunnel into the
second layer through the gap. The smaller the layer separation is, the
stronger the coupling of the surface plasmon from the two layers is
(except the D=0 situation). The strong coupling effect results in the
splitting of the surface plasmon resonance peak. In addition, the two
peaks exhibit the redshifts and blueshifts, respectively. When D is
increased to about 190 nm, the two peaks degenerate into a single
transmission peak. The wavelength of this single transmission peak

hardly changes when D further increases, while the transmittance
monotonously decreases, because the two single layers have almost
decoupled. Meanwhile, with the layer separation increasing, the
localized waveguide redshifts noticeably, and the possible reason for
the redshift of the localized waveguide mode is due to surface modes
coupling between the two layers similar to the mechanism of the
transmission peak redshift with the slit width increasing of a single
layer structure [27]. In addition, the center wavelength of the
localized waveguide resonance for structure with non-identical layers
is obviously larger than that for the structure with identical layers. In
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order to investigate and analyze conveniently, we choose the situation
D=0 and D= 195 nm where the surface plasmon resonance has only
one resonance peak.

Transmissions are calculated for the structure with both situations
composed of identical layers (a =b =150 nm) and non-identical layers
(a=150 nm, b =50 nm)) with D=0. From Figs. 3 and 4, it can be seen
that, for the case D=0, as lateral displacement c increases, transmissions
share the same trend for both structures with identical layers and non-
identical layers. It is obtained that the surface plasmon resonance peak
redshifts gradually with peak magnitude varying little along with slit
center of the second layer moving up from ¢ =0 to c= 200 nm, while for
the localized waveguide resonance peak, there is almost no change of
either the center peak wavelength or the peak shape. These phenomena
mentioned above for both types of resonances may be related to the
cavity resonance mode excited and coupling in the stepped slit. For
structure with identical films, when c increases further to 150 nm, the
surface plasnmon resonance peak and the localized waveguide resonance
peak merge with each other (as shown in Fig. 3(b)). For the structure
with two non-identical layers, the merging appears at about c=100 nm
(as shown in Fig. 4(a)). c= 150 nm for the structure with identical layers
and ¢ =100 nm for the structure with non-identical layers are situations
that the top edge of the slit of the first layer is aligned to the bottom edge
of the slit of the second layer. When slit center of the second layer moves
upwards additionally, both the surface plasmon resonance and the
localized waveguide resonance peaks decrease sharply to almost no
optical transmission (as shown in Fig. 3(b) and 4(b)), in addition, it is
found that the surface plasmon resonance peak decreases much more
sharply than that of the localized waveguide resonance one. Which may
be associated with that the excited surface plasmon on the left surface of
the first layer and that on the right surface of the second layer couples
weakly as a result of the absorption inside the thick metal.

Fig. 5 shows distributions of the electric field at the surface
plasmon resonance and localized waveguide resonance wavelengths
of the structure composed of layers with different slit widths
(a=150 nm, b=50nm) when the lateral displacement are c=0
(A11-Az2), c=100 nm (B1;-B33), and ¢ =200 nm (C;;-Cy3), respec-
tively, with D=0. The system equals to a thicker single layer grating
with slits of inconsistent width. From Fig. 5(A;1-A12), it is shown that
for the surface plasmon resonance of the structure with ¢=0, Ez
distributes at edges of the inconsistent slit, giving rise to accumulated
charges at the sharp corners, where these oscillating charges on
opposite edges of the slit behave as electric dipoles. These dipoles are
flanged by opposite surface charges and these periodic charges
establish a standing wave resonance in the slit. The local charge dipole
oscillation can also be revealed from Ey that is mostly concentrated at
both ends of slit of each layer. Ey at the joint of the two metal layers
has the same electric sign, and it is strengthened inside the inconstant
slit. For the localized waveguide resonance of the structure with c =0,
electric field distributions are shown in Fig. 5(A,1-A>). It can be seen
that besides the opposite symmetry property of the field modes,
nearly no Ez field enhancement is noticed at edges and the exit of the
inconsistent slit as shown in Fig. 5(A1), whereas it is strong for the
surface plasmon resonance as shown in Fig. 5(A11). It is known that
for each layer, each slit can be considered as a waveguide with both
ends open to the air. When the two layers of slit arrays with different
slit widths are put coaxially with layer separation D=0, the slit is
similar to a longer inconsistent waveguide. There is a wave node of Ey
in the wide slit and the narrow one along the z-direction respectively,
which can be expressed by the Febry-Perot effect [26,28,29].
Interestingly, if the slit of one layer shifts laterally over that of the
other one to the situation that no light can propagate directly with
zero layer separation enhanced field distributions can still be obtained
(as shown in Fig. 5(B;1-B>2)). Fields Ez and Ey at the surface plasmon
resonance wavelength are still strong and localized mostly at the
edges and both ends of the slit of the second layer, respectively,
corresponding to the high transmission peak as shown in the Fig. 4

(c=100 nm). At the localized waveguide resonance wavelength,
fields Ez and Ey (as shown in Fig. 5(B,;-B;;)) distribute at locations
similar to that for c = 0, which accords well to the localized waveguide
resonance peak trend along with the slit center c of the second layer
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Fig. 6. Transmission spectra for lateral displacement varying from ¢=0 to c=300 nm
in step of 25 nm of the double-layer structure with two identical layers a=b =150 nm
and layer separation D= 195 nm.
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moving as shown in Fig. 4. If the slit of the second layer shifts on to
¢ =200 nm, there are electric dipoles at the edges of the slit of the first
layer (as shown in Fig. 5(C;; and C1)) and standing waves inside this
slit (as shown in Fig. 5(Cy, and Cy3) ), however, there is no electric field
distributions absolutely at the exit of the slit in the second layer. It
means there is no transmission for the double-layer structure with
layer separation D=0, which accords well to the transmission
spectrum for c=200 nm in Fig. 4(b).

Next, we investigate the transmission of the double-layer structure
with periodic slit arrays at the layer separation D= 195 nm, there
is exactly only one degenerated transmission for the surface
plasmon resonance. In this structure the center of the first layer is
fixed at (y,z) = (0,—(D/2 + h/2)), and slit center of the second layer in
the lattice is (y,z) = (c, (D/2 + h/2)).

Fig. 6(a) and 6(b) show the transmission spectra of the double-
layer structure composed of two identical layers (a=b=150 nm)
with various lateral displacements, and the layer separation is fixed at
D=195 nm. It is shown when c is increased from 0 to 150 nm, the
transmittance of the surface plasmon resonance reduces sharply from
91.0% to 4.2%. If the slit of the second layer shift upwards further, peak
value of this resonance increases inversely. When the slit center of the
second layer shifts to c=200 nm, the transmittance rises back to 90%.
When c is larger than 200 nm, such a single transmission peak splits
into two separate peaks, and the separation becomes greater as ¢
increases (as shown in Fig. 6(c)) which accords to the results of ref.
[18] well. The surface plasmon resonance peak is modulated by the
lateral displacement obviously; however, the localized waveguide
resonance peak is nearly independent on it. In addition, there is
almost no shift for center wavelengths of both types of resonances as
the lateral displacement increases.

Here we calculate the transmission spectra of the structure with two
non-identical layers at different lateral displacements from 0 to 300 nm.
Slit width of the first layer is a =150 nm and that of the second layer is
b=>50 nm. It is shown as Fig. 7(a) and (b) that with slit center of the
second layer moving up gradually, the surface plasmon resonance peak
decreases twice and increases twice. When ¢ = 100 nm, in other words,
bottom edge of the second layer aligned to top edge of the first layer, it is
clearly shown that the surface plasmon resonance peak nearly
disappears. Additionally, peak value of the surface plasmon resonance
increases continuously as c increases further at a range c¢>100 nm.
While the localized waveguide resonance peak changes and moves
insignificantly in the whole process of ¢ variation. When c is larger than
200 nm, the surface plasmon resonance peak splits into two separate
peaks, and the separation becomes greater as c increases (as shown in
Fig. 7(c)). In addition, compared Fig. 7(a-c) with Fig. 6(a-c), with layer
separation D =195 nm, it can be found that surface plasmon resonance
peak nearly shares the same center wavelength for both conditions for
which is mostly dependent on the periodicity and influenced insignif-
icantly by the slit width; however, center peak wavelength of the
localized waveguide resonance is longer for the structure with non-
identical layers than that with identical layers. As we know the localized
waveguide resonance is associated with the size and shape of the
waveguide, so when the slit width is varied, the resonance wavelength
will be change dependently.

Simulated results of electric field distributions at resonance
wavelengths for layer separation D=195nm are presented. Fig. 8
(A11-A12) show Ez and Ey distributions at the surface plasmon
resonance wavelength A=1.0478 um, and Fig. 8(Az1-Az2) show Ez
and Ey distributions at the localized waveguide resonance wavelength
A =4.1562 pm, respectively, for the double-layer structure with lateral
displacement ¢=0. It can be seen that the opposite symmetry

Fig. 7. Transmission spectra for lateral displacement varying from c=0 to c=300 nm
in step of 25 nm of the double-layer structure with a =150 nm, b =50 nm, and layer
separation D =195 nm.
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Fig. 8. The field distributions on the yz-plane of Ez and Ey (A;;-A;,) at the surface plasmon resonance wavelength A =1.0478 um, and (A,-A,) at the localized waveguide
resonance wavelength A =4.1562 um, for c=0; Ez and Ey (B;;-B2) at the surface plasmon resonance wavelength A =1.0348 um, and (B,;-B,;) at the localized waveguide
resonance wavelength A =4.1562 pum,, for c=100 nm; and Ez and Ey (C;1-C;2) at the surface plasmon resonance wavelength A =1.0348 um, and (C,;-Cy,) at the localized
waveguide resonance wavelength A =4.1562 pm,, for c= 200 nm, respectively, with layer separation D =195 nm.

properties of the field modes which coincides with their transmission
phases for the different resonances: inside the air gap between the two
layers, Ez is decoupled for the surface plasmon resonance, however it is
intensified for the localized waveguide resonance (as shown in Fig. 8
(A11) and (Azq)). Itis noted there are two nodes inside the slit as shown
in Fig. 8(A;2), which means that Ey field is enhanced at both ends of the
slit for each layer. Moreover, electric fields of Ey at the exit of the first
layer and that at the entrance of the second layer have a uniform electric
sign, so it is strengthened inside the air gap for the surface plasmon
resonance. However, Ey is concentrated in the middle of the slit as a

wave node shown in Fig. 8(A,,) for the localized waveguide resonance.
For the double-layer structure with c=100 nm, Ez and Ey distributions
for the surface plasmon resonance for the first layer are similar to that of
the coaxial structure, however, electric intensities are very faint for the
second layer as shown in Fig. 8(B;1-B12) simulated at surface plasmon
resonance wavelength A = 1.0348 um, which leads to a tiny transmis-
sion resonance peak in Fig. 7(c =100 nm). If the slit of the second layer
shifts on to c=200 nm, there are electric dipoles at the edges of the slit
of both layers (as shown in Fig. 8(C;1)), and they constructively couple
with each other inside the air gap. Ey is distributed at both ends of slit of
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each layer, and is obviously strengthened in the slit of the second layer
(as shown in Fig. 8(C;2)), which is co-insistent with the increase of the
surface plasmon resonance peak in Fig. 7(b) for c=200 nm. For the
localized waveguide resonance, electric fields Ey and Ez show similar
distributions for c =0, c= 100 nm and c = 200 nm for the two layers (as
shown in Fig. 8(A21-Az), (B21-Byy) and (Cy1-Cyz)). It corresponds to
the invariableness of the localized waveguide resonance peak in Fig. 7.

4. Conclusions

In conclusion, the optical transmission properties of the double-layer
metallic periodic nano-slit arrays composed of two identical and non-
identical layers are studied by using FDTD method. Transmission spectra
and electric field distributions are calculated. It is found that transmis-
sions are influenced dramatically by layer separation and lateral
displacement for the two layers of the structures. The enhanced
transmissions are attributed to the surface plasmon resonance and the
localized waveguide resonance. Split, shift, decrease and increase of the
resonance peaks are discovered as the layer separation and lateral
displacement vary. It is found there are high transmission peaks though
no light can propagate directly for slits of one layer beyond exactly that of
the other layer with none separation between layers. When the slit width
symmetry of the two layers is broken, there are some modifications of the
transmission behavior. The results obtained here may prove a useful
guide to design metallic slit optical devices.
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