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We study analytically and numerically the far-field extraordinary optical transmission (EOT) through
double-layer metallic grating structures patterned with subwavelength hole arrays. In addition to EOT phe-
nomena due to the well-known surface plasmon polaritons (SPPs) on the outer surfaces such as those on a
single layer hole array, further EOT peaks are observed. The separation between the metallic layers is small
enough to allow SPPs propagating through the inner interfaces to couple and form an internal SPP, with a
different dispersion relation from the outer one and so giving rise to EOT peaks at different frequencies. We
propose a relatively simple model to predict the frequencies of those EOT peaks. Internal SPPs show certain
unique properties different from the external SPPs: they can give rise to a magnetic response and a negative
effective permeability, and the transmission of their EOT peaks increases when no direct line of sight is
allowed through the structure. All these findings may be utilized in wavelength tuning of extraordinary optical

transmission in subwavelength optics.
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I. INTRODUCTION

A surface plasmon polariton (SPP) is an electromagnetic
surface wave traveling along the interface separating a di-
electric and a metal. It is produced by the interaction of
collective oscillations of free electrons in the metal surface
with the electromagnetic wave impinging on the metal. The
first theoretical description of surface plasmons dates back to
1957 when Ritchie' predicted the existence of surface plas-
mons when he discussed the plasma losses in thin films.
However, it was in 1998, when Ebbesen et al.? published
their pioneering work about extraordinary optical transmis-
sion (EOT) through hole arrays in metallic films, when SPPs
attracted the attention of fundamental research giving rise to
the field of plasmonics. Since then, other studies have proved
the existence of EOT, mostly on single-layer metal films with
periodic hole arrays, being well accepted that the EOT
through single-layer hole arrays originates from the grating
coupling between the dispersion relation of the SPPs that
propagate along a smooth infinite metal-dielectric interface
and the momentum of the incident light taking into account
the lattice structure provided by the holes. However, this
procedure has to be considered as an approximation due to
the fact that it models the momentum of the SPPs on a hole
array using the expression of SPPs on a smooth metal-
dielectric interface, thus ignoring the effect which the holes
may have on the SPP propagation. Nevertheless the predic-
tions of this model are usually very accurate.’¢

Though theoretical modeling of multilayers was studied
by Economou’ and following experiments by Kovacs,® EOT
studies have been focused traditionally on single-layer struc-
tures. It is until quite recently when studies of multilayer
hole arrays have gained more attention. In this way, trans-
mission through double-layer smooth surfaces’ or drilled
with hole arrays with isotropic!®!! as well as anisotropic!?
shapes have been studied. Also, the electromagnetic re-
sponses of double-layer metal structures perforated with an
array of slits'>!* and near-field optical images of double-
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layer nanoparticles'> have been explored. Multilayer struc-
tures have also been studied'® showing, in addition, a left-
handed behavior when stacking subwavelength hole array
plates.!”

It is known that when two metal layers are placed closer
than the SPP attenuation length, the SPPs that propagate
along each of the two inner interfaces couple to each other,
thus creating a mode called internal SPPs whose dispersion
relation differs from the usual aforementioned dispersion re-
lation of the SPPs on a single interface. Thus, EOT peaks are
observed at frequencies different from those expected using
the model of SPPs on a single metal-dielectric interface.

In this work, we study both analytically and numerically a
structure composed of a dielectric layer sandwiched between
two metal layers nanostructured with subwavelength hole ar-
rays. Comparing our work with previous results, we empha-
size that we have developed a simple approximate model, in
analogy with the model for single-layer hole arrays, to pre-
dict analytically an approximate frequency for all the EOT
peaks coming from the excitation of SPPs on a double-layer
hole array structure. To this end, we consider, in analogy
with the model for single-layer hole arrays, the dispersion
relation of the SPPs propagating on a multilayer structure
without holes and equate it with the momentum of the inci-
dent light taking into account the periodicity of the structure
provided by the holes.

In the simulations we vary various parameters such as the
dielectric thickness and its permittivity to study its influence
in the transmission spectra. A good agreement between the
wavelengths at which EOT occur in simulations and those
expected from the calculated SPP dispersion relation via
grating coupling is found. From the dispersion relation of the
SPPs propagating on a multilayer structure without holes, it
can be seen that two types of resonances, internal and exter-
nal SPPs, are responsible for the EOT. The internal SPP reso-
nates in the inner surfaces of the metal layers, whereas the
external SPP resonates in the outer surfaces of the metal
layers.
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From a different perspective, the field of plasmonics has
been in close relation with that of metamaterials. In fact, SPP
resonances are responsible for achieving negative index of
refraction in metallic metamaterials at optical wavelengths.'®
As it will be shown, we also present that the internal SPPs
that our model predicts on a double layer hole array play a
fundamental role in achieving a negative effective perme-
ability behavior as the electromagnetic (EM) field forms a
virtual current loop between the two metallic layers. These
plasmonic resonances are thus sometimes called LC
resonances'??? and are used for achieving negative perme-
ability in metamaterials such as the fishnet.'*>* The realiza-
tion of metamaterials at optical wavelengths holds the prom-
ise for novel and exciting applications such as superlenses,”*
hyperlenses,? or cloaking devices.?

Finally, the influence of the alignment of the metallic hole
arrays on EOT is also studied. In some configurations, the
lateral displacement between the metallic hole arrays permits
no direct line of sight through the structure. Nonetheless, the
transmission remains remarkably large at resonance. The nu-
merical results show the important role of the EM field in the
transmission behavior of the SPP resonances. The structure
presented here is of significant importance to the aforemen-
tioned applications, especially at optical and terahertz radia-
tion, because smooth interfaces can be realized in the layered
structures using modern growth techniques?’ and has poten-
tial applications in subwavelength photolithography, near-
field microscopy, wavelength-tunable filters, optical modula-
tors, solar selective surfaces, and directional radiation,
among others.

The paper is structured as follows: in Sec. II the double-
layer metallic structure as well as the system used to analyti-
cally obtain the SPP dispersion relation is described. In Sec.
IIT the numerical analysis of the double-layer metallic hole
array structure is carried out. A discussion of the structure
parameters’ influence on the transmission is presented. Fi-
nally, some conclusions are given in Sec. IV.

II. DESCRIPTION AND MODEL OF THE DOUBLE-LAYER
METALLIC HOLE ARRAY

In this work we consider the role of SPPs in the transmis-
sion through a dielectric layer sandwiched between two me-
tallic hole arrays. In order to elucidate the general properties
of SPPs on a double-layer metallic hole array, we can calcu-
late the dispersion relation for the SPPs propagating on the
multilayer geometry without holes depicted in Fig. 1. The
desired dispersion relation has been previously calculated,’
but we extend it to the general case in which all the layers
have an arbitrary electric permittivity &;.

Similarly to the case of a partially filled waveguide, the
EM fields considered here are referred to as longitudinal sec-
tion magnetic (LSM,) where the subscript z refers to the
direction which is perpendicular to the interface.?® These hy-
brid modes are also named as TM,. The choice of this kind
of EM modes is simply for convenience to satisfy the bound-
ary conditions at the different interfaces. TE modes are not
considered as it is widely known that for common media,
SPPs only exist for TM polarization.?
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FIG. 1. (Color online) Geometry of a five-layer system formed
by a dielectric film (thickness d, permittivity e,) sandwiched be-
tween two metal layers (thickness &, permittivity €,,, and &,,,) and
surrounded by two semi-infinite dielectric layers (permittivities &,
and g,).

In order to derive the expressions of the EM fields we
begin by defining a proper expression for the magnetic and

electric vector potentials called A and F, respectively. It is

known?® that it is sufficient to let A have a unique component
in the direction in which the fields are desired to be TM
when deriving the field expressions that are TM to a given
direction, independently of the coordinate system. The re-

maining components of A as well as all of F are set equal to
ZEero.

As Fig. 1 shows, without loss of generality, we let the
layers be parallel to the x axis so for simplicity a one-
dimensional problem is assumed. Therefore e=g(z) depends
only on one spatial coordinate as the layers are considered
infinite in the y direction. To calculate the dispersion relation
of the structure we consider the waves propagating along the
x direction of a Cartesian coordinate system, showing no
spatial variation in the perpendicular, out-of-plane y direc-
tion. Moreover we seek solutions with an evanescent decay
in the z direction normal to the interfaces, i.e., we look for
propagating wave solutions confined to the interfaces. Hav-

ing all this in mind, A, which must satisfy the Helmholtz

equation, can be described as A=A_2=Af(z)e’#*z. The func-
tion f(z)=e*< describes the depth dependence of the EM
fields. In general, k,= = Bz—k(z)s with both plus and minus
signs admissible. However, only one value of k_ is allowed,
corresponding to the solution that approaches zero when z
— * oo, Bis called the propagation constant of the traveling
waves and corresponds to the component of the wave vector
in the direction of propagation. Once A, is found, the next
step is to find the EM field components via®

1 PA,
E,=- , H,=0, (1)
WUE IX I Z
1 0A
E,=0, H,=———, (2)
’ ’ JI
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2
E.=—j ﬁ_z2+k08 A, H.=0, (3)

WHE

where the homogeneity in the y direction (d/Jdy=0) has been
taken into account. Using the equation set (1)—(3) in all lay-
ers yields

H,=- j'l—gAe‘klzejﬁx, (4a)
M
k .
Ex:_ LAe—k]zejﬁx, (4b)
’GT,(LSOSI
B ;
E, = j———Ackizlbs (40)
WMUENE |
for z>d/2+h;
H,= —jEBe_kzzejﬁx —jECekZZejBX, (5a)
M M
k ) k )
E.=- LBe_kﬂefﬂx + LCekﬂe}Bx, (5b)
WUENE 1 WHUENE 1
2 2
E=-j A Be kel j B CekelPr (5c)
WUEGE 1 WUEYE 1

for d/12<z<d/2+h;

H,=- jéDe_k3ZejBx - jéEek3Zejﬁx, (6a)
w p«

k . k .
E.=- LDe—kszefﬁx + LEekﬂe/Bx, (6b)
WMUENE TWMEZEy

(&_ﬁ)<ﬁ+&>ek2he—k3d/z+<&

Em1 Eq/ \E1 &y Eml
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E.=—j———De /P —j Ee*%e/Pr (6c)
' WMENEy WMUENE
for —d/2<z<d/2;
H,= —jéFe_k“Zejﬁx —jéGek‘*Zejﬁx, (7a)
M 5
k . k. .
E.=- LF{W@’BX + LGek“zefﬁx, (7b)
WHEGE 2 WHEGE 2
2 2
E .= —jﬁ—Fe_k‘*zejﬁx - B GelelP* (7¢)
W MENE 2 TWMUEYE 1
for (=d/2+h)<z<-d/2; and
H,= —j'[—gHekSZejﬁx, (8a)
“
k .
E.= LHekSZe-"B)‘, (8b)
TWMENE
B ;
E. = — j———Heés%elPx (8¢)
WME)E

for z<<—(d/2+h), where k;=k,; is the component of the wave
vector perpendicular to the interface. In the central regions
the modes localized at the interfaces couple due to the fact
that the separation between the layers is small enough to
allow coupling of the evanescent fields, as can be seen in the
equations. Finally, the dispersion relation is obtained by solv-
ing the linear equation system enforcing the continuity of the
tangential EM components at every interface separating two
media which yields an implicit expression for 8 and w via

+ ﬁ) (ﬁ _ ﬁ)e—kzhe—k3d/2

€4 €1 Eml

(&Jrﬁ)(ﬁJrﬁ)ekzhek}d/er(ﬁ_

Em1 €4/ \E1 &y Emli

ﬁ)(ﬁ_ ky ) okl phadi2
Ea/ €L &y

(ﬁ _ ﬁ)(ﬁ _ ﬁ)e—k4hek3d/z + (ﬁ + E)(ﬁ + E)ek4hek3d/2

Em2 &/ \E Epp

Em2 €4/ \Ema &2

(ﬁ + ﬁ)(ﬁ _ ﬁ)e—k4he—k3d/2 + (ﬁ _ E)(ﬁ + ﬁ)ek4he—k3d/2

Em2  Ea/ \E2 Epp

For the sake of simplicity, we limit ourselves to the symmet-
ric case in which both the semi-infinite layers’ relative di-
electric constants are equal to &,=e,=¢g, and g,,;=¢€,,
=g, Where Cr stands for chromium modeled with a Drude
dispersion.® The results presented here are easily extensible
for other types of metal.

=0. 9

Em2 €4/ \Em1 €2

The SPPs dispersion relation B(w) given by Eq. (9) ac-
counts for two types of SPP modes decoupled from each
other, namely, the internal SPP and the external SPP which
propagate along the internal and the external metal-dielectric
interfaces, respectively.’

For our modeling of double layer hole arrays, we take
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FIG. 2. (Color online) Dispersion relation of SPPs at a dielectric
(d=4 nm and g;=4) sandwiched between Drude double-metal lay-
ers (h=45 nm) surrounded by air.

Eq. (9) as a starting point, as it describes the fundamentals of
SPPs in smooth double-layer metallic structure interfaces.
However, in analogy to what is done for single-layer struc-
tures, we can consider that the SPP dispersion relation on a
double-layer hole array will be similar to that obtained in the
smooth double-layer metallic structure. This procedure al-
lows us to predict analytically all the EOT peaks coming
from the excitation of both internal- and external-SPP modes
at those wavelengths at which they couple to the incoming
light via grating coupling on a double-layer hole array struc-
ture. However, this model is clearly an approximation, since
it does not take into account the effect of the holes on the
SPP dispersion relation.

In a metal film with a periodic square array of holes, the
interaction between light and the SPP obeys momentum and
energy conservation given by?

|kgppl = |k, + Gy j| = ko sin ¢ +iG, + jG,

) (10)

where |kg,,|=B(w) is the wave vector of the SPP derived
from Eq. (9), k, sin ¢ is the in-plane component of the inci-
dent wave vector, G, and G, are the reciprocal lattice vectors

where for a square array have the same value |éx|=|éy|
=2m/a, a being the lattice periodicity and i,j are both inte-
gers.

The dispersion relation given by Eq. (9), with A=45 nm,
d=4 nm and g,=4, is represented in Fig. 2 in a purely real
B—w plane, thus neglecting the imaginary part of the solu-
tion which does not affect our modeling of the resonant fre-
quencies. The internal and external-SPPs dispersion curves
can be seen, with odd and even symmetric modal fields with
respect to the x axis due to the symmetry of the
structure.>”> The light lines are trivial solutions for our
problem and correspond to the case when all fields are zero.”

For large wave vectors the frequency of the SPP tends to
the characteristic SPP frequency?’
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_%p (11)

W, = /77—
p b
VEu+ &;

with g;=¢g, or g,, for internal or external SPPs, respectively.
This trend supports the interpretation of internal and external
SPP modes. In the opposite regime of short wave vectors 3
<k,, corresponding to low frequencies, the SPP propagation
constant related to internal SPPs can be described according
to the linear approximation
-12
: ] )

d+\, coth(k,h)/m

|

which is an extension of that presented in Ref. 7, where kp
=27/\,=w,/c. Regarding the external SPP curves, for the
same frequency range, they can be described by

Xt — |7ext| _ |7 Eairfm
Be | sp|_|k0| air+8m, (13)
where it has been considered that in this frequency range the
odd and even external SPPs are close enough to be repre-
sented by the same expression.

It can be seen that, as the dielectric thickness d decreases,
the internal-SPP mode lowers in frequency due to an in-
creased coupling between the SPPs at the two internal inter-
faces. On the other hand, as it is expected, the external SPP
is very close to the light line of the cladding, i.e., B'~ |I€0
which does not vary with d.

The straightforward analytical expressions (12) and (13)
can be substituted into Eq. (10) to analytically predict the
approximate excitation frequencies at which the incoming
light couples to both the internal and external SPPs on a
double layer hole array via grating coupling. As can be seen,
when applying Eq. (10), several modes (i, /) will appear for
both internal and external SPPs, accounting for all the EOT
peaks arising from SPPs in the double-layer hole array. In-
deed, this model permits a complete identification, classifi-
cation, and enumeration of such peaks.

b}

III. NUMERICAL RESULTS

Once the dispersion relation is known, we perform nu-
merical simulations by using the commercial software CST
Microwave Studio, a general-purpose EM simulator based
on the finite integration technique (FIT), to investigate the
transmission through the double-metallic layers and its de-
pendence with the parameters of the sandwiched dielectric.
As depicted in Fig. 3 the structure lies on the xy plane and
consists of a dielectric layer of variable thickness d, and
permittivity &, sandwiched between two chromium metal
layers of thickness & nanostructured with subwavelength cir-
cular hole arrays filled with air. The surrounding medium is
also considered to be air. The incoming wave is considered

to be normal to the structure with the E field polarized along
the x axis. The metal layers’ parameters e,=1, w,=6.7034
X 101 rad/s, and y=1.138 X 10"* Hz for the Drude model
are extracted from Ref. 31. The thickness of the metal A
=100 nm, the radius of the hole »=800 nm, and the lattice
parameter a=3990 nm are kept constant in all the simula-
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FIG. 3. (Color online) Schematic diagram of the double-metallic
layer hole array unit cell. The unit cell structural parameters are
labeled: period a, hole radius r, metal thickness h, and dielectric
separation d.

tions. The dielectric thickness d and permittivity e, will be
varied throughout the study. Unit cell boundary conditions
are applied for in-plane boundaries representing an infinite-
periodic structure, and open boundaries are considered in the
perpendicular direction.

The normalized transmission spectrum together with the
dispersion relation given by Eq. (9) for a dielectric thickness
d=300 nm is depicted in Fig. 4 for both (a) ;=1 and (b)
eg,=4. The predicted EOT peak frequencies calculated by
equating the matching condition given by Eq. (10) with the
full dispersion relation of Eq. (9) (solid lines) are shown for
different values of (i,j) of both internal and external SPPs.
The predicted frequencies are seen to approximately match
the simulated spectra EOT peaks (dashed lines). Agreement
between simulation and our model is not perfect, in the same
way as in a single-layer hole array, because the dispersion
relation of the SPPs used as matching condition does not
take into account the presence of the holes, which cause
scattering losses and a resonance shift. As a consequence, the
predicted resonant frequencies are slightly larger than those
obtained in simulations.* Although not indicated, the mul-
tiple small peaks seen in Fig. 4 at high frequencies can each
be accurately associated with a certain (i,j) resonance of
either internal or external SPPs.

On the other hand, the transmission minima are the result
of Wood’s anomaly.>? The dotted lines in Fig. 4 highlight the
position of Wood’s anomalies for different (i,j). It can be
seen how the expected Wood’s anomalies positions are in a
good agreement with the minima positions of the simulated
spectra.

We will now analyze in detail the features of the EM
fields in each peak and confirm their agreement with the
model. We will start by analyzing the external-SPP reso-
nances. Two main peaks for the external SPP appear in the
simulated frequency range, which correspond to the first- and
second-order transmission resonances according to Egs. (10)
and (13) when (i,)=(1,0) and (1,1), respectively. Note that,
when g,=4, the simulated spectra show two distinct separate
peaks corresponding to the odd and even symmetric (1,0)
external-SPP modes, while the dispersion relation used by
the model predicts a single hybridized frequency for both.
This is because the external SPPs on opposite interfaces ex-
perience increased coupling through the holes, which the
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FIG. 4. (Color online) Representation of the dispersion relation
(left) and the calculated normalized transmission (right) for (a) &,
=1 and (b) g,=4. In both cases d=300 nm. The solid lines repre-
sent the position at which the matching grating conditions are ful-
filled. The simulated EOT peak frequencies are shown with dashed
lines. The dotted lines highlight the expected position of Wood’s
anomalies. The subscripts + and — stand for odd and even symmetry
modes, respectively.

model does not take into account. Figure 5 shows the mode
profiles of the first-order external-SPP resonances for both
g;=1 and 4 when d=300 nm. It can be seen that the
external-SPP EM fields are located on the outer metal-air
interfaces, being particularly concentrated at the edge of the
holes. Also note that for the case g;,=4, the (1,0) external
resonances are very close in frequency to an internal reso-
nance, which explains why SPPs can also be seen in the
inner dielectric layer.

We now analyze the internal-SPP resonances. Several
EOT peaks owing to internal SPPs are seen and indicated in
Fig. 4. The EM field profiles for the first and second internal-
SPP modes are plotted in Fig. 6, both for ;=1 and 4. These
EM field patterns fully match our predictions. The EM fields
are clearly concentrated on the internal dielectric layer, as
expected for an internal-SPP resonance. Also, the different
modes (i,j) show the expected wavelike features in the
transversal direction.
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FIG. 5. (Color online) EM field distribution for even (left) and
odd (right) external-SPP resonance at xz plane for d=300 nm and
g4=1 (top) and e;,=4 (down). The arrows represent the E field; the
color scale represents |H| and points out of the page. Blue (gray)
and white colors display zero and maximum values of the amplitude
of the magnetic field, respectively. The black lines are a guide for
the eyes enclosing the metallic layers.

The internal SPPs show in general less transmission than
the external SPPs as they are concentrated inside optically
thick metallic layers which increase the attenuation due to
the absorption of the metal layer. The external SPPs peaks
show high transmission, as the EM field is concentrated at
the edges of the holes and the transmission is achieved by
tunneling through them.>3

As intuitively expected, the inner dielectric permittivity
affects the internal-SPP dispersion relation while the outer
dielectric determines the external-SPP dispersion relation. By

FIG. 6. (Color online) EM field distribution at (1,0) (top and
middle) and (1,1) (down) internal-SPP resonance for d=300 nm
and ;=1 (top) and g;=4 (middle and down). (Left) The E field is
represented by arrows; the color scale represents |H| at xz plane.
The black lines are a guide for the eyes enclosing the metallic
layers. (Right) H, distribution maps in the xy plane. Dark blue
(black), blue (gray), and white colors display minimum, zero, and
maximum values of the amplitude of the magnetic field,
respectively.

PHYSICAL REVIEW B 79, 075425 (2009)

increasing the inner dielectric permittivity, the dispersion re-
lation of the internal SPP shifts down in frequency, reducing
its slope by a factor 8111/ 2. The external SPP is unaffected by
the inner dielectric, except for some considerations which we
study later. This behavior is in good agreement with simula-
tions.

Moreover, the dielectric permittivities can be adjusted to
excite the external- and internal-SPP modes of different or-
ders (i,/) at the same frequency overlapping its transmission
maxima, as it is almost the case for the even external (1,0)
and internal (2,0) SPP modes when ,=4 [see Fig. 4(b)], thus
forming a single peak in which the resulting EM field has a
(2,0) pattern in the inner dielectric layer and a (1,0) pattern in
the claddings.

Also it should be noticed how the transmission for both
the internal and external SPPs decreases when the inner di-
electric permittivity e, differs from that of the surrounding
claddings. This behavior is similar to that of a single metal
layer when the claddings surrounding the metal are different,
so that decreased coupling of the SPP sustained in each
metal-dielectric interface is allowed giving rise to a decrease
in transmission.!6-33-34

Taking into account the subwavelength thickness of the
structure, we retrieved from the transmitted and reflected
spectra the effective constituent parameters of the structure
shown in Fig. 7 for the cases when dielectric permittivity is
g,=1 and 4 and d=300 nm. It can be seen that the retrieved
&q4r 18 negative below the first external-SPP EOT peak, while
Merr becomes negative at the internal-SPP resonances. This
magnetic negative response can be explained looking at the
current and field distribution for the internal-SPP modes. An-
tiparallel currents are excited at opposite internal metallic
interfaces, closed by an electric displacement current. Thus,
a virtual current loop (VCL) between the metallic layers on a
perpendicular plane to the incoming magnetic field will be
formed giving rise to a magnetic resonant response of nega-
tive pes ¢ If the internal-SPP resonances occur below the
external-SPP resonance, negative e.; and g coincide in
frequency and a negative effective index ngy is retrieved,
thus, achieving an EOT with a negative effective index
nature.’” This was indeed the case with our simulations. The
internal-SPP resonances have been sometimes called LC
resonances due to their analogy to a LC circuit.!”?? The
presented dispersion relation of internal SPPs is consistent
with the LC model: an increase in &, lowers the resonant
frequency, while an increase in d increases the resonant fre-
quency. From the internal-SPP dispersion curve Eq. (12) and
the matching condition Eq. (10) we can derive an expression,
similar to that presented in Ref. 20, linking the resonant fre-
quency at which an internal SPP is excited with the fre-
quency @, of the LC equivalent circuit of the VCL,

o "
ij [e¥ d+ N\, coth(kyh)/m Gyl e
(14)

Regarding the extracted parameters, the external-SPPs reso-
nances do not show magnetic response because the displace-
ment current does not form a VCL with the electric current
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as the E field is not concentrated between the plates but at
the rims of the holes (see Fig. 5), rather their effect is to
change the negative e, typical for metallic composites at
low frequencies into a positive &g, as required by the match-
ing condition between &4 and pog (Zo= 1) for a high trans-
mission peak, where w.; is known to be small and positive.
However, for the antisymmetric external SPP a magnetic re-
sponse is excited due to the fact that considerable £, remains
between the metallic layers as to build the VCL.?!

The presented relationship between the internal-SPP EOT
peaks and its resonant negative magnetic response g in
double-layer hole array is, in fact, a very appropriate way of
modeling the well-known fishnet metamaterial whose struc-
ture is fundamentally the same as that presented here.'~2* In
fact, in previous results the resonant magnetic response of
the fishnet structure was simply termed a magnetic plasmon
polariton (MPP)?*-2? without further indication of its real
physical origin. We now give this resonance a complete in-
terpretation as the (1,0) internal-SPP mode. The same is true
for higher order internal-SPPs modes usually termed high
order MPPs,2%2! which with the presented model can be
clearly identified and enumerated.

Now we will study the effect of varying the dielectric
thicknesses d as shown in Fig. 8. The transmission for the
external SPP decreases slightly as d grows.!! On the other
hand, the transmission of the internal SPP rises with d. As
predicted by the model [Egs. (12) and (13)] and confirmed
by simulations [see Fig. 8(a)], a change in the inner dielectric
thickness shifts the internal-SPP resonance while not affect-

Frequency (THz)

ing the external SPP, as it was previously stated. However, as
shown in Fig. 8(b), the external SPP shifts in frequency for
varying d if e, is different to that of the claddings. This
external-SPP frequency shift with d is not predicted by our
model, as it considers smooth metal layers without holes,
such that the external SPPs propagate entirely in the outer
metal-air interfaces and so do not depend on the inner dielec-
tric parameters. However, if one looks at the simulated EM
field distribution of the external SPPs on the real hole array
(see Fig. 5), it can be seen that the EM field is concentrated
at the edges of the holes, and so the external SPPs do interact
with the internal dielectric medium, due to its lack of holes,
leading to a downshift of their resonant frequency. The inter-
action is greater for thicker internal dielectric layers. Never-
theless, we can adjust the presented model taking this into
account by using an appropriately chosen equivalent-
permittivity &, instead of the permittivity of the claddings,
€,ir» 50 that Eq. (13) matches the simulated EOT frequencies.
In this way, the interaction of the external SPPs with the
inner dielectric due to the presence of the holes is being
introduced in our hole-free model as an equivalent outer
dielectric.'® Thus, &, will depend both on the external air
and the internal dielectric at the holes, equaling €,; in the
case of d=0, and increasing toward an average value be-
tween the cladding and dielectric permittivities as d in-
creases, as shown in Fig. 9. In that way, if e,=1, &, remains
constant and close to &,;,, S0 no resonant frequency variation
is observed with d.

Up until now we have considered the hole arrays drilled
only in the metal layers with a lack of holes in the inner
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FIG. 8. (Color online) Normalized-to-area transmittance for dif-
ferent dielectric thickness d and dielectric permittivity ;. (a) &4
=1 and (b) e;=4. The insets of both figures show the odd external-
SPP resonance. The arrows mark the position of the internal-SPP
(I-SPP) and external-SPP (E-SPP) for different resonances (i,j).

dielectric. However, in the case that the dielectric layer had
holes aligned with those in the metal layers, then the previ-
ously discussed external-SPP resonance shift with d does not
take place (not shown), suggesting that &, remains equal to
€, When holes are milled in the dielectric. The line of circles
of Fig. 9 shows this case when g;=4. This supports the in-
terpretation that the frequency dependence of the external
SPPs with the inner dielectric arises due to the external-SPP
EM fields entering the inner layers through the holes. Taking
all this into account, we conclude that the suitable value for
the equivalent-permittivity e.q, which depends on the thick-
ness d and dielectric permittivity &4, is highly determined by
the structure design and its related EM field distribution. This
behavior could be a means of tuning the external EOT peaks.

Finally, the influence of the alignment between the holes
on the spectrum transmission is also studied. The metallic
layers were displaced with respect to each other a distance of
a/m, with m ranging from 1 (perfect alignment) to 6, along
the reciprocal directions I'X and I'M of the reduced Brillouin
zone, though only the transmission spectrums achieved with

PHYSICAL REVIEW B 79, 075425 (2009)

+sd=1

16 +zd=4
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FIG. 9. (Color online) Variation of g¢q Vs d for different g,
values.

m=2, 3, and 4 are depicted in Fig. 10. We will study the case
of d=300 nm and e,=1. We find that the transmission,
which depends strongly on the alignment of the holes, re-
mains remarkably large at resonance, even though in some
configurations the displacement of the two metal layers per-
mits no direct line of sight through the structure. Moreover,
the internal-SPP resonances, not only maintain, but rather
increase their transmission compared with the aligned case
and exceed, in most of the cases, the transmission of the
external-SPP resonances, which show reduced transmission
than in the aligned case. When the lateral shift between the
two layers is close to half the grating period (m=2) a maxi-
mum transmission is reached for the internal SPPs, further
decreasing with m. This has been explained by the matching
of the Poynting vector between the layers.'® However, we
have noticed that the conclusions of Ref. 10 apply only to the
internal SPPs but not to the external SPPs, due to the low
confinement of the EM field between the layers, so the
amount of transmission for the external SPPs is practically
unaffected with the lateral displacement. Also, two additional

5
4 m=2

—_
Y
~

3

transmittance

transmittance

Normalized to area iz Normalized to area
(]

- : ; - - - 7 :
25 50 75 100 125 150
Frequency (THz)

FIG. 10. (Color online) Transmission for samples with lateral
shifts of a/2 [light blue (light gray)], a/3 [blue (gray)], and a/4
(black) respectively, between the two metal layers for d=300 nm
and g;=1 for I'X (a) and I'M (b) directions.
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peaks appear in the spectrum.!® These peaks, likewise the
ordinary EOT peaks, do not arise from neither Fabry-Perot
resonances between two metallic layers, because the dielec-
tric thickness embedded in the metal layers is much smaller
than the wavelength of resonance, nor from propagating dif-
fractive orders emerging from the metal layers by the nor-
mally incident light, because the period of the grating is
smaller than the wavelength resonance.'*

IV. CONCLUSIONS

We have obtained analytically the dispersion relation of
SPPs in a double-layer metallic structure and shown by nu-
merical analysis that light coupling to the external and inter-
nal SPPs originates EOT. A good matching between the the-
oretical and simulated resonant frequencies is observed.
Moreover, the strong influence of the sandwiched dielectric
layer parameters in the transmission resonances is presented.
These effects can be used to tune the resonant frequencies for
both the internal and external SPPs. In addition, at the
internal-SPP resonant frequencies a negative effective per-
meability is achieved as a VCL is formed between the me-

PHYSICAL REVIEW B 79, 075425 (2009)

tallic layers which can be used to design negative-index
metamaterials. The influence of the alignment between holes
was also studied. Even in the case of no direct line of sight
through the structure, the transmission remained remarkably
large at resonances. The model presented here surely facili-
tates the interpretation and design of double-layer structures.

The transmission features through double-layer subwave-
length metallic hole arrays open up a new dimension in the
design and operation of plasmonics devices. Understanding
the coupling of evanescent waves in complex double-layer
metallic hole arrays nanostructures is of fundamental interest
and practical importance in designing optical devices that
could become important building blocks in future nano-
optical systems.
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