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This review provides a perspective on the recent developments in the transmission of light through
subwavelength apertures in metal films. The main focus is on the phenomenon of extraordinary
optical transmission in periodic hole arrays, discovered over a decade ago. It is shown that surface
electromagnetic modes play a key role in the emergence of the resonant transmission. These modes
are also shown to be at the root of both the enhanced transmission and beaming of light found in
single apertures surrounded by periodic corrugations. This review describes both the theoretical and
experimental aspects of the subject. For clarity, the physical mechanisms operating in the different
structures considered are analyzed within a common theoretical framework. Several applications
based on the transmission properties of subwavelength apertures are also addressed.

DOI: 10.1103/RevModPhys.82.729 PACS number�s�: 42.79.Gn, 73.20.Mf, 42.25.Bs

CONTENTS

I. Introduction 729

A. Theoretical methods 731

II. Transmission through Single Apertures 734

A. One-dimensional aperture: Single slit 734

B. Two-dimensional single apertures 735

1. Circular holes 735

2. Rectangular holes 738

III. Transmission through Arrays of Apertures 739

A. One-dimensional periodic arrays of slits 739

1. Theoretical results 739

2. Coupled-mode analysis 741

3. Experimental results 743

B. Two-dimensional periodic arrays of holes 744

1. General results 744

2. Coupled-mode analysis 748

3. Dependence on the material properties 754

4. Size and shape dependence 755

5. Electric field enhancement and nonlinear

effects 758

6. Finite-size effects 760

7. Polarization effects 761

8. Dynamics of the EOT phenomenon 762

C. Quasiperiodic arrays 762

1. General results 762

2. Coupled-mode analysis 763

IV. Transmission through Single Apertures Flanked by

Periodic Corrugations 764
A. General results 764
B. Coupled-mode analysis 767

V. Applications 770
A. Molecular sensing and spectroscopy 771

1. SPR 771
2. Enhanced absorption 771
3. Fluorescence 772

B. Photonic devices and methods 772
VI. Conclusions and Perspectives 774

Acknowledgments 775
Appendix: Coupled-Mode Method 775

1. Periodic systems 775
2. Multiple scattering 777
3. Finite systems 777
4. Equations in Fourier space 779
5. Bound modes in holey PEC surfaces and films 779

References 780

I. INTRODUCTION

The optical properties of subwavelength apertures in
metallic films have been the focus of much research ac-
tivity around the world since the extraordinary optical
transmission �EOT� phenomenon was reported over a
decade ago �Ebbesen et al., 1998�. The aim of this paper
is to review this extensive work. We consider the funda-
mental aspects of the phenomenon by comparing experi-
mental findings with theoretical analysis. We also discuss
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several applications based on EOT that have already
been reported. Additionally, for clarity, this review pro-
vides a unified view of the transmission properties of
structures composed of subwavelength apertures by pre-
senting the results obtained within the same theoretical
framework, a coupled-mode method.

Extraordinary optical transmission is an optical phe-
nomenon in which a structure containing subwavelength
apertures in an opaque screen transmits more light than
might naively be expected on the basis of either ray op-
tics or even knowledge of the transmission through indi-
vidual apertures. The phenomenon was discovered ser-
endipitously for two-dimensional �2D� periodic arrays of
subwavelength holes in metals �Ebbesen et al., 1998�. In
the original experiments, the holes were milled in opti-
cally thick metal films and, therefore, the electromag-
netic �EM� waves could only tunnel through the aper-
tures in the transmission process. Surprisingly, such
arrays may, for certain wavelengths, exhibit transmission
efficiencies �normalized to the total area of the holes�
that exceed unity. In other words, for these wavelengths
a periodic array of subwavelength holes transmits more
light than a large macroscopic hole with the same area
as the sum of all the small holes. The surprise is com-
pounded by the fact that a single subwavelength aper-
ture generally transmits light with an efficiency that is
substantially below unity. This low transmission effi-
ciency is due to both the poor coupling of subwave-
length holes to radiative EM modes �Bethe, 1944� and
the evanescent decay of the EM fields inside the holes
�Roberts, 1987�. Clearly, in the EOT phenomenon the
holey metal film is not merely a screen that blocks the
light, but rather an active participant in the transmission
process. In physical terms, a collective response of the
periodic array of holes must occur in order to boost the
transmission. There have been different proposals re-
garding the physical origin of this collective behavior,
which will be discussed in this review. However, there is
now a wide consensus regarding the key role played by
surface EM modes in the appearance of EOT.

In order to place EOT in a historical perspective, it
must be noted that very thin metal films perforated with
2D hole arrays had been extensively studied before 1998
mainly due to their applications as selective filters �see,
e.g., Munk �2000��. Even one-dimensional �1D� mesh fil-
ters were already in use in the 19th century for micro-
waves, most notably by Bose in Calcutta �Emerson,
1997�. In the 2D case, the high-pass filtering properties
are provided by the aforementioned low transmission
efficiency for wavelengths longer than the cutoff wave-
length. The low-pass filtering arises from the redistribu-
tion of energy caused by the periodic array when a new
diffraction order begins to propagate, therefore carrying
away energy at angles different from the incident one.
More precisely, hole arrays were known to act as band-
pass filters for d����C, where �C is the hole cutoff
wavelength and d is the lattice parameter. However, the
EOT phenomenon presents three main differences with
respect to the previous work. First, the original experi-
ments were performed in the optical regime, where

there are EM modes bound to the metal surface known
as surface plasmon polaritons �SPPs�, which could play
an important role in the transmission process �SPPs
were discovered by Ritchie �1957�; for a recent review,
see Pitarke et al. �2007��. Second, the perforated films in
EOT are usually optically thick, i.e., much larger than
the skin depth of the metal. Third, the geometrical pa-
rameters defining the EOT structures were such that
�C�d��, i.e., the holes were at cutoff when EOT peaks
occurred. This is not a minor point as, combined with
the weak coupling of subwavelength holes to radiation
modes, it is responsible for the appearance of well-
defined narrow resonant peaks.

Over the years EOT has been expanded by the cre-
ation of single apertures surrounded by periodic struc-
tures to efficiently “harvest” light and subsequently
squeeze it through the apertures �Fig. 1�. The metal can
be sculpted not only on the incident surface to control
the coupling of the incident light and its scattering dy-
namics at the surface but also on the exit surface to
modify the reemission pattern emerging from the aper-
ture, leading to the beaming phenomenon �Lezec et al.,
2002�.

Interest in the EOT process arises in part because the
structures provide high contrast between the opaque
metal and the bright subwavelength aperture�s�, be
there one or many. Moreover, as shown in this review,
EOT offers the prospect of a multitude of applications
as the remarkably high transmission efficiencies and,
concomitantly, high local field enhancements can be
achieved at wavelengths that can be engineered through
the geometry of the metal surface.

Because of its link with the excitation of surface plas-
mons at corrugated metal surfaces, a general overview
of the EOT process has already been presented in recent
review articles �Barnes et al., 2003; Ozbay, 2006� or in
books �Maier, 2007� dedicated to surface plasmon pho-
tonics. There have been also some recent papers specifi-
cally devoted to describing different aspects of the EOT
phenomenon. Genet and Ebbesen �2007� aimed to
present this phenomenon and its main applications to a
general audience; the spectroscopic capabilities of holey
metal films have also been the subject of several detailed

FIG. 1. Various types of aperture structures that are consid-
ered in this review.
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reviews �Coe et al., 2006, 2008; Gordon et al., 2008; Sin-
ton et al., 2008�. On the other hand, in a very recent
Colloquium paper published in this journal, De Abajo
�2007� focused on presenting a tutorial analysis of the
interaction of light with 2D periodic arrays of holes or
metallic particles.

In this review, we give a complete and detailed over-
view of the EOT phenomenon by presenting �i� a sum-
mary of the different EOT processes emerging in 1D
and 2D structures, �ii� a compilation of the research
done in EOT from both the experimental and theoreti-
cal sides, and �iii� a unified view of all considered phe-
nomena using the same theoretical method. The struc-
ture of the paper is as follows. In the Introduction, we
present a description of the different theoretical frame-
works that have been used to study the transmission of
light through subwavelength apertures. A general over-
view of the coupled-mode method is also presented. Sec-
tion II reviews the optical properties of individual aper-
tures in order to better separate the effects due to the
periodic arrangement from those already present in iso-
lated apertures. The emergence of EOT in periodic ar-
rays of subwavelength apertures, in both 1D and 2D
structures, is discussed in Sec. III. The case of a single
subwavelength aperture surrounded by periodic corru-
gations, leading to enhanced transmission and beaming
effects, is analyzed in Sec. IV. In all those sections, we
compare theoretical analysis and the experimental re-
sults. In Sec. V, we discuss several EOT applications that
have been investigated, in particular, in the area of spec-
troscopy and molecular probes, as well as stand-alone
photonic devices. Finally, in Sec. VI, we consider the
extension of these ideas to other types of waves and
speculate about future trends. The technical details of
the coupled-mode method are presented in the Appen-
dix.

A. Theoretical methods

In what follows we summarize the theoretical ap-
proaches that have been used to study optical transmis-
sion through subwavelength apertures. Although the
equations that govern electromagnetic phenomena in
metallodielectric structures are well established �the
macroscopic Maxwell equations plus the constitutive re-
lations describing material properties�, it is a difficult
task to solve them because of the highly different length
scales present in metals. In the optical regime, important
roles are simultaneously played by the free-space wave-
length � �400–800 nm�, the skin depth of the metal �of
the order of 30 nm�, the dimensions of the scatterers
placed on the metal �tens to hundreds of nanometers�,
the typical length scale associated with their geometrical
arrangement �hundreds of nanometers to a couple of
microns�, and the device dimensions �several microns�.
Several methods have been used to compute the trans-
mission of EM fields through apertures, each one pre-
senting its own advantages and disadvantages. In gen-
eral, no computational tool is best in all circumstances.

The theoretical study of single apertures in a real
metal has been treated by a variety of methods such as
the multiple-multipole �MMP� method �Wannemacher,
2001�, Green’s dyadic method �GDM� �Colas des Francs
et al., 2005; Sepúlveda et al., 2008�, and the finite-
difference time domain �FDTD� method �Chang et al.,
2005; Popov et al., 2005�.

The first two methods are computationally demanding
�the MMP method due to the large number of multi-
poles needed in order to achieve convergence, and the
GDM due to the difficulty in evaluating the Sommerfeld
integrals involved�. The FDTD method is faster, but its
applicability is sometimes limited by the small grid sizes
needed to reproduce the rapid variations of the EM
fields at metal-dielectric interfaces. Additionally, some
technical problems due to the finite simulation window
must be overcome �for instance, the implementation of
plane-wave illumination in finite systems is not trivial�.

The theoretical analysis of the optical response of ar-
rays of apertures is greatly simplified if the arrays are
considered infinite and periodic. Then, with the help of
Bloch’s theorem, only EM fields within one unit cell
need be computed. This allows for accurate calculation
of the transmission properties of arrays of apertures us-
ing different numerical techniques:

• The rigorous coupled-wave method �RCWM� �Li,
1997�, based on the modal expansion of the fields, in
which the eigenmodes in the perforated metal film
are computed after expansion of the dielectric con-
stant in harmonics �Popov et al., 2000; Lalanne, Ro-
dier, and Hugonin, 2005�. A modification of this gen-
eral method has recently been used to also study
single apertures �Lalanne, Hugonin, and Rodier,
2005�.

• A differential method �Salomon et al., 2001�, bor-
rowed from the traditional method for analyzing me-
tallic gratings. This has been used to study extremely
thin films �metal thickness of the order of 20 nm�.

• The transfer matrix method �Pendry and MacKin-
non, 1992; Bell et al., 1995�, in which the EM fields
are discretized in space at a given frequency. This
method is computationally demanding and has only
been applied to 1D systems �Porto et al., 1999�.

• The FDTD method �Baida and Van Labeke, 2003;
Müller et al., 2004; Miyamaru and Hangyo, 2005;
Chen et al., 2008; Rodrigo et al., 2008�.

A number of approximate techniques have also been
used. One of them is based on the RCWM but considers
only a few harmonics in the expansion for the dielectric
constant of the metal �Dykhne et al., 2003; Darmanyan
et al., 2004; Kats and Nikitin, 2004; Kats et al., 2005�. The
advantages of this method are that it can be worked out
analytically and can treat resonant optical transmission
through corrugated continuous thin metal films
�Gruhlke et al., 1986; Chen et al., 2008�.

Computing the optical properties of arrays of aper-
tures beyond these two limiting cases �isolated apertures
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and infinitely periodic arrays� is much more difficult and
the calculation must, in general, be done with approxi-
mate methods. Collin and Eggimann �1961� developed a
formalism valid for extremely small circular holes
���2�r, where r is the radius of the hole� based on the
coupling of the electric and magnetic dipoles that repre-
sent the hole in this limit �Bethe, 1944�. In its original
formulation, the method could only treat holes in an
impenetrable screen of zero thickness. Recently, the ex-
tension to metal films of finite thickness has been pre-
sented �De Abajo et al., 2005; De Abajo, 2007�. Another
method, which can be considered as an extension of the
RCWM, considers the hole as a finite portion of a finite
waveguide; correspondingly, the EM fields inside the
perforated metal are expanded in terms of waveguide
modes. This modal expansion approach is not restricted
to either small holes or perfect conductors and is valid
when all distances between apertures and the thickness
of the metal film are a few times the skin depth of the
metal �i.e., when the apertures cannot interact across the
bulk of the metal�.

Application of modal expansion methods to analyze
the transmission properties of 1D or 2D gratings began
in the 1960s. One of the first studies was carried out by
Galindo and Wu �1966�, who presented numerical solu-
tions for an infinite array of rectangular holes drilled in
extremely thin metal films. In a series of papers �Chen,
1970, 1971, 1973�, Chen rigorously formulated the basic
equations for analyzing infinitely periodic 2D arrays of
circular or rectangular holes drilled in both thin and
thick films. This formulation was the basis for many nu-
merical calculations aiming to analyze the transmission
properties of metallic wire meshes �i.e., holes occupying
most of the area of the unit cell� �McPhedran and May-
stre, 1977; Bliek et al., 1980; Botten et al., 1985�.

The theoretical formalism used throughout this re-
view, called the coupled-mode method, is included in
this modal expansion category. We present here an over-
view of this method, as its derivation, notation, and,
more importantly, its range of applicability �it applies for
single apertures and both finite and infinitely periodic
arrays of apertures� are different from those in the
aforementioned references. In this section we present its
basic ingredients; in order to improve the readability, we
leave the detailed derivations for the Appendix. An im-
portant asset of the coupled-mode method is that the
same equations can deal with the physics of very differ-
ent structures. In a first approximation, the metal is
treated as a perfect electrical conductor �PEC�, i.e., �
=−�. The main advantage of this approximation is that
the EM modes inside the apertures �slits or holes� coin-
cide with the waveguide modes of the apertures, which
are known analytically for some geometries. This PEC
model is quasiexact for metals in the terahertz or micro-
wave range of the EM spectrum. Moreover, the finite
dielectric constant of metals at optical frequencies can
be approximately incorporated into the formalism using
the surface impedance boundary conditions �SIBCs�
�Landau et al., 1960�. Within this approach, the coupled-
mode method also has semiquantitative value in the op-

tical regime for good conductors such as silver or gold.
Figure 2 is a schematic of the general system under

study: a set of apertures or indentations placed on a me-
tallic film of thickness h. In this section we present the
general formalism for the 2D geometry comprising a set
of holes and/or dimples. The implementation for the 1D
case �slits and/or grooves� is straightforward. This set
can be formed by any combination of holes and/or in-
dentations. In all these structures, the system can be di-
vided into three regions. Regions I �reflection� and III
�transmission� are dielectric semispaces characterized by
positive dielectric constants �1 and �3, respectively. Re-
gion II represents the perforated metal film with a
frequency-dependent dielectric function �M���. We as-
sume that the structure is illuminated by EM plane
waves coming from region I. Nevertheless, arbitrary il-
lumination could be included straightforwardly, which is
another strength of the method.

We expand the EM fields on the eigenmodes of each
region �EM plane waves in regions I and III and wave-
guide modes inside the apertures� and match the parallel
components of the electric and magnetic fields at the
two interfaces �z=0 and h�. EM fields in regions I and
III are expanded in terms of plane waves characterized

by their parallel momentum k� and polarization �. For
the modal expansion of the EM fields within the aper-
tures, we use a compact notation, denoting as “object” 	
any waveguide EM mode considered in the expansion.
Therefore, an object is defined by �i� the indentation it
belongs to, �ii� its polarization �TM or TE modes�, and
�iii� the indices related to its spatial dependence. Finally
in the formalism, all that needs to be known are the
parallel components of the E field associated with the
corresponding waveguide mode and its propagation con-
stant qz	.

After some algebraic manipulations, we end up with a
coupled system of equations for E	 and E	� �which are
the modal amplitudes of the electric field at the input
and output sides of the apertures, respectively�:

Eα

Eβ

Eγ

Ly

Lx h
Gββγ

V
Gαα

'Eα

Iαα

ααΣΣ

FIG. 2. �Color online� Schematic representation of a unit cell
of lengths Lx and Ly containing a finite set of indentations
perforated on a metallic film of thickness h. The different
terms appearing in the set of equations �1� are also schemati-
cally depicted.
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�G		 − 
	�E	 + �
��	

G	�E� − G	
VE	� = I	,

�1�
�G��� − 
��E�� + �


��

G�
� E
� − G�
VE� = 0.

This is the basic set of linear equations that will be
used throughout to describe the transmission properties
of different structures containing subwavelength aper-
tures. Details of the derivation, as well as the math-
ematical expressions for the different magnitudes, can
be found in the Appendix. In this section we simply give
the physical meaning.

• The independent term I	 takes into account the di-
rect initial illumination over object 	.

• 
	 is related to the bouncing back and forth of the
EM fields inside object 	.

• G	
V accounts for the coupling between the EM fields

at the two sides of the aperture.

• The term G	� controls the EM coupling between ob-
jects 	 and � in region I. This “propagator” takes
into account that each point in object � emits EM
radiation, which can be “collected” by object 	. The
propagator G�
� differs from G	� only in the constitu-
ents; i.e., G�
� is a function of �3, whereas G	� de-
pends on �1.

Formally the propagator G	� can be written as

G	� = i�
k��

Yk���	�k����k����� �2�

with a similar expression for G	�� . In Eq. �2�, Yk�� is the
admittance of the plane wave: Yk�s=kz /k� and Yk�p
=�1k� /kz for s and p polarizations, respectively, with
k�=� /c=2� /� �� is the frequency and c is the speed of
light� and �k�2+kz

2=k�
2 . The overlap integral between

mode 	 and plane wave k�� is written in Eq. �2� as
�	 �k��� and its detailed expression can be found in Eq.
�A7�.

As stated above, the finite conductivity of the metal
can be incorporated into this coupled mode framework
by introducing SIBCs instead of perfect conductor
boundary conditions. Within this approximation, the set
of equations �1� is still valid but with magnitudes that
now depend on the surface impedance of the metal, ZS

=1/	�M���. Expressions for I	, G	
V, 
	, and G	� within

the SIBC approach can also be found in the Appendix.
The EM field everywhere in space can be obtained

from the modal amplitudes 
E	 ,E	��. Therefore, the
coupled-mode method reduces the computation of any
EM property to determination of the EM field distribu-
tion just at the aperture openings. This is extremely ef-
ficient, especially for subwavelength apertures when
convergence is reached quickly with the number of
waveguide modes considered. In fact, in this regime, an
accurate result for the transmittance can be achieved by
considering only the fundamental waveguide mode in-

side each aperture. For the cases of either a single aper-
ture or an infinitely periodic array, this single-mode ap-
proximation �	=0� allows a quasianalytical treatment of
the set of equations �1� that now transforms into a set of
just two linear equations:

�G − 
�E − GVE� = I ,
�3�

�G� − 
�E� − GVE = 0,

where G�G00, G��G00� , 
�
0, GV�G0
V, and I�I0.

The solution of this set of equations is

E = �G� − 
�I/D, E� = GVI/D , �4�

where the denominator D is given by

D = �G − 
��G� − 
� − �GV�2. �5�

An alternative way of finding the scattering coeffi-
cients, still within the coupled-mode framework, is by
use of the multiple-scattering technique. Here the scat-
tering coefficients of a stratified media are expressed in
terms of the scattering coefficients of isolated interfaces.
This is especially useful when surface EM modes are
involved, as they show up in the properties of the corre-
sponding interface. In all cases analyzed in this review,
the structures are formed by three layers �reflection and
transmission regions plus the perforated metal�. There-
fore, three different scattering problems involving two
semi-infinite media must be solved �see Fig. 3�.

In Fig. 3�a�, the incident plane wave coming from the
reflection region �medium I�, characterized by k�0�0 and
unit amplitude, impinges on medium II �perforated
metal�. The incoming field is reflected back into the dif-
ferent diffraction modes in medium I with amplitude �k��

12

and transmitted into object 	 of medium II with ampli-
tude �	

12. The second two-media scattering problem is
schematically shown in Fig. 3�b�: a waveguide mode 	
coming from medium II impinges at the interface with
medium III. It is reflected back at the interface into
waveguide mode � with amplitude �	�

23 and transmitted
into the different plane waves of medium III, k��, with
amplitudes �

	,k��

23 . The third scattering process is similar

I

II

00σk
�

12

σρk�

12
ατ

(a) (c)

II

III

α 23
αβρ

23

, σατ k
�

(b)

Metal I

II

Metal

21
, σατ k
�

α 21
αβρ

Metal

FIG. 3. Schematic definition of the different scattering coeffi-
cients for the EM fields at isolated interfaces dividing two
semi-infinite media. �a� A plane wave impinging from medium
I into medium II. �b� Incidence from a waveguide mode 	 in
medium II into medium III. �c� As in �b� but now the wave-
guide mode 	 is backscattered in medium II or transmitted to
medium I.
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to the previous one, but with medium III and medium I
exchanged �see Fig. 3�c��. Detailed expressions for the
two-media scattering coefficients can be found in the
Appendix.

The total transmission process can be seen as an infi-
nite sum of scattering processes involving the two inter-
faces plus light propagation inside medium II. The infi-
nite series is geometric and can be summed up, yielding
for the transmission coefficient tk��:

tk�� = �
	,�,�

�	
12e	��	��	� − �	�

21 e����
23 e��−1��,k��

23 , �6�

where e	�exp�iqz	h�, with qz	 the propagation constant
associated with mode 	.

II. TRANSMISSION THROUGH SINGLE APERTURES

A. One-dimensional aperture: Single slit

We start our review of the transmission properties of
subwavelength apertures by analyzing the simplest case:
a single 1D slit of width a perforated on a metal film of
thickness h, illuminated by a plane wave with the wave
vector lying in the x-z plane �see Fig. 4�. Since the sys-
tem presents translational symmetry along the direction
parallel to the slit, the analysis can be restricted to the
perpendicular plane where the two light polarizations �s
and p� are decoupled. For p-polarized light, the mag-
netic field is parallel to the slit �y direction� and the elec-
tric field has nonzero x and z components. For
s-polarized light, the E field is pointing to the y direction
and the H field lies in the x-z plane.

Most theoretical and experimental work has been fo-
cused on the optical response of a single slit under
p-polarized illumination. On the theoretical side, there
were several studies within the electrical engineering
community during the 1970s and 1980s �Lehman, 1970;
Hongo, 1971; Kashyap and Hamid, 1971; Neerhoff and
Mur, 1973; Auckland and Harrington, 1978; Harrington
and Auckland, 1980�. They predicted the appearance of
slit-cavity transmission resonances using different theo-
retical approaches �Fourier transforms, matrix tech-
niques, and the method of moments�. The interest in this
type of 1D structure was renewed after theoretical stud-
ies found that the EOT phenomenon also emerges in 1D

periodic arrays of slits �Schroter and Heitmann, 1998;
Porto et al., 1999�. Takakura �2001� reconsidered the ex-
istence of transmission resonances in single isolated slits
for p-polarized illumination, finding analytical expres-
sions for the total transmittance at resonance. Yang and
Sambles �2002� verified experimentally the existence of
transmission resonances in the microwave regime �see
Fig. 5�.

In what follows, we analyze the transmission of
p-polarized light through a single slit perforated on a
PEC film by means of the coupled-mode method. In this
case, the objects 	 in Eqs. �1� are the TM waveguide
modes inside the slit �the TE modes can be neglected
because they do not couple to the incident p-polarized
radiation�. The propagation constant associated with the
TM mode 	 is qz	=	k�

2 −�2	2 /a2 with 	�0. Strictly
speaking, mode 	=0 is a TEM mode �both the electric
and magnetic fields are transverse� that does not present
cutoff.

The inset of Fig. 5 shows the frequency dependence of
the normalized-to-area transmittance �transmitted
power normalized to that impinging directly at the slit
opening�, as obtained with the coupled-mode method
�Bravo-Abad, Martin-Moreno, and Garcia-Vidal, 2004�.
The calculation includes as many TM modes as needed
to achieve convergence. As in the experiment, a series of
transmission peaks dominates the spectrum, with a peak
height that decreases as the resonant frequency is in-
creased. In order to gain physical insight, we consider
the extreme subwavelength regime a��, in which a
good approximation to the final transmittance spectrum
can be obtained by considering only the TEM wave-
guide mode �	=0� inside the slit. We must then solve

a

Air (�=1)

Air (�=1)

Metalh
z

E

H

k0 x

FIG. 4. Schematic of a single slit of width a perforated on a
metal film of thickness h illuminated by p-polarized radiation.
For the case of s-polarized incident radiation, vectors E and H
are interchanged.
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FIG. 5. Transmission �in arbitrary units� as a function of fre-
quency for a single slit of width 75 �m perforated on a metal
film of thickness 28.2 mm. Inset: Normalized-to-area transmit-
tance calculated using the coupled-mode method. From Yang
and Sambles, 2002.
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Eqs. �3� where, for this particular case, the coupling term
G=G� is given by Eq. �A19�. The spectral locations of
the transmission peaks are associated with the resonant
condition of the denominator for E and E� in Eqs. �4�,
�G−
�= �GV�. After some straightforward algebra, this
condition can be rewritten as

tan k�h = 2 Re G/�G�2 − 1. �7�

In the limit of extremely narrow slits �G→0�, this last
equation predicts the appearance of transmission peaks
close to the Fabry-Perot resonance condition sin k�h
=0. This shows that cavity resonances inside the single
slit are responsible for the emergence of transmission
peaks for p-polarized light. A general expression for the
normalized-to-area transmittance at resonance Tres can
be obtained using the resonant condition �G−
�= �GV� in
the equation T=Re�GVE*E��:

Tres = �I�2/4 Im�G� . �8�

An accurate estimation for Tres can then be obtained
from Eq. �8� by taking the limit a�� in the expressions
for Im�G� given in Eq. �A19�, leading to Tres

slit=� /�a. This
analytical result predicts a linear increase of Tres with
the resonant wavelength, as observed in Fig. 5. The ana-
lytical expression for Tres was first derived by Harrington
and Auckland �1980� using a circuit model and is strictly
valid within the PEC approximation. Experiments per-
formed by Suckling et al. �2004� showed that, even at
microwave frequencies, this single linear dependence of
Tres vs � /a does not hold for very narrow slits because of
the finite conductivity of the metal. Nevertheless, in re-
cent experimental work in the terahertz regime, Seo et
al. �2009� showed that the transmittance and the corre-
sponding E-field enhancement increase monotonically
as a function of � /a for slits as narrow as 20 nm.

An interesting feature of these localized Fabry-Perot
resonances is that they are quite insensitive to the angle
of incidence when the plane of incidence is perpendicu-
lar to the slit width �Bravo-Abad, Martin-Moreno, and
Garcia-Vidal, 2004�. The case in which the plane of inci-
dence is parallel to the slit has also been analyzed �Suck-
ling et al., 2005; Gordon, 2007�. Here the spectral loca-
tions of the resonant modes strongly depend on the
angle of incidence, leading to a much richer behavior in
the transmission spectrum.

As an intermediate case between a single slit and a
periodic array of slits, the transmission of p-polarized
radiation through two slits has also been analyzed
�Schouten et al., 2005�, revisiting the famous Young
double-slit experiments. By studying the dependence of
the transmission spectra with the distance between the
slits, they observed that the SPPs launched by the two
slits could interfere �constructively or destructively�, en-
hancing or reducing the intensity of the far-field pattern.
This interference picture was further corroborated by
more sophisticated theoretical calculations �Lalanne,
Hugonin, and Rodier, 2005�.

A coupled-mode analysis can also be done when a
single slit is illuminated by s-polarized light. Now, only

the TE modes inside the slit need to be considered. Un-
like TM modes, these TE waveguide modes present cut-
off. The electromagnetic coupling between TE modes is
governed by G	� terms that, due to the different bound-
ary conditions, are different from those of the
p-polarized case. The expression in real space of the

s-polarization propagator Ĝ can be found in the Appen-
dix �see Eq. �A21��. In Fig. 6 we show the normalized-
to-area transmittance spectra for slits with the same
width a but different thicknesses. Note that, in contrast
to the p-polarized case, the transmission process is domi-
nated by the existence of a cutoff wavelength for TE
modes, �C=2a. For ���C and thick enough films, the
transmission is strongly attenuated due to the evanes-
cent character of the EM fields inside the slit. Fabry-
Perot resonances similar to those found for p-polarized
light appear in the spectrum for ���C.

The case of transmission of s-polarized plane waves
through single slits perforated in real metals �silver and
aluminum films� at optical frequencies has also been
analyzed theoretically �Schouten et al., 2003�. In a real
metal the transmissivity can be much higher than for the
PEC case due to a reduction of the cutoff wavelength.
Accompanying this boost in transmission, they discov-
ered that phase singularities in the field of power flow
may emerge near the slit.

B. Two-dimensional single apertures

1. Circular holes

Although the curiosity and technological interest in
the phenomenon of transmission of light through small
holes in an opaque screen started some centuries ago,
the first accurate treatment of the electromagnetic cou-
pling through a very small hole was presented by Bethe
�1944� in the idealized case of a zero-thickness perfect
conductor film perforated with a circular hole of radius
r. In his calculation, the screen and the aperture were

FIG. 6. �Color online� Normalized-to-area transmittance vs
wavelength �in units of the cutoff wavelength of the fundamen-
tal TE mode �C=2a� through a single slit of width a perforated
on a PEC film of different thicknesses h, ranging from h=0 to
3a. The normally incident plane wave is s polarized.
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replaced by two emitting electric and magnetic dipoles.
Bethe derived a simple expression for the normalized-
to-area transmittance in the extreme subwavelength
limit �k�r�1�:

TBe = 64�k�r�4/27�2. �9�

This equation implies that TBe scales as �r /��4, predict-
ing a rapid drop of the optical transmission as � is in-
creased. Later Bouwkamp �1950� found that the trans-
mittance could be written as a series in k�r, in which the
expression obtained by Bethe was just the first term.
Bouwkamp derived the following expression for the
normalized-to-area transmittance TBo:

TBo = TBe
1 +
22
25

�k�r�2 +
7312

18 375
�k�r�4 + O�k�r�6� .

�10�

Notice that this series seems to diverge if ��2�r.
Therefore, the expressions given by Bethe and Bou-
wkamp have limited value for the EOT phenomenon, in
which the resonant wavelength is typically two to three
times the diameter of the holes. Furthermore, TBe and
TBo were obtained for an opaque screen with negligible
thickness. A phenomenological extension of the Bethe-
Bouwkamp theory to finite thickness and larger aper-
tures was presented by Cohn �1952�. He showed that,
because of the evanescent character of the EM files in-
side the aperture, the transmission efficiency is further
attenuated for wavelengths longer than the cutoff wave-
length of the hole, which for a circular hole is �C=3.4r.
Roberts �1987� presented the first rigorous calculation of
the transmittance spectrum of a single circular hole per-
forated on a PEC film of finite thickness. Figure 7 shows
the normalized-to-area transmittance spectra obtained
with the coupled-mode method, which for an isolated
circular hole in a PEC is equivalent to the method used
by Roberts. As seen in the figure, the expressions of

Bethe and Bouwkamp �Eqs. �9� and �10�� are reasonable
approximations in the extreme subwavelength limit
�k�r�1� for h=0 but overestimate the total transmis-
sion for h�0 in all ranges of k�r. Recently, analytical
expressions for the transmittance through single sub-
wavelength holes �circular and rectangular� perforated
in PEC films of finite thickness have been provided by
Nikitin, Zueco, et al. �2008�.

The invention of the scanning near-field optical micro-
scope �SNOM� in the 1980s �Lewis et al., 1984; Pohl et
al., 1984�, and the discovery of the EOT phenomenon
�Ebbesen et al., 1998� stimulated new experimental and
theoretical studies on both the total intensity and the
spatial distribution of the light transmitted through a
small circular hole. The first accurate numerical calcula-
tion of the transmittance through a circular hole perfo-
rated in a real metal at optical frequencies was reported
by Wannemacher �2001�. Using the MMP method, Wan-
nemacher was able to predict the appearance of trans-
mission resonances in very thin silver films �50–150 nm�,
which he ascribed to SPP excitation.

The EM fields emerging from single circular subwave-
length apertures have been experimentally mapped by
raster scanning the aperture of a near-field microscope
over a molecule �Betzig and Chichester, 1993; Veerman
et al., 1999; van Hulst et al., 2000; Sick et al., 2001;
Moerland et al., 2005�. Through their dipole nature,
single molecules act as subwavelength detectors of the E
field behind the aperture. The molecular fluorescence
yields direct insight into the local EM fields: the mol-
ecule’s fluorescence intensity Ifl is related to the local
electrical field E� as Ifl� ��� ·E� �2, where �� is the transition
dipole of the molecule. As a result, the fluorescence is
not only a measure of the magnitude of the electric field
but is also sensitive to its direction with respect to the
dipole.

Experiments have also revealed that the angular dis-
tribution of the transmitted light is far from being uni-
form �Obermuller and Karrai, 1995; Degiron et al.,
2004�, making the measurement of the total transmit-
tance through an isolated hole a delicate task. This type
of measurement was presented by Degiron et al. �2004�
for circular holes milled in suspended silver films of vari-
ous thicknesses. The reported total transmission spectra
are shown in Fig. 8, demonstrating the presence of a
transmission resonance with an intensity that decreases
rapidly with increasing h. The calculated cutoff wave-
length for the considered holes is �600 nm �Moreno,
2008�; this value is larger than it would be if the hole
were in a PEC �460 nm� due to non-negligible skin
depth of silver in this frequency regime. This cutoff is
consistent with the decay of the transmittance at large h
but the observed transmission peak appears at a wave-
length longer than the cutoff wavelength. Based on mea-
surements of the spatial and spectral characteristics of
the light emission induced by a high-energy electron
beam, Degiron et al. �2004� concluded that this reso-
nance stems from the excitation of a localized surface
plasmon at the edges of the hole. In a different experi-

FIG. 7. �Color online� Normalized-to-area transmittance for a
normally incident plane wave vs k�r for a circular hole of ra-
dius r perforated on PEC films of different thicknesses h.
Dashed and dotted lines show the predictions of Eqs. �9� and
�10�, respectively. The cutoff condition of the hole waveguide,
k�r=1.85, is also depicted.
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mental study, Prikulis et al. �2004� showed that both scat-
tering and extinction spectra of optically thin gold films
perforated by subwavelength circular holes exhibit an
optical resonance in the visible range. They also as-
signed the resonance to a dipolar localized surface plas-
mon at the hole circumference.

A different physical explanation for this transmission
resonance appearing in circular holes has been reported
recently �Park et al., 2008�. Using a plasmon hybridiza-
tion approach, they argued that, when the hole is
present, extended SPPs of certain wavelengths induce a
large dipole moment across the hole in such a way that
the hole mediates a resonant coupling between these
specific SPPs and the incident plane wave.

Several theoretical investigations �Chang et al., 2005;
Popov et al., 2005� have corroborated the localized na-
ture of those transmission resonances, as suggested in
the original experiments �Degiron et al., 2004�. In par-
ticular, Popov et al. �2005� concluded that there are two
main contributions to the transmitted EM field: local-
ized surface plasmon excitation produced by the ridges
of the hole with an electric field that is almost normal to
that of the incident wave, and a much weaker radiation
from the electric dipole formed by the charge accumu-
lated at the same points. FDTD calculations �Chang et
al., 2005� indicated that the spectral position of the
transmission maximum redshifts with increasing hole di-
ameter and blueshifts with increasing film thickness.

Another set of theoretical works �Catrysse et al., 2005;
Webb and Li, 2006� has investigated the existence of
propagating waveguide modes in a cylindrical hole for
arbitrarily small diameters. These works demonstrated
that the cutoff wavelength of the hole waveguide �perfo-
rated on a metal characterized by a Drude dielectric
function� does not approach zero when the hole radius
tends to zero �as it occurs in a PEC� but to the value
	2�p, with �p the wavelength of the bulk plasmon. Note,

however, that for metals this plasmon wavelength is in
the ultraviolet regime.

Recently, using terahertz-light excitation, Adam et al.
�2008� measured the time and frequency-dependent E
field in the vicinity of subwavelength circular holes �per-
forated in a 200-nm-thick gold film deposited on a GaP
substrate�, with subwavelength spatial and subcycle tem-
poral resolution. As expected from the calculations of
Bouwkamp �1950� for a circular hole perforated through
a PEC film, the E field is highly concentrated near the
edges of the hole. Interestingly, they also reported the
emergence of a transmission resonance that is spectrally
located close to the cutoff frequency of the lowest-order
mode, the TE11 mode, calculated as if the hole were
filled with a material whose refractive index coincides
with that of the substrate. Further theoretical investiga-
tions are needed in order to reveal the physics behind
this resonance and its relation to the cutoff transmission

FIG. 8. �Color� Transmission spectra for single circular holes.
Inset: Scanning electron micrograph �SEM� image of a single
circular hole of radius r=135 nm perforated on a suspended
silver film. Main panel: Transmittance spectra for normal inci-
dent radiation for a range of film thicknesses h. Each curve is
an average of spectra obtained for several isolated holes of the
same size. From Degiron et al., 2004.

FIG. 9. �Color� Normal incidence transmission spectra of an
isolated rectangular aperture for various linear polarizations,
defined as the angle that forms the E field with the long side of
the rectangle. The thickness of the free-standing silver film is
h=700 nm and the sides of the rectangle are ax=210 nm and
ay=310 nm. From Degiron et al., 2004.

ax= 260 nm
ax= 225 nm
ax= 185 nm
ax= 145 nm
ax= 105 nm

Wavelength (nm)

FIG. 10. �Color� Transmission spectra of isolated rectangular
apertures with fixed h=300 nm and ay=270 nm with various ax
�105�ax�260 nm�, perforated through silver films. All struc-
tures are illuminated by a normal incident plane wave whose E
field points along the short side of the rectangle. From Degiron
et al., 2004.
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resonances appearing for rectangular and annular holes,
as described in Sec. II.B.2.

Apart from their transmission properties, isolated cir-
cular holes have also been studied as nanometric gen-
erators of SPPs �Sonnichsen et al., 2000; Yin et al., 2004;
Chang et al., 2005; Baudrion et al., 2008�. The holes act
as pointlike localized sources of SPPs and the coupling
efficiency can be made as large as 20% �Baudrion et al.,
2008� by a proper design of the geometrical parameters.

2. Rectangular holes

Given the large difference in the optical response of
slits under s- or p-polarized illumination, rectangles can
be expected to present strong polarization effects. The
experimental study of the optical transmission proper-
ties of a single rectangular hole was carried out by De-
giron et al. �2004�. As shown in Fig. 9, two distinct peaks
can be observed in the transmission spectra by simply
changing the polarization of the incident field with re-
spect to the long axis of the rectangle. Degiron et al.
�2004� also analyzed the dependence of the transmission
resonances with the aspect ratio of the rectangular hole.
The experiments showed that the peak height increases
and its spectral location shifts to larger wavelengths as
the ratio between the two sides of the rectangle ay /ax is
enlarged �see Fig. 10�.

In this section we also analyze theoretically the prop-
erties of a single rectangular hole of sides ax and ay per-
forated on a metallic film of thickness h �see inset of Fig.
11� using the coupled-mode method. In the first part of
this analysis the metal is treated as a PEC �Garcia-Vidal,
Moreno, et al., 2005�. Then, the effect of a finite dielec-
tric constant on the resonant transmission properties of
a single rectangular hole will be addressed �Garcia-
Vidal, Martin-Moreno, et al., 2006�. We focus on the case

of p-polarized incident radiation, with the in-plane
E-field component pointing along the x direction �short
side of the rectangle�.

Figure 11 depicts the calculated normalized-to-area
transmission spectra for rectangular holes in which the
aspect ratio �ay /ax� is varied between 1 �square hole� and
10. The thickness of the PEC film is fixed in all cases at
h=ay /3. As shown below, this is not an essential param-
eter regarding the emergence of transmission reso-
nances. As the ratio ay /ax is increased, a transmission
peak develops close to the cutoff wavelength ��C=2ay�,
with increasing maximum transmittance and decreasing
linewidth. In all cases, above cutoff the transmittance
decreases strongly with wavelength due to both the eva-
nescent decay of the EM fields inside the hole and the
poor coupling of the incident wave with the waveguide
modes in this limit. The presence of a transmission reso-
nance at �=2ay for a thin PEC film can be understood
by taking advantage of Babinet’s principle. In this limit,
the complementary system of a rectangular hole illumi-
nated by p-polarized light is a PEC rectangular stripe of
length ay in vacuum excited by an electric field pointing
along the long side of the rectangle whose dipolar reso-
nance appears precisely at ��2ay.

As in the case of a single slit, a good approximation to
the final result can be achieved by considering only the
first TE waveguide mode inside the hole. This mode has
a propagation constant qz=	k�

2 − �� /ay�2 and associated
admittance YTE=qz /k�. Within the single-mode ap-
proximation, the set of equations �3� also applies for this
case. Normalizing the incident p-polarized plane wave
such that the incoming energy flux over the hole area is
unity, we obtain for the illumination term,

I =
4i	2

�

sinc�k�ax sin �/2�
	cos �

, �11�

where � is the angle of incidence. The expression for the
self-illumination of the fundamental TE mode via
vacuum modes G can be found in the Appendix �see Eq.
�A22��. The spectral locations of the transmission reso-
nances are given by the condition �G−
�= �GV�, leading
to

tan�qzh� = 2YTE Re�G�/��G�2 − YTE
2 � . �12�

Due to the coupling to free-space modes, these reso-
nances are shifted from those predicted from the Fabry-
Perot condition tan�qzh�=0, which would arise if the op-
tical path inside the hole only were taken into account.
Equation �12� is satisfied at cutoff when qz=YTE=0.
Therefore, the physical origin of the transmission reso-
nances appearing for rectangular holes at ���C stems
from the excitation of a Fabry-Perot resonance in which
the propagation constant is zero.

Within the single-mode approximation, the only de-
pendence of the transmittance on the angle of incidence
stems from the illumination term I. Then the location of
the resonant peaks observed in Fig. 11 does not depend
on �. Moreover, in the extreme subwavelength limit
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FIG. 11. �Color online� Transmission through a single rectan-
gular hole. Inset: Schematic of a single rectangular hole of
sides ax and ay perforated through a metallic film of thickness
h. The structure is illuminated by a p-polarized plane wave.
Main panel: Normalized-to-area transmittance vs wavelength
�in units of the cutoff wavelength �C=2ay� for a normally inci-
dent p-polarized plane wave impinging on single rectangular
holes for different ratios ay /ax. The thickness of the metal film
is h=ay /3. From Garcia-Vidal, Moreno, et al., 2005.
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���ax�, the term sinc in I �see Eq. �11�� approaches 1,
yielding a simple 1/cos � dependence for the peak
heights in the normalized-to-area transmittance spectra.

An accurate analytical approximation for the trans-
mittance at resonance Tres can be obtained by making
use of the general expression for Tres given by Eq. �8�. In
the extreme subwavelength regime and using Eq. �A22�,
we obtain Im�G��32axay /3��2, leading to

Tres �
3

4�

�res
2

axay
. �13�

This expression predicts that for the transmission peak
located near the cutoff wavelength �res�2ay, Tres
��3/��ay /ax, explaining the numerical results shown in
Fig. 11, in which an almost linear increase of the peak
height versus ratio ay /ax is observed.

Additionally, even for a fixed aspect ratio ay /ax, Eq.
�13� gives us a clue for further enhancing the transmis-
sion: namely, by filling the hole with a material with di-
electric constant ��1, as this increases the cutoff wave-
length. Now, the propagation constant of the
fundamental TE mode is qz=	�k�

2 − �� /ay�2 and its cut-
off wavelength is �C=2	�ay. According to Eq. �13�, this
should lead to a linear increase of Tres with �. Note that
this increase of the transmission when the hole is filled
with material with ��1 also occurs for the case of circu-
lar or square holes �De Abajo, 2002�. Remarkably, in
rectangular holes, this mechanism acts almost indepen-
dently of the “geometric” enhancement appearing at
large aspect ratios, so Tres is proportional to both ay /ax
and �.

Associated with this resonant phenomenon, there is
an enhancement of the EM fields. A direct evaluation of
�E�2= �E��2 at the resonant condition yields

�E�res
2 = �E��res

2 = �I�2/4�Im�G��2, �14�

leading to an enhancement of the intensity of the E field
at the hole �with respect to the incident one� that scales
with �res as �res

4 / �ayax�2, much larger than the enhance-
ment in the transmittance. This implies that, in the pro-
cess of resonant transmission, light is highly concen-
trated on the entrance and exit sides of the hole and
only a small fraction of this light is finally transmitted
into the far field. Still, as we have seen the amount of
light that is finally transmitted is larger than the one
directly impinging in the hole.

Experimental verification of the existence of cutoff
transmission resonances in rectangular holes was re-
cently reported by Lee et al. �2007� in the terahertz re-
gime of the EM spectrum. They considered sets of rect-
angular holes where all holes had the same dimensions
and orientation but were randomly positioned. The
measured transmission spectra confirmed the existence
of resonances associated with the cutoff. In Fig. 12, three
representative transmission spectra are displayed that
show the predicted increase in the transmittance as the
aspect ratio of the rectangular hole is increased.

It is clear that the transmission resonances appearing
for a rectangular hole perforated on a PEC film have

strong similarities with those found experimentally by
Degiron et al. �2004� in the optical regime, in particular,
the experimentally observed increase in the transmit-
tance at resonance with increasing aspect ratio. Simula-
tions based on the coupled-mode method with the inclu-
sion of SIBCs presented a good agreement with the
experimental data and a close correspondence between
the spectral locations of the transmission peak with the
cutoff wavelength of the hole waveguide perforated on a
real metal �Garcia-Vidal, Martin-Moreno, et al., 2006�.
This cutoff wavelength is redshifted with respect to its
PEC value due to the penetration of the EM fields in-
side the metal at optical frequencies �Gordon and Brolo,
2005�.

III. TRANSMISSION THROUGH ARRAYS OF APERTURES

A. One-dimensional periodic arrays of slits

1. Theoretical results

Before the discovery of the EOT phenomenon in pe-
riodic arrays of subwavelength holes �Ebbesen et al.,
1998�, there had been only a few theoretical and experi-
mental works on the resonant transmission features of
the so-called transmission gratings, i.e., periodic arrays
of 1D slits perforated through metallic films �see Fig.
13�. After more than ten years of EOT research, there
are many more theoretical studies devoted to analyzing
the emergence of the EOT phenomenon in 1D arrays of
subwavelength slits for p-polarized light �no transmis-
sion resonances appear for s-polarized radiation� than
experimental ones. This is because the 1D geometry
showing EOT behavior is the easiest one to treat theo-
retically. Schroter and Heitmann �1998� presented the
first numerical study in the optical regime, finding that,
as in the case of the experiments for 2D hole arrays, the
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FIG. 12. �Color online� Normalized transmission amplitudes,
at normal incidence, of random arrays of holes with dimen-
sions �a� ax=ay=200 �m, �b� ax=70 �m and ay=390 �m, and
�c� ax=70 �m and ay=655 �m. In all three cases the metal
thickness is h=17 �m. Insets are scanning electronic micro-
scope �SEM� images of the 2D random arrays. From Lee et al.,
2007.
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transmission spectrum presented peaks whose spectral
locations indicated that SPPs were involved in the reso-
nant transmission process.

Later Porto et al. �1999� demonstrated that there are
two possible ways of transferring p-polarized light effi-
ciently from the upper surface to the lower one: by the
coupling of the incident plane wave with cavity reso-
nances located inside the slits �similar to those found in
the single slit case described in Sec. II.A� or by the ex-
citation of coupled surface EM modes on both surfaces
of the grating, appearing when the slits form a periodic
array. The existence of these two channels for enhancing
the transmittance has been corroborated by many sub-
sequent theoretical studies �Astilean et al., 2000; La-
lanne et al., 2000; Collin et al., 2001, 2002; Garcia-Vidal
and Martin-Moreno, 2002; Liu and Tsai, 2002; Hooper
and Sambles, 2003; Lee and Park, 2005; Marquier et al.,
2005�. Different names have been used to refer to them:
horizontal and vertical resonances, surface and cavity
resonances, etc. The two resonant mechanisms are
clearly differentiated only for some ranges of the geo-
metrical parameters. In general, due to the existence of
a propagating TEM mode inside the slits which always
couples both interfaces, the two cited mechanisms are
mixed in a way that depends strongly on the geometrical
parameters of the structure �Collin et al., 2001, 2002;
Marquier et al., 2005; Catrysse et al., 2006�. Marquier et
al. �2005� characterized this hybridization between cavity
modes and surface EM modes in the transmission reso-
nances. Figure 14 presents their theoretical results for a
free-standing silver film. Figure 14�a� shows the trans-
mission versus both frequency and parallel momentum,
while Fig. 14�b� renders the dispersion relation of the
mode responsible for the enhanced transmission �branch
B-C�. Figure 14�c� shows the surface-cavity �SC� ratio as
a function of parallel momentum. This SC ratio is calcu-
lated by comparing the EM energies associated with the
cavity and SPP components of the guided mode. This is
done quantitatively by integration the of EM energy
within the slit �cavity component� and on both interfaces
�SPP component�, respectively. As shown in Fig. 14, for
kx=0, the character of the mode is mainly cavitylike
�75% for the geometrical parameters considered in this
study�. As the parallel momentum is increased, the char-
acter is evolving to be SPP-like.

Some have criticized the role of SPPs in the enhanced
transmission process �Cao and Lalanne, 2002; Crouse

and Keshavareddy, 2005; Xie et al., 2005�. Based on the
existence of a transmission minimum appearing at the
spectral location of the SPP in a flat, uncorrugated metal
surface, they argued that the excitation of SPPs is in fact
detrimental for the transmission. We show in Sec.
III.A.2 that the dispersion relation of the SPPs changes
when the metal film is perforated with a 1D array of slits
and, indeed, the transmission peaks emerge at the spec-
tral locations of the SPPs for the corrugated surface. As
stressed by Treacy �1999, 2002�, SPPs are an intrinsic
component of the diffracted EM field in a real metal but
the analysis of the transmission anomalies requires con-
sidering the full diffracted EM field. In other words, the
coupling between indentations is not necessarily only
through the SPP modes of the flat surface, a point elabo-
rated in Sec. III.B. However, regardless of the precise
form of the coupling, EM coupled arrays of indentations
in a metal film can present bound modes. This occurs
even if the metal is a PEC, where the EM coupling be-
tween indentations is purely through diffraction modes

d

h
a

y

z

x

p-polarized
light

k
H

E

FIG. 13. �Color online� Schematic of a 1D periodic array of
slits �period d, width of the slits a� perforated on a metallic film
of thickness h. The structure is illuminated by p-polarized ra-
diation, with the E field lying in the x-z plane.

FIG. 14. �Color� Transmission resonances in 1D transmission
gratings. �a� Transmission efficiency as a function of both �
and kx. Period of the grating, d=500 nm; width of the slits, a
=50 nm; and thickness h=400 nm. �b� Branch B-C of the dis-
persion relation. �c� Surface-cavity �SC� ratio for the transmis-
sion branch displayed in �b�. From Marquier et al., 2005.
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and does not contain contributions from SPPs �Pendry
et al., 2004; Garcia-Vidal, Martin-Moreno, and Pendry,
2005�.

2. Coupled-mode analysis

In what follows we analyze theoretically the transmis-
sion resonances appearing in a periodic array of 1D slits
illuminated by p-polarized radiation using the coupled-
mode method. We first consider the case of a perforated
PEC film �in which no SPPs can be excited and there is
no absorption�. In the second part of this study, we show
how this PEC picture is slightly modified when a real
metal in the optical regime �and the associated SPPs� is
considered.

As in previous cases, the system of equations �1� can
be used to describe the transmission properties of the
structure depicted in Fig. 13. Now the objects 	 are just
Bloch combinations of TM waveguide modes inside the
slits. As we are dealing with an infinitely periodic array,
the coupling term between waveguide modes 	 and �,
G	�, whose general expression is given by in Eq. �2�, can
now be written as a discrete sum over p-polarized dif-
fracted modes.

In Fig. 15 we show the transmittance spectra for a 1D
array of slits of period d, width a=0.2d, and different
values of h. Note that, as the PEC approximation is con-
sidered, d can be used as a unit length of the structure.
The system is illuminated by a normally incident
p-polarized plane wave and the modal expansion of the
EM fields inside the slits contains ten TM modes �full
lines�. A series of transmission peaks �reaching 100%
transmission� dominates the spectrum. Two types of
transmission resonances can be distinguished: very nar-

row transmission peaks appearing at a wavelength close
to d �with strong E-fields at the horizontal surfaces� and
wider peaks emerging at longer wavelengths �related to
Fabry-Perot resonances, with strong E fields inside the
slits�. In fact, as a function of the metal thickness there is
a continuous shift of the resonances and, accordingly, a
continuous modification of their character, as discussed
before. An interesting point is that the transmission
peak emerging close to d also appears in a perforated
PEC film which, in principle, does not support SPPs. As
shown later, the physical origin of this resonant feature
stems from the excitation of geometrically induced sur-
face EM modes that mimic the behavior of SPPs in per-
forated PEC structures.

A quasianalytical treatment of this problem can be
carried out �Garcia-Vidal and Martin-Moreno, 2002� be-
cause consideration of only the TEM mode �	=0� inside
the slits already leads to accurate results for the trans-
mittance �see dotted lines in Fig. 15�. Within the single-
mode approximation, the zero-order transmission coef-
ficient can be obtained from the multiple-scattering
expression described in Eq. �6�:

t0 = �12eik�h�23/�1 − e2ik�h�2� , �15�

where t0� t0�p, �12��0
12, ���00

23=�00
21, and �23��0,0�p

23 . All
these scattering magnitudes can be related to G�G00

= i�k�k� /kz��0 �k� ��2, where the sum runs over all wave
vectors of the form k� =k�0+k�R, with k�0 the parallel com-
ponent of the incident wave vector and k�R a wave vector
of the 1D reciprocal lattice:

� = −
G − i

G + i
, �12 =

I0

G + i
, �23 =

2i�k�0p�0�
G + i

, �16�

where the overlap integral is �k�p �0�=	a /dsinc�ka /2�
and the illumination term I0=2iYk�0p�k�0p �0�. The com-
plex two-media reflection coefficient � is characterized
by its modulus R and phase �. Then, we can define a
total phase �=2�+2k�h as the sum of the scattering �as-
sociated with �� and geometrical �determined by the op-
tical path� phases. As a function of this total phase, the
zero-order transmission coefficient in Eq. �15� can be
expressed as

t0 = �12eik�h�23/�1 − R2ei�� . �17�

Equation �17� resembles the formula governing the
transmission properties of a Fabry-Perot interferometer.
In contrast to the canonical case in which the phase of
the EM fields inside the cavity is determined by the op-
tical path �2k�h�, it also contains the scattering phase
shift that sometimes presents a strong spectral depen-
dence. Figure 16 analyzes the behavior of R and � for
three different values of a /d. Both the modulus and the
phase of � present singular behavior at wavelengths d,
d /2, d /3 , . . .. This is because G diverges at the condition
kz=0 which, for normal incidence, coincides with �
=d /n, with n an integer. At those particular wave-
lengths, Eq. �16� predicts �12=�23=0 and �=−1, provok-
ing the appearance of zeros in the transmittance, as

FIG. 15. Total transmittance �normalized to the unit cell of the
array� of a normal-incidence p-polarized plane wave vs wave-
length �in units of d� for periodic arrays of slits of fixed width,
a=0.2d, and several thicknesses h=0.2d, 0.4d, 0.6d, and 0.8d.
Full lines show the calculations in which the ten lowest TM
waveguide modes are considered whereas dotted lines render
the results when only the first waveguide mode �TEM 	=0� is
included.
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shown in Fig. 15. An interesting point is that there is a
phase jump between 0 and � in � when � crosses those
singular conditions �see Fig. 16�.

Given that for narrow slits R�1 there is a transmis-
sion peak, associated with a resonant condition for the
denominator in Eq. �17�, whenever � is an integer times
2�. For thin PEC films, the total phase is dominated by
the scattering phase; correspondingly, the spectral loca-
tion of the transmission resonance appears at a wave-
length slightly longer than d �see the case h=0.2d in Fig.
15�. When h is increased, the situation is more complex
and the geometrical phase �2k�h� can also lead to the
appearance of transmission peaks emerging at ��d.
The physical origin of these transmission resonances
stems from the excitation of cavity resonances similar to
the ones emerging in single slits as discussed in Sec. II.A.

However, there is a fundamental question regarding
the origin of the transmission peak at � close to d. No-
tice that, up to this point, we have discussed the situa-
tion within the PEC approximation and, hence, there
are no SPPs involved. However, in a PEC film, when the
metal is perforated with a periodic array of indentations,
surface EM modes can build up �Munk, 2000�. We now
describe the link between the transmission resonances
previously reported and the existence of surface EM
modes in the structure.

The surface EM modes relevant to the transmission
process cannot be truly bound modes; they must be
leaky modes, as otherwise they could not be excited by
an incident plane wave. However, in a first approxima-
tion, we can look for the existence of truly bound sur-
face EM modes by working with a parallel momentum
kx larger than k� and ignoring diffraction effects �which
are incorporated in a second step�. The dispersion rela-
tion �frequency versus kx� of the p-polarized EM modes
supported by the structure can be calculated using Eq.
�3� as is done in the Appendix, leading to the following
equation:

	kx
2 − k�

2

k�

=
a

d

sin k�h

cos k�h ± 1
, �18�

where the sign ��� must be taken when sin k�h�0 and
sign ��� when sin k�h�0. This equation gives the dis-
persion relation of the bound EM modes supported by
the structure within the effective medium limit
���d ,a�.

Figure 17 shows the close link between the spectral
locations of these EM modes and the peaks in the trans-

FIG. 16. Dependence of � vs wavelength for three different
values of the ratio between the width of the slits and period of
the array, a /d. �a� The modulus of ��R� and �b� its phase ���, in
units of �.

FIG. 17. �Color� Transmission spectra versus dispersion rela-
tions of the surface EM modes. Left panels: Transmittance
spectra as a function of both wave number and wave vector for
p-polarized light impinging at two different arrays of slits.
Right panels: Dispersion relation for the EM guided modes as
obtained from Eq. �18�. �a� a=h=0.2d. �b� a=0.2d and h
=1.0d.
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mittance spectrum as a function of kx. In Fig. 17�a� we
analyze the case h=0.2d. Here the dispersion relation
�white line� runs close to the light line ��=ckx�. The
important point to realize is that if ��2d and diffraction
effects are taken into account, these EM modes become
leaky and can be excited by an impinging propagating
plane wave. The left part of Fig. 17�a� shows the trans-
mittance versus wave number and kx within the light
cone. It is clear that the location of the transmission
peak at ��d at normal incidence can be obtained by
folding the dispersion relation inside the light cone.
Therefore, we conclude that the physical origin of the
transmission peak located at ��d is related to the exci-
tation of an EM bound mode. As fields at the two hori-
zontal metal surfaces of the film are always connected
via a propagating wave �the TEM mode�, this mode has
an E field that may oscillate inside the slits. In this way,
it resembles more the guided mode in a dielectric slab
than a SPP. In fact, it has been demonstrated that a 1D
array of subwavelength slits can be considered as a
metamaterial and can be rigorously mapped into a high-
refractive-index dielectric slab �Shen et al., 2005�. We
will show later that the case of a 2D hole array is differ-
ent: the geometrically induced EM modes are truly sur-
face EM modes due to the existence of a cutoff wave-
length in 2D apertures �see Sec. III.B.2�. The close
correspondence between the dispersion relation of the
EM modes and transmission peaks also occurs for
thicker films �see Fig. 17�b�, h=1.0d�. For large enough
h, the dispersion relation presents flat parts, associated
with the Fabry-Perot condition cos k�h= ±1, which
dominate the transmission spectrum.

What occurs to these transmission resonances when
the metal is not a PEC? As explained before, within the
coupled-mode formalism, the dielectric function of the
metal can be approximately considered by using the sur-
face impedance boundary conditions when the EM fields
are matched at the two horizontal interfaces of the struc-
ture. In this way, the system of equations �1� still holds
but now the different magnitudes depend on the surface
impedance of the metal ZS �see the Appendix�. The
most important change resides in the propagator G	�,
which in the single-mode approximation G=G00, reads

G = i�
k�

k�

kz + ZSk�

��0�k�p��2. �19�

The divergence of G now appears at the condition
kz+ZSk�=0, which is the condition for the existence of a
SPP on a flat metal surface within the SIBC approach.
As the divergence of G marks the spectral location of
the deep transmission minimum, now this minimum will
not emerge at �=d, as in the case of a PEC film, but at
a slightly longer wavelength. Therefore, this transmis-
sion peak is associated with the excitation of a guided
EM mode whose dispersion relation has both dielectric
�linked to a finite �� and geometric contributions �due to
the presence of the slits�. The linewidths of these trans-
mission resonances are much smaller than the Fabry-
Perot ones and therefore they are much more sensitive

to the presence of absorption in a metal at optical fre-
quencies �Garcia-Vidal and Martin-Moreno, 2002� and
finite-size effects �Fernandez-Dominguez et al., 2007�.

3. Experimental results

As stated above, there have been far fewer experi-
mental studies on the transmission properties of 1D ar-
rays of slits than of 2D arrays of holes. In the microwave
regime, Sambles and co-workers �Went et al., 2000; Hib-
bins et al., 2001� reported the appearance of selective
transmission at resonant wavelengths associated with
the excitation of cavity resonances. Barbara et al. �2002�
presented the first study in the optical regime with gold-
coated silica gratings and they were able to interpret
their results by invoking the excitation of both SPPs and
slit-cavity resonances. Two different experimental
groups �Steele et al., 2003; Sun et al., 2003� reported the
emergence of transmission resonances associated with
the excitation of SPPs in very thin metallodielectric grat-
ings. The transmission properties of terahertz radiation
pulses were studied in very thick transmission gratings
containing subwavelength slits by Xing et al. �2006�.

Recently Pang et al. �2007� measured the dispersion
relation of the transmission resonances appearing in 1D
arrays of subwavelength slits in both the visible and near
infrared �NIR� ranges of the EM spectrum. Their experi-
mental transmission spectra, shown in Fig. 18, corrobo-
rate the theoretical predictions regarding the existence
of two different channels that enhance the transmission
through a 1D periodic array of slits. As the SPP disper-
sion relation is close to the light line in this frequency
range, the resonant features �maximum and deep trans-
mission minimum� associated with the SPPs of the
metal-substrate interface appear close to the Rayleigh
condition ��d	�glass=1125 nm. On the other hand, the
spectral location of the slit cavity resonance is expected
to appear at a wavelength larger than 2h=800–900 nm.
The two main transmission peaks emerging in the spec-
trum result from the strong interplay between these two
types of resonances, as described previously. This inter-
action is better visualized in Fig. 18�b� where a disper-
sion diagram of the transmission peaks as a function of
parallel momentum is presented. The SPP mode of the
glass-metal interface �SM−1� overlaps with the cavity
resonance at ca. 1.1 eV �marked by a dashed line, FP�,
provoking the opening of a gap of approximately
280 meV. Full lines display the dispersion relation of the
different SPP modes of the flat interfaces.

Similar transmission resonances have also been re-
ported in transmission gratings perforated on doped
semiconductors at terahertz frequencies �Gomez Rivas
et al., 2005; Parthasarathy et al., 2007� and on SiC films at
NIR wavelengths �Marquier et al., 2004�. In this last
case, surface phonon polaritons play the same key role
as SPPs do in the metallic case. Finally, some interesting
transmission properties emerging in compound gratings
�formed by slit arrays in which the unit cell is composed
by more than one slit� have recently been reported �Ski-
gin and Depine, 2005, 2006; Fong and Hui, 2006; Hib-
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bins et al., 2006�. By increasing the number of different
slits within the unit cell, new phase resonances appear as
sharp dips within the transmission maxima associated
with the excitation of Fabry-Perot modes.

B. Two-dimensional periodic arrays of holes

1. General results

The first observation of the EOT phenomenon in sub-
wavelength hole arrays was made on 200-nm-thick gold
and silver films perforated with a square lattice of circu-
lar subwavelength holes �Ebbesen et al., 1998�. Figure 19
presents a SEM image of a 2D hole array exhibiting
EOT. A typical EOT transmission spectrum is character-
ized by a sequence of maxima and minima �see Fig. 20�.
In the first set of experiments, transmissions twice as

high as in the open-air fraction were observed. This ob-
servation was all the more surprising as conventional
theory for light transmission through a single subwave-
length hole predicts a transmission normalized to the
hole area that is substantially less than 1 �see Sec.
II.B.1�.

The discovery of the EOT phenomenon sparked a
large amount of research trying to unveil the underlying

h=400nm
h=450nm

(a)

(b)

k (2ππ/d)

FIG. 18. �Color online� Transmission through 1D periodic ar-
rays of slits. �a� Inset: SEM image of one of the 1D arrays
analyzed in these experiments. The period of the array is d
=750 nm, the width a=100 nm, and two different thicknesses
are analyzed, h=400 and 450 nm. Main panel: Zero-order
transmittance of a 1D slit array illuminated by a normal inci-
dence p-polarized plane wave. �b� Dispersion diagram �spec-
tral locations of the transmission peaks vs energy �in eV� and
parallel momentum �in units of 2� /d�� for the sample analyzed
in panel �a� with h=400 nm. From Pang et al., 2007.

FIG. 19. SEM image of a 2D hole array of circular holes �di-
ameter of 150 nm� milled in a 260-nm-thick Au film that is
deposited on a glass substrate. The hole arrays count 30�30
holes and the period of the square array is 460 nm. Courtesy of
Eric Laux.

FIG. 20. Zero-order transmission of subwavelength hole array
in a Ag film on a quartz substrate for normal incidence; the
lattice period is 600 nm, the film thickness is 200 nm, and the
diameter of the circular holes is 150 nm. The markers indicate
positions for the maxima and minima expected for SPP modes
on either the silver-quartz or the silver-air interface �solid
markers� and the Wood-Rayleigh anomalies associated with
the same interfaces �dashed markers�. From Ghaemi et al.,
1998.
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mechanisms. The first report �Ebbesen et al., 1998� pre-
sented dependencies on hole size, lattice spacing, metal
film thickness, and angular dispersion. Later, several
other important parameters and observations were
made: the type of metal, the role of symmetry in the
dielectric-metal-dielectric layer stack, the finite-size ef-
fects of the lattice, and the role of the hole shape.

The first key finding was the spectral dependence on
the lattice period of the minima and maxima for trans-
mission. The positions of the minima exhibit a linear
dependence on the lattice period. In the first experimen-
tal report, the minima were ascribed to the spectral lo-
cations where a diffraction order is exactly parallel to
the plane of the metal film, the so-called Wood-Rayleigh
anomaly. On the other hand, transmission maxima ex-
hibit almost the same scaling behavior with lattice pe-
riod as the minima but appear slightly redshifted.
Ghaemi et al. �1998� suggested that maximum transmis-
sion occurs for those optical frequencies for which the
parallel component of the wave vector of a SPP is equal
to a wave vector of the 2D reciprocal lattice associated
with the geometry of the array. That is, the transmission
maxima approximately satisfied the following condition:

k�SPP = k� in + k�R, �20�

where k�SPP and k� in are the parallel components of the
wave vectors of the SPP and the incident plane wave,
respectively; k�R=nb�1+mb�2 is a wave vector of the 2D
reciprocal lattice �expressed as a linear combination of
the primitive vectors b�1 and b�2�.

The dispersion relation for a SPP on a flat metal-
dielectric interface is given by

kSPP =
�

c
	 �M�d

�M + �d
, �21�

where �M and �d are the electric permittivities of the
metal and dielectric, respectively.

Notice that for ��m � ��d, kSPP�kph, where kph is the
photon wave vector in the dielectric. This implies that, in
a good metal, the spectral location of the Wood-
Rayleigh anomaly is close to the condition for excitation
of a SPP on a flat metal-dielectric interface. As there are
SPP modes bound to both metal-dielectric interfaces,
two sets of transmission maxima occur when the dielec-
trics on either side of the metal film are different. As
seen in Fig. 20, the assignment of the maxima to SPP
excitation and of the minima to the Wood-Rayleigh
anomalies done in the first studies of EOT in 2D hole
arrays was sound but not completely accurate.

The resonance condition given by Eq. �20� directly re-
lates the angle of incidence and the spectral locations of
both the maxima and the minima. Figure 21 shows the
measured transmission through a hole array as a func-
tion of the angle of incidence �Ghaemi et al., 1998�.
Simple goniometry suffices to convert wavelength and
tilt angle of the sample with respect to the optical axis
into an in-plane wave vector. It is clear that both minima

and maxima exhibit dispersion, presenting a reasonable
agreement with the values expected from the aforemen-
tioned assignment scheme.

This was the physical picture provided by the group
that discovered EOT phenomenon in their first two pa-
pers published in 1998. Here we summarize the subse-
quent developments in the search for a better under-
standing of the EOT phenomenon. After that, we
present a more detailed view based on the coupled-
mode method used throughout this review.

The first theoretical calculations were performed with
the RCWM �Popov et al., 2000�. This group concluded
that the EM fields within a hole drilled in a metal film
decay much more slowly when the holes form a 2D ar-
ray than would be expected from estimations based on
the hole size. In keeping with the first experimental re-
sults, the calculated EOT features are closely matched
to the remapping of SPP bands within the light cone.
However, the existence of EOT in holey PEC films
�Martin-Moreno et al., 2001� showed that the presence
of waveguide modes with “modified” propagation con-
stants is not essential for observing EOT.

In this last reference, EOT features were explained in
terms of the admittances �inverse of impedances� of the
waveguide modes and the effective admittances of the
two semi-infinite media, as seen from the waveguide
modes. This effective admittance is an average of the

FIG. 21. Measured and predicted dispersion of the transmit-
tance through a subwavelength hole array. The transmitted in-
tensity is given by a gray scale. The loci of the maxima �full
lines� related to the excitation of SPPs on a flat surface and the
minima ascribed to the Wood-Rayleigh anomaly �dashed lines�
are superimposed on the measured data. From Ghaemi et al.,
1998.
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overlap between the waveguide mode and all diffraction
modes, weighted by the admittance of the latter, which
plays the role of a density of states. The main point is
that this “density of states” diverges whenever one of
the diffraction orders coincides with a SPP with the cor-
responding wave vector or, in a PEC, when one of the
diffraction orders becomes tangent to the surface. The
existence of different conditions for real metals and
PEC already points to the existence of two sources for
the effective impedance of a corrugated surface: dielec-
tric �due to the dielectric constant of the metal� and geo-
metric �due to the corrugations�. In a PEC only the geo-
metrical source plays a role, while in a real metal both
terms are present. As mentioned, transmittance minima
are related to divergencies of the effective admittance,
which arise due to constructive reillumination of a hole
by all other holes in the array �Bravo-Abad, Garcia-
Vidal, and Martin-Moreno, 2004; De Abajo et al., 2005;
Genet et al., 2005; De Abajo, 2007�. Actually, the effec-
tive admittance only diverges in a lossless metal but
reaches very high values for the case of good metals
such as gold and silver even in the optical regime. With
this caveat in mind and for reasons of economy of lan-
guage, we keep loosely referring to these high values as
divergences. Exactly at the divergence the transmittance
vanishes as the incident field is short circuited into the
responsible diffraction order and, therefore, does not
see the holes. However, at frequencies close to the diver-
gence, the effective admittance changes rapidly and,
eventually, equals the admittance of the waveguide
modes. This signals the presence of a surface EM mode.
Surface EM modes at both sides of the film are coupled
through the evanescent fields inside the hole, and the
resulting coupled resonant modes give rise to transmis-
sion maxima. These surface EM modes were termed
“SPPs of the corrugated surface,” as they appear in met-
als and involve both EM fields and surface currents.
However, this terminology may have led to some confu-
sion because these modes appear also for a PEC, where
the uncorrugated surface does not support SPPs. The
interpretation of the EOT process in terms of imped-
ance �or admittance� matching has been recently refor-
mulated by Medina et al. �2008� by means of a
transmission-line circuit model similar to those used
within the microwave engineering community and
whose parameters �capacitances and inductances� are
fitted to numerical simulations.

The physical picture in which the EOT phenomenon
in hole arrays is due to the excitation of surface EM
modes has been corroborated by more sophisticated
�virtually exact� calculations, able to deal with the di-
electric response of metals at optical frequencies �La-
lanne, Rodier, and Hugonin, 2005�. They were able to
match the spectral locations of transmission maxima and
minima with those corresponding with the SPPs sup-
ported by the holey metal film �see Fig. 22�.

The resonant nature of the EOT phenomenon has
also been confirmed by different experimental studies.
Krishnan et al. �2001� showed that this resonant process
is optimal when, for a given angle of incidence, the sur-

face EM modes of both surfaces are maximally coupled.
This occurs in the symmetric environment of equal di-
electric constants in the regions of incidence and trans-
mission, as shown in Fig. 23. An additional property as-
sociated with the excitation of these coupled surface EM
modes is that the corresponding EM fields are greatly
enhanced at the surface �Salomon et al., 2001�. The
lower three panels of Fig. 23 present calculations show-
ing the large increase of E-field intensities at the metal-
dielectric interfaces that accompany EOT resonances.
This point will be further elaborated in Sec. III.B.5. By
comparing the results of the transmitted, reflected, and
absorbed power associated with the EOT process in 2D
hole arrays, Barnes et al. �2004� were able to conclude
that SPP modes act to enhance the EM fields at the
metal surface, thus providing a way for enhancing the
transmittance through the subwavelength holes.

The view that EOT in hole arrays is due to coupled
surface EM modes has been criticized by Lezec and
Thio �2004�. They performed experiments in arrays of
9�9 holes in both metal and absorbing dielectric films
�such as W or amorphous Si� and analyzed the per-hole
transmission enhancement with respect to that of iso-
lated holes. The maximum enhancement measured was
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FIG. 22. Gray-scale images show the zero-order transmittance
for two holey silver films as a function of the frequency and the
in-plane wave vector kx. �a� Circular hole geometry for a silver
film on glass. The scale is linear and the maximum transmit-
tance is 32%. �b� Square hole geometry for a silver free-
standing film. The maximum transmittance is 50% in this case.
Superimposed black curves correspond to the SPP dispersion
relations of �a� glass-silver interfaces perforated by circular
holes and �b� air-silver interfaces drilled with square holes. The
white curves correspond to the SPP dispersion relation for a
flat interface: �a� glass-silver and �b� air-silver. From Lalanne,
Rodier, and Hugonin, 2005.
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about 7 for the metal case and ten times smaller for the
dielectric case. As dielectrics do not support SPPs, they
concluded that surface EM modes could not be respon-
sible for the transmission enhancement. Subsequent
works have found larger differences between enhance-
ments in holey metals and dielectrics �see, for instance,
Przybilla, Degiron, et al. �2006�� and that the per hole
transmission enhancement in holey metals is virtually
unlimited for larger arrays �see Przybilla et al. �2008� and
Sec. III.B.6�. Additionally, theoretical studies �Sarrazin
and Vigneron, 2003� showed that the small optical trans-
mission enhancements in W are still due to the weakly
bound surface EM modes, known as Zenneck waves,
which appear at the interface between air and a lossy
dielectric �Zenneck, 1907�. The different confinements
of SPPs and Zenneck waves explain why transmission
resonances in metals and dielectrics present large differ-
ences in both maximum enhancement and peak visibility
�defined as the difference between the peak maximum
and peak minimum divided by their sum�.

A possible origin of the criticism of the relevance of
coupled surface EM modes to EOT may be the incorrect
association of the relevant surface EM modes with those
of an uncorrugated surface. Also, the appearance of
EOT when the metal is considered as a PEC has also led
to some doubts about the relevance of coupled surface
EM modes. However, periodically corrugated PEC sur-
faces do support surface EM modes �Munk, 2000� which,
in a perforated film, assist the transmission process �Pen-
dry et al., 2004�. The link between EOT in real metals
and in perfect conductors was more evident after it was
found that the structured PEC surface could be approxi-
mately represented by effective permeabilities that copy
those of a Drude-like metal �Pendry et al., 2004; Garcia-
Vidal, Martin-Moreno, and Pendry, 2005�. The emer-
gence of these surface EM modes in holey slabs �which
are now commonly called spoof SPPs� is a complex phe-
nomenon, which involves the multiple scattering of the
EM fields between both surfaces and holes at the same
surface.

Even the direct EM coupling between two holes in a
metal surface is already a complex phenomenon that
arises from the interference of both radiative and eva-
nescent diffraction modes, governed by what are known
as Sommerfeld integrals �see, for instance, Felsen and
Marcuvitz �2003��. In a real metal, the interhole coupling
presents different regimes as a function of the distance
between holes and the type of metal considered. We de-
scribe the coupling behavior for good metals such as Ag
or Au in the optical regime. At small distances �signifi-
cantly smaller than the wavelength� all diffraction modes
contribute and the coupling is similar to what it would
be in a PEC. At distances longer than roughly two to
three wavelengths, most diffracted EM fields cancel
each other at the surface and the coupling through SPPs
takes over up to distances around 20–30 �m �Sonder-
gaard and Bozhevolnyi, 2004; López-Tejeira et al., 2005�.
EM coupling in the intermediate regime comes from
complicated interferences; exact computations have
shown that it can be phenomenologically described as a
SPP plus a rapidly attenuated contribution �termed a
creeping wave� that oscillates with the free-space wave-
length �Lalanne, Hugonin, and Rodier, 2005�. Recently
the details of the formation of leaky surface EM waves
and transmission resonances from the direct interhole
coupling have been addressed theoretically �Liu and La-
lanne, 2008�. Additionally, this calculation sheds light on
the relevance to the EOT phenomena of the different
channels �radiative fields, evanescent fields, SPPs, etc.�
that transfer EM fields for both PEC and real metals at
optical frequencies. An important result that emerges
from theory is that the formation of surface EM modes
in holey metal surfaces is due to the multiple scattering
of EM fields between holes �Martin-Moreno et al., 2003;
De Abajo and Saenz, 2005; Liu and Lalanne, 2008�. The
precise form of the direct interhole coupling affects the
energy of the modes, but it is of no great relevance to
their existence. This is why these surface EM modes ap-
pear both in a real metal �where the direct coupling be-
tween holes is mostly through the SPPs of the flat sur-
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FIG. 23. �Color� Transmission through 2D periodic arrays of
holes. �a� Experimental zero-order transmittance of a gold film
on a quartz substrate ��s=2.31� as a function of the dielectric
constant of the superstrate �L. The film thickness is 250 nm,
the hole diameter is 200 nm, and the period of the square array
is 600 nm. �b�–�d� Calculated cross-sectional views of the elec-
tric field amplitudes with various states of resonance: �b� off
resonance in the asymmetric situation �transmission 0.005%�,
�c� on resonance in the asymmetric situation �transmission
0.5%�, and �d� on resonance in the symmetric situation �trans-
mission 20%�. In the three cases, light is impinging from the
top and the E-field amplitude is normalized to the amplitude
of the incident plane wave using a logarithmic color scale.
From Krishnan et al., 2001.
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face� and in a PEC �where all coupling is via diffraction
modes�. This important point is absent in the composite
diffraction evanescent wave �CDEW� model introduced
by Lezec and Thio �2004� when interpreting their experi-
mental results. The CDEW model considers only the
direct interhole coupling coming from evanescent dif-
fracted waves in a scalar model for a PEC. By addition
of some fitting parameters �notably the coupling
strength and the in-plane wave vector� the model pro-
vided reasonable fits with experimental data on the op-
tical transmission through sets of apertures. Lezec and
Thio �2004� concluded that the origin of EOT did not
reside in SPPs as their model did not take SPPs into
account. It was shown later that the CDEW model ig-
nores important aspects of polarization and neglects
contributions to the diffracted field �Garcia-Vidal, Rod-
rigo, and Martin-Moreno, 2006; Lalanne and Hogonin,
2006; Visser, 2006�. Additionally, CDEW analysis takes
into account only first-order processes where each aper-
ture scatters the EM fields just once, neglecting the mul-
tiple scattering of fields by the apertures, which are es-
sential for understanding EOT.

To summarize, nowadays there is a wide consensus
that the physics of EOT in 2D hole arrays is that of two
surface EM modes weakly coupled between themselves
and weakly coupled to a continuum. Actually, the hy-
bridization of the two weakly coupled surface EM
modes originates leaky bound EM modes that act as
almost independent channels. Therefore, in general,
EOT is expected to appear even when only a leaky sur-
face EM mode is weakly coupled to a continuum. This
idea is useful to direct the search of EOT to other ranges
of the EM spectrum, to other types of material present-
ing surface EM modes �such as polar semiconductors
with surface phonon polaritons�, and even to other types
of waves. Note that, close to the cutoff of TM modes,
leaky surface modes also appear in perforated dia-
phragms on metallic waveguides. Correspondingly, EOT
also emerges in these confined systems �Gordon, 2007;
Medina et al., 2008�. The link between EOT and surface
modes is also useful because it allows for a phenomeno-
logical description of the �sometimes very asymmetric�
line shapes of transmission resonances in terms of the
Fano model �Fano, 1961�. Here we reproduce the argu-
ment �borrowed from the theory of reflection gratings
�Neviere, 1980�� given by Enoch et al. �2002� and Sar-
razin et al. �2003�. The scattering matrix is dominated by
divergencies �simple poles� that occur when the incident
field excites a resonance in the system, in this case a
surface EM mode. These resonances are leaky, as they
couple to radiative modes. This means that the poles
appear at complex frequencies or, alternatively, at com-
plex wavelengths. We focus first on the case in which
one of these poles �characterized by a complex wave-
length �pole� dominates a given region of the spectrum.
Now imagine that we consider systems with smaller
holes. Obviously, when the holes are not present, the
diffraction coupling to the surface EM mode vanishes
and the resonance in the scattering matrix must disap-
pear. Analytical continuity implies that there must be a

zero in the scattering matrix �characterized by a complex
wavelength �zero� which, in the limit of vanishing hole
size, coincides with the spectral position of the pole.
Therefore, close to resonance, the transmittance must be
of the form

T��� = Tbg�� − �zero�2/�� − �pole�2, �22�

where Tbg represents the background �nonresonant�
contribution. As a technical note, this argument applies
to the case of a real conductor, where the transmission
through the unperforated film can be arbitrarily small
but is not zero. The zero-thickness PEC case is patho-
logical in the sense that Tbg must vanish when the size of
the hole goes to zero and this does not occur if the film
thickness also approaches zero �see the discussion in the
next section�. The argument outlined above still applies
if the zero-thickness PEC limit �infinitely small hole
sizes, infinitely thin film, and infinitely large dielectric
constant of the metal� is analyzed by taking first both the
hole size and film thickness to zero and then the dielec-
tric constant to infinity. Numerical computations for the
case of a PEC confirm that Eq. �22� still applies, with
�zero approaching �pole as the hole size vanishes.

An alternative derivation �Genet et al., 2003� closely
followed the original one by Fano �1961�. The final ex-
pression coincides with Eq. �22�, but it is written in a
form that further clarifies the physical meaning of the
different quantities involved:

T��� = Tbg�� + q�2/�1 + ��2 �23�

with

� = �� − ��SM + ���/��/2�, q = 2�/� , �24�

where �SM is the frequency of the unperturbed surface
EM mode involved in the process, � is the ratio between
the transition amplitudes of the incident wave into the
resonant state and the direct �background� channel, and
� and � are the frequency width and the frequency shift
of the resonant state due to coupling to the continuum,
respectively.

A generalization to the case in which several surface
modes contribute appreciably to the transmission in a
given spectral window was given by Fan et al. �2005� and
Chang et al. �2005�:

T��� − Tbg = Ta


1 + �
r

qr/�r�2


1 + �
r

�r
−1�2 , �25�

where Ta is a parameter reflecting the strength of the
resonant process and qr and �r are trivial extensions of
the expressions for q and � given above, for the rth sur-
face mode this time. Usually these theoretical param-
eters are phenomenologically adjusted to match the
computed transmission spectra with the measured ones.

2. Coupled-mode analysis

Note that, despite the apparent geometrical simplicity
of an infinitely periodic array of apertures in a metal
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film, the system is still characterized by a large number
of geometrical and material parameters. This, in turn,
leads to the existence of different transmission regimes
and the possible coexistence of several mechanisms. In
keeping with previous sections, we use the theoretical
formalism described in Sec. I.B and start by considering
the metal as a PEC. Results obtained within this ap-
proximation are applicable to different frequency re-
gimes by a simple scaling of all lengths defining the
problem by a common factor. This simplified model
shows the main physics and provides a framework for
understanding the results obtained within more accurate
numerical frameworks. Deviations from these results in
the optical regime �caused by a finite dielectric function
in the metal� will be discussed later. As a paradigmatic
case, we consider the holes to have a square cross sec-
tion merely because then all quantities involved in the
formalism have simple analytical expressions. Figure 24
shows a schematic of the structure under study: an infi-
nitely periodic square array with period d of square
holes of side a perforated through a free-standing metal
film of thickness h.

Figure 25 shows the normal incidence transmittance
spectra for a square lattice of holes in a PEC film. The
cutoff wavelength for the fundamental waveguide mode
in the hole is �C=2a, so for ��0.8d the waveguide
modes within the hole are evanescent. The solid curve in
Fig. 25 is the full multimode result, obtained using the
method described in Sec. I.B. The dashed line in Fig. 25
is the transmission spectrum computed within the single-
mode approximation �set of Eqs. �3��, in which only the
TE01 waveguide mode is considered in the modal expan-
sion within each hole. In this case, the EM coupling be-
tween holes forming the array is accounted for by the
propagator G that can be expressed as a sum over both
diffracted modes and the two polarizations �s and p�:
G=�k��Yk����TE01 �k����2. In the previous expression, the
sum runs over all wave vectors of the form k� =k�0+k�R,
with k�0 the parallel component of the incident wave vec-
tor and k�R a wave vector of the 2D reciprocal lattice.

When evaluating the results for the dashed curve in
Fig. 25, as many diffraction modes as needed for conver-

gence were included in the sum defining G. As Fig. 25
shows, the single-mode approximation �SMA� provides
a good estimation of the exact transmission curve even
when the condition a /��1 is not satisfied �in the con-
sidered case a /��0.3–0.5�. The validity of the SMA
arises from the stronger coupling of the relevant diffrac-
tion modes with the fundamental waveguide mode than
with higher modes �which present a more rapid spatial
variation�. This mechanism takes precedence over the
faster decay of higher-order waveguide modes inside the
hole, thus explaining why the SMA is still a good ap-
proximation even for relatively thin films �standard EOT
studies in the optical regime are usually done for h /d
�0.3–0.5�. The dotted curve in Fig. 25 was also com-
puted within the SMA, but instead of summing as many
diffraction orders in the sum defining G as needed to
achieve convergence, only the terms with p polarization
and reciprocal-lattice vectors k�R=0, ±2� /du�x were con-
sidered �this is the so-called minimal model as described
by Martin-Moreno et al. �2001��. While consideration of
additional diffraction modes modifies the final numerical
result, the basics of EOT are already present in this ex-
tremely simplified model. This conclusion that the reso-
nant transmission process is mainly governed by a domi-
nant mode within the holes was corroborated by Enoch
et al. �2002�. By artificially doubling the imaginary part
of the propagation constants of the calculated Bloch
modes of the holey film, they concluded that the trans-
mission was dictated by just one of those Bloch modes.

Three features are readily visible in Fig. 25: one very
deep minimum at �=d and two transmission peaks. The
presence of two peaks is associated with the EM cou-
pling via the holes between the two interfaces of the
holey metal film, which we discuss later. The deep mini-
mum, in a PEC, is related to a divergence of G. Recall
that G diverges whenever a p-polarized diffraction

d

a

H

h

k0

E

FIG. 24. Schematic of a 2D hole array of square holes of side
a forming a square array of period d perforated through a
metallic film of thickness h. The incident EM field is a
p-polarized plane wave.

FIG. 25. �Color online� Transmittance through a hole array
drilled in a PEC film. The side of the hole is a=0.4d and the
film thickness is h=0.2d. The solid curve is the result from the
converged multimode expansion. The dashed curve is for the
single-mode expansion discussed in this work. The dotted
curve corresponds to the minimal model �see text�.
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mode has kz=0, since the admittance of a p-polarized
plane wave is defined as Yk�p=k� /kz. In this case, Eqs.
�4� give E=E�=0, so there is no transmission because no
field penetrates into the holes. Consider first the particu-
lar case of normal incidence. Then the diffraction order
characterized by the reciprocal-lattice vector k�R has kz

=0 for �k�R�=k�. Therefore, for a square lattice and with
the metal treated as a PEC, transmission minima occur
at �n,m

min =d /	n2+m2, where n and m are integers, and the
largest wavelength at which a deep minimum occurs is
�±1,0

min =�0,±1
min =d. The spectral position of the transmission

features changes with the angle of incidence. Consider
the case in which the incident wave vector forms
an angle � with the surface normal, and its parallel com-
ponent lies along one of the axes of the square array.
Then the condition of grazing diffraction occurs at
�k� sin �u�x+k�R�=k�. Therefore, at ��0, the minima as-
sociated with �±1,0

min split, appearing now at �±1,0
min

= �1±sin ��d and �0,±1
min =	1−sin2 �d. Figure 26 shows such

splitting between transmission minima for a hole array
with the same geometrical parameters as in Fig. 25 but
illuminated with a p-polarized plane wave impinging at
�=5°: the expected minima are seen at wavelengths
�−1,0

min =0.913d, �0,±1
min =0.996d, and �1,0

min=1.087d.
We now give support to the statement that the trans-

mission peaks are due to the presence of leaky surface
EM modes of the corrugated metal film. For this, it is
convenient to work within the multiple-scattering for-
malism. Within the single-mode approximation, the
zero-order transmission coefficient can be expressed as a
function of two-media scattering coefficients:

t0 = �12eiqzh�23/�1 − e2iqzh�2� . �26�

As for the case of slit arrays presented in Sec. III.A.2,
the appearance of transmission peaks can be related to
resonant properties of �, which gives the reflection coef-

ficient for EM fields coming from the interior of the
hole. Figure 27 shows the real and imaginary parts of �
for the cases considered in Fig. 26. Large values for
Im��� and anomalous behavior for Re��� occur at spec-
tral positions close to the transmission resonances for
both �=0° and 5°. The spectral dependence of Re���
and Im��� is the one expected, through Kramers-Kronig
relations, for causal functions close to localized reso-
nances �Landau et al., 1960� �a reflected field requires a
preexisting incident one, so � must satisfy causality�. Re-
call that � is a two-media scattering coefficient, so its
resonances mark the existence of surface EM modes
bound to a single interface.

Figure 27 shows spectral regions with �� � �1, implying
that the reflected field has an amplitude that is larger
than the incident one. This is counterintuitive as it seems
to indicate that the reflected current is larger than the
incident one. However, this apparent paradox is solved
because, for evanescent modes, energy conservation and
causality only dictate Im����0, saying nothing about ���.
In what follows, we demonstrate how the existence of a
resonant behavior of � is a fingerprint of the emergence
of geometrically induced surface EM modes in a semi-
infinite holey PEC film.

In principle, the band structure of these surface EM
modes could be obtained by finding the solutions of G
−
=0 as a function of the incident wave vector k�0 as we
did previously for the case of 1D arrays of slits. Note
that, as we are now considering a semi-infinite perfo-
rated metal, GV=0 in Eqs. �3�. Complex values of k�0
must be considered in the search for leaky modes, while
truly bound surface modes can show up only for evanes-
cent incident wave fields �with modulus of the parallel
momentum �k�0� larger than k��. However, the overall
form of the band structure can be obtained without the
need for numerical computations. For this, it is conve-

FIG. 26. �Color online� Transmittance for a p-polarized plane
wave impinging into a hole array within the single-mode and
PEC approximations. The side of the hole is a=0.4d and the
film thickness is h=0.2d. The solid curve is for normal inci-
dence, while the dashed curve is for incidence at �=5°.

FIG. 27. �Color online� Real �discontinuous lines� and imagi-
nary �continuous lines� parts of �, the reflection amplitude for
a Bloch combination of TE01 waveguide modes impinging into
vacuum. The Bloch wave vector forms either 0° with the nor-
mal to the surface or 5°. The side of the hole is a=0.4d.
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nient to consider that the metal has an arbitrarily large
�but not infinite� negative dielectric constant. In this
case, a flat metal surface supports truly bound SPPs. The
presence of a periodic array of small holes can be con-
sidered within a perturbative approach. The result is
that the dispersion relation of surface EM modes in the
corrugated structure will closely follow the one for SPPs,
except for k�0 values lying close to a Brillouin zone
boundary, where bands bend in order to accommodate
band gaps. For frequencies above the first band gap, sur-
face modes couple to radiation, thus becoming leaky.
However, the band sector below the first band gap rep-
resents a truly bound surface mode. As a result of the
band bending caused by the periodic array of holes, the
lowest band of surface modes separates from the light
line, therefore binding the EM field more strongly to the
surface. This line of reasoning has been presented be-
fore �Ulrich, 1974� and is the center of the field of
frequency-selective surfaces �Munk, 2000�. Note that
this description of the dispersion relation is based on
general arguments, applicable not only to SPPs but also
to any type of wave in periodic media.

In the particular case of the EM field in a perforated
metal surface, there is an additional mechanism for
periodicity-induced binding of the EM fields to the sur-
face. In order to illustrate this point, we calculate the
bands of a holey metal surface within the PEC approxi-
mation. Note that PEC flat surfaces do not support
bound SPPs. In a first approximation, we consider the
hole array as a metamaterial and compute the band
structure of surface EM modes by matching the average
EM fields over the surface; the effect of periodicity will
be included on a second stage. Average fields can be
readily matched by neglect of diffraction effects, as done
previously for the case of slit arrays �see Sec. III.A.2�. In
this way, all information about the underlying lattice is
lost.

Figure 28 shows the dispersion relation along the �-X
direction for surface EM modes bound to an isolated
holey interface for both �hole=1 �solid curve� and �hole
=9 �dotted curve�. These two curves have been obtained
by means of Eq. �A27�. Note that bands flatten at certain
frequencies, although no diffraction effects have been
included yet. This result can be expressed in the lan-
guage of metamaterials by assigning an effective dielec-
tric permittivity ��eff� and an effective magnetic perme-
ability ��eff� to the structured surface. This derivation
was first done by Pendry et al. �2004� and can also be
found in Sec. A.5, resulting in �eff=8a2 /�2d2 and �eff
given by

�eff��� = ��2d2�hole/8a2��1 − �p
2/�2� . �27�

This functional form for �eff��� is similar to Drude’s
expression for the dielectric constant of a metal. There-
fore, it can be said that a corrugated PEC surface ap-
proximates the flat surface of a real conductor, charac-
terized by a �geometry-dependent� “effective plasma
frequency” �p= �c /	�hole�� /a, which coincides with the
cutoff frequency of the hole. Actually, the system is an-

isotropic, so care must be taken about the different com-
ponents of the effective dielectric constant tensor �Pen-
dry et al., 2004�. The anisotropy is also responsible for
the fact that the flat region of the dispersion curve for
the geometrically induced SPP appears at �eff=0,
whereas the dispersion relation for truly SPPs bound to
the interface between two isotropic media flattens at
�=−1.

Periodicity has two effects on the dispersion relation
of the geometrically induced surface EM mode: it opens
gaps at wave vectors k� close to Brillouin zone bound-
aries and couples bands with �k� � �� /d to radiative
modes. This is shown in Fig. 28, where the discontinuous
lines represent modes that become leaky when diffrac-
tion effects are considered. Surface EM modes still ap-
pear if higher-order waveguide and diffraction modes
are included in the calculation, and their dispersion re-
lation still flattens at �=�p, given by the hole cutoff.
However, the dispersion relation moves closer to the
light line and strong confinement occurs only for fre-
quencies much closer to �p than predicted by the effec-
tive parameter expression �Eq. �27�� �De Abajo and
Saenz, 2005; Hendry, Hibbins, and Sambles, 2008�.

Experimental verification of the existence of surface
EM modes in perforated PEC films has been reported
by different groups. Using two prisms to couple micro-
wave radiation to and from surface EM modes in ex-
tremely thin perforated metal films, Ulrich and Tacke
�1973� measured the dispersion relation of those modes
in the regime in which the departure from the light line
comes from band bending due to diffraction effects �see
the discussion on the two mechanisms for band bending
presented previously�. Experiments showing band bend-
ing associated with the cutoff frequency of the hole
waveguide were reported by Hibbins et al. �2005� who

FIG. 28. �Color online� Approximate dispersion relations for
geometrically induced SPPs in a semi-infinite holey PEC film
computed without diffraction effects. The side of the square
holes is a=0.4d. A dielectric medium with dielectric constant
�=1 �solid curve� or �=9 �dotted curve� fills the holes. The
discontinuous line marks the spectral region of what will be-
come leaky modes when diffraction effects are considered.
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analyzed the angular dependence of the transmission
peaks in 2D arrays of holes infiltrated with wax. These
experiments were also carried out in the microwave re-
gime of the EM spectrum. In a more recent develop-
ment, the subwavelength confinement associated with
the existence of spoof SPPs in 2D arrays of dimples was
experimentally tested in the terahertz range �Williams et
al., 2008�.

Once we have explained the physical origin of the
resonant features of �, which contains information about
only one surface, the questions are how the geometri-
cally induced surface EM modes couple in a metal film
of finite thickness and how this coupling affects the
transmission spectrum. The answers to these questions
are shown in Fig. 29. The top panel shows the transmit-
tance spectra for different metal thicknesses, while the
middle panel renders the corresponding spectral depen-
dence for both e�qz�h �which in the subwavelength regime
is always larger than 1 and increases exponentially with
h� and ��� �which, being a two-media scattering coeffi-
cient, does not depend on metal thickness�.

As Fig. 29 shows, transmittance maxima occur at the
wavelengths of minimal distance between the ��� and
e�qz�h curves �see the denominator of Eq. �26��. Depend-
ing on the metal thickness, two transmission regimes ap-
pear for any given resonance of ���. For small metal
thicknesses �but still larger than three to four times the
skin depth, so the metal is optically opaque and the con-
sidered model makes sense�, the curves for ��� and e�qz�h

cross twice, leading to the presence of two transmission
maxima which, for a lossless metal, reach 100% trans-
mission �Martin-Moreno et al., 2001�. For thick enough
films, e�qz�h is larger than the maximum value of ���. In
this case, the curves for ��� and e�qz�h do not cross but
there is still one transmission maximum at the wave-
length of minimum distance between them, i.e., approxi-
mately at the spectral position of the maximum of ���.
Note that a continuous transition from a transmission
spectrum with two EOT peaks to one with a single at-
tenuated maximum also occurs if the thickness of the
film is fixed but the size of the hole is gradually reduced.

The previous discussion was elaborated within the
multiple-scattering formalism. However, the analysis of
the existence of coupled leaky modes and their relation
to transmission maxima can also be done within the for-
malism involving E and E�, which has been used
throughout this review. In this formulation, the condi-
tion for resonant field enhancement, and correspond-
ingly resonant transmission, can be obtained from the
set of Eqs. �3� as �G−
�= �GV�. The bottom panel of Fig.
29 shows the spectral dependence of both �G−
� and
�GV� for different metal thicknesses considered in the
top and middle panels. As Fig. 29 shows, there is a
univocal correspondence between the spectral positions
of the transmission maxima and the wavelengths of
minimum distance between �G−
� and �GV�. Note that

FIG. 30. �Color� E-field amplitude evaluated at the two reso-
nant wavelengths in the x-z plane that cuts the square holes by
their centers for the case h=0.4d depicted in Fig. 29. �a� The
lower wavelength �antisymmetric mode�. �b� The amplitude for
the peak appearing at a longer wavelength �symmetric mode�.
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FIG. 29. �Color� Evolution of the transmission with the thick-
ness of the metal film. Top panel: Normal-incidence transmit-
tance spectra through a hole array in a PEC film for different
metal thicknesses h. The side of the holes is fixed at a=0.4d.
Middle panel: Spectral dependence of ��� �black curve� and
e�qz�h �color lines for the corresponding metal thicknesses rep-
resented in the upper panel�. Bottom panel: Spectral depen-
dence of �G−
� �continuous line� and �GV� �dashed lines�. The
vertical discontinuous lines are guides for the eye marking the
crossings of ��� with the different e�qz�h curves or, alternatively,
the cuts between �G−
� and �GV�.
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the resonances appear close to the divergences of G,
associated with the condition kz=0 which marks the
spectral location of the transmission minima.

The existence of these two regimes �two high-
transmission peaks or one exponentially attenuated
resonance� can be understood in terms of typical times
or distances in the system as follows. As previously
stated, a peak in Im��� marks the existence of a leaky
surface EM mode bound to a single interface. In a film
there are two such modes �one for each interface� that
interact through the evanescent fields inside the hole.
This results in coupled EM modes that are the symmet-
ric and antisymmetric combinations of the original sur-
face modes �see Fig. 30� in much the same way as elec-
tronic states of isolated atoms couple to form molecular
levels. These modes are, in general, leaky, i.e., they
couple to radiation modes. Nevertheless, additional in-
sight can be gained if we compute their frequencies, ne-
glecting the coupling into radiative modes. In this case,
the frequency difference between the two modes is in-
versely proportional to the time tres that the EM field has
to stay in the system in order to determine that there are
two resonant levels. Note that this time depends expo-
nentially on the metal thickness. During time tres, the
EM field travels a distance Lres on the surface which,
assuming that the field travels at speeds close to that of
light, is Lres�ctres. The effect of the coupling to radiative
modes can be considered through the width �� of the
resonance in Im���, which is related to the time that the
EM field stays at the surface before being radiated trad,
or equivalently to the distance that the EM field can
travel during that time Lrad. Using the relations 
=c /�
and �
��t�1, and assuming that the EM field travels
at the surface at almost the speed of light, we obtain
Lrad�ctrad��2 /��. Therefore, for the particular case of
resonances appearing at wavelengths close to the period,
the number of periods that the EM wave travels before
it is radiated is roughly �� /d. If the geometrical param-
eters defining the array are such that trad� tres, the EM
field stays in the film long enough to sense two different
resonant levels and the transmission is high at the two
corresponding frequencies. In the opposite situation
�trad� tres�, the EM field is radiated before it can differ-
entiate between two resonances. Moreover, if trad� tres
the process is more like �coherent� sequential tunneling,
where the incoming field first gets trapped in a surface
mode, tunnels to the surface mode at the other interface,
and finally exits via outgoing radiative modes. The trans-
mittance is enhanced in this case as the photon can use
two intermediate resonant states �the surface EM mode
at each interface� to cross the metal film, but the en-
hancement is not as efficient as when the EM field hops
back and forth several times building up a constructive
interference. The previous discussion of trad was made
on the basis of the properties of one interface and does
not consider that the symmetric and antisymmetric com-
binations of surface modes couple differently to radia-
tion modes. In fact, EM fields radiated from each sur-
face in the antisymmetric combination partially cancel

each other. The smaller coupling to radiative modes in
the antisymmetric combination of surface modes than to
that in the symmetric one translates into a larger trad
and, correspondingly, a narrower peak. This can be seen
in, for instance, Fig. 29.

The transition from the regime in which the transmit-
tance spectrum presents two peaks reaching 100% val-
ues to that of one exponentially attenuated peak is char-
acterized in Fig. 31. Figure 31 shows the dependence
with metal thickness of rmin, defined as the minimum
hole radius such that the transmittance is complete at, at
least, one resonant wavelength �R. Calculations were
performed with the coupled-mode formalism. The con-
tinuous curve divides the parameter space �radius of the
hole r and metal thickness h� in two regions. Within the
region at the left of the curve, the transmittance spec-
trum has at least one resonant peak reaching complete
transmission while the transmittance in hole arrays per-
taining to the region at the right presents a single reso-
nant peak with maximum less than 100%. De Abajo et
al. �2005� found that light transmission through perfo-
rated PEC films with negligible thickness is complete at
some resonant wavelength, even for arbitrarily small
holes. This is reflected in Fig. 31 in that rmin→0 when
h→0. The dependence of �R with h is described in the
inset of Fig. 31. As h decreases, �R rapidly approaches
the lattice parameter d �notice the logarithmic scale for
��. Figure 31 also shows how the linewidth of the trans-
mission peak at the minimum radius rmin evolves with
film thickness. When expressed in units of the period,
this linewidth is inversely proportional to the number of
periods needed in the hole array such that the holes at
the center behave as in an infinite system. The fast de-
crease of the linewidth with film thickness �notice again
the logarithmic scale� implies that finite-size effects are
increasingly important for smaller holes.

FIG. 31. Evolution as a function of metal thickness �h� of the
threshold value for the radii of circular holes �rmin� forming a
2D array in order to have 100% transmission at, at least, one
resonant wavelength �R �full line�. The dashed line represents
the linewidth associated with the transmission peak in hole
arrays with r=rmin for each value of h. The inset shows the
spectral separation between �R and the period of the array d,
�=�R−d, evaluated at r=rmin for each value of h.
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The previous analysis was for infinitely periodic arrays
in a lossless media. Beyond this idealization, consider-
ation of absorption and finite arrays introduces two ad-
ditional time scales: the typical time the EM field stays
at the surface before being absorbed �tabs� and the time
needed for crossing the array �tL�L /c, where L is the
length of the array�. Several transmission regimes ap-
pear depending on the relation of these four time scales
�tres, trad, tabs, and tL�, which may affect the different
transmission resonances differently. A detailed analysis
of both finite-size effects and type of metal will be con-
sidered later on in this review. We mention here that the
EOT narrow peak related to the antisymmetric combi-
nation of surface modes is more sensitive to both ab-
sorption and finite-size effects than the one involving the
symmetric mode �which appears at longer wavelengths�.
Actually, in the experiments, only the latter is clearly
differentiated. Nevertheless, experiments have shown
the existence of two regimes in the evolution of the main
EOT peak�s� with thickness �Degiron et al., 2002�, as
theory predicts.

The effect of both a finite dielectric function and the
inherent absorption in a real metal at optical frequencies
is shown in Fig. 32. This figure shows the computed
transmission spectra obtained with different approxima-
tions for an infinite array of circular holes in a silver film
for a representative set of geometrical parameters. The
calculated cutoff wavelength of the hole waveguide is in
this case 590 nm. The FDTD result is obtained using a

small discretization mesh �2 nm� and can be considered
as virtually exact. Figure 32 shows that transmittance
peaks reaching 100% are still expected for a lossless
metal and also that absorption prevents 100% transmis-
sion, having a larger effect on the narrower peaks, as
previously discussed.

Another feature that is evident from Fig. 32 is that the
transmission minimum at �10

min appears redshifted in a
real metal film with respect to the PEC case which
would have �10

min=600 nm. In the present formalism, this
minimum is still due to the divergence of G which, in a
real metal, occurs when the corresponding diffraction
order has a kz satisfying kz+ZSk�=0. As mentioned, this
is exactly the condition for the existence of SPPs with
parallel momentum, k� =2� /d, within the SIBC approxi-
mation in an uncorrugated metal surface. Therefore, in
general, transmission minima are linked to the disper-
sion relation of SPPs for the flat interface, thus appear-
ing at �n,m

min =d	�M / ��M+1� /	n2+m2.

3. Dependence on the material properties

The role of the type of metal is important in the ex-
traordinary transmission and has been verified experi-
mentally in several studies. The original observation was
made on silver, gold, and chromium films at optical fre-
quencies �Ebbesen et al., 1998�. In keeping with the pre-
vious theoretical discussion, the intensity of the trans-
mission peak decreases and its linewidth increases as the
absorption, which is related to the imaginary part of the
permittivity of the metal, increases �Grupp et al., 2000;
Przybilla, Degiron, et al., 2006; Williams and Coe, 2006;
Chang, Chuang, et al., 2007; Ctitis et al., 2007; Ekinci et
al., 2007�.

Exhaustive studies of the dependence of EOT peaks
on the type of metal have been conducted both experi-
mentally �Przybilla, Degiron, et al., 2006� and theoreti-
cally �Rodrigo et al., 2008�. Figure 33�a� shows the evo-
lution of the experimental EOT peak heights for
different metals as a function of the resonant wave-
length. Figure 33�b� also shows the FDTD calculated
transmission spectra for Ag, Al, Ni, and W. The common
conclusion of these two studies is that the two main pa-
rameters that characterize the influence of the dielectric
constant of the metal on EOT peaks are the skin depth
�which effectively enlarges the hole size, increasing the
transmittance� and the absorption length �small absorp-
tion lengths impair the resonant process�. “Good met-
als” such as Au, Ag, and Cu sustain EOT peaks with
transmission values that may exceed even those of a
PEC with the same geometrical parameters due to the
penetration of the fields inside the metal. On the con-
trary, metals presenting large absorption, such as Ni and
Cr, display very low EOT peaks. The skin depth in Al is
much smaller than in any other metal: correspondingly,
EOT peaks in holey aluminum films resemble those in a
PEC, except at the longer wavelengths in the optical
regime, when absorption in Al increases and the EOT is
more likely that corresponding to a “bad metal.” The
case of W is interesting, as in the optical regime it be-
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FIG. 32. �Color online� Transmittance spectra through an ar-
ray of circular holes in a free-standing silver film of thickness
h=275 nm. The radius of the hole is r=134 nm and the period
of the array is d=600 nm. The dielectric function of silver is
taken from Palik, 1985. The solid curve is the FDTD result,
obtained with a discretization mesh of 2 nm. The dashed curve
is the result obtained within the coupled-mode method and the
SIBC approximation. The dotted curve is for the last case, but
with the absorption in the metal set zero, i.e., Im��M�=0.

754 Garcia-Vidal et al.: Light passing through subwavelength apertures

Rev. Mod. Phys., Vol. 82, No. 1, January–March 2010



haves as a lossy dielectric. Still surface EM modes
�known as Zenneck waves� exist in lossy dielectrics,
leading to transmission peaks �Sarrazin and Vigneron,
2003�, as discussed before. However, transmission peaks
in W are much weaker than even those associated with
bad metals �see Fig. 33�.

EOT has also been observed for metals at microwave
�Beruete, Sorolla, et al., 2004� and terahertz �Miyamaru
et al., 2003; Cao and Nahata, 2004a, 2004b; Qu and
Grischkowsky, 2004� frequencies, as could be expected
from the emergence of EOT in perforated PEC films. In
an experimental study in the terahertz regime, Lee et al.
�2005� analyzed the evolution of the height of the EOT
peak with increasing values of the side of the square

holes forming a periodic array drilled in an aluminum
film. In agreement with the EOT picture provided in
Sec. III.B.2, it was found that the peak transmission in-
creases as the side of the hole is enlarged, reaching
100% for the case of maximum coverage considered. In
the terahertz regime, the peak intensity increases as the
ratio of the absolute value of the real to the imaginary
part of the dielectric constant increases �Azad et al.,
2006�. So far, extraordinary transmission has been ob-
served for periodic arrays in a wide variety of materials
for various frequency regimes: highly doped Si �Gomez
Rivas et al., 2003�, metal-organic conducting polymers
�Matsui et al., 2006�, VO2 �Donev et al., 2006�, metal-
coated VO2 double layers �Suh et al., 2006�, SrTiO3
�Miyamaru et al., 2006b�, GaAs �Wasserman et al., 2007�,
gold-coated GaAs �Zhou et al., 2008�, amorphous SiO2
�Chen, Hamam, et al., 2007�, and SiC �Urzhumov et al.,
2007�.

Similarly, a thin layer with a low imaginary permittiv-
ity deposited on a more absorbing metal �Grupp et al.,
2000� or semiconductor �Fang et al., 2007� is able to in-
fluence the transmission. As expected from the SPP dis-
persion relation, the transmission is also sensitive to the
refractive index of the dielectric material at the metal
interface which will affect both the peak position and
the transmission intensity �Krishnan et al., 2001�. As a
consequence, the presence of even a thin dielectric layer
can be detected �Tanaka et al., 2005� and used for sens-
ing purposes �Brolo, Arctander, et al., 2004�, as discussed
in Sec. V.A. The fact that only a thin layer with a thick-
ness of the order of the skin depth suffices to establish
EOT has also been verified by coating thin metal layers
on periodic arrays of microspheres �Landstrom et al.,
2005, 2009; Farcau and Astilean, 2007�.

4. Size and shape dependence

In the first report of EOT the size of the holes was
already shown to have an important effect on the height
of the transmission peaks �Ebbesen et al., 1998�. This
observation has been confirmed at different incident
angles for various reciprocal-lattice directions �Williams
et al., 2004�. As the hole diameter is increased, both the
intensity and the linewidth of the transmission peaks in-
crease �Ishihara, Ikari, et al., 2005; Miyamaru et al.,
2006a�. These observations are consistent with a picture
in which radiative damping of the SPP modes occurs due
to scattering with the holes �Kim et al., 2003; Naweed et
al., 2003�. When a large range of hole sizes is investi-
gated, it becomes clear that no single power-law scaling
can describe the increase of the normalized transmission
�van der Molen et al., 2004�. Figure 34 shows the depen-
dence on hole size of the normalized transmission for a
large range of hole sizes. A strong dependence of the
transmitted intensity on hole size can be observed for
small sizes, where the normalized transmission scales as
a high power of the diameter. At larger hole sizes and
for a larger normalized transmission the trend saturates.
The existence of two regimes as a function of the hole
size can be understood with the help of the coupled-
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FIG. 33. �Color� Dependence of EOT with the material prop-
erties. �a� Experimental transmission intensities as a function
of the �1,0� transmission peak position for different metals.
The samples consist of perforated metal slabs �thickness
250 nm� deposited on a glass substrate. The period of the
square array is varied between 200 and 500 nm and the ratio
between the period of the array and the diameter of the holes
is fixed at 1.75. �b� Calculated transmission spectra for an array
of circular holes in a metal film deposited on a glass substrate
for several metals. Calculations were performed with the
FDTD method. The geometrical parameters considered are
period d=400 nm, metal thickness h=250 nm, and hole radius
r=114 nm. From �a� Przybilla, Degiron, et al., 2006 and �b�
Rodrigo et al., 2008.
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mode analysis presented in Sec. III.B.2. When the hole
size is small, the factor e�qz�h is large as the waveguide
mode inside the hole decays rapidly. Then the field en-
hancement coming from the reflection coefficient ���
cannot compensate for the exponentially small factor
�mathematically, there is no cut between e�qz�h and ����,
and the transmission is extremely low. As the hole size is
increased, e�qz�h is strongly reduced, leading to the emer-
gence of a cut between ��� and e�qz�h, i.e., the transmission
reaches its maximum value and saturates.

Hole size also affects the spectral position of the
transmission peaks. A small blueshift can be observed
for the main peaks as the hole size is decreased �Naweed
et al., 2003; van der Molen et al., 2004�. In this last ref-
erence, it is reported that the main EOT peak shifts by
���−30 nm as the hole width is decreased from
286 to 148 nm. This can be interpreted within the
coupled-mode analysis as due to the fact that, when the
hole size is decreased, the spectral location of the SPP in
the corrugated surface tends to its corresponding value
for a flat metal surface, with no holes.

In the extreme case of very large holes in a 2D array,
the system becomes a metal wire mesh which, as stated
in the Introduction, has been widely analyzed within the
engineering community. These structures have been
studied in several frequency regimes such as microwave
�Keilmann, 1981�, far infrared �Mitsuishi et al., 1963�,
midinfrared �Renk and Gensel, 1962; Ulrich, 1967�, and
infrared �Rhoads et al., 1982�. They were either treated
as transmission line equivalent circuits �e.g., inductive
grids� or analyzed as diffraction gratings �Eggiman and
Collin, 1962; Chen, 1971�. Transmission properties of the
mesh filters were eventually analyzed by considering the
surface waves at the metal interface �Ulrich, 1974� in
line with metal grating theory �Hessel and Oliner, 1965�.
Recently the analysis of the crossover from the EOT
regime �small holes� to the wire mesh limit has been

addressed both experimentally and theoretically �Bravo-
Abad, Martin-Moreno, et al., 2007�.

The role of the individual holes in the EOT phenom-
enon in 2D hole arrays becomes important when the
shape of the holes is changed from circular or square to
rectangular �Koerkamp et al., 2004�. Several key changes
occur. First, the normalized transmission is increased by
nearly one order of magnitude even though the actual
area per hole decreases �see Fig. 35�. This is in agree-
ment with the trend observed in individual rectangular
apertures, as described in Sec. II.B.2. Also, a strong po-
larization anisotropy occurs between the best transmit-
ted polarization, i.e., perpendicular to the long axis of
the holes, and the polarization along the long axis of the
holes. This anisotropy, which causes birefringence is also
observed for elliptical hole shapes �Elliott et al., 2004;
Gordon et al., 2004� and has been addressed theoreti-
cally �Strelniker, 2007�, confirming the experimental re-
sults. The birefringence exhibits a pronounced wave-
length dependence �Elliott et al., 2005�, thus opening up
a large perspective for polarization control through tun-
ing the aspect ratio of the holes, the wavelength, and the
angle of incidence �Sarrazin and Vigneron, 2004�. The
same polarization effects have been observed for the
transmission of terahertz radiation through arrays of
rectangular subwavelength holes even though the thick-
ness of the metal layer, in that case, is only a small frac-
tion of the incident wavelength �Cao and Nahata,
2004a�.

But perhaps the most profound change to the trans-
mission spectrum shown in Fig. 35 is the observation
that the primary �1,0� peak undergoes a huge redshift
when hole shape is varied �Koerkamp et al., 2004�. A
shift as large as 170 nm can be observed. In these first
experiments the hole area was not kept constant and,
while unlikely, this may have influenced the experi-
ments.

In an investigation where only the aspect ratio of rect-
angular holes was varied, a smooth increase of the nor-
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FIG. 34. Measured dependence of the transmission of the �1,0�
peak through an array of square holes as a function of size of
the holes �double logarithmic representation�. The thickness of
the gold films is 200 nm and they are deposited on a glass
substrate. All arrays investigated have a period of 425 nm. The
dotted line obeys T�d4. The dashed line corresponds to T
�d9. For smaller holes the increase in normalized transmission
is easily faster than d4, while for the larger holes the normal-
ized transmission saturates. From van der Molen et al., 2004.
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FIG. 35. �Color online� Measured transmission spectra for
three different hole shapes: circular �diameter 190 nm�, rectan-
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Koerkamp et al., 2004.
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malized transmission is observed in addition to a mono-
tonic redshift as a function of the aspect ratio �van der
Molen et al., 2005�; see Fig. 36. For hole arrays with
elongated holes the enhanced transmission is mediated
by a combination of localized effects associated with the
transmission properties of single rectangular holes and
collective effects related to the periodicity of the array.
The spectral position of the main �1,0� peak shifts mono-
tonically as the aspect ratio of the holes is increased
from aspect ratios where periodicity governs the peak
position, i.e., the aspect ratio equal to 1, to aspect ratios
where localized effects are important. Figure 36 also
shows that the polarization anisotropy increases when
the aspect ratio of the holes becomes larger. The large
polarization anisotropy combined with the peak shifts
induced by high aspect ratios can be exploited for prac-
tical purposes �see Sec. V.A�.

The dependence of the transmittance through peri-
odic hole arrays on the period, for a fixed hole shape,

was experimentally studied by Degiron and Ebbesen
�2005�. The measured transmittance spectra through a
suspended Ag film pierced with rectangular holes are
shown in Fig. 37 for the two orthogonal polarizations.
The different contributions to the transmittance are
clearly visible as the period changes. The SPP mode as-
sociated with the periodicity dominates the transmit-
tance and the contribution of the localized mode is ei-
ther blocked or revealed, depending on whether it
coincides with a minimum or maximum of the SPP
mode, respectively. At the same time, SPP transmission
peaks attenuate above 550 nm when the polarization is
perpendicular to the short axis of the aperture �see Fig.
37�a��, as compared to being perpendicular to the long
axis �Fig. 37�b��; this is due to a drastic shift in the cutoff
wavelength of the individual apertures when going from
the long to the short axis of the holes. This picture of the
evolution and mixing between the transmission reso-
nances associated with SPP and localized modes has
been corroborated theoretically �Mary et al., 2007�.

500 600 700 800 900
0

0.5

1

1.5

2

2.5

3

Wavelength (nm)

T
ra

n
s
m

is
s
iv

it
y

1
1.5
2
2.5
3

xy

y-pol

(a)

500 600 700 800 900

0.02

0.06

0.1

0.14

0.18

Wavelength (nm)

T
ra

n
s
m

is
s
iv

it
y

1

1.5

2

2.5

3

xy

x-pol

(b)

FIG. 36. Measured normalized transmission of nanohole ar-
rays consisting of rectangular holes with varying aspect ratio
for two different incident polarizations. The legends show the
aspect ratios of the holes. The insets show the relative direc-
tion of the polarization with respect to the hole geometry. �a�
The normalized transmission exhibits an increase for all peaks.
The �1,0� peak exhibits broadening and a pronounced redshift
as the aspect ratio is increased. �b� For x-polarized light the
opposite trend is observed: an increase in aspect ratio results in
a decrease in normalized transmission. For the largest aspect
ratios a small amount of polarization cross-talk is observed
that can be attributed to minute alignment imperfections.
From van der Molen et al., 2005.

FIG. 37. �Color� Transmission spectra of rectangular holes
with the lattice constant as a varying parameter, plotted for the
polarization �a� perpendicular to the short edge and �b� per-
pendicular to the long edge. All samples were fabricated with
the same rectangular holes �260�200 nm2� perforated on sus-
pended Ag films of thickness 400 nm. From Degiron and
Ebbesen, 2005.
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Measurements show that hole shape also affects the
dispersion of the EOT peaks. In particular, the flat re-
gion in the dispersion around k� =0 widens as the aspect
ratio is increased �Fig. 38�. This indicates that the
mechanism responsible for the transmission becomes
more localized in real space, which has been confirmed
with near-field optical microscopy for rectangular holes
with high aspect ratios �Chu et al., 2007�.

The role of local effects can be enhanced through
other hole shapes. Inspired by the fact that a coaxial
cable has no cutoff, a periodic arrangement of annular
or coaxial holes was proposed as an ideal candidate to
show EOT in small apertures �Baida and Van Labeke,
2002, 2003�. However, it was soon realized �Baida et al.,
2004� that this propagating mode cannot be excited by a
normally incident plane wave and it even plays a minor
role for oblique incidence and p-polarized light �Baida,
2007�. Instead, the transmission resonances emerging in
arrays of annular holes result from the interplay be-
tween SPP modes and localized resonances that are
spectrally located at the cutoff wavelength of the TE11
mode of the annular waveguide �Orbons and Roberts,
2006; Lomakin et al., 2007�. Through an optimization of
parameters, absolute transmissions were predicted up to
90% for arrays with a significant “opaque” area. The
behavior of the annular holes has been alternatively de-
scribed in terms of coupled cylindrical SPPs on the inner
and outer surfaces of the annulus �Haftel et al., 2006�. It
was also predicted that square coaxial structures would
exhibit the same behavior and allow large transmission
coefficients �Moreau et al., 2003�.

The theoretical predictions for the annular hole arrays
were experimentally verified in the near infrared. Care-
ful polarization and angle-dependent measurements
confirm an interplay between cutoff resonances in the
coaxial holes and the delocalized resonances associated
with SPPs �Fan et al., 2005�. It was shown that in the
midinfrared the arrays of coaxial holes could transmit up
to five times more than arrays of circular holes with the

same open air fraction �Fan et al., 2005a, 2005b�. In the
visible range �700 nm�, a maximum transmission of 17%
was achieved �Salvi et al., 2005; Poujet et al., 2006�. The
normalized transmission through annular hole arrays
can be further enhanced by choosing the proper symme-
try of the array �Sun, Tian, Han, et al., 2006�. Under
certain circumstances and using the proper cavity reso-
nances in the annular holes, the transmission of annular
hole arrays can even become independent of the ar-
rangement of the holes with respect to each other
�Rockstuhl et al., 2007�. The role of cylindrical SPPs was
experimentally confirmed through experiments in com-
bination with simulations and a consideration of the dis-
persion of these SPP modes �Orbons et al., 2007�.

Periodic subwavelength hole arrays with more exotic
hole shapes have also been shown to exhibit EOT, such
as arrays of diamond-shaped holes �Sun, Liu, et al., 2006�
and triangles �Kim and Moyer, 2006a, 2006b�. A range of
hole shapes has successfully been explored in order to
redshift the cutoff wavelength of the individual holes. In
particular, H-shaped holes �Sun et al., 2007� and
cruciform-shaped holes �Chen, Tsai, et al., 2007; Ye,
Wang, Cao, et al., 2007; Ye, Wang, Yan, et al., 2007� seem
especially useful for this purpose. The use of shape in
combination with array symmetry and periodicity pro-
vides a highly versatile tool box to fabricate, for ex-
ample, terahertz filters �Lee, Seo, et al., 2006�. Arrays
consisting of double holes that slightly overlap provide
an additional localized field enhancement near the re-
sulting cusps �Gordon et al., 2005; Kumar and Gordon,
2006�, which can be exploited for enhancing nonlinear
phenomena �see below�. Recently, evidence has been
found that the structure in the holes perpendicular to
the film can also influence the transmission. Measure-
ments in the terahertz regime show that arrays with
holes in which the radius first decreases and then in-
creases to its original value exhibit blueshifts when the
radius of the constriction in the holes is reduced �Batulla
et al., 2007�.

In summary, the EOT phenomenon in hole arrays is
mediated by both localized and collective effects related
to the periodicity of the array. The final spectral shape is
dependent on the relative contribution of the cutoff
function of the individual apertures, the localized
modes, and the SPP modes and these are all sensitive
not only to the lateral dimensions of the aperture but
also to factors such as the depth of the apertures and the
density of apertures in the metal film.

5. Electric field enhancement and nonlinear effects

Calculations showed that EOT is accompanied by
highly localized field distributions �Krishnan et al., 2001;
Salomon et al., 2001�. Near-field experiments were able
to confirm these predictions �Hohng et al., 2002� by tak-
ing advantage of the subwavelength nature of the EM
fields associated with SPP excitation. Interestingly, high
field amplitudes between the holes accompany certain
maxima in the far-field transmission. In the near field,
different components of the diffraction interfere to set
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FIG. 38. Measured dispersion of the �1,0� peak for different
aspect ratios. The dispersion changes as the aspect ratio is in-
creased: the fitting lines decrease in slope and the dispersion
around k� =0 becomes flatter for a larger range of k�. This in-
dicates a stronger degree of localization in the transmission
process. From van der Molen et al., 2005.
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up complex field patterns �Hohng et al., 2005�. The exact
spatial field distributions are determined by the spatial
potential experienced by the Bloch modes �Zayats et al.,
2003�. The free-space wavelength with respect to the pe-
riodicity is also an important factor in the field patterns.
When the free-space wavelength is much smaller than
the periodicity of the array, clear standing-wave patterns
between the holes can be observed �Rokitski et al.,
2005b; Gao et al., 2006; Hou et al., 2006�. In that case, an
amplitude modulation persists away from the interface,
whereas for larger wavelengths, as only the zero-order
diffracted beam is radiative, a homogeneous pattern is
found �Hohng et al., 2005�. Even for quasiperiodic hole
arrays hot spots with a diameter of roughly half the
wavelength can be found up to 18 wavelengths away
from the structure �Huang, Zheludev, et al., 2007�.

On the other hand, these high EM fields that accom-
pany the EOT phenomenon can be exploited to enhance
nonlinear effects. Second harmonic generation �SHG�
can arguably be considered as the most basic nonlinear
optical effect. The first observation of enhanced SHG in
a subwavelength hole was actually not in a hole array
but in a bull’s eye structure �see Sec. IV� in which the
subwavelength hole was surrounded by a set of concen-
tric grooves �Nahata et al., 2003�. An enhancement of
104 was found with respect to the second harmonic yield
obtained from a single hole without grooves. The first
observation of SHG in a hole array found a maximum
yield for those incidence angles where the fundamental
beam is maximally transmitted �Airola et al., 2005�. A
fivefold enhancement of the second harmonic yield with
respect to the yield of disordered arrays was found. By
breaking the centrosymmetry of the individual holes the
yield was further increased.

The second harmonic yield can also be increased by
changing the hole shape while retaining the centrosym-
metric nature of both the holes and the array, for ex-
ample, using rectangular holes. In the first instance this
is not surprising: as the aspect ratio is varied, the linear
transmission through the arrays is influenced. The non-
linear response may be expected to mimic the change in
the linear response, albeit in a nonlinear fashion de-
pending on the order of the nonlinear process being con-
sidered. Figure 39 shows both the linear transmission of
the fundamental beam and the second harmonic yield
behind the array as a function of the aspect ratio of the
holes. For aspect ratios ranging from 0.36 to 1.6 an in-
crease in the linear transmission by a factor of 60 is ob-
served. At the same time the second harmonic yield is
found to increase by a factor of 4000.

However, a closer look at Fig. 39 shows that for aspect
ratios ranging from 1.6 to 2.8 the transmission of the
fundamental beam does not exhibit any increase. Never-
theless, the second harmonic yield is found to exhibit an
additional increase by a factor of 50 before showing a
decrease. In order to put this observation in perspective,
it is useful to derive the effective nonlinear susceptibility
of the structure. By considering the array as an effective
homogeneous medium, the nonlinear susceptibility can
be calculated from the second harmonic yield and all

relevant linear transmission coefficients �Sutherland,
1996�. Figure 40 shows the nonlinear susceptibility of the
hole arrays as a function of the aspect ratio of the holes.
For aspect ratios ranging from 0.36 to 1.6 it can be seen
that the nonlinear susceptibility exhibits no clear trend

FIG. 39. �Color online� Double logarithmic plot of transmis-
sion of the fundamental beam at 830 nm �right axis, dots� and
the collected second harmonic signal �left axis, triangles� as a
function of aspect ratio. The transmission of the fundamental
beam exhibits a monotonic increase before leveling off at an
aspect ratio of 1.6. The second harmonic shows a steady in-
crease of slightly less than two orders of magnitude up to an
aspect ratio of 1.6. Between aspect ratios of 1.6 and 2.3 a peak
is observed in the second harmonic with a magnitude of a fac-
tor 50. The lines are guides for the eye. From van Nieuwstadt
et al., 2006.

FIG. 40. �Color online� Double logarithmic plot of two com-
ponents of the effective second-order nonlinear susceptibility
vs aspect ratio. Between aspect ratios of 0.36 and 2.8 no clear
trend is observable in the effective nonlinear susceptibility. Be-
tween aspect ratios of 1.6 and 2.8 a peak in the effective sus-
ceptibility of a factor more than one order of magnitude oc-
curs. From van Nieuwstadt et al., 2006.
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as a function of aspect ratio. For aspect ratios of 1.6–2.8
a clear peak in the nonlinear susceptibility is found. An
increase of the susceptibility of a factor of roughly 10 is
observed �van Nieuwstadt et al., 2006�. In other words, a
“hot” hole shape is observed for aspect ratios around 2.
This hot hole shape can be explained by the cutoff reso-
nance condition of the individual rectangular holes. As-
sociated with the excitation of this cutoff resonance, a
huge EM field enhancement occurs, as explained in Sec.
II.B.2, resulting in an enhanced nonlinear response.

The field enhancement in coaxial hole arrays has been
exploited to generate a second harmonic with very high
efficiency. It has been demonstrated that second har-
monic generation from GaAs, which is introduced in the
gaps of a coaxial hole array, can be as efficient as SHG
from z-cut LiNbO3 �Fan, Zhan, Panoiu, et al., 2006�. It
turns out that the field enhancement inside circular hole
arrays is also sufficient to generate a good second har-
monic yield when GaAs is introduced in the holes �Fan,
Zhang, Malloy, et al., 2006�. The SHG in circular hole
arrays, without GaAs, can be enhanced through the use
of double hole geometries in which two overlapping
holes lead to a sharp ridge between the holes that in-
duces a high local enhancement. The SHG efficiency can
be boosted by a factor of 14 with respect to circular
holes �Lesuffleur, Kumar, and Gordon, 2007�. The SHG
process can be improved by tuning a linear transmission
resonance to the second harmonic wavelength through a
proper change in array periodicity or incidence angle for
a wide range of hole and array symmetries �Xu et al.,
2007�.

So far only a limited number of investigations have
used hole arrays to boost third-order nonlinear pro-
cesses rather than the second-order process of SHG. By
exploiting Kerr nonlinearity it is possible to time-gate
one beam of photons being transmitted through a circu-
lar hole array with a second beam �Smolyaninov et al.,
2002�. The change in polarization of the beam that was
switched shows that the enhanced fields inside the holes
are crucial for an efficient switching. Kerr nonlinearity
can lead to bistability in the extraordinary transmission
as shown theoretically by Porto et al. �2004� and experi-
mentally by Wurtz et al. �2006�. In this case the high
intensity of a control laser induces changes of the local
index of refraction. This leads to a modification in the
transmission which persists when the intensity is subse-
quently reduced, resulting in a characteristic hysteresis
loop in the transmission as a function of the intensity of
the control field. Two-dimensional FDTD calculations of
subwavelength gratings have identified the layer thick-
ness of the Kerr medium and the size of the apertures as
crucial parameters for maximizing the bistability �Min et
al., 2007�.

6. Finite-size effects

The question of the dependence of EOT efficiency on
the number of apertures has also been addressed from
both the experimental and theoretical points of view. As
EOT results from the collective response of the array,

the resonant transmittance should increase as the num-
ber of holes forming the array increases until it reaches
saturation. Indeed, experimental measurements in the
infrared �Thio et al., 1999�, in the terahertz regime
�Miyamaru and Hangyo, 2004�, and in the visible range
of the EM spectrum �Henzie et al., 2007� have confirmed
this expectation. Recently Przybilla et al. �2008� studied
how the transmission per hole reaches saturation with
the number of holes �see Fig. 41�. They found, both ex-
perimentally and theoretically, that the number of holes
needed for saturation depends very strongly on the size
of the holes: the larger the hole diameter, the faster a
transmission saturation is reached �see Fig. 41�. This
saturation value is marked by the propagation length of
the SPP in the corrugated surface, which is mainly con-
trolled by the size of the hole.

Przybilla et al. �2008� also analyzed the value of the
EOT transmittance in large arrays and compared it to
the transmittance through a single hole. The experimen-
tal results showed that the enhancement in the transmit-
tance per hole in arrays is larger for the smaller holes:
this enhancement is around 40 for holes with a diameter
of 150 nm in 40�40 arrays �see Fig. 42�. The computed
enhancement for these parameters was around 100 and
much larger values are obtained for smaller holes and
larger array sizes. In contrast to some claims that the
maximum enhancement achievable in EOT with respect

FIG. 41. �Color online� Dependence of EOT with the number
of holes. �a� Experimental transmission spectra for 2D square
arrays containing 5�5, 11�11, 21�21, and 31�31 circular
holes. The arrays were milled in 275-nm-thick free-standing
silver films with a period d=600 nm and a hole radius
r=134 nm. Transmissions are normalized to the hole area. �b�
Normalized-to-area transmission spectra obtained from the
coupled mode method in which SIBC have been applied. The
geometrical parameters are the same as in the experiments.
Inset: Comparison between the coupled mode and FDTD re-
sults for an infinite square array. From Przybilla et al., 2008.
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to the single hole transmittance is around 7 �Lezec and
Thio, 2004�, no fundamental upper limit exists to the
possible enhancement attainable in the EOT phenom-
enon, provided the system can be described within the
macroscopic Maxwell equations.

Finite-size effects have also been theoretically ana-
lyzed in 1D arrays of holes and slits. For the case of
holes, it was found that a chain of subwavelength holes
can be considered as the basic geometrical unit showing
EOT. A 2D hole array can be seen as a collection of
weakly coupled 1D chains of holes oriented along the
in-plane component of the E field �Bravo-Abad, Garcia-
Vidal, and Martin-Moreno, 2004�. Regarding slits, the
main parameter controlling the saturation of the reso-
nant transmission associated with surface EM modes is
the ratio between the width of the slits and period of the
array �Fernandez-Dominguez et al., 2007�. As expected,
the other channel for transmission, linked to the excita-
tion of a slit-cavity resonance, does not depend strongly
on the number of slits in the array.

The spatial dependence of the transmitted radiation
also presents strong finite size effects. Both experiments
and theory �Bravo-Abad et al., 2006� showed that the
reemission pattern is far from uniform �see Fig. 45�. For
instance, for a hole array of square shape �see Fig.
45�b��, the transmission per hole is maximum at the cen-
ter of the sample, decreasing to the edges of the array.
Additionally, this reemission pattern is sensitive to the
angle of incidence. By tilting the samples by just a few
degrees, the central band of maximum transmittance in
Fig. 45�b� moves to the edge of the array. The strong
nonuniformity of the light emerging from the hole array

is also reflected in time-resolved measurements in the
near-field region �Kim et al., 2003; Muller et al., 2003�;
see Sec. III.B.8. Interestingly, light emerging from small
arrays also presents very low divergence. It has been
shown experimentally that 75% of the transmission is
actually nondivergent in arrays formed by just 16 holes,
opening perspectives for microscopy applications
�Docter et al., 2006; Chowdhury et al., 2007�.

7. Polarization effects

Polarization effects associated with the shape of the
holes have already been discussed in Sec. II.B.2 for
single holes and in Sec. III.B.4 for 2D arrays. Here we
focus on polarization effects due to the symmetry of the
periodic array in relation with the polarization of the
incident light.

The coupling of the incident plane wave with the sur-
face EM modes is much more efficient when the direc-
tion of the incoming E field, as projected on the inter-
face, has a nonzero component in the direction of a
reciprocal-lattice vector. For example, for a simple rect-
angular lattice, this means that if the normally incident
light is polarized along the x direction, potential reso-
nances owing to reciprocal lattice vectors pointing in the
y direction will not lead to strong transmission peaks.
The influence of the polarization leads to a rich trans-
mission behavior. Depending on the projection of the
incident E field on the various periodicities present in
the lattice, different leaky surface modes may be ex-
cited, each of which will in turn lead to a transmission
resonance with its own amplitude, polarization direc-
tion, and phase; together they determine the polariza-
tion state of the transmitted light. The simplest conse-
quence is that, when the sample is tilted away from
normal incidence, a geometrical birefringence is intro-
duced. This was first confirmed for terahertz transmis-
sion �Miyamaru et al., 2003� and later for optical fre-
quencies �Ren et al., 2007�. The full richness of the
polarization behavior was investigated for optical fre-
quencies �Altewischer et al., 2003�. For square lattices,
normal incidence, and polarization along the �1,1� direc-
tion, SPP modes can be excited in both the x and y
directions with the same efficiency and phase to the ex-
tent that the paths become indistinguishable when far-
field experiments are performed.

The ultimate proof of this indistinguishability was
given when polarization-entangled photons were trans-
mitted through the subwavelength hole array with only a
minimal loss to the degree of entanglement �Altewischer
et al., 2002; Guo, Ren, et al., 2007�. By changing the
focus of the experimental configuration, the interplay
between polarization and the dispersive propagation of
the SPP modes led to a deterioration of the degree of
entanglement. It was subsequently found theoretically
�Moreno, Garcia-Vidal, Erni, et al., 2004; Altewischer,
Oei, et al., 2005; Genet et al., 2005� and confirmed ex-
perimentally �Altewischer, Genet, et al., 2005� that the
beam transmitted by a hole array was depolarized
through a combination of a nonlocal response of the

FIG. 42. �Color online� Dependence of the transmission en-
hancement with the diameter of the holes. �a� Experimental
and �b� theoretical ratios of the transmission of 40�40 arrays
to the transmission of the corresponding single hole with di-
ameters of 150, 200, 250, and 300 nm. All data are presented in
a logarithmic scale for better visualization. From Przybilla et
al., 2008.
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array due to SPP propagation and to the spread of wave
vectors in the incident beam. The classical depolariza-
tion of a transmitted polarized beam and the quantum
decoherence experienced by a polarization-entangled
photon pair can be compared �Altewischer, van Exter,
and Woerdman, 2005�. Under certain conditions the
quantum visibility and the classical degree of polariza-
tion can be found to be the same. It was also shown that
a coupling exists between the temporal and spatial de-
coherence channels, which may be attributed to trans-
verse propagation of SPPs �Lee, van Exter, and Woerd-
man, 2006�.

Another way to deal with the polarization of the
transmitted beam is by working with 2D hole arrays
made of elliptical holes arranged in two sublattices in
which the ellipses are orthogonally oriented. The
polarization-induced frequency shift of the primary peak
can be exploited to gain insight into the energy redistri-
bution in the array �Masson and Gallot, 2006�.

8. Dynamics of the EOT phenomenon

In order to gain further understanding of the EOT
phenomenon, its dynamics was also investigated. It was
found early that the transmission through a subwave-
length hole array through a film with typical thicknesses
of several hundreds of nanometers occurred on a femto-
second time scale �Dogariu et al., 2001, 2002�. A transit
time of 7 fs was found for a film with a thickness of
300 nm. Using the thickness as a distance traveled, this
finding indicates a group velocity of c /7. The transit time
can be related to a lifetime of the resonant modes. This
lifetime, which directly determines the linewidth of the
transmission peaks, is, on the one hand, governed by
electron-phonon coupling, which leads to Ohmic losses
�van Exter and Lagendijk, 1988; Groeneveld et al., 1990�.
On the other hand, the SPP modes experience radiative
losses directly related to the EOT phenomenon itself. It
has been shown through ultrafast investigations that the
SPP modes had coherent propagation lengths of only a
few microns, which is consistent with a �sub-�10-fs life-
time. The radiative lifetime is limited by SPP scattering
with the periodic array itself, which leads to the homo-
geneous broadening of the transmission peaks �Kim et
al., 2003�. Further investigations have shown that the
light transmitted through the subwavelength hole arrays
exhibits clear oscillations on a femtosecond time scale
�Muller et al., 2003�. The observation underpins the cou-
pling between both interfaces of the metal layer through
photon tunneling. The diameter of the holes has been
found to determine the period and damping of these
oscillations. In other words, the size of the subwave-
length holes governs both the coupling between the in-
terfaces and the radiation damping and hence the line-
width of the transmission peaks. This is in agreement
with the theoretical modeling presented in Sec. III.B.2
and it has been corroborated by more sophisticated
FDTD calculations �Müller et al., 2004�. Similar ringing
has also been observed for the transmission of terahertz
pulses through subwavelength metal hole arrays on high

resistivity silicon, albeit at different time scales owing to
the large difference in frequency �Qu and Grischkowsky,
2004�. The radiation-limited lifetime of the SPP modes is
crucially influenced by the symmetry of the mode: for
the so-called antisymmetric mode, the radiative damping
time constant is reduced by almost one order of magni-
tude �Ropers et al., 2005, 2006�. Visualization of the
bound modes in time with sophisticated far-field experi-
ments reveals their group velocity �Rokitski et al.,
2005a�.

The dynamic measurement of the transmission pro-
cess �Kim et al., 2003; Muller et al., 2003�, which exhibits
a two-component structure of a fast transmission of a
virtually unperturbed pulse followed by a single long
tail, is the temporal fingerprint of a Fano-type process,
as discussed in Sec. III.B.1. Careful investigation of the
point spread function provides more proof for the trans-
mission scenario through a Fano process �Altewischer,
Ma, et al., 2005; Altewischer et al., 2006�. Polarization-
dependent distortions in near-field investigations con-
firm the conclusions obtained in far-field investigations
�Mrejen et al., 2007�.

C. Quasiperiodic arrays

1. General results

The first experimental study showing the emergence
of EOT phenomenon in quasiperiodic arrangements of
subwavelength holes was reported by Sun, Tian, Li, et al.
�2006�. They fabricated an eightfold quasiperiodic hole
array with a parallelogram-square tiling system, with the
side length of the parallelogram and square being about
550 nm. A very broad transmission peak at �=700 nm
dominated the transmission spectrum. They also pointed
out that the long-range order existing in the quasiperi-
odic configuration makes it similar to a grating and pro-
vides some dominant discrete reciprocal vectors to assist
the coupling of the incident EM field with the SPPs of
the metal. The next experimental study showing this
EOT phenomenon in the optical regime was by Przy-
billa, Genet, et al. �2006�. They built up 2D Penrose tiles
composed of two types of rhombuses that are matched
to pave all the 2D planes with a fivefold symmetry. Fig-
ure 43 shows a typical experimental spectrum measured
through a Penrose tile. Although periodicity is absent,
well-defined peaks of enhanced transmission clearly
emerge in the spectrum. They also correlated the spec-
tral locations of the transmission maxima with peaks in
the structure factors of the quasiperiodic arrangements
�i.e., diffraction pattern of the array�. Additionally, they
analyzed the variation of the transmission peak heights
with the number of holes �N� showing that, as in the
periodic case, there is a saturation as N increases �asso-
ciated with the finite mean free path of the SPPs excited
by the incoming plane wave�.

Matsui et al. �2007� presented an experimental analy-
sis of the EOT phenomenon in aperiodic arrays of sub-
wavelength holes in the terahertz regime. They also ana-
lyzed Penrose tiles exhibiting local fivefold rotational
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symmetry, but additionally they considered Penrose lat-
tices with tenfold symmetry, corroborating in both cases
the close link between transmission peaks and resonant
features of the structure factor. Furthermore, they de-
signed an aperiodic array presenting 18-fold rotational
symmetry in real space that was constructed by Fourier
transforming a circular 2D diffraction pattern. In this
aperiodic arrangement, EOT peaks also appeared and
their magnitude was even larger than in the quasiperi-
odic case. Finally, Papasimakis et al. �2007� demon-
strated both theoretically and experimentally that EOT
in quasiperiodic arrays also emerges in the microwave
range of the EM spectrum.

2. Coupled-mode analysis

The emergence of EOT phenomenon in quasiperiodic
arrangements made it necessary to reconsider the theo-
retical explanation of EOT based on the excitation of
surface EM modes, as described in Sec. III.B.2. In what
follows we present a summary of the theoretical analysis
based on the coupled mode method.

In order to present a complete picture, in this section
we compare the transmission spectra of a periodic
square lattice, a Penrose lattice, and a random distribu-
tion of circular holes; in all cases we consider N=636
holes. The ordered structure is a circular portion of a
square lattice, with the lattice parameter chosen so that
the external radius of the circular array is the same as in
the quasiperiodic case. In the disordered case, the holes
are randomly placed within the same external radius
�but without overlapping�. The considered geometrical
values are typical of EOT experiments in the optical
regime �Przybilla, Genet, et al., 2006�. Note that, as we
are assuming that the metal behaves as a PEC, our re-
sults are applicable to different frequency regimes, just
by scaling all lengths by the same factor.

Figure 44 shows the corresponding optical transmis-
sion spectra evaluated at normal incidence. The trans-
mittance for the collection of N holes is normalized to N
times the normalized-to-area transmission through a
single circular hole T0, i.e., by the transmittance ex-
pected for a set of N independent holes. In the ordered
case �dashed line�, the transmittance spectrum is
smooth, with values close to those of independent holes
�T /NT0�1�, except near the resonant peak appearing at
�=575 nm, where the transmission enhancement is
around 13. This is the canonical EOT peak, appearing in
periodic arrays at a resonant wavelength slightly larger
than the lattice parameter d=562 nm. Resonant trans-
mission also appears when holes are arranged in a Pen-
rose lattice �solid curve in Fig. 44�, in line with the ex-
perimental findings. In the numerical results,
transmission enhancements of about 3 and 5 are ob-
tained at the resonant wavelengths �=500 and 585 nm,
respectively. In contrast, the transmission spectrum for
the random array �dotted line in Fig. 44� does not show
resonant feature, confirming the importance of long-
range order in observations of EOT effects.

As explained the appearance of EOT in quasiperiodic
distributions of holes has been phenomenologically re-
lated to the lattice structure in reciprocal space, extend-
ing arguments borrowed from the ordered case �Przy-
billa, Genet, et al., 2006; Sun, Tian, Li, et al., 2006;
Matsui et al., 2007; Papasimakis et al., 2007�. Next, we
provide quantitative arguments which support this sug-
gestion by working analytically in the reciprocal space,
following the derivation presented by Bravo-Abad,
Fernandez-Dominguez, et al. �2007�, in which the struc-
ture factor of the array appears explicitly in the equa-
tions. The Fourier components of the modal amplitudes
can be written as En�q� �=�R� exp�−iq� ·R� �En�R� �. Note that
now En�R� � refers to the modal amplitude in real space of
mode n at the hole location R� . By applying a Fourier
transform to the set of equations �1� �further details can

FIG. 43. Optical transmission spectrum of a Penrose array
with a rhombus edge of P=450 nm and a hole diameter of
150 nm. The transmitted intensity I is normalized to the inci-
dent one I0. The inset is a SEM image of the array milled
through a 300-nm-thick silver film. From Przybilla, Genet, et
al., 2006.
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FIG. 44. �Color online� Transmission �T� spectra for the or-
dered case �broken line�, the Penrose lattice �continuous line�,
and the random configuration �dots�. In all three cases,
r=130 nm, h=170 nm, and N=636. T is normalized to the
value obtained for N independent holes. The inset shows the
structure factor of the Penrose lattice considered.
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be found in Bravo-Abad, Fernandez-Dominguez, et al.
�2007��, the structure factor of a given distribution of
holes �S�q� �=�R� exp�−iq� ·R� �� appears explicitly in the set
of equations governing 
En�q� � ,En��q� �� �see Eq. �A24� of
the Appendix�.

The reillumination term in Eqs. �A24�, �n
����q� �En

����q� �,
is now represented by the scattering process that couples
En

����q� � to the continuum Em
����k� �, the momentum differ-

ence provided by the lattice through S�q� −k� �:

�n
����q� �En

����q� � = �
m
� dk� Gmn;k�S�q� − k� �Em

����k� � . �28�

The amplitude of this process is governed by Gmn;k�,

Gmn;k� =
i

�2��2�
�

Yk���n�k����k���m� . �29�

As discussed, an important property is that Gmn;k� di-
verges whenever a p-polarized diffraction wave goes
glancing �kz=0�, as can be directly seen from Eq. �29�.
By examining Eq. �28�, it is clear when and where reso-
nant peaks would emerge in the transmission spectrum
for quasiperiodic arrays. Whenever a divergence in
Gmn;k� coincides with a peak in the structure factor S�q� �,
the reillumination from all other holes characterized by
�nEn is maximum. In other words, for a PEC film, a
hole is maximally reilluminated by the other holes in the
array at wavelengths corresponding to the glancing con-
dition for the main wave vectors of the structure factor.
For the quasiperiodic array considered in Fig. 44, this
happens for �1=566 nm ��b�1�=2� /�1� and �2=483 nm
��b�2�=2� /�2� �see the inset of Fig. 44�. Consequently, T
shows two minima at these two wavelengths. At slightly
larger wavelengths, two transmission peaks appear in
the spectrum, much in the same way as it occurs in pe-
riodic arrays. Note however, that, in the quasiperiodic
case, there is no minimum wave vector for diffraction
�i.e., the structure factor is nonzero for wave vectors
with modula smaller than �b�1� �see the inset of Fig. 44��.
This results in diffraction onto additional radiative
modes in vacuum �other than the zero-order mode�,
which leads to both smaller resonant peaks and less pro-
nounced minima than those appearing in the periodic
case.

The fact that surface EM modes are involved in EOT
in quasiperiodic systems does not imply that the trans-
mission distribution is uniform across the array. This fact
is shown in Fig. 45, in which the transmission per hole in
a Penrose lattice of N=636 holes at the two resonant
wavelengths is plotted ��=500 and 585 nm in Figs. 45�c�
and 45�d�, respectively�. For comparison, Figs. 45�a� and
45�b� show the corresponding distribution for the or-
dered array at the resonant wavelength of 575 nm for
circular and square external shapes of the array, respec-
tively. In all four cases, the incident E field is pointing
along the x direction. The pattern in the ordered case
can be understood by consideration of the 2D hole array
as a collection of weakly coupled 1D chains of holes

�Bravo-Abad, Garcia-Vidal, and Martin-Moreno, 2004�.
Due to finite-size effects, the transmittance is larger at
the center of the chain than at the edges. In arrays with
a square shape, with one of the axes of the square lattice
oriented along the incident E field, all “horizontal”
chains have the same length, resulting in a characteristic
pattern where the edge effects are more noticeable
along the direction parallel to the incident field than to
the perpendicular one �Bravo-Abad et al., 2006� �see Fig.
45�b��. On the other hand, when the shape of the square
array is circular, the number of holes within field-aligned
chains reduces close to the top and bottom regions, and
the transmission per hole presents its maximum values
just at the central region of the system, as shown in Fig.
45�a�.

In the quasiperiodic arrangement, the transmission
per hole distribution presents a completely different pat-
tern: it is far from being uniform, showing the appear-
ance of some hot-spot holes with very high transmit-
tance. Interestingly, for each resonant wavelength, hot
spots show a similar local environment. For �=500 nm,
hot spots appear in the center of a pentagon defined by
their nearest neighbors �see Fig. 45�c�� while for �
=585 nm, hot spots are located within a stadiumlike
structure �see Fig. 45�d��. The emergence of these hot
spots at the metal surface when light is transmitted
through a quasiperiodic array of holes has been experi-
mentally observed by taking advantage of their replica-
tion in the far-field through the Talbot effect �Dennis et
al., 2007; Huang, Zheludev, et al., 2007�.

IV. TRANSMISSION THROUGH SINGLE APERTURES
FLANKED BY PERIODIC CORRUGATIONS

A. General results

As discussed, the main ingredient for the appearance
of EOT is leaky surface EM modes that couple to the
incident light. This idea suggested that the EOT phe-
nomenon should also occur in single apertures if they
were surrounded by a finite periodic array of indenta-
tions. This hypothesis was experimentally verified �Thio
et al., 2001; Lezec et al., 2002� both for a 1D slit sur-
rounded by a finite array of grooves �see Fig. 46�a�� and
for the bull’s eye structure �a 2D cylindrical hole flanked
by circular trenches; see Fig. 46�b��.

The dependence of the optical transmission in the 1D
geometry with the period of the array and depth of the
grooves was analyzed experimentally by Garcia-Vidal,
Lezec, et al. �2003�. The transmittance spectrum of a
single slit presents a broad maximum, associated with a
Fabry-Perot mode excitation, at around �=725 nm �see
the black curve and the inset of Fig. 47�a��. This figure
also shows that, under the presence of a period array of
grooves, an additional peak emerges in the spectrum
and moves to longer wavelengths as d is increased. The
peak is strongest for d=650 nm when it appears at a
wavelength that coincides with the slit waveguide mode
excitation, �=750 nm. Figure 47�b� shows that there is
an optimum value for the depth of the grooves, which
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for this particular set of geometrical parameters is
around 40 nm.

Experiments also showed that, unexpectedly, when
the periodic corrugation was placed at the output sur-
face of the aperture, the angular distribution of the
transmitted radiation could be strongly modified �Lezec
et al., 2002�. At some resonant wavelengths, light
emerged from the structure as a strongly collimated
beam. Figure 48�a� shows the spectra of the angular dis-
tribution of transmitted radiation emerging from the exit
side of a single slit surrounded by ten grooves milled in
a free-standing silver film. As the collection angle sepa-
rates from the normal direction, the transmission reso-
nance splits into two smaller peaks. The evolution of the
transmittance spectrum with the output collection angle
presents a slightly different behavior for the 2D case, the
bull’s eye geometry, as shown in Fig. 48�b�. Here a strong
transmission peak is evident at �=660 nm with an inten-
sity that strongly reduces as the collection angle in-
creases. At the same wavelength, light emerges as a
well-defined narrow beam with a full width at half maxi-
mum divergence of ±5°. When the finite angular reso-
lution of the experimental setup is taken into account,
the actual beam divergence is estimated to be ±3°.
Atomic fluorescence mapping of the optical field inten-

sity profile of these structures suggests an even smaller
beam divergence �Gay et al., 2005�.

Experiments have shown that the total transmission
through a bull’s eye structure is the product of three
distinct contributions: the coupling efficiency on the in-
put surface, the transmission or cutoff function of the
aperture, and the decoupling efficiency of the output
surface �Degiron and Ebbesen, 2004�. It was found that
the SPP grating modes of the input surface dominate the
bull’s eye spectrum, although the contribution of the lo-
calized mode of the central hole can still be detected as
in the case of hole arrays �see Sec. III.B�. The beaming
effect is, however, controlled by the corrugations of the
output surface as further discussed in Sec. IV.B.

As a technical note, the bull’s eye geometry also forms
the basis of choke ring antennas, extensively used in the
microwave regime for global positioning system applica-
tions �Tranquilla et al., 1994�. These antennas are used to
suppress the signal at the center coming either from the
horizon or from diffraction by the edge of the metal
ground plane and not to enhance the signal at the center.
For this, the corrugation in choke ring antennas is used
to suppress the surface EM modes present in the flat
uncorrugated surface. This is achieved using a corruga-
tion period much smaller than the wavelength and a
depth such that the corrugated metal surface spoofs a

FIG. 45. �Color� Transmission per hole �normalized to the
single-hole transmission� displayed in a color scale. �a�, �b� Or-
dered arrays with circular and square external shapes, respec-
tively. Both patterns were computed at the resonant wave-
length of both structures: �=575 nm. The results for the
Penrose lattice at the corresponding resonant wavelengths are
shown for �c� �=500 nm and �d� �=585 nm. The geometrical
parameters are the same as in Fig. 44.

(a)

(b)

FIG. 46. SEM images of two samples showing a single aper-
ture surrounded by periodic corrugations. �a� 1D case: a single
slit symmetrically flanked by grooves. �b� 2D case: the so-
called bull’s eye structure, a cylindrical hole surrounded by
circular trenches.
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dielectric one. In contrast, the corrugation in the bull’s
eye geometry for EOT purposes is used to tailor the
properties of surface EM modes, or even to create them,
as shown below.

Both enhanced transmission and beaming phenomena
in single apertures surrounded by periodic corrugations
have been observed in other frequency regimes. Within
the microwave range of the EM spectrum, Hibbins et al.
�2002� presented a study of the enhanced transmission of
radiation through a single slit placed at the center of a
pair of grooves. The beaming effect in 1D structures at
this frequency range was analyzed by Akarca-Biyikli et
al. �2004�, reporting a 4° angular divergence for a system
with ten grooves. The 2D case �bull’s eye geometry� at
microwave frequencies was first addressed by Lockyear
et al. �2004, 2005�. In this last reference, a single hole
surrounded by four circular trenches also presented both
enhanced transmission and beaming effects.

In the terahertz range of the EM spectrum, it was
possible to analyze the phenomenon of enhanced trans-
mission for the 2D bull’s eye geometry in the time do-
main �Agrawal et al., 2005�, allowing a detailed study of
the transmission process. They were able to determine
the contribution of each individual groove to the trans-

mitted terahertz wave form. A posterior development
demonstrated that by varying the phase of the surface
corrugation relative to the central aperture, dramatic
changes can be made in the transmission resonance line
shape �Cao et al., 2005�. Beaming effects at terahertz
frequencies were studied by Agrawal and Nahata �2006�.
It was shown how each groove produces a time-delayed
replica of the total terahertz pulse that is evanescently

FIG. 47. �Color� Normalized-to-area transmittance spectra for
different structures formed by a central slit symmetrically
flanked by ten grooves on the input surface. The width of the
slits is 40 nm and the thickness of the free-standing silver film
is h=350 nm. �a� In these spectra the depth of the grooves is
fixed at w=40 nm and the period of the groove array d is var-
ied between 500 and 800 nm. The black curve corresponds to
the single-slit case that is also reproduced in the inset for clar-
ity. �b� Here the period is fixed, d=650 nm, and the depth of
the grooves is changed from w=10 nm up to 275 nm. The inset
shows a SEM image of one of the devices analyzed. From
Garcia-Vidal, Lezec, et al., 2003.

FIG. 48. �Color� Collimation of light emerging from a single
aperture. �a� Transmission spectra at p-polarized normal inci-
dence for a single slit flanked at the output surface by two
periodic arrays of five grooves �one placed to the left and the
other to the right of the slit�. The width of the slit and grooves
is 40 nm, the groove periodicity is d=500 nm, and the metal
thickness is h=300 nm. The nominal depth of the grooves is
60 nm. The spectra are recorded at various collection angles
from 0° to 25°. The inset shows a dispersion curve of the trans-
mission peak locations versus parallel momentum. �b� Trans-
mission spectra for the bull’s eye geometry: a 250-nm-diameter
cylindrical hole is milled into a 300-nm-thick silver film. It is
surrounded by five circular trenches with depths of 60 nm and
the groove periodicity is 600 nm. The tail above 800 nm is an
experimental artifact. From Lezec et al., 2002.
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coupled through the subwavelength aperture. These rep-
licas are coherently superposed on each other and tem-
porally shifted from one another in accordance with the
spatial distance between grooves.

There have been several studies dedicated to improv-
ing both the enhanced transmission and beaming capa-
bilities of the basic structures discovered in 2002. Ishi-
hara, Hatakoshi, et al. �2005� and Ishihara, Ikari, et al.
�2005� demonstrated that the inclusion of a Bragg reflec-
tor into the structure further increases the enhanced
transmission through the bull’s eye geometry if this con-
tains a small number of rings. The same group recently
showed �Ishihara et al., 2006� that by changing the shape
of the aperture from a circular to a bow-tie one, not only
the transmittance is largely increased but the spatial res-
olution of this structure is of the order of � /17. On the
other hand, Caglayan et al. �2006b� experimentally
tested the beaming capabilities of annular apertures sur-
rounded by periodic arrays of concentric grooves, show-
ing that the angular confinement can be as strong as 3°.
Another important improvement on the transmissivity
of these structures is associated with the use of sharp-
apex shape for the grooves in the periodic grating �Ishi,
Fujikata, and Ohashi, 2005�. Fabricated samples with
this type of gratings show greater transmission than that
of samples with rectangular grooves. Also, a modulation
of the groove depth along the periodic array of indenta-
tions �Shi et al., 2007� can lead to a better confinement of
the light emerging from the subwavelength aperture.

Resonant transmission and collimation of light can be
achieved for two different wavelengths when the single
aperture is surrounded by asymmetric configurations of
periodic arrays of indentations �Bravo-Abad et al.,
2003�. The generation of off-axis directional beaming of
light by a single subwavelength slit perforated on a
metal film has also been recently proposed �Kim et al.,
2007; Lin et al., 2007�. The combination of single aper-
tures perforated on a metal film with dielectric surface
gratings �as proposed by Lin et al. �2006�� seems to offer
a better performance than the one obtained when only
metallic gratings are considered. Along this line, it has
been shown that the dielectric properties of the surface
surrounding the aperture can be modulated using metal-
lic heterostrutures constructed with aluminum and silver
�Wang and Wang, 2006; Nikitin, Brucoli, et al., 2008�.
Recently Li and colleagues �Li et al., 2008� proposed an
improved structure by surrounding the central aperture
with nonuniform and nonperiodic goves. In this way, the
amplitude and phase of the power flowing from each
groove can be adjusted in order to enhance the final
transmission.

The theoretical modeling of both enhanced transmis-
sion and beaming effect in single apertures has con-
firmed that surface EM modes excited at the corrugated
metal surface�s� play a key role in the emergence of both
phenomena �Garcia-Vidal, Lezec, et al., 2003; Martin-
Moreno et al., 2003�. This physical explanation has been
corroborated and refined by other theoretical ap-
proaches and numerical investigations �Thomas and

Hughes, 2004; Yu et al., 2005; Wang, Du, and Luo, 2006;
Wang, Du, Lv, and Luo, 2006�.

An interesting spin off of EOT and beaming effects in
single apertures surrounded by periodic corrugations
has been the appearance of both phenomena in so-
called photonic crystals. As stated, the main ingredient
necessary to observe both phenomena is the excitation
of surface EM modes. Depending on the truncation of
its surface, a photonic crystal may support a surface EM
mode lying within the photonic band gap of the mate-
rial. The emergence of both phenomena in photonic
crystal waveguides was theoretically predicted by
Moreno, Garcia-Vidal, and Martin-Moreno �2004�. In a
parallel development, Kramper et al. �2004� reported the
emergence of directional beams with very low diver-
gence angles from photonic crystal waveguides of sub-
wavelength width. They also identified the key role
played by the evanescent surface EM modes in achiev-
ing the low divergence beams. Several works have sub-
sequently been devoted to analyze different aspects of
EOT and beaming effects in photonic crystals. The first
experimental study on the enhanced transmission as-
sisted by surface EM modes in photonic crystals was by
Bulu et al. �2005�. Further theoretical investigations of
those two effects �Moreno, Martin-Moreno, and Garcia-
Vidal, 2004; Frei et al., 2005; Morrison and Kivshar,
2005; Tang et al., 2006� focused on the optimization of
the surface geometry surrounding the waveguide in or-
der to enhance both the transmission and collimation of
the emerging beam. Two recent experimental reports
have focused on improving the directionality of the
transmitted beam by tuning the number of grating layers
�Moussa et al., 2007� and to enlarge the operation band-
width of the beaming effect by playing with the phase of
the multiple beams emitted out of the surface of the
photonic crystal �Li et al., 2007�.

B. Coupled-mode analysis

In what follows we use the coupled-mode method to
analyze from a fundamental point of view these two
phenomena �enhanced transmission and beaming� for
the basic 1D structure, a single slit surrounded by a finite
array of grooves �see Fig. 49�. We mention here that the
physical origin of the resonant phenomena in single ap-
ertures for 1D and 2D structures is similar, as shown by
Chang et al. �2006�.

d

h
w
w

a

Ex
k

xHy (p-polarized plane wave)

FIG. 49. �Color online� Schematic of a single slit of width a in
a metallic film of thickness h. This single slit is surrounded
symmetrically by 2N grooves �of width a and depth w� in both
input and output surfaces. The structure is illuminated by a
normal incident p-polarized plane wave.
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In order to simplify the modeling as much as possible,
we consider that the metal is a PEC and take into ac-
count only the TEM modes inside the central slit and
grooves.

First, we analyze the influence of patterning the input
surface on the total transmittance through the structure.
Figure 50 shows the dependence of the normalized-to-
area transmittance T��� with the number of grooves.
The notation �N ,0� means that 2N grooves are placed
symmetrically to the left and right of the central slit at
the input surface, whereas the output surface presents
no corrugation. As in previous cases, the period of the
array d is used as the unit length of the structure. The
curve for N=0 corresponds to the single slit case. In this
wavelength regime T��� presents two maxima whose
origin is related to the excitation of Fabry-Perot reso-
nances inside the slit, as discussed in Sec. II.A. Figure 50
also shows that a maximum in T��� develops at �
�1.1d as the number of grooves is increased. The en-
hancement factor for N=10 is around 9 and saturates for
N�10 for this particular set of geometrical parameters
�Garcia-Vidal, Lezec, et al., 2003�. Note also that the
transmission peaks associated with the excitation of
Fabry-Perot resonances of the single slit remain almost
unaltered when grooves are placed at the input surface.

Figure 51 shows that the output corrugation has little
effect on the total transmittance. Corrugating the output
surface induces a change in T��� of, at most, some 20%
at the resonant wavelength. Therefore, in order to un-
derstand the features appearing in the total transmit-
tance, we concentrate on the analysis of the structure in
which the single slit is surrounded by a finite array of
indentations at the entrance surface. In this case, the
general system of equations �1� can be further simplified
to a set of 2N+2 equations, 2N being the number of
grooves:

�G		 − 
	�E	 + �
��	

G	�E� − G	
VE	��	0 = I	,

�30�
�G00 − 
0�E0� − G0

VE0 = 0.

From these equations, it is possible to identify two
mechanisms for enhancing T��� �in addition to the
Fabry-Perot resonances already emerging in a single iso-
lated slit�. The excitation of groove cavity modes pro-
vides large E	 at the resonant condition G		−
	�0.
For the case of very narrow grooves, this condition is
fulfilled for �=4w / �2n+1�, with n as an integer. From
Eqs. �30� it is clear that large E	 can provide extra illu-
mination into the central slit. However, this reillumina-
tion process at the central slit depends on a weighted
sum over all E	, so the phases of the different contribu-
tions coming from the grooves must be carefully taken
into account. As explained, in a corrugated PEC �see
Eq. �A18�� the coupling between the grooves and the
central slit G	0 is governed by the Hankel function
H0

�1��x�. From the asymptotic behavior of H0
�1� for large x,

G	0 is proportional to exp�ik�d�	��. Therefore, all light
that is reemitted by the grooves reaches the central slit
in phase for ��d. The extra peak in transmittance ap-
pearing at � close to d is due to the combination of these
two mechanisms: groove cavity mode excitation and in-
phase groove reemission.

The theoretical explanation based on those two
mechanisms can be further elaborated by invoking the
formation of a geometrically induced surface EM mode,
appearing when the surface of a semi-infinite PEC is
perforated by a periodic array of 1D grooves. As in the
case of a 1D array of slits, the dispersion relation of the

FIG. 50. �Color online� Normalized-to-area transmittance as a
function of the number of grooves when only the input surface
is corrugated. The width of the slit and grooves is a=0.08d, the
depth of the grooves is w=0.2d, and the metal thickness is h
=0.7d. The notation �N ,0� means that 2N grooves are perfo-
rated in the input surface and 0 in the exit surface. From
Garcia-Vidal, Lezec, et al., 2003.

FIG. 51. �Color online� Normalized-to-area transmittance as a
function of the number of grooves when only the exit surface
of the slit is corrugated. As in Fig. 50, the width of the slit and
grooves is a=0.08d, the depth of the grooves is w=0.2d, and
the metal thickness is h=0.7d. The notation �0,N� means that
2N grooves are milled at the exit surface and 0 at the input
surface. The inset shows the transmittance for the �10, 0� and
�10, 10� configurations. From Garcia-Vidal, Lezec, et al., 2003.
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surface EM modes supported by an infinitely periodic
array of grooves can be calculated by neglecting diffrac-
tion effects �Eq. �A28��. These surface EM modes may
become leaky when diffraction effects are considered.
However, as a first approximation, the spectral locations
of the surface EM modes, which can be excited by a
normal incident p-polarized plane wave, can be calcu-
lated from Eq. �A28� by imposing kx=2� /d. Figure 52
shows the close correspondence between the spectral lo-
cations of the transmission resonances and the surface
EM modes for an infinite array of rectangular grooves.
Figure 52 also shows that these surface EM modes origi-
nate from the interplay between the groove cavity mode
�tan k�w→� in Eq. �A28�� and the in-phase groove re-
emission mechanism �in the limit w→0, kx→k� in Eq.
�A28��.

The excitation of a surface EM mode is accompanied
by a large enhancement of the E field inside the grooves
�see Fig. 53�, whose reemission into the central slit leads
to an enhancement in the transmittance. Therefore, this
surface EM mode acts as a funnel that collects the light

impinging at the area surrounding the slit and is able to
redirect it into the slit area.

We now use the coupled-mode method to analyze the
beaming phenomenon for the 1D case: a single slit
flanked by a periodic array of grooves. As shown before,
the angular distribution of the transmitted light depends
only on the properties of the output surface. Therefore,
we can focus on a simplified geometry, composed by a
single slit �driven by a wave of amplitude A0� and sur-
rounded by a finite array of grooves at its exit surface.
Within both the single TEM mode and PEC approxima-
tions, the set of 2N+1 linear equations governing the
modal expansion amplitudes of the E field at the exit
side E	� is

�G		 − 
	�E	� + �
��	

G	�E�� = 2iA0�	0. �31�

In terms of these amplitudes, the y component of the
magnetic field in the transmission region is given by

Hy�r�� =
1

�0c�
	

E	�G�	,r�� , �32�

where the propagator that connects indentation 	 with
point r�, G�	 ,r��, is also related to H0

�1�:

G�	,r�� =
ik�

2	a
�

x	−a/2

x	+a/2

H0
�1��k��xu�x − r���dx , �33�

where x	 is the x coordinate of the center of indentation
	.

For the polarization we are considering �p-polarized
light�, the other components of the EM fields can be
obtained from Hy�r��, therefore allowing the computa-
tion of the radial component of the Poynting vector
Sr�� ,�� and the far-field angular distribution of the
transmitted radiation I�� ,��=rSr�� ,�� /T���, where
r��. Note that this angular distribution is normalized
to the total transmittance T���. In this way, I�� ,��
=1/� for a single slit perforated on a PEC.

As Eq. �32� shows, the system under consideration be-
haves like an equivalent diffraction grating, in which the
EM field amplitudes at the emitters present a strong de-
pendence on wavelength and on the distance to the cen-
tral slit, as shown below. Figure 54�a� shows I�� ,�� for
very shallow grooves, w=0.02d. In this case the angular
transmission profile is well described by a diffractionlike
first-order approximation: as 
	�1 �for 	�0�, we ob-
tain E	� �−G	0E0� / �G		−
	� and for the central slit E0�
�2iA0 / �G00−
0�, so �E	� � � �E0��. From the asymptotic
expansion of H0

�1��kwx�, �E	� ��	−1/2, while the phase of
E	� is �	=kwd�	�+� for groove 	 and a value �0, not
following the previous law, for the central slit. As the
phase of the E field depends linearly with the distance to
the slit, this phase can be canceled in the far-field region
by the phase accumulated in the optical path at angles
��m,±����=arcsin�m� /d±1� for integer m. This is the ori-
gin of the weak beaming observed at those angles in Fig.
54�a�.
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FIG. 52. �Color� Contour plot of the transmittance versus
groove depth �w� and wavelength �both in units of d� when a
central slit is flanked symmetrically by a total of 20 grooves.
Here a=0.08d and the thickness of the metal h=0.7d. White
dots correspond to the spectral locations of the surface EM
modes of an infinite array of rectangular grooves with varying
w as calculated from Eq. �A28� with kx=2� /d. From Garcia-
Vidal, Lezec, et al., 2003.

FIG. 53. �Color� Electric field amplitude associated with the
transmission peak �=1.1d emerging when a single slit is
flanked by a total of 20 grooves, placed symmetrically at its
entrance surface. The geometrical parameters of the structure
are as in Fig. 50.
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For deeper grooves the first-order approximation
starts to fail. Actually, for some values of the param-
eters, the iterative solution of Eq. �31� does not con-
verge, which is a signature of the building up of an
eigenmode of the system �Martin-Moreno et al., 2003�.
Indeed, close to the groove cavity mode resonance con-
dition Re�G		−
	�=0 we find the formation of a collec-
tive surface EM mode, characterized by a large increase
of E	� . The dispersion relation of the surface EM modes
for the case of an infinite array of grooves is given by
Eq. �A28�. This resonance leads to a more pronounced
beaming phenomenon, as shown in Fig. 54�b�. This in-
terpretation of the beaming phenomenon in terms of the
excitation of leaky surface EM modes is also supported
by the coincidence of the resonant wavelength in which
beaming phenomenon at 0° occurs with the wavelength
of maximum transmittance �when the same corrugation
is placed at the input surface�.

Associated with the beaming effect, there is also a
focusing effect, as shown in Fig. 55. This figure shows the
E-field amplitude in real space evaluated at the resonant

wavelength for the case N=10. A very elongated focus
emerges in the intermediate field regime between the
near and far fields. As in the case of beaming, this lens-
ing ability �focal depth, length, and width� is controlled
by the output corrugation �Garcia-Vidal, Martin-
Moreno, et al., 2003�.

V. APPLICATIONS

Before the EOT phenomenon was reported in 1998,
subwavelength apertures were commonly seen as suffer-
ing from both poor transmission and strong diffraction.
For instance, for scanning near-field optical microscopy,
the aperture provided the subwavelength resolution but
was also the source of the low signal intensity, typically
explained with Bethe’s theory �Betzig and Trautman,
1992�. For the past decade, the potential applications of
subwavelength apertures have been revisited with the
new understanding that the EM fields can be strongly
enhanced at the apertures in the metal film. The interest
has been further stimulated by the high contrast pro-
vided by these structures combined with the possibility
of tailoring their properties by sculpting the metal sur-
face. The two areas that have been the object of numer-
ous studies are molecular sensing and spectroscopy and
stand-alone photonic devices. These applications will be
presented in greater detail below.

There are, however, general practical considerations
that need to be taken into account when designing aper-
ture structures where the choice of structural parameters
and materials must be optimized for a given application.
In what follows, we summarize the main fundamental
results obtained during the last ten years of EOT re-
search �and discussed in part in previous sections� that
have important implications when thinking of possible
applications of the EOT phenomenon. Metal films with
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FIG. 54. �Color� Contour plots for I�� ,�� �see the text� for two
different groove depths: �a� w=0.02d and �b� w=0.2d. The
width of the central slit and grooves is a=0.2d. The total num-
ber of grooves that are placed symmetrically with respect to
the central slit is 20. From Martin-Moreno et al., 2003.

FIG. 55. �Color� Electric field amplitude profile �in arbitrary
units� as a function of x and z for the case N=10 with a
=0.08d and w=0.17d that corresponds to the optimal param-
eters for beaming. In this case d is chosen to be 500 nm, as in
the experimental samples discussed in Sec. IV.A. This E-field
profile is evaluated at the resonant wavelength, �R=1.06d.
From Garcia-Vidal, Martin-Moreno, et al., 2003.
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apertures are robust and can easily be fabricated by
standard techniques such as e-beam or focused-ion beam
lithography. At the wavelength of interest, the real part
of the dielectric constant of the metal must be negative
and its absolute value must be larger than that of the
dielectric material in contact with the metal. This is a
basic criteria for the SPP to exist at the metal-dielectric
interface. At the same time, the imaginary part of the
metal-dielectric constant should be as small as possible
to avoid damping by absorption. For instance, Ag is
good throughout the visible and near-ir part of the spec-
trum, while Au only works at wavelengths longer than
the interband transitions around 550 nm. In the uv, Al is
a suitable metal. The quality of the metal film is also
important. It should be as smooth as possible to avoid
unwanted scattering events. The film thickness should
be such that it is opaque at the wavelength of interest,
e.g., approximately ten skin depths.

The resonant wavelengths can be most easily tuned by
varying the periodicity and the symmetry of the hole
arrays or the periodic features surrounding individual
apertures, as discussed in Secs. III and IV. The indi-
vidual hole shape and dimension relative to the resonant
wavelength will also affect the transmission mainly
through its cutoff function. If high absolute transmis-
sions are needed, large apertures should be used al-
though there will be a tradeoff as that resonance will
become broader. If, on the other hand, high surface field
intensities are desired for sensing or nonlinear affects,
then the hole dimensions relative to the array should be
reduced to near or below the cutoff of the aperture. Ap-
ertures such as slits give rise to Fabry-Perot resonances,
which further enriches the transmission spectrum. When
single apertures are surrounded by periodic features
such as grooves, then the profile of the periodic features
�width, depth or height, shape� must be adjusted to ob-
tain optimal transmission. In this case the distance of the
periodic structure from the aperture will also influence
the outcome through a phase shift. Since SPP modes are
supported by both interfaces of the metallic film, maxi-
mum transmission is obtained when the energies of
these modes coincide, and therefore when the refractive
indices of the dielectric material in contact with the
metal on both sides are the same. At the same time the
modes can couple with the apertures in the array, giving
rise to new mode energies and broadening. Such cou-
pling decreases with film thickness or hole depth. Some-
times a thin binding metal, typically Cr or Ti, is depos-
ited between a substrate and the metallic film to
improve the adherence of the latter. This can completely
dampen the SPP modes at that interface when the bind-
ing metal has a high imaginary dielectric constant.

The finite size of the hole array can affect the trans-
mission quality �peak width and intensity�, as discussed
in Sec. III.B.6. For optimal transmission, the array
should be larger than the propagation length of the SPP
on the array. This SPP propagation length is much
smaller than on a smooth film, e.g., in the visible it is
typically one order of magnitude smaller. Finally, when
trying to characterize the optical properties of a given

sample, it is important to use a collimated beam on the
input side. This gives a well-defined wave vector which
facilitates the interpretation of the transmission whether
one is simply determining the spectrum or the dispersion
curve of the structure.

A. Molecular sensing and spectroscopy

Surface plasmons have played a major role in sensing
and molecular spectroscopy for the past 30 years, for
instance, in the detection of small refractive index varia-
tions by the technique known as surface plasmon reso-
nance �SPR� �Nylander et al., 1982� and in surface-
enhanced Raman spectroscopy �SERS� �Jeanmaire and
Van Duyne, 1977�. With this in mind and considering the
involvement of SPPs in the EOT process, it is not sur-
prising that aperture structures have been extensively
explored for spectroscopic purposes. In addition, aper-
ture structures can be added easily to standard equip-
ment. Since applications in this area have already been
the subject of detailed reviews �Coe et al., 2006, 2008;
Gordon et al., 2008; Sinton et al., 2008�, only representa-
tive studies will be outlined here. Aperture structures
have been used for molecular absorption, fluorescence,
vibrational spectroscopy �ir and Raman�, and SPR.

1. SPR

In traditional SPR, minute refractive index variations
are measured at the interface of a translucent metal film
placed on a prism. A light beam impinges on the back of
the metal film and is mostly reflected except at an angle
or wavelength which allows evanescent coupling to SPPs
on the opposite side. This coupling condition is very sen-
sitive to the local index and hence any molecular process
at the surface that results in a net index variation can be
detected. The transmission of hole arrays are also sensi-
tive to the refractive index at the metal surface �Krish-
nan et al., 2001�, and the binding of biomolecules can be
followed by simply measuring a shift in the transmission
peaks under a microscope �Brolo, Gordon, et al., 2004;
Liu and Blair, 2004�. The simplicity of the setup was,
however, offset by low sensitivity due to the broadness
of the peaks. Further developments have brought the
sensitivity to a level where this approach is competitive
with existing commercial SPR apparatuses �Stark et al.,
2005; Tetz et al., 2006�. For instance, by adding two po-
larizers at 90° in the path of the transmitted beam, the
hole array transmission peak becomes so narrow that
refractive index variations smaller than 10−5 can be de-
tected �Tetz et al., 2006�. Isolated holes as well as disor-
dered patterns of holes have also been used, demon-
strating the various approaches that can be tried for SPR
sensing �Dahlin et al., 2005; Rindzevicius et al., 2005;
Gao et al., 2007�.

2. Enhanced absorption

The use of hole arrays to measure molecular vibra-
tional spectra illustrates well the potential of metallic
aperture structures for spectroscopy. In 2003, Coe and
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colleagues reported that an array tuned to the ir with
transmission resonances around 1000 cm−1 could en-
hance the molecular absorption by at least two orders of
magnitude �Williams et al., 2003�. The free-standing ar-
rays covered with a molecular monolayer were simply
placed in the beam of a commercial Fourier transform
infrared spectroscope and the transmission spectra re-
corded. Except for some spectral deconvolution, the ap-
proach is simple and allows one to follow chemical pro-
cesses such as catalysis �Coe et al., 2006�. The
enhancement is related to the lifetime of the SPP or the
SPP propagation length on the array’s surface, which in-
creases the absorption probability by the molecules. In
the visible, the absorption enhancement is smaller �fac-
tor of �10� due to the reduced SPP propagation length
�Dintinger, Klein, and Ebbesen, 2006�. Nevertheless, be-
cause the incident beam is reconstructed at the exit of
hole array, the latter can be easily used in pump probe to
do time-resolved spectroscopy and explore, for instance,
excited state properties of very thin molecular layers or
SPP-molecule interactions �Dintinger, Robel, et al.,
2006�. SERS has also been investigated on hole arrays
�Brolo, Gordon, et al., 2004; Reilly and Rowlen, 2004;
Lesuffleur, Kumar, Brolo, et al., 2007; Reilly et al., 2007�.
A quantitative analysis of the Raman signal intensity
from a nonresonant probe at monolayer concentrations
reveals that out of the 6�107 observed enhancement
factor, 105 is the result of the Ag film roughness whereas
600 is associated with the SPP modes at the apertures
�Reilly et al., 2007�. These values are much smaller than
those obtained from random metallic films. However,
the hole arrays have the advantage of being tunable,
reproducible, and, under optimal design, capable of par-
tially filtering out the incident beam while transmitting,
for instance, the Raman-Stokes lines.

3. Fluorescence

Considering the absorption enhancement discussed
above, it is only natural to expect that fluorescence can
also be boosted. Indeed this has been demonstrated us-
ing both single and arrays of apertures �Levene et al.,
2003; Liu and Blair, 2003; Brolo et al., 2005, 2006; Rig-
nault et al., 2005�. To analyze the enhancement, several
factors have to be considered. The fluorescence can be
increased due to the enhancement of the excitation rate
but the radiative lifetime and the fluorescence quantum
yield can also be modified. For instance, the fluores-
cence is quenched at short distances from the metal sur-
face ��20 nm� and can be boosted at longer distances
�Drexhage, 1974; Barnes, 1998�. Finally, the environment
can modify the radiation pattern of the fluorophore.
Fluorescence correlation spectroscopy can particularly
benefit from the use of a subwavelength aperture �Lev-
ene et al., 2003; Edel et al., 2005; Rignault et al., 2005;
Wenger et al., 2008�. The analyzed volume is reduced by
103 as compared to using the focal point of a laser beam,
which in turn allows the characterization of molecular
fluorescence statistics at physiological concentrations
�Blom et al., 2006�. Both the excitation and emission can

be enhanced due to an increase in the local density of
states at the aperture �Wenger et al., 2008�. Small aper-
tures in metal films also have the advantage of facilitat-
ing parallel assays with multiple aperture structures on a
given substrate. Note that in such a case, care must be
taken to avoid cross-talk between the apertures since
each one can launch SPPs. The possibility of structuring
the metal surface around the aperture to increase the
excitation intensity and beam the emission toward the
photodetector should also be explored �Lezec et al.,
2002�.

Aperture structures also lend themselves well for in-
tegration in microfluidic systems �Sinton et al., 2008�,
where they can add label-free sensor capacity �De Lee-
beeck et al., 2007; Ji et al., 2008; Lesuffleur et al., 2008;
Sharpe et al., 2008�. The combination of optical contrast
and simplicity of the transmission mode is particularly
suited for analyzing rapidly small volumes at a given
location in the high throughput of such systems. In ad-
dition, the ability to tailor the SPP resonance �wave-
length, polarization sensitivity, etc.� to obtain signal en-
hancements should enable the measurement of various
spectroscopic signals and boost the screening capacity as
the analyte progresses in the channels. Finally, optical
trapping by single holes or hole arrays could create new
opportunities for on-chip integration and sensing �Sin-
ton et al., 2008�.

B. Photonic devices and methods

Perhaps the simplest application of aperture struc-
tures is as filters and polarizing elements �Genet and
Ebbesen, 2007�. Periodic arrays have well-defined reso-
nances that can be tuned with geometrical parameters
�lattice symmetry, period, and hole shape� and that can
be changed by simply changing the relative angle of the
filter to the incident beam. Such structures can also be
made to act as polarizing filters by lowering the symme-
try at the level of the holes and/or the arrays, as dis-
cussed in Secs. III.B.4 and III.B.7. Appropriately de-
signed aperture structures can also act as wave plates to
change the state of polarization of light �Drezet et al.,
2008�. On the other hand, the large polarization an-
isotropy combined with the peak shifts induced by the
high aspect ratios in arrays of rectangular holes �as dis-
cussed in Sec. III.B.4� can be exploited to generate
structures of which the color of the emitted light can be
tuned through a modulation of the polarization �DiMaio
and Ballato, 2006�. These color filters and polarization
elements have the advantage of being robust to high
laser powers as long as the metal absorption is negligible
at the wavelength of interest.

Such features have stimulated quite a few studies to
use aperture structures in lasers, in particular, in vertical-
cavity surface-emitting lasers �VCSELs� �Shinada et al.,
2003; Hashizume and Koyama, 2004; Guo, Song, and
Chen, 2007, 2008; Ohno et al., 2007; Onishi et al., 2007�.
Recently the beaming effect associated with the corru-
gation placed on the output surface surrounding the ap-
erture has been used to extract collimated beams in
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quantum cascade lasers �Yu, Blanchard, et al., 2008; Yu,
Fan, et al., 2008�. This idea has been checked in both 1D
and 2D geometries. In the 2D case, the plasmonic colli-
mator consists of a subwavelength square hole opened
on a laser active region and an array of half rings cen-
tered on the aperture �see Fig. 56�a��. The period of the
rings �7.8 �m� was designed to match the SPP wave-
length of the patterned metal surface. The angular de-
pendence of the measured far-field intensity emerging
from the structure �see Fig. 56�b�� shows that the device
has a divergence angle of around 3°, giving an antenna
directivity number of 27 dB. For the original unpat-
terned laser, this number was 8 dB.

While single resonant apertures can provide a very
small bright subwavelength laser beam, multiple aper-
tures with polarization selectivity can stabilize and con-
trol the polarization output angle of VCSELs. As a con-

sequence, several VCSELs on the same chip can be
operated in parallel and coupled to one optical fiber
opening new possibilities for polarization multiplexing
�Hashizume and Koyama, 2007; Onishi et al., 2007�. A
considerable amount of light remains trapped in light-
emitting diodes �LEDs�, whether inorganic or organic,
due to the high refractive index of the materials. In ad-
dition, conductive electrodes are necessary on both sides
of the LEDs for current injection purposes, which can
add to the problem. The light emitted by the diode can
couple to SPPs in the electrode which are then damped
in the metal unless scattered out and decoupled into
freely propagating light. If an array of apertures is en-
graved in the electrodes, the electrode can still serve its
original function and also provide an outcoupling
mechanism of the SPPs and the trapped light as has
been demonstrated for organic LEDs �Liu et al., 2004,
2005; Hsu et al., 2008�. Such results are very promising
and need to be tested for inorganic LEDs, which remain
the major product on the market.

Just as photoemitters, photodetectors can also benefit
from incorporating metallic apertures �Collin et al., 2003,
2004; Ishi, Fujikata, Makita, et al., 2005; Laux et al.,
2008�. Corrugated metal surfaces can act as resonant an-
tennas to capture the incoming light, which can then be
transmitted through one or more apertures to the pho-
tovoltaic elements. Smaller photovolatic elements can
therefore be used to capture the same amount of light,
which reduces the impedance of the device and thereby
increases the operational speed. This should be particu-
larly beneficial for silicon-based technology where such
miniature photodetectors could be used for clocking
purposes �Ishi, Fujikata, and Ohashi, 2005�. Recently it
was demonstrated that interdigitated metallic corruga-
tions could also be used to separate different wave-
lengths of light impinging on the surface, which are then
transmitted through individual apertures, as shown in
Fig. 57. This photon-sorting capacity appears promising
for spectral and polarimetric imaging �Laux et al., 2008�.

Ever since it was shown that light could be beamed
from a subwavelength aperture by texturing the output

(a)

(b)

FIG. 56. �Color� Plasmonic collimator for a quantum cascade
laser. �a� A SEM micrograph of the quantum cascade facet
patterned with 20 rings. The rings are 0.6 and 1.0 �m deep
with a periodicity of 7.8 �m. The inset is a zoom-in view of the
facet. �b� Measured 2D far-field intensity distribution for the
device. Courtesy of Nanfang Yu.

FIG. 57. �Color� Photon sorting based on EOT. Left: SEM
image of a triangular lattice of slits fabricated by FIB in a Au
film. Inside each triangle, gratings with different periods to
couple light of different wavelengths are superimposed. Each
grating selectively sends the resonating color to a slit where it
is transmitted to the opposite side. Right: Far-field image of
the light emerging from the structure on the left. Courtesy of
Eric Laux.
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surface of the metal surrounding the opening �Lezec et
al., 2002�, the possibility of using such structures as novel
kind of lenses and multiplexing devices has been the
subject of many studies �Beruete, Campillo, et al., 2004;
Caglayan et al., 2006a; Chang et al., 2006; Chen et al.,
2006; Feng and Dawson, 2007; Hendry et al., 2007;
Huang, Du, and Luo, 2007; Kim et al., 2007, 2008; Shi et
al., 2007; Hendry, Garcia-Vidal, et al., 2008; Min et al.,
2008�. The profile of the beam emerging from the sur-
face is sensitive to the various modes present and the
scattering of the electromagnetic waves in the structure.
Even quasiperiodic arrays can lead to focusing �Huang,
Zheludev, et al., 2007�. More generally, such control of
the electromagnetic field profiles in the vicinity of sub-
wavelength structures offers the possibility of designing
a midfield microscope, which operates in the regime be-
tween the near field and the far field. Recently, the
point-spread function �PSF� of such a microscope has
been calculated and compared to that of a confocal mi-
croscope �Docter et al., 2007�. It turns out that such a
microscope has a PSF that is comparable to that of a
confocal microscope. However, it can be engineered to
have multiple spots, all with the same PSF, to greatly
reduce measurement times. The first measurements of
the PSF confirm the theoretical calculations �Docter,
2008�.

The addition of all optical control by resonant excita-
tion �Hendry, Garcia-Vidal, et al., 2008� or by addition of
a nonlinear material �Min et al., 2008� allows for further
beam control. More generally, it has been shown that the
transmission through aperture arrays can be controlled
optically using nonlinear materials �Porto et al., 2004;
Wurtz et al., 2006� and molecular excited states �Dint-
inger, Robel, et al., 2006�, electrically with liquid crystals
�Kim et al., 1999; Dickson et al., 2008� and semiconduc-
tors �Shaner et al., 2007�, and acoustically �Gérard et al.,
2007�. Such control is possible because the SPP reso-
nances which give rise to the EOT are sensitive to the
refractive index at the metal surface, which is modified
in these processes. The transmission of hole arrays has
also been switched directly by optical femtosecond
pumping into the interband transitions of Au films
�Halte et al., 2005�, which modifies momentarily the di-
electric function of the metal and thereby the SPP reso-
nances. The transmission �filter� switching speeds that
have been demonstrated reach terahertz frequencies us-
ing all optical control �Dintinger, Robel, et al., 2006�.

The realization of surface plasmonic miniature photo-
nic circuits will require, among other things, efficient
surface plasmon launchers �Ebbesen et al., 2008�. Hole
arrays and individual apertures have been used to gen-
erate SPP beams at a metal surface �Devaux et al., 2003;
Kim et al., 2003; Baudrion et al., 2008; Kihm et al., 2008�.
The shape of the SPP beam can be controlled by the
disposition of the holes in the array �Laluet et al., 2007�
or by texturing the metal surface near the aperture
�López-Tejeira et al., 2007�. The exact configuration will
depend on the application but one of the advantages of
the aperture structures is the coupling of light to SPPs

via backside illumination thereby avoiding parasitic light
and noise.

From the beginning it was quite clear that the EOT
process had potential for achieving subwavelength li-
thography when one considered the subwavelength
dimensions of the apertures and the high contrast the
optically thick metal films provided. Such lithography
mask would be activated by periodic corrugations with
apertures only at desired locations. Naturally it will,
however, only work in the near or proximate field. Such
subdiffraction lithography with sub-100-nm features has
been demonstrated using a variety of conditions �Alkaisi
et al., 1999; Luo and Ishihara, 2004; Srituravanich et al.,
2004; Schellenberg et al., 2005; Shao and Chen, 2005,
2008; Chang, Tsao, and Wei, 2007; Seo et al., 2007; Wei et
al., 2007� and could be an alternative to the complex and
costly modern projection lithographic techniques.

VI. CONCLUSIONS AND PERSPECTIVES

It is clear that much insight has been gained over the
past decade into the optics of subwavelength apertures
in metal films. The contributions of various optical
modes to the transmission process resulting in high local
EM fields, which more than offset the attenuation by the
cutoff function of the apertures, have been identified.
The transmission can be tailored and optimized for a
given need by an appropriate choice of geometrical and
material parameters.

In a relatively short period of time, metallic aperture
structures have found many applications as discussed.
They are already used for research purposes in spectros-
copy and sensing, and it is probably just a question of
time before they find commercial use such as in analyti-
cal chips, where parallel data acquisition is critical. The
demonstration of photonic devices enhanced by aper-
ture structures shows promising routes for future re-
search and development. In fact there is much ongoing
effort in industry that is likely to lead to new products
once the engineering issues have been resolved. For in-
stance, inorganic LEDs could benefit from improved
light extraction and aperture structures are a serious
contender to achieve this if they can be successfully in-
tegrated in commercial devices. As detailed next, the
aperture structures can still benefit from further funda-
mental studies and exploration, which will open new av-
enues.

Maximizing the electric fields at a given location on
and/or off the surface can still benefit from further work.
Shaping the electrical fields on multiple length scales is
expected to be of significant interest for various applica-
tions. For instance, in cold atom research �Alloschery et
al., 2006�, for the simultaneous manipulation of a large
number of optical traps, all aspects of light fields near
subwavelength apertures will be important, as the traps
have to be situated at a suitable distance from the metal
surfaces to prevent heating of the atoms through an in-
teraction with the Fermi electrons. In an alternative ap-
proach, it has been demonstrated theoretically that the
EOT phenomenon can be applied to matter waves to
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manipulate cold atoms such as Bose-Einstein conden-
sates �Moreno et al., 2005; Fernandez-Dominguez et al.,
2006, 2008�, which again would require tailoring the EM
fields in and around the apertures.

Furthermore, the use of nonlinear interactions to
switch the fields in the vicinity of the apertures will allow
a high degree of spatiotemporal control of electrical
fields, which is of both fundamental and applied interest.
It is anticipated that coherent control, with or without
learning algorithms, will play an important role to
achieve the desired spatiotemporal control. By all opti-
cal switching of the transmission through subwavelength
apertures, not only the amplitude but also polarization
properties may be efficiently modified on femtosecond
time scales thereby enabling an ultrafast control of elec-
tromagnetic fields. This will allow for not only time-
controlled filters, as already demonstrated at terahertz
rates �Dintinger, Robel, et al., 2006�, but also time-
dependent coupling to plasmonic circuitry �Ebbesen et
al., 2008�. More efforts in the texturing of the output
surface around apertures could lead to miniature photo-
nic devices with dynamic steering and multiplexing ca-
pacity.

The combination of several hole arrays can also lead
to improved capabilities and new properties. Already
cascading two hole arrays in the path of the light beam
can lead to increased transmission as compared to a
single array due to interlayer coupling �Ye and Zhang,
2005�. The transmission can be very strong even when
no direct line of sight exists between the apertures in the
layers �Chan et al., 2006; Teeters-Kennedy et al., 2007�.
The optomagnetic response and the negative refractive
index behavior of such stacks have also been analyzed
�Zhang et al., 2005; Li et al., 2006, 2007; Beruete, Camp-
illo, et al., 2007; Beruete, Navarro-Cia, et al., 2007�. Re-
cently Mary et al. �2008� found that the electrical re-
sponse of the so-called double-fishnet structure �2D hole
arrays perforated on a metal-dielectric-metal stack� is
dominated by the cutoff frequency of the hole wave-
guide whereas the resonant magnetic response is due to
the excitation of gap SPPs propagating along the dielec-
tric slab. Such results suggest further exploration of the
metamaterial-like behavior of coupled aperture struc-
tures.

Finally, we anticipate much research activity from the
transfer and application of the EOT phenomenon to
other domains. As discussed above, the EOT process
can be applied to matter waves for the realization of
aperture-based optical elements which should be ideally
suited for beams of atoms or other particles �Moreno et
al., 2005�. Introducing such elements in a cold atom
setup will not be trivial but the potential seems well
worth it. Giant transmissions are also observed for per-
forated films involving surface phonon polaritons �Ko-
robkin et al., 2007�. The acoustic equivalent of the EOT
process has received much attention recently �Cai et al.,
2007; Christensen et al., 2007, 2008; Lu et al., 2007; Zhou
and Kriegsmann, 2007; Estrada et al., 2008; Mei et al.,
2008�. Beyond the interesting fundamental aspects, the
applications to acoustics open numerous possibilities

from sound insulation to beaming, which could rapidly
find practical use.

As stated, the potential of metallic aperture structures
lies in the high contrast and high local fields they pro-
vide and in the simplicity of their implementation. The
capacity to further texture the metal around the aper-
tures adds another important element which has not yet
been completely evaluated. It is, therefore, expected
that this will not only improve existing applications but
also expand them. Overall, many developments can be
expected in the years to come whether in optics or in
other domains as properties of aperture structures are
fully explored.
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APPENDIX: COUPLED-MODE METHOD

1. Periodic systems

In this appendix we describe the details of the coupled
mode framework presented in Sec. I.B, which is used in
this review to analyze the light transmission through
subwavelength apertures.

We denote the direction normal to the film by z and
take the metal-dielectric interfaces to be located at z
=0 and z=h. We assume a rectangular supercell, with
lattice parameters Lx and Ly, along the x and y axes,
respectively �see Fig. 2�. This supercell may be real �if
we are considering an infinitely periodic system� or arti-
ficial �if the system is finite�. In this latter case, the limit
Lx ,Ly→� must be taken.

First, we analyze the expansion of the EM fields in the
three different regions �reflection, perforated metal, and
transmission� defining the structure. For an incident
plane wave with parallel wave vector k�0 and polarization
�0, the parallel components of the EM fields at z=0− �at

775Garcia-Vidal et al.: Light passing through subwavelength apertures

Rev. Mod. Phys., Vol. 82, No. 1, January–March 2010



the metal interface in which radiation is impinging on�
can be written in terms of the reflection coefficients rk��

as

�E� �z = 0−�� = �k�0�0� + �
k��

rk���k��� ,

�A1�
− u�z � �H� �z = 0−�� = Yk�0�0

�k�0�0� − �
k��

rk��Yk���k��� ,

where we have used a Dirac notation and expressed the
bivectors �r� �E� �=E� �r��= „Ex�r�� ,Ey�r��…T and �r� �H� �=H� �r��
= �Hx ,Hy�T �T standing for transposition� in terms of the
EM plane wave eigenmodes, �k���. Note that r� refers to
the parallel components �x and y� of the spatial vector
and that the z components of the EM fields can be found
using the Maxwell equations and the direction of propa-
gation of the corresponding plane wave. The expressions
for these plane waves in real space are

�r��k�p� = �kx,ky�T exp�ik� · r��/	LxLy�k�2,
�A2�

�r��k�s� = �− ky,kx�T exp�ik� · r��/	LxLy�k�2.

These modes are orthonormal when integrated over a
unit cell, i.e., �k�� �k�����=�k� ,k����,��, where � is the Kro-
necker delta. The electric and magnetic fields in Eqs.
�A1� are related through the admittances Yk�s=kz /k� and
Yk�p=�1k� /kz �for s and p polarization, respectively�,
where �1 is the dielectric constant of region I, k�=� /c ��
is the frequency and c is the speed of light�, and �k�2

+kz
2=k�

2 . Note that, according to Bloch’s theorem, k�

=k�0+k�R, k�R being a �supercell� reciprocal lattice vector.
In a similar way, in the region of transmission, the EM
fields at z=h+ can be expressed as a function of the
transmission amplitudes tk�� as

�E� �z = h+�� = �
k��

tk���k��� ,

�A3�
− u�z � �H� �z = h+�� = �

k��

tk��Yk��
� �k��� .

In these last equations, the expression for the admit-
tance of the corresponding plane wave in region III, Yk��

� ,
is the same as in region I with �1 replaced by �3.

For the modal expansion of the EM fields within the
indentations, we use a compact notation by denoting
with object 	 to any waveguide EM mode considered in
the expansion. Therefore, an object is characterized by
the indentation it belongs to, by its polarization �TM or
TE modes�, and by the indices related to its mode spatial
dependence. All that needs be known are the electric
field bivectors �r� �	� and the propagation constants qz	

associated with the object. For indentations with simple
cross sections as slits or rectangular and circular holes,
the required expressions for �	� and qz	 can be found
analytically. As in the case of the plane waves, the mag-
netic field can be related to the electric field bivector as
−u�z� �H� �	= ±Y	�	�, with the admittance Y	=qz	 /k� for

TE modes, while for TM modes Y	=k� /qz	. Then, the
electric and magnetic fields inside the indentations can
be written in terms of the expansion coefficients 
A	 ,B	�
as

�E� �z�� = �
	

�	��A	eiqz	z + B	e−iqz	z� ,

�A4�
− uz� � �H� �z�� = �

	

�	�Y	�A	eiqz	z − B	e−iqz	z� .

The way to extract the complete set of unknowns

A	 ,B	 , tk�� ,rk��� is by matching the EM fields appropri-
ately at the two horizontal interfaces �z=0 and z=h�.
Within the perfect electrical conductor approximation,
the parallel components of the electric field must be con-
tinuous over the whole surface whereas the magnetic
field counterparts are continuous only over the aper-
tures. As we cannot consider the infinite number of
modes in the structure �i.e., the sums in Eqs. �A1�, �A3�,
and �A4� must be truncated�, these matching relations
cannot be fulfilled at every point, so the matching pro-
cedure should not be done in real space. Instead, in the
truncated Hilbert space, the correct procedure is to
project each matching equation onto the set of modes
which spans the spatial region over which the equation is
defined. Hence, continuity of the E-field components
should be expanded onto plane waves ��k���� and the
ones related to the H field should be projected onto
waveguide modes �	�. After this matching procedure, we
end up with a system of linear equations for the expan-
sion coefficients, 
A	 ,B	�. It is convenient to define the
related quantities E	�A	+B	 and E	� �−�A	eiqz	h

+B	e−iqz	h�, which are the modal amplitudes of the E
field at the input and output interfaces of the indenta-
tions, respectively. The set 
E	 ,E	�� satisfies

�G		 − 
	�E	 + �
��	

G	�E� − G	
VE	� = I	,

�A5�
�G��� − 
��E�� + �


��

G�
� E
� − G�
VE� = 0.

This is the basic set of linear equations �Eqs. �1�� used
throughout this review article to describe the transmis-
sion properties of different structures containing sub-
wavelength apertures.

The different terms appearing in these “tight-
binding”-like equations have the following mathematical
expressions. The illumination term I	 is proportional to
the overlap integral between object 	 and the incident
plane wave: I	=2iYk�0�0

�k�0�0 �	�. 
	 is related to the
bouncing back and forth of the EM fields inside object 	
and for an aperture its expression is 
	=Y	 / tan�qz	h�.
In the case in which the indentation does not completely
trespass the metal �a dimple in two dimensions or a
groove in one dimension�, the expression for 
	 is the
same but h must be replaced by the depth of the inden-
tation. The coupling between the two sides of the aper-
ture is accounted for G	

V=Y	 / sin�qz	h�. In the case of a
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waveguide mode 	 associated with a dimple or a groove,
G	

V=0 leading to E	� =0. The term G	� controls the EM
coupling between objects 	 and �:

G	� = i�
k��

Yk���	�k����k����� , �A6�

where the overlap �	 �k��� involves the evaluation of an
integral in real space:

�	�k��� =� dr��	�r���r��k��� . �A7�

If the system is periodic, G	� can be easily calculated
through the previous discrete sum �Eq. �A6�� by includ-
ing enough diffraction waves. Within the coupled-mode
formalism, the finite dielectric function of a real metal
can be incorporated in an approximated way by means
of the surface impedance boundary conditions �López-
Tejeira et al., 2005; de Leon-Perez et al., 2008�. The im-
portant point of this approach is that the system of lin-
ear equations �A5� still holds; only the different
magnitudes appearing on it differ from their PEC val-
ues:

I	 =
2iYk�0�0

�k�0�0�	�

1 + ZSYk�0�0

,


	 = iY	

eiqz	h�1 + ZSY	� + e−iqz	h�1 − ZSY	�
eiqz	h�1 + ZSY	�2 − e−iqz	h�1 − ZSY	�2 , �A8�

G	
V =

2iY	

eiqz	h�1 + ZSY	�2 − e−iqz	h�1 − ZSY	�2 ,

where ZS=1/	�M��� is the surface impedance of the
metal. The expression for 
	 for a dimple or a groove of
depth w is


	 = iY	

eiqz	w�1 − ZSY	� + e−iqz	w�1 + ZSY	�
�1 − ZS

2Y	
2��eiqz	w − e−iqz	w�

.

The coupling term G	� also depends on ZS:

G	� = i�
k��

Yk��

1 + ZSYk��

�	�k����k����� . �A9�

2. Multiple scattering

We now describe how to evaluate the different two-
media scattering coefficients as shown in Fig. 3 using the
coupled-mode formalism. By applying a matching pro-
cedure equivalent to that used for obtaining the set of
equations �A5�, we can relate the different two-media
scattering coefficients with those magnitudes appearing
in the general set of equations �A5�. For example, for
the scattering process shown in Fig. 3�a�, we obtain the
following set of equations for the different �	

12:

�G		 + iY	��	
12 + �

��	

G	���
12 = I	. �A10�

From them, it is then possible to extract the reflection
coefficients associated with the interface I-II, �k��

12 :

�k��

12 = − �k�k�0
���0

+ �
	

�k���	��	
12. �A11�

The second two-media scattering problem is schemati-
cally shown in Fig. 3�b�. The matching of the parallel
components of the EM fields leads to a system of linear
equations for �	�

23 :

�G��� + iY���	�
23 + �

���

G��� �	�
23 = iY���	 − G�	� . �A12�

The transmission coefficients in medium III can be ex-
tracted from the knowledge of 
�	�

23 � by means of

�	,k��

23 = �k���	� + �
�

�	�
23 �k����� . �A13�

The procedure for extracting the two-media coefficients
associated with the II-I scattering problem is completely
equivalent to that of II-III previously discussed. Once
the two-media scattering coefficients are known it is pos-
sible to recover the three-media coefficients �see, for in-
stance, Eq. �6��.

3. Finite systems

Up to this point, we have described the theoretical
framework able to deal with infinitely periodic struc-
tures �2D arrays of holes or 1D arrays of slits�. The only
difference between infinite and finite structures resides
in the calculation of G	� �the rest of the magnitudes
appearing in Eqs. �A5� are the same�. When treating a
finite set of indentations, the limit Lx ,Ly→� must be
taken. In this way, G	� is calculated by means of an
integral over diffraction modes:

G	� = i
LxLy

�2��2�
�
� dk�

Yk��

1 + ZSYk��

�	�k����k����� , �A14�

where the expression for a PEC can be obtained from
Eq. �A14� by simply setting ZS=0. In Eq. �A14�, the
integration is over all possible k� �in-plane components of
the wave vector� and the factor LxLy cancels out with
that coming from the normalization of the EM plane
waves. Alternatively, G	� can be calculated as a double
integral in real space using

G	� � �	�Ĝ��� =� � dr�dr���	�r��Ĝ�r�,r����r����� , �A15�

where Ĝ�r� ,r��� is related to the Green’s dyadic tensor in
a metal-dielectric interface whose formal expression can
be extracted by comparing Eq. �A15� with Eq. �A14�:

777Garcia-Vidal et al.: Light passing through subwavelength apertures

Rev. Mod. Phys., Vol. 82, No. 1, January–March 2010



Ĝ�r�,r��� =
iLxLy

�2��2 � dk�
Yk��

1 + ZSYk��

�r��k����k���r��� . �A16�

Thus, the dyadic Ĝ�r� ,r��� controls the EM coupling be-
tween apertures. Note that the calculation of G	� from
Eq. �A15� for waveguide modes in the same indentation
suffers from problems associated with the divergence of

the dyadic Ĝ�r� ,r��� at �r�−r���→0. For this case, G	� must
be evaluated as an integral over diffraction modes �Eq.
�A14��.

In order to illustrate the spatial dependence of the

dyadic Ĝ�r� ,r���, we concentrate on the case of 1D geom-
etries illuminated by p-polarized light �and with zero
component of the incident wave vector along the axis of
symmetry of the structure�. The 1D Green’s function for
p-polarized light within the SIBC approach Gp�x ,x�� can
be written as

Gp�x,x�� =
i

2�
�

−�

�

dk
kw

	kw
2 − k2 + ZS

eik�x−x��. �A17�

It is worth noting that the corresponding expression for
a PEC �ZS=0 in Eq. �A17�� can be analytically evaluated
and is related to the zero-order Hankel function of the
first kind H0

�1�:

Gp
PEC�x,x�� =

i�

�
H0

�1��kw�x − x��� . �A18�

When considering a single slit perforated in a PEC
film �Sec. II.A�, we need to evaluate the coupling term
G=G00 for the fundamental TEM waveguide mode. As
commented above, this term can be evaluated either by
means of a double integral in real space or via an inte-
gral over vacuum plane waves,

G00 =
i�

a�
�

−a/2

a/2

dx�
−a/2

a/2

dx�H0
�1�
„k��x − x��…

=
iakw

2�
�

−�

�

dk
sinc2�ka/2�
	kw

2 − k2
, �A19�

where the function sinc�x��sin/x.
It is interesting to compare the behavior of the 1D

Green’s dyadic function for p polarization for a real
metal �Eq. �A17�� with that of a PEC �Eq. �A18��. In
comparison with the PEC case, Gp�x ,x�� must be calcu-
lated numerically. For a good metal �silver or gold�, how-
ever, this integral is dominated by the single pole of the
integrand due to the presence of SPPs �recall that,
within the SIBC approach, the dispersion relation of
SPPs reads kz=−ZSk�, i.e., kSPP=k�

	1−ZS
2�. Isolating

the contribution from the pole gives an approximation
to Gp�x ,x��:

Gp
SPP�x,x�� = −

ZS

	1 − ZS
2
k�eikSPP�x−x��. �A20�

The behavior of the 1D Green’s dyadic function is
shown in Fig. 58, which presents Gp�x ,x�� for silver at

�=600 nm. Together with the exact numerical evalua-
tion of Eq. �A17�, we also present the calculation for a
PEC �Eq. �A18�� and the “asymptotic” expression Gp

SPP,
as obtained from Eq. �A20�. As Fig. 58 shows, the exact
Gp�x ,x�� resembles the PEC result at very small dis-
tances �x−x���� and is well approximated by Gp

SPP for
�x−x���2�.

The 1D Green’s function for s-polarized light is differ-
ent than the p-polarized case due to the different admit-
tances of s-polarized plane waves. Within the PEC ap-
proximation, this 1D Green’s function reads

Gs�x,x�� =
i

2�
�

−�

�

dk
	k�

2 − k2

k�

eik�x−x��. �A21�

The Green’s dyadic tensor for the 2D case �holes� is
more complex and further details on how to calculate it
can be found in Bravo-Abad, Garcia-Vidal, and Martin-
Moreno �2004�. For example, the expression for the self-
illumination of the fundamental TE mode via vacuum
modes G for the case of a single rectangular hole is

G =
iaxay

8�2k�
�

−�

+� �
−�

+�

dkxdky
k�

2 − ky
2

	k�
2 − k2

sinc2
kxax

2
�

� �sinc
kyay + �

2
� + sinc
kyay − �

2
��2

, �A22�

where k2=kx
2+ky

2.
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FIG. 58. �Color online� 1D Green’s dyadic function �real and
imaginary parts� for a Ag-vacuum interface and p-polarized
light of �=600 nm. The dashed curves correspond to the SIBC
approach �Eq. �A17��, whereas the black curves are for a PEC
�Eq. �A18��. The dotted curves display the SPP contribution to
G, as given by Eq. �A20�.
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The formulation in real space necessary to describe
finite systems could also be used to compute the optical
properties of an infinitely periodic system. In this case,
we know that the modal coefficients must satisfy Bloch’s
theorem, E	�R� n�=E	eik�0·R� n. Then, the coupling term be-
tween Bloch’s modes 	 and � can be evaluated in real
space as a sum over lattice locations,

G	� = �
R� m

G	�
R� n·R� meik�0·�R� m−R� n�, �A23�

where G	�
R� n·R� m is the EM coupling between waveguide

mode 	 of the hole located at R� n and waveguide mode

� belonging to a hole placed in R� m: G	�
R� n·R� m

= �	�R� n��Ĝ���R� m��. Of course, expression �A23�, which
involves sums of difficult Sommerfeld integrals, is nu-
merically much more complicated than Eq. �A6�. How-
ever, Eq. �A23� is valuable as it sheds light on the origin
of the divergencies of G	�: they originate from construc-
tive sums of reillumination processes of light coming
from other holes �Bravo-Abad, Garcia-Vidal, et al.,
2004; De Abajo and Saenz, 2005�.

4. Equations in Fourier space

The dependence of the optical transmittance through
a set of holes on their structure factor �S�q� �
=�R� exp�−iq� ·R� �� can be made explicit by working in
Fourier space. For this, we write the Fourier compo-
nents of the modal amplitudes as En�q� �
=�R� exp�−iq� ·R� �En�R� �. Note that now En�R� � refers to
the modal amplitude in real space of mode n at the hole
location R� . By applying a Fourier transform to the set of
Eqs. �A5� �further details can be found in Bravo-Abad,
Fernandez-Dominguez, et al. �2007��, we obtain a set of
equations that governs 
En�q� � ,En��q� ��:

��n�q� � − 
n�En�q� � − Gn
VEn��q� � = InS�q� − k�0� ,

�A24�
��n��q� � − 
n�En��q� � − Gn

VEn�q� � = 0,

where k�0 is the in-plane component of the incident wave
vector. Note that the set of equations �A24� is just the
k-space version of the set of linear equations �A5�.

The reillumination term in Eqs. �A24�, �n
����q� �En

����q� �,
is now represented by the scattering process that couples
En

����q� � to the continuum Em
����k� �, the momentum differ-

ence being provided by the lattice through S�q� −k� �:

�n
����q� �En

����q� � = �
m
� dk�Gmn;k�S�q� − k� �Em

����k� � .

�A25�

The amplitude of this process is governed by Gmn;k�:

Gmn;k� =
i

�2��2�
�

Yk��

1 + ZSYk��

�n�k����k���m� . �A26�

An important property is that Gmn;k� diverges when-
ever the z component of the wave vector of a
p-polarized diffraction wave coincides with that of a SPP
propagating on a planar metal surface �kz+ZSk�=0�, as
can be directly seen from Eq. �A26�. Examining Eq.
�A25�, it is clear when and where resonant peaks would
emerge in the transmission spectrum: whenever a diver-
gence in Gmn;k� coincides with a peak in the structure
factor S�q� � the reillumination from all other holes char-
acterized by �nEn is maximum.

5. Bound modes in holey PEC surfaces and films

The set of equations �A5� can also be used to obtain
the dispersion relation of modes bound to the periodic
system. Eigenmodes have strong electric fields at the
surface even for arbitrarily small illuminations, i.e., they
appear as solutions of the eigenvalue problem by means
of the homogeneous set of equations �A5�. This problem
must, in general, be solved numerically. However, the
structure of the dispersion relation can be obtained ana-
lytically using two approximations: �i� only the funda-
mental mode inside the indentation is taken into ac-
count and �ii� only p-polarized waves and the zero-order
diffraction mode are considered in the quantity G gov-
erning the coupling between indentations. The first ap-
proximation provides accurate results for subwavelength
apertures and allows to work with the single mode ver-
sion of Eqs. �A5� �Eqs. �3��. The second approximation,
which is equivalent to consider the system as a metama-
terial represented by the average EM fields, must be
corrected close to the edges of the Brillouin zone, where
gaps still open due to the ignored diffraction orders. Af-
ter inclusion of diffraction orders, the lower band is an
EM mode fully bound to the surface, while higher bands
represent leaky modes which are coupled to radiation. A
second effect of approximation �ii� is that, away from the
edges of the Brillouin zone, it has been found to overes-
timate the binding of the EM modes �De Abajo and
Saenz, 2005�. With these caveats in mind, these approxi-
mations predict that periodic arrays of indentations of
depth w, closed at the bottom, bind modes in a PEC.
This occurs when the condition G�k� �−
=0 is satisfied,
where 
=Y��+1/�� / ��−1/��, with �=eiqw, Y being
the admittance of the fundamental mode and q its wave
vector along the z direction. All dependence on the par-
allel component of the incident wave vector k� is con-
tained in G�k� ��k� /	k�

2 −k2S�k� �2, where S�k� ���k�p �0�
and �0� denotes the fundamental mode. The solution to
the previous condition must, in general, be computed
numerically. However, for subwavelength apertures and
moderate wave vectors the dependence of the overlap
S�k� � on the wave vector can be neglected, S�k� ��S. Then
the dispersion relation of bound EM modes is

k = ± k�
	1 + S4/�
�2, �A27�

where k= �k� �. The bound nature of the modes is reflected
in the property k�k�. Moreover, this equation predicts
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a horizontal asymptote whenever 
=0. As the existence
of this asymptote is reminiscent of that in the dispersion
relation of surface plasmons, the bound modes in a
holey PEC surface were termed spoof surface plasmons.

If the fundamental waveguide mode is propagating
�1D array of grooves for p-polarized light�, the condition

=0 occurs at �=−1/�, leading to q= �2m+1�� / �2w�,
i.e., at the occurrence of cavity modes. For evanescent
fundamental TE waveguide modes �2D array of holes�,

=0 for q=0, i.e., at the cutoff frequency of the wave-
guide mode �Pendry et al., 2004�. These properties are
reflected in the explicit dispersion relations for spoof
surface plasmons in a 1D array of grooves of width a and
depth w,

kx = k�
	1 + �a2/d2�tan2�k�w� , �A28�

and for a 2D square array of square dimples �holes
closed at the bottom� of side a and depth w,

k = k�	1 +
k�

2 S4�2

��/a�2 − k�
2 , �A29�

with S=2	2a /�d and �= �e�q�w−e−�q�w� / �e�q�w+e−�q�w�.
Similarly, it is possible to obtain the modes bound to a

PEC film perforated with holes that fully trespass the
film of thickness h. In a symmetric environment, where
dielectric constants in media I and III are equal, the
solutions to the homogeneous system of equations �3�
satisfy either E=−E� or E=E�. Recalling the change of
sign in the definition of E�, the former corresponds to a
mode with parallel components of the electric field sym-
metric with respect to the mirror plane at z=h /2. After
some straightforward algebra, the dispersion relation of
the symmetric EM mode bound to a metal film perfo-
rated with a 2D square array of subwavelength square
holes is

k = k�	1 +
k�

2 S4�2

��/a�2 − k�
2 �A30�

while the antisymmetric mode satisfies

k = k�	1 +
k�

2 S4�−2

��/a�2 − k�
2 , �A31�

where �= �e�q�h/2+e−�q�h/2� / �e�q�h/2−e−�q�h/2�. This quantity
satisfies ��1 and increases with decreasing film thick-
ness. As h decreases the dispersion relation of the anti-
symmetric mode moves toward the light line �k=k��,
while the one corresponding to the symmetric mode
moves away from it. This is in agreement with the intui-
tive view that the “molecular” EM modes in a film origi-
nate from the coupling of the “atomic” modes in the
isolated interfaces via the evanescent waveguide modes.
The frequency splitting between the bound EM modes
depends strongly on the strength of the coupling, and
therefore on h.

In the metamaterial limit �wavelength much larger
than the typical dimensions of the structure�, the geo-
metrically induced surface EM modes can be interpreted
as those supported by an effective metamaterial charac-

terized by an electric permittivity ��eff� and a magnetic
permeability ��eff�. These two effective parameters can
be extracted by working with the condition for bound
modes �G�k� �−
=0� in the case of a semi-infinite struc-
ture �
=Y�. By assuming S�k� ��S, the above condition
can be rewritten as k� /	k�

2 −k2=Y /S2. In a semi-infinite
homogeneous medium, the condition for surface mode
excitation is k� /	k�

2 −k2=	�eff /�eff. Therefore, a perfo-
rated semi-infinite PEC can be considered as a homoge-
neous metamaterial satisfying 	�eff /�eff=Y /S2. The
other relation that involves both �eff and �eff is associ-
ated with the z component of the wave vector, q
=k�

	�eff�eff. By working with these last equations, two
general expressions for �eff and �eff can be found:

�eff = Yq/k�S2, �eff = qS2/Yk�. �A32�

For the 2D case �periodic array of holes or dimples�,
Y=q /kw with q=	�holek�

2 −�2 /a2 ��hole being the dielec-
tric constant of the medium filling the holes�, yielding
�eff=S2 and �eff given by

�eff = ��hole/S
2��1 − �2/a2k�

2 �hole� . �A33�

This result, which coincides with Eq. �27�, was first
derived by Pendry et al. �2004� and suggests that a holey
PEC film behaves as a Drude-like metal with a plasma
frequency that is just the cutoff frequency of the hole
waveguide.
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