
Chapter 2
Extraordinary Optical Transmission

2.1 Introduction

Anyone of us has experimented that light spreads in all directions upon interacting
with objects. Another matter is how it does it. Diffraction theory is an old problem in
optics, which goes back the works by Thomas Young and Augustin-Jean Fresnel in
the nineteenth century. In 1944 an important landmark in that widely studied topic
was put on the map by Hans Bethe [1]. He found that, at first approximation, the
normalized-to-area transmission through a circular hole perforating an infinitely thin
perfect conductor plate is

T ≈ 64

27π2

( r

λ

)4
(2.1)

where λ is the wavelength of the incoming light, being r the radius of the hole. It
was a great surprise indeed, because most of the well established theories at that
time gave a (r/λ)2 dependence. Furthermore he found the pre-factor, not only that
unexpected dependence. Bethe’s theory shows that a subwavelength hole (λ � r ) is
a poor device for transmitting light through.

Therefore, it is not strange that the discovery of the phenomenon of extraordinary
optical transmission (EOT) through subwavelength holes by Ebbesen et al. [2] has
been one of most important findings in the field of Optics in the last years. The
basic structure in which EOT phenomenon emerges is a two-dimensional periodic
array of subwavelength holes (2DHA) perforated on an optically thick metallic film.
This phenomenon is characterized by the appearance of a series of transmission
peaks and dips in the transmission spectrum. It is commonly accepted EOT occurs
when the normalized to area transmission is larger than unity. On the other hand,
when the transmission per hole in an array is larger than for an isolated hole is called
enhanced transmission. Here we will not differentiate between these two cases. From
the beginning, it was realized that the spectral locations of those resonant features
coincide with the corresponding ones of surface plasmon polaritons (SPPs) [3]. This
link between EOT and SPPs has been corroborated by subsequent theoretical works
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[4, 5] and now it is widely accepted that the excitation of those surface electromag-
netic (EM) modes is at the origin of EOT.

The EOT mechanism has sparked considerable interest for its fundamental impli-
cations and also from the applied point of view, as many potential applications based
on this phenomenon have been proposed [6]. EOT observed in symmetrically perfo-
rated thin metal films [2, 4, 7, 8], the squeezing of the optical near-field by plasmon
coupling resulting in focusing light into very small volumes [9], and beaming of light
via a single slit (or hole) in thin metal films surrounded by a grating like structure
[10] are only a few of many interesting examples. A vast number of applications
have been suggested and some are currently in use, e.g., wavelength tunable filters,
subwavelength lithography, near-field microscopy, surface enhanced Raman spec-
troscopy, etc. Obviously, it is out of the scope of this chapter to review so wide field of
research. We recommend for further reading Ref. [6, 11, 12], and references therein.

Throughout this chapter, we just summarize a part of the contributions to EOT
done during the course of this thesis [13–16]. In these works our aim was trying
to understand some important aspects of the EOT when the parameters defining
the structure presenting EOT are varied. It what follows we will discuss how EOT
depends on: the metal chosen, the shape of the holes and the film thickness. The study
will focus on the optical response of 2DHAs drilled on metal films. Additionally,
we will investigate a quite different system that also displays EOT. The chapter is
organized as follows:

a. In Sect. 2.2, we present a theoretical study, based on the finite difference time
domain (FDTD) method, of the optical response of circular hole arrays drilled
in several metal films (Ag, Au, Cu, Al, Ni, Cr and W). Two series of structures
are studied. In the first one, transmittance peaks are analyzed as all geometrical
parameters defining the system are scaled, except the metal thickness which is
kept constant, showing a good agreement with existing experimental data. In the
second series, also the metal thickness is scaled. These is no available experimental
data for this case, but its theoretical consideration allows a clear distinction in the
behavior of different metals.

b. A theoretical study is developed on the optical transmission through square hole
arrays drilled in optically thin films in Sect. 2.3, by means of the FDTD method.
Nano-structures containing thin films are interesting because transmission may
occur through both the holes and the metal layer. Moreover, the EM bounded
modes supported by thin films are not the same that those supported by thick
films.

c. It is known two mechanisms leading to enhanced transmission of light in 2DHAs:
excitation of SPPs and localized resonances that are also present in single holes.
In Sect. 2.4 we analyze theoretically how these two mechanisms evolve when
the period of the array is varied. Along with the FDTD method this work was
also done with the aim of the coupled mode method (CMM). This method was
adapted to this problem by Dr. A. Mary at the Departamento de Física Teórica de
la Materia Condensada—Universidad Autónoma de Madrid.
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d. Finally, in Sect. 2.5, the spectral dependence of the extraordinary transmission
through monolayers of close-packed silica or polystyrene microspheres on a
quartz support, covered with different thin metal films (Ag, Au and Ni) is investi-
gated. Measured spectra are compared with modeled transmission spectra using
FDTD calculations. The optical response of this system shows remarkable differ-
ences as compared with the “classical” 2DHA configuration.

2.2 Influence of Material Properties on EOT Through
Hole Arrays

Pioneering attempts to understanding EOT pointed out to SPP modes [2, 4, 17, 18]
as responsible for the phenomenon. More generally, it has been shown that EOT-like
behavior occurs whenever two surface modes are coupled between themselves and
weakly coupled to a continuum [4], allowing a Fano-like description of the process
[19]. Examples of this general mechanism are the cases of wave transmission aided
by: Brewster-Zenneck waves in hole arrays drilled in Tungsten [20], guide cavity
modes on slit arrays covered by a dielectric layer [21], surface electromagnetic waves
in photonic crystals [22–24], surface sonic waves [25], and even the transmission of
cold atoms through optically induced potential barriers [26].

Back to the case of 2DHAs, many studies have been devoted to study the depen-
dence of EOT on the different parameters defining the system. As regards to geomet-
rical parameters, it has been found that the hole shape can strongly influence both
the polarization properties and the intensity of the transmission. This has been
related to the presence of single-hole transmission resonances that couple to the
SPPs [15, 27–31].

With respect to the material properties, it is known that some metals (notably
Au and Ag) are best suited for EOT than others (Ni, Co,...) [2, 3]. However, a
systematic comparative between different metals was lacking until the experiments
performed by Przybilla et al. were reported [32]. These experiments analyzed EOT
through 2DHA made of circular holes drilled in optically thick metal films, deposited
on a glass substrate. The study considered different metals and analyzed the peak
transmittance as a function of lattice parameter which, in turn, controlled the resonant
wavelength. If the system were a perfect electric conductor (PEC) the transmission
would not depend on lattice parameter, provided all length scales in the system are
scaled in the same way. Therefore, deviations from this behavior reflects the effect of
material properties. In the experiments [32] the hole radii were scaled with the lattice
parameter but, due to practical limitations, the metal thickness was kept constant,
which makes the analysis even more complex. Another possible complication is that
finite size effects, surface quality and imperfections in hole shape in a real system
could depend on the metal considered.

In this section we present a theoretical study of EOT in periodic hole arrays
drilled in different metals. First we compare with the experimental results presented
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in Ref. [32]. Additionally, we present a study in which all lengths are scaled with the
lattice parameter. In both cases, comparison with the PEC case helps to understand
the effect of material properties in the light transmission through 2DHA.

2.2.1 Theoretical Approach

Our calculations are performed with the FDTD method (See Sect. 1.2). Infinite peri-
odic 2DHA are simulated by applying Bloch conditions at the boundaries of the
unit cell and imposing “uniaxial perfect matched layers” at surfaces parallel to the
metal film. In the FDTD method Maxwell’s equations are discretized in both space
and time. Therefore, convergence depends on both mesh size and temporal step. In
order to properly calculate the influence of material properties, the rapidly decaying
fields inside the metal should be accurately computed. This, together with the proper
representation of circular holes in cartesian coordinates (which are the natural choice
for square arrays in a film), impose very small mesh sizes. In this section we use
mesh sizes ranging from 2 to 5 nm. The dielectric constant in cells at the metal-
dielectric interface is taken as that of the medium with largest volume inside that
particular cell.

For the calculation of the transmittance, the structures were excited by a gaussian
wave-packet composed of normally incident plane-waves (with the electric field
pointing along one of the axes of the square array) and all frequencies of interest
(Sect. 1.2.2). Spectra were calculated after projection onto diffracted modes
(Sect. 1.2.3). In the comparison with experimental data, only the zero order mode
was considered in the post-processing, as experimental intensities were collected in
a small solid angle centered around the normal direction. Additionally, in our study
we will correlate transmittance features to the dispersion relation of modes supported
by the corrugated slab. For this, the band structure is calculated exciting the system
with a superposition of Bloch’s waves with a well defined crystal momentum, and
imposing Bloch’s theorem at the boundaries (Sect. 1.2.3).

Metals require a special treatment in FDTD method because of the dielectric
constant is local in frequency domain but non-local in the time-domain, as explained
in Sect. 1.2.4. We have used the “piece linear recursive convolution method”, which
can efficiently treat dispersive media, provided their dielectric constant ε(ω) can be
expressed as a sum of Drude and Lorentz terms:

ε(ω) = εr −
∑

j

ω2
P j

ω(ω + ıγ j )
−

∑
j

�ε j	
2
j

ω2 − 	2
j + ıω
 j

. (2.2)

We have considered the following materials: Ag, Au, Cu, Al, Ni, Cr, and W, taking
the values for the parameters in the Drude-Lorentz form either from the literature
(when available) [33, 34] or from fits to data in Palik’s handbook [35, 36]. The fitting
parameters used were given in Table 1.1, and the wavelength dependence of the
dielectric constant obtained from them is depicted in Fig. 2.1 for reference. Also for
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Fig. 2.1 Dielectric constant
for Ag, Au, Cu, Al, Ni, Cr
and W, as a function of
wavelength (obtained with
Eq. 2.2 from data in
Table 1.1)
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future reference, Fig. 2.2 renders both the skin depth, δ = [I m(km)]−1 (with k2
m =

εmω2/c2) and the SPP absorption length, LSPP = [2I m(kSPP)]−1, being kSPP =
(ω/c)(εSεm/(εS + εm))1/2 the SPP longitudinal wavevector. Here εm and εS are the
metal dielectric constant and the substrate dielectric constant, respectively. We stress
here that the dielectric constants used in this study are taken directly from experi-
mental data on bulk. No attempt has been made to improve the comparison between
computed and experimental transmission spectra by incorporating additional fitting
parameters.

2.2.2 EOT Peak Related to the Metal-Substrate Surface Plasmon

Peak Position

Figure 2.3 renders the FDTD results for the transmittance spectra of an array (lattice
parameter P = 400 nm) of circular holes with diameter d = P/1.75 ∼ 230 nm in
different metal films. In all cases, the metal thickness is w = 250 nm, and the films

http://dx.doi.org/10.1007/978-3-642-23085-1_1
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Fig. 2.2 Spectral
dependence for different
metals of (a) skin depth for a
plane wave impinging at
normal incidence on the
metal surface (b) absorption
length for SPP on the
metal-dielectric interface
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are deposited on a substrate with dielectric constant εS = 2.25. The figure clearly
shows the difference in transmittance spectra between different metals. We also
include the calculation for W which, in the considered frequency range, is a dielectric,
i.e., Re(εW ) > 0. Notice that the heights of EOT peaks in W are even smaller
than those of the “bad” metals (Ni and Cr). Notice also that W has a transmission
maximum very close to the Rayleigh condition, λR = √

εS P, wavelength at which
the (1, 0) diffraction order changes character from evanescent to radiative, while the
corresponding one in the metallic case is red-shifted (by as much as ≈125 nm in the
case of the “good” metals in the optical regime: Ag, Au, Cu). In the rest of this section,
and following Ref. [32], EOT is characterized by the transmittance peak appearing
close to λR . More precisely, in the metallic case, this peak is related to the spectral
location of the SPP of the corrugated structure [4, 32, 37]. Here we will label this peak
as S1,0. Figure 2.4 shows the S1,0 peak spectral position (defined as λ1,0) as a function
of the period, for the parameters considered in Ref. [32] (w = 250 nm; d = P/1.75).

In addition, Fig. 2.4 also renders the light line in the substrate (continuous line) and the
results obtained by considering the metal as a PEC, i.e. a metal with ε = −∞, with
the same nominal parameters (asterisk data points). Notice that a flat metal surface
does not support EM modes, but a periodically corrugated one behaves as if it had a
Drude-like dielectric response in which the effective plasma frequency depends only
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Fig. 2.3 A representative
case of computed
transmission spectra, for the
different metals considered.
The geometrical parameters
defining the array are: period
P = 400 nm, metal
thickness w = 250 nm and
hole diameter d = P/1.75

400 500 600 700 800 900
0.00

0.04

0.08

0.12

0.16

400 500 600 700 800 900
0.00

0.01

0.02

0.03

T
ra

n
sm

it
ta

n
ce

 Ag

 Au

 Cu

 Al

T
ra

n
sm

it
ta

n
ce

Wavelength(nm)

 Ni

 Cr

 W

on the geometrical parameters [38–40]. Thus, comparison with the PEC case allows to
discern geometrically induced effects from the ones due to material properties. In any
case, the agreement between these calculations and the experimental measurements
(see Fig. 2.3 in Ref. [32]) is remarkable. The small differences could be attributed to
variations in the actual dielectric constant from the bulk value, to finite size effects
[41], and/or to irregularities on hole shape and size related to the small uncertainties
from focused ion beam (FIB) lithography technique (which has an accuracy of the
order of 10 nm). In our opinion, the agreement obtained validates FDTD calculations
as a predictive tool in this kind of systems. These results also confirm that, in the
experiments considered, the effect of possible inhomogeneities in hole shape and
size was not relevant. Notice that the good agreement with the experimental data was
obtained by using the bulk dielectric constant, despite the fact the dielectric properties
at the surface could have been modified by the processing related to drilling of
the holes.

In order to obtain further insight on the origin of EOT phenomena, Fig. 2.5 renders
the dependence with period of λ1,0 for the metals Ag and Al, and also for W. In this
figure, we have also included the spectral location of the minimum which appears
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Fig. 2.4 (1,0) substrate peak
position, λ1,0, as a function
of the array period, both for
the metals investigated and
for a perfect electrical
conductor. Hole radius is
scaled with the period as
d = P/1.75 but film
thickness is kept constant at
w = 250 nm
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associated to the S1,0 peak, slightly blue-shifted from the maximum. Results are
presented for the case of constant film thickness, w = 250 nm. In the same figure
we represent both λR and the folded dispersion relation for the SPP of a flat metal-
dielectric interface (given by the expression (ω/c)(εSεm/(εS + εm))1/2 = 2π/P).

In the case of metals, the correspondence between transmittance minima and
SPP of the flat surface (with no holes) is evident from the figure, with the maxima
following the same trend at slightly longer wavelengths. In the case of the dielectric
(W), both maximum and minimum have much smaller amplitudes with respect to
the transmission background than in the case of metals (see Fig. 2.3), with the very
weak minimum appearing at λR . Both maximum and minimum are related to the
surface EM modes of the corrugated structure. More precisely, each surface EM
mode has associated a maximum and minimum transmission, characterized by a
resonant Fano-like function times a smooth function related to the coupling of the
incident wave with the surface mode. At normal incidence, the incident wave can
couple to SPPs in the periodically corrugated structure which originate from plane
waves differing from �k‖ = 0 by a reciprocal lattice vector. This is confirmed by
Fig. 2.6, which renders the folded light line, the folded SPP dispersion relation of
the flat metal-vacuum interface, and the FDTD calculation for the band structure of
surface EM modes of the corrugated surface.

Transmission Intensity

Up to here we have concentrated on the dependence of the spectral position of
transmission anomalies with the period of the array. The results for the peak intensities
are presented in Fig. 2.7, which renders the maximum transmittance of the S1,0 peak,
T1,0, as a function of its spectral position (i.e. for different periods) for several
materials. In panel (a) all lengths defining the system are scaled with the period,
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Fig. 2.5 Dependence on
period of signatures related
to the (1,0) substrate peak:
maximum (circular symbols)
and minimum (square
symbols). Hole radius is
scaled with the period as
d = P/1.75 but film
thickness is kept constant at
w = 250 nm. The solid red
line represents the SPP
dispersion relation for a flat
metal-dielectric interface,
while the dashed black line
corresponds to the dielectric
light line
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except the metal thickness, which is kept constant at w = 250 nm (this is the case
considered in Ref. [32]).

In panel (b) all lengths are scaled with the period. In this latter case, if the metal
were a PEC, the peak transmittance would not depend on period (line with asterisks).
A real metal presents two main differences with respect to a PEC, each of them having
an opposite effect on the transmittance. On the one hand, real metals absorb energy,
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Fig. 2.6 SPP dispersion
relation in the 
 − X
direction of the first Brillouin
zone, for the dielectric-silver
interface. Circular symbols
(blue line) show the FDTD
band structure for a 2DHA
with period P = 500 nm
and metal thickness w = 250
nm. Flat surface SPP
dispersion relation is
depicted with a solid red
line. Dashed black line
represents the light line. The
spectral position of the (1,0)
transmission maximum,
λ1,0, is depicted by a dashed
horizontal green line
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Fig. 2.7 Peak transmittance
intensity, T1,0, as a function
of the peak spectral position,
λ1,0 for different metals and
lattice periods. In both
panels, hole diameter is
scaled with period as
d = P/1.75. In (a) metal
thickness is kept constant at
w = 250 nm. In (b) w is
also scaled as w = P/2.0
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which reduces the transmittance. This is more apparent in resonant processes, which
require the EM field to stay for a longer time at the surface. As this resonance time
is inversely proportional to the peak width, absorption has a larger influence on
the narrowest transmittance peaks. On the other hand, the EM field penetrates in a
real metal, effectively increasing the hole area accessible to the field and, therefore,
increasing the transmittance. Several approximations can be envisaged in order to
take into account the effective hole area. For instance, the hole can be considered as
a finite portion of a waveguide. Effective areas can then be related to the propagation
constants and the EM fields of different modes in the waveguide [42]. A simpler,
phenomenological, approach is implemented by enlarging the hole radius by a factor
(of order unity) times the skin depth [4]. This is a good approximation, provided the
correction (skin depth) is much smaller than the hole radius. In any case, the effective
hole area depends on the dielectric constant which, in turn, depends on wavelength.
Therefore, from a electromagnetic point of view, even when all nominal lengths are
scaled with the period, the “effective” surface percentage covered by holes does not
remain constant. In what follows, we will show how the comparison with the PEC
case allows to distinguish which of these two competing mechanisms (absorption
and enlargement of the effective area) dominates for a particular circumstance. Let
us start with the case of silver. The computed peak transmittance for silver is even
larger than the corresponding one in a PEC with the same nominal parameters, as
shown in Fig. 2.7. This suggest that, in this case, the "enlargement of effective area"
mechanism is more important than absorption. In order to confirm this point, we
have computed the transmittance peak intensities for 2DHA in PEC, but with the
hole radius enlarged by the skin depth in Ag (computed at the wavelength at which
the peak appears). We will refer to this as the “Corrected-PEC model”. Figure 2.8
renders the results of these calculations, as well as the corresponding ones for 2DHA
in Ag. Discontinuous lines represent the case in which all lengths in the system
have been scaled with the period, except the metal thickness, which has been kept
constant at w = 250 nm. The continuous lines render the case where also the metal
thickness has been scaled with the period, as w = P/2. In all cases, the difference
in transmission peak intensities between 2DHA in Ag and the enlarged holes in
PEC is less than 30%. Notice that the Corrected-PEC model provide much more
accurate results at large periods than at smaller ones, which can be associated to
the increasing effect of absorption occurring at shorter periods and, correspondingly,
smaller wavelengths. This is further corroborated by the fact that, at small periods,
the Corrected-PEC model overestimates the peak transmittance.

This analysis helps understanding the results presented in Fig. 2.7b, and therefore
the relative importance of the previously described mechanisms for different metals.
At peak positions larger than λ1,0 ≈ 700 nm, the dependence of T1,0 on λ1,0 for Au
is similar to that of Ag, reflecting their similar skin-depths and absorption lengths. As
λ1,0 decreases, the difference in skin-depths in Au and Ag remains constant, but the
ratio of their absorption lengths decreases. Correspondingly, due to absorption, T1,0 in
Au is smaller than that in Ag in this frequency regime. At the shorterλ1,0 computed for
Au this decreasing tendency is reversed, reflecting the increase in the skin-depth of Au
(notice that the flattening out of theλ1,0 versus period curve prevents exploring shorter



48 2 Extraordinary Optical Transmission

Fig. 2.8 Peak transmittance,
T1,0, as a function of the
lattice period for silver
(circular symbols) and PEC
(asterisks). Solid line
represents the case of scaled
thickness (w = P/2.0),
while the dashed line is for
constant w = 250 nm. In the
PEC case, the hole radius
was enlarged by one silver
skin depth (Fig. 2.2),
evaluated at the
corresponding wavelength 200 250 300 350 400 450 500
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values of λ1,0, see Fig. 2.4. To summarize, optical transmissions through 2DHA in
Ag and Au are similar: in both cases the resonant transmission is larger than in a
PEC with the same nominal parameters, the effect being caused by field penetration
inside the metal, which effectively enlarges the hole area. Absorption is not the main
factor for these metals. On the other hand, 2DHA in Cu have transmittance peak
characteristics similar to those in Ag or Au, but with smaller values, reflecting the
smaller absorption lengths in Cu than in the other two noble metals analyzed.

A completely different behavior occurs for a 2DHA in Ni or Cr: in both cases,
the peak transmittance is always much smaller than that in Ag (or in a PEC). This
behavior occurs although the skin depth in these metals can even be larger than in
Ag, and is due to the large absorption present in both Ni and Cr.

Hole arrays in Al have transmittance peak characteristics more similar to the
PEC case, reflecting the fact that the skin depth in Al is, at optical frequencies,
much smaller than those of the other metals. Even so, T1,0 depends on λ1,0 for
2DHA in Al: the skin depth in Al remains approximately constant with wavelength,
implying an “effective area” correction which is relatively smaller at larger hole
areas (i.e., larger periods and larger λ1,0 in the case in which all nominal lengths are
scaled). This explains why, in this case, T1,0 decreases with λ1,0 even if the absorption
length slightly increases (see Fig. 2.2) Notice that this behavior of the absorption
length in Al is also very different to that in noble metals, where the absorption length
increases strongly with wavelength. As a consequence, the absorption length in Al is,
at λ ≈ 750 nm, smaller than that in noble metals. This, combined with the unusually
small skin depth makes that T1,0 in Al has values of the order of those of “bad
metals” (Cr, Ni) at the higher end of the spectral window considered. Finally, a 2DHA
perforated in W present a very different transmission spectrum. As previously stated,
in the considered spectral range W is a lossy dielectric. Transmission resonances are
aided by Zenneck waves [20, 43], which are more weakly bound than SPPs. The
resonances are much weaker, with a much smaller “visibility”: the minima are not
very deep and the maxima are not as high as in the case of metals (see Fig. 2.9). Also,
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Fig. 2.9 Dependence on
period of features of the S1,0
peak in W: Maximum
(circular symbols) and
minimum transmittance
(square symbols). All lengths
have been scaled as in
Fig. 2.7a
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as mentioned before, the spectral position of T1,0 in W (appearing very close to λR)

is different to that of the metallic case.

Full-Width-at-Half-Maximum

The previous analysis on the relative importance of the skin depth and absorption
length on the transmittance through 2DHA, based on the peak intensities, is reinforced
by the spectral dependence of the peak linewidth. Figure 2.10 renders 
1,0, defined
as the the full width at half maximum (FWHM) of the S1,0 transmittance peak, as
a function of λ1,0. The calculations were performed for the configuration where all
lengths are scaled, except the metal thickness which is kept fixed at w = 250 nm.
Agreement between experiment [32] and theory is quite good, although experimental
peaks are wider due to finite size effects and/or sample imperfections. The behavior
of 
1,0 for a 2DHA in Au, Ag and Cu is similar. In this case, and for the parameters
considered, radiation is the main loss channel for the surface EM mode, absorption
being a (non-negligible) correction. Absorption is responsible for both the difference
in 
1,0 between different metals and the decrease of 
1,0 with λ1,0 (following the
increase of the absorption length with wavelength). In the cases of 2DHA in either Cr
or Ni, 
1,0 is much larger than that for noble metals, as expected, given that absorption
lengths are much smaller in the former cases. Again, the case of Al is quite different
from that of other metals: it goes from presenting the narrowest resonant peaks at
small λ1,0 to having values of 
1,0 of the order of those of “bad metals” for the larger
λ1,0 considered.

2.3 EOT Through Hole Arrays in Optically Thin Metal Films

As we have stated in the last section, since the discovery of EOT [2], numerous
works have explored different parameter configurations of 2DHAs [6]. In the now
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Fig. 2.10 Full width at half
maximum for the S1,0 peak,

1,0, for 2DHAs in different
metals. All lengths have been
scaled as in Fig. 2.7a., i.e. the
metal thickness is kept
constant at w = 250 nm)
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“canonical” configuration [2] the metal film is opaque. In this case, the EOT
process involves surface modes at each side of the film which couple through the
holes [4]. On the other hand, continuous metal films (thin enough to be translucent)
also present transmission resonances when periodically corrugated. In this configu-
ration, resonant spectral features are related to SPPs of the thin film [44, 45], the so
called Short Range SPPs (SRs) and Long Range SPPs (LRs) [46].

The transmission of electromagnetic radiation through 2DHA, for thicknesses of
the metal film ranging from less than 1 to 2–3 skin depths has been studied in the THz
regime [47, 48]. These works showed how the intensity of the EOT peak developed
with metal thickness, its spectral position being mainly determined by the lattice
parameter. In this section, we extend the study to the optical regime. We analyze the
optical response of 2DHAs on metal thickness, w, going from optically thick films
to films as thin as approximately one “skin depth” (∼ 20 nm).

To provide mechanical stability, actual thin films must lie on a substrate, which we
take to be glass. We consider two different dielectric configurations: the asymmetric
(εI = εI I = 1.0 ; εI I I = 2.25) and the symmetric one (εI = εI I = εI I I = 2.25),

which can be experimentally obtained by using an index matching liquid. Throughout
this section we consider square lattices of square holes; the period, P, is chosen to be
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(c)

(b)

(a)

Fig. 2.11 Zero-order transmittance through 2DHAs in gold, as a function of the film thickness
(P = 400 nm, a = 160 nm) a εI = εI I = 1.0 ; εI I I = 2.25 b εI = εI I = εI I I = 2.25. The
spectral position as a function of w for both the EOT maximum (triangular symbols) an the EOT
minimum (circular symbols) are shown in (c). Dashed lines summarize data obtained from (a),
while solid lines are used for data taken from (b). The horizontal dashed line renders λ

(±1,0)
SPP . From

Ref. [14]

400 nm (in order to obtain EOT in the visible). The metal is gold (with a frequency
dependent dielectric constant, εm taken from Table 1.1). A schematic picture of the
structure is shown as an inset in Fig. 2.11c.

Figure 2.11 renders the computed zero-order transmittance spectra through 2DHAs
with different thicknesses, for both (a) asymmetric and (b) symmetric configurations.

http://dx.doi.org/10.1007/978-3-642-23085-1_1
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Calculations have been conducted with the FDTD method. For optically thick films,
we observe the “canonical” EOT resonant features appearing at wavelengths slightly
red-shifted from the Rayleigh wavelength (λR = √

εI I I P = 600 nm). As the film
thickness is reduced, both maximum and minimum transmittance red-shifts by even
hundreds of nanometers, while keeping high peak visibility.

In order to understand these spectral shifts, we analyze the EM modes bounded
to the metal film. A flat unperforated optically thick metal layer supports a SPP on
each surface. When the film thickness is reduced, these two modes interact, and are
substantially coupled whenever the film thickness is smaller than 2–3 skin-depths.
In this case, the dispersion relations of film modes can greatly differ from that of
the SPP, while in the THz regime they remain close to the light line. We denote
by �qmode(λ) the in-plane wavevector of these film modes (where the label “mode”
can be either SPP, LR or SR) as a function of the wavelength λ. These film modes
couple to external radiation and may lead to transmission resonances which, for small
corrugations, are therefore expected to occur close to wavelengths satisfying:

(
kin

x + 2πn

P

)2

+
(

kin
y + 2πm

P

)2

= q2
mode(λ) (2.3)

Here, the in-plane component of the incident wavevector is �kin = (kin
x , kin

y ), and n

and m are integers. From now on, we denote by λ
(n,m)
mode a wavelength that holds Eq. 2.3

at normal incidence (�kin = 0), for some given values of n and m. Figure 2.11c shows
the spectral positions of both minimum and maximum of the EOT peak appearing at
largest wavelengths. We find that when the film is thick enough the EOT minimum
very approximately coincides with λ

(±1,0)
SPP [49]. In contrast, both maximum and

minimum red-shift as film thickness reaches the “optically thin” regime.
To analyze whether the EOT phenomenon through optically thin 2DHAs has

its origin in the excitation of an EM mode bounded to the film, we focus on the
symmetric configuration with w = 20 nm. Figure 2.12a shows the transmission
spectra for 2DHAs with different hole sizes. Vertical dashed lines mark different SR
diffracted orders together with λ

(±1,0)
LR . The EOT spectral positions of both maximum

and minimum wavelength approach λ
(±1,0)
SR as the hole size decreases. At the same

time, the EOT peak visibility is progressively reduced as the hole size decreases
(the dashed line shows the result for the uniform film). Additionally, there are several
small dips in the transmission spectra, which will be discussed later.

In order to assign even more conclusively EOT features to EM modes of the perfo-
rated film, we have calculated the band structure of surface modes in the holey film.
The result is depicted in Fig. 2.12b (circular symbols), for a 2DHA with a = 60 nm.

The dispersion relations for the bounded modes of a flat film (folded into the first
Brillouin’s zone), are represented with continuous lines. As usual, due to the presence
of holes, the modes are coupled at the Brillouin’s zone edges leading to band-gaps.
In the wavelength window shown here, only the mode at the high-λ edge (labeled as
λ̃SR) is related to an EOT peak at normal incidence, due to the structure symmetry
[50, 51]. The dependence with hole size of λ̃SR, together with that of the spectral posi-
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(b)

(a)

(c)

Fig. 2.12 For a holey thin film with w = 20 nm (P = 400 nm and εI = εI I = εI I I = 2.25), a
shows transmittance versus wavelength for different hole sizes. Vertical dashed lines display several

values of λ
(n,m)
LR and λ

(n,m)
SR (see text) at �kin = 0. b 2DHA dispersion relations along the x direction

for a = 60 nm (Circular symbols). Solid lines represent the folded dispersion relations of LR
and SR modes for the unperforated film. The inset in (b) shows a |E | field map in the x-z plane
(y = P/2) at the EOT wavelength. c EOT maxima (square symbols), minima (circular symbols)
and λ̃SR (triangular symbols) as a function of the hole size. From Ref. [14]
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Fig. 2.13 Transmission
spectra for two different film
widths obtained with the
approximate analytical
method: w = 10 nm and
w = 8 nm (a = 160 nm).
Inset zoom close to the LR
wavelengths (Corresponding
λ

(±1,0)
L R wavelengths are

represented by vertical
dashed lines). From Ref. [14]

tions of both maximum and minimum transmittance is displayed in Fig. 2.12c. For
each hole size λ̃SR lies between the spectral positions of the transmission maximum
and minimum. Nevertheless, as the hole size shrinks to zero, the minimum of trans-
mittance tends to λ̃SR. The inset of Fig. 2.12b renders a |E | field map at the EOT
peak wavelength, showing that the field enhancement around the holes [17, 37] is
also present in optically thin films.

Interestingly, LRs do not noticeably contribute to transmission in the FDTD calcu-
lations (Fig. 2.12a). Notice that, due to the antisymmetric charge distribution of the
LR, its field is almost negligible inside metal and it is less bounded to the surface than
a SR mode. Therefore, the LR is both less absorbed and worse coupled to radiation
than the SR. In short, the LR field is perturbed very weakly by the holes, so the
coupling with the incident light diminishes. A consequence of this, is that the LR
band structure for the drilled film virtually coincides with the unperforated one (Inset
Fig. 2.12b). This weak coupling to radiation modes implies long times of the EM field
standing at the surface. This suggest that the LR resonance could have been missed
given the finite simulation time available. To be sure that LRs are not related to the
shallow transmission dips, we have developed an approximate method for solving
Maxwell’s equations. In this method, the field is represented as a Fourier-Floquet
series in the x-y plane and a power series in the coordinate perpendicular to the
layer, z [51]. This approach works only for extremely thin metal films (thinner than
what is experimentally achievable in a continuous film nowadays), so it has mainly
academic value. Nevertheless, it is useful for understanding the underlying physics.
Figure 2.13 renders transmission spectra calculated with the approximate method
for a 8 nm and 10 nm thin films. The zoom in wavelengths close to λ

(±1,0)
LR (inset

to Fig. 2.13) reveals that extremely narrow peaks can be associated to LR modes.
Anyway, spectral resolution within the FDTD method does not allow LR peaks to
be resolved. The detection of this transmittance peaks due to LR plasmons would be
even more difficult from the experimental point of view due to the finite size of the
samples. In any case, this analysis shows that the small dips found with the FDTD
method at short wavelengths are exclusively related to higher SR diffracted orders.
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Fig. 2.14 Schematic picture of a square array of rectangular holes of side ax and ay perforated on
a free-standing silver film of thickness h. Parameter d defines the period of the array. The apertures
are illuminated by a p-polarized plane wave at normal incidence

2.4 The Role of Hole Shape on EOT Through
Arrays of Rectangular Holes

Several works shown that the shape of the subwavelength aperture also has a great
importance in the transmission spectra [27–29, 52, 53]. These studies demonstrated
that elliptical or rectangular holes dramatically influence not only the resonant
wavelength but also the polarization and the final transmittance. On the other hand,
several experimental and theoretical works have shown that even a single rectangular
hole exhibits a localized transmission resonance emerging at around the cutoff wave-
length, λc, of the hole waveguide [30, 31, 42, 54]. This resonance can be understood
as a Fabry-Perot resonance in which the propagation constant inside the hole is zero.

The aim of this section is to analyze in detail the interplay between these two
types of transmission resonances (SPP and cut-off resonance) that are operating in
a 2D array of rectangular holes. Figure 2.14 shows schematically the system under
study: an infinite array of rectangular apertures of sides ax and ay perforated on a
free-standing silver film of thickness h. The structure is illuminated by a p-polarized
plane wave at normal incidence (i.e. incoming electric field is pointing along the
short edge of the holes). In our calculations, we use the same geometrical parameters
as those of the experiments carried out in Ref. [29]: ax = 200 nm, ay = 260 nm
and h = 400 nm. The period of the array, d, will be varied between 500 and 900 nm.

Figure 2.15b shows the normalized-to-area transmittance spectra corresponding
to the geometrical parameters of Ref. [29], calculated with the couple mode method
(CMM) (Sect. 1.3). To treat the metal properly, surface-impedance boundary condi-
tions (SIBCs) are imposed on the metallic boundaries, except on the vertical walls
of the holes which are treated as perfect conductor surfaces. To consider only the
fundamental TE eigenmode (TE01) in the modal expansion within the holes gives
accurate results for the transmittance spectrum. As it was stated in Sect. 1.3, in order
to improve the accuracy of the method realistic values for the propagation constant of
the fundamental mode, qz, are incorporated into the formalism by using the effective
index method [55]. Note that the electric field of the TE01 mode points along the
x-direction, i.e., it is parallel to the short side of holes (ax ) and perpendicular to ay .

The properties of the two parallel real metal plates TM mode are the starting point

http://dx.doi.org/10.1007/978-3-642-23085-1_1
http://dx.doi.org/10.1007/978-3-642-23085-1_1
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of the method. From its characteristic equation, it is obtained an effective dielectric
constant (εd) as the ratio between the propagation constant of that mode and the
vacuum one. This procedure follows to match the boundary conditions of the elec-
tric field across the long sides (ay), for this reason the metal surfaces are separated
by a distance ax . Next, the effective index method takes into account the penetration
of the electric field at the short axis by assuming the propagation constant of the TE
mode (in the same system), but being in this case ay the distance between surface
faces. Finally, the value of qz is obtained after solving the characteristic equation
of such mode where the dielectric constant of the region between surfaces is set
to εd . Note that by analyzing the location in which qz changes from being a real
quantity to a purely imaginary magnitude, we can calculate λc within this approach.
For the particular set of geometrical parameters of the holes forming the 2D array
here chosen, λc = 695 nm. Different curves correspond to different periods of the
2D square array (ranging from d = 500 to d = 900 nm). To compare them with the
FDTD method results (Sect. 1.2), Fig. 2.15a depicts the corresponding transmission
spectra obtained. It is clear that CMM is able to capture accurately the main features
observed in the FDTD spectra. The locations and linewidths of the several peaks are
well reproduced within the CMM approach. The heights of the transmission peaks
are higher in CMM, mainly due to the fact that absorption within the vertical walls
of the holes is neglected. It is also important to note that the theoretical results of
panel (b) are in very good agreement with the experimental data [29].

Now we concentrate on analyzing the physical origin of the different transmission
peaks appearing in Fig. 2.15b by just studying this simple formula for transmission
(See Sect. 1.3):

T = |Io|2
4
√

ε

Gi

(Gi )2 +
( |G−�|2−|Gv |2

2|Gv |
)2 (2.4)

For rectangular holes and within the SIBC approximation the different terms in
Eq. 2.4 are:

The term I0 measures the overlap between the incident plane wave and the 0-mode
inside the hole:

I0 = ı 4
√

2

π(1 + Zs)

√
ax ay

dx dy
(2.5)

The term Gv controls the coupling between the input and output sides of the holes:

Gv = 2 i Y0 eiqzh

e2iqzh(1 + ZsY0)2 − (1 − ZsY0)2 (2.6)

The expression for the self-energy � is given by:

� = i Y0
e2iqzh(1 + ZsY0) + (1 − ZsY0)

e2iqzh(1 + ZsY0)2 − (1 − ZsY0)2 (2.7)

http://dx.doi.org/10.1007/978-3-642-23085-1_1
http://dx.doi.org/10.1007/978-3-642-23085-1_1
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Fig. 2.15
a Normalized-to-area
transmittances calculated
with the FDTD method for
different values of the lattice
period d. b and c show the
normalized-to-area
transmittances calculated
with the CMM. In (b), the
dielectric function is that of
silver whereas in (c)
absorption of silver is
neglected (I m ε(λ) = 0)

d=500 nm
d=600 nm
d=700 nm
d=800 nm
d=900 nm

(a)

(c)

(b)

Finally, the EM-coupling between the holes forming the 2D array is mediated by
the term G, which can be expressed as:
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G = i ax ay

2 dx dy

l=+∞∑
l=−∞

+∞∑
m=−∞

k0 (k0 + Zskz) − k2
m

(kz + Zsk0) (k0 + Zskz)

× sinc2
(

kl ax

2

) [
sinc

(
kmay + π

2

)
+ sinc

(
kmay − π

2

)]2

(2.8)

with kl = 2π
dx

l, km = 2π
dy

m, kp =
√

k2
l + k2

m and kz =
√

k2
0 − k2

p.

Here Zs = 1/
√

εm ( being εm the dielectric constant of the metal), and ε the
dielectric constant of the surrounding media (in this case vacuum). On the other
hand, Y0 = qz/k0 corresponds to the admittance of the fundamental mode with
k0 = 2π/λ.

It can be demonstrated from Eq. 2.4 that transmission maxima and minima coin-
cide with solutions of |G −�| = |Gv|, for 2DHAs at λ >

√
ε d. In other words, as in

a typical resonant phenomenon the transmittance is governed by the behavior of the
denominator. In Fig. 2.16 we show the dependence of both |G − �| and |Gv| versus
wavelength for two limiting values of d, d = 500 nm and d = 800 nm (notice that
Gv does not depend on d). Interestingly, the spectral locations of the transmission
peaks in Fig. 2.15b are marked by the cuts between |G − �| and |Gv|. It is worth
comparing the behavior of |G−�| for the periodic arrays with d = 500, 800 nm with
the corresponding |G − �| for a single rectangular hole (dashed line in Fig. 2.16).
The transmittance through a single rectangular hole is also governed by Eq. 2.4 but
with a different G-term (the sum over diffractive modes in Eq. 2.8 is replaced by an
integral over the continuous spectrum of plane waves). For d = 500 nm, |G − �|
(full black line) at the wavelength region of interest (near λ = 700 nm) is close to the
single hole counterpart. It is expected then that the nature of the transmission reso-
nances will be similar for a 2D array and for an isolated rectangular hole. However,
there is a difference between the single hole case and the 2D array for this value of
d. Whereas in the 2D array, |G − �| = |Gv| at two different wavelengths (leading
to two transmission peaks), for the single hole there is only one transmission peak
appearing at a wavelength in which the difference between |G − �| and |Gv| is
minimal. The reason of this distinct behavior stems from the Fabry-Perot nature
of this transmission resonance. In a Fabry–Perot cavity, the spectral locations of the
transmission resonances strongly depend on the reflectivity at the edges of the cavity.
Our results indicate that the presence of a 2D array modifies the reflectivity of the
metallic interface when compared to the single hole case, leading to the appearance
of two transmission peaks. For d = 800 nm (blue line), |G − �| present additional
features located at λ ≈ 600 nm and λ ≈ 800 nm. These correspond to zeroes of
the denominator of G (see Eq. 2.8), appearing at the condition kz + Zsk0 = 0.

This condition is nothing else than the equation for the excitation of a SPP on
a non-corrugated (no holes) surface of a metal film within the SIBC approach. Note
that the cuts between |G − �| and |Gv| appears at wavelengths slightly larger than
this condition. Therefore, the character of the two transmission peaks for d = 800 nm
emerging atλ ≈ 830 nm will be quite similar to a SPP. The two transmission peaks are
associated with the symmetric and the anti-symmetric combinations of the two SPPs
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Fig. 2.16 Absolute values of
|G − �| and |Gv | terms (in
logarithmic scale) for two
different lattice constants of
the hole array (d = 500 nm
and d = 800 nm) and also
for a single hole
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at the two surfaces which are evanescently coupled through the holes, as explained
in Ref. [4].

As a general conclusion about the nature of the transmission resonances appearing
in 2D arrays, we could state that the two mechanisms leading to EOT (localized
resonance and SPP-based) cannot be simply separated as done in previous studies
[54] [see comment by Cheng-ping Huang and Yong-yuan Zhu, arXiv:0706.0250v1
(unpublished)] and [56]. Even for the shortest and the longest period consid-
ered here, the transmission resonances benefit from both mechanisms. Therefore,
these transmission resonances have a hybrid character. Hybrid resonances have
already been observed and studied previously in lamellar [57, 58] and bottle-shaped
gratings [59]

The physical picture described above is reinforced when looking at the evolu-
tion of the electric field patterns associated with the resonant process as a function
of d. In Fig. 2.17 we plot the E-field amplitude at resonance (normalized to that of the
incident plane wave) evaluated at the z = 0− interface. Four periods are considered
here: d = 600, 700, 800 and 900 nm. The electric field amplitude for d = 600 nm
is mainly concentrated over the holes as corresponds to the excitation of a local-
ized resonance (cut-off resonance) inside the holes. As d is increased, the character
of the resonance changes gradually. For d = 800, 900 nm, the E-field intensity
maxima are along the ridges of the holes as corresponds to a SPP wave propagating
in the x-direction. For d = 700 nm, there is a mixing between the two mechanisms as
fingerprints of the SPP wave begins to emerge at the edges of the holes. The near field
distribution exhibits an intermediate character between the two limiting behaviors
(SPP and cut-off resonances).

Finally, we would like to address the question of why there is a kind of optimum
value for d when looking at the evolution of the transmission peaks with the period of
the array (see Fig. 2.15a,b). In our calculations this optimum d is around 650–700 nm,

close to the cut-off wavelength, 695 nm. Naively, this could imply that the optimum
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Fig. 2.17 Electric field amplitude calculated at the resonant wavelength and evaluated at the z = 0−
plane for a d = 600 nm, b d = 700 nm, c d = 800 nm and d d = 900 nm. The white lines mark
the positions of the holes. The E-field magnitude is normalized to the incident one

d appears when the resonant wavelengths of the two mechanisms (SPP and cut-off
resonance) coincide. However, panel (c) of Fig. 2.15 demonstrates that the explana-
tion is more complex. If the absorption in the metal is neglected, the heights of the
transmission peaks grow with d like d2, as it would correspond to a perfect trans-
mission (100%) per unit cell [60]. Therefore, EOT associated with SPP excitation
is only limited by absorption. As explained above, absorption along the walls of
the holes is not taken into account in the approximated model. However, we have
checked that for all d analyzed in this study, E-field intensity maxima are located
at the horizontal metallic surfaces, where SIBCs are imposed within the modeling.
Therefore, considering only absorption on top and bottom surfaces of the metallic
film is a reasonable approximation when analyzing the evolution of the heights of
the transmission peaks as a function of d.

Within this approach, it is worth defining two different lifetimes operating during
the transmission process. By looking at the linewidth of the transmission peaks with
no absorption (Fig. 2.15c), we can extract the lifetime associated with the resonant
process, τres. This quantity is related with the radiation losses as a result of the
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Fig. 2.18 Absorption
lifetime τabs (dotted line) and
lifetime of the resonant
process τres versus period of
the hole array for ax =
100 nm (dashed line),
ax = 200 nm (solid line) and
ax = 260 nm (dot-dashed
line). Inset Transmittance
calculated at resonance
versus d

maxτ res
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coupling of holes to radiation. It is depicted in Fig. 2.18 as a function of the period
of the array for three values of ax (200, 100 and 260 nm). As expected, when d is
increased, resonant lifetime grows rapidly. On the other hand, absorption introduces
another time into the problem. From the knowledge of ε(λ), we can estimate the time
taken for a photon to get absorbed, τabs. This lifetime is almost independent on λ, as
shown in Fig. 2.18 (dotted line). It is expected that optimum d would appear where
τres(d) ≈ τabs(d). The line of reasoning leading to this naive rule is the following.
When τres(d) is much smaller than τabs(d), photons are mainly transmitted and they
are not absorbed by the metal. Absorption plays a minor role in the transmission
process and the normalized-to-area transmittance at resonance increases when d is
increased, as seen in Fig. 2.15c. In the other limit (τabs(d) being much smaller than
τres(d)), photons are absorbed by the system before the resonance is built up. As
τres(d) grows quadratically with d, a decrease of the transmittance at resonance
versus d is expected to occur in this limit. When interpolating between these two
limits, it is clear that the curve displaying the transmittance at resonance versus d
should present a maximum for an optimum value of d. As τres(d) evolves very rapidly
with d whereas τabs(d) is almost independent on d, optimum d should appear close
to the condition τabs(d) = τres(d). Figure 2.18 demonstrates that this last condition
marks the location of the optimum d for the three different values of ax analyzed.
Therefore, we can safely conclude that the physical origin of the optimum d observed
in calculations stems from the absorption present in the metallic film.

Note that in the experiments [29], the finite size of the hole array introduces a third
lifetime associated with the spatial extension of the array, τsize [41]. As the absorption
in the metal, it also acts as a limiting factor in the final transmittance. If the number of
holes is large enough, τsize is greater than τabs and then the limiting factor would be
the absorption by the metal, as in the case of an infinite array. However, if the array
is very small, τsize would be smaller than τabs and finite size effects would control
the optimum d. Then the cut between τres(d) and τsize would mark the location of
optimum d. If this is the case (τsize < τabs), then the cut would appear at a shorter d.
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This seems to be the case in the experiments reported in Ref. [29] as the experimental
optimum d is of the order of 600 nm, instead of a value close to 700 nm obtained
from our calculations for an infinite array of holes (see Fig. 2.18).

2.5 EOT Through Metal-Coated Monolayers of Microspheres

Several papers on EOT involve experiments and simulations of metal films and
gratings of rather simple geometry [2, 4, 8, 28, 61–66]. One drawback, considering
applications, with these structures is that they are usually produced using a material
removal focused ion beam and/or complex lithographic methods. In this section we
analyze a quite different structure, namely, slabs of self-assambled arrays of dielectric
microspheres covered with thin metallic layers. As we will see, these kind of systems
present many similarities in their transmission properties with those in perforated
metal films, with the advantage of being easily deposited over relatively large areas.
Moreover, the following metal deposition can be done by standard techniques.

Monolayers of close-packed arrays of microspheres behave like two dimensional
photonic crystal slabs (PCS) with photonic modes that may couple to the incident
light. It has been shown that the strength of coupling and the position of the observed
transmission dips could easily be altered by deposition of, e.g., amorphous Si onto
the microsphere arrays [67, 68]. If the microsphere array is instead covered with a
thin metal film, EOT through the slab has been observed [69]. Different mechanisms
could be responsible for the EOT-like transmission features: Mie resonances of the
spheres, transmission through the empty spaces left by the spheres after covering
them with the metal,... [69]. In order to clarify the actual origin of the resonances
observed, in this section we analyze a set of experimental results carried out in
the group led by Prof. D. Bäuerle, from the Institute of Applied Physics Johannes-
Kepler-Universitat in Linz (Austria). For this, we use the FDTD method discussed
in Sect. 1.2. The good agreement between measured and modeled spectra allows
further in-depth interpretation of the origin of the different features observed in the
measured transmission spectra, highlighting the relevance of waveguide modes in
the microsphere array on the EOT properties.

2.5.1 Methods

Experiment

Microspheres of different materials have been utilized in various fields of research in
the past few years. Examples of applications are micro-resonators with high quality
factors [71], in mask lithography [70], and also as lens arrays for different types of
laser-induced micro- and nano-patterning of material surfaces. In the case of laser-
induced applications, close-packed 2D-lattices of usually transparent microspheres

http://dx.doi.org/10.1007/978-3-642-23085-1_1
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Fig. 2.19 Scanning electron
microscope (SEM) picture of
a Ni-coated monolayer of
quartz (a − SiO2)
microspheres of diameter
d = 0.72 μm. The support is
a 1.0 mm thick a − SiO2
platelet. From Ref. [16]

are used as a lens array allowing single step large area parallel processing [72–76].
Among those are patterns generated from metal-coated monolayers of microspheres
by laser-induced forward transfer (LIFT) [77–80].

Through the experiments, close-packed monolayers of amorphous silica
(a − SiO2) or polystyrene (PS) microspheres (diameters d = 0.39, 0.78, 1.0, and
1.42 μm) were deposited on quartz supports (1 mm thick) using colloidal suspen-
sions. The monolayers were covered with different metals (Ag, Au, Ni) and film thick-
ness (30–300 nm) using standard evaporation techniques. A typical metal covered
monolayer is shown in Fig. 2.19. The metal films cover approximately the upper half
of single spheres, while the lower half remains uncoated. At the top of spheres the
thickness of the coating (75 nm) is about equal to that measured with a nearby quartz
crystal microbalance (QCM). Towards the edge of spheres the film thickness slightly
decreases. In the interstices between the spheres, the coating is placed on the quartz
support. Within these areas, the film thickness measured by means of an atomic force
microscope (AFM), is equal to that measured by QCM. The areas of close-packed
monolayers were, typically, of the order of ∼cm2. Because of certain size dispersion
of the microspheres and the deposition technique employed [81], the monolayers
exhibit a polycrystalline structure with a typical domain size of about 50–100 m .
Transmission experiments were performed at normal incidence both on bare PCSs
and on the covered with metal slabs. The transmission measurements were done
in the far-field, in a configuration that only collected the zero-order transmission.
Since aperture diameters of 1–3 mm were used for the transmission measurements,
any polarization dependent effects could not be probed and non-polarized light was
used.
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FDTD Modeling

Simulations were performed by using the FDTD method. A small grid size of 6 nm
was used in all reported results. The dielectric constant of the different metals consid-
ered were taken from their bulk values, and approximated by a Drude–Lorentz func-
tional form (Table 1.1). Dielectric constants for the quartz support, and the silica
and polystyrene microspheres were assumed wavelength independent and set to
1.52, 1.392 and 1.572, respectively. As the geometry of the metal layer is not
precisely known, for simplicity the thickness of the metal film on the top of each
sphere was assumed to be constant (72 nm). We expect that this simplification of
the metal geometry will induce at most some small spectral displacements of the
transmission resonances and of the average transmittance, but will otherwise have
a negligible effect on the overall transmission properties of the system. In order
to compare with the experimental transmittance, only transmission into the zeroth
diffraction order was computed.

2.5.2 Results and Discussion

Figure 2.20 compares measured and modeled spectra for silica sphere arrays covered
with Ni, Ag and Au metals. Overall, the modeled spectra reproduce quite well the
observed features with respect to both the absolute transmission values and peak
positions. The main difference that can be observed is the additional peak at around
1300 nm in the calculated spectra. For the case of Ni, this peak seems to be hidden
under the shoulder of the main peak. For Ag and Au it seems to be absent in the
measured spectra. All peaks in the measured spectra are also slightly broader, likely
because of the size-dispersion of the spheres and the polycrystalline structure of the
array. Nevertheless, the overall good agreement suggests that this simple fabrication
route leads to structures where disorder is small enough as not to spoil the optical
transmission resonances expected in perfect arrays.

In the optical regime, the different behavior of the metals is notable. The peaks
for Ni are less pronounced, while Ag and Au presents more detailed fine structure
in both measured and modeled spectra. This effect is related to the difference in
optical properties of these metals. As discussed in Sect. 2.2, Nickel is a less “ideal”
metal than Ag and Au, with relatively high absorption in the wavelength region of
interest, resulting in less pronounced features in both measured and modeled spectra.
The calculated spectra for gold and silver have more defined (and stronger) peaks
in comparison to the measured ones at shorter wavelengths. This may be due to the
presence of disorder in the sample, where not all unit cells are strictly equal. Also,
films deposited onto the microsphere arrays exhibit a poly/nano-crystalline structure,
which may alter the optical properties of the metal relative to bulk values used in the
calculations. Both such alterations impair resonant behavior, being therefore more
evident in Ag and Au than in Ni (where resonances are already hampered by intrinsic
absorption of the metal).

http://dx.doi.org/10.1007/978-3-642-23085-1_1
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Fig. 2.20 Measured (black)
and calculated (red) zero
order transmission through
metal coated MLs of
a − SiO2 microspheres
(d = 1.42 μm). From
Ref. [16]
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The situation is different in the telecom regime (transmission peaks appearing
around 1600 nm in Fig. 2.20). In this case, the transmission level for all metals
considered is similar, being even larger for Ni than for Au or Ag. Notice that, in
this case, the full-width-at-half-maximum (�λ) is very very similar for all three
metals considered: 163 nm for Ni, 154 nm for Ag and 126 nm for Au. Given that the
dielectric constant of Ni is very different from that of Ag and Au, this implies that
the time that the electromagnetic field stays at the structure is limited by radiation,
more than by absorption. This time can be estimated as T = λ2

max/(c�λ) and the
distance that the EM field travels on the surface as LT = λ2

max/�λ, where λmax is
the spectral position of the transmission maximum and c the speed of light. From the
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simulation we can estimate LT = 16.2 μm, 17.4 μm and 12.6 μm for Ni, Ag and
Au, respectively. This values are smaller than, for instance, the propagation lengths
of surface plasmon polaritons at λ = 1600 nm (which approximately are 25 μm for
Ni, 360 μm for Ag and 360 μm for Au), which reenforces the hypothesis that radi-
ation losses dominate over absorption. Notice also that the larger absorption in the
case of Ni could be compensated by the larger skin depth (33 nm in Ni, 22 nm in Ag
and 23 nm in Au for λ ≈ 1600 nm), which implies both a larger direct transmission
through the metal layer and a larger effective hole radius.

To further study the behavior of this composite structure and the validity of using
the FDTD method, different parameters were investigated. Here, the refractive index
of the spheres was changed by considering polystyrene microspheres. The sphere
diameters (periodicity) was also altered, see Fig. 2.21. As expected, by using mono-
layers of polystyrene spheres (with a higher refractive index than a − SiO2) with
different diameters, one finds that the main peak shifts with the periodicity of the
array. Again, measured and modeled spectra show good agreement (Fig. 2.21). We
associate the higher values for the calculated peaks both to disorder in the actual
sample and to the fact that absorption in the PS spheres was neglected in the
calculations.

The main peak is further red-shifted relative to the diameter by about a factor of
1.3 d, whereas a factor of 1.2 d was observed for the silica spheres (Fig. 2.20). This is
related to the higher refractive index of the polystyrene spheres relative to silica. The
same effect is observed for PCS without metal, that is, a higher “effective” refractive
index red-shifts the main minima (dip) in transmission [67, 68]. Additionally, the
main dip in the dotted curves in Fig. 2.21, that show the transmission of the bare MLs,
and the main transmission peak of the metal coated arrays show a clear correlation.
The main transmission peak is slightly red-shifted compared to the main dip. This
behavior implies that the transmission is related to the supported modes of the bare
(uncoated) 2D-PCS as suggested earlier [69]. The transmission spectra of the bare
PCSs are also included in the graphs where, once again, the differences in the trans-
mission curves can be seen. The modeled spectra show much narrower main dips than
the measured ones, again pointing to the influence of absorption in the PS spheres,
and also to size dispersion of spheres and grain boundaries within the monolayers. In
any case, the fabrication method allows for simple scaling (positioning) of any trans-
mission peak (or dip) of interest, as can be seen in Fig. 2.21. It is also demonstrated in
Fig. 2.21c that the main peak can be easily shifted to the visible wavelength region.
This could be interesting with possible application for these composite structures as,
e.g., for the fabrication of relatively narrow band filters.

Importantly, the close spectral correspondence between transmission dips in the
uncoated system and transmission peaks in the coated one is also present in the
calculation, even more clearly so, as spectral features are narrower here than in
the experiment. The thickness of the metal deposit was also varied for both Ag and Au
metals on silica spheres, see Fig. 2.22. For both metals, the intensity of the main trans-
mission peak decreases roughly exponentially. Notice that the measured transmission
is higher for thicker deposits compared to modeled spectra, which we associate to
the assumption of homogenous film thickness in the calculations. Again, quite large



2.5 EOT Through Metal-Coated Monolayers of Microspheres 67

Fig. 2.21 Measured (black)
and modeled (red) zero order
transmission through
monolayers of polystyrene
spheres. Bare
monolayer-dotted curves
(right y-scales) and coated
with 75 nm silver-full curves
(left y-scales). a d = 1.0 μm,
b d = 0.78 μm, c d =
0.39 μm. The main peak (or
dip) scales with the
periodicity (d). From
Ref. [16]
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discrepancies can be observed between measured and calculated spectra in the short
wavelength region. Also, the main peak red shifts as the thickness is increased (More
pronounced for the measured spectra). Possibly, this can be related to coupling of the
modes on the two interfaces; PCS/metal and metal/air. For films with thickness less
than 50 nm, two peaks can be observed in the calculated spectra, whereas only one
peak is observed for the thicker deposits, suggesting a coupling/decoupling behavior
of the two modes as the thickness is increased.

The rest of the section is devoted to ascertain which are the relevant mechanisms
for the transmission resonances in this system. Notice that the composite slab is
quite complex, and transmission resonances could be due to one or several factors,
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Fig. 2.22 Measured (a, c)
and calculated (b, d)
transmission spectra for
different thicknesses of the
metal deposit. Ag and Au
were used on d = 1.42 μm
silica spheres. From
Ref. [16].
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Fig. 2.23 Calculated transmission curves for bare PCS and with different metal coverage (1)–(3).
From Ref. [16].

like: surface plasmons coupled either through the holes in the interstices or through
the metal (if the metal film is optically thin), photonic crystal modes in the sphere
layer (weakly or strongly coupled), Mie resonances of the spheres, particle plasmon
modes of the triangular metal deposit on the quartz support, etc. The good agreement
between measured and calculated spectra allows us to study of the relevance of these
different mechanisms, through the modeling of similar but simpler systems.

To start with, two different but related structures were modeled: Metal coated
sphere arrays without any metal on the support and sphere arrays fully covered with
metal (and consequently no metal on the support either). The calculated results are
shown in Fig. 2.23. Interestingly, the calculations reveal that the metal deposit on the
support has negligible influence on the overall transmission and, more importantly,
that the transmission spectra remains practically unaltered if the holey metal cap
covering the spheres is replaced by a continuous metal cap. So, for this parameter
range, the coupling across the metal film is mainly due to coupling through the
metal, and not through the holes. This calculation also shows that there is no need
for improvements in the fabrication process in order to get rid of the deposited metal
particles in the substrate. In order to investigate the importance of a PCS and its
guided modes as support to the metal film, the spheres were simply removed in the
model system by introducing a uniform refractive index below the corrugated metal
film (both with and without holes). In this case, the transmission process can be
explained by a resonant model involving surface plasmon excitations and tunneling
through the corrugated thin metal film [4, 37]. The results are depicted in Fig. 2.24.
Remarkably, in the uniform dielectric case, absolute transmission values are much
lower than those obtained for the sphere system. In addition, we have computed
the transmission for a thin planar film with triangular holes (with the same size as
those in the experiment) in graphene symmetry. Again transmission values are low
when compared with those in the capped sphere system. These findings suggest
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Fig. 2.24 Calculated
transmission curves for
corrugated (with and without
holes) and planar metal film
with holes in a graphene
symmetry. All films were
modeled in a homogeneous
media. The metal considered
is Au and the lattice
parameter is d = 780 nm.
From Ref. [16].
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that the presence of the photonic crystal layer is of great importance in the overall
transmission mechanism. The close spectral correspondence between transmission
peaks in the coated case and transmission dips in the uncoated one, already points
to the possible relevance of guided modes in the photonic crystal. This relevance is
corroborated by the computed electromagnetic field distributions (see Fig. 2.25 for
a representative case), which present strong field confinement at the location of the
spheres.

It is interesting to highlight the differences on the transmittance between guided
modes in a photonic crystal and guided modes in a uniform dielectric slab. The first
difference is related to the "energetics". A first estimation of the spectral position
at which EOT features appear can be obtained by computing the frequency of the
surface mode involved, at a wavevector equal to the shortest reciprocal lattice vector
(for the case of normal incidence considered here). Similarly, dips in the corrugated
dielectric are expected to appear at the same condition, as Fig. 2.21 shows. Let us
start by considering the uniform dielectric slab. The point here is that the guided
modes in a vacuum-metal-dielectric film-substrate (VMDS) waveguide are different
from the ones in a vacuum-dielectric film-substrate (VDS) configuration, due to the
large differences between the Fresnel coefficients for metal/dielectric and metal/air
interfaces. Therefore, features in a corrugated dielectric and a corrugated metal,
each of them placed on top of dielectric slab, should appear at different wavelengths.
To illustrate this point, we have computed the wavelengths of the guided modes
in both VMDS and VDS configurations, for the following parameters (motivated
by the experimental setup): the dielectric film has a dielectric constant ε = 1.572

and a thickness t = 780 nm. The substrate has a dielectric constant ε = 1.52.

The considered wavevector is k = 2π/t (in a sphere array the inter-distance between
spheres is equal to the dielectric film thickness). The metal thickness is 70 nm and
its dielectric constant is taken as εmetal = −50 (approximately the value for Au at
λ ∼ 1000 nm). We obtain that the wavelengths of the guided modes are: 1176 nm
for the VDS configuration and 1235 nm for the VMDS case. On the contrary, the
dispersion relation of guided modes in the photonic crystal (composed by the two-
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Fig. 2.25 Contour plots for
the modulus of the
z-component of the electric
field across a plane passing
through the center of the
spheres. The system under
study is the one considered
in 2.21. (b). a uncoated case
at the wavelength of the
main transmission dip
(λ = 944 nm). b coated case
at the main transmission
maximum (λ = 1002 nm).

From Ref. [16].
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dimensional arrays of dielectric spheres) is weakly affected by the presence of the
metal film (calculations not presented here estimate that the difference between the
wavelengths of the guided mode in the metal capped and uncapped configurations
is of the order of 5 nm). This is so because, in this case, the z-component of the
electric field (which is the relevant one for guided modes) is more concentrated close
to the center of the spheres (see Fig. 2.25), so a smaller fraction of the field senses
the different Fresnel coefficients alluded above.

The second difference is related to the coupling of the light, passing through the
metal film in the presence of guided modes, to the different radiation orders. Guided
modes in photonic crystals represent a weaker coupling to radiation modes than either
guided modes in a dielectric or surface plasmons (again due to the previously cited
concentration of the electric field in the photonic crystal guided modes, which places
the EM field away from the radiation region). Notice that radiation damping impairs
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the resonant transmission process, so this feature of photonic crystal modes explains
why the configuration of metal film on top of a photonic crystal is so efficient for
EOT phenomena (Compare Figs. 2.23 with 2.24).

It must be noted that we have concentrated on the transmission peak appearing at
larger wavelengths. At shorter (optical) wavelengths there is also a close correspon-
dence between transmission dips in the uncoated system and transmission peaks in
the coated one, pointing to again to the relevance of guided modes. These modes
could be due either to remappings (aided by a reciprocal lattice vector) of the funda-
mental guided mode or to higher order guided modes. No attempt has been made
here to assign a definite origin to these modes as they give rise to small transmission
peaks.

2.6 Conclusions

In conclusion, we have investigated three different questions that strongly affect EOT:
the metal chosen, the metal thickness and the hole shape.

To elucidate about the influence of the metal chosen on EOT we have investigated
theoretically the resonant optical transmission through circular hole arrays drilled
in different metals. We have performed two series of calculations. In both of them
all lengths except the metal thickness are scaled by the same factor. In one of the
series the metal thickness is kept fixed, while in the other the metal thickness is
also scaled. In the first case, for which there is experimental data available [32], the
comparison between experiment and theory is very good. These results confirm that,
in the experiments, the effects of possible inhomogeneities in hole shape and size
were small. Also the metal surface, despite the processing that has received when
creating the holes, is well described by a dielectric constant close to its bulk value.
Moreover, FDTD is validated as a predictive tool for this kind of systems, as the
comparison with experimental data did not require any fitting parameter. The case in
which all lengths were scaled allowed the comparison of the transmission properties
of real metals with those of a perfect conductor. The analysis reveals different types
of behavior of the transmittance in hole arrays in different sets of metals: in Ag, Au
or Cu, the transmittance is even larger than in the perfect conductor case, reflecting
that absorption is low and the penetration of EM fields effectively enlarges the hole
area. In Ni and Cr, although the effective area is as large as in the previous metals,
absorption strongly reduces the resonant transmittance. Aluminum behaves very
much like a perfect conductor at the lower wavelength end of the optical regime
but for peak wavelengths ≥700 nm the resonant transmittance characteristics are
dominated by absorption, as in the case of Ni and Cr. Finally, tungsten, which in
the spectral range considered is a dielectric, presents transmission resonances with
maxima much smaller than those of even the worse metals (Ni, Cr).

In the study of EOT when the film thickness is varied, we have shown that the EOT
peak can be tuned to longer wavelengths (by even hundreds of nm) by decreasing
the film thickness without strongly affecting neither transmission intensity nor peak
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visibility (which is still large at w ∼ 20 nm). We have demonstrated that only SRs
modes are responsible for the EOT phenomenon in optically thin metallic 2DHAs.
This may be of interest in the fields of EOT and Negative Refractive Index (which
has been obtained in stacked optically thin 2DHAs [82]).

From our study on the hole shape dependence of EOT, we have explained theoret-
ically the interplay between two different mechanisms that enhance the transmission
of light through 2D arrays of rectangular holes: SPP-based extraordinary transmis-
sion and enhanced transmission assisted by the excitation of a localized resonance,
spectrally located at the cut-off wavelength of the hole waveguide, λc. We have shown
that when d < λc the transmission resonance has a localized nature mainly, i.e. it
is mainly governed by the behavior of a single hole. In contrast, for d > λc, SPP
governs the transmittance through the structure, We have also demonstrated that in
this last case, resonant transmission is mainly limited by the absorption in the metal.

Finally, the 2D-photonic crystal structure composed by periodically arranged
microspheres and covered with thin metal films, has been found to present EOT.
Measured spectra have been compared with spectra calculated with FDTD and the
good agreement has allowed modeling of slightly modified structures to get further
information about possible transmission mechanisms. The calculations indicate that
the guided modes in the PCS are mainly responsible to the relatively large transmis-
sion values observed (especially for the main peak). In contrast, the small holes in the
thin metal film (at the interstices between three adjacent spheres) and metal deposit
onto the support do not strongly influence the main transmission peak. The high
transmission values, straightforward fabrication and easy up-scaling of the metal
covered slabs together with simple peak positioning in a broad wavelength region
(VIS/IR) make these structures a good candidate for application purposes.
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