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1. Introduction

The optical properties of subwavelength apertures in metallic films have been the focus of
much research activity around the world since the extraordinary optical transmission (EOT)
phenomenon was reported over a decade ago (Ebbesen et al., 1998).

EOT is an optical phenomenon 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
optics or even knowledge of the transmission through individual apertures. The phenomenon
was discovered serendipitously for two-dimensional (2D) periodic arrays of subwavelength
holes in metals (Garcia-Vidal et al., 2010). 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 compounded by the fact that a single subwavelength aperture
generally transmits light with an efficiency that is substantially below unity.

This remarkable transmission enhancement has potential applications in photolithography,
near-field microscopy, and photonic devices (Lal et al., 2007). Although the detailed picture
of the transmission enhancement is still being investigated, the excitation of surface
plasmon-polaritons (SPPs) is proposed to be involved in the process (Weiner, 2009). Ever
since the first experimental report on EOT through subwavelength apertures, considerable
theoretical effort has been devoted to interpreting the essential physics of the process in slit
arrays (Porto et al., 1999; Takahura, 2001; Xie et al., 2005). Experimental studies subsequent
to the initial report were also performed, which demonstrated a number of surprising
features. For instance, spectral transmission measurements (Lezec et al., 2004) revealed that
suppression, as well as enhancement, was a characteristic property of slit arrays.
Additionally, interferometric studies (Gay et al., 2006a, 2006b; Kalkum et al., 2007) showed
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158 Plasmonics — Principles and Applications

that the contribution of transient diffracted surface modes is as important as the SPP guided
mode in the immediate vicinity of the subwavelength object. A more recent investigation
(Pacifici et al., 2008) with the aim to confront the question of how transmission minima and
maxima depend on array periodicity showed a minimum in transmission at slit separations
equal to the wavelength of the SPP mode, and maxima occurring approximately at half-
integer multiples.

These previous studies focused attention on the properties of arrays fabricated in metallic
films. It was already shown that a single slit is an interesting structure, since it combines the
compactness of a single defect with the directionality of an array launcher. The extended
dimension of the long axis imposes directionality on the transmitted light beam, the
divergence of which can easily be controlled (Laluet et al., 2008). In a very recent
investigation dealing with single subwavelength slits, it was possible to observe that the slit
transmission is notably affected by the film thickness, and increases linearly with increasing
slit width for a fixed film thickness (Ferri et al., 2011).

In this chapter, we selected some fundamental subjects of high and general interest involved in
the phenomenon of light transmission via subwavelength apertures in metallic thin films. The
manuscript will cover issues on both theory and experiment, such as (1) fabrication and
measurement setup characteristics, (2) different materials and metallic structures, and (3)
phenomena from the metallic film/dielectric interface. In addition, numerical simulations were
performed in order to investigate the optical transmission through subwavelength apertures.

The paper is organized as follows. In Section 2, we comment on the classical theories of
diffraction by subwavelength apertures. In Section 3, a rapid discussion about preceding
experiments and interpretations are presented. In Section 4, we give a simple introduction to
the plasmon-polariton. In Section 5, some characteristics of focused-ion beam (FIB)
nanofabrication are presented. In this manner, the topics covered by the above mentioned
sections are basically a compilation of information found in literature. In Section 6, we in fact
demonstrate some applications made by our research group investigating the (1) influence of
the metallic film thickness, as well as the (2) use of multilayered metallic thin films on the
optical transmission through subwavelength slits. A short summary is provided in Section 7.

2. Diffraction by subwavelength apertures

The wave nature of light implies modifications in the transmission through apertures like
the phenomenon of diffraction. This common process, that even in simple geometries is very
complex, have been extensively studied and many different models and approximations
were developed based on the classical theory of diffraction (Jackson, 1999; Bouwkamp,
1954). Probably the simplest geometry, and maybe for this reason one that received the most
attention, is that of a circular aperture with radius r in an infinitely thin and perfect
conducting screen (Fig. 1).

If the radius r of the aperture is some orders of magnitude larger than the wavelength A, of
the impinging radiation, i.e., r> Ay, the problem can be treated with the Huygens-Fresnel
principle and its mathematical formulation can be given as a good approaching by the
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Kirchhoff scalar theory of light diffraction (Jackson, 1999). This theory is based on a scalar
wave theory, and, thus, it does not take into account effects due to the polarization of light.
In the case of normal incidence of light through a circular aperture, it is easy to show that
the transmitted intensity (dI) per unit solid angle (dQ2) in the far-field region, also known as
Fraunhofer diffraction limit, is given by 1(6) =1, (kzr2 / 471')‘2]1 (krsin®) / krsin®
incident intensity lo is equally distributed on the aperture area nr2. The wavenumber of the

2
, where the

incident light is k=2m/Ao, 0 is the angle between the normal to the aperture and the direction
of the emitted radiation, and Ji(krsin®) is the Bessel function of the first kind. The pattern
described by this formula is the well known Airy pattern, composed by a central bright spot
surrounded by concentric bright rings of decreasing intensity, caused by the interference of
light rays originated inside the aperture (see Fig. 1). The ratio of the total transmitted
intensity to lo, given by T= II(G)dQ/ I,, is called the transmission coeficient. For large
apertures, with r > A, in which case the treatment is outlined here is valid, T = 1.

Diffraction

Incident pattern

Light

I' (Radius
of the
aperture)

Figure 1. Transmission of light through a circular aperture or radius r in an infinitely thin opaque screen

It has been proposed (Weiner, 2009) that the existence of surface waves such as SPPs are
involved in the transmission process. For this reason, the regime of subwavelength apertures r
<Ay is much more interesting, because near-field effects are expected to contribute
dominantly in the transmission process. The problem arising here is that even in an
approximate analysis of a perfectly conducting screen in the limit of zero width, we must use a
vector description via Maxwell’s equations. In Kirchhoff’s method, the basic assumption is that
the electromagnetic field in the aperture is the same as if the opaque screen is not present, a
case which does not fulfil the boundary condition of zero tangential electric filed on the screen.
For large holes, in which r>> ), this basic failure is less severe, because the diffracted fields are
small when compared to the directly transmitted ones. Nevertheless, for subwavelength
apertures this approximation is inadequate even in a first order treatment of the problem.

Assuming that the incident light intensity Io is constant over the area of the aperture, Bethe
and Bouwkamp arrived at an exact analytical solution for light transmission through a sub-
wavelength circular hole in an ideal perfectly conducting and infinitely thin screen (Bethe,
1944; Bouwkamp, 1950a; Bouwkamp, 1950b). For normal incidence, the aperture can be
described as a magnetic dipole located in the plane of the hole. The transmission coefficient
for an incident plane wave is then given by (Maier, 2007)
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There is a weak total transmission for a subwavelength aperture due to the scaling with
(r/A0)*, smaller by an amount of (r/Ao)> compared to Kirchhoff’s scalar theory. This scaling of
Te< Aot is in agreement with the theory of light scattering by small objects due to Rayleigh.
The case described in Eq. (1) is that of normal light incidence with both transverse electric
(TE) and transverse magnetic (TM) polarization. This is not the case when radiation is
incident in the screen at another angle, in this case an additional electric dipole in the
normal direction is needed to describe the different behaviour of the process. More radiation
is transmitted for TM than for TE polarization in this case (Bethe, 1944).

There are two major approximations in the Bethe-Bouwkamp theory of light transmission
through a circular aperture in a screen. The screen is said to be made of an ideal perfectly
conducting screen, and so perfectly opaque to the transmission of radiation, and its thickness
is taken to be infinitely small. One of these assumptions could be omitted by taking numerical
simulations for the problem of screens with finite thickness (Maier, 2007). However, when
discussing the transmission properties through real apertures, i.e., in real metals, the finite
conductivity, and so the transmission, should be taken into account. The thin films used in
optical experiments cannot be taken as perfectly opaque screens, and we could not employ the
Bethe-Bouwkamp theory. On the other hand, if the film thickness is higher than some skin
depths, that is, if we are dealing with a "thick" film, it could be taken as an opaque screen. It
has been shown that for apertures fulfilling these conditions, localized surface plasmons have
a significant influence in the transmission process (Degiron et al., 2004).

3. Early experiments and implications

In the paper published by Ebbesen et al., it was affirmed the measurement of "transmission
efficiency...orders of magnitude greater than predicted by standard aperture theory". A
typical result obtained in the original experiments is shown in the right panel of Fig. 2. The
figure shows the transmitted power as a function of the incident light wavelength A through
a circular aperture of radius r. The transmission intensity is normalized to the cross-sectional
area of the hole A=m2 Using the experimental parameters of the caption of Fig. 2, the
efficiency predicted by Bethe theory, given by Eq. (1), is 0.34%, while the results obtained by
Ebbesen et al. reported peak efficiencies of a factor more than two. In this case, the
enhancement of light transmission over that expected by Bethe theory is about 600 times. In
a following paper (Ghaemi et al, 1998) the same group reported peak transmission
efficiencies "that are about 1000 times higher than that expected for subwavelength holes".
To obtain an EOT it is plausible to say that would be necessary at least a three-order of
magnitude increase over the predictions of Bethe formula.

It was proposed in these early reports that transmission enhancements were caused by a
new phenomenon not taken into account in electromagnetic (E-M) vector field Bethe theory
nor in the scalar diffraction Kirchhoff model: the resonant excitation of surface plasmons
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(SP) waves supported by the periodic array structure in the metal film. The physics of SP
waves shall be discussed in the next Section. About a year later Treacy suggested (Treacy,
1999) "dynamic diffraction” as another model to investigate the problem of light
transmission through a periodic array of holes or slits. It was pointed out that the oscillation
at frequency w of the optical field would induce currents within the skin depth of the metal.
The periodic structuring of holes in the metal gives rise to Bloch modes of the E-M field
induced in the metal within the skin depth and consistent with its periodicity. There will be
an oscillating current associated to each of these Bloch modes. Then, Treacy invoked
"interband scattering" as a way to distribute these energy among these Bloch modes and
from there to the propagating modes and surface waves at the aperture exit. It was not
exactly clarified how does this redistribution occurs, but Treacy suspected that the success
of "dynamic diffraction” for interpreting X-ray scattering in crystals might be useful for the
understanding of light transmission through these new structures as well.
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Figure 2. Left panel: schematic of the original spectral transmission experiments. A broadband,
incoherent light source is spectrally filtered by a scanning spectrophotometer and focused onto an array
of subwavelength structures (holes or slits). A charge-coupled device (CCD) camera records the
transmission intensity through the structure as a function of wavelength of the input light (adapted
from Weiner, 2009). Right panel: transmission spectrum from an array of holes in an Ag metal film
evaporated onto a transparent substrate as reported by Ebbesen et al. Array periodicity: 900 nm, hole
diameter: 150 nm, metal film thickness: 200 nm. The point indicated ao marks the array periodicity

A much more complete presentation of dynamic diffraction was published two years later
by Treacy (Treacy, 2002). In this work it was clarified the relation between this approach and
earlier interpretations of transmission in terms of "resonant” excitation of SP waves. This
pioneering paper pointed out the way forward by emphasizing critical factors in the proper
analysis of the problem. The most important thing to observe is that Bloch modes are
determined by the E-M field present on and below the metal surface where are placed the
periodic structures. These modes obey the periodic boundary conditions of the structure
independently of the wavelength of the incident light. The simplest case is that of a one
dimensional (1D) structure, with arrays and/or grooves placed periodically. In this case the
modes are parallel to the surface in the metal and in the dielectric media, and evanescently
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vanishing in the normal direction. In parallel to this there are propagating modes. These
propagating modes are responsible for the transmission of light through the structures. The
transmission of the E-M filed is defined by both, propagating and evanescent fields, as a
result of linear combinations of Bloch modes.

4. Plasmon-polaritons

It is important to stress here that metals play a more important role in plasmonics than
dielectric media (Huang et al., 2007). In a metal, the optical as well as the electric properties
are very different from dielectrics because of the existence of huge free electrons. These
electrons have a fast response to varying fields leading to a different response than that in a
dielectric media.

In the Drude model for free electrons, the dielectric constant is given by

2
Wp

=1-—"P
- w(w+iy)

()

The constant wr is called the bulk plasma frequency and is a constant that depends on the
metal. The constant vy is associated to the scattering of electrons in the Drude model. In "good"
metals, where the scattering process is reduced we can neglect the damping (y= 0). For high
frequencies the dielectric constant is positive and there are modes whose dispersion relation
is given by @’ = wPZ
modes are known as bulk plasmon-polaritons (BPPs) and are a result of the coupling between

+c’k? . In this expression, c is the light velocity in vacuum. These

light and the free electrons in metals. For light at low frequencies, which is the case of visible
light for metals, then ® < mp, and light propagation is forbidden by the negative permittivity.

For the case of a metal, whose real part of permittivity is negative, light incident normally to
the surface gives rise to evanescent modes. But even in metals, there are propagating modes
in the surface of the metal, provided that the surface of the metal is interfaced with a
dielectric (or vacuum). These modes are the so-called SPP waves mentioned before. A
typical geometry for this kind of problem is a metal and a dielectric separated by an infinite
plane surface, as shown in the left panel of Fig. 3. This surface wave is based on the coupling
between the surface free charges along the metal and light. In this case, the dispersion
relation is given by (Zayats et al., 2005):

2 €né4

k

)

SPP™ e +e,
Here, ed is the permittivity of dielectric. The condition for the propagation of the SPP is that
kspr is real. As the permittivity of metal is negative it is necessary that em+ €4< 0, in this case
W <wgp =wp/4/1+ ¢y, where asp is the surface plasmon frequency. The dispersion relation
for the SPPs and BPPs are plotted schematically in the right panel of Fig. 3. The left panel of
Fig. 3 shows the mechanism of how the surface plasmon propagates along the
metal/dielectric surface.
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Some features of the SPP propagation along these flat interfaces between a metal and a
dielectric, as summarized by Huang et al., are addressed in the following.

It was discussed that SPP modes are the result of a coupling between the free electrons in
the metal side and light (E-M field). The modes given by the dispersion relation in Eq. (3) are
called TM modes. These are the only allowed modes, in the case of an interface between two
non-magnetic media, and are characterized by a magnetic field normal to the propagation
direction (in the left panel of Fig. 3 it is normal to the plane of the paper) and an electric filed
that has components parallel (E/) and normal (E.) to the direction of propagation (the plane
of the paper in Fig. 3). The ratio of the normal and parallel components of electric field
inside the dielectric (E1/E/)a=/e_/e, and inside the metal (E1/E/)m=- /e /¢ shows that,
inside the metal, as the electric field is almost completely concentrated in the direction of
propagation, the free electrons present a movement of back and forth in the direction of
propagation. These are the electron density waves shown in Fig. 3.
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Figure 3. Plasmon-polariton modes associated with the metals. Left panel: SPP mode in a schematic
view of infinite metal/dielectric interface. Right panel: dispersion relation of BPP and SPP modes. The
dashed lines I and II denote the light dispersion w = ck and w = ck/ \/g , respectively. The frequency
range between wsr and wr corresponds to a gap where the electromagnetic wave cannot propagate via
either bulk or surface modes (Huang et al., 2007)

The SPP modes propagate along the interface between media with a larger propagation
constant (kgpp > kox/a ), so the wavelength and propagation velocity are smaller than in
vacuum. Taking into account that the metal permittivity still has a negative part, that is
responsible for losses, the propagation of SPP is reduced to a finite value given by the
propagation length Lgpp zs;n2 /kosinsd‘q’/z , where E;n and E;n are the real and imaginary
parts of metal permittivity, respectively. In visible and near-infrared region, Lser can take
values of several micrometers, as can be seen in Fig. 4, that shows the real and imaginary
parts of permittivity for Au and Ag [Fig. 4(a)], and the propagation length for each of these

media with an interface with air [Fig. 4(b)].

The confinement of SPP modes along the surface is characterized by its evanescent
behaviour in either side of the interface, which happens because of the larger propagation
constant. On the dielectric side there is a higher penetration of the E-M field, given by the
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decaying length 04 qu‘elm‘/koed. On the metal side, where the decaying length is

O, zl/k04[‘e;n , there is a higher confinement than in the dielectric side. The relation

between these lengths 84/dmis about some tens. This is what is desired in practice. Moreover,
there is a strong enhancement of the fields near the interface of the media.
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Figure 4. (a) Real €;n and imaginary € parts of permittivity for Au and Ag as obtained using data
from Palik, and the corresponding (b) Propagation length Lser as a function of the wavelength. In this
case it is considered an interface between metal and air, whose permittivity is taken to be unity

SPP modes cannot be excited directly by the incident light because of its larger propagation
constant. Special techniques have been used (Zayats et al., 2005) to compensate the phase
mismatch as well as the difference in the wavevectors. Some of these techniques employ, for
example, prism coupling by attenuated total reflection and diffraction gratings. It is also
possible to couple plasmons by near-field excitation with a near-field optical microscope. An
efficient mode to excite SPP is a subwavelength hole or slit (Zayats et al., 2005; Yin et al., 2004;
Lalanne et al., 2005), where the diffraction components can ensure momentum conservation.
Because of its localized feature, a direct observation of SPP is very difficult. Some methods, like
the observation by using near-field microscopy (Hecht et al., 1996) can be used for this
purpose. It is also possible to map SPP modes by recording the scattered light from a metal
surface (Bouhelier et al.,, 2001) prepared with structured nanoscale corrugations. Another
method, called fluorescence imaging (Ditlbacher et al., 2002a), has been proposed and consists
in a metal surface covered with fluorescent molecules which emit radiation with intensity
proportional to the electric field. This method was successfully used to observe interference,
beam splitting and reflection of SPP modes (Ditlbacher et al., 2002b).

It is also important to note that even in more complex cases of metal/dielectric interfaces,
SPP modes can exist with some parallel characteristics. A good example is that of a thin
metal film where the thickness is of the same order of the skin depth. In this case, the SPP
modes excited in each of its surfaces couple together and give rise to the so-called long-
range SPP modes (Sarid, 1981). There is also a current research interest in particle plasmon-
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polariton modes that are excited in particles with have dimensions much smaller than the E-
M wavelength. A detailed discussion on this topic can be found in (Hutter et al., 2004).

5. Focused-ion beam nanofabrication

Plasmonic structures can be obtained by many standard techniques, some of them are: optical
lithography, electron-beam lithography, focused-ion beam (FIB) lithography, atomic layer
deposition, soft lithography and template stripping (Lindquist et al., 2012). Taking into
account that in the present work FIB lithography was extensively used, we will briefly discuss
here only this fabrication technique. A comprehensive discussion of the other mentioned
techniques (as well as FIB lithography) is very well presented in the work by Lindquist et al.

FIB lithography has been extensively used for direct fabrication of metallic nanostructures,
by making patterns on substrates (Melngailis, 1987; Orloff et al., 1993; Langford et al., 2007).
It can also be used for the deposition of various metals by using ion-beam induced
deposition (Tao et al., 1990), for doping semiconductors (Melngailis, 1987; Moberlychan et
al. 2007), and for preparing transmission electron microscope (TEM) samples (Reyntjens et
al., 2001; Mayer, 2007). These methods proved to be very useful to make tests of device
designs and geometries, fix masks or electrical traces, or to produce high-resolution ion-
beam images, and have been an essential tool for the development of the field of plasmonics.

FIBs impinging on a surface offer a very different form of nanopatterning compared with
other conventional methods that use resist, exposure and development. In general, the
accelerating potential of the ions is of tens of kilovolts, the current beams range from many
orders of magnitude, from picoamps to several nanoamps. Depending on the column optics,
ion source and beam current, the beam spot sizes can range from ~ 5 nm up to a micrometer.
Numerous ion species can be used in the setup, such as Al, Au, B, Be, Cu, Ga, Ge, Fe, In, Lj,
P, Pb and Si, the most commonly used being the semiconductor dopants (Melngailis, 1987;
Orloff et al., 1993). In particular, Ga is widely used due to its low melting temperature
(30 °C), low volatility and low vapour pressure (Volkert et al., 2007).

The FIB system is based on a liquid-metal ion source which is used to produce a smaller and
brighter ion beam (Volkert et al., 2007). A metal source is heated up, such that it flows down
and wets a sharp tungsten needle. An extraction voltage applied between the metal source
and an extraction aperture forces the liquid metal to be pulled into an extremely sharp
"Taylor-Gilbert" cone (Volkert et al., 2007; Forbes et al., 1996). The balance between the
electrostatic force produced by the extraction voltage and the surface tension forces in the
liquid (Orloff et al., 1993), the liquid source can have a tip size on the order of several
nanometers (Melngailis, 1987). Then, the ions are extracted from the tip of this cone by field
emission. As opposed to e-beam imaging systems, the "lenses" used in FIB are electrostatic
and not magnetic, this happens because the Lorentz force in heavy ions, as those used, is
much smaller than in electrons with the same kinetic energy (Volkert et al., 2007). Some
other similarities and differences in these two kind of systems is presented in Fig. 5(a). To
make the patterns a fast beam blanker is used. In commercial systems many patterns can be
drawn by using pre-fabricated CAD proprietary files or using options within the control
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software. The final size and the resolution of the focused beam can, in general, be affected
by chromatic aberration, i.e., the energy dispersion of ions in the beam, but with a good
approximation it can be regarded as a Gaussian profile. The minimum beam size is on the
order of ~5 nm. A schematic view of the ion source is shown in Fig. 5(b).
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Figure 5. (a) Schematic view showing the similarities and differences between typical e-beam and FIB
systems. (b) Scheme of the gallium liquid-metal source (Lindquist et al., 2012)
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Figure 6. The crystal orientation of a sample can affect the FIB sputtering rates, shown in (a) and (b). (c)
The sputtering rate is also affected by the mass of the atoms (orange atoms are more massive) and (d)
by the local geometry of the sample (Lindquist et al., 2012). Original figure from Volkert et al.

In the process of milling a substrate by using FIB, many effects can be produced, with
approximately one to five atoms removed per incident ion depending on the ion energy or
substrate. It is even possible to displace atoms from their equilibrium positions, to induce
chemical reactions and use the emerging electrons for imaging. The Gaussian profile of the
beam is not the only factor that the shape of the milled groove depends (Melngailis, 1987).
Redeposition and self-focusing effects can lead to large geometric differences depending on
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whether the patterns designed were done in single of multiple steps, even with the same
overall dose. Also, milling a trench with large total ion doses deviates from the Gaussian
profile, giving an unexpectedly deep, V-shaped groove (Melngailis, 1987). The FIB milling
process depends on many aspects such as the material to be patterned, ion-beam incident
angle, redeposition of sputtered materials and even the crystal orientation, as outlined in
Fig. 6. Grain orientation-dependent FIB sputtering can also lead to severe surface roughness
on polycrystalline samples, however, care can be taken to produce well-defined structures
(Lindquist et al., 2012).

FIB can also be used for the deposition of various metals (such as W, Pt, C and Au) via site-
specific chemical vapour deposition (CVD), this can be done by using a gas injection system
(GIS) (Volkert et al., 2007). A high-efficiency deposition can be achieved, with about 1 pm
per minute accumulation rates, by adjusting the gas precursor flow rates and the ion-beam
current density. The reaction of the ion beams with the precursor materials offers the ability
to weld micromanipulators to specific parts of a substrate in situ. With subsequent FIB
milling and thinning, those parts are cut free, and are often mounted to a TEM imaging grid
(Mayer, 2007). A deficiency of this kind of system is that metals deposited via FIB have a
high contamination by carbon. It can also be used other GIS systems, instead of depositing
metals, to enhance the inherent FIB milling etch rate.

FIB instruments offer many significant advantages, like a direct write, maskless, high-
resolution nanofabrication with the ability to sputter, image, analyse and deposit. It is possible
to design 2D and 3D patterns (Langford et al., 2007). However, it has some limitations as a
patterning tool, particularly for metals. FIB milling is a serial lithography technique, such as e-
beam lithography, patterning only one spot or device at a time, unlike optical lithography that
patterns the whole wafer with one short exposure. Large area patterning is not feasible. For
high-resolution (< 100 nm) features, FIB milling can also be slow since very low currents (~ pA)
must be used. Along with FIB-induced sample damage (Mayer, 2007), Ga ions are implanted
at atomic fractions of 1-50% near the sample surface (Volkert et al., 2007). The plasmonic
properties of the patterned metal films can be degraded is this process. For high surface
roughness of metals the SPP propagation length can be strongly reduced (Lindquist et al.,
2012). As such, the advantages and disadvantages of FIB milling need to be taken into account
when fabricating new optical or electronic devices. When combined with a template stripping
technique, many of these roughness and contamination issues are minimized, since FIB is then
used to only pattern a reusable template, leaving the resulting metal films smooth and
contamination-free (Lindquist et al., 2012).

6. Applications: Optical transmission through subwavelength single slits
6.1. Influence of metallic film thickness

6.1.1. Motivation

By focusing attention on the properties of arrays fabricated in metallic films with fixed
thickness, some previous studies mentioned in Section 1 apparently missed the important
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role played by the film thickness. For example, in the designing of surface-plasmon-based
sensors, a proper choice of the thickness of the metallic film for the optimization of the
device sensitivity is very important (Fontana, 2006). There are only a few theoretical (Xie et
al., 2005; Fontana, 2006; Janssen et al., 2006) and experimental (Shou et al., 2005; Kim et al.,
2006; Pang et al., 2007) investigations taking into account the influence of film thickness on
the considered process. Therefore, the present studies are motivated by the necessity to
understand the physics of this phenomenon and to develop optimum designs practices for
subwavelength structure fabrication. We present here a systematic study of the optical
transmission through subwavelength slits fabricated in Ag and Au film samples possessing
different thicknesses. The influence of slit width was also considered. The present work
deals with single slits. The extended dimension of the long axis imposes directionality on
the transmitted light beam, the divergence of which can easily be controlled (Laluet et al.,
2008). A slit is thus an interesting structure since it combines the compactness of a single
defect with the directionality of an array launcher. Moreover, in order to remove
measurement ambiguities existing in setups employing an incoherent and broadband light
source dispersed through a scanning spectrophotometer, as shown in the left panel of Fig. 2,
we have measured the transmission intensity through the slits using coherent and
monochromatic spectral sources (Pacifici et al., 2008; Ferri et al., 2011).

6.1.2. Experimental considerations

A series of Ag films with thicknesses of 120, 160, 200, 270, and 330 nm and a set of Au
samples with thicknesses of 120, 180, 260, 360, and 450 nm, as measured by a Talystep
profilometer, were thermally evaporated onto BK7 glass substrates. Slits with widths in the
range of approximately 70-150 nm in the Ag films, and 120-270 nm in the Au films, were
milled with an FEI focused ion beam QUANTA 3D 200i (Ga* ions, 30 keV). In order to verify
the depth of the slits, the gallium ions” source was calibrated using atomic force microscopy.
For example, the right panel of Fig. 7 shows a scanning electron micrograph of a slit with
150 nm of width fabricated in the 200 nm thick Ag film.

We have undertaken a series of high-resolution measurements of the optical transmission
through the slits. The transmission measurement setup consists of 488.0 nm (for Ag) and
632.8 nm (for Au) wavelength light beams from Ar ion and HeNe lasers, respectively, with a
power of about 1 uW, aligned to the optical axis of a microscope. The beam is focused at
normal incidence onto the sample surface by a 20x microscope objective (with an NA of 0.4)
in TM polarization (magnetic field component parallel to the long axis of the slits). Light
intensity transmitted through each slit is then gathered by an optical fibre and detected with
a CCD array detector. It was used on a multimode fibre with an NA of 0.22 and a core
diameter of 200 um. Light intensity is obtained by integrating the signal over the entire
region of interest in the CCD image and subtracting the background originating from
electronic noise. The transmitted intensity of every slit was recorded in the far-field by the
CCD as the sample was stepped using an x-y translation stage. The left panel of Fig. 7 shows
the schematic of the measurement setup.
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Figure 7. Left panel shows a schematic of the optical transmission experiment. 488.0 nm (for Ag) and
632.8nm (for Au) Ar ion and HeNe laser light sources, respectively, are normally focused onto the
sample surface by a 20x microscope objective lens. A CCD camera records the transmission intensity
through the slits as the sample surface was stepped. Right panel shows a scanning electron micrograph
(taken with 40000x magnification) of a typical structure. The considered slit has approximately 150 nm
of width and was focused-ion-beam milled through a 200 nm thick Ag layer. In the experiments, the
thicknesses of the Ag and Au films were varied in the range of 100-450 nm. The width is varied from 70
to 270 nm (Ferri et al., 2011)

6.1.3. Results and discussion

Fig. 8 shows the physical picture adopted in this work to investigate the light transmission
through the subwavelength slits. The essential elements of the model, which describes a
plasmonic damped wave with amplitude decreasing as the inverse of the film thickness
(Gay et al., 2006b), are represented in the sketch of Fig. 8. Basically, an incident
monochromatic light beam with wave vector ko in air is linearly polarized perpendicular to
the slit of subwavelength width w, milled in a metallic film with thickness t, and deposited
on a dielectric substrate (BK7 glass).

The far-field intensity enhancement for the single slits involves multiple coupling processes
(see Fig. 8). Initially, the incident laser light generates SPs on the metal film. Because of
vertical plasmon coupling, which depends on the film depth (t), surface charges are induced
on the top metal film and simultaneously a strong electric field is generated inside the slit.
Subsequently, an SPP mode (Maier, 2007), i.e., an electromagnetic excitation propagating at
the interface between the dielectric and the metallic conductor, evanescently confined in the
perpendicular direction, is generated on the metal film/BK7 interface. The SPP evanescent
mode travels along the interface toward the slit, where it reconverts to a propagating wave
and interferes with the travelling field directly transmitted through the slit. Additionally,
penetration of the incident field inside the film enables the excitation of localized SP
resonances (Maier, 2007) on the rim of the aperture, which contribute to the superposed
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output field. In this way, induced dipole moments at each rim form an "antenna coupling",
which radiatively generate strong field enhancement (top and bottom). Then, the intensity
of the resulting field can be written as
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Figure 8. Illustration of the adopted model. A single frequency incoming plane wave with wave vector
ko in air is linearly polarized perpendicular to a slit of subwavelength width w, milled in a metallic film
with thickness t deposited on a BK7 glass substrate. Here, kspr is the wavevector of the SPP mode. (Ferri

etal., 2011)
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k,=27/A, (Gay et al., 2006b; Pacifici et al,, 2008; Maier, 2007). Here, Eo represents the

electrical field of the incoming plane wave, where Ao is its wavelength. Also, kser and Aspp
are the wavevector and wavelength of the SPP, 3 is the propagation constant of the
superposed travelling wave, and nser is the effective index of the SPP, which is for the
interface between the metal and dielectric. In addition, emeta and eguss are the dielectric
permittivities of metal and glass, respectively, and are functions of the excitation
wavelength. In this sense, eag = - 7.89 + 0.74i and eglass = 2.31 are the tabulated dielectric
constants of Ag and BK7 glass in the wavelength of 488.0 nm. In the same way, eau=-9.49 +
1.23i and églass = 2.29 are the corresponding dielectric constants of Au and BK7 in 632.8 nm
(Palik, 1985). Here it is important to point out that the wavelength values of 488.0 and 632.8
nm are known to be close to the plasmon excitation wavelength of Ag and Au, respectively.
Increasing the metallic film thickness leads to decoupling of the top and bottom antenna.

For illustration purposes, Fig. 9 shows corresponding 2D numerical simulations carried out
with Comsol Multiphysics® for TM-polarized waves for a 150 nm slit fabricated in an Ag
film when illuminated by the line at 488.0 nm of an Ar ion laser. Fig. 9(a) shows the
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amplitude of the magnetic H field (along the z direction). Figs. 9(b) and 9(c) shows the
amplitude of the electric E field (in the y direction), with its vector representation in the x-y
plane. Fig. 9(a) shows how the incident plane wave is modified by the existing
subwavelength slit. It is possible to see that the considered wave is almost completely
reflected from the unstructured part of the film. Around the slit entrance, the amplitude of
the standing wave is markedly attenuated, where some lightwave transmission to the exit
facet is apparent. On the dielectric/metal interface, a train of surface waves (SPPs) is evident
together with waves propagating into space. In the rims, different charge configurations can
be obtained, which can be symmetric or antisymmetrically coupled (Prodan et al., 2003).
This coupling leads to determined charge configurations in each rim of the slit (top and
bottom). From Figs. 9(b) and 9(c), these surface modes are clearly seen. It is possible to
notice from the figures these resonances [antisymmetrically and symmetrically coupled in
Figs. 9(b) and 9(c), respectively] on the facets of the slit. These modes are associated with
localized SPs, which are nonpropagating excitations due to direct light illumination of the
conduction electrons of the metallic nanostructure coupled to the electromagnetic field
(Maier, 2007). A similar behaviour was observed in the simulations for Au films when
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Figure 9. 2D numerical simulations of a 150 nm slit fabricated in an Ag film when illuminated by the
line at 488.0 nm of an Ar ion laser. (a) Amplitude of the magnetic H field (along the z direction). (b) and
(c) Amplitude of the electric E field (in the y direction), and its vector representation in the x-y plane.
The value of the Ag film thickness in (a) and (b) is 120 nm, and in (c) is 270 nm. Length spans: (a) x = 4
um and y =2 um, (b) and (c) x =600 nm and y = 400 nm
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excited by the line at 632.8 nm of an HeNe laser. The main apparent difference is the lower
transmitted intensity due to a higher absorption loss attributable to the particular
characteristics of Au (Palik, 1985), i.e., Re[eau] = - 9.49 in contrast to Re[eag] = - 7.89. This is
verified in Fig. 10, where it can be seen that the normalized transmission intensity for the Ag
films is improved more than for the Au samples.

In general, the present numerical simulations qualitatively show appreciable light
transmission through the slits. Actually, it was experimentally observed that the transmission
sensitively depends on the metallic film thickness and slit width. As a first approximation, the
theoretical slit transmission intensity can be given simply by the square modulus of Eq. (4). In
this way, Fig. 10 plots as predicted [from Eq. (4)] and measured (using the setup shown in Fig.
7) transmission intensities as a function of the film thickness for the various slit widths milled
in the Ag and Au samples. Also, the insets of Fig. 10 show the measured transmission versus
slit width for certain film thicknesses. The relative slit transmission intensities are obtained by
subtracting the background originating from the metal film and normalizing to the intensity
from the wider slit structures. It is valuable to notice from Fig. 10 the very good
correspondence between the theoretical estimate and the experiment. Therefore, taking into
account the errors associated with the experimental determination of film thickness, slit width,
and optical transmission intensities, it is possible to affirm that (1) the slits” transmission varies
with metallic film thickness and presents a damped oscillatory behaviour as the film thickness
increases, and (2) the transmission increases linearly with increasing slit width for a fixed
metallic film thickness. Although the general behaviour is similar, distinct optical properties
[see Fig. 4(a)] lead to perceptible differences in the transmitted intensity and the position of
maxima and minima between the Ag and Au films.

To help in elucidating the first observation, it is valuable to note that Fabry-Perot (FP)
resonances are expected to contribute to the enhanced transmission of subwavelength slit
arrays (Porto et al.,, 1999; Takahura, 2001; Pang et al.,, 2007; Garcia-Vidal et al., 2002). In this
way, FP modes related to the finite depth of the slits in the present films should give rise to
transmission maxima at certain wavelengths (Garcia-Vidal et al., 2002). Actually, an accurate
analysis recently published shows that the two maxima observed in Figs. 10(a) and 10(b)
correspond to FP-like resonances within the slit volume for the first half-wave and full wave of
the light within the slit (Weiner, 2011). In this sense, the FP multiple reflection effect within the
slits leads to significant modulation of the transmission as a function of metal film thickness.
These transmission maxima occur if the FP resonance condition is fulfilled (Li et al., 2009):

ZkOReL\AO }t + arg(q)lc{)z) =2m 7 ®)
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where my (the FP mode) is an integer and ¢: and ¢2 denote the phase of the reflection
coefficients of the slit at the incident and output interfaces, respectively. Thus, the effect of
slit depth on the transmission enhancement can be easily understood. When the incident
wavelength and slit depth are satisfied by Eq. (5), a transmission maximum will occur.
Furthermore, from Eq. (5), it is expected that the transmission under a certain incident
wavelength has a period of Aspr/2 as a function of slit depth. The results of Fig. 10 can now
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be simply explained for the present Ag and Au films. Therefore, when the film thickness is
near half- or full-integer wavelengths of the guided mode within the slit "cavity", optimal
transmission is achieved, which implies a field enhancement inside the slit.
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Figure 10. Theoretically estimated (lines) and experimental (symbols) normalized slit transmission
intensities versus film thickness for the slits of the (a) 120, 160, 200, 270, and 330 nm thick Ag films, and
the (b) 120, 180, 260, 360, and 450 nm thick Au samples. The dotted straight lines point out the thickness
of the considered samples. The insets show the measured transmission versus slit width for some film
thicknesses. Here, the dashed straight lines are linear fittings of the experimental points (Ferri et al.,
2011)

We can apply an FP analysis to obtain the finesse F from Fig. 10, given by

T

e (14%) ©
where f= 4R(1 - R)-2 is the finesse factor. Here, R is the reflectivity, given by R =1 - T, where
T is the transmission (Born et al., 1993). We determine from Fig. 10(a) for the Ag samples with
100 nm of slit width and thicknesses of 120, 160, 200, 270, and 330 nm, the reflectivities R = 0.73,
0.67, 0.46, 0.99, and 0.73, and the corresponding finesses F = 9.98, 7.74, 3.84, 312.58, and 9.89,
respectively. From Fig. 10(b) for the Au samples with 120nm of slit width and thicknesses of
120, 180, 260, 360, and 450 nm, we determine the reflectivities R = 0.66, 0.99, 0.79, 0.98, and 0.91,
and the resultant finesses F = 7.45, 312.58, 13.27, 155.49, and 33.29, respectively. Here it is
important to point out that for an FP cavity, the definition of quality factor (Q factor) is
equivalent to the finesse (Shyu et al., 2011). Therefore, we can clearly see that both the R and Q
factor values are significantly affected by the film thickness for a fixed slit width. Also, it is
interesting to notice that near-zero transmission is a sign of high reflectivity values and high Q
factors. For the maximum transmission points, a backward reasoning applies.

Finally, the fact that the transmission increases linearly with increasing slit width is in
accordance with literature (Kihm et al, 2008), where it was observed that the far-field
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transmitted intensity from a single slit shows a monotonic increase with the width, as expected
from macroscopic intuition. In other words, the physical cavity length L. and the optical cavity
length Lc(A) are related, such that L_ (/\) =L+ 26(/\)‘r(/\) ’ , where r()\) = ‘r(/\)‘exp(iq)) is the
Fresnel coefficient, describes the shift of resonance wavelength from a perfect metal reflector
due to field penetration d(A) into the metal mirror. But Lz is constant for all studied samples (20
pum), resulting in ¢. constant for a determined depth of metallic film. Nevertheless, the
monotonic increase with the width w (= Lx) can also be explained considering FP resonances, for
which we will use a simple analytical model to investigate the experimental results based on
geometric arguments. Considering the standing wave mode in the cavity, when the penetration
depth is ignored, the resonant condition of the slits can be written as
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We have applied Eq. (7) using the data of 200 nm of depth with widths Lx =70, 100, and 150
nm for an Ag film, and 260 nm of depth with widths Lx = 120, 180, and 270 nm for an Au
film. Lz = 20 um for both samples. Also, we considered in our calculations that ¢. and ¢« are
practically constant, since we did not observe any peak shift in the transmission spectra of
the samples in analysis. In the interface, values of Aspr-ag = 269.9 nm and Aspp-au = 361.6 nm
were used. It was obtained for the Ag film m- =78 and mx=1, 1.4, and 2, and for the Au film
m: = 145 and mx =1, 1.5, and 2, i.e., an increase in Lx allows an increase in the transmission
intensity spectra for a fixed depth [see insets of Figs. 10(a) and 10(b)].

6.2. Multilayered metallic thin films
6.2.1. Motivation

Although the detailed picture of the transmission enhancement is still being investigated, the
excitation of SPPs on the two surfaces of the metal film has been proposed to be involved in the
process (Moreno et al., 2004; Lezec et al., 2004). In fact, it was already shown that when two
perforated metal films are spaced by a dielectric layer (cascaded metallic structure), the
transmission is further increased compared to a single perforated metal film (Ye et al., 2005).
Additionally, bimetallic structures, such as films and nanoparticles, have attracted considerable
attention for plasmon resonance excitation (Zynio et al., 2002; Gupta et al., 2005; Tan et al., 2007;
Chen et al., 2010). These works are focused on improving sensitivity and evanescent field
enhancement by optimization of the thickness of Ag/Au layers. Recently, optimization in terms
of spectral characteristics was also theoretically demonstrated (Dyankov et al., 2011).

Here, we propose novel structures providing a unique opportunity to generate plasmonic
modes. The structures are based on subwavelength slits fabricated in multilayered metallic
thin films. The main feature of the novel structure is that the metal film consists of
alternating layers of Ag and Au. In this Section, we demonstrate that the slits transmission
can be augmented by increasing their widths, with the advantage to offer minor losses in
comparison with a single perforated metal film.
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6.2.2. Experimental considerations

The experimental procedure adopted here is similar to that shown in Section 6.1.2.
Multilayered Ag/Au/Ag/Au and Au/Ag/Au/Ag films with total thickness t = 200 nm (d = 50
nm for each layer) were thermally evaporated onto BK7 glass substrates. Slits with widths in
the range of approximately 60—600 nm were milled in the films using FIB lithography with
the same already mentioned conditions. The slit length was fixed at 5 um. For example, the
right panel of Fig. 11 shows a scanning electron micrograph of a slit with width w about 180
nm fabricated in the Ag/Au/Ag/Au film.

The transmission measurement setup is identical to that shown in the left panel of Fig. 7. Here,
the 488.0 nm wavelength light beam from the Ar ion laser was used for the Ag/Au/Ag/Au film,
and the 632.8 nm wavelength light beam from the HeNe laser was used for the Au/Ag/Au/Ag
sample. The left panel of Fig. 11 shows the basic schematic of the experimental setup.

excitation wavelength

¥ Gold film
t E
S
F BK 7 glass
Silver film

Figure 11. Left panel shows a simplified schematic of the optical transmission experiment. Similarly to
the left panel of Fig. 7, a 488.0 nm (for the Ag/Au/Ag/Au film) and a 632.8 nm (for the Au/Ag/Au/Ag
sample) Ar ion and HeNe laser light sources, respectively, are normally focused onto the sample surface
by a 20x microscope objective lens. Right panel shows a scanning electron micrograph (taken with
60000x magnification) of a typical structure. The considered slit has approximately 180 nm of width and
was focused-ion beam milled through the Ag/Au/Ag/Au sample. In the experiments, the total thickness
t of the Ag/Au/Ag/Au and Au/Ag/Au/Ag films was fixed at 200 nm. The width w is varied from 60 nm
to 600 nm (Ferri et al., 2012)

6.2.3. Results and discussion

Fig. 12(a) shows the physical picture adopted in this work to investigate the light
transmission through the subwavelength slits fabricated in the multilayered metallic films.
The essential elements of the model are represented (Gay et al., 2006b). Basically, an incident
monochromatic light beam in air is linearly polarized perpendicular to the slit of
subwavelength width w, milled in a multilayered metallic film with thickness t, deposited
on a dielectric substrate (BK7 glass). Each metallic layer has a thickness d (= 50 nm).
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The physical processes involved in the far-field intensity enhancement for the present
subwavelength slits are similar to those discussed in Section 6.1.3, in the sense that the first
metallic layer is responsible to start the generation of plasmonic excitations. Form our
simulation results we can see that at the interface between the adjacent metallic layers the
condition for generation of SPPs is not fulfilled, Fig. 12(b). Nevertheless, there is an induced
charge current due to the plasmonic surface excitations from the first to the last metallic
layer, see Fig. 12(c), resulting in an asymmetric distribution [similar to Fig. 9(b)].
Additionally, the transmission over each layer is given by the Beer-Lambert law, i.e.,
I, =L ;exp(-ad) (Born et al, 1993), where o« is the absorption coefficient of the
corresponding metal layer, d is the thickness of the layers, and i is the layer number. Then,
the resulting transmitted intensity can be written as (Gay et al., 2006b; Maier, 2007; Pacifici
et al., 2008; Ferri et al., 2011),
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Here, the physical quantities of the second term are identical with those in Eq. (4). The only
difference is that the considered dielectric medium is the air, which tabulated dielectric
constant is &air = 1.00 (Palik, 1985). In this sense, the first layer is assumed to govern the
extraordinary transmission (Isr) of the subwavelength slits fabricated in the present
multilayered metallic films.

Numerical simulations carried out with Comsol Multiphysics® were also performed for the
multilayered metallic samples. A similar behaviour was observed in comparison to that
shown in Section 6.1.3. For illustration purposes, Figs. 12(b) and 12(c) show simulations for a
50 nm slit fabricated in the Au/Ag/Au/Ag film when illuminated by the line at 632.8 nm
typical of an HeNe laser. Fig. 12(b) shows the amplitude of the magnetic H field (along the z
direction). Fig. 12(c) shows the amplitude of the electric E field (in the y direction), with its
vector representation in the x-y plane.

The theoretical slit transmission intensity can be given by Eq. (8). In this way, Fig. 13 plots as
predicted and measured transmission intensities as a function of the slit width for the
various subwavelength structures milled in the Ag/Au/Ag/Au and Au/Ag/Au/Ag samples.
For comparison purposes, the insets of Fig. 13 also show the simulated slit optical
transmission obtained from Comsol Multiphysics® versus slit width for the considered
multilayered metallic films and single perforated Ag and Au films with 200 nm of thickness.
The relative slit transmission intensities are obtained by subtracting the background
originating from the metal film and normalizing to the intensity from the wider slit
structures. It is valuable to notice from Fig. 13 the very good correspondence between the
theoretical estimative and experiment. Therefore, it is possible to affirm that: (1) the
transmission increases linearly with increasing slit width, and (2) for a fixed width, the
transmission of the multilayered structures is augmented in comparison with a single
perforated metal film of the same thickness. It is evident that this last observation is more
apparent for the Au/Ag/Au/Ag film.
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Figure 12. (a) Illustration of the adopted model. A single frequency incoming plane wave with intensity
Io in air is linearly polarized perpendicular to a slit of subwavelength width w, milled in a multilayered
metallic film with thickness t deposited on a BK7 glass substrate. Each metallic layer has a thickness d.

The overall transmitted intensity Iout is a sum of the transmission of each layer Ii with the contribution

due to the SPPs created in the air/metallic film interface Iser. (b) and (c) 2D simulations of a slit fabricated
in the Au/Ag/Au/Ag film. (b) Amplitude of the magnetic H field (along the z direction). (c) Amplitude of
the electric E field (in the y direction), and its vector representation in the x-y plane. Length spans: (b) x =
4 um and y =2 pm, and (c) x = 600 nm and y = 400 nm (adapted from Ferri et al., 2012)
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Figure 13. Theoretically estimated (dashed straight lines) and experimentally obtained (squares)
normalized slit transmission intensities versus slit width for the various subwavelength structures
milled in the (a) Ag/Au/Ag/Au and (b) Au/Ag/Au/Ag samples. The insets show details of the simulated
slit optical transmission versus slit width for the considered metallic multilayered films and single
perforated Ag and Au films with 200 nm of thickness (Ferri et al., 2012)
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The fact that the far-field transmitted intensity from the present slits shows a monotonic
increase with their widths is in the same trend of that previously observed in single perforated
metal films (Ferri et al.,, 2011; Kihm et al., 2008), as expected from macroscopic intuition. In that
case, the dependence could be explained considering Fabry-Perot resonances of the standing
wave mode in the slit "cavity", in conjunction with the generation of SPPs. However, in the
present case, such a resonant condition (Ferri et al., 2011; Kihm et al., 2008; Li et al., 2009)
cannot be applied, since we have distinct reflection coefficients due to the existence of different
materials in the slits. Nevertheless, the monotonic increase with the width is expected simply
by considering the dependence of the transmitted intensity with the w parameter in Eq. (8).

Finally, the observation that the transmission of the metallic multilayered structures is
augmented in comparison with a metal film of the same thickness when perforated with
subwavelength slits, can be elucidated considering that, for the present multilayered films,
the optical transmission profile is assumed to be mainly governed by the first metallic layer,

given that it is responsible to start the generation of plasmonic excitations. Subsequently, we
just have electronic conduction to the underlying metallic layers, as already pointed out.
Furthermore, each metallic layer (with 50 nm of thickness) additionally contribute to the
overall transmission according to the Beer-Lambert law, in contrast to a single perforated
metal film with the same total thickness of 200 nm of the proposed multilayered films.

Independently of the preceding discussion about multilayered metallic thin films, it is
valuable to mention that gain-assisted propagation of SPPs at the interface between a metal
and a dielectric with optical gain have been the focus of much research activity (Avrutsky,
2004; Nezhad et al., 2004). In this context, Er**-doped tellurite glasses as the dielectric
medium is very attractive (Wang et al., 1994). Very recently, our research group have gave
significant contributions regarding the excitation and/or improvement of the luminescence
of Er3* ions embedded in these glassy matrices through plasmonic nanostructures (Rivera et
al., 2012a; Rivera et al., 2012b).

7. Conclusion

The physics of the transmission of light through subwavelength apertures in metallic films
has been a topic of intense research in recent times. In this chapter, we have presented a
review of this field, showing some essential subjects involved in this phenomenon.
Although the current understanding of this phenomenon is not complete or even not
substantially correct, the materials presented in many literatures are useful and clue us on
how to go ahead. In particular, we presented in this chapter some contributions of our
research group regarding the optical transmission through subwavelength single slits in
metallic thin films. The simulations qualitatively reveal that the transmission profile is
controlled by interference between the incident standing wave and plasmonic surface
excitations. It was possible to observe that the slits’ transmission is significantly affected by
the metallic film thickness, presenting a damped oscillatory behavior as the film thickness is
augmented. In addition, for a fixed metallic film thickness, the transmission increases
linearly with increasing slit width. For a fixed wavelength and slit width, FP modes within
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the slits lead to significant modulation of the transmission as a function of metal film
thickness. As well, it was shown that the transmission of multilayered structures is
augmented in comparison with a single perforated metal film with a similar thickness. In
this sense, we have demonstrated that metallic multilayered structures have the advantage
to offer minor losses in comparison with a single perforated metal film.
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