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ABSTRACT
Nanoscience and nanotechnology are emerging fields where some
phenomena were recently discovered, allowing the design of some new
devices. One of these phenomena is extraordinary optical transmission EOT -, which was discovered in 1998 by Ebbesen. He reported that light
can be amplified in certain conditions, due to a resonant behaviour, using
metallic arrays. Even more, he associated this behaviour to surface plasmon
polaritons and suggested that devices, as optical sensors, can be designed
based on this phenomenon. To understand the surface plasmon polaritons
theory, classical theories will be studied and compared with it. Also, the
composite diffracted evanescent waves - CDEW -, model, which is not the
most accurate model in comparison with the surface plasmon polaritons,
will be presented, in order to cover an important topic on the theoretical
foundations. After it, the application of nanoantennas as a sensor is going
to be analysed. Finally, stationary simulations for a 16-slit gold array were
performed using COMSOL Multiphysics and they are going to be
presented in order to observe the occurrence of EOT.
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I. INTRODUCTION
In the last decades, a huge progress in electronics and
photonics allows the development of some new devices, with
a large number of applications in the fields of energy,
medicine, information, defence, environment and industry.
Furthermore, in parallel with these technological
developments, nanotechnology and nanoscience are
emerging, which contributes to the miniaturization of these
devices, such as medical, chemical or biological sensors,
antennas for a communication system and components to
photonic integrated circuits.
There is a high social and scientific recognition for those
doing research or developing nanodevices and
nanotechnologies. The evolution of nanotechnology as lead
to the discovery of some new phenomena and to the develop
of new devices and applications. However, it is dependent on
several factors, such as the improvement of computational
methods and the nanostructures techniques of synthesis and
fabrication.
Over the years, light behaviour and its interactions with
matter are inducing curiosity to the scientific community,
who is trying to understand these phenomena. One of these
phenomena is the Extraordinary Optical Transmission - EOT
-, which was discovered by Ebbesen in 1998, who
experimentally showed that a metallic array with nano holes
- which is called nanoarray or nanoantenna -, can support
DOI: http://dx.doi.org/10.24018/ejphysics.2020.2.3.6

optical transmission resonances. As it is suggested by the
phenomenon designation, in certain conditions these
transmission resonances can lead to light amplification and
confinement - allowing the devices’ miniaturisation -. Even
more, this phenomenon can not be predicted by classical
theories.
In the same report where Ebbesen showed, for the first time
the experimental results of this phenomenon, he and his
colleagues also wrote about the possibility of Surface
Plasmons being the main agents of this phenomenon, pointing
out some evidence of it. Although over the years some
models, as the Composite Diffracted Evanescent Waves CDEW -, model have been proposed, Surface Plasmons
Polaritons - SPP -, theory has always been verified as the most
correct theory and until these days it is used and applied to
explain this phenomenon and to find new applications.
Nowadays, EOT is used for many applications, using for
example nanoantennas to exploit the aforementioned
resonances. Depending on the characteristics of the material
or content where the nanoantenna is placed on, the resonance
behaviour is going to be different, which is the main principle
to have a good sensor. This property is critical to the creation
of medical, chemical or biological sensors, providing the
ability to manipulate and amplify the fluorescent behaviour
of some molecules. Therefore, analysis and studies about this
kind of sensors, based on EOT and nanoantennas, are an
attractive research theme. In this innovative research field,
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the sensors of the future are being developed for applications,
in early detection of diseases or real-time checking of
diseases and chemical tests.
II. CLASSICAL DIFFRACTION THEORIES
A. Huygens’ Principle and Young’s Experiment
On the XVII century, Huygens proved that every
unobstructed point of a wave front behaves as a punctual
source of a new spherical wave with the same characteristics
of the incident one [1, 2]. In particular, for the case of a plane
wave that has normal incidence to an array of slits, each slit
behaves as a punctual source. As a result of that, after the
array, there are as many waves as the number of slits.
However, if necessary, a more detailed analysis is possible,
considering each slit as a combination of more than one
punctual source [1, 2].
One century later, Fresnel reformulated the Huygens’
principle for a curve wave front, which is used to determine
the near-field regime, since near the slits, the wave is not
plane. The assumption of plane waves is only valid when the
target and the array are enough distanced so that, 𝐷 ≫ λ, 𝑎,
and the wave propagation can be analysed through
geometrical optics methods [1].
In 1803, Thomas Young experimentally proved the wave
characteristic of light by double slit experiments [1, 2]. As
illustrated on figure 1, light is normally incident on a perfect
conductive plane where there are two slits of width a and
spaced by d. Also, a target is placed in parallel with the plane
distanced of D.

Using Huygens’ principle, each slit transmits one ray and
since 𝐷 ≫ 𝑑, the small angle approximation is valid. Thus,
!
tan(θ) = " ≈ sin(θ) ≈ 𝜃 and both rays can be considered
parallels near the array, such as expressed in expression 1,
where x is the difference between both optical paths near the
slits [1].
𝑟# − 𝑟$ = 𝑥 = 𝑑 𝑠𝑖𝑛(𝜃) ≈ 𝑑
(1)
If the optical path length difference of the two rays is a
multiple, m, of λ/2, they interfere destructively because they
are in phase-opposition, expression 2 [1]. Likewise, maxima
positions can be determined using expression 3 and they are
related with constructive interference and in-phase waves,
such that the optical path length difference of the two rays is
a multiple m of the wavelength λ [1].
λ
λ
= 𝑑 𝑠𝑖𝑛(θ) → 𝑚λ + ≈ 𝑑 θ →
2
2
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λ𝐷
2𝑑

𝑚λ = 𝑑 𝑠𝑖𝑛(θ) → 𝑚λ ≈ θ 𝑑 → 𝑦%() ≈

𝑚λ𝐷
𝑑

(3)

However, it is possible to extrapolate Young’s experiment
to an array of N + 1 slits, such that expressions 2 and 3 can be
respectively rewritten into expressions 4 and 5 [1, 2].
𝑁𝑚λ + λ = 𝑁𝑑 𝑠𝑖𝑛(θ) ≈ 𝑁𝑑

(4)

𝑁𝑚λ = 𝑁𝑑 𝑠𝑖𝑛(θ) ≈ 𝑁𝑑

(5)

At this point, it is very important to distinguish what is
diffraction from what is interference. The main difference
between these two phenomena is the number of coherent
waves in the process. Waves are classified as coherent when
their frequency and direction are the same, such that their
phase difference is invariant. Then, as illustrated on figure 2,
for a small number of waves interacting the phenomenon is
called interference otherwise, for a huge number of waves, it
is called diffraction. However, as it is very difficult to say
what is a huge or a small number of waves, it is not usual to
distinguish these terms, since they are quite similar.
Nonetheless, analysing patterns it is possible to differentiate
them, since the diffraction pattern is the envelope of the
interference one [1].

Fig. 2. Relation between diffraction and interference patterns (Adapted
from [1]).

Fig. 1. Young’s experiments geometry (Adapted from [1]).

𝑚λ +

→ 𝑦%&' ≈ (2𝑚 + 1)

B. Fraunhofer Diffraction Theory
Assuming a plane and monochromatic wave with
perpendicular incidence to a perfect conductive metal, as is
illustrated in figure 3, where there is only one slit of size a on the order of the wavelength of the light -, distanced of D
from a target, the ratio between the irradiance at a certain
angle of diffraction θ and the main lobe one - θ = 0º -, is given
by Fraunhofer diffraction theory, which is mathematically
presented in expression 6, where λ corresponds to the incident
#*
,(
wavelength such as 𝑘 = + and β = # sin θ[2, 3].

(2)
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Fig. 3. Representation of Fraunhofer’s ideology

According to Huygens’ principle, any wave front can be
replaced by a collection of punctual sources distributed
uniformly over this wave front. This principle is used in
Fraunhofer theory in order to divide the wave front in many
sources emitting rays in phase and the maxima and minima
positions along y axis can be determined using the analysis
explained on section II.A., based on constructive and
destructive interference. Under small angle conditions which is equivalent to state that the distance of all punctual
sources to the target point is the same -, it is possible to relate
!
y, D and θ, such as tan(θ) = " ≈ sin(θ) ≈ θ ≈ θ- and thus,
β=

(!*
+"

[1–3].
#

𝐼(θ)
𝑠𝑖𝑛(β)
=E
F
𝐼(0)
β

(6)

As presented on figure 3 and verified on expression 6, the
pattern in the target is related to a sinc function. Nonetheless,
under the same conditions, there is also a Fraunhofer
diffraction theory of an array of N slits, equally spaced by d,
which is mathematically formulated as expression 7 and the
relations 8 and 9, where 𝐼. is the contribution of each equal
slit for the overall irradiance [1]. Thus, the pattern at the target
will depend on two sinc functions, one related to the size of
each slit and the other associated to the distance between slits.
In particular, if N = 1 and consequently d = 0, expression 7
degenerates in expression 6.
#

𝑠𝑖𝑛(β)
𝑠𝑖𝑛(𝑁α)
𝐼(θ) = 𝐼. E
F E
F
β
α

#

#

= 𝐼. 𝑁 # E

#

𝑠𝑖𝑛(β)
𝑠𝑖𝑛(𝑁α)
F E
F
β
𝑁α

(7)

β=

𝑘𝑎
π𝑎
π𝑎𝑦
𝑠𝑖𝑛(θ) =
𝑠𝑖𝑛(θ) =
2
λ
λ𝐷

(8)

α=

𝑘𝑑
π𝑑
π𝑑𝑦
𝑠𝑖𝑛(θ) =
𝑠𝑖𝑛(θ) =
2
λ
λ𝐷

(9)

C. Kirchhoff Diffraction Theory
Kirchhoff considered a plane wave incident to an opaque
plane, propagating along the x axis, so that an aperture on this
plane origin a transmitted wave determined by expression 10
[4]. Even more, Kirchhoff’s theory includes as limit cases the
Fresnel and Fraunhofer’s theories.
∇# 𝑢K + 𝑘.# 𝑢K = 0
DOI: http://dx.doi.org/10.24018/ejphysics.2020.2.3.6

(10)

Using Green’s theorem, it is possible to find the solution
of expression 10, where the integration is based on the surface
coordinates y’ and z’ , being x’ , y’ and z’ the coordinates
of a point r’ before or over the metal surface and φ is the
Green’s function, for a monochromatic wave at a point r after
the plane, given by 𝑟 # = 𝑥 # + 𝑦 # + 𝑧 # [3, 4]. The solution is
presented in expression 11 and it is based on the assumptions
that 𝑢K is a scalar wave and 𝑢K and 𝜕𝑢K/𝜕𝑥 - are null after the
surface, such that near the slit u = 𝑢K = u. , considering 𝑢. as
the field intensity of the incident wave, without disturbances
[3, 4].
1
∂𝑢
𝑢(𝒓) =
R S− - (𝒓- ) 𝛟(|𝒓 − 𝒓- |)
4π
∂𝑥
∂𝛟
(11)
+ 𝑢(𝒓- ) - W 𝑑𝜎
∂𝑥
Most of all, the previous results are the base to analyse
wave propagation for an aperture dimension greater than the
incident wavelength. Then, theory extension for
subwavelength apertures is expressed in 12, only valid for
𝑘𝑎 ≪ 1 where 𝑎 is the aperture diameter and A its area
[3, 4].
∂𝑢.
∂𝛟(𝒓)
𝑢(𝒓) = −𝐴 [ - 𝛟(𝒓) + 𝑢.
\
∂𝑥
∂𝑥

(12)

D. Bethe Diffraction Theory
Kirchhoff’s theory assumes an opaque and finite plane and
consequently, boundary conditions are not satisfied at the
metal surface, namely at the slit limits, such that both incident
and reflected waves did not exist over the surface. However,
when considering subwavelength slits, this approximation
does not guarantee correct results. Thus, in 1944, Hans
Albrecht Bethe amended Kirchhoff’s theory, assuming a
plane wave normally incident to an infinite, perfect
conductive metal surface, propagating along z and polarized
along x direction. A subwavelength circular hole on the metal
surface is studied as a cavity upon oscillation, making three
main assumptions [4]: (1) incident and reflected waves
coexist over the metal surface; (2) the electromagnetic wave
does not penetrate the surface, due to the infinity metal
^, is
conductivity; (3) The complex electric field vector, 𝑬
tangential to the surface and the complex magnetic field
^ , is perpendicular to it.
vector, 𝑯
Since the considered hole is circular, Bethe’s theory is
presented in cylindrical coordinates, considering r as the
analysed point after the metal surface - 𝑟 # = 𝑥 # + 𝑦 # + 𝑧 # -,
r’ a point before the surface - (𝑟 - )# = (𝑥 - )# + (𝑦 - )# + (𝑧 - )#
and r’ = 0 is the source coordinates -, 𝑎 as the hole radius, 𝜅
^ 𝟎 and 𝑯
^ . the
as the unity vector pointed to r, as well as 𝑬
electric and magnetic field complex vectors before the metal
surface, if there is no hole [4].
Then, according to Bethe, Maxwell’s equations and
boundary conditions are satisfied since it is assumed an
integration at large distance, i.e., far from the metal
screen, 𝑘𝑟 ≫ 1, where k is the wave vector given by
expression 13 [4]. Thus, a punctual source is considered,
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leading to the approximation presented on expression 14 and
to the Green’s function of expression 15. Consequently,
Maxwell’s equations will degenerate on expressions 16 and
17 [4].
ω 2π
𝑘= =
(13)
𝑐
λ
𝒍𝒊𝒏𝒆𝒂𝒓
𝒂𝒑𝒑𝒓𝒐𝒙𝒊𝒎𝒂𝒕𝒊𝒐𝒏

𝛁𝛟 = 𝑖𝑘𝛋𝒓 e⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯g 𝛟 = ϕ. (1 − 𝑖𝑘𝛋𝒓- )
ϕ. = ϕ(𝒓- = 𝟎) =

^=
𝑬

𝑒 &,;
𝑟

1 # <
KKKK𝟎 + 𝑬
KKKK𝟎 × 𝛋)
𝑘 𝑎 ϕ. 𝛋 × (2𝑯
3π

^ =−
𝑯

1 # <
KKKK𝟎 × 𝛋 − KK
𝑘 𝑎 ϕ. 𝛋 × (2𝑯
𝑬KK𝟎 )
3π

𝑐
𝟐
KKKK𝟎 𝟐 + KK
𝑘 # 𝑎> 𝛋 p4𝑯
𝑬KK𝟎 q
#
27π

(15)

(16)

(17)

^ = 𝑘 # ϕ. 𝛋 × (𝑷
^ × 𝛋)
𝑬

(20)

^ = 𝑘 # ϕ. 𝛋 × 𝑷
^
𝑯

(21)

^ = 𝑘 ϕ. 𝛋 × (𝑴
^ × 𝛋)
𝑯

(22)

^ = −𝑘 # ϕ. 𝛋
𝑬

(23)
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1 <
𝑎 KK
𝑬KK𝟎
3π

(24)

^ =−
𝑴

2 <
KKKK𝟎
𝑎 𝑯
3π

(25)

On top of that, Bethe analysed the electromagnetic field
near the aperture, determining equations 26 and 27, which are
only valid up to a distance of the same order than the
wavelength [4–6]. However, they are presented in cartesian
coordinates, that is useful to analyse boundary conditions.
4
𝐸) = − 𝑗𝑘x𝑎# − 𝑥 # − 𝑦 #
(26)
π
KKKKKK = u
𝑬(𝒓)
𝐸! = 0
𝐸A = 𝑗𝑘𝑥
𝐻) = 0
1
𝐻! =
KKKKKKK
𝜇. 𝑐
𝑯(𝒓) =
⎨
4
𝑦
⎪𝐻A = −
#
𝜇
𝑐𝜋
.
x𝑎 − 𝑥 # − 𝑦 #
⎩
⎧
⎪

(27)

Analysing expressions 26 and 27, it is possible to observe
that boundary conditions are not totally satisfied, since
KKK
𝐸A ≠ 0, due to the fact the Bethe neglected terms of the same
order than 𝑘𝑎 [5, 6].

(19)

Therefore, the electric and magnetic field are proportional
to 𝑘 # 𝑎< and, consequently, the radiation power is
proportional to 𝑘 = 𝑎> . However, if it is considered a
subwavelength hole, such as 𝑘𝑎 ≪ 1, the radiation power is
going to be proportional to (𝑎/λ)= [4]. Comparing Bethe’s
theory with Kirchhoff’s one, it can be shown that Kirchhoff’s
intensity drop with λ@# , comparing to the 𝜆@= deduced by
Bethe.
Another important conclusion took by Bethe is that the
aperture can be modelled as an electric and a magnetic dipole,
P and M respectively. As an electric dipole, the relation to the
electromagnetic field given by 16 and 17 is presented on
expressions 20 and 21, as well as a magnetic dipole, the
relation is detailed on expressions 23 and 21 [4–6].

#

^=−
𝑷

(14)

Applying the Poynting’s theorem at expressions 16 and 17
it is possible to determine the complex radiation power as
presented on expression 18 for a certain direction to the point
r [4]. Moreover, the total power transmitted for the hole is the
result of an integration of expression 18 among all the
diffracted angles - equivalent to all κ directions -, resulting on
expression 19.
𝑐
^=
^×𝑯
^=
𝑺
𝑬
4π
(18)
𝑐 𝑘 = 𝑎>
KKKK𝟎 − 𝛋 × 𝛋 × 𝑬
KKKK𝟎 )#
𝛋(2𝛋 × 𝑯
36π< 𝑟 #
KKKKK
𝑺𝒕𝒐𝒕 =

Replacing the electromagnetic field expressions 16 and 17
on expressions 20 to 23, it is possible to deduce expressions
24 and 25, where the electric and magnetic dipoles are written
in terms of the incident field and to the aperture radius.

E. Bouwkamp Diffraction Theory
Years later, Bouwkamp proposed the rectification of
Bethe’s theory, in order to guarantee the satisfaction of
boundary conditions [5, 6]. Bouwkamp’s approach is based
on the Babinet’s principle, so that he assumed a disk - instead
of an aperture or a hole -, in order to obtain the magnetic
currents for the disk’s hole and to deduce the electromagnetic
field relations presented on expressions 28 and 29 [5, 6].
Comparing these expressions with Bethe’s ones, it is possible
to observe that the magnetic field expression did not changed.
4𝑗𝑘 2𝑎# − 𝑥 # − 2𝑦 #
⎧𝐸) = −
3𝜋 x𝑎# − 𝑥 # − 𝑦 #
⎪
KKKKKK =
𝑬(𝒓)
4𝑗𝑘
𝑥𝑦
⎨ 𝐸! = −
3𝜋 x𝑎# − 𝑥 # − 𝑦 #
⎪
⎩
𝐸A = 0
𝐻) = 0
1
𝐻! =
KKKKKKK
𝜇. 𝑐
𝑯(𝒓) =
⎨
4
𝑦
⎪𝐻A = −
#
𝜇
𝑐𝜋
.
x𝑎 − 𝑥 # − 𝑦 #
⎩
⎧
⎪

(28)

(29)
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Similar to Bethe, Bouwkamp determined the total radiation
power transmitted by the hole, which is going to be different
to the Bethe’s one, because the electric field expression is
different [5, 6].
KKKKK
𝑺
𝒕𝒐𝒕 =

64 = >
64 = > 1
𝟐
𝑘 𝑎 KKK
𝑺𝟎 =
𝑘 𝑎 𝑐ϵ. KK
𝑬KK𝟎
27π
27π
2

(30)

Even more, Bouwkamp proposed a new electric dipole
formula, due to the reformulation of the electric field
expression. As the magnetic field does not change, its dipole
formula is maintained. Thus, electric and magnetic dipole
formulas are presented on expressions 31 and 32, respectively
[5, 6].
1 <
^=
KKKK𝟎
𝑷
𝑎 𝑬
(31)
3π
2
^ = − 𝑎< 𝑯
KKKK𝟎
𝑴
3π

(32)

III. SURFACE PLASMONS POLARITONS
While classical theories were being proposed, in 1957
Ritchie started to study Surface Plasmons and Surface
Plasmons Polaritons, later deeply studied by Raether [7–9]. A
plasmon, which is considered a quasiparticle, is a quantum of
a plasma oscillation - redistribution of plasma’s free electrons
-, just as light is the optical oscillation of photons. Therefore,
plasmons are collective oscillations that can be coupled with
photons, creating another quasiparticle called (plasmon)
polariton. A polariton is the result of a strong coupling
between electromagnetic waves and an electric or magnetic
dipole. So, a surface plasmon and a surface plasmon polariton
are not the same, despite the fact that they have a straight
relation [7–9].
Then, surface plasmon polaritons are electromagnetic
waves, propagating at the interface, between a metal/plasma
and a dielectric. Assuming a dipole structure - for example an
array of slits, grooves, holes, apertures or even a corrugation
on the surface -, where light is incident on, the photons can
excite coherent fluctuations of free electron charges at the
metal boundary, creating plasmon oscillations. Then, these
oscillations can couple with the incident light and
consequently, polaritons are created and they will propagate
at the interface [7–9]. The coupling is a resonant behaviour
capable of amplifying and of concentrating light near the
surface, due to polariton generation.
As presented in figure 4, it is assumed a surface at z = 0, so
that there is metal/plasma for z < 0 and dielectric for z > 0.
Thus, the non-null components of the electromagnetic field
are presented on expression 33 - ”+” for z > 0 and ”-” for
z < 0 -, where m is the indication of the material: 1 for the
metal/plasma with a relative dielectric function given by
ϵ$ and 2 for the dielectric characterised by a relative dielectric
function of 𝜖# [9]. In this case, it is studied the most common
and easier excitation of surface plasmon, which is due the
electric field normal incidence, exciting a TM polariton [9].
However, there also the possibility of a surface plasmon
excitation due to a perpendicular magnetic field where the
polariton will be a TE wave.
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Fig. 3. Charges and electromagnetic field of surface plasmons propagation
in x direction and E¯ z dependence with z (Adapted from [9]).
EEEE
EEEEEEE
CD,
! )F,
",$ |A|@HIJ
KKKKKK
⎧ 𝐸),% (𝑥, 𝑦, 𝑧, 𝑡) = 𝐸. 𝑒
⎪
KKK
𝑘)
EEEE
EEEEEEE
CD,
! )F,
",$ |A|@HIJ
KKKKKK
𝐸
A,% (𝑥, 𝑦, 𝑧, 𝑡) = ± KKKKKK 𝐸. 𝑒
𝑘A,%
⎨
⎪ KKKKKK
EEEE)F,
EEEEEEE|A|@HIJ
CD,
⎩ 𝐻!,% (𝑥, 𝑦, 𝑧, 𝑡) = 𝐻. 𝑒 ! ",$

(33)

Thus, there are oscillations along x and an exponential
decay over z direction. Another consideration that have to be
done is the fact that KKK
𝑘A have different values for each
material, but KKK
𝑘) will be the same for both of them, such as
KKK) … = #* , where 𝜆KL is the wavelength of the plasma
…𝑘
+
%&

oscillation. Above all, Maxwell’s equations and boundary
KKKKK
KKKKK KKKKK
conditions - at z = 0: KKKKK
𝐸),$ = 𝐸
),# and 𝐻!,$ = 𝐻!,# -, impose
relations presented on expressions 34, leading to the
KKK) [3, 9].
determination of 𝑘
KKKKK𝑐
𝐸
𝑘
⎧ . = − A,$
𝜀^$ 𝜔
^ ⎪𝐻.
∂𝑬
^
KKKKK
𝛁 × 𝑯 = ϵK
→ 𝐸.
𝑘A,# 𝑐
∂𝑡
=
⎨
𝐻
𝜀^# 𝜔
⎪ .
#
#
⎩ 𝑘 = 𝑘) + 𝑘A#
KKKKK
KKKKK
𝑘A,$ 𝑘
A,#
⎧
+
= 0
𝜀
𝜀
^
^
$
#
→
𝜔 #
⎨ #
#
𝑘
+
𝑘
=
𝜀
p
q
)
A,%
%
⎩
𝑐
𝜔 𝜀^ 𝜀^ $/#
KKK) = ˆ $ # ‰
→𝑘
𝑐 𝜀^$ + 𝜀^#

(34)

Electromagnetic waves propagating near a metal suffer
from a damping effect caused by Ohmic losses and so, it is
better to consider an imaginary dielectric function
ϵ^$ = ϵ$- + 𝑗ϵ$-- as well as, KKK
𝑘) = 𝑘)- + 𝑗𝑘)-- , using the relations
34. Then, it is possible to determine the formulas of 𝑘) ′ , 𝑘) ′′
and 𝑘A , as presented on expressions 35, 36 and 37,
respectively [3, 7–9].
$/#

𝑘)-

𝜔 𝜖$- 𝜖#
= E F
𝑐 𝜖$ + 𝜖#
</#

𝑘)-- =

𝜔 𝜖$- 𝜖#
E
F
𝑐 𝜖$- + 𝜖#

𝜖$-2(𝜖$- )#

$/#
𝜔
𝑘A,% = ‹𝜖% p q − 𝑘)# Œ
𝑐

(35)

(36)

(37)
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However, it is also assumed a real ω and 𝜖# and also
that |ϵ$- | ≫ ϵ$-- , in order to determine independently 𝑘)- and
𝑘)-- . Nonetheless, for a given incident wavelength, these
expressions and assumptions lead to two important
conditions for surface plasmon excitation: (1) ϵ$- < 0 and
(2) |ϵ$- | > ϵ# [3, 9]. Thus, only materials with a dielectric
function with negative real part and small imaginary part can
support this kind of excitation [9]. The appearance of
metamaterials enables the use of surface plasmons in several
applications, because previously only doped semiconductors
and some noble metals can fulfil these conditions. Nowadays,
it is possible to design metamaterials in order to check these
conditions and to reach some remarkable properties, by
adjusting not only their dielectric function but also their
shape, size, orientation and arrangement.
The dielectric function is dependent on the incident angular
frequency ω and on the plasma bulk frequency 𝜔L . Thus, the
dispersion relation is presented on figure 5, where the straight
line is the light line. On its left, there is the dispersion curve
of a free-space wave and on its right, the dispersion curve of
a surface plasmon polariton. Furthermore, it is possible to
observe that for small values of 𝑘) the surface plasmon
polariton behaviour is similar to the light one, but as 𝑘)
increase its behaviour tends to an asymptotic limit called
H
surface plasmon frequency given by ωNO = & , presenting
P$FQ'

a resonant behaviour for ϵ$- → −ϵ# , as predicted by the KKKK
𝑘)
expression presented on 34.

Fig. 3. Surface Plasmons dispersion relation, in this numerical example for
an interface between air (dielectric) and gold (metal/plasma) (Adapted from
[3]).

Therefore, as the dispersion curve is on the right side of the
line one, the surface plasmon polaritons have a smaller
wavelength than a free-space wave and consequently, their
modes are evanescent [3, 9]. Moreover, it is very important
to evaluate the propagation distance, along x and z, supported
by this kind of wave. Calling penetration depth to the value
of z for which the electric field along this axis decays 1/e, it
is possible to conclude that this value is given by
@$
KKKKKK
𝑧 = 𝑧̂ = …𝑘
A,% … , as explicitly presented on expression 38
and 39 for each material, because 𝐸A ≈ 𝑒 @|,EEE"E|A , as it is
presented on figure 4 [3, 9].
$/#

𝑧•$ =

λ ϵ$- + ϵ#
E
F
2π (ϵ$- )#

𝑧•# =

λ ϵ$- + ϵ#
E
F
2π (ϵ# )#

(38)

$/#
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(39)

In the same way, it is defined the propagation length 𝐿& as
the x distance where the electric field decays 1/e. The electric
KKK) ≈ 𝑒 @C,!(() , and so that 𝐿& = (2𝑘)-- )@$ or
field is given by 𝐸
in the explicit form as presented on expression 40 [3, 9].
Moreover, knowing the group velocity 𝑣R is possible to
calculate the propagation time until the wave arrives to
𝑥 = 𝐿& as 𝑇& = 𝑣R 𝐿& [9].
#/<

1
𝑐 (ϵ$- )# ϵ$- ϵ#
𝐿& = -- =
E
F
2𝑘) ω ϵ$-- ϵ$- + ϵ#

(40)

Finally, it remains to explain how it is possible to excite
surface plasmons and consequently their polaritons. One way
is to use electron beams in order to exploit the electrons
scattering energy, that is transferred to the plasma’s bulk, to
origin a wave vector parallel to the surface [9]. A surface
plasmon is created with this wave vector, and since it interacts
with any electromagnetic wave the polariton is generated.
The other possibility is to use photons to excite a surface
plasmon polariton, which is going to have the same frequency
and momentum [9]. By the same reason, an incident photon
can excite a free electron on the surface. As the free-space
photon has more momentum comparing with a surface
plasmon polariton, they cannot couple and so that, a surface
plasmon is created but the polariton does not [9]. Thus, it is
needed to reduce the momentum of the free-space photon,
which can be done using a grating or a more complex
structure with prisms. Talking about the grating - that can be
an array of slits, grooves, apertures, holes or a rough surface
-, if light is incident on, photons will scatter at the surface,
creating a surface plasmon with the same wave vector than
the parallel component of the scattered wave, but also it
interacts with the scattered wave, originating the polariton
[9]. In other words, momentum and energy conservation must
be verified, allowing a resonant interaction between incident
light and surface plasmons, creating the polaritons which are
revealed as intense maxima. Also, minima are predicted by
what is called Wood’s anomaly [9].
IV. DRUDE-LORENTZ MODEL
The Drude-Lorentz model relates the dielectric function to
the incident wavelength or frequency. Analysing the value of
ϵK(ω) or ϵ^; (ω), we can look for the wavelengths associated to
the excitation of surface plasmons polaritons [3, 10–12].
In the XX century, the classical Drude model was
combined with the quantum mechanical statistics of FermiDirac, by Arnold Sommerfeld. The DrudeSommerfeld model
can describe the electric current created by an incident
electromagnetic field, in a metal, just assuming the free
electrons’ movement [10–13]. This model also assumes a
neutral metal, since the total positive ions charge is
neutralised by the total negative charge of electrons [10–12].
Moreover, the ions are stopped in comparison with electrons,
due to the fact that electron mass is much lower than the ions
one and consequently the described current is solely
influenced by electrons. Their movement is described by
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expression 41 for a point r, where 𝑚S is the electron mass, 𝑞
is its charge, 𝑬𝟎 is the complex amplitude of the incident
electric field at a given angular frequency ω and the damping
T
constant is defined as Γ = U) , where 𝑣V is the Fermi velocity
and 𝑙 is the average distance that one electron can travel
between collisions [10–13].
𝑚S

∂# 𝒓
∂𝒓
+ 𝑚S Γ
= 𝑞𝑬𝟎
#
∂𝑡
∂𝑡

(41)

Using Maxwell’s equations, it is possible to solve
expression 41 in order to get the relative dielectric function.
This solution is presented on expression 42, where 𝜔L is the
previously mentioned plasma angular frequency, which is
'WX '

given by ωL = —%

* Q+

, being 𝑛˜ the free electrons density

[3, 10–14].
ϵ";YZS (ω) = 1 −

ω#L
ω# + 𝑖Γω
ω#L
Γω#L
=1− #
+𝑖
#
ω +Γ
ω(ω# + Γ # )

(42)

This model is very accurate for infrared band applications,
however its use to other spectral regions is not recommended,
because there are some processes that can not be neglected.
Bound electrons have to be considered to improve the model
accuracy for all the spectrum, in special for visible region
applications [3, 10–12]. The movement of bound electrons
can be described by expression 43, where m is the electron
effective mass, γ is the damping constant of radiation
correlated with the bound electrons and α is the restitution
coefficient of the potential force [3, 10–12]. Solving this
equation, the relative dielectric function is revealed, which is
'W[X '

presented on expression 44, being ω
™L = —

%Q

where 𝑛š̃ is the

\

bound electrons density and ω. = — .
%

𝑚

∂# 𝒓
∂𝒓
+ 𝑚γ + α𝒓 = 𝑞𝑬𝟎
∂𝑡 #
∂𝑡

𝜔
™L # (𝜔.# − 𝜔# )
ϵ]^Y'Z (ω) = 1 + #
(ω. − ω# )# + γ# ω#
γ𝜔
™L # ω
+𝑖 #
(ω. − ω# )# + γ# ω#

(43)

𝑓. ω#L
(ω# − ω#. )# + 𝑖ωγ.
𝑓' ω#L
−• #
(ω − ω#' )# + 𝑖ωγ'

(45)

'

V. THE FIRST OBSERVATION
In 1998, Ebbesen reported an unusual transmission
spectrum for a nanostructure where light has normal
incidence [15]. This nanostructure is a periodic hole array
characterised by a periodicity constant, a hole diameter, and
a thickness. Ebbesen shown huge transmission peaks on the
spectrum for wavelengths larger than ten times the diameter
of each hole [15]. However, these peaks are orders of
magnitude greater than the predict ones, using BouwkampBethe’s theory.
The absolute transmission efficiency, which is defined by
Ebbesen as the ratio between the transmitted light intensity
per unit area and the incident light intensity per unit area, has
a value greater than 2 at the maximum, which means that
more than twice the light is ”transmitted as impinges directly
on the holes” [15]. In addition, the experimental results reveal
that the transmittivity of the array is linear proportional to the
hole surface area [15]. So that, the array is considered an
active element, whose characteristic behaviour can be tuned
by changing the hole diameter, the periodicity of the holes,
the structure thickness and the dielectric function, by
changing the material [15]. Increasing the array periodicity,
the maxima peaks’ wavelength - spectrum position -,
increased too, without dependence on the type of material, the
hole diameter or the film thickness [15]. By changing the
relation between the thickness and the hole diameter, the peak
width will change too, as well as for different hole shapes the
spectrum will be completely different [15].
Ebbesen soon reported that the main responsible agents for
this remarkable phenomenon are surface plasmons, because
in several tests he observed the same behaviour as when
surface plasmons, excited in metallic gratings and coupled
with incident light, creating polaritons [15]. Thus,
extraordinary optical transmission was discovered and sooner
Ebbesen stated that this phenomenon can be the base for
several new optical and photonic devices [15].
VI. COMPOSITE DIFFRACTED EVANESCENT WAVES MODEL

(44)

Having both, free and bound, movement described, the
Drude-Lorentz model takes into account the free electrons
movement and the bound electrons’ harmonic oscillations.
Thus, the relative dielectric constant is given by expression
45, where ϵ∞ is the value of ϵ for high frequencies
[3, 10–12, 14].
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ϵ"_ (ω) = ϵ∞ −

In 2004, Lezec and Thio proposed one model confronting
the surface plasmon polaritons theory, named composite
diffracted evanescent waves - CDEW -, in which the resonant
behaviour is not due to the surface plasmon polaritons
mechanism, but is due to the interference of diffracted
evanescent waves [16]. They reported that the transmission
enhancement factors were not of the orders of 100 to 1000,
but it should be considered a value around 7 [16, 17].
According to this model, at the slit a huge number of
evanescent waves with different wave vectors values are
launched. The superposition of these waves is called a
composite evanescent wave, which is the sum of all diffracted
inhomogeneous modes [16]. This wave propagates with a
well-defined wave vector, a finite phase and an amplitude
characterised by a decay with the propagation distance [16,
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17]. Lezec and Thio reported that their model could be used
to characterise the electric field at any frequency along time
and space, with or without apertures, by expression 46, for
#*
z = 0, a wave vector magnitude equal to the source 𝑘. = +
\ K&'(I)

and 𝑆𝑖(α) = ∫.

I

𝑑𝑡 [16]. Although Fraunhofer theory is

only valid for radiative modes (0 < 𝑘) < 𝑘. ), they extended
his theory for all the range 0 < 𝑘) < ∞ and proceeded to a
numerical integration of the weighted modes spectrum, for
𝑥 > 𝑎, leading to expression 47. It is possible to verify,
based on this expression, that the electric field decays at 1/x
and it has a phase difference of π/2 [16].
𝑬(𝑥, 0) =
𝐸!
𝑎
𝑎
𝑎
)𝑆𝑖 ,𝑘! .𝑥 + 23 − 𝑆𝑖 ,𝑘! .𝑥 − 234 , |𝑥| >
𝑥
2
2
2
=
𝐸
𝑎
𝑎
𝑎
⎨
!
⎪− )𝜋 − 𝑆𝑖 ,𝑘! .𝑥 + 23 + 𝑆𝑖 ,𝑘! .𝑥 − 234 , |𝑥| <
𝑥
2
2
2
⎩
⎧
⎪

−

𝑬(𝑥) =

𝐸. 𝑎
π
𝑐𝑜𝑠 p𝑘. 𝑥 + q
π𝑥
2

(46)

(47)

This model was experimentally verified not only by Lezec
and Thio, but also by Gay, in the same year [17]. While Lezec
and Thio used tungsten structures, Gay built a silver one.
Even though tungsten has a positive real part of the dielectric
constant, they observed the occurrence of EOT, as well as
Gay, however with a low enhancement factor [16, 17]. As at
least one of the EOT conditions is not verify, these
experiments could be used to prove that the field
amplification is not due to surface plasmon polaritons.
Two years later, in 2006, Lalanne and Hugonin developed
a study based on Maxwell’s equations, showing that the
interaction between light and the structures as two
contributions, one from the surface plasmons polaritons and
other from a creeping wave [18]. Even more, they
demonstrated that the polaritons are the main agents of this
interaction, at least for the visible region [18]. Their report
refuted the CDEW model, because they show similar results
to the surface plasmon polaritons theory and huge differences
in comparison to the CDEW model, having the Maxwell’s
equations as the initial point to their work [18]. They
suggested that experimental results were spoiled by
impurities and the theoretical model has the same limitations
than Kirchhoff’s theory [18].
VII. THE USE OF NANOANTENNAS AS SENSORS
As previously referred, one way of enhancing
extraordinary optical transmission is to use arrays, also called
nanoantennas. As a subwavelength optical antenna, this
technology enables the manipulation and control of optical
radiation at micro and nano scales [3, 19].
The design of a nanoantenna for sensors can be divided
into two different cases: one where the structure is used to
improve an existing sensor or measurement system and
another where the structure is itself the main agent of the
measurement system.
As any electromagnetic wave can be amplified by a
nanoantenna, for instance its use in x-rays or magnetic
resonance imaging are fairly good examples of the first
DOI: http://dx.doi.org/10.24018/ejphysics.2020.2.3.6

aforementioned case. Including nanoantennas on
measurement system like these ones, it is not only possible to
diminish the power needed per scan but also to focus
radiation such that, the maximum intensity of the field will be
only near the wound or illness area leading to a less intense
radiation exposure on the healthy areas. Thus, nanoantennas
can be used to improve the photodetection or the light
emission, but also to improve the system’s sensibility amplifying a certain spectral region and attenuating others [19].
However, a deep state-of-art review shows that
nanoantennas are being used as sensors, rather than as an
improvement to a measurement system [14, 15, 19–33]. This
recent type of sensors, based on nanoantennas and EOT
properties, are allowing to monitor the presence of certain
molecules or cell types, for example it is quite common to
being used to verify proteins. Furthermore, a sensor based on
nanoantennas has been purposed to the detection of cancerous
cells. There is a huge opportunity to create new sensors based
on EOT, but it is needed to overcome some issues in order to
design and build a sensor that is able to penetrate in the
market [22, 23]. As in the majority of nanotechnologies, these
issues are related to fabrication costs and reproducibility [22,
23, 34]. To reduce costs and to be able to create structures,
computational methods and techniques of semiconductors
and nanomaterials’ synthesis must be improved. The most
common techniques to produce nanoantennas are also divided
into two different methods: the top-down methods such as ion
beam milling or electron-beam lithography and also the
bottom-up self-assembly schemes [19, 22, 23]. Furthermore,
if these nanostructures are metal made, they are chemically
stable, enduring long duration ultraviolet irradiation and a
high temperature range [24].
Comparing sensors based on nanoantennas with other
plasmonic structures its nano-size leads to the capability of
miniaturising the sensor, the possibility to measure not only
in vitro but also in vivo, the potential for multiplexing and to
have low limits of detection [19, 22, 23, 34]. However,
researchers are trying to improve some figures of merit such
as sensitivity, detection limits, selectivity and dynamic range,
as well as to create standalone and portable devices, with the
capability of give real-time information to the user [19, 22,
23, 34]. To reach these objectives, new types of nanoantennas
are being developed, as well as a completed system composed
by the nanoantenna and several other devices, as internal
spectrometers, angle scanners or a tunable laser
[19, 22, 23, 34].
The majority of nanoantennas sensors are based on the
wavelength shift of the resonance peak [20, 21]. Depending
on the monitored conditions, the resonance peak position will
change and consequently the intensity value too. However,
the intensity peak value must be detectable in order to
determine its position and to conclude about the shift value.
As previously referred, to excite surface plasmons with
gratings, momentum and energy conservation must be
satisfied, which is mathematically expressed by expression
48, for displacement vectors 𝑒•$ and 𝑒•# and, an incident
angle θ [25, 26, 35]. If it is considered a square array - 𝑒•$ = 𝑥¡
and 𝑒•# = 𝑦¡ -, with circular holes, the reciprocal array vectors
#*
are 𝐺) = 𝐺! = ( , expression 49 must be satisfied, where m
+
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and n are the integers values associated to surface modes
[25, 26, 35]. It should be noted that, in order to free-space
photons - KKK
𝑘) -, couple to plasmons - KKKK
𝑘KL -, their momentum
was reduced by the gratings, such that the final momentum
should be equal to KKK
𝑘) of a surface plasmon - compare
expressions 49 and 34 -.
KKKKK
KKKKK
KKKKK
𝒌𝑺𝑷 = KKK
𝒌𝒙 + 𝑚𝑮
𝒆𝟏 + 𝑛𝑮𝒆𝟐 = 𝑘) + 𝑚𝐺) + 𝑛𝐺!
£
2𝜋
𝑘) =
𝑠𝑖𝑛𝜃
𝜆

(48)

ω ϵ^$ ϵ# $/#
KKKKK
𝑘KL ≃ R¨𝒌
©
=
R
ª
S
W «=
𝒔𝒑
𝑐 ϵ^$ + ϵ#
$/#

(49)

2π
2π #
2π #
= [ˆ sin θ + 𝑚 ‰ + ˆ𝑛 ‰ \
λ
𝑎.
𝑎.

At normal incidence (θ = 0º), the peak position, given by
expression 50, can be deduced from expression 49 [25, 35,
36]. In this expression, 𝑎. is the slit periodicity, that is
linearly related to the wavelength correspondent to the
maximum intensity. A similar deduction can be done for a
triangular array - also called hexagonal or diagonal square
centred -, resulting expression 51 [25, 35, 36].
λ%()%,-./* = R ªS

ϵ^$ ϵ# $/#
𝑎.
=
W «×
ϵ^$ + ϵ#
|𝑚𝑥¡ + 𝑛𝑦¡|
$/#

= 𝑎. (𝑚# + 𝑛# )@$/# [

ϵ$- ϵ#
\
ϵ$- + ϵ#

ϵ^$ ϵ# $/#
𝑎.
λ%()0/1 = R ªS
=
W «×
|𝑚𝑒•$ + 𝑛𝑒•# |
ϵ^$ + ϵ#
4
= 𝑎. E (𝑚# + 𝑚𝑛 + 𝑛# )F
3

@$/#

$/#

𝜖$- 𝜖#
[ \
𝜖$ + 𝜖#

(50)

(51)

Whichever the geometry of the array and the value of θ, an
expression for 𝜆%() can be written as presented on expression
52, where b is a parameter that depends on the array geometry
[25, 35, 36].
$/#

λ%() =

𝑎.
ϵ$- ϵ#
-E F
𝑏 ϵ$ + ϵ#

− sin θ®

(52)

Moreover, the transmission intensity peak value, for
circular holes, is given by expression 53, where C is a
constant, h is the hole depth and a is the hole diameter. Thus,
it is possible to relate expressions 50 or 51, with expression
53, such that increasing the periodicity, the peak intensity will
increase too, until saturate in a value given by C [37, 38]. In
order to consider expression 53, it must be assumed that
surface plasmon modes are just on one side of the
nanoantenna or, if they are on both sides they should be
uncoupled.
𝐼¯ℎ, λL , 𝑎± = 𝐶 𝑒𝑥𝑝 £−

#
4πℎ
λ
´ˆ %() ‰ − 1¶
λ%()
1.7𝑎
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Also, it is possible to observe dips or minima in the
transmission spectrum, that are related to the Wood’s
anomaly, which was reported by Wood in 1902 [7, 8, 20, 25,
35]. The wavelength value associated to the intensity
minimum occurs when the diffracted light arises parallel to
the metal surface, which is equivalent to say that the wave
vector component perpendicular to the surface, 𝑘A , must be
considered null, resulting in expression 54. Comparing
minimum and maximum expressions, it is possible to observe
that the wavelength value for the maximum should be higher
than the minimum one.
(54)
λ%&' = 𝑎. x𝜖#
However, comparing theoretical values, expressions 50
and 51, with experimental values, the expressions are a valid
first approximation, but a phase term imposed by the grating
is neglected. This phase term depends on the hole shape or
fgh(i)

geometry leading to 𝑘KL = 𝑘) + 𝑥𝐺) + 𝑦𝐺! + ( and to
the
general
peak
wavelength
given
by
$/#

QEEEQ

2 '
λ%() = R ·‹EEEFQ
Œ
Q
2

'

¸×

(+
|))jF!!j|F

345(7)
'9

[20, 25, 35, 39]. This

phase term, arg(𝜏), describes the effect of the hole geometry
on the effective dielectric function at the surface between the
dielectric and the metal. According to experimental results,
the peak value is higher for holes with higher area [39]. Of
course, if it is compared a circular and a square hole with a,
the circular hole diameter and also a, the width of the square,
the square has a greater area and then, the peak intensity will
be higher.
The change of the refractive index, associate to the
dielectric constant, corresponds to a shift on the peak
position, or in other words, the incident wavelength that
corresponds to the maximum value of light intensity changes.
The most common way to design a biomedical or
biological sensor based on EOT is illustrated on figure 6,
where each side of the nanoantenna is in contact with a
different material. One of these materials should be solid and
will be the sensors substrate - with a dielectric function ϵ^< -,
where the metal nanoantenna is placed on the top - 𝜖^$ -. Thus,
measured samples in any physical state can be placed on the
top and inside the nanoantenna’s holes - 𝜖^# -. The
transmission spectrum will have two different resonances peaks -, corresponding to different surface plasmon
polaritons modes, because each side of the metal surface has
a different dielectric constant, the solid substrate and the
sample.

Fig. 6. Topology of the EOT peak shift sensor.

(53)
In order to test biological samples - to analyse the presence
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of a certain biological identity -, they must be placed on the
nanoantenna, and after the immobilisation process, a
perpendicular beam of light is incident on the samples side
and the transmission spectrum is measured on the substrate
side, using a spectrometer.
If the sensor’s goal is to analyse a unique or a small band
of wavelengths, the light emitter can be a LASER - Light
Amplification by Stimulated Emission of Radiation -,
otherwise a LED - Light Emitter Diode -, is a good choice.
Other types of emitters, as halogen lamps, can also be used to
analyse a greater band of wavelengths. The emitter should
have an objective lens in order to adjust the incident power
and to focus light into the sensor’s active area and a polariser
in order to guarantee that the incident electric field is parallel
to the sensor.
Due to molecular absorption, the relative dielectric
function value (𝜖^$ ) changes and its value can be determined
by a weighted average of 𝜖̅(𝑧), within the extension 𝑧̂, as
presented on expression 55 [20, 21].
#A
2 ∞
ϵ^$ = R ϵK(𝑧)𝑒 @ Â 𝑑𝑧
𝑧̂ .

(55)

If it is considered an effective absorption layer thickness of
𝑡Z , the aforementioned integral is only valid until its value.
Thus, the modulus of dielectric constant variation can be
associated to a variation of the refractive index ∆n, such that
𝜖^; = (𝑛 − 𝑖𝑘)# ⇔ 𝑛 = R¨xϵ^; ©. Expression 56 shows the
relation between a variation of the refractive index and the
peak wavelength shift, where 𝑠' is the sensitivity of the
wavelength shift to the variation of the refractive index [21,
26].
Δλ%() = 𝑠' Δ𝑛 S1 − 𝑒 @

#I:
Â W

(56)

Despite the fact that the previous formulation does not take
into consideration medium properties as temperature or
pressure, the variation of these properties has influence on the
peak position and intensity. Thus, it is also possible to design
a sensor to monitor this kind of variables [28]. Its topology
remains the same, as presented on figure 6. The following
formulation is done considering a region where the
nanoantenna dielectric function does not vary a lot with the
wavelength. This assumption allows to get a simpler
formulation. Nonetheless, most devices will consider the
variation of both dielectric functions - dielectric and metal -,
leading to a more complex formulation.
A model for the dependence of temperature and pressure
of nanoantennas transmission spectrum was proposed by
Kowalski, including a set of thermodynamic equations that
were related to the Lorentz-Lorentz law, where the (effective)
dielectric function of the dielectric, 𝜖# , changes [27, 28, 36],
according to expression 57, where T is the temperature, P the
pressure and C the material concentration.
According to Lorentz-Lorentz law, the refractive index and
the dielectric function are related by expression 58, being 𝐶.
a constant reference value calculated by expression 59, where
ρ is the material density and, 𝑛. and ρ. are the reference
values for a certain temperature and pressure [27, 28, 36]. The
material’s concentrations will remain constant, for the same
DOI: http://dx.doi.org/10.24018/ejphysics.2020.2.3.6

sensor and consequently, the last term of expression 57 is
null.
∂ϵ#
∂ϵ
∂ϵ
|O,l 𝑑𝑇 + # |m,l 𝑑𝑃 + # |O,m 𝑑𝐶
𝑑ϵ# =
(57)
∂𝑇
∂𝑃
∂𝐶
ϵ# − 1
𝑛## − 1
S
W=[ #
\ = 𝐶. ρ
ϵ# + 2
𝑛# + 2

(58)

𝑛## − 1 1
𝐶. = [ #+
\ˆ ‰
𝑛#+ + 2 ρ.

(59)

Likewise, the dependence of the density with pressure and
temperature takes into account two tabulated values: the
volumetric expansion coefficient, β, and the isothermal
compressibility factor, 𝑘m . Thus, the density variation factor,
n
ϕ = n , expression 60, can be replaced on expression 58,
+

leading to the relation expressed on 61 [27, 28, 36].
ϕ = 𝑒𝑥𝑝{−[β(𝑇 − 𝑇. ) − 𝑘m (𝑃 − 𝑃. )]}

𝑛## = ϵ# = S

1 + 2𝐶. ρ. ϕ
W
1 − 𝐶. ρ. ϕ

(60)

(61)

Finally, it is possible to determine the intensity peak
position for the overall transmission spectrum of the
nanoantenna by expression 62, where θ is the incident angle,
𝑎. the slit periodicity and b is a value related to the surface
plasmon modes and array geometry [27, 28, 36]. In fact, this
expression is very similar to expression 52, by replacing 𝜖#
for the expression that presents its variation with temperature
and pressure.

λofp

- 1 + 2C. ρ. ϕ
a. ϵ$ ‹ 1 − C. ρ. ϕ Œ
= Æ
− sin(θ)È
b ϵ- + ‹1 + 2C. ρ. ϕŒ
$
1 − C. ρ. ϕ

(62)

VIII. RESULTS OF AN EXTRAORDINARY OPTICAL
TRANSMISSION SIMULATION
In this section, EOT 2D stationary simulations of a gold
nanoantenna are presented. These results were simulated
using COMSOL Multiphysics, which uses a finite element
method to solve modelling problems. The gold nanoantenna
was simulated considering air as the surrounding dielectric device dimensions: 145 × λ/2 [nm] -. The device has an array
of 16 slits of size 10 [nm] and the metal dimensions - between
slits -, are 500 × 200 [nm]. The gold is modelling according
to the Drude-Lorentz model, using the parameters presented
by Paul John in his article [12]. The array is away from the
border in order to avoid the effects of boundary conditions.
A domain probe is placed in the dielectric in order to
analyse the maximum squared ratio between the value of the
maximum electric field norm and the incident one, which
propagates from the bottom. The objective of these
simulations is to prove that EOT occurs and also to extract
the characteristic of the probe measurement in function of the
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incident wavelength, sweeping its value from 400nm to
1800nm. The electric field on the structure is illustrated on
figure 7, which is a zoom to the centre, in order to give a better
perception for the EOT occurrence and of the polariton
generation and propagation. This result was taken for
λ = 1300nm, that is near the incident wavelength where the
maximum domain field is archived - observing the sweeping
results on figure 8 -. The width of the peak is so small that it
is not possible to specify this wavelength without doing a
sweep, due to finite precision, so that the values presented on
figure 7 are not for the peak, but they are for a smaller
wavelength.

Sweeping the wavelength, the resulting characteristic is
presented on figure 8, for a total of 250 equidistant points
using the domain probe. The conclusion is that the field
amplification occurs for all the simulated wavelengths,
because for each wavelength there is at least one domain
point where the electric field norm is higher than the incident
one. The values presented on figure 7 can also be verified on
this characteristic.
Thus, it is possible to observe that field amplification is
presented in all the spectrum, especially around 700nm and
near 1300nm where amplification peaks occurs, by observing
figure 8.
These results are only possible because EOT conditions are
verified - especially ϵ$- < 0 but also |ϵ$- | > ϵ# -, for all the
simulated range of wavelengths, as it is possible to analyse in
ϵ^$ (ω) given by the fitting model computed by Paul [12]. The
transmittance is not higher than one because it is a 2D
simulation – one dimension is considered infinity -, however,
it is proven that EOT occurs, despite

Fig. 7. Simulation of the electric field for a gold nanoantenna for λ =
1300nm.

Fig. 9. Simulated characteristic of the electric field for a gold nanoantenna, using domain probe.
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IX. CONCLUSION

[21]

To summarise, nanoantennas can be used to enhance light,
what is called EOT. This phenomenon is explained as a
resonant behaviour between incident light and surface
plasmons. The coupling between these two kinds of waves
originate surface plasmon polaritons, that are evanescent
electromagnetic waves that present large differences in
comparison with radiative modes. These distinct properties
allow the design of new optical devices, as sensors. Sensors
based on nanoantennas can be designed in order to detect or
to monitor medical, chemical or biological events. Their
characteristic - maximum and minimum intensity peak values
and wavelength positions -, and their performance - shift
sensibility, detection limits and dynamic range -, can be tuned
by changing structure parameters, as the structure type and
geometry, its materials and the hole shape, size or depth.
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