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Exploiting Extraordinary Optical Transmission in
Plasmonic Slit Nanoantennas for Sensor Applications

Ricardo A. Marques Lameirinhas
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Abstract—In this article, a plasmonic gold nanoantenna is pro-
posed as a sensor to monitor refractive index variations between
1.30 and 1.35. These values are defined since they are characteristic
of, for instance, water-based solutions, DNA, or haemoglobin. To
simulate the device a novel model is used, which takes advantage of
the wave-particle dualism and the generalised Fresnel coefficients
for absorbing media. Although it is a time-domain model, in this
research work the model is improved to compute steady state and
frequency-domain results. The response to a Dirac excitation is
obtained using that novel model. The steady state is reached for a
long pulse emission. The long pulse emission is emulated by a Dirac
comb and consequently, the optical response of the device for this
kind of excitation is obtained considering the sum of several Dirac’s
responses shifted in time. Then, steady state might be reached as
suggested by the presented results. Taking into account the obtained
pulse responses, the refractive index sensor for the range 1.30-1.35
is proposed. The obtained results suggest that 350 nm and 450 nm
are the best wavelengths to detect these analyte variations. The
sensitivity reaches values up to around 110 %/RIU, but sensitivities
around 80%/RIU are computed within the range 250-500 nm.

Index Terms—Extraordinary optical transmission, nanoanten-
nas, nanostructures, optical devices, optics, plasmonics, sensors,
subwavelength structures, surface plasmon polaritons.

I. INTRODUCTION

research field, where some outstanding phenomena have

been discovered which are useful, for instance, in the develop-

ment of nano-sensors with excellent sensitivities and quite small
dimensions.

In 1998, Ebbesen reported radiation spectra of metallic

nanoarrays with values higher than those predicted by clas-

sical theories, calling this phenomenon Extraordinary Optical

N ANOTECHNOLOGIES are nowadaysptpt an important
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Transmission (EOT) [1]. He emphasised that its main agents
were Surface Plasmon Polaritons (SPP) [1]. However, this was
only proven in 2006 by Lalanne and Hugonin [2]. This type of
device is called nanoantennas due to their ability to concentrate
and locally amplify radiation.

The reason why classical theories fail to predict EOT is
because they do not consider propagation in the metal in the
form of evanescent waves [3], [4], [5], [6]. They assume that the
metal is opaque and perfectly conducting, reflecting all radiation.
However, in the optical spectral region, the radiation penetrates
the metal within a distance in the order of tens to hundreds of
nanometres [3]. Thus, not all the radiation is reflected. Moreover,
if the device has dimensions of the order of these nanometres
of penetration distance, then the radiation can reach another
interface, enabling transmission through the metal [5], [7].

The use of nanoarrays as sensors has been studied [3], [4],
[5], [6]. Their working principle is based on the fact that SPP
resonances vary according to the refractive indices of the media
at a given interface. Considering that one of these media is
a metal and the other is an analyte/sample, a sensor can be
designed if: the refractive index of the sample varies with a
given stimulus and the index of the sample is known before
the stimulus, or if a given sample is used as a reference and
another is unknown. It produces an optical intensity variation
in the detector and, measuring that, it is possible to determine
the refractive index and therefore identify the unknown sample
from among those hypothesised.

This working principle is general to SPP-based sensors. How-
ever, nanoantennas have the great advantage of concentrating
the radiation, thus requiring smaller detectors. In the same
sense, compared to Kretschmann or some optical fibre-based
sensors, nanoantennas make it possible to miniaturise the entire
sensor, a useful advantage for real-time and in-vivo analysis.
In addition, nanoantennas are a more complex device with
multiple interfaces. Compared to these other types of sensors,
there are a greater number of variables, i.e. degrees of freedom
for designing the sensor, namely the thickness of the layers
(the only geometric variable in the Krestchamnn’s structure),
the dimensions and shapes of the slits/apertures. On the other
hand, while Kretschmann’s sensors tend to be considered for
a monochromatic emitter that is very focused on the material,
in the case of nanoantennas a larger spectral region and the
incidence of a plane wave can be considered.

A novel model based on the generalised Fresnel coefficients
and on the wave-particle dualism was proposed, overcoming
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these limitations and bringing more geometric intuition [3],
[4], [5], [6]. Taking advantage of this, a biosensor based on
nanoantennas exploiting EOT is proposed in this article. The
sensor aims to detect refractive index variations around 1.33,
namely to distinguish analytes with refractive index of 1.30,
1.33 and 1.35.

This refractive index range has tremendous importance since
1.33 is the water’s refractive index. For that reason, the refractive
index of water-based samples will vary around these values. For
instance, to monitor the sugar (e.g.: glucose) or salt concentra-
tion in water or water-based solutions (e.g.: blood) [8], [9], to
distinguish water-based solutions and some other liquids [10],
monitor haemoglobin and blood [11], [12], several protein and
DNA solutions [13], [14], [15], [16], [17], [18], [19], [20], [21].

II. METHODOLOGY

A model based on the Fresnel equations and wave-particle
dualism has been proposed to analyse this type of problem [3],
(4], [5]. [6].

The typical Fresnel equations are not valid since they are
deduced for lossless media and are typically used in media
with weak losses. In previous and recent works, they were
generalised, based on Maxwell’s theory [3], [4], [22], [23].
Using this approach, the optical paths are completely defined
and the radiation propagation and its interactions in interfaces
can be described with increased detail [3], [4], [5], [6], [22],
[23]. On top of these advantages, the model allows an improved
geometrical interpretation which is important for the theoretical
understanding of this phenomenon and its application in the
design of sensors.

The methodology considers inhomogeneous waves, being é
the normal to the plane of constant phase, and g the normal
to the plane of constant amplitude. Generically, there is no
coincidence between them. If it happens, the wave is defined
as homogeneous. There is an angle 6 for the real component of
the wavevector (normal to the equi phase planes) and an angle ¢
representative of its imaginary part (normal to the equi amplitude
planes) [3], [4], [5], [6], [22], [23].

The wavevector is complex as presented in expression 1, being
§ the interface normal vector and k( the wavevector in vacuum.
N and K are the apparent refractive index components, which
are related to the complex refractive index n = n + jk [3], [4],
(51, [6], [22], [23].

k=ko(Né+jKg) (1)

The relation R+ T — M + L =1 is valid at the interface
and it is determined by the energy conversation law. There, R
is the reflection power coefficient, T is the transmission power
coefficient, L is the interface losses power coefficient and M is a
correction coefficient due to wave interference at the interface.
Expression set 2 presents the expressions to determine all the
coefficients, where ¢ is the vacuum electrical permittivity, w
the angular frequency and o electrical conductivity at the
surface/interface. In most cases o, — 0, since because the power
loss at the interface is lower in comparison with the media
absorption, given by expression 3 [3], [4], [5], [6], [22], [23].
The expressions are for TM waves, and the subscript ¢ and ¢ are
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Fig. 1. Nanoantenna illustration.
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In the developed novel model, photons are generated with a
given direction and characterised by a wavevector. Each photon
is an object in an object-oriented program, moving in media
according to its coordinates. Their movement through the media
is described by Maxwell’s equations, which in this case is the
same as saying that they change at the interfaces based on
Fresnel coefficients and the generalised laws of refraction and
reflection.

Since photons represent a quantum of light, they can not be
divided and consequently on the interface they will be either
reflected or refracted. The reflection probability at the interface
iS Prefiectea = I and the refraction one Prefracteq =1 — M.

This semi-classical, semi-analytic and time-domain model is
used to evaluate the performance of a plasmonic slit nanoantenna
as a sensor, exploiting EOT. The details about the model are
in [3], [4], [5], [6], where it is proposed and validated.

The model is implemented in Python, emulating a TM wave
based on the Huygens-Fresnel principle by considering a total
of 250 point sources distributed along a line. Each point source
is characterised by 720 optical paths, one per 0.5°. Photons are
emitted following Poissonian distribution in each optical path,
considering the average emission of one photon per optical path.
As illustrated in Fig. 1, parallel to the emission line is a gold
nanoantenna, composed of 4 slits of d = 155 nm, separated by
s = 155 nm and with ¢ = 30 nm of thickness. The nanoantennas
have also a metal extension of s, = 1000 nm on both sides.
The emission line and the gold nanoantenna are distanced by
de = 155 nm, considering the media as the analyte one. The
nanoantenna is on top of a quartz layer, there a target (detector)
is placed D = 1550 nm away from its rear. These parameters are
defined based on previous studies and to have balanced between
metal (sensitivity) and transmitted power [3], [4], [5], [6], [7].

This research work aims to analyse the possibility to design
a slit plasmonic nanoantenna to act as a sensor, namely to
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Fig. 2.

detect variation in the refractive index of a certain medium.
Furthermore, it is intended to verify the influence of EOT in
such responses.

To achieve this goal, the time domain response of a four-slit
nanoantenna is obtained and compared considering an analyte’s
refractive index variation between 1.30 and 1.35 and a Dirac
emission with a time resolution of 3.3 x 10~'® s. The quartz
optical properties are modelled by Gao’s model, where the gold’s
refractive index is characterised by Rakic’s Drude-Lorentz
model [24]. According to experimental evidences, electrical
permittivity values can characterise these materials at nano-
dimensions: “below 10-20 nm, the classical theory deteriorates
progressively due to its neglect of quantum effects such as
nonlocality, electronic spill-out, and Landau damping” [25]. The
materials’ characterisation by the complex electrical permittivity
remains valid, since there are significant atoms: the gold atom
has a dimension of 0.146 nm with a lattice constant of about
0.407 nm.

A new methodology approach is used to describe the steady
state response of the device. This regime is reached when
emitting a long pulse. Since time is discrete in the implemented
model, the pulse is generated as a Dirac comb, where the time
distance between pulses is very small compared with the time
response of the material. Thus, the pulse response is the sum
of time-domain responses shifted in time. For each emitted
Dirac, the response is assumed to be the same and the long
pulse response is the sum of all the Diracs’ responses shifted
accordingly to its emission time.

III. RESULTS

A. Dirac Time Responses

The time response of the gold nanoantenna is presented in
Fig. 2 for different wavelengths and for different analyte refrac-
tive indexes. At a wavelength of 1000 nm the response has a low
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Time responses of the gold nanoantenna for several wavelengths and analyte’s refractive indexes considering a Dirac excitation.
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refractive index dependence since metals reflect all the radiation.
However, in the optical range surface plasmon polaritons may
be excited in the analyte-metal interface and propagate inside
the metal. Thus, there is some energy that might be transmitted
through the metal layer, reaching the target. In these cases, the
device is working at resonant wavelengths, which are according
to previous analysis [3], [4]. For that reason, the number of
photons in the target is increased but at different time stamps.
Besides the optical paths that pass on the slits, there are others
that pass inside the metal that reach the target. However, the
energy velocity is different and consequently, other peaks appear
in the time response. The responses at wavelengths of 350 nm
and 450 nm present a huge number of extraordinary photons,
the ones that pass through the gold, which in accordance with
previous analysis [3]. Also, the time response in Fig. 2 varies
with the analyte’s refractive index value.

Fig. 3 shows how the number of photons varies for different
wavelengths, considering the Dirac excitation. First, the number
of photons incident on the nanoantenna tends to be constant, and
the small fluctuations are due to the distribution of photons in the
emitter (considered as noise). Then, it is possible to verify that in
the resonance influence region, the number of photons absorbed
in the metal is greater than the number of photons detected.
The number of photons absorbed and the number of photons
detected that have passed through the metal tend towards zero.
However, itis verified that in the entire visible spectrum the metal
absorbs photons, that is, although for longer wavelengths the
reflection of the metal tends to be total, the photons that manage
to enter the metal cannot leave it and end up being absorbed.
For wavelengths in which the number of photons detected due to
EOT is zero, itis found that the detected intensity is the same, i.e.,
it considers the number of photons passing through the aperture
which tends to be constant, since the metal reflects a lot (more
than 90%). This value tends to be the same for all wavelengths
outside the region of influence of the resonances and for the
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samples considered (the device tends to have zero sensitivity).
Within the region of influence of the resonances, the detected
photons pass mostly through the metal. In this way, it will be
possible to have sensitivity due to the resonances in the analyte-
gold interfaces. The shape of the detected spectrum is identical
to the number of detected photons that have passed through
the metal. There is only one offset associated with the photons
passing through the slits and not hitting a single nanoantenna’s
interface.

B. Steady State and Spectral Responses

A Dirac comb is used to emulate the response to a constant
emission. Considering the device response as time-invariant, its
response to a constant emission is the sum of the Dirac responses
shifted in time. Then, using the time-domain semi-classical
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Normalised time responses of the gold nanoantenna for several wavelengths and analyte’s refractive indexes considering a pulse excitation.

model is also possible to extrapolate results in the frequency
domain, analysing the response in its steady state.

Fig. 4 presents the results of a Dirac comb excitation, where
Diracs are emitted with a time interval equal to the time resolu-
tion and with a comb’s duration of approximately 33 fs. Results
are taken in the optical range, namely in the ultraviolet-visible
spectral regions, within a wavelength range from 250 nm to
700 nm, using steps of 50 nm. Fig. 4 illustrates the number of
photons that reached the target at a certain time. The values are
normalised to the maximum, which is obtained at 450 nm for an
analyte’s refractive index of 1.30.

For wavelengths outside the gold SPP resonances, it is verified
that the obtained number of photons is half the maximum value.
The response maximum tends to decrease as analysed starting
at 450 nm to 700 nm. Furthermore, another resonance is near
350 nm, so that the pulse response presents a local maximum.
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For low wavelengths, the number of photons at the steady state
tends also to decrease, until gets closer to other gold resonances
at ultraviolet regions.

Moreover, the nanoantenna response presents sensitivity to
this refractive index variation at the SPP resonances. In other
words, the number of extraordinary photons on the target will
be dependent on the analyte’s refractive index and consequently,
it might work as a sensor.

It is also possible to compute the rise and fall times as well
as the settling and the maximum intensity time stamps. The
rise and fall times are defined as the time interval between the
response reaching 10% and 90% of its maxima. The settling
time corresponds to the time at which the optical response does
not vary more than 10% of its steady-state value (maximum
intensity, in this case). Furthermore, the maximum intensity time
is the first time stamp in which the optical response reaches its
maximum value. Fig. 5 presents the evolution of these results as
a function of the wavelength.

The dependence of the rise and fall time with the analyte’s
refractive index is neglectable, within the gold resonances. In
contrast, for high wavelengths, the response times present clear
variations. Itis due to the fact that for wavelengths higher than the
resonances’, the metal reflects all the radiation and consequently,
it only propagates inside the analyte and the semiconductor sub-
strate. Consequently, the time variations are due to the different
propagation velocities in the media. Thus, responses for different
analyte’s refractive index have similar results since they only
differ in the photons’ velocity in the analyte, which is quite
similar (small refractive index variation).

On the other hand, as already verified in Fig. 4, the response in
resonant wavelengths has twice the intensity from the previous
ones. Consequently, the response is quite dependent on the
photons that pass through the metal and for that reason, it reaches
its maximum at half the time.

Regarding the settling time, the results in Fig. 5 suggest that
different analytes led to different settling times within the reso-
nant wavelength. The settling time variation with the wavelength

4 S S S S S
250 300 350 400 450 500 550 600 650 700
wavelength [nm]

14 S S S S
250 300 350 400 450 500 550 600 650 700
wavelength [nm]

Rise, fall, settling and maximum intensity time for several wavelengths and analyte’s refractive indexes.

has the same shape as the rise and fall time. In the resonant
wavelengths, the propagation velocity within gold is higher than
in the semiconductor or in the analyte. Thus, the more photons
that pass through the metal, the lower the rise, fall and settling
times will be.

Then main conclusion from the maximum intensity time
stamp analysis is that the response reaches its maximum value
at the end of the excitation (near 33 fs), but this value drops by
half within the resonant wavelengths.

In Fig. 6 are the steady state values for the ten responses in
the range between 250 nm and 700 nm. Once again, the device
is only sensitive to the refractive index variation within the gold
SPP resonances. Furthermore, the maxima sensitivities appear
around 350 nm and 450 nm.

The device response at high wavelengths gold SPP resonances
tends to the null sensitivity. Moreover, since metal reflects all the
radiation, its complex electrical permittivity does not influence
the response besides the consequence of giving the total reflec-
tion. Then, all the photons that reach the target have similar
optical paths, travelling the same distances at the same time
intervals, as also verified in Fig. 2. For that reason, the sensitivity
at high wavelengths does not depend on the referenced refractive
index, for instance taking similar values from 1.30 to 1.33 and
from 1.33 to 1.30. This is presented in Fig. 7 where are the six
sensitivities obtained by combining the results from the three
analysed refractive indexes, where the sensitivity from the re-
fractive index a to b is defined as S, —; = W x 100

[%/RIU], being N, ; the number of photons detected on the
target.

As expected from previous figures, the maximum sensitivity
to measure variations between 1.30 and 1.33 is at 350 nm.
Regarding the analysis between 1.30 and 1.35, the maximum is
obtained for 450 nm, but the sensitivity at 350 nm also presents
similar values. Both are around 90-100%/RIU. At 450 nm there
is also the highest sensitivity, determined for the variation be-
tween 1.33 and 1.35, which takes values around 110%/RIU. This
is the refractive index variation that presents the highest global
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sensitivity and the highest sensitivities at the red spectral region.
However, in the other visible wavelengths it leads to the lowest
values. Also, it generates the highest sensitivity comparing the
values at 250 nm (ultraviolet and near a gold resonance), taking
a value near the global sensitivity maximum.

IV. DISCUSSION

In contrast with classical theories, it is verifiable that radiation
in the optical range may pass through metallic nanolayers, due
to the propagation of Surface Plasmon Polaritons. Thus, more
intense beams are obtained when using plasmonic nanoslits
(nanoantennas), near the SPP resonances. Once the metals’ com-
plex electric permittivity varies with the incident wavelength, the
way metals may transmit or reflect energy also varies with it. In
reality, it depends on both media in a certain interface. Then,
sensors may be designed considering this phenomenon. This is

not possible to do outside metals’ SPP resonances since in those
conditions their electric permittivity is high enough, reflecting
all the incident radiation independently on the other medium’s
permittivity.

Some of the metals that have this plasmonic behaviour in the
optical range are gold, silver, platinum, copper and aluminium.
In this case, to measure refractive index variation around 1.33,
goldis the most indicated since is the one whose complex electric
permittivity varies closer to the symmetric of that value [3].

The presented graphics are normalised to the maximum
number of photons in the target. To detect a certain variation,
one may have a reference and, for that reason, the measured
quantity should be some difference between the analysed and
the reference signal. For instance, in this case, one may emit at
the maximum sensitivity wavelength and save as a reference the
target power for a known analyte’s refractive index. Only after
that, one may monitor the analyte. This is quite an important
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statement because if one emits a high-power optical signal, such
as the emission Poissonian distribution tends to the uniform
distribution, the higher the emitted power is, the higher the
difference between signals.

The biggest advantage of having a slit nanoantenna instead
of just a continuous metallic layer is that there is always a
minimum number of photons reaching the target, namely the
ones that pass directly through the slits (first peak observed in
Fig. 2). Then, radiation is concentrated after the nanoantenna,
considering photons from the slits and from the metal. Further-
more, the existence of vertical and horizontal metal-dielectric
or metal-analyte interfaces allows the variation of its angle
of incidence. It may bring some benefits because usually, the
reflectance values are high for large incident angles and low for
small ones, or vice-versa.

V. CONCLUSION

First, it is evident that near SPP resonances light is twice more
intense than the obtained at higher wavelengths, considering the
steady state number of photons. This is verified not only in the
obtained pulse responses but also in the traced spectra.

The variation of light intensity in the target is dependent on the
media due to the SPP resonances. For that reason, this research
work aims to analyse a sensor based on a gold nanoantenna,
exploiting EOT, by considering the previous statement as the
device’s working principle.

From the obtained results it is concluded that analysis at
350 nm and 450 nm are the best to monitor refractive index
variations within 1.30 and 1.35. The highest sensitivity is at
450 nm to detect a variation from 1.33 and 1.35. However, the
analysis at 350 nm also presents an excellent commitment. The
global sensitivity maximum is around 110%/RIU, taking values
around 80-90%/RIU in the visible spectral region.

Comparing the values within the 250-500 nm range with the
ones outside it, one may conclude that the sensor’s working
principle is based on EOT, being SPP the main agents of this
phenomenon. Also, the propagation of SPP allows the achieve-
ment of high sensitivities and only near the metals’ resonances
the device is capable of monitoring the proposed variations.
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