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Nanoantennas for visible and infrared radiation can strongly enhance the interaction of light with matter by their ability
to localise electromagnetic fields on nanometric scales. This allows for the engineering of the absorption and radiation
capabilities of nanoemitters, such as dye molecules or quantum dots. In this article, we discuss the main parameters
influencing the near-field enhancement provided by dimer-type nanoantennas, the configuration most thoroughly studied
in the literature. To facilitate the design of structures, we analyse the influence of the substrate, adhesion layers and a
reflective metal underlayer, as well as their arrangement in a periodic fashion. We also highlight the factors which increase
the damping of the localised plasmonic modes and the spectral differences between far and near-field resonances.
Keywords: nanoantennas; localised surface plasmon resonances; cross-section; field enhancement

1. Introduction
In recent years, optical antennas [1–4] working in the visible
to near-IR spectral regimes and based on localised surface
plasmon resonances (LSPR) have been intensely studied
for their many applications in the field of nanophotonics
[5–11]. These devices are characterised by the ability to
capture free-space electromagnetic radiation and focus it
to a small region below the diffraction limit. In addition,
they present scattering cross-sections several times larger
than their physical area, which can be used to increase the
interaction of any nano-object located in their vicinity with
free space radiation at the LSPR frequency. The strong field
enhancement provided by optical antennas is the source of
well-known applications in the photonics technology, such
as Surface-Enhanced Raman Scattering (SERS) [12,13],
multiphoton absorption [14] and the modification of the
properties of fluorescent emitters (dyes, quantum dots...)
[7]. Apart from those applications, optical nanoantennas
have been used more recently in a wide range of fields
such as nanomedicine [15–17], photovoltaics [18], optical
sensing [19] or photocatalysis [20].
This article presents a numerical study providing a
compilation of some of the most relevant capabilities of
nanoantennas, focusing on the parameters that experimentally would determine their optical properties, and including
considerations to bear in mind in the fabrication process to
optimise their performance. We discuss the influence on
the field enhancement and scattering cross-section of the
following factors: the type of metal, the adhesion layer,
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the substrate, and the use of periodic arrays. In addition,
a special emphasis will be made on the effect of the antenna
design on the spectral shift between near-field and far-field
peak intensities [21–24]. This is of particular interest for
applications that take advantage of the near-field response of
nanoantennas (such as SERS or fluorescence enhancement),
as the probing of their scattering properties is easily accessible experimentally, whereas accessing their near-field
characteristics comprehensively remains a challenge.
Since general analytical solutions to Maxwell’s equations
do not exist, numerical methods are required to describe the
optical properties of metal nanoparticles. The finite difference time domain (FDTD) method [25] provides numerical
solutions of the time-dependent Maxwell equations, discretised by using central-difference approximations to space
and time partial derivatives. The fundamentals of the FDTD
approach were established in 1966 by K.S. Yee [26], who
designed the space grid and time-stepping algorithm, which
is the base of the method. The materials are modelled by
specifying their characteristic permittivity and permeability
at every grid point, usually in homogeneous regions, at
whose interfaces proper continuity conditions are needed. In
this time advancing algorithm, the fields at each time instant
are obtained as a function of previous values in time. One of
the most relevant features of the method is that by performing a single simulation in which a broadband pulse is used as
the source, the FDTD method allows obtaining the response
of the system over a wide range of frequencies. In addition, all the electromagnetic field components are obtained
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directly. This fact provides high stability to the calculations
and makes the technique very useful in plasmonics, where
all the components of the electromagnetic field are relevant.
The calculations presented in this article were performed
using Lumerical FDTD Solutions,1 a commercial software
implementation of the FDTD method.
2. Influence of the material
The response of a medium to an electric field of pulsation
ω is determined by its dielectric function ε(ω). To illustrate the link between ε(ω) and the resonant behaviour of
nanoparticles (NPs), one can consider a spherical particle
with a radius a very small compared to the wavelength of
the applied field: λ  a. In this case, the field can be
approximated as uniform within the particle dimensions.
In this quasistatic approximation, the NP acts as a dipole
placed at its centre. The NP dipole moment, p, is linked
to the exciting field, E0 , by the relationship p = ε0 εd αE0 ,
where ε0 is the vacuum permittivity and εd is the relative
dielectric constant of the embedding medium. Finally, α
stands for the NP polarisability, which has the form
ε(ω) − εd
.
(1)
ε(ω) + 2εd
Equation (1) shows that the polarisability experiences a resonant enhancement when |ε(ω) + 2εd | is minimum, which
for small values of ε  (ω) = Im[ε(ω)] (low absorption
losses), yields
α = 4πa 3

ε  (ω) = Re[ε(ω)] = −2εd .

(2)

This relationship, known as the Fröhlich condition, defines
the dipolar LSPR of the spherical NP. This condition can
only be fulfilled when the real part of ε(ω) is negative, which
is the case for metals. We further note that Equation (2) expresses the dependence of the plasmon resonant frequency
on the dielectric properties of the surrounding medium,
which makes plasmonic NPs ideal for optical sensing. In
this article, we focus on optical antennas whose response is
governed by dipolar LSPRs. This enables us to neglect the
emergence of higher order multipolar resonances in these
nanostructures [19,27–29].
In noble metals, the conduction electrons can be considered as non-interacting and free to move within the ionic
lattice constituted of the metal nuclei and the tightly bound
inner electrons. Using this assumption and introducing an
effective damping rate, γ , it is possible to describe the forces
acting on an electron and derive the dielectric function
within the so-called Drude model [30]. In this context, we
have
ωp2
,
(3)
ε(ω) = 1 − 2
ω + iγ ω
where ωp2 = ne2 /mε0 is the plasma frequency of the metal
considered, a constant depending only on material properties: n is the free electron density, e and m its charge and

effective mass, and γ the aforementioned damping rate.
From Equation (3), one can infer that a plasmonic behaviour
is possible only for frequencies where ω < ωp (for small
gamma). Metals with ωp in the UV range can sustain surface
plasmons in the visible and near-IR range. In this article, we
focus on the four main metals fulfilling this condition: silver,
gold, copper and aluminium. Note however that metals
present significant losses in the visible and ultra-violet (UV)
range because of interband electronic transitions [31]. This
leads to a deviation from the Drude model mostly expressed
by larger imaginary parts of the dielectric function in these
wavelength ranges. These interband transitions are usually
described through the addition of Lorentz-like terms peaking at high frequencies to Equation (3) [32].
Figure 1 presents the real and imaginary parts of the
permittivity for silver, gold, copper and aluminium obtained
from [33]. On the one hand, the real part ε  (ω) describes the
strength of the polarisation induced by the external field.
On the other hand, the imaginary part ε  (ω) describes the
losses. Silver presents the lowest loss across the visible
range (400–700 nm), however it is well known that degradation problems generally make it less suitable for plasmonics
applications. In contrast, gold is chemically very stable but
shows higher losses below 550 nm associated with the occurrence of electronic interband transitions. The dielectric
properties of copper are comparable with gold between 600
and 750 nm. If we consider its lower cost, copper could be a
good alternative material but unfortunately it is usually not
a good choice, mainly because of the fabrication problems
associated with its oxidation [34,35]. Finally, aluminium
presents large losses around 800 nm associated to interband
transitions at this wavelength, therefore it is not an ideal
material for optical antennas in the visible regime. However
in the UV, away from the absorption band, aluminium is a
very promising plasmonic material [36]. Importantly, noble
metals are not the only option: West et al. [34] have reported
a very detailed analysis of the advantages and disadvantages
of using alternative plasmonic materials such as semiconductors or metallic alloys. Finally, a recent report has shown
that it is possible to maintain the plasmonic properties of
silver by passivating the surface of nanostructures with a
monolayer of graphene, avoiding the degradation induced
by air sulfidation [37].
We discuss the properties of optical nanoantennas based
on numerical simulations performed by the FDTD method,
using the commercial 3D full-wave electromagnetic wave
solver Lumerical FDTD Solutions. The nanostructures are
illuminated by a plane wave at an incidence normal to the
substrate, with a polarisation along the long axis of the
antenna. The material properties of the metals are modelled through the Drude–Lorentz fitting of the dielectric
properties shown in Figure 1. We first discuss three key
properties of the devices: their scattering and absorption
cross-section, and the near-field enhancement they provide.
Figure 2(a) presents the scattering cross-section of a

Contemporary Physics

3

Downloaded by [Imperial College London Library] at 06:40 21 January 2014

Figure 1. (a) Real part ε (ω) and (b) imaginary part ε (ω) of the permittivity of Ag, Au, Al and Cu obtained from [33].

Figure 2. (a) Scattering and (b) absorption cross-sections of dimer antennas made of Ag, Au, Al and Cu. Insets: Sketch of the nanoantennas
composed of two opposing disks with 50 nm diameter and 20 nm thickness separated by a 20 nm gap. For comparison, the cross-sections
are normalised to the physical area of the dimer. The antennas are placed on top of a semi-infinite SiO2 substrate with refractive index
n = 1.45.

nanostructure consisting of two 20 nm-thick opposing disks
of 50 nm diameter separated by a 20 nm gap. The crosssections are normalised to the physical area of the dimer. At
resonance, the scattering cross-section is almost one order
of magnitude larger than the physical cross-section of the
structure. In addition, for the same dimensions, the position
of the resonance depends on the material.Al produces strong
resonances in the UV, and in the visible range Ag usually allows for the strongest response, at shorter wavelengths than
Au and Cu. Figure 2(b) presents the absorption cross-section
of the same structures. This is determined by the imaginary
part of the NP polarisability (see Equation (1)), which gives
the energy dissipated in the form of work performed by
the incident fields on the NP dipole moment. The trends
for the position and intensity of the resonance are similar
to the ones for the scattering cross-section. Silver presents
low loss across the visible range, whereas Au and Cu have
interband transitions in the lower wavelength range. This
leads to the plateau in absorption below 550 nm for those
two materials. Apart from its high losses, Al presents the
largest ε  (ω) within the visible range, which prevents the
incident fields from penetrating into the metal NP, and is
thus not usually used for applications in this window.
The ability of nanoantennas to generate high localised
fields is another crucial aspect to take into account in the
design of suitable devices. Figure 3 continues the material

Figure 3. Simulated near-field enhancement at the gap centre,
4 nm above the substrate, of dimer antennas made of Ag, Au, Al
and Cu. The antennas’ dimensions are identical to those used in
Figure 2.

comparison by showing the near-field enhancement at the
gap of the dimer antennas. The electromagnetic field is
predominately localised in this region when the incident
light is polarised along the antenna long axis. The nearfield calculations show a tendency similar to the scattering
cross-sections, although the wavelength of maximum field
intensity is slightly red-shifted compared to the far-field
resonances. This effect will be discussed in the following
sections. For the rest of the article, gold is taken as the ref-
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erence material used in the simulations of the nanoantennas
without loss of generality in the physical discussions.
One last material parameter that can influence the properties of nanoantennas is the microstructure of the metal. It has
been less studied in the literature than the other parameters,
but in the case of gold, for instance, there are evidences
that plasmonic structures made out of a highly crystalline
metal perform better [38]. This has been tested by making
nanoantennas from monocrystalline gold flakes. Moreover,
other structures have shown to present a higher scattering
cross-section when produced using an adhesion layer allowing for the growth of smoother, highly crystalline gold
[39].

3. Influence of the dimensions and geometry on the
plasmonic properties
The material properties are not the only factor governing
the optical response of a nanoantenna: shape and geometry
also play a crucial role. In particular, the dimension of the
particles parallel to the incident electric field is one of the
most determinant factors to control the resonant frequency,
the near-field enhancement or the scattering characteristics
[40–42]. Indeed, if we consider a single metal nanoparticle
as a Fabry–Pérot cavity [5], its resonances will be given by
its length; L = (m/2)λeff where m is an integer number and
λeff the effective wavelength of the plasmon mode [43]. The
lowest (dipole) LSPR supported by the metal NP (m = 1)
is the most intense and the one that determines the resonant
wavelength for a dimer antenna composed by two identical
NPs.
In order to understand intuitively the dependence of the
resonant frequency with the particle length, we can set an
analogy between the plasmon mode and an harmonic oscillator. The restoring force in the LSPR originates from
the Coulomb interaction between the positive and negative
charges induced in the NP. Thus, the larger the distance
between the charges (the longer the NP), the smaller the
effective spring constant, and the lower the resonant frequency [6]. In dimers, created by placing the two metallic
NPs at a distance short enough so that their near fields can
interact, the dimension of the gap between the two arms of
the antenna also affects its plasmonic resonances [44]. In
this case, a red-shift of the dimer LSPR is induced, compared with the single particle case. The hybridisation model
[44,45] explains this red-shift as a result of the electrostatic
mixture of different energy levels associated with different
charge distributions at the isolated NPs [46,47]. According
to this intuitive picture, the configuration that minimises
the distance between charges of opposite sign corresponds
to the lowest energy dimer resonance. Figure 4 shows the
normalised scattering cross-section (a) and the near-field
intensity (b) for 100 nm long, 40 nm wide and 45 nm thick
NPs separated by gap distances between 5 and 40 nm. When
the gap size is reduced, the scattering resonance and the

near-field maxima (evaluated at the centre of the gap) shift
to lower energies (longer wavelengths). Note that, due to
the evanescent nature of the plasmonic fields, the nearfield intensity increases exponentially with reducing gap
size. This fact illustrates the importance of obtaining small
gaps, which is one of the main fabrication challenges in the
production of efficient nanoantennas [48].
Figure 5(a) illustrates the importance of the length of each
of the NPs in a dimer antenna, it shows the evolution of the
spectral position of the far-field scattering maximum (a) and
near-field intensity enhancement (b) for the case of dimer
antennas with different arm lengths (for a fixed 20 nm gap
distance). Note that the near-field intensity is evaluated at
the antenna gap. It is noticeable that modifying the antenna
arm length by just 40 nm allows for a wide tunability range
of approximately 200 nm. The spatial distribution of the
near-field enhancement shows a significant increase of the
intensity at the gap as the antenna arm length increases
(Figure 5(b)). This can be understood as the result of an
effective increase of the coupling strength between the two
antenna arms. As the antenna arm increases, the gap has
a smaller size relative to the resonant wavelength, which
results in a stronger coupling between the LSPRs supported
by both arms. Experimentally, the field distribution around a
nanoantenna – i.e. the information presented in Figure 5(b)
– can be measured using a technique called scanning near
field optical microscopy, which allows for the mapping of
optical fields on scales smaller than the diffraction limit.
This method has been used to confirm the field distribution around nanoantennas such as the ones discussed in
the present article [49–51]. For further information on experimental methods allowing for the spatial mapping of
nanoscale optical fields, we refer the reader to the review
articles [29,52].
An effect often overlooked is that the maximum nearfield intensity in the surroundings of the antenna occurs at
a wavelength different from that of maximum scattering
[21,23,24,53]. In the following, we will refer to this as
peak
the shift between near-field and far-field, λ = λnf −
peak
λff . This can be explained directly by the physics of a
driven and damped harmonic oscillator. Zuloaga et al. [23]
showed that this shift depends directly on the total damping
of the system; intrinsic damping within the metal of the
nanoparticle and radiative damping of the localised plasmon. However, in the close vicinity of the nanostructure,
λ depends on the position. This is shown in the right
hand side column of Figure 5(b) which presents the spatial
distribution of λ for antennas with arm length of 100,
140 and 180 nm. In the zones where the enhancement is
maximal, i.e. in the gap and at the extremities of each arm
of the dimer, a significant red shift is observed in all three
cases. Figure 5(a) shows that the shift in the gap increases
with the antenna arm length, up to a value of 30 nm for
the 180 nm case in the near-infrared spectral regime. If we
consider that optical antennas are generally characterised by
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Figure 4. (a) Evolution of the scattering cross-section with the antenna gap. Inset: dependence of the scattering peak wavelength with the
gap distance. The cross-sections are normalised to the physical area of the dimer. (b) Near-field intensity enhancement at the gap centre
(z = 22 nm) as a function of the incident frequency for different gap sizes. The particle length (100 nm), width (40 nm) and the thickness
(45 nm) are fixed in all cases. The antennas are sitting on a glass substrate (n = 1.45).

Figure 5. (a) Evolution of the wavelength of maximum far-field scattering and near-field intensity for dimer antennas with different
arm length. (b) Left column: X–Y Spatial distribution of the near-field enhancement around the antenna at the middle height of the
particles (z = 22 nm) obtained at resonance for different antenna arm lengths (scale bar: 100 nm). Right column: spatial distribution of the
peak
peak
wavelength resonance shift, λ = λnf − λff in nm. The gold nanoantenna gap (20 nm), the particle width (40 nm) and the thickness
(45 nm) are fixed in the three cases: 100, 140 and 180 nm arm length. The structures are sitting on a glass substrate (n = 1.45).

experimental techniques in the far-field, such as dark-field
spectroscopy or Fourier transform infrared spectroscopy
(FTIR), the energy shift between far and near-field must
be considered in the fabrication process. In particular, applications such as SERS can be very sensitive to this effect
as the mechanism influencing their efficiency is the nearfield enhancement and not the scattering properties of the
antenna [22,54].
Apart from the antenna length and the gap distance, the
shape of the particle also affects significantly its LSPRs
[55]. Figure 6 highlights the influence of geometry on the
antenna properties. For the calculations, we consider NPs
with different shapes: bow-ties, rods, ellipsoids, disks and
squares. Although the length of the particles parallel to the
incident field polarisation and the dimer gap are fixed to
100 nm and 20 nm respectively, the comparison shows a
clear effect of the particle width and shape on the energy and
strength of the antenna LSPR. Ellipsoids were chosen with
the semi-principal axes matching the width and length of the
rods to evaluate the effect of sharp edges. The ellipsoidal
disks present a blue-shift of 40 nm in the scattering cross-

section with respect to the rods (Figure 6(a)). Similarly,
the disk-dimer resonant wavelength shows a more apparent
blue-shift, 70 nm, compared to the square dimer. There are
two reasons that cause this blue shift. On the one hand, due
to their round shape, the disks present an effective reduction of the particle length along the polarisation direction
(<100 nm) compared to the rod or the square. On the other
hand, the charge distribution along the curved surface of
the disks results in an effective increase of the gap distance
(>20 nm) which also contributes to the observed spectral
blue-shift. It is particularly important to consider this effect
in the design of nanoantennas, when fabrication constraints
limit the production of sharp edges.
The scattering and the near-field enhancement comparison in Figure 6 shows a drastic reduction of the strength
of the resonances for the geometries with smaller aspect
ratio (disks and squares). This effect is caused by the increase of the radiative plasmon damping that occurs in
wider NPs [56,57]. In addition, the spatial distribution of the
shift between near- and far-field resonances in Figure 6(b)
shows a larger λ at the gap region for these geometries.
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Figure 6. (a) Scattering cross-section of antenna dimers with different geometries. (b) Left column: field enhancement around the antenna
at the resonance wavelength for different dimers: bow-ties, ellipsoids, rods, disks and squares. The cross-sections are normalised to the
physical area of the dimer in each case. Right column: spatial distribution of the far-to-near-field resonance shift λ in nm. Scale bar:
100 nm. The arm length in the horizontal direction is 100 nm in all cases. The gold nanoantenna gap and the thickness are set to 20 nm and
45 nm respectively, and the antennas are lying on a glass substrate (n = 1.45).

Figure 7. Scattering cross-section spectra of dimer antennas for
different substrate refractive indices. Si, GaAs, and Ge substrates
were simulated from experimental dielectric data taken from
Ref. [62]. The dimer is made of two opposing 100 nm long, 40 nm
wide, 45 nm thick rods separated by a 20 nm gap. The crosssections are normalised to the physical area of the dimer.

Antennas with high aspect ratio, like rod dimers, present
intense plasmon resonances that provide high values of
near-field enhancement at the gap region. Moreover, such
nanoantennas exhibit only a moderate near-to-far-field shift
(≈10 nm in the visible range). On the other hand, for applications and devices that require the use of NPs with high
aspect ratio such as disks or spheres, it is recommendable
to take this shift into account in the design and fabrication
processes.
4. Influence of substrate on the plasmonic properties
The Fröhlich condition discussed earlier (Equation (2))
illustrates the dependence of the plasmon resonances of
spherical NPs on the dielectric properties of the surrounding
medium. The resonant wavelength of plasmonic nanoparticles is gradually shifted to longer wavelengths as the
surrounding refractive index increases [58]. It has been

experimentally demonstrated that the refractive index of the
substrate affects the plasmonic properties of the nanoantennas [59–61]. Figure 7 shows the evolution of the scattering
cross-section of a gold antenna with the refractive index of
the substrate. Apart from a spectral red-shift, increasing the
surrounding refractive index enlarges the damping losses
experienced by the NPs LSPR. Note that the scattering maxima are broadened and lowered with higher refractive index
environment. This is caused by the larger phase difference
of the fields in one LSPR oscillation within the substrate
medium compared with the vacuum (air) side. Hence, using the substrate with the lowest refractive index possible
yields the highest quality factor resonances. The interaction
of nanoantennas with semiconducting materials with high
refractive index such as Si, Ge or GaAs moves the antenna
resonance into the near-infrared. This resonance red-shift
must be taken into account in the design of nanoantennas
for applications requiring the use of large refractive index
substrates. In these configurations, introducing a SiO2 gap
of several hundreds of nanometres between the antenna and
the substrate can reduce this effect [63].

5. Introduction of a reflective layer
Recent studies have demonstrated that the addition of a
metal underlay on a glass substrate is a very effective means
to increase the field enhancement and the scattering efficiency of metal nanoantennas. This phenomenon, explained
by the near-field coupling between the antenna and its mirror
image at the metal layer [64], has been used to improve
the SERS efficiency [65] and the directivity of antennas
[66], allowing for single molecule detection [67]. Moreover,
the reflective underlayer provides additional ways of tuning
optical antennas by changing the dielectric layer thickness,
which can lead to an increasing of near-field enhancement
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Figure 8. (a) Spatially averaged near-field intensity enhancement. The inset shows the sample cross-view. (b) Cross-view of the field
enhancement distribution, at the peak wavelength of the resonance, for different separations between the nanoantenna and the gold
underlayer. The antennas are composed of two opposing 75 nm long, 40 nm wide and 40 nm thick NPs separated by a 30 nm gap.

or quality factors [68]. Figure 8(a) shows the spatially averaged near-field enhancement, E av /E 0 , as a function of
the excitation wavelength. The antennas are composed of
two opposing 75 nm long, 40 nm wide and 40 nm thick NPs
separated by a 30 nm gap. The field intensity is averaged
within a 300×200×100 nm3 volume around the antenna
for different SiO2 thicknesses (see inset). This comparison
shows enhancement factors up to five times larger than the
case without reflective layer, for a 25 nm-thick SiO2 layer.
The near-field interaction between the NPs and the gold
underlayer causes a significant resonance shift to lower
frequencies when the SiO2 layer decreases. This can be
explained by the hybridisation of the antenna LSPR with its
image in the Au substrate film, which leads to a lowering
of the resonance energy when the distance between them
is reduced [69]. The cross-views of the near-field intensity
distribution corresponding to the different SiO2 separations
are shown in Figure 8(b). These are evaluated at resonance
and illustrate the increase in the near-field enhancement at
the gap as the SiO2 separation shrinks. The interaction between the nanostructure LSPR and its image in the reflective
layer also improves drastically the radiative properties of the
dimer antenna [70].
It is possible to use an optical antenna to modify the
absorption and radiative properties of a nanoemitter placed
in its vicinity. One of the main effects that the antenna has
on the emitter is the modification of its radiative decay rate
[7]. The radiative decay rate enhancement experienced by a
dye molecule placed next to a nanoantenna is presented in
Figure 9 (the antenna dimensions are identical to those in
Figure 8). The emitter is modelled through a dipole source
with an intrinsic decay rate γ0 , and it is placed at the centre of the gap, oriented parallel to the main axis of the
dimer. In such configuration, the nanoemitter experiences
a maximum radiative enhancement (γr /γ0 ∼ 25) thanks
to its optimal location and orientation with respect to the
nanoantenna. When the reflector layer is incorporated, this
maximum enhancement increases up to 8 times. A reduction
of the SiO2 thickness results in an increase of the maximum

Figure 9. Radiative decay rate enhancement, γr /γ0 , for a single
emitter placed at the antenna gap and oriented along the antenna
axis for different distances between the antenna and the gold
underlayer. The antenna geometry is the same as in Figure 8.

value of γr /γ0 as well as in a shift of the wavelength at which
the maximum enhancement occurs to longer wavelengths. It
is noticeable that the evolution shown in Figure 9, for a single emitter as light source, presents a similar tendency to the
predicted results for the maximum near field enhancement
of the antenna under plane wave illumination in Figure 8.
Note that at very small thickness separations (t ∼ 20–
30 nm), the enhancement of the non-radiative decay rate
outweighs the radiative channel. In that direction, Seok et al.
[64] demonstrated that the optimum separation is achieved
when the radiation quality factor is equal to the absorption
quality factor.
6. Influence of an adhesion layer
One of the main disadvantages of using gold nanoantennas
on glass substrates is their poor adhesion. This is due to the
absence of an intermediate oxide layer in the gold evaporation process [71]. Therefore the addition of a few nanometres thick layer of another material between the gold NPs and
the substrate surface is generally used for most nanoantenna
designs. Despite the thin character of the adhesion layer, it
influences the performance of the nanoantenna: the LSPR
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Figure 10. (a) Scattering cross-section spectra of a gold antenna dimer for different adhesion layers. (b) Left column: spatial field
enhancement distribution around the antenna at resonance (Scale bar: 100 nm). Right column: spatial distribution of the near-to-far-field
shift λ in nm. The dielectric functions of Ti, Cr, and SiO2 are taken from Ref. [62]. The thickness of the adhesion layer is set to 4 nm.
The antennas consist of two opposing rods 100 nm long, 40 nm wide and 45 nm thick, separated by a 20 nm gap. The cross-sections are
normalised to the physical area of the dimer.

is highly sensitive to the environment. The presence of the
adhesion layer leads to a red-shift of the plasmon resonance
and to a significant increase of its spectral width [72]. It has
been demonstrated experimentally that the presence of such
a layer significantly deteriorates the properties of plasmonic
devices [73–76]. TiO2 is considered as the best material to
use as an adherent in terms of reducing the deterioration of
the plasmonic properties of nanoantennas [73,77].
The effect of ultrathin adhesion layers of Cr and Ti on
the LSPR supported by a gold dimer on a gold substrate is
shown in Figure 10. The scattering intensity drops drastically, with a reduction of 55% for Ti and 65% for Cr
(see panel (a)). The same reduction is observed in the nearfield enhancement at the gap, see Figure 10(b). Note that
the additional damping channel introduced by the adhesion
layer causes a further energy shift between near and far-field
resonances (30 nm for Cr). This effect must be considered
alongside with the other sources of near-to-far field spectral
shift discussed in Figures 5(a) and (b). An elegant solution
around this problem, when gold is concerned, is the use of
a molecular linker which acts as a sticking layer and does
not introduce any additional damping. It has been reported
that such strategy maintains, if not improves, the plasmonic
properties of optical antennas [39].
7. Antennas arrays and near-field enhancement
The near-field enhancement can be further increased by
arranging the nanoantennas in periodic arrays. The coupling
between grating modes and the LSPRs in NP arrays leads
to narrow resonances in the near and far field that can be
particularly suitable for sensing applications [78–80]. Such
coupling has previously been demonstrated in the optical
regime, and it can also be scaled to the THz range with
the purpose of detecting changes in the refractive indices of
fluids placed on the antenna array [81]. Calculations predict
that gold NP arrays can exhibit near-field enhancements

Figure 11. Near-field enhancement at the gap of periodic arrays
of antenna dimers for different pitches. The inset shows the sample
plane view, and illustrates the field enhancement localised at the
gap of the antennas at resonance. Each nanoantenna is composed
of two opposing 100 nm long, 40 nm wide, 40 nm thick arms
separated by a 20 nm gap. The antennas are placed on a glass
substrate of index n = 1.45.

approximately one order of magnitude greater than those
of isolated NPs [82–84]. Figure 11 shows the near-field
enhancement at the gap for square arrays of dimer antennas
with different periods, d. A narrow near-field resonance is
observed for d = 500 nm. The optimum periodic distance
occurs at the first grating order, and it can be easily estimated
from the resonance of a single nanoantenna λres and the
refractive index of the antenna substrate n, d = λres /n [82].

8. Conclusions
We have reviewed numerically the factors that generally
control the performances of optical antennas. These include
intrinsic aspects such as the dielectric properties of the
metal used or the geometry of the antenna, and extrinsic
factors such as the substrate or the presence of reflective
or adhesion layers. We have shown that the maximum in
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the near field intensity occurs at a wavelength different
from that of maximum scattering cross-section. We have
emphasised that the near- to far-field shift on dimer antennas is highly influenced by many parameters. An optimum
configuration providing high near-field enhancement and
scattering efficiency would consist of nanoantenna dimers
composed by NPs with high aspect ratio, arranged in a
periodic fashion on top of a low-refractive-index substrate
without the need of an adhesion layer. The inclusion of
a gold metal underlayer would even improve the quality
factor of the LSPR supported by such a system. All these
practical factors should be considered when designing plasmonic nanoantenna devices for specific applications.
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