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In this study, we examined the plasmon response for both metallic and metallodielectric nanoantennas
composed of four gold (Au) triangles in a quadrumer orientation. Tailoring an artificial metallic quad-
triangles nanoantenna, it is shown that the structure is able to support pronounced plasmon and Fano
resonances in the visible spectrum. Using plasmon transmutation effect, we showed that the plasmonic
response of the proposed cluster can be enhanced with the placement of carbon nanoparticles in the
offset gaps between the proximal triangles. It is verified that this structural modification gives rise to
formation of new collective magnetic antibonding (dark) plasmon modes. Excitation of these subradiant
dark modes leads to formation of narrower and deeper Fano resonances in the spectral response of the
metallodielectric nanoantenna. To investigate the practical applications of the metallodielectric structure,
we immersed the nano-assembly in various liquids with different refractive indices to define its sensi-
tivity to the environmental perturbation as a plasmonic biological sensor.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Plasmon resonances in metallic molecular clusters have been
extensively utilized in designing ultra-sensitive biochemical sen-
sors, routers, optical modulators, and long-range plasmon wave-
guides [1–4]. Tailoring self-assembled nanoparticle (NP) ag-
gregates in symmetric and antisymmetric orientations leads to
support of strong subradiant dark and superradiant bright modes
in nanoclusters depending on their complexity [5]. In the non-
retarded limit, a weak and destructive interference between dark
and bright resonant modes in the energy continuum of the dark
mode gives rise to formation of pronounced Fano resonant (FR)
modes in the extinction profile [6]. In terms of structural proper-
ties, spherical NPs are the most important types of metallic com-
ponents that have a wide range of utilization in designing simple
and complex molecular clusters, supporting plasmon resonances
with tunable structural parameters [1–6]. Mie scattering and
plasmon hybridization theories are the methods to analyze the
plasmon response of subwavelength clusters composed of sphe-
rical particles [6,7]. However, non-spherical shapes of NPs such as
nanostars, nanorices, nanospirals and bow-ties have been used
extensively to design novel devices such as nanoantennas, sensors,
and switches with significant sensitivity and responsivity [8,9]. For
instance, just recently Nguyen et al. [10] have proved that metallic
d).
nanostars are promising nanostructures to optimize the accuracy
of detection in DNA sensing and cell reorganization due to their
special geometrical flexibility for supporting plasmon resonances
which makes these structures highly sensitive to the extremely
subtle environmental perturbations. Nanosize spiral is another
example of antisymmetric unconventional structures that was
tailored to support strong FR mode in a wide range of sensing
applications with significant accuracy [11]. The unique properties
of non-spherical structures persuaded researchers to utilize these
NPs in designing plasmonic sensors with high tunability and ul-
trasensitivity. As a specific case and for triangular NPs, Nein et al.
[12] have proved that a metallic configuration composed of a
couple of equilateral nanotriangles is able to support plasmon
resonant modes in the range of visible to the near infrared region
(NIR). This work also showed that strong coupling of plasmon
resonant modes in a couple of metallic equivalent triangles yields
resonance extremes regarding the bright and dark modes in the
near-field coupling regime [10,12–14].

In this article, we examine the plasmonic response of a sym-
metric subwavelength nanocomplex composed of four Au trian-
gles as a “quad-nanotriangles antenna (QNTA)” on a quartz (SiO2)
substrate that are placed in a head-to-head position with a certain
offset distance away from each other. Using numerical analysis, we
calculated the scattering cross-sectional profile for the structure
under illumination with an incident linear light source. We
showed that the proposed QNTA supports pronounced FR modes
in the visible spectrum despite of its simple and symmetric or-
ientation. Then, we evaluated the behavior of the FR dip with
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dielectric nanospheres of different dimensions (carbon
(C) nanospheres (CNSs)) in the offset region between nano-
triangles (metallodielectric nanoantenna). Immersing the pro-
posed metallodielectric nanoantenna in a liquid ambience with
different refractive indices and observing the behavior of FR dip
during environmental perturbations we calculated the sensitivity
of the nano-assembly as a biological plasmonic sensor.
2. Numerical method setup

To analyze the plasmon response of the proposed QTNA, three-
dimensional (3D) finite-difference time-domain (FDTD) model
(Lumerical FDTD package) was used as a numerical tool. We used
the following settings for FDTD simulations: The spatial cell sizes
(mesh dimensions) are set to dx¼dy¼dz¼1 nm, with 12,000
number of cells, and Perfectly Matched Layers (PMLs) as the
boundary condition with 64 layers. Technically, PMLs are artificial
absorbing layers for scattered electromagnetic (EM) waves that are
used to make the computational workplace finite. This is neces-
sary, because any reflections will travel through the lower com-
putational surface and cannot be separated from the forward and
backward scattered EM waves. Additionally, considering numerical
stability for the nanoantenna, simulation time step is set to the
0.02 fs according to the Courant stability. Courant stability is an
important and necessary condition for convergence of distributed
EM field during solving differential equations in numerical FDTD
simulation method. It should be underlined that the applied time
step must be less than a given time in explicit time integration
mechanisms to yield correct outcomes.

We excited the FR modes by satisfying the condition for the
interference of dark and bright modes in the metallic triangle-
based nanoantenna. Fig. 1(a) shows a three-dimensional sche-
matics of the proposed QNTA on a quartz substrate with the
description of geometrical parameters inside. Each one of the
equilateral triangles has identical side length of 80 nm, and the
Fig. 1. a) Three and two-dimensional schematic diagrams of the QNTA on a quartz subs
sectional profile for a simple dimer of metallic triangles under transverse and longitudin
QNTA structure under transverse and longitudinal electric polarization modes. Inset pi
density distribution inside the triangular quadrumer in dark and bright modes, e) norm
thickness of 50 nm, where the head-to-head distance between the
proximal triangles is 12 nm to provide strong coupling of plasmon
resonances. This offset gap plays a key role in molecular clusters
by providing a condition for interference of dipolar and multipolar
modes with high energies. It has been shown that large junction
distance leads to disappearance of strong plasmon resonant peaks,
and in contrast, short junction distance allows strong plasmon
resonances with a blue-shift to the shorter wavelengths [15,16].
Here, we set this parameter to an intermediate value to obtain
strong coupling regime without blue-shift of Fano and plasmon
resonant peaks. Furthermore, we used artificial apex equilateral
nanotriangles for our numerical simulations in both metallic and
metallodielectric QNTAs. To analyze apex nanotriangles, we used
small mesh sizes for all of the axes (sub-nanoscale atomic di-
mensions) in the FDTD simulations. In terms of chemical compo-
sitions, Au nanotriangles and quartz substrate with the experi-
mentally determined Johnson–Christy [17] and [18] constants
were employed, respectively.
3. Results and discussion

For a regular dimer composed of two equivalent Au nano-
triangles that are suited in a head-to-head position, Nein et al. [12]
have analyzed the intensification of the EM field and enhancement
of plasmon resonances in a metallic contour bow-tie on a di-
electric substrate analytically and numerically. Using almost ana-
logous mechanism based on plasmon hybridization concept, we
induced dipolar and multipolar plasmon resonant modes in the
proposed QNTA by exposing the structure to a linear plane wave,
which is in the z direction with the bandwidth of λ�0.4–1 μm.
Fig. 1(b) exhibits the scattering cross-section diagram for a me-
tallic triangular nanoparticles in a simple dimer orientation under
transverse and longitudinal excitation. Two distinct extremes ap-
pear for electric dipolar and quadrupolar modes for both incident
modes. Fig. 1(c) displays the numerically calculated scattering and
trate with the description of geometrical parameters and sizes, b) scattering cross-
al polarization excitations, c) scattering and absorption cross-sectional figures for a
cture shows the illumination direction and source position graphically, d) change
alized classical absorption diagram per photon energy (hυ) in a QNTA.
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absorption cross-section spectra for a metallic QNTA. Using Dis-
crete Dipole Approximation (DDA) technique for non-spherical
objects [19,20] and considering numerically calculated scattering
diagram, two distinct plasmon resonance extremes corresponding
to the superradiant bright and subradiant dark modes are identi-
fied in the visible spectrum at λ�0.735 μm and 0.495 μm, re-
spectively. Also in Fig. 1(b), a significant minimum corresponding
to the FR mode is observed at λ¼0.595 μm. This Fano dip is re-
sulted from the interference between bright and dark resonant
modes of the adjacent nanotriangles. Noticing in the scattering
diagrams, the proposed plasmonic nanoantenna gives almost
identical response to the illumination of both incident transverse
and longitudinal polarizations due to its symmetric geometry with
only a few nanometer shift in the position of the Fano minimum.
To understand the origin of the dark and bright mode formations,
it is helpful to examine the scattering cross-section profile for a
dimer structure (see Fig. 1(b)). For this structure, we observed two
shoulders corresponding to the dipolar and multipolar modes. In
this profile, no Fano dip appears due to absence of destructive
interference of dark and bright modes. To induce Fano-like or
pronounced Fano dips in the scattering spectra of a metallic mo-
lecular cluster, additional structural and modal engineering is re-
quired. Symmetry breaking is one of the important mechanisms
that have been utilized to create and intensify the energy of dark
modes in colloidal systems [16]. The other method is the place-
ment of nanoparticles inside the cluster to break the symmetry
and generate strong dark modes such as metallodielectric struc-
tures [5]. Moreover, placement of simple nanoparticle assemblies
in a close proximity to each other leads to constructive inter-
ference of the excited dipolar and multipolar modes with each
other. Using this method for the data in Fig. 1(b), we analyzed
creation of Fano resonant mode in the proposed triangle-based
quadrumer antenna. First of all, a constructive interference be-
tween dipolar electric modes gives rise to formation of a distinct
extreme regarding the superradiant bright mode. In this regime
the position of superradiant bright mode peak remains fixed. On
the other hand, as a result of interaction of dipolar and multipolar
resonant modes, a distinct dark mode can be obtained in the
scattering spectra with a dramatic blue-shift in the position of the
peak. The result of interaction between the dark and bright modes
is formation of a noticeable dip between them in the visible fre-
quency. In addition, the direction of charge density for both dark
and bright modes is plotted in Fig. 1(d). Considering the absorption
curve in Fig. 1(c), the peak of the plasmon resonance absorption
appears at the wavelength of FR dip, and also, two other absorp-
tion shoulders are observed at the wavelengths of dark and the
bright resonant modes, which is in complete agreement with the
hybridization theory. The inset shows the propagation direction
Fig. 2. a, b, c) Two-dimensional simulation snapshots of plasmon resonance excitatio
(λ�0.595 μm), respectively.
and polarization of the incident wave graphically. To understand
the plasmonic response by the plasmon hybridization theory and
to obtain the energy level diagram, we plotted the classical nor-
malized absorption diagram over the incoming photon energy (hυ)
(see Fig. 1(e)). This profile also helps to understand the amount of
accumulated plasmon resonance energy and intensity of localized
and hybridized plasmon modes on the spot at the middle of the
QNTA. Noticing in the normalized absorption profile, four distinct
shoulders correlating with the localized surface plasmon re-
sonances (LSPRs) are observed at 1.687/2.032/2.695/3.444 eV. The
distinct peak at 2.032 eV is related to the FR mode position in the
coupling spot at the center of the metallic QNTs. Fig. 2 shows the
simulated two-dimensional E-field distribution for the plasmon
resonance excitation and localization at the center point between
the Au nanotriangles for the frequencies of dark, bright, and FR
modes under transverse polarization excitation. Applying plasmon
hybridization theory to analyze the behavior of FR dip, we ob-
served strong localization and accumulation of plasmon resonant
modes at the center point between the Au nanotriangles (in the
offset gap position between head-to-head particles), which leads
to generation of hot spots and large amount of energy dissipation.

We plotted the energy level diagram for the QNTA based on
triangle NP dimer (NPD) and triangle cavity dimer (NCD) in Fig. 3.
The energy level diagram is plotted for three different states of a
triangle-based nanostructure unit which are QNT, NPD, and NCD
separately. To this end, we illuminated the cavity and particle di-
mers individually to determine the amount of photon energy ab-
sorption for the corresponding resonant modes which are denoted
by NPD|ω >± and NCD|ω >± for the bonding bright and the antibonding
dark modes. Besides, four energy peaks are identified at different
levels, wherein the mode that appears at 1.687 eV corresponds to

QNT|ω >−
− , which is formed by the plasmon bonding modes of NPD

and NCD systems ( NPD NCD|ω > ↔ |ω >−
− ). The second energy level is

2.032 eV corresponding to QNT|ω >−
+ , which is formed by the inter-

ference of bonding and antibonding modes of the cavity and the
NP dimers energies with the contribution of bonding mode
( NPD|ω >− ) as: ( NPD NPD NCD( )|ω > + |ω > ↔ |ω >+ −

− ). The other resonant
mode with the energy level at 2.695 eV is the third plasmon re-
sonant mode ( QNT|ω >+

− ) that is formed by the interaction of a
mixture of bonding and antibonding modes of the dimer NPs and a
bonding mode of cavity dimer as: NPD NPD NCD( )|ω > + |ω > ↔ |ω >− +

+ .
The last mode is the resonant mode that is observed at the energy
of 3.444 eV ( QNT|ω >+

+ ) and resulted by the interference of anti-
bonding plasmon modes as: NPD NCD|ω > ↔ |ω >+

+ . So far, we ex-
amined the plasmon responses for a symmetric metallic QNTA
which includes a pronounced FR minimum in the visible spec-
trum. To understand the operation mechanism of the presented
nanoantenna, we plotted the charge density distribution inside the
n and coupling for the bright (λ�0.495 μm), dark (λ�0.630 μm), and FR modes



Fig. 3. Energy level diagram for the plasmon resonance hybridization in a QNTA
configuration with the charge distribution diagram.
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triangles in the metallic QNTA structure for FR position
(λ¼0.595 μm) in Fig. 3.

Next, we investigate the spectral response for the same na-
noantenna with the addition of CNSs in the junction space be-
tween proximal Au triangles as metallodielectric structures. Noti-
cing in Fig. 4(a), four amorphous CNSs are deposited in the top
sections between nanotriangles with variable radii. Wen et al. [21]
Fig. 4. a) A two-dimensional schematic diagram of the QNTA with the placement of CN
two-dimensional simulation snapshot for a QNTA composed of CNSs for the FR mode (
and Ahmadivand et al. [22] have verified that addition of dielectric
NPs in a metallic molecular assembly of spherical particles gives
rise to formation of new collective magnetic subradiant (dark)
magnetic modes, which provide a significant contribution to the
excitation of strong and deep FR dips. Fig. 4(b) shows the plasmon
response of a metallodielectric QNTA with the presence of CNSs of
three different sizes. Here, using identical CNSs with the diameters
in the range of 6/7/8 nm, a pronounced Fano minimum is induced
in the scattering profile, and a significant enhancement in the FR
dip is obtained by increasing the size of CNSs. Technically, increase
of the size of the CNSs, causes the increase in the energy of the
collective dark modes and improvements in the quality of FR with
red-shift to the longer wavelengths. This pronounced Fano mini-
mum appears at λ¼0.695 μm that is resulted from the contribu-
tion of collective magnetic dark modes in the presence of CNSs
with the diameter of 8 nm. It should be underlined that new
strong dark resonant modes induce quadrupolar magnetic plas-
mon resonances in the pronounced FR mode and improve its
performance. Fig. 4(c) illustrates the simulated two-dimensional
E-field distribution for the case of plasmon hybridization and lo-
calization enhancements in the studied nanoantenna with the
presence of CNSs. The strongest field intensities are identified in
the offset gap distance (the position of CNSs) between triangles.

Finally, we used the metallodielectric QNTA to design a na-
noscale plasmonic sensor. To this end, four different chemical
fluids with different refractive indices were used to examine the
sensitivity of the presented metallodielectric QNTA. Fig. 5
(a) shows a schematic diagram of the proposed plasmonic struc-
ture that is immersed in a liquid system completely. Calculating
Ss, b) scattering cross-sectional profile for the QNTA with the presence of CNSs, c)
λ�0.695 μm).



Fig. 5. a) A schematic diagram of a nanoantenna in a fluid systemwith the chemical formulations of immersed liquids, b) scattering cross-sectional profile for the QNTA with
CNSs in a medium with the variable refractive index, c) a linear plot of plasmon resonance energy deviations over the refractive index variations as a FOM profile.
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the scattering spectra for the structure, we examined the response
of the metallodielectric QNTA to the environmental refractive in-
dex perturbations. The sensitivity of the structure is quantified by
the widely used figure of merit (FOM). The FOM is defined by the
ratio of the plasmon resonance energy shifts (ΔE) over the re-
fractive index (n) variations as a linear fit. We used following fluids
as a surrounding ambience: Ether (R–O–R') with n¼1.35, Ethylene
glycol (HO–CH2CH2–OH) with n¼1.43, Chlorobenzene (C6H5Cl)
with n¼1.525, and Quinoline (C6H7N) with n¼1.627 [23–25].
Fig. 5(b) showsa comparative diagram for the spectral response of
the QNTA to the refractive index variations, where a noticeable
red-shift in the position of FR minima to the longer wavelengths is
observed with the increasing refractive index of the medium.
Considering the previously proposed methods to determine the
FOM value for the designs with an antisymmetric FR dip [15,16],
we calculated it for the studied metallodielectric QNTA as �8.25
(see Fig. 5(c)). The obtained value of FOM is a significant value for a
simple molecular and symmetric structure, comparing to the one
for a fully metallic QNTA (�7.7), showing the superior perfor-
mance of the metallodielectric QNTA (see Fig. 5(c)). It should be
noted that increasing the number of QNTA and depositing them on
a metasurface as meta-atoms could provide a pathway to design a
plasmonic metamaterial that is a potential candidate with an
outstanding FOM for biochemical sensing applications.
4. Conclusions

We studied the plasmonic response of a nanoscale antenna
composed of closely packed Au triangle NPs and the same with
carbon nanospheres. We showed that presented nanostructures
can be tailored to support pronounced FR modes in the visible
range of spectrum. It is verified that deposition of CNSs in the
certain offset gap distances between triangles gives rise to sig-
nificant enhancements in the intensity of plasmon resonances and
high quality FR dips. Using the proposed metallodielectric QNTA as
a plasmonic sensor, we calculated the sensitivity of the structure
to the environmental refractive index perturbations. This under-
standing can help designing simple molecular structures that are
able to support strong plasmon and Fano resonances for various
sensing applications.
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