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Abstract—We numerically demonstrate high quality excitation,
localization, and hybridization of plasmon resonant modes in an
antisymmetric eight-member nanoshell oligomer (octamer) con-
sisting of gold (Au) nanoshells deposited on a multilayer substrate
composed of β-SiC/SiO2 /Si layers. Using the geometrical tunabil-
ity of nanoshells, we analyze excitation and interference of sub- and
superradiant plasmon modes and present scattering cross-sectional
spectra. It is shown that multilayer substrate plays a fundamen-
tal role in confinement of optical power in the nanoshell octamer,
and results in the formation of a pronounced Fano minimum. A
maximum value of ∼0.992 for the confinement factor is achieved
in the proposed structure by optimizing the substrate thickness. To
demonstrate the possibility of practical applications, we immerse
the structure in liquids with different refractive indices, and ob-
serve how the Fano dip shifts. This method allows the calculation
of figure of merit (FoM) which is plasmon resonance variations
(ΔE eV) over the refractive perturbations (n) as 22.25 for the
proposed nanocomplex. This study would make the utilization of
compact multilayer configurations composed of nanoparticle ag-
gregates possible to design high-precision, high-sensitivity (bio)
chemical sensors.

Index Terms—Biological sensing, multilayer substrate,
nanoshell octamer, numerical modeling.

I. INTRODUCTION

P LASMONICS is acknowledged to have a great potential
for numerous photonic and optics-based applications from

visible to infrared spectrum [1]–[3]. There have been remarkable
progresses in designing nanosize devices and structures based on
plasmonic components such as surface-enhanced Raman spec-
troscopy [4], bio/chemical sensing [5], [6], photovoltaic applica-
tions [7], plasmonic waveguides [8], [9], nonlinear optics [10],
and active optoelectronic applications [11]. In the past decade,
closely packed nanoparticle clusters or “oligomers in molecu-
lar regime have witnessed remarkable progresses due to their
immense potential to support strong plasmon resonant modes
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in such complex aggregates [12]–[14]. Number of nanoparti-
cles and their orientation determine the complexity of a cluster.
For instance, a pair of identical nanoscale particles that are lo-
cated in a close proximity to each other (with a gap distance
of few nanometers) is well-known as a dimer which is the sim-
plest particle assembly, and despite of its simplicity, it has a
wide range of utilization in designing plasmonic biological and
DNA sensors [15], [16], and nanoantennas [17], [18]. The op-
erating mechanism of such plasmonic nanoparticle clusters is
primarily based on localization of plasmon resonant (LSPR)
modes in particles and interference of these resonant modes
with each other in constructive and destructive regimes through
the small gap between the neighboring particles [19]. The in-
teractions between sub- and superradiant plasmon modes can
be analyzed by plasmon hybridization and Mie scattering the-
ories [19]–[21]. Using these theories, the plasmon response of
various nanoparticle oligomers have been characterized numer-
ically, analytically, and experimentally for diverse applications
from sensing to waveguiding [22]–[24]. It is well-understood
that a weak and destructive interference between opposite sub-
and superradiant mode leads to strong accumulation of optical
power in the cluster and the result of this interaction is formation
of a minimum in the extinction profile as a Fano resonant dip
[15], [22]. The changes in behavior of Fano dip in response to
structural and environmental variations have been extensively
utilized in designing optical devices [22]–[26].

The plasmon response of various nanoparticle assemblies can
be controlled by adjusting some fundamental parameters that
are affective in excitation and hybridization of plasmon reso-
nant modes. The material, size, shape, and orientation of the
employed nanoparticles have dramatic influences on the qual-
ity of plasmon resonance coupling and Fano resonance perfor-
mance. Gold (Au) nanodisks have been widely considered as
a building block in designing simple and complex nanoclus-
ters [27], [28]. However, nanodisks suffer from limitations in
tunability in the geometrical parameters, hence, having a parti-
cle with extra tunability can be helpful to enhance the quality
of Fano dip and adjust its position in a desired spectral range.
Nanoshell possesses a strategic shape which provides extra de-
gree of tunability (DoT) in the structural components to design
optical communication devices [29], [30]. Nanoshell’s three ad-
justable parameters (inner and outer radii, and height) yields
required flexibility for designing nanoclusters with tunable and
high quality sharp Fano dips [31], [32].

In this study, we investigate the optical properties and spec-
tral response of a complex octamer cluster consisting of Au
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nanoshells that are deposited on a multilayer structure of silicon-
carbide, silica, and silicon (β-SiC/SiO2 /Si) layers. We calcu-
lated the scattering cross-sectional profile for the nanocomplex
on the multilayer substrate as a function of structural param-
eters to find the appropriate geometrical dimensions resulting
a narrow Fano dip. In addition, we examined the advantages
of the multilayer substrates (β-SiC/SiO2 /Si) for the plasmonic
response of the proposed structure by calculating the confine-
ment factor. To measure the sensitivity of the proposed structure
to ambient changes, we immersed it in liquids with different
refractive indices. Plotting a linear fit for the plasmon reso-
nance energy variations over the refractive index perturbations
as a linear diagram, we quantified the FoM for potential sens-
ing applications. Finite-difference time-domain (FDTD) method
(Commercial Lumerical FDTD Solutions package) was used as
a numerical tool to determine the plasmon response for the
proposed plasmonic metamaterial. The spatial cell sizes in the
simulations were set to dx = dy = dz = 1 nm, and 64 perfectly
matched layers were selected for the boundaries. Simulation
time step was set to the 0.01 fs according to the Courant stabil-
ity. The light source was a linear plane wave with a pulse length
of 2.6533 fs, and with the offset time of 7.5231 fs.

II. THE OPTICAL PROPERTIES OF AN OCTAMER CLUSTER ON

THE MULTILAYER SUBSTRATE

We first calculated the plasmon response of an octamer com-
posed of Au nanoshells that are deposited on a multilayer
substrate comprises of β-SiC/SiO2 /Si layers. Many sensor de-
sign approaches have been demonstrated theoretically and ex-
perimentally in earlier publications. Optical waveguide-based
nanostructures yield outstanding advantages in designing highly
sensitive sensors and high degree of on-chip integration such as
Turbadar–Kretschmann arrangement [33]. These type of optical
sensors provide an excellent reduction of dissipative compo-
nents such as large absorption of incident optical energy in visi-
ble to the near-infrared region (NIR). Also, due to the strong ab-
sorption of light at shorter wavelengths (λ<1000 nm) by silicon
(Si) β-SiC has been considered as a substitution semiconductor
for designing photonic devices, recently [34], [35]. Comparing
the energy bandgap (eV) as Eg = 1.11 eV and Eg = 2.36 eV
at T = 300 °K for Si and β-SiC, respectively, the wide bandgap
of SiC yields transparent spectrum over the wide range of
bandwidths form the visible to the NIR. Recently, β-SiC has
been used in optical and biochemical sensors, high speed phase
modulators, and fast switches due to its electro-optic factor
larger than analogous semiconductors such as GaAs [36], [37].
Fig. 1(a) shows a three-dimensional schematic diagram for the
proposed nanoparticle cluster on the multilayer substrate. Due
to the large gap between the refractive index of Si and β-SiC
(nsi > nβ−SiC ), we used a SiO2 layer as an isolation sheet in-
between. Experimentally determined Palik constants were used
for the substances at λ∼ 700 nm and the refractive indices were
set to n = 2.647, 1.446, 3.497 for Si, SiO2 , and β-SiC, respec-
tively [38], [39]. In terms of experimental realization, Ricciardi
et al. [40] have shown that a β-SiC layer can be deposited on a
SiO2 layer by chemical vapor deposition (CVD) technique. The

Fig. 1. (a) A schematic diagram for the proposed nanoshell octamer on a mul-
tilayer substrate composed of β-SiC/SiO2 /Si layers. The polarization direction
of the incident electric transverse mode is depicted by an arrow, (b) the geomet-
rical parameters of the nanoshell octamer are introduced in this picture. Rci and
Rco are the inner and other radii of central nanoshell, while the Rpi , and Rpo

are the inner and other radii of peripheral identical nanoshells, respectively.

thickness of each one of the substrate layers has profound im-
pact on the confinement factor which is important for efficient
plasmonic sensors. It is well-accepted that Si layer shows un-
desired leakage which caused to formations of destructive lossy
components and highly suitable for light harvesting purposes.
Therefore, to reduce the effect of losses in plasmon devices, the
thickness of SiO2 layer must be thick enough (with the thickness
of 2700 nm) to isolate the β-SiC and Si layers. This isolation
layer between upper and lower layers leads to achieve dramatic
confinement of optical energy in the nanocomplex resulting a
noticeable confinement factor. Obtaining a high confinement of
optical energy leads to strong localization of surface plasmon
resonant modes inside the cluster.

Noticing in Fig. 1(b), the size of central nanoparticle is bigger
than peripheral ones which helps to provide required asymmet-
ric structure to excite sub- and superradiant plasmon resonant
modes and Fano dips in the scattering diagram. Technically,
each one of these modes indicates the oscillation direction of
the dipolar momentum inside the nanoparticles in an assembly.
For the superradiant mode, the dipolar plasmon modes oscillate
in the same direction in all of central and peripheral particles,
and in contrast, in the subradiant mode, the dipolar momentum
of the middle particle is in the opposite direction in comparison
to the surrounding ones [30]. Considering hybridization mech-
anism, in the retarded limit, a weak and destructive interference
between superradiant and subradiant plasmon modes gives rise
to formation of a Fano minimum in the superradiant energy level
continuum. For the proposed octamer complex, by increasing
the size of the central nanoshell, the dipole moment increases
significantly, which causes to equality in the dipole momen-
tum of the central and peripheral nanoshells. This hetero-cluster
yields an opportunity to generate pronounced Fano resonance
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Fig. 2. (a) The spectral responses for the octamer cluster composed of Au
shells under transverse electric polarization mode, while the inner radii of sur-
rounding particles is variant, (b) The spectral responses for the octamer cluster
composed of Au shells under transverse electric polarization mode, while the
outer radius of surrounding particles is variant.

dips in the scattering profile. Herein, we try to enhance the qual-
ity of the generated Fano resonant dip by improving its narrow-
ness and depth. As we mentioned, the unique structural shape of
nanoshells helps us to modify and adjust the plasmon resonance
peaks and Fano dips at the desired spectrum while the quality
increases. Therefore, finding the right values for these parame-
ters would help us to generate narrow and deep Fano minimum.
According to Fig. 1(b), Rci and Rco are the inner and outer radii
of central nanoshell, while the Rpi , and Rpo are the inner and
outer radii of peripheral identical nanoshells, respectively. In ad-
dition, h is the height of the particles that has been considered as
an equal dimension for all of the shells. For the octamer cluster,
seven identical nanoshells are located at the same distance from
each other as peripheral particles, and the offset gap distance be-
tween the proximal nanoparticles is indicated by D7h which is
equal between surrounding nanoparticles. Shaping the examined
octamer cluster in homo- and hetero-cluster formation would be
possible by changing the radius of the central and peripheral
nanoparticles, and also interparticle junction distance. From the
technical point of view, hollow nanoshell is able to support
strong plasmon resonances with particular optical frequencies
that are highly sensitive to the structural modifications of the
particle and environmental perturbations. To this end, we plot-
ted the scattering spectra for the proposed eight-member cluster
on the multilayer substrate as a function of nanoshell geometries
Assuming the height (h) of the nanoshells is h = 60 nm for all of

TABLE I
THE GEOMETRICAL SIZES OF PERIPHERAL AND CENTRAL NANOSHELLS,

WHILE THE RADII OF SURROUNDING PARTICLES ARE CHANGING

Parameters Settings

Rp o 65 nm
Rp i Variable (24–45 nm)
Rc o 110 nm
Rc i 90 nm
h 60 nm
D7 h 12.5 nm

TABLE II
THE GEOMETRICAL SIZES OF PERIPHERAL AND CENTRAL NANOSHELLS,

WHILE THE RADII OF SURROUNDING PARTICLES ARE CHANGING

Parameters Settings

Rp o Variable (65–90 nm)
Rp i 45 nm
Rc o 110 nm
Rc i 90 nm
h 60 nm
D7 h 12.5 nm

the metallic shells, and the gap distance is constant (D7h = 12.5
nm to supply strong resonance coupling regime) using the pro-
posed geometries that are presented in Table I, we depicted
the scattering cross-sectional profiles in Figs. 2(a) and 2(b) for
the octamer cluster under transverse electric polarization mode.
In this cross-sectional spectra, we modified the dimensions of
the surrounding shells (Rpi and Rpo ), while the size of central
particle is unchanged. Obviously, by increasing the Rpi from
24 nm to 45 nm (Fig. 2(a)), the dipolar plasmon resonance ex-
treme red-shifts to the longer wavelengths, while Rpo = 65 nm
and a small and weak Fano-like minimum is detected at
λ∼ 715 nm due to the partial (weak) coupling between sub-
and superradiant plasmon resonance modes. On the other hand,
while fixing the Rpi to 45 nm, we increased the Rpo from 65 to
90 nm (Fig. 2(b)) to intensify the energy of subradiant modes
to supply strong coupling at the superradiant energy continuum
(see parameters and their sizes in Table II). The result of this
structural variation is a noticeable red-shift in the plasmon reso-
nance peaks, while a remarkable Fano minimum is observed in
the scattering spectra. Thus, by increasing the overall sizes for
the peripheral nanoshells, the desired pronounced Fano dips can
be observed around λ∼ 1075 nm. It should be emphasized that,
we assumed the overall size of central particle is larger than the
size of the surrounding shells in all of the prior studies.

Next, we altered the geometrical dimensions in the central
nanoshell to provide a narrow and deep Fano minimum. Fig. 3(a)
exhibits the results for the numerical calculations of the light-
mater interaction as result of plasmon hybridization. Using the
numerical values listed in Table III, we changed the inner ra-
dius of the middle shell (Rci) from 80 to 100 nm. Decreasing
the inner radius of shell blue-shifts the Fano resonance dip to
the shorter spectra and makes it broader. In contrast, increas-
ing the inner radius provides deep and narrow Fano dip with
a remarkable red-shift (see Fig. 3(a)). For the last analysis, in-
creasing the outer radius (Rco ) of the middle shell provides a
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Fig. 3. (a) The spectral responses for the octamer cluster composed of Au
shells under transverse electric polarization mode, while the inner radius of
central particles is variant, (b) The spectral responses for the octamer cluster
composed of Au shells under transverse electric polarization mode, while the
outer radius of central particles is variant, (c) two-dimensional snapshot of
plasmon resonance excitation inside the nanoshells and its coupling between
proximal particles.

TABLE III
THE GEOMETRICAL SIZES OF PERIPHERAL AND CENTRAL NANOSHELLS,

WHILE THE RADII OF CENTRAL PARTICLE IS CHANGING

Parameters Settings

Rp o 90 nm
Rp i 45 nm
Rc o 115 nm
Rc i Variable (80–100 nm)
h 60 nm

TABLE IV
THE GEOMETRICAL SIZES OF PERIPHERAL AND CENTRAL NANOSHELLS,

WHILE THE RADII OF CENTRAL PARTICLE IS CHANGING

Parameters Settings

Rp o 90 nm
Rp i 45 nm
Rc o Variable (120–130 nm)
Rc i 100 nm
h 60 nm

pronounced Fano resonance dip with sharp and narrow charac-
teristics at λ∼ 1295 nm (see Fig. 3(b)). Fig. 3(c) demonstrates
the two-dimensional snapshots for the plasmon resonance ex-
citation inside the nanoshells and coupling and localization be-
tween proximal nanoparticles for the octamer with the finalized
geometrical parameters listed in Table IV. The figure clearly
presents the enhancement of Fano resonance performance dur-
ing modification in the outer radius of the central shell. In all
of the simulations, the thickness of the multilayer configuration

layers are 95, 2700, and 3500 nm for β-SiC, SiO2 , and Si layers,
respectively. Next, we will discuss the confinement factor in the
proposed molecular cluster for sensing applications.

III. CALCULATING THE CONFINEMENT FACTOR FOR THE

MULTILAYER CONFIGURATION

Recently, the sensitivity of Fano resonant mode to the environ-
mental and structural modifications has been utilized commonly
as an important factor in designing plasmonic nanosize sensors
with high accuracy [41], [42]. In practical biochemical sensing
applications, perturbations in the environmental refractive index
causes to blue- or red-shift of Fano dip. In this regime, excitation
of the presented plasmonic nanostructure by a plane wave source
and immersing it in a dielectric liquid, we would be able to probe
and investigate its plasmonic response by sketching the scatter-
ing cross-sectional profile as a function of the refractive index.
Considering Lambert–Beer’s law for the chemical sensing sys-
tems, distributing the optical energy along the nanostructure,
a large amount of incident light can be absorbed by a simple
waveguide substrate such as SiO2 . As a results, using multicom-
ponent structures would be helpful to reduce the amount of this
destructive influence [39]. Pandraud et al. [37] have proved that
the absorption of optical energy in waveguide systems can be
described as:

α =
1

flc
log

E0

Ea
(1)

where α is the absorption coefficient, f is the confinement factor,
l is the length of the substrate waveguide, c is the concentration
of sensing environment, which is a variable parameter based on
refractive index modifications, and E0 and Ea are the incident
light intensity (energy) without and with energy absorption in
the sensing environment.

Two mechanisms can be employed to define the accuracy of a
plasmonic nanoscale sensor. Quantifying the confinement factor
of the molecular structure [40], [41], and plotting the linear fig-
ure of merit (FoM). Here, we first, used the confinement factor
measurement to evaluate the effect of multilayer structure on this
parameter which can help us to determine the exact thicknesses
of the layers. Then, we quantified corresponding FoM for the
structure numerically by plotting the plasmon resonance energy
alterations (ΔE eV) over the ambient refractive index (n) varia-
tions. In this method, we would be able to study the preciseness
of the LSPR sensitivity for the multilayer nanostructure in detail.
To determine the confinement factor, we used following method
to set the appropriate geometrical dimensions for substrate lay-
ers: We know that the sensitivity of a simple multilayer sensor is
proportional to “lfα,” or in other words, dividing the ratio of ab-
sorbance variations (ΔA) with the concentration perturbations
(Δc) in the environmental condition yields the sensitivity of the
plasmonic structure [43]–[45]. Earlier studies have verified that
using multilayer component and depositing a metal layer above
the layers as a sensing zone is useful to improve the sensitivity
of the structure due to the light confinement by metallic layer
[46], [47]. Here, for sensing part of a multilayer structure, we
utilized a nanocomplex composed of Au nanoshells (instead of
a simple thick Au layer) that provides dramatic confinement
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Fig. 4. (a) The cross-sectional snapshot of the transverse electric mode distri-
bution in a proposed multilayer nanocluster-based sensor, while the refractive
index of the medium is n = 1.44. A low leakage of the confined field is observ-
able between SiC and SiO2 layer due to high confinement of light by cluster,
(b) calculated confinement factor for the multilayer structure over the thickness
of SiC layer, while the size of nanocluster is unchanged. Also, this parameter
has been compared for a structure composed of Au slot and without plasmon
resonance property regimes.

of light and localization of excited plasmon resonance modes
via strong localization and hybridization of plasmon resonances
resulting a strong and sharp Fano minimum. Fig. 4(a) exhibits
a cross-sectional snapshot for the electromagnetic field distri-
bution between β-SiC substrate and nanoshell octamer under
illumination of a transverse electric polarization. The geometri-
cal dimensions for the cluster are based on the values used in the
prior section and the default thickness for the β-SiC layer is set
to 85 nm. Varying the thickness of the β-SiC substrate, we calcu-
lated the confinement factor and depicted the results in Fig. 4(b).
Numerically calculated confinement profile indicates that for the
presence of the proposed Au nanoshell octamer the maximum
of confinement factor is achievable for the β-SiC with a thick-
ness of 75 nm. The figure also compares the confinement factor
for the presence of simple Au layer with a thickness of 55 nm,
Au nanoshell cluster, and non-surface plasmon (or pure β-SiC)
regimes, numerically. As it is obvious, employing a cluster with
the height of h = 60 nm, the structure shows superior behavior
in comparison to the other investigated structural alternatives
and provides a confinement factor of 0.992 for a SiC layer with
the thickness of 75 nm. For the case of using an Au slot with a
thickness of 55 nm, the confinement component is lower than
the cluster-based configuration reaching to a maximum value of
0.951 for a β-SiC layer with a thickness of 115 nm. Noticing
in depicted snapshot (see Fig. 4(a)), increasing the thickness of
the β-SiC layer improves the confinement of plasmon resonance
modes and prevents field escaping to the isolation section (SiO2)
of the multilayer structure. Finally, for the pure β-SiC or non-
surface plasmon resonance regime, the situation is worse and the
confinement factor is lower than <0.52. The confinement factor

Fig. 5. (a) Calculated scattering spectra for the proposed nanosensor while
immersing by mentioned liquids. The Fano dip red-shifts by increasing the
refractive index of the medium and becomes narrower and deeper, (b) quantified
FoM for the plasmonic sensor by sketching the linear fit of plasmon energy (ΔE)
differences over the refractive index (n) alterations.

decreases by increasing the SiC layer thickness exponentially
due to high absorption of optical energy by the substrate layer
which led to undesirable losses. The noteworthy point here is
the high confinement factor in the range of 0.912–0.992 can be
achieved for the proposed configuration with various thickness
of SiC layer. This short range of variation in is an advantage
for the fabrication processes (CVD), making the performance
of the structure relatively insensitive to the subtle variations in
the thickness of semiconductor layer.

IV. CALCULATING THE FOM FOR THE MULTILAYER

CONFIGURATION

As we mentioned, numerous types of metallic nanoparticle
clusters in various complex orientations have been extensively
studied to design precise plasmonic sensors based on the posi-
tion and behavior, of the Fano resonance [48]–[50]. To determine
the performance of the proposed nanostructure for practical
sensing applications, we investigated changes in its plasmonic
response when the refractive index (n) in the surrounding
medium is changed. Immersing the multilayer structure with
Au nanoshell cluster in various liquids with different refractive
indices, we measured the scattering spectra as a function of
refractive index numerically. To this end, we used following
liquids: C4H10O (Butanol) n = 1.399, CH3COCH3 (Ace-
tone) n = 1.351, CHCl3 (Chloroform) n = 1.445, and C6H6
(Benzene) n = 1.501 [51]. Fig. 5(a) exhibits the computed
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scattering cross-sectional profile of the proposed structure.
Increasing the refractive index of the surrounding medium
red-shifts the Fano resonance position to the longer spectra,
while the Fano dip becomes narrower and deeper. For instance,
a pronounced Fano minimum is observed at λ∼ 1380 nm for
the air ambience and on the other hand, for the benzene medium
the Fano dip is red-shifted to λ∼ 1690 nm. Using this profile,
we determined the sensitivity of the LSPR for the studied
nanostructure by calculating the FoM. To quantify the FoM,
we determined the ratio of the antisymmetric Fano resonance
energy (ΔE eV) shift per refractive index (n) unit variations of
the environmental medium. To this end, finding the midpoint
of the resonance energies of the initial and last Fano dips, we
calculated the change of the resonant energy in response to the
ambient index change. This dependence is plotted in Fig. 5(b)
with a linear fit. Finally, we divided the slope of linear fit by
a Fano line width (0.102 eV) and found the FoM as 22.25 for
the proposed structure. Comparing the FoM and confinement
factors of the proposed multilayer sensor with the ones for
similar multilayer nanostructures [52]–[55] or for the same
octamer cluster on a simple SiO2 substrate [22], [49], [56], the
LSPR sensitivity of the examined configuration appears to be
superior. Therefore, the proposed finite multilayer structure is
a strong candidate for precise LSPR sensing applications.

V. CONCLUSION

In this study, a novel type of plasmonic sensors consisting
of a highly compact multilayer substrate (β-SiC/SiO2 /Si) and
a metallic nanoshell octamer is investigated numerically by us-
ing the FDTD method. Determining the appropriate geomet-
rical dimensions for the nanoshells octamer, we analyzed and
described formation of Fano resonance in the scattering cross-
sectional profile. In addition, the optimized thickness of the
multilayer structure is estimated by plotting and quantifying the
confinement factor. Immersing the optimized nanostructure in
various liquids with different refractive indices, the linear FoM
is measured based on the plasmon energy differences over the
refractive index variations. The calculated confinement factor
(0.992) and remarkable FoM (22.25) verify that the proposed
plasmonic sensor provides superior sensitivity for ambience per-
turbations in comparison to the analogous configurations such
as nanoparticle clusters on a sole SiO2 substrate, or multilayer
structures composed on dielectric materials and a thick metallic
slot.
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