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Abstract. In this paper, we perform a theoretical investigation of the plasmon coupling in silver (Ag) nanocube–
nanosphere dimer using finite difference time domain (FDTD) technique. Due to plasmonic Fano resonance, we
observe a pronounced dip in the absorption spectrum, which is induced by the destructive interference between
the bright dipole mode from the Ag nanocube and the dark quadrupole mode from the Ag nanosphere. We study
the effects on the Fano resonance by varying the dimensions of the nanocube and nanosphere, as well as the intersurface gap distance between them. In addition, we vary the local dielectric environment surrounding the dimer and
find a wide tuning in the Fano resonance line-shape. We calculate the localised surface plasmon resonance (LSPR)
sensitivity of the nanocube–nanosphere dimer to the surrounding environment and find a high figure of merit (FOM)
of 32.23, which indicates its promising potential as a plasmonic biosensor.
Keywords. Fano resonance; nanocube–nanosphere dimer; plasmonic biosensor; figure of merit.
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1. Introduction
For the past few decades, noble metal nanoparticles
have attracted increasing research interest mainly due to
their interesting optical properties [1–4]. When interacting with light, these nanoparticles can manipulate and
couple the electromagnetic waves down to nanoscale,
producing collective oscillation of conduction electrons
and local electric field enhancement. This phenomenon,
also known as localised surface plasmon resonance
(LSPR), has been extensively exploited in many applications, including optical waveguides and resonators,
nanophotonic devices, photovoltaic cells, biochemical
sensing, optical microscopy, medical diagnostics and
photodetection [5–12]. LSPR in metal nanoparticles can
be widely tuned by using metals of different size, shape
and composition, as well as different local surrounding
environment.
Fano resonance, a plasmonic phenomenon originating from the destructive interference between a
bright mode and a dark mode, has recently garnered
much attention from the researchers and scientists,
with a view to exploit its promising application in the
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fields of surface enhanced Raman scattering (SERS) and
plasmonic biosensing [13–15]. The asymmetric characteristic of the Fano line-shape has been
extensively studied in the homogeneous [16–20] and
heterogeneous [21–24] aggregate systems, most of
which consist of nanoparticles with the same or similar physical shapes (all the nanoparticles are either
spherical, cubic or rod-shaped). In recent times, a few
works have been reported for the Fano resonant systems
with nanoparticles consisting of asymmetric physical
shapes [25,26]. However, the assembly of nanospheres
with non-spherical asymmetric nanoparticles such as,
nanocubes (i.e., nanocube–nanosphere dimer) producing Fano resonance is yet to be reported. Please note
that Lee and Yoon [27] have reported dipole–dipole
and multipole–multipole plasmon coupling in gold (Au)
nanocube–nanosphere dimer. The resonance behaviour
of these plasmon coupling modes, however, do not imply
Fano resonance (in other words, destructive interference
between dipole–multipole coupling).
In this paper, we investigate the plasmonic Fano interference in an Ag nanocube–nanosphere dimer using
finite difference time domain (FDTD) technique. Due
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Figure 1. Schematic geometry of the Ag nanocube–
nanosphere dimer. The edge length of the nanocube is denoted
as L and radius of the nanosphere is denoted as R. The
inter-surface gap between the cube and the sphere is denoted
as g.

to coupling between the bright super-radiant mode
from the nanocube and dark sub-radiant mode from
the nanosphere, we observe a Fano line-shape in the
absorption spectrum. We vary the dimensions of the
nanocube and nanosphere, as well as the inter-surface
gap between them to study the effect on the Fano
resonance character. In addition, we change the local
surrounding environment and calculate the sensitivity
of the Ag nanocube–nanosphere dimer for biosensing
applications.

2. Ag nanocube–nanosphere dimer
2.1 Schematic geometry
In figure 1, we show the schematic geometry of the
Ag nanocube–nanosphere dimer. The diagonal of the
Ag nanocube is coaxially aligned with the diameter
of the Ag nanosphere. The diagonal length Dc of the
nanocube
is dependent on its edge length L as Dc =
√
L 3. Similarly, the diameter Ds of the nanosphere
is dependent on its radius R as Ds = 2R. A small
gap g is kept between the vertex of the nanocube
and tip of the nanosphere to form the dimer structure. In order to explore the effects of the nanogap
shape on the plasmon coupling, we choose the physical dimensions of the nanoparticles as L = 19.5 nm
and R = 13.5 nm; and the inter-surface gap between
them as g = 3 nm. Note that the preparation and
assembly of the nanocubes and nanospheres with such
small physical parameters have already been reported
[27–29].
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a three-dimensional FDTD technique. In figure 2, we
present a schematic illustration of our FDTD simulation.
A nanocube–nanosphere dimer is placed on a dielectric
substrate and the system is illuminated normally with a
broadband light source. For setting up the simulation,
computational volume is set as 300 nm × 300 nm × 300
nm that includes the whole dimer system. A threedimensional non-uniform meshing with a grid size of
0.5 nm is used for the inside and immediate vicinity
of the nanocube–nanosphere dimer. For boundary conditions, a perfectly matched layer (PML) condition is
applied in all directions. The frequency-dependent optical constants is used according to Johnson and Christy
[30] (i.e., refractive index and extinction coefficient)
for modelling Ag in the nanocube and nanosphere.
SiO2 is used as the dielectric substrate and water
is used as the buffer medium, with constant refractive indices of 1.45 and 1.33, respectively. For light
incidence, a plane wave source with wavelengths ranging from 400 nm to 700 nm is chosen, with electric
field linearly polarised along the coaxial axis of the
dimer (y-axis), as shown in figure 2. Please note that
the electric field polarisation is considered along the
coaxial y-axis to enhance the local plasmon coupling
between the vertex of the nanocube and tip of the
nanosphere. This coaxial light polarisation has also been
used in previously studied Fano resonant dimer structures [24,31–33].
After solving the Maxwell’s equations with the FDTD
technique, we calculate the absorption using [34]
Pabs =

1
 2,
× ε0 × ω × Im(εAg )| E|
2

(1)

where ω is the frequency of incident light, εAg is the
frequency-dependent dielectric function of Ag and E is
the steady-state electric field. We integrate eq. (1) over
the spatial dimensions of the Ag nanocube–nanosphere
dimer to find total absorption. By taking the ratio of
the total absorption to the incident source intensity, we
calculate the absorption cross-section of the dimer structure. Note that the scattering is negligible in very small
nanoparticles (dimensions < 50 nm), and therefore, it is
not considered in our calculation [35].

3. Results and discussion

2.2 Simulation method

3.1 Fano resonance in Ag nanocube–nanosphere
dimer

To calculate the detailed dynamics of the nanocube–
nanosphere dimer when the broadband light is incident,
we solve Maxwell’s electromagnetic equations using

Figure 3 shows the absorption spectrum of the Ag
nanocube–nanosphere dimer with L = 19.5 nm, R =
13.5 nm, and g = 3 nm, when illuminated by a plane
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Figure 2. Schematic illustration of the simulation set-up,
with the Ag nanocube–nanosphere dimer being placed on the
SiO2 substrate and illuminated by a normally incident light
source.

wave in the visible range (400–700 nm). Two resonant
peaks are found at wavelengths λ = 516 nm and 542 nm,
with a dip at λ = 527 nm in the absorption spectrum. It
is noted that the dip appears due to Fano resonance. To
have further illustration, figure 4 presents the absorption
cross-section of a single Ag nanocube with L = 19.5
nm. A resonant peak is found at λ = 525 nm, when the
nanocube is illuminated by a broadband plane wave. We
note that the resonance in the single nanocube originates
from a dipole surface plasmon mode, which can serve
as a bright mode. However, when illuminated by the
plane wave, the single Ag nanosphere with R = 13.5
nm does not show any dipole resonance at or near
λ = 525 nm. Figure 5 presents the absorption crosssection of the single Ag nanosphere (R = 13.5 nm)
with normal plane wave illumination. It is noted that
the presence of a quadrupole mode in the nanosphere
can only be observed when excited by a dipole point
source, because the quadrupole mode is weakly coupled
to the plane wave [36]. Therefore, we calculate the nonradiative enhancement of the same nanosphere with a
dipole source excitation, which is additionally shown in
figure 5. The dipole source is placed at a gap distance of
3 nm from the tip of the single nanosphere, with polarisation along the diameter of the nanosphere. A dipole
source-induced resonant peak is found at approximately
λ = 525 nm. This is the quadrupole plasmon resonance which cannot be excited by the normally incident
plane wave, and can obviously serve as a dark mode.
However, by replacing the dipole source with the single
Ag nanocube at the same gap distance (3 nm), we can
excite the dark mode in the Ag nanosphere under normal plane wave illumination, and consequently produce
a Fano-like interference (in other words, destructive
interference between bright and dark modes) in the
absorption spectrum.
In figure 3, a distinct Fano dip can be seen (point D) at
λ = 527 nm and two collective resonant peaks, a highenergy antibonding mode peak (point A) at λ = 516
nm and a low-energy bonding mode peak (point B) at

Figure 3. Absorption spectrum of the Ag nanocube–
nanosphere dimer with L = 19.5 nm, R = 13.5 nm, and
g = 3 nm. The inset shows the schematic of dimer illumination by a plane wave. Two resonant peaks for bonding and
antibonding modes are denoted as B and A respectively. However, the dip between the peaks (Fano dip) is denoted as D.

Figure 4. Absorption spectrum of the single Ag nanocube
(L = 19.5 nm) when illuminated by a normal plane wave.

λ = 542 nm. The Fano dip is occurring within 26 nm
of the wavelength gap between the two resonant peaks.
This gap between the peak wavelengths is much smaller
(<50%) than those found in the previously reported
Fano resonant heterodimer structures [24,26,33]. Figures 6b–6d present the electric field distributions of the
dimer across the y–z plane at λ = 516 nm, 527 nm, and
542 nm, corresponding to the points A, D, and B of
figure 3, respectively. Here the inter-surface gap g is
kept at 3 nm. For convenience, a schematic illustration of
the dimer arrangement across the y–z plane is additionally shown in figure 6a. We find the field enhancement
of the dimer to be greatly depressed at the Fano dip
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Figure 5. Absorption spectrum (blue curve) and non-radiative enhancement (red curve) of the single Ag nanosphere
(R = 13.5 nm), when excited by a plane wave and a dipole
source, respectively.

wavelength (figure 6c), mainly due to its polarisation
being cancelled at the Fano resonance.
Figure 7 shows the plasmon coupling scheme of the
Ag nanocube–nanosphere dimer with charge distribution for different modes. As derived from the simulation,
the scheme is illustrated in the framework of plasmon
hybridisation model [37,38]. The dipolar coupling of the
nanocube and quadrupolar coupling of the nanosphere
produce relatively lower energy resonance band for the
bonding mode and higher energy resonance band for
the antibonding mode. Due to charge distribution, the
energy band for the Fano dip lies between the energy
bands for bonding and antibonding modes, which can
also be verified from figure 3. Note that the presence
of quadrupole mode, instead of dipole, in the coupled nanosphere for wavelengths between 500 and 600
nm can be attributed to the non-uniform LSPR field
coupling [39]. As g between the nanoparticles in the
dimer is very small, the resulting non-uniform electric field causes dynamic depolarisation mainly at the
nanosphere, which in turn produces the quadrupole
mode [40,41]. Due to the structural shape and small
size (L ≈ 20 nm), the nanocube is not much affected
by the non-uniform field (in other words, negligible
quadrupole mode and dominating dipole mode) [42],
and therefore, Fano-like interference is observed in the
Ag nanocube–nanosphere dimer.
3.2 Variation of physical properties
The Fano resonance character in Ag nanocube–nanosphere dimer is highly sensitive to the physical dimensions (i.e., L of the nanocube and R of the nanosphere),
as well as the inter-surface gap g between them. Figure 8

Figure 6. (a) Schematic illustration of the Ag nanocube–
nanosphere dimer across the y–z plane (top view from the
light source). Electric field profile of the dimer across the y–z
plane at (b) λ = 516 nm, (c) λ = 527 nm, and (d) λ = 542
nm. The inter-surface gap between the vertex of the nanocube
and tip of the nanosphere is taken as 3 nm.

presents the absorption spectra of the Ag nanocube–
nanosphere dimer for different values of L, with other
parameters fixed at R = 13.5 nm and g = 3 nm. With
increase in L, we observe a significant increase in the
short wavelength (high-energy) peak intensity and a significant decrease in the long wavelength (low-energy)
peak intensity, resulting in a gradual disappearance of
the Fano resonance. This can be attributed to the larger
dipole contribution of the nanocube (with increasing L)
compared to the fixed quadrupole contribution of the
nanosphere. Therefore, a single resonant peak becomes
prominent instead of two peaks and the Fano dip disappears, especially when L becomes significantly large
(e.g., L = 27 nm).
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Figure 7. Plasmon coupling diagram for the Ag nanocube–
nanosphere dimer derived from the simulations.

Figure 8. Absorption spectra of the Ag nanocube–
nanosphere dimer for different values of L. The other
parameters are fixed at R = 13.5 nm and g = 3 nm.

Figure 9 presents the absorption spectra of the Ag
nanocube–nanosphere dimer for different values of R,
with other parameters fixed at L = 19.5 nm and
g = 3 nm. With increase in R, we observe a gradual increase in both short and long wavelength peak
intensities, resulting in the presence of Fano dips consistently in the absorption spectra. This is unlike the
previous case (increase of L) and can be attributed to
the larger quadrupole mode excitation of the nanosphere
(with increasing R) than the fixed dipole mode excitation of the nanocube. Therefore, tuning of the Fano
interference is observed with different intensity values
when R is varied. Note that similar tuning behaviour
due to different quadrupole mode excitations has been
reported for other Fano resonant dimer systems (e.g.,
nanorod–nanorod dimer) [33].
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Figure 9. Absorption spectra of the Ag nanocube–
nanosphere dimer for different values of R. The other
parameters are fixed at L = 19.5 nm and g = 3nm.

Figure 10. Absorption spectra of the Ag nanocube–
nanosphere dimer for different values of g. The other parameters are fixed at L = 19.5 nm and R = 13.5 nm.

The Fano resonance strength in the Ag nanocube–
nanosphere dimer can be modulated by changing g
between the two nanoparticles, as shown in figure 10.
The coupling between the bright and dark modes gets
weakened when g is increased, resulting in less deeper
Fano dip [33,36,43]. The variation of the plasmon coupling can be observed through the shifts in the short and
long wavelength resonant peaks. With g increasing from
3 to 9 nm, the long wavelength peak shows a blue shift
from 542 to 536 nm, whereas the short wavelength peak
shows a red shift from 516 to 521 nm, as observed in
figure 10. In the case of Fano dip, it only blue shifts from
527 to 524 nm.
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Figure 11. Absorption spectra of the Ag nanocube–
nanosphere dimer for different values of n. The physical
parameters are fixed at L = 19.5 nm, R = 13.5 nm, and
g = 3 nm.
Table 1. Calculation of LSPR peak shifts (long wavelength)
for increasing values of refractive index n.
Refractive
index
1.33
1.36
1.39
1.42
1.45

Peak
wavelength
(nm)

Peak
plasmon
energy (eV)

Shift in
peak
energy (eV)

542
552
561
571
581

2.293
2.252
2.213
2.176
2.138

0
0.041
0.08
0.117
0.155

3.3 Sensitivity analysis
Due to inherent LSPR sensitivity to the change of
local surrounding environment, Fano resonance offers a
promising potential in plasmonic biosensing (e.g., single
protein detection, label-free analyte sensing) [44–49].
The LSPR sensitivity is usually calculated by a term
‘figure of merit’ (FOM), which can be defined as [50],
FOM =

m(eV/RIU)
,
FWHM(eV)

(2)

where m is the change in the plasmon energy per refractive index change of the local environment and FWHM
is the full width at half maximum of the resonant peak.
To calculate FOM for the Ag nanocube–nanosphere
dimer, we consider long wavelength (low-energy) peak
(λ = 542 nm) due to its larger absorption cross-section,
which would give better sensing efficiency. Figure 11
shows the absorption spectra of the Ag nanocube–
nanosphere dimer with different refractive index n

(2020) 94:128

Figure 12. Linear plot of the LSPR peak shifts at λ = 542
nm with different values of n.

of the local surrounding environment. The physical
parameters are fixed at L = 19.5 nm, R = 13.5 nm,
and g = 3 nm, as considered in figure 3. With index n
increasing from 1.33 to 1.45, the long wavelength peak
shows a red shift from 542 to 581 nm. Table 1 shows the
LSPR shifts of the long wavelength peak (due to n) and
their corresponding plasmon energies. For increasing n,
the plasmon energy shifts are calculated with respect to
2.293 eV (peak energy for n = 1.33), and eventually
plotted in a linear fit shown in figure 12. A slope of
∼1.266 is found from the linear fit, which also provides
the value of m (eV/RIU) stated in eq. (2). In addition, the
FWHM is found to be ∼10 nm (in other words, ∼0.0393
eV) from figure 3, which remains approximately the
same for different n (shown in figure 11). Therefore,
using eq. (2), the resulting FOM for the Ag nanocube–
nanosphere dimer is found to be around 32.23, which is
larger than FOMs found in the triangular prism dimers
(FOM = 16.1) [32], nanorod dimers (FOM = 7) [33],
isolated nanocubes (FOM = 20) [51], isolated nanoclusters (FOM = 5.7) [52], and nanocavities (FOM = 8.34)
[53].

4. Conclusion
In summary, a detailed theoretical analysis of Fano
resonance in an Ag nanocube–nanosphere dimer is performed in this paper. Due to the bright dipole coupling
of the nanocube and dark quadrupole coupling of the
nanosphere, a pronounced Fano dip is observed in the
absorption spectrum. The Fano interference character
is highly sensitive to the nanoparticle dimensions (i.e.,
L of the nanocube and R of the nanosphere), as well
as the inter-surface gap (g) between them. Due to the
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strong LSPR coupling, sensitivity of the nanocube–
nanosphere dimer is also analysed and FOM = 32.23
is obtained, which is ∼1.6–5.7 times larger than FOMs
found in the previously studied nanoparticle monomers
(e.g., nanocubes, nanoclusters, nanocavites) and dimers
(e.g., triangular prism dimers, nanorod heterodimers).
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