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Abstract We study the plasmonic properties of silver–
silica–silver multilayer nanoshells using finite-difference
time-domain methods. Silver is a weakly dissipating metal
and is able to support higher order resonances compared to
strongly dissipating metals like gold. We show that Fano res-
onances occur even in symmetric cases. Symmetry breaking
via the introduction of core offset further enhances these
Fano resonance peaks and leads to the appearance of higher
order resonances. The optical properties of the multilayer
nanoshells are explained using the plasmon hybridization
theory and the results are compared to similar multilayer
nanoshells with gold core and outer shell.

1 Introduction

Fano resonance is a widely studied phenomenon in vari-
ous quantum systems, such as nanowires, tunnel junctions
and quantum dots [1–3], with many potential applications
for narrowband optical filters, polarization selectors, mod-
ulators, switches and sensors. There have been a few at-
tempts [4, 5] to produce Fano resonance in classical optics,
but structures to achieve this are necessarily complicated be-
cause it is difficult to achieve narrow surface plasmon reso-
nance peaks in classical optics. In weakly dissipating plas-
monic materials, Fano resonance can arise due to the inter-
ference between a broad Mie resonance and a narrow surface
plasmon resonance [6]. Fano resonances can be observed in
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various plasmonic nanostructures [7–10] due to the overlap-
ping of broad dipole and narrow quadrupole resonances in
plasmonic materials. Interference of these resonances can
be observed as an N-shaped profile in differential scattering
spectra. Localized plasmons excited by the incident light are
equivalent to the quasi-discrete levels in the Fano approach,
while the radiative decay of the excitation plays the same
role as tunneling from quasi-discrete levels [11]. Thus, the
local maximum and minimum in scattering spectra corre-
spond to constructive and destructive interference between
different eigenmodes, respectively. A symmetric Lorentzian
profile is always observed in the vicinity of the dipole res-
onance, while an asymmetric Fano resonance profile may
be observed in the vicinity of the quadrupole resonance.
The quadrupole resonance exhibits extremely high sensitiv-
ity to the frequency of the incident light, where small vari-
ations can change forward scattering to backward scattering
[12–14]. This offers potential applications in the develop-
ment of highly sensitive biochemical sensors [15].

In essence, Fano resonances are analogous to coupled
harmonic oscillator systems [16]. The spectral positions
of localized plasmon resonances depend sensitively on the
shape and geometry of the underlying subwavelength metal-
lic structures [17], making them ideal systems to realize
classical oscillators at the nanoscale. The resonance can
be easily tuned from the visible to the near-infrared re-
gion by changes in the geometry of the nanostructures.
Fano resonance is commonly achieved in nanostructures
with two or more plasmonic particles via symmetry break-
ing [18–21]. Symmetry breaking introduces coupling be-
tween broad bright dipolar modes and higher order narrow
dark modes as multipolar resonances in the metallic nanos-
tructures are no longer orthogonal [22]. This leads to a hy-
bridization of the plasmonic modes, which can be used to
tune the wavelength of the Fano resonance [23]. Core–shell
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Fig. 1 (a) 3D illustration of silver–silica–silver MNS. (b) Dimensions
of an R1–R2–R3 silver–silica–silver multilayer nanoshell with core
offset �d

nanoshells (CNSs) and multilayer nanoshells (MNSs) are
commonly employed in the study of plasmon hybridization
theory [24]. Optical properties of MNSs and CNSs can be
explained by bonding and antibonding type combinations
of fundamental plasmon resonances of the constituent plas-
monic particles. Studies of gold–silica–gold MNSs [25, 26]
show that adding a gold core to a silica–gold CNS splits the
low-energy plasmon resonance into a high-energy antibond-
ing mode and a low-energy bonding mode that can be tuned
from the visible to the infrared region by varying the sil-
ica layer thickness. A study of varying the offset of the core
[24] also shows a red shift of the dipolar bonding mode and
a blue shift of the antibonding mode.

In this paper, we propose the use of silver, a weakly dissi-
pating metal, in metal–dielectric–metal MNSs. With weakly
dissipative metals, higher order resonances which cannot be
seen with a highly dissipative metal like gold can now be
seen in the visible range of the electromagnetic spectrum
[27, 28]. We compare the results to recent studies of gold–
silica–gold MNSs [25, 26]. The extinction spectra and field
properties of the silver–silica–silver MNSs are simulated us-
ing Lumerical FDTD Solutions v 6.5.10. The FDTD (finite-
difference time-domain) calculations were performed with a
multicoefficient fit to experimental permittivity data for sil-
ver [29]. The SiO2 dielectric layer was calculated using a
dielectric constant of ε = 2.14. The computational model
for the MNSs is shown in Fig. 1, and is characterized by
four parameters, R1,R2 and R3, corresponding to the radius
of each layer, and �d corresponding to the core offset. The
background index is modeled after air with a refractive index
of 1.

2 Results and discussion

We start by investigating the properties of concentric silver–
silica–silver MNSs with �d = 0. Figure 2 shows the far-
field forward and backward scattering intensity profiles of a
50–66–75 nm concentric MNS. The scattering behavior can
be explained using an exact Mie solution [11]. The dipole
mode at 1038 nm plays a dominant role in background scat-
tering with high intensity relative to the contributions of the

Fig. 2 Far-field backward scattering (blue) and forward scattering
(red) for 50–66–75 nm MNS. The symmetric dipole resonance can be
seen in the vicinity of 1038 nm. Asymmetric quadrupole resonances
are seen around 390 and 670 nm; the forward and backward scattering
profiles in these vicinities are typical of Fano resonances

Fig. 3 Extinction spectra for concentric MNS with R2 = 66 nm and
R3 = 75 nm as a function of R1 for: R1 = 40 nm (green), 45 nm (red),
50 nm (blue) and 55 nm (black). Insets: electric field intensity plots
for 40–66–75 nm MNS (green curve). The narrow and broad dipole
resonances can be seen, as well as the quadrupole Fano resonance

other modes because silver is a weakly dissipating material.
For the quadrupole modes at 390 and 670 nm, destructive
interference for the forward and backward scattering lie on
different sides of the resonance peak. This is typical for Fano
resonances, and there is a high angular distribution sensitiv-
ity of the scattered light. Small variations of incident light
frequency in this vicinity change the scattering from prefer-
entially forward to preferentially backward. The effects of
varying the core size are shown in Fig. 3. The tunability
of the Fano resonance from the visible yellow to the near-
infrared range is demonstrated. Decreasing the silver-core
radius leads to a red shift in both the narrow dipole and the
quadrupole peaks, while the broad dipole peak at 470 nm
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Fig. 4 Plasmon hybridization
diagrams for 50–66–75 nm
MNS in vacuum. Extinction
spectra are for silica-core
silver-shell CNS (left-hand
panel), MNS (center panel) and
silver core (right-hand panel).
The insets show the surface
charge distributions at the
corresponding resonance
energies

remains relatively unchanged. To understand this, we will
use plasmon hybridization to analyze the spectral response
of the MNSs.

The optical properties of the silver–silica–silver MNSs
can be explained as a hybrid between a silver core and a
silica-core silver-shell CNS. Qualitatively, the spectral re-
sponse of the multilayer MNSs can be modeled by a system
of coupled oscillators [26]. Figure 4 shows the plasmon hy-
bridization diagram for the concentric 50–66–75 nm MNSs.
The hybridization between the silver core’s dipole mode and
the silver shell’s dipole mode results in a broad, superradi-
ant high-energy mode and a narrow, subradiant low-energy
mode in the MNSs. The low-energy MNS bonding modes
below 2.0 eV have narrow radiative widths. It is clearly
seen from the charge distributions that the symmetric bond-
ing modes of the silica-core silver-shell CNS are oppositely
aligned with the silver-core modes, resulting in the subra-
diant nature of the MNS modes. With a larger core radius,
there is greater coupling between the plasmon modes of the
core and the shell, resulting in the red shift of the subra-
diant dipole and quadrupole modes as they are repelled by
interactions with higher order modes. The superradiant an-
tibonding dipole mode at 2.7 eV remains unchanged when
the core radius is varied, even though a red shift is expected
corresponding to the red shift of the dipole energy level of a
silver nanoshell as its radius is increased from 40 to 55 nm.
This effect is exactly balanced by the blue shifting caused
by interactions with the lower energy subradiant quadrupole
mode, which increases with core radius size.

The bonding-type hybridization between the oppositely
aligned shell quadrupole mode and core quadrupole mode
gives rise to a subradiant quadrupole mode in the combined
MNS structure. This subradiant quadrupole mode couples to
the superradiant dipole mode, resulting in a Fano resonance

at 1.83 eV. While plasmon hybridization between multipo-
lar resonances of different orders in the shell and the core are
forbidden due to orthogonality in concentric nanostructures,
the 50–66–75 nm MNS is sufficiently large and lies beyond
the electrostatic limit where orthogonality no longer holds
[30]. It is worthwhile to compare this with results on similar
concentric gold–silica–gold MNSs [26] with radii parame-
ters of 35–50–75 nm, where Fano resonance arises due to
the coupling between the subradiant dipole mode and the su-
perradiant dipole mode. For silver–silica–silver MNSs, the
Fano resonance arises from coupling between the subradi-
ant quadrupole mode and the superradiant dipole mode. The
subradiant dipole mode does not overlap the superradiant
dipole mode spectrally and has a much higher amplitude
compared to the gold–silica–gold MNSs.

3 Effects of symmetry breaking

With non-concentric geometries, it becomes easier for mul-
tipolar resonances to interact and produce Fano resonances.
Figure 5 shows the effects of increasing core offset for a
50–66–75 nm MNS. The major effects are a red shift of
resonance peaks, the appearance of higher order Fano res-
onances and a suppression of the dipole mode. Red shift-
ing of the resonance peaks is caused by greater interac-
tions between core and shell modes due to increased off-
set. Coupling between higher order modes that appear with
increased offset and lower order modes repels the lower
order modes to higher wavelengths. At the largest offset
(�d = 15 nm) calculated, dipole to hexadecapole field dis-
tributions are observed. By varying the offset of the core,
both the intensity and the spectral position of Fano reso-
nance peaks can be controlled. These effects are very similar
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Fig. 5 Extinction spectra for
50–66–75 nm MNS as a
function of core offset:
�d = 0 nm (black), 5 nm (blue),
10 nm (red) and 15 nm (green).
Dipole (d), quadrupole (q),
octupole (o) and hexadecapole
(h) peaks are labeled
accordingly. E-field
polarization is perpendicular to
the axis of symmetry. Insets:
electric field intensity plots for
�d = 15 nm (green curve)

Fig. 6 Extinction spectrum and field distributions for 50–66–75 nm
MNS with �d = 10 nm. The hybridized natures of the quadrupole and
octupole modes are seen in the field distributions

to those observed in 35–50–75 nm gold–silica–gold MNSs
[26], where red shifting and higher order peaks appear with
greater offset. However, the silver–silica–silver MNSs allow
for greater enhancement of higher order peaks and can sus-
tain multiple pronounced Fano resonances in the visible fre-
quencies.

Resonance modes are more distinguishable with a 50–
66–75 nm MNS with �d = 10 nm, shown in Fig. 6. The
subradiant dipole mode at 1090 nm remains uncoupled to
the superradiant dipole mode, while the quadrupole and oc-
tupole modes at 690 and 569 nm couple to the superradiant
dipole mode to produce Fano resonances. The hybridized
natures of the quadrupole and octupole modes are seen in
the field distribution profiles. While the silica layer shows
quadrupole and octupole distributions, the shell layer shows
a dipole distribution. The asymmetric MNS displays an al-
most isotropic response as shown in Fig. 7. Different orien-

Fig. 7 Extinction spectra for 50–66–75 nm MNS with different par-
ticle orientations. Red curve: incident electric field is polarized per-
pendicular to axis of symmetry. Blue curve: incident electric field is
polarized parallel to axis of symmetry

tations of the MNS produce very similar spectra. However, it
is important to note that for orientations with greater asym-
metry for a given electric field polarization, effects similar
to offsetting the core are observed. Electric field polarization
parallel to the axis of symmetry gives rise to systems with
greater asymmetry and there is a red shift and suppression of
the dipole mode, along with enhancement of the quadrupole
and octupole modes.

4 Conclusion

In conclusion, we have shown that silver–silica–silver
MNSs are ideal for producing Fano resonances in the vis-
ible wavelengths. Tuning of Fano resonance locations can
be achieved via the variation of core size or the introduction
of a core offset. The amount of offset can also be used to
enhance and control the intensity of Fano resonance peaks
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while suppressing the subradiant dipole resonance. Thus,
weakly dissipating materials such as silver have advantages
over strongly dissipating materials such as gold for produc-
ing interference of broad and narrow resonances, which re-
sults in pronounced Fano resonances.
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