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The plasmonic properties of gold nanostructures composed of a disk outside a nonconcentric ring are numerically

studied by the finite difference time domain (FDTD) method. Simulated results show that two Fano resonances are

formed as a result of the coupling of the octupolar and quadrupolar modes of the ring with the dipolar mode of the

disk. The reduction in structural symmetry causes a red shift of the Fano resonances and distinct changes in spectral

lineshape by offsetting the center of the inner surface of the ring to different directions. The effects of several geomet-

ric parameters on the characteristics of Fano resonances are also discussed. In addition, the refractive index (R/) sensi-

tivities for the two Fano resonances can be up to 581 nm/RIU and 780 nm/RIU with the corresponding figure of merits

(FOMs) as large as 12.7 and 10.2, respectively. Such properties render the structures useful for potential applications

in multi-wavelength sensors.
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Fano resonance caused by the destructive interference of
a broad superradiant bright mode with a narrow subradi-
ant dark mode in plasmonic nanostructures has gained
much attention in the past few decades''. One of the
characteristics of Fano resonance is the obvious sharp
and asymmetric lineshape in the broad scattering or ex-
tinction spectrum!®*!, which is highly sensitive to the
subtle changes in the surrounding medium, thereby it is
helpful to design various high-sensitivity sensors, such as
biochemical sensors’! and refractive index sensors!.
The extremely huge local field enhancement generated in
the vicinity of the nanostructure, due to the energy ex-
change between the bright mode and the dark mode by
near field coupling, is another striking optical feature of
Fano resonance!®, and accordingly many light-matter
interactions requiring strong field can be carried out,
such as second harmonic generation!”, spasers'™, etc. Up
to now, various Fano nanostructures have been proposed
and investigated in both numerical simulations and ex-
periments, and it is found that the spectral position and
lineshape of Fano resonance are closely related to struc-
tural geometric parameters!”), chemical composition''”,
and spatial arrangement!'".

To break through the limitations of optical devices
based on single Fano resonance in certain applications,
the excitation of multiple Fano resonances has recently
attracted considerable interest for great potential in sur-

face-enhanced Raman spectroscopies''?, multiband sen-
sors'"¥ and so on, since it can simultaneously control the
interaction between light and matter at several wave-
lengths. There are two common ways to obtain multiple
Fano resonances. One is to use oligomers or clusters
composed of several particles, and multiple Fano reso-
nances come from the interaction between multiple dark
and bright modes supported by out-of-phase and in-phase
particles, respectively!'. The other is to excite the in-
herent multipolar dark modes of large-sized particles in
simple plasmonic systems. A nanoring is commonly used
as a structural element to produce multiple Fano reso-
nances because it supports multipolar dark modes!"*.
When a particle is inserted into the nanoring, the condi-
tions for the formation of multiple Fano resonances are
likely to be satisfied through a careful structural de-
sign''®, and can be found as a result of the interaction
between the bright electric and the dark magnetic
modes!”’. On the other hand, the nanostructures with the
disk outside the nanoring can also produce multiple Fano
resonances!'®'”. When there are disks inside and outside
the nanoring, more complex multiple Fano resonances
can be realized, because multipolar dark modes of the
concentric ring-disk nanostructures are excited®”).
According to the plasmon hybridization theory, sym-
metry breaking in the nanoring via introducing a split
gap?!! or making the nanoring thickness uneven* can
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bring fantastic plasmonic features due to a dramatical
change in the coupling of the primitive modes, giving
rise to a striking modulation of Fano resonance'”!. Fur-
ther symmetry breaking in the nanostructures can induce
more higher-order Fano resonances related to the sym-
metric and antisymmetric multipolar modes of nanor-
ings'*!. Although Fano resonances in disk-ring nanos-
tructures have been extensively discussed, most investi-
gations focus on the plasmonic properties of particles
within the nanoring. There are few reports on the evolu-
tion of multiple Fano resonances in nanostructures com-
posed of a particle outside a nonconcentric nanoring
(NCNR). In this paper, such nanostructures are investi-
gated numerically using the finite difference time domain
(FDTD) method, and the scattering spectra and electric
field distributions are simulated to help understand the
underlying mechanisms of the formation of multiple
Fano resonances. Influences of geometric parameters on
the modulation of these Fano resonances are also dis-
cussed. The potential of such structures as a biosensor is
also evaluated by the refractive index (R/) sensitivity and
figure of merit (FOM). Such characteristics may make
the nanostructures suitable for spectral line shaping and
biochemical sensing.

Fig.1 illustrates the schematic of our proposed
disk-NCNR nanostructure composed of a disk with ra-
dius R outside an NCNR with outer and inner radii of R,
and R,, respectively. The gap between the disk and the
NCNR is D. The offset A, and A, respectively denote a
center displacement of the NCNR inner surface in relation
to the outer surface along the x and y axis. If A, or A <0, it
means the inner surface moves in a negative direction,
conversely, A, or A >0.

X

Fig.1 Schematic of the disk-NCNR nanostructure

The nanostructure is normally illuminated by a plane
wave propagating in the —z direction with x polarization,
and the plasmonic properties are simulated by the
three-dimensional FDTD method[zs], where the simula-
tion domain is truncated by the perfectly matched layers
of absorbing boundaries in all directions and discretized
by a grid mesh with the grid step of 2.5 nm in x, y, and z
directions. Gold is chosen as the material and its dielec-
tric constants are obtained from the bulk value measured
by Johnson and Christy!*. Unless otherwise specified,
the background R/ is assumed to be n=1, and the height
of the structure is set to be H=30 nm, other geometric
parameters are R=150 nm, R;=150 nm, R,=120 nm, and
D=10 nm, respectively. Before simulating the optical
properties of our proposed structure, we have confirmed
the reliability of our simulation by testing the results of
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multiple publications.

The plasmonic properties of the disk-NCNR structure
in the absence of the offset (A,=A,=0) are firstly consid-
ered, the simulated scattering spectrum is shown by the
black curve in Fig.2. For comparison, the scattering
spectra of a single disk and a single NCNR with the same
physical parameters are also given in Fig.2, respectively
represented by the blue and red curves. Obviously, the
isolated disk and NCNR exhibit typical dipole modes
with resonance wavelengths around 876nm and
1 376 nm, respectively, while the disk-NCNR structure
displays the emergence of two Fano dips at the wave-
lengths of 851 nm and 682 nm as well as a strong peak
located at the wavelength of 1 567 nm. The latter is as-
signed to the bonding dipole mode based on the plasmon
hybridization theory. The underlying mechanisms of the
formation of these two Fano resonances can be revealed
by the distributions of the electric field component £, at
the marked wavelengths, as shown in the insets in Fig.2.
Note that for better illustration, the color scales on each
inset (not shown) are different, including other insets
associated with the E, distribution below. One can clear-
ly distinguish that the two Fano resonances separately
arise from the coupling of the quadrupolar and octupolar
modes of the NCNR with the dipolar mode of the disk,
since four well-distributed field antinodes appear along
the NCNR surface shown in the upper inset, and six an-
tinodes exist in the lower inset.
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Fig.2 Scattering spectra of the disk, NCNR and
disk-NCNR in the absence of offset (Insets show the
distributions of near-field component E, at the
marked spectral positions)

Symmetry breaking in the nanoring induced by the
thickness nonuniformity renders the higher-order multi-
polar dark modes dipole active!””, resulting in changes in
plasmonic characteristics of disk-NCNR. Fig.3 shows the
scattering spectra of the disk-NCNR with different val-
ues of offset A, from —20 nm to 20 nm. As is expected,
there are obvious changes in the spectral position and
contrast ratio of the two Fano resonances. Both Fano
dips are red-shifted as the absolute value of A, increases,
the reason is that symmetry breaking in the nanoring not
only excites the multipolar dark modes but also causes
them to undergo a red shift, thereby the coupling of the



ZHANG et al.

red-shifted nanoring resonances with the disk dipole re-
sults in the Fano resonances moving towards lower ener-
gies. Interestingly, unlike the case as A, increases, the
spectral contrast ratio of the two Fano resonances be-
comes worse as A, decreases from 0, which is similar to
the spectral changes obtained in Ref.[27]. When A, de-
creases to —20 nm, the quadrupole-based Fano dip gets
tiny and the octupolar one turns to be a kink. In view of
the variation of Fano dips, it can be inferred that as the
center of the NCNR inner surface approaches the disk,
the coupling between the dipole of the disk and the mul-
tipole of the NCNR gets weaker. This is also verified by
comparing the near field |E| distribution of the octu-
pole-based Fano resonance at A,=—20 nm with that at
A,=20 nm, as shown in the upper two insets in Fig.3.
Here, the near field |E| distributions are plotted on the
middle plane cutting in the structure and normalized by
the incident wave. They have the same color scale. One
can find that the near field |E| in some special regions of
the NCNR with A,=20 nm is much stronger than that
with A,=—20 nm, meaning that the incident energy from
the disk is more effectively transferred to the NCNR in
the former case. In addition, for the octupolar mode,
more field antinodes are located on the thinner shell of
the NCNR, as can be seen from the E. distributions
shown in the lower two insets. When A,=20 nm, the left
three field antinodes of the NCNR have a positive action
with the dipole mode of the disk. As for A,=—20 nm,
only the leftmost field antinode of the NCNR has a posi-
tive action with the dipole mode, while the other two
have a negative action. Maybe this is the reason that the
Fano resonances become weaker as the center of the in-
ner surface of the nanoring gets closer to the disk.
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Fig.3 Scattering spectral evolution of the disk-NCNR
versus the offset A (Insets show corresponding E,
(lower two) and electric field intensity |E| distributions
(upper two) at the marked wavelengths)

Fig.4 shows the scattering spectra of the disk-NCNR
structure as a function of the offset A,. It is found that
with an increase of A,, the two Fano dips exhibit a dis-
tinct red shift. At the same time, the spectral contrast
ratio is increased for the octupole-based Fano resonance,
while for the quadrupolar one, it changes little though the
scattering intensity is increased at the dip wavelength.
For the NCNR in our case, the scattering spectra de-
pendence on the polarization is found to be relatively
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weak, since the spectral position and scattering intensity
of the quadrupolar mode observed for A,=20 nm are al-
most the same as those for A,=20 nm (data not shown).
Consequently, the Fano dips undergo a red shift as the
nonuniformity of the nanoring thickness increases. As
for the increased spectral contrast ratio of the octu-
pole-based Fano resonance with an increase of A,, this
can be understandable because when the octupolar mode
gradually approaches the dipolar one, a stronger near
field between them could transfer more incident energy
from bright mode to dark mode and therefore gives rise
to an increasing dip. Concomitantly, the change in the
scattering spectrum near the quadrupole-based Fano res-
onance is caused by the quadrupole of the NCNR getting
far away from the disk dipole as A, increases. The phe-
nomenon is analogous to the transmittance evolution
observed in the nanoring dimer as the size of the large
nanoring increases*®), where the resonance frequencies
of the dark quadrupole of the large nanoring and the
bright dipole of the nearby small one could coincide with
each other first and then turn to be detuned as the former
size increases.
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Fig.4 Scattering spectral evolution of the disk-NCNR
versus the offset A,

In order to get the dependence of Fano resonances on
geometric parameters of the structure, the scattering
spectra of the disk-NCNR as a function of R, R}, R,, and
D are respectively shown in Fig.5. Here, the disk-NCNR
with offset A, is chosen. In each simulation, the narrow-
est region of shell thickness in NCNR AW=R,—R,—A, and
the height A are fixed at 10 nm and 30 nm, respectively,
while other parameters are kept and their values are the
same as those used in Fig.2 except the parameter to be
studied.

As shown in Fig.5(a)—(c), one can observe that the
two Fano dips are red-shifted monotonously with a de-
crease of D or an increase of R or R,. As described in
Fig.2, the formation of the Fano resonances is attributed
to the coupling of the dipolar mode of the disk with the
higher-order multipolar modes of the NCNR. Along with
an increase in the gap D, the coupling strength between
the bright and dark modes is decreased. Hence, less en-
ergy is transferred from the dipole to the multipolar
modes, resulting in weakening Fano resonances. Espe-
cially, when D increases to 40 nm, the octupolar Fano
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Fig.5 Dependence of scattering spectra of the
disk-NCNR with AW=10 nm on the different values of

(a) D, (b) R, (c) R; and (d) R (Other parameters are the
same as those used in Fig.2)
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resonance becomes very weak, observed as a minor dip
shown in Fig.5(a). The increase of R causes a red shift of
the two dips, as shown in Fig.5(b), due to the red-shifted
dipolar resonance of the disk with a larger size. What's
particularly interesting is the occurrence of a new dip at
626 nm, which is attributed to the interaction of the hex-
adecapole of the NCNR with the dipole of the disk. It is
thus implied that a relatively small disk is favor to the
production of multiple Fano resonances, though the
spectral intensity generated is somewhat weak due to less
radiative damping of the bright mode. The two Fano
resonances dependence on R, are obtained in Fig.5(c).
With the increase of R,, the enhanced coupling strength
between the primitive modes gives rise to the NCNR
modes with lower energies. This results in the two
high-order multipolar modes closer to the dipole of the
disk and accordingly two deeper dips. The effect of R, on
the Fano resonances indicated in Fig.5(d) is strikingly
different from others mentioned above. For the quadru-
pole-based Fano resonance, its dip is blue-shifted as R,
increases and turns to be a minor valley when R; in-
creases to 180 nm. While for the octupole one, it is
blue-shifted first and then red-shifted a little, and the dip
is unchanged much. It is well known that the resonance
energy of the nanoring mode is determined by the primi-
tive plasmon resonances and their interaction strength.
When R; increases, the resonance wavelength of the
primitive disk mode is red-shifted owing to phase retar-
dation. On the other hand, due to the increased shell
thickness, the reduction in coupling strength leads to
blue-shifted hybridized resonances. As a result, there is a
competition between the red shift for the increase of R,
and the blue shift for the reduction in the coupling
strength. For the quadrupole, the latter is the main con-
tribution, while for the octupole, there is almost an equal
effect when R;=150 nm. Additionally, the variation in
the two Fano dips could be ascribed to the mismatch in
the resonance frequencies between the two higher-order
modes and the dipole mode as R; increases. Thus, the
Fano responses can be ecasily modified by tuning the
geometric parameters.

Lastly, the sensing performance of the disk-NCNR
structure as a biochemical sensor is evaluated by the R/
sensitivity and FOM, respectively defined as the spectral
shift of the Fano dip per R/ unit (RIU) and the ratio of the
RI sensitivity to the linewidth of the Fano resonance!®.
Fig.6(a) shows the scattering spectra of the disk-NCNR
structure with A,=20 nm embedded in different surround-
ing media with RIs from n=1 to n=1.3. As can be seen, the
two Fano dips are significantly red-shifted with an in-
creasing RI of the surrounding medium. When R/ in-
creases to n=1.3, the two dips shift to 897 nm and
1 102 nm, respectively. The corresponding R/ sensitivities,
calculated by a linear fit to the data obtained from the
spectra, are up to 581 nm/RIU for octupolar Fano reso-
nance and 780 nm/RIU for quadrupolar one, as shown in
Fig.6(b). The Fano line widths acquired as the difference
of the energies of the dip and peak are about 0.086 ¢V for
octupolar Fano resonance and 0.103 eV for quadrupolar
Fano resonance, and the corresponding FOMs reach as
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large as 12.7 and 10.2, respectively. These sensing fac-
tors are better than those reported for the disk-disk
structure®®”, the nonconcentric ring-disk structure™’, and
the nanoring dimer®'" and therefore the disk-NCNR
would be a good platform for biosensing applications. It
is noteworthy to point out that the R/ sensitivity and
FOM of the disk-NCNR structure calculated here are not
optimal, and they could be further improved by better
optimizing the geometric size.
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Fig.6 (a) Scattering spectra of the disk-NCNR with
Ax=20 nm for different RI; (b) Dip wavelength shift
versus Rl

We have numerically investigated Fano properties of a
plasmonic nanostructure consisting of a disk outside a
nonconcentric ring based on the FDTD method. The
calculated scattering spectra and electric field distribu-
tions show that two Fano resonances are induced due to
the destructive interference of the dipole mode of the
disk with the quadrupolar and octupolar modes of the
ring. With increased symmetry breaking in the structure
by offsetting the center of the inner surface of the ring,
the two Fano resonances are red-shifted and experience
different spectral changes. When the center of the inner
surface gets closer to the disk, the Fano dips become
less, while it moves far away from the disk, the octu-
pole-based Fano dip grows and the quadrupolar Fano
resonance changes not much. As the shell thickness is
decreased by changing the inner or outer radius of the
ring, the two Fano resonances are increased. The Fano
resonances are also affected by the gap between the disk
and the ring as well as the size of the disk. Furthermore,
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for the two Fano resonances, the R/ sensitivities of
581 nm/RIU and 780 nm/RIU with FOMs of 12.7 and
10.2 can be respectively achieved. Such properties indi-
cate that information about the target object can be ex-
tracted more accurately by processing the data obtained
at different wavelengths simultaneously, making the
structure useful for multi-wavelength sensing.
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