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ano resonances result from interfer-

ence of broad and narrow excitation

modes, and they are typically more
sensitive to changes of the refractive index
of the environment.! In the past decade, it
has been realized that Fano resonances can
also be generated in plasmonic nanostruc-
tures with relatively easy control. Thus, con-
siderable interest has emerged with many
promising applications in physical, chemi-
cal, and biological sciences.? Among the
topics related to enhancement of the sensi-
tivity, it was the excitation of the higher
order Fano resonances suggested in recent
years>~"" Such resonances provide good
tunability to the Fano line shapes. Among
the practical examples, one can mention the
disk ring (DR) plasmonic nanostructures,’®~'2
where the ring provides the higher order
multipolar resonance modes (subradiant
modes or narrow dark mode)'>'* which are
coupled with the disk dipolar mode (super-
radiant mode or broad bright mode). Break-
ing symmetry by displacing the disk with
respect to the ring provides a crucial mechan-
ism for enhancing the coupling of the plas-
mon modes.'> Reported results show that the
quadrupolar resonance mode is excited at
normal incidence while the excitation of the
higher order modes (e.g., octupolar and hexa-
decapolar modes) needs an oblique inci-
dence. By variation of the incident angle, the
shape of the Fano resonance can be altered
from asymmetric to symmetric. Literature
shows that quadrupolar and the octupolar
Fano resonances are generated in theta-
shaped ring-rod nanostructures'® and in plas-
monic oligomer clusters®'”~2° at normal in-
cidence. However, the tunability of the Fano
line shapes might be limited due to the length
of the rod and the size increasing with com-
plex clusters. Our group has recently pro-
posed a silver dual-disk ring (DDR) plasmonic
nanostructure to achieve Fano resonance
in the visible wavelength range,?’ resulting
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In this artide, we investigate higher order (quadrupolar, octupolar, hexadecapolar, and

triakontadipolar) Fano resonances generated in disk ring (DR) silver plasmonic nanostructures.

We find that the higher order Fano resonances are generated when the size of the disk is reduced

and falls into a certain range. With dual-disk ring (DDR) nanostructures, a rich set of tunable Fano

line shapes is provided. More specifically, we report our observations on the optical behavior of the

DDRs including asymmetric cases either in two disks with different sizes or their asymmetric

locations inside the ring. In the case of symmetric dual-disk ring (SDDR) nanostructures, we

demonstrate that the quadrupolar and the hexadecapolar Fano resonances are suppressed, which

an reduce the cross-talk in spectroscopic measurements, while the octupolar and the

triakontadipolar Fano resonances are enhanced. The potential of using the studied plasmonic

nanostructures as biochemical sensors is evaluated with the figure of merit (FOM) and the contrast

ratio (CR). The values of the FOM and the CR achieved using the triakontadipolar Fano resonance in
the SDDR are 17 and 57%, respectively. These results indicate that the SDDRs could be developed

into a high-performance biochemical sensor in the visible wavelength range.

KEYWORDS: plasmon - Fano resonance - single-disk ring (SDR) - dual-disk ring
(DDR) - silver nanostructures - figure of merit - contrast ratio

from the coupling of higher order modes,
that is, coupling of the ring octupolar mode
and disk dipolar mode.

In this article, we investigate the genera-
tion of higher order Fano resonances in
different nanostructures. We find that the
higher order Fano resonances can be gen-
erated when the size of the disk is reduced
and falls into a certain range, where the
quadrupolar, octupolar, hexadecapolar, and
triakontadipolar Fano resonances appear.
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The Fano line shapes are tuned by changing the
geometric parameters of an individual disk in the
DDR plasmonic nanostructures. To our knowledge,
the current work reports the first study of asymmetric
dual-disk ring (ADDR) nanostructures where the “asym-
metry” is either in two disks with different sizes or
their asymmetric locations inside the ring. With the
symmetric dual-disk ring (SDDR) nanostructures, we
demonstrate that the quadrupolar and the hexadeca-
polar Fano resonances are suppressed, which can
reduce the cross-talk in spectroscopic measurements,
while the octupolar and the triakontadipolar Fano
resonances are enhanced. The potential of using such
plasmonic nanostructures as biochemical sensors is
evaluated with values of the figure of merit (FOM)*%2
and the contrast ratio (CR).**

RESULTS AND DISCUSSION

To start the spectroscopic investigation of both SDR
and DDR plasmonic nanostructures, Figure 1 illustrates
the geometries considered in this work. The material
used in all of the plasmonic nanostructures is silver, a
weakly dissipating material.?® The thickness of the
metal layer is h. We define the ring structure whose
geometric parameters are shown in Figure 1a. The
inner and the outer radius of the ring are r; and r,,
respectively. The single-disk or the dual-disk nano-
structure is located inside the ring. In the case of a
single-disk ring (SDR) nanostructure, if the disk and the
ring are concentric, it is referred to as a concentric
single-disk ring (CSDR), where a; is the radius of the
disk, as shown in Figure 1b. Symmetry is broken when
induced by an offset of the disk with respect to the
center of the ring forming a nanogap g; between the
disk and the ring. This asymmetric structure is referred
to here as a nonconcentric single-disk ring (NCSDR),'®
as shown in Figure 1c. The dual-disk ring (DDR) nano-
structure shown in Figure 1d consists of two disks
inside the ring where the radii of the disks are a; and
a,. The g; and g, are the respective nanogaps between
the disks and the ring. With this, we define two types of
DDR nanostructures, a symmetric dual-disk ring (SDDR)
and an asymmetric dual-disk ring (ADDR). The SDDR
means a, = d, and g; = g,, and the ADDR means either
a, # a, or g; # g,. The electromagnetic (EM) wave is
assumed as normal incidence with the polarization
parallel to the gap. Here, we fix the inner and the outer
radius of the ring structure (r; = 130 nm, r, = 150 nm),
the thickness of metal layer (h = 60 nm), and one
nanogap g; = 10 nm, and we change the parameters of
dy, d,, and g, in each nanostructure to study their
influences on the generation of Fano resonances and
the manipulation of the Fano line shapes.

Figure 2 shows the optical properties of the plasmonic
nanostructures considered. We plot both the scattering
(green curve) and the absorption (light red curve)
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Figure 1. Schematics of various silver disk ring plasmonic
nanostructures under consideration: (a) ring structure with
fixed geometric parameters, r; = 130 nm, r, = 150 nm, and
h = 60 nm; (b) concentric single-disk ring (CSDR) structure
consists of the ring and a single-disk with variable radius a,
from 100 to 40 nm; (c) nonconcentric single-disk ring
(NCSDR) structure with nanogap g; = 10 nm and variable
radius of disk a; from 100 to 40 nm; and (d) dual-disk ring
(DDR) structure consists of the ring and two disks with radii
of a; and a,. Symmetric dual-disk ring (SDDR) means a; = a,
and g, = g, while asymmetric dual-disk ring (ADDR) means
either a, # a, or g, # g».

spectra of each plasmonic nanostructure to compare
the super-radiant and the subradiant plasmon reso-
nance modes and the Fano resonance arising from
their interferences.'” The extinction (dark blue curve)
spectra can be easily obtained from the sum of the
scattering and the absorption spectra. According to
the relationship of the peak positions between the
scattering and the absorption, it is easy to determine
whether the Fano line shape is symmetric or not. The
absorption is related to the near-field enhancement by
the subradiant mode and therefore reveals the actual
position of the resonance.?® We compare the spectra of
the ring structure (Figure 2a) and the disk with various
radii a; from 120 to 40 nm (Figure 2b—f). The dipolar
ring mode at 0.78 eV and dipolar disk modes at 1.51,
1.68,1.99, 2.46, and 2.81 eV of the disks with the radii of
120, 100, 80, 60, and 40 nm are clearly observed,
respectively. The ring mode is narrower than the disk
mode, which implies the ring mode and dipolar disk
mode are subradiant and super-radiant, respectively.
Similar scattering and absorption spectra of the
CSDR plasmonic nanostructures with various a, from
120 to 40 nm are shown in Figure 2g—k. The results
show that the combined system contains two modes
generated by the hybridization of individual disk and
the ring dipolar plasmons. From Figure 2h—k, we find
that the strength of the absorption peak of the bond-
ing combination of the bonding dipolar and dipolar
disk plasmon mode at 0.75 eV reduces from strong to
weak coupling. In Figure 2g, a high order resonance
peak at 2.44 eV of the CSDR is observed. A similar
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Figure 2. Extinction (dark blue curve), scattering (green curve), and absorption (light red curve) spectra of (a) ring with
r;=130 nm and r, = 150 nm, (b—f) disks with various a; from 120 to 40 nm, (g—k) concentric single-disk ring (CSDR) plasmonic
nanostructures with various a, from 120 to 40 nm, (I—o0) nonconcentric single-disk ring (NCSDR) plasmonic nanostructures with
fixed g, = 10 nm and various a, from 100 to 40 nm, and (p) symmetric dual-disk ring (SDDR) plasmonic nanostructure with
g1 =g>=10nmand a, = a, =40 nm. Left and right axes are scattering and absorption, respectively, in each plot. The letters “Q”",
“0”, “H", and “T” represent quadrupolar, octupolar, hexadecapolar, and triakontadipolar Fano resonances, respectively.

resonance peak is observed in a strongly interacting
disk ring silver structure with the thickness of 50 nm.?’

Figure 2I—o shows the scattering and absorption
spectra of the NCSDR plasmonic nanostructures with
various a, from 100 to 40 nm and a fixed nanogap g, at
10 nm. Fano resonance in Figure 2| at 1.25 eV results
from the coupling of the quadrupolar ring mode and
the super-radiant disk mode; compare Figure 2| with
Figure 2h. The position of the absorption peak at
1.25 eV is different from that of the scattering peak
at 1.24 eV, which implies asymmetric Fano line shape.
The Fano resonance via the quadrupolar ring mode is
clearly observed in the charge distribution of the
NCSDR, as shown in Figure 3a. The Fano resonance
via octupolar ring mode also appears at 1.75 eV, as
shown in Figure 2I, and the corresponding charge
distribution is shown in Figure 3b. However, this
octupolar Fano resonance mode is much weaker
in comparison with the quadrupolar mode. From
Figure 2I—o, more absorption peaks are observed
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when the size of the disk is reduced, which indicates
the excitation of the higher order Fano resonance
modes. When the radius of the disk is reduced to
40 nm (Figure 20), the quadrupolar, octupolar, hexa-
decapolar, and triakontadipolar Fano resonance
modes are found at 1.37, 1.85, 2.24, and 2.55 eV. Their
corresponding charge distributions are shown in
Figure 3c—f, respectively. Though the strength of the
resonance peak becomes lower and lower, the sharp
line shape of the higher order Fano resonance mode
may be useful for applications where a high sensitivity
is required.

Figure 2p is the result of the SDDR plasmonic
nanostructure with a; = a, = 40 nm and g, = g, =
10 nm. The resonance peaks occur at 1.81 and 2.53 eV.
From the corresponding charge distributions of the
SDDR shown in Figure 3g,h, the resonance modes at
1.81 and 2.53 eV are the octupolar and the triakonta-
dipolar Fano resonances, respectively. Comparing the
spectra in Figure 20,p, we find that the SDDR is able to
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Figure 3. Charge density distributions of the Fano reso-
nances of (a,b) nonconcentric single-disk ring (NCSDR) struc-
ture with a; = 100 nm and g; = 10 nm at energies of 1.25 and
1.75 eV, respectively, (c—f) NCSDR structure with a,; = 40 nm
and g, = 10 nm at energies of 1.37, 1.85, 2.24, and 2.55 eV,
respectively, and (g,h) symmetric dual-disk ring (SDDR) struc-
ture with a; = a, = 40 nm and g, = g, = 10 nm at energies of
1.81 and 2.53 eV, respectively. The signs “+” and “—"
represent the positive and negative charges, respectively.
suppress the quadrupolar and the hexadecapolar
Fano resonances and enhance the octupolar and the
triakontadipolar Fano resonances to achieve higher
order Fano resonances. The two-dip-like shape oc-
curs around 2.5 eV because a resonance peak over-
laps the Fano resonance (see Supporting Information
Figure S1).

The charge distributions of the NCSDR with a, =
40 nm (Figure 3c—f) are compared with the SDDR
with a, = a, = 40 nm (Figure 3g,h). In Figure 3c—f,
the charge distributions on the ring exhibit 4, 6, 8,
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and 10 nodes, as expected corresponding to quad-
rupolar, octupolar, hexadecapolar, and triakontadi-
polar Fano resonances, respectively. The small single
disk inside the ring plays a role as a dipole excited by
the incident EM wave, and then the dipole induces
the excitation of multipolar dark ring modes due to
near-field coupling. The multipolar ring modes cou-
pling with the broad dipolar disk mode generate
the higher order Fano resonances. For the quadru-
polar and the hexadecapolar Fano resonances, the
charges on the left and the right sides of the ring
have the same sign; for the octupolar and the
triakontadipolar Fano resonances, they have oppo-
site signs.

In Figure 3g,h, the two disks oscillate in the same
phase. Hence, only the resonance modes with opposite
signs of charges on the left and the right sides of
thering are able to exist, as expected, corresponding to
the octupolar and the triakontadipolar Fano resonances.
Meanwhile, these Fano resonances are enhanced using
the symmetric dual-disk.

Figure 4 shows the tunability of the DDR plasmonic
nanostructures. In Figure 4a—d, the chosen variable
is one of the nanogaps g, between one disk and the
ring, while other parameters, including the radius of
the two disks (a; = a, = 40 nm) and the other
nanogap (g; = 10 nm), remain constant. From
Figure 4a—d, the DDRs from the ADDRs become
the SDDR. The quadrupolar Fano resonance at 1.37 eV
and the hexadecapolar Fano resonance at 2.24 eV are
suppressed when the gap g, is reduced. These results
demonstrate the suppression of the quadrupolar and
the hexadecapolar Fano resonances in SDDR plasmonic
nanostructures.

In Figure 4e—h, the two nanogaps are fixed (g; =
g> =10 nm), while the radii of the two disks (a, = a,)
are changed simultaneously. In Figure 4ef, the two
disks are overlapped and form CSDR-like structures.
The feature of the spectra is similar to the spectrum
of the CSDR with a; = 120 nm, as shown in Figure 2g,
but a small resonance dip appears around 1.75 eV,
as shown in Figure 4e/f. In Figure 4d,g,h, the octu-
polar Fano resonances in the scattering spectra lead
to a symmetric peak in Figure 4d and an asymmetric
peak in Figure 4h, and finding a symmetric dip in
Figure 4g, when the sizes of the disk are 40, 50, and
57.5 nm, respectively. These different asymmetries
due to the relative phase between two interfering
modes determines the conditions of destructive
and constructive interferences.® In Figure 4d, the
Fano resonance is highly detuned from the super-
radiant peak position, resulting in a very high asym-
metry parameter and a Lorentzian-like line shape. In
Figure 4g, the asymmetry is almost zero as the Fano
resonance is almost centered. The intermediate
situation of Figure 4h displays an asymmetry.
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Figure 4. Extinction (dark blue curve), scattering (green curve), and absorption (light red curve) spectra of
(a—c) asymmetric dual-disk ring (ADDR) structures with fixed a, = a, = 40 nm, g, = 10 nm, and various g, from 70
to 30 nm; (d) symmetric dual-disk ring (SDDR) structure with a; = a, =40 nm and g; = g, = 10 nm; (e—h) SDDRs with fixed
g1 =9, =10 nm and various a; = a, from 100 to 50 nm; and (i—I) ADDRs with fixed g, = g, = 10 nm, a; = 40 nm, and vari-
ous a, from 100 to 50 nm. Left and right axes are scattering and absorption, respectively, in each plot. The letters “Q”,
“0”, "H", and “T" represent quadrupolar, octupolar, hexadecapolar, and triakontadipolar Fano resonances,

respectively.

In Figure 4i—1, the chosen variable is the radius of
one of the disks a,, while the two nanogaps and the
radius of the other disk remain constant (g, = g, =
10 nm, a; = 40 nm). Due to asymmetry, the quad-
rupolar and the hexadecapolar Fano resonances
appear. In Figure 4i, the two disks are overlapped
and form a CSDR-like structure. Compared to
Figure 4ef, the highly asymmetric disk inside the
ring leads to a stronger octupolar Fano resonance at
1.73 eV.

To show that a higher order Fano resonance pro-
vides higher sensitivity, we use the figure of merit
(FOM) and the contrast ratio (CR) to evaluate the
performance of the plasmonic nanostructures as
biochemical sensors. The FOM is defined as the ratio
of the sensitivity to the bandwidth of the resonance
[(eV RIU™")/bandwidth]. In the symmetric Fano reso-
nance, the bandwidth is the full width at half-max-
imum (fwhm) of the resonance, and in the asymmetric
Fano resonance, the bandwidth is the line width from
the peak to the dip of the resonance.'®? The CR is
defined as the ratio of the difference between the
peak value and the dip value to the sum of these two
values. We compare the sensing performance of three
plasmonic nanostructures: NCSDR with a; = 100 nm,

FU ET AL.

CSDR with a; = 120 nm, and SDDR with a, = a, =
40 nm. Figure 5a—c shows the spectra of the plas-
monic nanostructures with complete dielectric filling
(vacuum or dielectrics occupies the semi-filling space
over the nanostructure on the glass substrate) of
different media (n = 1, 1.33, 1.42, and 1.56). The
spectra clearly show significant red shifts with the
increase of the refractive index of the surround
media. The energy shift dependence on the refractive
index is shown in Figure 5d—f. In the structure of the
NCSDR (Figure 5a,d), the sensitivity of the quadrupo-
lar Fano resonance (Q mode, at 1.25 eV) is 0.61 eV
RIU™". The calculated values of the FOM and the CR
are 10 and 68%, respectively. In the structure of the
CSDR (Figure 5b,e), the sensitivity of the high order
resonance peak (at 2.44 eV) is 1.28 eV RIU™". The
calculated values of the FOM can reach 30; however,
the CR is only 12%. In the structure of the SDDR
(Figure 5¢,f), there are two Fano resonances, the
octupolar Fano resonance (O mode, at 1.81 eV) and
the triakontadipolar Fano resonance (T mode, at
2.53 eV). The sensitivity, the FOM, and the CR of
the O mode are 0.84 eV RIU™', 12, and 87%, respec-
tively, while the corresponding values of the T mode
are 1.06 eV RIU™", 17, and 57%, respectively. It clearly
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T T T T T T T 80 We consider the variation of the size of the disk a,
affects the FOM and the CR in the ADDRs. Figure 6

] shows the values of the FOM (dark blue curve) and the

160 CR (lighter orange curve) using the triakontadipolar

Fano resonances in the dual-disk ring (DDR) nano-
structures with fixed a; = 40 nm as a function of a, from
40 to 70 nm. The values of the FOM and the CR of the
SDDR with a; =a, =40 nm are 17 and 57%, respectively.
The value of the FOM increases when a, is increased.
However, the value of the CR decreases on the one hand.

Figure of merit
1
S
(%) oneu jsenuo)d

720 On the other hand, the appearance of the quadrupolar
| and the hexadecapolar Fano resonances increases the
cross-talk in spectroscopic measurements.
10 1 . I . 1 . 1 0
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Disk size az (nm) CONCLUSION

In this article, we have systematically studied the

generation of the higher order Fano resonances

from normal excitation of both single-disk ring

(SDR) and dual-disk ring (DDR) silver plasmonic

nanostructures. For each type, we vary several geo-

metrical parameters of both symmetric and asym-

Figure 6. Figure of merit (dark blue curve) and the contrast
ratio (lighter orange curve) using triakontadipolar Fano
resonances in the dual-disk ring (DDR) with fixed a, =
40 nm as a function of the size of the disk a, from 40 to 70 nm.

demonstrates that the sensitivity of such biochemical
sensor is enhanced with higher order Fano resonance

in the case of SDDR plasmonic structure. The FOM
value is close to a reported result, 12—20, using a
silver nanocube on high refractive index sub-
strate of ZnSe.>° In addition, the suppression of the
quadrupolar and the hexadecapolar Fano resonances
can reduce the cross-talk. Similar calculations
have been performed (see Supporting Information
Figure S2).

metric structures to represent most plasmonic
nanostructures. We have found that quadrupolar,
octupolar, hexadecapolar, and triakontadipolar
Fano resonances appear when the size of the disk
is reduced and fallen into a certain range. We have
demonstrated that the quadrupolar and the hexa-
decapolar Fano resonances are suppressed while
the octupolar and the triakontadipolar Fano
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resonances are enhanced in the case of the sym-
metric dual-disk ring (SDDR) plasmonic nanostruc-
Meanwhile, results large spectral
tunability in dual-disk ring (DDR) which provides
a rich set of the Fano line shapes. By optimizing
the SDDR plasmonic nanostructure, we show that
the FOM and the CR using the triakontadipolar Fano
resonance are able to reach 17 and 57%, respectively.

ture. show

METHODS

The scattering and the absorption cross-section spectra of
the plasmonic nanostructures were calculated using finite
difference time domain (FDTD, Lumerical FDTD Solutions)
method. The dielectric function of silver used for calculation
was obtained from the experimental data of Johnson and
Christy.31 In all calculation models, the nanostructure lies on a
glass substrate (SiO, with reflective index of 1.456 at wave-
length of 656 nm), which occupies semi-filling space under the
nanostructure. The charge density distributions were numeri-
cally calculated as the divergence of the calculated electric field.
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