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Abstract Plasmonic Fano resonances arise in bimetallic

layered nanostructures (metal–dielectric–metal and

dielectric–metal–dielectric–metal) are studied theoretically

as the function of their geometrical parameters. Multiple

Fano resonances are generated in these nanostructures

where several subradiant dark modes appear due to the

geometrical symmetry breaking induced by offsetting dif-

ferent layers. The plasmonic responses of the proposed

nanoparticles with equal volumes are compared and mul-

tiple Fano resonances with large modulation depths are

obtained in metal–dielectric–metal structure which is

highly suitable for multi-wavelength sensing and plasmon

line shaping. However, the dielectric–metal–dielectric–

metal nanostructure is found to provide a slightly better

tunability of higher-order plasmonic modes compared to

metal–dielectric–metal nanostructure due to which it can

be useful for biomedical applications.

Keywords Fano-like resonance � Plasmons � Multilayer

nanoparticles � Symmetry breaking � Surface charge

distribution

Abbreviations

EIT Electromagnetically induced transparency

SERS Surface-enhanced Raman spectroscopy

MNS Multilayered nanoshell

DNS Double nanoshells

FEM Finite Element Method

PML Perfectly matched layer

DDF Dipole–dipole Fano resonance

CMNS Concentric multilayered nanoshell

NC-MNS Non-concentric core multilayered nanoshell

MNS-NG Multilayered nanoegg

DQF Dipole–quadrupole Fano resonance

DOF Dipole–octupole Fano resonance

NC-DNS Non-concentric double nanoshells

NC-INS Double nanoshells with non-concentric inner

nanoshell

NC-SRINS Double nanoshells with non-concentric

symmetry reduced inner nanoshell

DNS-NG Double nanoshells nanoegg

Introduction

Fano resonances have been studied extensively in quan-

tum systems, and were realized well in plasmonic nano-

structures in recent years. These resonances usually arise

from the coupling and interference of a non-radiative

mode and a continuum of radiative electromagnetic waves

and are distinguished from their Lorentzian counterpart by

a distinctive asymmetric line shape. They are typically

more sensitive to the size and shape of the nanoparticle

and changes of the refractive index of the environment.

The plasmonic Fano-like resonances exhibit sharp reso-

nance and strong light confinement and are analogues of

electromagnetically induced transparency (EIT) [1]. They

have been observed in various symmetric and asymmetric

metallic nanostructures that include nanoshells [2–6],

multilayered nanocones [7], rings [8–12], dimers [13–20],

trimers [21, 22], quadrumer [23, 24], pentamers [25, 26],

hexamer [27], and nanoparticle chains [28, 29]. Among

all the nanostructures, the plasmonic layered
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nanostructures have attracted many researchers attention

because these structures exhibiting multiple Fano reso-

nances over the entire visible spectrum as well as near to

mid infrared region. Multiple Fano resonances observed

in such nanostructures possess several dark subradiant

modes and can simultaneously modify the plasmon line at

several spectral positions that are very suitable for multi-

wavelength surface-enhanced Raman spectroscopy

(SERS) compared to a single Fano resonance [7, 30, 31].

The plasmon oscillations of layered nanoparticles can be

explained in terms of the interaction between the plasmon

modes of the single parts of the nanostructure, as they act

one by one. For instance, the plasmon modes of a single

metallic nanoshell, composed of a dielectric core and a

metallic layer, can be considered as arising from the

interaction between the dipolar mode of the metallic

sphere Sj i and the dipolar mode of the dielectric cavity

Cj i. The hybridization of the sphere and cavity plasmons

causes the plasmon to split into higher energy antibonding

mode þj i and the lower-energy bonding mode �j i. The

þj i mode is anti-symmetric dark subradiant mode

because it originates from the anti-symmetric coupling

between Sj i and Cj i modes while �j i mode is symmetric

bright superradiant mode because it arises from the

symmetric interactions between the two modes. The

similar conception of hybridization can be applied for a

structure which contains more than two layers of metals

and dielectrics [6, 20]. The interactions between different

layers can be highly increased by breaking the symmetry

of the nanostructure as reported in [4, 32, 33]. Due to

symmetry relaxation, distinct higher-order subradiant dark

modes appear in the spectrum which will couple to the

bright superradiant mode and engenders multiple Fano

resonances due to destructive interference.

The focus of this work is to examine theoretically

multiple Fano resonances in two kinds of layered plas-

monic nanostructures; the gold–silica–gold multilayered

nanoshell (MNS) and double nanoshells (DNS). The MNS

contains a spherical metallic core, a dielectric spherical

shell, and an external metal spherical shell while the DNS

contain two alternative layers of metal and dielectric.

Higher-order tunable Fano resonances with large modula-

tion depth are obtained in both the MNS and DNS nano-

structures for the symmetric and asymmetric cases. The

multiple Fano resonances in DNS nanostructure are

obtained for the first time in this paper. Previous study on

DNS nanostructures was restricted only to single Fano

resonance that arises in the symmetric case. Here, the

influence of symmetry breaking over the optical response

of DNS nanostructure is studied for the first time to achieve

multiple Fano resonances. The optical response of both the

MNS and DNS nanoparticles is compared at the end and

the MNS is found to exhibit Fano resonances with large

modulation depth. These asymmetric Fano line shapes with

steep variations are typically suitable for three-dimensional

plasmon ruler [34], Plasmon-Induced Transparency (PIT)

[35], switching [36], multi-wavelength SERS, and plasmon

line shaping by modifying the plasmon line at various

spectral locations simultaneously [7, 30].

I studied the scattering spectra, the distribution of the

induced surface (free and bond) charges and the near-field

enhancement of the proposed nanostructures. All the cal-

culations are carried out by COMSOL Multiphysics soft-

ware with the RF module. COMSOL Multiphysics is

commercially available software based on Finite Element

Method (FEM), which correctly solves electromagnetic

problems at the nanoscale level. Both the near- and far-

field optical properties were calculated in the frequency

domain using the scattered-field formulation. The 3D

simulation space is composed of a nanoparticle, an

embedding medium and a perfectly matched layer (PML).

The PML eliminates the reflections at the domain bound-

aries. The experimental material data (Johnson and Christy

model) are utilized for the dielectric constant of the gold

[37]. The permeability of the metal is l = 1. A spherical

far-field integration boundary is brought in between the

inner PML boundary and the nanostructure. We chose the

dimensions of the embedding volume and the PML in such

a way that varying the size of the nanoparticle would not

influence the simulation results. A free built-in meshing

algorithm in COMSOL is used to discretize the simulation

space, which will divide the simulation space into a set of

tetrahedral finite elements. A plane wave, used for excita-

tion, is inserted on the inside of PMLs surrounding the

embedding medium. The embedding medium is considered

air for all cases.

Results and discussion

Multilayered nanoshell (MNS)

Multilayered nanoshell (MNS) contains a spherical metal-

lic core, a dielectric spherical shell and an external metal

spherical shell. This type of nanostructure starts to become

the focus of strong attention in chemical and bimolecular

sensing, lasing and SERS [4, 38]. The MNS nanostructure

has also the ability to generate higher-order tunable Fano

resonances, which could find applications in plasmon line

shaping and multi-wavelength SERS [4, 5]. The geometries

of a concentric and non-concentric gold–silica–gold MNS

are illustrated in Fig. 1a–c. The dimensions of MNS are

R1 = 30/R2 = 45/R3 = 70 nm, respectively. The illumi-

nating electromagnetic wave is linearly polarized; the

electric field is directed along x-axis and the wave propa-

gates in the z-direction.
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Optical properties of MNS

The plasmon hybridization model is developed to under-

stand the plasmonic response of complex metallic nano-

structures of arbitrary shape [39]. For MNS, the plasmon

hybridization will occur between a spherical metallic core

and the outer nanoshell. Only the low-energy bonding

mode x�j i of the nanoshell is considered to interact with

the dipole mode of the core because it has a large dipole

moment. The high-energy antibonding mode xþj i of the

nanoshell has a small dipole moment due to which it cannot

be observed in the spectrum. Thus, the interaction between

the dipole mode of the core and the dipole bonding mode of

the shell hybridized and induce a high-energy symmetric

dipole antibonding mode xþ
�

�
�

�

ð1Þ and a low-energy anti-

symmetric dipole bonding mode x�
�

�
�

�

ð1Þ as shown by the

scattering spectra of a concentric MNS (CMNS) (Fig. 2).

The xþ
�

�
�

�

ð1Þ mode near 550 nm is a superradiant mode that

arises by the symmetric coupling between the core dipole

mode xsj i and the dipole bonding mode x�j i of the outer

nanoshell, while x�
�

�
�

�

ð1Þ mode (690 nm) which emerges in

the vicinity of broad resonance is a subradiant mode that

arises by the anti-symmetric coupling between xsj i and

x�j i modes. The near-field coupling between the two

hybridized modes induces a dipole–dipole Fano resonance

(DDF) in the spectrum near 655 nm. The surface charge

distributions corresponding to the two modes are also

shown in the inset where for xþ
�

�
�

�

ð1Þ mode, the individual

dipole moments of the core and shell oscillate in phase and

for x�
�

�
�

�

ð1Þ mode, the dipole modes oscillate out of phase.

Due to orthogonality in concentric nanostructures, the

plasmon hybridization between different multipolar reso-

nances in the shell and the core is forbidden.

Geometrical tunability of CMNS

Next, the effect of nanoparticle size on the optical prop-

erties has been analyzed, as this parameter plays a crucial

role in the occurrence or non-occurrence of DDF (Fig. 3).

In Fig. 3a, when R1 is small, the gap between the inner core

and outer shell becomes large due to which the plasmon

coupling between them is weak resulting in a blue-shift of

Fig. 1 Sketch of a concentric MNS. b Non-concentric MNS with offset core in the y-direction (Dy) and c MNS nanoegg with two components

offset in the y-direction (Dy). R1/R2/R3 represents the radius of the inner gold core, middle silica layer and outer gold shell

Fig. 2 Scattering cross-section

of a concentric gold–silica–gold

MNS
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the DDF and vice versa. For very small gap, both the

xþ
�

�
�

�

ð1Þ and x�
�

�
�

�

ð1Þ modes are observed far away from

each other, they couple directly to the incident light and no

Fano resonance is obtained. In Fig. 3b, large value of R2

leads to decrease in the plasmon interactions between the

gold core and shell due to which x�
�

�
�

�

ð1Þ mode appears

blue-shifted. This will enhance the coupling between

symmetric and anti-symmetric modes and a sharp DDF

arises in the spectrum for R2 = 45 nm. By further

increasing the value of R2, the x�
�

�
�

�

ð1Þ mode shows a red-

shift due to which the coupling between the modes

becomes weak and Fano resonance disappears again. In the

last, the influence of the outer gold shell thickness on its

optical response is also tested. When R3 is small enough

than a strong red-shift of the plasmonic peaks in the

spectrum are observed because of the stronger interactions

between the inner core and the outer shell. Due to smaller

R3, both the xþ
�

�
�

�

ð1Þ and x�
�

�
�

�

ð1Þ modes are observed to be

much far away from each other where they couple directly

to the incident field and Fano resonance is absent. For high

values of R3, a large blue-shift of x�
�

�
�

�

ð1Þ mode is

observed. When R3 reaches to 60 nm, the coupling between

xþ
�

�
�

�

ð1Þ and x�
�

�
�

�

ð1Þ modes are established due to which the

DDF starts to appear in the spectrum. With further increase

of the R3 value, the modulation depth of the DDF decreases

and also blue-shifted.

Symmetry breaking in MNS

In the previous section, only the symmetric MNS was

considered where only those modes which have the same

angular momenta interact. For the non-concentric MNS,

when the symmetry of the structure is broken, modes of

different order will mix i.e., those modes which have

Fig. 3 Scattering spectra of CMNS for different values of a R1, b R2 and c R3
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distinctive angular momenta starts to interact [4, 5]. For

instance, xsj ið1Þ mode of the core will not only interact

with x�j ið1Þ mode of the shell but also with the higher-

order modes of the shell like the quadrupole x�j ið2Þ and

octupole x�j ið3Þ modes etc.

Two kinds of symmetry breaking conception are intro-

duced in MNS, first by displacing the inner gold core with

respect to the shell (Fig. 1b) and then offsetting both the

inner gold core and middle silica layer simultaneously due

to which the nanoparticle adopts the shape of a nanoegg

(Fig. 1c). The first structure is named as non-concentric

core MNS (NC-MNS), while the second structure is named

as MNS nanoegg (MNS-NG). Figure 4 shows the scattering

spectra of NC-MNS with various core offsets. The blue

curve corresponds to the CMNS where I obtained a strong

DDF. For a 12 nm core offset (red curve), a quadrupole

mode x�
�

�
�

�

ð2Þ appears in the spectrum, which couple to

xþ
�

�
�

�

ð1Þ mode and crop up a dipole–quadrupole Fano res-

onance (DQF) near 600 nm. The DDF red-shifts from

655 nm to around 740 nm and the amplitude of x�
�

�
�

�

ð1Þ
mode decreases. By further displacing the inner core

(14 nm), an octupole mode x�
�

�
�

�

ð3Þ appears in the vicinity

of xþ
�

�
�

�

ð1Þ mode. The near-field coupling between the two

induces a dipole–octupole Fano resonance (DOF) near

605 nm. The DDF and DQF are also red-shifted. Thus, the

Fano resonances can be tuned as a function of the core

offset. The surface charge distributions corresponding to

each hybridized mode are shown in the inset which clearly

demonstrates the nature of x�
�

�
�

�

ð1Þ, x�
�

�
�

�

ð2Þ and x�
�

�
�

�

ð3Þ
modes.

Figure 5 illustrates the scattering spectra of MNS-NG,

where I displaced the inner core 37 nm and middle silica

layer 23 nm from their centers. Five distinct scattering

peaks are obtained in the spectrum. By observing the sur-

face charge distributions, the surface charges near

1,071 nm show a subradiant dipole mode because both the

inner core and outer shell exhibit a dipolar pattern. The

surface charges near 790 nm present a quadrupole–quad-

rupole mode because both the inner core and outer shell

reveal a quadrupolar pattern. Since in this nanostructure,

the symmetry of the nanoshell is also broken so higher-

order modes will also appear on the outer shell due to

strong hybridization. The surface charges near 667 nm

show a mixture of octupole modes, while the surface

charge distributions near 600 nm show a quadrupole pat-

tern on the outer layer and hexadecapolar distribution on

the inner core, so this slight peak is a combination of

quadrupole–hexadecapole mode. Thus, the MNS-NG

nanostructure provides distinct higher-order modes and

multiple Fano resonances.

Double nanoshells (DNS)

In this section, the double nanoshells (DNS) structure is

constructed by inserting a dielectric sphere of 18 nm radius

inside the inner metallic sphere of MNS. So in this way, I

obtained bi-dielectric, bimetallic nanostructure having

dimensions R1 = 18/R2 = 30/R3 = 45/R4 = 70 nm as

shown in Fig. 6a. The polarization and propagation of

incident light remain the same as in the previous section.

Optical properties of DNS

The plasmon hybridization in DNS will occur between the

bonding modes x�j i of the inner and outer nanoshells

forming high-energy symmetric antibonding mode xþ
�

�
�

�

Fig. 4 Scattering spectra of

NC-MNS as a function of core

offset Dy. Dy = 0 (blue line),

Dy = 12 nm (red line) and

Dy = 14 nm (green line)
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and low-energy anti-symmetric bonding mode x�
�

�
�

�

[6].

This is revealed by the scattering spectra of concentric

DNS (Fig. 6b) where the high-energy peak near 564 nm is

xþ
�

�
�

�

mode and the lower-energy peak near 732 nm is

x�
�

�
�

�

mode. The dip appears near 700 nm representing

DDF that originates from the near-field coupling between

xþ
�

�
�

�

and x�
�

�
�

�

modes. This hybridization seems much

similar to the MNS nanostructure.

Geometrical tunability of DNS

The tunability of DDF in DNS nanostructure is also

investigated by varying the nanoparticle size as shown in

Fig. 7. Here, additional benefits are obtained compared to

MNS nanostructure because of an extra layer due to which

this nanostructure has an extra tunable parameter in the

aspect ratio of the inner nanoshell. This new parameter

typically controls the bonding energy mode of the layered

nanostructure. In Fig. 7a, c, the effect of the dielectric

spacing layer is studied. By decreasing R1, a strong blue-

shift of x�
�

�
�

�

mode is obtained due to which a Fano reso-

nance with large modulation depth is perceived in the

spectrum. By decreasing R3, the DDF first blue-shifts and

then disappears because x�
�

�
�

�

mode strongly red-shifts due

to which it does not overlap with xþ
�

�
�

�

mode. Similarly, in

Fig. 7b, d, the effects of metallic layer have been studied.

The response of modifying R2 is nearly similar to R3. On

the other hand, by increasing R4, both the xþ
�

�
�

�

and x�
�

�
�

�

modes come closer, overlap in energy and induces strong

DDF. However, for large values of R4, the DDF suffers

from weak modulation depth. The DNS nanostructure is

found to provide a slightly better tunability of the resonant

modes compared to MNS nanostructure because of an extra

layer due to which, it can be a better choice for biomedical

applications [40].

Symmetry breaking in DNS

Next, the symmetry of the DNS nanostructure is broken by

moving the inner nanoshell in the y-direction due to which

Fig. 5 Scattering spectra of

MNS-NG. Inset shows surface

charge distributions

corresponding to each peak

Fig. 6 a Sketch of DNS

nanostructure. b Scattering

spectra of concentric DNS
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the higher-order hybridized modes come into view like in

NC-MNS nanostructure. The geometry of the non-con-

centric DNS (NC-DNS) is presented in Fig. 8a. Figure 8b

shows the scattering spectra of the concentric DNS and

NC-DNS with various inner shell offsets. For the concen-

tric DNS, xþ
�

�
�

�

ð1Þ and x�
�

�
�

�

ð1Þ modes (blue line) are

Fig. 7 Scattering spectra of DNS for different values of a R1, b R2, c R3 and d R4

Fig. 8 a Geometry of NC-DNS

with inner nanoshell offset

Dy. b Scattering spectra of NC-

DNS with various inner

nanoshell offsets. Blue line

Dy = 0, red line Dy = 13 nm

and green line Dy = 14 nm.

Insets shows surface charge

distributions for Dy = 14 nm
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obtained. For NC-DNS, higher-order hybridized modes

emerge in the spectrum. By observing the surface charges

shown in the inset for 14 nm inner nanoshell offset, it

becomes clear that the resonant peak near 872 nm is a

subradiant dipole mode. The surface charge distributions

near 692 nm show a dipole distribution on the outer

nanoshell and quadrupole distribution on the inner nano-

shell, so this clearly demonstrates a mixed dipole–quad-

rupole mode. Similarly, the surface charges near 612 nm

(small peak) show the mixing of dipole and octupole

modes. So, the NC-DNS exhibit the similar higher-order

hybridized modes and Fano resonances like the NC-MNS

nanostructure.

Three other types of symmetry breaking in DNS

nanostructure are studied. The first one is to displace the

inner silica core of the inner nanoshell 11 nm on an

otherwise fixed geometry, the second one is to offset the

symmetry broken inner nanoshell 14 nm on an otherwise

fixed geometry and the third one is to offset both the

symmetry reduced inner nanoshell (37 nm) and the silica

layer of the outer nanoshell (23 nm) simultaneously,

which adopts the shape of a nanoegg. All the geometries

are shown in Fig. 9a–c. I named the first nanostructure as

DNS with non-concentric inner nanoshell (NC-INS), the

second one as DNS with non-concentric symmetry

reduced inner nanoshell (NC-SRINS) and the third one as

DNS nanoegg (DNS-NG). The scattering spectra of NC-

INS, NC-SRINS and DNS-NG nanostructures are pre-

sented in Fig. 9d. For NC-INS nanostructure, only sub-

radiant dipole and quadrupole modes are obtained, which

are demonstrated by the surface charge distributions in the

lower panel. By observing the surface charge distributions

of NC-SRINS nanostructure given in the middle panel,

the resonant peak near 794 nm shows the mixed dipole–

quadrupole character of the dipole–quadrupole mode. The

peak near 675 nm is the mixture of dipole and octupole

modes, while the peak near 610 nm shows a dipole dis-

tribution on the outer nanoshell and hexadecapolar dis-

tribution on the inner nanoshell depicting dipole–

hexadecapolar mode. The lower order subradiant dipole

mode remains absent in the NC-SRINS nanostructure. For

the DNS-NG nanostructure, the higher-order modes will

also be appeared on the outer nanoshell because the

symmetry of the outer nanoshell is also broken (similar

like MNS-NG). Therefore, by examining the surface

charge distributions near 872 nm, a quadrupole pattern

emerges on both the outer and inner nanoshells, which

represent a quadrupole–quadrupole mode. The surface

charges near 718 nm show a combination of octupole

modes while the surface charges near 636 nm exhibit

quadrupole distribution on the outer nanoshell and an

octupole distribution on the inner nanoshell, which clearly

shows the mixed quadrupole–octupole character of the

quadrupole–octupole mode. Figure 9e shows the closer

view of the surface charges corresponding to DNS-NG

and NC-SRINS nanostructures. For all the considered

cases, the superradiant bright mode has sustained its

spectral position. To our knowledge, the higher-order

Fano resonances in DNS nanostructure are never reported

before. These multiple Fano resonances could find

applications in plasmon line shaping, multi-wavelength

SERS, and biosensing.

Comparison of MNS and DNS nanostructures

The near- and far-field properties of both the MNS and

DNS are compared by taking both the nanostructures with

equal volumes. Figure 10a shows the scattering spectra of

both the nanostructures for a concentric case. A compara-

tively much stronger Fano resonance with large modulation

depth is observed in MNS nanostructure. Figure 10b shows

the scattering spectra of both the nanostructures for non-

concentric cases, i.e., the inner metal core in MNS has been

offset 47 % from its center and with a similar offset value,

the inner nanoshell in DNS has been moved. The figure

depicts that both the nanostructures exhibit higher-order

Fano resonances; however, the modulation depth of the

Fano resonances in case of NC-MNS is observed to be

slightly stronger. For instance, the octupole Fano resonance

in case of NC-DNS is found to be much weaker compared

to NC-MNS nanostructure. Figure 10c shows the scattering

spectra of MNS and DNS nanostructures with nanoegg-like

shapes, where the symmetry of both the nanostructures is

broken with the same degree of offset. The MNS-NG

exhibits five scattering peaks in the spectrum compared to

DNS-NG nanostructure. Thus, the MNS, NC-MNS and

MNS-NG nanostructures have the potential in the genera-

tion of higher-order Fano resonances with large modulation

depths.

Eventually, the Fano resonances in the near-field optical

properties of both the MNS and DNS nanostructures are

compared. Figure 11 shows the maximum near-field

enhancement spectra of NC-MNS, NC-DNS, MNS-NG and

DNS-NG nanostructures. In Fig. 11a, the higher-order

hybridized modes and Fano resonances for both the

nanostructures are attained almost at the same spectral

location as that in the far-field spectra. However, the weak

octupole mode is missing in this case. The near-field

spectra of both the nanostructures clearly show that NC-

MNS provides maximum value of the near-field enhance-

ment at various spectral locations compared to NC-DNS

nanostructure. Similarly, in Fig. 11b, all the hybridized

110 Page 8 of 12 Int Nano Lett (2014) 4:110
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modes are achieved successfully in the near-field spectra

and both the MNS-NG and DNS-NG nanostructures pro-

vide almost similar values of the enhancement. From field

enhancement calculations, it has been established that

MNS nanostructure shows strong near-field enhancement

in several regions compared to DNS nanostructure, which

Fig. 9 Geometric sketches of a NC-INS, b NC-SRINS and c DNS-

NG nanostructures. d Scattering cross-sections. Blue line corresponds

to NC-INS, red line corresponds to NC-SRINS and green line

corresponds to DNS-NG nanostructure. Insets show surface charge

distributions for NC-INS (bottom panel), NC-SRINS (middle panel)

and DNS-NG (top panel) nanostructures. e Closer view of surface

charges corresponding to DNS-NG and NC-SRINS nanostructures

Int Nano Lett (2014) 4:110 Page 9 of 12 110

123



may provide effective applications in surface-enhanced

spectroscopy and localized surface plasmon resonance

biosensor [41].

Conclusion

Plasmonic Fano-like resonances in bimetallic layered

nanostructures are investigated. It is established that the

resonant energy and intensity of Fano resonances can be

tuned by changing the geometric parameters of the nano-

particle. Multiple Fano resonances are observed with

prominent modulation depth by breaking the symmetry of

the structure. The higher-order multiple Fano resonances are

also studied for the first time in DNS nanostructure and its

comparison is made with MNS nanostructure. The DNS

nanostructure is proved to provide a slightly better tunability

of plasmonic peaks compared to MNS nanostructure

because of the addition of an extra layer due to which it can

be useful for biomedical applications. However, the MNS

nanostructure is revealed to be a better choice for the gen-

eration of higher-order tunable Fano resonances with large

modulation depth, particularly suitable for three-dimensional

plasmon ruler, multi-wavelength SERS, and plasmon line

shaping by simultaneously modifying the plasmon line at

several spectral positions. Future work may comprise the

Fig. 10 Scattering spectra a DNS and MNS nanostructures. b NC-DNS and NC-MNS nanostructures. c DNS-NG and MNS-NG nanostructures
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utilization of other nanoparticle shapes or collective effects

in nanoparticle arrays to further increase the generation and

tunability of higher-order Fano resonances.
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tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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