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According to the plasmon hybridization theory, the plasmon resonance characteristics of the gold nanocres-
cent/nanoring (NCNR) structure are systematically investigated by the finite element method. It is found that the extinction
spectra of NCNR structure exhibit multiple plasmon resonance peaks, which could be attributed to the result of the plas-
mon couplings between the multipolar plasmon modes of nanocrescent and the dipolar, quadrupolar, hexapolar, octupolar,
decapolar plasmon modes of nanoring. By changing the geometric parameters, the intense and separate multiple plasmon
resonance peaks are obtained and can be tuned in a wide wavelength range. It is further found that the plasmon coupling
induces giant multipole electric field enhancements around the tips of the nanocrescent. The tunable and intense multiple
plasmon resonances of NCNR structure may provide effective applications in multiplex biological sensing.
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1. Introduction
Localized surface plasmon resonance (LSPR) in noble

metallic nanostructure, serving as a superior nanoscale opti-
cal control approach, plays a crucial role in designing and
improving wavelength-tuned optical devices and high sensi-
tive sensors.[1–4] When the frequency of the incident wave is
virtually identical to the collective electron vibrational fre-
quency, the localized surface plasmons of the noble metal-
lic nanostructure can be effectively excited and will engender
a strong electromagnetic response to enhance the signals of
surface-enhanced Raman scattering (SERS) and the surface-
enhanced fluorescence (SEF).[5–7] As is well known, as the
non-destructive and ultrasensitive spectroscopic analysis tech-
niques, SERS and SEF are more suitable to detecting the bi-
ological tissues by using the incident radiation in the “win-
dow of optical transparency”, i.e., in the visible and the near
infrared (NIR) wavelength region.[8,9] And, by controlling
the geometric and physical parameters of nanostructures such
as size, morphology and metal materials, their predominant
LSPR bands could be tuned in a wide scope approximately
up to incident radiation.[10] Therefore, the plasmon resonance
peaks of nanostructures can be located in the “window of opti-
cal transparency” to largely improve the figure of merit (FOM)
of biosensor.

In the last few years, much research efforts have been de-
voted to the design and fabrication of various functional plas-

monic nanostructures.[11–13] These nanostructures have their
own optical bands in the absorption or extinction spectra. For
instance, the gold or silver spherical nanoparticles have only
one plasmon resonance extinction peak.[14] The nanotriangles
have a strong peak in their absorption spectrum.[15,16] The
nanorods have two plasmon resonance peaks: a weak transver-
sal mode peak and an intense longitudinal mode peak.[17] The
nanoshells also have two plasmon resonance peaks which are
defined as the antibonding mode peak at shorter wavelength
and the bonding mode peak at longer wavelength resulting
from the plasmon hybridization, but the antibonding mode
peak is very weak.[18] For nanocubes, there are several plas-
mon resonance peaks in the extinction spectra while only a
strong peak can be well distinguished from them.[19] As we
have seen, the most of the existing noble metallic nanostruc-
tures have only an intense plasmon resonance band due to their
simple geometry. It is a regretful reality that the LSPR charac-
teristics of these nanostructures are impossible to implement
multiplex sensing for the applications in biological and chem-
ical fields.

In fact, some researchers have paid their attention to de-
signing and fabricating the complex geometry of nanostruc-
ture for obtaining the multiple plasmon resonances. Prodan et
al. have found that for a noble metallic compound nanostruc-
ture, the plasmon hybridization can form the robust antibond-
ing and the bonding plasmon modes and is used to explain the
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plasmon resonance properties.[20] Hao et al. have reported that
the non-concentric metallic ring/disk nanocavity with sym-
metry breaking can produce the distinct dipolar, quadrupolar
peaks and other high order resonance peaks in the extinction
spectra due to the couplings between the multipolar plasmon
modes.[21] Zhu et al. have proposed that a multilayer gold shell
nanostructure can be used to achieve the multiple plasmon res-
onances which result in the four intense plasmonic bands in
the absorption spectrum.[22] On the other hand, it is possible
to gain multiple plasmon resonances by combining the simple
geometric nanostructures into a complex one. As a typical ex-
ample, the disk-ring nanostructure has outstanding advantages
of structurally tunable plasmon resonances and easily exciting
multipolar Fano features due to the hybridization of the disk’s
dipole mode and the ring’s higher-order modes.[23] Moreover,
the nanocrescent cylinder-nanostrip structure exhibited tun-
able near-field optical resonance and giant enhancement at the
tips of nanocrescent cylinder as the plasmonic hot spots.[24]

Accordingly, the plasmon coupling between nanocrescent and
nanoring is expected to achieve tunable multiple plasmon res-
onance bands and intense electric-field enhancement.

In this paper, we numerically study the plasmon reso-
nance properties of gold nanostructure consisting of a nanocre-
scent and a nanoring by using the two-dimensional finite
element method (2DFEM). It is desired to acquire intense
multiple plasmon resonance peaks in the extinction spec-
trum of the proposed gold nanostructure denoted as nanocres-
cent/nanoring (NCNR) structure. For various geometric pa-
rameters such as the gap between nanocrescent and nanor-
ing, NCNR structure demonstrates the multiple plasmon res-
onance characteristics and its extinction spectrum is intensely
dependent on the geometry of NCNR structure. Furthermore,
the physical mechanism and tunability of the plasmon peaks
are also investigated for the individual nanocrescent and the
NCNR structure. And, the local electric field around the tip
of the nanocrescent has a strong enhancement by the coher-
ent coupling between the multipolar modes of nanoring and
nanocrescent.

2. Simulation method
The NCNR structure, shown in Fig. 1(a), is a combina-

tion of a crescent-shaped gold nanocylinder and a gold nanor-
ing. A large number of such gold nanocrescent cylinders
can be fabricated on a glass substrate by nanosphere template
lithography with controlled angular deposition of gold,[25] fol-
lowed by conventional e-beam lithography of the gold nanor-
ing. The NCNR structure is schematically shown in Fig. 1(b)
with geometry parameters, in which Rout is the outer radius
of nanocrescent, Rin the inner radius of nanocrescent, r the
outer radius of nanoring, d the distance between the centers
of nanocrescent and nanoring, g the gap width, t the wall
thickness of nanoring, and w the distance between two tips

of nanocrescent. As shown in the insert in Fig. 1(b), by mak-
ing a circular cut along the top end of nanocrescent, two half
circle tips with radius s are formed. The tip-to-tip distance w
changes with tip radius s and center-to-center distance d. Here
the linked line OO′ between the centers of the nanocrescent
and nanoring is defined as the major axis of the NCNR struc-
ture. The NCNR structure is assumed to be in a vacuum and
illuminated by an incident light with polarization vector per-
pendicular to the major axis of the NCNR structure. In our
analogous calculation, d and Rin stay at 20 nm and 40 nm,
respectively, and the dielectric constant data of gold are ob-
tained by fitting the experimental results from Johnson and
Christy.[26] The simulations are carried out in the incorpo-
rated RF module of the commercial software package COM-
SOL Multiphysics. As an effective calculating method of the
near-field optics, FEM is generally used to analyze the optical
characteristics of metallic nanostructures by solving the time-
harmonic Maxwell equations on an adaptive discretized spa-
tial grid.[27] To avoid the nonphysical reflections of emergent
electromagnetic waves from the grid boundaries, the perfectly
matched layers of absorbing boundaries are used around the
NCNR structure. On account of intense computation equip-
ment, we mainly focus on the performance analyses of the 2D
NCNR structure. It is worthwhile to note that by the existing
technology, the fabricated NCNR structure is usually a thin
plant structure whose optical characteristics and the plasmon
resonance coupling mechanism are quite similar to that of a
2D structure.

(a)

(b)

s

E

K

w

t

r

o d

g

o′

Rin

Rout

Fig. 1. (color online) (a) Array of three-dimensional NCNR structures
on a substrate. (b) Schematic diagram of the NCNR geometry. 𝐸 and
𝐾 are the electric field vector and the wave vector of the incident light,
respectively.

In our research, the extinction cross section of the NCNR
structure is derived as the sum of the scattering and absorp-
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tion cross sections. The scattering cross section of the NCNR
structure is calculated by integrating scattered power flux over
an enclosed surface outside the NCNR structure, while the ab-
sorption cross section is calculated by integrating time-average
resistive heating on the NCNR structure.[28,29] And the extinc-
tion cross section spectrum of the NCNR structure is depen-
dent on the geometry parameters to be used to analyze the
plasmon resonance characteristics. Moreover, according to
Mie theory in the quasistatic approximation,[30] the field en-
hancement of NCNR structure is closely related to the metallic
dielectric constant and the geometry parameters of nanostruc-
ture. We will calculate the electric field enhancements at the
tip of the nanocrescent in the NCNR structure for discussing
the variation of the “hot spot”.

3. Results and discussion
First, the geometrical parameters of the nanocrescent in

the NCNR structure are determined by calculating the extinc-
tion cross section of individual gold nanocrescent. The polar-
ization and the wave vector of incident light are the same as
ones in Fig. 1(b). As is well known, the extinction spectra and
the localized electric field of the nanostructures with sharp cor-
ners (edges) are greatly affected by the shapes of sharp corners
(edges).[31,32] Figure 2 shows the extinction spectra of individ-
ual nanocrescent with various values of radius s of half circle
tips. At s = 0.5 nm, a dipole resonance peak at a wavelength
of 994 nm, a quadrupole one at 593 nm and a shoulder peak at
540 nm are found. The shoulder peak arises from the structural
discontinuity of the tip of nanocrescent. At s = 1 nm, the ex-
tinction spectrum exhibits two distinct peaks, that is, the dipole
resonance peak at 897 nm and the quadrupole resonance peak
at 559 nm. At s = 3 nm, the intensity of dipole resonance peak
at 751 nm is maximum and the quadrupole resonance peak
at 522 nm turns to be weak. As s increases from 0.5 nm to
12 nm, all of the dipole peaks are blue-shifted, meanwhile, the
quadrupole peaks decline gradually to disappear. It is simi-
lar to the LSPR behaviors of nanorod which is excited by in-
cident light polarized along the long axis of nanorod.[33] As
demonstrated above, it is an easier way to gain the dipole or
quadrupole modes in individual nanocrescent for s of 0.5 nm
or 1 nm. Accordingly, the nanocrescent with a tip radius of
0.5 nm or 1 nm could be better to design NCNR structure.
However, from a viewpoint of preparation technique, the fab-
rication of the nanocrescent with a tip radius of 0.5 nm is more
difficult than that with a tip radius of 1 nm. Therefore, we sin-
gle out the nanocrescent with a tip radius of 1 nm to design
NCNR structure for further study.

In Fig. 3, we show the extinction spectra of the NCNR
structure with different values of Rout for s = 1 nm, t = 2 nm,
and g = 2 nm. At Rout = 30 nm, there are one strong, two

medium, and a weak plasmon resonance peaks on the ex-
tinction spectrum. When Rout increases to 45 nm, the open-
ing of the nanocrescent decreases and the size of nanocres-
cent increases. The plasmon interaction between nanocres-
cent and nanoring becomes strong accordingly, which gives
rise to four plasmon peaks and a shoulder peak at 645 nm. At
Rout = 60 nm, there are five plasmon peaks and a shoulder peak
at 765 nm, where only one peak at 668 nm is strong but the
others are weaker. In the extinction spectra of the nanostruc-
tures, the plasmon resonance peaks may result from the hy-
bridization between plasmon modes of the nanocrescent and
nanorings.[34,35] The analyses of corresponding hybrid plas-
mon modes provide an effective way to obtain the physical
insight into the properties of plasmon resonance peaks and to
increase the intensities of multiple plasmon resonances.

400 600 800 1000 1200
0

150

300

450

600

E
x
ti
n
ct

io
n
/
a
rb

. 
u
n
it
s

Wavelength/nm

s=0.5 nm

s=1 nm
s=3 nm
s=5 nm
s=8 nm
s=12 nm

Fig. 2. (color online) Optical extinction spectra of the individual
nanocrescent at various values of tip radius and Rout = 60 nm.
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Fig. 3. (color online) Optical extinction spectra of the NCNR structure
at various values of outer radius Rout.

Figure 4(a) shows the distributions of electric field com-
ponent along the major axis of the NCNR structure, which
are calculated at the plasmon resonance peaks of 536, 668,
765, 900, 1147, and 1656 nm in Fig. 3, respectively. For the
plasmon resonance wavelength λ = 1656 nm, the surface elec-
tric charges of nanoring are separated on two sides of nanor-
ing, and that of nanocrescent on four sides. Meantime, there
are singular charge distributions around the tip of the NCNR
structure, which may emerge due to the tip effect. As far as we
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know, like the case of the disk/ring nanostructure,[36] the plas-
mon resonance peak at 1656 nm can be explained as a result
of coherent coupling between the dipolar mode of nanoring,
and the quadrupolar mode of nanocrescent (Fig. 4(a, vi)). In
the same way, the plasmon resonance peaks at 1147, 900, 765,
and 668 nm come from the coherent couplings between the
quadrupolar, hexapolar, octupolar, decapolar modes of nanor-
ing, and the quadrupolar mode of nanocrescent, respectively,
as shown in Fig. 4(a, vi). Yet the plasmon peak at 536 nm
may arise from the coherent coupling of the abnormal multipo-
lar plasmon modes of nanoring and nanocrescent. Figure 4(b)
shows the distributions of electric field component perpendic-
ular to the major axis of the NCNR structure at the different
plasmon resonance wavelengths. It clearly displays the multi-
polar plasmon modes induced by surface charges of the nanor-
ing but could not exhibit those of the nanocrescent because the
electric field component of the nanocrescent is greatly affected
by the incident polarization perpendicular to the major axis of
the NCNR structure, which is different from that of Fig. 4(a).

(i) λ=536 nm

(iv) λ=900 nm
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(vi) λ=1656 nm
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Fig. 4. (color online) The distributions of electric field component (a) along
and (b) perpendicular to the major axis of the NCNR structure for the plas-
mon resonance wavelengths of (i) 536, (ii) 668, (iii) 765, (iv) 900, (v) 1147,
and (vi) 1656 nm at s = 1 nm, t = 2 nm, g = 2 nm, and Rout = 60 nm,
respectively.

Figure 5 shows the distributions of the electric field inten-
sity of the NCNR structure at the different plasmon resonance
wavelengths. Here the structure parameters of NCNR struc-
ture and incident light are the same as those of Fig. 4. It can

be clearly seen that the enhanced electric fields are located at
the tips of the nanocrescent for a plasmon resonance wave-
length of 536 nm, and mainly distributed around the tips of
the nanocrescent and the gaps between the nanoring and the
nanocrescent for the cases of the plasmon resonance wave-
lengths of 668 nm and 765 nm. While the plasmon resonance
wavelengths equal 900, 1147, and 1656 nm, respectively, the
enhanced electric fields are present at the gaps between the
nanoring and the nanocrescent in NCNR structure.
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Fig. 5. (color online) Distributions of electric field intensity of the NCNR
structure for the plasmon resonance wavelengths of (i) 536, (ii) 668, (iii)
765, (iv) 900, (v) 1147, and (vi) 1656 nm.

As discussed above, the NCNR structure with Rout =

60 nm is interesting because its extinction spectrum exhibits
more plasmon resonance peaks. Subsequently, the influences
of the wall thickness t and the gap width g on the plasmon
resonances properties of the NCNR structure are analyzed to
acquire the intense and separate multiple plasmon resonance
peaks. For the NCNR structure with g = 2 nm in Fig. 6(a),
with the increase of t value, the number of plasmon resonance
peaks gradually decreases and their intensities grow weak.
While g = 4 nm and t = 2 nm, there are five intense plasmon
peaks and a weak peak at 1940 nm as denoted with the solid
line in Fig. 6(b). And, all plasmon resonance peaks are blue-
shifted gradually with the increase of t, and then, the plasmon
resonance peaks in visible wavelength turn to be one plasmon
peak similar to that of the NCND structure. In Figs. 6(c) and
6(d), the right peaks in the infrared range are remarkably blue-
shifted and the intensities increase, especially, for t = 20 nm,
and the extinction spectrum of the NCNR structure is almost
the same as that of the nanocrescent/nanodisk (NCND) struc-
ture. It could be explained that the plasmonic peculiarity of
nanoring becomes more and more like that of nanodisk with
the value of t increasing. Besides, it is clearly observed that
the NCNR structure with wall thickness t = 2 nm can obtain
more plasmon resonance peaks, and the intense and separate
plasmon resonance peaks can be easily received by adjusting
the gap width g.
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Fig. 6. (color online) Optical extinction spectra of the NCNR structure at Rout = 60 nm and various values of wall thickness t for
the values of gap width g of (a) 2 nm, (b) 4 nm, (c) 6 nm, and (d) 10 nm. The solid lines named “NCND” are corresponding to the
extinction spectra of the nanocrescent/nanodisk structure.

Furthermore, the near-field enhancements of the indi-
vidual nanocrescent and the NCNR structures dependent on
the wavelength are shown in Fig. 7. The solid line repre-
sents the electric field enhancement spectrum of the tip of
the nanocrescent. The dashed and dotted lines are the elec-
tric field enhancement spectra of the tip of the nanocrescent
in the NCNR structures. It is apparent that the field enhance-
ment of the NCNR structure with g = 10 nm is higher than
those of the individual nanocrescent and the NCNR structure
with g= 2 nm for most of plasmon excitation wavelengths, es-
pecially at 900 nm. Nevertheless, there are more electric field
enhancement peaks in the electric field enhancement spectrum
of the NCNR structure with g = 2 nm. It is worth pointing
out that, comparing Fig. 7 with Fig. 2 and Fig. 6, the posi-
tions of peaks in the electric field enhancement spectrum of
the NCNR structure are corresponding to those of the plas-
mon resonance peaks of the NCNR structure. It illustrates that
the greater electric field enhancement can be obtained at the
plasmon resonance wavelength. As is well known, the gi-
ant electric field enhancement of noble metal nanostructure
can enormously improve the SERS and SEF characteristics of
analytes bound on the nanostructures to achieve a super-low
limit of detection.[37,38] Obviously, the NCNR structure with
t = 2 nm and g = 10 nm is not only to acquire the enormous
electric field enhancement, but also to generate more separated
plasmon resonances at different wavelengths in the extinction
spectrum. And, the plasmon resonance characteristics of the
NCNR structures can be tuned by their geometric parameters

such as the wall thickness t or the gap width g. Therefore, it
is an advantage of the NCNR structure to gain an intense and
multipolar plasmon resonance performance.
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Fig. 7. (color online) Near-field enhancements of the nanocrescent and
the NCNR structures at t = 2 nm and s = 1 nm for various values of gap
width g.

4. Conclusions
In this work, we investigate the plasmon resonance char-

acteristics of the individual nanocrescent and the NCNR struc-
ture by using the FEM. The numerical analysis demonstrates
that the extinction spectra of the NCNR structure are inten-
sively dependent on its geometric parameters. Especially, the
number of plasmon resonance peaks of the NCNR structure
grows with increasing the outer radius of the nanocrescent.
Further, the distributions of electric field induced by surface
charges are investigated to analyze the plasmon hybridiza-
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tion in the NCNR structure. And those distributions of elec-
tric field components clearly show that the multiple plasmon
bands of the NCNR structure come from the coherent cou-
plings between the multipolar plasmon modes of nanocrescent
and nanoring such as dipolar, quadrupolar, hexapolar, octupo-
lar, decapolar plasmon modes. Moreover, the intensity and
number of the plasmon resonance peaks are effectively reg-
ulated by changing the wall thickness and gap width of the
NCNR structure. In addition, the phenomenon of the giant
enhancement of local electric field at the tips of the NCNR
structure is explained as the result of multiple plasmon reso-
nance excitation. As a consequence, the optical properties of
the NCNR structures can be used in multiplex biological sens-
ing.
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