
Chin. Phys. B Vol. 26, No. 1 (2017) 017807

Effects of thickness & shape on localized surface plasmon resonance
of sexfoil nanoparticles∗

Yan Chen(陈艳)1, Xianchao Liu(刘贤超)1,2, Weidong Chen(陈卫东)1, Zhengwei Xie(谢征微)1,
Yuerong Huang(黄跃容)1, and Ling Li(李玲)1,†

1College of Physics and Electronic Engineering, Sichuan Normal University, Chengdu 610101, China
2State Key Laboratory of Electronic Thin Films and Integrated Devices, School of Optoelectronic Information,

University of Electronic Science and Technology, Chengdu 610054, China

(Received 12 August 2016; revised manuscript received 23 September 2016; published online 30 November 2016)

Localized surface plasmon (LSPR) resonance and sensing properties of a novel nanostructure (sexfoil nanoparticle)
are studied using the finite-difference time-domain method. For the sandwich sexfoil nanoparticle, the calculated extinction
spectrum shows that with the thickness of the dielectric layer increasing, long-wavelength peaks blueshift, while short-
wavelength peaks redshift. Strong near-field coupling of the upper and lower metal layers leads to electric and magnetic field
resonances; as the thickness increases, the electric field resonance gradually increases, while the magnetic field resonance
decreases. The obtained refractive index sensitivity and figure of merit are 332 nm/RIU and 3.91 RIU−1, respectively. In
order to obtain better sensing ability, we further research the LSPR character of monolayer Ag sexfoil nanoparticle. After
a series of trials to optimize the thickness and shape, the refractive index sensitivity approximates 668 nm/RIU, and the
greatest figure of merit value comes to 14.8 RIU−1.
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1. Introduction
The localized surface plasmon resonance (LSPR) is

coherent oscillation of the free electron within a noble
metal nanoparticle.[1,2] It is related to the size, material,
shape, and surrounding dielectric environment of the metal
nanoparticle.[3–6] When a noble metal nanoparticle is illumi-
nated with an incident light, the electromagnetic energy is
enhanced and highly localized near the metal-dielectric in-
terface because of the interaction between the electromag-
netic radiation and the nanoparticle.[7] This high intensity
electric field (E-field) on the surface of the metal nanopar-
ticle can be applied in surface-enhanced Raman scattering
(SERS).[8–10] And because of their plasmonic properties, the
noble metal nanoparticles can be used as components in a di-
verse range of technologies such as waveguides,[11] molecular
rulers,[12] and photonic circuits.[13] Moreover, the LSPR spec-
trum of a nanoparticle is sensitive to the dielectric constant
of the surrounding environment and is widely used in chem-
ical/biological sensors.[14–17] In biochemical sensing applica-
tions, the sensing performance of metal nanoparticles is de-
noted with the figure of merit (FOM), which is defined as the
shift of resonance wavelength per refractive index unit (RIU)
divided by the line-width of the LSPR resonance peak.[18,19]

To obtain a perfect FOM, the position of the resonance wave-
length shift must be as long as possible or the line-width as
narrow as possible.

Over the past few decades, many researchers have re-
ported the optical properties and sensing performance of noble
metal nanoparticles with various shapes, which are fabricated
by different synthesis and nano fabrication methods.[20–23] In
2012, the gold nanorings were fabricated by Huang et al. by
nanospherical-lens lithography (NLL). A biosensor based on
nanorings showed a refractive index sensitivity (RIS, which
is defined as the shift of resonance wavelength per refrac-
tive index unit) of 350 nm/RIU and a FOM of 3.1 RIU−1.[24]

In addition, Chang et al. successfully fabricated gold nan-
odisk arrays using the same method in 2013. The max-
imum FOM obtained in experiment was around 9 RIU−1,
and the RIS was about 300 nm/RIU.[25] In addition, some
composite-structured nanoparticles with sharp angles, such
as nano-stars,[26,27] nano-bowties,[28,29] and nano-crosses,[30]

were studied in theory, and the results indicated that smaller
vertex angles result in higher RIS and greater FOM. However,
these nanoparticles are very difficult to realize in present ex-
perimental technology and conditions. In 2014, large-area, or-
dered sexfoil pore arrays were first fabricated on the surface of
the photoresist using spherical-lens photolithography (SLP) by
Geng et al.[31] On the bases of this nanopatterning, the sexfoil
nanoparticle (SNP) can be easily produced by further experi-
ments. It is worthwhile to further research this novel nanos-
tructure experimentally and theoretically. Therefore, in this
paper, we report our theoretical study of the sensing perfor-
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mance of a novel nanoparticle in detail.
For two closely-spaced SNPs, when the incident light

is polarized along the center axes, the near field intensity is
much stronger than that of an isolated nanoparticle due to cou-
pling between them.[32–34] Adding a dielectric layer between
two closely-spaced SNPs constitutes a novel sandwich sex-
foil nanoparticle (SSNP). When tuning the resonance wave-
length, it is more convenient and easier to change the dielectric
layer thickness of this nanostructure than to change the geo-
metric size and shape of the single layer nanostructure.[27] In
the present study, the novel nanostructure (SSNP) consists of
two metal (Ag) layers and a dielectric (MgF2) layer. At first,
an SSNP model is developed using the CST Microwave Stu-
dio software. The extinction spectra of SSNPs with various
thicknesses of the dielectric layer are obtained by the finite-
difference time-domain (FDTD) method. Based on the ex-
tinction spectra, the LSPR sensing properties with different
environmental refractive indices are analyzed. In order to ob-
tain better sensing properties, we also develop a monolayer Ag
SNP and study the optical properties and sensing performance
through adjusting its thickness and shape.

2. Simulation and modeling
The geometry of an Ag/MgF2/Ag SSNP is defined by four

parameters: the side length l of the central hexagon, the half
of short axis a of the half ellipse, the thickness t of the inter-
mediate dielectric layer, and the thickness h of the top and
bottom silver layers. Figure 1 shows the x–y cross section
and the three-dimensional (3D) plot of a single SSNP. The
r, which is half of the width of the central hexagon, is de-
fined as r = l cos30◦. Each SNP has the same surface area
of 13079 nm2. All numerical calculations are performed on
the basis of the FDTD method in the CST Microwave Studio
software, which is popular and flexible for calculating optical
properties of metal nanoparticles with arbitrary shape.
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Fig. 1. (color online) Sketch of a single SSNP. (a) The x–y cross sec-
tion of the nanoparticle is composed of a central hexagon and six semi-
ellipses joined at its edges. (b) Three-dimensional shape of the SSNP.

In our calculations, the Ag/MgF2/Ag SSNP is embedded
in air, the complex relative dielectric constant of the silver is
cited from Ref. [35], and the refractive index of MgF2 is set to
be 1.38 at 550 nm of light wavelength. Perfectly matched layer

(PML) boundary conditions are imposed at the boundaries of
the calculation domain, which is large enough to avoid inter-
action between two particles and truncation of the field. A
discrete tetrahedral mesh with a spacing of 2.5 nm is used.
The illumination light with TM polarization is normal to the
surface of the SSNP along the negative z axis.

3. Results and discussion
The extinction efficiencies of the Ag/MgF2/Ag SSNPs

with different thicknesses of dielectric layer are investigated
by the FDTD method. Here, the thicknesses of the upper and
lower Ag layers are fixed at 20 nm. Figure 2(a) shows that the
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Fig. 2. (color online) (a) Extinction, (b) scattering, and (c) absorption
spectra with changing thickness of the dielectric layer; the thicknesses
of the top and bottom Ag layers are both 20 nm.
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extinction spectra have two clear resonance peaks 1 and 2 lo-
cated respectively at 475 nm and 745 nm when the thickness of
the dielectric layer is 10 nm. As the thickness of the dielectric
layer is increased from 10 nm to 80 nm, the extinction effi-
ciency becomes higher, and peak 1 at short wavelength gen-
erates redshift, whereas blueshift is generated at the longer-
wavelength peak 2. When the thickness is increased to 80 nm,
the two resonance peaks are superposed into one peak located
at 550 nm, and the extinction efficiency reaches its maximum
value.

The extinction efficiency σext(λ )
[36,37] can be described

as
σext (λ ) = σsca (λ )+σabs (λ ) . (1)

Here, σsca(λ ) and σabs(λ ) are the scattering and absorption
efficiencies of the nanoparticle, respectively. Figures 2(b) and

2(c) display the scattering and absorption spectra of the SSNPs
with different thicknesses of the dielectric layer; the upper and
lower silver layers are 20 nm. The short wavelength peak 1
emerges from the electric dipolar resonance, whereas peak 2
at longer wavelength comes from the magnetic dipolar reso-
nance. Figure 2(b) shows redshift of the electric dipolar res-
onance with increasing thickness of the dielectric layer, while
the magnetic dipolar resonance remains unchanged. However,
as the thickness of the dielectric layer is increased, the mag-
netic dipolar resonance blueshifts and the electric dipolar res-
onance remains almost unchanged (Fig. 2(c)). A comparison
of the resonance peak positions in extinction, scattering, and
absorption spectra reveals that the redshift of peak 1 is closely
related to the variation of the scattering efficiency, and the ab-
sorption efficiency affects the shift of peak 2.
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Fig. 3. (color online) Electric field distribution of x–y plane with different thicknesses of the MgF2 layer: (a) t = 10 nm, (c) t =
40 nm, and (e) t = 80 nm. Magnetic field distribution of x–z plane with different thicknesses of the MgF2 layer: (b) t = 10 nm,
(d) t = 40 nm, and (f) t = 80 nm. The thicknesses of the top and bottom Ag layers are both 20 nm.
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The spectral shifts of the SSNP can be explained by plas-
mon hybridization theory.[38–40] When the upper and lower
metal layers interact, plasmon hybridization is excited and the
initial degenerate plasmon mode splits into two resonances:
symmetric resonance and antisymmetric resonance.[41,42] In
the plane, the symmetric resonance, which has an electric
dipolar character, is parallel to the surface of the SSNP. While
the antisymmetric resonance with a dipolar magnetic moment
is perpendicular to the surface plasmon direction.[43,44] As
the dielectric layer is made thicker, the vertical plasmon cou-
pling gradually reduces.[45] For the Ag/MgF2/Ag SSNP with
the thicknesses of the dielectric layer at 10 nm, 40 nm, and
80 nm, the intensity distributions of the electric and mag-
netic fields are displayed in Fig. 3. The E-field intensity of
the nanoparticle is stronger with the thickness of the MgF2

layer increasing, as revealed in Figs. 3(a), 3(c), and 3(e). With
MgF2 layer thickness increasing, the greater E-field enhance-
ment and more effective concentration of E-field contribute to
the redshift in resonance wavelength (short-wavelength peak
in the scattering spectra). Figures 3(b), 3(d), and 3(f) indicate
that as the MgF2 layer thickness increases, the magnetic reso-
nance and interaction between the upper and lower silver lay-
ers are both weakened gradually, which leads to the blueshift
of the long-wavelength peak in the absorption spectra. When
the thickness increases to 80 nm, both the short-wavelength
peak and long-wavelength peak shift to the point where the
wavelength is 550 nm. So only one resonance peak occurs
due to the superposition of two resonance peaks in the LSPR
spectra when t = 80 nm. In addition, the intensity of the LSPR
spectra with a thicker dielectric layer is stronger than that for
the thinner layer because of the superposition. In other words,
the full-width at half-maximum (FWHM) of the LSPR spec-
tra reduces with the thickness of the dielectric layer increas-
ing from 10 nm to 80 nm. When t = 80 nm, the FWHM is
85 nm. In this case, the extinction spectra of different envi-
ronmental refractive index are obtained, as shown in Fig. 4(a).
When the refractive index varies from 1.0 to 1.5 in intervals
of 0.1, substantial redshift of the extinction peak is observed.
For example, when the refractive index increases from 1.0
to 1.1, the corresponding resonance wavelength slowly rises
from 541.4 nm to 571.4 nm. Figure 4(b) shows that the sens-
ing ability of the resonance wavelength to the environment re-
fractive index can be estimated by linear fitting. The RIS of
the Ag/MgF2/Ag SSNP is 332 nm/RIU, with the linear cor-
relation coefficient 0.99943. The FOM, which is defined as
FOM = RIS/FWHM,[46,47] is about 3.91 RIU−1.

Although adjusting the intermediate dielectric layer
thickness of the SSNPs is easier than adjusting the geometric
size of the monolayer SNPs, the obtained FWHM and FOM
are not ideal. In order to obtain narrower FWHM and better
FOM, we remove the intermediate dielectric layer, and further
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Fig. 4. (color online) (a) Extinction spectra in the surrounding media of
different indexes for a single Ag/MgF2/Ag SSNP. (b) Extinction peaks as a
function of the refractive index. The solid line is a linear fit of the discrete
positions.

investigate the extinction spectra and sensing performance of
single layer Ag SNPs. In the simulation, all the SNPs have a
same surface area as the SSNPs. Figure 5 displays the extinc-
tion efficiency of the monolayer Ag SNPs with thicknesses
from 10 nm to 50 nm. It indicates that as the thickness in-
creases, the resonance wavelength blueshifts. Table 1 shows
that the FWHM decreases gradually with the Ag monolayer
thickness reducing, while the RIS increases. When h = 10 nm,
the RIS is 472 nm/RIU, and the FOM is 10.8 RIU−1. Com-
pared with a nanodisk of the same size, the E-field distribution
near the sharp edges of the SNP is more localized and intensi-
fied. It contributes to the increase of the extinction efficiency
and redshift of the resonance wavelength.[26] So the RIS of
the SNP is higher than that of the nanodisk of the same size,
contributing to the better FOM of the SNP.

Table 1. Widths of extinction spectra, calculated refractive index sensi-
tivity, and figure of merit of the Ag SNPs with different thicknesses.

h/nm 10 20 30 40 50
FWHM/nm 44 51 56 64 71

RIS/nm·RIU−1 473 396 374 352 340
FOM/RIU−1 10.8 7.8 6.7 5.5 4.8
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Fig. 5. (color online) LSPR spectra of single unilaminar Ag SNPs with
different thicknesses.

When an SNP serves as an LSPR sensor, the sensing char-
acteristics are also affected by its shape. Now, we consider
the influence of the shape on its optical properties and sens-
ing performance. In the simulation, the thickness of the sil-
ver layer is h = 10 nm, and the ratio a/r increases from 0.5
to 2.0. Figure 6 describes the extinction intensities of single
monolayer Ag SNPs with four different ratios. It is readily ap-
parent that the resonance wavelength redshifts with the ratio
decreasing. In addition, the resonance peak width has almost
no change. Calculation results indicate that the smaller ra-
tio results in higher refractive index sensitivity (the maximum
value reaches 668 nm/RIU), but the FWHM changes slightly
(see Table 2). Moreover, the FOM increases gradually as the
ratio reduces, and it reaches 14.8 RIU−1 when a = 0.5r.
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Fig. 6. (color online) Plasmon resonance spectra of four different ratios.

Table 2. Widths of extinction spectra, calculated refractive index sensi-
tivity, and figure of merit for four different ratios.

a/r 2 1.5 1 0.5

FWHM/nm 44 48 47 45

RIS/nm·RIU−1 473 528 570 668

FOM/RIU−1 10.8 11 12.1 14.8

4. Conclusion
In summary, we have presented a novel nanostructure

(SNP) and studied theoretically the localized surface plasmon
(LSPR) resonance and sensing properties of different thick-
nesses and shapes. The calculated extinction spectra of SSNPs
reveal that with the thickness of the dielectric layer increas-
ing, long-wavelength peaks blueshift, while short-wavelength
peaks redshift. The correlations, which link the maximum of
the electromagnetic fields enhancement with the thickness of
the dielectric layer, reveal that as the thickness increases, the
electric field resonance gradually increases, while the mag-
netic field resonance decreases. This phenomenon is ex-
plained by the plasmon hybridization theory. For SSNPs serv-
ing as LSPR sensors, when the dielectric layer thickness t is
80 nm, the refractive index sensitivity and figure of merit are
332 nm/RIU and 3.91 RIU−1, respectively. To obtain better
sensing performance, we remove the intermediate dielectric
layer and study the extinction efficiency of the single mono-
layer Ag SNPs with different thicknesses and ratios a/r. It is
found that when either the thickness or ratio a/r is reduced, the
refractive index sensitivity and figure of merit both strengthen
gradually. Through a series of optimizing, we find that when
the metal layer thickness h is 10 nm and a = 0.5r, the RIS
comes to 668 nm/RIU and the FOM is 14.8 RIU−1. These
results can offer some valuable guidelines to the designers of
SNP-based sensors.
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