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A composite nanobowtie with Ag/SiO,/Ag sandwich structure is presented and its optical properties
especially the Plasmon property are studied using the discrete dipole approximation (DDA) method
in this paper. Qur results show that this structure has simply-tunable surface Plasmon resonance
(SPR} wavelengths and more “hotter spots™ provided by the sandwich structure, as well as the
remarkable enhancement of the localized E-field provided by the bowtie structure. The transverse
and longitudinal Plasmon coupling mechanism is employed to explain tunable SPR and strong
E-field enhancement respectively. The sandwich nanobowtie possesses the qualities of simply-
tunable SPR and great E-field enhancement, thereby holding a great potential in applications such

as surface-enhanced Raman scattering (SERS).
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1. INTRODUCTION

Metallic nanoparticles with various shape and structure,
including nanotriangles, nanoprisms, nanorings, nanopin
and nanophotonic crescents, have been explored and
developed to be nanoplasmonic resonators in recent
years.”'" These nanoplasmonic resonators exhibit local-
field enhancement and have been proven to be very unique
for biomolecular labeling and detection, subwavelength
lithography and nonlinear optical devices.!!”'> Especially
the bowtie structure which is configured with two oppos-
ing tip-to-tip nanotriangles and separated by a nanogap,
once exhibits remarkably large local E-field enhancement
and strong scattering and has been widely studied in
many fields such as optical antenna, optical waveguide,
and SERS.''® However, the Plasmon frequencies of these
nanoplasmonic resonators are usually tuned by the parti-
cle size and shape in recent years because the plasmonic
properties of metallic nanoparticles depend on their size,
shape, and dielectric environment.***? In fact, both simply-
runable SPR and large E-field enhancement are two key
factors for nanoplasmonic resonators to improve their per-
formance and extend their afore-mentioned applications
especial in the SERS field,

In this paper, a special composite nanostructure
ie., Ag/Si0O,/Ag sandwich nanobowtie, which has an
Ag/Si0,/Ag sandwich structure vertically and a bowlie
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structure horizontally, is presented. The optical prop-
erties especially the plasmonic properties of the sand-
wich nanobowtie are explored. Qur results show that the
structure of the sandwich bowtie combines the virtue of
simply-tunable SPR wavelength provided by the sandwich
structure and the virtue of large enhancement of E-fields
from the bowtie structure, and therefore holds unique opti-
cal properties for application in SERS. To our knowledge,
this is the first report regarding optical properties of the
nanobowtie with sandwich structure.

2. SIMULATION METHOD AND SETUP

The sandwich bowtie investigated is composed of two sil-
ver bowties and one Si0, layer between the two metal
layers as shown in Figure 1. Both the Ag and the SiQ, tri-
angular prisms have the same side length of 60 nm and dif-
ferent thickness. The former has a fixed thickness of 12 nm
and the latter has a varying thickness. Both the Y axis and
Z axis are defined in the triangle plane, while the X axis is
along the thickness of the structure. In addition, parameter
h is defined as the thickness of the dielectric (i.e., $i0;)
layer.

All numerical calculations are performed on the basis of
the discrete dipole approximation (DDA) method, which
is popular and flexible for calculating optical properties
of nanoparticles with arbitrary shape.” % In the DDA
approximation, the nanobowitie is represented by an array
of N dipoles which locate on a cubic lattice and have
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r Fig. 1. Schematic drawing of the sandwich Ag/Si0,/Ag nanobowtie.
Here the top and the bottom silver layers have fixed thickness of 12 nm
and the middle dielectric layer has varying thickness.

polarizability 8, (i = 1...N).?" The dipole moment of the
element located at 7, is P, = d.E, ;, where the local field
E,.; is a sum of the incident field E_; and the field radi-

ne,?

ated by all the other dipoles in the system E, ,*>% ie,
Eloc,i = Einc,i"'Z:Edip.f (1)
3 ki
Substituting the expression for the dipole moment, repre-
i senting the radiation from a dipole Ey,, , as Eyp , = Ay Py,
and rearranging yields,
i 3P =3 AP =Ey (2)
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using the well-known expression for radiation of a dipole

located at position r, evaluated at point r,,%%
exp[ikrjk] 5 1 ik
ApP, = ——— x(krpx(rpxP)+| 5 ——
Tk o Tk

X'["jzkpk_&'jk("jrpk)]} (3)

Where & is the wave vector of the incident wave, r;, is a
unit vector pointing from r, to r;, and r; = |r;— r,f. Defin-
ing A; = 47", the Eqgs. (2) and (3) can be simplified and
then written as a single matrix equation as following:*>

A~ . ﬁ = E"‘inc (4)

Where A is a 3y x 3y matrix which describes the interac-
tions between dipoles, E,__ is a 3y x 1 vector, and P is a
35 x 1 vector of unknown dipole moments. Once Eq. (4)
has been solved for the unknown polarization P, the
extinction C,,, absorption C, and scattering C,., cross

sections can be evaluated as following:™ >
amk Y
Cou =107 2 Im(Eg. - P) (5)
| OI i=1
417k i —ly* px 2 3 2
Cos = 13 24 Iml P (07 ) B 1= IR L (6)
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Fig. 2. Extinction spectra of the sandwich nanobowtie with the thickness of SiO, layer varying from 1 nm to 30 nm, excited by (a) Y-polarization
and (b) Z-polarization, extinction spectra of the non-sandwich nanobowtie, excited by (¢} ¥-polarization and (d) Z-polarization.
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Fig. 3. (a-b) The SPR wavelength of the sandwich nanobowtie as a function of the thickness of SiQ, layer, and {c—d) the SPR wavelength shift of
the sandwich nanobowtie relative to that of the single-laver bowtie as a function of the thickness of $i0, layer, excited by ¥-polarization (a, ¢) and
Z-polarization (b, d). i
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Fig. 4. Polarization vectors for dipole resonance at 828 nm {a) and 886 am (b) of the sandwich bowtie with k=3 nm. !
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So the extinction Q. ., absorption Q. and scattering Q,,
efficiency factor can also be evaluated, i.e.,

C

e;l (8)
T et
Cabs
e
C

sca ( ‘l 0)
i

Qex[ =

Qahs = (9)

Qsca =

Where d.; is the effective radius which characterized the
size of the nanobowtie. If let V be the nanobowtie’s vol-
ume, then d.5 is defined as following:

K AN
Degr = (E) (11)

In all DDA calculations, the glass substrate is taken into
account by embedding the particle in a homogeneous
medium with the averaged refractive index of air and
glass,® the silver dielectric constant is taken from Palik®
but smoothed as described by Jensen,” the permittivity of
§i0, is set to be 2.13, and a cubic grid with a spacing of
1 nm is used.
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3. RESULTS AND DISCUSSION

As can be seen in Figures 2(a and b), there are some dif-
ferences between the Y-polarized and Z-polarized extinc-
tion spectra for sandwich bowties. There are two obvious
SPR peaks in the extnction spectra (we call them blue
and red SPR wavelength, respectively) for Y-polarization
at different dielectric thickness but a single SPR peak
in Z-polarized extinction spectra. All the SPR peaks for
Y-polarization and Z-polarization blue shift relative to
those of the single-layer bowtie which locate at 838, 892,
and 688 nm respectively (see Figs. 2(c—d)). But with the
increase of the thickness of the 510, layer from 1 to 30 nm
the blue and red SPR wavelength for Y-polarization red
shift from 882 to 892 nm and from 824 to 838 nm respec-
tively, as can be seen in Figure 3(a}. The Z-polarized
SPR peak has the same trend, which red shifts from
614 to 676 nm with the dielectric thickness changing
from 1 to 30 nm (see Fig. 3(b)). Considering the SPR
blue-shift relative 1o that of single-layer bowtie in detail
in Figures 3(c—d), there is an obvious decrease in SPR
blue-shift with the dielectric thickness increasing for both
Y- and Z-polarization, The shifis of the ¥ -polarized SPR
peaks are up to 14 and 10 nm for the blue and red SPR
peak respectively, while that of the Z-polarized SPR peak

(b) E-Bedds distriblion ta Ibe Y1 plane for ssncwith bowtie with b=3nm

(d}

X gweny
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Fig. 5. Normalized E-fields distribution of sandwich bowtie in the YZ ptane (a-b} and the corresponding section plane along the section line AA1
and BB1, for ¥-polarization (a, ¢) and Z-polarization (b, d), with the thickness of §i0, layer of 3 nm.
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can be up to 74 nm when the dielectric layer is only
1 nm thick. It clearly shows that the blue peak exhibits a
slight more dependence on the thickness of the dielectric
layer than the red peak for ¥-polarized SPR, while the
Z-polarized SPR peak exhibits a few more dependence
than the both SPR peaks excited by Y-polarization, It's
obvious that the SPR frequency of the sandwich bowtie
can be easily-tuned by varying the thickness of SiQ, layer.

The above-mentioned behavior that SPR peaks of the
sandwich bowtie blue shift relative to that of single-layer
bowtie can be explained by the transverse Plasmon cou-
pling between the top and the bottom metal layer. Consid-
ering the sandwich bowtie as two silver bowties coupled
vertically, then the excitation electric field with ¥ or Z
polarization is perpendicular to the bowtie center—center
axis, accordingly there is a Plasmon coupling in transverse
mode. Previous study shows that the transverse Plasmon
coupling lead to the enhancement of the repulsive force for
the surface charges, thereby the particle Plasmon energy
increases and causes a blue-shift of SPR wavelength.*3!
Therefore with the increase of the dielectric layer thick-
ness, the Plasmon coupling strength decreases and the SPR
wavelength is closer to that of the single-layer bowtie.

To investigate the two SPR peaks for ¥-polarization are
from the dipole or the quadrupole resonance, the polariza-
tion vectors of sandwich bowtie with # =3 nm at both
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SPR wavelengths are also plotted in Figure 4. Here only
the imaginary component is plotted because it contains the
crucial information of the particle’s extinction behavior.®
The polarization vectors at blue (828 nm) and red (886 nm)
SPR peak are aligned along the Y axis with the largest
induced polarization occurring at the opposite tips in the
gap. This behavior appears analogous to the dipole reso-
nance of bowtie described in previous literature,”” so we
conjecture the two SPR are both from dipole resonance.
To consider the E-field distribution around the sand-
wich bowtie, the amplitude distributions of the total E-field
outside of the particle in the ¥Z and XY plane are sim-
ulated. As can be seen from Figures 5 and 6, most of
“hot spots” of sandwich bowties are still at the same loca-
tions with those of the single-layer bowtie for both ¥- and
Z-polarization, i.e., the “hot spots” mainly locate in the
middle of the gap (see Fig. 5(a)) and near the corners
of the triangle (see Fig. 5(b)) for Y- and Z-polarization
respectively. The averaged amplitude enhancement over
the “hotter spots” of the metal layers is over 200 and 60
for Y- and Z-polarization respectively, furthermore the cor-
responding maximum enhancement of amplitude is up to
282 and 126 (see Figs. 5(c—d)), exhibiting great E-field
amplification. This strong E-field enhancement of sand-
wich bowtie is like that of the single-layer bowtie in
Figure 6, therefore it should result from the near-field
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Fig. 6. Normalized E-fields distribution of bowtie in the ¥Z plane {a-b) and the corresponding section plane along the section line AA1 and BBI,

for ¥-polarization (a, c) and Z-polarization (b, d).
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longitudinal Plasmon coupling of two horizontally-facing
triangles in the bowtie structure as stated in previous
literatures.>* Moreover, the sandwich bowtie has more
“hot spots” than the single-layer bowtie resulting from
the increased interfaces. There are four distinctive “hotter
spots” in the gap of the sandwich bowtie in Figures 5(c—d)
and only two distinctive “hotter spots” in the gap of the
non-sandwich bowtie in Figure 6(c—d). So it’s inferred that
there will be more “hotter spots” if multilayered Ag/SiO,
is inserted into the sandwich bowtie. The remarkable
E-field enhancement and more “hotter spots”demonstrated
by the sandwich nanobowtie are very important for SERS.

4, SUMMARY

In summary, the optical properties especially plasmonic
properties of the sandwich nanobowtie are investigated.
The extinction spectra with various dielectric thickness
are simulated, showing a remarkable blue-shift relative to
single-layer bowtie for both ¥- and Z-polarization. More-
over, the blue-shift decreases with the dielectric thickness
increasing and the Z-polarized SPR shows more depen-
dence on the SiO, thickness. These behaviors can be
explained by the near-field Plasmon coupling in transverse
mode. The E-field amplitude distributions outside the
nanchowtie are also investigated both in the XY and YZ
plane, demonstrating strong averaged amplitude enhance-
ment of the electric field over “hotter spots.” In addition,
the sandwich bowtie has more “hot spots™ than the single-
layer bowtie because of increased interfaces. It can be con-
clude that the sandwich nanobowtie has simply-tunable PR
and many “hotter spots” provided by the sandwich struc-
ture and large enhanced E-fields provided by the bowtie
structure, thereby holding a great potential in applications
such as surface-enhanced Raman scattering.
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