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Superscattering-enhanced narrow band forward scattering antenna*

Hu De-Jiao(H14£57)2)0)) | Zhang Zhi-You(7K & &)»P<), and Du Jing-Lei(Ft 15 )2t

a) College of Physical Science and Technology, Sichuan University, Chengdu 610064, China

b)High Energy Density Physics of the Ministry of Education Key Laboratory, Sichuan University, Chengdu 610064, China
©) Sino-British Joint Materials Research Institute, Sichuan University, Chengdu 610064, China

(Received 16 December 2014; revised manuscript received 20 April 2015; published online 20 August 2015)

We present a narrow band forward scattering optical antenna which is based on the excitation of distinctive whispering
gallery modes (WGMs). The antenna is composed of three coaxial cylinder layers: a dielectric layer is sandwiched between
a metallic core and cladding. Owing to the destructive interference between the scattering of the outer metallic cladding and
the WGM in the backward direction, the power flow in the forward direction is increased. Simulation and analysis show that
in proper geometry conditions, the cavity can be tuned into a superscattering state. At this state, both the zeroth and the first
order of WGM are excited and contribute to the total scattering. It is shown that the power ratio (power towards backward
divided by power towards forward ) can be enhanced to about 27 times larger than that for a non-resonant position by the
superscattering. Owing to the confinement of the cladding to WGMs, the wavelength range of effective forward scattering

is considerably narrow (about 15 nm).

Keywords: surface plasmons, optical antenna, directional scattering, Fano resonance

PACS: 42.25.Fx, 42.60.Da, 73.20.Mf

1. Introduction

Directional scattering antenna with a narrow band is cru-
cial for applications in nanophotonics, such as high sensitive
optical switch and biosensor, narrow band nano-scale filter,
etc. The directional scattering based on the interaction be-
tween electric and magnetic modes, which was firstly intro-
duced by Kerker et al. in 1983,[!! is observed in core—shell

[2-6

nano-structures >l and dielectric nano-particles.!’=% It was

also reported that the scattering direction of a single structure

10.111 T recent years, di-

can be controlled by Fano resonance.|
rectional radiation of nano-scale optical antennas has attracted
more and more attention and many excellent structures have
been proposed. The directional radiation is mostly due to the
interaction between two or more radiation modes,!'>"!7! where
the most famous example is the Yagi—Uda antenna.!!5:16:18:19]
It was reported that the unidirectional side scattering of light
can be realized via a single V-shaped nano-antenna, where two
radiation dipoles on the antenna interact with each other, lead-
ing to suppressed and enhanced radiation towards two opposite
directions.['®] However, the effective bandwidth of the direc-
tional scattering of these designed antennas has not yet been
discussed. Generally speaking, the bandwidth can be consider-
ably large in order to maintain the higher radiation efficiency.
How to design the new narrow bandwidth directional antenna

with both high radiation efficiency and high quality factor is a
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challenge.

In this paper, a directional scattering antenna is presented.
We utilize the confinement of a metal cladding to the resonant
field to reduce the radiation rate of each resonance mode, thus
to reduce the bandwidth. On the other hand, the total scat-
tering efficiency is preserved through the superscattering phe-
nomenon. The antenna has the configuration of a nanowire
coaxial cable, consisting of three concentric layers: a high per-
mittivity dielectric ring layer sandwiched between a metallic
core and cladding. According to its cylindrical cross section,
“coaxial cylinder antenna (CCA)” will be used to refer to the
antenna hereafter. The CCA can support whispering gallery
modes (WGMs) which are related to plasmonic waveguide

20211 The interference between

modes in the dielectric layer.!
the scattering of the metallic cladding and the resonance scat-
tering of WGM s results in quenched total backward scattering,
as a consequence, the forward scattering is strengthened. The
confinement of the cladding layer to WGMs weakens the radi-
ation efficiency, thus increasing the quality factor and result-
ing in a narrow resonance bandwidth. The weakened radiation
may lead to ineffective forward scattering. However, this inef-
ficiency can be compensated through the superscattering phe-
nomenon, where both the zeroth and the first order WGMs are
excited at the same wavelength!>?! and contribute to the for-

ward scattering. We show that effective forward scattering can
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be maintained within a band width of about 15 nm.

2. Model and method

The cross section of the CCA is shown in Fig. 1 and
is characterized by the geometrical parameters: ri, rp, and
r3. This structure can support the surface plasmon waveguide
mode in the dielectric layer.[?°! The propagating surface plas-
mon waveguide mode in the dielectric ring forms WGMs. Un-
der the illumination of a plane transverse magnetic (TM) wave
in the leftward direction, the scattering amplitude of the CCA
can be decomposed into two parts: the background scattering
of the metallic cladding and the radiation of WGMs. The back-
ground acts as a super-radiant state which has a broad scatter-
ing peak while the WGM plays the role of a sub-radiant state.
The phase of the WGM radiation changes rapidly near the
resonance, which leads to constructive and destructive inter-
ference between the background and WGM radiation, result-

23-25] 1f the resonant

ing in the Fano-type scattering spectrum. !
frequency of the super-radiant state is the same as that of the
sub-radiant state, the Fano profile turns into a Lorentz profile
with a scattering minimum (analogous to electromagnetically
induced transparency, EIT).[?6-28] The destructive interference
in the backward direction enhances the energy propagating to-
wards the forward direction. This phenomenon is validated by
full vector simulation. The simulation is conducted by using
the COMSOL software in a two-dimensional (2D) simulation
case on the assumption that the normal dimension is uniform
(i.e., nanowire). The forward (backward) scattering cross sec-
tion is calculated by integrating the energy flow over the right
(left) half-circle, and the result is divided by the incident light
intensity [Fig. 1], and is denoted as oy (0p). Thus the to-
tal scattering cross section which is related to the total power
flowing through the boundary of CCA, is the sum of o and
Op. In the calculations, the metal layer is set as silver with a
permeability of 1, and the complex permittivity comes from
Ref. [29]. The permittivity of the dielectric layer is 12.96.
These geometric parameters are | = 70 nm, r, = 140 nm, and
r3 = 190 nm respectively, making the thickness of the cladding
t =50 nm.
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Fig. 1. (color online) Schematic diagram of the cylinder scatter com-
posed of a dielectric layer sandwiched between the metallic core and
cladding.

3. Results and discussion
3.1. Enhanced forward scattering at the Fano resonance

dip

The spectra of of and oy}, are calculated and shown in
Fig. 2(a) as black and red dash—dotted curves (normalized by
2A/m). Meanwhile, the integral of the square of the modu-
lus of the electric field over the dielectric layer is calculated
by using [|E|*dS, which is proportional to the total stored
energy. The results are shown in Fig. 2(a) as a blue dotted
curve. Itis revealed that the stored energy reaches the maxima
at A =749.9 nm and 757.4 nm respectively. The correspond-
ing electric field distributions are shown as insets in Fig. 2(a),
which indicate that these two peaks are related to the first or-
der (left) and zeroth order (right) WGMs respectively.?"! The
peaks related to these two modes in the forward scattering
spectra overlap each other and are difficult to identify. How-
ever, two dips emerge in the backward spectrum at 749.9 nm
and 757.7 nm, implying that the backward scattering is sup-
pressed and these WGMs are responsible for the suppression.
The ratio between the forward and the backward scattering
cross section (of/0p) as a function of wavelength is shown
as a solid blue dash—dotted curve in Fig. 2(b), where these two
peaks sit at 750.2 nm and 757.4 nm, corresponding to these
dip positions in the backward spectrum. The radiation pat-
terns related to these peaks are shown in Fig. 2(c) as solid blue
solid and red dashed curves. In addition, the pattern for an off-
resonance wavelength of 761.4 nm is also shown in the same
figure with a green dotted curve (o¢/op, = 1.5). It can be ob-
served that the forward scatterings for A = 750.2 and 757.4 nm
are enhanced compared with that at the off-resonant position
(761.4 nm). The enhancement manifests as larger forward far-
field power flow and less backward side lobes in consequence
of the suppression of the backward scattering [Fig. 2(c)].

3.2. Superscattering effect

By keeping | and r, fixed and varying r3, the ratio spec-
tra for cladding thickness values of 30 nm and 40 nm are cal-
culated and plotted in Fig. 2(b) as well. From the figure, it
is shown that these two peaks become closer and higher as ¢
changes from 50 nm to 40 nm, and further become a totally
overlapped peak at 767.2 nm when ¢ = 30 nm. The maximum
value of the ratio changes from 5.6 to 14 and further reaches
40 when ¢ varies from 50 nm to 30 nm. The above facts man-
ifest that by modifying the cladding thickness, the CCA can
be tuned into the superscattering state, at which both the ze-
roth and the first order WGMs are excited at the same wave-
length. At that wavelength, the energy is scattered through

multiple resonance channels (two channels here), which leads
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to a scattering cross section larger than 22 /7.122! As shown
in the inset of Fig. 2(b), the maximum of the total scattering
cross section grows from 1.6 x (24 /) to 2.4 x (24 /x) with ¢
changes from 50 nm to 30 nm, which is evidence of the super-
scattering. The radiation pattern of the CCA at a ¢ of 30 nm
and a wavelength of 767.2 nm is shown as a black dash—dotted
curve in Fig. 2(c). The pattern shows a much better forward
scattering property (almost no visible side lobes) than the blue
solid and red dashed ones which correspond to these peak po-
sitions at t = 50 nm. Figure 2(d) shows the map of the cross
section ratio as a function of the thickness of the cladding and
wavelength. The variation of the ratio peak along with the
thickness is clearly seen, where the decreasing of thickness
leads to red shifts and increases of these peaks. The largest
ratio (41) is found at # = 31 nm, which is about 27 times larger
than that for the non-resonant position mentioned above. The
corresponding spectra are shown in Fig. 3(a), showing that the

forward (backward) scattering cross section has only one peak
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(dip) larger than 2 x (2A /), proving the emergence of super-
scattering. The ratio reaches its maximum at a wavelength of
766.3 nm. Radiation patterns corresponding to the peak and
some other positions marked with green vertical dashed lines
in Fig. 3(a) are shown in Figs. 3(b)-3(f). The CCA at 766.3 nm
exhibits the best forward scattering property. When the wave-
length shifts away from the peak to 757.6 nm and 772.2 nm,
where the ratios are both 1/8 of the maximum value, the power
flow towards forward decreases to about half the maximum
(Figs. 3(c) and 3(e)). The relevant band width is as narrow as
about 15 nm. The forward scattering becomes less effective at
wavelengths of 751.9 nm and 787.4 nm, where more energy
is scattered through these side lobes in the backward direction
(Figs. 3(b) and 3(f)). These results manifest that the effective
forward scattering band width is considerably narrow due to
the cladding confinement. Meanwhile, the forward scattering

efficiency can be guaranteed through the superscattering phe-

nomenon.
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Fig. 2. (color online) (a) Forward (o7, black dashed) and backward (o, red dash dotted ) scattering cross section of the CAA with r; =70 nm,
ry = 140 nm, and r3 = 190 nm (r = 50 nm). The blue dotted line represents the integral of the square of the modulus of the electric field
over the dielectric layer, which is proportional to the stored energy. The electric field distributions within the CCA are displayed under their
corresponding peaks as insets. (b) The variations of ratio between forward and backward scattering cross section (0¢/0p,) with wavelength
for ¢+ = 30 nm, 40 nm, and 50 nm respectively. (c) Radiation patterns (power to the far field) for off-resonance position (green dotted line) at
t = 50 nm and ratio (o¢/0},) peak positions (blue solid and red dashed for 7 = 50 nm, black dash—dotted for # = 30 nm). (d) The map of the
ratio between forward scattering and back scattering against the thickness of the cladding and wavelength.
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Fig. 3. (color online) (a) Forward (o7, black dashed) and backward (o7, red dash—dotted) scattering cross section of the CAA with | = 70 nm,
ry = 140 nm, and r3 = 171 nm (t = 31 nm). Blue solid curve shows the spectrum of the corresponding cross section ratio. (b)—(f) Radiation
patterns (to the far field) corresponding to these positions marked with green vertical dashed lines in panel (a). All curves are plotted with the

same axis scale.

4. Conclusions (8]

In this work, we demonstrate a narrow band forward scat-
tering antenna. The narrow band stems from the confinement (9]
of the metal cladding to the WGM, and the forward scattering

is due to the destructive interference between the background

[10]

scattering and the scattering of the WGM. The forward scatter- (1]

ing efficiency is further enhanced by the superscattering phe- [12]

nomenon. The superscattering of a CCA compensates the loss

[13]
[14]
[15]
[16]

in efficiency brought in by the cladding, which provides a way
to solve the contradiction between the radiation efficiency and
the quality factor of a single resonance mode. In our work, we
find an alternative method to realize narrow band directional

[17]
(18]
[19]

scattering antenna and guarantee the scattering efficiency at
the same time. It has the potential to open up new design
capabilities and can be applied to sensitive optical switches,
[20]
[21]
[22]
(23]

narrow band optical filters, and wave guiding devices.
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