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A core-shell nanocube antenna is proposed to numerically simulate broadband unidirectional scat-
tering. Comparing the scattering of a dielectric nanocube and core-shell nanocube, it is found that
the core-shell nanocube has a higher forward/backward ratio and better unidirectional scattering
efficiency. In order to further enhance forward scattering efficiency and reduce the side-lobe of scat-
tering, the particle chain of core-shell nanocubes is proposed by arranging multiple nanoparticles.
It is possible to achieve better unidirectional scattering over a wide spectral range. In addition, we
also numerically studied the effect of the gap between the particles and the radius of the metal core
on unidirectional scattering. It is demonstrated that the optimal gap should be selected to achieve
ideal unidirectional forward scattering. The unique optical properties of core-shell nanocubes have
important practical applications particularly in the fields of nanoantennas, photovoltaic devices,
and nanolasers that require reflection suppression.
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1. Introduction

On the account of the development of nanotechnology, the ability to manipulate light at
the nanoscale is of great importance for future optical chip integration. Recently, many
novel light scattering phenomena for nanoparticles at nanoscale, such as cloaking [1],
superscattering [2, 3] and directional light scattering [4, 5], as well as applications in
biomedical treatment and imaging [6—9], can be realized [1, 10, 11]. Furthermore,
nanoparticles have been widely used in biomedical markers [12—15], and their influ-
ence on biology and medical research is very important. The research on unidirectional
scattering applied to nanoantennas catches people’s attention at present. Although there
are many researches on unidirectional scattering at present, how to achieve high-effi-
ciency, broadband, and super-orientation are the current research directions. Plasma
nanoparticles made of precious metals have been shown to be potential cornerstones
of nanoantennas [16, 17], but the diffraction limit and significant energy losses are un-
avoidable, especially at visible wavelengths. In addition, it has also been found that
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the dimer of silicon nanostructures can also achieve directional scattering effect [18].
But because of its limited tuning ability, it cannot achieve very good results and gen-
erally only works in the optical band.

To suppress the unwanted backward scattering and enhance the directional forward
scattering, an extra reflector coupled item [19-22], Fabry—Pérot resonator-like struc-
tures [23, 24] or complicated structure engineering [25-27] are usually employed. It
is theoretically predicted that magnetic particles can exhibit unidirectional scattering
without involving complex structures or additional reflectors. A core-shell nanoparticle
can support both electrical and magnetic resonances, and when the resonance design
is reasonable, it is expected to achieve a very good broadband directional scattering
effect. Also, it can be applied in the fields of nanoantennas, photovoltaic devices, and
nano-sized lasers that require backscatter suppression.

Here, we propose a cubic dielectric nanoparticle containing a single metal particle
for broadband unidirectional scattering. Due to a larger optical coefficient, larger pack-
ing density, and relative ease of fabrication compared with spherical nanoparticles, it
can be a promising candidate for future low-loss, ultra-compact nanophotonic appli-
cations. This core (metal)-shell (dielectric) nanocube nanoantenna is demonstrated to
achieve high-efficiency unidirectional light scattering. We compared the scattering of
dielectric silicon and core-shell nanocube to illustrate the effect of metal core on scat-
tering and the effect of changing the metal core size on directional scattering. Finally,
we used the core-shell nanocube particle chains to suppress backscattering and enhance
forward scattering, which provides a good solution and idea for nanoantenna designers.

2. Simulation results and discussions

2.1. Numerical analysis and comparison of dielectric nanocube
and core-shell nanocube

We numerically simulated a core (metal)-shell (dielectric) nanocube particle in the air
using the finite-difference time-domain (FDTD) method. The numerical results of the
forward and backward scattering spectra, their ratio (F/B ratio) and the modal field
distribution inside the particles are based on the Maxwell equations. A wide-band
(A=400-1000 nm) plane wave is launched with normal incidence, and the field monitor
is located in the particle and around the particle to monitor the local field strength.
A 2.5-nm refined mesh was applied around the particles when monitoring the near-field
intensity, and the perfectly matched layer (PML) was used for the boundary conditions.
Moreover, the far-field scattering was simulated by the finite integral method.

Figure 1 shows the numerical results of the forward and backward scattering spec-
tra and F/B ratio of a dielectric nanocube and core-shell nanocube. Note that we inte-
grated the scattered field separately in the forward and backward directions to calculate
its forward and backward scattering cross-sections. We used silicon as the dielectric
shell with the refractive index n = 3.4, and its length and width are 700 nm, and its
height is 200 nm. The material of the metal core is silver, and its diameter is d = 150 nm.
For the permittivity of silver, the experimental data from [28] was used. In terms of
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Fig. 1. Scattering of incident plane waves by dielectric silicon cube (a). Spectra of the forward (F) and
backward (B) scattering cross-section of dielectric silicon and F/B ratio (b). Scattering of incident plane
waves by a core-shell nanocube (c). Spectra of the forward and backward scattering cross-sections of core
-shell nanocube and the ratio of F/B (d).

theoretical analysis, when the structure is illuminated by a plane wave, the scattered light
is collected to the far field. In Fig. 1b, we firstly simulated a silicon nanocube, and the
plane wave is incident perpendicularly from the top. It can be found that the F/B ratio
of silicon nanocube is less than 8, and the forward and backward scattering cross-sec-
tions are relatively small. The scattering efficiency is relatively poor, and the require-
ment of directional scattering cannot be achieved. In Fig. 1d, the F/B ratio of the core
-shell nanocube is approximate 11, demonstrating forward scattering by unidirectional
scattering and high scattering efficiency compared to silicon nanocube. This F/B is
greatly higher than that of two different dielectric nanospheres [18]. Therefore, it can
be considered that when F/B is higher than 8, it is a wide-band directional scattering
device in the range of 710—750 nm, and the directional scattering of the device, espe-
cially at 740 nm, achieves optimal performance.

In the F/B ratio spectrum of the silicon nanocube in Fig. 1b, a maximum occurs at
A =725 nm. We can find out that the silicon nanocube has both electric resonance and
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Fig. 2. The electric field intensity | £ distribution (a) and the magnetic field intensity |4, | distribution (b)
of silicon nanocube in the x-z plane at 2 = 725 nm. The electric field intensity | £| distribution (¢) and
the magnetic field intensity | H, | distribution (d) of core-shell nanocube in the x-z plane at 4 = 740 nm.
The units for the electric and magnetic fields are V/m and A/m, respectively.

magnetic resonance at A = 725 nm by the electromagnetic field diagram in Figs. 2a
and 2b. At the same time, at A =725 nm, the electrical resonance is equal to the magnetic
resonance and satisfies the first Kerker condition, so directional scattering can be gen-
erated. However, since the Kerker condition is far from the formant, the scattering effi-
ciency in the forward direction at these wavelengths is very low. The core-shell nanocube
shows a clear new peak in the F/B ratio spectrum around A = 740 nm. The forward
scattering exhibits a peak, and backscattering is suppressed. Core-shell nanoparticles
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can be effectively viewed as a pair of orthogonal electric dipoles and a combination of
magnetic dipoles. We note here that the backscattering of the core-shell nanoparticles is
almost completely suppressed at 2 = 740 nm due to the fact that the wavelength of the
unidirectional scattering of the core-shell nanoparticles is close to the wavelength of the
magnetic dipole resonance and the electric dipole resonance.

Figures 3b and 3d show the cross-section of the radiation pattern of the scattered
field at the maximum F/B ratio wavelength in the x-z plane. The scattering intensity
in the 180° direction corresponds to direct forward scattering. Figure 3b clearly shows
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Fig. 3. Three-dimensional far-field scattering of silicon nanocube at wavelength A =725 nm (a) and silicon
nanocube scattering mode in the far field (b). 3D far-field scattering of the core-shell nanocube at wave-
length 4 = 740 nm (c) and core-shell nanocube scattering mode in the far field (d). The main lobe beam
width a is defined and shown in (b) and (d).



660 WEIMIN WANG et al.

12 a

r=45nm

F/B ratio

400 500 600 700 800 900 1000
Wavelength [nm]

90

15x1071:

3 ,"1 x10‘11-: I_9(311
. : 3x10

120 S AN 20
. i .
z
180
0 d
60
90

9 = |
1.5 x 107 3% 107

120 SAINVT TN L 120

180

Fig. 4. F/B ratios of core-shell nanocube for different metal core radii (a). Scattering patterns for metal
core radius » = 45 nm (b), » = 60 nm (¢), » = 75 nm (d), and » = 90 nm (e), when A = 740 nm.
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that backscattering of silicon nanocube is not negligible because of its high intensity
and the presence of energy in both forward and backward scattering. Energy leakage
of backscattering will be a great impact on practical applications. However, it can be
seen that the backscattering intensity of the core-shell nanocube is small, and the in-
tensity of forward scattering increases. This strength enhancement clearly shows the
advantages of the core-shell type nanocube, and it can make full use of scattering res-
onance for unidirectional forward scattering. In fact, we expect efficient unidirectional
forward scattering and prevent the generation of side lobes. Next we will use core-shell
nanoparticle chains to achieve a smaller main lobe beam width a.

In addition, we also discuss the influence of metal core radius on the scattering of
the core-shell nanocube. We notice that metal nuclei of not all sizes contribute to the
forward scattering of particles. In Fig. 4, the effect of metal core radius on nuclear-nano-
particle scattering is demonstrated.

Comparing the F/B ratio of different Ag radii in Fig. 4a, we find that the F/B value
is obviously larger than other cases when » = 75 nm near 4 = 740 nm even though the
F/B peaks of different Ag radii are different. From Figs. 4b—4e it can be found that
when the radius of Ag core is =75 nm at A =740 nm, it has the best forward-scattering
and suppressing backward-scattering. On the contrary, when the particle radius is too
small or too large, the backscattering will increase, which leads to the deterioration of
the scattering orientation of the device.

2.2. Scattering of core-shell nanocube chains

The theoretical model for the coupling between particles can be adopted from a gen-
eralized model describing the interaction of N-particle linear chains. The effective elec-
trical and magnetic dipole polarizability can be expressed as [29]

3i
a = ——a (1a)
1 2k3 1
3
a® = b (1b)
1 2k3 1

where a, and b, are the Mie scattering coefficients, corresponding to the electrical dipole
moment and the magnetic dipole moments, respectively, and k is the angular wave
number in the background material.

From the theoretical study of the scattering of the chains, each core-shell type nano-
particle can be treated as a combination of orthogonal electric dipole (ED) and magnetic
dipole (MD) resonances, which has the polarizability described by Eq. (1). Based on
the coupled dipole approximation, the electrical d; and magnetic m; dipole moments
of the i-th nanocube in the N-nanotube chain can be expressed as [30, 31]

YE) d. )
d, = a?E?-&— al (EI.J-FET’) (2)
j=1:N
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Fig. 5. Comparison of a core-shell nanocube dimer with different gap. Light scattering diagram of dimer
particles (a). Directional scattering of dimer particles at different gap g = 50 nm (b), g = 100 nm (c¢),
g =150 nm (d), and g =200 nm (e), at 2 = 740 nm.
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_  mygy0 mjﬂ d; m;
m; = oy H; + o Z H;+H, (3)
j=1:N

where E and H are the electric and magnetic fields of the incident wave at position 7;,
respectlvely, E; /' and H; 9 are the electric and magnetic fields of d; radiation at r;, respec-
tively; E; i and H! is the radiation field of m; at ;. By solving Eqs. (2) and (3), we
can obtaln the electrlc and magnetic moments of each particle, and then we can find
that the scattering pattern is a superposition of the radiation of all 2V interaction dipole
moments.

Here, we first consider the simple case of the core-shell nanocube dimer and then
thoroughly investigate the effect of particle gaps on scattering. In general, nanodimers
have better directional scattering than single particles. Figure 5 shows the effect of gap
between particles on scattering by comparing four scattering patterns at different gaps
g=50nm, 100 nm, 150 nm, and 200 nm. From Fig. 5b, we can see that at g = 50 nm,
the interaction of the two particles causes the side-scattering to appear in the forward
scattering due to the small gap; when g > 150 nm, the scattering pattern shows a more
obvious backscattering. However, it has the best directional scattering and suppresses
backscattering at g = 100 nm. We can find that a smaller gap leads to poorer direction-
ality and side lobes, and a larger gap increases the forward scattering intensity but also
increases the intensity of backscattering. So the gap g = 100 nm should be chosen as
the scattering case when the number of analyzed particles is more than two as N > 2.

In Figs. 6 and 7, we study the unidirectional scattering patterns of different numbers
of particles in the chain. It can be clearly seen from Fig. 7 that by increasing the number
of particles, the main lobe beam width will be reduced, the forward scattering will be
enhanced and the directionality will be better. From Fig. 7, it can be seen that the main
lobe beam width « is already less than 30° when the number of particles is N = 4, and
it has the largest forward scattering intensity, which means that by increasing the num-
ber of particles, it can play a role in concentrating, but the backscattering also increases
slightly. We do not continue to increase the number of particles N. In practical appli-
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Fig. 6. Light scattering diagram of a core-shell nanoparticle chain with gap g.
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Fig. 7. The 3D far-field scattering (a—c) and scattering patterns (d—f) at fixed distance g = 100 nm.
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cations, the fewer the number of particles, the simpler the structure, and too many par-
ticles is impractical, so we choose the maximum number of particles as N=4. It should
be noted here that the mechanism of enhancing the directivity of the nanoparticle array
is basically the same as the mechanism of the Yagi—Uda antennas, in which the inter-
ference plays a major role.

3. Conclusion

In conclusion, we systematically studied the scattering properties of (metal) core-(dielec-
tric) shell nanoparticles and showed that they have good directional scattering. Core-shell
nanocube has better directional scattering patterns than silicon nanocube, and it has
higher F/B value and good directional scattering around 40 nm bandwidth. We also
numerically calculated the effect of particle gap on scattering, and it was revealed that
the best forward scattering effect can be obtained when g = 100 nm. We have further
shown that the directionality of a single core-shell nanoparticle scattering can be en-
hanced when the nanoparticles are arranged in a one-dimensional chain. As the number
of particle chains increases, the beam width of the main lobe decreases. Compared with
the scattering of a single core-shell nanoparticle, the directional scattering can be sig-
nificantly improved by increasing the number of particle chains. At the same time, we
analyzed the effect of different metal core sizes on the scattering pattern with other
parameters unchanged. The broadband high efficient unidirectional scattering of core
-shell nanoparticles can be applied in nanoantenna, nanoscale lasers, photovoltaics and
even biomedical applications, and so on [32—40].
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