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Abstract: We propose an all-silicon-based nano-antenna that functions as not only a 
wavelength demultiplexer but also a polarization one. The nano-antenna is composed of two 
silicon cuboids with the same length and height but with different widths. The asymmetric 
structure of the nano-antenna with respect to the electric field of the incident light induced an 
electric dipole component in the propagation direction of the incident light. The interference 
between this electric dipole and the magnetic dipole induced by the magnetic field parallel to 
the long side of the cuboids is exploited to manipulate the radiation direction of the nano-
antenna. The radiation direction of the nano-antenna at a certain wavelength depends strongly 
on the phase difference between the electric and magnetic dipoles interacting coherently, 
offering us the opportunity to realize wavelength demultiplexing. By varying the polarization 
of the incident light, the interference of the magnetic dipole induced by the asymmetry of the 
nano-antenna and the electric dipole induced by the electric field parallel to the long side of 
the cuboids can also be used to realize polarization demultiplexing in a certain wavelength 
range. More interestingly, the interference between the dipole and quadrupole modes of the 
nano-antenna can be utilized to shape the radiation directivity of the nano-antenna. We 
demonstrate numerically that radiation with adjustable direction and high directivity can be 
realized in such a nano-antenna which is compatible with the current fabrication technology 
of silicon chips. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

It is well known that the operating frequency of an antenna depends strongly on the 
dimension of the antenna. The smaller the antenna, the higher is the supporting frequency. In 
the past two decades, the size of antennas is greatly reduced owing to the significant advance 
in micro- and nano-processing technology and near-field optical microscopy [1]. Antennas 
with micro- and even nanometer sizes, which operate at optical frequencies, have be 
successfully fabricated. So far, antennas of nanometer sizes have been widely applied in solar 
cells [2–4], optical absorption and detection [5–7], nonlinear optics [8–14], micro- and nano-
display and imaging [15–17], biological sensors [18–20], nano-holography [21,22], 
temperature control [23] and optical interconnectors [24–26]. 

Antennas working in the long wavelength range are generally constructed by metals. Due 
to the large Ohmic losses of metals in the visible light spectrum, naono-antennas composed of 
dielectric and semiconductor nanoparticles/nanostructures with large refractive indices have 
become the focus of many studies because they support strong electric and magnetic 
resonances in the visible to near infrared spectral range. 

One of the most important properties of nano-antennas is the directivity of the radiation. 
Much effort has been devoted to the design of nano-antennas with ultrahigh directivity. On 
the other hand, much attention has been paid to the side radiation of nano-antennas. However, 
it remains a big challenge to realize nano-antennas whose radiation directivity and direction 
can be simultaneously manipulated. 
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For dielectric and semiconductor nanoparticles, it has been demonstrated that the 
constructive interference between the induced electric and magnetic dipole (ED and MD) may 
lead to the enhanced scattering in the forward direction and suppressed scattering in the 
backward direction at the wavelength where the first Kerker’s condition is satisfied [27,28]. 
The situation is reversed at the wavelength where the second Kerker’s condition is satisfied. 
This kind of directional scattering is quite useful in the design of all-dielectric nano-antennas. 
Apart from the interference between electric and magnetic dipoles, it was shown recently that 
the interference between the ED and electric quadrupole (EQ) can lead to highly directional 
radiation at the wavelength where the generalized Kerker’s condition is fulfilled [29]. In 
addition to the highly directional radiation, the directivity of the radiation is also significantly 
improved. It implies that the interference between the low-order and high-order 
electromagnetic modes can be employed to shape the radiation directivity of nano-antennas. It 
was demonstrated that nano-antennas with super-directivity can be achieved by incorporating 
more high-order modes into the interference [30–34]. More interestingly, nano-antennas 
which produce needle radiation can be realized by using an array composed of hundreds or 
even thousands of dipoles [35]. 

Basically, an effective way to control the radiation direction of a nano-antenna relies on 
the interference of electric and magnetic modes of different orders, leading to the so-called 
side scattering. So far, side scattering was firstly achieved by exploiting the interference of 
two parallel and spatially-separated electric dipoles [36,37]. It was also realized by utilizing 
the interference of the ED parallel to the incident wave, which is induced by the asymmetric 
nanostructure, and the MD/EQ perpendicular to the incident wave [38]. In general, side 
scattering can be achieved by an asymmetric structure with respect to the incident wave [39–
42]. 

In order to realize the control and manipulation of the radiation direction and directivity of 
a nano-antenna, it is necessary to excite as many electric and magnetic resonances as possible. 
For plasmonic nano-antennas, electric modes of various orders and low-order magnetic 
modes can be used. However, it is difficult to excite high-order magnetic modes. In 
comparison, electric and magnetic modes of different orders can be readily excited in 
dielectric nanostructures, offering more possibilities to engineer the radiation direction and 
directivity of a nano-antenna. 

As far as the interference of two electromagnetic modes is concerned, both the amplitudes 
and phases of these two modes need to be taken into account. When analyzing the forward 
and backward scattering of a silicon (Si) nanosphere (NS), its total scattering is generally 
decomposed into the contributions of ED, MD and multipoles based on Mie theory. The ED 
and MD are represented by the expansion coefficients of b1 and a1, respectively. For a Si NS 
with d = 150 nm, the first and second Kerker’s conditions are approximately satisfied at the 
wavelengths of 648 and 575 nm where the amplitudes of the ED and MD are the same (i.e., a1 
= b1) (see Section A1, Appendix). If we examine the phase difference between the ED and 
MD of the Si NS, however, the phase differences at these two wavelengths are found to be 0 
and 2.09. As a result, the backward scattering is completely suppressed at 648 nm where the 
phase difference is close to 0. In sharp contrast, the forward scattering of the Si NS is still 
appreciable at 575 nm because the phase difference is far from π. This example indicates the 
importance of phase difference in the interference of two electromagnetic modes. Similar 
behavior is also observed in germanium (Ge) NS (see Section A1, Appendix). It implies that 
the Kerker’s condition is not easily satisfied in dielectric NSs without specially designed 
structures. 

In this article, we proposed an all-silicon-based nano-antenna capable of realizing both 
wavelength and polarization demultiplexing which are considered as the key components in 
the integrated optical circuits. We demonstrated numerically that radiation with adjustable 
direction and high directivity and can be realized in such a nano-antenna which is compatible 
with the current fabrication technology of Si chips. 

                                                                                                 Vol. 26, No. 10 | 14 May 2018 | OPTICS EXPRESS 12347  



The structure of the nano-antenna, which acts as not only a wavelength demultiplexer but 
also a polarization demultiplexer, is schematically shown in Fig. 1. It is composed of two Si 
cuboids with the same length and height but different widths. When the nano-antenna is 
excited with an incident wave whose polarization is perpendicular to the long side of the Si 
cuboids, an ED, a MD and a magnetic quadrupole (MQ) will be induced in each Si cuboid. In 
addition, the coupling between the two Si cuboids will create an ED component parallel to the 
incident wave because of the asymmetric structure of the nano-antenna (i.e., the widths of the 
two Si cuboids are different). The appearance of the ED component parallel to the incident 
wave (i.e., EDz) makes it possible to manipulate the radiation direction of the nano-antenna. 
In addition, the EQ and MQ of each Si cuboid offer the opportunity for further engineering 
the radiation directivity through the interference with ED and MD. 

 

Fig. 1. Schematic showing the structure of the proposed nano-antenna which functions as a 
wavelength (a) and a polarization (b) demultiplexer. 

2. Theoretical and numerical methods 

The interaction of a nano-antenna with the incident light can induce the change in the charge 
and current density distributions of the nano-antenna. The polarization of charge and the 
conduction of current lead to the scattering of the incident light. In order to analyze the 
radiation pattern of the scattered light more quantitatively, one need to know the polarization 
charge or displacement current of different spatial orientations in the scattering field of the 
nano-antenna. In general, one can use multipolar moments or multipolar coefficients to 
describe the charge and current density distributions in space. For a simple antenna, one can 
describe the current density in x, y, and z directions by using the three components of the ED 
(i.e., EDx, EDy, and EDz). For a more complex antenna, the multipole expansion method need 
to be used to ensure the correctness of the moment expansion. At present, there are two types 
of multipole expansion. In a Cartesian coordinate, the multipole expansion of ED, MD, EQ, 
and MQ can be expressed as follows [43–46]: 

 31
ED j ,

- ω
d r

i
=   (1) 

 31
MD (r j) ,

2
d r

c
= = ×  (2) 

 31 2
EQ .

- 2 3αβ α β β α αβr j r j (r j)δ d r
i ω

 = = + − ⋅    (3) 
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3αβ β αα βr r d r
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 = × + ×   (4) 

Here, c is the speed of light in vacuum, α and β represent the Cartesian coordinate 
components x, y, and z. The current density is given by: 

 0 r r,dJ(r) (r) E(r).iωε ε ε = − −   (5) 

Alternatively, the multipole expansion can be performed in a spherical coordinate in 
which the coefficients of ED and MD can be described as follows [47]: 
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Here, Ψl(kr) = krjl(kr) is Riccati–Bessel functions, Ψ'l (kr) andΨ” l (kr) are the first and 
second derivatives with respect to the parameter of kr. Pm l is Legendre polynomials, 
Olm,τlm(θ), πlm(θ) are related parameters. 

The coefficients of the multipole expansion described in this work were calculated by 
using a commercial software developed by the COMSOL Co., Ltd (https://cn.comsol.com/). It 
is a numerical simulation software based on the finite element (FE) method (Multiphysics 
v5.3a.). The numerical simulations were performed in a sphere whose diameter was chosen to 
be about 1.5 times the wavelength of the incident light. Outside the sphere, a perfectly 
matched layer (PML) was used to absorb all the outgoing radiation. The nano-antenna was 
placed at the center of the sphere. The mesh generation was completed by using the built-in 
algorithm of the program, which created tetrahedral meshes. In the case of antenna array, 
periodic boundary conditions were applied in the lateral directions (x and y) of the system to 
simulate an infinite Cartesian lattice. In the vertical directions (z direction), several ports were 
used to collect the defected light of diffracted orders both in transmission and reflection. One 
of them (on the substrate side) was used to excite the system with a plane wave. 

The three-dimensional (3D) far-field scattering intensity distributions were calculated by 
using the finite-difference time-domain (FDTD) technique developed by Lumerical Ltd 
(https://www.lumerical.com/). No obvious difference was found in simulation results 
obtained by using the FE (Multiphysics, COMSOL Co., Ltd.) and FDTD (FDTD solution, 
Lumerical Ltd.) methods 

3. Results and discussion 

3.1 Influence of amplitude and phase on the radiation pattern 

Basically, the radiation pattern of a nano-antenna is determined by the interference between 
the moments obtained from the multipole expansion in a Cartesian coordinate or the 
interference between the coefficients obtained from the multipole expansion in a spherical 
coordinate. For example, the interference between an ED and a MD perpendicular to each 
other with equal amplitude and a phase difference of 0 will lead to the complete suppression 
of the backward scattering (i.e., the so-called first Kerker’s condition). If the phase difference 
between the two dipoles is π, then a complete suppression of the forward scattering is 
observed (i.e., the so-called second Kerker’s condition). 
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In order to fulfil the first and second Kerker’s conditions, there are two requirements. 
First, the amplitudes of the two dipoles must be equal. Second, their phase difference should 
be 0 or π. In Fig. 2(a), we show the evolution of the two-dimensional (2D) scattering pattern 
resulting from the interference of two identical dipoles perpendicular to each other with 
increasing phase difference (δ). It can be seen that the backward scattering increases with 
increasing phase difference and it becomes equal to the forward scattering when the phase 
difference is increased to π/2. In addition to the phase difference, the scattering pattern is also 
affected by the amplitudes of the two dipoles. In Fig. 2(b), we present the evolution of the 2D 
scattering pattern resulting from two dipoles oscillating in phase when the ratio of their 
amplitudes (r) is increased. One can see clearly the increase of backward scattering when the 
ratio of their amplitudes is increased. This simple example indicates that the scattering pattern 
is determined not only by the amplitudes of the two dipoles but also by their phase difference. 

In the case when the two dipoles have similar amplitudes, the phase difference between 
them plays a dominant role in determining the radiation pattern. If we consider the 
interference between an ED (or a MD) and an EQ (or a MQ) (i.e., the so-called generalized 
Kerker’s condition [29]), the phase difference between the dipole and the quadrupole should 
be π/2 or 3π/2 in order to achieve a complete forward or backward scattering [48]. Similar 
conditions must be satisfied when the interference between high-order modes is considered. 

 

Fig. 2. (a) Evolution of the 2D scattering pattern resulting from two identical dipoles 
perpendicular to each other with increasing phase difference. (b) Evolution of the 2D scattering 
pattern resulting from two dipoles oscillating in phase with increasing ratio of their amplitudes. 

In general, we need to consider not only the amplitudes of the two interacting multipoles 
but also their phase difference in order to manipulate the radiation pattern. In the design of 
nano-antennas, we need to create a dipole which possesses not only a large amplitude but also 
an orientation parallel to the propagation direction of the incident wave. The phase difference 
between this dipole and the dipole perpendicular to the incident wave should be close to 0 or 
π, leading to the so-called side scattering. In this way, we can manipulate the radiation 
direction of the nano-antenna. Based on this, we can exploit the interference between the 
dipole and high-order multipole to shape the directivity of the radiation. 

Owing to its large refractive index, Si nanoparticles of different shapes such as 
nanospheres, nanopillars, and nanodisks have been widely used to construct nanoscale 
photonic devices with different functions [49–52]. Here, we chose two Si cuboids with the 
same length and height but with different widths to construct the nano-antenna, as 
schematically shown in Fig. 1. In practice, such a nano-antenna can be fabricated on a quartz 
substrate by using the combination of wafer bonding, electron beam lithography and focused 
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ion etching. As compared with the nano-antennas proposed previously [40], the nano-antenna 
proposed in this work is easier to be fabricated because the constituent Si cuboids have the 
same height. When the polarization of the incident wave is perpendicular to the long side of 
the Si cuboids, the magnetic field parallel to the long side can excite the MQ in each Si 
cuboid. The interference between the ED and the MQ of the Si cuboid can be exploited to 
improve the directivity of the radiation. 

We first examine the electric and magnetic multipoles excited in each Si cuboid by the 
incident wave whose polarization is perpendicular to the long side of the Si cuboids, as shown 
in Fig. 3. The multipole expansion of the total scattering of a single Si cuboid was performed 
in a spherical coordinate. In Fig. 3(a), we show the multipole expansion of the scattering 
spectrum carried out for the left Si cuboid in the nano-antenna whose length, height and width 
are designed to be l1 = 400 nm, h1 = 220 nm, and w1 = 120 nm, respectively. One can see two 
scattering peaks in the total scattering spectrum. The scattering peak located at ~784 nm 
arises from the MD of the Si cuboid while that located at ~642 nm results from the ED and 
the MQ of the Si cuboid. The electric field distribution at the ED resonance and the magnetic 
field distributions at the MD and MQ resonances are shown in the insets of Fig. 3(a). 

 

Fig. 3. Multipole expansion of the total scattering of a single Si cuboid with w1 = 120 nm (a) 
and w2 = 200 nm (b). The electric field distributions at the ED and EQ resonances and the 
magnetic field distributions at the MD and MQ resonances are presented as insets. 

Similarly, the scattering spectrum of the right Si cuboid, whose length, height, and width 
are designed to be l1 = 400 nm, h1 = 220 nm, and w1 = 200 nm, can also be decomposed into 
the contributions of the ED, MD, and MQ, as shown in Fig. 3(b). As compared with the left 
one, the two major scattering peaks are red shifted. The scattering peak corresponding to the 
MD is red shifted to ~1050 nm while that originating from the ED and MQ is red shifted to 
~750 nm. Moreover, the scattering peak corresponding to the EQ becomes apparent at ~600 
nm. The electric field distributions at the ED and EQ resonances and the magnetic field 
distributions at the MD and MQ resonances are presented in the insets of Fig. 3(b). 

In principle, the MQ in each Si cuboid is induced by the retardation effect and it is parallel 
to the yz plane (MQyz). Such a MQ is still present when the coupling between two Si cuboids 
is introduced. It will be demonstrated later that the MQ of the Si cuboids plays a crucial role 
in improving the directivity of the radiation. 

3.2 Radiation direction controlled by the interference of electric and magnetic dipoles 

We performed multipole expansion for the total scattering spectrum of the nano-antenna in 
both a spherical and a Cartesian coordinate, as shown in Fig. 4(a) and Fig. 4(b). It can be seen 
that the ED and MQ in the individual Si cuboid are retained in the nano-antenna. The 
coupling between the two Si cuboids has negligible influence on these modes, as evidenced in 
the insets of Fig. 4(a) where the electric and magnetic field distributions of these modes are 
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presented. Therefore, these modes can be employed to manipulate the radiation pattern of the 
nano-antenna. 

Since the widths of the two Si cuboids are chosen to be different, the nano-antenna 
appears to be asymmetric when the polarization of the incident wave is along the x direction. 
In this case, the electric field inside the nano-antenna is also asymmetric, creating an EQ 
component on the xz plane (i.e., EQxz). In addition, the ED and MQ of the nano-antenna are 
tilted to some extent, generating new components of EDz and MQxy. From the multipole 
expansion of the scattering spectrum of the nano-antenna in the Cartesian coordinate [see Fig. 
4(b)], the electric and magnetic modes that contribute mainly to the total scattering of the 
nano-antenna include EDx, EDz, MDy, EQxz, and MQyz. Therefore, we will discuss in the 
following how the interference of these electric and magnetic modes can be utilized to 
manipulate the radiation direction and to shape the radiation directivity. In this case, the nano-
antenna is symmetric with respect to the magnetic field of the incident wave. As a result, the 
magnetic field distribution inside the nano-antenna is symmetric with respect to the xz plane, 
so is the radiation pattern of the nano-antenna. 

 

Fig. 4. Multipole expansion of the total scattering spectrum of the nano-antenna in a spherical 
(a) and a cartesian (b) coordinate. The electric field distributions at the ED resonances (644 
and 748 nm) and the magnetic field distributions at the MQ resonances (640 and 752 nm) are 
shown in the insets of (a). In (b), we present the electric and magnetic modes with relative 
large amplitudes (EDx, EDz, MDy, EQxz, MQyz) which determine the radiation direction and 
directivity of the nano-antenna. 

In order to gain a deep insight into the interference between different dipoles and its effect 
on the radiation pattern, we present the 3D and 2D radiations of the MDy, EDz and EDx, 
which are the major contributions to the radiation of the nano-antenna, in Fig. 5. As illustrated 
in Fig. 5, the deflection of the radiation along the x direction (i.e., side scattering) is mainly 
governed by the interference between MDy and EDz. In this case, the phase difference plays a 
dominant role because they have similar amplitudes. If the phase difference between them is 
in the region of (-π/2, π/2), the two modes are considered as in-phase and the radiation is 
deflected to the + x direction. In comparison, the deflection of the radiation to the –x direction 
occurs when the two modes are out-of-phase (i.e., the phase difference is in the regions of (-π, 
-π/2) and (-π/2, π) . Similarly, the radiation in the z direction (i.e., forward and backward 
scattering) is determined by the interference between MDy and EDx, as schematically shown 
in Fig. 5. The phase difference also plays a crucial role in determining the radiation direction. 
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Fig. 5. Schematic showing the 3D (first row) and 2D (second row) radiation patterns of MDy, 
EDz, and EDx induced in the nano-antenna. Also shown are the schematic radiation pattern 
resulting from the interference between MDy and EDz and that resulting from the interference 
between MDy and EDx (third row). The schematic radiation pattern of the nano-antenna, which 
is determined by the interference of these three modes, is presented in the fourth row. 

As discussed above, the deflection of the radiation is governed mainly by phase difference 
between MDy and EDz. In Fig. 6(a), we show the wavelength dependence of the phase 
difference between these two modes and indicate the wavelengths at which the phase 
differences are equal to 0 and π. The two modes are considered as in-phase when the phase 
difference between them is in the region of [-π/2, π/2]. In this case, the radiation is deflected 
to the + x direction and the maximum deflection is achieved at the wavelength where the 
phase difference is 0. Similarly, the two modes are considered as out-of-phase when the phase 
difference is in the region of [-π, -π/2] or [π/2, π]. In this case, the radiation is deflected to the 
–x direction and the maximum deflection angle is observed at the wavelength where the phase 
difference is π. In Fig. 6(b), we present the wavelength dependence of the maximum radiation 
angle obtained by using the FDTD simulation. It can be seen that the maximum deflection 
angle of ~23° to the + x direction is achieved at ~583 nm where the phase difference between 
MDy and EDz is close to 0. Accordingly, the maximum deflection angle of ~35° to the -x 
direction is achieved at ~680 nm where the phase difference between MDy and EDz is close to 
-π. The simulation results are in good agreement with the theoretical predictions based on the 
calculation of the phase difference. 

In Fig. 6(c), we plot MDy, EDx, and EDz as vectors whose lengths represent the 
amplitudes and the orientations represent the phases. The phase difference between two 
modes can be readily found by the angle between the two vectors. It can be seen that the 
amplitude of MDy is maximum at 583 nm and the phase difference between MDy and EDz is 
0. As a result, the largest deflection angle to the + x direction is achieved at this wavelength. 
Similarly, another maximum of MDy is obtained at 680 nm and the phase difference between 
MDy and EDz is -π. Thus, the largest deflection angle to the –x direction is observed at this 
wavelength. Although the phase difference between MDy and EDz is close to 0 at ~751 nm, 
the deflection of the radiation is not significant because the amplitude of EDx is much larger 
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than that of MDy. Similar situation is observed at ~888 nm where the phase difference 
between MDy and EDz is close to -π. Therefore, the following two conditions need to be 
fulfilled in order to achieve the largest radiation deflection. First, MDy should be the 
dominant mode with larger amplitude. Second, the phase difference between MDy and EDz 
should be close to 0 or ± π. 

 

Fig. 6. (a) Phase difference between MDy and EDz as a function of wavelength. (b) Deflection 
angle of the radiation as a function of wavelength. (c) Vector diagrams for MDy, EDz, and EDx. 

3.3 Radiation directivity engineered by the interference of dipoles and quadrupoles 

Now we examine the interference between dipoles and quadrupoles and its influence on the 
radiation directivity, as schematically shown in Fig. 7. Here, we consider only the 
quadrupoles (i.e., MQyz and EQxz) with relatively large amplitudes, as shown in Fig. 5(b). In 
Fig. 7(a), we show the 3D and 2D radiation patterns of EDx and MQyz with similar strengths 
and the radiation pattern resulting from the interference of these two modes. It can be seen 
that the interference between EDx and MQyz will lead to the radiation only in the z direction 
when the phase difference between them is equal to -π/2 or 3π/2. In contrast, a phase 
difference of + π/2 or −3π/2 will result in the radiation only in the y direction (not shown). 
The former is good to the radiation directivity while the latter is not. By deliberately adjusting 
the structure parameters of the nano-antenna, we can make the radiation peak originating 
from the interference of MDy and EDz coincide with that originating from the interference of 
EDx and MQyz, leading to a nano-antenna with controllable radiation direction and super-
directivity. Similarly, the interference between MDy and EQxz can also be exploited to 
improve or deteriorate the radiation directivity, depending strongly on the phase difference 
between them. When the phase difference between is close to + π/2, an improvement in 
radiation directivity can be achieved, as shown in Fig. 7(b). 
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Fig. 7. (a) Schematic showing the 3D and 2D radiation patterns of EDx and MQyz and the 
radiation pattern resulting from the interference of these two modes. (b) Schematic showing 
the 3D and 2D radiation patterns of MDy and EQxz and the radiation pattern resulting from the 
interference of these two modes. 

Now we discuss in detail the influence of the quadrupoles on the radiation directivity. The 
radiation directivity of a nano-antenna is usually characterized by a parameter D, which is 
defined as the ratio of the maximum radiation power on the surface of a sphere in the far field 
to the averaged value [30]: 
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In Fig. 8(a), we present the wavelength dependence of the parameter D calculated for the 
nano-antenna. The corresponding wavelength dependence of the HPBWy, which is the full 
width at half of the maximum power in the y direction, is also presented. It can be seen that 
the best directivity is achieved at ~405 nm where HPBWy has the minimum value of 35° 
while D has the maximum value of 14.21. As discussed above, the interference between EDx 
and MQyz can be employed to engineer the radiation pattern of the nano-antenna. In case of 
forward scattering, the interference between them can improve the radiation directivity of the 
nano-antenna when the phase difference between them is equal to -π/2. As can be seen from 
the vector diagrams shown in Figs. 8(b) and 8(c), the phase differences between EDx and 
MQyz are close to -π/2 at 640 and 752 nm. As a result, the HPBWy reaches its minimum at 
these two wavelengths. Accordingly, the parameter D has maximum values at these two 
wavelengths, implying significantly improved radiation directivity. In Fig. 8(d), the radiation 
directivity is not good although the phase difference between EDx and MQyz is close to π/2. 
The major reason for the deterioration of the radiation directivity is the small amplitude of 
EDx. In addition, the amplitudes of MDy and EQxz are relatively large and their phase 
difference is large than 0 but not close to π/2, deteriorating the radiation directivity. 

At 526 and 712 nm [see Figs. 8(e) and 8(f)], MDy and EQxz possess large amplitudes and 
their phase difference is close to π/2. Consequently, we can observe the maximum values of 
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parameter D at these two wavelengths. At 653 nm [see Fig. 8(g)], the radiation directivity is 
deteriorated because the phase difference between MDy and EQxz is close to 0. 

 

Fig. 8. (a) Wavelength dependences of HPBWy and D. (b)-(g) Vector diagrams plotted for 
EDx, MDy, MQyz and EQxz at different wavelengths. 

3.4 Radiation directivity engineered by the interference of dipoles and quadrupoles 

We have simulated the wavelength dependence of the maximum radiation angle of the nano-
antenna, from which the deflection angle can be deduced, by using the FDTD method, as 
shown in Fig. 9(a). The largest deflection angle of ~25° to the + x direction is observed at 
~600 nm while the largest deflection angle of ~36° to the –x direction is observed at ~680 nm. 
At 950 nm, a large deflection angle of ~25° is also observed. However, the radiation pattern 
at long wavelengths is dominated by dipoles and its directivity is not as good as that at short 
wavelengths where quadrupoles can interact with dipoles effectively. The 3D and 2D 
radiation patterns at 405, 600, and 680 nm are presented in Figs. 9(b)-9(g). It is apparent that 
the wavelength dependence of the radiation direction (or deflection angle) can be employed to 
realize wavelength demultiplexing. At 600 nm, the radiation is deflected to the + x direction 
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by ~25° with a good directivity (D ~6.7). The radiation is deflected to the –x direction by 
~36° and also exhibits a good directivity (D ~4.7). 

 

Fig. 9. (a) Wavelength dependence of the maximum radiation angle simulated for the nano-
antenna. The 3D radiation patterns calculated at wavelengths of 405, 600, 680 nm are shown in 
(b), (d), (f) while the corresponding 2D radiation patterns are shown in (c), (e), (g). 

In Fig. 9(a), it is noticed that there are two dips appearing at 540 and 565 nm in the 
wavelength dependence of the maximum radiation angle. They are caused by the F-P mode of 
the Si cuboids, which deteriorates the radiation direction of the nano-antenna (see Section A2, 
Appendix). 

The simulation results described above were obtained for the nano-antenna suspended in 
air. The influence of the substrate was not taken into account. In practice, a quartz substrate is 
generally used as the mechanical support for the nano-antenna. We also performed numerical 
simulations for the nano-antenna in the presence of a quartz substrate and found that the 
influence of the quartz substrate with a low refractive index (~1.45) on the performance of the 
nano-antenna is negligible (see Section A3, Appendix). 
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3.5 All-silicon-based nano-antenna for polarization multiplexing 

For the simulation results discussed above, the polarization of the incident light is along the x 
direction. In this case, the nano-antenna appears to be asymmetric with respect to the electric 
field of the incident light. Consequently, an ED component (EDz) is induced which can be 
employed to manipulate the radiation direction of the nano-antenna. 

 

Fig. 10. (a) Wavelength dependence of the maximum radiation angle of the nano-antenna 
calculated for the incident light whose polarizations are along the x and y directions. (b) and 
(d) show the 3D radiation patterns calculated at wavelengths of 680 and 860 nm for the x- and 
y-polarized light. The corresponding 2D radiation patterns are shown in (c) and (e). 

If we change the polarization of the incident light to the y direction, then the nano-antenna 
appears to be asymmetric with respect to the magnetic field of the incident light. Similarly, a 
MD component (MDz) is induced and it can be used to control the radiation direction of the 
nano-antenna. 

In Fig. 10(a), we show the wavelength dependence of the maximum radiation angle 
calculated for the incident light whose polarizations are along the x and y directions. In the 
long-wavelength regions of [655 nm, 700 nm], [750 nm, 800 nm], and [850 nm, 915 nm], it 
can be seen that the radiation of the nano-antenna is deflected to different directions ( + x or –
x directions), depending strongly on the polarization of the incident light. This feature implies 
that the nano-antenna functions as a polarization demultiplexer in these wavelength regions, 
as schematically shown in Fig. 1(b). 
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3.6 All-silicon-based nano-antenna array for light bending 

We have demonstrated numerically that a single nano-antenna functions as not only a 
wavelength demultiplexer but also a polarization one. In practice, a device capable of steering 
light beams with large diameters is highly desirable. We show here that this function can be 
realized by using an array of nano-antennas. Since the nano-antenna proposed in this work 
possesses adjustable radiation direction and good directivity, it can be used to construct such 
an array. 

 

Fig. 11. Transmission spectra calculated for the nano-antenna array whose periods in the x and 
y directions are designed to be 800 and 450 nm, respectively. Ttot is the total transmission 
while T-1, T0, and T+1 represent the transmissions of the orders of −1, 0, and + 1, respectively. 

The device is composed of nano-antennas regularly arranged on a rectangle lattice with a 
period of dx = 800 nm in the x direction and a period of dy = 450 nm in the y direction. The 
transmission spectrum simulated for the nano-antenna array is shown in Fig. 11. It can be 
decomposed into the transmissions of different orders of −1, 0, and 1 (i.e., T-1, T0, and T+1). In 
the spectra of T+1 and T-1, one can see transmission peaks located at ~630 and 690 nm, which 
arise from the radiations of single nano-antennas [53,54]. In addition, it can be seen that T+1 is 
larger than T-1 in the wavelength region of [530 nm, 650 nm]. However, T-1 becomes larger 
than T+1 in the wavelength region [660 nm, 800 nm]. In addition, the wavelength dependence 
of T+1 and T-1 is quite similar to the wavelength dependence of the maximum radiation angle 
(or the deflection angle) of the single nano-antenna. 

In Figs. 12(a) and 12(b), we show the 2D electric field distributions of the nano-antenna 
array on the xz plane calculated at wavelengths of 583 and 730 nm. The x-polarized light is 
incident on the quartz substrate. The light normally incident on the substrate is deflected to 
the left side (-x direction) at 583 nm and to the right side ( + x direction) at 730 nm. The 
deflection angles are estimated to be 47° and 63°. 
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Fig. 12. 2D electric field distribution of the nano-antenna on the xz plane calculated at 
wavelengths of (a) 583 nm and (b) 730 nm. 

4. Conclusion 

In summary, we propose an all-silicon-based nano-antenna which is composed of two Si 
cuboids with the same length and height but different widths. The asymmetric structure of the 
nano-antenna with respective to the electric/magnetic field of the incident light induces an 
ED/MD component in the propagation direction of the incident light. The interference of such 
an ED/MD with the other MD/ED components of the can be employed to manipulate the 
radiation direction of the nano-antenna. In addition, the interference between the dipoles and 
the quadrupoles of the nano-antenna can be exploited to shape the radiation directivity of the 
nano-antenna. It is revealed that the phase difference between the electromagnetic modes 
plays a crucial role in the interference between them, determining the radiation angle of the 
nano-antenna. By exploiting the wavelength and polarization dependence of the deflection 
angle, we demonstrated numerically that the nano-antenna functions as not only a wavelength 
demultiplexer but also a polarization one. More interestingly, we show that a nano-antenna 
array composed of regularly arranged nano-antennas can be employed to steer the 
propagation direction of light beams with large diameters when the diffractions of the array 
are intentionally designed to be coincide with the deflection angles of single nano-antennas. 
For practical applications, the all-silicon nano-antennas sitting on a quartz substrate can be 
experimentally fabricated by using the techniques of wafer bonding, electron-beam 
lithography and reactive ion etching [55]. Apart from the wavelength and polarization 
demultiplexers proposed in this work, such nano-antennas may find possible applications in 
single photon emitters. 

Appendix 

A1 KK conditions in germanium and silicon nanospheres 

The first and second Kerker’s conditions for Ge and Si nanoparticles have been discussed in 
[28] and [56]. Here, we examined Ge and Si nanospheres (NSs) with the same diameter of 75 
nm. The multipole expansion of the total scattering for the Ge and Si NSs are shown in Fig. 
13(a) and Fig. 13(b). The wavelengths at which the first and second Kerker’s conditions are 
indicated by green and blue points. In addition, the wavelengths at which the largest ratios of 
the forward to backward scattering and the backward to forward scattering are indicated by 
red and orange points. In Fig. 13(c) and Fig. 13(d), we show the wavelength dependence of 
the phase difference between the electric dipole and the magnetic dipole induced in the Ge 
and Si NSs, respectively. It can be seen that the largest ratios of the forward to backward 
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scattering and the backward to forward scattering are not achieved at the wavelength where 
the amplitudes of the ED and MD are equal. Instead, they are obtained at the wavelength 
where the ED and MD have the similar amplitudes and a phase difference close to 0 or π. 

 

Fig. 13. Multipole expansion of the total scattering spectrum calculated for a Ge (a) and a Si 
(b) nanosphere with a diameter of 75 nm. The wavelength dependence of the phase difference 
between the Ed and MD induced in the Ge and Si NSs are shown in (c) and (d), respectively. 

A2 Fabri-Perot mode in Si cuboids 

The F-P mode intrinsically induced in Si cuboids will deteriorate the radiation directivity of 
the nano-antenna. In Figs. 14(a) and 14(b), we show the electric field distributions calculated 
for the small and large Si cuboids of the nano-antenna at 541 nm and 565 nm. The influence 
of the F-P mode on the radiation properties of the nano-antenna can be found in previous 
literature [57]. 

 

Fig. 14. Electric field distributions calculated for the small (a) and large (b) Si cuboids of the 
nano-antenna at 541 and 565 nm, respectively. 

A3 Radiation of the nano-antenna on a glass substrate 

In Fig. 15, we show the 3D and 2D radiation patterns calculated for a nano-antenna placed on 
a quartz substrate. The simulation method is similar to that described in [37]. The refractive 
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index of the quartz substrate was chosen to be 1.45. The largest deflection angles to the +x 
and -x directions are achieved at 615 and 680 nm, which are quite similar to those observed 
for the nano-antenna suspended in air. It implies that the influence of the substrate with a low 
refractive index on the radiation properties of the nano-antenna is negligible. 

 

Fig. 15. (a) Radiation patterns calculated for the nano-antenna placed on a quartz substrate 
with a refractive index of 1.45 at (a) 615 nm and (b) 680 nm. The deflection angles achieved at 
these two wavelengths are + 18.8° and −30.6°. 
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