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ABSTRACT

A structure based on a dimer of silicon nanopatrticles, presenting directional scattering in the visible range
was studied as a new design of an all-optical switch. The combination of spherical nanoparticles satisfying
at the same incident wavelength, the zero-backward and the minimum-forward scattering conditions, cal
produce either a maximum or a minimum of the scattered field in the area between the nanopatrticles. Th
modulation of the incident wavelength can be used as switching parameter, due to the sensitivity of thes
conditions to it. An optimization of the dimer setup, both in the distance between the nanoparticles and th
incident wavelength, was numerically performed to obtain a maximum contrast. Also, near-field and far-

field distributions of the electric field have been considered.



INTRODUCTION

Since the famous lecture of Richard P. Feynnsanfar, the understanding and control of the Physics in the
nanoscale have not stopped. In fact, this work is focused on one of these recent discoverings, in particul;
the directionality of light scattering of magnetodielectric nanopatrticles, like Silicon nanoparticles, and its
use in new photonic devices. Until now, in Photonics, the control and manipulation of light at
subwavelength dimensions has been the main challenge. Fortunately, nowadays, this is possible thanks
the interaction between light and nanoscale structures. Consequently, Photonics is now present in a lar
amount of applications in the nanometric range, from the design of novel and high sensitive
nanobiosensofgo photonic on-chip deviceésln this latter case, photonic devices are being proposed as
efficient optical counterparts of current electronic devideSeveral functionalities such as information
storagé’, switching/ communication®® or even the manipulation of informatidrii! have been explored

using photonic nanotools. However, the weak interaction between light and nanometric devices requires th
presence of resonant systems to obtain measurable signals. Light resonances in metallic nanostructur
known as plasmon resonances, are one of the main physical phenomena used for the control ar
manipulation of light at the nanoscale. The collective oscillation of the free electrons on the surface of the
metal produces a strong enhancement of both the scattering and absorption'éfTligise effects are now
present in a wide range of applications and devices in such diverse fields, from the visible to the terahert
range®? Different sensors!16 sub-diffraction limit imaging’ or nanoantenn&s!® are some examples of a
myriad of them. The use of plasmonic materials has an important disadvantage for several applications: tr
ohmic losses. For this reason, the interest of resonant dielectric nanostructures arises in the last yee
because dielectric nanoparticles with high refractive index (e.g. Silicon, Germanium, etc.) present
interesting properties in this sense. They are low-losses, present light resonances and they are CMC
compatible. In addition, these nanoparticles are able to respond to both the electric and the magnetic part
electromagnetic wave82! These effects make that resonant dielectric nanoparticles can be not only an

ideal counterpart of plasmonic nanoparticles, they may be also the basis of new devices using the magne



properties of the nanoparticles. In this sense, a great number of new applications have arisen in the la

years employing dielectric nanostructutés.

Some of previous applications are based on either simple or complex arrangements of these nanosyster
Metamaterialsare probably the most impressive application of an arrangement of resonant nanoparticles
These complex media allow obtaining desired optical properties, which do not exist in nature, and they
have only been observed employing metamaterials. Epsilon-near-zero (ENZ), epsilon-very-large (EVL),
artificial magnetics or left-handed (LH) media are developed using metamatéftdisanoantennas and
oligomers are more simple arrangements of resonant nanopatrticles, but with important applications as wel
For instance, nanoantennas which were firstly considered as signal sources, are currently used for oth
interesting applications, such near-field microscopy, biomedical sensors or high-efficiency photcoltaics.
In addition, the use of resonant dielectric nanoparticles allow the introduction of the concept of
superdirective nanoantenridsOn the other hand, oligomers are symmetrically positioned nanopatrticles,
which interest lies on the excitation of Fano resonaffcd@he extreme sensitivity of this kind of
resonances with the optical properties of the environment makes them very useful for 8ehgaig,
oligomers of dielectric nanoparticles also present Fano resormdrié&sen the simplest arrangement of
nanoparticles, a dimer, has been already analyzed for different applications. For instance, considerin
semiconductor nanoparticles the presence of both electric and magnetic resonances has been used

produce both electric and magnetic hotsgb#&for spectroscopic techniqués.

Also, there is an interaction between the electric and magnetic modes that a single dielectric nanoparticl
can support. This interaction presents coherent effects producing directional scattering, as it is stated i
studies made by Kerker and co-workers more than thirty yeard”&g8.In this work, we study the

possibility to design an all-optical switch based on this effect. In fact, we analyze the interaction betweer
two semiconductor nanoparticles forming a simple dimer, including also the influence of these other

interferential effects, the directional conditions. In particular, we consider a dimer of Silicon (Si)



nanoparticles with different sizes in such a way that one satisfies the first Kerker's condition, or the zero-
backward scattering condition, and the other one satisfies the second Kerker’s condition, or the minimum
forward scattering condition, at the same incident wavelength. Optimizing different parameters, like the
distance between the nanopatrticles, we will be able to produce either a maximum (hotspot) or a minimun
of light in the region between both nanoparticles. Due to the small scattering cross section of both
nanoparticles at Kerker’s conditions, the signal at the interparticle region is not so high, frustrating its use
in applications based on a field enhancemehiowever, a slight shift of the incident wavelength produces

a failing of Kerker’s conditions and a strong change of the light concentration in this area. We propose tha
this sensitivity can be used to obtain “bright” or “dark” points from a dynamical point of view. And it can
be the base to develop an all-optical switch which two different states corresponds to the fulfilling or not of

Kerker’s conditions.

THEORETICAL BACKGROUND

The interaction of light with spherical particles is usually described by the capacity of the particle to
remove electromagnetic energy from the incident beam by scattering and/or absorption effects. Mie theor
offers a simple way to depict these effects from an analytical point of view, using a multipolar
decompositior?? Considering a homogenous and isotropic spherical particle with a rRdthat is
illuminated by a linearly polarized plane wave with a waveleigiks extinction (scattering +absorption,

Cex), scatteringCscg and absorptionQany Cross sections are given by:
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wherek is the wavenumber of the incident bedmXvA) anda, andbn are the multipolar Mie coefficients,
that are also known as scattering coefficients. Although these parameters provide a complete information,
is usual to use the dimensionless efficiencies which are defined as:
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These efficiencies are the results of dividing the corresponding cross sections by the particle cross section
area projected onto a plane perpendicular to the incident beam. In the case of a spherical particle of radi
R, this area is given byrR. The size parametex)(is defined as=k-R.This nomenclature leads to a
treatment of the electromagnetic field where its multipolar character arises. In parécatfficients are
usually associated to the electric behavior, wlilecoefficients corresponds to the magnetic one.
Additionally, first order coefficientsag, bi) are related to the dipolar character, both electric and magnetic,

while second order coefficients refers to the quadrupolar phenomena, and so on.

The interest on directional scattering of a nanostructure involves the ability to optimize the differential
scattering efficiencies in certain directions. In particular, the scattering in the forward and the backward
directions are depicted by the forward scatteriQgs and radar backscatterin@Hg9 efficiencies,

respectively?®
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For the case of subwavelentgh particlB$1€<1), the light interaction can be described by the first two

Mie coefficients & andb:) with a negligible loss of information. Considering these conditions, Kerker and



co-workerg’ were the first to report that small particles can present a lack of scattering in the forward or
the backward directions under certain conditions of the scattering coefficients. These conditions, known a

zero-forward and zero-backward conditions or Kerker’s conditions, are respectively:

Re(a1 )=- Re(bl) ; Im(al) = Im(bl)
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RESULTS AND DISCUSSION

From a previous work} we can predict that a Si sphere which is illuminated by a plane wave linearly
polarized and with a wavelength B@0Onmsatisfies the zero-backward scattering condition when its radius

is 82nm On the other hand, it fulfills the second Kerker’'s condition or the minimum-forward scattering
condition, when its radius B6nm.Figure 1 shows the scattered field in the near field (a-b) and the far field
(c-d) regions of these two Silicon nanopatrticles satisfying the directional conditions (Eg. (6)). The incident
beam propagates along the positive z axis and it is linearly polarized parallel (x-axis) to the scattering
plane. However, a perpendicular polarization produces similar results due to the spherical symmetry of th:
system. These results were obtained through FEM simulations (Comsol Multiphysics ©). It can be seer
that an almost null backscattering can be obtained in the zero-backscattering condition, while the forware
scattering is only reduced at the zero-forward one, but it cannot be suppressed. It can be also observed tl
although the asymmetry of light scattering is observed in the near-field region, it is more pronounced in the
far-field. The incident wavelength has been chosen arbitrarily. The problem can be easily shifted to othe
wavelengths considering appropriate particles sizes. The linear dependence of the wavelengths at whic
directional conditions appears as a function of the particle¢&tzenakes easy to find pairs of particle sizes

fulfilling Kerker’s conditions for each wavelength.
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Figure 1. Scattered field in the near-field (upper panel) and the far-field (bottom panel) of a Silicon particle
with a radius oB2nm (a) and (c), an@6nm,(b) and (d), such that the zero-backward and the minimum-
forward conditions are fulfilled, respectively. The incident beam is a plane wave with a wavelength of

700nmand it is linearly polarized in the parallel direction (x-axis). Scales are normalized to incident field.

We guess that a dimer composed of two of these particles can use their asymmetric scattering to produ
high or low concentration of the scattered field in the region between them, using them as switching state
of an optical device. In particular, we consider a geometrical system as that described in Figure 2(a). It i
composed of two nanoparticles made of Silicon, with different sResn(d R.) that are aligned and
separated a distance The set is illuminated by a monochromatic plane wave that is linearly polarized,
either parallel or perpendicular to the scattering plane, impinging from left to right. The sizes of the

particles are those considered previouBi=96nm andR.=82nmThis means that the particle on the left



mainly scatters in the backward direction, while the other one mainly scatters in the forward direction.

Under this configuration, we expect to obtain a minimum light scattering in the gap between the particles.
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Figure 2. (&) Scheme of the considered dimer. It is composed of two spherical Silicon nanoparticles, with
different size R, andRy), that are aligned, separated a certain distadjcan@d illuminated by a plane wave
linearly polarized, either parallel or perpendicular to the scattering plane with a wavele@@@mof The
arrangement and illumination is such that the directional scattering of the particles are focused on th
contrary direction to the gap between thém.Spatial distribution of the scattered field of the dimer in the

far-field region when the distance between the particles (gap distaee)G8nm.

Figure 2(b) shows the scattered field of the dimer of the two considered Silicon nanoparticles (dark
spheres) separated a distanced@®nmand illuminated with a plane wave @00nmlinearly polarized

parallel to the scattering plane (x axis) and propagating from the left to the right (z axis), obtained by FEM
simulation. As it was expected a minimum of the scattered field is found in the gap region between the
nanoparticles. On the other hand, if the arrangement of the system is the inverted one, such that bo
nanoparticles mainly scatter into the gap region, a maximum electromagnetic field is expected in this arec

Figure 3 shows these results using a FEM simulation. A clear difference between these two arrangements



observed, in particular in the gap region (see Figures 2(b) and 3(b)), where the electric field intensity

changes drastically.
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Figure 3. (a) Scheme of the reversed dimer. It is composed of two spherical Silicon nanopatrticles, with
different size R> andR1), that are aligned, separated a certain distasjcan@d illuminated by a plane wave
linearly polarized, either parallel or perpendicular to the scattering plane,with a waveleng@mwoi. The
arrangement and illumination is such that the directional scattering of the particles are focused on the ga
between them(b) Spatial distribution of the scattered field of the dimer in the far-field region when the

distance between the particles (gap distancd490nm.

Both the maximum and the minimum scattered field intensity in the gap region can be optimized by mean:
of a convenient gap distance. In this case, the coherent effects between the electric and the magnetic dipo
present in both particles and producing the zero-backward and the minimum forward scattering join to ar
interferential effect of the fields in this area. Using an iterative process, the distance producing a
constructive or destructive interference can be obtained. In Figure 4, we show the total (a-b) and the
scattered (c-d) electric field in the middle point between the nanoparticles as a function of the gap distanc
(d) between them when the incident field has a wavelengf®@ifim While theright panel corresponds to

the arrangement producing a minimum in the gap region (Fig. 2a)lefthene corresponds to the



arrangement producing a maximum (Fig. 3a). An experimental measurement of the scattered field is not
trivial task, and for this reason we also considered the total field, including the influence of both the

scattered and the incident field.

The configuration of Figure 3a, producing maximueidiintensity in the gap region, presents a remarkable

destructive interference effect (see minima at Figures 4a and 4c). On the contrary, the configuration o
Figure 2a is such that the directional effect is dominant. In this work we focus on this configuration,
searching for the optimum distance (d=360 nm according Fig. 4b). Further research will be done for the

interference effects on the other configuration.
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Figure 4. Total (upper panel) and scattered (bottom panel) electric field in the middle point of the gap

between the two nanoparticles of Figure 2 as a function of the gap disiahetween them and with an



incident beam withA=700 nm Left: light impinges atl8(, as in Figure3(a) configuration. Right:

arrangement of Figure ).

Focused in the optimum configuration found above, i.e., the arrangement of nanoparticles producing e
minimum in the gap region and separated a distance=850 nm we explore the variation of both the
scattered and the total electric field in the gap region as a function of the incident wavelength. This searcl
is motivated by the well-known dependence on the wavelength of Kerker's conédfitionsarticular for

the minimum-forward scattering condition. This dependence is clearly observed in Figure 5. In this case we
plot both the total (Fig. 5a) and the scattered electric field (Fig.5b) in the middle point of the gap region of
the considered structure as a function of the incident wavelength. In both cases, a local and a glob:
minimum are observed, as well as two remarkable maxima. The main minimum corresponds to the
wavelength at which both Kerker’s conditions are satisfied. Out of this wavelength, the behavior of the
dimer is different from the one that we required. This is also shown in Figure 6 (a to €), where the far-field
distribution of the scattered electric field at certain wavelengths around the minimum is plotted. These

wavelengths are highlighted in Figure 5 with circles.



Figure 5. (a)Total and(b) scattered electric field in the middle point (near-field) of the considered
nanostructure d=360nnm) as a function of the incident wavelength aroundt thatisfying Kerker's

conditions Circles highlight the spectral position of the results shown in figure 6.

Although previous simulations were carried out780 nm this spectral analysis highlights that the
fullfilment of Kerker's conditions is produced 860 nm(global minimum at Fig. 5lior the scattered

field). The disagreement may be produced by the slight spectral shift of the resonances between the nes
and the far field region, as it was explained previotisin addition, as before, the consideration of the
total electric field produces a redshift of the minimum tow&™s nm Nevertheless, it can be seen that a

slight modulation of the incident waveleng&B0 nm) could produce an important change in the electric



field intensity in the gap region, in particular in the direction that is normal to the structure axis. In addition,
a change of the wavelength smaller ti®® nmcan produce the switch from a minimum to a maximum
field measured in the gap region. The measurement of the electric field in the near-field region is still a
technological challenge that involves complex technigti#s-or this reason, we are interested in the far-
field distribution. Figures 6 (a) to (e) show the scattered electric field distribution in the far field region of
the considered nanostructure at certain wavelengths, corresponding with those highlighted in Figure &
From the global minimumAE670nn), an increase of the wavelength produce a reinforcement of the
scattering in the forward direction with respect to the backward direction. This produces a distribution of
the scattered field that is focused on the forward direction, ocluding the increase of intensity in the centra
point at780 nm Under these conditions, it is not trivial to distinguish between the local miniF2Omg

see Figure 5(a)) and the local maximur8( nn) of the field in the gap region. On the other hand, if the
incident wavelength is modulated such that it varies from the optimum wavelength to smaller values of
A (A=620nm corresponds to a maximum, see Figure )5@) important lobule, normal to the incident
direction, emerges. In that case, a remarkable change in the far field region can be observed, and i

measurement can be more viable, because the rest of the field still has relatively low values.
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Figure 6. Spatial distribution of the scattered field of the optimum dimer in the far-field region for several
incident wavelengths around that ones at which Kerker’s conditions are satisfied for each nandpeaticle

interparticle distance 360 nm

From an application point of view, the strong difference of the scattered field in the far field region and at a
direction perpendicular to the axis of the dimer between two different, but close, incident wavelengths car

be used to design an all-optical switch. As the signal at the considered wavelengths is not clearly larger th:



at the dipolar resonances, this system cannot be used as a nanoantenna. For that purpose, other works t
already proposed alternative efficient nanostructé¥frés.However, a switch is based here on a

distinguishable variation of the signal such that it could be observed in our system. The small size of the
system, their CMOS compatibility as well as the simplicity of the structure can be important advantages fot

a futuristic device for optical circuitry applications.

The same analysis can be extended to other semiconductor materials, as their electric and magnetic dipo
behave in a similar way, such that a proper combination of the two nanoparticles sizes, w&d?erdgth
distance can be found. Figures 7 (a-b) show the same information that Figure 5 (a-b) for TiO
nanopatrticles. Following the same process as in Silicon, we consider twadnoOparticlesRi= 78 nm

andR>= 93 nm) satisfying Kerker’'s conditions at the same incident wavelen3t643 nm) and separated

a distancel= 235 nm Parameters were optimized to obtain a minimum eotmation of light in the middle

point between nanopatrticles at the wavelength satisfying Kerker's conditions. As it can be seen, a simila
behavior of the Silicon dimer is obtained, with the characteristic valley between two maximum. This result
shows that a wide range of materials can be used, increasing the possible applications mentioned as

conclusion of the result above for Silicon.
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Figure 7. (a)Total and(b) scattered electric field in the middle point (near-field) of a nanostructure similar
to that consider in Fig.4 composed ?ikanospheres of sizeR1£78 nmandR>=93 nm) and separate#35

nmas a function of the incident wavelength around shasisfying Kerker’s conditions.

CONCLUSIONS

In this work, we explore the feasibility of designing an all-optical switch using the anisotropic scattering of
semiconductor nanoparticles. In particular, we analyze a dimer composed of two Silicon nanoparticles witf
sizes such that each one satisfies one of the Kerker's conditions at the same incident wavelength. Tw

opposite arrangements were considered and we observe the appearance of either a maximum or a minimi



of the scattered field in the near field range, at the middle point between the particles and at a conveniel
wavelength. In addition, in the far field region, we observe that the scattered radiation in the direction
normal to the dimer axis also changes depending on the satisfaction of the Kerker’s conditions. Due to th
high dependence of Kerker’s conditions on the incident wavelength, small shifts of the wavelength involve
strong changes of the scattered radiation, both in the near- and far-field areas. Parameters such as parti
sizes, distance between the particles and the incident wavelength were numerically optimized in order t
obtain a maximum contrast between the two states, satisfying or not Kerker's conditions. Due to the
complex measurement of the scattered radiation, we also considered measurements of the total elect
field, observing similar behaviors. In addition, these behaviors were confirmed using other semiconductol
materials, as Ti@enlarging the design parameters.

In spite of the small signal of the scattered radiation by these nanoparticles, disabling its use a
nanoantennas, the important contrast between the considered states may be used as a switch parameter.
simplicity of the system, its dimensions, the CMOS compatibility of the materials and the tunability of the
operation wavelength using other materials and/or sizes are important aspects to take into account in tt

design of a futuristic integrated all-optic switch for computing applications.
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