mzuriCh ETH Library

Mie Scattering for Photonic
Devices

Review Article

Author(s):
Dorodnyy, Alexander; Smajic, Jasmin (); Leuthold, Juerg

Publication date:
2023-09

Permanent link:
https://doi.org/10.3929/ethz-b-000623817

Rights / license:
Creative Commons Attribution-NonCommercial 4.0 International

Originally published in:
Laser & Photonics Reviews 17(9), https://doi.org/10.1002/Ipor.202300055

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0002-1209-7570
https://orcid.org/0000-0003-0111-8169
https://doi.org/10.3929/ethz-b-000623817
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/lpor.202300055
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

REVIEW

W) Check for updates

Mie Scattering for Photonic Devices

Alexander Dorodnyy,* Jasmin Smajic, and Juerg Leuthold

Mie scattering is increasingly exploited to manipulate electromagnetic fields
to achieve strong resonant enhancement, to obtain perfect absorption of
radiation, and to generate polarization or wavelength selectivity and/or
sensitivity. In fact, a multitude of photonic applications are arising that benefit
from Mie scattering and have already led to the formation of novel image and
hologram schemes or to the design of efficient and compact photodetectors
and light sources. Here, the Mie scattering theory for spherical scatterers is
reviewed, the basics of the field-decomposition onto the Mie modes are
shown, and dielectric and metallic particles are compared. Recent
applications for light spectrum control, detection, non-linear effects
enhancement, and emission are reviewed. How a periodic arrangement of
Mie-scatterers can be utilized to create a strong (in the order of 10 to 100)
absorption enhancement in otherwise weakly absorbing layers is also
demonstrated. The enhancement dependence on the diameter-to-wavelength
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a set of harmonics starting with the
dipole then quadrupole, octupole, and
higher-order multipoles of either electric
or magnetic nature.

The advancements in processing tech-
nologies have led to a rapid increase in
applications that rely on nanostructured
materials. This includes applications that
take advantage of nano-scatterers such as
Mie-resonators. For instance, the widely
used CMOS technology with its repro-
ducible processes and an ever-better res-
olution has been made accessible to pho-
tonics with processes originally designed
only for electronics. Since the effects as-
sociated with Mie-scattering can be real-
ized with a large variety of scatterer ma-

ratio of the scatterer is analyzed, and how the influence of different
Mie-modes can be distinguished in the periodic array by looking at the field

components normal to the scatterer surface is discussed.

1. Introduction

Scattering of light by nanostructured materials is a vast topic
that covers applications from light filtering and guiding!'”! to
various detection,!®1*l emission, and high-harmonic generation
schemes.['>21] At the core of these applications is the ability of
tiny particles to support oscillation modes of electric and mag-
netic nature that can redirect, enhance or absorb the electromag-
netic field. Despite their small size such particles may be efficient
light scatterers as they can attract light from the cross-section
multiple times exceeding their own geometrical size. The modes
that are excited within such particles are commonly referred to
as Mie-resonances. The theory first suggested by Gustav Mie in
1908221 describes the decomposition of the scattered field into
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terials, Mie-scatterers are naturally suit-
able to be incorporated in a CMOS pro-
cess that is strict in terms of available
materials.[3-28] Furthermore, fabrication
technologies such as nano-imprint or
Talbot litography!®-** now enable large-
scale fabrication of nanostructured features that so far have only
been available to expensive e-beam lithography. Nano-imprint
processes are naturally favoring structures with a single pat-
terned layer. As such, it is important to note that in case of Mie-
scattering a multitude of effects such as strong field enhance-
ment, high-Q resonances, perfect light absorption, etc. can be
achieved within just a single nanostructure layer. More so, even
within a single layer, due to the localized nature of Mie modes
(i.e., a single particle exhibits the characteristic scattering pat-
terns), a random distribution of Mie scatterers is often sufficient.
This allows for instance the deposition of dispersed colloidally
synthetized particles on virtually any surface. For example, such
dispersed Mie-resonators were demonstrated to work for color-
generation via control of the size of dispersed particles.!1:3+]

Mie-resonances are commonly associated with a wide variety
of optical effects. Effects that have their origin in a wealth of
rather intricate superpositions of scattering modes excited by the
external field. Of practical relevance is the formation of local-
ized high-Q resonances. They typically form if scattered fields
are trapped to the particle (weakly coupled to the external radi-
ation) and if internal losses are low. The Q-factor of such res-
onances can exceed 10° in theory.’®] The resonant structures
based on Mie modes can be used for a multitude of purposes
from light filtering!"*7~*? and sensing!*! to the creation of field-
enhancement,**! which is, e.g., useful for nonlinear applica-
tions such as the high-order harmonic generation!***¥ or light
emission and lasing.[">4->4]

Another effect closely connected to the formation of highest
Q-factor modes is the existence of nonradiative states.[>>°] Modes
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that are related to this phenomenon are commonly divided into
two types: 1) anapoles (such as ones created by superposition of
standard multipole and toroidal modes)!**%-%!] and 2) bounded
states in continuum (BiC).>>%2] The toroidal modes are formed
by electric currents inside a nanoparticle that appear as if the cur-
rent would be floating on a surface of a toroid.[555960.63641 The
radiation from toroidal modes is identical to the electric mul-
tipole emissions described above. A superposition of a toroidal
mode with a multipole mode of corresponding order may give
rise to a current pattern inside the particle that does not pro-
duce far-field radiation. It is also worth mentioning that toroidal
modes are commonly considered in literature from two different
angles: In some works the behavior of scattering amplitudes in
the far field has been found to possess frequencies where scat-
tering amplitudes vanish while the amplitudes of the modes in-
side the scatterer are high.[6+%5] In other works the decomposition
into harmonics is done for the charge and current distribution in
the scatterer and an extra set of toroidal modes is found in ad-
dition to the multipoles described above that exhibit qualitatively
the same behavior as in the previous approach.[®®] Theoretically,
two types of toroidal modes can exist. One is composed of a cir-
cular arrangement of magnetic dipoles and another of electric
dipoles. However, the latter would require existence of magnetic
sources.[®%¢] Regardless of the interpretation, the anapole modes
can’t directly couple to the external radiation, but under certain
conditions, they may give rise to weakly outcoupled modes with
high Q-factors. Worth to note that the anapole can’t couple to the
external radiation in a steady state. However, under transient con-
ditions such coupling is possible.[”] In Section S5 of the Support-
ing Information, we discuss that phenomenon in more detail.

Yet, another interesting phenomenon is critical coupling. It is
obtained when all the energy flowing into the resonator, will dis-
sipate non-radiatively within the resonator. Commonly, that im-
plies the existence of at least two modes that destructively inter-
fere to prevent radiation of the energy to the outside. For obtain-
ing critical coupling the Q-factor needs to be adjusted to the non-
radiative decay rate.l7% It is worth noting that although there
is an absorption limit associated with a single scatterer of arbi-
trary shape,”273] in the presence of an array of scatterers due to
the possible reabsorption of light scattered by one particle by its
neighbors’ nearly-complete absorption of the incoming wave is
possible.[6874]

Mie modes can also sum up to radiate into a particular
direction.?* A special situation of full canceling of the forward
or backward radiation is known as the Kerker effect. In prac-
tice, this allows removing reflection (back-scattering), filtering
out some of the frequencies in the forward-direction (by remov-
ing forward scattering), or diverting the light, for example, by 90
degrees to propagate and be absorbed in a layer perpendicular to
the initial light propagation direction. An interesting variation of
redirection is the use of Mie-resonances to create waveguiding
structures that allow for ultra-compact yet efficient waveguides
that are also robust against processing inaccuracies. Another ef-
fect associated with the interaction of Mie modes of different or-
ders are the Fano resonances./”>7% These resonances appear due
to an interaction of resonance with broader modes or a contin-
uum of states. In the case of Mie-scatterers, they commonly ap-
pear due to an interaction of modes of a different order — such
as the interaction of a dipole with a quadrupole mode. Fano res-
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onances exhibit high sensitivity to the surroundings of the scat-
terer and can be used for sensitive sensing/imaging. They have
also been employed in lasers and slow-light devices.[”>-82]

In this paper, we first present an overview of Mie-scattering.
We give a brief summary of the scattering of a plane electro-
magnetic wave impinging on a sphere. A derivation of the Mie-
solution in terms of a multipole expansion in spherical coordi-
nates is given in Supplementary Information. The electrical and
magnetic Mie scattering modes are given and lower-order modes
with the electric and magnetic fields are plotted. The near- and
far-fields of the modes and their physical origin is discussed. The
difference between mode excitations in dielectric and metallic
particles is then outlined. We continue with an overview of some
representative ideas and applications related to Mie-scattering.
Finally, we conclude the paper with a discussion on Mie scatter-
ing of an incident field into a plane, which is relevant for sensing
and detection.

2. Mie Scattering

Upon interacting with a nanoparticle, electromagnetic radiation
can produce dipole, quadrupole, and higher-order resonances.
More precisely, the incident electrical fields induce charge oscilla-
tions that polarizes the scatterer. This polarization oscillates with
the incident electric field producing electromagnetic radiation.
In a similar fashion, the incident magnetic field induces circular
currents within the scatterer that — when oscillating with the in-
cident magnetic field — also produces electromagnetic radiation.
These charge/current oscillations of electric and magnetic nature
are known as Mie-modes (or multipoles).

Here we will consider the case of a spherical scatterer under a
plane-wave excitation shown in Figure 1. For the case of a spher-
ical scatterer, we can find analytical solutions in terms of spher-
ical harmonics which will be the eigenmodes of that scattering
problem. The superposition of all of these modes results in char-
acteristic near and far fields (see Figures 2 and 3).

Naturally, the shape of the scatterer matters. The Mie-modes
discussed further below are eigenmodes in case of a perfectly
round sphere. However, for other shapes such as nanocubes,
nanocylinders, and many other shapes, it is still reasonable to
describe the optical response in terms of Mie-modes since the
qualitative characteristics of the scattering picture stay the same.
For example, on a cubic particle, one still will observe the consec-
utive appearance of electric and magnetic dipoles, quadrupoles,
and higher-order modes with identical far-field distributions as
for the case of the sphere.

In the following, we will consider a spherical particle of ra-
dius R (diameter D = 2R) of permittivity €, and permeability y,
(index “b” here denotes the bounded domain withing the scat-
terer) in a vacuum (formally assigned with permittivity e, and
permeability p, for the sake of generosity where “s” stands for the
scattered-field domain around the particle). A single-frequency
plane wave is impinging onto the particle. The incident electro-
magnetic wave i with the wave polarized as shown in the figure
is given by the fields E, and H, see Figure 1. The field inside the
sphere is denoted by index “b” and the scattered field is denoted
by an index “s”. For symmetry reasons, we use spherical coordi-
nates (r, 0, ) as it is shonw in the figure.
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Figure 1. Schematic illustration of the considered scattering problem. The incident plane wave is linearly polarized with E-fields along the x-axis. The
coordinate system is aligned with the incident fields E; and H.. Inside the bound region, (index “b”) of the spherical scatterer with radius R, linear and
circular currents are induced. In the figure, we show, e.g., by a pink pointer a linear current due to an electrical field excitation. In response accumulated
charges accumulate on the surface. This charge is oscillating with the incident electric field producing electromagnetic radiation and creating characteris-
tic (for each Mie-mode) near-field patterns (see Figure 2). The scattered fields outside of the particle are denoted by index “s”. The spherical coordinates
needed to find the analytical solution to the scattering problem are defined in the cartesian coordinate system as shown on top.

Let’s first consider how the electromagnetic field that passes
through the particle excites different electric and magnetic Mie-
modes. Due to the symmetry of the problem, only a selected sub-
set of the Mie-modes will be excited based on the polarization and
propagation direction of the incident wave. Specifically, only Mie-
modes that have sin(p) or cos(p) dependence on the spherical
coordinate ¢ will be excited, whereas the excitation of the modes
with sin(me) or cos(mg) with m # 1 will be forbidden by the sym-
metry of the plane wave excitation. Modes with other m-values
can, e.g., be excited by a combination of several plain-waves.

The incident electric field excites charge oscillations within the
scatterer. As a result, charge-nodes are being formed along the
passage of the light through and around the scatterer as shown
in Figure 2, see the pink pointers in subset (al- c1). The shorter
the wavelength or the larger the particle — the more nodes can
be created inside the particle and the higher-order Mie-modes
can be excited. For a dipole a single node with two charges on
opposite sides is created, see Figure 2(al); for the quadrupole
two nodes that are oriented oppositely in terms of the charge and
current emerge, see Figure 2(b1), and so forth. For the incident
magnetic field, a similar principle applies with the exception that
the incident magnetic field is inducing current loops withing the
scatterer around the incident magnetic flux. These current loops
do not produce a net change in the charge density, so no nor-
mal electric fields are observed on the surface of the scatterer,
see Figure 2 subset (a2—c2). Similar to the currents in the case
of electric modes the induced currents in a magnetic mode al-
ternate the direction (of the current loop) from one node to the
next.

Laser Photonics Rev. 2023, 17, 2300055 2300055 (3 of 18)

To find the decomposition of the scattered fields on the modes
shown in Figure 2 one needs to solve the problem for the particle
given in Figure 1. This can be solved analytically by using the
spherical coordinate system (see Supplementary Information for
the full-solution, see also®). The solutions of both the bound
and scattered electromagnetic fields have the form

E=) (Pm.zlfn,z + @m,lsfn,z> (1.1)
ILm
> . e 2a -
H=-i ; Z (pm,l‘sm,z + qm,ﬂi}) , (1.2)
ILm

where functions T and S define the basic vector fields of the
modes. Specifically, S is the field with its source located in the
scatterer. S is the electric field generated by the electric multipole
charges and $* is the magnetic field generated by the loop cur-
rents of magnetic multipoles. One can see from Figure 2 that the
S fields are fields with a normal component that flows in and out
of the scatterer. Whereas I represents the contributions from the
induced fields. 7 are magnetic fields of the electric modes. I* are
the electric fields of the magnetic modes. In Figure 2 these fields
are encircling the “source” fields in the direction corresponding
to the electric or magnetic induction. These fields are oriented
along the surface of the scatterer. The vector functions I and S
are found to be (see Supplementary Information)
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Figure 2. Schematic illustration of Mie-scattering situation (near-field). A linearly polarized (E-field shown by blue arrows, magnetic by green) plane
wave excitation is scattered by a spherical nanoparticle. The field of the Mie-modes near the surface of the scatterer are shown for electric and magnetic
dipole/quadrupole/octupole modes. al-c1) Electric modes. a2—c2) Magnetic modes. The induced linear and circular currents as induced by the electric
and magnetic fields are shown by purple arrows. In case of electric modes the current flows in a linear fashion leading to formation of the surface charges
whereas in case of magnetic modes the looped currents do not cause any electrical polarization. The charge densities on the surface of the sphere as
created by the electric fields are shown by the blue and red colors. The maximal magnitude values of the displayed fields (E/H) are 4.7, 1.2, 3.0, 3.3, 2.5,
2.9 for electric (dipole, quadrupole, octupole) and magnetic modes in the same order respectively (values are taken in SGS system). 3D models shown
in the figure can be found at: https://ief.ee.ethz.ch/education/Educational_Materials.html.

a

<b m m cos (me) - d pm sin (me)

L= kL (kr) P" (cos (6)) {—sin(m(p) €y — 2 (kr) i (cos (9)) cos (mg) €,

g sin (me) sin (mg) (1.3)
G m @) - 14 4 pm @) 5
S, = 2 (kr) PJ" (cos () {cos (m) & + == (rz(kr)) < Py" (cos (6)) {cos ()
] , cos (mg) -
+_krs":1(9) = (rz; (kr)) P (cos (6)) {—sin (mg) &
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Figure 3. al-c1) Far field radiation of electric dipole/quadrupole/octupole modes. a2-c2) The higher-order modes create multiple radiation beams each
having its origin in a charge oscillation in the scatterer. In case of electric modes, the far-field polarization is aligned with the polarization pattern of the
scatterer whereas in the case of magnetic modes the electric polarization is defined by the induced current loops.

Here, k is the magnitude of the wavevector at the incident fre-
quency in the corresponding material, (r,0,p) are the spherical
coordinates, (I,m) are spherical harmonic numbers, and (a,b) de-
note the two types of ¢-dependence that the problem symmetry
allows, sin(me) and cos(me), respectively. In our case, as men-
tioned above, m = 1 for an incident plane field. m # 1 would ap-
ply to a situation with an arbitrarily polarized incident field. Yet,
since such fields are superpositions of linear plane waves alike,
it is sufficient to discuss the case m = 1. One can also notice that
upon switching from electric to magnetic modes the roles of T

and S are switching places (plus they rotate by 90 degrees around

Laser Photonics Rev. 2023, 17, 2300055 2300055 (5 of 18)

the z-axis due to the fixed light polarization). This symmetry re-
lation was to be expected due to the symmetry of the Maxwell
equations and the absence of consideration of the boundary con-
ditions so far.

The near-field evolves into far-fields as displayed in Figure 3.
One may notice that in the case of electric modes, the charge-
pairs on the surface of the scatterer induce a burst of radiation
similar to a dipole. A similar pattern is observed for the magnetic
Mie-modes where current loops induce electromagnetic field ra-
diation. The analytical expression for the far-field radiation can
be found in Supplementary Information.
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Figure 4. lllustration of mode amplitudes for dielectric and metal scatterers in linear and logarithmic scales. Two differences between dielectric and
metallic scatters can be seen: 1) Dielectric scatterers provide a vivid pattern of amplitude oscillations that are due to the interference of scattered and
bound Mie modes. A reoccurring pattern of resonances can be seen in the dielectric sphere. 2) Metallic modes feature fewer resonances as fields are
forced out of the scatterer, leading to less options for constructive and destructive interferences. The permittivity values of the materials are shown in
the figure. The metal permittivity corresponds to silver at & 1 um. From the derivation of the Mie theory given in Supporting Information, one can also
see that in the absence of the material dispersion, the mode amplitudes only depend on the diameter-to-wavelength ratios of the scatterer. In the legend
letters “M” and “E” stand for Magnetic and Electric, letters “D”, “Q”, “O” and “H” are for Dipole, Quadrupole, Octupole, Hexadecapole correspondingly.

Up to now, we only looked at the solution decomposition in
terms of the spherical harmonics, but we did not discuss the
amplitudes of these harmonics defined by the boundary condi-
tions. The latter is what eventually differentiates electric and mag-
netic modes. It is also the reason for differences between scatter-
ing patterns of metal and dielectric particles. Metallic and dielec-
tric nano-scatterers have quite different modal amplitudes, see
Figure 4.

For both dielectric and metallic spheres, the modes have reso-
nant behavior in dependence on the diameter-to-wavelength ratio
of the scatterer. One can notice from Figure 4 that for the case of
dielectric scatterers, a more complex pattern with more frequent
oscillations can be seen when compared to the case of metal scat-
ter. The latter happens because in case of metals the electromag-
netic field is pushed out of the scatter and the modes can couple
to the external field only when the incident wave outside the scat-
terer coincides with the charge-periodicity of the mode on the sur-
face. For the dielectrics, on the contrary, coupling is possible both
via the charge on the surface and via the field that penetrates in-
side the scatterer. The latter causes an extra set of resonant peaks
in the mode amplitudes. Furthermore, for the same reason of
the electric field being pushed out of the metal, the magnetic
modes of a metal sphere are pushed away from the subwave-
length regime and only peak at the scale of nanoparticles com-
parable with wavelength. That happens because a current loop
can’t be created withing the metal and has to occur on its surface
leading to the excitation peak of the first (dipole) mode appearing

Laser Photonics Rev. 2023, 17, 2300055 2300055 (6 of 18)

only when the loop can be big enough to encircle the whole par-
ticle. Additionally, metallic particles will exhibit losses associated
with their finite conductivity which is discussed in more detail
further below in Figure 6.

Figure 5 shows the dependency of the full field intensity
(summed up over all significantly excited modes) for metal
and dielectric scatterers in dependence on the diameter-to-
wavelength ratio. In both cases, Rayleigh scattering is observed
for the deep subwavelength particle sizes that represent the
electric-dipole mode. With increase in size, due to the simulta-
neous presence of electric and magnetic modes in the dielectric,
special phenomena such as forward-only scattering can be ob-
served for the dielectric scatterer, see the second intensity plot
in Figure 5a. This is also known as the Kerker effect. The phe-
nomena can be best understood from Figure 4. For D = 0.294 the
amplitudes of electric and magnetic dipoles are the same in mag-
nitude, however, due to the opposite symmetry of the produced
fields against the xy-planes, see Figure 3(al),(b2) the modes add
constructively forward and destructively backward resulting in
forward-only scattering. Further on as more modes are excited
in the dielectric complex scattering patterns emerge that even-
tually translate into geometrical optics. Two notable cases can
be seen for the values of D =0.634 and D = 0.694. In the first
case the scattering is strongly lateral with nearly-zero scattering
backwards. This can be useful for enhancing light absorption in
laterally oriented layers while simultaneously removing the re-
flected component of the light. The second case corresponds to
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Figure 5. lllustration of full scattered field intensity (summed up over all significant modes) for b) metal and a) dielectric particles with several diameter-
to-wavelength ratios. In both cases, Rayleigh scattering with its toroid shape is observed for small particles. As particle size increases the dielectric
radiation pattern undergoes multiple characteristic patterns. One can recognize a Kerker scattering at D = 0.29, a pronounced lateral scattering, and a
blocked forward scattering. The metallic particle evolves increasingly toward a full reflector with a diameter size.

the strong lateral and back scattering with no light being scattered
forward. This case can be used for filtering the passing radiation
to create, for example, inverted colors. For the case of the metal
scatterer, one can observe the transition to geometrical optics in
Figure 6 as the scatterer becomes a simple reflector with the in-
crease of its diameter-to-wavelength ratio.

Another notable feature of metallic scatterers that is not
present in the case of dielectrics is the plasmon resonance.
Figure 6 shows the behavior of the total scattering/absorption
cross-sections (normalized on the geometrical cross-section of
the scatterer) for the case of a) dielectric, b) a metal far away from
the plasmon resonance, and c) a metal close to the plasmon res-
onance. One can see that for all cases the scattering cross-section
G, drops fast as the particle size becomes much smaller than the
wavelength. For the case of the metal (away from plasmon res-
onance) there is also the absorption cross-section G, which is
however much smaller than 1 due to the high reflection of the
metal in this frequency range. For the case of the metal near the
plasmon resonance, however, the pattern is different — due to
the plasmon excitation a considerable absorption cross-section
is observed which is also not dropping with the size decrease as
sharply as the scattering cross-section. The latter allows metallic
particles of just a few nanometers in size to exabit strong res-
onances at optical frequencies. It is worth noting however that
classical consideration used here stops holding for the case of few
nanometers and smaller particles where more detailed models of
carrier behavior in the scatter need to be considered such as mod-
els taking into account non-local effects.[®+3%] Finally, one can ob-
serve how the backward-forward scattering ratio behaves for the

Laser Photonics Rev. 2023, 17, 2300055 2300055 (7 of 18)

metals and dielectrics (see bottom of Figure 6). In all cases the
forward-backward scattering ratio Ry starts with 0.5 which cor-
responds to the symmetric Rayleigh scattering. For the dielectrics
then it starts oscillating where periodically the backward scatter-
ing is suppressed by essentially the anti-reflection coating effect
when the wave reflected back in the particle cancels the one re-
flected by its front surface. For the metal cases, the backward
reflection eventually dominates the forward scattering with the
more absorptive metal losing its forward scattering faster due to
the plasmon absorption (to be scattered forward light need to cou-
ple to the plasmon propagating around the surface first).

To sum up, the difference between metallic and dielectric Mie-
modes are mainly: a) Losses due to the movement of free car-
riers in a metal; b) Low-penetration depth of the field into the
metal particles. The first factor limits the quality-factor avail-
able to metallic structures but allows to create conductive nano-
resonators that can have a double-fold purpose of serving as
electric contact layers and microwave circuits.®’*% The sec-
ond factor limits the scale of current loops that can exist on
the metal nanoparticle pushing the magnetic modes outside of
the subwavelengths particle scale, leaving smallest metallic Mie-
scatterers with dominant electric modes.

It is worth noting that for most practical devices, a single
Mie-scatterer is not sufficient to achieve the desired effect. So
an arrangement such as a periodic 2D or 1D array is often
required. For such arrays due to the interaction between neigh-
boring scatters, it is sometimes possible to describe the far-field
analytically.®] Extra modes are then appearing due to the su-
perpositions of radiation from the scatterers (grating-effects).

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. Absorption/scattering cross-sections and backward-forward scattering ratio for the cases of (a) dielectric, (b) silver at 1000 nm (where metal is
highly-reflective) and (c) silver at 330 nm (closer to plasmonic resonance at around 140 nm). Here we use the following notation G, and G, are absorption
and scattering cross-sections normalized by the power within the scatterer geometrical cross-section; Ris the ratio of the backward scattering intensity
“BW” against the sum of the forward “FW” and backward scattering, defined by the equation Ryc = BW/(FW + BW). One can observe the strong
dominance of the scattering G, against absorption G, for the case of silver away from the plasmon resonance. Whereas for the case close to the
resonance the absorption cross-section stays significant even for the deep subwavelength sizes of the scatterer. The latter illustrates the plasmon effect
that can be observed on particles of only a few nanometers in size. Diameter-to-wavelength ratio values for each of the field plots are chosen for the first
maximum of electrical dipole mode as it is marked by blue dots on the scattering plots.

However, while new constructive and destructive patterns ap-  spectrum management, photodetection and to build novel light
pear, they still stem from the single particle behavior.®'*2l For  sources.

example, modes of opposite symmetry required for perfect

absorptlon.m a() gﬂat.las.fer are originating from the modes ona 3 Mie-Scattering for Device Applications

single particle.[®®! Similarly, toroidal modes reported on cuboid

arrays are originating from the geometry of a single scatterer.*®!  In the following sections, we will overview some of the notable

In the following sections, we will consider some instructive
recent applications that show how Mie-scattering can be used for

Laser Photonics Rev. 2023, 17, 2300055 2300055 (8 of 18)

works on application of Mie-scattering to spectrum management,
absorption/detection, and tailored emission of radiation.
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Experimental Results

Figure 7. (a) Schematic illustration of structural color pixels. By varying the diameter and the pitch between disks one can adjust the frequencies of the
reflected light. It was experimentally shown that 121% of the sRGB triangle can be covered. For that purpose, the pitch and diameter were varied in the
range between ~ 50 and 300-400 nm each.[*!] (b) Experimental results showing a reproduction of “Murnau Street with Women” by Vasily Kandinsky as
seen through an optical microscope. Reproduced with permission.[*!] Copyright 2017, American Chemical Society.

3.1. Reflection/Transmission Spectrum Tuning

One of the most common applications of Mie resonances is tun-
ing the reflection or transmission spectrum to filter out frequen-
cies/polarizations, form images/holograms, or create a refrac-
tometer exploiting the sensitivity of resonances within a dielectric
environment.[4041.93-98]

Mie resonators can be used both in a regular arrangement
or as individual sporadically distributed elements. Structured-
colors that can be created by Mie resonators can reach ultra-high
resolution up to 10° dots per inch (DPI) - effectively bypassing
the diffraction limit due to the sub-wavelength size of the res-
onators often made of high optical density materials such as Si.
The colors in this case are being formed by selectively maximiz-
ing the back-scattering of a specific wavelength by adjusting the
scatterer size.

Figure 7 shows an example of a silicon structure to form a
back-reflection image. The pitch between the resonators in this
experiment is as small as 250 nm, which translates into a DPI
resolution exceeding 10°. The structure was made by etching
a-Si layer deposited on a Si/Si;N, stack via a mask produced by
e-beam lithography. It was experimentally shown that the color
space that can be covered is ~121% of the sRGB triangle and the
colors are remaining correct for incidences of angles of up to 20
degrees. Normally, the saturation of the colors obtained by Mie-
scattering are negatively impacted by the presence of a substrate
due to reflections at the interface.[*!! Here, the thickness of the
Si;N, layer was chosen such that it could act as an antireflection
coating. This makes the performance similar to one attainable
by a hypothetical layer of scatterers suspended in the air. Fur-
thermore, the demonstrated structure is CMOS-compatible
which makes its production cost considerably lower than that of
similar-performance plasmonic structures utilizing, e.g., silver

or gold.

Laser Photonics Rev. 2023, 17, 2300055 2300055 (9 of 18)

In a similar manner, it was demonstrated that transmission-
based images with high resolution and high color-saturation can
be created based on Mie-scattering.[*! One of the promising ap-
proaches is similar to the one suggested in the previously cited
paper!*] and is based on the usage of a-Si scatterers. This time
fabricated on top of a transparent glass substrate, see Figure 8.

The articlel*”! demonstrated a large color-space that can be cov-
ered by the suggested structures as well as good match between
simulation and experiment. Naturally, unlike the reflective struc-
ture, the transmitted colors are representing the inverted (sub-
tractive) CMY (cyan-magenta-yellow) color scheme which leads
to a smaller saturation of red, green, and blue colors. However,
depending on the application, a transmission scheme exploiting
the CMY color scheme might be more favorable than a reflection
scheme exploiting the RGB colors. Mainly due to the fact that
subtractive CMY colors can be stacked on top of each other by
subsequent positions of the colored filters. The authors addition-
ally mention that it should be possible to get a better RGB gamut
in transmission by utilizing inverted scatterer structures.[*)]

For comparison, we also assembled a figure showing the
gamut cover and shape ratio achieved by the most widely used
techniques to create structural colors such as by dielectric Mie
scattering, by plasmonic loss nanoparticles, by layered stacks,
and nanowire structures (see Figure 9). The gamut represents
the available color space Q' for a given technology with respect to
the full-color space Q. In the insert of Figure 9 an example of a
color gamut Q with a triangularly covered area Q' is shown. The
covered area shows an approximation of which colors can be pro-
duced with any of the structuring techniques mentioned above.
The image shows two quantities: 1) gamut cover ' /Q — ratio be-
tween covered area and full area of the gamut and 2) shape ratio —
equal to (Q'/0Q')/ (Q/0Q), where 0Q2 denotes the border length
of area Q. The latter gives a distinction between structures cov-
ering only a pencil-like shape of colors (small shape ratio values)
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Figure 8. Schematic illustration of a-Si based transmission structural col-
ors. By varying the period and the width of the scatterers (in the article
authors use fixed width w to period p ratio of 0.6 and fixed scatterer height
h of 180 nm). By changing the w/p ratio the spectrum of the transmitted
light can be adjusted.[*] The color is created in the transmission spec-
trum by scattering/reflecting the light around a given frequency (the color
then has an inverted spectrum as schematically shown in the inset of the
figure.).
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Figure 9. Comparison of gamut coverage (' /Q) and shape ratio of the
covered area for layered, nanowire, and Mie-scattering (metallic and di-
electric) approaches reported in recent years. The shape ratio is a ratio
between area covered (@) and its perimeter divided by the same value
for the CIE 1931 color-gamut area Q, in other words (Q'/0Q')/ (©2/0Q).
Triangle markers refer to reflective and circular to transmissive struc-
tures. Big markers are used for experimental results and small for
theoretical [4041:99-119]
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Figure 10. a) Schematic illustration of a cuboid array that supports
toroidal resonances. In each cuboid, the electric field of a toroidal dipole
mode is circulating in two arms of the cuboid whereas the magnetic field
component is circulating around the hole in its center.’8] b) Schematic
illustration of the measured transmission. The thin absorption line corre-
sponds to the toroidal mode with a Q-factor of 728.

and structures that extend across a large area of the color space
(large shape ratio values).

In Figure 9 we divided the colors generated by Mie-scattering
on dielectric and metallic to emphasize that the former are com-
monly based on scattering of the light while the latter on selec-
tive light absorption. Mie-based structural colors provide the best
gamut cover while also having improved angular stability com-
pared to the layered arrangements since the latter is reliant on
the phase stacking between different interface reflections that are
directly affected by the angle of incidence.

While the results of the gamut covered with Mie-based struc-
tural colors are impressive these structures are commonly pos-
sessing moderate Q-factors (in favor of brightness of the col-
ors). Mie-resonators nevertheless allow obtaining much higher
Q-factors if an extra effort is to be made. A special case of high-
quality resonator structures are the ones employing the quasi-
bounded states in continuum (quasi-BiC) or anapole. Such elec-
tromagnetic oscillations are normally not-coupled to external ra-
diation due to a specific symmetry/periodicity of the structure.
The symmetry of such structures can however be broken by in-
troducing a small asymmetry factor in the arrangement.*8] For
example, such a situation can be created by using a state that is
intrinsically weakly coupled based on toroidal modes.l*®! In the
geometry suggested in Ref.,[®] see Figure 10, toroidal modes oc-
cur due to incident electric and magnetic fields that form field
loops created in cuboids with a hole (see Supplementary Informa-
tion, Section 5). The rectangular geometry was chosen to increase
the coupling between neighboring cuboids to reach high-quality
factors in order of a thousand.

Figure 10 shows the schematic illustration of the design. The
cuboids are made of polycrystalline silicon deposited on a sil-
ica substrate via low-pressure chemical vapor deposition. Experi-
mentally the quality factor of 728 was demonstrated for the wave-
length of 1505 nm. The authors though point out that theoreti-
cal quality factor of similar structures can reach above two mil-
lion. Additionally, an alternative material system was suggested
and tested experimentally (with titania cuboids on the same sub-
strate) and demonstrated to have quality factors of 160 at shorter
wavelengths inaccessible for silicon.
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Figure 11. (a) Schematicillustration of a hybrid Mie-plasmonic modulator
with a plasmonic waveguide coupled to a ring with a Ge Mie-resonator
inside. The low-loss of the Mie mode allows to reach a theoretical quality
factor of 1292.1'231 b) Schematic illustration of the obtained transmission
pattern as a function of the wavelength. The Mie mode has a considerably
larger quality factor due to the reduced losses compared to the plasmonic
mode.

3.2. Waveguiding Applications

Mie scatterers can be placed in the vicinity of waveguide-based
devices to modify the spectral response. An interesting example
is given here in combination with a plasmonic ring waveg-
uide. Plasmonic ring resonators are ultra-compact and have
already found interesting applications as high-performance
modulators.[120-122] However, the Q-factors of such plasmonic
rings are fundamentally limited by the intrinsic losses of the
metals. Yet, the Q-factor can be greatly improved by employing
a Mie scatterer placed in a metallic ring-hole as suggested in,['23]
see Figure 11.

In this setup, an optical signal is fed from a plasmonic slot
waveguide which is coupled to a plasmonic ring resonator.
The transmission spectrum of the configuration is plotted in
Figure 11b, see blue solid line. The article then suggests adding a
Ge-based Mie scatterer in the form of a disk inside a metallic ring
resonator. This modification, in addition to the plasmonic mode,
provides a higher quality factor Mie mode that is strongly local-
ized on the resonator. The strong localization of the mode allows
to considerably reduce the losses and obtain an order of magni-
tude higher quality factor of the resonance when compared to
the plasmonic mode in the same ring. Simulations indicated that
a quality factor of 1292 could be obtainable with the structure.

Another interesting idea suggests Mie scatterers to guide an
optical mode. The Mie scatterer are thereby arranged to form a
waveguide. In this simulation work, it was shown that a 2D-array
of infinite Ge rods waveguides can be used to guide light be-
tween just two rows of Mie resonators. The rods are positioned
to strongly couple between each-other."*! The strong coupling
creates a band-gap in the energy spectrum of the Mie-modes that
can be used to efficiently contain the light in a designed volume.
Figure 12 shows the schematics of the proposed waveguide and
a Y-splitter.

3.3. Photodetection and Sensing

The Mie-scattering effect can be used to create field enhance-
ments for both narrow and broad-band light-absorption and
photodetection.['?>12] In most practical applications a single
Mie-scatterer is not sufficient. For that reason, Mie-scatterers can
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Figure 12. Schematic illustration of Y-splitter based on Ge-rod Mie-
scatterers. Each waveguide line is formed by two rows of scatterers which
yields theoretical splitting efficiency of 46% per arm.l'24] An important fea-
ture of the proposed design is its high tolerance to the disorder of the rod
arrangement. For example, a straight waveguide with no disorder that has
a transmission efficiency of 90% for a case of relatively high 10% stan-
dard deviation (normalized on the spacing between the rods) only drops
down in the transmission efficiency to 75%. Authors of the article also in-
vestigated the behavior of the proposed structure in bended waveguide
and power splitter configurations and found that for no disorder case, the
Y-splitter gives an efficiency of 46% per arm which is on par with other
splitter types such as plasmonic, photonic-crystal and topological which
at the same time have either a less-compact geometry or increased power-
losses.

Figure 13. Schematic illustration of GaAs Mie-resonator array on a trans-
parent substrate. It was shown that by tuning the geometrical parameters
of the array one can create perfect absorption within a single resonating
layer.[68]

be used as building blocks (meta-atoms) of metamaterials and
metasurfaces. The collective excitation of meta-atoms enhances
the properties of a single scatter allowing for strong effects such
as perfect light absorption. These effects however require mul-
tiple Mie scatterers that are still based on properties of a single
scatter that can be trimmed by adjusting its geometry. Depend-
ing on the structure of a detector the Mie resonators can be placed
below, above, or within an active material.[6%125:127]

An interesting structure of a perfect absorber within a single
layer of periodically arranged resonators is depicted in Figure
13, seel®®] By changing the geometry, the absorption band can be
tuned. To create a perfect absorber two conditions are needed to
be met: 1) two modes with opposite symmetries (electrical and
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Figure 14. Schematic illustration of Mie-scattering enhanced nonlayered
2D material photodetector. An array of Si nanopillars supporting Mie-
resonances is placed below the active In,S; layer. The resonators enhance
the absorption in the active layer and facilitate hole-trapping in Si nanopil-
lars which are disconnected from each other and therefore suppress the
dark current and create the photoconductive gain. Responsivity of 4812 A
W~ was measured experimentally.[17]

magnetic dipoles) should be excited at the same frequency, 2)
each of the modes needs to be critically coupled so that their ra-
diative and non-radiative decay rates are identical. These condi-
tions although not easily accessible can be matched by an array
of Mie resonators by utilizing the electric and magnetic dipole
modes that possess the desired opposite symmetry.l1?8] First, the
frequencies of both modes are adjusted to the same value by
changing the x/y-dimensions of the central cuboids. Second, the
critical coupling can be achieved by introducing a bridge between
cuboids that creates a conductive channel through the structure
along the incident electric field polarization and can be used to
control the mode losses. To understand the requirement of hav-
ing two resonances one could imagine the following. A single
Mie-resonance would be inherently symmetric and would radi-
ate in both directions away from the resonant layer. With two res-
onances it is possible to reach the Kerker effect when resulting
radiation is directed only as forward scattering. This directed ra-
diation under conditions of proper intensity and phase (which
is satisfied by the critical coupling condition) can destructively
add to the transmitted part of the incident wave in the forward
direction. The latter than cancels all the field propagating away
from the resonant plane creating the perfect absorption. The the-
oretical results were verified experimentally and good absorption
(above 90%) was found at wavelengths close to 800 nm.

There are many attractive two-dimensional absorptive materi-
als. Yet, the interaction with an external field and these materials
are weak due to a small layer thickness. Detectors comprising
such materials can benefit greatly from the field enhancement
provided by the Mie scatterers. The prime example of 2D ma-
terials is graphene which possesses unique band-gap properties
and offers high carrier mobility allowing to build detectors in an
ultra-wide frequency range from infrared to UV.['?l Another vari-
ation of 2D materials are nonlayered 2D materials (NL2D) that
while not forming a separate single-atom layer can be produced
as very thin films with a thickness of a few atomic periods.!'*!
Such NL2D materials can possess a wide range of properties that
are between 2D and 3D.['?’]

Figure 14 shows an illustration of a photodetector based on
the NL2D In,S, layer combined with Si nanopillars supporting
Mie-modes. The Si nanopillars are produced on an SOI wafer
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Figure 15. Schematic illustration of a triple Mie-resonance broadband
absorber (designed for substrate-side illumination). The structure was
shown to have an average absorption above 96% in the range between 400
and 1800 nm as well as strong angular stability up to at least 70 degrees of
incidence.l'?] This absorption is reached by combining resonances occur-
ring at the resonances of the Al, the Cr, and the Si insert layers. Individually
these resonances cover only part of the target spectrum, but combined to-
gether create a strong uniform absorption.

and serve a double purpose: 1) They create a strong field en-
hancement that allows creating an order of magnitude stronger
absorption in In,S; and thereby leads to a higher carrier genera-
tion. 2) The depletion region created at the contact between the Si
and In, S, layer reduces the dark current (because the conductive
pillars are disconnected) and creates a photoconductive gain via
trapping holes in the nanopillars below the conductive layer. The
detector was demonstrated to reach a high 4812 A W~ respon-
sivity at wavelength of 405 nm with a very high detectivity of 5.4
x 10" J. It is a promising result showing the potential of a combi-
nation of the unique properties of low-dimensional materials and
electromagnetic field enhancements available via Mie-scattering.

Remarkable is, that while Mie-resonances are commonly pos-
sessing a relatively narrow spectrum (due to the resonant nature
of the Mie-modes) it is possible to combine them both in lat-
eral and vertical arrangements to achieve a broad-band absorp-
tion that can be used in detection of photovoltaics or as a filtering
element.

Figure 15 shows an example of vertically stacked Mie-
resonators that allow creation of a near-perfect absorption (over
96% average for normal incidence) across a wide frequency range
(from 400 to 1800 nm).['?] The structure is produced with a sin-
gle lithography step on top of a silica substrate. A hole array is
created by a PMMA layer deposited on top of the substrate. Sub-
sequent evaporation steps of Si, Cr, and Al create the triple Mie-
resonator structure allowing for the wide frequency range of ab-
sorption that is also angularly stable up to at least 70 degrees of
incidence (at the 70 degrees benchmark the average absorption
value only drops down to ~85%). Remarkably in the suggested
design the total thickness of all the structured layers is below
300 nm which makes it flexible in terms of potential applications
for detection, imaging, or photovoltaic applications.

3.4. Photoemission and Lasing

Another area to use Mie-scatterers applications relates to the
enhancement of photoemission, the high-harmonic generation,
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Emission

Nanoplatelets

Figure 16. Schematic illustration of laser emission enhancement for an
optically pumped thin film of colloidal nanoplatelets coupled to an array of
Mie-scatterers. It was demonstrated that the structure offers a low lasing
threshold of ~ 40 pj cm~2 under room temperature operation.[®']

and or even the lasing. Mie-modes can be utilized to increase
the local photon state density for more efficient photoemission
(Purcell effect), and create laser cavities and high-quality-factor
resonators for high harmonic generation. It was shown, for ex-
ample, that by utilizing field enhancement created by Si sphere,
quadrupole modes together with Auger effect enhanced by dipole
modes (that increases the nonradiative lifetime of the carriers). It
has already been shown that five orders of magnitude increased
photoluminescence from Si nanospheres in comparison to bulk
Si can be achieved.>¥

Figure 16 shows an example of a structure where a Mie-
resonator array was utilized to create lasing at room tempera-
ture from a thin film of colloidal CdZnS/CdSe nanoplatelets. An
array of TiO, on a transparent quartz substrate was covered by
nanoplatelets. Here, these quantum wells were comprised of a
few atomic layers thick CdSe between two CdZnS shell-layers de-
posited from solution on top of the Mie-scatterer array.l>!]

Remarkable results were achieved in terms of the low lasing
threshold of ~#40 pJ cm~2 at room temperature. The wavelengths
of the laser emission were also demonstrated to be adjustable by
varying the Mie-resonance frequency via changing the size of the
scatterers. A Q-factor of 2590 was reached in the experiment at
the lasing wavelength ~ 650 nm. That high-quality factor is as-
sociated with a quasi-BiC mode that is supported by the periodic
array of scatterers.

Similarly to the previous example, Mie-scatterers can be used
in 1D arrangement to create laser cavities.[**} An advantage for
applications such as photonic integrated circuits is the lateral
radiation that can be easily coupled into a waveguide. One of
the common solutions for such lasers are horizontally oriented
nanowires. However, the authors of the article demonstrated the-
oretically and experimentally that a cavity composed of a hundred
cylindrical Mie-scatters made of GaAs outperforms a nanowire of
corresponding size by an order of magnitude in the lasing inten-
sity.

Figure 17 shows the schematic illustration of the design
studied.l>] A thin GaAs layer was transformed onto a quartz sub-
strate with subsequent etching of the nanopillar array. An HSQ
cover of 2 um was subsequently deposited to surround the Mie-
scatterer cavity with a media of uniform permittivity. The lasing
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Emission

Figure 17. Schematic illustration of 1D Mie-scatterer array cavity for op-
tically pumped laser. Quasi-BiC mode of the array was utilized to achieve
lasing with 5 pj cm~2 threshold and mode Q-factor of 1010 at temperature
of 77K.33]

Figure 18. Schematic illustration of high-harmonic generation using con-
trolled asymmetry in an array of Si Mie-scatterers on titania substrate. The
generation up to the 11th harmonic was observed experimentally.[3]

was detected in a cryogenic setup under temperature of 77K. It
was found that the lasing mode has a Q-factor of 1010 and a las-
ing threshold of 5 pJ cm™2. As pointed out by the authors such
a design is beneficial for integrated photonic applications due to
its natural compatibility with the waveguide coupling. Moreover,
it was shown theoretically and experimentally that asymmetric
excitation of the array can lead to a unidirectional lasing that re-
moves the necessity to handle the backward beam appearing in
case of symmetric or uniform excitations.

The high Q-factor of the quasi-BiC modes can also be used to
enhance the high harmonic generation. For that purpose, a struc-
ture was suggested that allows tuning the ratio between radiative
and non-radiative decay of a BiC mode to reach the condition of
critical coupling and maximize the field enhancement.[*]

Figure 18 shows a schematic illustration of the proposed de-
sign. An array of Si nanoblocks is placed on top of a TiO, sub-
strate. The nanoblocks are placed in pairs and one of them is re-
duced in thickness compared to the other. That reduction allows
controlling the coupling between the quasi-BiC modes in the ar-
ray and the external radiation. By adjusting this factor to reach
the critical coupling condition one can then maximize the field
enhancement and the high-harmonic generation. Generation of
up to the 11th harmonic of a laser at a wavelength ~3800 nm was
demonstrated experimentally.[*?]
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Figure 19. a) Mie resonators (green) placed above a weakly absorbing layer (blue line). b) Absorption in the weakly absorbing layer in dependence on
the diameter-to-wavelength ratio of the scatterer. c) To the right, we have depicted the normal components of the electric and magnetic field for three
selected peaks from the absorption graph. The pattern observed for the normal component of the fields shows which modes are dominant among
the electric and magnetic subsets. For instance, the first resonance emerges at D/4 = 0.18. The plots show electric dipole and magnetic quadrupole
resonances. However, only the quadrupole mode has a significant scattering within the surface. For that reason, we associate the absorption peak with

the magnetic quadrupole.

4. Absorption Enhancement by Generation of an
In-plane Propagating Mode

Here, we demonstrate how the proper choice of Mie scatterer di-
mensions and arrangement of the scatterers can be used to gen-
erate a dominant in-plane scattering. This can then be used to
boost the absorption in a thin later layer.

Toward this end, we consider a simple periodic arrangement of
spherical particles of permittivity e = 9 in the air. Figure 19 shows
schematics of the structure. Beneath the scatterers, there is a
thin (10 nm) weakly absorbing (¢ = 1.0 + 0.1j) layer. By means
of frequency-domain numerical simulations, we can observe the
behavior of the absorption in the layer in dependence on the scat-
terer diameter-to-wavelength ratio. For the simulation purposes,
we used a wavelength of 2 um, however, it is worth noting that in
the absence of material dispersion, the mode amplitudes do not
depend on the scatterer size, and the wavelength only changes
with their ratio. The CST Microwave Studio software package was
used for the full-wave simulations below.

In Figure 19 one can see the dependence of the absorption
when varying wavelength while keeping the periodicity P = 2826
and 5652 nm. One can see two very pronounced absorption peaks
of almost 10% around D/A = 0.18 and 8.5% around D/ = 0.24.
These are substantial absorptions for such a thin layer with a
weak absorptivity. The high absorptivity can be understood by a
study of the normal field components on the surface of the scat-
terers (see Figure 19c. Each time when the absorption is large,
either electric or magnetic field components (or both) show the

Laser Photonics Rev. 2023, 17, 2300055 2300055 (14 of 18)

dominance of a corresponding quadrupole mode. These modes
have a large lateral-scattering pattern (see Figure 3).

The first-period value P was obtained by optimizing the param-
eters such as particle size, distance to the absorbing layer, and the
period (optimization was done for the maximal absorption in the
thin layer for the strongest peak found). The second value was
subsequently chosen to be twice bigger (to keep the phase rela-
tion between scattered fields of neighboring particles) to observe
the peak behavior with decreasing scatterer density. One can see
that even in the case of very sparsely placed scatterers a consid-
erable absorption enhancement can be observed. If we compare
the absorption that we observe with and without the scatterers we
find that we have ~ 30 times increase in the absorption. This in-
crease can be utilized to boost absorption in weakly absorbing 2D
layers or even small-scale photodetectors placed in the vicinity of
the scatterers.

As a remark, to tell as of which Mie modes are dominant for a
specific absorption resonance one has to study the fields normal
to the surface. By looking at the pattern of normal field com-
ponents at the surface, one can tell which modes are dominant
among the electric and magnetic subsets. This statement stems
from the theoretical discussion in the introduction (see Figure 2
and Equation (1.3), where one can see that only the source fields
S have an &, component). From this equation one can see that
only electric modes have electric field components normal to
the surface of a scatterer. Likewise, only magnetic modes have
magnetic field components normal to the surface of scatterer.
As such, a solid understanding of the scattering patterns of the
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modes allows one to manipulate the light in a way such that
it can effectively couple to nano-scale layers as shown in the
example above. One may think of many more examples where
light scattering and manipulation using Mie modes can trigger
new applications for guiding, imaging, and sensing.

5. Conclusion

The Mie-scattering can be used in a variety of ways to boost the
performance of photonic devices and structures by giving con-
trol over the reflection, transmission, diffraction, and absorption
spectrum as well as the light polarization. It can be used to create
structural images and holograms, chemical sensors, boost pho-
todetector performance, design topological waveguides, and mul-
tiple other applications where light management with low optical
losses is required.

Notably, the Mie-scattering modes do not rely on the strict or-
dering of the scatterers to achieve a desired effect and as such
are compatible with cheap and easily-scalable solution process-
ing techniques to distribute/include nanoparticles over/into pho-
tonic and photoelectronic devices and structures. At the same
time due to the large variety of available materials, Mie scattering
allows depositing scatterers within existing widely used stacks
such as SOI-wafers and to deposit them with scalable lithogra-
phy techniques such as nanoimprint.

In this article, we present a summary of the Mie theory,
the properties of the Mie-scattering modes, and their behavior
in metal and dielectric particles. We show how metallic parti-
cles are mostly supporting electric multipole modes in the sub-
wavelength regime (due to the high conductivity) while in dielec-
tric particles both electric and magnetic modes are excited. Fur-
thermore, we show metallic particles in a deep sub-wavelength
regime with strong plasmonic absorption that is unique to metal-
lic particles. We further analyze the mode amplitude behavior
and show how Mie modes can control the direction of scat-
tered light leading to phenomena such as the Kerker effect. We
also discuss special types of modes such as non-radiative modes
or anapoles and show how they appear in the solution of the
Maxwell equations (see Supplementary Information, Section 5).

The paper ends with a proposal to exploit the directivity of
scattering created by higher-order modes such as quadrupoles
to reach considerable enhancements in the absorption of a thin-
layer material situated along the scattering plane.

We believe that with further advances in processing tech-
niques, more and more applications exploiting Mie-resonance
structures will become commercially feasible. Structured colors
that are already applied to some extent, for example, in automo-
bile industry are robust against degradation by UV light and pro-
vide vivid visual effects that can also be adjusted based on the
viewing angle. Further development of processing technologies
such as nano-imprint and Talbot lithography will allow to ex-
tend the availability of structural colors based on Mie scattering
in many more application areas. Mie modes, besides scattering
of light, can also be guided and utilized in resonator cavities.
Mie resonators often seem to demonstrate robustness against
processing inaccuracies. A most interesting application area in-
cludes the ability of Mie modes to enhance light-matter inter-
action. This may have a strong impact on applications that en-
compass low-dimensional materials and nano-scaled structures.
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This is of interest to create more compact and efficient detectors
and sensors. Additionally, strong light-matter interaction allows
to intensify high-harmonic generations that can be used to create
ultra-short pulses or extreme UV-radiation sources.
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