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Abstract

Nano- and microstructures of silicon (Si) exhibit electric and magnetic Mie resonances in the
optical regime, providing a novel platform for controlling light at the nanoscale and enhancing
light-matter interactions. In this Review, we present recent development of colloidal Si
nanoparticles (NPs) that have wide range of applications in nanophotonics. Following brief
summary of synthesis methods of amorphous and crystalline Si particles with high sphericity,
optical responses of single Si particles placed on a substrate are overviewed. Then, the
capability as a nanoantenna to control light-matter interactions is discussed in different systems.
Finally, collective optical responses of Si NPs in solution are presented and the application

potentials are discussed.
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1. Introduction

Optically resonant nanostructures, that is often called
“nanoantennas”, can manipulate light at the nanoscale and
enable enhancement of local optical responses of nearby
materials.[1,2] Localized surface plasmon resonances (LSPR)
in noble metal nanostructures are the most widely utilized
phenomena to realize a variety of nanoantennas that enhance
Raman scattering,[3,4] fluorescence[5,6] and various
nonlinear optical responses.[7,8]

The simplest plasmonic nanoantenna is a spherical metal
nanoparticle (NP). Optical responses of a spherical particle is
evaluated analytically using the Mie theory. A metal (real part
of the permittivity (&) < 0) sphere such as a gold (Au) or silver
(Ag) particle with a size much smaller than the wavelength of
light possesses only the lowest order electric dipole (ED)
mode known as the Frohlich mode,[9] and a larger one
supports higher order electric multipole modes such as an
electric quadrupole (EQ) mode. Resonant excitation of these
electric modes enhances the electric field around a sphere
significantly, inducing a variety of intriguing phenomena in
photonics[10-13] and biophotonics.[14,15] A drawback of a
plasmonic nanoantenna is the inevitable Joule heating under
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resonant excitation, which causes detrimental effects such as
degradation of fluorescent dyes and biomolecules and limits
the practical usage.

According to the Mie theory, a dielectric (&>0) sphere has
richer resonance behavior than the metal counterpart and Mie
resonance of high refractive index dielectric NPs has been a
subject of recent intensive studies. The revival of research on
dielectric NPs was triggered by the demonstration of magnetic
dipole (MD) resonance at the optical frequency.[16,17]
Coexistence of ED and MD resonances in a nanostructure
provides a powerful and unique platform for unprecedented
control of light waves. Numerous photonic components
utilizing the interference between the ED and MD modes have
been proposed. Among high-index dielectrics having MD
resonance in the visible range such as silicon (Si), germanium
or gallium phosphide, [18-26] Si is most attractive because of
the high-Q resonance due to the high refractive index and the
small extinction coefficient in the visible range as well as the
high compatibility to semiconductor industry, high
environmental friendliness, earth abundance, etc. Highly
developed Si nanofabrication technology enables us to
fabricate Si-based Mie resonant metasurfaces composed of
complicated nanostructures with very high accuracy.
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Aside from the top-down processes for the production of
Si-based Mie resonance devices, bottom-up processes have
also been developed.[27] Free-standing Si NPs have been
produced by several methods such as femtosecond laser
ablation of bulk Si targets[16,17,28], mechanical grinding
using a simple blender,[29] thermal disproportionation of Si
suboxide, chemical vapor deposition, etc. In the bottom-up
process, Si NPs are prepared in the powder form or dispersed
in solution, or deposited directly on a substrate. Among them,
the colloidal solution is most versatile, because it can be
utilized for the production of higher-order structures via
solution-based self-assembly approach. This approach meets
the demand for the production of large-area and flexible
nanophotonic devices with a lower cost. Unfortunately,
solution-based bottom-up assembly of Si NPs is not very
successful and is limited to very primitive structures.[30] This
is mainly due to the lack of a high-quality colloidal solution.
This situation is a large contrast to plasmonic NPs, where 1D
to 3D structures have been produced from the colloidal
solution with high accuracy.[31-34]

This Topical review provides recent progress on the
development of colloidal Si NPs and microparticles that can
be a precursor for self-assembled metasurfaces and
metamaterials (Figure 1). Starting from brief summary of
several production processes, optical responses of single Si
NPs and fluorescence enhancement by Si NP nanoantennas
are discussed. We then discuss optical responses of the
colloidal solutions and the films produced from the solutions.
We show that recent significant improvement of the quality of
colloidal Si NPs makes Mie resonance behavior such as
structural coloration and magnetic responses clearly
observable in macroscopic samples composed of a huge
number of Si NPs, and thus a new horizon is opening in the
research on Si NP Mie resonators.
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Figure 1. Colloidal Si nanoparticles and functionalities.
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2. Preparation of colloidal dispersion of spherical Si
particles

2.1 Amorphous Si particles

Almost perfectly spherical particles of hydrogenated
amorphous Si (a-Si:H) have been produced in a few groups.
In pioneering work by Korgel group in 2004, [35] they
fabricated colloidal a-Si:H NPs 50 to 1500 nm in diameters
(Dsi) by thermal decomposition of trisilane (SisHg) at
temperatures ranging from 400 to 500 °C. The average Ds; was
controlled by the amount of SisHsg in the reactor. Figure 2a-d
shows SEM images of a-Si:H particles.[36] The particles are
almost spherical. The standard deviation of the Dyg; is less than
10% of the average Dsi.

Similarly, Fenollosa and Meseguer produced micron-size
a-Si particles by using disilane (Si;Hg) as a precursor.[37] The
particles are crystallized by post annealing in vacuum at 800
°C for 1 h. Figure 2e shows SEM images of polycrystalline Si
microparticles. The Ds; is about 1-3 um. The enlarged image
in Fig. 2f shows the perfectly spherical shape and the smooth
surface. The polycrystalline nature of the particles is
confirmed by transmission electron microscope (TEM)
observations; the crystalline domain size is about 10 nm.[38]
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Figure 2. (a-d) SEM images of a-Si:H NPs. The amount of
precursor (SizHsg) is increased from (a) to (d). Insets show
particles size distributions. (e, f) SEM images of
polycrystalline Si particles. (a-d) Reproduced with permission
from [36]. Copyright 2010, American Chemical Society. (e, f)
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Reproduced with permission from [39]. Copyright 2008,
WILEY-VCH.

2.2 Crystalline Si nano- and micro-particles

As will be shown later, crystallinity is an important factor to
achieve high-Q resonance in Si NPs. Our group developed a
process to produce a colloid solution of spherical Si NPs with
high crystallinity.[40] The fabrication process is based on high
temperature thermal disproportionation of silicon monoxide
(SiO) into Si and SiO,. When the temperature is above the
melting point of bulk Si crystal (1414 °C) and below that of
silica (1710 °C), spherical crystalline Si (c-Si) NPs are grown
in a SiO; matrix. The NPs are liberated from the matrix by
hydrofluoric acid etching. Figure 3a shows a TEM image of c-
Si NPs grown at 1500 °C. Almost perfectly spherical particles
are grown. Lattice fringes in Figure 3b correspond to {111}
planes of Si crystal. No thick oxide is formed on the surface.
The average Ds;i can be controlled by the annealing
temperatures (Fig. 3c). Note that annealing at temperatures
higher than the melting point of bulk Si crystal is a requisite
condition to grow spherical NPs exhibiting the lowest order
Mie resonance in the visible range, i.e., Dsj > ~100 nm. Figure
3d shows a Raman scattering spectrum of Si NPs grown at
1500 °C together with that of bulk Si crystal. The sharp
transverse optical (TO) phonon peak at 520 cm™* confirms the
high crystallinity.
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Figure 3. (@) TEM and (b) HRTEM images of c-Si NPs. (c)
Average diameters of c-Si NPs grown at different
temperatures. (d) Raman scattering spectra of c-Si NPs (solid
red curve) and bulk Si crystal (black dashed curve). (a-d)
Reproduced with permission from [40]. Copyright 2018,
WILEY-VCH.

Another method to obtain spherical Si NPs is laser melting
of irregular shape Si NPs in solution. Koshizaki and co-
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workers produced micro- and submicro-meter c-Si particles
by irradiating water suspension of irregular shape Si particles
by second harmonic of pulsed Nd:YAG laser (532
nm).[41,42] Figure 4a and b shows SEM images of starting
materials, i.e., ball milled powder, and after laser melting,
respectively. The shape is converted to be almost spherical.
The size is around 1um. The size can be reduced to 100 to 300
nm by reducing the size of starting particles and by using
shorter wavelength for laser melting for larger absorption on
the surface.[42] They demonstrated that using third harmonic
of Nd:YAG laser (355 nm), the size is significantly
reduced.[42] However, the sphericity is not as high as that of
larger particles in Fig. 4b.

@

Figure 4. (a) SEM image of micron-sized c-Si particles
prepared by ball milling. (b) SEM image after laser melting
(irradiation by second harmonic of pulsed Nd:YAG laser (532
nm)). (a, b) Reproduced with permission from [41]. Copyright
2011, American Chemical Society.
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3. Mie resonance of single Si particles

Prior to discussion on optical responses of colloidal
solutions of Si NPs, we summarize scattering properties of
individual Si particles on a substrate deposited from a
colloidal dispersion. Following the size dependence of the
scattering spectra, we refer to the importance of the
crystallinity to achieve high Q resonance. We then present
spectroscopic technique to measure angle- and polarization-
resolved scattering spectra of a single Si NP. This allows us to
detect ED and MD responses of a Si NP independently. We
also show spectroscopic technique to selectively excite either
electric or magnetic modes of a single Si NP. These techniques
developed for the characterization of single particles are
indispensable for the analyses of optical responses of Si NP
assemblies produced from the colloidal solution.

3.1 Scattering spectra of single Si particles

We first discuss scattering spectra of single Si NPs drop-
casted on a substrate and demonstrate that they exhibit Mie
resonances predicted by the Mie theory. Figure 5a shows dark
field (DF) scattering spectra and corresponding scattering
images of different size (105-200 nm in diameter) single c-Si
NPs placed on a glass substrate. Peaks corresponding to the
lowest order magnetic (MD) and electric (ED) resonances are
clearly observed. The peaks shift to longer wavelength and the
scattering color changes from bluish to reddish with

© xxxx IOP Publishing Ltd
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increasing the size. The measured spectra agree well with
those calculated by the Mie theory (gray dashed lines). A
slight difference is due to the presence of the glass
substrate,[43] which is not taken into account in the analytical
Mie calculation.

Figure 5b shows scattering spectra of a measured and
calculated c-Si NP 220-330 nm in diameters. The 2" and 3"
order Mie modes, i. e., quadrupole (EQ and MQ) and
octupole (EO and MO) modes appear in the visible range. The
agreement between measured and calculated spectra are again
fairly well. In general, higher order modes have higher Q-
factor; the Q-factor of the EQ mode of a 330 nm c-Si NP at
715 nmis around 20, which is higher than those of the ED and
MD modes in Figure 5a. Figure 5¢ shows the measured and
calculated scattering spectra of a 28266 nm c-Si
microparticle prepared by thermal annealing of an a-Si
particle.[44,45] Higher-order Mie modes called whispering
gallery modes (WGMs) are clearly observed. The Q-factor of
the modes exceeds 1000. Overall the measured spectrum
(black curve) agrees with the calculated (red curve) one.
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Figure 5. (a, b) Measured (black solid curve) and calculated
(gray dashed curve) scattering spectra of single c-Si NPs (a)
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105-200 nmand (b) 220-330 nm in diameters placed on a glass
substrate. (c) Measured (black curve) and calculated (red
curve) scattering spectra of a single polycrystalline Si particle.
Measurement setup is shown in the inset. (d) Measured (red
curve) scattering spectrum of single a-Si NP 320 nm in
diameter. Fitthing curves corresponding to MD (1), ED (2)
and MQ (3) modes are also shown. (a,b) Reproduced with
permission from [40]. Copyright 2018, WILEY-VCH. (c)
Reproduced with permission from [44]. Copyright 2016,
American Physical Society. (d) Reproduced with permission
from [46]. Copyright 2020, Nature Publishing Group.

The spectrum in Figure 5d is obtained for an a-Si:H NP (Ds;
= 320 nm).[46] The refractive index and extinction coefficient
of ¢-Si and a-Si:H are compared in Ref.[46]. Because of the
direct band gap nature, the extinction coefficient of a-Si
around 1.6-1.8 eV (690-775 nm) is much larger than that of c-
Si. As a result, the scattering spectrum of an a-Si:H NP is
significantly different from that of c-Si NPs (Figure 5a, b).
Only a distinct peak of a MQ mode (i.e., fitting curve 3) is
observed in the visible range and the other modes are not
clearly seen despite the high sphericity. Therefore, to take full
advantage of a Si-based dielectric resonator, high crystallinity
is crucial. Note that the loss of a-Si:H NPs is engineered partly
by annealing and by controlling the hydrogen content; sharper
resonance appears above 700 nm after the treatment.[46]

3.2 Angle- and polarization resolved Mie scattering of
single Si particles

An important feature of a dielectric Mie resonator is the
anisotropic far-field radiation pattern arising from the
interference between the electric and magnetic modes. For
example, interference between the ED and MD modes results
in Kerker type forward and backward scattering of incident
light [20,28,47]. Figure 6a and b shows the setups for the
measurements of forward (FW) and backward (BW)
scattering of a single Si NP, respectively. The upper panel of
Fig. 6¢ shows the FW and BW scattering spectra of a Si NP
paced on a thin (~8 nm) SiO; membrane. The blue curve
represents the FW /BW intensity ratio. The TEM image of the
same Si NP is shown in the inset. The lower panel shows the
corresponding scattering spectra obtained by the finite-
difference time-domain (FDTD) simulations under the same
excitation and collection geometries. In both the FW and BW
scattering geometries, the experimental and calculated spectra
agree very well. The FW scattering is dominant around 650
nm, whereas BW scattering is dominant around 550 nm. These
correspond to the 1%t and 2" Kerker conditions, respectively.

By slight modification of conventional DF optical
microscope, it is possible to detect light scattered to almost
arbitrary direction. Details of the setup can be found in Ref.
[48]. By using the setup, we can separately detect the ED and
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MD modes. For example, as schematically shown in the left
panel of Figure 6d, when the incident light is p- (s-) polarized,
scattered light to 90° direction with respect to the incidence is
purely MD (ED) modes. Figure 6f and e shows measured and
calculated scattering spectra of MD and ED modes,
respectively. Measured and calculated spectra agree very well
and thus the Mie modes of a single Si NP is separately detected
by a conventional optical setup.
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Figure 6. (a, b) Schematic illustration of the FW and BW
scattering measurement setups. (c) Measured and calculated
FW and BW scattering spectra of a Si NP (143 nm in diameter)
shown in the inset. Blue dashed curves are the ratio of the
FW/BW scattering spectra. (d) Schematic illustration of the
geometry to selectively detect ED and MD Mie resonances.
(e) Simulated and (f) measured scattering spectra under s- and
p-polarized illumination. In the geometry in (e), ED and MD
modes are selectively detected under s- and p- polarized
illumination, respectively. (a-c) Reproduced with permission
from [43]. Copyright 2019, WILEY-VCH. (d-f) Reproduced
with permission from [48]. Copyright 2020, WILEY-VCH.

3.3 Mie scattering of single Si particles under
structured illumination

XXXX-XXXX/ XX/ XXXXXX

https://doi.org/XXXX/XXXX

In a highly symmetric spherical particle, illumination by
conventional linearly and circularly polarized light result in
excitation of both the electric and magnetic modes. On the
other hand, specific modes can be selectively excited under
structured illumination. This discloses other intriguing
phenomenon regarding the Mie resonance of a spherical Si
NP.[49-51] An example is the observation of the
electromagnetic anapole state. The concept of anapole was
first introduced in particle physics and recently has been of
interest in nanophotonics community.[52-54] In the anapole
state, interreference between a toroidal dipole (TD) mode, that
is a current loop along a meridian of a torus in a dielectric
resonator, and an electric dipole (ED) mode cancels the far
field radiation (Figure 7a).[52] The ED and TD can be
separately considered when the multipole expansion is done
in Cartesian coordinate.[52] To excite the non-radiating
anapole state, selective excitation of TD and ED modes
without exciting other multipole modes are required. This
condition is automatically fulfilled in a dielectric nanodisk
(ND) with the diameter-to-height ratio higher than ~5. On the
other hand, in a spherical Si NP, the MD mode interfere the
anapole state. Manna et al.[50] demonstrated that a pure
anapole state can be excited in a spherical c-Si NP by
cylindrical vector beam illumination. As schematically shown
in Fig. 7b, a focused radially polarized beam selectively
excites the ED and TD modes with & phase difference. Figure
7c and d are measured and calculated scattering spectra,
respectively, under linearly, radially and azimuthally
polarized beam illumination. Under radially polarized
illumination, the scattering intensity is closed to zero at 520
nm. From detailed theoretical analyses, the dip is assigned to
the anapole state.[50]
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Figure 7. (a) Spherical ED and Cartesian ED and TD dipole
moments contributions to scattering of a Si NP. (b) Schematic
diagram showing illumination of a Si NP by radially polarized
beam. (c) Measured and (d) simulated scattering spectra of
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single Si NP under linear and vector beam (azimuthal and
radial polarizations) illumination. (a) Reproduced with
permission from [52]. Copyright 2015, Nature Publishing
Group. (b-d) Reproduced with permission from [50].
Copyright 2020, American Physical Society.

3.4 Single Si particles placed on metal film

An advantage of colloidal Si NPs is that particles can be
placed onto an arbitrary substrate by controlling the surface
density. This allows us to study novel resonant modes arising
from coupling of Mie resonances with a metallic
substrate.[55-57] Figure 8a and b shows the dark-field
scattering images of ¢c-Si NPs on a silica substrate and on a Au
film (200 nm in thickness), respectively.[58] On a silica
substrate, green to yellow Mie scattering spots from 130-150
nm Si NPs are seen, while orange to red spots are seen on a
Au film. The color change is due to the coupling, and the
coupled structure is often called a Si NP on a Au mirror
(SiNPoM) nanoantenna. Figure 8c compares scattering
spectra of single SiNPoMs with different spacer thicknesses
(1.2, 41, 7.0 and 12.8 nm). With decreasing the spacer
thickness, a new mode emerges around 650 nm. This mode is
a vertical ED mode of a Si NP coupled with its mirror-image
ina Au film, and is responsible for the orange to red scattering
color in Figure 8b.

A Si NP also acts as a nanoantenna to launch surface plasmon
polaritons (SPPs) of a metal film. Recently, Assadillayev et
al.[59] demonstrated coupling between Mie resonances of a Si
NP and SPPs of a Au film using electron energy-loss
spectroscopy (EELS) (Figure 8d). Figure 8e shows a EELS
response of thin Au film (10 nm in thickness) caused by the
excitation of the short range SPPs. The spectrum is very broad
with the width of ~1 eV. By placing a Si NP on the Au film,
the EELS spectrum becomes narrow and red-shifts (Fig. 8f).
Detailed analyses revealed that these changes are due to the
formation of a hybrid dielectric—plasmon resonance mode

(electric field map in the inset of Fig. 8f) in the coupled system.

[59]

4. Enhancement of light matter interaction by single
Si particles

Colloidal Si NPs can be placed on an arbitrary optical active
material and can work as a nanoantenna to enhance the
absorption, emission and Raman scattering, and to control the
emission directionality. Furthermore, composite systems, in
which optically active materials are directly attached on the
surface of a Si NP, can be produced easily by a solution
process. In this section, we present recent studies on the
enhancement of absorption and fluorescence by Si NP
nanoantennas.
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Figure 8. (a) Dark-field scattering images of () Si NPs on
silica substrate and (b) Si NPs on Au mirror (SiNPoM). (c)
Measured scattering spectra of single SINPoMs with different
spacer thicknesses of 1.2, 4.1, 7.0, and 12.8 nm. Spectrum of
a NP on silica substrate is also shown (gray dashed curve). (d)
Schematic of EELS measurement of a Si NP placed on a thin
layer stack consisting of a 10 nm Au film on top of a 30 nm Si
nitride membrane. (e, f) Measured and simulated EELS
spectra of the structure without (e) and with (f) a Si NP. The
radius of the particle is 54 nm. The inset in (f) shows the z-
component of the electric field of the (0, 1) hybrid mode. (a-
c) Reproduced with permission from [58]. Copyright 2018,
American Chemical Society. (d-f) Reproduced with
permission from [59]. Copyright 2021, American Chemical
Society.

4.1 Absorption Enhancement by Si NP antenna

Although the extinction coefficient of c-Si is small in the
visible to near IR range, Mie resonance strongly confines an
electric field in a Si NP and can effectively enhances the
absorption cross section. Garin et al.[39] quantitatively
discussed the absorption enhancement by a Si NP. They
introduced a spectral averaged absorption enhancement ratio,

£=( fjf a, DEM)L) /( fjlza(A)E(A)dA), as a figure of

merit. In this equation, E(4) is the irradiance spectrum, a is the
absorption coefficient of bulk c-Si and oy is the volume
absorption coefficient defined as ay = aS/v, where s = nr? and
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v = (4/3) nr® are the cross section and volume of the particle,
respectively, and g, is the dimensionless absorption efficiency
obtained by diving the absorption cross section by s. Figure 9a
shows calculated & as a function of a particle diameter for
different spectral ranges (A1=250, 450 and 750 nm, A,=1400
nm) considering the normalized sun spectrum AM1.5G. When
the spectral range of incident light is 450-1400 nm, £>5ina
100-200 nm diameter Si NP. If the spectral range is limited to
the NIR region (750-1400nm), the enhancement reaches 14
for a 200 nm particle. They suggest to utilize the enhanced
absorption to a solar cell (Figure 9b). [39] The same group
experimentally demonstrated absorption enhancement in a
spherical Si microparticle in the IR range.[45]

Zograf et al.[60] monitored enhanced light absorption by a
c-Si NP by Raman-based nanothermometry (Figure 9c).
Figure 9d shows temperature rise (AT) as a function of Ds;
under 633 nm light illumination. AT depends strongly on the
Dsi, while that is almost independent of the size in a Au NP.
A Si NP with a magnetic quadrupolar Mie resonance converts
light to heat up to 4 times more effectively than similar Au NP
at the same heating condition. [60] Later, Milichko et al.[61]
demonstrated that controlled local optical heating up to 1200
K is possible in a metal-dielectric hybrid nanocavity
composed of a Si NP and a Au film.
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Figure 9.(a) Figure of merit for different wavelength bands
M<A<1400nm (A1=250, 450 and 750 nm) as a function of Si
NP diameter. (b) A solar cell incorporating Si micro- spheres
working as both scatterers and absorbers. (c) Schematic
illustration of optical heating of c-Si and Au NPs. The
temperature of Si NPs can be measured by Raman
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thermometry. (d) Experimental (red circles) and numerically
calculated (solid lines) temperature rise (AT) by light
irradiation (A = 633 nm, light intensity lo = 2 mW/um?) to Si
(red) and Au (blue) NPs as a function of diameter. (a-b)
Reproduced with permission from [39]. Copyright 2016, AIP
Publishing LLC. (c-d) Reproduced with permission from [60].
Copyright 2017, American Chemical Society.

4.2 Emission enhancement by Si NP antenna

The enhanced electromagnetic field of a Si NP can be used
to enhance light-matter interaction of nearby materials.[62—
65] When an emitter is placed near a Si NP, the enhancement
factor (EF) of the fluorescence intensity is expressed as,[2]

EF = Yo @M ™ 1)

yé";f QEref nref '

where yex is the excitation rate of an emitter, QE is the quantum
efficiency, and # is the emission collection efficiency. The
superscripts “NP” and “ref” indicate the emitter with and
without a Si NP, respectively. In the linear regime, yex is
proportional to the electric field intensity (|E]?) at the emitter
position. Figure 10a and b shows 2D maps of calculated
extinction and averaged field intensity enhancement factors
(IE/Eof?), respectively, of a c-Si NPs as functions of Dg; and the
wavelength.[66] Averaging of the field intensity is made over
the surface of a sphere 5 nm away from the NP surface. The
two figures have similar features, meaning that the field is
enhanced around the extinction peaks. The |E/Eo|? reaches 10
at the MQ resonance wavelength. Fluorescence enhancement
via enhanced fields of a Si NP is demonstrated experimentally,
[67] and summarized in review papers.[37,41]

A Si NP modifies the spontaneous emission rate of a nearby
emitter via the Purcell effect.[68,69] Figure 10c shows the
enhancement factor of the radiative rate (""" of a point
dipole placed 5 nm from the Si NP surface as a function of
wavelength. The data of dipoles with two different
orientations are shown. A perpendicular dipole couples
efficiently to the ED and EQ modes, while a parallel one
couples to the MD and MQ modes.

In addition to the radiative rate enhancement, a new
nonradiative decay process is introduced when an emitter is
near a Si NP, which should be taken into account for the
discussion of QE enhancement. Considering the new
nonradiative decay process introduced by a Si NP, QE of an
emitter near a Si NP QENP becomes

yiP jypef

QE" = NP +rhP) viel+ (1-QETeh fQETe! @
where yNP is the nonradiative decay rate. If the intrinsic QE
of an emitter is 1, QEN? becomes y,N* /(¥ NP + yNPY). This
value is called an antenna efficiency. In a c-Si NP, the antenna
efficiency is ~0.5 in the visible range, which is much higher
than those of Ag and Au NPs, and QE enhancement is
expected if the intrinsic QE of an emitter is smaller than the
antenna efficiency. QE enhancement by a Si NP is
experimentally demonstrated in a Si NP on a mirror structure,
i.e., a Si NP is placed on a Au mirror via a monolayer of light
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emitting quantum dots (QDs).[58]. A rough estimation
suggests that QE enhancement reaches 700-fold compared to
that of QDs on a Au mirror at the hot spot. Later, Yang et al.
demonstrated 42-fold enhancement of the luminescence decay
rate in a similar structure.[70]

Because of the anisotropic radiation pattern of a Si NP, the
emission collection efficiency of a emitter (;°#") is strongly
modified near a Si NP. Figure 10d and e shows radiation
patterns of a dipole coupled perpendicular and parallel,
respectively, to a Si NP. The wavelength is in between the ED
and MD mode (670 nm). In the perpendicular coupling (Figure
10e), the radiation pattern is only slightly modified. On the
other hand, in the parallel coupling, the dipole emits
preferentially to the NP side. This is due to the Kerker effect
under a dipole excitation.[71]
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Figure 10. Contour plots of (a) extinction and (b) electric field
intensity as a function of Si NP diameter and wavelength. (c)
Radiative rate enhancement spectra of a dipole placed 5 nm
from 200 nm-diameter c-Si NP surface. (d, e) Radiation
patterns of perpendicular and parallel dipoles near Si NP. Red
arrows indicate emitting dipoles.

Directional emission of a parallel dipole by a Si NP was
recently experimentally confirmed by Cihan et al. for a
monolayer transition metal dichalcogenide (TMDC) that has
only parallel dipoles. [72] They placed a-Si NPs on a
monolayer tungsten disulfide (WS;) flake by drop-casting, and
recorded the emission to the FW and BW directions. The
FW/BW intensity ratio obtained for 125 NPs with different
sizes show a clear size dependence and the trend agrees well
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with the theoretical prediction. The measured FW/BW
intensity ratio is ~5 times smaller than the calculated one. This
is mainly due to detection of emission from uncoupled WS;
emitters around a Si NP in addition to that from coupled ones,
i.e., those just beneath a Si NP. This problem can be avoided
by removing undesired regions by a self-mask etching
process.[71] Note that better directionality is expected if a c-
Si NP instead of an a-Si NP is used because of the higher
Kerker directionality due to the lower loss in the visible range.

4.3 Magnetic dipole emission enhancement in Si NP-
emitter composite system

Many of researches on emission enhancement by
nanoantennas focus on electric dipole transitions. In addition
to electric dipole transitions, a Si NP can enhance magnetic
dipole transitions of an emitter (i.e., magnetic Purcell effect)
because of the possession of magnetic multipole
resonances.[73-79] Figure 11a shows calculated radiative rate
enhancement factors of isotropic magnetic and electric dipoles
coupled to a 208 nm Si NP. The radiative rate of an isotropic
magnetic dipole is largely enhanced at MD (800 nm) and MQ
(590 nm) resonances of a Si NP. The enhancement factors are
much larger than those of an isotropic electric dipole. The
large magnetic Purcell enhancement is not possible in metallic
NPs due to the lack of magnetic multipole resonances.[80]

We recently succeeded in achieving large magnetic Purcell
enhancement in a composite NP composed of a c-Si NP
covered by a monolayer of Eu complexes (Eu(DBM)sphen)
(Figure 11b).[81] Figure 11c shows single particle scattering
spectrum of a composite NP. The Ds; is 208 nm. The vertical
broken lines represent the MQ resonance wavelength. Figure
11d shows the PL spectrum of the same NP. We can see that
the magnetic dipole transition (°Do-"F1) of Eu®* at 590 nm is
strongly enhanced compared to the reference sample. The
same experiments are performed for 16 single Si NPs and the
results are summarized in Figure 11e. The ordinate of Figure
12¢ is the enhancement factor (Gsgo/Geio) of the PL intensity
ratio (Gsgo = |590/|590_ref and Geo = |610/|610_ref) of the magnetic
dipole (Isg0) and electric dipole (leio) transitions of Eus*. The
Gs90/Ge10 has a clear peak at Dsi~208 nm. The enhancement
factor reaches 11. This value is much higher than those
reported for Si nanodisk arrays.[75] On the right axis of Figure
11e, calculated radiative rate enhancement factors (I'vag/T'o) Of
an isotropic magnetic dipole placed 5 nm from NP surface are
shown. The radiative rate enhancement at Dsi~208 nm is due
to the MQ resonance and that at Dsi~140 nm due to the MD
resonance. Therefore, large enhancement of Gsgo/Ge1o at
Dsi~208 nm is due to the MQ resonance.
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Figure 11. (a) Radiative rate enhancement factors for an
isotropic magnetic dipole (black curve) and an isotropic
electric dipole (red curve). (b) Schematic of preparation
procedure of Si-NP: Eu(DBM)sphen. (c) Scattering and (d) PL
spectra of a single Si NP:Eu particle with Dsi = 208 nm. Gray
and pink shaded spectra are calculated scattering and PL
spectra of a reference sample, respectively. (€) The ratio of the
enhancement factors of the 590 nm peak to the 610 nm peak
(Gs90/Ge10) (black dots), and calculated radiative rate
enhancement factor of an isotropic magnetic dipole moment
placed 5 nm from NP surface (I'rag/T0) (blue curve) as a
function of Ds;. (a-e) Reproduced with permission from [81].
Copyright 2021, American Chemical Society.

5. Optical response of the colloidal solution

Finally, we discuss optical resonances of colloidal solutions,
i.e., ensemble of a large number of Si NPs randomly
distributed. Colloidal solutions of both c- and a-Si NPs have
been produced.[29,30,82,83] In a-Si NPs, the optical response
has been studied in the near-IR range for solutions of
monodispersed NPs with a relatively larger size (Dsi > 380
nm).[30] However, there have been no systematic studies in
the visible range due to the large absorption loss as discussed
in Section 3.1. In ¢c-Si NPs, the large size distribution [29] and
the small scale production of size-purified NPs [82] had been
the obstacles for the observation of Mie resonance-derived
optical phenomena in a macroscopic scale. In this section, we
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introduce recent advancements in the production of colloidal
c-Si NPs exhibiting clear Mie resonances in macroscopic
measurements. Macroscopic observation of Mie resonance-
derived phenomena leads to application of the colloidal
solutions in structural coloration and as optical metafluids.

Mie resonant Si NPs with 100-200 nm in diameter efficiently
scatter incoming light at the resonance wavelength and exhibit
scattering-induced reflection colors as shown in Figure 5a.
Therefore, high-resolution coloring is possible using Si
nanostructures. This has been demonstrated for a planar Si
nanostructures produced by electron beam lithography.[84—
88] Although structural coloring by Si hanostructures is a very
attractive, the size of the coloration area produced by
conventional nanofabrication technology is very small and
thus the practical usage is limited. The low throughput is also
the case for laser printing methods.[89,90] To realize large
area structural coloration by Si nanostructures, inks of c-Si
NPs that are capable of being coated or inkjet printed on a
substrate should be developed.[40] Since Mie resonance
wavelengths depend on Si NP size, reduction of the size
distribution is crucial to exploit vivid scattering color of
individual Si NPs in macroscopic scale NP inks. Figure 13a
shows a TEM image of Si NPs in a colloidal solution size-
purified by a density-gradient centrifugation. The size
distribution is less than 10% of the average Dsi. The solutions
of different average Dsi exhibit vivid colors (Figure 12b). The
reflectance spectra of the solutions are converted to color
space in Fig. 12c. By changing the Si NP size from 95 to 200
nm, a wide area of SRGB is covered. Inks of Si NP solution
and polymer binder can paint a macroscopic size flexible
substrate (Figure 12d).

Since coloration of Si NP inks is mainly due to scattering not
due to absorption, the color depends on the concentration and
the optical path length. In order to predict the reflection color
precisely of a solution, we develop a Monte-Carlo simulation
code by taking into account Mie scattering of individual NPs.
Furthermore, we extend the code to treat a mixture ink of Si
NPs and light-absorbing carbon black (CB) NPs.[91] We
experimentally demonstrate that the combination of Kerker-
type back scattering of a Si NP and a broad absorption by a
CB NP allows us to control the hue, saturation and brightness
of an ink in a wide range and to realize vivid reflection colors
under room light (Figure 12e).
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Figure 12. (a) Typical TEM image of spherical Si NPs in
size-separated solution. (b) Photographs of solutions of size-
separated Si NPs. (c) CIE1931 chromaticity diagram and color
space values obtained from diffuse reflectance spectra. (d)
Photograph of Si NPs-polyvinylpyrrolidone (PVP) film on
polyethylene terephthalate (PET) substrate. () Normalized
reflectance spectra and photos of Si NP-CB NP mixture inks.
(a-d) Reproduced with permission from [40]. Copyright 2018,
WILEY-VCH. (e) Reproduced with permission from [91].
Copyright 2021, American Chemical Society.

Our achievement to produce inks of almost monodispersed
Si NPs opens a new horizon toward the development of liquids
with optical magnetism and those with unnaturally high or low
effective refractive indices. These liquids are called optical
metafluids and first developed using plasmonic nanoparticle
clusters[92,93] Recently, Hinamoto et al.[94] demonstrated
that a colloidal dispersion of size-purified c-Si NPs exhibits a
strong magnetic response in the visible range. Because of the
difference in the scattering pattern and the polarization of the
ED (p, blue) and MD (m, orange) modes as shown in Figure
13a, each dipolar response is separately measured by the setup
in Fig. 13b. Figure 13c shows photographs and measured and
calculated scattering spectra of metafluids containing different
size Si NPs. MD and ED responses are separately measured
and it can be recognized as the scattering color difference. The
MD/ED intensity ratio is almost unity, which is higher than
those reported for plasmonic metafluids in the visible range.
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Figure 13. Radiation patterns of ED and MD moments-
resolved scattering spectroscopy. (a) Scattering patterns and
orientations of electric fields of ED (p, blue) and MD (m,
orange) moments. (b) Setup for the angle- and polarization-
resolved scattering measurements. (c) Photographs and
measured and calculated scattering spectra of the blue, green,
and red metafluids in the 1, (9=90°) and s (p=0°)
configurations in (b). (a-c) Reproduced with permission from
[94]. Copyright 2021, American Chemical Society.

Summary and Outlook

In the first half of this review, we have presented recent
development of the synthesis of colloidal c-Si NPs. We
showed that the quality of the state-of-the-art c-Si NPs is very
high and that the light scattering properties, including angle-
and polarization dependent scattering properties, are almost
identical to those predicted by the Mie theory of spherical Si
NPs. These high-quality Si NPs act as nanoantennas for the
enhancement of absorption and emission of nearby materials.
In particular, they exhibit the strong magnetic Purcell effect
that is not possible in spherical plasmonic NPs. The
improvement of the quality of colloidal Si NPs, including the
drastic narrowing of the size distribution, makes the
microscopic Mie resonant properties to appear in macroscopic
solutions containing huge number of Si NPs. Typical
examples are structural coloration by Si NP inks and Si NP
metafluids having large optical magnetism. We believe that
the research on colloidal Si NPs is moving to the next stage.
We are now ready to embark on programmed assembly of Si
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NPs by a solution-based process to achieve new functionality
for sensing and imaging applications.
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