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1. Introduction

Optical responses of micro and nanoparticles have been
attracting researchers for more than a century since Gustav
Mie developed exact solutions of the Maxwell equations of an
arbitrary size sphere under plane wave irradiation in 1908.[1]

In 2012, Kuznetsov et al.[2] and Evlyukhin et al.[3] have rebooted
the research fields by shedding light on magnetic resonances
of a high refractive index dielectric nanosphere in the visible
wavelength range. Unlike surface plasmon resonance of metal
nanoparticles,[4] which consists mainly of electric multipolar
modes,[5–10] high refractive index dielectric nanoparticles possess
magnetic multipole modes as well as the electric ones. The pres-
ence of magnetic multipole resonance in the optical regime

allows us to design nanoantennas and
metasurfaces that cannot be realized only
by the electric resonances.[11–14] Another
advantage of dielectric Mie resonators com-
pared to the plasmonic counterparts is the
low-loss feature in the optical regime.
Ohmic losses and resultant heating in
metal nanoparticles, which often limits
their applications in biosensing and bioi-
maging,[15] can be avoided in dielectric
Mie resonators.

The revival of dielectric Mie resonators
for light manipulation owes a lot to
recent advancements in nanofabrication
technology such as electron beam lithogra-
phy.[16–19] Complicated nanostructures
have been produced with very high
accuracy on a substrate and metasurfaces
with a variety of functionalities have
been developed.[20–24] In addition to nano-

antennas produced by nanofabrication technology, a colloidal dis-
persion of dielectric nanoparticles has been attracting attention
as a new class of dielectric Mie resonators. As will be shown in
this review, colloidal nanoparticles with controlled size and shape
can be regarded as a “metafluid” with an unnaturally high or low
refractive index. Nonfading structural coloration inks can be
produced from colloidal nanoparticles. Furthermore, they can
be a ubiquitous building block to produce nanoantennas and
metasurfaces in large area.

In this review, we focus on colloidal dielectric Mie resonators
having the resonance in the visible to near-IR range, and
summarize the recent development. We first review the basic
optical properties of a dielectric nanosphere based onMie theory.
We then overview material systems suitable for colloidal Mie
resonators. We focus on moderate (2.5–3.5) to high refractive
index (>3.5) materials. We then extend the discussion to hybrid
systems composed of dielectric and metallic components.
Finally, we show functionalities and applications of high refrac-
tive index colloidal nanoparticles.

2. Mie Resonance of a Spherical Nanoparticle

2.1. Mie Theory

According to Mie theory,[1,25] light scattering efficiency Qsca of a
spherical nanoparticle can be decomposed into a series of
multipolar contributions, which is expressed as

Qsca ¼
2
x2

X∞

n¼1

ð2nþ 1Þðjanj2 þ jbnj2Þ (1)

where x is a size parameter x¼ πd/λ, λ is a wavelength, d is a
diameter, and an and bn are the Mie coefficients in terms of
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High refractive index dielectric nanostructures exhibiting electric and magnetic
Mie resonances offer a powerful platform for realizing unprecedented control of
electromagnetic waves at the nanoscale and enhanced light–matter interactions.
Dielectric metasurfaces with a variety of functionalities are realized due to
the recent developments of nanofabrication technologies. In addition, colloidal
dispersions of high refractive index dielectric nanoparticles have emerged as
a special form of metamaterials that leads to a wider range of applications in
photonics. This review focuses on the recent developments of colloidal Mie
resonators made of moderate (2.5–3.5) to high (>3.5) refractive index dielectrics
operating in the visible to near-infrared range. Starting from the brief summary
of fundamental properties of spherical dielectric nanoparticles, fabrication
methods of colloidal Mie resonators composed of different materials and
optical functionalities such as the enhanced light–matter interactions, the
chirality, and the structural color generation are overviewed.
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spherical Bessel and Hankel functions. In general, an and bn
are referred to as electric-type (transverse magnetic) and
magnetic-type (transverse electric) multipole modes. In a
dielectric nanoparticle with a positive value of permittivity, the
resonances are geometry-dependent and the condition for the
lowest order resonance is satisfied when d� λ/ni, where ni is
a refractive index of a nanoparticle.[16] Figure 1 shows the sche-
matic of a dielectric nanoparticle at the condition of the lowest

order resonance. In this condition, confined electric field forms a
circular displacement current inside a nanoparticle, which indu-
ces a magnetic dipole (MD) resonance and enhanced magnetic
field. This type of resonance is observed only in dielectric nano-
particles and is of particular interest in designing metaoptics.[14]

2.2. Effect of Refractive Index and Extinction Coefficient

A variety of high refractive index dielectric may be considered as
a material for a Mie resonator. To achieve high-Q Mie resonance,
both the refractive index (ni) and the extinction coefficient (κi) are
important. Figure 2a shows the scattering spectra calculated
using Equation (1) for nonabsorbing (κi¼ 0) dielectric spheres
with different ni from 2 to 5. The diameter of a sphere is changed
depending on ni; the diameter is set to 600/ni nm, so that the MD
resonance appears at the same wavelength range. Two distinct
peaks assigned to electric dipole (ED) and MD modes are seen
when ni is larger than 3. The sphere with ni< 3 does not have
clear peaks due to the low refractive index contrast to the sur-
rounding environment (n¼ 1), i.e., the low contrast lowers Q
of the resonance. Figure 2b shows the scattering spectra of high
refractive index (n¼ 4) 150 nm diameter spheres with different

Figure 1. Schematic of the lowest order Mie resonance (MD mode).
An electric field of incident light induces circular displacement current
inside the particle, which results in the excitation of the MD mode.

Figure 2. a) Scattering spectra of nonabsorbing spheres (d¼ 600/ni (nm)) with different refractive indices (ni). b) Scattering spectra of high
refractive index (ni¼ 4) spheres (d¼ 150 nm) with different extinction coefficients. The surrounding medium is vacuum (n¼ 1) and the contributions
of ED and MD modes are considered. c) Refractive indices and d) extinction coefficients of dielectric materials. c,d) Reproduced with permission.[26]

Copyright 2017, American Chemical Society.
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extinction coefficients (κi). κi strongly affects the spectral sharp-
ness and the scattering efficiency; even κi as small as 0.1 almost
halves the efficiency. From these results, ni≳ 3 and κi≲ 0.1 are
desirable condition to have high-Q Mie resonance in a dielectric
nanoparticle.

2.3. Material Exploration

Figure 2c,d shows refractive indices and extinction coefficients of
high refractive index materials.[26] There are several materials
with ni≳ 4 in the visible range, for example, silicon (Si), lead
sulfide (PbS), germanium (Ge), and indium arsenide (InAs).
However, the extinction coefficients of PbS, Ge, and InAs in
the visible range are too large (κi> 0.5) to have high-Q resonance.
In contrast, the extinction coefficient of Si is smaller than 0.1
above 440 nm and high-Q resonance is expected in almost the
whole visible range. Therefore, Si is now one of the best
candidates for all-dielectric metaoptics. In addition to high refrac-
tive index materials, moderate refractive index (ni� 3) materials
are also used as Mie resonator nanoparticles because the
synthesis routes are well established and high-quality colloidal
nanoparticles are available. Furthermore, for some applications,
high refractive index is not mandatory. Note that a moderate
refractive index requires a larger diameter to obtain Mie resonan-
ces in the visible to near infrared (NIR) range.

3. Fabrications of Colloidal Mie Resonators

3.1. Silicon Nanoparticles

In this section, we summarize colloidal Mie resonators
composed of high and moderate refractive index materials.
The first one is crystalline Si. Among several high refractive
index materials, crystalline Si has several advantages. The extinc-
tion coefficient is very small in the visible to near-IR range due to
the indirect nature of the energy band structure. It is the most
commonly used material in semiconductor industry and earth
abundant. However, chemical synthesis of crystalline Si
nanoparticles larger than 100 nm in diameter in solution is very
difficult.[27] Therefore, the fabrication is based on either a
top–down approach or a bottom–up growth in gas or in solid.
Grown Si nanoparticles are afterward dispersed in a solution.
A variety of growth processes of Si nanoparticles are summarized
in a different review article.[27]

The first report on Mie resonance of colloidal Si nanoparticles
was in 2012 by Shi et al.[28] However, the research was not on
crystalline Si, but on amorphous hydrogenated Si (a-Si:H)
prepared by chemical vapor deposition (CVD) using disilane
(Si2H6) as a precursor. Since a-Si has much higher κ (�0.3 at
600 nm) compared to crystalline Si (�0.02) in the visible range,
its operation as a Mie resonator is limited to the near-IR range.[29]

The scanning electron microscope (SEM) image of Si0.75H0.25

colloids[30] in Figure 3a shows monodispersed particles with
the size distribution of 2.2%. Postannealing reduces the porosity
and the hydrogen content and the refractive index approaches
that of crystalline Si.

A widely used method to fabricate Si nanoparticles is pulsed
laser ablation of a Si wafer.[2,3] Laser ablation in a solution results

in the formation of colloidal Si nanoparticles.[31–33] A drawback of
the process is the low controllability and uniformity of the size
and shape of Si nanoparticles. Wakatsuki et al. demonstrated the
formation of spherical Si nanoparticles from nonspherical ones
in an aqueous solution using a nanosecond-pulsed laser melting
method.[34] Laser ablation has also been used to directly transfer
Si nanoparticles on a substrate. Zywietz et al.[35] developed a
laser printing process, which allows a precise positioning of
size-controlled Si nanoparticles on a substrate.

Verre et al.[36] developed a top–down approach for large-scale
fabrication of silicon nanodisks using a hole-mask colloidal
lithography (HCL) technique. The method enables production
of nanoparticles from a whole 4 in. Si wafer. As schematically
shown in Figure 3b, Si nanodisks are released from the substrate
using hydrofluoric acids (HF) etching, resulting in a colloidal
dispersion of Si nanodisks. The Si nanodisk colloids exhibit
extinction peaks due to the Mie resonance from 550 to
1050 nm depending on the size. This method can be applied
to produce different shape nanoparticles.[37] A standard deviation
of the size distribution smaller than 3.5% is achieved by combin-
ing HCL and laser-induced transfer (LIT) technique.[38]

Chaâbani et al. demonstrated that crystalline Si nanoparticles
100–200 nm in diameters can be produced by crashing Si lumps
in water using a kitchen blender (Figure 3c), followed by size
separation by centrifugation.[39] This method provides a facile,
low-cost, and large-scale fabrication of crystalline Si Mie resona-
tors. However, the size and shape distributions are inevitably
large and the circularity of the particles is 81% (Figure 3d,e),
which is smaller than those of typical colloidal metal nanopar-
ticles (�90%). The low uniformity of the size and the shape
limits the tunability of the resonance wavelength.

A bottom–up process to produce almost perfectly spherical
crystalline Si nanoparticles is recently developed.[40,41]

Commercially available SiO lumps are annealed at temperatures
higher than the melting point of Si (Figure 3f ), which results in
the formation of crystalline Si nanoparticles in a SiO2 matrix.
Si nanoparticles are then liberated from a SiO2 matrix by HF
etching. The SEM image in Figure 3g shows almost perfect
spheres with the circularity factor of 97%.[41] Figure 3h shows
the transmission electron microscope (TEM) image after size
separation using a density gradient centrifugation process.
The polydispersity decreases to 6%. The extinction peak of the
Si nanoparticle colloids can be controlled from 440 to 800 nm
by controlling the average diameter from 95 to 200 nm.

3.2. Nanoparticles of Moderate Refractive Index Materials

The process to grow moderate refractive index (n¼ 2.5–3.5)
nanoparticles is more mature than that to grow Si nanoparticles
and very high-quality materials have been developed. Titanium
dioxide (TiO2),

[42,43] copper oxide (Cu2O),
[44,45] Selenium

(Se),[46,47] and boron (B)[48] have been proposed as moderate
refractive index dielectrics. Figure 4a,b shows SEM images of
submicrometer TiO2 nanoparticles synthesized via solvothermal
nonaqueous technique.[42,43] High sphericity and small size
distribution are achieved simultaneously. The extinction spectra
agree relatively well with the calculated spectra. Another
well-studied moderate refractive index material is Cu2O.

[44]
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Cu2O is a direct bandgap semiconductor with the bandgap of
�2.1 eV and the refractive index is similar to those of chalcoge-
nides. Wang and coworkers developed single-crystalline Cu2O
nanoparticles with uniform size and shape by a one-step wet-
chemical method.[44,45] The average diameters are controlled
from 126 to 340 nm and the size distributions are 6–9%
(Figure 4c). The Cu2O nanoparticles have Mie resonances in
the visible region (Figure 4d). Different shape Cu2O nanopar-
ticles such as truncated octahedral[26] and cubes[49] are produced
(Figure 4e). Se nanoparticles also attract much attention recently
because polycrystalline Se exhibits transparency and moderate
refractive index (2.8–3.2) in the visible range. Figure 4f shows
highly uniform crystalline Se nanoparticles grown at a very
low temperature (65 �C).[46,47]

4. Optical Property of Single Nanoparticles

In dielectric nanoparticles, interference between the ED and MD
modes provide a novel opportunity to tailor the far field scattering
property. A well-known effect is the Kerker-type directionality,[50]

which appears at the frequency that the ED and MD modes have
the same amplitude; the destructive interference between the
modes suppresses the backward scattering and enhances the

forward scattering.[50,51] Figure 5a shows calculated scattering
spectrum of a 180 nm Si nanosphere.[52] Contributions from dif-
ferent modes are shown by different color curves. The yellow and
green shaded regions indicate wavelength ranges in which ED
and MD modes are in-phase and antiphase, respectively.
At �728 nm where ED and MD overlap in-phase, the forward
scattering is dominant (see left panel of Figure 5b), correspond-
ing to the 1st Kerker condition. In contrast, at �610 nm, the
backward scattering becomes dominant (see right panel of
Figure 5b), which can be assigned to the 2nd Kerker condition.

Directional scattering of a single nanoparticle has been
studied by microspectroscopy.[2,3,53–56] To avoid the effect of a
substrate, a Si nanoparticle was placed on a very thin (�8 nm)
SiO2 membrane and light scatterings to forward and backward
directions were measured by dark-field optical microscope. The
upper panel of Figure 5c shows the measured spectra, which
agree very well with the calculated spectra for a Si nanosphere
in free space shown in the lower panel of Figure 5c. The inset
in Figure 5c is the TEM image of exactly the same Si nanosphere
used for the scattering measurements.

The scattering spectrum of a Si nanoparticle is strongly
modified when placed on a high refractive index dielectric or
on a metal. Figure 6a shows scattering images of Si nanospheres
placed on silica, Si, aluminum (Al), and gold (Au) substrates

Figure 3. a) SEM image (scale bar 2000 nm) of Si0.75H0.25 colloids. b) Schematic of the process to obtain Si nanodisk colloids from Si nanodisks on a
substrate. c) Fabrication of Si nanoparticles using kitchen blender. d) SEM image and e) size distribution of nanoparticles prepared by the method in (c).
f ) Preparation of crystalline Si nanoparticles from SiO lumps. g) SEM and h) TEM images of Si nanoparticles prepared by the method in (f ).
a) Reproduced with permission.[30] Copyright 2013, Springer Nature. b) Reproduced with permission.[36] Copyright 2018, Wiley-VCH.
c–e) Reproduced with permission.[39] Copyright 2019, American Chemical Society. f–h) Reproduced with permission.[41] Copyright 2020, Wiley-VCH.
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by drop-coating the colloidal solution on the substrates.[40]

The average diameter of Si nanospheres is 120 nm. Near-field
coupling of a nanoparticle with a substrate significantly modifies
the scattering color. Sinev et al.[57] assigned the effect to the

Figure 4. a,b) SEM images and extinction spectra of TiO2 nanoparticles with different diameters (351 and 518 nm). c) SEM images
and d) extinction spectra of spherical Cu2O nanoparticles. e) SEM and TEM images of Cu2O nanoparticles with different shapes. f ) SEM image of
polycrystalline Se nanoparticles. a,b) Reproduced with permission.[43] Copyright 2019, American Chemical Society. c,d) Reproduced with permission.[45]

Copyright 2020, Wiley-VCH. e) Reproduced with permission.[26] Copyright 2017, American Chemical Society; Reproduced with permission.[49]

Copyright 2020, American Chemical Society. f ) Reproduced with permission.[47] Copyright 2019, Wiley-VCH.

Figure 5. a) Total scattering cross section (black curve) and contributions of the ED (red curve), MD (blue curve), EQ (magenta curve),
and MQ (green curve) of a Si sphere with the diameter of 180 nm. Shaded regions with different colors indicate the ranges in which ED
and MD modes are in-phase (yellow) and antiphase (green). b) Far-field radiation patterns at 728 nm (left, blue hollow diamond) and
at 614 nm (right, red solid circle) of the scattering spectrum in (a). c) Measured and calculated scattering spectra to forward (black curves)
and backward directions (red curves) of a Si nanosphere (143 nm in diameter) shown in the inset. Blue dashed curves are the forward
to backward intensity ratios. a,b) Reproduced with permission.[52] Copyright 2016, Springer Nature. c) Reproduced with permission.[53] Copyright
2019, Wiley-VCH.
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coupling of the excited ED and MD with the image-dipoles
(Figure 6b); depending on the dielectric functions of the sub-
strates, the effect appears differently.[58] A particular interest is
the in-phase coupling (Figure 6b, pz and mx,y), which strongly
enhances the scattering intensity.[59] Similar coupling effects
appear in moderate refractive index nanoparticles such as
Cu2O (Figure 6c).[45] The structure composed of a nanoparticle
and a metal film can confine electromagnetic field into a very
small gap, which enhances the light–matter interaction
significantly.

In the case of a spherical nanoparticle on a metal film, the
contact area is very small (point contact), which limits the
effective size of a hot spot. In contrast, a nanodisk has a surface
contact with a metal film and the hot spot is much larger.
Maimaiti et al.[60] produced a colloidal solution of Si nanodisks
by the method shown in Figure 3b and deposited it on metal
surface to produce a nanodisk on a mirror structure (Figure 6d).
In this configuration, the resonator can couple more efficiently
to normal incident light (Figure 6e). The large scattering to
absorption ratio of the Si nanodisk on a mirror system
results in a large radiative Purcell factor. Figure 6f shows the
Purcell enhancement map of a dipole placed in the gap
region. Purcell enhancement reaches �300 for a dipole placed
close to the edge of a nanodisk. This is an advantage of a
hybrid system for light emission enhancement as will be
discussed later.

5. Oligomers

Coupling between nanoparticles in dimers and oligomers
provide additional functionalities such as field confinement in
the gap,[61] directional scattering,[62–67] and chirality.[68] Several
techniques have been developed to produce colloidal solutions
of Mie resonator oligomers. Cho and coworkers[47] applied a
colloidal self-assembly approach, i.e., capillary force-driven
self-assembly, to a colloidal solution of polycrystalline Se nano-
particles, and succeeded in producing close-packed trimers. The
scattering spectra in combination with the simulation revealed
that electric and magnetic hot spots are formed at nanoparti-
cle-to-nanoparticle interfaces (Figure 7a).

Oligomers composed of a Mie resonator and a plasmonic
resonator are also an attractive system to manipulate light.
Wang et al. proposed a heterodimer composed of a Si nanopar-
ticle and a Au nanoparticle (Si–Au heterodimer) and demon-
strated the efficient unidirectional scattering.[69] Our group
developed a process to produce a colloidal solution of Si–Au
heterodimers (Figure 7b).[53] The TEM image in Figure 7c shows
a heterodimer composed of a 120 nm Si nanoparticle and a
100 nm Au nanoparticle. In this condition, the presence of a
Au nanoparticle provides broad ED mode that overlaps with
the MD mode of a Si nanoparticle. The overlap brings the
Kerker-type forward scattering condition to the MD mode peak
wavelength and enhances the forward directional scattering.[56,69]

Figure 6. a) Scattering images of Si nanospheres on different substrates (silica, Si, Al, and Au) and the intensity of the strongest peak in
the scattering spectra as a function of the wavelength for single Si nanospheres on different substrates. b) Schematic of coupling between
ED (px,y,z) and MD (mx,y,z) modes with image dipoles created in a metal substrate. c) Scattering and SEM images of size-controlled Cu2O
nanoparticles placed on a Au film. d) Schematic illustration and SEM image, and e) electric field map of a Si nanodisk placed on a Au film.
f ) Map of Purcell enhancement (at 760 nm) of a z-oriented dipole placed at different positions. a) Reproduced with permission.[40] Copyright 2017,
Wiley-VCH. b) Reproduced with permission.[57] Copyright 2016, Wiley-VCH. c) Reproduced with permission.[45] Copyright 2020, Wiley-VCH.
d–f ) Reproduced with permission.[60] Copyright 2020, Wiley-VCH.
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6. Nanoparticle Assembly

Optical tweezers or optical manipulations have been applied to
position nanoparticles on a substrate with high precision.[70–72]

Figure 8a shows schematic of the optical trapping of a nanopar-
ticle under laser irradiation; Fr and Fg represent the radiation and
gradient forces acting on the nanoparticle.[38] Although Fr is
along the direction of light propagation, Fg is oriented toward
the highest field intensity. When the condition of Fg>�Fr is
satisfied, the nanoparticle is deposited on the substrate.
Zaza et al.[33] developed a technology to selectively deposit
specific size particles from a colloidal solution of polydisperse
Si nanoparticles (Figure 8b). The size selection mechanism is
based on the size dependence of the MD resonance wavelength.
By tuning the excitation laser wavelengths to 405, 532, and
640 nm, Si nanoparticles with the radii of 43� 6, 59� 9, and
73� 7 nm, respectively, are deposited.

Although the optical trapping technique provides great
controllability, the scalability and thus the application field is
limited. More versatile assembling methods have been developed
in plasmonic nanoparticles. One of the successful one is the
template guided self-assemble approach (Figure 8c).[73,74]

A polymer template is fabricated by photolithography and
defines locations for subsequent self-assembling of nanopar-
ticles. By assembling colloidal nanoparticles into template
patterns, nanoparticle oligomers and arrays are obtained
on a substrate. This process may be applied to colloidal Mie res-
onators once the quality, i.e., colloidal stability, size uniformity,
etc., catches up with that of Au and Ag colloids.

7. Functionalities of Colloidal Mie Resonators

7.1. Nanoantenna for Emission Enhancement

In this section, we discuss potential applications of dielectric
Mie resonators, especially colloidal Mie resonators. The most
remarkable feature of a resonant nanoparticle is its ability to
confine electromagnetic field into the scale smaller than the
wavelength.[75–78] When an emitter is placed near a nanoantenna,
light emission is enhanced; the enhancement factor (EF) of pho-
toluminescence (PL) is expressed as

EF ¼ γNPex
γrefex

QNP

Q ref

ηNP

ηref
(2)

Figure 7. a) Se nanoparticle trimers composed of 300 nm diameter Se nanoparticles. Left, middle, and right panels correspond to calculated scattering
cross sections, modal analysis of ED/MD resonances and electric/magnetic hot spots, measured bright-field scattering spectra, and microscope images,
respectively. The incident light is polarized along the x-axis. b) Schematic illustration of Si–Au heterodimer formation process. c) Measured forward
and backward scattering spectra of a Si–Au heterodimer shown in the inset. The scale bar is 100 nm. a) Reproduced with permission.[47] Copyright
2019, Wiley-VCH. b,c) Reproduced with permission.[53] Copyright 2019, Wiley-VCH.
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where γex is an excitation rate of an emitter at the excitation wave-
length,Q is a quantum efficiency, and η is an emission collection
efficiency in the detection system. The superscripts “NP” and
“ref” indicate the emitter with and without a nanoantenna,
respectively.

In one photon-process, γex depends on the electric field inten-
sity (|E/E0|

2) modified by a nanoantenna. The excitation rate
enhancement of an emitter by a Si nanoparticle is demonstrated
by a simple system shown in Figure 9a in which a Si nanoparticle
is placed on a thin layer of fluorescence dye.[40] The EF is
proportional to the scattering intensity of a nanoparticle at the
excitation wavelength, and it reaches �200-fold when the
resonance wavelength agrees with the excitation wavelength.
The strong enhancement suggests that a Si nanoparticle nano-
antenna does not require precise control of an emitter–antenna
distance, which is indispensable in the metallic counterpart to
avoid fluorescence quenching.

The strong field enhancement results in self-enhanced two
(three) photon excited luminesce, the excitation rate of which
is proportional to |E/E0|

4 (|E/E0|
6), from a Si nanoparticle.[79]

Figure 9b shows the scattering and two-photon excited lumines-
cence spectra of a Si nanoparticle 200 nm in diameter. The
excitation wavelength (775 nm) is tuned to near the MD
resonance, and the enhancement of the up-converted lumines-
cence is observed at the magnetic quadrupole (MQ) and electric
quadrupole (EQ) resonances. In this case, a Si nanoparticle acts
as a cavity to confine excitation light and an antenna to efficiently
couple the emission to far field propagation light.

In addition to the excitation efficiency, the quantum efficiency
is enhanced via the enhancement of the local density of photonic
states, which is characterized by the Purcell factor induced by a
resonator.[80–82] However, the Purcell factor of a dielectric

nanoantenna is expected to be smaller than that of plasmonic
nanoantennas due to the smaller field confinement. To simulta-
neously achieve a strong field confinement and a small nonradia-
tive loss, a hybrid system composed of a dielectric nanoparticle
placed on a metal mirror (NPoM) was proposed.[60,82,83] Yang[81]

performed detailed comparison of the Q-factor, the mode
volume, and the radiative Purcell factor between dielectric,
dielectric–metal, and all-metal systems and demonstrated that
a larger Purcell factor and a higher quantum efficiency can be
simultaneously achieved in a dielectric NPoM. The large
Purcell factor of a dielectric NPoM was experimentally verified
byMaimaiti et al.[60] by means of cathodoluminescence mapping.
The quantum efficiency enhancement is also experimentally
demonstrated in a Si NPoM system formed by a solution-based
process (Figure 9c).[83] A Si nanoparticle is placed on a Au mirror
via a monolayer of Si quantum dots (QDs). A Si nanoparticle
enhances the QD emission by sevenfold compared to that on
a flat Au film. A rough estimation suggests that the enhancement
reaches 700-fold at the hot spot. In this system, enhancements of
the excitation rate and the collection efficiency are small, and
thus, the quantum efficiency enhancement by the Purcell effect
is the dominant enhancement mechanism. Later, Yang et al.
experimentally demonstrated 42-fold decay rate enhancement
in a similar structure, that is, a Si nanoparticle is placed on a
Au film via a QD layer.[82] Another advantage of a dielectric
NPoM compared to the plasmonic counterpart is the wider
enhancement band due to the broader resonances.[83]

The Purcell enhancement of fluorescence occurs in the
regime of weak coupling. To achieve strong coupling, an emitter
with a large oscillator strength such as J-aggregates[84,85] and a
transition metal dichalcogenide monolayer are studied.[86,87]

Figure 9d shows the scattering spectra of a Cu2O nanoparticle

Figure 8. a) Schematic of optical trapping system. b) (Left) Schematic of experimental setup for size-selective optical printing process and (right) example
grids of nanoparticles optically printed under 405, 532, and 640 nm light irradiation. c) Schematic of template-guided self-assembly process for plasmonic
nanoparticles. a) Reproduced with permission.[38] Copyright 2019, American Chemical Society. b) Reproduced with permission.[33] Copyright 2019,
American Chemical Society. c) Reproduced with permission.[73] Copyright 2013, American Chemical Society.
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with and without rhodamine (R640) aggregates. The resonance
coupling modifies the scattering spectrum of a Cu2O nanoparti-
cle. In the right panel of Figure 9d, an anticrossing behavior with
the mode splitting of 0.30 eV is observed. Although this is the
largest splitting energy reported in a Si nanosphere�J-aggregate
system,[84] it is still not in the regime of strong coupling.
A new structure, e.g., a core�shell structure composed of a
Mie resonator and a shell of a large oscillator strength active
material is proposed to achieve strong coupling in Mie resona-
tors. Lepeshov et al.[86] theoretically demonstrated that strong
coupling is achieved in a Si nanoparticle covered by a tungsten
sulfide (WS2) monolayer at the magnetic Mie resonance
frequency.

7.2. Structural Color Inks

Dielectric Mie resonators efficiently scatter incoming light at the
resonant wavelength, and exhibit scattering-induced structural
color. A high-resolution color printing using Mie resonators
has been achieved in a planar structure produced by electron
beam lithography.[88–92] Because of the small size of an individ-
ual Mie resonator, ultrahigh resolution exceeding the optical dif-
fraction limit can be achieved, although the device area is usually
very small.

To achieve large area structural coloration by Mie resonators,
Mie resonator color inks that are capable of being coated or inkjet
printed on a substrate have been developed. Kim et al.[93]

presented hollow carbon–silica nanospheres that exhibit angle-
independent Mie scattering. The carbon inside the hollow
silica increases the effective refractive index and the extinction

coefficient. The resonant wavelength is precisely tuned by the
shell thickness. In this system, the color originates from the com-
bination of the ED scattering and the absorption similar to the
case of melanin nanoparticles.[94] In contrast, a high index Mie
resonator such as a Si nanoparticle exhibits a vivid color due to
the strong MD scattering. Figure 10a shows scattering images
and spectra of single Si nanoparticles.[41] The scattering
color is tunable in a wide range just by changing the diameters
(see Figure 10b). By exploiting the scattering color of individual
nanoparticles, our group developed structural color inks of
almost monodispersed crystalline Si nanoparticles. Reduction
of size distribution of Si nanoparticles to less than 10% results
in solutions with vivid colors (Figure 10c). The backscattering
spectra (diffuse reflectance spectra) in Figure 10d show the large
tunability of the resonance wavelength covering the entire visible
range by changing the size from 95 to 200 nm. Inks composed of
a water solution of Si nanoparticles and a polymer binder can
paint flexible substrate in �1 cm2 range as shown in the photos
in Figure 10e.

7.3. Functional Fluids and Solids

Colloidal dispersion of nanoparticles exhibiting optical magne-
tism is referred to as a “metafluid” which was first developed
using plasmonic nanoparticle clusters (i.e., plasmonic mole-
cules).[95–98] Metafluids possess unnaturally high or low effective
refractive index and can be integrated into conventional optical
components by solution-based processes.[95–98] Recently,
Hinamoto et al.[99] demonstrated that a solution of size-purified
Si nanospheres exhibits a strong optical magnetism (Figure 11a)

Figure 9. a) (Upper panel) Schematic of the structure to study fluorescence enhancement by a Si nanoparticle. A Si nanoparticle is placed on a dye-coated
substrate. (Lower panel) PL EF as a function of scattering intensity at the excitation wavelength obtained for nine single Si nanospheres. b) Scattering
spectrum and nonlinear emission spectrum excited at 775 nm for a 192 nm Si nanoparticle. c) PL spectra of a QD monolayer on a Au film without
(black curve) and with a Si nanoparticle on top (red curve). d) (Left panel) Scattering spectra of single Cu2O nanoparticles before and after coating
with R640 aggregates. (Right panel) Scattering peak energy of R640 aggregates-coated Cu2O nanoparticles as a function of the resonance energy of
pristine Cu2O nanospheres. Eþ and E� are fitted with the formulas derived from the coupled harmonic oscillator model. a) Reproduced with
permission.[40] Copyright 2017, Wiley-VCH. b) Reproduced with permission.[79] Copyright 2018, Springer Nature. c) Reproduced with
permission.[83] Copyright 2018, American Chemical Society. d) Reproduced with permission.[85] Copyright 2018, American Chemical Society.
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and proposed that the solution can be regarded as an all-dielectric
“metafluid.” The intensities of the MD and ED scattering
separately measured using angle- and polarization-resolved
scattering spectroscopy were almost the same. The observed
MD/ED intensity ratio is much higher than those reported for
plasmonic metafluids in the visible range[95,100] and comparable
to that in the near-IR range.[96] The possibility to achieve unnat-
urally high (>3), low, and even near-zero (<1) refractive index in
the metafluid is discussed using the extended Maxwell–Garnett
(EMG) theory.

Self-assembled crystals composed of Mie resonant
nanoparticles such as amorphous Si[30] and Se[47] nanoparticles
also exhibit optical magnetism. Figure 11b shows a
face-centered-cubic (FCC) crystal of Se nanoparticles with the
volume fraction of �0.5. They demonstrated theoretically
and experimentally that Se nanoparticle FCC crystal exhibits
magneto–dielectric bandgaps.

Chirality is one of the important functions in photonics
because it allows additional degree of freedom to control
light–matter interactions through circular polarization. Verre
et al.[37] developed a Si chiral colloidal solution in which right-
handed or left-handed 3D Si nanocrescents are dispersed
(Figure 11c). Figure 11d shows extinction and circular dichroism

(CD) spectra of a colloidal suspension of right-handed Si
nanocrescents. The Si nanocrescents’ solution exhibits CD.
The large CD signal around 640 nm agrees with the CD
spectrum of Si nanocrescents on a substrate.[37]

8. Conclusion

We have presented a brief overview of experimental studies
on colloidal Mie resonators. The technology to produce
nanoparticles of high and moderate refractive index materials
is developing quickly, and the capability to control the size
and shape is catching up to those of colloidal plasmonic
nanoparticles. We introduced some promising functionalities
of colloidal Mie resonators such as the structural color generation
and the fluorescence enhancement as a nanoantenna. The latter
one is especially attractive in biophotonics because the low-loss
nature minimizes the local-heating, which is unavoidable in
plasmonic nanoantennas.[75] In addition to the fluorescence
enhancement, Mie resonances can be designed to enhance
intrinsically small light absorption of dielectric nanoparticles.
This may open up the application toward photodetectors.[101]

The optical magnetism of dielectric Mie resonators enhances

Figure 10. a) Scattering spectra of single Si nanoparticles with different diameters (105–200 nm) on glass substrate. Corresponding dark field images are
shown. b) CIE1931 chromaticity diagram and experimental color space values obtained from scattering spectra of single Si nanoparticles of different
diameters (100–220 nm). Data obtained from calculated scattering spectra are also shown. c) Photos and d) diffuse reflectance spectra of solutions of
size-separated Si nanoparticles. e) Photographs of Si nanoparticle–polyvinyl pyrrolidone binder composite films on PET substrates. a–e) Reproduced with
permission.[41] Copyright 2020, Wiley-VCH.
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MD transitions of a molecule and an ion,[102] which paves
the way to totally new photochemical reactions. Colloidal Mie
resonators, including nanospheres, nanodisks, oligomers,
Janus particles, chiral particles, etc., can also be a precursor
to produce metasurfaces and solid-state photonic devices
by a printing process. Development of technology to assemble
these particles on a substrate with a high precision is crucial to
produce a variety of metamaterials from colloidal Mie
resonators.
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field microscope images of Se nanoparticle FCC crystal. (Lower panels) Measured reflection spectrum and simulated band diagram
of self-assembled crystal of 360 nm diameter Se nanoparticles. Photonic bandgaps are observed around 660 and 785 nm. c) Fabrication
process of colloidal 3D Si nanocrescents. d) Extinction and CD spectra of colloidal suspension of right-handed Si nanocrescents.
a) Reproduced with permission.[99] Copyright 2020, American Chemical Society. b) Reproduced with permission.[47] Copyright 2018, Wiley-VCH.
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