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Abstract

Optical nanoantennas provide efficient manipulation of light at the nanoscale at the
optical frequencies. Due to its versatility, the optical nanoantennas are expected to be important
building blocks in wide range of applications including optoelectronic and bio-photonic devices,
sensors, and so on. The intense research efforts have developed many types of optical
nanoantennas, different design, materials, and functionalities; however, it is needed to tailor
nanostructures for each application mainly due to their resonant nature.

In this thesis, we develop optical nanoantennas that are designed for several applications.
In Chapter 1, general information of optical antennas is provided. Following introduction of
optical antennas, we provide theoretical backgrounds of governing physics, surface plasmon
resonances and Mie resonances. Important functionalities and recent progress are also

summarized.
Part I, consisting of Chapter 2 — Chapter 4, are devoted for the development of

plasmonic nanoantennas for upconversion nanocomposites which convert near-infrared photons
into visible ones. In order to overcome the inherent limitation of rare-earth doped upconversion
nanomaterials, which is low conversion efficiencies due to small absorption cross sections and
low quantum efficiencies of intra-4f transition, three metal nanostructures with tailored plasmonic
properties are proposed. All metal nanostructures are developed based on a nanocap which
partially surrounds the upconversion nanoparticle and have unique plasmonic properties.

In Chapter 2, we develop a method to control a coverage of a metal nanocap to extend
the tunable range of its resonance wavelength into near-infrared spectrum for enhancement of the
excitation efficiency of upconversion. In Chapter 3, we introduce anisotropy to the nanocap by

elongating the structure in one direction and show that a resonance of the nanocap can be split



into two resonances. By controlling each of newly emerged resonances separately, it becomes
possible to achieve simultaneous enhancement of emission and excitation processes. In Chapter
4, the metal nanocap is combined with additional metal nanoparticle to confine localized field
within the gap layer where upconversion materials exists. In this system, additional degree of
freedom to control the resonance arises due to the plasmon hybridization. For the above three
approaches, we precisely examine the correlation between plasmonic properties and upconversion
intensities and find the structure which enhance upconversion by a factor over 100.

In Part II, which is composed of Chapter 5 — Chapter 8, we focus on dielectric
nanoantennas which possesses multiple modes of Mie resonances. In contrast to plasmonic
nanoantennas, dielectric ones naturally have magnetic-type resonances, enabling various useful
phenomena such as interferences between several resonances and control of effective
permeability.

Recently developed colloidal solution of silicon nanosphere is one of ideal Mie resonators.
After providing fundamental information of this material, e.g., fabrication method and optical
properties, in Chapter 5, its application for directional nanoantennas is demonstrated in the
following chapters. In Chapter 6, we perform advanced optical measurement to evaluate the
directional scattering of a single silicon nanosphere using the Fourier-plane spectroscopy. In
Chapter 7, we couple the nanosphere with emitters nearby and study how the emission can be
directed by a single Mie resonant silicon nanosphere. We describe that the existence of magnetic
dipole in addition to electric dipole resonance enables directionality control with a subwavelength
single component. Go beyond development of single optical component, in Chapter 8 we propose
a concept of metafluids by treating the colloidal solution as an effective medium. Because the
optically resonant nanoantennas works such like atoms which exhibit magnetic responses in liquid,

unnaturally low or high refractive-index materials can be realized.

il



Overall, this thesis proposes novel optical antenna designs for absorption and emission
enhancement, directionality control of emitters, and building blocks for artificial materials by
making full use of plasmonic or Mie resonance properties. The results indicate the potential of
optical nanoantennas for light control at the nanoscale by tailoring their optical properties in a
myriad of ways. Implementation of these functional antennas could have a practical impact in

sensing, photovoltaics, lighting, bio-photonics, and integrated optoelectronic devices.
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Chapter 1

General Introduction

1.1.  Fundamentals of Optical nanoantennas

1.1.1. Optical nanoantennas

Antennas are key components for telecommunication in the microwave and radiowave
regime because of the ability to create electromagnetic fields with engineered radiation patterns
and/or efficiently convert propagating electromagnetic fields into localized ones, and vice versa
(Figure 1-1).[1], [2] Optical antennas are analogues of the classical radio-frequency (RF) antennas
in optical regime, that is visible and near-infrared frequencies. In contrast to that the RF antennas
are well-established technology and have been indispensable assets to our everyday life, the

optical antennas are still under development.

@ /' ®) \

nsmitter @) - Radiation . atalion, \ -~ ——> (D Receiver

Figure 1-1. Basic concept of antennas. The antenna has two important roles: (a) transmitter and (b)

receiver. In many cases, optical nanoantennas work as both a transmitter and a receiver.[1]

Instead of antennas, bulk optical elements such as mirror, lenses, fibers and diffractive

gratings, have been utilized to manipulate electromagnetic fields in the optical regime. The field



of optics has been successfully developed in the long history; however, such classical optics
relying on bulk properties of materials has intrinsic limitation, diffraction-limited.[3] Not only the
performance, e.g., focused spot size for lens, but also their dimension is restricted because of the
breaks down of the geometrical optics.

One of the advantages of the optical antennas over bulky optical elements is their
potential to confine light into a space much smaller than a diffraction-limited spot with sub-
wavelength nanostructures. It has been thus expected for optical antennas to be alternative optical
elements, for example, on integrated photonic circuits. The feature also enables to enhance light-
matter interaction at the nanoscale. Because the energy of photons at optical frequencies (i.e.
ultraviolet, visible and near-infrared) are high enough to interact with electronic transitions of
matter, optical antennas provide efficient way to control and/or enhance photoluminescence (PL)
and absorption of various materials including dye, molecules, and quantum emitters. For these
advantages, there are wide range of the potential applications of optical antennas spanning various
research fields: photonics, energy, sensing, medical, biology and so on. Some examples of the

application are listed in Figure 1-2.
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Figure 1-2 Examples of the potential application of optical antennas in modern science.[2]

1.1.2. General limitations and challenges

The basic concept of the optical antenna is similar to the RF antenna; however, the
differences of the working frequencies impose difficulties on the optical antenna, hampering its
widespread usage. One of the major challenges for the optical antenna are small size requirements.
It is known that the characteristic dimensions of an antenna are of the order of the operation
wavelength, thus for optical antennas this requires fabrication techniques which is capable of
accuracies down to a few nanometers.[4] Although nano-precision fabrication technology has
been rapidly developing and available these days, for example electron-beam lithography and
focused ion beam lithography, the usage is still limited to research purposes due to the lack of
scalability and difficulties to fabricate three dimensional structures.

Another limitation for optical antennas is material choices in the high-frequency regime.

In the classical RF antenna theory, the function of an antenna is based on the oscillation of free



carriers in conductors.[4], [5] As metals behave as perfect conductors in RF regime, it is natural
and easy solution to utilize metals as a material to fabricate antennas. Therefore, the classical
antenna theory assume that antenna wires are perfect conductor and tends to omit Ohmic losses.
In fact, the radiation efficiency of RF antennas is typically larger than 99%. However, in the
higher frequency regime such as infrared and visible, the metals no longer behave as perfect
conductors. This is because the oscillation of conduction electrons with a finite mass cannot
follow the high-frequency excitation field and accompany certain phase delay against the driving
force, leading strong Ohmic losses. This behavior can be seen in dielectric functions of metals
(Figure 1-3) which have large imaginary parts in the optical frequencies. Therefore, for optical
antennas it is needed to consider the material losses (i.e., absorption) and/or utilize low-loss

materials instead of metals.

Gold
——— Silver
Aluminum

“u _2[]-_

800 200 600 800 1000
Wavelength (nm)

Figure 1-3 Dielectric functions of typical metals: gold (blue), silver (green), and aluminum (red).
The top and bottom show real and imaginary parts, respectively. The data are taken from reports by

Johnson and Christy (gold, silver)[6] and Palik (aluminum)[7].

Dealing with these limitations, various types of optical antenna has been studied so far.
Although any resonators whose resonances are at optical frequencies may be classified as optical

antennas, just like that RF antennas are based on resonant oscillation of charges in metals, this



thesis focuses on optical nanoantennas (i.e., nanoresonators). In the following section, examples

of nanoantennas are provided.

1.1.3. Typical optical antenna structures

The optical antenna has more than 90 years history.[1], [2], [4], [8]-[11] The first
proposal was made by Edward Synge in 1928. He suggested to utilize a colloid of gold
nanoparticle to confine light and surpass the diffraction-limited resolution in optical imaging.[12]
After a while, the field grew as near-field optics, and various optical antenna structures have been
suggested as near-field optical probes.[13] The first proposal of the concept of optical antennas
was a little later and reported by John Wessel in 1985, and he suggested that a gold nanoparticle
can work as an antenna.[14] Because the concept of optical antenna was connected to near-field
optical probes afterwards,[15] the field of optical antenna has grew up as a extensively studied
research field. Although the field of optical antennas has emerged for a near-field probes in the
beginning, nowadays it is widely studied for various applications.

As seen in the history, metal nanostructures have been extensively studied as optical
antennas. Although details will be described later, localized surface plasmon resonances are
excited in the optically small metals and make optical antennas particularly efficient at the
resonance frequencies. Benefitting from the well-established RF antenna theory, various metal
(plasmonic) nanostructure has been developed using the design principles of RF antennas.

Figure 1-4 shows various optical antenna structures. The simplest structure is a monopole
antenna and realized by nanosphere and nanorod structure (Figure 1-4a). A dimer structure,

horizontally aligned coupled nanorods, shown in Figure 1-4b,c is an analog of a linear dipole gap



antenna or a RF Hertzian dipole antenna and have a high radiation efficiency.[16] Shown in
Figure 1-4d is a bow-tie antenna which represents a biconical antenna and have broadband
response.[17] It is also important to note that the bow-tie antenna have strong field enhancement
in the gap and is thus often used for PL and Raman enhancement. A Yagi-Uda antenna is one of
the most successful RF antenna design for its directionality. The same strategy still works for
optical antennas (Figure 1-4e).[18], [19] Besides them, many RF antenna designs (e.g., Figure

1-4f,g) have been miniaturized and demonstrated the function as optical antennas.

100 nm
R —

Figure 1-4 SEM images of examples of optical antenna structures.[1] (a) nanorod, (b,c) dimer, (d)

bow-tie, (e) Yagi-Uda, (f) gap, and (g) plasmonic waveguide and split-ring antenna.

Although these structures have been developed as an extension of RF antennas in the
early stage, the recent optical antenna is designed and optimized for specific applications. In

association with development of plasmonics, the structure has been deviating from typical



antenna design and is getting more complex. Inspired by metamaterials, the use of Mie resonators,
nanostructures made of high-index dielectrics, is also recent trend due to its potential for
realization of low-loss or even loss-less optical antennas. These optical antennas have been
developed with specific design principles, and thus it is easier to understand them with their
operation principles. The fundamentals of plasmonic and dielectric optical antennas are

introduced in the following section.

1.2.  Plasmonic optical antennas

Surface plasmon resonances enable metallic optical nanoantennas to be efficient antennas.
Because most of metallic optical nanoantennas are developed based on plasmonics, it is essential
to introduce what the surface plasmon resonance is to explain the basics of them. In this section,

fundamentals of plasmonics is provided.

1.2.1. Theory of localized surface plasmon resonances

Plasmonics is the field which studies interaction of electromagnetic field with free
electrons in metals at the metal-dielectric interfaces or in small metallic nanostructures.[20] The
term “plasmon”, sometimes referred to as the volume plasmon, is the collective oscillation of free
electrons in metals. At the surface of the metals, a collective displacement of the electrons leads
to surface charges and electromagnetic waves which can couple with propagating light when
special techniques for phase-matching are employed (Figure 1-5). Because the surface wave can
propagate at the interface (typical propagation lengths are 10 — 100 um in visible), the excitation

is called propagating surface plasmon polariton (SPP). The derivation and detailed description of



the SPP are beyond the focus of this thesis and provided in many textbooks.[20]-[23] In contrast
to the SPP which requires phase-matching techniques (e.g., prism, grating, groove, efc.) for
excitation with light, plasmons in subwavelength metal nanostructures can resonantly couple with
propagating waves without any phase-matching treatments because of the certain penetration of
light (i.e., skin depth) and their curved surface. This non-propagating excitation is called localized

surface plasmon resonances (SPRs), which make metallic nanostructures optical nanoantennas.

Figure 1-5 lllustration of surface plasmon polariton (SPP) modes at the continuous metal-dielectric

interfaces.[24]

The theoretical derivation of the SPR can be obtained for simple geometries. Let’s
consider a spherical metal particle whose diameter is much smaller than the wavelength of
light.[20], [25] Under this so-called quasi-static approximation, the phase of the oscillating
electromagnetic field is constant over the particle at an instance of time as shown in Figure 1-6.

@ E

(b) E

Far .

Figure 1-6 Schematic illustration of the quasi-static approximation. When a particle is sufficiently
small (a) compared to the wavelength of light, the spatial distribution of electric field is uniform over

the volume, while it is not uniform for a large particle (b).



The calculation model consists of a homogeneous sphere with the dielectric function
€(w) at the origin as shown in Figure 1-7. The sphere has radius a and is located in a uniform
static field (E = EyZ) and the medium with dielectric constant &,,. Under static approach, the
potential @ satisfies the Laplace equation V2® = 0, from which the electric field E = —V®

can be calculated. The general solution of this problem can be given by

[oe]

&(r,0) = Z[Alrl + Byr~ D] P (cos 9),
1=0

(I-1)

where P;(cos @) are the Legendre Polynomials of order [, and 6 is the angle between vector r
(position P) and the z-axis as shown in Figure 1-7.[26] For the scattering problem of a sphere,
the problem is solved so that the boundary conditions of the potentials inside (®;,,) and outside
(Dyye) the sphere are satisfied at the surface. Given the requirements for the potentials which

need to be finite value at the origin, we can write them as

C 12
&y (1,0) = ZAlrl P,(cos ) (1-2)
1=0
N l -(1+1) (1-3)
Dyue(r,0) = Z[Blr + Cr |P.(cos 6).
1=0
Eo -
P
d 0
z
£(m)
Figure 1-7 Calculation model. A homogeneous sphere in an electrostatic field.[20]
The boundary condition at r — o requires ®,,; » —Eyz = —E7 cos 8, determining

By =—E, and B; =0 for [ # 1. At the sphere surface, the boundary conditions can be



obtained from continuity of the tangential components of the electric field and the normal

components of the displacement field:

10Py| 10Pgy (1-4)

a 89 l,.q a 90 |-
—& an)in = —¢&nE % (1_5)

0 a,r rea ocm ar r=a.
By applying these conditions, the potentials can be calculated as

3e (1-6)

@i, (1,0) = P ;;mEOrcose

E—E cosf 1-7

Doyt (r,0) = —Egrcosf + m 3 (1-7)

a :
e+2e, O 12

Note that evaluation is required only for A; and C; because A; =C; =0 for [ # 1. By
looking at equation (1-7), we notice that the ®,,,; can be interpreted as the superposition of the
incident field and the scattered field due to a dipole at the origin. This means that a sphere in the
static field can be regarded as a dipole at the center. Based on this interpretation, we can replace

the second component of equation (1-7) using the dipole moment p:

pr (1-8)
O,y = —Egrcosf + ———
out 0 Ameyey, 13
E—¢ (1-9)
=4 3___™Mp
P TEEMA ¥ 2e,, 0

3 €~ €&m (1-10)

As can be seen in equation (1-10), the polarizability diverges and becomes large value when

Re[e(w)] = —2&,,. This condition is called the Frohlich condition and corresponds to the dipole

10



surface plasmon resonance of a metal sphere when the applied field oscillates in time. Because of
this resonant behavior, metal nanostructures can work as optical antennas in the optical
frequencies.

For more intuitive visualization, we then evaluate the distribution of the electric field

E = —V® from the potentials (equation (1-6) and (1-7)):

3y e (1-11)
et 2e, 0
3n(n-p)—p1 (1-12)

Eout = Eop +
out = =0 Ameye, T3

, where m is the unit vector in the direction of the point P of interest. We can see that the both
internal and external fields are enhanced at the resonant condition of «. This field enhancement
is one of the most important nature of surface plasmon resonance as it enhances light-matter
interaction in the small volume. Intuitively, it can be expected that an emitter located in the
enhanced region feels stronger electric field than that in the free space, resulting in enhanced light
emission due to surface plasmon resonance.

At the resonant condition, the scattering and absorption processes are also resonantly
enhanced. Before showing the result, here we introduce important physical quantities to evaluate
optical responses (i.e., scattering or absorption) of nanoantennas. As the scattered (W.,) or
absorbed (W,,) electromagnetic energy depend on the intensity of illuminated light, it is

convenient to normalize them by the illumination light intensity (I;) as[27]

Wscasabs (1-13)
Csca/abs = A
i

11



Here, Cs., and C,;s are scattering and absorption cross sections, respectively. As expected
from the term “cross section”, the quantities have unit of [m?] because the power in [Watts] is
divided by the intensity in [Watts/m?]. Note that in two-dimensional problems, such as infinitely
long wire, the cross sections have unit of [m]. The scattering and absorption cross section
corresponds to the illumination area where scattered or absorbed light flux has been injected from.
The total of Cs., and C,ps is also important quantity called extinction cross section (Cpyt),
which describes how strongly the nanoantenna can interact with light.

Here we omit the derivation, but the scattering and absorption cross sections for the metal
sphere under the quasi-static approximation can be calculated by evaluating Poynting vector over

an imaginary sphere surrounding the sphere. From reference [20], they can be written as:

k* 8m e—éem |2 (1-14)
oo =X 2= 0 s 6|_m
sea = glal” = F ket |

E—¢ 1-15

Caps = k Im[a] = 4mka3 Im[—m. (1-15)
e+ 2ey

Figure 1-8 shows the scattering and absorption cross section spectra of a gold sphere (80 nm in
radius) in the quasi-static approximation calculated using the equations above. At the 508 nm, the
surface plasmon resonance is excited, and the spectra have peaks as indicated by a gray arrow.
One may notice in the figure that the absorption is much larger that the scattering. For small
particles a < A, the absorption dominates the response; however the scattering can overwhelm

the absorption for large particle due to the rapid scaling of Cy., % a®, while Cgjg < a3.
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Figure 1-8 Scattering (blue) and absorption (orange) spectra of a gold nanosphere (a = 40 nm)
calculated by equations (1-14) and (1-15) under the quasi-static approximation, with the empirical

dielectric function taken from [6].

In this section, the surface plasmon resonance of a small sphere have been theoretically
explained under the quasi-static approximation. The theory well explain the field enhancement
and the characteristics of scattering and absorption spectra due to the dipole resonance; however,
for larger particles, more complex approaches such as Mie theory is required because the quasi-

static approximation is not valid anymore (see Figure 1-6b).

1.2.2. Examples of previously reported plasmonic nanoantennas

It is known that plasmonic responses of metal nanostructures (i.e., polarizability «)
strongly depends on the shape of them. It is worthy to note that, in general, it is difficult to obtain
analytical solution of optical responses of metal nanostructures. Although the plasmonic response
of a small sphere has been derived in the previous section, such an analytical approach can be
applied only for some simple structures such as a sphere, spheroid, core-shell particle, particle on
mirror structure, dimer. If it is needed to include the retardation effect beyond the quasi-static

approximation, a spheroid including a sphere is the only structure for which the rigorous solution
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can be obtained so far. For more complex structures, electromagnetic simulation techniques are
needed to know their optical responses.

Here we introduce typical plasmonic antenna structures which have been reported
previously. As described above, the development of optical antennas started from a proposal to
utilize a nanosphere as near-field tips of scanning probe microscopy (Figure 1-9a,b)[2], [12] The
sphere is the simplest geometry and can be synthesized easily. Although the surface plasmon
resonance is relatively insensitive to the scaling of nanostructure, as the resonance condition is
determined by the dielectric functions under the dipole approximation (equation (1-10)), it known
that it is very sensitive to the morphology (Figure 1-9c). A nanorod is one geometry which have
a widely tunable resonance. By changing the diameter-to-length aspect ratio, the longitudinal

surface plasmon resonance can be tuned from ~600 nm to near-infrared region.[28§]

Figure 1-9. (a) Schematic illustration of biological imaging with near-field tip made of an optical
antenna.[29] (b) SEM image of a near-field probe made of a gold trimer antenna supported by a

dielectric tip.[2] (c) Scattering spectra of silver nanoparticles with different geometries.[30]

Extra degrees of freedom in structural design can be added by coupling the metal
nanostructures with another. Dimer geometry consisting of two nanospheres or nanodisks is often
studied structure.[16], [31]-[36] Due to the strong field confinement within the gap, it is a useful

platform to enhance fluorescence, non-linear optical effects, chemical reactions, and so on (Figure
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1-10a,b). The so-called gap plasmon can also be realized by placing plasmonic nanoparticles on
mirror (NPoM) because the nanoparticle couple with its image formed by the mirror. The NPoM
has great advantage on the controllability of the gap length, down to picometer scale, and has
been extensively studied by J. Baumberg and M. Mikkelsen groups to demonstrate various
applications (Figure 1-10c).[37], [38], [47]-[56], [39], [57]-[60], [40]-[46] These simple
structures are versatile for not only fluorescence but also wide range of phenomena including

Raman signals, non-linear optical effects, refractive index sensing, etc.

c
© Free space Antenna Nanocavity Picocavity
hog  ~100nmM ~100nm ~1nm ~0.1nm
Z Z,=377Q Z Zz, z,

Figure 1-10. Coupled plasmonic nanoantennas. (a,b) Two-photon luminescence signal near (a)
single and (b) dimer nanoantennas.[31] (c) lllustrations of various nanoparticle on mirror (NPoM)

antennas.[40]

Recently, stand-alone plasmonic nanocomposites, into which a metal nanostructure and
an emitting material are integrated, has been attracting attention in different fields because it can
be a functional building block in optoelectronics and biophotonics applications. A large variety
of metal nanostructures have been employed for the formation of stand-alone plasmonic
nanocomposites and the enhancement of photoluminescence. As schematically summarized in
Figure 1-11, they are nanoparticles[61]-[64], nanorods[65]-[69], nanoshells[70], [71],

nanomatryoshkas|[72], core-shell nanorods[73], [74], nanocaps[75]-[77], nanoparticle dimers[36],
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[78], metal-insulator-metal sandwichs[79], nanoparticle clusters[80], [81], and nanorod

clusters[82].
nanoparticle nanorod nanoshell nanomatryoshka core-shell nanorod
nanocap dimer sandwitch  nanoparticle cluster  nanorod cluster

Qo= ®

Figure 1-11 Schematics of stand-alone plasmonic nanocomposites where metal nanoantennas and
emitting materials are integrated. The yellow and blue region indicate metal and emitting materials,

respectively.

Variety of geometries have been proposed so far; however, each geometry has pros and
cons. For example, the simple geometries such as the nanoparticle or nanorod can be fabricated
easily, but the limited degree of freedom makes it difficult to spread hot-spots of the electric field
over the large volume where emitters exist. In case of closed system such as nanoshell or
matryoshka, the extraction efficiency of light emission tends to be low. Therefore, it is needed to

optimize antenna structures for each application or properties of target emitters.

1.2.3. Plasmon hybridization

Advancement in fabrication techniques, including the chemical synthesis and
lithographic processes, have led to development of various plasmonic nanostructures. In order to
know the plasmon response of complex structures, such as spectral responses, charge and field
distribution, and origin of the resonant mode, numerical simulation is required. In 2003, E. Prodan

et. al. presented a simple and intuitive picture to explain the plasmon response of complex
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nanostructures.[83] In the picture, the plasmon response can be understood as the interaction or
hybridization of plasmons in elementary geometries, in analogue of molecular orbital theory.

As an example, the plasmon hybridization model for a metal nanoshell is illustrated in
Figure 1-12. In case of the nanoshell, the plasmon response can be understood as the interaction
between plasmons supported by a sphere and a hollow cavity. The sphere and cavity plasmons
induce surface charges at the outer and inner interface, respectively, and interact with each other
via the thin metal shell. The interaction results in the splitting of the resonances into two
resonances which have different charge distributions. The higher energy mode ( |w,))
corresponds to the antibonding plasmon (antisymmetric coupling), while the lower energy mode
(Jw_)) corresponds to bonding plasmon (symmetric coupling). The picture provides important
intuition that the resonance energies (i.e., wavelength) can be tuned by the shell thickness because
it determines the coupling strength. For example, the thinner shell would promote stronger
interaction, resulting in red-shifting of the bonding mode and blue-shifting of the antibonding

mode.
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Figure 1-12 An energy-level diagram describing the plasmon hybridization model. The plasmon

response of metal nanoshell can be understood by the hybridization of the sphere and cavity

plasmon.[83]

The model was first proposed to explain the plasmon response of metal nanostructures;
however, it is a general picture to describe the “strong” coupling of two electromagnetic cavities
and can be applied to arbitrary geometries not only particle plasmons in metals (examples are

shown in Figure 1-13). Utilizing this powerful approach, we will develop a new plasmonic

antenna in Chapter 4.
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Figure 1-13 Plasmon hybridization models for a nanomatryoshka[83), particle dimer[84), and

hybridized lattice resonance[85].
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1.3.  Mie resonant optical antennas

Since the first proposal of the optical antenna, metallic (plasmonic) antennas have been
studied enthusiastically; however, only some applications have been realized in practice due to
their drawbacks including high energy dissipation of metals at optical frequencies and their
incompatibility with complementary metal oxide semiconductor (CMOS) processes. Recently,
dielectric nanoantennas made of high-refractive-index dielectrics have been emerged in
nanophotonics and metamaterials and are opening up new opportunities as low-loss (possibly

lossless) optical antennas.

1.3.1. Mie resonances of dielectric nanostructures

Dielectric nanoantennas are nanostructures made of high-refractive-index dielectrics
including semiconductors. They resonate at optical frequencies due to light penetration in and
concentration inside the nanostructures. This type of resonance is often referred to as Mie
resonance and recently attracting massive research attentions due to its low-loss nature and
interference effects between multipoles.[86]—[89].

The losses of plasmonic and dielectric materials can be quantitatively compared via their
imaginary parts of refractive indices (1 = n + ix) which represent losses of materials.[26] In
Figure 1-14, k of typical dielectric (silicon) and plasmonic (gold and silver) materials used for
optical antennas are compared in visible and near-infrared wavelengths. As can be seen, silicon
shows 10 to 100 times lower losses compared to gold and silver in optical frequencies. Although
silicon still has small losses in the visible especially at wavelengths shorter than ~500 nm,

semiconductors are completely lossless materials below the bandgap energies (silicon: ~1.12 eV
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at 300 K). Therefore, dielectric nanoantennas have a potential to be low-loss or even lossless

optical antennas.
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Figure 1-14. Optical losses of dielectric versus plasmonic materials. Imaginary parts of refractive
indices of silicon (blue), gold (orange), and silver (vellow) are plotted. The inset is the real (solid)
and imaginary (dashed) parts of the refractive index of silicon in visible. The data of silicon is taken

from ref. [7], while that of gold and silver are from ref. [6].

The Mie resonance from which dielectric nanoantennas are empowered occurs when the
effective light wavelength in the structure becomes comparable to their geometrical cross sections.
The mechanism of the Mie resonance can be explained via Mie theory[90] which is the exact
solution of Maxwell’s equations for a scattering problem by a small particle. Note that the quasi-
static approximation is not appropriate to describe the Mie resonance because even the lowest
order dipole resonance relies on the retardation of light within the particle. From the Mie theory,
the scattering cross section of a small particle under planewave illumination with wavelength A

can be written as

o (1-16)
2 5 )
Coea =77 )@+ D(lanl? + 1ba/)
n=1
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, where k = 2m/A, and a, and b, denote n-th order Mie coefficients.[27] The a, and b,
expresses the amplitude of electric and magnetic multipoles, respectively (e.g., a,: electric dipole,
a,: electric quadrupole, b;: magnetic dipole, b,: magnetic quadrupole, etc.).

The calculated scattering efficiency of a dielectric nanosphere with radius R and
refractive index n, is shown in Figure 1-15a as a function of the size parameter (2R /(4/n)) and
n.[89] It can be seen that the first peak appears around 2R/(A/n) ~1, and multiple peaks follow
it in the larger size parameter range. The peaks become stronger as n gets higher, indicating

important criteria that high refractive index (~2) is required to excite prominent Mie resonances.

Figure 1-15 (a) Scattering efficiency of a lossless dielectric nanosphere. The horizontal and vertical
axes are the size parameter and refractive index, respectively. (b) Field structures of Electric and

magnetic dipole (ed, md) and quadrupole (eq, mq) resonances.[89]

It is convenient to see the field structures for better understanding of the modes (Figure
1-15b). In case of the Mie resonance, the lowest order resonance corresponds to magnetic dipole
(md) mode, while only electric modes dominate optical responses of plasmonic nanospheres. This

mode originates from the circular displacement current of electric field inside the particle and
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occurs due to the field penetration and phase retardation. The second one corresponds to electric

dipole (ed) mode, which has similar characteristics with the dipole plasmon resonance.

1.3.2. Kerker condition

The possession of the magnetic response as a natural mode in simple structures is a key
characteristic of the Mie resonator and making it a particularly fascinating structure. One of the
most important phenomena which is enabled by the optical magnetism is unidirectional scattering.
In 1983, Kerker et. al. suggested that a magneto-dielectric sphere may show unique scattering
behavior at the condition where the values of electric permittivity & and magnetic permeability
1 become equal (¢ = u).[91] At the condition, so-called first Kerker condition, scattering in
backward direction is completely suppressed, and only forward scattering remains. Although such
behavior had not been achieved in optical frequencies, because material in nature do not have the
magnetic response in the frequency range, it has been suggested and demonstrated that the
unidirectional light scattering is possible using the electric and magnetic Mie resonances.[92],
[93]

The mechanism of the Kerker-type unidirectional scattering occurs due to the interference
between the electric and magnetic dipoles in the far-field. Figure 1-16 illustrates the field lines of
the modes. For the electric dipole, the phase of electric field is symmetric in the illumination axis
(the direction of k), whereas that is asymmetric for the magnetic dipole mode. Due to this
scattering parity difference, the scattering is cancelled in backward and enhanced in forward
direction (i.e., zero-backward scattering) when the amplitudes of electric and magnetic dipoles

are equivalent (a; = b;).
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Figure 1-16 Explanation of unidirectional scattering at Kerker condition. The electric field lines

show that the destructive and constructive interference in backward and forward, respectively,

results in the unidirectional scattering. The figure on the right illustrates that the color of the Kerker

particle is different depends on the observation direction.[94]

The spectral scattering response of directionality of the dielectric particle is shown in
Figure 1-17. Figure 1-17a-c is the calculated scattering spectra of a sphere with n = 4. In order
to visualize each contribution of multipoles, the Mie coefficients of electric a; and magnetic by
dipoles are decomposed and in Figure 1-17b. Due to different spectral position, shape, and width,
the a; and b, intersect each other at several points. Given the relative phase of the resonances
against incident field, that is, both of electric and magnetic dipoles are in-phase, the zero-

backward scattering , the first Kerker condition in other words, is achieved in the long-wavelength

(i.e., smaller size parameter) side of the magnetic dipole peak as shown by the dashed line.

a, &b,

Forward / Backward

Figure 1-17 (a) Scattering efficiency of a dielectric sphere with n = 4. (b) Mie coefficients of electric
a, and magnetic by dipoles and (c) Forward/Backward scattering spectra of the sphere.[89] (d)
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Forward and backward scattering and forward-to-backward ratio spectra of a silicon nanosphere

with radius of 75 nm. (e) Far-field scattering patterns at the characteristic wavelengths.[93]

The more realistic calculation is shown in Figure 1-17d,e, which are scattering spectra of
a silicon nanosphere of 75 nm in radius. It is worthy to note that the backward scattering intensity
does not falls into zero in typical experimental setups using a microscope, which is considered in
the calculation, because of certain detection solid angles of objectives. The forward and backward
scattering spectra show clear peaks corresponds to electric and magnetic dipoles. The spectrum
of forward-to-backward (F/B) ratio show the response of directionality, exhibiting peak at the
first Kerker condition at 660 nm. The far-field radiation patterns at the electric and magnetic
dipole resonances and the point of highest and lowest F/B ratios are shown in Figure 1-17¢. We
can see the radiation in backward (-z) direction is suppressed at 660 nm. In contrast to that, the
radiation pattern at 564 nm shows almost-zero-forward scattering. At this condition, the relative
phase of the magnetic dipole is out-of-phase, resulting in suppression of forward scattering, which
is referred to as the second Kerker condition. Due to these different radiation patterns depending
on the wavelength, the dielectric antennas are capable of frequency-selective light routing (see
the right panel of Figure 1-16).

The largest motivation to develop such directional nanoantennas is to utilize them as a
scattering element of planar metasurfaces. The metasurfaces are composed of many small
scatterers which modulate phase or amplitude of reflected or transmitted light; however, their
efficiency cannot exceed 50% if each element scatters light in both forward and backward
direction likewise the dipole radiation pattern. It has been demonstrated that the near-unity

transmission metasurface can be realized by an array of directional silicon nanoantennas.[95]
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1.4.  Controlling light emission with optical nanoantennas

The control of light emission from various emitters near optical nanoantennas is one of
the most important function for them. Here we describe some important functions of antennas

coupled with emitters.

1.4.1. Emission enhancement

The emission enhancement is of great importance of optical antennas. In general the
enhancement can be achieved in three processes. As can be seen in the schematic illustration in
Figure 1-18, an emitter can be considered as a transmitter. When an emitter is placed near an
antenna, the radiation can couple with the modes of the antenna and re-radiated into the far-field.
Through this process, the radiation efficiency (i.e., quantum efficiency) of the emitter is modified,
thus the number of photons emitted can be increased or decreased. By reciprocity, the photons
came from the far-field can couple with the modes of the antenna, resulting in efficient excitation
of the emitter (absorption enhancement). The other mechanism is directionality. When the
radiated light is detected by a receiver, only some portion of the light within a certain solid angle
can be collected because of finite detector dimension. Thus, the number of photons the detector

receives can be increased by directing the radiation in the direction of the detector.
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Figure 1-18 Illustration of modified radiation of a emitter (transmitter) when it is coupled to an

optical antenna.[1]

Therefore, we can express the emission enhancement factor (EF) by the following
equation.[52]

EF:L—E}/‘JE (1-17)

Iy B Mo Veox QE,

, where 1 is the collection efficiency which is related to the directionality, y,, is the excitation
rate, and QF is the quantum efficiency of the emitter near the optical antenna. For all terms, the
sub or superscript 0 denote the values without the antenna. In the following section, these

contributions are explained in detail.

1.4.2. Excitation rate enhancement

As discussed above, the metal nanoparticle induces field enhancement at the surface when
the surface plasmon resonance is excited. Similar field localization occurs near and inside
dielectric nanoparticle at the Mie resonance. If an emitter is placed in the enhanced field, the
emitter feels stronger electric field than in the free space. Intuitively speaking, more photons can

interact with the emitter near the resonator.
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Formally, excitation rate enhancement can be described with the Fermi’s golden rule.

Transition rate y from the initial state |i) to final state |f) can be written as

2 , (1-18)
Yir = 7|(f|E -pli)|*ps

where E is the local electric field, p is the transition dipole moment, and py is the density of
the final state.[96] In this equation, an optical nanoantenna can increase E, increasing the
transition rate from the initial to final state. Given the emitter we utilize in the following chapters,
it is worthy to note that the emitted light intensity I is proportional to |E|?™ for an n-photon

process. Therefore, the excitation rate enhancement can be written as Vo, /¥S, = |E/Eq|*".

1.4.3. Purcell enhancement

As can be seen in (1-18), the transition rate depends on the density of the final state py.
When a cavity (or antenna) exists near the emitter, modes of the cavity can be added to ps as
some of the final states. If the cavity mode is radiative, the energy stored in the cavity can be
radiated as photons, indicating the possibility of emission rate enhancements. Because the
modification of the spontaneous emission rate was theoretically predicted by Purcell, this effect
is referred to as Purcell effect.[97], [98]

A Purcell factor, which is the ratio between the modified (I.,,) and free-space (I})
spontaneous emission rates of a dipole in a closed cavity whose fundamental mode is resonant at
the transition wavelength A4 is given as

Teav _ 3Q4° (1-19)

F = e —
PTT,  4m?V,
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, where Q is the quality factor of the cavity mode, and V; is its volume.[23], [98] Note that

equation (1-19) assumes the dipole which is placed at the center (anti-node) of the cavity and

hence the mode volume independent on the dipole position. In the case of open resonator, the

identification of the mode volume becomes complicated problem, and thus numerical simulation

is usually required.[99]

From equation (1-19), we notice that a cavity with high @ and small V, gives large F,.

In Figure 1-19a, the quality factor and the effective cavity volume of optical cavities are compared.

In spite of the relatively low quality factor, the mode volume of the plasmonic cavity is

significantly small (e.g., on the order of 107 V; can be obtained in gap mode [47]). Therefore,

metal nanoantennas are, in general, advantageous to achieve high Purcell factors. In Figure 1-19b,

the Purcell factor and the effective mode volumes are compared. It can be seen that the gap

geometry results in the high Purcell factor.
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Figure 1-19 (a) Comparison of optical cavities (the quality factor versus effective cavity volume):

from right, whispering gallery sphere, microdisk, photonic crystal, micropillors, and plasmonic

nanoparticle on mirror cavities.[47] The effective cavity volume is scaled by V; = (1/n)3 (b)

Comparison of plasmonic cavities, the Purcell factor versus the effective mode volume).[100]
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Although the Mie resonant cavity is not compared above, the Mie resonant mode tends
to spread out the entire volume, limiting the light localization to the sizes on the order of 1/4.[86]
The mode volume is thus larger than plasmonics; nonetheless, some smart approach still makes
it possible to attain high Purcell factors, for example, by utilizing extraordinarily high-Q mode of
the bound state in the continuum.[86], [101]-[103]

Here we formulate the quantum efficiency enhancement by a nanoantenna in the more

convenient form. The quantum efficiency of a dipole emitter near a nanoantenna is expressed as

0F = Yr X W (1-20)
Yeot X Wi + Wy

where W, and W, are intrinsic radiative and non-radiative decay rates of an emitter,
respectively, and ¥, and y,44 are the enhancement factors of total and radiative decay rates
by the nanoantenna, respectively. Thus, the enhancement of the quantum efficiency can be written

as

QE _¥r X W+ War) _ v X Wr/War +1) (1-21)
QEy  Viot X Wr + Wy Vot X W /Wy + 1

, where QE, = Vl/r/(w/;" + Whp).

1.4.4. Directionality control

The collection efficiency is determined by the relationship between the solid angle of
detection and the radiation pattern of emission. Because the detection solid angle is fixed to
certain value in general experiment, the directionality of the emission determines the emission

enhancement due to collection efficiency.

29



The major approach to achieve directional emission by an optical antenna is to utilize RF
Yagi-Uda antenna design, which is consist of a one-dimensional array of antenna elements
(Figure 1-202).[19] In 2010, Curto et. al. demonstrated that radiation pattern of a quantum dot
can be modified to unidirectional by the coupling with the metallic Yagi-Uda antenna (Figure
1-20b).[18] After the report, controlling directionality of light emission with plasmonic

nanoantennas is extensively studied.[2], [4], [104]
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Figure 1-20 Examples of directional nanoantennas based on Yagi-Uda design.[18], [19], [104]

Go beyond metallic antennas based on RF antenna design, Rolley et. al. reported that a
“single” dielectric nanosphere can work as a directional nanoantenna for an emitter placed near
the surface in 2012.[105] This excellent approach suggests that the footprint of the directional
antenna can be shrunk down to sub-wavelength scale. Another advantage is that the dielectric
antenna is low loss. They mentioned that the directionality occurs due to the coherent excitation
of electric and magnetic dipole Mie resonances. The theoretically explained that by assuming
contributions from only the dipoles. It is important to note that the exact solution for the
directionality including multipoles has not been reported so far. As shown in Figure 1-21, the

directionality can be further improved utilizing an array of the dielectric sphere likewise the Yagi-
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Uda antenna. In case of the Mie-type Yagi-Uda antenna, there is higher degree of freedom for
engineering thanks to the magnetic resonances. The hybrid approach to utilize plasmonic element

as a feeder and dielectric ones is also reported. [106]
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Figure 1-21 Directional emission by (a) a dielectric nanosphere and (b) array of the sphere.[107]

The experimental demonstration of directionality control with the dielectric nanoantenna
was reported by Cihan et al. in 2018.[108] They positioned a silicon nanowire with 100-200 nm
in diameter on a monolayer MoS, and demonstrated directionality enhancement more than 25-
fold by comparing top-to-bottom ratios between with and without the nanowire.

Up to now, no experimental demonstration has been reported for the directional emission
with a spherical Mie resonator. This is important because the nanosphere can be sub-wavelength
in three-dimension, while nanowire requires infinitely long for light in one direction. Additionally,
the directionality of the sphere has not been analyzed with the exact solution of Maxwell’s

equation such as Mie theory. We will deal with these issues in Chapter 7.
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1.5.  Chapter Overview

In this thesis, we develop several types of optical nanoantennas based on surface plasmon

resonances and Mie resonances. General introduction was described above in Chapter 1.

As introduced in section 1.2.2, stand-alone plasmonic nanocomposites where metal

nanoantennas and emitting materials are incorporated are promising platform to improve or
alternate various conventional emitters. In Part I, consisting of Chapter 2 — Chapter 4, we

develop metal nanoantenna structures for such nanocomposites, targeting for photon
upconversion which convert near-infrared photons into visible ones. In order to overcome the
inherent limitation of rare-earth doped upconversion nanomaterials, which is low conversion
efficiencies due to small absorption cross sections and low quantum efficiencies of intra-4f
transition, three metal nanostructures with tailored plasmonic properties are proposed. All metal
nanostructures are developed based on a nanocap, which partially surrounds the upconversion
nanoparticle, so as to be able to deal with the upconversion which exhibit large stokes shift
between the excitation and emission wavelengths.

In Chapter 2, we develop a method to control a coverage of a metal nanocap to extend
the tunable range of its resonance wavelength into near-infrared spectrum for enhancement of the
excitation efficiency of upconversion. In Chapter 3, we introduce anisotropy to the nanocap by
elongating the structure in one direction and show that a resonance of the nanocap can be split
into two resonances. By controlling each of newly emerged resonances separately, it becomes
possible to achieve simultaneous enhancement of emission and excitation processes. In Chapter
4, the metal nanocap is combined with additional metal nanoparticle to confine localized field
within the gap layer where upconversion materials exists. In this system, additional degree of
freedom to control the resonance arises due to the plasmon hybridization. For the above three
approaches, we precisely examine the correlation between plasmonic properties and upconversion

intensities and find the structure which enhance upconversion by a factor over 100.
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In Part II, consisting of Chapter 5 — Chapter 8, we focus on dielectric nanoantennas
empowered by the Mie resonances. Utilizing the multiple resonances, we propose several
applications of the dielectric nanoantenna.

In Chapter 5, we first provide general information on recently developed colloidally
synthesized silicon nanosphere, which is utilized in the following chapters. In Chapter 6, we
develop a measurement setup which is capable of precise directionality measurement of single
nanoantennas. In Chapter 7, we focus on unidirectional optical nanoantennas. As described in
section 1.4.4, directional emission has not been realized with a dielectric sphere. We place a
silicon nanosphere on an ideal emitter, a two-dimensional semiconductor, and show how the
emission can be directed by a single Mie resonator. Theoretical analysis is also given and shows
that the existence of magnetic dipole in addition to electric dipole resonance enables directionality
control with a subwavelength single component. In Chapter 8, we propose one of the most unique
application of the colloidally synthesized nanoantennas: optical metafluids. Thanks to the
unnaturally occurring magnetic response at optical frequencies, we show that macroscopic optical
parameters (e.g., effective refractive index) can be controlled by treating the solution as an

effective medium.

We summarize the results in this thesis in Chapter 9 and present future outlook.
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Part [

Chapter 2
Controlling Surface Plasmon Resonances of Metal Nanocaps for

Upconversion enhancement

Adapted from Tatsuki Hinamoto, et. al., JPCC, 121. 8077-8083 (2017)

The metal nanocap, which is a metal shell partially covering a dielectric core, is promising
plasmonic nanoantennas to enhance photoluminescence by combining luminescent nanomaterials
as the core. The nanocap exhibit multiple surface plasmon resonances called electric and magnetic
dipole modes. Both modes are highly tunable and accompany strongly enhanced electric field
which spreads into the dielectric core, indicating the potential for photoluminescence
enhancement of rare-earth ion doped upconversion nanoparticles. So far, the resonance
wavelengths of the nanocap has been controlled primarily by the ratio of the shell thickness and
core diameter, so-called core/shell ratio; however, it requires to enlarge the structural size to bring
the lowest order resonance into near-infrared wavelengths (e.g., the excitation wavelength of the
upconversion is 980 nm for Er*).

In Chapter 2, we develop a method of nanocap coverage control to tune the resonance
from visible to near-infrared spectra with negligible impact on the nanocomposite’s entire
dimension. In this method, the nanocap is formed by the two-step evaporation of metal over
nanospheres from different angles. The method has been proposed theoretically, but experimental

demonstration has not been reported.
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We fabricate nanocomposite composed of an Er and Yb doped Y.0; (Y.0;:Yb,Er)
nanoparticle and a Au nanocap with the method and study the plasmonic properties by numerical
simulations and optical measurements. We show that the magnetic dipole resonance can be shifted
from around 700 nm to over 900 nm by changing the nanocap coverage. We also demonstrate
that the controllability of the resonance enables to maximize the upconversion intensity of the
nanoparticle inside. The largest enhancement factors of 64 and 101-folds for the green (~560 nm)
and red (~660 nm) emissions, respectively, are achieved by comparing the upconversion intensity

of the composite to that of the nanoparticle without the nanocap.

2.1. Introduction

Rare-earth doped upconversion materials, which convert near infrared photons into
visible or ultraviolet photons, have a potential for applications as security ink[109], a 3D
display[110], [111], a wavelength conversion layer of a solar cell[112], and a fluorescent probe
for bio-imaging[113]-[115] and drug delivery[116]. However, the intensity of upconversion
luminescence is often not high enough for practical applications due to the small excitation cross
section and the low radiative transition rate of the parity forbidden intra-4f shell transitions of
rare-earth ions. Substantial efforts, including the development of new host media and optimization
of assisting dopants, have been devoted to improve the upconversion efficiency.[117], [118]
Another promising approach for the improvement of upconversion efficiency is utilizing surface
plasmon resonance of metal nanostructures.[71], [96], [113], [117], [119]-[124] A variety of
composite nanoparticles (NPs) consisting of upconversion materials and metal nanostructures

have been developed[71], [75], [115], [125]-[127] and the enhancement of the upconversion has
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been demonstrated. The composite NPs reported so far are upconversion NPs with a Ag NP core
(4-fold enhancement) [115], those decorated with Au NPs (4-fold enhancement) [125], Ag NPs
(9 and 14.4 —fold enhancement) '4, and Au nanorods (28-fold enhancement) [82], and those with
a Ag nanocap (48-fold enhancement) [75].

The enhancement factor of upconversion by surface plasmon resonance is the
multiplication of that of the incident electric field (L(wexc)) and that of the quantum efficiency
(Z(wm)), Y = |L(wexe)*" Z(wnu), where n is the number of photons involved in the excitation of the
luminescence and is usually from 1.5 to 3 depending on the upconversion processes.[128], [129]
In order to achieve maximum upconversion enhancement in composite NPs, controlling the
surface plasmon resonance wavelengths to wex and wq, is crucial. Furthermore, spatial overlap
between the hot spots of surface plasmon resonances and an upconversion material should be
maximized to effectively utilize the enhanced electric fields.

As a metal nanostructure to achieve these criteria, we chose a metal nanocap (or semi-
shell) for the formation of composite NPs. In a metal nanocap, in addition to an electric dipole
(ED) mode equivalent to a metal full-shell, a magnetic dipole (MD) mode that emits light in the
direction of the nanocap axis due to oscillating current loop exists. Both the electric and magnetic
dipole modes have strongly enhanced electric fields near a nanocap rim at the resonance
wavelengths and thus can contribute to upconversion enhancement if an upconversion material is
around the rim. Another advantage of a metal nanocap is that the surface plasmon resonance
wavelengths can be controlled in a wide range by the size, thickness and coverage.[130]—[139]

In a previous work, we prepared an upconversion composite NP with a metal nanocap

and studied the optical properties for different nanocap thicknesses.[75] In this work, we develop
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a method to control the surface plasmon resonance wavelengths of a metal nanocap to maximize
the upconversion enhancement. Among several structural parameters determining the resonance
wavelengths, the coverage is practically the most important one because the wavelengths can be
controlled without strongly affecting the size of a NP. We extend the method developed by Yu et
al.[140] for the formation of micro-meter scale nanocaps to sub-100 nm scale to make it usable
for upconversion enhancement of NPs. In this work, we first study the optical response of a
composite NP composed of an upconversion NP and a metal nanocap with different coverages by
numerical simulation to determine the structural parameters for the composite NPs formation. We
then synthesize a composite NP composed of an Yb and Er codoped Y»0; (Y203:Yb,Er) NP and
a Au nanocap and analyze the structure by transmission electron microscope (TEM). Finally, we
study the scattering and upconversion properties of a large number of single composite NPs to
understand the relation between the surface plasmon resonance wavelength and the upconversion

enhancement factor.

2.2.  Computational details

Numerical simulation of the optical properties of a Y>03:Yb,Er NP with a Au nanocap is
performed by the MNPBEM toolbox[141], which is based on the boundary element method.
Calculation model is shown in Figure 2-1. The radius (») of a Y,O3 NP, which is a core of a
composite NP, is 47.5 nm. We distinguish the shape of a nanocap by the opening angle (¢). The
nanocap outline is defined by a sphere with a radius R = » + ¢, where ¢ is the thickness of metal at
the top of a nanocap (30 nm). The center of the sphere is placed #2 above from the center of a

Y03 NP. The edge of the model structure is rounded with ellipse.[142] The refractive indices of
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air (surrounding medium) and Y,0s are set to 1.00 and 1.91, respectively. The refractive index of
Au is obtained from Johnson-Christy.[6] The scattering cross section is obtained by integrating
the pointing vector at the far-field. The scattering spectra of a composite NP under the
illumination by randomly oriented light are obtained by averaging the spectra for six different

conditions of incident wave.
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Figure 2-1. (a) A model structure of a Y>O3:Yb,Er NP with a Au nanocap. (b) Calculated
scattering cross sections as a function of wavelength with different ¢ for a Y>03:Yb,Er NP with a Au
nanocap. (c) Electric field distribution (|E/Ey|) of short wavelength (MD(S): 720 nm) and long

wavelength (MD(L): 824 nm) magnetic dipole modes in y-z and z-x cross sections. ¢ = 120°.
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A nanocap made by a two-step angled vapor deposition method has two-fold rotational
axis symmetry and due to the anisotropy, the degeneracy of the magnetic dipole mode is lifted.
Figure 2-1b shows calculated scattering spectra of a Y>O3:Yb,Er NP with a Au nanocap for
randomly polarized plane waves illuminated from all directions. When ¢ is 180°, a peak appears
at 700 nm, which is assigned to a magnetic dipole mode. This peak is excited when the incident
electric field is perpendicular to the nanocap axis. A weak peak at 600 nm is assigned to the
electric dipole mode excited by the electric field parallel to the nanocap axis. Magnetic quadrupole
modes are overlapped on the electric dipole mode and cannot be distinguished clearly.

For ¢<180°, an asymmetry around the nanocap axis splits the magnetic dipole mode into
a shorter wavelength magnetic dipole (MD(S)) mode and a longer wavelength magnetic dipole
(MD(L)) mode. The scattering spectra for ¢ = 180, 150, 120, 90, and 60° are shown in Figure
2-1b. The longer wavelength mode shifts from 722 nm to 1030 nm, while the shorter wavelength
one to 810 nm, when ¢ decreases from 180° to 60°. Figure 2-1b suggests that the resonance
wavelength of a Au nanocap can be brought to the most efficient excitation wavelength of a
Y203:Yb,Er (975 nm).

In Figure 2-1c, the z-x and y-z cross sections of the electric field distributions of the short
and long wavelength magnetic dipole modes at the resonance wavelengths (720 nm and 824 nm,
respectively) are shown for ¢ = 120°. Apparently, the field enhancement is larger in the long
wavelength mode. The largest field enhancement reaches 28.4-fold at the rim of a nanocap. The
electric field distributions of the long wavelength mode at the resonance wavelengths for different
opening angles are summarized in Table 2-1. The values of the maximum filed enhancements at

the resonance wavelengths and at 975 nm are also shown. The maximum field enhancement at
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975 nm as well as that at the resonance wavelength increase with increasing the coverage.

Therefore, we can expect higher upconversion enhancement for composite NPs with larger

coverage.

Table 2-1. Electric field distribution of long wavelength magnetic dipole mode (MD(L)) at the

resonance wavelengths for different opening angles (@). The maximum electric field enhancement

factors (|E/Eo|ma) at the resonance wavelengths and at 975 nm are also shown.

0] 180° 150° 120° 90°
Aresonance 722 nm 768 nm 824 nm 904 nm
Electric field

distribution in y-z

plane

[ .
0 |E/Eq| 34

|E/Eo|max at Aresonance

25

28

31

|E/Eo|max at 975 nm

2.3.

4.8

Experimental section

4.9

5.9

11.8

Synthesis of upconversion NPs. Y>O03:Yb,Er NPs are synthesized by a homogeneous
precipitation method.[143] 13.2 g of (NH3).CO, 187 mg of Y(NOs);-6H,O, 2.3 mg of
Er(NO3)36H,0, and 2.3 mg of Yb(NO3);-6H,O (Wako Chemicals) are dissolved in 50 mL of
distilled water. After stirring, the solution is heated to 100°C and kept for 1 h. The solution is

filtered with a membrane filter, and the powder remains on the filter is annealed at 850°C for 2 h.
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Au nanocap formation. We fabricate a Au nanocap on an Y,03:Yb,Er NP by a two-step
angular metal evaporation method[140] as schematically shown in Figure 2-2a. Y>03:Yb,Er NPs
are placed on a fused quartz substrate (10 x 15 mm?) by drop-coating the ethanol solution (4
mg/L) following a UV-ozone treatment for 30 minutes at 100°C. After depositing Ti adhesion
layer (0.25 nmx2), Au (15 nm) is deposited on the substrate with the angle 8 from the normal to
the substrate, followed by a second deposition with the angle —0 (15 nm). In an ideal case, the
opening angle becomes @iqal = 180°-20, although the shape of a fabricated NP deviates from the
ideal ones due to migration of evaporated Au on a NP, non-parallel Au beam from a point-like
source, etc. With this method, one can control the opening angle in a wide range very easily.
However, the shape of a nanocap is distributed as will be shown later. In this work, we measure
the optical properties of large number of individual composite NPs and analyze the data by taking
into account the distributions. After the nanocap formation, the composite NPs are transferred to
polydimethylsiloxane (PDMS, SYLGARD-184, Dow Corning) resin.[130]

Structural and optical characterization. The structure of composite NPs is evaluated
by transmission electron microscope (TEM), high angle annular dark-field scanning TEM
(HAADF-STEM), and STEM energy-dispersive spectroscopy (STEM-EDS) by using JEM—
2100F (JEOL) operating at 200 kV. For the TEM observations, composite NPs are dispersed in
ethanol by ultrasonication and the solution is dropped on a carbon-coated copper grid.

Scattering spectra of a single composite NP are measured by inverted microscope as
shown in Figure 2-2b. White light from a halogen lamp is focused onto the sample through a dark-
field objective (NA = 0.9, x100), and the scattered light is collected through the same objective.

Scattered light in the region of 2 um in diameter is selected by a pin-hole, focused onto the
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entrance slit of a spectrometer (iHR320, HORIBA Jobin Yvon) and detected by a liquid N> cooled
charge coupled device (CCD) and InGaAs diode array for visible and near infrared (NIR)
wavelength range, respectively. For the scattering spectrum measurement, second order
diffraction is removed by using a 750 nm long-pass filter. Upconversion spectra are obtained by
the same setup by using a 975 nm semiconductor laser for excitation. The excitation power was

12.9 kW/cm? at the sample point.

(a)

L% »
PDIVIS

= g@-;-;- 7
O o
Pigea=180" —28

Figure 2-2. (a) Fabrication procedure of a Y203:Yb,Er NP with a Au nanocap. Au is deposited twice
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with the deposition angle of 0 and —0. In an ideal case, the opening angle (@idea) becomes Qigear =

180°-26. (b) Scattering measurement geometry of single composite NPs. A composite NP is

illuminated from the opposite side of a nanocap.

2.4. Results and discussion

Structural analyses of composite NPs. Figure 2-3a shows TEM images of Y>0;:Yb,Er
NPs. The average diameter obtained from the TEM image is 95 nm with the standard deviation
of 16.9 nm. Figure 2-3b shows typical scattering and upconversion spectra excited at 975 nm of
a single Y,0s3:Yb,Er NP placed on a fused quartz substrate. The scattering intensity increases

monotonously to shorter wavelength due to the Mie scattering.[27] The NP exhibits green (560
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nm) and red (660 nm) upconversion due to the transitions from the 4S3/2 and 4F9/2 states,
respectively, to the 4115/2 ground state of Er3+ ions.

Figure 2-3c¢ shows TEM images of composite NPs prepared with 8 =0, 15, 30, and 37.5°.
The dark region is a Au nanocap and the light one is a Y203:Yb,Er NP. Although the shape of
Au nanocaps is different from NP to NP, we can see that the coverage of a nanocap is controlled
by 0; the opening angle decreases with increasing 6 as expected. However, the opening angle
deviates from the pideal = 180°-20 relation above 8 = 30°, and the difference of the opening angle
between 6= 30° and 37.5° is small. In the case of a Y203:Yb,Er NP 95 nm in diameter, 6 = 37.5°
is almost the largest deposition angle for the formation of a nanocap. Above this angle, a Au film
on a NP and that on a substrate partially adhere, which makes transfer of composite NPs to PDMS
resin very difficult and decreases the yield. Further increase of 0 is possible in a larger NP. For
example, 0 = 45° is possible for a Y203:Yb,Er NP 139 nm in diameter. As will be shown later,
with larger 0 in larger NPs, the surface plasmon resonance wavelengths can be controlled in a
wider range. However, in this work, we focus on sub-100 nm NPs to demonstrate that the present
process is applicable to small NPs and show the data of larger NPs only for the demonstration of
the resonance wavelength tunablity.

Figure 2-3d shows a high-angle annular dark-field (HAADF) scanning TEM image of a
composite NP fabricated with 6 = 37.5°. The formation of a nanocap can clearly be seen. The
HAADF image allows us to estimate the thickness of a Au nanocap at the top and it is in this case
43 nm. In Figure 2-3e, the energy-dispersive X-ray spectroscopy (EDS) mapping of the same
composite NP is shown. The image also confirms the formation of a composite NP with a Au

nanocap.
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Figure 2-3. (a) TEM image of Y203:Yb,Er NPs. (b) Scattering (blue) and upconversion spectra of
Y>03:Yb,Er NPs excited at 975 nm (red). (c) TEM images of a Y>03:Yb,Er NP with a Au nanocap
prepared with different deposition angle 0. (d) HAADF STEM image and (e) EDS mapping image of
a Y>03:Yb,Er NP with a Au nanocap (0 = 37.5°).

Scattering and upconversion properties of single composite NPs. Figure 2-4a shows
normalized scattering spectra of single composite NPs with the 6 from 0° to 45°. Since there are
distributions in the spectral shape and peak wavelength as will be shown later, we pick up a typical
spectrum for each 0 to discuss the evolution of the spectral shape with 8. The average diameter of
Y203:Yb,Er NPs is 95 nm for the composite NPs with the 0 from 0° to 37.5° and it is 139 nm for
6 =45°. In 6 = 0°, the scattering spectrum consists of two peaks. The spectral shape is similar to
that obtained by the numerical simulation in Figure 2-1b. The long wavelength peak can thus be
assigned to the magnetic dipole mode, while the weak short wavelength one to the electric dipole
mode. The electric dipole mode is very weak and hardly observed when 6>0°. The magnetic
dipole mode shifts to longer wavelength with increasing 0, being consistent with the numerical

simulation. On the other hand, splitting of the mode predicted by the simulation is not observed.
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This may be due to smaller splitting of the mode arising from smaller structural anisotropy in
fabricated nanocaps than that of the model structure

In Figure 2-4b, the wavelengths of the scattering peaks are plotted for 60 single composite
NPs with different 6. The data of NPs with different 0 are plotted by different colors. In composite
NPs with 8 = 0°, if both the electric and magnetic dipole modes are observed, the wavelengths of
both modes are plotted by circles. If only one scattering peak is observed, the wavelength is
plotted by squares. Although the data are largely scattered, we can see that the scattering peak
shifts to longer wavelength with increasing 6 for 6<30° and then saturates. This is consistent with
the TEM observations that the opening angle ¢ reaches minimum at 6 = 30°. In Figure 2-4c, the
scattering peak wavelength is shown by the box chart[144] as a function of 0. In composite NPs
with 6 = 0°, the wavelength of the magnetic dipole mode is considered. In the graph, resonance
wavelength obtained from the numerical simulation in Figure 2-1b is also shown by converting
the opening angle ¢ in the simulation to 6 by assuming 6 = (180°—¢) /2. We can see overall

agreement between experiments and calculations.
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Figure 2-4. (a) Scattering spectra of single composite NPs. 6 is changed from 0 to 45 °. Average
diameter of NPs is 95 nm for 0<0< 37.5° (solid curve) and 139 nm for 6 = 45° (broken curve). (b)
Peak wavelengths of 60 single composite NPs. The data of composite NPs with different 0 is plotted
by different colors. Composite NPs with one (square) and two (circle) peaks are distinguished by the
shape of the symbols. (c) Box chart of the resonance wavelength as a function of 6. Resonance

wavelength obtained from numerical simulation is also shown under the assumption that 6 = (180°-

®) /2.

We measure upconversion spectra of single composite NPs by the same setup as that for
the scattering measurements. The excitation wavelength is 975 nm. Figure 2-5a shows
upconversion spectra of single Y>03:Yb,Er NPs without (black) and with (red) a Au nanocap (0
= 30°). The spectral shape is not strongly affected by the nanocap formation, except for the
intensity ratio of the red to green luminescence. Figure 2-5b and ¢ shows the peak intensities of
the green and red luminescence, respectively, for 49 single composite NPs prepared with different
0. The intensities of Y203:Yb,Er NPs without a Au nanocap are shown by a gray horizontal band.

In almost all composite NPs, the intensity increases by the formation of a nanocap. Furthermore,
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although the data are largely scattered, we can see the 8 dependence of the intensity. The intensity
is the largest when 6 = 30° and 37.5°; it is at maximum 63 and 101-fold enhanced for green and
red emissions respectively, compared to the average intensity of single Y»0s3:Yb,Er NPs without
a Au nanocap. Figure 2-5d shows the intensity ratio of the red to green emission. Without a Au
nanocap, the ratio is 0.93+0.098 (gray horizontal band). The ratio increases by the formation of a
nanocap. What is interesting in Figure 2-5d is that the ratio distributed in much wider range in
composite NPs than in NPs without a Au nanocap. For example, when 6 = 15°, it is distributed
from 1.7 to 4.7. The very large distribution of the ratio indicates that a small variation of a nanocap

structure strongly affects the emission process of Er**.

@ 100 — . T ) . — —
-"E' (a) w/ Au nanocap E 100 g 5 _(d) Red/Green|
3 (6-30°) | 3 o :

g 8o 1€ z

© ) B~ 4t i

— ~ c c |

2 60} 2 10p 28 .11

‘© ‘@ ] £ =

c = c O

o o i ST

= w/o g 1 |1 1 o LT

'g 20F észg)anocap ‘» ®. wio Au nanocap % 7k jE—
o o { 1y g w/o AU nanocap
£ - g L w15 gb . .
3 500 600 700 800§ 0 15 30 450 15 30 45 0 15 30 45
- Wavelength (nm) o Sample number Sample number

Figure 2-5. (a) Upconversion spectra of single Y>03:Yb,Er NPs without (black) and with (red) a Au
nanocap (8 = 30°). The former spectrum is multiplied by 20. (b) Green and (c) red upconversion
intensities and (d) the intensity ratio of the red to green emissions of 49 single composite NPs. The
data of composite NPs with different 0 is plotted by different colors. The gray bands in (b), (c) and
(d) are the date obtained for single Y>O3.:Yb,Er NPs without a Au nanocap. The width of the gray

bands represents the maximum and minimum of the distributions of the data.

In order to investigate the relation between the upconversion enhancement and the surface
plasmon resonance wavelength of a Au nanocap, we plot the intensities of green and red emissions

as a function of the peak wavelengths of the scattering spectra in Figure 2-6a and b, respectively.

47



Note that the ordinate is the logarithmic scale. In composite NPs with 6 = 0°, the wavelength of
the magnetic dipole mode is considered. In Figure 2-6a and b, we can see that the upconversion
intensity depends on the resonance wavelength. It increases with increasing the wavelength and
saturates around 800 nm except for a few exceptions that have very small enhancement factors
despite very long resonance wavelengths. Figure 6¢ shows the intensity ratio of the red to green
emission as a function of the resonance wavelength. The ratio is distributed in a wide range
when the resonance is in a shorter wavelength range. The distribution is reduced with increasing

the resonance wavelength and the value approaches to that of Y»0s3:Yb,Er NPs without a Au

nanocap.
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Figure 2-6. Upconversion intensities of (a) green and (b) red emissions and (c) the ratio of red to

green emissions of single Y>03:Yb,Er NPs with a Au nanocap as a function of the resonance
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wavelength (scattering peak wavelength). Composite NPs prepared with different 6 are shown with
different colors and symbols. The gray horizontal bands are the date obtained for single Y>O3:Yb,Er
NPs without a Au nanocap. The width of the gray bands represents the maximum and minimum of
the distributions of the data. The excitation wavelength of upconversion (975 nm) is shown by a red
vertical line. The green and red upconversion bands are shown by green and red vertical bands,

respectively.

In general, fluorescence enhancement by plasmonic nanostructures occurs via two
processes.[96] If the resonance wavelength is close to the excitation wavelength (wexc), the
effective excitation cross section is enhanced, while, if the resonance is close to the emission
wavelength (wn), the radiative decay rate is enhanced. In Figure 2-6a and b, the upconversion
intensities increase significantly as the resonance wavelength leaves the emission wavelengths
and approaches the excitation wavelength. This indicates that excitation cross-section
enhancement plays a major role in the upconversion enhancement of the present composite NPs.

In the present system, the excitation process involves energy transfer from Yb*" to Er**.
Lu et al.[145] studied the effect of surface plasmon resonances on the absorption and energy
transfer processes of NaYF4:Er,Yb NPs and found that both the absorption and energy transfer
processes are influenced in a weak excitation regime, while the energy transfer process is not
strongly affected in a strong excitation regime. Our excitation power range is above the strong
excitation regime of their work. Therefore, in this work, we expect that the energy transfer is not
strongly affected by the surface plasmon resonances and that the enhancement of the absorption
process is the main cause of the excitation cross-section enhancement.

In the numerical simulation in Table 1, the enhancement factor of the electric field at 975
nm increases monotonously till the resonance wavelength reaches 904 nm. This is in contradiction

with the data in Figure 2-6, where the upconversion enhancement saturates around 800 nm. One
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of the possible reasons for the enhancement saturation is the saturation of the emission states as
well as the intermediate states due to the strong incident field enhancement. In a weak excitation
condition, where an intermediate excited state is not saturated, the number of photons involved in
the excitation process () is 1.5-2.0 in green and red upconversion of Er*”. In the excitation range
exceeding the saturation threshold of an intermediate state, n approaches one. Further increase in
the excitation power results in the saturation of the emission states and the upconversion intensity.
In general, n is obtained from the slope of the excitation power dependence of the upconversion
intensity. Unfortunately, it was not possible to measure the excitation power dependence of a
single composite NP in a wide range and to obtain reliable value of n. Therefore, we estimated
the value of n for an ensemble of Y,0s3:Yb,Er NPs without a Au nanocap. The obtained values
are 1.06 and 0.88 for green and red emissions, respectively, at the present excitation condition
(12.9 kW/cm?). These values indicate that the intermediate states are saturated even in NPs
without a Au nanocap. Therefore, in composite NPs with a Au nanocap, it is possible that the
incident field is enhanced to the regime of the saturation of the emission states when the resonance
wavelength is around 800 nm. In this strong excitation regime, further increase of the incident
field by bringing the resonance wavelength near the excitation wavelength is not very beneficial
for the upconversion enhancement. On the other hand, at reduced excitation power, continuous
increase of the upconversion intensity until the resonance wavelength reaches 975 nm is expected.
However, due to small upconversion intensities of single composite NPs, it was not possible to
obtain systematic data in a low excitation power range.

Although the contribution of radiative decay rate enhancement is considered to be

relatively small in the present composite NPs, the effects appear as strong enhancement of the
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red/green intensity ratio and its large variation. The observed large variation of the ratio suggests
that emission process is strongly affected by small variation of a Au nanocap structure, and
resultant small change of the field distribution. In Figure 2-6¢, as the resonance wavelength moves
from the emission wavelength to the excitation wavelength, the variation of the red/green intensity
ratio is reduced. This can be explained by the decreased contribution of the emission rate
enhancement to the observed upconversion enhancement. In general, the effect of the emission
rate enhancement appears as a shortening of the luminescence lifetime[96]. However,

upconversion from a single composite NP is too weak to measure the decay dynamics.

2.5.  Conclusion

Upconversion composite NPs composed of a Y>03:Yb,Er NP and a Au nanocap with

different coverages were developed and the structural and optical properties were studied. The

formation of a composite NP and the successful control of the coverage were confirmed by TEM

observations. The surface plasmon resonance wavelength obtained from scattering spectra of

single composite NPs reveal that it can be controlled from around 700 nm to over 900 nm. A clear

correlation was observed between the upconversion intensity and the surface plasmon resonance

wavelength. The upconversion intensity increases significantly as the resonance wavelength

increases from around 700 nm to 800 nm, and above 800 nm, it almost saturates. The largest

upconversion enhancement factors for green and red emissions reach 64 and 101, respectively.

Therefore, the opening-angle-controlled metal nanocap is a very promising material for an
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upconversion enhancement. The next step will be the development of a process to produce the

structure with more controllable manner.
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Chapter 3
Introduction of Anisotropy to Metal Nanocaps and Its Application

for Upconversion Enhancement

Adapted from Tatsuki Hinamoto, et. al., JPCC, 123. 25809-25815 (2019)

A stand-alone plasmonic nanocomposite into which a metal nanostructure and an
emitting material are integrated is a promising building block for optoelectronics and bio-
photonics devices. One of the fundamental challenges for such nanocomposites is limited
controllability of the surface plasmon resonance due to low degree of freedom in structure
design. In the case of metal nanocap, the structural parameters to control the plasmonic
properties are the constituent material, core/shell ratio and coverage as shown in Chapter 3.

In Chapter 3, we introduce anisotropy to the metal nanocap by elongating the structure.
The elongated nanocap has more flexibility to engineer plasmonic properties than conventional
one because additional structural parameter (i.e., aspect ratio) arises. We show that the elongation
of the nanocap results in splitting of the magnetic dipole resonance, and the resonance
wavelengths can be controlled in a wide wavelength range by the aspect ratio. As an application
of the elongated nanocap, we demonstrate strong enhancement of the near-infrared to visible
upconversion of an Er’*" and Yb*" doped B-NaYFs nanorod by tuning the resonance wavelength

of an elongated Au nanocap placed on it to the excitation wavelength.

3.1. Introduction
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Plasmonic nanostructures control electromagnetic field at the nanoscale and engineer the
radiation property, i.e., the radiation pattern, the quantum efficiency, and the excitation rate, of a
coupled emitter such as a molecule, an ion and a quantum dot.[8], [11], [18], [39], [146]—[149]
Among various kinds of plasmonic nanostructures, a stand-alone plasmonic nanocomposite, into
which a metal nanostructure and an emitting material are integrated, has been attracting attention
in different fields because it can be a functional building block in optoelectronics and
biophotonics devices. A large variety of metal nanostructures have been employed for the
formation of stand-alone plasmonic nanocomposites. They are nanoparticles[61]-[64],
nanorods[65]-[69], nanoshells[70], [71], nanomatryoshkas[72], core-shell nanorods[73], [74],
nanocaps[75]-[77], core-cap couples[150], nanoparticle dimers[36], [78], metal-insulator-metal
sandwichs[79], nanoparticle clusters[80], [81], and nanorod clusters[82].

Prerequisite properties of metal nanostructures used in plasmonic nanocomposites are the
existence of multiple resonances for the enhancement of both the excitation and emission
processes of a coupled emitter, wide tunability of the resonance wavelengths, accessibility of an
emitter to the hot spots, capability of the radiation pattern control, etc. A metal nanocap is one of
the metal nanostructures having these properties. It possesses the magnetic dipole mode arising
from circulating current along the cap surface in addition to the electric dipole mode; the
resonance wavelengths can be controlled by the structural parameters.[130], [134], [135], [151],
[152] Furthermore, it has a unique focusing property for the radiation of a coupled emitter.[76],
[771, [150] The resonance wavelength of the magnetic dipole mode depends on the length of the

current path. Therefore, introduction of anisotropy in the nanocap structure results in the splitting
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of the magnetic dipole mode, which further increases the flexibility of the radiation control
property.

In this thesis, we propose a metal nanocap being elongated to the direction perpendicular
to the nanocap axis (elongated nanocap) as a novel platform for a plasmonic nanocomposite. First,
through full-wave numerical simulation, we examine the spectral response of the elongated
nanocap with various aspect ratios. We show that elongation of a nanocap to one direction lifts
the degeneracy of the magnetic dipole mode and that the resonance wavelengths can be controlled
in a wide wavelength range by the aspect ratio. We then develop a process for the fabrication of
a nanocomposite composed of an Er*" and Yb*" doped hexagonal-phase NaYF; (B-NaYFs)
nanorod and an elongated nanocap made of Au. We demonstrate by single particle scattering
measurements in combination with transmission electron microscope (TEM) observations that
the surface plasmon resonance wavelengths can be controlled in a wide wavelength range as
predicted by numerical simulations. Finally, we demonstrate strong enhancement of the near-
infrared to visible upconversion of an Er** and Yb*" doped B-NaYFs nanorod by tuning the

resonance wavelength of a Au nanocap placed on it to the excitation wavelength.

3.2.  Computational analysis

We performed the computational analysis of an elongated nanocap using a boundary
element method (BEM).[141], [153] The structure composed of an elongated Au nanocap and a
B-NaYF4 nanorod was modeled with a freely available modeling software Gmsh[154]. Figure

3-1a and b shows the simulation model of a f-NaYF4 nanorod with an elongated nanocap. A -
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NaYF4 nanorod has a hexagonal cross-section; the dimension of the nanorod is defined by the
length (long axis: L) and the diameter of the incircle (short axis: S). A nanocap covers the upper
half of the nanorod. The outer surface of the nanocap is inscribed to an ellipse: the half-lengths
of the major and minor axes are 7'+ S/2 — $°/8 and 7/4 + §°/2, respectively, where 7T and S~ are
the thickness of the nanocap and the diameter of the circumcircle of the nanorod’s hexagonal
cross section, respectively. The edge of the nanocap is rounded. The dielectric function of Au is
taken from a literature[6], while a constant value of 1.475% is used for B-NaYFs. All simulations

were performed in vacuum.

(s) sixe uoys

Long axis (L)

Figure 3-1. Simulation model of an elongated nanocap formed on a f-NaYF 4 dielectric nanorod. (a)
front and (b) side view of the structure. The structure is defined by structural parameters: the length
of the long axis (L) of the nanorod, the diameters of the incircle (S) and circumcircle (S’) of the

hexagonal cross section of the nanorod, and the thickness of the nanocap (7).

Figure 3-2a and b show the extinction spectra of elongated nanocaps with the aspect ratios
(S/L) of 1 and 4, respectively, and Figure 3-2¢ shows the color plot of extinction spectra as a
function of wavelength and long axis length (i.e., aspect ratio). The short axis length and the
nanocap thickness are set to 50 nm and 20 nm, respectively, while the long axis length is changed

from 50 nm to 200 nm. The spectra are obtained by averaging the spectra of 6 different
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illumination geometries, that is, the direction of propagation and polarization (k, E) are (k,, Ey)
(1-1), (ks, Ex) (1-2), (ky, E,) (2-1), (ky, Ex) (2-2), (k, Ey) (3-1), and (ky, E,) (3-2). When the aspect
ratio is 1 (Figure 3-2a), the extinction spectrum is dominated by almost one resonance, which can
be assigned to a magnetic dipole (MD) mode (transverse mode) arising from a current loop in the
nanocap.[76], [130], [134], [135], [150]-[152] The small splitting of the peak arises from the
small anisotropy of the nanocap model even when the aspect ratio is 1 (see the illustration in the
inset). A small peak at 554 nm is an electric dipole (ED) mode (axial mode). When the aspect
ratio is 4, the splitting of the MD mode becomes large, and the long wavelength peak reaches
around 1020 nm (Figure 3-2b). Figure 3-2c shows the color plot of extinction spectra as a function
of wavelength and long axis length. The short axis length is fixed. We can see the increase of the
splitting of the MD mode with increasing the aspect ratio. Hereafter, we denote the MD modes at
short and long wavelengths as MD (S) and MD (L), respectively, because they arise from current
loops along the long and short axes, respectively. The wavelength of the MD (S) mode is almost
independent of the aspect ratio, while that of the MD (L) mode depends strongly on the ratio.

To gain more insight into the LSPR modes in elongated nanocaps, we show the extinction
spectra in different excitation geometries in Figure 3-2d-i. The geometries are shown in the inset
of each figure. The MD (L) mode is excited when the electric field of the excitation light is
polarized along the long axis (Figure 3-2d and h), while the MD (S) mode is excited when the
polarization is along to the short axis (1-2 and 2-2 geometries in Figure 3-2e and g). In 2-1 and 3-
2 geometries (Figure 3-2f and 1), the polarization is perpendicular to both the long and short axes.

In these geometries, the ED mode (axial mode) is excited around 550 nm.[76], [130], [134], [135],
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[150]-[152] The ED mode is almost independent of the aspect ratio and is much weaker than the

MD modes. Therefore, the contribution of the ED mode is very limited in Figure 3-2a and b.

(d) 1-1 illumination

R (a) aspect ratio = 1

MD

Long axis (nm)

600 800 1000

Wavelength (nm)
(f) 2-1 illumination

=]

o

Extinction cross section g, (x10* nm?)

Long axis (nm)

200

600
Wavelength (nm)

800 1000 1200 600 800 1000

Wavelength (nm)

Gy (x10% N?) (h) 3-1 illumination

11
8

6
200

400 800 1000 1200
Wavslength (nm)

100

-

@

S
~

N

Long axis (nm)

o

600 800 1000

Wavelength (nm)

Oy (x10% NM?) 0, (x10°* nm?)

(e) 1-2 illumination

Long axis (nm)

oM A O~ ©

800 1000
Wavelength (nm)

(g) 2-2 illumination

1200 600 1200

Oy (x10% NM?) o, (x10* n?)

Long axis (n

O = Ww A~ G~

0.
1200 600 800 1000 1200

Wavelength {(nm)
(i) 3-2 illumination

e (x10° nm?) Oy (x10% Nm?)

32

Long axis (nm)

0.
1200

1200 600

800 1000
Wavelength (nm)

Figure 3-2. Simulated extinction spectra of elongated nanocap in free space. The short axis length is

50 nm and the nanocap thickness is 20 nm. The long axis

length is changed from 50 nm to 200 nm.

(a—b) Extinction spectra of nanocaps with the aspect ratios of 1 (long axis = 50 nm) (a) and 4 (long

axis = 200 nm) (b). (c) Color plot of extinction spectra as

a function of wavelength and long axis

length (i.e., aspect ratio). In (a-c), the spectra are obtained by averaging the spectra of 6 different

illumination geometries shown in the insets of (d—i). (d—i)

Color plots of extinction spectra as a

function of wavelength and long axis length (i.e., aspect ratio) for different illumination geometries;

(d) I-1, (e) 1-2, () 2-1, (g) 2-2, (h) 3-1, and (i) 3-2. Insets are schematic drawings of the

illumination geometries.

Based on the information obtained from Figu

maximize upconversion of an Er** and Yb*" doped B-N.

re 3-2, we deduce optimized structure to

aYF4 nanorod. In the system, Er*" absorbs

980 nm photons with a help of Yb*" ions and emits green (560 nm) and red (660 nm) photons via

multi-step excitation processes. Therefore, large upcon

version enhancement is expected if LSPR

resonances of a nanocap are brought to these wavelengths. Figure 3-3a shows the extinction

spectrum of a structure satisfying the condition; the lengths of short and long axes of a f-NaYF4
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nanorod are 46 nm and 186 nm (aspect ratio=4), respectively, and the thickness of a Au nanocap
is 20 nm. The MD (L) mode is tuned to the excitation wavelength and the MD (S) mode is tuned
to the red emission.

In order to quantitatively evaluate the upconversion enhancement, we first calculate the
electric field distribution (|E/Ey|). Figure 3-3b and c show electric field distributions at 660 and
980 nm in the planes shown in the inset. In both cases, the electric fields are strongly enhanced in
the whole volume of the B-NaYF, nanorod. The enhancement factors at the center of the nanorods
are 7.8 and 5.8 for MD (S) and MD (L) modes, respectively.

We then calculate the antenna efficiency (n.), which is defined by the ratio of the

enhancement factor of the radiative decay rate (y ) to that of the total decay rate (y,,,,;,)-[1],

radiative
[149], [155] Figure 3-3d shows the antenna efficiency spectrum obtained by averaging the
calculated antenna efficiencies for point dipoles along x, y and z directions placed at the center
of the nanorod. Similar to the extinction spectra, the antenna efficiency spectrum is dominated by
two peaks, corresponding to the MD (S) and MD (L) modes. The antenna efficiency is around
30% at the red emission wavelength. This value is much larger than the quantum efficiency of

Er** and Yb*" doped B-NaYF, generally reported (typically ~1%)[156], [157]. Therefore, we can

expect roughly 10-fold enhancement of the quantum efficiency by the Purcell effect.
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Figure 3-3. (a) Calculated extinction spectrum (averaged spectra of 6 different illumination
geometries in Figure 3-2), (b,c) electric field distributions at 660 nm (b) and 980 nm (c), and (d)
antenna efficiency of an Er’" and Yb>" doped p-NaYF 4 nanorod with a Au nanocap. The short axis
length, the long axis length, and the nanocap thickness are 46 nm, 186 nm, and 20 nm, respectively.
The structure is optimized to bring the MD (L) mode to the excitation wavelength (980 nm) and the
MD (S) mode to the red emission wavelength (660 nm). The antenna efficiency is obtained by
averaging the calculated antenna efficiencies for point dipoles along x, y and z directions placed at

the center of the nanorod.

3.3.  Experimental method

Figure 3-4 shows the fabrication procedure of an Er*" and Yb*" doped B-NaYFs (B-
NaYF4:Er/Yb) nanorod with an elongated Au nanocap. First, B-NaYF4:Er/Yb nanorods with the
aspect ratio of 1 to 4 were synthesized by a hydrothermal method.[110], [158] Synthesized
nanorods were placed on a glass slide by drop-casting the diluted suspension. Following the
deposition of a titanium (Ti) adhesion layer (1 nm in thickness), Au (20 or 30 nm in thickness)
was deposited on top of the nanorods by thermal evaporation with the deposition rate of 0.1 nm/s.
The nanorods were isolated from the glass slide by ultrasonication in ethanol, and the solution
was concentrated by centrifugation. Finally, the solution was dropped on a carbon-coated TEM
mesh for TEM observations (JEM—2100F (JEOL), JED-2300T (JEOL) and H-7000 (Hitachi)).
In TEM images, together with single nanorods with the structure similar to the model structure in
Figure 3-1 and 2, dimers, trimers, agglomerates, nanorods with an Au nanocap on the side surface,
etc. were observed. We recorded the positions of single isolated nanorods with the structure
similar to the model structure in a TEM mesh for the optical measurements. With this procedure,

one-to-one correspondence of a TEM image and optical spectra becomes possible.

60



The TEM mesh was then transferred to a custom-built inverted optical microscope
(Nikon) for the optical spectroscopy. For the measurement of scattering spectrum, a sample was
epi-illuminated by a halogen lamp through a bright and dark field objective (100x/0.9 NA, LU
Plan Fluor, Nikon) in dark-field geometry. In a scattering image, an individual nanorod, the
position of which was recorded in advance by TEM observations, was selected by a pin-hole (200
um in diameter) placed at the confocal plane of the microscope, and the image was sent to the
entrance slit of a monochromator (iHR320, Horiba Jobin Yvon) equipped with a liquid-nitrogen-
cooled charge coupled device (CCD) and an InGaAs diode array (Symphony, Horiba Jobin Yvon).
The 200 pm pin-hole corresponds to 2 pm in the image plane. Following the measurement of the
scattering spectrum, the upconversion spectrum of the same nanorod was measured by the same
setup. For the upconversion measurement, the sample was epi-illuminated coaxially through the

same objective by 975 nm light (1.1 kW/cm?) from a semiconductor laser.
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Figure 3-4. Schematic illustration of the fabrication procedure of the p-NaYF4 nanorod with Au

»

nanocap.

3.4.  Experimental results and discussion
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Figure 3-5a-d show TEM images of synthesized -NaYF4:Er/Yb nanorods with different
aspect ratios; the typical dimensions estimated from TEM images are 100 x 150 nm (aspect ratio
1.5), 100 x 200 nm (aspect ratio 2), 75 x 230 nm (aspect ratio 3), and 50 x 200 nm (aspect ratio
4), respectively. Figure 3-5e-h are the TEM image, the HAADF-STEM image, the EDS mapping
image (Au and F), and the schematic illustration, respectively, of a f-NaYF4:Er/Yb nanorod (105
x 177 nm) on which a Au nanocap (30 nm in thickness) is formed. The dark region in the TEM
image is a Au nanocap and the bright region is a B-NaYF4 nanorod. From the HAADF image, we
can see that the nanocap covers the upper part of the nanorod. The surface of the Au nanocap is
very smooth. TEM images of other samples with different aspect ratios are shown in Figure 3-5i

and k together with the schematic illustrations (Figure 3-5j and 1, respectively).

Figure 3-5. (a-d) TEM images of f-NaYF 4. Ev/Yb nanorods with different aspect ratios. The
dimensions estimated from TEM images are 100 x 150 nm (aspect ratio 1.5) (a), 100 % 200 nm
(aspect ratio 2) (b), 75 x 230 nm (aspect ratio 3) (c) and 50 x 200 nm (aspect ratio 4) (d). (e-g)
TEM image (e), HAADF-STEM image (f), EDS mapping image (Au and F) (g), and schematic
illustration (h) of a f-NaYF 4:Ev/Yb nanorod (105 % 177 nm) with a Au nanocap (30 nm in
thickness). (i, j) TEM image and schematic illustration of a p-NaYF4:Er/Yb nanorod (100 x 220 nm)
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with a Au nanocap (20 nm in thickness). (k, ) TEM image and schematic illustration of a [5-
NaYF4:Ev/Yb nanorod (95 x 300 nm) with a Au nanocap (20 nm in thickness).

Figure 3-6a shows the scattering spectrum of the nanorod in Figure 3-5k (aspect ratio ~3).
It has two peaks at 697 nm and 979 nm. The spectral feature is very similar to the calculated
extinction cross section spectra in Figure 3-1 and 2, although the intensity ratio is different. As
mentioned above, for the scattering measurements, a high numerical aperture objective is used.
In this setup, all resonance modes including ED, MD (S) and MD (L) can be excited regardless
of the orientation of nanorods. However, the intensity ratio depends on the nanorod orientation
and it is not controlled in this work. Therefore, we do not discuss the spectral shape and focus
only on the peak wavelengths. In some nanorods, we observed only one peak. This is either due
to the overlap of two peaks because of the small separation or due to very small intensity of one
of the peaks. In the former case, the peak can be separated by a polarization-resolved scattering
measurement.

We measured the scattering spectra for many isolated nanorods. The peak wavelengths
obtained from the spectra are plotted in Figure 3-6b-d. In these graphs, the abscissa is the
wavelength, and the ordinate is the length of the long axis. The length of the short axis is 100, 75
and 50 nm for Figure 3-6b, ¢ and d, respectively. The nanocap thickness is 30 nm in Figure 3-6b,
and is 20 nm in Figure 3-6¢ and d. If we observe two peaks clearly in a spectrum, the short
wavelength one is plotted with a blue triangle, while the long wavelength one is plotted with a
black triangle. If only one peak is observed, it is plotted with a green square symbol. In the figures,
scattering cross sections obtained by simulations are also shown by color gradients. We can see

relatively good agreement between the wavelengths of scattering peaks and scattering cross
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sections. The agreement indicates that the observed scattering peaks are MD (S) and MD (L)
modes of Au nanocaps. The small difference between experiments and calculations may arise

from structural imperfection of synthesized nanorods such as the variation of nanocap shape.
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Figure 3-6. (a) Scattering spectrum of a f-NaYF 4:Ev/Yb nanorod (95 x 300 nm) with an Au
nanocap (20 nm in thickness). Insets are the TEM image and the illustration. (b-d) Color maps of
calculated scattering cross section as a function of wavelength (abscissa) and long axis length
(ordinate). The short axis length is (b) 100 nm, (c) 75 nm and (d) 50 nm. The Au nanocap thickness

is (b) 30 nm and (c, d) 20 nm. On the graphs, peaks in measured scattering spectra are shown by
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symbols. In the case of spectra with two peaks, the short wavelength one is plotted with a blue
triangle, while the long wavelength one is plotted with a black triangle. In the case of spectra with

one peak, it is plotted with a green square symbol.

Figure 3-7a shows an upconversion spectrum of the nanorod in Figure 3-5k (aspect ratio
~3) (red). An upconversion spectrum of a B-NaYF4 nanorod without a Au nanocap is also shown
as a reference (black). The nanorod without a Au nanocap is prepared by exactly the same
procedure as that with a Au nanocap, i.e., a Au nanocap is accidentally removed from it during
the ultrasonication process. Therefore, both nanorods experienced the same thermal history. This
is very important to compare the upconversion intensity and extract the effect of an Au nanocap
because upconversion efficiency of a B-NaYF4:Er/Yb nanorod is very sensitive to the thermal
history. The green (~550 nm) and red (~660 nm) emission bands correspond to the *Ss» and *Fop,
respectively, to s, transition in the 4f state of Er** ions. We can see strong enhancement of the
upconversion intensity by the formation of the nanocap.

In Figure 3-7b, the intensities of the green and red emissions of B-NaYF4:Er/Yb nanorods
with Au nanocaps divided by those of a B-NaYF4:Er/Yb nanorod without a Au nanocap (the
sample in the inset of Figure 3-7a) are plotted as a function of the wavelength of the scattering
peak. In the case of a nanorod with multiple scattering peaks, the longest wavelength one is
adopted. Note that, within the present work, it is not possible to quantitatively estimate the
enhancement factor because the reference B-NaYF4:Er/Yb nanorod without an Au nanocap is
chosen randomly. Therefore, the ordinate of Figure 3-7b is arbitrary units. We can see clear
correlation between the resonance wavelength and the enhancement factor; it increases rapidly as
the resonance wavelength approaches the excitation wavelength of upconversion (980 nm). The

clear correlation indicates that the observed upconversion enhancement is predominantly due to
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the coupling with the plasmonic modes of elongated Au nanocaps, although a small fraction of
the observed trend (at most factor of 6) is due to nanorod length (volume) increase from left to
right in Figure 3-7b.

In general, Au nanocap affects the excitation process, energy transfer process, relaxation
process and emission process of upconversion of a B-NaYF4:Er/Yb nanorod.[20], [145], [159]
The strong increase of the upconversion intensity as the resonance wavelength approaches the
excitation wavelength indicates that the enhancements of the excitation field and/or the energy
transfer rate are the dominant factor for the upconversion enhancement. Although it is not easy to
experimentally distinguish these mechanisms, given the relatively weak excitation intensity (1.1
kW/cm?), the former would be dominant. Concerning the emission process, we estimated by
numerical simulations that the antenna efficiency of a nanocap is ~30%, which is larger than the
quantum yield of Er** and Yb*" doped B-NaYF, generally reported (~1%).[156], [157] Therefore,
the Purcell enhancement may also contribute to the upconversion enhancement. Further studies
especially the decay rate measurements of single nanorods are necessary for the quantitative

discussion of the Purcell enhancement.[145]

w : . ‘ .

= . ‘(E ;

< 25} (a) with nanocap E 150 (b) @

g = I T

8 20} w o @ Green °

P = @ Red

g 15} Emo-

£ T = 3

s 10} without nanocap] © o

‘w | @ 50+

s g \ L g ¢

i Q

g g ° 3

g = 8 ‘ .

> 200 600 800 1000 1200 700 800 900 1000
Wavelength (nm) Resonance wavelength (nm)
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nanocap is shown as a reference (black). Insets are the TEM images and the illustrations. (b) Green
and red upconversion enhancement factor as a function of the resonance wavelength of the nanocap.

In the case of a nanorod with multiple scattering peaks, the longest wavelength one is adopted.

3.5. Conclusion

We proposed an elongated metal nanocap as a component of a stand-alone plasmonic
nanocomposite. We first showed by numerical simulation that two MD modes exist in an
elongated metal nanocap and the resonance wavelengths can be controlled in a wide range. We
then fabricated B-NaYF4:Er/Yb nanorods with Au nanocaps and performed the comprehensive
structural characterizations. The scattering spectra of individual nanocomposites revealed that the
designed structure can be successfully produced and the resonance wavelength can be controlled
in a wide range. Finally, we studied upconversion of f-NaYF4:Er/Yb nanorods with Au nanocaps
and found that tuning the resonance wavelength of the Au nanocap to the excitation wavelength
results in the significant enhancement. To the best of our knowledge, this is the first report for the
fabrication of an elongated metal nanocap and the study of the plasmonic property. Because of
the high degree of freedom to tune the resonance wavelengths, this structure can be used for the
enhancement of a variety of optical phenomena such as Raman scattering, second/third harmonic

generations, etc.
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Chapter 4
Engineering Resonances of Metal-Core/Dielectric-Shell/Metal-

Cap Composites by Plasmon Hybridization

Adapted from Tatsuki Hinamoto, et. al., JPCC, 122, 174650-17472 (2018)

When a plasmonic nanostructure is combined with another one, the elementary surface
plasmon resonances split into two new resonances at different frequencies due to the interaction
between the resonators. Such plasmonic response can be described by “plasmon hybridization
picture” in analogy with molecular orbital theory. Because the splitting energy can be sensitively
tuned via coupling strength of the system, the distance between resonators for example, the
plasmon hybridization is an effective route to design novel plasmonic nanostructures with tailored
plasmonic properties.

In Chapter 4, we design a novel plasmonic nanocomposites consisting of metal core,
dielectric shell, and metal nanocap based on the plasmon hybridization picture. In this system, the
hybridization of the localized surface plasmon modes of the core and the cap results in the
emergence of novel bonding and antibonding modes. The latter mode has wide tunability in the
resonance wavelength and strong field confinement at the position of the dielectric shell. These
features indicate that the proposed nanocomposite is an excellent candidate for upconversion
nanocomposites. We thus develop the nanocomposites with Er** and Yb*" doped upconversion
shell as the dielectric shell and demonstrate upconversion enhancement in the structure. The

comparison of the upconversion intensity between the metal-core/dielectric-shell structure and
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the metal-core/dielectric-shell/metal-cap structure revealed that the cap formation increases the

intensity several fold.

4.1. Introduction

Photon upconversion, which converts low-energy photons into a high-energy photon, has
applications in a variety of fields including fluorescent probes for bio-imaging[ 114], wavelength
conversion layers in solar cells[112], [160], full-color 3D displays[161] and security
inks[109].[113], [122], [162], [163] Among several upconversion systems, those utilizing long-
lived intermediate states of rare-earth ions have superior properties such as high chemical stability
and sharp emission bands.[162], [164] However, the upconversion fluorescence intensity is
usually not high enough for practical applications due to the small excitation cross section of
parity forbidden intra-4f transitions of rare-earth ions and due to the low quantum efficiency
(<1%[165]).[123], [166]

One of the promising approaches to overcome these problems is engineering an
electromagnetic environment around an upconversion material utilizing a localized surface
plasmon resonance (LSPR) of a metal nanostructure [96], [119], [121], [123], [166]-[169]. Many
groups have successfully enhanced upconversion of rare-earth doped nanomaterials by formation
of nanocomposites composed of metal nanostructures and upconversion nanomaterials; for
example, a metal core with an upconversion shell[62], [115], a metal nanorod decorated with
upconversion nanoparticles[67], an upconversion nanoparticle with a metal nanoshell[71] or

metal nanocap[75]-[77], [120], an upconversion nanoparticle decorated with metal
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nanoparticles[126] or nanorods[82], etc. The highest enhancement factor reaches 101-fold for an
upconversion nanoparticle with a metal nanocap[76].

In general, the upconversion enhancement factor is expressed as

Y = |L(@exd) " Z (wem)

, where L(weyc) is an enhancement factor of an incident electric field at the excitation
wavelength, Z(wep,) is that of a quantum efficiency at the emission wavelength, and » is the
number of photons involved in the excitation, which is typically from 1.5 to 2.0 in upconversion.
[128] Therefore, a metal nanostructure should have a largely enhanced electric field at the
excitation wavelength and high antenna efficiency at the emission wavelength. Simultaneously
satisfying these conditions is not straightforward in simple metal nanostructures such as a metal
nanoparticle and a metal nanorod, and thus development of a structure with higher freedom of
design capable of controlling the resonance wavelengths and the electric field distributions is
necessary to maximize the upconversion enhancement.

In this thesis, we propose a composite nanoparticle composed of a metal core, an
upconversion shell and a metal cap as a candidate of an upconversion nanocomposite that has
large freedom of design capable of tuning the LSPR wavelengths. Given the theoretical research
of similar structures like perforated gold/silica/gold multilayer nanoshells[170] and gold
core/gold semishell[171], the metal core/upconversion shell/metal nanocap (CSCap)
nanocomposite is expected to possess highly tunable and multiple resonances due to the
plasmonic hybridization of a metal core and a cap[83]. The structure may also confine an incident
electric field in an upconversion shell between the metal core and the metal cap. In this thesis, we

first perform comprehensive numerical simulation of a CSCap nanocomposite to reveal the
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optical responses, i.e., the scattering spectra, the electric field distributions, the antenna
efficiencies, and the radiation patterns. We then fabricate CSCap nanocomposites composed of
an Au nanoparticle core, an Er*" and Yb*" co-doped yttrium silicate shell, and an Ag cap by a
process, which combines liquid phase syntheses and vapor deposition. We analyze the structure
in detail by scanning transmission electron microscopy. We show that the scattering spectra of
single CSCap nanocomposites agree well with those of the numerical simulation. We also show
that the upconversion intensity of CSCap nanocomposites is several fold larger than that of metal-

core/dielectric-shell (CS) nanocomposites even in a non-optimized structure.

4.72. Numerical simulation

The optical responses of a CSCap structure are calculated using the MNPBEM toolbox,
which is based on the boundary element method (BEM).[141] Figure 4-la shows a model
structure consisting of an Au core, an yttrium silicate shell (as an upconversion layer) and an Ag
cap. The boundary elements were refined so that they become finer near the rim of the cap by a
modeling software (Gmsh[154]). Empirical dielectric functions were employed for Au and Ag,[6]
and the refractive indices of air (surrounding medium) and yttrium silicate were set to 1.0 and

1.8[172], respectively.
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Figure 4-1. (a) Model structure for BEM simulation of a CSCap structure. (b) Scattering spectra of
an Au core/yttrium silicate shell (CS) structure (left), an Au core/yttrium silicate shell/Ag cap
(CSCap) structure (middle), and a yttrium silicate core/Ag cap (CCap) structure (vight). The charge
distributions of the resonance modes are schematically shown. (c-f) Electric field distributions at
resonance wavelengths; CS at 566 nm (c), CCap at 738 nm (d), and CSCap at 542 nm (e) and 975
nm (f). (g) Normalized radiative (black) and non-radiative (red) decay rates (solid lines) and an
antenna efficiency (dashed line) of a CSCap structure as a function of wavelength. (h) Polar plot of
the far-field radiated power of a CSCap structure. The dipole is placed at the center of the
upconversion layer along the x-axis as shown in the inset of (g). (i) Scattering spectra of CSCap

structures with different cap coverages.

Figure 4-1b (middle) shows a calculated scattering spectrum of a CSCap structure
illuminated by a plane wave polarized along the y-axis and propagating in the z-direction. The
core radius (7) and the thicknesses of the shell (#;) and the nanocap (#,) are set to 32, 15.5 and 16.4

nm, respectively. The coverage (0 in Figure 4-1a) of the nanocap is set to 180°. As references,
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scattering spectra of an Au core/yttrium silicate shell (CS) structure (left) and an yttrium silicate
core/Ag cap (CCap) structure (right) are shown. The CS structure exhibits the LSPR of an Au
nanosphere at 566 nm, while the CCap exhibits the LSPR at 738 nm. The latter mode is assigned
to the magnetic (transverse) dipole mode driven by the current loop in the nanocap.[130], [131],
[134], [135], [152] The LSPR resonance of CSCap can be explained by the hybridization of the
two LSPRs [83]. The hybridization results in the splitting of the LSPRs into bonding (542 nm)
and antibonding (975 nm) modes (Figure 4-1b (middle)). The wavelength of the bonding mode is
close to that of the LSPR of the CS structure, while that of the antibonding mode shifts to a very
long wavelength.

In Figure 4-1c-f, the electric field distributions of the three structures in Figure 4-1b at
the LSPR wavelengths designated in the figures are shown. For the CS structure (Figure 4-1c),
the electric field enhancement is small (at most 4.4-fold). On the other hand, it reaches 54-fold
for the CCap structure (Figure 4-1d). However, the field enhancement of the CCap structure is
predominantly outside of the dielectric nanoparticle and thus the contribution of the enhanced
field to the upconversion enhancement of the dielectric nanoparticle is limited. In contrast to this,
the field enhancement of the antibonding mode in the CSCap structure is predominantly in the
region of the upconversion shell (Figure 4-1f), and the maximum enhancement factor reaches 57-
fold. To quantitatively compare the electric field enhancement factor of these structures, we
average the enhancement factor of the electric field (|E/Ey|av.) over the dielectric materials in the
y-z plane. The average enhancement factor is 2.1, 12.5, 1.9, and 18.4 for the CS, CCap CSCap

(bonding mode), and CSCap (antibonding mode) structures, respectively.
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Figure 4-1g shows the radiative and non-radiative decay rates normalized to a radiative
decay rate in free-space for a point dipole oriented along the x-axis at the center of the
upconversion shell. The inset shows the point where the dipole is placed. In the spectrum of the
non-radiative decay rate, two peaks corresponding to the bonding and antibonding modes appear
at 534 and 975 nm, respectively. In Figure 4-1g, the antenna efficiency, which is defined by the
ratio of the enhancement factor of a radiative rate to that of the total decay rate, is also shown.
The antenna efficiency at the upconversion emission wavelengths of Er** (~550 and 660 nm) is
around 1-2%. Although this value is small, given a small quantum efficiency of upconversion
nanoparticles around 100 nm in diameter (~0.1%[157]), the CSCap can improve the quantum
efficiency of the upconversion.

Figure 4-1h shows an emission pattern of the bonding mode (A=535 nm) in the x-z plane
for the point dipole placed at the same position. The pattern shows that the CSCap structure can
direct the upconversion emission in the z-direction as reported for a nanocrescent antenna
recently.[77] The power radiated in the direction of the nanocap is 1.9-fold larger than that in the
opposite direction.

As will be shown later, the ideal nanocap structure in Figure 4-1a is hard to produce in
practical materials. Especially, the cap coverage often tends to be smaller than 180°. Therefore,
we calculated the scattering spectra of CSCap structures with different cap coverages (0) (Figure
4-11). The change of the coverage does not strongly affect the LSPR wavelength of the bonding
mode (marked with ¥'). On the other hand, that of the antibonding mode (marked with e) is very
sensitive to the coverage; it can be controlled from 705 to 975 nm by changing the coverage from

90 to 180°.
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4.3.  Experimental method

Figure 4-2a shows the fabrication process of a CSCap structure. First, Au colloidal
nanoparticles of 64 nm in diameter were produced by a seeded growth synthesis strategy[173]
(Figure 4-2a, step 1). Au nanoparticles were coated with citric acid and then a SiO, shell was
formed by the Stober method[174] (Figure 4-2a, step 2). On the surface of the SiO»-coated Au
nanoparticles, an Er** and Yb** doped yttrium silicate shell was formed to make a CS structure
by the homogeneous precipitation method[143] (Figure 4-2a, step 3). After these liquid phase
processes, the CS particles were annealed at 700°C for 3 hours. Following the redispersion of the
CS particles in water, they were placed on a quartz substrate by dropping the diluted suspension.
The concentration of the solution was adjusted so that the average particle density became about
0.03 particles/um? for optical measurements, i.e., a single particle spectroscopy. By depositing
Ag (20 nm in thickness) on the substrate, an Ag nanocap was formed (Figure 4-2a, step 4). Finally,
CSCap particles were transferred from the quartz substrate to a polydimethylsiloxane (PDMS,
SYLBGARD-184) film as schematically shown in Figure 4-2b.[130] An advantage of this
procedure is that the orientation of CSCap particles are well-defined. On the other hand, the
relatively complicated procedure makes the yield of isolated CSCap particles being a subject of

single particle spectroscopy small.
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Figure 4-2. Schematic illustrations of (a) the fabrication procedure of a CSCap structure, (b) the
process to transfer CSCap particles from quartz to PDMS, and (c) the geometry of the dark-field

scattering spectroscopy by epi-illumination.

The structure of CSCap particles was evaluated by a transmission electron microscope
(TEM), high angle annular dark-field scanning TEM (HAADF-STEM), and STEM energy-
dispersive X-ray spectroscopy (STEM-EDS) (JEOL JEM-2100F (200 kV)).

The experimental setups for the measurements of the scattering and upconversion spectra
of individual particles are shown. Briefly, the scattering spectra of individual CSCap particles
were measured by a custom-built inverted microscope connected to a spectrometer (iHR320,
Horiba Jovin Yvon) equipped with a liquid N> cooled charge coupled device (CCD) and an
InGaAs diode array. For the measurement of scattering spectra, white light from a halogen lamp
was illuminated through a dark-field objective (100x, NA=0.9) and the scattered light was sent to
the spectrometer via the same objective (Figure 4-2c). The upconversion spectra were measured

by the same setup. The excitation source was a 975 nm (90 mW) semiconductor laser.

4.4. Results and discussion
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In Figure 4-3a-d, TEM images of particles at the fabrications steps in Figure 4-2a are
shown. Figure 4-3a shows a TEM image of Au nanoparticles. The average diameter obtained
from the TEM images is 64.1+£6.5 nm. Formation of Au nanoparticles is also confirmed by the
absorption spectrum with the LSPR peak at 538 nm. Figure 4-3b shows a TEM image after the
formation of a SiO; shell. The formation of the shell increases the average diameter to 100.7+13.0
nm. Shell formation is also confirmed by the shift of the LSPR absorption peak from 538 nm to
541 nm. Figure 4-3¢ shows the TEM image after the formation of an Er*" and Yb*" co-doped
yttrium silicate shell and annealing at 700°C for 3 hours in air (CS particle). The diameter shrank
to 94.9+£7.1 nm due to the condensation of the SiO»/yttrium silicate shell by annealing. Figure
4-3e and f show an HAADF-STEM image and STEM-EDS profiles, respectively, of a CS particle.
Figure 4-3f indicates that the core is made of Au and the shell is composed of Y, O and Si. Note
that the high Si content in the core region is an artifact due to the overlap of the EDS signal of a
small satellite of a Au M line on that of a Si Ka line (1.74 keV).[175] The thickness of the yttrium
silicate shell (dark gray shell in Figure 4-3c) is 10.0+£1.8 nm. The electron diffraction pattern
indicates that the shell is amorphous. Figure 4-3d shows a TEM image of a CSCap particle. An
Ag nanocap (dark gray region on the top of the image) is placed on top of a CS nanoparticle. The
HAADF image and the EDS mapping image of the same particle in Figure 4-3g and h,
respectively, confirm successful formation of the CSCap structure. The coverage (6) of nanocaps
estimated from the TEM image in Figure 4-3d is around 100°. The coverage may be increased if
a two-step angled deposition method is applied, although it makes the shape of a nanocap

complicated.[76], [137]
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Figure 4-3. (a-d) TEM images of nanocomposites at each fabrication step. (a) Au colloidal
nanoparticles. (b) SiOs-coated Au nanoparticles. (c) Au nanoparticles with SiO: shell and Er** and
Yb’* co-doped yttrium silicate shell (CS). (d) Au core/Er’" and Yb®* co-doped yttrium silicate
shell/Ag shell (CSCap) composite nanoparticles. (e¢) HAADF-STEM image of a CS particle and (f)
the STEM-EDS profile (Au, Si, Y and O) along the dashed line in (e). (g) HAADF-STEM image and

(h) EDS mapping image of a CSCap nanoparticle.

Figure 4-4a shows typical scattering spectra of a single CS nanoparticle and a single
CSCap nanoparticle. The CS nanoparticle has a scattering peak due to the LSPR of an Au
nanoparticle around 560 nm. The peak wavelengths obtained for 50 single CS nanoparticles are
shown in Figure 4-4b (black circles). The average peak wavelength is 562 nm, and the variation
is very small. The peak wavelength is in good agreement with that of a numerical simulation in

Figure 4-4c.
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Figure 4-4. (a) Scattering spectra of a single CS nanoparticle (black) and a single CSCap
nanoparticle (red). (b) Peak wavelengths of 50 single CS (black) and 24 single CSCap nanoparticles
(red). Resonance wavelength of the anti-bonding mode obtained from the data in Figure 1i is also
shown as a function of a nanocap coverage (blue, right y-axis). The vertical dashed lines correspond
to the average resonance wavelengths. (c) Calculated scattering spectra of a CS particle and a
CSCap particle with the coverage of 100°. (d) Scattering intensities of 50 single CS particles and 24
single CSCap particles.

The scattering spectrum of a CSCap nanoparticle is significantly different from that of a

CS nanoparticle. The peak shifts to longer wavelength and is broadened. Furthermore, an
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additional small peak appears around 737 nm. These peaks can be assigned to the bonging and
anti-bonding modes of a CSCap particle discussed before. The variations of the peak wavelengths
of 24 individual particles are shown in Figure 4-4b (red circles and red diamonds). As discussed
above, the resonance wavelength of the anti-bonding mode depends strongly on the nanocap
coverage. In Figure 4-4b, the calculated resonance wavelength of the anti-bonding mode is shown
as a function of the coverage (blue line). The blue line and the red vertical line intersects around
100°. This value is consistent with the TEM images in Figure 4-3d. Figure 4-4c shows the
calculated scattering spectrum of a CSCap particle with the Ag coverage of 100° for randomly
polarized plane wave illumination. The calculated spectrum agrees very well with the
experimental one.

In Figure 4-4d, the scattering peak intensities of single composite nanoparticles are
plotted. We can see that the scattering intensity of CSCap nanoparticles are ~0.3-fold of that of
CS nanoparticles. This seems to be in contradict with the calculated ~1.5-fold enhancement of the
scattering intensity. The observed small scattering intensity of the CSCap nanoparticles is
considered to be due to the directional scattering as discussed in Figure 4-1h. A CSCap scatters
light preferentially to the direction of the cap, which is opposite to the detection direction in this
work (Figure 4-2c¢).

Considering upconversion enhancement of Er** and Yb** co-doped yttrium silicate in the
shell of a CSCap nanoparticle, the optimum resonance wavelength of the anti-bonding mode is
around 975 nm. However, in the CSCap structure produced in this work, the resonance
wavelength is around 735 nm, and thus we do not expect the enhancement of the excitation

efficiency. On the other hand, we can expect the enhancement of the quantum yield because the
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scattering peaks are overlapped with the green and red emission bands of Er**. Figure 4-5a shows
a typical upconversion photoluminescence (PL) spectrum of a single CS particle when it is excited
at 975 nm. We can see green (~550 nm) and red (~660 nm) emission corresponding to the
transitions from *S;, and *Fop, states to the ground *I;s» state of Er**, respectively. A scattering

spectrum of the same particle is shown. The LSPR overlaps with the green emission.
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Figure 4-5. Upconversion PL and scattering spectra of (a) a CS nanoparticle and (b) a CSCap
nanoparticle. Scatter plots of (c) upconversion PL peak intensities and (d) the intensity ratio of the
red to green emissions obtained for 50 CS and 24 CSCap particles. Horizontal dashed lines are the
average values. PL intensity of (e) green and (f) red upconversion emissions as a function of

scattering intensity at the emission wavelengths of single CSCap nanoparticles.
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In Figure 4-5b, an upconversion PL spectrum of a single CSCap particle is shown together
with the scattering spectrum. In addition to the intensity, the intensity ratio of the red to green
emission is changed from that of a CS particle. To evaluate the upconversion enhancement factor
quantitatively, the emission intensity obtained for 50 CS particles and 24 CSCap particles are
shown in Figure 4-5c. The horizontal dashed lines are the average intensities. Although the
intensities are scattered in a wide range, those of CSCap particles are as a whole larger than those
of CS particles. The average intensity increases by a factor of 3.5 and 6.0 for the green and red
emissions, respectively. Since the red emission is more strongly enhanced than the green one, the
red to green intensity ratio is also modified as shown in Figure 4-5d. As mentioned above, a
CSCap particle emits photons preferentially to the direction of the nanocap, which is opposite to
the direction of our PL detection setup. Therefore, larger enhancement factor is expected if the
emission is collected from the nanocap side. In Figure 4-5¢ and f, the intensity of the green and
red emissions, respectively, are plotted as a function of the scattering intensity at the emission
wavelengths. Although the data are scattered in a wide range, we can see clear correlation between
the PL intensity and the scattering intensity. This is an evidence that the observed upconversion
enhancement is due to that of the antenna efficiency. The observed larger enhancement of the red
emission than the green emission by the formation of a nanocap can be explained by the larger
Purcell enhancement in the red region caused by the red shift of the LSPR resonance of the
bonding mode and the emergence of the anti-bonding mode at the longer wavelength side (Figure
4-4a). The results are consistent with the experimental results. The effect of heating on the

red/green ratio[ 159] is considered to be negligibly small because nanocap formation does not
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strongly affect the absorption cross section at the excitation wavelength (975 nm) when the

coverage is 100° (Figure 4-4c) .

4.5. Conclusion

We have studied a composite nanoparticle composed of a metal core, an upconversion
shell and a silver nanocap as a novel upconversion composite nanoparticle. Numerical simulation
revealed that hybridization of the core and cap surface plasmon modes results in the emergence
of the bonding and anti-bonding modes, and that the resonance wavelength of the anti-bonding
mode is controlled in a wide wavelength range by a nanocap coverage. Furthermore, in the anti-
bonding mode, the electric field is effectively confined in an upconversion shell. For the
fabrication of the composite nanoparticle, we developed a process that combines liquid phase
synthesis and vapor deposition processes. We confirmed the formation of the composite
nanoparticles by STEM and STEM-EDS. The scattering spectra of single composite nanoparticles
agreed very well with the numerical simulation. The comparison of the upconversion intensity
between the metal-core/dielectric-shell structure and the metal-core/dielectric-shell/metal-cap

structure revealed that the cap formation increases the intensity several fold.
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Part II

Chapter 5
Structural and optical properties of a colloidal solution of silicon

nanospheres

5.1. Introduction

Dielectric nanoantennas made of high-refractive-index dielectrics are drawing much
attention in the nanophotonics field due to the electric and magnetic Mie resonances which show
high scattering efficiency with low-loss.[9], [86], [182]-[188], [88], [89], [176]-[181] As was
discussed above, materials which have high-refractive-index in combination with small
absorption coefficient are required to realize the Mie resonances. Given this requirement, silicon
or gallium phosphide nanostructures are best candidates for visible operation.[188], [189]

Since the pioneer works in 2012[190], [191], which reported strong magnetic response
of a silicon nanosphere in the visible and infrared ranges, the silicon nanosphere are one of the
most commonly utilized materials in this field. One of the advantages of the nanosphere is that
its optical responses can be analytically calculated by the Mie theory. Several techniques have
been reported so far for the fabrication of silicon nanospheres (100—200 nm in diameter) which
are resonant in the visible, for example, laser ablation of a silicon wafer[190], [191],
decomposition of trisilane in supercritical n-hexane[192], thermal annealing of silicon
suboxide,[193], [194] grinding of silicon lump[195], etc.[188] Among them, the thermal

annealing of silicon suboxide is the only approach which can obtain a colloidal solution of high
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sphericity, crystallinity, size purity, and dispersity silicon nanospheres. [193], [194] The
development of such a high-quality silicon nanosphere colloid opened a new avenue toward
scalable fabrication of nanophotonic devices including metasurfaces, application for color inks,
facile integration with fragile materials, syntheses of novel structures using liquid phase chemical
processes, and realization of metafluids.

In Chapter 5, we briefly summarize the fabrication process and structural and optical
properties of the colloidally synthesized silicon nanosphere developed in our group. Additionally,
conventional measurement technique of such small scatterers is explained. The data in this chapter
are partly adopted form a publication [4: H. Sugimoto, T. Hinamoto, and M. Fujii, Adv. Opt. Mat.,

7,2900591 (2019)] in the publication list.

5.2.  Fabrication, optical measurement, and simulation methods

Fabrication of colloidal silicon nanospheres. The formation of silicon nanosphere is
accomplished by the disproportionation of silicon-rich silicon oxide into silicon nanoparticles and
a silicon dioxide matrix in high-temperature above the melting point of silicon (1414°C). [193]
The procedure is schematically shown in Figure 5-1. First, silicon, silicon dioxide, boron trioxide,
and phosphorus pentaoxide were co-sputtered on a thin stainless-steel plate to obtain a
borophosphosilicate (BPSG) film with 10-20 um in thickness. The film was then annealed at
1500°C for 30 minutes to grow silicon nanospheres in the matrix. The nanospheres were extracted
from the matrix by etching in hydrofluoric acid (46 wt%) for one hour and transferred into
solvents such as methanol or ethanol. The nanospheres were finally dispersed with the help of

ultrasonication. Note that the boron (B) and phosphorus (P) were doped for better colloidal
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stability by electrostatic repulsion induced in a negatively charged heavily-B and P doped layer

on the nanosphere surface.

EAIRY Copos] BPSG containing Si spheres dispersed
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Figure 5-1. Fabrication procedure of the colloidal solution of silicon nanospheres.[193]

The procedure provides the nanosphere with pretty good crystallinity as discussed later,
while it engages time consuming sputter-deposition process. For better scalability, commercially
available silicon monoxide powder can substitute for the BPSG film.[194]

Finally, the obtained solution was drop-cast on a silica substrate or a home-made thin
silica membrane supported by a copper TEM mesh grid. The optically thin (8 nm in thickness)
silica membrane enables us to characterize optical responses without undesired effects induced
by the substrate. It also makes it possible to carry out precise comparison between optical and
structural properties at a single particle level by tracking the same particle in optical microscopy
and TEM observation.

The nanosphere fabricated in this method has inevitable size distribution (typical
coefficient of variation C.V.: ~40%), but it convenient to measure size dependent optical
properties as shown later. For applications which require small size distribution, a density gradient
centrifugation method can be applied to obtain monodispersed nanospheres (C.V. < 6%).[194]

Optical measurements. To characterize optical properties of single nanoantennas, an

optical microscope coupled with a spectrometer is utilized. The scattering spectrum can be
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measured in a dark-field mode. In this configuration, the specular reflection by a substrate does
not come into the collection angle, enabling detection of photons purely scattered the nanoantenna.

The schematic illustration of the conventional measurement setup with an inverted
microscope is shown in Figure 5-2. In order to evaluate directional scattering behavior of the
single silicon nanosphere, we measured the forward and backward scattering spectra in different
illumination configurations. For forward scattering measurement, the white light from a halogen
lamp was illuminated via dark-field condenser (N.A. = 0.8-0.95) sitting on the top, and the
scattered light was collected using a 50x objective from the bottom (Figure 5-2a). For the
backward one, both illumination and collection was done via the objective (Figure 5-2b). The
collected light was relayed to and focus at the entrance slit of a monochromator equipped with a

charge-coupled device (CCD).

(a) Forward (b) Backward
DF condenser
Incident angle
62.5
Detection Q Detection Q . i:'.lé.::.?:.'r.‘[-[ angle
angle g angle i ‘ S
/ -------------- = S ‘\‘ \\\ . : ‘Qrb
" - §
I k.| ‘1705 of

Objective NA=0.8 Objective NA=0.8

Figure 5-2. (a,b) Conventional setup for a dark-field spectrum measurement of a single nanoantenna
using a microscope. [196] (c) Detection angles (cones) corresponding to forward (red) and

backward (black) scattering measurements.

It is important to note that in both configuration the light scattered within the certain angle
determined by the numerical aperture (N.A.) of the objective is integrated and detected as the
scattering intensity. Besides, some portion of the forward and backward angular range overlaps

each other. In Figure 5-2c¢, the detection angles 6g¢¢ against the illumination direction (ki) is
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shown, under the assumption that the illumination angles are the same in both cases and is 62.5°
(i.e., average of N.A. 0.8-0.95). Therefore, the angular ranges of detection are from 9.5° to 115.5°
for the forward and 64.5° to 170.5° for the backward.

FDTD Simulation. In this chapter, the optical responses of a single silicon nanospheres
was calculated using the finite-difference time-domain (FDTD) method (Lumerical Inc.). As
mentioned above, the dark-field measurement only collects light purely scattered by the
nanoantenna. This setup can be reproduced by a total-field scattered-field (TFSF) method in the
simulation. It utilizes the relationship Eiot = Esca + Einc between total (Eyqy), scattered (Egca),
and incident (Ej,) fields, and only the scattered field exist outside the TFSF boundaries. A TFSF
source from which plane-wave is launched was placed so as it surrounds the nanosphere. The
scattered light was collected by a box monitor in the scattered field region (i.e., outside the TFSF
boundaries). The entire simulation region was surrounded by the perfect matched layer boundary.
This is the typical simulation setup for single nanoantennas. Scattering cross sections can be
simulated by integrating the all the scattered power, followed by normalization by the incident
power.

In order to reproduce the measured scattering spectra, the scattered power has to be
integrated over the solid angle defined by the numerical aperture of the objective, following near-

to-far-field-transformation (NFFT). The scattered power P,.; can be obtained by

1 N.A. €
Psca = Eﬂ Re ["\/#:ngfca(r, 0, ¢)|2 r2sin @ dod¢ (5-1)

, where Eff (r,0,¢) is the scattered field after the NFFT in the spherical coordinate system

defined by the position vector 1, radial angle 8, and azimuthal angle ¢. In the Lumerical FDTD
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solutions, convenient scripts such as farfield3dintegrate can carry out the NFFT and
following integration. Finally, by averaging the scattered power calculated for s- and p-

polarization, the simulated spectrum was obtained.

5.3.  Structural and optical characterization

A TEM image of the fabricated silicon nanospheres is shown in Figure 5-3a. The image shows
that the synthesized particles are highly spherical and are not forming agglomerates. In the high-
resolution TEM image shown in Figure 5-3b, the lattice fringes correspond to the {111} plane of
crystalline silicon are seen clearly, indicating the high crystallinity of this material. Note that no
thick oxide layers are observed at the surface. From these observations, our silicon nanosphere
with highly spherical surface and high crystallinity is expected to work as an ideal spherical Mie

resonator.

Figure 5-3. (a) TEM and (b) high-resolution TEM images of the fabricated silicon

nanospheres.[193]

The forward and backward scattering spectrum of a single silicon nanosphere on the thin
silica membrane is shown in Figure 5-4a. The TEM image in the inset is that of the measured
nanosphere, and the diameter is ~143 nm. In both forward and backward spectra, prominent peaks

appear around 480 and 580 nm, which correspond to electric and magnetic Mie resonances. The
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ratio of forward and backward scattering (blue dashed line) reaches ~4 around 650 nm at which
the first Kerker condition is satisfied. The simulated spectra for a nanosphere of 143 nm in
diameter are shown in Figure 5-4b. The measured and simulated spectra show almost perfect
qualitative and quantitative agreement each other. This proves the quality of the nanosphere,
because the simulation is performed for an ideal geometry, that is, perfectly spherical particle
with the refractive index of bulk single crystalline silicon.[7] The small deviation such as broader
peaks may originate from the slightly higher losses due to imperfection in the crystallinity or the

doping of B and P.
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Figure 5-4. (a) Measured and (b) simulated scattering spectra of a single silicon nanosphere on an 8
nm thickness silica membrane. The black and red solid lines show forward and backward spectra,

respectively. The blue dashed line is the spectrum of the forward-to-backward ratio.[196]

Because the Mie resonance is highly sensitive to the sphere size, the resonance
wavelength can be controlled across the visible and near-infrared ranges by the diameter, which

is the strong contrast to the LSPR. The scattering spectra of the silicon nanospheres with different
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diameters on the silica substrate are shown in Figure 5-5. Color images of the forward and
backward scattering are shown in between the forward and backward spectra together with the
nanosphere diameter estimated from the peak positions of backward scattering spectra. The peaks
in forward (left) and backward spectra shifts to the longer wavelength as the nanosphere gets
larger. Corresponding to the shift of the resonance, the color of the sphere changes from blue,
green, yellow, to red. For the nanosphere larger than ~150 nm, higher order modes also appear in
the short wavelength range. Because the higher order modes have higher quality factors than the
lower ones, they are useful for applications which require strongly localized field. In this size
range, roughly from 100 nm to 200 nm, the resonance wavelength of the magnetic dipole mode
can be shifted over almost entire visible spectrum. This is the typical size range of the nanosphere
fabricated with this method, while larger particles up to ~300 nm can be obtained using the silicon

suboxide as the starting material.
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Figure 5-5. Size dependence of the forward (left panel, black line) and backward (right panel, red
line) scattering spectra of single silicon nanospheres on a silica substrate. The corresponding color
images are shown together. The estimated diameters are shown in between the panels. They are
estimated from the peak position of the magnetic dipole mode in backward scattering spectra by

comparing with that of simulation.

54. Conclusion

In this chapter, information about the silicon nanosphere which is utilized in the following

chapters was provided. Through the explanation of fabrication method and TEM images, we
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described the characteristics of the nanosphere, which is high sphericity and crystallinity.
Additionally, the measurement and simulation methods, which are generally employed for

evaluation of single nanoantennas, were briefly described.
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Chapter 6
Angular Scattering Measurement of a Single Mie resonant

Nanoantenna Using Fourier-plane spectroscopy

6.1. Introduction

Optical nanoantennas enable efficient manipulation of electromagnetic field at optical
frequencies. They have been developed as building blocks of functional metamaterials and
metasurfaces.[86], [176], [178], [179], [197]-{200] Recently, dielectric nanoantennas made of
high-refractive-index semiconductors are energetically studied due to the possession of Mie
resonances which exhibit high scattering efficiencies with low-losses.[89] The developments
have greatly pushed up the efficiency of planar metasurface devices, and nowadays the
transmission efficiencies are reaching the value equivalent to that of a glass plate (>90%).[94],
[95]

Thanks to the possession of electric and magnetic multipole resonances, the dielectric
nanoantenna has a degree of freedom to tailor scattering radiation patterns.[201] For example,
unidirectional scattering occurs due to the interference of electric and magnetic dipole resonances,
which has improved the efficiency of transmission type metasurfaces by suppressing reflection
losses.[93], [95], [202] Various directional nanoantennas have been proposed using interference
of multiple resonances, for example, dielectric or Janus dimer[106], [203]-[207], Yagi-Uda[208],
and more.[209]-[211] Besides, transverse scattering, which means the nanostructure does not
scatter light in both forward and backward directions but does in-plane, has been proposed by the

interference between electric dipole and off-resonant quadrupoles.[212] Furthermore,
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nanoantennas which show asymmetric radiation patterns are reported, and the application for
metalens with near-unity numerical aperture (>0.99) has been demonstrated.[213]

The evaluation of scattering patterns and directionality of single nanoantennas is essential
to maximize the performance of metasurfaces; however, it is not straightforward for such small
nanostructures. Typically, the scattering behavior of a single nanoparticle is characterized with
an optical microscope in the dark-field geometry. The directionality is measured by illuminating
light from top and bottom and collecting the scattering directed within the numerical aperture
(N.A.) of an objective.[93] On the other hand, the high magnification objective with large N.A.
collects light over large light cone, leading to under estimation of the directionality due to the
detection of not only forward/backward but also transverse scattering, or the overlapping of the
light cones. In addition, the ring-shaped illumination used for the dark-field makes it difficult to
analyze polarization dependence.

Fourier-plane imaging, in other words, back-focal plane imaging and spectroscopy is a
technique which resolves information in a Fourier-plane of lens. In contrast to conventional
image-plane imaging, the Fourier-plane has an angular information of light, and thus angular
radiation patterns can be obtained by looking at the plane. In nanophotonics field, it is often
utilized to measure angular emission patterns from quantum emitters[18], [214],
cathodoluminescence[104], [215]-[218], and lasing[103], and to visualize propagation of surface
plasmon polaritons[219]-[221]. The technique has also demonstrated the directional scattering of
planewave by dielectric nanoantennas[19], [209], but angle-resolved scattering spectrum over a

wide angular range from backward to forward is merely studied.
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In this work, we develop the dark-field optical microscopy setup which is capable of
angle- and spectrally resolved scattering measurements over wide angular range from 22° to 158°
against the incident direction, based on a conventional microscope. This is enabled by limiting
azimuthal angle of illumination and resolving scattered angle by the Fourier-plane imaging. Using
the constructed setup, we measure angular scattering spectra of a single silicon nanosphere and
demonstrate the capability to evaluate the directionality of single directional nanoantennas.
Furthermore, as another advantage of the setup, the selective detection of electric and magnetic

dipole resonances is demonstrated using polarization resolved measurement.

6.2.  Measurement setup

In order to carry out the angle- and spectrally resolved scattering measurement with a
conventional optical microscope, both the illumination and detection setups need to be updated.
To address this, we start from a typical inverted microscope equipped with a epi-illumination
dark-field objective (x50, N.A. = 0.80) on the bottom and an upper dark-field condenser (N.A. =
0.8-0.95) as shown in Figure 6-1a and c. In the transmission mode (Figure 6-1a), white light from
a halogen lamp was shone via the upper condenser at incident angle 6;,. = 75°, while white light
from another lamp house shone via the lower objective in the reflection mode (Figure 6-1c¢) at
Oinc = 105°. The scattered light was then collected by the lower objective and relayed to a
spectrometer coupled with a charge coupled device (CCD). Although the inverted microscope
was adopted here, the methodology developed in this work is general regardless of whether it is

inverted or upright-type.
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Figure 6-1. Schematics of measurement configurations. (a-d) lllumination setups in (a,b)
Transmission- and (c,d) reflection modes. (a,c) and (b,d) are Conventional ring-shape and limited
azimuthal angle (¢) illumination, respectively. (e) Detection setup using Fourier-plane
spectroscopy. (f-h) Detectable angles in (f) transmission and (g) reflection modes, (h) both of them

against the illumination direction (0=0°).

In the conventional setup, the dark-field condenser has ring-shaped aperture and
illuminates from all azimuths. Therefore, we first limited the azimuthal angle (¢;,¢c) by placing
an aperture at the position of pupil to fix an incident angle, enabling us to define scattering polar
(0) and azimuthal (¢) angles against the direction and the polarization of the incidence (Figure
6-1b,d). In both transmission and reflection modes, the width of the azimuth (A¢) was limited to

~20°.
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As a next step, we constructed the detection setup based on the Fourier-plane
spectroscopy. As shown in Figure 6-1e, the scattered light was collected by the lower objective,
forming an angular distribution image in the back-focal plane (i.e., the Fourier-plane). The plane
was then imaged onto the entrance slit (slit width = Ag;,c) of the spectrometer using some relay
lenses. During the relay, a pinhole was inserted in an image plane to eliminate signals not coming
from the target particle. The illumination plane and the orientation of the slit were aligned to be
orthogonal each other. Therefore, the scattering intensity image on the CCD has the vertical and
horizontal axes which correspond to 6 and wavelength, respectively. Note that the vertical axis
of the raw data is proportional to sin 8, so the data shown in this paper was calibrated so the axis
to be linear.

The angular range which can be obtained in our setup is schematically shown in Figure
6-1f-h. Given that N.A. = 0.8 corresponds to 53°, the objective collects the scattered light from
22° to 128° and from 52° to 158° to the incident axis in the transmission and reflection mode,

respectively. Thus, the angular range 6 =22°—158° (i.e., 136° in total) can be measured (Figure

6-1h) with an overlap range 6 =52°— 158°.

6.3. Results and discussion

We apply the angle- and spectrally resolved scattering measurement to the directional
scattering of a crystalline silicon nanosphere.[ 193] In order to eliminate substrate induced effects,
the nanosphere is placed on an 8 nm thickness thin silica film supported by a TEM mesh grid.
First, we discuss the measurement results carried out with unpolarized light illumination.

Afterwards, the result of s- and p-polarization illumination will be discussed.
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Figure 6-2a,b show two-dimensional (2D) maps of angle-resolved scattering spectra for
unpolarized light in transmission and reflection modes. As can be seen in Figure 6-2a, strong
scattering peaks appear around 700, 550, and 400 nm around 8 = 35°. To investigate the origin
of these peaks, we have simulated angular scattering spectra for a silicon nanosphere with 150
nm in diameter using finite-difference time-domain (FDTD) method as shown in Figure 6-2c. The
observed features in the experiment show overall agreement with the simulation, that is, the
emergence of peaks and their blue-shift trend for large 6. There is fluctuation of the scattering
intensity in the vertical direction in the measurement data, but it may be caused by the undesirable

filtering of some angular component due to lens relay or the aperture.
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Figure 6-2. (a,b)Measured and (c) simulated angular-scattering intensities under unpolarized-light
illumination as a function of wavelength and scattered angle (6). (a) and (b) are measured in

transmission and reflection modes, respectively.

From the simulation, the first and second lowest peaks can be assigned to magnetic and
electric Mie resonances. The angular distribution of the electric dipole becomes strong around the
edge of the numerical aperture edges around 30° and 140°, which is a typical dipolar pattern. On
the other hand, the magnetic dipole is asymmetric, and the forward scattering is particularly strong
in the long wavelength side of the peak. This unidirectional scattering originates from the far-
field interference between the electric and magnetic dipoles, so-called the Kerker condition. We

stress here that the unidirectional behavior is captured well in the measured data. The peak at the
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shortest wavelength can be assigned to the electric quadrupole mode, while it is not obvious
prominent in this wavelength range where silicon has relatively large absorption. From these
observations, the measurement setup has successfully measured the angle-resolved scattering
spectra of the single silicon nanosphere.

The advantage of this measurement method is that the directionality, forward and
backward scattering can be evaluated at more ideal condition than the conventional setup by
selecting the particular angles as shown in Figure 6-3a. Although it is still impossible to measure
scattering at 8 =0° and 180° in the dark-field setup, this method enables us to exclude transverse
scattering. The measured forward and backward scattering spectra at 8 = 50° and 130°, where
the strongest forward-to-backward (F/B) ratio is obtained, is shown in Figure 6-3b. The
corresponding F/B ratio spectrum is shown in Figure 6-3c. The spectra show prominent peaks in
forward and broadened ones in backward, and the spectra are very similar to them at 8 = 0° and
180°. The measured F/B ratio reaches ~9 at the peak wavelength. The spectral shapes qualitatively

agree very well with those obtained by simulation shown in Figure 6-3e.f.
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Figure 6-3. Evaluation of the directionality under unpolarized-light illumination. (a) Schematic

illustration of forward and backward scattering. (b-d)Measured and (e-g) simulated (b,e) scattering
spectra at § = 50° (forward, red) and 0 = 130° (backward, black), forward-to-backward ratios, and
(d,g) radiation patterns.

The radiation pattern at the peak wavelengths of the F/B ratio spectra are extracted from
the 2D maps and shown in Figure 6-3d,g. Note that a certain angular region where reasonable
intensities could be obtained are plotted for the experimental data. The measured radiation
patterns clearly indicate that the scattering is suppressed steeply when 8 > 90°, indicating

successful measurement of the scattering pattern of the single nanosphere.
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From here, we move on to the measurement under the s- and p-polarized light
illumination, which is enabled by the limitation of ¢;y. In Figure 6-4, measured and simulated
polarization maps are shown. The overall spectra are similar to those obtained for unpolarized,
but the modes to be excited are different between polarization states. Both in transmission and
reflection modes, the shorter wavelength peak is preferably detected in s-polarization especially
near 8 =90°, and opposite for the longer one. This behavior is also reproduced in the simulated

spectra, proving the validity of this polarization dependent measurement.
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Figure 6-4. (a,b,d,e)Measured and (c,f) simulated angular-scattering intensities under (a-c) s- and
(d-f) p-polarized light illumination as a function of wavelength and scattered angle (0). (a,d) and

(b,e) are measured in transmission and reflection modes, respectively.
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The mechanism of the selective detection can be explained by the orientation and the
radiation pattern of the electric and magnetic dipole resonances. In Figure 6-5, the radiation
patterns of them under s- and p-polarized light are schematically illustrated. When the s-polarized
light is illuminated, the electric dipole is excited with the orientation perpendicular to the
illumination plane and thus has a circular radiation profile. On the other hand, the magnetic dipole
is induced in an in-plane alignment with a dipolar radiation profile (< cos? ). Therefore, only
the contribution from the electric dipole is detected at 8 = 90°. The relationship is opposite in p-

polarized light illumination, leading to the detection of contribution only from the magnetic dipole.
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Figure 6-5. Selective detection of electric and magnetic dipole Mie resonances. (a) Schematics
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simulated scattering spectra.

Theoretically, the behavior can be described using the Mie theory.[90] In the Mie theory,
the multipolar contributions can be expressed using Mie coefficients of n-th order a,, and b,
which corresponds to electric and magnetic resonances, respectively. The normalized scattered
field E; by a sphere with size parameter p in free space is given by

co (6-1)

Esg =

;¢ z E,(iayé,t,(cosO) — b, é,my(cosh))
n=1
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, where a, and b,, are the Mie coefficients of n-th order, E, = i"(2n+ 1)/n(n+ 1), &, is
the Riccati-Bessel function, 7, and t, are the angle dependent functions.[27] Egg and Egg
denote the scattered field with polarizations orthogonal each other. Because now we are interested
in the case of 8 = 90° and dipole modes (n = 1), the angle dependent functions are given by
n,=1 and 7, =0. Also, s- and p-polarization corresponds to ¢ = 90° and ¢ = 0°
respectively. We thus get the scattering intensity by I, = |Esgl? + |E s |2, and it can be written

as

2

1
s _|= . ’
[5ca = |p Ei(=ia, &) (6-2)
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" 1
Isca = |_E1(_b151)

p
Therefore, the scattering intensities in the measurement condition have only contribution from
the electric (a; ) or magnetic (b;) dipole depending on the polarization states s- or p-, respectively.
Supported by the theoretical description, we found that we can determine the
contributions of electric and magnetic dipoles separately in the scattering spectrum. The scattering
spectra at 8 = 90° are extracted from the Figure 6-4a,d and shown in Figure 6-5b. The
corresponding simulated spectra are also shown in Figure 6-5c. We see that the measured spectra
of s- and p-polarization have features of electric and magnetic dipoles in good agreement with the

simulation.

6.4. Conclusion
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In conclusion, we have demonstrated the angle- and spectrally resolved scattering
measurement on a single Mie resonant nanoantenna using Fourier-plane spectroscopy. By adding
facile modification on a conventional dark-field optical microscope and spectroscopy equipment,
the measurement setup which is capable of the angle-resolved spectroscopy for the single
nanoparticle has been developed. The constructed setup has been applied to the directionality
measurement of a silicon nanosphere, and the capability to evaluate angular information in wide
angular range has been demonstrated. As another advantage of this method, we experimentally
and theoretically proposed that electric and magnetic dipole contributions to the scattering
spectrum of the single nanosphere can be separately measured by our setup. To the best of our
knowledge, this is the first report on the selective detection of electric and magnetic dipole
contributions of a single Mie resonator in the scattering spectrum and under incoherent planewave
excitation. Because it does not require any special equipment such as laser or prism but just
apertures and some additional lenses, the developed method may be utilized for optical

characterization of various nanoantennas.
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Chapter 7
Controlling Emission Directionality of monolayer WS, with

Spherical Mie Resonator

One of the most important function of optical nanoantennas is directionality control of
emission from nearby emitters. Recently emerged Mie resonators has drawn much attention due
to the possession of magnetic resonances in addition to electric ones and resultant Kerker type
directional scattering under plane wave illumination. However, little has been reported on the
control of emission directionality by individual Mie resonators, especially three dimensionally
sub-wavelength structure such as nanospheres.

In Chapter 7, we give an in-depth study on the emission directionality of emitters below
Mie resonant silicon nanospheres. We start from theoretical analysis for the ideal system
consisting of a silicon nanosphere and a point dipole source on the sphere surface by rigorously
evaluating radiated field in the same manner with the classical Mie theory. We then demonstrate
the directional emission experimentally by placing the colloidally synthesized silicon nanospheres
on monolayer WS which is as an ideal emitter. From theoretical and experimental results, it is
shown that the directional emission occurs due to the cancellation of emission in bottom direction
as a result of far-field interference between the source dipole and coherently excited electric and

magnetic dipole Mie resonances.

7.1. Introduction
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Atomically thin transition metal dichalcogenides (TMDCs) are attracting great attentions
for photonic, electronic, and optoelectronic devices because of their unique physical properties
such as the strong, stable, and tunable excitonic behaviors, high electron mobility, and valley
selectivity.[222]-[229] Among those phenomena, the emergence of strong photoluminescence
(PL) in some monolayer TMDCs (1L-TMDCs; e.g., MoS,, MoSe,, WS,, WSe;) make them
extremely fascinating and has been widely studied in recent years.[230]-[232] The strong PL
which lays in visible and near-infrared spectrum originates from the direct band gap transition
governed by bounded excitons with two-dimensional quantum confinement.[233] Because the
two-dimensional excitons are strictly oriented in-plane, and exhibit strong oscillator strength, 1L-
TMDCs not only work as an alternative of conventional emitters, such as organic dye or quantum
dots, but also ideal emitters to study electromagnetic coupling with various photonic
structures.[231], [234]

A variety of coupled systems consisting of 1L-TMDCs and photonic structures are
reported to improve the performance and/or give new functionalities. For example, several optical
microcavities, such as Fabry-Perot[235], [236], distributed Bragg reflectors (DBRs)[237], [238],
photonic crystal[239], and Whispering gallery mode[240], [241], have been proposed to
demonstrate the control of radiative lifetime and lasing action. Nano-resonators made of noble
metals and high-index semiconductors have been also utilized to study the interaction with 1L-
TMDC:s in the subwavelength scale. Employing their advantages developed as plasmonics, such
as the ultrasmall mode volume, the hybrid structure consisting of metal nanostructures and 1L-
TMDCs have demonstrated plasmon-exciton couplings ranging from weak to strong

couplings.[231], [234] Likewise, recently emerged high-index semiconductor nanostructures
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have been coupled with 1L-TMDCs, and the interaction with Mie resonances and resultant effects,
for example PL enhancement, has been reported.[214], [242], [243] In contrary to the plasmonic
ones, the Mie resonance offers the low-loss optical resonances of electric and magnetic dipoles
and higher order modes. The possession of the multipole resonances makes it particularly unique
due to the ability to control emission directionality of nearby emitters even by a single
resonator.[105], [108], [244] So far, the emission directivity control of the 1L-TMDCs by Mie
resonators have been experimentally demonstrated using the silicon nanowire and the metasurface
made of nanocylinder array.[108], [214]

Contrary to previous works engaging one- (nanowire) or two- (metasurface) dimensional
systems, which require optically finite structure in at least one dimension, here we study the ability
of a single spherical Mie resonator to control the emission directionality of the 1L-TMDC with
the three-dimensionally subwavelength footprint. The emission directionality by a silicon
nanosphere has been theoretically predicted in ref.[105] for the ideal case, that is, an electric
dipole emitter is transversely coupled to a sphere that is dominantly characterized by electric and
magnetic dipolar response. Go beyond their prediction, we start from analyzing the emission
directionality by modifying the classical Mie theory[90] for the excitation by an electric dipole
source. Through the rigorous calculation including multipolar contribution, it is shown that the
coherent excitation of the electric and magnetic dipole modes suppresses the emission in bottom
direction and redirects into top. Based on the theoretical analysis, we then experimentally
demonstrate the emission directionality in the system fabricated by placing colloidally
synthesized silicon nanospheres of 50—-100 nm in radius on a monolayer WS; (1L-WS,) covering

a silica substrate. Due to the coupling of the exciton emission with Mie resonances, the
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enhancement factor of top-to-bottom (T/B) ratio reaches 3.2 when the radius of the nanosphere
matches the directionality condition. Although we demonstrate the emission directionality of the
1L-WS; in this work, the proposed directionality mechanism can be applied to various emitters
because the resonances of the silicon nanosphere can be tuned over the visible and near-infrared

spectrum.

7.2.  Results and discussion

Theoretical analysis. According to the classical Mie theory, the scattering efficiency of a

nanosphere of radius R is given as

seapeee = éi@n + D lanl? + 1512 b
n=1
, where x = ZTER, and a, and b, are the Mie coefficients which describe contributions from
electric and magnetic multipoles.[27], [90] Similarly, the scattered field under excitation of a
point dipole can also be calculated by modifying the Mie theory.[245], [246] The calculation
model for the modified Mie theory is shown in Figure 7-1a. The sphere is excited by a point dipole
(Pinc = vey) located on the z-axis with a distance d to the surface of the sphere. The dipole
moment is oriented along the x-axis, which corresponds to a dipole in the plane of the 1L-TMDCs.

The scattering efficiency can be obtained by dividing the scattered power by the incident power

as well as the classical Mie theory:

ipole 3 S ' 7-2
QR = 2 ) @nt Dlan Pl GOF + I Pl ey
n=1
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, where xg = 2771 (R+d), and &,(z) = zh}(2) is the Riccati-Bessel function (h}(z) denotes
the spherical Hankel function of first order). For the dipole case, each of the electric and magnetic

resonant contribution has the Riccati-Bessel function as a distance-dependent weighting factor.
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Figure 7-1. Scattering properties of a silicon nanosphere under plane wave and dipole excitations.
(a) Calculation setup, consisting of a nanosphere of radius R and a dipole at distance d from the
nanosphere surface, for dipole excitation. The definition of the spherical coordinate is shown in the

inset. (b,c) Scattering efficiencies and the multipolar contributions, the electric dipole p, magnetic
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dipole m, electric quadrupole q., magnetic quadrupole qn, of a nanosphere with R = 90 nm and d =
0 nm under (b) plane wave and (c) dipole excitations. (d) Two-dimensional map of scattering

efficiency as a function of R and wavelength under dipole excitation.

The calculated scattering spectra of a silicon sphere (R = 90 nm) for plane wave and
dipole (d = 0 nm) excitation are shown in Figure 7-1b and c together with the contributions of
multipole resonances, electric dipole (a1), electric quadrupole (a2), magnetic dipole (b1), and
magnetic quadrupole (b2). The refractive index of silicon is taken from literature.[7] As expected
from eq. 1 and 2, the resonances are excited at the same wavelengths, while the amplitudes are
different. For example, the magnetic quadrupole mode is excited efficiently when the dipole is
placed very close to the sphere. The radius dependence of the scattering efficiency under dipole
excitation is shown in Figure 7-1d. As well as the case of plane wave excitation, the resonance
wavelengths goes longer for larger sphere.

In order to study the emission directionality of this dipole-nanosphere system, we
calculate the angular emission intensity in the far-field as a total of the incident (Ej,.) and

scattered field (Ec,). Within the modified Mie theory, the total emission intensity is written as
Liot(6, @) = |Ejne + Esca|2

k?p
4meg X

Z En{cos¢(ﬁnnn +ia,t,)eq (7-3)

2

— sing (BT, + iannn)e¢}

, where m, and 1, are the angle-dependent function of the classical Mie theory.[27] Modified
Mie coefficients defined as a, = Y, (xs) — a,én(xs) and B, = ¢, (x5) — a,é&, (x5), where

Y, (z) = zj,(2) is the Riccati-Bessel function (j,,(z) is the spherical Bessel function), are used
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for better understanding of the formula. In this work, we evaluate the directionality as the ratio of
the top (Zio: (0, 0)) to bottom (/i (1, 0)) emission intensity; (T/B) ratio. Two-dimensional color
plot of the T/B ratio as a function of wavelength and radius is shown in Figure 7-2a. The first
band of high T/B ratio appears across whole visible wavelength range for different radii. Several
additional bands also appear in 400 to 500 nm wavelength range, but they cannot be accessed by
the emission of 1L-WS, (shaded wavelength range in Figure 7-2a) on which we are focusing in
this work. Given that the emission peak of the monolayer WS, is at ~630 nm as will be shown
later, the silicon nanosphere with radius of 90 nm would result in the highest directionality (T/B
ratio ~6). At this condition, the point marked with a star in Figure 7-2a, the radiation pattern of
liot(6, @) is calculated in Figure 7-2b, revealing the directional emission into top direction.
Although we are not focusing in this work, we note that the directionality can be boosted more

than an order of magnitude by tuning the distance between the dipole and the nanosphere.
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Figure 7-2. Directional emission of a point dipole under a nanosphere (d = 0 nm). (a) Top-to-
bottom emission ratio (T/B ratio) as a function of R and wavelength. Analytically obtained
directionality condition is plotted by yellow dashed line. The vertical shaded area indicates the
emission band of WS.. (b) Radiation pattern and (c) phasor diagram of electric field in the backward
direction of the dipole-sphere pair at the point indicated by a star in (a): R = 90 nm and emission
wavelength of 630 nm. Labels indicates the contribution of each multipoles: source dipole pin. and

excited electric dipole pex., magnetic dipole mex., and electric quadrupole qe,exc.

The mechanism of this directionality can be analyzed by decomposing the total electric
field in backward direction (6 = =) in the far-field. The phasor diagram of the complex electric
field from relevant contributions in Figure 7-2¢ shows that the incident electric dipole (pinc) is
cancelled out in backward direction mainly by the coherently excited electric and magnetic
dipoles of the nanosphere. The excitation of electric quadrupole also has certain influence, but the
disturbance by it is trivial. It is worth to note that the cancellation of the incident electric dipole
only by the excited electric dipole, which is the first mechanism of the directionality reported on
a silicon nanowire[ 108], does not happen in the case of nanosphere because the magnetic dipole
is the lowest order resonance in the nanosphere.

Based on the above observation, we analytically derive the directionality condition of the
nanosphere using the modified Mie theory. From eq. (7-3), the top-to-bottom ratio (1)) is expressed
by

— Itot(o: 0) — |Zn En{ﬁnnn(_l) + ianTn(_l)}lz (7'4)
T 1ot 0) (% EndBamtn(0) + iy T (O}

Thus, the maximum in 1 occurs when

D Bulurtn(0) + ity 7, (00} = 0 (7-5)
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is satisfied. Since only the dipole resonances are matters as the above discussion, the directionality
condition in dipolar approximation:

7-6
B = —iaq 70

can be obtained. This is the form of the generalized first Kerker condition.[105], [247] Go beyond
this simple expression, we expand the equation in order to explore, for example, x; dependence

more easily:

(7-7)

3 3
arg [x53 exp(—i2x;) + S (ix2 — x5 — i)] = arg [E byxg(ixs — 1)].

This analytically obtained directionality condition is plotted in Figure 7-2a with yellow dashed
line. It clearly captures the trend of the high T/B band. A bit of discrepancy would be resulted by
the excitation of the electric quadrupole as shown in Figure 7-2c. The condition reproduces the
high T/B band more accurately when the source dipole is moved away from the sphere surface

and the contribution of the electric quadrupole is smaller.

Experimental Demonstration of the Directional Emission. Based on the theoretical analysis
above, here we apply the spherical Mie resonator to exciton emission of the 1L-TMDC and
demonstrate the directional emission. Figure 7-3a shows the schematic illustration of the
experimental configuration. We use commercially available 1L-WS, covering the full area of
SiO, substrate (10x10 mm?; 2D Semiconductors Inc.) as the 1L-TMDC emitter. A colloidal
solution of silicon nanospheres (100 — 200 nm in diameter) is drop-cast over the 1L-WS,. In order
to remove the uncoupled emitters around the nanosphere, Ar* plasma etching is applied using the

nanosphere itself as an etching mask.
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Figure 7-3. (a) Schematic of a silicon nanosphere on a monolayer WS> coated substrate. (b) TEM
and (c) HRTEM images of colloidal silicon nanospheres. (d) PL spectrum of a monolayer WS>

coated on silica substrate before etching.

Shown in Figure 7-3b is a transmission electron microscope (TEM) image of the silicon
nanospheres. We can see that the shape of them are perfectly spherical. Additionally, a high-
resolution TEM image in Figure 7-3c shows the lattice fringes corresponds to {1 1 1} plane of
the silicon crystal, indicating high crystallinity of this material. These results prove that this
silicon nanosphere is an ideal spherical Mie resonator, allowing us to predict the scattering and
emission behavior including the directionality using the Mie theory into which the refractive index
of bulk crystalline silicon is incorporated. The PL spectrum of reference 1L-WS,, i.e., without the
nanosphere, was measured using a confocal microscope via objective in top direction under
excitation with 485 nm semiconductor laser (see METHOD) and is shown in Figure 7-3d. The
strong emission peak is observed at 630 nm. The spectral feature agrees with that of 1L-WS; in
literature[248], and it can be assigned to the A-exciton peak of the 1L-WS,. Hereafter, the PL
signals were detected with avalanche photo diodes (APDs) via two objectives situated in top and

bottom direction, integrating over the whole A-exciton peak.
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Figure 7-4a shows a dark-field microscope image of the fabricated structure. Each hybrid
structure consisting of the nanosphere and 1L-WS; strongly scatters light at the resonance
wavelength depending on the nanosphere radius, for example, the blue, green, and red scattering
colors correspond to the radii around 60, 75, and 100 nm, respectively. As will be shown later,
this size variation of the nanospheres provides information on size dependence of the emission
directionality. The PL mapping (top direction) of the same view is shown in Figure 7-4b. In good
agreement with the position of the nanospheres on the dark-field scattering image, the bright spots
appear in the PL mapping, proving successful removal of uncoupled emitters around nanospheres.
In order to discuss optical responses of the coupled structure, we chose a typical nanosphere as
marked in Figure 7-4a. The measured backward scattering spectrum is shown in Figure 7-4c by a
black line. The scanning electron microscope (SEM) image is also shown in the inset. In accord
with the scattering spectrum obtained by the classical Mie theory (Figure 7-1b), two dominant
peaks appear in the long wavelength range, which can be assigned to magnetic (760 nm) and
electric (650 nm) dipole modes. The higher order modes (n > 2) are also excited in the short
wavelength range. The measured spectrum is compared to the calculated backward scattering
spectrum obtained by FDTD simulation for a silicon nanosphere of 99.5 nm in radius on a silica
substrate (red dashed line alongside the measured data in Figure 7-4c), showing overall agreement

each other.
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Figure 7-4. Experimentally measured scattering and PL properties of a silicon nanosphere on
monolayer WS system. (a) Dark field scattering image. (b) PL mapping in the top direction at the
same area corresponding to (a). (c) Measured and calculated scattering spectra of a single silicon

nanosphere. Insets are the SEM, PL (Top), PL (Bottom) images of the particle.

The emission directionality of the nanosphere is evaluated by measuring top and bottom
PL mappings via top and bottom objectives (both of them are 50x and N.A. = 0.55) and
calculating T/B ratio by dividing them after integration of the PL signals (see METHOD). Note
that the N.A. of the top and bottom objectives are same, but there is inherent asymmetry in the
top and bottom detection due to different detection setups and the substrate induced refraction.
We thus corrected the system response so that the T/B ratio of reference 1L-WS, (without
nanospheres) to be 2.4, which had been obtained by FDTD simulation for a point dipole placed
on a silica substrate (see METHOD). The top and bottom PL mappings of the same nanosphere

whose scattering spectrum were measured are shown in insets of Figure 7-4c. As can be seen
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clearly, the PL intensity taken from the top is stronger than that of the bottom. The T/B ratio
reaches 3.1, while that of the reference 1L-WS; is 2.4. This is the indication of the PL
enhancement in the top and the suppression in the bottom due to the coupling of 1L-WS, with the
nanosphere.

From the above discussion based on analytical calculation (Figure 7-2a), the
directionality is dependent on the nanosphere radius. To explore the radius dependence
experimentally, we carried out scattering and PL. measurement on many nanospheres with various
radii (Figure 7-5). The scattering spectra are shown in Figure 7-5a with SEM images and top and
bottom PL mappings. The radii were determined by comparing the measured and simulated peak
wavelengths of magnetic dipole resonances, and they were from 66 to 99.5 nm. For small
nanospheres, both of the electric and magnetic dipole resonances appear in shorter wavelengths
than the 1L-WS; emission wavelength. As the nanosphere radius is increased, the resonances red-
shift across the emission wavelength. The top and bottom PL images of each nanosphere are also
shown next to the spectra. Note that each set of top and bottom PL images have the same color
scale, while the contrast is adjusted for every nanosphere for better visualization. In the whole
radius range, PL spots from the 1L-WS; are observed in the top, while the emission is barely
detected in the bottom. In order to quantitatively evaluate the directionality, T/B ratios are
calculated and plotted by black dots in Figure 7-5b. As can be seen, the T/B ratio exceeds the
reference line (2.4, gray dashed line) in all measurement points due to the redirection of emission
by the nanosphere. The highest T/B ratio reaches 7.7 (i.e., 3.2-fold enhancement) when the
nanosphere radius is 95 nm, at which the electric and magnetic dipole resonances overlap each

other. These results agree with the analytical calculation on ideal configuration (i.e., a silicon
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nanosphere with a point dipole in free space) as discussed above and the FDTD simulation on
experimental configuration (blue dashed line in Figure 7-5b), that is, including the substrate and
the asymmetry of our detection system. Therefore, it can be concluded that we observed the
directional emission by the interference of electric and magnetic dipole resonances. The small
deviation between the experiment and simulation can be resulted by the imperfection of the
fabricated structure, for example, adhesion of small silicon particles and the inhomogeneity in the

etching process as the non-spherical PL spots imply.
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Figure 7-5. (a) Scattering spectra of silicon nanospheres with various radii on WS> and
corresponding SEM images and PL mappings measured in top (left panel) and bottom (right panel)
directions. The gray dashed line and shaded area indicate excitation wavelength (485 nm) and
emission band of 1L-WS>. The scale bars in SEM images are 250 nm. (b) Measured (scatter) and
simulated (blue dashed line) top-to-bottom (T/B) PL ratios of nanospheres as a function of the

diameter. The measured data are normalized as the T/B ratio without nanosphere to be 2.4 (gray

dashed line).

7.3. Conclusion

In conclusion, we have proposed the directional control of the emission of a monolayer
WS, with a single spherical Mie resonator. Based on the Mie theory modified for a dipole
excitation, it is derived that the directional emission occurs by the interference of the electric and
magnetic dipole resonances. The proposed directionality has also been demonstrated
experimentally by integrating colloidally synthesized silicon nanospheres onto the monolayer
WS,. The observed enhancement factor of T/B ratio reaches 3.2 with a nanosphere whose
directionality condition matches the emission wavelength. The resonance wavelengths and the
resultant directionality condition can be easily tuned by the nanosphere radius spanning visible
and near-infrared spectrum, suggesting the applicability of the spherical Mie resonators to a wide

range of materials including quantum emitters and their application, such as single-photon sources.

7.4. Method

Sample fabrication. The silicon nanosphere was synthesized with the previously
reported method.[193] Briefly, a boron and phosphorus doped silicon rich-silicon oxide film was

deposited by sputtering. The film was then annealed at 1500°C for 30 minuites in nitrogen
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atmosphere to grow silicon nanospheres in silicon dioxide matrix. By etching the matrix by HF
and transferring into methanol, the colloidal solution of silicon nanosphere was obtained. The
silicon nanosphere was placed on 1L-WS, by drop-casting the colloidal solution on a silica
substrate covered by 1L-WS, (2D Semiconductors Inc.). The sample was then exposed to Ar*
plasma (Oxford PlasmaPro 80) in order to remove uncoupled excitons around the nanospheres.
Scattering and PL spectroscopy. Scattering spectra were measured by a Nikon C1
confocal microscope equipped with a halogen light. The light was epi-illuminated on the sample
through 50x objective (N.A. = 0.80). The scattered light was collected by the same objective and
transferred to a fiber coupled monochromator (Princeton Instruments) with a CCD after spatial
filtering by an aperture in the confocal head. The PL measurement was performed with a WiTec
alpha 300 confocal microscope equipped with two objectives (50x, N.A.=0.55) in top and bottom
directions. For the excitation, 485 nm picosecond pulsed laser (PicoQuant) was used via the top
objective. The laser power was reduced to 140 uW to avoid heating effects. The system in top
direction path consists of the objective (Nikon), a long pass filter, a fiber with a 25 pum core
diameter, and an APD (Micro Photon Devices). That in bottom direction path consists of the
objective (Zeiss), a long pass filter, and a free-space-coupled APD (Micro Photon Devices). The
PL spectrum was measured in top direction path with a fiber-coupled monochromator (Princeton
Instruments) and CCD (Andor). Given the inherent asymmetry of the detection system, the top
and bottom PL intensities were calibrated as the T/B ratio of the 1L-WS, without nanospheres to
be 2.4, which is the value simulated by the FDTD method for a point dipole on a SiO; substrate

as explained in the following paragraph. The T/B ratio of the 1L-WS, with the silicon nanosphere
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was calculated by integrating top and bottom PL intensities over the area of 2x2 pm? and dividing
them.

FDTD simulation. Commercially available software (FDTD Solutions, Lumerical Inc.)
was used for FDTD simulations. The refractive index of silicon was taken from the literature[7],
and the indices of 1L-WS; and silica substrate were set to 4.5 and 1.46. In order to simulate
emission directionality, the radiated field of a dipole source placed in WS, layer of 1 nm in
thickness was captured by two 2D monitors in the top and bottom direction. The T/B ratio was
obtained by integrating the Poynting vector over detection angle corresponds to N.A. = 0.55 after
the near to far-field transformation of the captured fields. The T/B ratio of a dipole on a substrate
without nanosphere, which was used to calibrate the asymmetry of the measurement setup, was

simulated in the same manner but without the nanosphere.
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Chapter 8
A Colloidal Solution of Silicon Nanospheres toward All-

Dielectric Metafluids

&.1. Introduction

Permittivity (g), permeability (1), and their product, refractive index (n), are key
parameters which describe macroscopic response of materials to electromagnetic fields. At the
optical frequencies, natural materials lack responses to magnetic component of light (i.e., = 1),
limiting a degree of freedom to manipulate light. Tackling on this issue, recent advancements in
the field of metamaterials revealed that artificially fabricated structures enable us to regulate
magnetic component of light and to address negative permittivity and/or permeability via
displacement currents in, for example, metallic split-ring resonators or dielectric structures.[185],
[249] In visible and near-infrared frequencies, two-dimensional arrays of nanostructures which
support such optical magnetism are intensively studied as metasurfaces and demonstrated the
capabilities to control various properties of light, that is, amplitude, phase, polarization, and wave-
front. Such three- or two-dimensional solid-state devices have succeeded in surpassing natural
and bulky materials, and interesting phenomena including negative refraction has been
demonstrated.

As another research direction, metafluids, artificial fluids in which subwavelength
photonic structures are dispersed to tailor light-matter interaction, has been proposed. The central
interest in this topic is to achieve unnaturally high, low, or even negative effective refractive

indices by designing meta-atoms or meta-molecules which exhibit isotropic optical magnetism
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and can control permeability.[250]-[255] A pioneer work was on a composite nanoparticle made
of circularly assembled plasmonic nanospheres which exhibits isotropic electric and magnetic
dipolar behavior in 2002.[256] Using the meta-atom, it was theoretically proposed that negative
values of both effective permittivity and permeability can be realized in a meta-atoms dispersed
material. Since then, various types of meta-atoms or molecules with optical magnetism have been
proposed. So far, most reports on metafluids are about plasmonic ones, including metallic
nanoclusters,[257], [258] dielectric nanoparticles decorated with metal nanospheres,[250], [253]—
[255], [259]-[261] self-assembled nanorod dimers.[251], [262] Although they show excellent
optical behavior theoretically, complicated structures, aggregates in other words, are required for
plasmonic nanostructures to have optical magnetism. Due to this limitation, previously reported
plasmonic metafluids are suffering from broadening due to inhomogeneity, and their
experimentally measured extinction or scattering spectra in most cases deviates from the
simulation. Also, the broadening degrades their magnetic responses, and the strengths of magnetic
dipole (MD) is much weaker than the electric (D) ones (typically MD/ED ratio < 0.3).

Here in this work, we propose to add a colloidal solution of nanospheres made of high-
index semiconductor represented by silicon into a library of optical metafluid which operates in
visible and near-infrared spectra. As shown in Figure 8-1, a silicon nanosphere exhibit prominent
magnetic dipole Mie resonance whose strength is comparable to electric dipole one. In stark
contrast to plasmonic counterparts, the magnetic the Mie resonance naturally occurs in spherical
particles without a specific arrangement of constitutions. Several groups have partly proposed the
concept of all-dielectric metafluids composed of colloidal dielectric nanopaticles. For example,

Cho et. al. reported the smooth selenium colloids for optical metafluids. Such a moderate
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refractive index material (n~3) may work as building blocks for solid state devices; however, it
is not suitable for metafluids due to the requirement of the effective medium theory and broad
Mie resonance feature as will be discussed later.[252] As most of metasurfaces, silicon is one of
the best materials for Mie resonators and is we believe only a candidate which satisfy criteria for

optical metafluids.

D =150 nm
in water

Scattering efficiency

ot

Figure 8-1. Electric and magnetic responses of a single silicon Mie resonator. (a) Scattering
efficiency (solid) and its multipolar decomposition (dashed) of a single silicon nanosphere with 150
nm in diameter in water (solid line). The contributions of electric and magnetic dipoles (a;, b;) and
quadruples (a, bz) are shown. (b) Schematic illustration of scattering patterns and orientations of

their electric fields of electric (p, blue) and magnetic (m, orange) dipoles.

Very recently, we have developed the highly uniform and stable colloidal solution of

crystalline silicon nanospheres with a diameter range from 90 to 200 nm.[193], [194] Using the
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solution, which is scalable for gram-scale production, we report the selective measurement of
electric and magnetic dipolar scattering from bulky all-dielectric metafluids in liquid phase for
the first time. Besides, we discuss the controllability of effective permittivity, permeability, and
refractive index with all-dielectric metafluids by the effective medium theory, which have seldom

studied so far in the optical frequencies.

8.2.  Theory

The key for the selective measurement of electric and magnetic dipolar contributions
stems from the different scattering pattern of them as shown in Figure 8-1b. Because the proposed
inclusion has spherical shape, we can predict their optical response with the Mie theory.[90]
According to a reference, the scattered electric field polarized along polar (Ey) and azimuthal

(Ey) angles at distance r from a sphere with diameter D can be written as

oS @ (8-1)
w0 = ) En(iangt(c050) = byéumy (cos6)
p n=1
sin @ - .,
s = P) Z En(bpéntn(cos) — ia,épmy(cosh))
n=1

, where a, and b, are the Mie coefficients of n-th order modes, p = kr with a free space
wavenumber in the surrounding medium k, E, =i"E,(2n+ 1)/n(n+1).,and &, is the
Riccati-Bessel function.[27] When we consider only dipolar contributions, the angle dependent
function 7, = P1/sin® and t,, = dP}/d6 become m; = 1 and t; = cos §. Additionally, if
we observe the scattering from 6 = m/2, the latter vanishes. Therefore, equation (8-1) can be

simplified, and following equations are led
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Esg = (-2)

E1(=b1$1)

sin
E; 14

o = Ei(—ia;&).

Because a; and b; denote the contributions due to electric and magnetic dipoles, their
contribution can be separately determined by measuring scattered light with - and ¢ -

polarization. Also, equation (8-2) show that they have orthogonal radiation patterns expressed by

cos? ¢ and sin? .

8.3.  Experimental results

The fabrication procedure of the silicon nanosphere forming our metafluid is
schematically shown in Figure 8-2a-d. The nanosphere is grown from a commercially available
silicon mono-oxide powder by a high-temperature annealing (1450°C) at the temperature higher
than the melting point of silicon. Following etching of a silicon dioxide matrix with hydrofluoric
acid, they can be dispersed in solutions such as water and alcohol. Finally, almost mono-dispersed
colloidal solution is obtained by a size separation process using a density-gradient centrifugation
method. A TEM image of typical nanosphere, with average diameter 129 nm, is shown in Figure
8-2¢. One can see the highly spherical surface of the synthesized silicon nanospheres (circularity

factor~0.97[194]).
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Figure 8-2. Fabrication of colloidal silicon nanospheres. (a-d) Schematics of the fabrication
procedure. (e) TEM image of the silicon nanospheres with average diameter of 129 nm. (f) Images of
the colloidal silicon nanospheres with different diameters. Corresponding average diameters (Daye)
and the standard deviations are shown together. (g) Extinction spectra of the solutions. The samples

are same as (f), and the line colors correspond to the image’s borders.

Figure 8-2f are color images of the produced metafluids, exhibiting beautiful scattering
colors by size-dependent Mie scattering depending on the size of silicon nanospheres.
Corresponding extinction spectra of the metafluids are shown in Figure 8-2g with line colors same
as the borders of the images in Figure 8-2f. We can see that the peak wavelengths can be
controlled spanning visible and near-infrared spectra. Note that in addition to scattering, there is
slight contribution from absorption. This feature is one advantage to utilize the Mie resonator as

a building block of metafluids. Because the resonance wavelengths are determined by the
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diameter with approximately linear relationship (e.g., D/(A1/n)~1 for a magnetic dipole
resonance), the operation frequencies of all-dielectric metafluids can be easily tuned over range
in contrast to plasmonic ones whose resonance is ruled by a plasma frequency of a constituting
metal. Here we determined the average diameter and standard deviation of the containing
nanospheres by fitting the measured extinction spectra with calculated ones using the Mie theory
and show them below images of Figure 8-2f. The size distributions are less than 13 % over all
samples. For the following experiments, we have chosen three typical metafluids which works at
blue (Dav. = 101 nm), green (Dave = 129 nm), and red (Dave = 198 nm) spectral ranges.

The angle- and polarization-resolved scattering measurement was carried out to
demonstrate the Mie scattering of the macroscopic amount metafluid using the setup shown in
Figure 8-3a. The metafluid in a quartz cuvette with a light path length of 10 mm is illuminated by
collimated white light from a tungsten-halogen lamp (Ocean Optics LS-1) through a polarizing
prism. The light scattered within a half-angle of 3.6° in the perpendicular direction (6 = 90°) is
collected by an infinity-corrected lens system and led to a spectrometer equipped with a charge-
coupled device (Acton Research Corporation SpectraPro-3001). The polarization of the scattered

light was selected by an analyzer inserted in the lens relay. This setup allow us to selectively

measure angular distribution (¢ = 0 —360°) of scattering intensities I, (@) x |Es(p|2 and
Io(@) < |Esg|? which correspond to electric and magnetic dipoles, respectively, as was

discussed above.
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Figure 8-3. Angle- and polarization-resolved scattering spectroscopy. (a) lllustration of the
measurement setup. An azimuth (p) can be changed from 0° to 360° by rotating a polarizer, while a
polar angle (0) is fixed at 90°. (b) Scattering spectra measured at ¢ = 45°. Line colors corresponds
to blue, green, and red metafluids. (c-h) Angular scattering maps of 1, (c,e,g) and Iy (d,f,h) for blue
(c,d), green (ef), and red (g,h) as a function of wavelength and azimuthal angle. (i-k) Scattering
patterns obtained by slicing the two-dimensional maps of blue (i), green (j), and red (k) metafluids at
the peak wavelengths of electric and magnetic dipoles as indicated by blue and orange dashed lines,

respectively.

Before proceeding to polarization-resolved measurement, we characterize the blue, green,
and red metafluids by scattering spectra measured at ¢ = 45° without the analyzer (Figure 8-3b).
Based on the Mie theory, the scattering spectra in this configuration are supposed to be
proportional to those of scattering cross section as long as multipoles (n > 2) are omitted. As the
contribution of absorption does not exist, the spectral shapes are sharper than those in Figure 8-2g,

and features of the Mie resonances can be observed more clearly. Note that scattering
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measurements throughout this letter is carried out in the regime established by a Lambert-Beer
low to exclude disturbance due to multiple scattering.

Two-dimensional scattering maps as a function of azimuthal angle and wavelength are
shown in Figure 8-3c-h. For all metafluids, their angular and spectral responses are different
between [, (Figure 8-3c,e,g) and /s (Figure 8-3d,f.h). The scattering maps of /, have peaks at 90°
and 270° with long tail in longer wavelengths, while that of /s are strongest at 0° and 180°. These
features agree with the theoretical prediction and prove that electric and magnetic dipolar
scattering have been successively detected in /, and /s, respectively. The rich spectral feature of
the red metafluid will be discussed later. To further confirm the electric and magnetic nature of
the observed peaks, angular distributions are plotted in Figure 8-3i-k at the peak wavelengths,
465 and 487 nm for blue, 495 and 550 nm for green, and 623 and 757 nm for red metafluids,
indicated by dashed lines in the maps. The plots exhibit dipolar radiation patterns which are
orthogonal each other, reproducing theoretical prediction perfectly.

Such a high quality metafluid with bulky amount allows us to visually recognize their
spectral differences of electric and magnetic nature even with our eyes. Figure 8-4a-c show
photographs of the blue, green, and red metafluids taken with a commercial CMOS camera
through the analyzer. When /, (left) is captured, slightly whitish colors are observed in agreement
with broad nature of the electric dipole mode. On the other hand, colors of /y (right) exhibit highly
saturated colors which correspond to the magnetic dipole mode. We further provide detailed
analysis of their spectral response in Figure 8-4d-i by comparing measured spectra with
theoretical calculation. In the theoretical calculation, we used the Mie theory under the assumption

that the size distribution of the silicon nanospheres follows a log-normal function. We find
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excellent quantitative agreement between experimental and theoretical spectra on all metafluids,
proving the existence of building blocks in ideal situation (i.e., no agglomerates). Trivial
deviations of them such as a slight broadening of the measured spectra may come from differences
in the size distribution function. The accord allows us to assign peaks with certainty with the help
of multipole decomposition of the scattering spectra for a single silicon nanosphere. For the blue
and green metafluids, dipolar contributions are dominant, and the assignment is straightforward
as shown in the figure. Whereas, the spectrum of the red one is rather rich due to higher order
modes (n > 2). Nonetheless, the lowest order peaks in each polarization (/, and Iy) are still
dominated by dipolar resonances, while additional strong peak at 530 nm arises from electric

quadrupole.
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Figure 8-4. Spectral response of metafluids with different sizes. (a-c) Photographs of the blue, green,
and red metafluids, exhibiting colors due to electric (I,) and magnetic (lg) dipole scattering. (d-h)
Measured and (e-i) calculated scattering spectra at detection angles (6, p) = (90°, 90°) for electric

dipole and (0, p) = (90°, 0°) for magnetic dipole modes.

134



So far in this letter, we have demonstrated strong magnetic nature in addition to electric
one of our all-dielectric metafluids. Spectrally resolved selective measurements of electric and
magnetic dipole strengths in macroscopic amount solution has so far, to the best of our knowledge,
not been reported in such a good match between theory and experiment. Also, in most cases, such
selective measurements have been carried out at a single wavelength, lacking reliability because
electric (magnetic) dipole and magnetic (electric) quadrupole have the same angular and
polarization dependences and cannot be separated. Besides, experimentally measured intensity
ratios of magnetic-to-electric dipoles (MD/ED ratio) of metafluids are much lower than
theoretically predicted values in the previous reports,[251], [254], [255] except for report on a
spectrally broadened result[250]. Up to now, the highest MD/ED ratio is about 0.28 on a metafluid
made of silver raspberry nanoparticles, even though strong optical magnetism is the key to
manipulate effective refractive index in a wide range.[259] As an important achievement of this
work, we report the highest MD/ED ratio 1.00, 1.05, and 1.04 for blue, green, and red metafluids
(Figure 8-4d-h), which are almost unity and more than three times higher than previous reports.
From these experimental results, we claim the first realization of all-dielectric metafluids
consisting of silicon nanospheres in solution with excellent performance and feasibility compared

to plasmonic counterparts.

8.4.  Perspective: optical metafluids as effective media

Having demonstrated electric and magnetic responses of the all-dielectric metafluids as a
hallmark, we discuss the possibility to control effective parameters based on an effective medium

theory. It is known that the effective medium theory is valid under the condition where a size
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parameter (x = kD/2) is less than 1, that is, the dimension of inclusion must be smaller than the
operation wavelength. Considering a resonant condition of the lowest Mie resonance,
D/(A/n)~1, a lower limit of refractive index for the inclusion of all-dielectric metafluids can be
derived as n > m. Accordingly, we argue that nanospheres made of high-refractive-index
materials are necessary for all-dielectric metafluids, and silicon is the best one in visible because
of its high refractive index >3.5 across visible and near-infrared spectra and even higher index in
the wavelength range below 570 nm. Besides, for this reason previously reported meta-atoms
made of moderate-refractive-index dielectrics such as selenium[195], [252] and copper
oxide[263] are not suitable to control effective parameters of solution in liquid phase.

Justified the use of the effective theory, we estimate effective permittivity ez
permeability u.p, and refractive index ney of the all-dielectric metafluid based on the extended
Maxwell-Garnett (EMG) theory, which is commonly used for artificial composites where meta-
atoms or meta-molecules are randomly dispersed.[264], [265] The calculated results are shown
in Figure 8-5. We assumed that silicon nanospheres of 129 nm in diameter, which corresponds to
the green metafluid, are randomly dispersed in water (z = 1.33) and that near-field interaction and
multipolar effects are negligible. In Figure 8-5a, polarizabilities of electric and magnetic dipoles
are shown. In agreement with previously reported features, the electric one has long tail, while
magnetic one exhibit almost symmetric line shape. It is worth noting here that the polarizability
of our inclusion takes a diagonal form thanks to the spherical shape and resultant completely
isotropic responses, which is important nature for metafluid. Effective refractive index is plotted
in Figure 8-5b as a function of volume fraction (f) and wavelength. As can be seen, the metafluid

exhibit unnaturally low refractive index (e.g., n = 1.33—1.55 for naturally occurring fluids) in a
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wide volume fraction range around 450—550 nm where electric and magnetic dipole resonances
are excited. In particular, we highlight that even near zero index (n.;< 1) is achieved in the region
f< 0.5 where the inclusion are not assembled into ordered crystals (fluid+crystalline phase) but
still in a fluid phase.[258] Note that beyond the f of 0.5, the EMG calculation is not accurate, and
a different approach such as dressed polarizability need to be adopted. The origin of such a notable
tunability can be understood by exploring spectral profiles of each effective parameter at f= 0.5
in Figure 8-5c-e. The figures show that the lowest and highest refractive indices coincide with the
sweep of permeability, evidencing the indispensable role of strong magnetism supported by the
Mie resonance of the high-index semiconductor. Besides, the operation wavelengths of our
metafluids can be adjusted across whole visible range by the size (Figure 8-5f), demonstrating

stark contrast against plasmonic counterparts.
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Figure 8-5. Effective medium calculations for the metafluid based on the extended Maxwell-Garnett

theory. (a) Polarizabilities of electric (p, blue line) and magnetic (m, orange line) dipoles for a 129
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nm silicon nanosphere in water. (b) Effective refractive index as a function of wavelength and volume
fraction. (c-e) Effective permittivity (c), permeability (d), and refractive index of the metafluid with
volume fraction = 0.5. (f) Effective refractive index as a function of wavelength and diameter of the

nanosphere (f = 0.5).

8.5.  Summary

In summary, a concept of all-dielectric metafluid composed of high-refractive-index Mie
resonators as building blocks is proposed. We experimentally and theoretically demonstrated a
colloidal solution of silicon nanospheres can be an excellent candidate for it in visible and near-
infrared spectra. Through the macroscopic measurement of azimuthal angle and polarization
resolved scattering spectra, it is directly demonstrated in a bulky solution that the metafluid
possesses strong electric and magnetic dipolar responses with comparable strengths (MD/ED =
1). As a stark contrast to previous works on plasmonic metafluids, the measured spectra exhibit
perfect agreement with theoretical ones. We also investigated the artificial optical responses of
bulk solution under the effective medium theory and found that unnaturally low and even near-
zero index (< 1) material can be achieved with a reasonable concentration. To the best of our
knowledge, this is the first report that experimentally evidences optical magnetism of artificial
solution in visible excluding contribution of quadrupoles. In visible and near-infrared frequencies,
the investigation is also for the first time on macroscopic effective medium parameters of
materials in which Mie resonant building blocks are randomly dispersed. The all-dielectric
metafluid may break recent stagnation of plasmonic metafluids, resulted from difficulty of
homogeneous production and structural complexity, and open a new way toward tunable index

fluids which comport very well with optofluidic devices. The proposed metafluid would also work
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as a novel platform to investigate phenomena in fundamental physics which require dual scatterer,

for example, Kerker-type multipolar interferences and helicity conservation.[266]
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Chapter 9

Summary and outlook

In summary, we have developed novel optical nanoantennas including plasmonic and
dielectric ones. The plasmonic nanoantennas have been studied based on the metal nanocap
structure, and the potential as an antenna was greatly expanded by the coverage control technique,
introduction of anisotropy, and hybridization with another plasmonic structure. I believe that the
performance of the plasmonic nanocomposite for upconversion enhancement will be further
enhanced by combining the approaches developed in this thesis. Besides, we have succeeded in
the demonstration of directional scattering and emission with single silicon spherical particles.
We have also suggested another research direction which utilize silicon nanospheres as building
blocks for bulky effective media, enabling us to realize unnatural optical materials thanks to their
optical magnetism.

For the demonstration of the emission directionality, we have utilized the two-
dimensional semiconductor as the emitter, but the interference of electric and magnetic dipole
Mie resonances is a general approach to achieve the directional emission. One of the interesting
strategies in the future is to combine the silicon nanosphere with the upconversion and plasmonic
nanocomposites. For example, the plasmon-enhanced upconversion emission may gain
directionality due to the coupling with the Mie resonances, suggesting its great potential for
spectrum conversion layer of photovoltaics. Such that, we still have several ideas which has never

reported so far. Here are some of them which have been found in this Ph.D. study.
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A) Although we did not focus on the illumination direction of upconversion nanocomposites,

B)

the asymmetry of the nanocap would result in different multipole contributions depending
on the direction which illumination light comes in. Although the difference does not
significantly affect the linear response (i.e., scattering cross section), the effect can be
boosted in the non-linear response (i.e., upconversion emission).

When we were conducting analytical calculation on the directionality by the modified Mie
theory, it was found that the T/B ratio is strongly dependent on the dipole-to-sphere distance
by the factor >10%. We propose to fabricate thin a silicon dioxide layer on the emitter or
around the Mie resonator and maximize the directionality. It is also worthy to note about the
experimental setup for directionality measurement. Although two objectives in top and
bottom direction have been utilized in this thesis, it would be possible to utilize one objective

and measure twice from one and the other side by flipping over the sample.
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