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Introduction

The diameters of red blood cells and hairs of human are around 10 um and 100 pm respec-
tively. With these sizes, about ten blood cells can make a line along the diameter of the hairs.
Arbitrary 3D structures with the size of the blood cells can be fabricated with light. When I
was an undergraduate, I was majoring electrical and electronic engineering. However, I was
interested in state-of-the-art technologies such as nanoscience. The optical fabrication tech-
nology was attractive for me enough to change my major. Needless to say, nano/micro fab-
rication is essential in science and technology at present. Various fabrication methods have
been invented: photo/electron-beam/ion-beam lithography, nanoimprinting etc. All of these
methods, however, are 2D nano/micro fabrication and limited to surface processing. I have
been engaged in 3D nano/micro fabrication in top-down and bottom-up approaches with light
during this five years. In this thesis, I summarized a series of research outcomes regarding

this theme.

The optical fabrication technology mentioned at the beginning is called as two-pho-
ton fabrication (TPF). Two-photon process of materials is the core principle. Lasers with
high power are applied to light curing resins, and the resins are cured only at the center of
focus spot via two-photon absorption. By scanning the focus spot in 3D, nano/micro struc-
tures are fabricated. TPF is, so to speak, a nano/micro version of 3D printer. Arbitrary 3D
nano/micro structural fabrication with spatial resolution beyond diffraction limit is realized
by TPF. Metals also can be applied as materials of TPF.

TPF has been used in various fields where 3D nano/micro fabrication is needed. Met-
amaterials are one of the examples. Metamaterials are subwavelength 3D structures mainly
made with metals interacting with electromagnetic field of light. Arbitrary control of permit-
tivity, permeability, and refractive index is expected with the metamaterials. Control of elec-

tromagnetic wave is incomparably freer than so far by the metamaterials.



However, realization of the metamaterials is not easy. Difficulty in mass fabrication
of the 3D structures interacting with light is one of the big problems. Mainstream of met-
amaterial fabrication is top-down approaches such as photolithography. By artificially fabri-
cating materials toward intended designs, the structures are obtained. TPF also is one of top-
down approaches. The top-down approaches are unsuitable for mass fabrication. This is
because it takes a long time to fabricate a structure, and the number of the structures per one
fabrication period is limited. Even if the metamaterials are prepared with the top-down ap-
proaches, the scale of them will be small. Practical application is hence difficult.

How can we prepare such a subwavelength 3D metal structures in bulk? Bottom-up
approaches are one of the answers. Not artificially but naturally, the 3D metal structures can
be formed by inherent forces of atoms and molecules such as Coulomb force and Van der
Waals force. Here, let us imagine snow crystals. There are indeed various shapes in the snow
crystals. We can see branches grew from edges of a hexagonal crystal, and additional narrow
branches grew from these branches. The whole picture of the snow crystal will represent
tree-like shape. However, this complicated geometry is created completely by nature, not by
human. Bottom-up approaches easily realize mass creation of such a complicated 3D
nano/micro structures.

The problem is how 3D metal structures acting as metamaterials can be made with
bottom-up approaches. In this term, I focus on tree-like silver nanostructures; silver nanoden-
drites. Dendrites are one of the crystals whose shape is like trees with trunks and many
branches. Several branches grow from a trunk with a certain gap between two neighboring
branches in one dendrites. It is one of the most essential point to act as metamaterials that
the silver nanodendrites can have electromagnetic induction with magnetic field. Here, I
consider that parts of the dendrites composed by two neighboring branches may act as ring
resonators. Ifthese parts can have electromagnetic induction, the nanodendrites may behave
as metamaterials. If the trunks and the branches are silver in nanoscale, interaction of the

dendrites with electromagnetic wave around visible range may be realized.

Based on the background described above, in this thesis, | aimed my research theme
to bottom-up metamaterial fabrication with silver nanostructures. I explain a method of bot-
tom-up optical fabrication of silver nanodendrites. I discuss shape differences of silver nano-
crystals among experimental parameters such as temperature and laser power. I also discuss
electromagnetic field responses of the silver nanodendrites to evaluate potentials as met-
amaterials. Finite-difference time-domain method was utilized to analyze the electromag-

netic field responses.



In addition, I show elasticity and molecular orientation of polymer 3D nanostructures
formed by TPF. Size dependent elasticity of the polymer nanosprings along wire radii was
evaluated with spring constants measured by an atomic force microscope. Size dependent
molecular orientation of polymer nanowires along wire radii also was evaluated by polarized
micro-Raman spectroscopy. I then discuss correlations of the size dependent characteristics

between the elasticity and the molecular orientation.
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Chapter 1.

Metamaterials

Metamaterials, which are one of trends of science and technology, are artificial
materials composed of subwavelength structures interacting both electric and
magnetic fields. In this chapter, I briefly introduce the physics, the history, and
applications of metamaterials especially as negative refractive index materials.
I discuss bottom-up production approaches of the metamaterials. The bottom-
up approaches are necessary for the metamaterials to be applied widely. I focus
tree-like silver nanocrystals as a bottom-up metamaterial. I discuss fractal which

is one of important characteristics of the tree-like silver nanocrystals.

1.1 Electromagnetic responses of metamaterials

The word metamaterials was generated to depict artificially designed materials with physical
properties not in nature [1,2]. The definition of the metamaterials, however, seems not to
have been distinct. On many contexts of not only electromagnetics but also other fields deal-
ing with waves, metamaterials have been used. Here, at first in this research, I define a met-
amaterial as an assembly of intendedly produced subwavelength structures which simultane-

ously respond with both electric and magnetic fields.

According to electromagnetics, refractive index n of materials is defined with relative

permittivity e and relative permeability u as the equation below,

n=eva. (L.1)

These quantities are basically inherent in the materials. If a material does not change to an-

other material, the permittivity, the permeability, and the refractive index of the material then
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does not change. This is a premise of electromagnetics established by J. C. Maxwell, and
treated as so for a long time.

A movement to arbitrarily control the permittivity, the permeability, and the refractive
index was emerged on the latter of 1990s [3,4]. Metal structures with finite size which is
about one tenth of wavelength of electromagnetic wave are the key points to control these
quantities. In other words, these are the metal structures interacting with electromagnetic
field. This is the dawn of metamaterials. At present, over 2000 papers regarding metamate-
rials have been published per year. The field of metamaterials has been one of trends of
science and technology.

If the metal structures are satisfyingly smaller than the wavelength of electromagnetic
wave, these metal structures can be the same as atoms and molecules for the electromagnetic
wave. That is to say, the electromagnetic wave does not diffract and scatter with the metal
structures. If there are a number of such subwavelength metal structures in a system, the
effective permittivity and the effective permeability which are derived from interactions be-
tween the metal structures and the electromagnetic wave will appear.

Then, what kind of the structures does it which can interact with electromagnetic
wave? For electric field, the metals can easily react with their free electrons. The shape of
the structures can be simple rods as shown in upper left of Fig. 1.1. The effective permittivity

g5 derived from the rods still obeys the Drude model as follow,

Rod SRR

Ceff MUeff

\\ {I Im
0 0 fo
m}p eff

Figure 1.1] Schematics of a metal rod and an SRR which interact with electric and magnetic

fields respectively. Effective permittivity and permeability vary along the frequency due to

interactions of the rod and the SRR.
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2

Dp eff
air(@) = 1 = ——"—, (12)
o+ il o
where @, @, ¢, and I are angular frequency of the electromagnetic wave, effective plasma

frequency, and effective dumping coefficient of the metals [5]. The frequency characteristics
of the permittivity e 4 is shown in lower left of Fig. 1.1. An effect of interband transition
needs to be considered around optical frequency region. Hence, the actual permittivity is the
sum of the permittivity from Drude model and the one from interband transition. In contrast,
interaction with magnetic field requires a contrive; structures which can have electromagnetic
induction can realize the interaction. Actually, this is the charm of the metamaterials. Split
ring resonators (SRRs) as described in upper right of Fig. 1.1, which are ring structures with
a cut, are the most basic example. The SRRs can have a coil on the ring part and a capacitor
at the cut. The SRRs thus can behave as an LC resonance circuit. The LC circuit has the

resonant frequency f, determined by the inductance L and the capacitance C,

fom——" (1.3)

The electromagnetic wave of the resonant frequency is absorbed by the SRRs. This phenom-
enon corresponds to change of the magnitude on the imaginary part of the effective permea-
bility around the resonant frequency. The real part and the imaginary part of the permeability
(and the permittivity) relate with each other by Kramers-Kronig relation [6]. Hence, the real
part also changes when the imaginary part changes as shown in lower right of Fig. 1.1. By
utilizing the rods and SRRs of the metals, the effective permittivity and the effective perme-

ability can be controlled.

Negative refractive index

On the frequency region slightly above the resonance, the real part of the permeability largely
changes. If the resonance has high Q factor, the amount of change on the real part of the
permeability will also be large. Consequently, negative real part of the permeability can be
available. If both the permittivity and the permeability are negative, the refractive index also
is negative. The negative refractive index is the most typical property to characterize the

metamaterials.
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In the negative refractive index materials (NIMs), the electromagnetic wave shows
strange behavior. Here, let us assume a plane electromagnetic wave E and H in a vacuum.

The wavenumber k can be written as dispersion relation as follows,
R=2L 2=y, (1.4)

where c is the speed of light. When the refractive index is negative, then the wavenumber is
also negative. On the other hand, the energy direction of the electromagnetic wave corre-

sponds to poynting vector §
S=E X H. (1.5)

Therefore, the wavenumber and the energy of the electromagnetic wave are opposite with
each other in the NIMs. When the electromagnetic wave incident onto the NIMs, the wave
refracts to a direction which is different compared to positive refractive index materials a s
described in Fig. 1.2. The direction of refraction is determined by the interface condition of
electromagnetic wave between the vacuum and the NIMs, namely the conservation of the

wavevector.

k

n=1

k>0

n<0 : n>0
k<0 k>0
S=ExH

Figure 1.2| Directions of refraction, Poynting vector, and wavevector among positive and

negative refractive index materials.
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Any materials in nature are categorized in four areas by taking the permittivity and
permeability x and y axes respectively as shown in Fig. 1.3 [7]. Materials with both positive
permittivity and permeability like dielectrics are located on the first quadrant. The permea-
bility of the materials in optical region is regarded as unity. Materials with negative permit-
tivity and positive permeability in optical and other wide frequency regions such as metals
are located on the second quadrant. Materials with positive permittivity and negative perme-
ability like diamagnetic are located on the forth quadrant. The NIMs with both negative per-
mittivity and permeability are then located on the third quadrant. It should be noted that the
electromagnetic wave cannot penetrate the material of the second and the fourth quadrants.
This is because the wavevector in these materials is imaginary, which means the electromag-
netic wave exists as evanescent wave. In contrast, the electromagnetic wave can penetrate in
the materials of the first and third quadrants as the wavevector is real. Then, the electromag-
netic wave propagates to backward in the NIMs as the wavevector is negative. However, the

NIMs have never been discovered in nature yet.

U
A
e<0 e>0
©>0 #=>0
k€ Im k>0
n>0
Metals Dielectrics,

(optical region) | Magnetic materials

0
8?8 e>0
<0 u=0
k€ Im
n<0
NIMs Diamagnetic materials
(not in nature) (GHz region)

Figure 1.3| A classification of natural materials with the value of permittivity and permea-

bility.
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Optimization to high frequency region

Actually, Veselago first considered the physics of the NIMs in 1960s [8]. Although he looked
for existence of the NIMs in nature, he could not find the NIMs. After that, his work had
been left behind until around 2000s. Pendry got an idea to control the permittivity and the
permeability with periodic alignment of the metal rods and SRRs. He then theoretically
proved that the negative index can be available with the system around the latter of 1990s
[3,4]. Based on a series of his works, Smith and coworkers experimentally realized the met-
amaterials as NIMs with the same system (rods and SRRs) on microwave region at the first
of 2000s [9,10]. Since there are huge attractions for control of the refractive index, as I de-
scribe in the next section, researches regarding the metamaterials were immediately acceler-
ated.

Pendry and Smith’s works were achieved in microwave region. Then, a competition
to make the metamaterials on higher frequency region than microwave was emerged [11].
Optimizing the metamaterials to the high frequency corresponds to simplification and minia-
turization of the unit structures. Tanaka and coworkers studied possibilities of permeability
control in optical region [12]. They considered a system with a periodic series of a nanosize
silver SRR with multiple splits as shown in Fig. 1.4 (a). They theoretically confirmed that

the system can realize negative permeability between optical region to ultra violet (Fig. 1.4

(a) (b)
]g,k er 20.._6250m__265nm__ 160nm__100nm

E 0. 10
D & o —p —— - —

»
fJ -10 ar wag |||
* -20¢t -]

625125125 18 40

40 265 53 53 18 40|

30 160 32 32 18 40|
E 5 100 20 20 18 40| |
S.

10

0 1

0 200 400 600 800
Frequency [THZz]

Figure 1.4| (a) A schematic and a configuration of a miniaturized SRR with multiple splits
optimized for around optical region, and (b) magnetic resonances at different wavelengths

among the dimensional differences. Figure referred from [12].
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(b)). In addition, there are many theoretical and experimental studies for high frequency op-
timization as summarized in Fig. 1.5. Shalaev and coworkers developed gold nanorod pairs
as an abstract of the SRRs as described in lower left of Fig. 1.5, and theoretically and exper-
imentally confirmed negative refractive index around near infrared region [13-15]. Zhang
and coworkers developed fishnet structures which can make both the permittivity and perme-
ability negative as shown in lower right of Fig. 1.5 [16-20]. As far as I know, the fishnet
geometries have been the most successful for the metamaterials as the NIMs around optical
region.

Recent trends of the metamaterials are entirely on a context of surface engineering.
Many nanostructures which interact with the electromagnetic wave have been developed.
The surface nanostructures are so-called metasurfaces [21]. The functions of the metasur-
faces have been diverged from refractive index control: chiral engineering [22,23], Fano res-

onance [24-26], electromagnetic induced transparency [27,28] etc.

F100 nm
1,000+ r
’;\‘\ .
T L X @ N xv XVi XVITXVITE pm
= v XA |
< 1004 % ACxiixil i
5 viii F10 um
2 L
g 109 A — %
g Vi F100um g
c [
< 14 [ >
g L ©
4 F1mm s
2 014
= L
& Flcm
©
= 0.074 [
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Q Q
QS Al
q/Q
y
y 4

Figure 1.5| Transitions of SRR structures along the year toward high frequency region. A
metal rod pair and a fishnet model are indicated by blue and red respectively. Figure referred

from [11,14,20].
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1.2  Applications with refractive index control

Arbitral control of permittivity, permeability, and refractive index realizes freer control of
electromagnetic wave than ever. Here, let us assume a NIM with the value -1 of the permit-
tivity and the permeability in a vacuum. The refractive index is also -1. In this case, the
electromagnetic wave from a point light source has a pass as shown in Fig. 1.6 (a). The
electromagnetic wave from the point source is focused again after penetrating the NIM.
Hence, a plane lens is realized by the NIMs. The impedance of the NIM is the same as that
of the vacuum. Hence, there is no reflection at the interface between the NIM and the vacuum.
The important is evanescent wave is enhanced in the NIM [29]. When the electromagnetic
wave hit to objects, scattered wave and transmitted wave which reflect information such as
the structures of the objects are generated. The evanescent wave is also generated with these
electromagnetic waves as propagating wave. The evanescent wave has larger wavevector
than the propagating wave. This means the evanescent wave have more finite information
than the propagating wave. On the other hand, the amplitude of the evanescent wave decay
exponentially, making propagation of the evanescent wave difficult. Hence, the resolution of
images is basically limited to the magnitude of the wavelength of the incident electromagnetic

wave. Ifthe evanescent wave is able to propagate, infinitely small objects such as atoms and

(a) (b)

Point source

Figure 1.6] (a) A NIM refracts electromagnetic wave from a point source with different
manner compared to positive refractive index materials, making transmitted wave refocus.
(b) Electromagnetic wave indicated by black line circumvents something at the center due to

distribution of refractive index around it. Figures referred from [29,30].
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molecules can be imaged. Such a perfect lens can be realized when the refractive index of
the NIMs is -1.

Active camouflage is also realized by the metamaterials [30,31]. If we are able to
arbitrarily make a distribution of refractive index in a space, this means we are able to arbi-
trarily control the pass of the electromagnetic wave. If an object is surrounded by the refrac-
tive index distribution and the electromagnetic wave circumvents the object, there is no scat-
tered and transmitted wave from the object as shown in Fig. 1.6 (b). We are thus not able to
detect the object, realizing cloaking.

There can be also a number of other applications of the refractive index control. The

metamaterials have potentials to evolve science and technology.

1.3 Top-down and bottom-up fabrications

of metamaterials

Metamaterials have been successfully fabricated via top-down approaches: light-beam lithog-
raphy, electron-beam lithography, laser direct writing via two-photon process [32,33] etc. By
artificially fabricating materials toward intended designs, the structures are obtained by the
top-down approaches. Indeed, the intended structures can easily be made by the top-down
approaches. However, mass fabrication and 3D structure fabrication are difficult with the
top-down approaches. Hence, applications of the metamaterials as described in the last sec-
tion have still been hard to be realized. This is because 3D bulks with numerous structures
interacting with electromagnetic wave.

Bottom-up approaches such as crystal growth and self-assembly of atoms or mole-
cules are the contrast to the top-down approaches. Not artificially but naturally, the 3D struc-
tures are formed by the bottom-up approaches. The 3D structures are formed by inherent
forces of atoms or molecules such as intermolecular force Coulomb force. The bottom-up
approaches realize mass production of finite and complicated 3D structures at once, which is
at present impossible by the top-down approaches. On the other hand, duplication of the same
structures is more difficult with the bottom-up approaches than with the top-down approaches.
We are forced to indirectly control the geometry of the structures via several parameters:

temperature, concentration, time etc.
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There are some works of bottom-up metamaterial production [34,35]. Fan et al. con-
sidered a core-shell nanoparticle with gold and silica [36]. Each silica shell behaves as a
spacer, making capacitors between the nanoparticles (Fig. 1.7 (a)). They theoretically and
experimentally confirmed that a trimer of the gold-silica core-shell nanoparticles had a mag-
netic dipole with an incident light polarized in the plane of the trimer as shown in Fig. 1.7 (b).
Metal film-dielectric layer-metal nanoparticle systems may also act as the metamaterials
[37,38]. A magnetic response can occur between the film and the nanoparticle with the die-
lectric layer as a spacer as shown in Fig. 1.8 (a). This system can also react with electric field
with the film and the nanoparticle. Hence, this system shows absorptions due to simultaneous
responses of electric and magnetic fields (Fig. 1.8 (b)). It was reported that a core-shell cluster
which consist of a dielectric core sphere decorated by a number of gold nanoparticles forming
a shell could also act as a metamaterial [39-41]. By illuminating this core-shell cluster by a
plane wave, all the nanoparticles at the shell oscillate in-phase around the core sphere in a
particular frequency, causing an effective current. This system has a large permittivity due to

permittivity dispersion of dielectrics near plasmon resonance of the nanoparticles. At the high

(a)
E

Silver Silica

H
200 nm m

(b)
g
£
o
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Figure 1.7| (a) A trimer of core-shell nanoparticles with silver and silica and corresponding
equivalent resonant circuit. (b) Experimental and theoretical scattering spectra of the trimer.

A magnetic dipole is indicated. Figure referred from [36].
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(a) (b)
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Figure 1.8| (a) Silver nanocubes dispersed on a gold film with a dielectric spacer. This
system can have a magnetic resonance between the nanocubes and the film. (b) A calculated
reflection spectrum for cubes that are 70 nm in size, distributed with periodicity (350 nm)

and separated from the gold film by an 8 nm thick dielectric layer. Figure referred from [37].

permittivity area, the 1st order Mie resonance which has a magnetic dipole can be excited.
Control of permittivity and permeability using Mie resonance inside dielectric structures has
been reported recently [42,43]. Use of nanostructures existing in nature as metamaterials also
is interesting. Ebihara et al. reported that a lotus leaf coated with gold film showed reflec-
tance near zero on optical frequency [44]. This characteristic originates from complicated
nanostructure at the surface the leaf coated with gold, where light is confined and hardly

emitted.

14 Silver nanodendrites as metamaterials

There is a kind of crystal shapes called dendrites. The dendrites are tree like silver crystals
made of orderly assembled numerous branches. Such complicated structures are self-grown,
and formed with every material including metals. Then, the shape of the dendrites varies
diversely by conditions of crystal growth. Snowflakes are one of the most familiar examples
of the dendrites (Fig. 1.9 (a)) [45]. It can be clearly observed that a number of snow crystals
with various shapes and sizes are bound up in order and form tree like shapes around apexes
of the snowflakes. Moreover, snowflakes with the same shape never exist in nature. This is
because the shape of the snowflakes is determined by parameters of the air such as tempera-
ture and humidity which change constantly, and the same condition never happen in the past
and the future. “Snowflakes are letters sent from heaven.” Ukichiro Nakaya, who made the

first artificial snowflakes, expressed diversity of snowflake growth as so [46].
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Fractal also is an intrinsic and important characteristic of the dendrites. Fractal is a
concept of mathematics and integrates everything which has self-similarity between part and
whole of it. Benoit B. Mandelbrot gave rise to fractal in the middle of 1970s [47]. Nowadays,
fractal has become popular and is used in various fields and situations. Everywhere of nature,
fractal emerges: lightning, patterns of river network, cloud etc. Based on the law of self-
similarity even in randomness, those patterns are created. The dendrites are also formed by

repeated ramification of branches begun from trunks. Parts and the whole of the dendrite can

(b)

Figure 1.9] Dendrites with fractal (self-similarity). (a) A snowflake. (b) A silver nanoden-
drite grown on a glass substrate. The right-side image is a magnification of the dotted area

on the left-side image. The scale bar is 1 um. Figure (a) referred from [45].

17



Chapter 1. Metamaterials

be found as self-similarity with each other. The detail of fractal is described in the next section
of this chapter.

In nanoscale, moreover, the dendrites exist. From here, I call such nanosize dendritic
structures as nanodendrites. The nanodendrites consist of numerous nanosize branches, and
configure fractal geometries in nanoscale. Here, nanodendrites of silver are shown in Fig.
1.9 (b). Such silver nanodendrites show optical properties in wide areas of visible region.
This is because the silver nanocrystals have plasmon resonance in the visible range and the
resonance frequency vary with the size and the shape of the nanocrystals. The detail appears

in section 2.5 of the next chapter.

The silver nanodendrite may be utilized as metamaterials. Zhao and coworkers have
tried to utilize dendritic structures as the metamaterials [48-55]. They confirmed that a metal
dendritic structure with millimeter scale as shown in Fig. 1.10 (a) could interact with both
electric and magnetic fields. Trunks of the dendritic structure could interact with the electric
field (Fig. 1.10 (b)), and loops between adjacent branches could interact with the magnetic
field (Fig. 1.10 (c)). A Refractive index calculation indicated that an optimized dendritic

Refractive Index (n)

- - -imagn
O realn (exp.)

4 6 8 10 12

Frequency (GHz)

-45 -30 -15 o] 15 30 45
Angle(deg)

Figure 1.10| (2) A metal dendritic structure model with geometry parameters. The structure
can interact with electric and magnetic fields as shown in (b) and (c) respectively. Small red
arrows indicate current direction induced by the electromagnetic field. (d) An optimized
structure can have negative refractive index around 9.3 GHz. (e) A prism made with periodic
arrangement of the optimized structure has negative refraction around 9.3 GHz. Figure re-

ferred from [53].
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structure could have negative refractive index around 9.3 GHz as shown in Fig. 1.10 (d).
They also made a prism with periodic arrangement of the metal dendritic structures. Then,
they experimentally confirmed that the prism had a negative refraction of an incident wave
around 9.3 GHz as shown in Fig. 1.10 (e). They have also made a fishnet metamaterial with
silver nanodendrites. They grew the nanodendrites on conductive glass substrates, and made
a sandwich-like structure of them with polyvinyl alcohol (PVA) layers as spacer as shown in
Fig. 1.11 (a). A transmission spectrum of the sandwich-like structure showed several peaks
(Fig. 1. 11 (b)). Since the nanodendrites were fractal, multiple transmissions can be allowed.
They conducted a point source focusing experiment of the sandwich-like structure with wave-
lengths corresponding to the peaks as described in Fig. 1.11 (c). The point source was set
normal to the sandwich-like structure, and transmitted light was collected with an acceptor
set normal to the sandwich-like structure. They have given a result that the transmitted light
with the wavelength corresponding to the peaks of the transmission spectrum focused again

as shown in Fig. 1.11 (d). In contrast, the transmitted light with the other wavelength out of
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Figure 1.11| (a) Silver nanodendrites grew on a conductive glass substrate, and a sandwich
structure of the nanodendrites with PVA layers as spacers. (b) Transmission spectra of the
silver nanodendrites, the nanodendrites with a PVA layer, and a sandwich structure. (c) The
setup for point source focusing experiment. (d) An intensity distribution of transmitted elec-
tromagnetic wave detected by the IR acceptor along an x — y plane of (¢). The transmitted

wave refocuses. Figure referred from [48,51,52].
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the transmission peaks did not focus. This result indicated that the sandwich-like structure
acted as a NIM at the wavelength corresponding to the transmission peaks. If their studies
are correct, the silver nanodendrites can be utilized for bottom-up making of the metamateri-
als.

Since the silver nanodendrites are fractal, the silver nanodendrites have also recently
been studied as substrates surface enhanced Raman spectroscopy (SERS) [56-61]. The
nanodendrites possess a large surface area which is one of characteristics of fractal, allowing
themselves to absorb an amount of probe molecules for SERS. The silver nanodendrites also
possess a number of neighboring parts, thus exerting a high electric field enhancement due to
plasmon coupling between the neighboring parts [62,63].

In view of these backgrounds, I aim to fabricate a bottom-up 3D metamaterial with
silver nanodendrites. I anticipate that parts composed of adjacent branches of the nanoden-
drites act as SRRs. Because of the geometry of the silver nanodendrite, the metamaterial with
the nanodendrites have potential for operating in multiple and wide frequency areas around
optical region. The silver nanodendrites approaches two important problems of the met-

amaterials: mass production and broadband operation.

1.5 Fractal on metamaterials and optics

When you see a coast in a map and expand an area of the coast, one will find that the shape
of the coast in the expanded area is similar to the shape of the original one. When you buy a
bunch of broccoli, pluck a part of that and compare the part and the origin, one will find that
the shape of the part is similar to the origin. These shapes look like random at a glance.
However, one may not be able to distinguish the shape of the part from the origin because
they are close with each other. This means that these shapes actually have common regular-
ities. The world of nature is full of such a structure which consists of parts similar to the
whole: a pattern of river network, lightning, crack of the earth, tree, cloud, etc. Nowadays
such a characteristic is called as self-similarity [47,64].

Mandelbrot recognized that many patterns in nature (not only in nature, but in price
fluctuations of the market) had self-similarity on early stage of his life. He had claimed that
simple and beautiful self-similarity often existed in patterns which seemed to be random and
ordinary at a glance. In the middle of 1970s, he advocated the new concept fractal and de-
scribed the patterns which had self-similarity uniformly. The etymology of fractal is said to

be a Latin word fractus which is similar to fraction or fracture.
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(0) (1) (2) (3) (4)

Figure 1.12| Koch curve. The number on the bottom of each curve describes each level.

Figure referred from [47].

Here I introduce a simple example of fractal structures: it is called Koch curve (Fig.
1.12). The Koch curve was invented by a Swedish mathematician Helge von Koch on the
beginning of twenty centuries. In every level, one can divide each line segment of the former
level into three segments of equal length, and replace the middle segment with an equilateral
triangle that has the middle segment as its base. By removing the line segment that is the
base of the triangle, the Koch curve is finally created. Here, the length of the line segment
on Oth level is defined as 1. Hence the total length of the line segments on 1st level is 4/3.
Similarly, the total length of those on second level is 16/9 (= (4/3)?). Namely, the length of
each line segment becomes 1/3 of that of the former level and the number of line segments is
also four times more than the former level. The length of total line segment on nth level is
(4/3)". When n goes to infinity, the total length is also infinity. Namely, the Koch curve is
such a mysterious curve which does not have length. This is one of big features of fractal that
characteristic length cannot be defined, so the Koch curve is not defined as one dimension.
Therefore, fractal dimension described in the next subsection is employed to understand den-

sity and complexity of such a fractal structure.
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Fractal dimension

Here a line segment with length L is defined. When one measures this line segment with a
ruler of length e and the length of the line segment becomes L', the relation between L and
L' is described as below

L= (1.6)

L
~-
Similarly, cases of the area of a square A and the volume of a cube V' can also be defined as
below

A

A==, =Y (1.7)

€
Note that the dimension of the patterns is appeared on the exponent of €. If the ruler ¢ is tiny
enough, the Egs. (1.6) and (1.7) can always be executed.

Actually, the quantities (length, area, volume, etc.) of every fractal structures can also
be evaluated with the tiny ruler even if the fractal structures are extremely dense. Here one
measures the quantity V; of a pattern in dth dimension with a ruler €. If the quantity V,

transforms to V; following the next equation

Vv
v =—4 1.8
= (1.8)
the constant D ’ is defined as below
V/
log +&
D, I;d _ (1.9)
logg

This constant D is defined as fractal dimension. This is also the generalized definition of

dimension itself. In the case of the Koch curve shown in the previous section, the fractal

dimension is calculated as below

Dy =——=126--. (1.10)
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Broadband optical characteristics due to fractal

Fractal has been used to metamaterials. A fractal structure contains multiple self-similar
structures with various sizes smaller than itself. If the size of the self-similar structures is
subwavelength, the fractal structure interacts with various wavelengths of light. Narrow op-
erating range is one of the big problems of metamaterials other than fabrication. An SRR
basically interacts only with single wavelength light. Fractal structures have potential to solve
the problem of narrow range operation. As a fractal metamaterial, an “H”-shaped fractal
structure was reported [65]. The structure is shown in Fig. 1.13. Figure 1.13 also shows
spectra of absorption and phase shift obtained by terahertz time-domain spectroscopy. Plane
pulse wave was induced with the direction normal to x — y plane of the structure. There are
multiple stop bands and corresponding phase shifts, which originates in fractal. Other fractal
structures, such as Cayley tree structure and Sierpinski structure, have also been reported

showing multi and broad frequency operation [66,67].
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Figure 1.13| Schematic of fractal metal structure (left), and obtained transmittance and phase

shift (right) by terahertz time-domain spectroscopy. Multi absorption dips originated from

the fractal geometry are observed in the transmission spectra. Figure referred from [65].
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Summary

In this chapter, I first defined metamaterials and explained fundamentals. With metal rods
and SRRs with subwavelength sizes, one can control permittivity, permeability, and refractive
index. Negative refractive index is also available. By simplification and miniaturization of
unit size of the metamaterial, optimization to high frequency region is achievable. A perfect
lens, cloaking, and many other applications are considerable by the metamaterials. Bottom-
up productions of the metamaterials are important. This is because a number of units of the
metamaterials are needed for the application, and top-down approaches is hard to realize the
mass production. Silver nanodendrites, which consist of numerous nanosize branches and
configure fractal geometries in nanoscale, may act as a metamaterial. Adjacent branches of
the nanodendrites may behave as SRRs. If the silver nanodendrites can be a metamaterial,
the nanodendrites approaches two important problems of the metamaterials: mass production

and broadband operation.
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Chapter 2.
Optical three-dimensional growth

of silver nanodendrites

Potentials of silver nanodendrites as metamaterials were discussed in the previ-
ous chapter. In this chapter, I describe the mechanism of the silver nanodendrite
growth based on statistical thermodynamics. I also explain a method of silver
nanodendrite growth from substrates with exploitation of plasmon resonance ex-
citation by UV light. I discuss parameter optimizations of the experimental sys-
tem for the growth of the silver nanodendrites. I discuss fractal characteristics
of the silver nanodendrites. I finally explain nondestructive extraction of the

silver nanodendrites via supercritical fluid.

2.1 Growth of dendritic structure

Here, I explain some fundamentals to understand mechanisms of dendrite growth [1-4]. The
base of crystal growth is statistical thermodynamics. Crystallization means phase transition
to crystal phase from the other phases such as liquid and gas. Explanations of the crystal
growth are slightly different among the cases in solution, melt, and gas. However, the essence

is the same. In this term, I focus on the crystal growth from the solution.

Chemical potential: driving force of crystal growth

Now, assume a solution with a solute and a solvent. With regard to the solute, crystal is a
phase of low energy where particles such as atoms and molecules are arrayed with regularity
and make bonds with each other. In contrast, dissolution is a phase of high energy where the
regularity of the particles is disordered. Every material tends to have low energy phases with

order, whereas it also try to have high energy phases with disorder due to thermal motion.
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The higher the temperature is, the more active the thermal motion. Disordered states with
higher entropy is preferred at higher temperature. As a consequence of a competition between
these two tendencies conflict with each other, stable states of the material are decided. This

is the state where free energy G defined as the following equation goes the minimum
G=E-TS, (2.1)

where E, T, and S are internal energy, temperature, and entropy of the material. At low tem-
perature, the free energy is the minimum when the internal energy is low. Hence, crystalliza-
tion tends to be occurred. At high temperature, in contrast, the second term —TS is effective
for minimizing the free energy, meaning that the material tends to have disordered state.

In a situation of minimum free energy, crystal phase and dissolution phase of the
solute often coexist in the solution. The coexist means two phase transitions, crystallization
and dissolution, is in equilibrium with each other. Now, free energy of crystal phase and
dissolution phase is defined as G, and G, respectively. Amount of change on free energy of
crystal phase and dissolution phase when a particle of the solute goes in and out between

these two phases is then described in the followings

JG,
_ 22
e =GN 22)
G,
_ %4 23

where N is the number of the particle. p, and yu, are referred to as chemical potential of
crystal phase and dissolution phase. In the equilibrium of crystal phase and dissolution phase,
these chemical potentials are equivalent with each other. This condition means the total free
energy G = G, + G, is minimum. Magnitude correlation of these chemical potentials de-
cides direction of phase transition. From phases of higher chemical potentials to phases of
lower chemical potentials, the phase transition occurs. Difference of magnitude between
these chemical potentials corresponds to driving force of phase transition.

In supersaturated solutions, the chemical potential of dissolution phase of the solute
is higher than that of crystal phase. If phase transition from dissolution phase to crystal phase

occurs, then the free energy of the whole system decreases in
Ap=p;—p.>0, (2.4)

per particle. Hence, crystallization occurs in the supersaturated solutions. Driving force of

the crystallization is described as the following
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du
Apy=—3:,
K de ¢

= kTIh<
Ce (2.5)

c—c,
=kBT1n<1+ )
c

e
~r kglo,

where kg, c, c,,and 6 = (¢ — c,)/c, are Boltzmann constant, concentration, saturated concen-
tration, and supersaturation of the solutes. The driving force is proportional to the supersat-
uration. 6, means slight change of the concentration. In the case of crystallization in melt,

the driving force is proportional to supercooling instead of the supersaturation.

Crystal nucleus formation and equilibrium shape

Crystallization occurs when the crystal phase has the chemical potential smaller than that of
the dissolution phase. However, crystal growth does not occur if the difference of the chem-
ical potentials between these phases, namely supersaturation, is small. This is because a high
energy is needed to form seed of crystal, namely crystal nucleus.

The particles make chemical bonds with each other and are stable inside of the crystal.
In contrast, the particles at the interface of the crystal facing the solution cannot have the
bonds. Hence, the density of the bonds at the interface is smaller than that inside of the crystal.
This means that the particles at the interface have higher energy than that inside of the crystal.
The interface tends to reduce its area to lower the energy. If the size of the crystal is small,
the interface is dominant rather than the interior. If the crystal nucleus is not large to some
extent, the crystal nucleus does not grow and dissolve again. Therefore, a free energy enough
to conquer the energy wall is needed to form the crystal nucleus. The redundant energy at the
interface of the crystal is called as interfacial free energy, and the density of the energy is
called as interfacial free energy density or simply interfacial tension.

Here, we consider concretely the above with a simple spherical crystal. Now we
suppose that a crystal nucleus with radius » was formed in a supersaturated solution. The

change of the total free energy of the system is then written as follows

A3
v

AG(r) = Ap + 4xrty (2.6)
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where v and y are the volume of one particle and the interfacial free energy density or inter-
facial tension. Figure 2.1 describes AG of the Eq. (2.6) as a function of . The total free
energy decreases in proportional to the driving force, whereas increase in proportional to the
interfacial tension. In small radius, the second term is more dominant than the first term in
Eq. (2.6). The free energy thus increases as increase of the radius. At a radius called as
critical radius, the total free energy has the maximum. The critical radius r* and the maxi-

mum of the total free energy AG™ are described as below

_ 2vy
= a4

r*

2.7)

_47rr*2y
3

_ 167y°0v?
3Au?

AG*
2.8)

The crystal nucleus with the critical radius is called as critical nucleus. With the radius larger
than r*, the first term is more dominant than the second term in Eq. (2.6). Hence, the crystal
nucleus larger than the critical nucleus can grow father. The maximum of the total free energy
and the critical radius are smaller when the driving force is larger and the interfacial tension
is smaller.

As mentioned above, there is the energy wall to form the crystal nucleus. The wall

is conquered by thermal fluctuation. The smaller the maximum of the free energy wall and

AG(r)

AG

Figure 2.1| Total free energy as a function of radius of crystal nucleus.
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the critical radius are, the higher the frequency of formation of the critical nucleus due to the
thermal fluctuation is.

Needless to say, actual crystals tend to have polyhedrons. However, the essence de-
scribed above is the same. The important is that the density of the interfacial free energy is
different among orientations of the crystals. The crystals tend to decrease the orientations
with high interfacial tension, and finally have a crystal shape called equilibrium shape. The
equilibrium shape is the geometry whose interfacial tension is the smallest with maintaining
the volume of the crystals. The maximum of the energy wall in the case of the polyhedral

crystals is written by the following
. 1
AGT =3 D A 2.9)
i

where A, y; are the area of ith interface forming the critical nucleus and corresponding inter-
facial tension. Crystals which have face-centered-cubic (fcc) structure, such as silver and

gold, have the equilibrium shape shown in Fig. 2.2 [5].

[010]

Figure 2.2| A schematic of equilibrium shape of fcc crystals. Image referred from [5].
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Crystal growth in diffusion field

Crystal nuclei larger than the critical nucleus grows further. On the other hand, the number
of particles of the solute needed increases with increase of crystal size. If the total amount of
the particles in the solution is constant, the crystal growth sooner or later stops. Even if the
amount of the particles can be increased, moreover, steady growth of the crystals maintaining

their shapes is actually impossible.

It has been unveiled that the concentration of the solute far from the crystal interface
need to be the same as that of crystal inside for steady growth of the crystals. However, it is
clearly impossible. The case of growing spherical crystals is similar. The growth velocity of

the spherical crystals is described as below

y=d
dt
c.—¢C r¥
=vD=2 e(l——),
v r+dg r (2.10)
kT
D= B N dKZB,
6xna K

where c, is the concentration of the solute at distant place. D, #, and a are diffusion constant,
the viscosity of the solvent, and the radius of the particles. dy is called as kinetic length, and

K is kinetic constant which represent growth velocity per unit supersaturation. The growth

dr
dt

A

Figure 2.3| Velocity of crystal growth as a function of radius of crystals.
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velocity of the spherical crystals behaves as shown in Fig. 2.3. As the radius increases and
the rounded interface reaches to plane, the growth velocity becomes slow.

Regardless of plane and spherical interfaces, the growth velocity becomes slow and
eventually reaches to nearly zero. The smaller the size of the crystals is, in contrast, the higher
the growth velocity is. Then, how does crystal growth behave if there are tiny bumps on the

interface? The bumps actually can easily grow compared to the interface around the bumps.

At the interface of the crystals, the solute is consumed by the crystals. Hence, the
concentration of the solute around the interface is lower than that of a distant place. Concen-
tration gradient can thus be formed around the interface (Fig. 2.4 (a)). The concentration
gradient has thermal fluctuation, and the thermal fluctuation creates the bump on the interface
(Fig. 2.4 (b)). As mentioned above, the bump can grow faster than the plane interface. In
addition, the bumps protrude to areas of high concentration of the solute, stimulating growth
of the bump. On the other hand, the growth of the bumps is restrained due to existence of
interfacial tension. The interfacial tension is higher as the curvature of the bumps is small.

The growth of the bumps is determined by competition between the concentration
gradient stimulating crystal growth and interfacial tension inhibiting the growth. Here, the

two quantities, diffusion length and capillary length which characterize effect of diffusion

(@) (b)

Crystal

Contour of
concentration
Figure 2.4 Schematics of shapes of crystal surface and solute distribution. In the case of
(a), crystal surface is flat with uniform concentration gradient. When a bump is created by
thermal fluctuation as shown in (b), the concentration gradient becomes large around the

bump.
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field and interfacial tension respectively, are defined. These quantities have the unit of length.

The diffusion length /, is defend with diffusion constant D and growth velocity V' as follows

D
Ip==. 2.11
b=7 @1
The capillary length is defined by the following equation
2
yv<e,
lo = . 2.12
=7 (2.12)

The condition where effects of the diffusion field and the interfacial tension balance with each

other is described as below

=2x\l (2.13)

and this quantity A* is called as critical wavelength. If the radius of curvature of the bumps
is smaller than the critical wavelength, the interfacial tension is dominant. Hence, the bumps
are inhibited and eventually vanished. If the radius of curvature of the bumps is larger than
the critical wavelength, the diffusion field is dominant. Hence, additional bumps emerge
from the interface of the bumps. Only the bumps whose radius of curvature corresponds to
the critical wavelength can grow further.

For stable growth of the bumps, however, anisotropy is needed to the interface free
energy. If the interface free energy is isotropy as the spherical crystals, the bumps can grow
to any directions. The bumps will eventually wind and rift. Only if the interface free energy
has anisotropy such as the polyhedral crystals, the bumps can steadily grow and become nee-
dle-like crystals. In the case of the anisotropic interface free energy, interfacial stiffness 7(8)

defined as below is considered instead of the interfacial free energy

d*y(0)

= (2.14)

7(0) =r(0) +

The interfacial stiffness gives strength of stability against distortion of the interfaces. Note
that directional dependence of magnitude is opposite between the interfacial free energy and
the interfacial stiffness. The interfacial stiffness is small when the interfacial free energy is
large, meaning that the strength of stability to maintain plane interfaces against distortion is

small. The needle-like crystals tend to grow along the directions of small interfacial stiffness.
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(b)

Figure 2.5| Schematics of concentration gradient around polyhedral crystal (a), and growth

at apexes of polyhedral crystal (b).

The same phenomenon occurs around interfaces of the needle-like crystals, making
them dendritic crystals. Branches of the dendrites grow with a regularity due to atomic ar-
rangement of the crystals. A series of mechanisms of crystal growth described above is called
as Mullins-Sekerka instability.

The needle-like crystals and the dendrites can grow easier at apexes of the polyhedral
crystals than the other interfaces. Here, suppose an equilibrium and polyhedron crystal in a
supersaturation solvent with uniform concentration. Contours of concentration around the
crystals can be approximated as concentric circles when the contours are adequately far from
the crystal (Fig. 2.5 (a)). Apexes of the crystals steps into areas of higher concentration com-
pared to center of the crystal interfaces. Therefore, the crystals tend to grow faster on the

apexes than on center of the interfaces (Fig. 2.5 (b)). This mechanism is called as Berg effect.

Experimental growth of silver nanodendrites

Oxidation-reduction reaction of silver ion with reductants has been widely applied to grow
silver nanodendrites and the other silver nanostructures [6-10]. In addition, surface deposi-
tions (electrochemical method [11,12], galvanic replacement [13-19], and hydrothermal re-
placement [20-22]) have been frequently applied for dendrite growth onto surfaces. External
microwave has been also induced for heating of solutions [23-25]. Silver nitrate has mainly
used as a resource of silver ion. Surfactants have been often utilized to control the direction

of growth [6,7,10,12,14,25-27]. It is known that growth of needle-like crystals and branches
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of nanodendrites preferentially occurs from crystal facets with high interfacial free energy
(low interfacial stiffness). In the case of fcc crystals such as silver, the magnitude of interfa-
cial free energy of the low-index facets, {100}, {110}, and {111} has a sequence {111} <
{100} < {110}. The sequence of the stiffness is {110} < {100} < {111}. Hence, the nanoden-
drites prefer to grow along the direction (110) the most. (110) corresponds to directions par-
allel to each side of hexagonal plane of {111} facet as shown in Fig. 2.2. Hence, growth of
the needle-like crystals and branching occurs toward (110) direction the most with the angle

of branches 60 degrees.

As described in the last subsection, inhomogeneity of concentration gradient of the
solute around growing crystals is essential for the nanodendrite growth. The concentration
gradient is formed when diffusion of the solute and crystal growth are in a balance with each

other. Therefore, control of diffusion field of the solute and the velocity of crystal growth is
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Figure 2.6| Viscosities of solvents at different volume ratios of glycerol in water (green
bars). SEM images indicated by A-H show silver nanostructures grew in each solvent with

current density 50 pA-cm. Figure referred from [11].
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important for stable dendrite growth. If the viscosity of the solvent is extremely high, the
solute is difficult to diffuse in the solution and the concentration gradient is thus hard to be
formed. If the velocity of crystal growth is extremely fast or slow, the concentration gradient
is also hard to be formed.

Liu et al. presented changes of the shapes of silver nanostructures among differences
of diffusion field and the velocity of crystal growth [11]. An electrochemical approach was
applied; silver ion was reduced on the surface of an electrode where electron was supplied
and the silver nanostructures grew on the surface. The viscosity of a solvent was varied by
changing the ratio of water and glycerol. The velocity of crystal growth was varied by chang-
ing the intensity of induced current. Figure 2.6 shows a set of changes of silver nanostructures
along the viscosity of the solvent with a constant current. In the case of low viscosity, silver

ion as the solute can easily diffuse. The silver ion can reach to the surface of growing crystals
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Figure 2.7| Silver nanostructures grew under different reaction and diffusion conditions.
The horizontal axis shows the reaction rate by changing magnitude of the induced current.
The vertical axis shows the diffusion rate by changing volume ratio of glycerol in water. The
images covered by green are polyhedral silver aggregates, whereas the images covered by

the red and blue are dendritic and fibroid structures, respectively. Figure referred from [11].
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and be reduced. Since the solute is constantly supplied to the growing crystals, the concen-
tration gradient of the solute is hard to be formed around the growing crystals. As the viscos-
ity of the solvent increase, the crystals start to branch and become dendritic shapes. In the
case of high viscosity, on the other hand, the silver ion is difficult to diffuse. Silver atoms
reduced around the surface of the electrode can make bond with other silver atoms around
them before reaching to the growing crystals. A number of new silver nanostructures can thus
be formed. Figure 2.7 shows a distribution of the shape of silver nanostructures among dif-
ferences of the diffusion field and the velocity of crystal growth. The nanodendrites appear
in the area covered with the red shadow, indicating that the concentration gradient of the
solute is formed. The balance between the diffusion field and the velocity of crystal growth

is thus important for dendrite growth.

2.2 Plasmonic heating of silver nanoparticles

The silver nanodendrites grow by reduction of silver ion. As described in the end of the last
section, there are some methods for the silver nanodendrite growth. In this thesis, a novel
method for the silver nanodendrite growth with utilization of heating generated by surface
plasmon resonance (SPR) is proposed. By this method, the silver nanodendrites can be grown

with light from substrates.

Now, consider a system which silver nanoparticles with diameter less than 10 nm are
on a substrate and a mixed solution droplet of silver nitrate (AgNO;) and L-ascorbic acid
(LAA) as a reductant as shown in Fig. 2.8. The system is wholly cooled below 273 K to
restrain unwanted reduction reaction of the silver ion. When CW laser with 1 = 355 nm is
irradiated to the silver nanoparticles on the substrate, plasmon resonance is excited on the
surface of each nanoparticle. The absorption peak of the nanoparticles is 385 nm (see Fig.
A2.1 in Appendix of this chapter). The plasmon resonance is a collective oscillation of elec-
trons, thus generating heat. Areas around the nanoparticles obtain higher temperature than
other distant areas, reduction reaction thus being more active in these areas. Hence, nanoden-
drite growth can easily occur from the silver nanoparticles. The silver nanoparticles can be
considered as seeds for the silver nanodendrites. The grew silver nanodendrites are obtained

by washing the remained solution droplet and drying the substrate.
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Figure 2.8] A schematic of experimental system of silver nanodendrite growth from silver

seeds via SPR heating generated by UV light.

Silver nanostructure growth with SPR heating has been actively studied by Mirkin

[28]. However, there is no previous study regarding silver nanodendrite growth by SPR heat-

ing.

Seed-substrate prepared via surface modifications

The seeds are chemically fixed on a glass substrate. To fix the seeds onto the substrate, silane
coupling is utilized for surface modification of the substrate. Figure 2.9 describes the proce-
dure of seed-substrate preparation via surface modifications. The glass substrate is cleaned
by plasma processing, and hydroxyl groups are exposed onto the surface of the glass substrate
at first. Next, amino groups are decorated onto the surface of the glass substrate by silane
coupling. Molecules of a silane coupling agent with amino group and the hydroxyl groups
on the surface of the glass substrate make bonds via dehydration synthesis. The seeds whose
surfaces are capped with citric acid molecules are then fixed onto the surface of the substrate

with coulomb bond between carboxyl group of the citric acid and the amino group.
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Figure 2.9] A schematic of preparation procedure of seed-substrate via surface modifica-

tions.
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The amino group and the carboxyl group are polar molecules, thus hydrophilic rather
than hydrophobic. Hence, it is hard to form the droplet of the solution of the silver ion and
the reductant onto the surface of the substrate. If the solution diffuses on the surface without
forming the droplet, the concentration of the silver ion per unit area of the surface of the
substrate decreases. The silver nanodendrites are thus hard to be formed. Therefore, hydro-
phobic modification of the surface of substrate is needed.

As well as amino group decoration, silane coupling is utilized for hydrophobic mod-
ification. Plasma cleaning is conducted to the surface of the substrate to remove remained
amino groups and expose hydroxyl groups again. Then, methyl groups, which are hydropho-

bic, are decorated onto the surface via silane coupling, making the surface hydrophobic.

2.3 Nondestructive extraction of silver nanodendrites with

supercritical fluid

The principle of plasmonic-growth of silver nanodendrites was discussed above. From here,
the nanodendrites grown experimentally are shown. The nanodendrites are fragile. They
easily bend and lie down on substrates during removing of ion solution and rinsing of struc-
tures with acetone. Here, use of supercritical fluid for extracting nanostructures without dam-
age mainly is discussed. Supercritical fluid of carbon dioxide (CO,) has been used in the
industry of semiconductor nano-devices and MEMS for rinsing [29]. Supercritical fluid does
not have surface tension, which produces capillary force. The viscosity of CO, supercritical
fluid is small not to deform or destroy the structures in the rinsing process of nano-device by
the fluid. CO; fluid transits to CO, gas by decreasing the pressure. As a result, nano-devices

are dried and extracted.

Figure 2.10 shows the procedure of fabrication and extraction of silver nanostructures.
Acetone-water (with the ratio 34:1) solution of AgNOs3 (40 mM) and LAA (60 mM) is
dropped on a glass substrate. Silver nano-seeds of a few to several nm in diameter are pre-
fixed on the substrate. The temperature of the solution droplet and the substrate were main-
tained at 263 K to inhibit production of unnecessary silver nanoparticle reduction in solution.
A CW UV laser at A = 355 nm illuminates silver nano-seeds to excite localized surface plas-
mon resonance, resulting in local temperature increase at nano-seeds. The temperature in-
crease triggers the growing of nano-rods from nano-seeds by consuming silver ions in solu-

tion through reduction. Due to the inhomogeneity of distribution of silver-ion concentration
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Figure 2.10] Experimental procedure for the growing and extraction of silver nanostructures.
Silver nano-trees are grown from silver nano-seeds fixed on the substrate in the acetone-
water solution of AgNOs and LAA, with UV laser illumination to produce local heating by
localized plasmon resonance at nano-seeds. Nano-trees are grown in the solution, and the
solution dissolves in ethanol in a chamber. Supercritical fluid of CO; is injected into the
chamber, and then ethanol is replaced by supercritical fluid. The fluid of COs transits to the

gas phase, resulting in drying the structure without deformation and destruction.

surrounding the surface of nano-rods, protrusions are grown to produce branches. Branching
repeats, forming nano-trees. The details of the procedure, such as preparations of acetone-
water solvent, seeds, and seed-substrates, appear in Appendixes of this chapter.

The silver nanostructures in solution are put into a chamber filled with ethanol (100
mL). The acetone-water solution with AgNOs and LAA dissolves in ethanol. Then, super-
critical fluid of carbon dioxide (CO) is injected from the port of the chamber, while temper-
ature is maintained at 313 K. The pressure and the flow rate of the supercritical fluid are kept
14 MPa and 30 mL/sec, respectively (the critical point of CO; is at 304.1 K and 7.38 MPa

[30]). The ethanol with the acetone-water solution dissolves in CO, supercritical fluid, and
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exhausts out from the other port of the chamber with CO, gas. The flow rate of CO, super-
critical fluid is gradually reduced, and CO, fluid transits to the gas phase. Finally, the

nanostructures are extracted from acetone-water solution without physical damage.

I have carried out the experiment of growing and extraction of silver nanostructures.
The results are shown in Fig. 2.11. Figure 2.11 (a) shows a scanning electron microscope
(SEM) image of silver nanodendrites extracted with CO, supercritical fluid. There is no de-
formation of structures. The size of this picture is 14 x 14 um? (magnification of 4,000x).
Figure 2.11 (b) shows the same image as Fig. 2.11 (a) except that the viewing angle is 45

degrees tilted, demonstrating that the tree is in three dimensions. Figure 2.11 (c) shows an

Figure 2.11| SEM images of extracted silver nanostructures grown with plasmonic heating
at nano-seeds. (a) and (b) show SEM images of silver nanodendrites extracted with CO;
supercritical fluid at different viewing angle 0 and 45 degrees, respectively, and (c) an en-
larged view. (d) shows nanodendrites extracted with acetone for washing (viewing angle 45
degrees). The scale bar is 1 pm for all. The laser power for nanodendrite growth was 20

mW.
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enlarged view of a part of nanodendrite with magnification of 27,000x, where the branches
of trees are ~66 nm thick with gap of ~14 nm between adjacent branches. In comparison, a
SEM image of nanodendrites extracted with liquid acetone but not with supercritical fluid is
shown in Fig. 2.11 (d). Trees lie and overlap each other on the substrate. This is due to the
much larger surface tension and viscosity of acetone (23.46 mN/m and 0.324 mPa s at 293 K
and ~0.1 MPa, respectively), compared to those of CO, supercritical fluid (0 N/m and 0.08
mPa s at 313 K and 14 MPa, respectively) [31,32].

Shape variation of silver nanostructures along UV laser power

The characteristics of silver nanostructures (either sphere, rod, plate or cube, two-dimensional
or three-dimensional, and large or small) are determined by the experimental condition. Here,
we discuss the laser power dependency to the structural characteristics. The UV laser beam
with linear polarization is guided to silver nano-seeds on the substrate without any lenses.
The diameter of irradiation spot is 0.98 mm. If the laser power for triggering crystallization
at nano-seeds is as low as 10mW, hexagonal plates are grown as crystals (Fig. 2.12 (a)). In
the case of low power laser illumination, the reduction rate around nano-seeds is low, so that
crystals grow slowly from nano-seeds. In such a slow reaction kinetics, prismatic shape arises
from the seeds which contains planar crystallographic defects (e.g. twin planes and stacking
faults) [28]. If the laser power is between 20 and 30 mW, three-dimensional crystals are
grown as nano-trees (Fig. 2.12 (b) and (¢)). As the power of laser increases, the temperature
at a nano-seed increases due to the excitation of localized surface plasmon resonance, result-
ing in the inhomogeneity of silver-ion concentration in solution near the seed. The inhomo-
geneity triggers crystal growth only at a certain position of seed surface. As a result, a nano-
rod is grown. Due to the inhomogeneity, protrusions are grown on the surface of the nano-
rod, resulting in branching in three dimensions. When the power is higher than 35 mW, the
reduction occurs not only at the seed but also in the solution due to the temperature increase.

As a result, silver granules are reduced in the solution (Fig. 2.12 (d)).

44



Chapter 2. Optical three-dimensional growth of silver nanodendrites

Figure 2.12| Comparison of structural character of nanostructures with different laser power
for triggering crystallization. (a)-(d) are SEM images of the structures grown with the laser

power of 10 mW, 20 mW, 30 mW, and 38 mW, respectively. The scale bar is 1 pm for all.

2.4 Parameter optimization for silver nanodendrite growth

Parameter control of experimental systems is very important for reproducible bottom-up syn-
thesis of structures. In this section, shape variations of silver nanostructures among experi-
mental parameters are discussed. The shape variations were experimentally observed among
variation of the parameters.

In the previous section, the characteristics of the nanostructures along UV laser power
were discussed. There, however, are many parameters in the system of light-induced growth
of silver nanodendrites: interfacial tension and viscosity of solvent (kind of solvent), temper-
ature, concentration of silver ion and a reductant, parameters of seed-substrate (size and den-

sity of seeds, thickness of hydrophobic coating etc.) etc. Here I choose three from the above
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as variable parameters: kind of solvents, temperature, and concentration of silver ion and
a reductant. This is because those parameters seem to directly affect to formation of concen-
tration gradient of reduced silver atom and thermal fluctuation around the seeds which drive
growth of dendrites. In this section, liquid acetone was used for washing the structures, not

supercritical fluid.

Structural transition due to interfacial tension and viscosity of solvent

In this part, shape difference of grown silver nanostructures among interfacial tension and
viscosity of solvent is explained. Acetone (23.30 mN/m, 0.322 mPa s at 298 K), water (72.75
mN/m, 1.01 mPa s at 298 K), and glycerol (63.40 mN/m, 1499 mPa s at 298 K) were exploited
as solvents.

Interfacial tension and viscosity of solvent largely affect to crystal growth and the
shape of grown silver nanostructures. By interfacial tension, the interface between the crys-
tals and the solvent attempts to minimize their surface area to minimize surface energy. Ifthe
solvent has large interfacial tension, the grown crystals tend to have shapes close to equilib-
rium shape. Aggregation of the crystals also easily occurs. Therefore, dendrite is hard to be
formed in solvents with high interfacial tension. Viscosity largely affects transfer of silver
ions and reduced silver atoms in the solvent. High viscosity disturbs diffusion of these so-
lutes. In the solvent with high viscosity, the silver atoms are not sufficiently supplied to
the crystals under growing. By aggregating with other silver atoms, new nuclei of silver crys-
tals are also formed. Concentration gradient of silver atom is hence hard to be
formed. Therefore, low interfacial tension and viscosity are desirable for dendrite
growth. Surfactants are useful to reduce interfacial tension, and are widely used for metal
nanoparticle synthesis. However, I did not use any surfactants. This is because the surfac-
tants attach to particular surfaces of the grown crystals and the crystal shape depends on them,
making the system of the crystal growth complicated.

Figure 2.13 shows a shape transition of silver nanostructures among the ratio of the
solvents; acetone:water = 193:7, 8:2, 6:4, 0:10, water:glycerol = 10:0, 8:2, 4:6. The ratio ac-
etone : water = 193 : 7 is applied when the concentrations of AgNO; and LAA are 40 mM
and 60 mM respectively. The dendrites can be observed even when the ratio acetone:water
is 8:2. On increasing the amount of water, the observed silver crystals become aggregations
of plate-like crystals and reach to ball-like shapes. The size of the ball-like crystals becomes

small with increasing the amount of glycerol.

46



Chapter 2. Optical three-dimensional growth of silver nanodendrites

Viscosity » Glycerol

Water

Water

»

Interfacial tension

Acetone

Figure 2.13] SEM images of silver nanostructures among difference of solvents (acetone,

water, and glycerol). Scale bars on each image are 1 pm.

Another experiment with ethanol (21.78 mN/m, ~1.1 mPa s at 298 K) instead of ac-
etone also was done. When the ratio ethanol:water = 193:7, the nanodendrites appeared.

Ethanol and water protic, whereas acetone is aprotic. This result indicates that electrostatic
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characteristics such as proton donor ability do not affect the structural transition, and crum-
pling of the structures is caused by the interfacial tension. Note that the discussion using Fig.
2.13 is limited in the experimental system of this study: reduction of AgNOs with LAA and
use of light. Inhomogeneity of the concentration gradient is the most important for dendrite
growth. If situation is satisfied, dendrites can grow even in water and glycerol as shown in

Fig. 2.6.

Suppression of nanodendrite growth at low temperature

The reduction of the silver ion is immediately occurred when the silver ion solution and the
reductant solution are mixed, and the silver crystals grow. This means that the silver crystals
can grow outside of the irradiation area of the UV light. To avoid the unwanted crystal growth,
cooling of the seed-substrate and the droplet of the silver ion/reductant solution is effec-
tive. The activation of the silver ion reduction is weakened in low temperature, and the un-
wanted crystal growth can be suppressed. Here, the tendency of the silver crystal growth
along the temperature of the seed-substrate and the solution droplet was studied. The tem-
perature was controlled between 263 K (-10 °C, the lowest temperature of the cooling stage)
and 293 K (20 °C, room temperature). UV light was not induced in this experiment.

The result is shown in Fig. 2.14. Silver particles grew on the surface of the seed-
substrate at 263 K. However, other silver crystals such as plate-like or dendritic shapes were
not observed. The plate-like silver crystals and the dendrites were observed at 268 K (-5 °C)
and above 273 K (0 °C) respectively. The lower the temperature of the seed-substrate and the
solution droplet is, the stronger the suppression of the silver ion reduction is. Hence, the
unwanted silver crystal growth can be avoided. The result shows that the suppression of the
silver ion reduction is not perfect and the silver crystals can grow even in the lowest temper-

ature of 263 K. However, growth of the plate-like or dendritic shapes can be avoided.
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Figure 2.14| SEM images of silver nanostructures synthesized along different temperatures

without UV light irradiation. Scale bars on each image are 1 pm.

Structural variation among concentrations of silver ion and reductant

When the concentration of silver atom and the velocity of silver crystal growth are in a bal-
ance, the concentration gradient of the silver atom is formed and the dendrites can grow. The

silver atom concentration and the velocity of silver crystal growth depend on the velocity of

49



Chapter 2. Optical three-dimensional growth of silver nanodendrites

silver ion reduction. Hence, the concentrations of the silver ion and the reductant are im-
portant parameters. The higher the concentrations of the silver ion and the reductant are, the
faster the velocity of the silver ion reduction is. When each concentration is low, the plane-
like crystals tend to grow. When each concentration is appropriate enough to form the con-
centration gradient of the silver atom, the dendrites tend to grow.

Here, shape variety of grown silver crystals was studied among the concentrations of
the silver ion and the reductant. AgNOs and LAA were used as the source of the silver ion
and the reductant. Each concentration for dendrite growth were confirmed. Adjustment of
each concentration was carried out as below. At first, a AgNOs aqueous solution and a LAA

aqueous solutions were prepared with the concentrations of 2 M and 1.2 M respectively. The

AgNOs3 concentration [mM]

LAA concentration [mM]

Figure 2.15| SEM images of silver nanostructures among different concentrations of silver

nitrate and L-ascorbic acid. Scale bars on each image are 1 um.
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amount of the AgNOs aqueous solution was measured by a pipette. Then, a AgNO; ace-
tone/water solution with concentrations between 20-60 mM was prepared by dropping the
measured AgNOs aqueous solution into the acetone. An LAA acetone/water solution with
concentrations between 30-90 mM was also prepared with the same method as above. By
changing the amount of each aqueous solution, the concentrations of AgNO; and LAA were
varied. The temperature of the seed-substrate and the droplet of these acetone/water solution
was maintained to -10 °C. The power of UV laser was fixed to 20 mW.

Figure 2.15 shows shape differences of silver crystals grown with different concen-
trations of AgNOj3; and LAA. The dendrites tend to grow when LAA is in a high concentration,
mainly 75 mM or above. In contrast, the plate-like crystals tend to grow when the concen-
tration of LAA is low, mainly 45 mM or below. In every concentration of AgNQOs3, the den-
drites appeared. This result indicates that the concentration of LAA more affects to growth
of the nanostructures than that of AgNOs. An LAA molecule can give two electrons to silver
ion. Hence, the concentration of LAA can more affects to reduction of silver ions per unit
time than that of AgNOs, which dominates structural growth. The higher the concentration
of AgNO;s is, the larger the amount of grown silver crystals on the surface of the seed-substrate
including the dendrites. The silver crystals tend to grow not only on the surface of the seed-
substrate but everywhere of the droplet when the concentrations of AgNOs and LAA is high.

In conclusion, the concentration gradient can be formed and the dendrites can grow

when the concentration of LAA is high regardless of the concentration of AgNOs.

2.5 Growth of silver nanodendrites in agarose gel

I have directly proved that the silver nanostructures grew in three-dimension by extracting
their structures without destruction. To fabricate 3D bulk materials composed of the
nanostructures, I grew the nanostructures inside of agarose gel. In the experiment, the powder
of agarose is dissolved in pure water, and agarose gel is immersed in acetone-water solutions
of AgNOs and LAA. This agarose gel containing silver ions is poured into the chamber, into
which CO; supercritical fluid is injected. Experimental conditions and parameters for extrac-
tion with CO; supercritical fluid are the same as those explained above with Fig. 2.10. The
result is shown in Fig. 2.16. Figures 2.16 (a) and (b) show the SEM images of a silver nano-

tree grown in agarose gel observed at the viewing angles of 0 and 45 degrees, respectively.
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Three-dimensional nano-trees are observed as surrounded and immobilized with fibrous net-
work of agarose. The fibrous network is formed as a result of drying agarose gel with super-
critical fluid. Figure 2.16 (c) shows the agarose network without dendrite dried in supercriti-
cal fluid (the upper part) and in the air (the lower part), respectively. In the air, agarose fibers
aggregates in drying, that would break silver nanostructures (lower part in Fig. 2.16 (c)). Fig.
2.16 (d) shows silver nanostructures in agarose dried in air. It is observable that nanodendrites
are not self-standing and lie and overlap each other.

Photopolymerizable resin is another possible matrix to have nanostructures grown

inside. There was a report on two-photon metal reduction in gold ion-doped polyvinyl alcohol

Figure 2.16| Experimental results of silver nanostructures grown in agarose gel. (a) and (b)
show SEM images of a nano-tree dried with CO» supercritical fluid. The observation angle
is 0 degree for (a) and 45 degrees for (b), respectively. Two SEM images of (c) are agarose
network without nanodendrites dried in supercritical fluid (the upper part) and in the air (the
lower part), respectively. In the air, agarose fibers aggregates in drying. (d) shows silver

nanostructures in agarose gel dried in air. The scale bar corresponds to 1 pm for all.
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film, although it was not self-growing of nanostructures [33]. Three-dimensional polymer
nano/micro structures fabricated with two-photon polymerization or multi-beam interference

can also be used as the skeleton-network to immobilize silver nanostructures [34,35].

2.6 Fractal characteristic of silver nanodendrites

Since silver nanodendrites are fractal with self-similarity, to know fractal characteristic of
them is interesting. A dendritic structure is characterized by fractal dimension D, which is a
parameter representing the filling factor of the structure in space, and is given by Eq. (1.9) in
Chapter 1. In Eq. (1.9), V¥, is the number of self-similar sub-pieces (branches from the
nano-tree stem) required for filling the space of the object (a nano-tree), and & corresponds to
the scale ratio, respectively. D, can be measured from SEM image through a calculation
method called box counting, where n is the number of unit square cells whose size is/ X [ (/
is the unit length), occupying the object in the SEM image (reference [47] in Chapter 1). With
n and /, Eq. (1.9) is expressed as

_logn

Dy=—. (2.15)
log7

The fractal dimension of the nanodendrites depends on the geometry of the structure,
in particular, the density of the branches. This means the fractal dimension gives us complex-
ity of the structures, and higher value indicates higher complexity. Figure 2.17 shows plots
of log n to log(1/1) for different nano-trees. D, is given by the slope. The red-circular and
blue-square plots shows D, of 1.792 and 1.651, respectively. Each plot is obtained from each
SEM image of the nano-trees with red and blue flame. The value of D/ is different between

these nano-trees, which comes from density difference of the branches. The temperature for
structural growth is different between those nano-trees: 310 K for the red-flamed nano-tree
and 323 K for blue-flamed one. This result indicates that D, varies among temperature:
higher temperature gives us nano-trees with lower structural density. In the case that crystal
growth is slightly more dominant than diffusion, the concentration of reduced silver atoms
around crystals under growing becomes smaller. This situation makes growth of new

branches hard, resulting in formation of nanodendrites with low structural density [11]. Ifthe
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Figure 2.17| Fractal dimensions D of silver nanodendrites analyzed with box counting.
Red-circular and blue-square plots are obtained from the inset SEM images of nano-trees
with red and blue flames, respectively. D is given by slope of the lines fitted onto each plot.
D, of the red-flamed nano-tree and the blue-flamed nano-trees is 1.792 and 1.651, respec-

tively. The scale bar in each SEM image is 1 um.

temperature is in excess, granular crystals seem to appear. As a reference, D, of “H”-shaped
fractal structures shown in Fig. 1.13 is ~1.6. Also, D, of natural coastal line (the west coast

of Britain) is typically ~1.25 (reference [64] in Chapter 1).

2.7 Absorption of silver nanostructures

I attempted to experimentally understand optical characteristics of silver nanodendrites. The
nanodendrites are fractal, which means that self-similar nanostructures with various sizes
simultaneously exist. Hence, broadband absorption is expected due to plasmon resonance of
the nanostructures. Moreover, it is interesting if electromagnetic responses originating in the
structure of the nanodendrites itself (the detail is shown in Chapter 3) are experimentally
observed. Silver nanodendrites were prepared by reduction of AgNOs and LAA on a seed-
substrate at the temperature ~313 K with supercritical fluid process (Sample A). Another
sample (Sample B) also was prepared with the same method except the temperature 263 K
and washing with liquid acetone. There are no nanodendrites, but only granular or plate

structures on sample 2. Through an aperture with the diameter 3 mm, depolarized light was
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Figure 2.18| Absorption spectra of silver nanostructures. Red line and blue line correspond
to Sample A (nanodendrites) and Sample B (grains or plates), respectively. SEM images on
the right side of the spectra show silver nanostructures observed on Sample A (red flame) and

Sample B (blue flame).

irradiated to each sample and absorbance was measured. By comparing Sample A and Sam-
ple B, I attempted evaluating absorption characteristics of the nanodendrites. A seed-substrate
was used as a reference.

Figure 2.18 shows measured absorption spectra. Red line and blue line correspond
to the spectra of Sample A and Sample B, respectively. SEM images at the right side of the
spectra were taken from Sample A (red flame) and Sample B (blue flame), respectively. There
are some ramps around 900 nm, 2500 nm, and 2700 nm on the spectra. Those are caused by
operations of the spectrophotometer such as transition of detector. Handling of stray light
changes at the operations, which bring the ramps. Since the samples used have nonflat surface
and the refractive index may vary along the wavelength (the details are discussed in Chapter
3), the stray light is inevitable. There also is interference fringe originating in glass substrate
around 2000-2500 nm. In both Sample A and Sample B, the spectra are broadly spanning
visible and near infrared region with a resonant peak on 386 nm. Size variation of the
nanostructures on each sample can be one of the origin of the broad spanning behavior. The
spectrum of Sample A has a slight decreasing curve along increase of wavelength, which
seems to be derived from the nanostructures of Sample 1 such as the nanodendrites. Since
there are nanostructures other than the nanodendrites such as plates, it is hard to conclude the

behavior on the absorption spectrum as a characteristic of the nanodendrites.
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Another method is conceivable to understand the optical characteristics of the
nanodendrites: observation of scattering light from a nanodendrite. It is interesting if the

scattering property changes with incident direction or polarization of light.

Summary

The mechanism of dendrite growth was described. The driving force of crystal growth is the
difference of chemical potentials between phases of materials, and proportional to supersatu-
ration. A high driving force enough to overcome an energy wall derived from interface ten-
sion is needed to form a crystal nucleus. Thermal fluctuation on concentration gradient of
the solute makes bumps on the surface of crystals. The bumps with the size corresponding to
critical wavelength where the effects of diffusion field and interfacial tension are in a balance
grow further toward directions with small interfacial stiffness, and become needle-like crys-
tals. The same phenomenon occurs around the surface of the needle-like crystals, making
them dendritic crystals. The balance between diffusion of the solute and the velocity of crys-
tal growth is important to form the concentration gradient. A method of silver nanodendrite
growth from substrates utilizing SPR heating on the surface of silver nanoparticles (seeds)
excited by UV light was proposed. Seed-substrates were prepared by fixing the seeds onto
the surface of glass substrates via surface modification. The silver nanodendrites were grown
from the seeds through reduction of silver ion with a reductant. Nondestructive extraction of
three-dimensional silver nanostructures was demonstrated with CO, supercritical fluid for
washing and drying. We have analyzed laser power dependency on structural characteristics
for nondeformed silver nanostructures. Correlation between experimental parameters other
than laser power and the shapes of silver nanostructures were studied, and the conditions for
nanodendrite growth was uncovered. For practical use of the developed method, we have
grown the nanostructures in transparent matrix. We used agarose gel and successfully grew
silver nanodendrites in it, and extracted the structures with supercritical fluid drying. Fractal
dimension and absorption of the nanodendrites were discussed.

One of future perspectives is enlarging the area of nanostructure growth with plas-
monic heating. In-plane area can be expanded as UV illumination area enlarges. To increase
the height, stacking layers of nanostructures is effective. With the present method, nanostruc-
tures rise until exhausting silver ions in solution. However, lateral growth also occurs, leading
to collision with adjacent trees. To prevent the collision, nano-seeds should be sparsely dis-

persed on the substrate. Other metals rather than silver can be used as the materials of
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nanostructures grown with the developed method, while operating frequency range is differ-

ent from that of silver. Gold and copper have been used for nano-tree growing with electro-

chemical deposition and chemical de-alloying respectively [36,37]. Another possible appli-

cation of this large-scale materials with nanostructures would be the perfect absorber in a

wide spectral range between UV to IR, with a wide range of viewing angle due to their fractal

geometry and three-dimensionality of the structures.

Appendixes

Detail of procedure of silver nanodendrite growth from silver seeds

with plasmon heating

57

Silver nitrate (AgNOs3) acetone solution and an L-ascorbic acid (LAA) acetone solution
were prepared. AgNOs and LAA actually were difficult to solve in acetone. Hence, a
AgNOs aqueous solution (2 M) and an LAA aqueous solution (1.2 M) were prepared at
first. Subsequently, the AgNOs aqueous solution was mixed in acetone, and the LAA
aqueous solution was mixed in acetone. Finally, the AgNOs acetone solution and the
LAA acetone solution were prepared.

A seed-substrate prepared in Section 2.2 was placed onto a cooling stage, and its tem-
perature was kept below 0 °C. A droplet of the AgNO; acetone solution (2 uL) and the
LAA acetone solution (2 uL) were separately put onto the surface of a seed-substrate,
and kept for 60 secs to cool them. Finally, these droplets were merged with a micro-
pipet.

A UV laser light (4 =355 nm, CW) was directly conducted onto the surface of the seed-
substrate from the bottom without any lenses. The merged droplet was irradiated for 20
secs to process oxidation-reduction reaction. After the irradiation, the remained droplet
was washed and dried with CO2 supercritical fluid. In the case of Section 2.4, the drop-
let was washed with liquid acetone and the deposit of silver nanostructures reduced onto

the seed-substrate was dried with air.
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Figure A2.1| (a) The absorption spectrum of the prepared silver seed aqueous solution. The
purple line at 355 nm indicates the wavelength of incident laser for SPR of the seeds. (b) A
series of absorption spectra of silver nanoparticles along different diameters. Figure (b) re-

ferred from [40].

Experimental procedure of silver seed preparation

1.  An AgNO; aqueous solution (0.5 mM, 125 mL), a sodium citrate aqueous solution (0.5
mM, 125 mL), and a sodium borohydride (NaBH.4) aqueous solution (1 mM, 12.5 mL)
were prepared.

2. The sodium citrate aqueous solution was mixed into the AgNO; aqueous solution and
stirred enough. The NaBH4 aqueous solution was then dropped into the mixed aqueous
solution and stirred enough. The prepared silver seed aqueous solution presented dark
yellow color. The absorption spectrum of the seed aqueous solution showed that the
seeds had an absorption on 385 nm of wavelength (Fig. A2.1 (a)), which indicated that
the diameters of the seeds were below 10 nm (Fig. A2.1 (b)) [38].

Experimental procedure of seed-substrate preparation

1. Plasma cleaning (100 mW, 2 min) of the surface of a glass substrate was conducted to

expose hydroxyl groups on the surface.
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3-aminopropyltrimethoxysilane was mixed into ethanol (1v/v%) and stirred enough.
The glass substrate was immersed in the 3-aminopropyltrimethoxysilane ethanol solu-
tion for 1 hr, washed enough with ethanol after immersion, and dried with argon gas
enough.

The substrate was immersed in the seed aqueous solution prepared with the procedure
shown above for 6 hrs, washed enough with pure water, and dried with argon gas enough.
Plasma cleaning (100 mW, 20 sec) of the surface of the substrate was conducted to re-
move remained amino groups and expose hydroxyl groups on the surface again.

A dichlorodimethylsilane toluene solution (0.01v/v%) was prepared. The substrate was
immersed in the solution for 1 hr, washed enough with toluene after immersion, and

dried in air enough.
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Chapter 3.

Finite-difference time-domain analysis

In this chapter, I discuss electromagnetic responses of silver nanodendrites by
simulation. Finite-difference time-domain (FDTD) method was applied. At
first, I show characteristic peaks of scattering spectrum of a silver nanodendrite
model and corresponding oscillation modes of the nanodendrite. Spectral dif-
ferences among parameters such as the geometry of the nanodendrite are also
discussed. Finally, potentials of the silver nanodendrites as metamaterials are

discussed in a context of negative refractive index.

3.1 Scattering spectra of silver nanodendrite model

As with other silver nanoparticles, one can obtain resonance characteristics of silver nanoden-
drites from scattered light if the dendrites have the resonances with incident light. In this
term, I conducted FDTD simulations of the nanodendrites to study optical responses. I espe-
cially expected that parts composed by adjacent branches was able to react with magnetic
field, because the parts might be able to act as resonators [1]. Lumerical FDTD Solutions
was utilized for the simulation.

The simulation model of the silver nanodendrites is described in Fig. 3.1. Each pa-
rameter was decided based on an actual silver nanodendrite, and the trunk and branches were
approximated as silver nanorods. Although the nanodendrite is self-similar, I considered such
a simplified model for the aim to understand fundamental electromagnetic responses of the
nanodendrite. Palik’s material database was applied as optical constants [2]. The nanoden-
drite was located in a vacuum. An x — y — z coordination was defined as shown in right bot-
tom of Fig. 3.1, and the center of the nanodendrite model was defined as the origin of the
coordinate. We used a mesh with a spatial resolution of 2.5 nm with refinement by conformal

variant on the area of the nanodendrite [3]. Total-field scattered-field (TFSF) source, which
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Figure 3.1] A model of silver nanodendrites for FDTD simulation with definition of the x —

y — z coordination as shown in the right bottom image.

is used to separate the computation region into a region containing the total field (the sum of
the incident field and the scattered field) and another region containing only the scattered
field, was applied as the incident field [4]. The incident field was a plane pulse wave, and the
range of wavelength and the electric field amplitude were 300-3000 nm and unit respectively.
The magnetic field of the incident field directed to y axis. All the scattered fields from the
nanodendrite were detected with the surface of a rectangular object surrounding the nanoden-
drite. The rectangular object was outside of the TFSF source, so the incident field was not
detected. Each surface of the rectangular object was separated from the nanodendrite (more
than 3000 nm corresponding to the maximum wavelength of the incident field) not to detect
near fields of the nanodendrite. Perfect matching layer (PML), which suppressed reflection

of electromagnetic fields, was applied as the boundary condition.
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Figure 3.2 shows a scattering spectrum from the silver nanodendrite with the incident
field entering from the bottom along +z direction. There is a large peak at 2000 nm of wave-
length. There are also three small peaks between 300-700 nm of wavelength. The output
electric field intensity distribution of the nanodendrite at these peaks are shown in Fig. 3.3.
There are strong electric field distributions at apexes of branches and gaps between adjacent

branches. The electric field distributions tend to be fine as the wavelength of the incident

474

387 / 687

M ! | !
500 1000 1500 2000 2500 3000
Wavelength [nm]

Scattering intensity [a.u.]

Figure 3.2| A scattering spectrum from the silver nanodendrite model defined in Fig. 3.1.

(a) 2000 nm (b) 687 nm

Figure 3.3] Magnitude distributions of output electric field from the silver nanodendrite
model corresponding to each peak at 2000 nm (a), 687 nm (b), 474 nm (c), and 387 nm (d)

on the scattering spectrum shown in Fig. 3.2.
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field is small as seen in Fig. 3.3 (b), (c), and (d). This result indicates that the nanodendrite

has high order oscillation modes of 2000 nm of wavelength.

3.2 Magnetic response of silver nanodendrite model

In this section, magnetic responses of the nanodendrite on the oscillation mode of the peak at
2000 nm of wavelength is discussed. At first, output magnetic field distributions of the
nanodendrite and the amount of change of the incident magnetic field where on the same area
where the nanodendrite is located are shown in Fig. 3.4. The distributions of Figs. 3.4 (a) and
(b) are cases of the phase 2nx and (2n + 1)x respectively where n = 0, 1,2, ---. The magnetic
field has the component only along y axis, no component along x and z axes. Colors repre-
sent the direction of the magnetic field: red and blue correspond to +y and —y respectively.
In both Figs. 3.4 (a) and (b), the directions of the output magnetic field and the incident mag-
netic field are opposite with each other. Hence, the phase between them differ in # with each
other. The output magnetic field in Fig. 3.4 thus seems to be generated by current in the
nanodendrite induced by the incident field. It is obvious that electromotive force of electro-
magnetic induction is proportional to the amount of change of incident magnetic field, and

the current flows toward the direction to reduce the amount of change.

\ / 006 0.0004 006 0.0004
0.00 0.0000 0.00 00000
g -0.06 -0.06

Figure 3.4| Distributions of output magnetic fields H, and amount of change of incident

fields A H;, at phases 2nx (a) and (2n + 1)z (b).
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erlZi
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Which direction of the induced current of the nanodendrite? Figure 3.5 describes
distributions of the induced current density generated by the incident field. In this calculation,
the silver nanodendrites was regarded as the cloud of free electron [5]. The induced current
has components along x and z axes, no component along y axis. Colors represent the direction
of the induced current: red and blue correspond to + and — directions respectively regarding
x and z axes. As shown in the distribution of J,, of Fig. 3.5, the current does not flow from
branches to other branches beyond the trunk. The current also has especially high density at
roots of the branches. By combining the distributions of J, and J_, it can be understood that

the current flow between the adjacent branches as described in bottoms of Fig. 3.5 (a) and (b).

(a) 2nmw (b) 2n+ Dz

Jx Jz

v
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o o o o

e -3671700 T -2969900 -3671700 2969900
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Figure 3.5| Induced current density distributions at phases 2nz (a) and (2n + 1)z (b). The
current has components J,, and J, corresponding to x and z axes. Red arrows in schematics

at bottom of (a) and (b) indicate the direction of the current at each phase.
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The direction of the current is opposite between the cases of 2nz and (2n + 1)z. The direc-
tion of the output magnetic field generated by the current corresponds to that shown in Fig.
3.4. As aresult, the induced current flows to suppress the amount of change on the incident

magnetic field.

3.3 Permittivity, permeability, and refractive index

of silver nanodendrite model

In this chapter, it is proved by FDTD simulation that silver nanodendrites can interact with
induced magnetic field. The nanodendrites can also react with induced electric field. Hence,
effective permeability, effective permittivity, and refractive index can be changed by the
nanodendrites. In this section, these optical properties of a nanodendrite are discussed. From
complex reflectance and complex transmittance, those properties are retrieved. Here, I firstly

describe the method of the retrieval [6,7].

Retrieval from complex reflectance and transmittance

A slab and two incident waves from each side of the slab are considered in this method as
described in Fig. 3.6 (a). The slab is composed by an assemble of a structure interacting with
electromagnetic field. The complex reflectance and transmittance from each incident wave

are considered. The incident waves a,, a,, and the output waves b,, b, are related as below
] =lsy salfa] e
The 2 X 2 matrix in the middle is called as S-parameter which relates incident waves and out-
put waves such as scattered wave and transmitted wave (Fig. 3.6 (b)). Each component of
the S-parameter is regarded as complex reflectance or complex transmittance. In the case of
the left of Fig. 3.6 (b), for example, S|, and .S, are the complex reflectance and the complex
transmittance of the incident a, respectively. The S-parameter simplifies the relation between
the incident waves and the output waves.
There are some important parameters for using the S-parameter: the size of the unit
cell of the structure, homogeneity and the thickness of the slab. If the size of the unit cell in

the slab is smaller enough than the wavelength and the slab is homogeneous, the whole slab

can be regarded as an effective medium. Hence, the slab is symmetric along propagation
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(a)

a—> —> b
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Slab b: output wave
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Figure 3.6| (a) A slab and input waves from both sides of the slab. Output waves, reflected
and transmitted waves, are also shown. (b) Relations between components of S-parameter

and input/output waves.

direction of light, which leads to .|, = .S,,. When the thickness of the effective-medium slab
d is smaller enough than the wavelength, the complex refractive index n and the wave im-

pedance Z of the slab is described with the components of the S-parameter as below

1 _ 1 2zm
2 _ 2
7= [0 =S (3.3)
(1 =871 = 8y

where k and m are wavenumber of the incident wave and an integer. Existence of the
branches 2zm/kd in Eq. (3.2) bring ambiguity on determination of the real part of the refrac-
tive index. If the slab is passive, Im(n) > 0 and Re(Z) > 0 are required. These requirements
identify the sign of Re(n) and Z. If the unit size is not small enough than the wavelength, the
slab becomes inhomogeneous for light. If the slab is asymmetric along propagation direction
of light, in addition, S}, # 5,,. In this case, the complex refractive index n and the wave

impedance Z of the slab is described as below instead of Egs. (3.2) and (3.3),

1 _ 1 27m
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1
Z:i—{(Tzz—Tn)i\/(Tzz—T11)2+4T12T21}’ (3.5)
where
1
Tll =—{(1 +S11)(1 _522)+SZISIZ} ’
28,
1
le =F{(1 +S11)(1 +522)_SZISIZ} ’
21
(3.6)
1
T, =F21{(1 =S =85) =851},
1
T,, = {A =80 +85)+55,5,} .

285,

The two roots of Eq. (3.5) correspond to the two directions of wave propagation. The per-

mittivity and the permeability of the slab are retrieved by the relations shown as below
u=nZ. (3.7)

Due to the difference of the sign of the root in Eq. (3.5) along the directions of wave propa-
gation, the permittivity and the permeability of the slab may differ with propagation direction
of light when the slab is asymmetric.

Calculation with model of silver nanodendrite

Here, I discuss permittivity, permeability, and refractive index derived from a model of silver
nanodendrite. As shown in Fig. 3.7, the nanodendrite model was periodically aligned two-
dimensionally in x — y plane with the gaps Ax and Ay between adjacent structures in a vac-
uum, which formed a slab infinitely spreading in x — y plane. Each dimension of the
nanodendrite model was the same as Fig. 3.1. Pulsed-white light with the wavelength 300-
3000 nm and the propagation direction of +z was induced from the bottom of the slab. The
amplitude and the phase of reflected light and transmitted light from the slab was detected at
the x — y planes located with the distance 4000 nm above and below the center of the slab.
Then, complex values of the reflectance and transmittance, .S}, and .S,,, were obtained. The
case of propagation direction +z was also done with the same way to obtain S,, and .S ,.
The length of the stem of the structure a is 1500 nm, which is not subwavelength for the
induced white light. A subwavelength size should be at least one fourth of the wavelength

[8]. Hence, the nanodendrite slab is inhomogeneous and asymmetric due to the structure of
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(a) (b)
o o IAy 410 nm

Ax
...... . 650 nm

Figure 3.7| A model of slab composed of silver nanodendrites. (a) shows the configuration
of the nanodendrites. Structures are periodically aligned along x and y axes indicated at the
right-bottom of (a). The pulsed-white light irradiates along +z direction. (b) shows the gaps

Ax and Ay between adjacent structures.

the nanodendrite. For this reason, Egs. (3.4) and (3.5) were chosen to calculate refractive
index and wave impedance. Since the nanodendrite model is not subwavelength, diffraction
can occur. In this term, only zeroth order diffracted light was extracted the analysis of this
section. A discussion regarding the analysis with all the diffracted light appears in Appen-
dixes of this chapter.

Figures 3.8 (a) and (b) show wavelength characteristics of complex values of perme-
ability and permittivity obtained from the nanodendrite slab, respectively. As described above,
the permeability and the permittivity may differ along the propagation direction of incident
light. Here, only the case of the propagation +z is discussed for simplification, as they con-
sequently are the same in the propagations +z and —z. As shown in Fig. 3.8 (a), there is a
peak of the imaginary part near 1500 nm and the real part changes up and down around the
peak. This behavior shows a magnetic resonance of the nanodendrite structure at the peak.
The real part of the permeability has negative values on short-wavelength side of the reso-
nance peak. It should be noted that the wavelength of magnetic response of the nanodendrite
slab in Fig. 3.8 (a) and that of a unit-nanodendrite structure shown in the previous section are
different with each other. This is because the resonance wavelength varies with the density
of the nanodendrite model for composing the slab (see Appendixes of this chapter for the

detail). In the case of the permittivity, the sign of the real part changes from positive to neg-
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Permeability u

Permittivity &

Refractive index n

0501 | | | |
500 1000 1500 2000 2500 3000

Wavelength [nm]

Figure 3.8| Characteristics of permeability (a), permittivity (b), and refractive index (c) of
slab composed of silver nanodendrites. The solid line and the dotted line in each figure rep-

resent the real part and the imaginary part of those optical parameters, respectively.

ative around 1000-2000 nm as shown in Fig. 3.8 (b). The real value at the peak of the mag-
netic resonance is ~0.01, and the sign of the value on short-wavelength side of the peak is
positive. From Figs. 3.8 (a) and (b), hence, the real parts of the permittivity and permeability

of the slab are not negative simultaneously.
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Figure 3.8 (c) shows a wavelength characteristic of complex refractive index of the
nanodendrite slab. Around the wavelength of the magnetic response, the real part has values
near zero. The imaginary part around 1000-2000 nm is larger than the real part, which means
relatively higher absorption than other wavelength regions. The real part also has an area of
negative value around 1000 nm. This behavior seems to be derived from both the real parts
and the imaginary parts of the permeability and permittivity, not only from the real parts of

them. The complex refractive index is described as below

n=n;+in,

= V(e 1y — exp) + (e iy + Ex11)

1
= {(6]”1 - 62”2)2 +(61ﬂ2 +62ﬂ])2}Z{COS (g_i_ kﬂ') (37)

+isin<g+kn>},

where

eE=¢g +ig,, W= +ip,,
I3 + €
0 = tan~! < 1My 2ﬂ1>’
E1H — &My
0<0<2r,
k=0,1.

(3.8)

The requirement Im(n) > 0 determines the value of k, which determines the sign of
cos(62 + kx). Depending on each component of € and y, the real part of the refractive index
can be negative. In this case, the real parts of the permeability and the permittivity do not
have to be negative simultaneously. The large imaginary part of the refractive index repre-
sents high absorption, which is undesirable for negative-index metamaterials. The imaginary
part should be near zero as much as possible. To achieve this situation, it is desired that the
real parts of the permeability and the permittivity is simultaneously negative and the imagi-
nary parts of those is near zero. However, it is valuable that negative permeability and nega-
tive index of the nanodendrite model was unveiled. The branches 2zm/kd of the refractive
index given by Eq. (3.4) were chosen with different integer m along different wavelength re-
gions to make the value of the refractive index continuous along full wavelength 300-3000

nm (see Appendixes of this chapter for the detail).
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3.4 Scattering characteristics

among geometrical parameters

Transitions of the peak at 2000 nm on the scattering spectra among the geometrical parame-
ters a-e and j of the silver nanodendrite model were studied. Only a parameter was varied
from the origin, while the other parameters were kept as original values. The peak at 2000
nm can be derived from the oscillation of the resonator composed of adjacent branches. If

the geometry of the resonator is changed, the peak will surely change.

(a) —— a+400 nm (b) —— b+20nm
— a (= 1500 nm) b+ 10 nm
— a-400 nm —— b (=55 nm)
b-10 nm
— b-20nm

] ] ] ] ] ]
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

(C) —— c+20nm (d) — d+10nm
c+10nm d+5nm

— ¢ (=380 nm) — d (=35 nm)
c-10nm d-5nm

— ¢-20nm — d-10nm

Scattering intensity [a.u.]

] ] ] ] ] ]
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

(e) — ¢+10nm ® —j=13
e+5nm j =

—— e (=20 nm) j
e-5nm
— e-10nm

| | | | |
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

Wavelength [nm]

Figure 3.9| Scattering spectra of silver nanodendrite models among various numbers of ge-
ometry parameters. The spectra among different numbers of each parameter a-e and j are

shown on (a)-(f) respectively.
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A series of scattering spectra among the parameter a-e¢ and j with different number
are shown in Fig. 3.9. As one can see in Fig. 3.9 (a), there is no change on the spectra. This
is because the geometry of the resonator is not changed with the parameter a. In Fig. 3.9 (b),
on the other hand, the location of the peak varies with the radius of the trunk 5. The increase
of the number of b reduce the length of the resonator, making the position of the peak blue
shift. In contrast, the decrease of the number of b increase the length of the resonator, making
the position of the peak red shift.

The radius of the branches c also affects the appearance of the peak as shown in Fig.
3.9 (c). On increase of the parameter c, the intensity of the peak increases and the position
red shifts. On decrease of the parameter ¢, on the other hand, the intensity of the peak de-
creases and the position blue shifts. The length of the resonator is proportional to the param-
eter c. Hence, it is obvious that the appearance of the peak depends on the parameter ¢. The
radius of the branches d affects the intensity of the peak rather than its position as shown in
Fig. 3.9 (d). Note that the number of the gap between adjacent branches e is kept 20 nm. The
increase of the parameter d increases the peak intensity and slightly red shifts the peak posi-
tion, while the decrease of the parameter d decreases the peak intensity and slightly blue shifts
the peak position.

The gap between adjacent branches e and the number of branch pair j also affects the
peak intensity as shown in Figs. 3.9 (e) and (f). On increase of the parameter e, the intensity
of the peak increases. On decrease of the parameter e, the intensity of the peak decreases and
the position red shifts. The increase of the parameter j makes the peak intensity increase and
the peak position red shift, while the decrease of the parameter j makes the peak intensity
decrease and the peak position blue shift.

In summary, the appearance of the peak depends on the parameters b-¢ and j which
influence the geometry of the resonator composed by the adjacent branches. Since having no
influence to the geometry of the resonator, the appearance of the peak is independent of the
parameter a. The results indicate that the optical response of actual nanodendrites spans

broadly, because the geometry widely differs with self-similarity.

3.5 Scattering and oscillation behaviors with

different incident direction

As described in Section 3.2, the adjacent branches of the silver nanodendrite model can in-

teract with the incident light and behave as resonators. Here, the same analysis result with
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another direction of the incident light was carried out to confirm resonance excitation on the
adjacent branches. The incident light had a wavenumber vector toward x axis, and the

nanodendrite model was irradiated from the left distant place. The incident magnetic field

1630

Scattering intensity [a.u.]

| | | |
500 1000 1500 2000 2500 3000
Wavelength [nm]

Figure 3.10| A scattering spectrum from the silver nanodendrite with the incident field along

X axis.

(a) 2nmw b)) Cn+ r

0.05

Figure 3.11| Distributions of output magnetic fields H, and amount of change of incident

fields A H;, with incident field along x axis at phase 2nx (a) and (2n + 1)7 (b).
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had y component which was normal to the plane of the nanodendrite model. The other pa-
rameters were all the same as those described in the first of Section 3.1.

The scattering spectrum obtained with these parameters are shown in Fig. 3.10. There
is a peak at wavelength 1630 nm. Output magnetic field distributions of the nanodendrite
and the amount of change of the incident magnetic field where on the same area where the
nanodendrite is located are shown in Fig. 3.11. The distributions of Figs. 3.11 (a) and (b) are
cases of the phase 2nz and (2n + 1)z respectively where n = 0, 1,2, ---. In this case, the out-
put magnetic field distributions exist on areas which consist of the trunk and the branches
located at upper and lower parts rather than the adjacent branches of the nanodendrite model.

In the same manner with Fig. 3.4, the directions of the output magnetic field and the incident

(a) 2nrw (b) 2n+ Dx

Jx . Jz

3594200 : L J 2581500 < 3592400 2581500

~ ™ Y . “ '"‘] [
x 0 0 0 1]

—> : -3594200 T - -2581500 o -3592400 o -2581500

NI ~L

h g h ¢

Figure 3.12| Induced current density distributions with incident field along x axis at phases
2nz (a) and (2n + 1)z (b). The current has components J,. and J, corresponding to x and z
axes. Red arrows in schematics at bottom of (a) and (b) indicate the direction of the current

at each phase.

75



Chapter 3. Finite-difference time-domain analysis

magnetic field are opposite with each other in both Figs. 3.11 (a) and (b). Hence, the phase
between them differ in # with each other. The output magnetic field in Fig. 3.10 thus seems
to be generated by current in the nanodendrite induced by the incident field.

Also, Fig. 3.12 shows distributions of the induced current density generated by the
incident field. As shown in the distribution of J, of Fig. 3.12, the current does not flow from
branches to other branches beyond the trunk. The current also has especially high density at
on upper and lower areas where the output magnetic distributions exist in Fig. 3.11. By com-
bining the distributions of J, and J, it can be understood that the current flow between the
adjacent branches as described in bottoms of Figs. 3.12 (a) and (b). The direction of the
current is opposite between the cases of 2nz and (2n + 1)x. The direction of the output mag-
netic field generated by the current corresponds to that shown in Fig. 3.11. In the case of the
light incidence along x axis, therefore, the induced current flows to suppress the amount of

change on the incident magnetic field.

Summary

A model of silver nanodendrites for FDTD simulation was constructed based on actual
nanodendrites. A scattering spectrum of the nanodendrite model had a peak at 2000 nm of
wavelength, and three peaks around 400-700 nm corresponding to higher resonances than the
2000 nm peak. The model exhibited a magnetic response with an incident wave of wave-
length 2000 nm. A current density analysis proved that current flew between adjacent
branches with a direction which disturbed amplitude change of the incident wave. This result
indicates that parts composed of the adjacent branches act as SRRs, and electromagnetic in-
duction occurs on the parts. Permittivity, permeability, and refractive index originated from
a nanodendrite model were discussed. These optical parameters were retrieved by analyzing
complex values of reflectance and transmittance of a slab composed of periodically aligned
nanodendrites. A magnetic resonance was clearly observed on the characteristic of the per-
meability, and the real part reached to negative near the resonant wavelength. The real part
of the permittivity also reached to negative. The permeability and the permittivity, however,
are not negative simultaneously. The real part of the refractive index reached to negative even
the permeability and permittivity were not negative simultaneously, which was originated
from both the real and imaginary parts of the permeability and the permittivity. Since the
imaginary part of the refractive index was large at the area of the negative real part, high
absorption was indicated. Appearance of the peak at 2000 nm changed among geometrical

parameters of the dendrite model. The model showed a different resonance with a different
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direction of the incident wave. The electromagnetic induction also occurred with the reso-

nance.

Appendixes

Calculation considering all diffracted lights

Figure A3.1 shows the characteristic of permeability of silver-nanodendrite slab with use of
all the diffracted light. Only the case of the propagation +z is shown for simplification. Com-
pared to Fig. 3.8, there is fluctuation on the lines of the permeability in Fig. A3.1. The be-
havior of magnetic resonance, however, still is observed at 1460 nm. This behavior is the
same with propagation direction —z. The fluctuation also is observed on permittivity and
refractive index. The general behavior of each optical parameter is obtained from the dif-

fracted light of zeroth order.

20

10

Permeability u

| |
500 1000 1500 2000 2500 3000
Wavelength [nm]

Figure A3.1| A characteristic of permeability retrieved from all diffracted lights of the slab
composed of silver nanodendrites. The solid line and the dotted line represent the real part

and the imaginary part, respectively.
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Shift of optical characteristics along density of silver nanodendrite model

Figure A3.2 (a) shows the amplitude of reflectance and transmittance (|.S;;| and |.S,,|) along
different gaps of adjacent silver nanodendrites. With increase of the gaps Ax and Ay, the
characteristic of the reflectance and transmittance becomes narrow, weak, and red-shifts.
With sufficient gaps, the characteristic locates around the wavelength 2000 nm which is the
same of magnetic response of a nanodendrite model discussed in section 3.1. Figure A3.2 (b)
shows complex permeability along different gaps of adjacent silver nanodendrites. As in-
crease of the gaps, the magnetic resonance red-shifts and almost vanishes with sufficient gaps.

The results indicate that there is electromagnetic interaction between the nanodendrite models.

() (Av,Ay) (650,410) (1250, 1010) (1920, 1570) (7000, 6200)

1.0}

|, |1S21]

& 0.6
0.4
0.2

0.0

(b) (Ax, Ay) (650,410) (1250, 1010) (1920, 1570) (7000, 6200)
Re

.............................. Im

VY
(e
|

Permeability u
>

(=)

'_.
o

1000 1500 2000 2500
Wavelength [nm]

Figure A3.2| Amplitudes of reflectance and transmittance (|.S;| and |.S,,|) (a), and charac-
teristics of permeability (b) along different gaps of adjacent silver nanodendrites composing
slab. The solid lines and the dotted lines represent the reflectance and the transmittance in

(a) respectively, and the real part and the imaginary part of the permeability in (b) respec-

tively.
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Determination of branches of refractive index

Figure A3.3 shows a characteristic of the real part of refractive index along different integer
m of the term 2zm/kd. The real part of the refractive index often has discontinuities which
are physically incorrect if only one branch is chosen. Dotted-vertical lines divide the wave-
length range at the wavelength where the discontinuities occur. To make the line of the re-
fractive index continuous, appropriate branch should be chosen on each range of the wave-
length [9,10]. In this term, at first, the branch of m = 5 at the left-most range in Fig. A3.3
was chosen as the criterion. At the wavelength 300 nm, the value of the branch m = 5 is the
closest to 1 among the other branches. At 300 nm, silver is dielectric and the majority of the
unit cell is vacuum. Hence, I anticipated that the refractive index was close to 1. The branch
of the other ranges was chosen to make the line started from the branch m = 5 at the left-most
range smooth along whole-wavelength region. Colored arrows in Fig. A3.3 point the lines
chosen on each wavelength range. As a result, the line of the refractive index shown in Fig.
3.8 (c) was obtained. The refractive index was used for retrieving the permittivity and the

permeability shown in Fig. 3.8 (a) and (b) respectively.

Refractive index n

) S | E| .
500 1000 1500 2000 2500 3000
Wavelength [nm]

Figure A3.3| Characteristics of real parts of refractive index with different values of inte-
ger m of branch. The dotted lines divide the wavelength range at the wavelength where dis-
continuity of the refractive index occurs. the value shown in the right is the number of the
integer m. Colored arrows point the lines chosen at each wavelength range divided with the

dotted line.
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Chapter 4.
Three-dimensional nanofabrication via two-

photon absorption

So far, I discussed a bottom-up optical 3D fabrication of metal nanostructures
and their possibilities as metamaterials. On the other hand, top-down approaches
are also beneficial to precisely fabricate intended structures. Although mass-
fabrication is difficult, the top-down approaches are attractive because of capa-
bility of fabrication control. In this chapter, an overview of a top-down optical
3D nanofabrication method is provided. When we fabricate something with light,
the fabrication resolution is basically limited due to existence of diffraction limit
of light. Exploitation of multi-photon absorption can overcome the diffraction
limit. Several materials such as polymers and metals can be used with this 3D

nanofabrication. Metamaterials can be also prepared by this method.

4.1 Principle of three-dimensional nanofabrication

There is a 3D nanofabrication method with exploitation of two-photon absorption which is a
nonlinear optical effect. Here, in this thesis, I call this method as two-photon fabrication
(TPF). In 1997, Kawata and co-workers experimentally confirmed the principle of TPF with
photo-curable resins [1]. In 2001, they achieved to fabricate a 3D microstructure with spatial
resolution beyond diffraction limit [2]. The TPF realizes arbitrary 3D structural fabrication
with spatial resolution beyond diffraction limit. Therefore, the TPF has been regarded as a
powerful tool for nano/micro 3D fabrications.

Basically, photo-curable resins are widely used for the TPF. By accelerating polymer-
ization locally with focusing a high-power laser, such a micro/nano fabrication is realized.
Because of this characteristic, the TPF is also called as two-photon photo-polymerization fab-

rication or direct laser writing and so on. Besides the photo-curable resins, Metals [3-6] and

81



Chapter 4. Three-dimensional nanofabrication via two-photon absorption

organic/inorganic hybrid materials via sol-gel method [7-9] are also able to be utilized for the

TPF.

Two-photon absorption

Two-photon absorption is the key to achieve the nano/micro spatial resolution beyond dif-
fraction limit of the TPF. The two-photon absorption is a nonlinear phenomenon which elec-
trons of materials absorb two photons simultaneously on transition from the ground state to
an excited state. The probability of the two-photon absorption is proportional to the second
power of light intensity (photon density). The probability is usually very low, so the electrons
absorb just one photon whose energy corresponds to the energy gap. Hence, a temporally and
spatially high density of photon is needed for the two-photon absorption. Femto second (fs)
pulse lasers are thus utilized.

Here, let us consider a liquid photo-curable resin with absorption at UV range. When
the liquid resin absorbs energy corresponding to UV, the resin solidifies via polymerization.
Now, we consider a fs pulse laser with near infrared wavelength. Since the energy of near
infrared light is around the half of UV light, liquid resin basically is not solidified by the near
infrared wavelength. When we focus the fs pulse laser onto the liquid resin, however, the
two-photon absorption can occur only at the center of the focus spot. By earning the two-
photon with energy corresponding to near infrared, the electrons obtain the energy corre-
sponding to UV (Fig. 4.1). The liquid resin then can be solidified only at this area. The
solidified area is confined to nanoscale in 3D, which is the reason why the TPF can realize
subwavelength 3D fabrication (Fig. 4.2). By scanning the laser spot or the stage where the

liquid resin is located, one can fabricate arbitral 3D structures.

Excited state

hv/2

hv

hv/2

Ground state
One-photon  Two-photon
absorption absorption

Figure 4.1| An energy diagram of one-photon absorption and two-photon absorption.
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e Photo-curable resin
Diameter S T
g S Glass substrate
+  several hundrednm
:. L — Objective lens

.....

Voxel NIR fs pulse laser

Figure 4.2| A schematic of TPF. A NIR fs pulse laser is focused onto a photo-curable resin

located on a glass substrate. A voxel with the size beyond diffraction limit is formed in the

focus spot.

Radical photo-polymerization

The liquid resin is solidified through radial photo-polymerization induced by the two-photon

absorption. The liquid resin includes a monomer, an initiator, and a sensitizer. The procedure

of reaction is described as follows,

I—2R -,
R-4+M — RM -,
4.1
RM, - +M — RM,,, -,
2(RM,,, -) — RM,,R,

where I, R -, and M are the initiator, the radical, and the monomer. The initiator first absorbs
photons and separates into two radicals. The initiator radical cut a double bond between two
carbons of the monomer and make a covalent bond with the monomer. The radicalized mon-
omer affects another monomer continuously, making ramified polymer chains. When the
radicals react with each other, the radicals are inactivated and the reaction ceases. Through a
series of the radical reactions, the liquid resin is solidified. The sensitizer absorbs the photons

earlier than the initiator, and transfers the energy to the initiator.
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4.2 Spatial resolution beyond diffraction limit

The spatial resolution of the TPF depends on the size of the resin solidified by the radical
photo-polymerization induced by two-photon absorption as shown in Fig. 4.2. The minimum
unit of the solidified resin is now called as voxel. The size of the voxel also depends on the
size of the focus spot of the laser. In Fig. 4.3, a light intensity distribution around a focus spot
with a wavelength 780 nm and an objective lens NA = 1.4 is shown [10]. On the focal plane
and along the depth direction, the distribution of the two-photon absorption is proportional to
the square of the light intensity. Hence, the size of the voxel on the two-photon absorption
can be smaller than the size of the focus spot.

There is also a threshold on the light intensity for solidification of the liquid resin
(Fig. 4.4). When the light intensity distribution of the two-photon excitation is larger than the
threshold, the resin can be solidified and make the voxel. Also by adjusting other parameters
such as the intensity of the laser and the width of the pulse, the size of the voxel can be
reduced beyond 100 nm [11]. Recently, the idea of stimulated emission depletion (STED)
microscopy [12-14] has been applied to the TPF [15,16]. A light illumination which induce
STED to the excited initiator is applied with a donut shape around the focus spot of the TPF.
The radicalized initiator via two-photon absorption is thus deactivated by the depletion light
via STED before reaching the monomer. The radical photo-polymerization is deactivated on
the STED area, thus allowing us to form smaller voxel compared to the normal TPF. Gu and
coworkers exploited this technique in 2013 [17]. They succeeded to form a polymer wire
with the diameter 9 nm (Fig. 4.5 (a)), and confirmed the spatial resolution 52 nm with a gap

between two polymer wires (Figs. 4.5 (b) and (c)).

(a) 1.0 T T T T (b) 1.0 T T
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Figure 4.3| Probability of one-photon and two-photon absorption on a focal plane (a) and

along propagation direction (b). Wavelength 780 nm, NA = 1.4. Figure referred from [10].
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Figure 4.4| A schematic indicating a relation between the two-photon absorption probability
and the polymerization threshold. The photo-polymerization occur on the area with the prob-

ability above the threshold.
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Figure 4.5| (a) A polymer wire with the diameter 9 nm, (b) adjacent polymer wires, and (c)

a line profile of them. Those wires were formed by the TPF with STED. Figure referred
from [17].

4.3 Applications of three-dimensional nanofabrication

via two-photon absorption

TPF realizes arbitrary 3D structural fabrication with spatial resolution beyond diffraction
limit. Therefore, the TPF has been regarded as a powerful tool for nano/micro 3D fabrications.

Not only static structures, structures which have mechanical motions can be also fabricated
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by the TPF. Some mechanical structures such as micro-gears and micro-tweezers as have
been developed to date by the TPF (Figs. 4.6 (a) and (b) [18-21].

Metamaterials are one of the important applications of the TPF [3,6]. In this case,
silver and gold are mainly applied instead of the resin. When the focused laser beam illumi-
nates a silver ion solution, these metal ions absorb two photons simultaneously and they are
reduced to metals. By scanning the laser spot or the stage, we can obtain arbitrary metal
structures. Surfactants have been successfully applied to reduce the roughness of the struc-
tures and improve the spatial resolution around 100 nm. The metamaterials such as SRRs
can be thus fabricated by this two-photon metal reduction (Figs. 4.6 (c) and (d)). This tech-
nique also allows us to stack the SRRs in 3D, which realizes a 3D metamaterial.

For the field of medical, the TPF has been applied to make a novel medical device
such as microneedles (Fig. 4.6 (e)) [8,9]. Organic/inorganic hybrid materials have been used
as the materials of the TPF. The Organic/inorganic materials are formed via sol-gel formation
induced by TPF. The Organic/inorganic materials have higher physical strength than polymer
because of their organic-inorganic covalent bonds, which is beneficial for micro medical de-
vices. The young’s modulus of an organic/inorganic material (Ormocer) is around 7.0 GPa

[8], while that of poly(methyl methacrylate) is around 2.7 GPa [25].

eI 180 um

Figure 4.6 Applications of TPF. (a) a micro-gear and (b) a micro-tweezer as mechanical
structures. (c) a silver SRR on a glass substrate and (d) a periodic gold SRRs assisted in
poly(methyl methacrylate) as a host formed by two-photon induced reduction. (e¢) a mi-
croneedle made of an organic/inorganic hybrid ceramic. (f) a 3D photonic crystal. Figure

(a)-(f) referred from [18,21,6,3,9,22] respectively.
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Since the TPF is a universal technique for 3D micro/nano fabrication, it can be ap-
plied for various fields other than the above. Photonic crystals have been successfully devel-
oped by the TPF (Fig. 4.6 (f)) [22]. Optical memories with the TPF have been also studied
[23,24].

Summary

In this chapter, I introduced fundamentals of a top-down 3D nanofabrication with two-photon
absorption, TPF. Two-photon absorption can occur at the center of focus spot of fs pulse laser.
Through radical photo-polymerization induced by the two-photon absorption, liquid resins
are solidified only at the center of the focus spot. The two-photon absorption and existence
of polymerization threshold realize fabrication resolution beyond diffraction limit, and STED
technique can be applied to improve the resolution. The TPF can be applied in various fields
which need nanofabrication. Metamaterials are one of the typical applications. SRRs with

silver and gold can be fabricated via two-photon reduction.
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Chapter 5.
Three-dimensional polymer nanostructures

formed by two-photon polymerization

Arbitrary 3D nanostructures can be fabricated by TPF. On the other hand, phys-
ical properties of nanosize polymers have still remains unclear. Some properties
such as elastic moduli, which are one of material constants and should be inde-
pendent of size, possess size dependence. This is because morphology of the
polymer molecules can change due to spatial confinement. In this chapter, 1
discuss size dependent physical properties of polymer nanosprings consist of
polymer nanowires formed by TPF. I also show size dependency of molecular
orientation of the polymer nanowires. Then, I discuss correlation between the

physical properties and the molecular orientation.

5.1 Size dependent elasticity of polymer nanosprings

In contrast to the progress on the TPF and its applications as I mentioned in Chapter 4, how-
ever, fundamental characteristics such as mechanical properties of nanosized polymer mate-
rials still have not understood in detail. Here, I discuss the mechanics of cross-linked
poly(methyl methacrylate) (PMMA) nanowires formed into coil springs by the TPF. Hereaf-
ter, I refer the structures as polymer nanosprings. PMMA has been one of the most widely
used polymers. There are some studies about the mechanical properties of PMMA of submi-

cron size [1,2].
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Fabrication of polymer nanosprings

Polymer nanosprings, at first, were formed by the TPF. Figure 5.1 (a) shows the dimensions
of the structure. The coil radius, R, pitch, P, length of the spring, L, and the number of turns,
N, are 2.5 pm, 2.0 um, 13 pm, and 4, respectively. A bead with the radius 1.0 um is attached
at one end of the spring. Figure 5.1 (b) and (c) show a spring with the wire width 400 nm.
The spring often deform when the wire width is narrower than 420 nm. Thus, an additional
support was introduced as shown in Fig. 5.1 (d) to prevent the springs from deforming. With
the additional support, nanosprings with a lateral wire width 188 nm at the thinnest point were
fabricated. After fabrication, the supports were ablated with either a fs pulsed near-infrared

(NIR) laser beam or a focused ion beam (FIB). The nanosprings were free-standing even

Figure 5.1| Polymer nanosprings fabricated by TPF. (a) A schematic showing the dimen-
sions of the polymer nanosprings. (b), (c) Top and perspective SEM images of a polymer
nanosprings, respectively. (d) SEM image of a nanospring with an additional support at the
right side of a bead. (e)-(i) FIB images of the nanospring before loaded (e), stretched (f),

compressed (g), bent (h), and recovered (i). All scale bars are 2pum.
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after the removal of the supports, as shown in Figs. 5.1 (a)-(c). They showed properties of
stretch, compress, bend, and recover against forces applied through a manipulator, which in-

dicates that the spring behaves as a conventional spring (Figs. 5.1 (e)-(1)).

Compression of polymer nanosprings

To understand mechanical properties of polymer nanosprings, compression experiments of
the springs were conducted. Vertically standing springs were prepared with the sizes as de-
scribed above (the details appear in Appendix of this chapter). Figure 5.2 (a) shows a nan-
ospring that stably and vertically stands without distortion and destruction. An atomic force
microscope (AFM) were utilized for the compression experiments. Figure 5.2 (b) shows the
procedure of the compression (see also Appendix). Note that the flat surface of the cantilever
was used for pressing the nanosprings, not with the tip apex to put a force uniaxially to the
spring and to avoid deformation of the bead. Figure 5.2 (¢) shows a force curve that records
the applied force on the cantilever with respect to the cantilever position. The force curve
shows two slopes: (i) moderate slope in the range of z = 0 (initial position) to -840 nm where
the cantilever contacts the spring alone (Fig. 5.2 (c), inset), and (ii) steep slope in the range
of z= -840 to -1600 nm where the cantilever contacts both the spring and the glass substrate.
There is no hysteresis on the moderate slope, which indicates no plastic deformation of the
spring during the experiments. The moderate slope also indicates that the nanospring follows
a linear response against the applied force, which also indicates that the nanospring obeys
Hooke’s law. In this moderate slope region, therefore, the system can be regarded as a series

of two springs (Fig. 5.2 (d)). The spring constant of the nanospring k, is given by the next

1
= G_kl) , 5.1)

where k is an equivalent spring constant of the two springs. k is calculated as 0.10 N/m by

equation

fitting the moderate slope with a linear function. k, is a spring constant of the AFM cantilever

13 N/m. By repeating compression tests on the same spring for more than 10 times, the
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Figure 5.2] Compression experiments of polymer nanosprings with AFM. (a) A SEM image
of a vertically free-standing polymer nanospring. The scale bar is 5 um. (b) The procedure
of compression using the AFM. (c) A force curve obtained from a spring showing the applied
force on the cantilever with respect to the position. The annotations in the graph correspond
to the schematic of (b). The inset in (c) is an enlarged graph in the region of 0 to -800 nm
showing a moderate slope. (d) A schematic showing the system regarded as a series of two

springs. k, and k, are the spring constant of the polymer spring and that of the AFM canti-

lever, respectively.

average spring constant with the standard deviation was obtained. Since there is no plastic

deformation of the spring, the compression tests are reproducible.
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Size effect on elastic modulus of polymer nanosprings

The spring constant k, with different wire radius r was investigated to deeply understand the
physical properties of polymer nanosprings. r is defined as r = \/m , where | and r, are
lateral and vertical radii. These were measured from SEM images of a set of straight nan-
owires (Figs. 5.3 (a) and (b)). By fabricating nanowires with different laser intensity, r as a
function of the laser intensity was obtained (Fig. 5.3 (¢)). The error bars describe non-uni-
formity of wire width, and the solid lines are fitting curves [3]. The compression experiments
were carried out with several coil springs with different r in the range of 350 to 550 nm.
Figure 5.3 (d) shows k as a function of r, showing that k, increases as r decreases. The

spring constant is theoretically described as follow

Gr*

ko= (5.2)
STANR?

where G is the shear modulus of the material, and the coil radius R = 2.5 um, the number of
turns N = 4, respectively [4]. Using Eq. (5.2) with the value of G of bulk cross-linked
PMMA (0.29 GPa, see Appendix), the theoretical spring constant also is available in Fig. 5.3
(d). The error bars in vertical axis describe standard deviation of measurements for each
spring. There is a gap between the experimental results and the theoretical curve, which de-
rives from the size effect on G. To calculate G of the polymer nanowires, the size-dependent
spring constant was substituted to the Eq. (5.2) with the parameters R =2.5 um and N = 4.
Figure 5.3 (e) shows G as a function of r and an exponential fitting curve. The shear modulus
G increases as decreasing in wire radius r. Note that relatively wider nanowires around 500

nm still exhibit a greater value of G compared to bulk systems.
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Figure 5.3| Size dependent elasticity of polymer nanosprings. (a), (b) SEM images of a
nanowire from top (a) and tilted (45 degrees) views (b). Wire radii in lateral r; and in vertical
r, are measured through SEM observation. Scale bars are 1 pm. (c) Wire radius r (red), r,
(blue), and r,, (green) as a function of laser intensity. (d) Spring constant k as a function of
r measured (red symbols) and theory using bulk shear modulus (solid line). (e) G of polymer

nanowires in coil springs as a function of 7.

5.2 Raman analysis of polymer nanowires

Actually, the same trend of the size dependence has been found in many polymer nanowires

other than PMMA:: polystyrene [5], nylon 6.6 nanofibers [6], polyacrylonitrile nanofibers [7],
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polypyrrole nanotubes [8], poly(2-acrylamido-2-methyl-1-propanesulfonic acid) nanofibers
[9], and polyvinyl alcohol fibers [10]. There are several possible mechanisms of the size
dependence: surface chain orientations [5], core/densely-packed-shell formation [10], and su-
pramolecular structure formation [6].

As a possible factor for the size-dependence, | investigated alignment of polymer
chain networks in cantilevered nanowires with different wire radii r using polarized micro-
Raman spectroscopy (the details appear in Appendix). Polarized Raman spectra were meas-
ured with a different polarization angle 6 between the polarization of the Raman excitation
laser beam and the wire axis. Figure 5.4 (a) shows a Raman spectrum taken from a cantile-
vered nanowire whose wire radius r; is 356 nm (Fig. 5.4 (b)) with a polarization angle 6 = 0°.
The liquid resin for the TPF includes four materials: methyl methacrylate (MMA) as a mon-
omer, a cross-linker (CL), a photo-initiator (PI), and a photo-sensitizer (PS) (the detail de-
scribed in Appendixes). Raman spectra from these materials are also shown in Appendixes.
A peak at 545 cm” from PMMA can be assigned to C-C-C skeletal in-plane deformation
oscillation mode [11-15]. I applied this peak for evaluation of molecular orientation in poly-
mer wires. In fact, however, another broad peak from the CL overlaps on the peak of C-C-C

skeletal oscillation of PMMA. 1 thus took average peak intensity of the peak between 535-

£
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2

2
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f= Raman shift [cm 1]

g 545 cm! 1590 cm!
S C-C-C benzene

600 800 1000 1200 1400 1600
Raman shift [cm™]

Figure 5.4| (a) Raman spectrum of a nanowire, whose wire radius is 356 nm. The inset to
(a) is a magnified Raman spectrum around the peak at 545 cm™. (b) A cantilevered nanowire
on the polymer wall. The inset to (b) is a top view of a cantilevered nanowire. 0 is defined
as an angle between the polarization of the Raman excitation laser beam and the wire axis.

Scale bar is 1 pm.
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555 cm™ on behalf of Lorentzian fitting analysis at 545 cm™. Before this analysis of the peak
at 545 cm’', this peak was normalized by a peak at 1590 cm™ assigned to stretch oscillation

mode of C=C in benzene circle which was included in the PI or the PS.

Polarization angular dependence of C-C-C skeletal peak

The peak intensity of C-C-C skeletal in-plane deformation oscillation mode in PMMA at 545
cm’' has dependence on polarization angle of incident light. When PMMA C-C-C chains in
polymer wires have particular orientations, the peak intensity should have particular polari-
zation angular dependence. On the other hand, if not have particular orientations meaning
that C-C-C chains have random orientation in the wires, the peak intensity should be inde-
pendent on polarization angle. In this research, therefore, I investigated polarization angular
dependence of the peak intensity from C-C-C skeletal oscillation mode. I also compared the
polarization angular dependence along wire radii. The peak intensity from benzene circle at
1590 cm™ I utilized to normalize the peak intensity from C-C-C chain in PMMA was inde-
pendent on polarization angle.

As aresult, a polarization angular dependence was appeared on the normalized peak
intensity of PMMA C-C-C skeletal chain at 545 cm™ when the radius of polymer wire was
relatively small. On the other hand, the polarization angular dependence became to be rela-
tively weak as the radius increased. Moreover, the polymer support wall as a bulk reference
did not show polarization angular dependence on the peak intensity (Fig. 5.5).

This behavior of the polarization angular dependence can be described by a theoreti-

cal function shown as below [16]
I1,,0)=1,,,y+1,,,c0s20+ I,,,cos40) . (5.3)

By fitting analysis of those experimental results shown in Fig. 5.5 with this theoretical func-
tion, information about molecular orientations in polymer wires can be obtained. The detail

of the theoretical approach is described from the next section.
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Figure 5.5| Normalized intensity of 532 cm™ peak along polarization angle obtained from
polymer nanowires with radii 120 nm (a), 180 nm (b), 210 nm (c), 250 nm (d), 470 nm (e),
and wall (f) as a reference. Each plot and error bar describe average intensity and standard

deviation of accumulation at 3 or 5 times. Results of fitting analysis are shown by solid lines.
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5.3 Molecular orientation analysis of polymer nanowires

From here, derivation and physical meanings of the theoretical fitting function described as

Eq. (5.3) will be explained. Basically, the theoretical function can be derived from coordinate

transformation of second rank tensor.
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Derivation of theoretical fitting function

Before deriving the theoretical function, I explain some assumptions regarding formation of
molecules of polymer wires. (i ) All the molecules should have homogeneous distribution
in polymer wires [16,17]. (ii ) Orientation distribution of all the molecular structural units
have orthotropic symmetry, uniaxial symmetry or isotropic, which means polymer wires are
orthotropic, uniaxial with an axis to longitudinal direction, or isotropic. In this research, I
assume that the structural units have uniaxial symmetrical orientation distribution or isotropic
orientation distribution. This is because cross-linked PMMA is non-crystalline, hence the
structural units are individual chain segments and surely have random orientation around lon-
gitudinal direction of the wires [16]. (iii) Axes of Raman tensor should be coincident with
axes of structural unit. In fact, the axes of Raman tensor do not necessarily coincide with
those of structural unit. Therefore, another coordinate system for Raman tensor is needed
against that for structural unit, and these two coordinate systems are related by Euler angle.
However, in practice, most of the previous studies assume that the Raman tensor axes are
coincident with the structural unit axes to reduce the number of parameters [16,18-20].

In the case of non-resonant Raman scattering (Placzek’s approximation of polariza-
bility), Raman tensor (or polarizability tensor) is regarded as second rank real symmetric ten-
sor [21,22]. Therefore, such a second rank tensor a can be diagonalized with three unit ei-
genvectors e, s, e, e,» which are orthogonal with each other, and three corresponding eigen-

values @/, a,, a,s described as below,

ae, =aye.,

aey =ayey , (5.4)
ae,; =aye, ,
a0 0
-1
E'aE=|0 ay O, (5.5)
0 0 ay
here
Xyex axy Xz
a= ayx ayy ayz , axy = ayx ) ayz = azy , (56)
Ay azy a;
E=[¢’ ¢y ¢€7],
5.7

|ex/| = |ey/| = |ez/| =1 , €y J_ey/ J_ez/ .
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When these orthogonal eigenvectors are set as a rectangular coordinate system, the eigenval-
ues can be regarded as components of the diagonalized tensor along each axis. Furthermore,
such a second rank tensor has orthotropic symmetry (a,’ # @, # a,/), uniaxial symmetry
(ay =ay,ay # ay), or spherical symmetry (o, = a, = a,r).

From here, I explain the experimental system of polarized micro-Raman spectros-
copy I used. As shown in Fig. 5.6, a rectangular coordinate system x — y — z is defined. Lon-
gitudinal axis of polymer wire is located in y — z plane. Furthermore, another rectangular
coordinate system x’ — y" — z’ which corresponds to three orthogonal eigenvectors e, e /,
e of the second rank tensor a is defined with regard to the wire. x’ —y’ — z’ system can
rotate around x” (x) axis and 0 — z’ makes a variable angle 6 with 0 — z’ (Actually I rotated
polarization of incident and scattered light, not the sample. However, this work is equivalent
to sample rotation.). Incident light and scattered light pass along 0 — x’ (0 — x) axis.

On an irradiated area of incident light, under the assumption ( i ) and ( ii ), the aver-
age of Raman tensor from a molecular oscillation can be described on x” — y’ — z’ system as

below,

ax/ 0 0
ax/_y/_z/ =10 ay/ 0 ) (58)
0 0 a_z/
y OF b o
A
1
g y
Irradiated area
" by incident light
7]
7 < 7,

.. Polymer nanowire

Figure 5.6| The definition of a rectangular coordinate system regarding polymer wires.
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where a,, is equal to a,, because the wires are assumed to be uniaxial or isotropic. In this

experimental system, the components of x — y — z system regarding a,,_ ,_,, is given with

-y

a rotation matrix around x’ axis R/ by the next equation

T
ax_y_z = Rx/ax/_y/_z/Rx/ .

1 0 0 5.9
R, = [O cosf —sin 0] .
0 sinf cosé

Equation (5.9) is a definition of coordinate transformation of second rank tensor. Here the

amplitude of Raman scattering corresponding to components of the tensor a;; is described as

below,

Ey(w) = const ) a;; EY(w) cos(et + 5) . (5.10)

Jj=x
where E;(w) is the ith component of the electric vector of the scattered light, and E;)(a)o) is
the maximum value of the jth component of the electric vector of the incident light. It is
assumed that Raman scattering is incoherent, so the phase angle 6 is assumed to be random.

From Eq. (6), Raman scattering intensity I is given by the following equation in considera-

tion of the polarization directions of the incident and scattered light,

I,= Iy|la,_,_.L]*.

s x—y—z"i

I,=1,=(0,0,1) (polarized in z axis)

(5.11)

where 1, is a constant depending on instrumental factors and the incident light intensity. I,
and I; describe the polarization direction of scattered and incident light, and both directions
take z axis in this experimental system. From Eq. (5.9) and Eq. (5.11), the theoretical fitting

function can be derived as below

I1,,0)=1,,,y+1,,,c0s20+ I,,,cos40), (5.3)
1, —
IzzO = § (3ay/2 + Aty + 30(2/2) ,
1,—
Lo=5 (0" —a,’), (5.13)
1, — —\2
Izz4 = § (ay/ - az’)
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Molecular orientation analysis of polymer nanowires

The theoretical fitting function was derived as Eq. (5.3) in the last section, and each parameter

1,0, 1., and I, is related to components of the average of Raman tensor a,,_,,_,. I fo-

cused on the equation of 1,,,, and deformed it as below,

ay —ay =221, (Vay>ay). (5.14)

Equation (5.14) describes the difference of magnitude between a_y/ and a,,. When the right

side is not 0, a,/_ s, is uniaxial symmetry because a,, is equal to a_y/. When the right side

-y
goes to 0, on the other hand, a,,_,__, is isotropic. When there is uniaxial molecular orien-
tation distribution in polymer wires, in other words, the right side is not 0. Whereas if the
molecules have random distribution, the right side is to 0.

By fitting analysis of the experimental results with Eq. (5.3) described in the last
section, the value I,,, in the case of the peak form C-C-C skeletal oscillation of PMMA was

obtained per each polymer wire. The value a,, — a_y/ in the case of the C-C-C skeletal oscil-
lation of PMMA was thus compared along wire radius (Fig. 5.7). Looking down in Fig. 5.7,
it can be found that the value a, — &, tends to increase as wire radius decreases. In regard

to the support wall as a bulk reference, fitting analysis was not able to be conducted correctly,

because the peak intensity is almost independent on polarization angle as shown in Fig. 5.5.

—e—i

0.25 ] ] ] ]
200 300 400 500

Wire radius [nm]

Figure 5.7| The value a,, — a_y/ of the average of Raman tensor regarding C-C-C skeletal

oscillation of PMMA against the radius of polymer wire.
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The value a,, — a_y/ in the case of the support wall, therefore, was not able to be obtained, but

the value must be close to 0.

As aresult, stronger uniaxial molecular orientation exists in the case of polymer wires
with smaller radii. However, it should be noted that the value a_, — @,/ in the case of perfect
uniaxial molecular orientation has not been known yet. Therefore, molecular orientation de-

gree was not able to quantitatively obtained in this study.

Summary

Polymer nanosprings consist of polymer nanowires were formed by TPF. The nanosprings
behaved as conventional spring. Force curve of the springs was measured with AFM canti-
lever. Spring constant and elastic modulus of the springs along radius of the nanowires. The
elastic modulus depended on the wire radius. Molecular orientation of the nanowires was
studied with polarized micro-Raman analysis. Intensity of a peak derived from C-C-C oscil-
lation of PMMA had a dependence upon polarization angle. The wires with small radii had
the dependence clearly. An analysis of averaged Raman tensor of the C-C-C oscillation indi-
cated that stronger uniaxial molecular orientation existed in the wires with smaller radii. The
molecular orientation can be one of origins of the size dependent physical properties of the

nanosprings.

Appendixes

UV curable resin preparation

Methyl methacrylate (MMA) (Wako), cross-linker (DPE-6A) (Kyoeisha Chemical Co., Ltd.),
photo-initiator (Benzil) (Wako), and photo-sensitizer (2-benzyl-2-(dimethylamino)-4'-mor-
pholinobutyrophenon) (Aldrich) were mixed with a ratio 0f 49:49:1:1 wt% respectively (Tab.
AS5.1). The resin exhibited strong absorption in the UV region, but no absorption in the visible
or NIR regions (Fig. A5.1).
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Table A5.1| Chemical structure and recipe of materials.

0
I

0
I
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Figure AS5.1| Absorption spectrum of prepared UV-curable resin.

Polymer nanospring fabrication

Figure A5.2 shows the optical setup for TPF. A Ti:sapphire femtosecond pulse laser (center

wavelength 780 nm, pulse width 100 fs, repetition rate 82MHz) (Tsunami, Spectra-Physics)

was used as the light source. The laser beam was focused through an oil-immersion objective

lens (100x, NA 1.4) (Zeiss) onto the UV-curable resin casted on a glass substrate which was

placed on a three dimensional piezoelectric stage. The stage moved the resin relative to the

focus spot according to preprogrammed patterns. The typical laser intensity used in this study

was 21 mW/um?, and the exposure time was kept constant at 4 msecs at each step. The wire

widths were controlled by laser intensity. After the structures were fabricated, unsolidified
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Figure AS5.2| Optical setup of TPF.

resin was washed away using ethanol. The ethanol also was further replaced with supercriti-
cal CO; fluid and then dried in Supercritical Rinser & Dryer (SCRD4, Rexxam Co., Ltd.),
preventing the structures from collapsing during the dry process. Ablation of additional sup-
ports was carried out using either a NIR femtosecond pulsed laser or a FIB (FB2200, Hitachi
High-Tech).

Vertically standing coil springs were obtained as follows. The springs, which are the
same dimensions as Fig. 5.1 (a), were fabricated on a polymer wall of 50um length, 2.8um
thickness, and 15um height. The wall was subsequently pushed down using a manipulator in
FIB, and fixed onto the glass substrate by carbon deposition. The springs stably stood in

vertical direction without any distortion and bend.
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Compression with AFM

Compression tests on the vertically standing springs were conducted using an AFM (SPA-
400, SII NanoTechnology Inc.) and an AFM cantilever (15 N/m, SI-DF20, SII NanoTechnol-
ogy Inc.). The procedure of the compression test is shown in Fig. 5.2 (b). (i) the cantilever
is initially set so that the cantilever was in contact with the bead of the spring. (ii) the canti-
lever compresses the spring but the cantilever tip does not contact the substrate. (iii) the tip
contacts the glass substrate, and (iv) the cantilever returns to the initial position. The effective
length of the cantilever, where the bead was in contact with the cantilever, was ~195 um,
while the total length of the cantilever was 225um. This results in calibration of the spring
constant to be 13 N/m. The cantilever moved downward for 1600 nm, exerting monotonically
increasing compression on the spring, and then back to the initial position (Fig. 5.2 (b)). A
force curve was recorded during the cycle with a measurement duration of a few seconds (Fig.

5.2 (c)).

Tensile tests on bulk sized cross-linked PMMA

Cross-linked PMMA films were prepared from the same UV-curable resin described above
under UV lamp illumination. The tensile tests, which were conducted in Japan Chemical
Innovation and Inspection Institute, measured the Young’s modulus £ and Poisson’s ratio v
as 813 MPa and 0.42 respectively. Therefore, the bulk shear modulus G is obtained as 0.29

GPa with the next equation

E
G= .
2(1 +v)

(5.14)

This value was used for discussion.

Polarized micro-Raman analysis

A set of cantilevered nanowires with wire radius between 120 to 470 nm were fabricated on
polymer walls. Alignment of polymer chain networks in the wires were investigated with
polarized micro-Raman spectroscopy using a Raman microscope (Raman-11, Nanophoton
Corp.). Figure A5.3 shows the optical setup of the Raman microscope. The excitation laser
beam with a wavelength of 532 nm was linearly polarized with a polarizer, and focused onto

the wires through an objective lens (100x, NA 0.9, Nikon). The polarization direction was
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Figure AS.3| Optical setup of Polarized micro-Raman analysis.

controlled with a half-wave plate placed between the objective lens and the polarizer. Raman
scattering was collected by the same objective lens, and the polarization direction was rotated
to be the same direction as that of the incident light after passing through the half-wave plate.
Background signal of each Raman spectrum was subtracted with fifth polynomial function

fitting [23-25].

Raman spectrum of polymer materials

Raman spectra of materials for the UV curable resin is shown in Fig. A5.4. A peak of PMMA
at 545 cm™ is assigned to the C-C-C skeletal mode in PMMA, and a peak at 1595 cm™ is

assigned to stretch oscillation mode of C=C in benzene circle in the PI and PS [11-15].
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Conclusion

Through this thesis, I discussed a bottom-up optical 3D production of silver nanodendrites as
a subwavelength structure and possibility of them as a metamaterial. I also discussed a top-
down optical 3D nanofabrication which was contrasting to the bottom-up method, and phys-
ical properties of polymer nanostructures fabricated by the top-down method.

In Chapter 1, I defined a metamaterial as an assembly of intendedly produced sub-
wavelength structures which simultaneously respond with both electric and magnetic fields.
Then, I provided an overview of the metamaterials: principles, a brief history, applications,
and production methods especially with bottom-up approaches. After that, I explained pos-
sibility of the silver nanodendrites as a bottom-up metamaterial operating in broad areas
around optical region. I also showed some precedents of the metamaterials with dendritic
structures.

In Chapter 2, I explained a principle of dendrite growth based on statistical thermo-
dynamics. Inhomogeneity of concentration gradient of solutes is the essence for the dendrite
growth. Balance between diffusion of the solutes and velocity of crystal growth is important
for the concentration gradient formation. I also provided an overview of precedents regarding
silver nanodendrites. Then, I described a method of optical 3D growth of the silver nanoden-
drites via plasmon resonance heating which I developed. I also described nondestructive
extraction of the structure of the nanodendrites with results. I also discussed structural char-
acteristics among experimental parameters: laser power, interfacial tension and viscosity of
solvents, cooling temperature, and concentration of silver ion and a reductant. These param-
eters were able to be optimized for the dendrite growth.

In Chapter 3, I discussed electromagnetic responses of silver nanodendrites with
FDTD analysis. A model of the dendrites showed a peak in infrared region on its scattering
spectrum. Parts composed of adjacent branches of the dendrites were able to act as SRRs,
allowing them to have electromagnetic induction at the peak. Permittivity, permeability, and
refractive index originated from a nanodendrite model were discussed. Negative permeability

and negative refractive index appeared. Appearance of the peak differed among geometry
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parameters of the model. Also, electromagnetic response of the model differed with incident
directions.

In Chapter 4, I introduced a top-down fabrication method of 3D nanostructures via
two-photon absorption; TPF. The TPF realizes arbitrary 3D structural fabrication with spatial
resolution beyond diffraction limit because of two-photon absorption and existence of
polymerization threshold. Therefore, The TPF can be applied in various fields which need
nanofabrication including metamaterials.

In Chapter 5, I discussed physical properties of polymer nanostructures formed by
TPF. Elastic modulus of polymer nanosprings composed of polymer nanosprings, which was
measured by an AFM cantilever, showed size dependency. The elastic modulus increased
against decrease of wire radius. To prove origins of this size dependency, I conducted mo-
lecular orientation evaluation of the polymer nanowires by polarized micro-Raman analysis.
This analysis showed that uniaxial molecular orientation along length direction of the wires
tended to occur on thin wires. The result indicates that the molecular orientation correlates

the size dependency of the elastic modulus.

As future perspectives, enlarging the area of nanostructure growth is important. In-
plane area can be expanded as UV illumination area enlarges. To increase the height, stacking
layers of nanostructures is effective. Besides vertical growth of the nanostructures, lateral
growth also occurs which leads to collision of adjacent structures. To prevent the collision,
decreasing the density of nano-seeds is effective. Resin is an alternative matrix other than
agarose for silver nanostructure growth. By using other metals, such as gold or copper, for
nanostructure growth, operating frequency range shifts. It surely is interesting to analyze
electromagnetic responses of the dendrites with higher levels of branches. FDTD analysis
with different polarization and another incident direction is needed to deeply understand the
electromagnetic responses of the dendrites. Note that actual silver nanodendrites grow ran-
domly. Only perpendicular growth from the substrate never exists. Therefore, it is great if
simulations taking account of the randomness of structure and growth direction of the den-
drites are available. It is great if refractive index of grown silver nanodendrites can be meas-

ured.

Silver nanodendrites have two benefits on metamaterials: bottom-up production via
crystal growth and capability of wide area operation around optical region originated from
fractal. Production and wide frequency operation are main problems of the metamaterials.

Approaching to these issues is the significance of this research. Through this research, I
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achieved fabrication of three-dimensional silver nanostructures with self-growing. I also dis-
covered that the nanostructures could be applied to the metamaterials. I hope this research
contributes to realization of bulk metamaterials with three-dimensional subwavelength struc-

tures.

111



List of publications
Original papers

1. Natsuo Taguchi, Nobuyuki Takeyasu, and Satoshi Kawata, “Extraction of three-dimen-
sional silver nanostructures with supercritical fluid”, Appl. Phys. Express, Vol. 11,
025201 (2018).

2. Nobuyuki Takeyasu, Natsuo Taguchi, Naoki Nishimura, Bo-Han Cheng, and Satoshi
Kawata, “Plasmonic growth of patterned metamaterials with fractal geometry”, APL
Photonics, Vol. 1, pp. 050801 (2016).

3. Shota Ushiba, Kyoko Masui, Natsuo Taguchi, Tomoki Hamano, Satoshi Kawata, and
Satoru Shoji, “Size dependent nanomechanics of coil spring shaped polymer nanowires”,

Sci. Rep., Vol. 5, 17152 (2015).

International conferences

1.  Shota Ushiba, Kyoko Masui, Natsuo Taguchi, Satoru Shoji, and Satoshi Kawata, “Na-
nomechanics of polymer nanocoil springs”, Nanophotonics in Asia 2015, Osaka, Ja-
pan, December 2015.

2. Natsuo Taguchi, Satoru Shoji, Shota Ushiba, Kyoko Masui, and Satoshi Kawata, “Mo-
lecular orientation in polymer wires with nanosized radii unveiled by polarized micro-
Raman spectroscopy”, IONS-Asia 5 Hokkaido, Hokkaido, Japan, September 2014.

3. Natsuo Taguchi, Satoru Shoji, Shota Ushiba, Kyoko Masui, and Satoshi Kawata, “Mo-
lecular orientation in polymer wires with nanosized radii unveiled by polarized micro-
Raman spectroscopy”, Asia Student Photonics Conference 2014, Kolkata, India, July
2014.

4.  Natsuo Taguchi, Satoru Shoji, Shota Ushiba, Kyoko Masui, and Satoshi Kawata, “Ra-
man micro-spectroscopy on cross-linked polymer nanowires formed by 2-photon fabri-
cation”, SPIE Photonics West, Paper 8974-2, San Francisco, USA, February 2014.

5. Natsuo Taguchi, Satoru Shoji, Shota Ushiba, Kyoko Masui, and Satoshi Kawata, “3D
micro sculptures made of single wall carbon nanotube/polymer composites fabricated
by two photon polymerization lithography”, Asia Student Photonics Conference 2013,
Osaka, Japan, July 2013.

112



Shota Ushiba, Satoru Shoji, Kyoko Masui, Natsuo Taguchi, and Satoshi Kawata, “Su-
perresolution 3D micro/nano fabrication by means of nonlinear optical effect”, Taiwan-
Japan Workshop on Nano Devices, P-6, Taiwan, March 2013.

Shota Ushiba, Natsuo Taguchi, Kyoko Masui, Satoru Shoji, and Satoshi Kawata, “Coil
springs made of polymer nanowires fabricated by two photon polymerization”, Asia

Student Photonics Conference 2012, Osaka, Japan, September 2012.

Domestic conferences

113

HOE4, RZfhsz, Wk, SCURET 287/ 7V P74 b L REBREED
Bl X7 =T 7ANDIGH”, 5 64 MIGHYHEE BT LTS

15p-F202-9, #HZ2)I1, 2017 4F 3 H,

Mg, HERBE, FHAR. WS IR, “2 T s 4
BRY =7/ 74X —DMGHEM T < > I & 25 FRAGHE, PR 25
EEEIMEEES LD 7 4+ b7 AL A =R UTEA /R—v a v, R
B, 2014 42 H,

S A, FERIBE, BSAR. THIR, “ 267N L ofF 3 L 7222466 PMMA
7 74X =DM T <3N, B 60 LY A A B FTAMiEEE. 29p-
D2-7. fiF)Il, 2013 4E 3 H,

FERIBE, AR, BORAS . HOEZA, WHER, “246 PMMA 5/ 7 4 ¥ —
A VRO 2T LAEEL & TR 55 60 [RGB 2 B 2 oA AT A
2. 30p-D2-7. &I, 2013 4E 3 H,



Abstract

Nanofabrication nowadays has been utilized in every field of science and technology without
doubt. Mainstreams of nanofabrication such as lithography with light, e-beam, ion-beam etc.,
however, are basically methods of two-dimensional fabrication. Two-photon fabrication
(TPF) realizes three-dimensional (3D) nanostructure fabrication by utilizing light with high
intensity. Two-photon process of materials excited by focusing pulse lasers is applied. Arbi-
trary 3D nanostructures with subwavelength resolution can be formed with polymers, metals
etc. by TPF. On the other hand, TPF is categorized in top-down approaches of nanofabrica-
tion. The top-down approaches are unsuitable for mass fabrication of nanostructures. Bot-
tom-up approaches such as crystal growth are effective for the mass fabrication of the struc-
tures. In this thesis, I discuss a bottom-up optical fabrication approach of 3D nanostructures.
I also discuss potentials of the 3D nanostructures for metamaterials. The metamaterials are
subwavelength 3D structures interacting with electromagnetic field, realizing refractive index
control. Furthermore, I discuss TPF as a top-down fabrication approach of 3D nanostructures
and size dependent physical properties of the fabricated 3D nanostructures.

A method of bottom-up optical fabrication of tree-like silver nanostructures (silver
nanodendrites) was developed. Heat generation due to plasmon resonance of silver nanopar-
ticles (seeds) excited by UV laser was utilized for reinforcement of silver ion reduction around
the seeds. Seeds were chemically fixed onto glass substrates, and the silver nanodendrites
grew from the seeds. Growth of the silver nanodendrites requires concentration gradient of
reduced silver atom. Interfacial tension and viscosity of solvents, temperature, power of the
laser, and concentrations of silver ion and a reductant are important parameters to form the
concentration gradient. Shape differences of silver crystals among those parameters thus
were studied. Although the nanodendrites grew in three dimensions, structures were de-
formed or destructed when they were extracted from solution. The use of supercritical carbon
dioxide fluid was discussed for non-destructive extraction of the nanodendrites. Another ex-
periment was done for nanostructure growth inside agarose gel as a matrix. The silver
nanodendrites were immobilized without damage in agarose skeleton-network.

Electromagnetic field responses of silver nanodendrites were studied with finite-
difference time-domain method to evaluate potentials as metamaterials. Scattering spectra of
the silver nanodendrites were analyzed. Magnetic responses on oscillation modes at peaks of
the scattering spectra were confirmed. Peak shifts of the scattering spectra among parameters
of geometry of the silver nanodendrites and incident angle were studied. Permittivity, per-

meability, and refractive index of the silver nanodendrites were discussed.
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Elasticity and molecular orientation of polymer 3D nanostructures formed by TPF
were evaluated. Polymer nanosprings, which consist of polymer wires with radii of several
hundred nm, were prepared. Size dependent elasticity of the polymer nanosprings along wire
radii was evaluated with spring constants measured by an atomic force microscope. Size
dependent molecular orientation of polymer nanowires along wire radii also was evaluated
by polarized micro-Raman spectroscopy. Correlations of the size dependent characteristics

between the elasticity and the molecular orientation were discussed.
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