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Introduction 
 

 

  The concept of my research is to keep the light staying at the surface of photocatalyst. Since 

the reaction of the photocatalysis concentrate only at the surface, the efficiency becomes the 

highest when all the incident light is confined at the surface. It has been known that the light is 

localized in the vicinity of metal nanoparticles. Based on this idea, I propose to enhance 

photocatalysis. (See Figure 1) 

 

 

  UV Photocatalysis is a function to chemically harness the energy from the UV light. A 

photocatalyst traps photons to generate electron-hole pairs and subsequently induce chemical 

reactions at the surface. Titanium dioxide (TiO2) is the most common photocatalyst, which has 

been already used in our daily life owing to its strong redox power as well as physical and 

chemical stability, low cost and safety toward both human and environment. For example, toxic 

organic compounds can be decomposed into small compounds, e.g. CO2 and H2O. Hydrogen is 

produced from water as a clean and renewable energy. Therefore, the field of UV photocatalysis 

Substrate

TiO2 

Light

Metal nanoparticle

Localized field

Figure 1 Concept of my research. Photocatalysis is enhanced because 

the light is trapped at the surface of TiO2 owing to the metallic 

nanoparticle. 
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is an important research area that could provide fundamental solutions to many of green- and 

energy-related problems facing humankind. 

  The earliest work of photocatalysis on TiO2 is decomposition of dyes ("chlorazol sky blue") 

reported in 1938 by Goodeve and Kitchener. In order to measure the photocatalytic activity, the 

quantum yield was also determined in the report. After that, they proposed photo-induced 

oxidation as the mechanism of photocatalysis. Because the development of photocatalysis 

shifted to zinc oxide and CdS for the purpose of getting higher activity, the study on TiO2 fell 

behind until the 1950s. In 1972, A. Fujishuima and K. Honda reported the generation of 

hydrogen from water. Because of the historical background, oil crisis in the 1970s, TiO2 and 

photo-electrochemical behavior came under the spotlight, and accordingly predominant number 

of studies related to photocatalysis were reported. In 1977, A.J. Bard et al. developed a system 

for hydrogen generation by supporting platinum onto TiO2. 

  Photocatalysis on TiO2 has been tried to use in a variety of environmental applications such 

as self-cleaning surface, disinfection, and air purification. In order to make it a practical solution 

for many of green- and energy issues, the activity of photocatalysis needs to be improved. There 

are two ways for improvement of photocatalysis. One is efficient generation of electron-hole 

pairs. For example, the sensitivity of TiO2 is shifted to the visible region because the sunlight 

has more photons in visible range than in UV range. The other is efficient use of the generated 

electrons and holes. Supporting Pt on TiO2 and decreasing defects in TiO2 suppress the 

recombination of electron-hole pairs, and consequently improved the efficiency. 

  My approach is utilizing localized surface plasmons (LSPs) for storing UV light at the 

surface of TiO2. Because reactions induced by photocatalysis occur at the surface of TiO2, the 

energy of the light absorbed at the deeper part of TiO2 is hardly used for photocatalysis. When a 

plasmonic metal nanoparticle is placed at the surface of TiO2, energy of incident light localized 

at the surface as shown in Figure 1. As a result, with utilizing LSP, the energy of UV light is 

more likely to induce photocatalytic reactions in photocatalysis. 

  I use aluminum as a plasmonic material for the enhanced photocatalysis. In the past, typical 

materials used for plasmonics are noble metals (Ag, Au, Cu) because of small energy losses. 

However those metals does not exhibit plasmonic property in UV range. Recently poor metals 

are found to exhibit plasmonic property in UV range. Aluminum works as a plasmonic material 

in UV range judging from its dielectric function. In addition to the fact, aluminum is protected 
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from surrounding environment due to immediate oxidation of its surface. Furthermore, plenty of 

aluminum exists in the earth, and aluminum is friendly to human and easier to handling than 

other poor metals. 

  In this dissertation, I discuss enhancement of UV photocatalysis on TiO2. Firstly I confirmed 

the enhancement of photocatalysis with using aluminum nanoparticles. Al nanostructures were 

fabricated on a TiO2 layer by nanosphere lithography technique. After that, observation of 

photocatalysis with and without aluminum nanoparticles was conducted through monitoring the 

absorbance of methylene blue applied on the TiO2. The size and irradiation wavelength 

dependence were observed. To discuss the enhancement mechanism, simulations by discrete 

dipole approximation (DDA) method for aluminum nanoparticles were conducted. Finally, 

Oblique angle deposition of Al was employed to increase enhanced area. 

 

 

 

References 

 

[1] S. Kawata, Y. Inouye, P. Verma, “Plasmonics for near-field nano-imaging and superlensing”, 

Nature Photonics 3, 388 (2009) 

[2] M. Ni, M.K.H. Leung, D.Y.C. Leung, K. Sumathy, "A review and recent developments in 

photocatalytic water-splitting using TiO2 for hydrogen production", Renewable and Sustainable 

Energy Reviews, 11, 401–425 (2007) 

[3] A.L. Linsebigler, G. Lu, J.T. Yates, "Photocatalysis on TiO2 Surfaces: Principles, 

Mechanisms, and Selected Results", Chem. Rev.,95, 3, 735–758 (1995) 

[4] K. Hashimoto, H. Irie and A. Fujishima, "TiO2 Photocatalysis: A Historical Overview and 

Future Prospects", Jpn. J. Appl. Phys., 44, 8269-8285 (2005) 

[5] A. Fujishima, T.N. Rao, D.A. Tryk, "Titanium dioxide photocatalysis", Journal of 

Photochemistry and Photobiology C: Photochemistry Reviews, 1, 1–21 (2000) 

[6] S. Hamad, C.R.A. Catlow, and S.M. Woodley, S. Lago, J.A. Mejías, "Structure and Stability 

of Small TiO2 Nanoparticles", J. Phys. Chem. B, 109, 33, 15741–15748 (2005) 

[7] A. Wold, "Photocatalytic properties of titanium dioxide (TiO2)", Chem. Mater., 5, 3, 

280–283 (1993) 

[8] R.W. Matthews, "Kinetics of photocatalytic oxidation of organic solutes over titanium 



 5 

dioxide", Journal of Catalysis, 111, 2, 264–272 (1988) 

[9] K. Maeda and K. Domen, "Photocatalytic Water Splitting: Recent Progress and Future 

Challenges", J. Phys. Chem. Lett., 1, 18, 2655–2661 (2010) 

[10] K. Maeda, K. Teramura, D. Lu, T. Takata, N. Saito, Yasunobu Inoue and Kazunari Domen, 

"Photocatalyst releasing hydrogen from water", Nature 440, 295 (2006) 

[11] C.F. Goodeve, J. A. Kitchener, "Photosensitisation by titanium dioxide", Trans. Faraday 

Soc., 34, 570-579 (1938) 

[12] C.F. Goodeve, J.A. Kitchener, "The mechanism of photosensitisation by solids", Trans. 

Faraday Soc., 34, 902–908. (1938) 

[13] R.E. Stephens, B. Ke, D. Trivich, "The Efficiencies of Some Solids as Catalysts for the 

Photosynthesis of Hydrogen Peroxide", J. Phys. Chem., 59, 966–969 (1955) 

[14] A. Fujishima, K. Honda, "Electrochemical Photolysis of Water at a Semiconductor 

Electrode", Nature 238, 37–38 (1972) 

[15] A. Fujishima, X. Zhang, D.A. Tryk, "TiO2 photocatalysis and related surface phenomena", 

Surface Science Reports, 63, 515–582 (2008) 

[16] S.N. Frank, A.J. Bard, "Heterogeneous photocatalytic oxidation of cyanide ion in aqueous 

solutions at titanium dioxide powder", J. Am. Chem. Soc. 99, 303–304 (1977) 

[17] S.N. Frank, A.J. Bard, "Heterogeneous photocatalytic oxidation of cyanide and sulfite in 

aqueous solutions at semiconductor powders", J. Phys. Chem. 81, 1484–1488 (1977) 

[18] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, "Environmental Applications of 

Semiconductor Photocatalysis", Chem. Rev., 95, 1, 69–96 (1995) 

[19] S. Kawata, "Plasmonics: Future Outlook", Jpn. J. of Appl. Phys., 52, 010001 (2013) 

[20] J.M. McMahon, G.C. Schatz, S.K. Gray, “Plasmonics in the ultraviolet with the poor 

metals Al, Ga, In, Sn, Tl, Pb, and Bi”, Phys. Chem. Chem. Phys., 15, 5415 (2013) 

[21] C. Langhammer, M. Schwind, B. Kasemo, I. Zorić, "Localized Surface Plasmon 

Resonances in Aluminum Nanodisks", Nano Lett., 2008, 8, 5, 1461–1471 (2008) 



 6 

 

 

 

Chapter 1. Photocatalysis 
 

 

  Titanium dioxide (TiO2) is the most common photocatalyst for practical applications. This 

chapter introduces the fundamental properties of TiO2, the mechanism of photocatalytic reaction, 

and its importance in environmental applications. At last in this chapter, past studies on 

enhancement of the photocatalytic activity are described. 

1.1 Titanium dioxide 

  The crystal phases of TiO2 are categorized into three, that is, anatase, rutile and brookite. [1] 

Generally, anatase and rutile structures are used as photocatalyst. [2] Figure 1-1 shows the unit 

cell of anatase and rutile phases. In the unit cell of both, one titanium atom is surrounded by six 

oxygen atoms. 

 

 
 

The crystal structures of rutile and anatase are tetragonal. Anatase has more asymmetric 

J. Phys.: Condens. Matter 24 (2012) 424206 J Moellmann et al

Figure 1. Unit cells of the TiO2 modifications rutile, brookite and anatase (from left to right).

Table 6. Energies of TiO2 modifications for GGAs relative to rutile
in kJ mol�1.

GGA Brookite Anatase

Exp 0.7 2.6

PBE �3.8 �7.7
PBE-D2 �0.4 3.2
PBE-D3 �1.5 �0.8
PBE-D3⇤ �2.8 �4.5

RevPBE �5.0 �11.1
RevPBE-D2 0.6 6.9
RevPBE-D3 �0.4 3.0
RevPBE-D3⇤ �2.7 �4.1

dispersion correction. This diminishes with D2 and D3, but
still the relative energies calculated with PBE and revPBE
differ by more than 3 kJ mol�1 for anatase. In combination
with the ‘D3⇤’ parameters both functionals lead to the same
relative energies within 0.4 kJ mol�1.

The observation that GGA functionals in combination
with a dispersion correction with physically more reasonable
C6 coefficients do not give qualitatively the right order indi-
cates that, for an accurate description of TiO2 modifications,
this level of theory is inadequate. Experience for many
molecular systems shows that GGAs are clearly insufficient
for an accurate description of small relative energies in
complicated cases [53]. Therefore we investigated whether
hybrid functionals can give better results (table 7). This has
been shown for dispersion-uncorrected hybrid functionals
PBE0 and B3LYP by Labat et al [9].

In combination with the deprecated D2-dispersion
correction, PBE0-D2 predicts the right order of stability and
comes close to the experimental values. Since there are no
D2-damping parameters for revPBE0 available no results are
reported for this level.

The D3 correction together with both hybrid functionals
gives the right order of stability. In the case of PBE0-D3, the
values are within 0.5 kJ mol�1 of the experimental reference

Table 7. Energies of TiO2 modifications for hybrid functionals
relative to rutile in kJ mol�1.

Hybrid Brookite Anatase

Exp 0.7 2.6

PBE0 �2.7 �5.9
PBE0-D2 0.7 3.7
PBE0-D3 0.2 1.8
PBE0-D3⇤ �1.6 �2.6

RevPBE0 �3.6 �8.6
RevPBE0-D3 1.5 5.9
RevPBE0-D3⇤ �1.4 �1.9

values. RevPBE0-D3, on the other hand, overestimates the
stability of anatase by 3.7 kJ mol�1. The D3⇤ version with
improved C6 coefficients reverses the order of stability. It
gives values that are between the uncorrected hybrid and the
hybrid-D3 results.

The different versions of the dispersion correction have
the strongest impact on the relative stabilities between anatase
and rutile. For relative energies the PBE0-D2 and PBE-D3
methods give the best results. For revPBE0 the D3 version
correctly computes rutile to be lowest in energy but the gap to
anatase is much too large. With the new C6 parameters both
PBE0-D3⇤ and revPBE0-D3⇤ obtain qualitatively the wrong
order.

The fact that the physically more reasonable D3⇤
coefficients do not consistently yield better relative energies
is somewhat surprising as they performed very well for the
description of the cell parameters. One factor not accounted
for up to now is the vibrational zero-point energy which is
known to stabilize anatase [54].

In any case, the dispersion-corrected results are better
than for the plain functionals and hybrid functionals
perform better than GGAs, which is in agreement with
established trends for molecules. The remaining deviations of
<2 kJ mol�1 for relative energies per TiO2 unit are small and
within the typical errors of current approximate functionals.
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Figure 1-1. Crystal structures of anatase (left) and rutile (right) phases. 

Pink and red spheres mean titanium and oxygen atoms, respectively. [2] 
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structure than rutile because the distance of Ti-Ti and Ti-O bonds in anatase is shorter and 

longer than those in rutile, respectively. Anatase phase starts to transform into the rutile phase 

by annealing at 550 	. [3] Figure 1-2 shows the electronic density of states of anatase TiO2. 

[6] Ti and O have electronic structures of [Ar]3d2 4s2 and [He]2s2 2p4, respectively. When 

atoms gather to molecules, some bands are generated from atomic orbitals. In both anatase and 

rutile phase, the valence band consists of mainly the 2p orbital of oxygen and the 3d orbital of 

titanium, while the conduction band comes from 3d orbitals of titanium. In the Figure 1-2, the 

parts colored by blue and red display the valence band and the conduction band. The top of the 

energy level in the valence band is fixed as 0 eV. The red dotted lines show the bandgap in the 

band structure of TiO2. The energy of the bandgap is 3.2 eV, which corresponds to the energy of 

UV light. Anatase phase TiO2 is considered to bring higher photocatalytic activity because it has 

the larger energy of the bandgap, more reactive sites than the rutile phase TiO2. [7] For this 

reason, I focus on the anatase TiO2 in this research. 
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The valence band maximum is taken as the zero of energy.

E
le

ct
ro

ni
c 

D
en

si
ty

 o
f S

ta
te

s

-20 -10 0 10
Energy (eV)

Anatase

RutileO2s

O2s

O2p + T3d

Ti4sp

O2p + Ti3d

Ti4sp

Ti3d

Ti3d

Figure 3. Electronic density of states (DOS) for bulk TiO2 in the rutile (upper panel) and anatase
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4. Carbon-doped TiO2

The results of bulk TiO2 provide an excellent basis to explore the electronic properties of the
anion (C, N, and S)-doped TiO2 systems. Using the theoretically determined lattice parameters
from our equilibrium structure, we construct supercells of TiO2 for both the rutile and anatase
structures containing 64 primitive unit cells (384 atoms in total). We build the anion-doped
structures from this initial TiO2 supercell. Two concentrations of carbon doping are considered:
(1) one oxygen atom is randomly substituted by carbon, yielding a doping concentration of
0.26%; (2) 20 oxygen sites are randomly substituted by carbon, yielding a 5.20% doping
concentration. The DOSs for the undoped TiO2 supercells (bulk) and carbon-doped TiO2

(called TiO2−x Cx ), as well as the species-projected DOS are depicted in figure 4. The species-
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Figure 1-2. The electronic density of state of TiO2 of the anatase phase. The highest occupied 

molecular orbital (HOMO) is derived from p orbital of oxygen, p and s orbital of titanium. The 

lowest unoccupied molecular orbital (LUMO) consists of mostly d orbital of titanium. [6] The 

difference of the energy between HOMO and LUMO is ~3.2 eV. 3.2 eV corresponds to the 

energy of UV light. 
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1.2 Photocatalysis on titanium dioxide 

  In the previous section, I introduced the crystal structures and the energy of bandgap in TiO2. 

In this section, I explain the mechanism of photocatalysis and show important applications with 

TiO2. 

The mechanism of photocatalytic reaction on titanium dioxide is being studied by photovoltage 

spectroscopy, electron paramagnetic resonance (EPR), chemiluminescence method, infrared 

spectroscopy, and time-resolved spectroscopy. [8-14] According to these studies, the process of 

photocatalytic reaction has been clarified. When TiO2 is irradiated with UV light whose energy 

is more than energy of its bandgap, electrons in the valence band excited to the conduction band. 

The excited electrons and holes move to the surface of TiO2. While or after the excited electrons 

and holes move to the surface, some of them are recombined to generate heat or emit light. The 

others are used in the reactions at the surface. 

  

 

  The reactions in photocatalysis occur through the interaction between electrons or holes and 

chemical species adsorbed on the TiO2 surface. Generally the reactions in photocatalysis are 

written by:  
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Figure 1-3. Process in TiO2 after UV irradiation. Electrons in the valence 

band are excited by UV light. Some of the excited electrons and holes move 

to the surface of TiO2, and some are recombined to generate heat or emit 

light. The excited electrons and holes at the TiO2 surface are used for 

oxidation and reduction. 
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€ 

e− + R→R−

e− +O2 →O2
−

O2
− +H + →HO2 ⋅

       (1-1) 

€ 

h+ + R→R+

h+ +OH − →OH⋅
h+ +O2

− →2O⋅
       (1-2) 

In these equations, R is the reactant at the surface of TiO2. 

€ 

HO2 ⋅ , 

€ 

OH⋅  and 

€ 

O⋅  are radicals. 

In the oxidation reaction, the reactant accepts an electron to generate 

€ 

R− , and otherwise, 

€ 

HO2 ⋅  is created after oxygen gets an electron. In the reduction reaction, the reactant discharges 

an electron to be reduced, and otherwise, 

€ 

OH⋅  or 

€ 

O⋅  are generated. 

 

 

  The time scale in photocatalysis is summarized in Figure 1-4. After TiO2 is excited by UV 

light, excitation of electrons in TiO2 occurs within 100 fs. [15] Excited electrons transfer to the 

surface of TiO2 in picosecond-nanosecond region. [16] The time for chemical reactions at the 

surface depends on chemical species. For example, 2-propanol is oxidized in 100 ns. [17] At the 

same time as charge transfer, recombination of electron-hole pairs occurs within the range of 
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CB
UV light (~3.2 eV)

UV light (~3.2 eV)

A

A-

D

D+

Electron

Hole

Heat

Time
0

fs

ps

ns

µs

ms

Electron-hole pair generation

Charge separation

Recombination
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Oxidation reaction by trapped holes

Figure 1-4. Time scales in photocatalysis. [22] 
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1-25 µs to generate heat or emit light. [18] In short, the reactions in photocatalysis occur within 

msec. 

  By utilizing photocatalysis, many important applications were reported. [19-22] TiO2 

photocatalysis have been used in mostly environmental purification and production of clean 

energy. [23-25] 

  Water purification by photocatalysis was done in 1977. [26] Photocatalytic treatment of water 

has several advantages, under the condition of ordinary temperature and pressure, with only 

irradiation of UV light, and moreover without toxic intermediate products. Owing to these 

advantages, huge number of applications to clean the water environment has been reported to 

date, e.g. removal of organic pollutants, remediation of metal contamination and water 

disinfection. [27-35] In the wastewater treatment, TiO2 photocatalyst works only under the low 

concentration of contaminants (0.1 ppm ~ 100 ppm) and strong UV light exposure. For the solar 

decontamination of industrial and agricultural wastewater, increasing the photocatalytic activity 

is required. 

  Air purification is also an important application because volatile organic compounds and air 

contaminated with bacteria and fungi may lead to the diseases. [36-40] Air cleaners with 

photocatalyst are already available on the market and being used in any locations such as 

hospitals, smoking rooms or food manufactures. So far, the photocatalytic activity is high 

enough to purify the air pollutants because the concentration of air pollutants that can be 

efficiently decomposed is low, which is the range from 0.01 ppm to 10 ppm. [41] 

  Photocatalysis is applied to produce hydrogen that is considered as a renewable energy source. 

H2O is split to H2 and O2 by UV irradiation to TiO2. [42] Because the decomposition reaction of 

H2O is an uphill reaction as shown in the equation (1-2), energy of incident light is stored as the 

form of hydrogen molecules. 

€ 

H2O =H2 +
1
2
O2 − 2.964eV       (1-2) 

H2 production by water splitting was achieved by supporting Pt on TiO2. The band structure of 

TiO2 and Pt is shown in Figure 1-5. The electrons excited by UV irradiation move to the surface 

because the energy band is bent upward at the interface between TiO2 and water due to schottky 

barrier. When TiO2 contacts with Pt, hydrogen and oxygen are produced at the TiO2 and Pt 
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surface, respectively. The strong UV light sources like mercury lamps have been used for the 

test of hydrogen production to compensate for the low quantum yield. In order to utilize the 

sunlight for the energy production, improvement of production efficiency is necessary. 

 

 

1.3 Enhancement of photocatalysis 

  As I emphasized in the 1.2, improving the photocatalytic activity of TiO2 is needed because 

of mainly relatively low quantum efficiency and the limited flux of UV photons in the natural 

ambience. The attempts for the enhancement of photocatalytic activity that ever performed are 

categorized to mainly three, (1) increasing efficiency of excitation, (2) making higher mobility 

of electrons and holes, and (3) numbering up active sites. Researchers have tried in several ways 

since TiO2 received attention. I show previous studies to explain the novelty of my way. 

(1) Increasing excitation efficiency 

 Towards the use of TiO2 under the sunlight, shift of the absorption edge to the visible region 

are attempted because more visible light is including in the sunlight than UV light. In order to 

make photocatalyst active to visible light, transition metal cations, metalloids and nitrogen ions 

are doped. The doped materials provide additional energy levels within the bandgap of TiO2.�

When TiO2 absorbs visible light, excitation efficiency increases due to much light source in the 

sunlight. The remarkable visible-light photocatalyst is nitrogen-doped TiO2 (TiO2-xNx) reported 
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Figure 1-5. Schematic of the migration of electron-hole pairs (left), and band 

structures of TiO2 and Pt. (right). At the surface of Pt, hydrogen generates and 

oxygen generates at the surface of TiO2. In the system for hydrogen production, 

excited electrons move to Pt due to gradient of potential. Oxidation and 

reduction powers are enough to generate hydrogen and oxygen simultaneously. 
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by R. Arashi in 2001. [43] The active wavelength of visible-light photocatalyst was less than 

500 nm. Figure 1-5 shows radiated spectrum of the sunlight. [44] At 480 nm, the irradiance of 

the sunlight takes the maximum value. Because much more visible photons are including in 

sunlight than UV photons, photocatalytic activity relatively got to be higher. Expanding 

absorption edge to 500 nm was consider to be improved the activity by ~4 times. 

 Utilization of plasmons for improving photocatalytic activity is a new way that started from 

2008. [45] In plasmonics, the excitation of localized surface plasmons (LSP) on the surface of 

metallic nanostructures produces intense electric field amplitudes that can increase light 

absorption, thereby, improving the photocatalytic activities of TiO2. [46, 47] Typical materials 

utilized for plasmonics are noble metals (Au, Ag, and Cu) that exhibit high enhancements in the 

visible light region. [48] Although plasmonic photocatalysis has been demonstrated using Ag, 

the improvement effects were not sufficiently high because the plasmon resonance wavelength 

is out of the absorption band of TiO2 (3.2 eV). As shown in Figure 1-5, in this research, I aimed 

to boost the UV light by plasmons in the UV range. Therefore, my research is also categorized 

here.  
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Figure 1-6. Radiated spectrum of the sunlight (red) and absorption 

spectrum of TiO2 (black). This figure shows my aim. 
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(2) Making a higher mobility of electrons and holes 

 Promotion of the charge separation to avoid recombination has been achieved by supporting 

metal such as Pt and Ni onto TiO2. [49, 50] As Metals are easy to capture the excited electrons, 

the flow of electrons induces separation of charge with suppressing the electron-hole 

recombination. While adding metals bring positive effect on photocatalytic activity, 

introduction of defects and cutoff of the incident light are induced. The balance between amount 

of TiO2 and additive metals is important. At most, several percent of quantum efficiency of 

TiO2 was improved to several tens by doping Pt. 

 The mobility of excited electrons and holes are improved by making higher crystalline of TiO2. 

Because defects trap the excited electrons or holes, and consequently induce recombination, 

high crystalline suppress the recombination, and as a result, leads higher mobility. [51] The 

crystallinity is tailored by conditions of synthesis process. Amorphous TiO2 transformed to 

anatase and continuously rutile with increment of the anneal temperature. 

(3) Numbering up active sites 

 Although crystallization proceeds with reducing number of defects, the active sites for reaction 

get to decrease due to reduction of surface area. The balance of crystallinity and number of 

active sites is important. Figure 1-6 shows schematic of the relationship between crystallinity 

and number of active sites. To increase the active sites, the size of TiO2 crystals is made smaller. 

Simultaneously, the bandgap energy becomes larger with smaller diameter of TiO2. (See Figure 

1-8) Larger bandgap energy makes higher power of reduction and oxidization. [52] Furthermore, 

with decreasing sizes of TiO2, migration length of excited electrons and holes is getting to be 

small due to smaller distance between the surface and excited electrons. The size of ~ 6 nm is 

measured to be suit for photocatalysis. [53] In smaller TiO2 than 6 nm, the number of defects at 

the surface goes up. Anatase phase TiO2 with the diameter of ~ 6 nm is used in this research. 
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Chapter 2. Plasmonic nanoparticle 
 

 A surface plasmon is a wave of the electromagnetic charge density on the metals or its state. 

[1] The study of plasmons, including surface plasmons, is called plasmonics. The strong interest 

in the plasmonics is based on the amplification of incident and scattering light, confinement of 

light in the nanoscale region and high sensitivity to surrounding medium. Plasmonic properties 

open many applications such as surface-enhanced Raman and fluorescence spectroscopy, 

sensitizing sensors and microscopy beyond the diffraction limit. [2-5] When the metal 

nanoparticles smaller than the incident wavelength are irradiated by light, the incident 

amplification becomes much higher because the energy of incident light is localized in the 

nanoparticles. The surface plasmon in metal nanoparticles is referred to as localized surface 

plasmon (LSP). In this chapter, I introduce fundamentals of LSP firstly. Afterwards, LSPs of 

aluminum (Al) nanoparticles in the UV range will be theoretically explained because the target 

of the optical range is UV region (<400 nm) in this dissertation. Soon after, fabrication and 

observation of Al nanoparticles will be shown. 

 

2.1 Localized surface plasmon 

  The optical response of materials is determined by their dielectric function, 

€ 

ε . It is written as 

€ 

ε = εr + iε i       (2-1) 

Here, 

€ 

εr  and 

€ 

ε i represent real and imaginary part of the dielectric function. The absolute 

values of the real part mean the strength of polarization. Positive and negative values of the real 

part mean the same and opposite phase shift of electrons’ oscillation, respectively. The 

imaginary part of the dielectric function exhibits the loss or absorption during the optical 

interaction. In considering LSP, we deal with the dielectric functions of metals. The dielectric 

functions of metals are described by Drude-Sommerfeld model. [6] The resulting equation of 

the dielectric function is 
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€ 

ε(ω) = ε∞ −
ω p
2

ω (ω + iγ 0)
≈ ε∞ −

ω p
2

ω 2 + i
γ 0ω p

2

ω 3      (2-2) 

with �p plasma frequency and �0 the damping rate. �� includes the contribution of the 

bound electrons to the polarizability and should be 1 when only the free electrons contribute to 

the dielectric function. The plasma frequency is given by 

€ 

ω p =
ne2

ε 0m
∗  with 

€ 

n  and 

€ 

m∗ 

being the density and effective mass of the conduction electrons, respectively. The relaxation 

time (

€ 

τ ) of the oscillating electrons can be calculated from the conductivity 

€ 

σ  by 

€ 

τ =σ m∗ /ne2. Since most metals have a negative dielectric constant in a real part at optical 

frequency due to free electrons, LSPs in metallic nanoparticles are excited in the opposite phase 

to the external electric field (Eext). (See Figure 2-1) Generally, LSP is described by two manners, 

the quasistatic approximation method and Mie theory. [7, 8] The quasistatic approximation is 

useful for us to capture the feature of LSP. As shown in Figure 2-1, free electrons in a metallic 

nanoparticle get closer to one end of the nanoparticle when the nanoparticle is exposed in the 

external field. Then, a polarization is generated in the nanoparticle. Accordingly, this simple 

model gives us the polarizability P of the nanoparticle embedded in the medium as: 

€ 

P = ε1αE0

α = 4πr3 ε1 −ε2
ε1 + 2ε2          

(2-3) 

In the equation 2-3, 

€ 

ε1  and 

€ 

ε2  represent dielectric functions of metal and surrounding 

medium. r is the diameter of the metallic particle. From this equation, the condition to excite 

LSP can be easily given as: 

€ 

Re(ε1 + 2ε2) = 0         (2-4) 

Then, scattering and absorption cross sections are  

€ 

Cabs = k Im(α)

Csca =
k 4

6π
α 2

       

(2-5). 

 In equation (2-2), it is found that the energy loss is described as the damping rate of electrons 

in metals. The energy loss due to plasmon damping is attributed to the interband transition, 

scattering caused by lattice defects and surface of metals, electron-electron interactions and 
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electron-phonon interactions. [9] For efficient excitation of plasmons, the imaginary parts of 

dielectric functions in metals need to be as small as possible. 

 

 

  When the size of the nanoparticles is larger than several tens of nanometers, the phase of 

electrons’ oscillations on the opposite side to incidence becomes delayed. The delay of the 

oscillation phase is called retardation. Mie theory gives us the precise solution while quasi-static 

approximation gives the solution without careful thought of the retardation. In Mie theory, 

scattering and absorption cross-sections are obtained by solving Maxwell equations with 

boundary conditions. [10] Extinction and scattering cross sections for a spherical particle are 

given as: 

€ 

Cext =
2π
k 2

(2n +1)Re an
2

+ bn
2{ }

n=1

∞

∑

Csca =
2π
k 2

(2n +1)( an
2

+ bn
2)

n=1

∞

∑       
(2-6) 

€ 

an =
mψn (mx) ψn

#(x) −ψn (x) ψn
#(mx)

mψn (mx)ξn#(x) − ξn (x) ψn
#(mx)

bn =
ψn (mx) ψn

#(x) −mψn (x) ψn
#(mx)

ψn (mx)ξn#(x) −mξn (x) ψn
#(mx)

     (2-7) 

€ 

ψn (ρ) = ρjn (ρ)  and 

€ 

ξn (ρ) = ρhn
(1)(ρ) are Riccati-Bessel functions. 

€ 

x  is called size 

parameter, and m is the relative refractive index. Those are written as: 

Eext Electron
Hole

EextEextEext

P

Metal nanoparticle

Figure 2-1. Schematic illustration of localized surface plasmon from the viewpoint of the 

quasistatic approximation. When the metal nanoparticle is exposed in the external field, 

electrons in the nanoparticle respond quickly and move to one side. Then, the polarization is 

generated inside the nanoparticle. 
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€ 

x = ka =
2πNa
λ

m =
k1
k

=
N1
N        

(2-8) 

€ 

N1  and 

€ 

N  are the refractive indices of a metallic nanoparticle and surrounding medium, 

respectively. 

€ 

a  is the radius of a metallic particle. 

  In Mie theory, structures are limited to the simple geometries of spheres and ellipsoids. In the 

case of arbitrarily shaped particles, discrete dipole approximation (DDA) is used for obtaining 

scattering, absorption and extinction spectra. E.M. Purcell developed DDA in 1973. [11] The 

program of DDSCAT for DDA calculations was released by Flatau and Drain. [12] The 

principle of DDA calculation is simple. The arbitrarily shaped particles are assumed to be 

divided into N domains. Here, N is the number of dipoles. Each domain has the polarizability. 

When the electric field is applied, the output of the electric field is described as the summation 

of electric field that is produced by each domain resulting from interactions between dipoles. 

Each dipole moment at each dipole is written by: 

€ 

Pi = αEloc (ri)        (2-10) 

€ 

Eloc (ri) = Eext (ri) − AijPj
j≠ i
∑

      
(2-11) 

  

€ 

Pi  is the dipole moment, and 

€ 

α  is the polarizability at the position i. 

€ 

Eloc  is the local 

electric field at the position i. 

€ 

ri is the positional vector. 

€ 

Aij  is a square matrix of size three, 

which exhibits the interaction between the dipoles at 

€ 

ri and others. For ease of explanation, I 

just show 

€ 

Cext  and 

€ 

Cabs as follows. [13] 

€ 

Cext =
4πk
E0

2 Im(Eext
∗ (rj )⋅ Pj )

j=1

N

∑

Cabs =
4πk
E0

2 Im Pj ⋅ (α j
−1)∗Pj

∗[ ] − 23 k
3 Pj

2( 
) 
* 

+ 
, 
- j=1

N

∑
    (2-12) 
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 For calculation by DDA, we need to determine three parameters, dielectric functions of 

elements, the range of wavelength, the distance between dipoles. The distance between dipoles 

determines the accuracy of calculation. It should be under the condition of 

€ 

d <
λ
2π n  .       

(2-13) 

, where d is the distance between adjacent dipoles, � is a wavelength of incident light, and 

€ 

n  

is the refractive index of the particle. When dielectric functions of metals and values of spatial 

pitch are given, DDA calculation can be conducted. 

  The field intensity outside and inside nanoparticles is also calculated by the method proposed 

by Flatau and Draine. [13] The distribution of field intensity is obtained with utilization of the 

same program, DDSCAT. 

2.2 Nanoscale heating by plasmonic nanoparticles 

  Metal nanoparticles exposed to incident laser irradiation at wavelengths close to the surface 

plasmon resonance efficiently couple the optical energy and generate heat in the process of 

plasmon’s damping. The heat induced by the laser-irradiated metal nanoparticles is considered 

to be localized near the nanoparticles, and due to the small scale, becomes difficult to measure. 

The heating of nanoparticles in liquid environments where the nanoparticle temperature may 

rise significantly and then pass on the heat to molecules in the immediate vicinity is of 

particular interest since gold nanoparticles are entering wide use in biomedical fields. Emerging 

applications build on the biocompatible, or relatively nontoxic, nature of the particle, combined 
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with some unique optical physics that allows plasmonic photothermal therapy, photoacoustic 

tomography, photothermal imaging, and surface enhanced Raman spectroscopy [14–20]. For 

the successful application of gold nanoparticles, the investigation of the localized heating 

effects must be carried out in order to firstly understand the influence on the biological samples, 

and subsequently preclude unwanted thermal effects. The difficulty of such local temperature 

measurement lies in the fact that a thermal contrast mechanism as well as a spatial resolution of 

several nanometers is necessary to selectively observe the near-field heating of the nanoparticle. 

Several techniques for nanoscale thermometry have been reported, such as nanolithographic, 

nanomaterial-based, fluorescent materials, and nanoscale superstructure thermometry method 

[21–24]. In these methods, temperature probes such as a silicon tip, carbon nanotubes, terbium 

doped silica glass and CdTe nanoparticles were used. The thermal effect of the probe itself, 

either as a light absorber, or heat sink/source may be comparable to that of single nanoparticles. 

As a result, those techniques need careful evaluation before being applied to the measurement of 

single gold nanoparticles. Nevertheless, several works have been reported on nanoscale 

thermometry for gold nanoparticles. In 2006, gold nanoparticles embedded in an ice matrix 

were observed by Raman spectroscopy [25]. The sample was irradiated with laser and heat 

generation was inferred from the melting of the ice matrix. In 2008, the temperature elevation of 

gold nanoparticles was monitored using photoacoustic signals during photothermal therapy [26]. 

Both measurements were successful with relatively low spatial resolution. I aim to measure the 

temperature at the local area within several nanometers from the surface of gold nanoparticles, 

and measure in a range approximately ~40 degrees, which is critical to many biomaterials such 

as proteins [27]. 

  I have investigated the local temperature of a laser irradiated single nanoparticle by white 

light scattering spectroscopy. White light scattering spectroscopy is a powerful method to 

measure the dielectric constant of the nanomaterial. [28] In the method I proposed here, the 

temperature can then be estimated through the surface plasmon peak shift due to the refractive 

index change of the surrounding medium. Although it is possible to observe a temperature- 

dependent spectral peak shift in uncoated nanoparticles at temperatures of 100 degrees or higher, 

the range of temperature measurement of interest in our experiment (approximately room 

temperature) does not allow the observation of a peak shift with uncoated particles. Gold 

nanoparticles were therefore coated by thermo-responsive polymer, poly(N- 

isopropylacrylamide) (pNIPAM) so that the surrounding medium was sensitive to nanoparticle 
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temperature. The heating effect was monitored by measuring the peak scattering wavelength 

derived from the surface plasmon of gold nanoparticles, which varied with the refractive index 

of the surrounding polymer. The scattering occurs predominantly from the gold-polymer 

interface, allowing a measurement of the gold nanoparticle temperature, and the gold 

nanoparticle temperature is assumed to be homogenous in the nanoparticle due to thermal 

conductivity. For nanoscale temperature measurement, pNIPAM-coated gold nanoparticles 

were fixed on a glass cover slip, immersed in water, and illuminated by continuous laser. The 

sensitivity of the measurement results from the scattering spectra sensitivity to the refractive 

index change at the boundary of the metal surface and coated polymer. The measurement spatial 

resolution is then predominantly limited by the size of the nanoparticle itself, which in these 

experiments was 40 nm. Temperatures were calibrated by then using a temperature controlled 

cell to heat a bulk sample of nanoparticles and measuring the temperature dependent peak shift 

by UV-VIS absorption spectroscopy. The heating effect of single gold nanoparticles under 

different laser powers and wavelengths are measured and discussed. 

  

Calculated scattering property and heat generation of a gold nanoparticle 

 Elastic scattering spectroscopy for local temperature measurement is based on the plasmonic 

property of metal nanoparticles, and the scattering efficiency of gold nanoparticles was 

calculated on the basis of Mie theory. [29] The calculation was done with a wavelength range of 

200 nm to 1800 nm in 1.6 nm steps. The complex permittivity values for gold at different 

wavelengths were obtained from the work by Johnson and Christy. [30] 

 Calculations were performed for different nanoparticle sizes including diameters of 40, 50, 60, 

and 70 nm. To first evaluate the nanoparticle size dependent scattering spectra, the surrounding 

media was set to water, with a refractive index of 1.33 + 0i. Figure 2-3(a) shows calculated 

absorption spectra for a gold nanoparticle with the diameter of 40 nm and with the surrounding 

refractive index of 1.33. In Fig. 2-3(a), blue dotted lines indicate illumination wavelengths, 488 

and 532 nm. Figure 2-3(b) shows the calculated scattering spectra of different sized gold 

nanoparticles. The maximum value is then taken to be the scattering peak wavelength. As 

shown in Fig. 2-3(b), the peak wavelength changes from 533 nm to 546 nm as the particle size 

increases. In the case of a pNIPAM-coated gold nanoparticle, the real part of the surrounding 

refractive index varies from 1.33 to 1.42 [31], whereas the imaginary part is always 0. The 

scattering spectra calculated for a gold nanoparticle surrounded with different refractive indices 
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are shown in Fig. 2-3(c). A shift of around 8 nm was observed in Fig. 2-3(c). It has been 

reported that the refractive index of pNIPAM depends on the temperature, therefore, I expected 

that by monitoring the scattering peak shift, we can measure the local temperature of the 

particle. 

 

 

  pNIPAM-coated gold nanoparticles were synthesized by the procedure as reported in Ref. 32. 

pNIPAM-coated gold nanoparticles were fixed on an aminosilane-modified glass cover slip by 

drop coating. Figure 2-4(a) and 2-4 (b) show scanning electron microscope (SEM) images of a 

pNIPAM-coated gold nanoparticle and an uncoated gold nanoparticle on a silicon substrate. The 

pNIPAM coating appeared with lower contrast around the solid gold core. Judging from the 

images, the typical size for the gold core was ~40 nm and the pNIPAM layer thickness was 

approximately 20 nm. 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-3. Calculated spectra showing (a) absorption spectra for a gold nanoparticle with 

diameter of 40 nm and surrounding refractive index of 1.33. Scattering spectra are shown 

in (b) for gold nanoparticles of different sizes. Figure (c) shows scattering spectra for 

“dielectric-a” coated gold nanoparticles (c) with different refractive indices. [55] 
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  The optical setup for measuring nanoparticle scattering spectra and irradiating gold 

nanoparticles by laser is shown in Fig. 2-5. The white light source for scattering spectra was a 

xenon lamp and was spatially filtered through a 50 �m pinhole. The light was collimated and 

introduced to an objective lens (100x, oil immersion) of 1.35 NA. Dark field illumination was 

realized by inserting a mask and an iris in the incident path (to block NA<1) and detection path 

(to block NA>1). The scattering signal was collected by the same objective lens, introduced to a 

spectrometer and detected by a Peltier cooled CCD camera. According to the Rayleigh 

scattering image on the entrance slit of the spectrometer, I selected the area of signal to extract 

only the scattering from a single pNIPAM-coated gold nanoparticle. 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-4. SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles on a silicon substrate. The scale bar 

indicates 100 nm. [55] 
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  The laser for heating was provided by CW diode lasers of 488 nm and 532 nm wavelengths. 

The incident power was adjusted by an electrically controlled variable ND filter. The incident 

laser was expanded by 5 times and overlapped with the white light source. The Rayleigh 

scattering of laser irradiation was cut by an edge filter before entering the spectrometer. The 

white light scattering measurement of a laser-irradiated gold nanoparticles was performed with 

60 sec acquisition times under continuous laser irradiation. Laser power was measured at the 

sample focus. 

  For precise calibration of scattering peak shift to temperature increase, it is optimal to obtain 

the calibration curve for each nanoparticle by observing how the scattering spectral peak shifts 

with temperature by measuring a single nanoparticle spectra while heating the entire sample 

holder on the microscope, however, it was not possible due to thermal drift of the stage. Instead, 

the bulk temperature of a water-based solution of pNIPAM-coated gold nanoparticles was 

measured by UV-VIS absorption spectrometer in a temperature-controlled cell to evaluate 

relationship between the temperature and the surface plasmon peak wavelength. The 

measurement was performed when the temperature-controlled cell had reached thermal 

equilibrium conditions. 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-5. Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles by laser. [55] 
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 Figure 2-6 shows the scattering peak shift response of pNIPAM-coated gold nanoparticles to 

the bulk temperature. Peak wavelengths were obtained by Gaussian curve fitting of raw data. 

pNIPAM has a phase transition at ~35 degrees c and therefore the refractive index change is 

most sensitive to changes near this temperature [31]. Furthermore, it has been reported that the 

surface plasmon resonant peak wavelength is expected to undergo red shift with increasing 

temperature [32]. As Fig. 2-6 shows, the extinction peak predominantly shifts from 538 nm to 

552 nm as the temperature rises from 10 to 40 degrees c. This result is consistent with previous 

works and showing that pNIPAM-coated gold nanoparticles which we prepared can be used for 

monitoring the localized heating effect, with particular emphasis on the temperature range 

which is relevant to biological cells. Cell lipid bilayer stability is known to change significantly 

in this temperature range with a rise of only several degrees. [33] 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-6. Response of a pNIPAM-coated gold nanoparticles nanoparticle solution to 

bulk temperature heating effects. Spectra are measured by UV-VIS absorption 

spectroscopy in a temperature controlled cell. The peak shift of surface plasmon 

absorption is evident. [55] 
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  Following calibration, the local heating effect could then be measured for single gold 

nanoparticles under laser irradiation. pNIPAM-coated gold nanoparticles were fixed on a glass 

cover slip and immersed in water. A single pNIPAM-coated gold nanoparticle was irradiated 

with different laser powers, and scattering spectra were measured under each irradiating power. 

Figure 2-7(a) shows the spectra of a single pNIPAM-coated gold nanoparticle under 532 nm 

laser excitation, and Fig. 2-7(b) shows the relationship between the scattering peak wavelength 

and the laser power. In Fig. 2-8(a), the lowest spectrum shows an approximately Gaussian 

scattering curve. Since the peaks are close to the 532 nm excitation laser wavelength, spectra 

were generally taken with an edge filter which cut out a portion of the scattering spectra but left 

the peak intact, as shown in Fig. 2-7(a). 

  When the peak shifts are plotted against laser power in Fig. 2-7(b), the peak wavelength is 

observed to shift to progressively longer wavelengths as the laser power increased. Prior to laser 

irradiation, the scattering spectrum had a peak wavelength at 542 nm. This peak wavelength 

was longer than that in the calculated spectrum of 40 nm gold particles. Due to the measurement 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-7. Scattering spectra of pNIPAM-coated gold nanoparticles irradiated with 

increasing laser at each power, and (b) the relationship between the scattering peak 

wavelength and laser power. Laser power was converted to that equivalent to the focal 

spot size. [55] 
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of single nanoparticles, a range of different initial scattering peak wavelengths was observed. 

Some differences are likely to be due to minor variations in coating thickness and the glass 

substrate on which the particle rests [34]. When the laser irradiation started, the peak 

wavelength is seen shift to longer wavelengths, and by 1.2 mW, the peak reached 549 nm. 

Consequently, approximately 7 nm in total peak shift was observed. According to Fig. 4, a 7 nm 

peak shifts corresponds to a temperature increase of 10 degrees c. In this case, a single gold 

nanoparticle at room temperature (22 degrees c) was heated to 33 degrees c by a laser 

irradiation power of 1.2 mW. Such a small temperature increase at ~40 degrees c in the 

nanoscale region around the particle is very difficult to detect by conventional methods. I also 

note that the peak shift was caused by laser power rather than exposure time, since the 

nanoparticle can reach steady-state heating in a time scale of only nanoseconds [35]. The 

measurement time (60 seconds) was much longer than the thermal equilibrium time due to the 

requirement of collecting enough scattering signal to measure a single nanoparticle spectrum. 

  I observed several types of heating effect with 532 nm irradiation. In Fig. 2-9(a), 5 curves 

from different gold nanoparticles were shown. Each curve had different starting wavelengths 

since there are different distances between the gold nanoparticles and the glass substrate, 

differences in coated layer thickness, or in particle size. The data shown in Fig. 2-9(a) reveal 

that the heating effects appear to be different for each single particle. This makes it difficult to 

accurately predict the thermal heating of nanoparticles by laser, though most of the spectra show 

a shift to longer wavelengths with increasing laser power. It seems likely that the local heat 

generated and dissipated by a single nanoparticle is sensitive to its size, shape and local 

environment. This kind of variability is hidden by a collective measurement of bulk temperature 

in nanoparticle samples, and shows the limitations on the ability to measure a particular 

temperature rise for a particular nanoparticle in, for example, a live cell under laser irradiation. 

Even with the expected variability between particles which is highlighted by this measurement 

method, I still can predict tendencies of the laser heating effect. Figure 2-8(b) shows the 

scattering peak wavelength shift with increasing laser power under 488 nm laser irradiation. 

Compared to the 532 nm laser case, the 488 nm laser appears much less effective to heat a 

single gold nanoparticle. Most of the data exhibit almost no increase, though small fluctuations 

within ~2 nm are observable on close inspection. This suggests that ~3 mW was not strong 

enough to heat a single gold nanoparticle by 488 nm laser and plasmon absorption- based 

heating strongly depends on laser wavelength, as expected from Fig. 2-3(a). In the case of 532 
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nm irradiation, 4 out of 5 particles show a 10 degree C increment from the original temperature 

by a ~1 mW illumination intensity. 

 

 

  I discuss the effect of the surrounding environment and application of our data. Absorption of 

pNIPAM is much lower than that of gold nanoparticles in the visible range [36]. As a result, 

absorption of light by gold nanoparticles is dominant in our experiment.our results can be 

similarly applied. On the other hand, in experiments where the surrounding materials absorb 

light, especially near 540 nm, the relative absorption by gold nanoparticles will be reduced and 

the assumption of nanoparticle-dominated absorption will break down so that it becomes 

difficult to apply our results to these experiments. Furthermore, when the thermal conductivity 

and refractive index of the surrounding materials are similar to that of pNIPAM for example, 

proteins and other biological molecules, our results can directly be applied. If, however, the 

conductivity and refractive index are significantly different from pNIPAM, further calibration 

will be required before estimating the temperature effects. 

 Absorption of pNIPAM and water is small compared to plasmonic absorption of gold 

nanoparticles, hence, the temperature rise is mainly related to the absorption of gold. 

pNIPAM-coated gold nanoparticles are on a glass substrate and the distance between individual 

particles and the substrate is different due to variations in the polymer thickness. Heat diffusion 

from the gold nanoparticles therefore varies between individual single gold nanoparticles. As a 
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Figure 1 (a) Calculated white light absorption for a gold nanoparticle with 

diameter of 40 nm and the refractive index of 1.33 and scattering spectra of for 

a gold nanoparticles (b) with of different sizes, and scattering spectra of for 

dielectric-a coated gold nanoparticles (c)with of different refractive indices.

Figure 2 SEM Scanning electron microscope images of (a) pNIPAM-coated 

and (b) uncoated gold nanoparticles. The scale bar indicates 100 nm.

Figure 4 Response of a pNIPAM-coated gold nanoparticles nanoparticle 

solution to bulk temperature heating effects. Spectra are measured by 

UV-VIS absorption spectroscopy in a temperature controlled cell. The peak 

shift of surface plasmon absorption was plottedis evident. 

Figure 5 (a) Scattering spectra of pNIPAM-coated gold nanoparticles 

irradiated with increasing laser at each power, and (b) the relationship 

between the scattering peak wavelength and laser power. Laser power was 

converted to that equivalent to the focal spot size.

Figure 3 Optical setup for white light scattering spectroscopy and heating gold 

nanoparticles heating by laser.

Figure 6 Relationship between peak wavelength and laser power 

with (a) 532 nm laser and (b) 488 nm laser
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Figure 2-8. Relationship between peak wavelength and laser power with (a) 532 nm laser 

and (b) 488 nm laser. [55] 
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result, the equilibrium temperature is expected to vary and introduce some error in the 

measurements. 

  It is worth summarizing what these experiments predict for the use of nanoparticles as tags or 

contrast agents in live cells with laser irradiation. There are a wide range of nanoparticle types, 

sizes, and laser excitation conditions in current use. The laser wavelengths used with 

nanoparticles are often longer than 532 nm, and this method will allow experimental 

determination of upper power limits involving laser irradiation and nanoparticles. While I have 

used 532 nm for the experimental measurements in this paper, 532 nm is near the peak 

absorption of 50 nm nanoparticles, which is the most common size for surface-enhanced Raman 

measurements. For this reason, the 532 nm results are of value to experiments using other laser 

wavelengths in that they should indicate an upper limit on the thermal effect. Other wavelengths 

in the visible or near infrared range should result in lower heating of the particle. The 

measurement method used here is also most sensitive to temperature changes around 35 degrees 

Celsius. While this is limiting in terms of wide temperature range measurements, it is ideal for 

experiments using cultured cells with laser heating of nanoparticles since the cell temperature is 

usually maintained at 37 degrees. 

  As evident in Fig. 2-7(b) and Fig. 2-8, the application of even low power ~0.01 mW resulted 

in a change in the scattering peak wavelength. By using the bulk temperature calibration data, I 

can estimate that the temperature can rise by several degrees around the nanoparticle. It is 

important to note that this measurement method results in very localized measurement of the 

temperature, on a scale of several tens of nanometers. Cells can survive brief exposure to 

localized plasma formation or complete ablation of sub-micron sized areas in the cytosol [37], 

and the nanoscale localized temperature increase is unlikely to manifest as an observable effect 

in the irradiated cell. Nevertheless it is necessary to understand if significant heating is 

occurring near the nanoparticle since this may affect protein folding, molecular binding, pH, or 

a number of other factors which may be of interest in the measurement. 

 

Summary 

  I have successfully observed the behavior of nanoscale localized heating of a laser irradiated 

single gold nanoparticle by white light scattering spectroscopy. The temperature increment of 

approximately 10 degrees C was observed by irradiating a gold nanoparticle by 532 nm laser at 

~1 mW. On the other hand, single gold nanopaticles irradiated by 488 nm did not display a 
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measurable temperature rise, which is consistent with the notion that the heating is dominated 

by absorption of the incoming light at the surface plasmon resonance wavelength. Even laser 

irradiation of 0.01 mW or less appeared to produce a temperature dependent shift in the 

scattering spectra peak wavelength. This has implications for the use of nanoparticles in cellular 

environments and shows that the heating effect of laser light on nanoparticles may not be 

negligible, and should be further studied, particularly at wavelengths longer than 532 nm. It was 

also found that the local heating effects for each nanoparticle were not uniform and fluctuations 

were observed in both on-resonant and off- resonant cases. This indicates that the localized 

heating itself may be unstable and susceptible to the immediate environment. The effects of 

nanoscale heat conduction and convection flows over the particle may be responsible for some 

of the observed instability. Such high sensitivity temperature measurement for a nanoparticle at 

room temperature range together with nanometer spatial resolution has not previously been 

achieved. The method will be useful to estimate the local temperature effects of laser irradiated 

nanoparticles in a variety of materials including particles in an inorganic matrix and 

endocytosed or injected nanoparticles in living cells. 

 

 

2.3 Aluminum as a plasmonic material in UV range 

 Metals such as Al, In, Ga, Sn, Tl, Pb and Bi, have been found to exhibit plasmonic properties 

in the UV range. [38] Among these metals, Al is the best choice in terms of practical use 

because of its low toxicity and high stability in air due to passive state of the surface. In this 

section, I will introduce theoretical description of the UV resonance of Al. Next I show the 

experimental results of LSP resonance wavelengths of Al in deep-UV range. 

 

 

Al resonant in the UV range 

  The parameters of metals are summarized in table 1. [30, 39-43] Al has the larger value of 

plasma frequency than silver and gold. Judging from plasma frequency and damping rates of Al 

and noble metals, Al is considered to work efficiently as a plasmonic material as well as noble 

metals such as silver and gold. Next I focus on the resonant wavelength. Figure 2-10 shows 

dielectric functions of Al and silver. [44] Red and blue curves show Al and silver, respectively. 

Upper and lower figures are real and imaginary parts of dielectric functions. The range colored 
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by purple displays UV range. The black dotted line exhibits the condition of plasmon resonance. 

Silver is taken for instance because silver is one of the typical plasmonic materials that used in 

visible and near-UV range. The intersection of the dotted line and the real part in silver is seen 

at 370 nm. In UV range, silver does not exhibit plasmonic property because silver has 

absorption. On the other hand, Al has negative real part and small imaginary part in UV range. 

As a result, Al is possible to perform as a plasmonic material in near- to deep-UV. 

 

 

ī��H9�

Aluminum 12.7 0.13 1.41

6LOYHU 9.2 0.02 3.9

Gold 8.9 0.07 2.3

Ȧ p �H9� Ȧ int �H9�

Table 2-1. Drude parameters of aluminum, silver and gold. [39] �p 

and � are plasma frequency and the total damping rate, respectively. 

�int indicates the energy of onset for the interband transition.  
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  In order to find the size for the most efficient excitation of plasmons in spherical Al 

nanoparticles, scattering spectra of Al nanoparticles were calculated by Mie theory. The 

dielectric function of Al in the ref. [44] was used for calculations. Fig 2-11 shows scattering 

spectra of Al nanoparticles with various diameters and relationship between diameter and 

scattering intensity at resonance. With increasing diameters, the scattering intensity at the 

resonant condition decreases with increasing the bandwidth. Increment of the bandwidth comes 

from loss due to absorption by mainly interband transitions. For smaller Al nanoparticles than 

28 nm, scattering cross section was on the down slope by reduction of the particles' volume. 

When the diameter of Al nanoparticles is 28 nm, the scattering intensity becomes the largest. 

This indicates that the best size for plasmons in Al nanoparticles is 28 nm because the most 

efficient excitation of plasmons induces the strongest dipole with the largest radiation of light. 

By estimating from the mean free path of electrons in Al, 28 nm seems to be quite reasonable. 
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  Fabrication of Al nanoparticles has been attempted by mostly lithographic techniques 

because Al is quite reactive with water and organic matters. For the first time, in 2008, C. 

Langhammer et al. reported Al nanodisks that has resonant wavelength at 335 nm. [45] In the 

same year, G.H. Chan reported triangular Al nanoparticles that has the plasmon resonant 

wavelength at 390 nm. [46] In addition, Y. Ekinci et al. achieved 270 nm of plasmon resonant 

wavelength. [47] In 2012, A. Taguchi et al. also reported that plasmon resonance wavelength 

was obtained at 270 nm with developing nanosphere lithography. [48] 

  In the past, making plasmon resonance wavelength shorter has been directed toward 
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biological applications and UV photocatalysis. Plasmon resonance at 270 nm already opened 

applications of deep-UV surface enhanced Raman scattering spectroscopy and deep-UV 

tip-enhanced Raman scattering spectroscopy of adenine. [49, 50] However, much shorter 

plasmon resonance wavelengths are required for detecting biological molecules which have 

absorbance at deeper than 270 nm, e.g. tryptophan and Tyrosine. [51] Toward also the 

application of Al to TiO2 photocatalysis, much shorter plasmon resonance wavelength is 

necessary because high refractive index of TiO2 makes resonant wavelength longer, which does 

not correspond to the absorption edge of TiO2. 

 

The shortest plasmon resonance wavelength: 244 nm 

  We reported blue shifts in plasmon resonance wavelength by the control of Al nanoparticles' 

height in 2013. Finally, the shortest plasmon resonance wavelength of 244 nm was obtained for 

Al nanoparticles with the lateral size of 28 nm and the height of 14 nm. [52] 

  Nanosphere lithography (NSL) was employed for fabricating Al nanoparticles. I will explain 

the method of NSL in the chapter 3. At this time, I focus on the fabricated Al nanoparticles. Fig 

2-11 displays the AFM images of Al nanoparticles on a quartz substrate. Those show 

honeycomb structures in nanometer scale. The average lateral sizes of the particles were 80, 40, 

and 28 nm shown in Fig. 2-11(a), (b), and (c), respectively. Fig 2-12 shows UV-VIS extinction 

spectra of Al nanoparticles for characterization of plasmon resonance wavelength (PRW). The 

lateral sizes of particles shown in Fig. 2-11(a), (b), and (c) correspond to 80, 40, 28 nm. In Fig 

2-12 (a), particles' heights were 41, 27, and 22 nm. As the height of particles increase, blue shift 

of PRW was observed. In Fig 2-12 (b), PRWs are 299, 288 and 270 nm with particles heights of 

10, 23, and 28 nm. As is the case with Fig 2-12 (a), blue shift was observed with increment of 

the particles' height. In Fig 2-12 (c), the particles' height changed from 10 to 14 nm with fixing 

the lateral size of 28 nm. Because of the technical issue in fabrication, the limitation was caused 

in the height. In Fig 2-12 (c), particles show tendency of blue shift with increasing the height. 

  DDA simulations for Al nanoparticles are conducted. The size of the distance between 

dipoles was fixed to 1 nm. Incident light with the polarization in-plane direction was assumed to 

irradiate the structure from the side of the Al structure. Output signals including transmitted and 

scattered light are detected at the side of a quartz substrate. The size and shape of Al structures 

were determined with using experimental values as shown in Fig. 2-13. There are the layers of 



 40 

oxidized Al (Al2O3) between Al and air. The thickness of the oxidized layer was assumed to be 

2 nm. [54] Comparing to the PRW of bare Al nanoparticles, PRWs of Al nanoparticles covered 

with the Al2O3 layer shift up due to higher refractive index of Al2O3 than that of air. Al 

nanoparticles with the Al2O3 layer is put on the quartz substrate with the thickness of 50 nm. 

  Figure 2-14 is relationship between LSPR wavelength and the structure's heights. The solid 

and dotted lines indicate experimental and simulation results. The blue shift with increasing 

particles' heights is observed in simulation results. LSP wavelengths in experimental results 

agree with simulation results except for the result with Al nanoparticles of 80-nm-diameter and 

22-nm-height. When the diameters of Al nanoparticles are larger than 40 nm, the shape of the 

particles is closed to pyramidal. Furthermore, for thin Al nanoparticles, particles have sharp 

corners at edges. I calculated LSPR wavelength with assuming that the more thick oxidization 

layer was created at sharp corners. Then, 432 nm of LSPR wavelength was obtained as 

indicated as a star in Fig. 2-14. The simulation result of pyramidal nanoparticles is more 

consistent with experimental results than that of hemispherical particles. In conclusion, in the 

UV range, LSPR wavelengths of Al nanoparticles are confirmed to shift to shorter wavelengths 

with increasing heights. DDA simulation supported experimental results. 244 nm of the LSPR 

wavelength was observed. The tunable range of LSPR wavelength was from 244 to 450 nm.  

The blue shift by decreasing the lateral size of nanoparticles is attributed to LSP of Al 

nanoparticles. Blue shift was also observed by increasing the height with fixing the lateral size. 

This is similar to the behavior of LSP in silver reported in the past. [53] From also Mie theory, 

blue shit was expected with the structures getting close to a sphere from an oblate ellipsoid. [9] I 

explain the mechanism of the blue shift by increasing the particles’ height. The number of 

electrons in Al nanoparticle increases by increasing particles’ height. The range of oscillation is 

kept because the lateral sizes are fixed while the number of electrons increases. Then, the 

interaction between electrons and holes in higher Al nanoparticles becomes stronger than in 

lower ones. Because the larger dipole moment is induced in higher Al nanoparticles, the 

resonance wavelength shifts to the shorter wavelength. 
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Figure 2-11. AFM images (left) and extinction spectra (right) of aluminum nanoparticles 

fabricated by Nanosphere lithography. Template bead diameters were (a) 300 nm, (b) 200 

nm, and (c) 100 nm. The average lateral sizes of the nanostructure were 80 nm for (a), 40 

nm for (b), and 28 nm for (c).  (a) 80 nm average lateral size with heights of 41, 27, and 22 

nm, (b) 40 nm average lateral size with heights of 17, 23, and 28 nm, and (c) 28 nm average 

lateral size with heights of 10 and 14 nm. The peak positions were determined by a curve 

fitting procedure. Blue shifts were observed by increasing the height. [52] 
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Figure 2-12. The relationship between the height of the aluminum nanostructure 

and the LSPR peak wavelength. The solid lines indicate the experimental results, 

and the dotted lines indicate the results of DDA calculations. Error bars indicate 

standard deviations of the measured height. Blue shifts with increasing height were 

observed both in the experimental and calculation results. The simulation model is 

illustrated in Fig. 2-13 (a). The star represents the result obtained using a different 

model shown in Fig. 2-13(b). [52] 
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Chapter 3 Photocatalysis with aluminum nanoparticles 

 

 

  In the previous chapter, I showed LSPR wavelength of aluminum (Al) nanoparticles in the 

deep-UV range. For enhancement of photocatalysis, I aimed to use plasmonic enhancement in 

the deep-UV range.  As a plasmonic material in UV range, Al was used because of physical 

stability derived from the oxidized layer. Figure 3-1 illustrates the concept of plasmon-enhanced 

photocatalysis. Briefly, a thin film of TiO2 was deposited on a quartz substrate. Hexagonal 

patterns of Al nanoparticles were then formed on the surface of the TiO2 film as shown in the 

inset using a lithographic method. To evaluate the photocatalytic activity, a test sample of 

methylene blue (MB) was applied to the substrate. By irradiating UV light from above the 

substrate, an enhanced field is generated in the vicinity of the Al nanoparticles, exciting the 

TiO2 with an accelerated reaction. In this chapter, I firstly introduce nanosphere lithography 

Quartz

UV light

Al nano-particle

~30 nm

~150 nm

Enhanced field

Methylene blue

(260 ~ 340 nm)

TiO 2 nanocrystal

Figure 3-1. Schematic view of plasmon-enhanced photocatalyst. Al nanoparticles 

are placed on TiO2 layer. The diameter of TiO2 nanocrystal is ~6 nm. UV light 

illuminates the sample from the side of methylene blue layer. The enhanced field is 

generated in the vicinity of the Al nanoparticles. The shape of Al nanoparticles is 

approximated as either hemispherical or triangular. The inset shows a SEM image 

of hexagonally aligned Al nanoparticles. The scale bar indicates 500 nm. [1] 
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(NSL) as a fabrication technique of Al nanoparticles. For fabrication of aluminum, NSL is 

suitable in terms of difficulty in chemical synthesis of Al nanostructures due to its high 

ionization tendency. Then, I explain a rate reaction and experimental procedures. Finally I will 

show experimental results and discuss the mechanisms of enhancement. 

3.1 Nanosphere lithography 

 Nanosphere lithography (NSL) originates from "Natural lithography" which was proposed in 

1982. [2] In 1994, R. Van Duyne's group started to expand upon the technique. [3] His group 

developed into a fast and low cost fabrication method for the LSPR studies and SERS 

applications. [4-7] Then the technique was referred to as "Nanosphere lithography". NSL is a 

physical fabrication process of nanostructures with high resolution, low cost, and over large 

areas. Various patterns of nanostructures are produced by NSL, such as triangles, rings, pillars, 

disks, and crescents. [8] 

  

Mechanism of Nanosphere lithography 

 Figure 3-2 displays a schematic of NSL process. At first, polystyrene (PS) beads are aligned 

into hexagonal close-packing arrangement on to the substrate. Since the surface of PS beads is 

modified with negative charged groups (COO- and SO4
-), the substrate is preliminarily washed 

in the piranha solution for being hydrophilicity of the substrate’s surface. When the solvent of 

the PS solutions evaporates, the capillary force pushes PS beads each other and PS beads are 

self-assembled in the form of close packing. (See Figure 3-2) [9] The metals are evaporated 

from the above of PS beads under high vacuum. After removing PS beads, only metal 

nanostructures left. The shape of the nanostructures is equal to that of interspaces of PS beads. 

Therefore, the size of metal nanostructures depends on the diameters of PS beads and deposition 

thickness of metals. The length on a side and distance between corners are calculated from 

geometrics of NSL shown in Fig 3-3. They are written as: 

       
(3-1) 

  Here, AC is the distance on a side of triangle. BD is the height of the triangle.  is the 

diameter of PS beads. For example, when the diameter of PS beads is 320 nm, 85.74 nm and 

74.26 nm for AC and BD are obtained. As seen in Figure 2-12, it was demonstrated that the 
€ 

AC = (4 − 2 3)d

BD = (2 3 − 3)d

€ 

d
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sizes of Al nanoparticles fabricated by NSL agree with those as expected. For precise control of 

the size of metallic nanostructures, I employed the NSL technique. 
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Figure 3-2. Experimental procedure of Nanosphere lithography and principle of 

self-assembly of PS beads. For self-assembly of PS beads, the solution of PS beads 

are dropped onto the substrate and spin-coated. When water is evaporated, each PS 

bead attaches each other by the capillary force. After aluminum is evaporated onto 

the template of PS beads and template is removed, Al nanostructures are left. 

Figure 3-3. Geometrics of typical NSL. 
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Experimental procedure of NSL 

 At the beginning, quartz substrates are washed in piranha solution that is a mixture of H2O2 

and H2SO4 with same mole. For investigation of photocatalysis, firstly, the TiO2 thin film was 

prepared by spin-coating anatase TiO2 nanocrystals (Titania Coating, Tayca Corporation, 

suspended in water) with a diameter of 6 nm on a quartz substrate. The spin-coating speed and 

time were 7000 rpm and 30 s, respectively. This process formed a TiO2 film with a thickness of 

~150 nm as shown in Figure 3-4. Polystyrene (PS) beads were aligned into a hexagonal 

close-packing arrangement on the TiO2 film by spin-coating. PS beads with diameters of 107 ± 

2 nm, 147 ± 7 nm, and 336 ± 8 nm (Microparticles GmbH) were used to investigate the size 

effect of the Al nanoparticles on plasmon resonance. [10] As shown in Figure 3-5, PS beads are 

well aligned on the TiO2 film because the surface of TiO2 is hydrophilic. Though some parts of 

PS beads are misaligned due to large roughness of TiO2 film, almost of all PS beads are well 

aligned. After that, Al was deposited on the substrate by thermal evaporation of an Al wire 

(99.99% purity) in vacuum conditions (~2 × 10-4 Pa). The evaporation speed was adjusted to 0.1 

Å/s monitored with a quartz oscillator. The deposition thickness was 30 nm. The PS beads were 

then removed by sonication in toluene for 1 minute. With the 107 nm and 147 nm diameter PS 

beads, the shapes of the structures were hemispherical, and with the 336 nm diameter PS beads, 

the shape of the structure was triangular. The maximum widths were 28, 34, and 80 nm in 

ascending order of the PS bead size. Finally, to monitor the speed of the reactions, MB aqueous 

solution (200 mM) was spin-coated on the substrate at 7000 rpm for 30 s. The thickness of MB 

was estimated from its absorbance. The value of thickness was ~100 µm. 
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Figure 3-4. (a) An AFM image of the TiO2 film. (b) Line profile 

at the white dotted line indicated in the AFM image. The spatial 

resolution of the atomic force microscope (AFM) is ~10 nm. 

Since the distance at the bottom shown in Figure 3-4 was 300 

nm, measurement of the thickness was considered to be 

correctly performed. 
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(c)

(b)

(a)

Figure 3-5. SEM images of PS beads aligned on the TiO2 film. 
The sizes of PS beads are (a) 107 nm, (b) 147 nm, and (c) 336 nm. 
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3.2 Rate equation in photocatalysis 

  In order to investigate photocatalytic activity, methylene blue (MB) is generally used. [11] 

Figure 3-6 shows the structural formula of MB in photocatalysis. MB is reduced after receiving 

the electrons that are excited in TiO2 by UV irradiation. When MB is exposed in air, MB is 

oxidized in photocatalytic reaction. Practically, it is known that MB is decomposed with some 

pathways. [12, 13] However, the process is complicated. In my experiment, I assumed that 

reactions are mainly reduction and oxidation because absorbance of MB was observed to be 

back to the initial value. This indicates that MB did not decomposed but just reduced. Then, the 

rate equation can be written as: 

€ 

d [MB+]
dt

= k2[MB
+] − k1[MB]

d [MB]
dt

= k1[MB] − k2[MB
+]

     (3-2) 

In these equations, square brackets mean concentrations. Here, 

€ 

k1  and 

€ 

k2  are rate constants 

in reduction and oxidation reactions, respectively. 

€ 

k1  and 

€ 

k2  are described as also 

€ 

1
τ1

 and 

€ 

1
τ2

, where 

€ 

τ1  and 

€ 

τ2  are time constants. By solving the system of equations, the 

concentration of oxidized MB is obtained as: 

€ 

[MB+] = C0

k2 + k1 exp −(k1 + k2)t{ }
k1 + k2

     (3-3) 

C0 indicates the initial concentration of MB. This temporal change of the concentration of MB 

is observed by monitoring absorbance of MB. Figure 3-5 shows extinction spectra of MB and 

TiO2. MB has the specific peak at 580 nm. In experiment, the absorbance at 580 nm shows that 

derived from also TiO2 or Al in fabricating Al on the TiO2 film. Therefore, the following 

equations are used to obtain time constants from experimental data. For the reaction without Al, 

the equation for curve fitting, 

€ 

f (t) , is written as: 

€ 

f (t) = a + b
k2 + k1 exp −(k1 + k2)t{ }

k1 + k2      
(3-4) 
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Here,  and  mean background from TiO2 and the initial concentration of MB. To 

evaluate the enhancement of the photocatalytic reaction rate, curve fitting was performed using 

the following equation: 

€ 

f (t) = A + B
k2 + k1 exp −(k1 + k2)t{ }

k1 + k2
+C

k2 + Fk1 exp −(Fk1 + k2)t{ }
Fk1 + k2

   (3-5) 

  Here, 

€ 

f (t)  is a time-dependent function of the MB concentration during the photocatalytic 

reaction, A is the background signal, B and C indicate the initial concentration of area inside 

and outside of the enhanced field, respectively, and 

€ 

τ1 and 

€ 

τ2 are the time constants of the 

MB color degradation rate with and without Al particles, respectively. Because the 

photocatalytic activity is almost proportional to light intensity [14], I define the enhancement of 

the photocatalytic reaction rate as F. Since the reaction rate in reduction was observed to be an 

order of magnitude greater than that in oxidation, I fixed 

€ 

k2  as 0 in this experiment. 
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Figure 3-4. Structural formula of oxidized and reduced methylene blue. 
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3.3 Experiment of photocatalysis with aluminum nanoparticles 

 The experimental setup for observing photocatalysis is shown in Figure 3-8. The 

photocatalytic reaction was initiated by irradiating the structures with UV light. The UV light 

source was a laser-driven light source (LDLS EQ-99, Tokyo Instruments, Inc.), which has a 

broad uniform spectrum from 170 nm to 800 nm. To avoid the effects of visible light, e.g., heat, 

UV light whose range is from 260 to 340 nm was extracted with a bandpass filter. The total 

intensity of the UV light was 8.1 mW/cm2. For examining wavelength dependence, another 

narrow bandpass filter with a bandwidth of 10 nm was additionally inserted. The intensity of the 

irradiation light became 0.57 mW/cm2 at each wavelength. The absorption of MB was measured 

using a UV-Vis spectrometer (Shimadzu UV 3600, D2 lamp for UV, Halogen lamp for Vis) 

with a slit width of 0.2 nm. An absorption spectrum was measured every minute. The UV 

irradiation was stopped during the spectral measurements. The photocatalytic reaction was 

monitored using the absorption spectrum of MB centered at 580 nm. The absorption spectra of 

MB on TiO2 with irradiation UV light are shown in Figure 3-8. As MB on TiO2 is irradiated 

with UV light, the absorbance at 580 nm decreases because MB is reduced by photocatalysis. In 
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Figure 3-5. Extinction spectra of methylene blue on TiO2. In UV 

range, the absorption of TiO2 is seen. The absorption peak at 580 

nm is derived from methylene blue. 
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evaluating the reaction rate, each absorbance at 580 nm is plotted on the axis of integrated time 

of UV irradiation. 

 

 

3.4 Photocatalysis with and without aluminum nanoparticles 

  Figure 3-7 shows the observed photocatalytic reaction of TiO2 with and without Al 

nanoparticles under the UV irradiation in the range 260-340 nm. The decay curves indicate the 

residual reaction rate of MB with respect to integrated irradiation time. The black line indicates 

the result without Al nanoparticles, whereas colored lines indicate the results with Al 

nanoparticles. The red, blue, and green colors indicate the rates obtained with Al nanoparticles 

having lateral sizes, D, of 28, 34, and 80 nm, respectively. For the 28 nm and 34 nm particles, 

the shape was approximated as a hemisphere, and for the 80 nm particles, the shape can be 

considered as a triangle. D is defined as the diameter of the hemisphere or the side length of the 

triangle. The height of the structure was the same as the evaporation thickness, that is, 30 nm. 

The net volume of the Al was actually smaller owing to surface oxidization. The estimated 

lateral sizes of the Al nanoparticles were 18 nm, 24 nm, and 70 nm.8 Comparing the decay 

curves between samples with and without Al nanoparticles, the photocatalytic reaction rates of 

TiO2 with Al nanoparticles were remarkably enhanced. These results demonstrate clearly the 

plasmonic enhancement of photocatalysis on TiO2 by the UV-resonant Al nanoparticles. 

  The values of F with respect to lateral size D are summarized in Table 1. Al nanoparticles 

with the size of 34 nm showed the larger enhancements than 28 nm and 80 nm Al nanoparticles. 

UV light source (λ: 190 ~ 1500 nm)

Shimadzu UV-3600 

Double Monochromator

(PMT/InGaAs/PbS)

D2, Halogen

Sample room
Detector

D2, HalogenBandpass filter

Double monochromator

Laser driven light source (LDLS)

Top view of inside Shimadzu UV-3600

Figure 3-8. Optical setup for inducing and observing photocatalysis 
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This is because the enhancement effect can be observed the most dominantly at the absorption 

edge of TiO2 (320 nm). [15] At shorter wavelengths, TiO2 shows high quantum efficiency to 

initiate photocatalytic reactions, while at longer wavelengths, the efficiency is decreased and the 

higher photon density was required. As a result, 34 nm Al nanoparticles, which have the 

resonance peak at 320 nm, achieved to the highest enhancements. 

 The 80 nm particles also show the larger enhancements as high as 12.9 than the 28 nm 

particles (exhibiting only 9.8). This can be because the 80 nm particles showed relatively high 

extinction efficiency at the band edge and also because they exhibit the high-integrated 

scattering efficiency at the wavelength region of 260 nm to 340 nm. Additionally, a triangular 

metallic nanoparticle in general supports the stronger electric field localized at the corner than a 

hemispherical metal nanoparticle. Therefore, the 80 nm triangular particle may have the 

advantage for plasmonic enhancement of photocatalytic reactions compared to the 28 nm 

hemisphere. In the case of photocatalysts other than TiO2, the size of the plasmonic structure 

needs to be tuned. Furthermore, Table 1 also shows the dependence of the photocatalytic 

enhancement on nanoparticle size. We note that the enhanced field means the area where the 

field intensity drops to 1/e from the surface of the metal. In principle, as the diameter of the Al 

particles reduces, the 1/e distance becomes shorter, while the thickness of the oxide layer 

increases because of the curvature. The area of the enhanced field therefore decreases 

dramatically with decreasing particle size, which could explain the size dependence of the 

photocatalytic enhancement. 
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Figure 3-7. Photocatalytic reactions with (colored) and without (black) Al 

nanoparticles under irradiation of UV light in the wavelength range of 

260–340 nm. Red, blue, and green colors indicate the reaction obtained with 

Al nanoparticles having lateral sizes D = 28, 34, and 80 nm, respectively. [1] 
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Table 3-1. Summary of enhancement for each diameter of aluminum nanoparticle [1] 

 

3.5 Irradiation wavelength dependence and enhancement mechanism 

  I investigated the dependence of the photocatalytic enhancement reaction on the irradiation 

wavelength. Figs. 3-8(a), 3-8(c), and 3-8(e) show the irradiation wavelength dependence of the 

photocatalytic enhancement for different values of D. Figs. 3-8(b), 3-8(d), and 3-8(f) show the 

calculated scattering efficiency corresponding to the structures in Figs. 3-8(a), 3-8(c), and 3-8(e), 

respectively. The wavelength axis in the simulation shows the converted wavelength which 

takes into account the effect of the TiO2 substrate. The insets in Figs. 3-8(b), 3-8(d), and 3-8(f) 

show the field distributions at a wavelength of 320 nm, at half the height of the particles. In Fig. 

3-8(b) and 3-8(d), distinct scattering peaks at 330 nm and 320 nm were observed for the 28 nm 

and 34 nm particles. For the 80 nm particles, peaks were not seen because the spectral width 

was broadened due to the large size of the Al particles. Moreover, judging from the field 

distributions (insets in Figs. 3-8(b) and Figs. 3-8(d)), plasmon resonances at 330 and 320 nm are 

assigned to the dipole mode, whereas the shorter one at 280 nm in Figs. 3-8(b) is assigned to the 

quadrupole mode. For each D, the wavelength dependence of the enhancement agreed with the 

calculated scattering efficiency. The higher photocatalytic enhancement at the scattering peaks 

is consistent with the existence of a stronger near-field confinement. Taking these conditions 

into account, the spectral similarity of the enhancement and the scattering efficiency suggests 

that the enhancement of the photocatalytic reaction originates from the plasmonic properties of 

the Al nanoparticles. We estimated that an effect of “enhanced scattering” is smaller than the 

plasmonic effect because the particles are aligned in two dimensions and the density is low 

enough to avoid the effect of interactions between nanoparticles and multiple scattering between 

Size of Al NPs, D (nm)

28

34

80

Enhancement of photocatalytic 
reaction rate (F)

9.8 ± 0.8

14.3 ± 0.9

12.9 ± 0.8
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the structures. Other chemical effects on the photocatalytic reaction, for example, charge 

transfer and forced electron–hole pair separation, are considered to be absent in this system 

because the Al nanoparticles are surrounded by Al2O3 thick enough to avoid them. 

  The values of the enhancement in Figure 3-8 are not consistent with those in Table 3-1. The 

difference comes from the different intensity of irradiated UV light. With illumination of UV 

light at the intensity below ~100 µW/cm2, the value of the quantum yield is the several percent 

(~28%). With increasing the intensity of incident light from ~100 µW/cm2 to 1 mW/cm2, the 

quantum yield decreases due to the saturation of absorption by TiO2. According to the 

non-linearity of the quantum yield, I illustrate the relationship between the intensity of incident 

UV light and the amount of production as shown in Figure 3-9. The curve indicated in Figure 

3-9 is resulting from multiplying the quantum yield by the intensity of the incident light. When 

the intensity of incident light is 0.6 mW/cm2, the enhancement of ~2 times is obtained resulting 

from the field enhancement of 10 times. On the other hand, the higher enhancement is obtained 

when the intensity of the incident light is 8.1 mW/cm2 with the field enhancements of 10 times. 

  In summary, the enhancement of photocatalytic activity in the deep-UV region was 

demonstrated using the plasmonic properties of Al nanostructures. A maximum increase to the 

photocatalytic reaction rate of about 14.3 times was obtained for particle sizes of 34 nm. Also 

the enhancement of the photocatalytic reaction rate was found to be dependent on plasmon 

resonance in the UV region, which was consistent with DDA simulation results. This study 

indicates the capability of utilizing UV plasmonic properties for the enhancement of 

photocatalyst performance where UV light is to be used. Plasmon-enhanced photocatalysis in 

the UV range is promising not only for conventional environmental applications but it also 

represents strategies for acquiring renewable and clean energy sources. 
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Figure 3-8. Wavelength dependence of photocatalytic reaction enhancement. (a), (c), (e) 

Experimental results with lateral sizes D = 28, 34, and 80 nm. (b), (d), (f) Calculated 

scattering efficiency of Al nanoparticles corresponding to (a), (c), and (e), respectively. 

Insets show the cross-sectional view of the near-field distribution at a wavelength of 320 nm 

at the middle height of the particle. The color bar shows the field enhancement ENF/E0, 

where ENF and E0 indicate the field intensities of the near-field and the incident light, 

respectively. White dotted lines in the insets indicate the outlines of Al nanoparticles. The 

scale bars indicate 10 nm. [1] 
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Chapter 4 Oblique angle deposition for aluminum nanoparticles 

 Oblique angle deposition (OAD) is a powerful method to fabricate metal nanoparticles with 

controlled sizes, shapes and higher density comparing to nanosphere lithography (NSL). [1-3] 

Generally, OAD has been used for surface-enhanced Raman spectroscopy (SERS), 

metal-enhanced fluorescence (MEF), surface-enhanced infrared spectroscopy (SEIRA), LSP 

sensors and metamaterials. [4-7] I employed OAD for increasing the density of aluminum 

particles on the TiO2 film for better enhancement than results that I have shown in the previous 

chapter. Firstly, I'm going to introduce the method of OAD. Soon after, I show experiments of 

observing the enhanced photocatalysis and discuss experimental results from the viewpoints of 

reaction rates, amount of production and the origin of enhancement. 

 

4-1. The method of oblique angle deposition 

 The principle of OAD is shown in Figure 4-1. Aluminum is deposited onto the substrate by 

thermal evaporation under high vacuum. At the beginning of the deposition, metallic vapor 

flows to create crystal seeds randomly onto the substrate. As the crystal seeds grow, taller 

crystals generated shadow behind themselves when the target substrate for deposition is tilted. 

The metallic crystals at the shadow do not grow. As a result, rough surfaces or metallic particles 

are created. The deposition thickness determines separation or connection of Al nanoparticles.  

 Design of the evaporation system for OAD and a picture of the system for the tilting substrates 

are shown in Figure 4-2. I controlled the angle of the substrates by tuning the inclined angle � 

indicated in Fig 4-2. The thickness of deposition was monitored by a quartz crystal 

microbalance (QCM) as shown in Figure 4-2. Structural parameters of diameters, height and 

density depend on deposition parameters of tilting angle, thickness and deposition rate. With 

increasing the tilt angle of the substrate, �, the density of nanoparticles becomes low because 

of the shadowing effect. With increasing the deposition thickness, diameters and heights 

become larger due to crystal growth. 
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Figure 4-1. Principle of particles growth by oblique angle deposition (OAD). 

When the vapor of aluminum is incident at a certain angle, aluminum seeds were 

produced at the surface of the substrate. As the size of particles grows, some 

particles stop to grow due to the shadow of higher particles. Finally, aluminum 

nanoparticles can be obtained. 

Figure 4-2. A system for OAD (left) and pictures of the stage to incline the 

substrate. (Right) Evaporation source is aluminum put on the tungsten boat. 

The thickness of deposition is monitored by a quartz crystal microbalance. 

The vapor of aluminum goes straight to the disk. The substrate is fixed on the 

small dogleg. Screwing controls the incident angle of aluminum vapor. 



 68 

 In order to confirm the effect of the tilting angles in fabrication of Al nanoparticles, Al was 

evaporated on the quartz substrate with changing tilting angles from 0 to 80 degrees at the 

deposition thickness of 30 nm. Figure 4-3 shows AFM images, extinction spectra. Less than 80 

degrees of tilt angle, larger diameters and various shapes of aluminum nanoparticles are seen in 

Figure 4-3 while homogeneous particles are seen above 80 degrees. In agreement with the size 

and uniformity change, the peak� shapes become sharp with increasing the angle. Furthermore, 

plasmon resonance wavelengths gradually shift to shorter wavelengths. This is because sizes of 

Al grain become smaller and, consequently Al nanoparticles are formed. These results tell that 

OAD can applicable to production of aluminum nanoparticles. In addition, it is indicated that 

changing the inclined angle of the quartz substrate controls aspect ratio, the diameters and 

heights of aluminum nanoparticles. 

  To control diameter and height of Al nanoparticles, Al was evaporated with various 

deposition parameters. The tilting angles of the substrate were fixed at 80 and 85 degrees 

because Al nanoparticles was formed with more then 80 degrees. Deposition thickness was 

changed from 20 nm to 70 nm. Deposition rates were 0.1 and 0.5 Å/s. The vacuum degree 

inside the chamber was ~ 10-5 Pa. Figure 4-4, 4-5, 4-6, and 4-7 are AFM images of aluminum 

nanoparticles fabricated by OAD on quartz substrate. From AFM images, I measured averaged 

particles’ diameters and heights by hand. 



 69 

 

 

 

0.8

0.7

0.6

0.5

0.4

0.3

800700600500400300200

0°

30°

45°

60°

80°

Wavelength (nm)

Ex
tin

ct
io

n 
(a

.u
.)

200 300 400 500 600 700 800

0.3

0.4

0.5

0.6

0.7

0.8

 %�(!/!- $!%#$/  !).%/4

%)�'%)! ��)#'!�: : ;

 !+*.%/%*)�
/$%�&)!..�: : : ;

 !+*.%/%*)�-�/!�: : :

����7�.
��6��)( ��6��)( ��6���)(

��	�7�.

�!'�/%*).$%+� !+*.%/%*)�+�-�(!/!-.��) �./-0�/0-�'�+�-�(!/!-.

Figure 4-3. Extinction spectra of Al deposited with various inclined angles of the substrates 

(left) and AFM images of Al nanoparticles fabricated with the tilt angles of 0 and 80 

degrees (right).  

Table 4-1. Relationship between structural and deposition parameters. 
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80° 20nm

80° 35nm 80° 70nm

80° 50nm

Figure 4-4. AFM images of aluminum nanoparticles fabricated by OAD. The tilt angles 

of 80 degrees. The deposition thicknesses of Al nanoparticles are 20, 35, 50 and 70 nm. 

The deposition rate was 0.5 Å/s. The colored bars indicate the height of Al nanoparticles. 
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85° 20 nm

85° 35nm 85° 70nm

85° 50nm

Figure 4-5. AFM images of aluminum nanoparticles fabricated by OAD. The tilt angles 

of 85 degrees. The deposition thicknesses of Al nanoparticles are 20, 35, 50 and 70 nm. 

The deposition rate was 0.5 Å/s. The colored bars indicate the height of Al nanoparticles. 
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80° 20 nm

80° 35 nm 80° 70 nm

80° 50 nm

Figure 4-6. AFM images of aluminum nanoparticles fabricated by OAD. The tilt angles 

of 80 degrees. The deposition thicknesses of Al nanoparticles are 20, 35, 50 and 70 nm. 

The deposition rate was 0.1 Å/s. The colored bars indicate the height of Al nanoparticles. 
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85° 20 nm

85° 35 nm

85° 50 nm

85° 70 nm

Figure 4-7. AFM images of aluminum nanoparticles fabricated by OAD. The tilt angles 

of 85 degrees. The deposition thicknesses of Al nanoparticles are 20, 35, 50 and 70 nm. 

The deposition rate was 0.1 Å/s. The colored bars indicate the height of Al nanoparticles. 
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Figure 4-8. Relationship between volume of deposited aluminum and diameters of 

aluminum nanoparticles (left), height (right). Green and blue lines show the results 

with the tilt angle of 80 degrees, and black and red lines with 85 degrees. Dotted and 

solid lines mean fabrication at the deposition rate of 0.5 Å/s and 0.1 Å/s. 

Figure 4-9. Relationship between the volume of deposited aluminum and plasmon 

resonance wavelength. Blue and red marks show plasmon resonance wavelength 

fabricated with 80 and 85 degrees of tilt angles at the deposition rate of 0.1 Å/s. Green 

and black marks shows plasmon resonance wavelength fabricated with 80 and 85 degrees 

of inclines angles at the deposition rate of 0.5 Å/s. 
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 Figure 4-8 show the relationship between the volume of deposited aluminum and structural 

parameters, diameters and heights. With depositing aluminum, both diameters and height of Al 

nanoparticles increased. At the early stage of fabrication of aluminum, gradient of increment of 

diameters and heights tends to be smaller than the later stage. This is derived from the shadow 

effect. As the heights of particles increase, the area of hidden places by particles becomes larger. 

The aluminum that is supposed to be deposited in the shadowed area was used for particles’ 

growth. In the early stage of deposition at the inclined angle of 85 degrees and the deposition 

rate of 0.5 Å/s, the diameter of Al nanoparticles does not change with evaporating Al. This 

means that only the height increased in the stage. I guess that larger shadowing effect induced 

height’s increment because the condition of higher speed of deposition made Al atoms go to the 

substrate more straightly. Error bars become larger with deposition of Al. This suggests that 

uniformity of particles’ sizes become worse due to shadowing effect. As particles become taller, 

shadowing effect getting to be larger, and as a result, more particles stop growing due to 

neighboring taller particles. 

 Figure 4-9 is relationship between the volume of deposited aluminum and plasmon resonance 

wavelength. Plasmon resonance wavelengths are measured by UV-Vis spectrometer. The sizes 

shown in Figure 4-9 explains the behavior of plasmon resonance wavelengths well. At smaller 

amount of deposition, plasmon resonance wavelengths shift to shorter wavelengths. This is 

because the heights of particles numbered up. After that, aluminum nanoparticles grow up in a 

radial direction and height direction at the same rate. Therefore, plasmon resonance 

wavelengths just shift to longer wavelength by increasing sizes. With higher inclined angle, 

density of aluminum nanoparticles becomes small because of the net volume of aluminum 

decrease with higher angle. With increasing the angle, the height of aluminum nanoparticles 

tends to increase while the diameter of particles become less than that with smaller angles. The 

aluminum particles were separated each other enough not to cause longer PRW. This 

relationship between structural and deposition parameters is summarized in table 4-1. Up and 

down arrows mean increment and decrement of parameters. 

 

4-2. Experiment of enhanced photocatalysis 
 

 With the same way that I showed in chapter three, TiO2 films were formed by spin-coating. Al 

nanoparticles were fabricated by OAD methods. The conditions of fabrication are as follows. 
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- Deposition thickness: 20, 35, 50, 70 nm (monitored by QCM) 

- Inclined angle: 80, 85 degrees 

- Deposition rates: 0.1, 0.5 Å/s 

 With aluminum nanoparticles fabricated by OAD, I observed photocatalysis by monitoring 

the absorbance decay of methylene blue with irradiating UV light whose range was from 260 

to 340 nm. Experimental setup for observation of photocatalysis and the way for the evaluation 

of photocatalytic reaction rates are same with the way in the chapter three. 

  Figure 4-10, 4-11, 4-12 and 4-13 show photocatalytic reaction with and without aluminum 

nanoparticles fabricated by OAD. The largest enhancement of reaction rates, 10 times, was 

obtained with using Al nanoparticles with the diameter of 28 nm and the height of 14.4 nm. The 

largest amount of production was obtained with Al nanoparticles with the diameter of 26 nm 

22.6 nm and height of 9 nm. Comparing the results with the deposition rate of 0.1 Å/s to those 

with 0.5 Å/s, lower deposition rate lead more production. Overmuch covering of TiO2 surface 

by aluminum decreased the amount of reduced MB. For example, 80 degrees of the inclined 

angle and 0.5Å/s of the deposition rate caused decrement of the amount. The other cases 

exhibited enhancement of production amount by photocatalysis.  
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Figure 4-10. Photocatalysis with and without aluminum nanoparticles fabricated at the 

deposition rate of 0.1 Å/s and the tilt angle of 80 degrees. Dotted lines are fitted curves with 

using equation (3-4) and (3-5). Enhancement at each size of Al nanoparticles is shown in the 

dotted square. 

Figure 4-11. Photocatalysis with and without aluminum nanoparticles fabricated at the 

deposition rate of 0.1 Å/s and the tilt angles of 85 degrees. Dotted lines are fitted curves 

with using equation (3-4) and (3-5). Enhancement at each size of Al nanoparticles is shown 

in the dotted square. 
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Figure 4-12. Photocatalysis with and without aluminum nanoparticles fabricated at the 

deposition rate of 0.5 Å/s and the tilt angle of 80 degrees. Dotted lines are fitted curves with 

using equation (3-4) and (3-5). Enhancement at each size of Al nanoparticles is shown in the 

dotted square. 

Figure 4-13. Photocatalysis with and without aluminum nanoparticles fabricated at the 

deposition rate of 0.5 Å/s and the tilt angle of 85 degrees. Dotted lines are fitted curves with 

using equation (3-4) and (3-5). Enhancement at each size of Al nanoparticles is shown in the 

dotted square. 
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4-3. Discussion of experimental results 

 Relationship between deposited volume of Al and enhancements are examined as shown in 

Figure 4-14. The values of enhancements, F, were obtained through curve fitting with using 

equation (3-5). The volume of deposited Al was calculated by multiplying deposition thickness 

by the sine of the inclined angle. The enhancement of reaction rates is not proportional to the 

volume of posited Al. This suggests contribution of chemical effects was negligible, which is 

reasonable from the viewpoint of oxidized layer at the Al’s surface. Possible reasons of 

enhancement are two, localized field or multiple scattering. 

 The enhancement is mainly attributed to near-field enhancement. When plasmon resonance 

wavelength matches to the absorption edge of TiO2, the maximum enhancement as large as 10 

times was obtained. At the wavelength of the absorption edge of TiO2, multiple scattering is 

impossible to occur because almost of scattering light are absorbed by TiO2 due to the skin 

depth of a few nanometers. As shown in Figure 4-14, when the size of Al nanoparticle is close 

to 28 nm that is the most efficient for plasmon excitation, enhancement took the maximum. 

Furthermore, this behavior is very similar with calculated results shown in Figure 2-11. 
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Figure 4-14. Relationship between the volume of deposited aluminum and 

enhancement (upper) and relationship between the diameter of Al nanoparticles and 

enhancement of the reaction rates (lower). In the left figure, marks are connected by 

dotted lines. In the right figure, the dotted curve represents fitted curve by a gauss 

function. S indicated in the left figure means the area of the substrate. Blue and red 

marks show enhancements with the condition of 80 and 85 degree of the tilt angle at 

the deposition rate of 0.1 Å/s. Blue and red marks show enhancements with the 

condition of 80 and 85 degrees of the inclined angle at the deposition rate of 0.5 Å/s. 
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  Figure 4-15 displays photocatalytic reactions with and without aluminum nanoparticles. In 

Figure 4-15, aluminum nanoparticles are fabricated by OAD (left) and NSL (right). It is obvious 

that the amount of the product by photocatalysis increased with employing OAD. By NSL, 

single aluminum nanoparticles enhance photocatalysis higher than that by OAD because Al 

nanoparticles fabricated by NSL have much more sharp edges than those by OAD. Though the 

enhancement of single particles fabricated by OAD is slightly smaller than that by NSL, OAD 

brought higher activity. The densities of Al nanoparticles fabricated by NSL and ODA were 

1x1014/m2 and 8x1014/m2, respectively. Comparing ODA to NSL, the density and enhancement 

of reaction rates became ~8 times larger and half. By these two effects, on the whole, 

production amount was considered to increase by ~4 times, in OAD comparing to NSL. 

 I want to emphasize that photocatalysis with Al nanoparticles fabricated by OAD should be 

suitable for wide-filed applications. On the other hand, Al nanoparticles fabricated by NSL gave 

us the capability of photocatalytic reaction in local area. We need to select the way for 

fabrication of aluminum nanoparticles in concert with use. 
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Figure 4-15. Photocatalytic reactions with and without aluminum nanoparticles 

fabricated by oblique angle deposition (OAD) (left) and Nanosphere lithography 

(NSL) (right) 
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Conclusion and future perspective 

  In this research, enhancement of photocatalysis has been achieved with employing plasmons 

in UV range. The plasmon resonance wavelength at the absorption edge of TiO2 was found to 

be effective to enhance photocatalysis. I selected aluminum (Al) as a plasmonic material 

because the plasmon resonance wavelength is in UV range. In addition, the passive layer of 

Al2O3 covers Al to protect from being damaged. In order to obtain aluminum nanoparticles, I 

firstly utilized nanosphere lithography (NSL), which is one of the conventional ways to produce 

Al nanoparticles. I obtained 244 nm of plasmon resonance wavelength by controlling particles’ 

height. This is the shortest plasmon resonance wavelength achieved before. With Al 

nanoparticles, I experimentally confirmed that aluminum nanoparticles enhanced photocatalysis 

on TiO2. The enhancement of reaction rates was ~14 times. By simulations by discrete dipole 

approximation (DDA) method, it was found that the observed enhancements are attributed to 

plasmonic property of Al nanoparticles. Because Al nanoparticles are covered by passive layers, 

chemical effects are considered to be negligible. Furthermore, the number of Al nanoparticles 

increased by oblique angle deposition (OAD) method to increase the enhanced area. As a result, 

the amount of photoproduct increased by a factor of 4 while the enhancement of the reaction 

rate was 10 times. Though OAD decreased the reaction rate comparing to NSL, the amount of 

production increased. I emphasize that it’s necessary to choose NSL or OAD to suit the use. 

When a plenty of production is required or reactants are placed for longer time on TiO2 surface, 

e.g. H2 production, OAD is better. When reactants circulate quickly, NSL is better. 

  In this dissertation, the plasmonic property of Al nanoparticles was suggested to affect the 

enhancement of photocatalysis. However, the enhancement mechanism is still not clear. To 

make it clear, experimental investigation is needed. For example, near-field mapping by 

scanning optical microscopy or surface-enhanced Raman scattering spectroscopy of TiO2 may 

reveal contribution of plasmonic effect. The quantitative evaluation of the enhancement also 

should be done. Furthermore, in the future, the enhancement of photocatalysis should be tested 

through hydrogen production or decomposition of toxic compounds because reaction rates 

depend on chemical species. Fabrication of dense aluminum nanoparticles is a key for the 

enhancement of not only photocatalysis but also sensitivity of gas- and bio-sensors. 
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