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雷射聚焦單一金奈米造成溫度上升引發二維組裝的結構之研究 

研究生：許孜瑋                            指導教授：三浦篤志 博士 

國立交通大學 

應用化學系分子科學碩士班 

摘       要 

奈米粒子特定的排列結構使其可應用在表面科學、微製造技術、生物技

術、實驗室晶片以及化學感測原件上。然而奈米粒子的組裝在許多不同的

奈米尺度下，至今仍受到許多製造上的限制。因此必須建立出一套新的方

法可以控制奈米粒子組裝在特定的位置上。我們的方法其過程包含了(1)藉

由連續波雷射聚焦在選定的金奈米粒子上造成局部的溫度上升，(2)熱由金

奈米粒子傳至周圍的介質以及懸浮在溶液中的奈米粒子，(3)溫度梯度所引

起的對流將溶液中的奈米粒子帶近至金奈米粒子周圍，並形成二維的組裝

結構。 

這篇論文中，我們也探討了不同的奈米粒子的組裝情形。在考慮了上述

局部加熱及對流所引起的組裝過程，我們成功地將此方法分別應用在各種

不同的奈米粒子溶液中，並形成其他奈米粒子的二維組裝。 

我們證明並展示雷射能量、照射時間以及溶液中粒子的濃度如何影響組

裝的機率和大小。我們的結果明顯地顯示出組裝機率有能量以及粒子濃度

的依存性，而組裝大小則有能量及照射時間的依存性。較高的能量提供了
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較廣大的加熱區並提高對流的效率，而較高的粒子濃度有助於積聚更多的

奈米粒子形成組裝。實驗的結果也支持了我們在局部加熱金奈米使溫度提

高上的理論計算，而這部份是根據雷射參數、熱傳導係數及吸收截面的計

算。由以上實驗及計算的結果，我們可以藉由操控不同的雷射能量、照射

時間及粒子濃度達到控制組裝生成的機制，更可進一步地藉由操控雷射光

束在基材上特定的位置產生二維組裝的結構。  
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National Chiao Tung University 

Abstract 

Specifically ordered architecture composed of nanoparticles provides applications such 

as surface science, microfabrication, biotechnology, lab-on-chip, and chemical sensors. 

However, the methods of assembling nanoparticles in fabricating various nanoscale 

architectures so far are still limited. Therefore, it is necessary to develop a new method to 

control the positions and integrations of the nanoparticles in a certain architecture. This study 

covers the processes of (i) local temperature elevation on a target gold nanoparticle by tightly 

focused continuous-wave laser illumination, (ii) heat transfer from the gold nanoparticle to 

surrounding medium and then to suspended nanoparticles in the colloidal solution, and (iii) 

convection flow induced by gradient of temperature in the solution that bring about the 

nanoparticles into close vicinity area around the target gold nanoparticle, forming 
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two-dimensional assembly formation. 

In this study, we observed the assembly of different suspended nanoparticles in aqueous 

solution. By considering the above mentioned processes of the local temperature elevation 

and convection flow, we have succeeded in developing a new method which can form a 

two-dimensional assembly formation of various nanoparticles suspended in aqueous solution. 

We have demonstrated that how the parameters of continuous-wave laser beam and 

colloidal solution such as laser power, irradiation time, and particle density affect on the 

probability and size of the two-dimensional assembly formation. The present results clearly 

show that the assembly probability depends on laser power and particle density, and the 

assembly size depends on laser power and irradiation time. A higher laser power provides a 

wider heated area and enhances convection flow more efficiently, and a higher particle density 

contributes to accumulate more nanoparticles to form the assembly. This experimental results 

are supported by our numerical calculations of local temperature elevation on the target gold 

nanoparticle based on focused laser beam, thermal conductivity, and absorption cross section. 

Based on overall experimental and numerical results, by varying laser power, irradiation time, 

and particle density we can control the assembly formation. Further, with this method we can 

also control the spatial position of the assembly on the substrate by adjustment of the position 

of the laser beam.  
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Chapter 1 

Introduction 

 

1.1. Micro/Nano structure 

In the past two decades, the field of microstructure science and technology can be seen in 

broad area of worldwide research and application, and such the field has been intensively 

investigated for a long time and it has been growing explosively. Different from the 

macrostructure, the size, shape and geometry of microstructure materials were defined in 

nano- to micro-scale, and the optical and/or properties are different with bulk materials. The 

science and technique of microstructure fabrication is so-called nanoscience and 

nanotechnology which have been well known to be able to manipulate the matter on an 

atomic and molecular scale, and materials may yield interesting properties in a limited 

micrometer and nanometer-sized environment. Nanotechnology is very diverse in science 

such as surface science [1, 2], organic chemistry, semiconductor physics, molecule biology 

[3-5], microfabrication [6, 7], etc. The microstructure nanotechnology already shows an 

amazing impact quite recently, although nanometer-sized devices and components just begin 

to apply in medicine [3, 8], biotechnology and lab-on-chip [9, 10], and its huge potential in 

applications will have a much greater impact in the future. 
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(a) (b) 

The scanning tunneling microscopy (STM) and atomic force microscopy (AFM) is the 

foremost tool for measuring, imaging and manipulating matter at the nanoscale. The STM and 

AFM can be used to manipulate atoms and nanoparticles, and to assemble them into 

highly-order architecture on solid surface.  

 

 

 

 

 

 

 

Fig. 1.1 (a) STM image of CO-molecules as man-made structures by scanning tunneling 

microscope manipulation [11]. (b) A sequence of AFM images acquired during the formation 

of a line of GaAs nanoparticles on a GaAs surface. The AFM tip was used to push the 

particles to their final positions in the line [12]. 

 

 Top-down and bottom-up are two widely used approaches in nanotechnology for the 

fabrication of devices or products as schematically shown in Fig. 1.2. Top-down approach 

looks for forming device in nanoscale by using larger, externally controlled ones to direct 

their assembly, while bottom-up approach looks for building small device by complex 

assemblies. 

http://en.wikipedia.org/wiki/Scanning_tunneling_microscopy
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Top-down and bottom-up are two approaches for the nanostructure fabrication, and these 

approaches are so-called micropatterning techniques. Such as photolithography and inkjet 

printing has been investigated broadly in top-down approaches [13, 14]. The most common 

and popular method is photolithography, which has been widely used for miniaturization of 

structures. For top-down method, it often uses the externally controlled tools to cut, mill, and 

shape materials to our desire. However, resolution of lithography depends on materials and 

instruments whose costs increased if miniaturization goes continuously. Thus, a cheaper and 

simpler method is bottom-up, and self-assembly provides another way to solve and improve 

the problems which appear in the top-down lithography. Bottom-up method uses the chemical 

properties of molecule to cause self-organize or self-assemble to form some desired 

conformations or assemble at specific position. Thus, the bottom-up method is less expensive 

than top-down one and it also can produce devices in parallel. 

 

Fig. 1.2 Nanotechnology is an integration of top-down engineering systems with bottom-up 

engineering, leading to in a complex, multifunctional, intelligent, and robust system. 
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1.2. Introduction to several two-dimensional assembly methods 

Due to the inexpensive progress of bottom-up approach, two-dimensional assembly 

formation provides another way to construct micro/nanostructure. To assemble functionalized 

nanoparticles into controlled patterns or architectures yields new useful properties in the fields 

of electronic, chemical and physical researches, and also provides wide applications in 

nanoscience and nanotechnology. 

Two-dimensional assembly formation of nanoparticles can be applied as micro-lenses in 

imaging [15] and as masks for evaporation or reactive ion etching to construct periodical 

arrays of micro/nanostructures [16-18]. In recent years, gold nanoparticle assembled 

structures have been the most studied mainly due to the fact that it has huge potential 

applications in broad of fields, for example, electronics, photonics, biological labeling, 

chemical sensing and imaging, and surface-enhanced Raman spectroscopy (SERS). 

For bottom-up method, how to construct a desired nanoparticle assembly and how to 

establish a procedure become an important target. A number of two-dimensional assembly 

methods have been previously developed for the arrangement of the nanoparticles on surface 

in physics, chemistry and biology. Here, we also shortly introduce several two-dimensional 

assembly methods. 
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1.2.1. Solvent evaporation  

The interplay between the convectional flow and lateral capillary forces of the particle 

plays an important role during the solvent evaporation and its schematic illustration is shown 

in Fig. 1.3 [19]. The convection of the nanoparticles from the outer part to the central area, 

subsequent sedimentation of the nanoparticles and drying of the solvent provide thin film of 

dried solution. At the late step of the drying, the solution height is equivalent to the diameter 

of the particles. In that step, convectional flow of the solvent may drag the particles toward 

the evaporation center and the capillary forces are exerted upon the nanoparticles due to the 

evaporation simultaneously. When the solvent was evaporated, the immobilization of the 

nanoparticles on a substrate could be achieved. 

 

 

 

 

 

Fig. 1.3 Schematic presentation of the particle assembly process driven by the liquid flow 

[19]. 
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Fig. 1.4 SEM image of 13 nm gold nanoparticle array on silicon substrate covered with gold 

nanoparticle aggregate induced by the alcohol methanol solvent evaporation [20]. 

 

 

 

1.2.2. Self-assembled monolayer (SAM) 

Molecular monolayer formation has been studied systematically from the 19
th

 century. In 

the earlier studies, the structure and processes on the molecular level could not be 

manipulated due to the lack of appropriate tools. The understanding on a microscopic level of 

SAM and its progress started in the 1980s. With the microscopic tools available today, the 

substrate surface modification of SAM layer has been applied to organics and patterned 

surfaces, and it also plays an important role in bio-technological devices. 

SAMs are properly organized structure of amphiphilic molecules, and they are grown 

from solution or from the gas-phase. All the molecules in the SAMs have a head group end 
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with a specific affinity to the substrate and on the other end is called tail group with a 

functional group terminal as shown in Fig. 1.5. By using various kinds of molecules with 

different substrates, one can construct SAMs for various applications. 

 

 

 

 

 

Fig. 1.5 Schematic picture of a self-assembled monolayers (SAMs) structure. 

 

SAMs can be constructed by the chemisorption of head group of substrate in both liquid 

and vaporization condition. Molecules are adsorbed into the lower surface energy layer 

readily due to the strong chemisorption of the head groups. The head groups assemble till no 

area to grow on the surface, and it forms the totally covered and packed single SAM. 

Nanoparticles can be deposited onto SAM surface by cross-linking approach via specific 

terminal group absorption. Thus we can produce SAM surface homogenously covered with 

two-dimensional assembly of nanoparticles (Fig. 1.6, Fig. 1.7). 
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Fig. 1.6 Schematic picture of nanoparticles immobilizing on terminated self-assembled 

monolayers (SAMs) of organic molecules. 

 

 

 

 

 

 

 

Fig. 1.7 (a) SEM images of a 3-MPTS coated silica wafer surface after dipping in a gold 

nanoparticle suspension for 1h and (b) a 3-MPTS coated gold surface after dipping in a silica 

nanoparticle suspension for 1h [21]. 

  

(a) (b) 
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1.2.3. Optical tweezers 

Ashkin and co-workers [22-25] demonstrated that micrometer-sized objects such as 

microbeads, microspheres, and biological cell can be trapped and manipulated at focus spot 

using optical tweezers. Now the size of trapped object has been reduced from micrometer to 

nanometer, and studies on optical traps continue to find applications in physics, chemistry and 

biology.  

Optical trap can be formed by a tightly focusing laser beam with a high numerical 

aperture objective lens. The force on a micro particle can be decomposed into two 

components; one is a gradient force in the direction of the spatial light gradient and another 

one is a scattering force in the direction of the light propagation. To form a stable trap, the 

light must be focused, producing a tree-dimensional intensity gradient. Two representative 

lights are again refracted by the bead but the change in momentum in this instance leads to a 

net force towards the focus, which the schematic presentation was shown in Fig. 1.5 [26].  

 

 

 

 

 

Fig. 1.8 Gray arrows represent the force. (a) The bead is illuminated by a defocus beam of 

light with a radial intensity gradient. (b) A focus beam illuminates on the bead [26]. 
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The lateral forces balance each other and the axial force is balanced by the scattering 

force, which decreases away from the focus. If the bead moves in the focused beam, the 

imbalance of optical forces will draw it back to the equilibrium position. 

It can trap a particle easily by balancing these two force contributions and the particle 

can be dragged inside the solution by moving the focus spot of laser beam with a speed less 

than the critical speed which determines the viscous force due to the surrounding aqueous 

medium. After capturing the particle from the solution, we can drag them toward the position 

where we wanted. Eventually, we can overcome the electrostatic repulsion between one object 

to another object and fix them by utilizing an adhesive electrostatic force between object and 

substrate. By repeating this steps several times, it can demonstrate the specific 

two-dimensional structure [27] as shown in Fig. 1.9. 

 

 

 

 

 

Fig. 1.9 Planar arrangement of silica spheres [27]. 
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1.3. Assembly of nanoparticles by laser-formed micronanobubble 

S. Fujii, et al [28-31] demonstrated ring structure formation of nanoparticles by a 

laser-induced micronanobubble on a gold thin film. The ring-shaped structures in micro- or 

nano-scale have a novel potential for application in optical and electronic resonators, 

magnetic storage, sensors and spintronic devices, and this laser-induced micronanobubble 

technique also can be applied in manipulating sequential single DNA strands [29] and 

crystallization [31]. 

Thus, laser irradiation upon a gold thin film causes temperature elevation and leads to 

micronanobubble formation. Due to the specific optical property of this gold thin film which 

consists of gold nanoparticles is different with bulk gold and the high absorption coefficient at 

1064 nm of gold nanoparticle is caused by localized plasmon resonance and results in local 

heating up to the boiling temperature of water. Continuous-wave laser-induced local heating 

generates bubbles on gold thin film surface and it also causes a temperature gradient, which 

leads to a surface tension (γ) gradient vertical to the bubble and its schematic illustration is 

shown in Fig. 1.10 (b).  
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Fig. 1.10 Schematic illustration of the assembly mechanism of quantum dots (red dots) based 

on micronanobubble formation and fluidic flow [30]. 

 

The surface tension decreased with temperature increasing leads to surface tension 

gradient from the nearest side of the gold surface (low γ) to the further side (high γ) along 

the bubble interface and induces fluidic flow convection, namely, Marangoni convection. 

Nanoparticles dispersed in water are drawn toward the focal point and assembled at the 

interface between the bubble and gold surface via induced fluidic flow by Marangoni 

convection. Not only Marangoni convection but also capillary flow is induced by phase 

transition of water from liquid to gas as shown in Fig. 1.10 (d). Thus, the nanoparticles are 

agglomerated at the stagnation point made by the Marangoni flow and evaporation-induced 

capillary flow. The FE-SEM image of the ring shape of quantum dots assembled is shown in 

Fig. 1.11. 
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Fig. 1.11 FE-SEM image of the quantum dots ring array on a gold surface. 

 

1.4. Laser-heating induced nanostructure formation 

A number of two-dimensional assembly methods have been developed in view of the 

immobilization of nanoparticles on surface. However, these methods typically take long time 

or limited materials of nanoparticle and substrate. Some of them usually involve multiple and 

complicated steps for the patterning of the substrate surface. In this study, we present a simple 

method for nanoparticles assembled in two-dimension. 

Upon continuous-wave laser illumination, higher absorption coefficient of gold 

nanoparticle causes an easy local temperature elevation. A laser-illuminated particle absorbs 

the irradiated laser energy causing its temperature high, and acts as a point heat source on the 

surface of the substrate [32]. The temperature of gold nanoparticle enhances in nanosecond 
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during trapping laser irradiation. The heat energy transfer takes place from the gold 

nanoparticle to solution subsequently. The heat transfer cause temperature gradient and it 

induces convection flow, resulting in mass transfer toward the heated source. The 

nanoparticles in the solution can be fixed on substrate through electrostatic force between 

nanoparticles and substrate. The nanoparticles were adhered strongly on the substrate after 

removing the solution, and the obtained result indicates that the binding of the nanoparticles 

to substrate is quite stable. Finally, we can form two-dimensional assembly by coupling the 

laser heating and convection flow. 

 

1.5. Aim 

In this work, we have focused on convection flow induced assembling of nanoparticle 

upon laser irradiation and tried to clarify how laser power, irradiation time, and particle 

density of nanoparticle aqueous solution determine on the two-dimensional assembly 

probability and the size of assembly. We also tried to use various nanomaterials from polymer 

and semiconductor to metallic nanoparticle for further applications of the assembly formation. 

To confirm a mechanism and to establish an easier method of the two-dimensional assembly 

formation clearly are our expectations. 
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Chapter 2 

Theory 

 

2.1. Optical property of gold nanoparticle 

In the past few decades, humans rely on electronic devices to new heights of human 

civilization and, from the beginning of the vacuum tubes, the size of electronic products 

continue to shift to a smaller size. However, the development of modern electronic 

components gradually encountered obstacles of size problem and then narrowing the size 

leads to decreased bandwidth. Although the photonic components provided a larger 

bandwidth than electronic components, but its size was confined by diffraction limit. The 

surface plasmon provides good convergence of electronic and photonic components, and 

bridging the two components can be integrated in one of the advantages and hot topics. 

Surface plasmon resonance is a collective oscillation of the electrons that may exist at 

the interface of two media with dielectric constants of opposite signs, for instance, a metal and 

a dielectric. In early 20
th

 century, the irregular diffraction spectrum from metallic gratings due 

to the excitation of surface plasma waves was first described by Wood [33]. Gustav Mie 

pointed out firstly that the interaction of incident light with metallic nanoparticles results in 

the collective oscillation, and presented a solution to Maxwell’s equation [34] that describes 
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the extinction spectra of spherical particles of arbitrary size. The large enhancement of the 

local surface electric field on the metallic nanoparticles surface leads to a strong enhancement 

of the spectroscopic signal from molecules around the nanoparticles [35]. This effect is 

so-called surface-enhanced Raman scattering (SERS) [36-38]. 

Apart from the surface plasmon resonance that can be induced on metal surface, plasmon 

resonance also can be induced on small metallic spherical particle. The free electrons in the 

metal (d electrons in gold) are free to move through the material. When wavelength of light is 

much larger than the nanoparticle size, the oscillating electric field induces the free electrons 

in the metal to oscillate coherently. As the wave of the light passes through the nanoparticle, 

the electron density in the nanoparticle is polarized on surface and oscillates in resonance with 

the frequency of light. The collective oscillation of the elections is called the dipole plasmon 

particle resonance and the schematic picture is shown in Fig. 2.1 [39].  

 

 

 

 

 

Fig. 2.1 Schematic of plasmon oscillation for a sphere, showing the displacement of the 

conduction electron charge cloud relative to the nuclei [39]. 
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The resonance frequency is determined from adsorption and scattering spectroscopy, and 

it is found to be relative to the size, shape, and dielectric constants of both the metal and the 

surrounding material. As the size and shape of the nanoparticle change, the surface geometry 

is changed and it causes the electric density shift on the surface. This causes the resonance 

frequency change and makes a different cross-section for the optical properties such as 

absorption and scattering. Due to the different ability of the surface to accommodate electron 

density from the nanoparticle, changing the surrounding material causes dielectric constant 

modification and affects on the resonance frequency. 

Because of the spherical nanoparticle is much smaller than wavelength of light we can 

consider that the electric field of the light can be treated as constant. Thus we can use the 

quasi-static approximation to describe the collective oscillation of electrons. We consider that 

a very small spherical metal nanoparticle (radius = 𝑎) is suffered from an electric field by the 

vector 𝐸⃑ . We take this constant vector to be in the 𝑧 direction, 𝐸⃑ = 𝐸0𝑧̂, where 𝑧̂ is an unit 

vector. The dielectric constant of the metal nanoparticle is 𝜀𝑛, and the dielectric constant of 

the surrounding medium is 𝜀𝑚. The schematic figure of that spherical metal nanoparticle 

under electric field is shown in Fig. 2.2. 
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Fig. 2.2 A metallic nanoparticle, which radius and dielectric constant are 𝑎  and 𝜀𝑛 , 

respectively, situated in a homogenous electric field 𝐸⃑ = 𝐸0𝑧̂ . Dielectric constant of 

surrounding medium is 𝜀𝑚. 

 

 

Under the constant amplitude of illumination, the polarizability is related with refractive index 

of gold nanoparticle and given by 

𝛼𝑜 = (3𝑉
𝜀𝑛−𝜀𝑚

𝜀𝑛+2𝜀𝑚
),      (Eq. 1) 

Due to the scattering and absorption of nanoparticle, the polarizability was made to include 

the radiative reaction, which attenuates the incident field giving complex polarizability 

α = 𝛼1 + 𝑖𝛼2 as 

α = (3𝑉
𝜀𝑛−𝜀𝑚

𝜀𝑛+2𝜀𝑚
) + 𝑖 (|(3𝑉

𝜀𝑛−𝜀𝑚

𝜀𝑛+2𝜀𝑚
)|

2 𝑘3

6𝜋𝜀𝑚
),    (Eq. 2) 

where 𝑉 is the volume of gold nanoparticle. The real part in Eq. 2 corresponds to the 

scattering of light while the imaginary part affects the absorption. For larger metallic 

nanoparticles, their collective behavior modifies overall dielectric property of system. Due to 
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finite penetration-depth (δ), the volume (𝑉 ∝ 𝑎3) of large metallic nanoparticle should be 

modified with effective volume as 

 𝑉′ = 4𝜋 ∫ 𝑟2exp[(𝑟 − 𝑎) 𝛿⁄ ]
𝑎

0
𝑑𝑟 = 4𝜋{𝑎2𝛿 − 2𝑎𝛿2 + 2𝛿3(1 − exp(−𝑎 𝛿⁄ ))}, (Eq. 3) 

where 𝑟 is the fraction of particle volume uniformly polarized. Therefore, the gradient force 

is given by 

𝐹𝑔𝑟𝑎𝑑 =
3

2
|
𝜀𝑛−𝜀𝑚

𝜀𝑛+2𝜀𝑚
| ∇〈𝐸2〉𝑉′,     (Eq. 4) 

where 𝜀𝑛(𝜆) = 𝜀1(𝜆) + 𝑖𝜀2(𝜆) and 𝜀𝑚 = 𝑛𝑚
2 . Complex dielectric constant 𝜀𝑛(𝜆) relates 

with 𝑛(𝜆) as 𝜀(𝜆) = 𝑛2(𝜆) giving 𝜀1 = 𝑛1
2 + 𝑛2

2 and 𝜀2 = 2𝑛1𝑛2. Therefore, the gradient, 

scattering, and absorption force is given as 

𝐹𝑠𝑐𝑎𝑡 =
𝑛𝑚〈𝑆〉𝐶𝑠𝑐𝑎𝑡

𝑐
,       (Eq. 5) 

𝐹𝑎𝑏𝑠 =
𝑛𝑚〈𝑆〉𝐶𝑎𝑏𝑠

𝑐
,       (Eq. 6) 

𝐹𝑔𝑟𝑎𝑑 =
1

2
|𝛼|∇〈𝐸2〉,      (Eq. 7) 

and scattering and absorption cross sections of the metallic nanoparticle is given by 

𝐶𝑠𝑐𝑎𝑡 =
𝑘4|𝛼|2

4𝜋
,        (Eq. 8) 

𝐶𝑎𝑏𝑠 = 𝑘I𝑚(𝛼),       (Eq. 9) 

where 𝑘 = 2𝜋𝑛𝑚 𝜆⁄  is the wavenumber in water, 〈𝑆〉 is the time averaged Poynting vector 

of electromagnetic wave, and 𝑛𝑚 is refractive index of water. The metallic nanoparticle 

scattering and absorption cross section is the ratio to efficiency with the geometrical 

cross-section π𝑎2 and given by 

𝑄𝑠𝑐𝑎𝑡 =
𝐶𝑠𝑐𝑎𝑡

𝜋𝑎2 ,        (Eq. 10) 
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𝑄𝑎𝑏𝑠 =
𝐶𝑎𝑏𝑠

𝜋𝑎2 ,        (Eq. 11) 

and the extinction efficiency is 𝑄𝑒𝑥𝑡 = 𝑄𝑠𝑐𝑎𝑡 + 𝑄𝑎𝑏𝑠 . The relative calculation will be 

evaluated and discussed in Chapter 5 in detail. 

 

 

2.2. Photo-thermal effect on optical property of gold nanoparticle 

Upon optical illumination, metal nanoparticles can absorb energy from electromagnetic 

field of light and subsequently generate heat efficiently. Thus, according to the useful thermal 

property, metal nanoparticles can be targeted as thermal agents and be applied usefully in 

medical therapies and biotechnology. The efficient temperature elevation is due to that a 

strong resonance occurs at the electromagnetic frequency 𝜔𝑆𝑃𝑅  where 𝜀𝑚 = −2𝜀 . This 

surface plasmon resonance causes large local electric field enhancement and enhances light 

absorption and scattering by the nanoparticle at the surface plasmon resonance frequency 

(𝜔𝑆𝑃𝑅). 

The intensity distribution of incident light near the focal point will be of the form 

𝐼𝑥𝑦 = 𝐼0 {
2𝜋

𝜆
𝐽1(𝑁𝐴∙𝑟)

2𝜋

𝜆
𝑁𝐴∙𝑟

}

2

,       (Eq. 12) 

where 𝐼0 is the maximum intensity of the pattern at the Airy disc center (x = y = 0), λ is 

the wavelength, 𝑁𝐴 is the numerical number, and 𝐽1 is the Bessel function of first order. 

The intensity at the center of the focus will be  



 

21 
 

𝐼0 = 𝑃 ∙ 𝜋
𝑁𝐴2

𝜆2
,       (Eq. 13) 

where 𝑃 is the total power of the laser beam, and the relation between instantaneous incident 

power 𝑃 and 𝐼0 is obtained from energy conservation. Based on result by Keblinski et al. 

[40], the temperature changed with irradiation time and distance from the heated nanoparticle 

center is given by 

𝑇(𝑟, 𝑡) − 𝑇∞ =
(
𝑑𝑄

𝑑𝑡
)

4𝜋𝑟𝑘
{𝑒𝑟𝑓𝑐 (

𝑟−𝑟𝑝

2√𝐷𝑡
) − 𝑒𝑥𝑝 (

𝑟−𝑟𝑝

𝑟𝑝
+

𝐷𝑡

𝑟𝑝
) 𝑒𝑟𝑓𝑐 (

𝑟−𝑟𝑝

2√𝐷𝑡
+

√𝐷𝑡

𝑟𝑝
)}, (Eq. 14) 

where 𝑇∞ is the temperature far away from the nanoparticle, 𝑑𝑄 𝑑𝑡⁄  is the total power 

absorbed by nanoparticle, and 𝑟 is the distance from the particle center. In addition, erfc is 

the complementary error function, 𝑟𝑝 is the nanoparticle radius, 𝑘 is the heat conductivity of 

surrounding medium, 𝐷 is the thermal diffusivity of the medium, 𝐷 = 𝑘 𝜌𝑐𝑝⁄ , where 𝜌 is 

the density and 𝑐𝑝 is the specific heat. To solve the Eq. 14, the initial temperature correspond 

to heating starting at time, 𝑡 = 0, can be given by 

𝑇𝑖𝑛(𝑟, 𝑡) = 𝑇∞,      (Eq. 15) 

where 𝑇∞  is room temperature here. Thus, under steady state conditions, the radial 

temperature around nanoparticle is 

𝑇 = 𝑇∞ +
(
𝑑𝑄

𝑑𝑡
)

4𝜋𝑟𝑘
,      (Eq. 16) 

the total power absorbed of nanoparticle, 𝑑𝑄 𝑑𝑡⁄ , corresponds to absorption cross section and 

light intensity, 𝐶𝑎𝑏𝑠 and 𝐼0, respectively, and given by 

𝑑𝑄

𝑑𝑡
= 𝐶𝑎𝑏𝑠 ∙ 𝐼0 = 𝐶𝑎𝑏𝑠 ∙ 𝑃 ∙ 𝜋

𝑁𝐴2

𝜆2 ,     (Eq. 17) 
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We demonstrate a model of that the gold nanoparticle absorbs laser light and temperature 

enhancement resulting in heat transfer into the surrounding medium. The radial 

temperature-change profiles from gold nanoparticle surface to surrounding will be calculated 

and discussed in Chapter 5 in detail. 
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Chapter 3 

Experiment 

 

3.1. Experiment setup 

3.1.1. Continuous-wave laser light source 

Laser is a device that emits light through a series process of optical amplification based 

on the stimulated emission of photons in the optical cavity. The optical cavity, resonator 

normally consists of two mirrors between which a coherent beam of light travel in both 

directions. Photon will pass through the gain medium repeatedly by reflecting it onto the two 

mirrors. When the amplification in the medium is larger than loss in the resonator, then the 

power of the light can be enhanced exponentially. Continuous-wave (CW) operation of a laser 

means that the laser is pumped and emits light continuously. The balance of pump power 

against gain saturation and cavity losses produces an equilibrium value of the laser power 

inside the optical cavity. It means that the continuous-wave operation requires the population 

inversion of the gain medium to be continually refilled by a stable pump source and the output 

power is constant over long time periods. 

A continuous-wave laser can be achieved by using atoms that has two relatively stable 

levels between their ground state and excited state, which is called four-level laser. In this 
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system, the pumping transition excites the atoms in the ground state into the excited state. 

From excited state, the atoms decay by a fast, non-radiative transition into the higher 

metastable state. Since the lifetime of the laser emission is long compared to that of 

non-radiative transition, a population accumulates in higher metastable state, which may relax 

by spontaneous or stimulated emission into lower metastable state. And the lower metastable 

state likewise has a fast, non-radiative decay into the ground state. As before, the fast and 

radiationless decay transitions results in population of the excited state and lower metastable 

state being quickly depleted. Since any appreciable population accumulating in higher 

metastable state will form a population inversion with respect to lower metastable state, 

thereby maintaining the population inversionis needed for continuous-wave laser operation. 

 

 

Fig. 3.1 A four-level laser energy diagram. 

 

In our study, we used CW Nd:YVO4 laser (Spectra Physics; BL-106C,wavelength; 1064 

nm) as the laser source. There are several kinds of vanadate laser is usually used based on 
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neodymium doped vanadate crystals such as yttrium vanadate (Nd:YVO4), gadolinium 

vanadate (Nd:GdVO4), lutetium vanadate (Nd:LuVO4), and yttrium aluminum garnet 

(Nd:YAG). The high absorption coefficient, cross section, broad gain bandwidth, broad 

wavelength region for pumping and short upper state lifetime of vanadate make it useful for 

the high power generation, and it leads to high heat conductivity of the doped materials. The 

typical laser emission wavelength for Nd:YVO4 is 1064-nm and it is always diode-pumped. 

 

 

 

 

 

 

 

 

Fig. 3.2 A picture of continuous-wave Nd:YVO4 laser. 
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3.1.2. Confocal microspectroscopic system 

Confocal microspectroscopic measurement was carried out to obtain scattering spectrum 

and fluorescence image with the confocal unit (Olympus; FV300) coupled optical inverted 

microscope (Fig. 3.3). The scattered light from a single gold nanoparticle was collected with 

an objective lens through a pair of scanning galvano mirrors in the confocal unit and the 

spectrum was recorded by a CCD camera (Princeton; PIXIS 400) couple with polychromator 

(Princeton; SpectraPro 2300i). 

Fluorescence images were obtained by exposing 488-nm Ar-ion laser beam through a 

line filter and an objective lens (Olympus; ×60, N.A.: 0.9) to the sample placed on the 

microscope stage and were recorded by a CCD camera coupled with polychromator. 

 

 

 

 

 

 

 

 

Fig. 3.3 A picture of confocal microspectroscopic system. 
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Fig. 3.4 Pictures of (a) 488-nm Ar-ion laser and (b) CCD coupled with polychromator, 

respectively. 

 

3.1.3. Experiment setup 

The experimental setup is shown in Fig. 3.5. The continuous-wave Nd:YVO4 laser was 

introduced to an inverted microscope (Olympus; IX-71) through objective lens (Olympus; ×

60, N.A.: 0.9). The focal area and beam waist are 3.8×10
-9

 cm
2
 and about 700 nm, 

respectively. The laser power was adjusted by using a polarizing beam splitter and was 

measured after the objective lens by a power meter (Spectra Physics; 842-PE). The sample 

was placed on an inverted microscope, and it was illuminated with a white light from a 100 W 

halogen lamp through an oil-immersion dark-field condenser (Olympus; U-DCW, N.A.: 

1.2-1.4). The dark field image was observed with a digital CCD camera (JAI; CV-S3200) 

attached to the microscope and prepared assembly were examined by SEM (JEOL 

JSM-7401F). All the experiments were carried out at room temperature (20℃). 

(a) (b) 
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Fig. 3.5 A picture of inverted microscope. 

 

 

 

 

 

 

 

 

 

Fig. 3.6 An illustration of experimental setup. 

 



 

29 
 

3.2. Sample preparation 

Mother gold nanoparticles (BBInternational; EM.GC200, mean diameter: 200 nm) were 

dispersed and fixed on the glass substrate by spin coating. The glass substrate was already 

cleaned by a plasma cleaner (ATTO; diener electronic) before spin coating. The prepared 

sample substrate was covered with a CoverWell perfusion chamber (Grace Bio-Labs; depth: 

1.0 mm, diameter: 20 mm), and the chamber was filled with various nanoparticles suspended 

in aqueous solution which is mentioned below. 

 

 

 

 

 

 

Fig. 3.7 (a) A picture of nanoparticles suspended in aqueous solution covered with perfusion 

chamber. (b) A schematic diagram of nanoparticles aqueous solution covered with perfusion 

chamber. 

 

Fluorescent polystyrene beads solution (diameter: 50 nm, density: 1.055 g/cm
3
, ex/em: 

529 nm/546 nm) was purchased from PolyScience. It was diluted to the particle density of 

roughly 3.9×10
13

, 3.9×10
12

, 3.9×10
11

, 3.9×10
10

and 3.9×10
9
 particles/mL by deionized 

(a) (b) 
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water, respectively. Quantum dots solution (Qdot®  585 ITK™ carboxyl quantum dots, 

diameter: 20 nm) was purchased from Invitrogen. It was diluted to the concentration 8 nM by 

deionized water. Gold nanoparticles solution (EM.GC100, mean diameter: 100 nm) was 

purchased from BBInternational. It was diluted to the particle density about 5.6×10
6
 

particles/mL by deionized water. Poly(N-isopropylacrylamide) molecule solution was 

prepared with deionized water, and its concentration were 200 mg/mL and 500 mg/mL, 

respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Absorption spectra of (a) 200 nm gold nanoparticles, (b) 50 nm fluorescent 

polystyrene beads, (c) 20 nm quantum dots, and (d) PNIPAM molecules suspended in 

aqueous solution, respectively. 

  

(a) (b) 

(c) (d) 
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3.3. Thermal properties of the suspended nanoparticles 

The thermal property of materials which we used is shown in Table 3.1 and Table 3.2. 

Table 3.1 

 Size (nm) Heat conductivity 

(W/m．K) 

Specific heat capacity 

(J/Kg．K) 

Polymer nanoparticle 

(Polystyrene) 

50 0.12 [41] 1219 [41] 

Quantum dot nanoparticle 

(CdSe) 

20 9 [42, 43] 250 [43, 44] 

Gold nanoparticle 100 317 [45] 129 [45] 

Water - 0.616 [45] 4200 [45] 

Glass substrate - 1.125 [46] 720 [47] 

 

Table 3.2 

 Average molecule 

weight 

Phase transition temperature (℃) 

Poly(N-isopropylacrylamide) 

(PNIPAM) 

10205 32 
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Chapter 4 

Two-dimensional Assembly Formation of Various 

Nanoparticles Suspended in Aqueous Solution 

 

4.1. Introduction 

Based on the numerical prediction in Chapter 2, we know that the temperature of gold 

nanoparticle is elevated by laser irradiation due to large adsorption cross section, as given by 

the calculation using Mie theory. Such the temperature elevation of a single gold nanoparticle 

(we called this single gold nanoparticle as “mother gold nanoparticle”) attracts the 

nanoparticles suspended in the solution to the mother gold nanoparticle via convection flow, 

which is induced by the temperature gradient. We found that the gathered nanoparticles form 

a two-dimensional assembly. In this study, we employed 1064-nm CW laser tightly focused 

on the mother gold nanoparticle (d: 200 nm) in the presence of a various kind of nanoparticles 

suspended in aqueous solution. Dark-field microscopy was utilized to observe the scattering 

light around the mother gold nanoparticle. 
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4.2. Two-dimensional assembly formation of fluorescent 

polystyrene beads 

Fluorescent polystyrene beads (with excitation wavelength at 488 nm) are used as 

suspended nanoparticles. We observed that the scattering light intensity increased when the 

mother gold nanoparticle is irradiated, as shown by a series of images in Fig. 4.1. Importantly, 

the scattering light intensity after irradiation is higher than that before irradiation. To confirm 

such scattering light intensity change, we evaluate the fluorescence image around the mother 

gold nanoparticle by using confocal microscopic imaging and SEM, as shown in Fig. 4.2 and 

Fig. 4.3, respectively. As the result, they clearly show that there is a doughnut-shaped 

two-dimensional assembly formation of the fluorescent polystyrene beads around the mother 

gold nanoparticle. The assembly formation is also supported by the line profile of the 

fluorescence image, where the fluorescence intensity around the center is extremely higher 

than surrounding area (Fig. 4.2 (b)). The local minimum of fluorescence intensity at the center 

indicates that there are no polystyrene beads on the top of the mother gold nanoparticle. Based 

on this finding, we interpret that during laser irradiation there are a large number of 

polystyrene beads gathered around the mother gold nanoparticle by either gradient force due 

to optical trapping phenomenon or convection flow related to laser heating. The temporary 

gathered polystyrene beads are not entirely formed into an assembly, and thus they partially 

are dispersed into the surrounding area when the trapping laser is switched off. Therefore, we 
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only observed two-dimensional assembly formation attached on the glass substrate. 

 

Fig. 4.1 A series of dark-field scattering images of the mother gold nanoparticle (d: 200 nm) 

upon a focused laser beam irradiation in fluorescent polystyrene beads (d: 50 nm) solution. 

The scattering intensity of the mother gold nanoparticle (a) before laser irradiation, (b) during 

laser irradiation, and (c) after switching off laser by a programmed mechanical shutter after 1 

second irradiation. The suspension polystyrene beads are too small to be observed from 

dark-field image. The laser power, irradiation time, and particle density of solution are 0.5 W, 

1 second, and 3.9×10
11

 particles/mL, respectively. 

 

 

 

 

 

 

 

Fig. 4.2 (a) Fluorescence image shows a doughnut shape of an assembly formation of 

fluorescent polystyrene beads (d: 50 nm) around the mother gold nanoparticle (d: 200 nm). 

The hollow center is the position of the mother gold nanoparticle and brighter green signal is 

the fluorescence intensity of polystyrene. (b) Fluorescence intensity profile gives large 

intensity around the center. 

  

(a) (b) 

Mother gold nanoparticle (200 nm) 

Polystyrene beads (50 nm) 

(a) (b) (c) 
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Fig. 4.3 SEM image of two-dimensional polystyrene beads (d: 50 nm) assembly upon a 

focused laser beam irradiation on the mother gold nanoparticle (d: 200 nm). The laser power, 

irradiation time, and particle density of solution are 0.5 W, 1 second, and 3.9×10
11

 

particles/mL, respectively. 

 

4.2.1. Probability of two-dimensional assembly formation 

4.2.1.1. Power dependence 

Experimentally, we examined 30 mother gold nanoparticles as the samples under various 

laser powers with a fixed irradiation time of 1 second. We found that the two-dimensional 

assembly formation of the polystyrene beads depends on the laser power. The probability of 

the assembly, defined as the number of assembly divided by the total number of samples done 

under the same condition, as a function of laser power is shown in Fig. 4.4 (a). In contrary to 

the assembly formation, we also plot the probability of disappearance, which means that the 

mother gold nanoparticle evaporated or melted and then detached from substrate. We also 

repeated the same experiment for the mother gold nanoparticle in pure water solution in the 

absence of polystyrene beads as reference and the result is shown in Fig. 4.4 (b). 

Mother gold nanoparticle 

(200 nm) 

Polystyrene beads (50 nm) 
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(a) (b)  

 

 

 

 

 

Fig. 4.4 (a) Probability of polystyrene beads (d: 50 nm) assembly and the mother gold 

nanoparticle (d: 200 nm) disappearance in fluorescent polystyrene beads solution (particle 

density is 3.9×10
11

 particles/mL). (b) Probability of the mother gold nanoparticle 

disappearance in pure water solution. The irradiation time was fixed at 1 second. 

 

Fig. 4.4 shows that the assembly probability increases with laser power, in contrast to 

disappearance that decreases with laser power. We can observe that the disappearance 

probability of gold nanoparticle is 100% above 200 mW laser power in pure water solution, 

but suppression of laser-induced evaporation of the mother gold nanoparticle is observed in 

the solution containing fluorescent polystyrene beads. 

 

4.2.1.2. Irradiation time 

Since temperature of the mother gold nanoparticle can reach evaporation point due to 

temperature elevation under long time irradiation, we focus on irradiation time below 1 

second as shown in Fig. 4.5 and Fig. 4.6. The irradiation time can be operated at the lowest 
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time of 0.1 millisecond by using a programmed mechanical shutter. We examined 10 mother 

gold nanoparticles as the samples under various irradiation times. We observe that the 

probability of assembly fluctuates around the value which corresponds to those obtained in 

Fig. 4.4 (a). Such behavior was found under different laser power respectively, and we know 

that the time of assembly was quite fast just below than 2 millisecond. The results indicated 

that irradiation time dependence of the assembly formation is out of our instrument resolution. 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Irradiation time dependence on assembly probability in suspension fluorescent 

polystyrene beads solution (particle density is 3.9×10
11

 particles/mL) with different laser 

power (a) 300 mW, (b) 500 mW, (c) 700 mW, and (d) 900 mW from 0.1 to 1000 millisecond 

irradiation time scale. 

 

  

(a) (b) 

(c) (d) 
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Fig. 4.6 Irradiation time dependence on assembly probability in suspension of fluorescent 

polystyrene beads solution (particle density is 3.9×10
11

 particles/mL) with different laser 

power (a) 300 mW, (b) 500 mW, (c) 700 mW, and (d) 900 mW. Here we only focused the time 

scale from 0.1 to 2 millisecond. 

 

  

(a) (b) 

(c) (d) 
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4.2.1.3. Particle density dependence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 The assembly probability with various particle density of polystyrene beads solution 

(a) pure water, (b) 3.9×10
9
, (c) 3.9×10

10
, (d) 3.9×10

11
, (e) 3.9×10

12
 and (f) 3.9×10

13
 

particles/mL. Green dashed line means laser power where take place at equivalent point of 

assembly and disappearance probability. The irradiation time was fixed at 1 second. 

 

  

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 4.7 shows that the assembly probability depends on particle density of polystyrene 

beads in the solution. Higher particle density means that higher numbers of nanoparticles are 

gathered around the mother gold nanoparticle. The threshold between assembly and 

probability shifted to lower laser power when particle density was increased. The shifting 

down of the threshold as a function of particle density indicates that the mother gold 

nanoparticle needs more nanoparticles assembled to suppress temperature elevation and to 

avoid evaporation of the mother gold nanoparticle. 

 

 

4.2.2. Size of two-dimensional assembly 

Based on assembly probability results, we know that the assembly formation is induced 

under various laser power. Therefore, in this section, we focused on the size of 

two-dimensional formation with various laser powers and did experiments under the same 

condition as it is in the previous section. 

 

4.2.2.1. Power dependence 

By SEM observation, we can quantify the size of assembly formation precisely. There 

are five to ten samples were recorded for each point and the diameter was the average 

diameter of formed samples assembly for each power, respectively. Fig. 4.9 shows that the 
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assembly size was increased with incident laser power, indicating that higher laser power can 

enlarge heated area and can induce the convection flow more efficiently. 

 

 

 

 

 

Fig. 4.8 The size of polystyrene beads assembly formation increased with laser power. The 

irradiation time and particle density of solution are 1 second and 3.9×10
11

 particles/mL, 

respectively. 

 

 

 

 

 

 

 

 

 

Fig. 4.9 SEM images of two-dimensional assembly formed at different laser powers (a) 0.3W, 

(b) 0.5 W, (c) 0.7 W and (d) 0.9 W. The irradiation time and particle density of solution are 1 

second and 3.9×10
11

 particles/mL, respectively.  

(b) 

(d) 

(a) 

Gold nanoparticle (200 nm) 

Polystyrene beads (50 nm) 

(c) 



 

42 
 

4.2.2.2. Particle density 

In this section, we employed two different particle densities of suspended polystyrene 

beads solutions of 3.9×10
12

 and 3.9×10
11

 particles/mL. Fig. 4.10 shows that the assembly 

size was not depend on particle density obviously, indicating that higher particle density can 

not affect the assembly size so much in contrast to power effect. 

 

 

 

 

 

 

Fig. 4.10 SEM images of two-dimensional assembly formed under different particle densities, 

(a) 3.9×10
12

 particles/mL and (b) 3.9×10
11

 particles/mL, respectively. The laser power and 

irradiation time are 0.7 W and 1 second, respectively. 

 

4.2.2.3. Irradiation time dependence 

Since the temperature elevation induced by laser irradiation is time dependent, we focus 

here on different irradiation time such as 200 milliseconds, 1 second and 2 seconds, 

respectively. Fig. 4.11 shows that assembly size is increased with irradiation time from 200 

milliseconds to 1 second, but the assembly size does not grow up further when the irradiation 

1.9 m 

1.9 m 

(a) 

2.1 m 

2.1 m 

(b) 
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time more than 1 second. We can observe that the assembly size is time dependent when 

irradiation time below 1 second but it is time independent when irradiation time above 1 

second. 

 

 

 

 

 

 

 

 

 

Fig. 4.11 SEM images of two-dimensional assembly formation at different irradiation times, 

which are (a) 200 milliseconds, (b) 1 second, and (c) 2 seconds, respectively. The laser power 

and particle density of solution are 0.5 W and 3.9×10
11

 particles/mL, respectively. 

 

 

  

0.4 m 

0.4 m 

(a) 

1.3 m 

1.3 m 

(b) 

1.4 m 

1.4 m 
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4.3. Assembly formation of quantum dots, gold nanoparticles, 

and PNIPAM molecules 

Here we applied this method to different materials such as semiconductor (quantum dots) 

and metallic nanoparticles (gold nanoparticles). We also observe two-dimensional assembly 

formation upon a focused laser beam on the mother gold nanoparticle in a quantum dots (d: 

20 nm) solution similarly to the case of polystyrene beads. The assembly probability, 

scattering intensity image, and SEM image is shown in Fig. 4.12, Fig. 4.13 and Fig. 4.14, 

respectively. 

 

Fig. 4.12 Probability of quantum dots (d: 20 nm) assembly and the mother gold nanoparticle 

(d: 200 nm) disappearance in quantum dots solution. The irradiation time and concentration of 

solution are 1 second and 8 nM, respectively. 
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Fig. 4.13 A series of dark-field scattering images of the mother gold nanoparticle (d: 200 nm) 

upon a focused laser beam irradiation in quantum dots solution. The scattering intensity of the 

mother gold nanoparticle (a) before laser irradiation, (b) during laser irradiation, and (c) after 

switching off laser by a programmed mechanical shutter after 1 second irradiation. The 

suspension quantum dots (d: 20 nm) are too small to be observed from dark-field image. The 

laser power, irradiation time and concentration of solution are 0.5 W, 1 second and 8 nM, 

respectively. 

 

 

 

 

 

 

 

Fig. 4.14 SEM image of two-dimensional quantum dots (d: 20 nm) assembly upon focused 

laser beam irradiation on single gold nanoparticle (d: 200 nm). The laser power, irradiation 

time and concentration of solution are 0.5 W, 1 second and 8 nM, respectively. 

 

  

Gold nanoparticle (200 nm) 

Quantum dots (20 nm) 

(a) (b) (c) 
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We used smaller gold nanoparticles (d: 100 nm) as assembled nanoparticles in solution, 

and was similarly irradiated the mother gold nanoparticle. The assembly probability is shown 

in Fig. 4.15. The assembly formation in the gold nanoparticles case shows different 

phenomena compare with polystyrene beads and quantum dots. Microbubble was formed by 

focused laser beam heating, as shown in Fig. 4.16. Due to the microbubble formation, we 

obtained another shape of two-dimensional assembly formation and this rose-like-shaped 

concentric multiple-rings was shown in Fig. 4.17. The mechanism of these two different types 

of assembly will be discussed in the next section. 

 

 

 

 

 

Fig. 4.15 Probability of gold nanoparticles (d: 100 nm) assembly and the mother gold 

nanoparticle (d: 200 nm) disappearance in gold nanoparticles solution. The irradiation time 

and particle density of solution are 1 second and 5.6×10
6
 particles/mL, respectively. 
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Gold nanoparticles (100 nm) 

 

 

 

 

 

 

 

 

Fig. 4.16 A series of dark-field scattering images of the mother gold nanoparticle (d: 200 nm) 

upon a focused laser beam irradiation in gold nanoparticles (d: 100 nm) solution. The 

scattering intensity of the mother gold nanoparticle (a) before laser irradiation, (b) and (c) 

during laser irradiation, and (d) after switching off laser by a programmed mechanical shutter 

after 900 second irradiation. Images of (c) and (d) were taken under reduced intensity of 

illumination light. The laser power, irradiation time and particle density of solution are 0.5 W, 

900 second and 5.6×10
6
 particles/mL, respectively. 

 

 

 

 

 

 

 

Fig. 4.17 SEM image of two-dimensional gold nanoparticles (d: 100 nm) assembly upon a 

focused laser beam irradiation on the mother gold nanoparticle (d: 200 nm). A rose-like 

multiple-rings structure is formed around the mother gold nanoparticle while the mother gold 

nanoparticle disappears. The laser power, irradiation time, and particle density of solution are 

0.5 W, 900 second and 5.6×10
6
 particles/mL, respectively. 

(a) (b) 

(c) (d) 
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We used poly(N-isopropylacrylamide) (PNIPAM) as assembled nanoparticles in solution, 

and employed the same laser irradiation for the mother gold nanoparticle. Based on light 

scattering spectrum and CCD image which shown in Fig. 4.18, we know that PNIPAM 

assembly around gold nanoparticle after laser irradiation and the heated area increases with 

laser power. The dark-field observation revealed that PNIPAM molecules exhibited phase 

transition when they were transported to the vicinity of heated gold nanoparticle. We find the 

scattering spectrum peak shift to longer wavelength during and after laser irradiation (Fig. 

4.18(d)), which indicates that the PNIPAM is gathered on gold nanoparticle surface.  

 

 

 

 

 

 

 

 

Fig. 4.18 A series of dark-field scattering images of the mother gold nanoparticle (d: 200 nm) 

upon a focused laser beam irradiation in PNIPAM solution (500 mg/mL). The scattering 

intensity of the mother gold nanoparticle (a) before laser irradiation, (b) during laser 

irradiation, and (c) after switching off laser by a programmed mechanical shutter after 60 

second irradiation. The heated suspended PNIPAM near the focal spot can be observed from 

dark-field image. The laser power, irradiation time and concentration of solution are 0.7 W, 43 

second and 200 mg/mL, respectively. (d) The scattering spectra show the intensity changed 

before, during and after laser irradiation.  

(d) 

(a) (b) 

(c) 
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According to thermo phase transition of PNIPAM, laser-induced temperature elevation is 

clearly observed. Then we confirm that the heat transfer from the mother gold nanoparticle to 

surrounding medium and the heated area are enlarged with laser power, as shown in Fig. 4.19 

and Fig. 4.20. The mechanism of PNIPAM assembly also will be discussed in the next 

section. 

 

0 

 

 

 

 

 

Fig. 4.19 Dark-field scattering image and scattering light intensity profile with various laser 

powers (a) 0.3 W, (b) 0.5 W and (c) 0.7 W. The irradiation time and concentration of solution 

are 40 second and 500 mg/mL, respectively. 

 

 

 

 

 

Fig. 4.20 The size of PNIPAM molecule assembly formation increased with laser power. The 

irradiation time and concentration of solution are 40 second and 500 mg/mL, respectively.  

(a) (b) (c) 
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4.4. Discussion  

4.4.1. Probability of two-dimensional assembly formation 

The result presented in previous section reveals that the assembly probability depends on 

laser power and particle density. A higher laser power enhanced heated area from focused 

position to surrounding medium and induced convection flow not only broader but also more 

efficiently, while higher particle density meant much more nanoparticles at near the focused 

spot. Larger heated area and higher particle density contributes to accumulate nanoparticle 

efficiently and suppresses the evaporation of heated mother gold nanoparticle due to 

temperature elevation. Based on the result, we know that temperature reaches an equilibrium 

within less than 0.1 millisecond, and then convection flow and assembly formation are 

induced simultaneously. Therefore, the assembly of nanoparticles is formed efficiently within 

a short irradiation time, and laser power and particle density are the main factors governing 

the probability of the assembly formation. 

 

4.4.2. Size of two-dimensional assembly 

According to our results, the assembly size depends on laser power obviously and not 

depends on particle density. From the above section, we know that the laser power affect not 

only assembly probability but also assembly size, due to higher laser power enlarged heated 

area and induced convection flow more efficiently. From Fig. 4.10, we know that particle 
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density does not affect assembly size markedly but assembly probability obviously. It strongly 

suggests that suppression of temperature elevation does not depend on numbers of assembly 

nanoparticles dominantly but depends on numbers of suspended nanoparticles in the vicinity 

around the mother gold nanoparticle. Therefore, the results show particle density dependence 

of assembly probability but not of assembly size. The assembly size increases with irradiation 

time till 1 second but stops to grow over 1 second. Therefore, laser power and irradiation time 

are the main factors of nanoparticles assembly size. 

 

4.4.3. Two-dimensional assembly formation mechanism 

For polystyrene beads, quantum dots and PNIPAM molecules, we observed 

two-dimensional assembly around the mother gold nanoparticle as typically shown in Fig. 4.3, 

Fig. 4.14 and Fig. 4.19. Since the assembly size is much larger than that of the laser spot, 

convection flow generated near the gold nanoparticles should contribute to the nanoparticles 

accumulation. On the other hand, in the case of gold nanoparticles assembly, they form 

concentric multiple-rings structure around the irradiated mother nanoparticle while the mother 

nanoparticle disappeared as exhibited in Fig. 4.17. It is noteworthy that thermal bubbling is 

observed at the laser focus during the accumulation only in this case. This strongly suggests 

that photoabsorption and energy dissipation modes depend on the coupling of the mother gold 

nanoparticle and gathered nanoparticles, leading to different accumulation and structure 
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formation. 

Photothermal heating of gold nanoparticle and heat transfer to medium take place upon 

focused laser beam irradiation on the mother gold nanoparticle. Then, temperature gradient 

induced by heat transfer from the mother gold nanoparticle with local heating to surrounding 

medium leads convection flow. Heat-induced convection flow results in mass transfer toward 

the heated position. Suspended nanoparticles in solution were drawn toward to the mother 

gold nanoparticle via convection flow and formed assembly around the mother gold 

nanoparticle. The nanoparticles are fixed on substrate through electrostatic force between 

nanoparticles and substrate. The nanoparticles were adhered strongly on the substrate after 

removing solution, the result indicate that the binding of the nanoparticles to substrate is quite 

stable. The assembly formation of these two different mechanisms was shown in Fig. 4.21, 

Fig. 4.22 and Fig. 4.23, respectively. 

 

 

 

 

 

 

Fig. 4.21 The schematic illustration of the assembly formation mechanism in the cases of 

polystyrene beads and quantum dots. (a) Photo-thermal heating of the mother gold 

(a) 

(d) (e) 

(b) (c) 



 

53 
 

nanoparticle by focused laser beam and heat transfer to surrounding medium. (b) Convection 

flow was induced due to temperature gradient by laser heating and drew nanoparticles toward 

to the mother gold nanoparticle. (c) Nanoparticles adsorbed on the mother gold nanoparticle, 

giving two-dimensional assembly. (d) Heat transfer from the mother gold nanoparticle to 

surrounding medium suppressed the former temperature elevation leading to no evaporation. 

(e) After switching off laser, nanoparticles assembly formation was finished. 

 

 

 

 

 

 

 

Fig. 4.22 The schematic illustration of the assembly formation mechanism in the case of gold 

nanoparticles. (a) Photo-thermal heating of the mother gold nanoparticle by focused laser 

beam and heat transfer to surrounding medium. (b) Convection flow was induced due to 

temperature gradient by laser heating and drew nanoparticle toward to the mother gold 

nanoparticle. (c) Gold nanoparticles were adsorbed on the mother gold nanoparticle, giving 

two-dimensional assembly. (d) Heat transfer from the mother gold nanoparticle to 

surrounding medium suppressed the former temperature elevation leading to no evaporation. 

(e) Fusion of gold nanoparticles enhanced temperature elevation efficiently and formed a 

microbubble on the mother gold nanoparticle surface. (f) Temperature elevated efficiently 

near focused spot led to evaporation of the mother gold nanoparticle, inducing wider heated 

area and forming the microbubble. Due to the microbubble formation, we obtained concentric 

shape of the two-dimensional assembly. (g) After switching off laser, nanoparticles assembly 

formation was finished, while the mother gold was not observed anymore. 

 

  

(a) (b) (c) (d) 

(e) (f) (g) 
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Fig. 4.23 The schematic illustration of the assembly formation mechanism in the case of 

PNIPAM molecules. (a) (b) Photo-thermal heating of the mother gold nanoparticle by focused 

laser beam and heat transfer to surrounding medium. PNIPAM has phase transition to globule 

at heated area. (c) Convection flow was induced due to temperature gradient by laser heating, 

and PNIPAM comes to heated area around the mother gold nanoparticle via convection flow 

and goes phase transition giving globule conformation. (d) PNIPAM molecules were adsorbed 

on the mother gold nanoparticle, and forming two-dimensional assembly. (e) Heat transfer 

from the mother gold nanoparticle to surrounding medium suppressed the former temperature 

elevation leading to no evaporation. (f) After switching off laser, PNIPAM molecules 

assembly formation was finished and the globule conformation comes back to coil one upon 

temperature lowering. 

 

4.5. Summary 

In this work, upon CW laser irradiation on the single mother gold nanoparticle, we 

succeeded in forming two-dimensional nanoparticles assembly in the vicinity of the mother 

nanoparticle though the assembly structure is different depending on the nanoparticle 

materials. The CW laser-heated induced assembly formation of the different kinds of 

nanoparticles has been studied in detail by changing various experimental parameters. Here 

we can propose optimized parameters to improve the assembly probability and size.  

  

(a) 

(f) 

(b) (c) 

(d) (e) 



 

55 
 

Chapter 5 

Comparison to Calculation 

In this section, we concentrate on the relation between experimental and numerically 

calculated results. Based on Mie theory, which we explained in Chapter 2, we could calculate 

the absorption cross section of various gold nanoparticles size and the adsorption spectra of 

gold nanoparticles by solving Eq. 9, and the calculated absorption cross section was shown in 

Fig. 5.1, where 𝜀𝑚 is 1.4, and gold nanoparticle radius 𝑎 is 100 nm. According to the 

calculation, it is obvious that absorption cross section of gold nanoparticle increases with 

particle size, and it shows that the maximum plasmon resonance wavelength of gold 

nanoparticle is around 532-nm. Here we used 1064-nm laser irradiation as light source to 

avoid highly temperature elevation due to strong light adsorption at 532-nm. 

 

 

 

 

 

 

Fig. 5.1 Size dependent absorption cross section spectra of gold nanoparticles. 
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From Eq. 16, we could calculate the temperature of gold nanoparticle and the results was 

shown in Fig. 5.2, where the laser wavelength is 1064-nm, numerical aperture of objective 

lens is 0.9, refractive index of medium is 1.4, heat conductivity of water is 0.6 W/m∙K, and 

room temperature is 293 K. The temperature elevates quite efficiently for a larger gold 

nanoparticle due to higher adsorption cross section. 

 

 

 

 

 

Fig. 5.2 Temperature elevation of gold nanoparticle under illumination of 1064-nm laser beam. 

The laser wavelength is 1064-nm, numerical aperture of objective lens is 0.9, refractive index 

of medium is 1.4, heat conductivity of water is 0.6 W/m∙K, and room temperature is 293 K. 

 

The additional result is shown in Fig. 5.3 and Fig. 5.4, in which we observe that the size 

of gold nanoparticles decreased by laser irradiation in pure water solution. In spite of the 

different initial sizes (which in within orange dashed line rectangle) of gold nanoparticles, 100 

nm and 200 nm, all the final sizes are below the threshold around 90 nm. The additional 

information indicates that the final reduced sizes are independent on laser power. To compare 

with the calculation, it was assumed that the gold nanoparticle is heated by laser and then that 
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(a) (b) 

(c) (d) 

temperature is enhanced. Size reduction of gold nanoparticle decreases the temperature to the 

range below the melting point (1337K). 

 

 

 

 

 

Fig. 5.3 Size distribution of examined mother gold nanoparticles. Inside the orange dashed 

region are the initial sizes. Below the blue dotted line are the sizes after laser irradiation; (a) 

for nominal 100 nm and (b) for nominal 200 nm. The final size of the mother gold 

nanoparticle is always below 90 nm. We determined the size of the target gold nanoparticle by 

means of the light scattering spectrum, and the spectrum was fitted by calculation based on 

Mie theory. With this method, we could check the size reduction of target gold nanoparticle 

before and after laser irradiation directly. 

 

 

 

 

 

 

 

Fig. 5.4 The scattering light efficiency of the mother gold nanoparticle before laser irradiation 

(a) 100 nm and (c) 200 nm. (b) and (d) show the scattering light efficient of the mother gold 

nanoparticle after 1 second laser irradiation of (a) and (c), respectively. The red line was 

calculated based on Mie theory and the experiment was carried out in pure water solution. 

(a) (b) 
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According to the result of PNIPAM, we observed that the heated area increases with 

laser power. Based on Eq. 16, we could calculate the radial temperature-change distribution 

from gold nanoparticle surface to surrounding medium (water) and the calculation was shown 

in Fig. 5.5. The temperature decrease with the distance from gold nanoparticle surface to 

water and it steeply falls in the surrounding medium. The radial temperature profile reveals 

that the temperature falls more rapidly for a smaller gold nanoparticle size. Based on Mie 

theory predictions, an absorption cross section rapidly increases with particle size due to 

larger polarizability. 

 

 

 

 

 

 

Fig. 5.5 Size dependent heat transfer to surrounding medium. 

 

Temperature elevation of gold nanoparticle results in heat transfer to the medium, 

inducing convection flow. Therefore, suspended nanoparticles in solution assembled around 

the mother gold nanoparticle via convection flow could be observed.  
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Chapter 6 

Conclusion 

In this study, we have demonstrated two-dimensional assembly formation on glass 

substrate of various nanoparticles suspended in aqueous solution by temperature elevation 

upon tightly focused laser irradiation on the mother gold nanoparticle spin-coated on the glass 

substrate. For polystyrene beads or quantum dots, two-dimensional assembly is formed 

around the mother gold nanoparticle. In the case of gold nanoparticles assembly, they form 

concentric multiple-rings structure around the focused mother nanoparticle while the mother 

nanoparticle disappears. From SEM images, it is clarified that two-dimensional assembly of 

nanoparticles was formed in the vicinity of the mother gold nanoparticle.  

We explored how laser irradiation parameters, such as laser power, irradiation time, and 

particle density of suspended nanoparticles in solution affect assembly probability and 

obtained size, and then we proposed optimized parameters to improve the assembly 

probability and size. A larger heated area enhances the efficiency of convection flow, allowing 

us to control the size of assembly area with varying laser power. More suspended 

nanoparticles in the vicinity around the focal spot suppress the temperature of the mother gold 

nanoparticle more efficiently to avoid evaporation, allowing us to control the assembly 

probability with different particle density. Convection flow induced by local heating, in this 
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study, does not depend on optical/electric/magnetic properties of the suspended nanoparticles, 

and thus this method would open new vistas for applications of the two-dimensional assembly 

formation of the nanoparticles. 
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