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Abstract 

The present thesis describes photothermal effects of noble metal nanoparticles (NPs). The 

NPs are of great use as nanoscale remote heaters under laser irradiation, owing to the 

efficient photothermal conversion arising from Localized Surface Plasmon Resonance 

(LSPR). Controlling temperature elevation of NPs and their surrounding environments 

through laser irradiation is crucially important for applications of nanoheaters. 

In the present thesis, various spectroscopic techniques have been applied for 

direct observation of nanoscale heat dissipation. Temperature measurement of individual 

NPs was performed by means of scattering micro-spectroscopy, on the basis of thermal 

lensing effects around NPs. Ultrafast transient absorption spectroscopy had been 

performed to measure the dynamics on temperature elevation of NPs in water and 

subsequent formation of nanobubbles. To gain deeper insights into the control of 

photothermal effect, numerical models were developed on the basis of Mie theory, general 

heat diffusion equation, and Navier-Stokes equation. From the comparison between 

experimental and computational results, it has been revealed that temperature elevation 

of NPs, diameters of nanobubbles, and fluid convection around NPs can be precisely 

controlled by changing irradiation parameters of the heating laser. This thesis provides 

various insights into the control of photothermal conversion of NPs, which are important 

for a broad range of applications ranging from photodynamic therapy, nanofabrication, to 

optical manipulation. 
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1-1. General Introduction 

Nanoparticles (NPs) are small materials between 1 and 100 nm in their size, which exhibit unique 

electronic/optical properties different from those of bulk materials, molecules, or atoms. These unique properties 

of NPs arise from various factors depending on the size of NPs, such as the quantum confinement effect and the 

large surface-to-volume ratio.1 Noble metals2, semiconductors3, carbon4, and some organic compounds5 are used 

as the materials of NPs.  

 The present thesis deals with nanostructures of noble metals. They exhibit strong light absorption and 

scattering in the visible to near infrared wavelength region. Optical responses of them vary depending on the 

size and the shape of nanostructures. The strong interaction between the light and metal nanostructures stems 

from a collective oscillation of the conduction electrons. The collective oscillation can be resonantly excited 

under visible light illumination owing to the characteristic permittivity of noble metals. This phenomenon is 

called as Localized Surface Plasmon Resonance (LSPR).6,7 Hence, metal nanostructures act as the light antennas 

in near-field regime, promoting 106-fold enhancement of the incident field. Over the last decades, the antenna 

effect of metal nanostructures has been used for photochemical reactions8, nonlinear nanophotonics9, and 

surface enhanced spectroscopy10 (Scheme 1-1a). 

 

 

Scheme 1-1. (a) Plasmonic enhancement in the optical near-field. (b) Photothermal conversion under 

illumination of LSPR band. 
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 On the other hand, most of the photo-energy absorbed by NPs turns into heat owing to low emission 

yields of noble metals: e.g., E < 10-6 for gold.11 This means that metal NPs work as nanoscale heat sources upon 

photoexcitation of LSPR band. The photothermal effect of NPs has been attracting much attention for potential 

applications in cancer therapy and nanofabrication (Scheme 1-1b).12 To utilize NPs as the nanoheaters, gold is 

the suitable material because of its high physicochemical stability at high temperatures.13 

 

1-2. Gold Nanoparticles (Au NPs) as Nanoscale Heat Sources 

The photothermal effect of Au NPs has attracted growing interest in nanoheater applications, such as 

photothermal imaging14, cancer therapy12, drug delivery15, nanofabrication11, and nanobubble generation16. 

While the term ‘Plasmonics’ refers to the research field employing the near-field enhancement of LSPR, a new 

term “Thermo-plasmonics” has emerged for the photothermal effect.17 Before illustrating the scope of this thesis, 

we briefly review physical aspects of the photothermal conversion in the present section. 

 Au NPs have LSPR bands around 520 nm that corresponds to electron transitions within the 

conduction band (6sp band). The peak position of LSPR bands shifts depending on the size, shape of 

nanostructures, and the refractive index of surrounding environment. In contrast, the 5d-6sp interband transition 

in the UV region is insensitive to the NP size. For either the intraband and the interband transition, an electronic 

excitation creates the non-equilibrium Fermi distribution. Excited state dynamics of metal nanostructures has 

been intensively studied by femtosecond optical pump-probe spectroscopy, and can be described as follows18: 

i) the electronic excitation promotes the non-thermal electron distribution, ii) after a few hundreds of 

femtoseconds, a thermal equilibrium is reached obeying the Fermi distribution as a result of electron-electron 

scattering, iii) then the electron energy is transferred to the lattice energy via electron-phonon coupling, iv) 

finally, the lattice energy is dissipated to the surrounding medium, resulting in the cooling of the NP. The 

relaxation process i) – vi) can be described from Two Temperature Model (TTM) 11,18, as shown in Fig. 1-1b. In 

contrast to the pulsed laser excitation, the temperature increase of Au NPs reaches stationary state under 

continuous (CW) laser illumination (Fig. 1-1c).19 The above phenomena indicate that the photothermal effect 
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of Au NPs can be controlled by changing the irradiation parameters, such as the light intensity or the temporal 

pulse duration.  

 

 

Figure 1-1. (a) A schematic representation (b) Transient temperature changes of Electron, lattice, and medium 

triggered by the pulsed laser irradiation (c) steady-state heating of an Au NP under CW laser illumination. 

 

1-3. Purpose of the Present Thesis 

The relaxation dynamics of LSP, studied by ultrafast time-resolved spectroscopy, revealed that the transient 

temperature changes of a NP are governed by the general heat diffusion equation.20 In addition, the stationary 

temperature increase of a NP under continuous illumination can be predicted from the heat conduction 

theory.13,19 Thus, the photothermal response of Au NPs is well understood for the simplified system consisting 

of a spherical NP and a homogeneous surrounding medium (Scheme 1-2a). In practical cases of the application 

of photothermal effect, however, one can generally expect that there are complexed surrounding environments 

around NPs, such as microscopic inhomogeneities in cells or polymer matrices. Further, thermal phase 

transitions of surrounding environments should be taken into account at high temperatures. 

 In particular, following three factors should be considered for the detailed elucidation of the 

photothermal processes: i) super heating of the surrounding liquid at temperatures above bulk boiling point, ii) 

nanobubble formation at temperatures above spinodal temperatures, iii) thermal convection of liquid medium 

around an Au NP and a nanobubble. At nanometer scale, it has been reported that liquid water can be superheated 
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up to 550 K around the surface of an Au NP (Scheme 1-2b).20 This high temperatures of liquid water can provide 

a new reaction field for solvothermal chemistry. At temperatures above the spinodal point of the medium, vapor 

nanobubbles are produced around Au NPs (Scheme 1-2c).16,20 Nanobubble generation induced by laser 

irradiation can be used for cancer therapy and nanofabrication. In addition, the nanoscale heating can induce 

thermal convection of fluid around the focal spot of a laser beam, which has emerged as a method to control the 

motion of fluid in microscopic region (Scheme 1-2d).21  

 

 

Scheme 1-2. (a) Laser heating (b) super heating of water (c) bubble formation (d) fluid convection around a 

stationary bubble. 

 

 In the present thesis, I have focused on the photothermal effect of Au NPs under the irradiation in the 

practical and complexed surrounding environments, as shown in Scheme 1-2. The scopes of this work are the 

elucidation of heat transfer from Au NPs to surrounding environments including solids, liquids or gas, and the 

demonstration of photothermal nanofabrication.  
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1-4. Content of This Thesis 

The present thesis consists of six chapters including the present introductory part. 

 Chapter 2 describes a simulation model developed to evaluate the temperature increase of an Au NP 

under illumination. This model is mainly based on the Mie theory, which describes optical absorption and 

scattering of a dielectric nanosphere. The photothermal effect on LSPR spectral changes was taken into account 

by considering the local temperature gradient and the temperature dependent optical properties of the materials.  

Computational results revealed that LSPR bands shift and damp with as increase in temperature. The 

temperature-induced shifts in LSPR spectra were used for the direct evaluation of the NP temperature under 

illumination by spectroscopic techniques. 

 Chapter 3 reports the picosecond-to-nanosecond dynamics of transient temperature changes of Au NPs 

and the formation of nanobubbles around Au NPs by means of optical pump-probe spectroscopy. The transient 

absorption spectra of LSPR bands were analyzed with the numerical model developed in the chapter 2. At low 

excitation intensity, weak bleaching signals in LSPR bands were detected, indicating the superheating of water 

layer adjacent to the NP surface. At high excitation intensity, strong scattering signals arising from the formation 

of nanobubble around Au NPs were obscured. The combination of ultrafast transient extinction spectral 

measurements and spectral simulations provided insights into the transient vapor nanobubble dynamics. 

 Chapter 4 presents the temperature measurement of single Au NPs by light scattering micro-

spectroscopy. The thermometry under CW laser illumination was performed for individual Au NPs immersed 

in various surrounding media, such as air, glycerol, and water. The experimental LSPR shifts allowed the 

estimation of the particle temperature in the range of 300− 700 K with an accuracy of ±20 K on the basis of the 

modified Mie calculation. The temperature increase of an Au NP in air was roughly 4 times greater than that in 

water. This result indicated that the thermometry based on the shifts of LSPR spectra is quite sensitive to detect 

the microscopic inhomogeneity of surrounding medium on heat transfer. 

 Chapter 5 describes the formation of stationary microbubbles and subsequent fluid convection induced 

by CW laser heating of Au NPs in water. Once the bubble is generated, the Au NP is thermally insulated from 

water due to a poor thermal conductivity of the bubble, resulting in the huge temperature jump of NPs. For such 
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a complex system consisting of an Au NP, the bubble, water, and the glass substrate, I presented a model of 

photothermal convection by integrating the knowledge obtained in the chapter 2 to 4. It was revealed that a 

temperature derivative of surface tension at the bubble surface is a key factor to control the fluid convection. 

The photothermal manipulation and fabrication are demonstrated by controlling the bubble-induced convection 

through CW laser irradiation. 

In chapter 6, I summarize the outcomes and achievements in this thesis as a general conclusion. 
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2. Physical Aspects of Optical Absorption and Scattering of a Dielectric Nanosphere and  

The Effect of Local Heating 

ABSTRACT 

Thermometry for single gold nanoparticles (Au NPs) is a crucial technique to elucidate the fundamental aspects 

of photothermal effects. Information on the temperature of individual Au NPs (placed on glass substrate, and 

immersed in water / exposed to air) can be directly evaluated through the spectral changes in extinction, 

absorption, and scattering under pulsed or CW laser irradiation. In the present study, we developed a numerical 

model for the spectroscopic thermometry on the basis of a concentric core-shell model with Mie theory, which 

describes optical absorption and scattering of a dielectric nanosphere. The effect of laser heating was taken into 

account by considering the temperature-dependent dielectric function of gold, and medium refractive index. 

Spectral damping and blue shifts were mainly attributed to the decrease in refractive index of water, whereas 

red shifts were observed in air arising from the temperature-dependent intrinsic optical property of gold. The 

wavelength shifts provide the NP temperature in the range of 300−700 K. 
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2-1. Introduction  

Local temperature around the NP under the irradiation by the laser light at the resonant wavelength is an 

indispensable physical property for the elucidation of the photothermal response of NPs and surrounding 

medium. Owing to the small size of NPs (typically ≤ ca. 100 nm), however, it is rather difficult to precisely 

determine the temperature with high spatial resolution. For this purpose, several methods have been so far 

proposed and demonstrated as the nanoscale thermometry based on the temperature sensor approach.1-3 For 

instance, Kawata group utilized 40-nm diameter Au NPs coated with thermosensitive polymer, poly(N-

isopropylacrylamide) (PNIPAM), to monitor the localized heating effect through the spectral shift of SPR 

(surface plasmon resonance) scattering,1 which is  due to the temperature-dependent change of refractive 

indices of the surrounding polymer medium through a phase transition from a swollen hydrated state to a 

shrunken dehydrated state. Although this method could provide the detailed information on the local 

temperature, the peak shift was quite sensitive to the particle size, coating thickness, and particle−substrate 

distance. Moreover, it is necessary to obtain the relation between the scattering peak and the temperature for the 

calibration. Accordingly, it was rather difficult to generally utilize this method for the estimation of the 

temperature of NPs which have distribution in size and inhomogeneity in the environment.   

Carlson and coworkers took another approach using a photo-luminescent thin film of Al0.94Ga0.06N 

incorporated with Er3+ to image the temperature profile around photo-excited gold NP or nanodot 

lithographically prepared.2 Also in this measurement, calibration of the sensor was performed to give local 

temperature of a hot NP by comparing the measured temperature change of a spherical 40-nm Au NP with the 

theoretical temperature change calculated from the absorption cross section, effective medium refractive index, 

and effective medium thermal conductivity. This is because the true image size of the temperature profile for 

the NP is much smaller than the collection volume (∼500 nm diameter), and the temperature extracted from the 

luminescence measurement represents a weighted average temperature from the sample volume. Therefore, the 

method is not free from the optical diffraction limited size and the spatial resolution as comparable as the particle 

size was not attained. 
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  In the present work, we adopted more straightforward method for the determination of the 

temperature of the NP, which is based on the analysis of the LSPR spectral peak shifts induced by CW laser 

irradiation. The extinction (absorption and scattering) of a single Au NP exhibits temperature-dependence. That 

is, the spectrum broadens as the temperature increases4-5 and the temperature dependence of the refractive index 

of the surrounding medium induce the spectral shift. Although the temperature effect of the SPR broadening of 

Au NPs has been previously studied in bulk solutions, the spectral shift has been paid little attention.6-7 This is 

partly because experimental results are limited for temperature-dependent refractive indices of n(ω, T) and κ(ω, 

T) to obtain the complex refractive index defined by n̅ = n + iκ.8-9 Therefore, temperature-dependent spectra 

have been explored for only a limited temperature range.9-10 In the following, we introduce the method of the 

temperature effect, by acquiring n and κ in wide temperature range to calculate temperature-dependent 

absorption and scattering cross sections by applying Mie theory.11 Our method has three advantages: (1) we 

need no information on the laser beam diameter for the estimation of laser power on samples because the 

information on the temperature is involved in the experimental scattering spectra, (2) the temperature of the 

particle can be obtained without using a calibration coefficient such as a heat transfer coefficient2 that contains 

unknown parameters, and (3) the particle temperature determined by the present method is not affected by the 

spatial resolution of the optical setup.  
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2-2. Mie Theory 

In the present section, we will briefly describe the optical properties of Au NPs. First, we consider an 

electromagnetic interaction between an incident plane wave and a dielectric nanosphere of radius R immersed 

in a homogeneous medium (Scheme 2-1). For the nanosphere smaller than the wavelength of incident light (R 

<< ), one can treat the nanosphere as an electric point dipole. This approximation is called as Rayleigh 

approximation. Au NPs of 10-20 nm in diameter exhibit the absorption maximum around 520 nm, which is 

insensitive to the size of NPs.12 In contrast, Au NPs larger than 30 nm in diameter, show spectral shifts to longer 

wavelength with increasing NP diameter.13 This size effect arises from size-dependent polarizabilities and highly 

ordered oscillation modes, such as quadrupole and hexapole modes. The German physicist Gustav Mie solved 

the Maxwell equations to explain the size-dependent spectral shifts for the system shown in Scheme 2-1, and 

obtained a set of solutions describing optical absorption and scattering of a nanosphere, which is called as Mie 

Theory.11  

 

 

Scheme 2-1. A schematic representation of the optical interaction between an incident plane wave and a 

dielectric sphere immersed in a homogeneous surrounding medium. 
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The final formulations of Mie theory for the cross sections in the far field are described as follows:14-16  

 

 





1

2
Re)12(

2

n

nnext ban
k

C


  (2-1) 

 





1

22

2
)12(

2

n

nnscat ban
k

C


  (2-2) 

scatextabs CCC       (2-3) 

 

|k| and n are the absolute value of the wave vector of the incident light and the order of oscillation modes: n = 1 

for the dipole, and n = 2 for the quadrupole mode. an and bn representing the scattering coefficients are given 

by, 
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where m the ratio of the complex refractive index of the sphere to the refractive index of the medium, x the size 

parameter defined by (2Nmed a) / , n, n and their derivatives the Riccati-Bessel functions.  

 To illustrate the fundamental aspects of optical responses of Au NPs, we show some computational 

results of Mie theory. Figure 2-1a shows the spectra of extinction cross sections (Cext / m2), absorption cross 

sections (Cabs), and scattering cross sections (Csca) of a 60-nm-diameter Au NP immersed in water (nwater: 1.33). 

Cabs can be obtained by subtracting Csca from Cext, as represented by eq 2-3. LSPR bands can be distinctly 

observed around 530 nm for Cext and Cabs. Figure 2-1b represents the NP size effect on LSPR spectral changes. 
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The peak position of LSPR bands shift to longer wavelength with an increase in NP diameter. In addition, the 

broadening in spectral width of LSPR is observed with increasing NP diameter. This significant dependence on 

the NP size stems from the size-dependent polarizabilities and the highly ordered oscillation modes.  

 

(a)      (b) 

 

Figure 2-1. (a) Cross sections of Cext, Cabs and Csca in m2 of a 60 nm Au NP in water calculated at room 

temperature as a function of the wavelength. (b) Cext of a d=50, 100, and 150nm Au NP immersed in water as a 

function of wavelength. 

 

At room temperature, it is known that the optical spectra calculated from Mie theory well reproduce 

actual extinction spectra of aqueous colloidal solutions of Au NPs.13,16 To incorporate the effect of local heating 

into Mie theory, several factors such as temperature-dependent optical properties of the materials and the 

temperature distribution around an Au NP should be addressed. 
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2-3. The Effect of Local Heating: Multi-core-shell model 

Dielectric Functions of Gold 

Temperature-dependent absorption, scattering, and extinction (sum of absorption and scattering) spectra of an 

Au NP can be calculated as a function of angular frequency ω or wavelength λ =2πc/ω by applying Mie 

theory,11,17 provided that we know temperature-dependent dielectric functions ε(ω, T) of the particle, particle 

radius R, and the permittivity of the surrounding medium εm. The dielectric function of gold is defined as the 

sum of the interband term, εIB(ω, T), corresponding to the transition of 5d electrons to the 6sp conduction band, 

and the Drude term, εD(ω, T), due to the free conduction electrons (Drude model), as represented by eq 2-8.  

 

),(),(),( TTT DIB    (2-8) 

 

Each term in eq 2-8 is divided into a real part (ε1(ω, T) = n2 –κ2) and an imaginary part (ε2(ω, T)=2nκ), where 

n and κ are respectively the refractive index and the absorption coefficient of the metal.  

By using eqs 2-9 and 2-10 [ref. 18,19], we can obtain εD(ω, T) as represented by eq 2-11. 
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Here, ωp, Γ and Γe‑e‑ph(T) respectively are the plasma frequency, the damping frequency, and the damping 

frequency due to electron−phonon and electron−electron scattering of conduction electrons. νF is Fermi velocity, 

and A is a proportionality constant (A = 1 for isotropic electron scattering). 
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Here Eg is the interband gap energy of 1.8 eV at the tail, Ey is the electron energy of state, Γe‑e(T) is the damping 

frequency due to electron−electron scattering of interband electrons, and K is a constant. The function f(y,T) 

represents the distribution of quasiparticle (plasmon) states. The experimental temperature-dependent dielectric 

functions of bulk gold have been obtained by Otter at wavelengths from 440 to 640 nm at several temperatures 

for solid and also for liquid gold.8 By fitting eqs 2-11 to 2-16 and the Otter’s data points at four temperatures 

283, 583, 843, and 1193 K, we obtained Γe‑e‑ph(T) and Γe‑e(T) as a function of T. The best fit to reproduce Otter’s 

data was obtained by using parameters: Γe‑e‑ph(T) = 6.10 × 1011 + 2.97 × 1011·T, Γe‑e(T) = 2.75 × 1014 + 5.35 × 

1010·T, K = 2.65 × 1024 s−3/2, and EF = 2.55 eV. Therefore, we were ready to calculate ε(ω, T) at any temperature. 

A satisfactory agreement of experimental and computational ε(ω, T) ensures the reliability of calculated optical 

spectra at given temperatures (Figure 2-2).  
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(a)      (b) 

 

 

(c)     (d) 

 

Figure 2-2. (a). Values of n (a) and κ (b) of bulk gold as a function of wavelength at various temperatures by 

calculated using the equations described in the text. Experimental n (c) and κ (d) values of bulk gold as a function 

of wavelength at different temperatures by Otter (reproduced from ref. 8). 
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Multi-Core-Shell Modeling 

In general, the refractive index of the medium surrounding Au NP is temperature-dependent as the complex 

refractive index ε(ω, T) of the Au NP is. Therefore, the nonlinear optical properties of Au NP are highly sensitive 

to the change of the refractive index of the surrounding medium as a result of temperature increase in the close 

vicinity of an Au NP. Exposure of an Au nanosphere to a focused laser beam generates a temperature distribution 

in the surrounding medium due to heat-dissipation-induced medium heating (Scheme 2-2a).20,21  

 

 

 

Scheme 2-2. Schematic illustration of the temperature-to- refractive index profile transformation used for 

numerical simulation: Temperature (a) and refractive index (b) profiles of a 100-nm diameter point heat source 

and a multi-layered core-shell model.  
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Note that a steady-state spatial temperature distribution is established under the CW laser excitation, within a 

few hundreds of nanoseconds.20 The temperature distribution can be transformed into the spatial profile of the 

refractive index dependent both on Au NP temperature and the distance from the NP. This temperature 

dependent refractive index of the medium is treated as a NP-core multi-medium-shell system with each shell 

exhibiting different refractive index of increasing order from inside to outside (Scheme 2-2b). To calculate the 

optical properties of the multi core−shell system represented by Scheme 2-2c, we developed a computational 

program for multilayered spheres as an extension of the formulations of a coated sphere given by Bohren and 

Huffman.17 The idea is to digitize the refractive index distribution around the Au NP surrounded by many layers, 

each of which has a constant refractive index of a few nanometers. By using this treatment, we obtained the 

extinction (Cext), scattering (Csca), and absorption (Cabs) cross sections as a function of wavelength. Quantitative 

calculations of the temperature-dependent nonlinear optical properties of Au NPs was performed by the 

combination of the temperature-dependent dielectric functions of an Au sphere with the dielectric constants of 

surrounding medium based on the model of the multilayered spherical shells. 
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2-4. Computational Results: Spectral Changes Induced by Laser Heating 

Scattering Spectral Changes of a 150-nm-diameter Au NP supported on glass and exposed to air. 

In this section, we apply the numerical model developed in the previous section to the elucidation of the 

temperature effect of the scattering spectrum of the Au NP. First, we treat the Au NP with a 150-nm diameter 

supported on glass and exposed to air (Scheme 2-3). The refractive index of the surrounding matrix can be 

assumed to be constant regardless of the temperature, because the temperature coefficients for the refractive 

indices of a glass substrate and air are quite small (in the order of 10−6 K−1) and two magnitudes smaller than 

that of liquids. In other word, the change of the scattering spectrum is attributable to the temperature-dependent 

dielectric function of Au.  

 

 

Scheme 2-3. A schematic illustration of heat dissipation for an Au NP supported on a substrate and exposed to 

air under CW laser illumination.  

  



Chapter 2 

21 

 

 Figure 2-3a shows the scattering cross section spectra for a 150 nm Au NP calculated at various 

temperatures. For the calculation, the effective refractive index of the medium was set to be 1.12, whose value 

was determined by the method described in the literature.22 Red shifts of the scattering spectra were observed 

with increasing temperature. These red shifts are ascribed to an intrinsic property of Au NP due to the 

temperature dependence of the conduction electron scattering frequency.23,24 As noted just before, the 

temperature coefficient of the refractive index of air is negligibly small. The peak shift of the calculated spectra 

is a linear function of the temperature as given in Figure 2-3b. This linear relationship allows the direct 

evaluation of particle temperature under laser illumination by spectroscopic techniques, even in the surrounding 

environment which has optical properties insensitive to the temperature.  

 

(a)      (b) 

 

Figure 2-3. (a) Temperature dependence of scattering spectra of Au NP with a 150-nm diameter in the medium 

with an effective medium refractive index of 1.12, as calculated on the basis of the numerical model developed 

in section 2-3. (b) Temperature dependence of the peak of the scattering spectra, calculated for the Au NP with 

a 150-nm diameter.  
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Scattering Spectra of an Au NP with a 100-nm diameter supported on glass and immersed in liquid 

media. 

In the preceding section, we showed that the scattering spectrum of the Au NP in Glass/Au/air environment 

exhibits redshifts with an increase in temperature. On the contrary, the calculation predicts temperature-

dependent blue shifts both in Glass/Au/water (Figure 2-4a) and in Glass/Au/glycerol (Figure 2-4b) systems. 

These results suggest that temperature-dependent refractive index changes of the surrounding medium 

overwhelm the NP’s own temperature-dependent optical response in the overall spectral peak position. That is, 

the blue shifts are due to the decreasing refractive index of the solvents with an increase in temperature. Spectral 

shifts as a function of NP temperature are summarized in Figure 2-4c and –d. In Figure 2-4c, a parabolic curve 

is drawn because the temperature dependence of the refractive index for water is parabolic.25 For glycerol, the 

curve of  is linear because of the linearity of the refractive index with temperature.26 Larger Δλ values 

compared with that of water were observed in glycerol, a reflection of its higher dn/dT values. Thanks to larger 

Δλ values compared with that in air, higher sensitivity to temperature changes can be expected in these liquid 

media.  
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(a)     (b) 

 

(c)     (d) 

 

Figure 2-4. (a) Temperature-induced scattering spectral shifts calculated for a single 100-nm diameter Au NP 

supported on a glass substrate in water. (b) Temperature-induced scattering spectral shifts calculated for a single 

100-nm diameter Au NP supported on a glass substrate in glycerol. (c, d) Temperature-dependent curves of Δλ 

calculated for a 100-nm diameter Au NP on a glass substrate in water and glycerol. 
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2-5. Summary and Conclusion 

In this chapter, we first reviewed Mie theory describing optical absorption and scattering of a dielectric 

nanosphere. Next, the effect of laser heating was incorporated into Mie theory by taking the temperature-

dependent dielectric function of Au and the multi-core-shell modeling of refractive index of the surrounding 

medium into account. For single Au NPs supported on a glass substrate, progressive red shifts were observed in 

air, whereas blue shifts were observed in water and glycerol with increasing temperature. The red shifts in air 

arose from an intrinsic optical property of Au NP because of negligibly small temperature coefficients of the 

refractive indices of air and glass. Heating-induced development of medium refractive index gradient is the 

origin of observed blue shifts in water and glycerol because of large temperature coefficients of the refractive 

indices in both liquids. The spectral peak shifts enable the estimation of the particle temperature under 

continuous illumination by spectroscopic techniques. In principle, this method is applicable for pulsed laser 

heating of Au NPs because the transient changes in optical indices of Au NPs and the surrounding medium can 

be expected from the heat diffusion equations.  
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3. Picosecond-to-Nanosecond Dynamics of Nanobubbles around Aqueous Colloidal  

Gold Nanoparticles under Picosecond Pulsed Excitation.  

ABSTRACT 

As already discussed in previous sections, temperature of 

nanoparticles increases by photoexcitation. In this section, we 

discuss the dynamics of the temperature increase of Au NPs in 

water induced by the picosecond pulsed excitation, resulting 

in the formation of nanobubbles around the Au NP. 

Generation of nanoscale vapor bubbles around noble 

metal nanoparticles is of significant interest, not only from the 

viewpoint of the elucidation of the underlying mechanisms 

responsible for photothermal effects, but also from the application of photothermal effects such as 

photothermal cancer therapies. Here, we introduce the dynamics of the formation and evolution of 

nanobubbles around colloidal gold nanoparticles using picosecond optical pump-probe measurements. 

Time-resolved transient spectroscopy clearly detected the temporal evolution of the nanobubble 

around the colloidal gold nanoparticles with 20 − 150-nm diameters after the 355-nm pulsed laser excitation. 

Time evolution was analyzed by comparing the experimentally obtained transient extinction spectra with 

those simulated on the basis of a concentric spherical core−shell model within the framework of Mie theory. 

From these analyses, the temporal evolution of the diameter of nanobubbles was obtained; e.g. the maximum 

diameter of the bubble was 260 ± 40 nm for the Au NP with a 60-nm diameter excited at the fluence of 5.2 mJ 

cm−2 and the lifetime of this bubble was ca. 10 ns. We also confirmed the suppression of bubble formation by 

applying the pressure of 60 MPa to the solution and the dynamics under the high pressure was used as a 

reference for the analysis.  
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3-1. Introduction 

In the previous chapter, we introduced the temperature increase of Au NPs under the photoexcitation and its 

effect on the extinction spectra. In the present chapter, we discuss the dynamics of the temperature rise and 

formation of nanobubbles around NPs after the pulsed laser excitation. 

As mentioned in previous sections, Au NPs exhibit various fascinating phenomena via their 

interactions with visible light, including the plasmonic enhancement of incident electromagnetic fields.1,2 This 

is because visible light excites the localized surface plasmon resonance (LSPR) band, leading to extremely 

efficient extinctions, that is, the absorption and scattering of incident light. The absorption of light also 

increases temperatures of NPs as a result of the LSPR decay, in which excited electrons couple with phonons 

within these NPs. Their photothermal response has been attracting much attention from the viewpoints of the 

elucidation of the phase changes and the application into the nanoscale energy depositions to the surroundings. 

In actuality, dynamic behaviors of NPs after the pulsed excitation, such as particle expansion, melting, 

evaporation, and fragmentation, have been reported.3−5 As for the effects on the surrounding medium, local 

heating, acoustic emission, and vapor-bubble generation have been observed.3−5 In particular, UV and visible 

laser heating of Au NPs in aqueous solutions induces superheating of the water medium at the interface of the 

particle and medium, resulting in explosive vapor bubble generation around the particles.6,7 The transient 

expansion and collapse of these bubbles  attract much attention from the viewpoint of the application of 

lasers in surgery and medicine such as photothermal therapy of malignant tissues by killing cells nearby.8,9 

 Neumann and Brinkmann investigated the formation of bubbles around NPs using pulsed laser 

excitation.10−12 They reported the dynamics of nucleation and initial expansion of the bubble around a single 

micrometer-sized absorber following microsecond and nanosecond laser irradiation. Transient microbubbles 

on the particle surface were directly imaged and simultaneously detected by measuring a transient decrease in 

the transmitted probe laser intensity. Using dark-field microscopy,13−15 Lapotko and coworkers employed 

imaging methods and applied optical detection of nanobubbles around single and clustered Au NPs after the 

nanosecond pulsed excitation.16−18 They measured the time dependence of optical extinction signals of a 

bubble around a single Au NP with a 90-nm diameter after exciting the LSPR band.16 They reported that a 
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threshold fluence of the bubble formation was 360 mJ cm−2 for the excitation condition with a 532 nm laser 

pulse (0.5 ns fwhm). Using time-resolved X-ray scattering detection with the femtosecond pulsed laser 

excitation (400 nm, 100 fs), Plech group observed the dynamics of nanobubbles around Au NPs with a 9-nm 

diameter growing and shrinking within a period of less than a nanosecond.6 They reported that the bubble 

generation threshold was 29 mJ cm−2 in their excitation condition and the maximum diameter of the bubble 

of20 nm was attained at 300 ps after the excitation. 

 In addition to the above studies, several methods have been applied to the detection of the dynamics 

of NPs after the pulsed irradiation. Among them, single-particle studies using microscopy can provide direct 

information on the microbubbles free from the ensemble average. NPs usually have distributions in shape, size 

and, in some case, chemical compositions. Detection of individual NPs can provide the information free from 

the ensemble averaging of these distributions. Owing to the optical diffraction limit, however, it is rather 

difficult to apply the imaging to the nanosized object under the optical microscope although a few reports 

were presented.16−18  

Ensemble studies using colloidal solutions demonstrated superb detection sensitivity and 

high-quality nanobubble signals, revealing averaged bubble dynamics, although only indirect evidence of 

nanobubbles was obtained.6,7,19,20 Time-resolved X-ray scattering was a powerful tool for the direct detection 

of the nanoscale dynamics of morphological evolution. Large-scale instrumentation and complicated data 

analysis are, however, needed to apply the time-resolved detection using X-ray. In contrast, optical 

spectroscopy uses instrumentation readily available, and the data analysis is simple and straightforward. Plech 

group applied a transient detection of extinction signals at four monitoring wavelength points (405, 488, 635, 

and 660 nm) for the measurement of the dynamics of Au NPs with a 80-nm diameter in colloidal solution after 

the excitation of ns laser pulse (at fluences of 30 and 45 mJ cm−2).19  

It should be noted that the most of the initial process of bubble formation takes place in the time 

region shorter than a few ns. Accordingly, pulsed excitation with a ns laser does not provide the detailed 

information in the initial processes of the dynamics. On the other hand, although the time resolution is 

sufficiently high, the irradiation of Au NPs with a femtosecond laser pulse easily induces the 
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photodegradation of Au NPs. This is because the pulse duration of the femtosecond laser pulse is shorter than 

the time scales of the deactivation of the excited state of the electron in Au NPs and the heat transfer to the 

surrounding medium. In the pulsed excitation condition, many electrons in one Au NPs could be excited. In 

the case where the pulse duration of the laser is longer than the time of the heat transfer from the NP to the 

medium, the rise of the temperature is suppressed. On the other hand, the irradiation by the laser pulse with 

duration much shorter than the heat transfer induces the drastic increase of the temperature of NPs leading to 

the morphological change of Au NPs through the melting. On the basis of these previous studies, we have 

employed picosecond laser pulses to peruse the dynamics of the bubble formation, because the pulse width of 

the picosecond laser, 15 ps, is sufficiently short to temporarily resolve the bubble formation and longer pulse 

duration than the femtosecond laser can suppress the degradation of Au NPs. In the following, we discuss the 

dynamics of the bubble formation and disappearance by showing the experimental results obtained by the 

picosecond pump and prove spectroscopy and numerical simulations.   
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3-2. Materials and Methods 

Samples. Aqueous solutions of Au NPs with nominal diameters of 20 nm (cat. no. EMGC20, 19 ± 3 nm), 60 

nm (cat. no. EMGC60, 58 ± 5nm measured using TEM), 100 nm (cat. no. EMGC100, 100 ± 8 nm), and 150 

nm (cat. no. EMGC150, 155 ± 18 nm) were purchased from BBI Solutions (Cardiff, UK) and used without 

further purification. These particles were synthesized using a variation of the Frens citrate reduction method, 

and were stabilized with citrate.21 Five milliliters of the sample solutions (particle concentrations of 7.0 × 1011 

mL−1 (20 nm), 2.6 × 1010 mL−1 (60 nm), 5.6 × 109 mL−1 (100 nm), and 1.7 × 109 mL−1 (150 nm)) were 

contained in a quartz cuvette (1 cm × 1cm × 5 cm) with an optical path length of 1 cm. The extinction spectra 

of these particles are shown in Figure 3-1. The sample solution was stirred magnetically during the laser 

experiments and was replaced every 500 shots. 

  

 

Figure 3-1. Extinction spectra of Au NPs in aqueous solution. 20-nm diameter for (a), 60-nm diameter for (b), 

and 100-nm diameter for (c), before and after 1000 shots (15 ps, 355 nm laser) at the threshold fluence of 

bubble formation.  
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Instrumentation. A picosecond pump−probe system with a custom-built mode-locked Nd3+:YAG laser was 

used to measure the transient spectra at various time delays in the picosecond-to-nanosecond time regime.22 

Details of the experimental setup are shown in Scheme 3-1. Briefly, third-harmonic light (355 nm) with an 

fwhm of 15 ps was used as a pump pulse, and was focused using an f = 200 mm lens into a spot of diameter ca. 

2 mm. Under these experimental conditions, the laser light formed an approximately parallel beam.  

 

 

Scheme 3-1. Experimental configuration and the time profile of the excitation laser pulse. 

 

The irradiation with a 355-nm laser pulse (power fluctuation <10%) excited the interband transition of the Au 

NPs. The interband transition was not sensitive to the particle temperature or refractive index of the medium, 

whereas the LSPR band in the visible region was strongly dependent on these factors as shown in Figure 3-2. 

Photoexcitation at the LSPR band induces the change of the absorption cross-section (Cabs) of the NPs during 

the nanosecond laser excitation.17 However, under excitation at 355 nm with a 15 ps laser pulse, it could safely 

be assumed that the light absorption was free from any significant change in Cabs during the irradiation. Thus, 

the absorbed photon could be easily estimated. 
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(a)      (b) 

 

(c)      (d) 

 

Figure 3-2. Temperature-dependent absorption cross section, Cabs as a function of wavelength calculated by 

applying Mie theory for the 60-nm diameter Au NP in water (n=1.33) (a) and in air (n=1.0) (b). The particle 

temperatures were shown in the figures. To calculate the temperature-dependent Cext, the temperature–

dependent dielectric functions of bulk gold experimentally determined by Otter (ref. 34) were employed. For 

comparison, extinction cross section (Cext) spectra in water (c) and in air (d) were shown. Here, Cext = Cabs + 

Csca, with Csca, scattering cross section. 
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The picosecond white light continuum generated by focusing a fundamental pulse into a 10 cm quartz cell 

containing a 3:1 D2O and H2O mixture was used as a probe light. Circularly polarized probe light was guided 

into the center of the 2-mm spot defining the pump area. Two multichannel photodetector sets (Hamamatsu, 

S4874) attached to the polychromator (Jarrell Ash, Monospec 27) were used to detect the probe light in the 

transient spectroscopy 

The transient signals at a given time delay were obtained by calculating log10{I0(λ)/Ip(λ)}. Here, I0(λ) 

represents the intensity of the probe light at wavelength λ without excitation, and Ip(λ) is the probe light 

intensity with the excitation. In the transmittance-mode experiments on the Au NP colloidal solutions, 

contributions from both absorption and scattering influenced both the steady-state and the transient spectra 

(extinction = absorption + scattering). Hence, the transient signal obtained using the quantity log10{I0(λ)/Ip(λ)} 

corresponded to Δ-extinction. The amount of energy absorbed by a single Au NP can be expressed as Qabs = 

CabsI, where Cabs is the absorption cross-section of the Au NP at the laser wavelength, and I is the laser peak 

power density.5 

The time origin was determined by measuring the rise curve of the transient absorbance for the 

reference sample, as a function of the relative time interval between the pump and probe pulses. The time 

origin of 0 ps was chosen by determining the time at which the transient absorbance of the Sn ← S1 transition 

was one-half that obtained at a time delay that was sufficiently long to ensure that the transient absorbance 

had constant value. The repetition frequency of the laser light was approximately 0.5 Hz. The time resolution 

of the detection system was < 15 ps. The energy of the picosecond laser light was measured using a laser 

power meter (Gentec, ED-200). The precision of the measured fluence was ±0.1 mJ cm−2. For measurements 

under a pressure of 60 MPa, the cuvette was placed in a hydrostatically pressurized container that enabled 

solution agitation.23 Most of the data were accumulated over the course of four measurements. The errors for 

the transient extinction values were < ±10%, as estimated using the standard deviation of the signals before 

the time origin, and the spectral resolution was approximately 3 nm. The chirping of the probe white light 

continuum was corrected. All measurements were performed at 22 ± 1 °C 
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3-3. RESULTS AND DISCUSSION 

Transient Extinction Spectra and Kinetics. Figure 3-3 shows the time-resolved transient extinction spectra 

for the aqueous 60-nm diameter Au NPs, excited with a picosecond 355-nm laser pulse. For the spectra 

measured at the low laser intensity of 1.1 mJ cm−2 (Figure 3-3a), a negative extinction signal around 525 nm 

and positive extinctions at 440−500 nm and 550−620 nm emerged almost within the response time of the 

detection system. Following electron excitation, hot electrons generated in the Au NPs are thermalized within 

100 fs through electron-electron scattering, and the energy transfer from the electrons to the lattice occurs 

within approximately 2−5 ps.24−27 Given that these processes occur with the pump pulse duration of 15 ps, 

temperature-induced damping or broadening of the LSPR band is most likely responsible for the temporal 

evolution of transient spectra in the early stages after the excitation. That is, the transient spectra with strong 

bleaching (negative signal) at the LSPR peak position are accompanied with the appearance of positive 

extinctions on both sides of the LSPR band.24−26,28 With an increase in the time delay time after the excitation, 

the bleaching intensity and that of the positive bands gradually decreased in the subnanosecond to nanosecond 

time region. This time evolution was attributed to cooling of the lattice system.24−26,29  
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(a)      (b) 

 

Figure 3-3. Transient extinction spectra of aqueous colloidal Au NPs with a 60-nm diameter at various delays 

from the bottom to the top at the fluence of 1.1 mJ cm−2, from −40 ps to 5 ns (a), and 5.2 mJ cm−2, from −26.6 

ps to 16 ns (b). The excitation was provided by a 15 ps (fwhm) laser pulse at a wavelength of 355 nm for an 

Au NP solution. The blue-shaded areas represent bleaching (negative extinction), and the red-shaded areas 

represent positive extinction. Time delays are given on the right of each graph. The spectra were shifted with 

time delays from lower to upper by the extinction value of 0.1 in (a) and 0.2 in (b). 
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After several nanoseconds following the excitation, no signal was observed, indicating that NP 

photodegradation was negligible under the fluence of 1.1 mJ cm−2. The observed transient spectral band 

shapes and their temporal evolution agreed well with previous observations.24,26,28 When the excitation 

intensity was increased to 5.2 mJ cm−2, transient spectral dynamics, distinct to those observed at 1.1 mJ cm−2, 

were observed in the time delay range from 100 ps to 5 ns. 

To obtain a detailed description of the time evolution, we plotted the time profiles of the transient 

extinction signals for Au NPs under radiant exposure of 5.2 mJ cm−2. The time profile monitored at 450 nm 

(see Figure 3-4a) showed the rapid appearance of the positive transient extinction within the response time of 

the apparatus, followed by a decay to a negative value within a few 100 ps. For time delays at and after ca. 

300 ps following the excitation, the increase in the transient extinction signal was observed, reaching a 

maximum value at about 2 ns, and then decreased until 16 ns; for times longer than this, a slightly negative 

constant value was observed. This complicated behavior could not be explained by simple particle 

heating−cooling dynamics observed at the low fluence of 1.1 mJ cm−2.  
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(a)      (b) 

 

Figure 3-4. Time evolution of transient extinction of colloidal solution of Au NPs with a 60-nm diameter, 

excited with a picosecond 355-nm laser pulse at a fluence of 5.2 mJ cm−2. Monitoring wavelengths for (a) was 

450 nm and that foe (b) was 630 nm. The outer frames represent short time scales of up to 2 ns, whereas the 

insets represent longer time scales of up to 18 ns. The red lines were curves calculated with a 

triple-exponential function with time constants of 150  12 ps, 1. 2  0.26 ns, and 2.3  0.58 ns.  

 

We also plotted the time profile at 630 nm in Figure 3-4b. As was shown in Figure 3-1b, the Au Np with a 

60-nm diameter has no strong extinction in the steady-state spectrum. A time profile of transient signal at 630 

nm was similar to that observed at 430 nm (figure 3-4a). The positive transient extinction appearing 

immediately after the excitation was followed by a decay in sub-ns time region. At and after ca 300 ps 

following the excitation, the transient extinction signal again increases, reaching a maximum value at ca. 2 ns, 

followed by the decrease in longer time region. The solid lines in Figure 3-4a and b are curves analyzed using 

a triple exponential function; the time constants for the time profiles are given in the figure caption. Almost 

the same time constants were obtained for the two time profiles, indicating that the dynamics under the strong 

excitation condition is quite different from that observed under the low excitation conditions. Note that, at 630 

nm, the transient extinction recovers to the baseline at and after 12 ns following the excitation.  

To more precisely elucidate the origin of these additional dynamics, we measured the fluence 

dependence in detail. Figure 3-5 shows time profiles monitored at 450 nm. Under the excitation with the 

fluence of 1.1 mJ cm−2, no strong signal was observed. At the fluence of 5.2 mJ cm-2, the positive signal 
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appearing immediately after the excitation decreases in the time region < 150 ps and the constant negative 

signal remains in the time region > 200 ps. On the other hand, at the fluence of 55 mJ cm-2, the increase of the 

transient signal was observed at and after ca. 150 ps following the excitation. Because the lattice temperature 

of the NPs increases with increasing fluence, this rise strongly suggests that the process is closely related to 

heating of the medium leading to vapor bubble formation. Indeed, bubble formation can rationally account for 

the spectral differences between Figure 3-3a and b. In Figure 3-3b, the positive transient extinction appearing 

in the early stages of the excitation decreases to a negative value within a few 100 ps. This decrease can be 

induced by the bubble formation because the refractive index of the medium surrounding the NPs is reduced 

by the bubble formation, leading to a decrease in the extinction. Furthermore, bubble growth can induce the 

increase in the positive signal as due to the increase in the scattering component and the disappearance of the 

bubble results in the decrease of the positive signal as observed in 10-20 ns time region (Figures 3-3b and 

3-4).  
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Figure 3-5. Fluence dependence of time profiles for transient extinction signals of colloidal solution of Au 

NPs with a 60-nm diameter in the initial 500 ps after the excitation with a picosecond 355-nm laser excitation 

and monitored at 450 nm.  

  

To confirm the contribution of the bubble formation, we examined the transient dynamics under the 

high pressure of 60 MPa, which is much higher than the critical pressure of 22.1 MPa for water.30,31 Figure 

3-6a shows the transient extinction spectra of aqueous Au NPs with a diameter of 60 nm, excited with a 

355-nm laser pulse with a fluence of 4.9 mJ cm−2. Temporal evolution of the spectra at 60 MPa in sub-ns to 

several ns time region is almost the same with those observed at the normal pressure (0.1 MPa) in Figure 3-3a; 

a negative extinction signal around 525 nm, and positive signals at 440− 500 nm and 550−620 nm, appearing 

are followed by the gradual disappearance of bleaching and the positive bands. This time evolution was 

attributed to the cooling of the lattice system. However, it should be noted that the rise and decay signals 

observed at and after several hundreds of picoseconds in Figure 3-3b were not detected under the high 

pressure. The lack of these additional dynamics was also confirmed for the time evolution of the same system 

exposed to a fluence of 9.9 mJ cm−2 (Figure 3-6b). 
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(a)      (b) 

    

(c)      (d) 

 

Figure 3-6. Transient extinction spectra of aqueous colloidal Au NPs with a 60-nm diameter under the 

pressure of 60 MPa. (a) time evolution at a fluence of 4.9 mJ cm−2, (b) time evolution at a fluence of 9.9 mJ 

cm−2, and (c) fluence-dependent spectra at 2 ns after the excitation. For comparison with (c), 

fluence-dependent spectra at a time delay of 2 ns are shown for atmospheric pressure (0.1 MPa) in (d). The 

time delays were given for (a) and (b); and fluences were given for (c) and (d). In (a) and (b), the spectra were 

shifted with time delays from lower to upper by the extinction value of 0.1.  
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 To more precisely elucidate the effects of the external pressure, the fluence dependence of the 

transient extinction spectra was measured for 60 MPa (Figure 3-6c). Compared to the spectra at 0.1 MP in 

Figure 3-6d, one can find the spectral shape is less dependent on the fluence; the increase in the positive 

background in the entire wavelength window (400−900 nm) was significantly suppressed under the high 

pressure, although the positive signal in the wavelength region of >600 nm increased with a decrease in 

extinction (or increases in bleaching) at the LSPR peak position. These results support that the positive signal, 

which resembles a floating baseline, is due to the scattering signal due to the bubble formation. NPs.  

 It should be noted that, even at a fluence of 5.2 mJ cm−2, the bleaching signal at the LSPR peak 

position did not recover to the baseline in the time window of the measurement (0-16 ns). To elucidate this 

long-living bleaching signal, we measured the time profile of the signal in longer time region using a CW 

laser beam as a probe light and a photodiode (rise time <1 ns) as a detector. As shown in Figure 3-7a, this 

negative signal decreases in the initial 10 ns after the excitation and is followed by the constant signal 

remaining in the time region of 80 ns, suggesting the permanent bleaching by the photodegradation of Au NPs. 

So as to obtain the detailed information, TEM images were measured. Figure 3-7b shows that a small number 

of spherical particles were observed after the laser irradiation among faceted Au NPs. These images indicate 

that the morphological change of Au NPs is the origin of the permanent bleaching. Interestingly, permanent 

bleaching was not observed in the case that the particles with spherical shape were irradiated with a 

picosecond laser at the similar fluence (Figure 3-7c).  
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Figure 3-7. (a) Extinction change observed at 532 nm when excited by a 355 nm, 15 ps laser with a fluence of 

4.6 mJ cm-2, (probe light: CW laser (PHOTOP, DPGL-2050F), detector: photodiode (Thorlabs, DET10A/M, 

rise time < 1 ns)) at a time scale longer than that of the pump-probe measurement, showing the indication of 

permanent bleach. The extinction signals were 19-times accumulated. The permanent bleach was not observed 

at 4.0 mJ cm-2. 
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Figure 3-7. (b) TEM micrographs of 60-nm diameter Au NPs before (upper panel) and after (lower panel) 

irradiation at 4.6 mJ cm-2 for 500 shots by a 355 nm, 15 ps laser. The red arrow indicates a spherical particle 

generated by the laser irradiation among the original faceted particles. 
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Figure 3-7. (c) Extinction time curve (upper panel) observed at 532 nm for 60 nm diameter reshaped Au NPs 

(lower panel: TEM image) when excited by a 355 nm, 15 ps laser with a fluence of 5.0 mJ cm-2. 
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Threshold of the Bubble Formation. Figure 3-8a shows the fluence dependence of the Δ-extinction of 

aqueous Au NPs with various diameters, measured at 2 ns after the pulsed excitation shown in Figure 3-9. 

Fluence dependence of Δ-extinction in Figure 3-8a clearly shows nonlinear behaviors with a threshold. For 

example, for the NPs with a diameter of 100 nm, Δ-extinction was almost zero in the range 0−8 mJ cm−2, 

whereas it suddenly increased above ca. 8.5 mJ cm−2.We attributed the threshold fluence for bubble formation 

to this critical fluence, because the extinction signal above this fluence could be attributed to the scattering as 

shown in Figure 3-9 where the positive signal appears in the entire wavelength region. The threshold fluence 

for the bubble formation thus estimated is plotted as a function of Au NP diameter in Figure 3-8b. Because the 

Au NP commercially available has a distribution of diameters to some extent, we employed 4 systems with 

different averaged diameters. The diameter dependence shows that the threshold does not simply increase and 

the small dip exists around 60-nm diameter.  
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(a)      (b) 

 

Figure 3-8. (a) Fluence dependence of the transient extinctions of Au NPs in aqueous solution measured at 2 

ns following excitations with a 15-ps, 355-nm laser pulse: monitored for Au NPs with the 20-nm (blue ●), 

60-nm (◆), 100-nm (red ●), and 150-nm (○) diameter NPs. Monitoring wavelength: 650 nm for 20 nm Au; 700 

nm for 60 and 100 nm Au; 480 nm for 150 nm Au. Solid lines are eye guides. Errors for the extinction values: 

±0.008 estimated by the standard deviation. (b) Experimental bubble formation threshold as a function of Au 

NP diameter in aqueous colloidal solution excited at 355 nm with a laser pulse of 15 ps and a simulated curve. 

The simulation was performed by calculating the medium temperature at the NP−water interface. The 

temperature profiles at the time delay of 400 ps were used for the calculation of the average temperature. 
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Figure 3-9. Transient extinction spectra of Au NPs with different sizes in aqueous solution monitored at 2 ns 

following the excitation; (a) for 20 nm, (b) for 60nm, (c) for 100 nm, and (d) for 150 nm in diameter. The 

fluence of the excitation laser pulse is shown in each of the figures. 
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(a)     (b) 

 

(c)     (d) 

 

Figure 3-10. Fluence-dependent extinction changes at different wavelengths for aqueous colloidal Au NPs 

(20-, 60-, 100-, and 150-nm diameters) measured at the time delay of 2 ns following the excitation with a 15 

ps, 355-nm laser pulse. 
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On the relation between the diameter and the threshold of the bubble formation, Plech and 

coworkers reported the experimental results for aqueous colloidal Au NPs with diameters of 15−100 nm by 

means of the pulsed excitation with a 100-fs laser pulse at 400 nm and the probe X-ray with ca. 100 ps pulse 

width. They demonstrated that bubble nucleation occurred at a lower fluence for larger particles. In addition, 

they pointed out the saturation of the threshold with an increase in the size of the particle. They interpreted 

these results in such a manner that, because of the difference in the surface-to-volume ratio, the water phase 

reached higher temperatures for larger particles even at the same fluence. Their experimental results on the 

relation between the threshold and the size if NPs were well reproduced by the curve calculated under the 

assumption of an interfacial water temperature slightly lower (85%) than that of the critical temperature of 

water, 647 K.32  

Lapotko and coworkers also reported the relation between the threshold and the size of Au MPs. 

They measured the optical transmittance signal, which become small by the scattering of the bubble, for the 

single Au NP after the excitation with a 532-nm laser pulse (0.5 or 10 ns).16−18 They experimentally 

determined the threshold of the bubble generation for Au NPs with 30, 100, and 250-nm diameters. They 

confirmed that the threshold fluence decreased with an increase in the size of Au NPs. Their method, 

measurement of the single MP, demonstrated that the threshold value was, at least, 1 order of magnitude 

higher than those determined using ensemble measurements.  

As stated above, these previous results demonstrated that the threshold of the bubble generation 

decreases with an increase in the size of the Au NPs, although the excitation wavelength of these studies is 

different from the present one (355 nm). In the present result as was shown in Figure 3-8b, the minimum 

threshold was observed at the diameter of 60 nm. To elucidate the difference observed in the present 

irradiation condition, we undertook the numerical simulation for the relation between the diameter of Au NPs 

and the threshold. In this simulation, we assumed that boiling of the medium could start in the condition 

where a certain fixed volume of water surrounding the various sizes of Au NP, not only the thin layer of water, 

reaches an average temperature of 550 K. The curve thus calculated is shown in Figure 3-8b. Although the 

best fitting curve was obtained for the water volume of 6.4 × 10−24 m3 (a volume corresponding to a shell with 



Chapter 3 

51 

 

an inner diameter of 15 nm and an outer diameter of 25 nm), we could not reproduce the experimental results 

(Figure 3-11). These results suggest that the average temperature of the interfacial water volume was a better 

measure of the bubble formation threshold, as compared to the temperature of the interfacial water layer. The 

non-monotonic diameter-dependent threshold curve (Figure 3-8b) is ascribed to the diameter-dependent 

medium heating efficiency, represented by (Cabs/V)/Gc (Gc, critical thermal interface conductance; Cabs, 

absorption cross section; V, particle volume) that showed a maximum at 40−60 nm (Figure 3-12).5 This 

quantity is negatively and nonlinearly correlated with the bubble formation threshold and qualitatively 

explains the curvature in Figure 3-8b.  

 

 

 

Figure 3-11. Simulated threshold laser fuence vs. Au NP diameter, calculated assuming the temperature of a 

water layer 2 nm from the NP interface reaches 550 K, after 400 ps of the laser excitation (355 nm, 15 ps). 
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Figure 3-12. Diameter-dependence of a quantity, (Cabs/V) / Gc, representing the medium heating efficiency. Gc, 

Cabs, and V are respectively critical thermal interface conductance, absorption cross section, and particle 

volume. 
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 Recently, Cavicchi and coworkers reported the morphological change of Au NPs on the nanosecond 

pulsed laser-induced photo thermal size reduction of 10−100 nm excited at 532 nm supported our result in 

Figure 3-8b.33 As particle diameter increased from 10 to 60 nm, the threshold fluence decreased, whereas at 

100 nm, the threshold for observed particle damage appeared to increase, resulting in a minimum at 60 nm. 

They assumed that nanobubble generation occurred at a fluence near the threshold for particle damage.  

 Our measurements revealed that the threshold for bubble generation (5 mJ cm−2) was similar to the 

threshold for particle deformation after the excitation of 60-nm diameter Au NPs using the 355-nm laser pulse 

with 15-ps fwhm. Previously, Inasawa group reported that the threshold value for the ablative size reduction 

of Au NPs with an average diameter of 36 nm under the application of a 355-nm laser pulse with 15-ps fwhm 

was 17 mJ cm−2,34 which is at least 3 times larger than the threshold for bubble formation obtained in the 

present work. Pre-melting or surface melting is the likely cause of the deformation.5,34 Accordingly, we 

conclude that the particle temperature approached, but did not reach, the melting point (mp) of Au (1337 K) 

when bubble initiation took place.  
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Simulation for the extinction spectrum.  

In the present section, we perform spectral simulation to evaluate the size of nanobubbles. Figure 3-13a shows 

the schematic representation of the simulation for the bubble formation. Here, two concentric spheres (Au 

core and bubble shell) were submerged in a water medium (refractive index of 1.33 at ambient temperature). 

As applied by Plech group,19 this model was used to simulate the extinction spectra of Au NPs based on the 

Mie theory.2,35 Figure 3-13b shows the simulated extinction cross-section spectra, Cext, for a single Au NP (d = 

60 nm) at four particle temperatures (TNP) from 283 to 1193 K in aqueous solution. It should be noted that a 

NP at TNP = 1193 K is surrounded by bubbles of various diameters. We selected these four temperatures 

because the experimental dielectric functions for bulk gold were reported.36 Cross-section Cext [m2] represents 

the light extinction for a single particle, and its correlation with the extinction (abbreviated as “Ext”) for a 

colloidal solution can be expressed as 

 

extinction =  log10 (
𝐼0

𝐼
) =  

𝐶𝑒𝑥𝑡𝑁𝑙

2.303
 (3-1) 

 

where I0 denotes the incident probe light intensity, I is the transmitted probe light intensity, N [m−3] is the 

particle number concentration, and l [m] is the optical path length. Note that Cext is a function of TNP, and is 

also related to the temperature of the medium; specifically, it is related to the distance-dependent temperature 

profile. The Mie calculation was performed by taking into account both the particle temperature and the 

temperature-induced refractive index gradient of the medium (based on a temperature profile similar to those 

given in Figure 3-14).35  
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(a)     (b) 

 

Figure 3-13. (a) A model of Au NP/bubble/water structure in which a spherical Au NP, surrounded by a 

concentric spherical bubble (refractive index: 1.0), is submerged in water (refractive index: 1.33). (b) 

Simulated extinction cross-section (Cext) spectra for the Au NP/bubble/water structure. Solid lines: The 

extinction cross-section spectra of a 60 nm diameter Au NP at various particle temperatures (283, 583, 843, 

and 1193 K) in water (radial temperature distributions such as those given in Figure 3-14, were taken into 

consideration for the spectral calculations). Broken lines: The extinction cross-section spectra of a 60 nm 

diameter Au NP and vapor bubble of various diameters listed in the legend (TNP, 1193 K and Tm, room 

temperature). 
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(a)    (b) 

 

(c)    (d)    (e) 

 

Figure 3-14. (a), (b) Time profiles of the temperature of Au NPs (20-nm, 60-nm, and 100-nm diameters) in 

water (n = 1.33) after the excitation with a 355-nm pulse (15-ps FWHM). Laser intensity is given in the figure. 

(c) - (e) Spatial profiles of the temperature of Au NPs (20-nm, 60-nm, and 100-nm diameters) in water (n = 

1.33). The origin of the distance corresponds to the center of the Au NP. Time dependence of the temperature 

shows that the particle cooling is strongly dependent on the particle diameter: the cooling rate is much greater 

for smaller particle diameter. Temperature profiles suggest that medium cooling is remarkable for Au NP with 

20-nm diameter. Calculation was performed using COMSOL Multiphysicsv.4.3a (http://www.comsol.com). 
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These results suggested that the extinction spectrum gradually broadened with increasing NP temperature. The 

damping of the LSPR band intensity with increasing temperature has been revealed experimentally.37,38 With 

the formation of the vapor bubbles surrounding the particles, further spectral broadening and a much greater 

intensity reduction occurred for bubble diameters <120 nm. This is because the refractive index of the medium 

directly surrounding the particle is reduced appreciably. However, the contribution of the light scattering 

increases in the case where the bubbles grow to diameters larger than 120 nm. Accordingly, the extinction 

spectrum was dominated by the scattering from the bubble and the contribution of the Au NP was obscured, 

except in the valley at the LSPR peak position.  

 To more precisely elucidate the contributions to transient spectra experimentally obtained (Figure 

3-3), we constructed the difference extinction cross-section spectra, ΔCext. Three conditions are illustrated 

schematically in Figure 3-15 (on the left). We first considered changes only in particle temperature: 

∆Cext = Cext(𝑇𝑁𝑃) − Cext(RT)  (3-2) 

 

We then included changes in temperature of the medium, in addition to increases in particle temperature in the 

absence of a bubble: 

∆Cext = Cext(𝑇𝑁𝑃 , 𝑇𝑚) − Cext(RT)  (3-3) 

 

and, finally, in the presence of a bubble: 

∆Cext = Cext(𝑇𝑁𝑃 , bubble) − Cext(RT) (3-4) 

 

where Cext(TNP) is Cext at particle temperature TNP, Cext(TNP, Tm) is Cext at particle temperature TNP with Tm being 

the temperature of the medium (water) at the particle surface, Cext(TNP, bubble) is Cext at particle temperature 

TNP in the water vapor bubble, and Cext(RT) is Cext at room temperature in water in the absence of a bubble.  
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Figure 3-15. Schematic representation of processes induced by the temperature increase of the particle (left 

side) and the corresponding spectral changes of the extinction cross section of Au NPs with 60-nm diameter 

obtained by simulation (right side) in three cases: (A) only the particle heating (spectra based on eq 3-2) was 

take into account, (B) particle heating accompanied with the medium heating without bubble formation were 

taken into account (spectra based on eq 3-3), and (C) particle heating accompanied with the bubble formation 

was taken into account (spectra based on eq 3-4)Temperatures of the particle used for the simulation are given 

in each of figures. Broken lines represent the transient extinction spectra for various bubble diameters given in 

the figure. The unit of ΔCext is 10−16 m2. For the calculation of spectra in panel B, the temperature distributions 

in the surrounding water at various delays of laser irradiation were considered (29.5 ps for 583 K, 35 ps for 

843 K, 54 ps for 1193 K, 237 ps for 843 K). Typical medium temperature distributions are given in Figure 

3-14. 
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Figure 3-15 (on the right) shows transient extinction spectra (ΔCext versus wavelength) of 60-nm 

diameter Au NP heated by laser irradiation in water, simulated by the three models described above. The 

upper-right panel A shows the results when only particle temperature changes were considered (eq 3-2); the 

middle panel B shows results when temperature changes in the surrounding water were also considered (eq 

3-3); and the third panel C shows the spectral changes assuming the bubble formation (eq 3-4) with TNP = 

1193 K and Tm = 574 K. As mentioned in the section on the bubble formation threshold, the value of TNP at the 

threshold fluence for the bubble formation was expected to be close to the melting point of gold (1337 K). Our 

temperature calculation yielded a value of TNP = 1200 K at the bubble formation threshold of 5 mJ cm−2. Thus, 

we used TNP = 1193 K for the calculation of Cext (TNP, bubble). Note that temperatures estimated by our 

computational method showed good agreement with those obtained experimentally for steady-state heating of 

a single Au NP.39 

Spectra calculated for the Au NP surrounded by vapor bubbles with various diameters (refractive 

index: 1.0) in water are shown in Fig.3-15c. In the absence of bubble formation, the spectrum was affected 

mainly by the heating as the LSPR bleaching (Fig. 3-15a and b). In contrast, once a bubble was formed, 

calculated spectra show strong modification in the shape and amplitude in the spectra. For example, when the 

bubble diameters were 70−120 nm, strong bleaching was observed. Bleaching signals in the 450−490-nm 

region at 100−500 ps (Figure 3-3b) could be attributed to an embryonic bubble, rather than simply medium 

heating. Simulations also predicted an increase in the extinction with further increase in the bubble diameter 

and the appearance of positive wings on both sides of the LSPR band in the case that bubble diameters is >200 

nm. According to the simulated results, the maximum diameter was estimated to be ∼240 nm (a detailed 

analysis is given below). The calculation based on the Mie theory suggested that further increase in the bubble 

diameter might produce much bigger, positive extinctions due to the Rayleigh scattering.2 The maximum 

bubble size is dependent on the excitation laser intensity.16,17 Bubbles can expand until their internal pressure 

is balanced with the ambient pressure (∼1 atm).40 The experimental extinction signal could be well interpreted 

by the above mechanism. Consequently, through the bubble generation and growth mechanism, our spectral 
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simulations qualitatively reproduced strong bleaching in the 450−490 nm region as well as the subsequent 

appearance of positive extinctions on both sides of the LSPR band.  

 

Temporal Evolution of Bubbles. Nanobubble formation is a transient event induced by a single shot of the 

laser and is not a stationary phenomenon by bulk heating or the accumulation of heat. We observed that the 

nanobubbles collapsed within 20 ns after the laser excitation. In the present section, we will quantitatively 

discuss the temporal evolution of the diameter of the bubble. 

 To estimate the diameter of the bubble from the experimentally obtained transient spectra, we used 

the relationship between Cext and the bubble diameter from the simulated spectra, based on eq 3-4. Figure 

3-16a shows Cext(450 nm)/Cext(535 nm) as a function of the bubble diameter. Experimental values of Cext(450 

nm)/Cext(535 nm) were compared with the computational Cext. According to eq 3-1, Cext(450 nm)/ Cext(535 nm) 

is equal to Ext(450 nm)/Ext(535 nm). The extinction was proportional to the particle concentration N and Cext; 

the latter is a function of both particle temperature and bubble diameter. Under atmospheric pressure (0.1 

MPa), the extinction signal appears immediately after the excitation due to the particle heating, followed by 

the evolution of the signal associated with the bubble. In this estimation, we need to extract the bubble-related 

extinction signal emitted during particle heating−cooling dynamics. These dynamics of Au NPs could be 

observed separately under the irradiation below the bubble formation. By applying the laser pulse of fluence 5 

mJ cm−2, which initiates bubbles at 0.1 MPa on the Au NPs. Thus, we obtained ΔΔExt(450 nm)/ΔΔExt(535 

nm) as a function of time (Figure 3-16b). Finally, we can obtain the temporal evolution of the bubble diameter 

(Figure 3-16c) by converting the ΔΔExt(450 nm)/ΔΔExt(535 nm) value into the bubble diameter using Figure 

3-16a as a calibration curve while assuming ΔΔExt(450 nm)/ΔΔExt(535 nm) = Cext(450 nm)/ Cext(535 nm). 

The curve gives the time-dependence for bubble generation, growth, and decay of a 60 nm-diameter Au NPs. 

The lifetime was estimated by the fwhm width to be roughly 10 ns, giving a maximum diameter of 260 ± 40 

nm.  
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(a)      (b) 

 

(c) 

 

Figure 3-16. Temporal evolution of the bubble. (a) Cext (450 nm)/Cext (535 nm) versus bubble diameter 

obtained from the spectral simulation described in the text. (b) ΔΔExt(450 nm)/ΔΔExt(535 nm) versus time 

curve obtained from the experimental ΔExt versus time curves (errors: <±10%, estimated by the standard 

deviation) with ΔΔExt(450 nm) = ΔExt(450 nm, 0.1 MPa) − ΔExt(450 nm, 60 MPa), and ΔΔExt(535 nm) = 

ΔExt(535 nm, 0.1 MPa) − ΔExt(535 nm, 60 MPa) at various time delays. (c) Time profile of the bubble 

diameter. The red line is a calculated curve with the double exponential function, D(t) = -(447113) exp{-t / 

(1.70.4) ns}+(454 115) exp{-t / (6.21.2)} +60. Errors in estimating diameters are ±20% obtained from the 

standard deviation of the fitting analysis. 
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Previous femtosecond ensemble studies of bubble dynamics using time-resolved X-ray 

measurements revealed that the lifetime of a bubble surrounding a Au NP with 9-nm diameter was 400 ps 

(max bubble diameter: 20 nm) at 40 mJ cm−2, whereas that for a Au NP with 36-nm diameter was 1.7 ns (max 

bubble diameter: 75 nm) at 13.8 mJ cm−2 (threshold fluence).6,20 The bubble dynamics were well modeled 

using the Rayleigh−Plesset equation.40 Lapotko group measured bubble lifetimes by observing the optical 

scattering response of a single Au NP and reported 18 ± 3.5 ns for a Au NP with 30-nm diameter at a threshold 

fluence of 720 mJ cm−2, and 9 ± 1 ns for single Au NPs with 90- and 250-nm diametera at a minimal fluence 

of 100 mJ cm−2 (for 0.5 ns, 532 nm laser excitation).16−18 They found that the lifetime of bubbles around NPs 

increased with increasing fluence and that the lifetime was proportional to the maximum bubble diameter. 

These findings could be adequately described in the context of the Rayleigh−Plesset equation.40  

We only measured the bubble dynamics at fluences near the threshold, because our pump−probe 

method required the accumulation of signals, which could cause severe particle deformation and possible 

destruction, leading to significant reduction in the extinctions at much higher fluences. A direct comparison 

between our results and literature values was not possible, because of the different particle heating rates that 

were produced by the various laser pulse durations. For instance, Lapotko group observed an appreciably long 

lifetime of approximately 60 ns for plasmonic nanobubbles after the off-resonant excitation of the LSPR band, 

for the excitation of Au nanospheres at specific wavelength such as 780 nm.41,42 It should be noted, however, 

the lifetime in the present experiment was almost in the similar time scales obtained by the similar excitation 

condition. That is, the transient extinction spectroscopy, which is exactly the same set-up of transient 

absorption spectroscopy and much easier method to apply than the time-resolved X-ray measurement, can 

provide the dynamics of the bubble formation with the diameter of the bubble through the analysis of the 

extinction spectra.  

The mechanism underlying the bubble formation is still being investigated. In addition, in studies 

related to bubble dynamics using optical imaging at a fixed time delay, Lapotko group observed, on the one 

hand, decreased scattering intensity at low fluence, and on the other increased scattering intensity at high 

fluence;16,18 they observed bleaching ascribable to medium heating at low fluence and optical amplification 
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resulting from bubble formation at high fluence. These trends manifest themselves depending on the extent of 

medium heating and also on time delays, the latter of which comes from the mechanism similar to that 

responsible for the time-dependent decrease and increase in the extinctions observed here. 
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3-4. Conclusion 

Conventional optical measurements of dynamics on plasmonic nano- and microbubbles were limited to the 

detection of light scattering and extinctions in the time region longer than sub-microseconds. In the present 

study, we extended the temporal resolution into the picosecond region by applying the transient extinction 

spectroscopy. Time evolution of transient spectra in the wavelength range of 400 – 900 nm revealed dynamics 

characteristic of formation and collapse of nanobubbles. For Au NPs under the picosecond pulsed irradiation, 

the nanobubble formation was characterized by the kinetic behavior on time scales shorter than 20 ns. The 

analysis based on the relation between the bubble size and the spectral shape provided detailed information on 

the temperature of Au NPs and the surrounding water. Once a bubble was formed, the overall extinction signal 

was dominated by the scattering component, with a minimal contribution from the Au NPs. The present study 

provides important and fundamental information for the investigation of various processes relating to the 

photothermal effects with colloidal nanoparticles induced by the ultrafast laser pulse, such as the application 

of plasmonic nanobubbles to the theranostics (diagnostics and therapy) of living malignant cells. The present 

method allowed the sensitive detection of plasmonic nanobubbles in the wide range of the fluence.  
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4. Thermometry using Optical Scattering Spectra for a Single Gold Nanoparticle under  

CW Laser Irradiation: Nanoscale Cooling of Substrates and the Surrounding Media 

ABSTRACT 

Although elucidation of local thermal responses induced by the nanoscale heating is crucially important, it is 

usually difficult to directly obtain the information on temperatures in such small space. This chapter describes 

the laser-induced heating and thermal equilibration of metal nanoparticles supported on different substrates and 

immersed in several media, leading to the estimation of the temperature in the tiny space. We used single-

particle spectroscopy to monitor the temperature rise of nanoparticles and surrounding media under the laser 

excitation. Change in the refractive index of the surrounding medium affects the scattering spectrum of the gold 

nanoparticles in its maximum and band shapes. In addition, the supporting substrate also influences the 

temperature change. We furthermore modeled the nanoparticle temperature using a simplified 1-D heat 

conduction with an effective thermal conductivity by taking both substrate and environment into account. The 

results analyzed by this model are also compared with a more detailed 2-D heat transfer analysis. The results 

presented here are quite new and important to many applications of plasmonic nanoparticle where the strong 

absorption cross section of the nanoparticles leads to a significant temperature rise. In this chapter, we also 

introduced in detail the analysis method that can be easily implemented to model the temperature of a 

nanoparticle supported on a substrate, as is the case in many single-particle measurements. 
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4-1. Introduction  

As presented in previous chapters, plasmonic nanoparticles (NPs) have emerged as nanoscale heat sources, the 

heating power of which can be controlled remotely through optical excitation.1-3 Simultaneously, heat transfer 

from the NPs enables the surrounding medium to be heated. Within the limited time scales imposed by 

irradiation periods, medium heating is confined to a nanospace accompanied by a temperature gradient. This 

unique attribute of plasmonic heating has potential applications to photothermal cancer therapy and 

nanofabrication.4-7  

To gain deeper insight into the photothermal response of plasmonic NPs, investigation of thermal 

processes and properties of a single particle is crucially important. Single-particle spectroscopy has a big 

advantage in tracking the properties and reactions of individual NPs, including the effects of the ambient 

environment, by monitoring continuous spectral peak shifts and their changes in spectral shapes. Such 

observations are not possible with ensemble measurements that are subject to distributions in particle size and 

shapes with inhomogeneous spectral broadening.8 The single-particle approach has another advantage in 

tracking and manipulating single NPs with high temporal and spatial resolutions. Single-particle studies using 

plasmonic heating by continuous wave (CW) laser illumination have been reported so far. For instance, bubble-

induced damaging of polyelectrolyte films that mimic cell membranes or biological tissues has been 

demonstrated.9 Thermal imaging of nanostructures has also been conducted using quantitative optical phase 

analysis.10 Moreover, nanochannel milling in polyvinyl alcohol films driven by a laser-manipulated Au NP, as 

well as laser embedding of an Au NP in polymeric films, has been developed.11,12 However, in situ measurements 

of temperature of these Au NPs are limited to only a few cases.13-15 

We have recently devised a method to measure the temperature of a single Au NP under CW-laser 

illumination, as introduced in Chapter 2.16 Based on spectral calculations with Mie theory, experimental data on 

the peak shifts of the scattering spectrum of localized surface plasmon resonance (LSPR) bands were exploited 

to estimate the temperatures of nanoparticles in the range 300 - 600 K with an accuracy of ±20 K. The method 

has the advantage of acquiring particle temperatures without a calibration coefficient such as a temperature 

transfer coefficient or relying on thermophysical calculations containing unknown parameters.13 Accordingly, 
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temperature of particles could be determined without the influence of the spatial resolution of the optical setup. 

We also observed that the surrounding media such as water and glycerol affect the spectral shifts through the 

temperature dependent refractive index. This result prompted us to investigate medium and substrate effects on 

the particle temperature. Essentially, both the surrounding medium and substrate can be regarded as a heat sink, 

the capability of which is determined by their thermal conductivities 

To estimate the temperature of plasmonic nanostructures under the steady-state heating, the most 

convenient way is to apply the one-dimensional (1-D) heat conduction equation.17 The equation can be applied 

to a spherical NP immersed in a homogeneous medium (Scheme 4-1a). However, unless particles are suspended 

by a laser-trapping technique, NPs are usually supported on a substrate. Heat transfer for this system is 

complicated because of the presence of the substrate (Scheme 4-1b).  

 

 

Scheme 4-1. Schematic illustrations of heat dissipation for an Au NP under steady-state laser illumination, in a 

homogeneous medium (a) and supported on a substrate and immersed in a medium (b). 

 

In the application of the 1-D heat conduction equation to such a complex system, the averaged thermal 

conductivity of the medium and substrate has been used as the thermal conductivity of the medium.9,13 This 

averaging may be applicable for the system with small disparity of thermal conductivity, such as the water/glass 

system. However, it is not clear whether the concept of averaged thermal conductivity is applicable to cases 

with a large thermal conductivity disparity between medium and substrate.  
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In this chapter, we show, for a single Au NP, observation of a substrate/medium-dependent temperature increase 

that is proportional to the intensity of the illuminating laser. Substrate and medium were found to contribute 

significantly to particle cooling that governs the efficiency of laser heating. As a result, we made a reasonable 

estimation of the effective thermal conductivities keff for several medium-substrate systems by applying the 1-

D heat transfer model. This method can properly estimate the temperature of a particle under laser illumination. 

Herein, we evaluated the adequacy of the experimental keff based upon the numerical calculations of particle 

temperatures. 
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4-2. METHODS 

Sample Preparation. Aqueous solutions of Au NPs with nominal diameters of 100 nm (cat. no. EMGC100, 

100 ± 8 nm) were purchased from British Biocell International. Although NPs are initially faceted, these were 

smoothed into spheres by irradiating with weak-intensity nanosecond laser pulses at 532nm (∼10 mJ cm-2). The 

Au NPs were spin-coated onto a substrate both of which sides were cleaned in a plasma reactor (Sakigake, YHS-

R (70 W, 20 kHz)) for 30 s. The Au NPs were washed three times with doubly distilled water by placing in 0.5 

mL of water and spin-coated. Three types of substrate were employed: borosilicate glass (Schott D263T, 24 mm 

×  32 mm ×  0.17 mm coverslip), sapphire (Furuuchi Chemical, 10 mm ×  10 mm ×  0.5 mm, optically 

polished on both sides), and CaF2 (OKEN, 10 mm × 10 mm × 0.5 mm, optically polished on both sides). 

The substrate coated with Au NPs was mounted on the scanning stage (Sigma, BIOS-105T, 100-nm resolution) 

of an optical microscope. In addition to this sample preparation, the Au NPs on a substrate were immersed in 

either water (doubly distilled) or glycerol (Merck, microscopy grade) in a 90 μL chamber consisting of two 

substrates separated by a 0.3-mm-thick silicone rubber spacer.  

 

Optical Measurements. Forward light scattering spectra of single Au NPs were measured using a dark-field 

light microscopy-spectroscopy setup (Figure 4-1).16 The spectra were obtained by subtracting the background 

signals including Raman scattering of the surrounding media and photoluminescence of the NP, then dividing 

it by the spectral profile of the white-light excitation source. Laser irradiation was carried out through a 

microscope objective (60X, NA = 0.70) in an inverted microscope (Olympus IX 71 with a U-DCD dark-field 

condenser (NA = 0.8-0.92)) equipped with two output ports. The output from one port was relayed to a 

spectrograph consisting of an Acton SP300i polychromator (grating: 150 grooves/mm, blazed at 500 nm) and 

an Andor CCD camera (type: DU401-BR-DD operated at 60 oC) through a 300-μm diameter pinhole, whereas 

the output from the other port was used for imaging with a digital camera (Nikon, DS-5M). The dark-field 

microscopy-spectroscopy was used to select a single particle that was subjected to laser irradiation (Figure 4-

1). Particles were brought to the laser spot by scanning a sample in the chamber on the motorized stage. The 

excitation of a single Au NP was performed using a focused 488 nm CW laser (NEOARK, TC20- 4860-4.5) 
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beam. The laser power was measured using a photo- diode power meter (OPHIR, Orion). Spatial laser profile 

was determined by measuring scattering signal intensity of the 100-nm diameter Au NP while scanning the stage 

at 100 nm intervals. The laser beam diameter thus determined was 1.2 μm, although a calculated 1/e2 diameter 

was 0.5 μm assuming a Gaussian beam profile and using experimental optical parameters (NA = 0.70, λ = 488 

nm, n = 1.33). The laser peak power density Ip (mW μm-2) was represent by,13 

𝐼𝑝 =  
𝑃(2.3546)2

2𝜋(FWHM)2
 

where P is the laser power density (measured laser power divided by beam area). 

 

 

 

Figure 4-1. Experimental setup and dark field images of d=100nm Au NPs supported on a glass substrate and 

immersed in water (60X, NA=0.70 objective lens).  
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4-3. RESULTS and DISCUSSION 

Estimation of Temperatures of a Single Au NP under CW-Laser irradiation. Laser irradiation induces the 

temperature elevation of Au NPs reaching a steady-state temperature under the CW laser irradiation, resulting 

from plasmonic heating followed by heat dissipation to the surrounding medium. This temperature increase 

causes the LSPR spectral damping.18,19 This damping is accompanied with spectral peak shifts from which 

temperature information could be estimated.16 For Au NPs on a substrate immersed in a medium, heat transfer 

is a complicated process because of the presence of three interfaces, such as the NP-medium, the NP-substrate, 

and the medium-substrate. Thus, to track heat transfer processes in such a system, temperature information for 

the particle is crucially important. The advantage of the measurement of scattering spectra over the fluorescence 

sensor approach is that the former method is possible to access particle temperature directly without being 

obscured by the diffraction-limited volume of the focal spot.16 Here, we describe our attempt to observe 

substrate-dependent particle temperatures for substrates with different thermal conductivities 

 Figure 4-2 shows the scattering spectra from a single 100-nm diameter Au NP supported on three 

substrates, glass, CaF2, and sapphire, which were immersed in water; the spectra were obtained under 488 nm 

CW-laser irradiation. Upon excitation, substrate-dependent peak shifts were clearly observed. For instance, at 

the excitation laser intensity of 4.7 mW μm-2, an appreciable blue shift (Figure 4-2a)  and the distinctive 

damping was observed in water/glass.  
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(a)     (b) 

 

(c)     (d) 

 

Figure 4-2. Experimentally obtained spectral changes of a single Au NP with a 100-nm diameter, supported on 

glass, CaF2, and sapphire in water: (a) water/glass, (b) water/CaF2, and (c) water/sapphire. Black curves indicate 

spectra without CW-laser irradiation; blue, red, and orange curves indicate spectra from excitation at 4.7, 9.4, 

and 11.0 mW μm-2. (d) the relation between the peak shift Δλ and the laser peak power density for the above 

three systems.  
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In contrast, the spectral changes at the same excitation intensity in water/CaF2 and water/sapphire were 

not so remarkable (see Figure 4-2b and c). The origin of the blue shift is ascribed to temperature effect of the 

refractive index of the surrounding water. The substrate dependence could be attributed to the thermal 

conductivities of the substrates. That is, the blue shifts in water/CaF2 and water/sapphire were noticeably 

suppressed because these substrates have thermal conductivities much higher than glass, and the temperature 

increase of a supported Au NP is lower than in the water/glass system. The peak shifts and Δλ vs laser peak 

power density curves in the above three systems are summarized in Figure 4-2d; parabolic curves are drawn 

because the temperature dependence of the refractive index for water is parabolic. When the substrates were 

immersed in glycerol instead of water, we again observed blue shifts, the magnitude of which increased with 

increasing laser intensity (Figure 4-3). Note here that the curves are linear because of the linearity of the 

refractive index with temperature. Larger Δλ values were observed in glycerol, as a reflection of its lower 

thermal conductivity and dn/dT values than those of water.  
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(a)     (b) 

 

(c)     (d) 

 

Figure 4-3. Experimentally observed scattering spectra of a single Au NP with a 100-nm diameter under the 

irradiation, supported on glass, CaF2, and sapphire substrates submerged in glycerol: (a) glycerol/glass, (b) 

glycerol/CaF2, and (c) glycerol/sapphire. Blue shifts were observed. Black lines are the spectra without laser 

illumination. Blue and red lines are the spectra under the irradiation with intensities of 4.7 and 6.6 mW μm-2. 

(d) Peak shifts, Δλ, as a function of laser peak power density for the three systems.  
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In contrast, smaller red shifts of the scattering spectra were observed in the air with increasing peak 

power density (Figure 4-4). For the NP surrounded by air, red shifts can be mainly ascribed to the temperature 

dependence of an intrinsic property of Au NPs, arising from changes in the conduction electron scattering 

frequency.18,19 (Note that the temperature coefficient of the refractive index of air is negligibly small.) A possible 

cause for the scattering spectral shifts is that an adsorbed water layer with a thickness of a few nanometers forms 

on the substrate surface in an ambient atmosphere.20,21 Supposing that the substrate heating causes the 

vaporization of adsorbed water, blue shifts can result if the refractive index around an Au NP is decreased. 

However, this was not observed in air; thus, the effect of coadsorbed water on the substrates is negligibly small. 

Among the three substrates, sapphire exhibits the strongest cooling effect, followed by CaF2 and then glass. 

That is, the results clearly showed the quantitative difference in the cooling effects of the substrate and medium 

during plasmonic heating of an Au NP in terms of the scattering spectral peak shifts, Δλ. 
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(a)     (b) 

 

(c)     (d) 

 

Figure 4-4. Experimentally observed scattering spectra of a single Au NP with a 100-nm diameter under the 

laser irradiation, supported on glass, CaF2, and sapphire substrates in air: (a) air/glass, (b) air/CaF2, and (c) 

air/sapphire. Here, red shifts were observed. Black lines are spectra without laser illumination. Green, blue, and 

red solid lines are the spectra under the laser irradiation at 1.3, 2.2, and 4.5 mW μm-2. (d) Peak shifts, Δλ, as a 

function of laser peak power density in the above three systems. 
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Estimation of Effective Thermal Conductivities for Various Medium/Substrate Pairs. 

The peak shifts of scattering spectra, Δλ, were measured at various laser intensities (peak power densities) for 

the three selected substrates in air, water, and glycerol, thus enabling estimation of the temperature of particles, 

Tp. We previously reported a method for estimating the temperature of Au NPs under CW laser illumination.16 

In this treatment, temperature of particles were determined by comparing the peak positions of experimentally 

measured scattering spectra with those of the temperature dependence calculated using Mie theory.22,23 In this 

calculation, the temperature-dependent dielectric functions were obtained by fitting to the experimental values 

reported by Otter et al. for the range of 450 - 700 nm at four temperatures: 283, 583, 843, and 1193 K.24 In 

addition, the gradient of refractive indices of the media, water, and glycerol was taken into consideration in Tp 

calculations. Temperature coefficients for the refractive indices of substrates are one order of magnitude smaller 

than those of water and glycerol. Therefore, we considered that the refractive index of substrates contributes 

negligibly to the spectral shifts. The method gives a direct measure of the temperature increase by laser heating, 

irrespective of the spatial resolution of the optical setup. The particle temperatures thus obtained can be used to 

identify cooling effects as differences in Tp for various substrates and media. 

 An analytical formula for a simple 1-D heat conduction equation has been established to estimate the 

local heating by a NP in a homogeneous medium (Scheme1a). The temperature profile, T(r) [K], is given by1-

3,13,15,17,25 

𝑇(𝑟) = 𝑇(∞) +  
𝐶𝑎𝑏𝑠𝐼

4𝜋𝑘𝑟
  (𝑟 ≥ 𝑎: NP radius)  (4-1) 

 

where r [m] is the radial coordinate, T(r) [K] ambient temperature, Cabs [m2] absorption cross section of Au NP 

at the excitation wavelength, and I [W m-2] peak power density of the excitation laser. To apply the 1-D heat 

conduction equation to a complex system consisting of NP, medium, and substrate, the thermal conductivity of 

the surroundings (medium and substrate) was represented by an effective (averaged) thermal conductivity 𝑘̅ 

[W m-1 K-1],9,13 as represented by eq 4-2. 
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𝑘̅ =
𝑘𝑚𝑒𝑑+𝑘𝑠𝑢𝑏

2
  (4-2) 

 

Here, kmed and ksub are respectively the thermal conductivities of the medium and that of the substrate. In addition, 

the finite interface resistivity is defined in such a way that the finite temperature discontinuity occurs at the 

interface between the NP surface and the surrounding medium. This parameter plays a main role in describing 

the observed temperature drop at this interface during femtosecond/nanosecond pulsed-laser excitation.26-30 This 

parameter, however, can be negligible in steady-state heating of Au NPs, as temperature drops are slight at the 

NP/medium interface. In the derivation of eq 4-1, the particle temperature was assumed constant because of the 

sufficiently high thermal conductivity of gold (314 W m-1 K-1). Thus, for particle radius a, T(a) = T(r < a) = Tp 

is implicitly assumed.  

Here, we look at our experimental Tp, and its dependency on the substrates, and their intrinsic thermal 

conductivities. Figure 4-5 shows the peak power density vs Tp, for three substrates in water, which was estimated 

from the laser power-dependence of Δλ (a) and the comparison with the same relationship obtained by the 

calculation with eq 4-2 (b). Figure 4-5 clearly shows the Tp values being proportional to the laser intensities. 

Linear relationships between the experimental Tp and the laser intensity were observed also in glycerol and air 

(Figure 4-6). The laser intensities were adjusted subject to Tp < 600 K to avoid softening or melting of the 

substrates.16 Figure 4-6b was drawn by applying eq 4-1 using parameters described in the caption. Cabs values 

at 488 nm were obtained using Mie theory with the effective medium refractive indices, εeff. Both experimental 

values and the conventionally calculated ones of Tp exhibit a linear relationship with laser intensity (Figure 4-

5a and b). This suggests that the experimental Tp is adequately described by eq 4-1 and the experimental slope 

can be used to calculate keff for each medium/substrate pair, leading to the determination of keff values for various 

medium/substrate systems. The results are listed in Table 4-1. The experimental keff values in water/glass and 

glycerol/glass are in good agreement with conventional 𝑘̅ values. In contrast, for other systems, a noticeable 

disagreement was observed. The difference between keff and 𝑘̅ is large, especially for air as well as the sapphire 

substrate. The largest difference was observed for air/sapphire where 𝑘̅ assumes 20 times the experimental keff 

value. 
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(a)      (b) 

 

Figure 4-5. Laser peak power density vs Tp relationship estimated from experimental results on the laser power 

dependence of Δλ (a) and computational curves applying eq 4-1 with 𝑘̅ instead of k (b) for a 100-nm diameter 

Au NP supported on the three substrates in water. Errors in experimental temperature estimation were 20 K. For 

the calculation using eq 4-1, the 𝑘̅ values listed in Table 4-1 were used. 
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(a)      (b) 

 

(c)      (d) 

 

Figure 4-6. The peak power density vs. Tp estimated from experimentally observed laser power-dependence of 

: (a) and (c), in comparison with the same relationship obtained by calculation in terms of equation 4-3. (a) 

and (b) for three substrates in glycerol; (c) and (d) in air. 
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Table 4-1. Comparison of experimental keff, conventional 𝑘̅, and computational keff (unit: W m-1 K-1) 

 

 

2-D Heat Conduction Analysis and Particle Temperature Calculation.  

The disagreement between keff and 𝑘̅  indicates inadequacy in obtaining the effective medium thermal 

conductivity by averaging ksub and kmed in the 1-D heat transfer analysis. This may be due to the non-uniform 

heat transfer from the particles. Therefore, we applied 2-D heat conduction equations to visualize the heat 

transfer around an Au NP as a heat source while supported on a substrate and immersed in a medium. We 

considered a steady-state solution for a CW-laser heating to calculate the 2-D (x-z plane) temperature 

distributions. The Poisson and Laplace forms of the heat conduction equations are represented by eqs 4-3, -4, 

and -5. 

 

𝑘𝑁𝑃∇2𝑇(𝑥, 𝑧) = 𝑄(𝑥, 𝑧) (4-3) 

𝑘𝑚𝑒𝑑∇2𝑇(𝑥, 𝑧) = 0 (4-4) 

𝑘𝑠𝑢𝑏∇2𝑇(𝑥, 𝑧) = 0 (4-5) 
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Here, k is the thermal conductivity, Q is the heat source. The subscripts NP, med, and sub refer to the Au NP, 

the medium, and the substrate. The origin of the coordinates x (horizontal) and z (vertical) axes is set on the 

surface of the substrate, at the contact point of NP and the surface. Thus z+ represents the medium side and z- 

represents the substrate side. Equations 4-3 to 4-5 describe the heat conduction in the NP, the medium, and the 

substrate, respectively; the boundary condition at (x2 + (z - a)2)1/2 = a (NP/medium interface) is 

 

𝑘𝑁𝑃𝜕𝑥,𝑧𝑇(𝑎+) = 𝑘𝑚𝑒𝑑𝜕𝑥,𝑧𝑇(𝑎−), 𝑇(𝑎+) = 𝑇(𝑎−) (4-6) 

 

where a+ and a- distinguish the inner and outer surfaces of the particle. The boundary condition at z-

0(medium/substrate interface) is  

 

𝑘𝑚𝑒𝑑𝜕𝑥,𝑧𝑇(𝑧+) = 𝑘𝑠𝑢𝑏𝜕𝑥,𝑧𝑇(𝑧−), 𝑇(𝑧+) = 𝑇(𝑧−) (4-7) 

 

These parameters were basically the same as those used in the analysis of the behaviors induced by the 

femtosecond laser excitation.29 

 Under steady-state heating, heat loss at each interface was assumed negligible because of a smaller 

contribution to the resistivity from the finite interface. For nanoscale laser heating of a substrate-single 

plasmonic nanostructure in a liquid medium, the free convective heat transfer has been demonstrated to be 

negligible.31 In contrast, for micrometer-scale objects, convection should be taken into consideration. To 

numerically solve the 2-D temperature distribution by eqs 4-3 to 4-5, we employed COMSOL Multiphysics 

based on the finite element method. The temperature coefficient of the thermal conductivity of borosilicate glass 

substrate is negligible. However, the temperature coefficient is appreciable for CaF2 and sapphire. Hence, we 

considered the temperature-dependent thermal conductivity of these substrates for the calculation.  

We found that the results obtained by the numerical calculation depend on contact area, which in turn 

is a function of the separation between the particle and the substrate surfaces. The particles we employed in this 

study are regarded as spheres because the laser surface treatment was performed before the measurement. In 
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addition, an average surface roughness of the substrate, Ra, was 0.1 - 0.2 nm and a peak to valley roughness Rt 

was 1.0 nm, as determined by AFM measurements. The surface roughness of the substrates is responsible for 

the particle-substrate separation. Although we obtained the information on the roughness, it is still difficult to 

uniquely treat the boundary in the calculation. Accordingly, we calculated the heat conduction assuming three 

typical cases, as given pictorially in Scheme 4-2. Scheme 4-2a represents the point contact between the sphere 

and the smooth surface. Ideally, this model should give the best computational result. In Scheme 4-2b, the size 

of the contact area was assumed to be larger than that in the point contact. That is, a particle was assumed to be 

trapped in a pocket on the substrate surface. In this case, we moved an Au NP sphere from the point contact 

position to the substrate side. Scheme 4-2c represents a model for separated particle-substrate, in such a manner 

that a spherical Au NP sits on a spiky surface. In Scheme 4-2c, a lower thermal effect from the substrate can be 

predicted. We assumed that the contact area has a thermal conductivity of the medium in these calculations. The 

particle-substrate separation was set to 0.3 nm, which corresponds to a monolayer thickness of a solvent such 

as water to fill the space.32 We used a separation smaller than 1 nm because Au NPs tend to stay at stable 

positions on substrates with smaller roughness. We used the same value of 0.3 nm for embedding the particle. 

In the following, we show first the computational result for water as a medium, which has been most commonly 

used. 

 

 

Scheme 4-2. Schematic illustrations for three types of particle surface-substrate separations: point contact, or 0 

nm separation (a), partially embedded in the substrate (b), and separated (c). The Au NPs were assumed as a 

sphere. The surface roughness of the three substrates was determined by AFM measurements. The surface 

roughness of the substrates (the spiked surface filled with the medium) was assumed to be responsible for the 

origin of particle-substrate separations. 

  



Chapter 4 

86 

 

 Figure 4-7a and b compare the 2-D temperature distributions calculated for water/glass and 

water/sapphire. Here, the calculation was performed under the condition where Au NP is irradiated with the 

laser intensity of I = 3.1 mW μm-2 for the water/glass case and I = 21.6 mW μm-2 for the water/sapphire case. 

We used the following parameters: thermal conductivities of medium/substrate pairs, input amount of heat: 

Q[W] = I [W m2] ×  Cabs [m2] for a particle-substrate surface separation of +0.3 nm (Scheme 4-2c). By 

inspecting Figure 4-7a, it has been revealed that an axisymmetric temperature distribution with a distant-

dependent decrease from the particle surface was obtained in water/glass. This axisymmetric temperature 

distribution could be attributed to the modest disparity in the thermal conductivities of water and glass substrate. 

In marked contrast, in water/sapphire, the medium temperature exhibits a strong dependence on the direction 

from the particle center, as shown in Figure 4-7b. The medium at the lower side of a NP has appreciably lower 

temperatures than other areas presumably because of a considerable cooling exerted by the sapphire substrate 

with an appreciably higher thermal conductivity than water. 

 The particle temperatures calculated as a function of laser peak power densities were plotted for water/ 

glass (Figure 4-7c) and water/sapphire (Figure 4-7d) systems. In both media, a good linear relationship was 

obtained for the calculated laser intensity vs particle temperature. However, a remarkable difference in the slope 

between water/glass and water/sapphire suggests that sapphire exhibits a great capability to cool the particle.   
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Figure 4-7. Computational 2-D temperature distributions for interfaces of water/glass, (a), and water/sapphire, 

(b), and the calculated Tp as a function of laser intensity, I, for interfaces of water/glass, (c), and water/sapphire, 

(d). In (a) and (b), an Au NP with a 100-nm diameter was assumed to be separated from the substrate surface 

(the separation based on AFM measurement of the substrate surface and a monolayer thickness of the medium). 

The temperature distribution was obtained for a particle illuminated by the laser intensity I = 3.1 mW μm-2 for 

the water/glass interface and I = 21.6 mW μm-2 for the water/sapphire interface. The particle temperatures are 

obtained to be Tp = 395 K for (a) and Tp = 395 K for (b). In (c) and (d), three separation models given in Scheme 

4-2 were applied (0.3 nm for all substrates). Experimental Tp is given in (c) and (d) for comparison. 
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The computational slopes well reproduce the experimental ones, especially in water/glass; even for 

water/sapphire, the deviation in the slope is small. The three separation modes between the particle-substrate 

surfaces, point contact, embedded, and separated, were examined, and practically no differences were obtained 

by the calculation in water medium including the water/CaF2 system (for water/CaF2, Figure 4-8). This can be 

explained by the high thermal conductivity of water, allowing the heat transport to the substrate regardless of 

separation. The good agreement of the temperature of NPs obtained experimentally and computationally vs in 

water indicates the reliability of the present estimation method for substrates with various thermal conductivities. 

Similar result was confirmed also glycerol as shown in Figure 4-9. 
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(a)                                   (b) 

 

Figure 4-8. (a) 2-D temperature distribution for Au NPs with a 100-nm diameter in water/CaF2 for the particle-

substrate separation of +0.3 nm (laser power density: I = 12.9 mW m-2, Tp = 395 K). (b) Computational particle 

temperature as a function of laser peak power density in water/CaF2 for three particle-substrate separation: 

separated (+0.3 nm), point contact (0 nm), partially embedded (-0.3 nm). For comparison, experimental data 

points were also shown. 
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(a)                       (b)                         (c) 

 

(d)                       (e)                         (f) 

 

Figure 4-9. 2-D temperature distributions for systems with 0.3-nm separated Au NP (d =100 nm)-substrate 

surfaces: (a) glycerol/glass, I = 2.4 mW m-2 (Tp = 392 K), (b) glycerol/CaF2, I = 10.2 mW m-2 (Tp = 395 K), 

(c) glycerol/sapphire, I = 16.6 mW m-2 (Tp = 395 K). Calculated relation between the temperature of the particle 

and laser peak power densities in glycerol for 0.3-nm particle-substrate separations on three substrates: (a) 

glycerol/glass, (b) glycerol/CaF2, (c) glycerol/sapphire. 
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 As shown in Table 4-1, the most striking difference between keff and 𝑘̅  (averaged values) was 

observed for the sapphire substrate exposed in air. To figure out this difference, we carried out the 2-D heat 

conduction analysis and the calculation on the relation between the laser power density and Tp, which could 

lead to the rational estimation of keff values. Figure 4-10 shows the 2-D temperature distributions in air/sapphire 

at three particle-substrate separations: point contact (0 nm separation), embedded (-0.3 nm embedded), and 

separated (+0.3 nm separated). For comparison, experimentally obtained relation between the laser power 

density and Tp is also shown. Figure 4-10a -c shows that the 2-D temperature distributions exhibit a remarkable 

anisotropy; the medium sides are well-heated, whereas the sides areas of the substrate are less heated because 

of the high thermal conductivity of sapphire. Such a non-uniform 2-D temperature distribution has been 

previously pointed out and attributed to the disparity in the thermal conductivities of medium/substrate 

systems.33 It is worth noting that the distance between the particle and substrate strongly affect the temperature 

of the substrate at the interface. For instance, a small hot spot is formed in the case of contact (a, b). On the 

other hand, (c), the temperature of the substrate remains cool in (c) where the particle and the substrate are 

contact. Furthermore, the temperature increase in air is larger in the case that the particle and the substrate are 

separated. Thus, such a large difference was not observed in the case of water and glycerol. 
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Figure 4-10. Computational 2-D temperature distributions for 100-nm diameter Au NP in air/sapphire for three 

particle/ substrate separations: point contact (a), 0.3 nm embedded (b), and 0.3 nm separated (c). The peak power 

density of 6.3 mW m-2 was applied for the calculation of Tp in (a)-(c). The particle temperatures reached are 

333 K (a), 324 K (b), and 587 K (c). Laser peak power density vs Tp relationship that shows the effect of particle-

substrate separation on the temperature increase is given in (d). 
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To show more clearly the effect of the particle-substrate separation, we show the computational particle 

temperature as a function of laser intensity in Figure 4-10d. Whereas the temperature increases with smaller 

gradients for systems where particle and substrate are in contact, a remarkably greater gradient was attained 

with increasing distance of the particle from the substrate. This difference arises from the low thermal 

conductivity of the air, preventing heat conduction to the substrate. The separated model gave a better agreement 

with the experimental laser intensity-particle temperature relationship.  

 We also carried out calculations of the temperature for the air/glass and air/CaF2 systems. Figure 4-

11a and b show the laser intensity vs Tp relationships in both systems. In the case that the air is used as a 

surrounding medium, the particle temperatures are notably affected by the particle-substrate distance as for 

sapphire. Most importantly, the separated model gave a better agreement with the experimental results, although 

not exactly the same. All the calculated results presented above suggest that the Au NPs locates on the surface 

indented in the subnanometer scale, inhibiting the close contact of Au NPs to the surface of the substrate and, 

as a result, interfering with the heat conduction through the substrate in the air environment. However, when we 

use water and glycerol as medium, this interface effect is minimal.  
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(a)      (b) 

 

Figure 4-11. The temperature of particles calculated as a function of laser peak power density for Au NP with 

a 100-nm diameter in air/glass with various particle-substrate separations: point contact, 0.3 nm embedded, and 

0.3nmseparated (a), and air/CaF2 at different particle-substrate separations: point contact, 0.3 nm embedded, 

and 0.3 nm separated (b). For comparison, experimental laser intensity vs Tp relationships are given. 
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Experimental and Computational keff Values. In the previous section, we obtained keff from the gradients of 

the computed relation between the laser intensity and Tp. The In Table 4-1, we listed the calculated results and 

plotted graphically in Figure 4-12, as a function of the thermal conductivity of the substrate, ksub. Note that the 

keff values were obtained for the model where Au NPs are supported on rough surfaces (they are separated from 

the surface by 0.3 nm). 

 As mentioned in the introductory part of this chapter, a proper treatment of the effective thermal 

conductivity has not been reported for the supported systems.9,13,34 Although the averaged thermal conductivity, 

𝑘̅, for the two-component system can be a good approximation for the system with the small disparity of thermal 

conductivities between the medium and substrate, such as for water and glass,9,13 this averaged one as eq 4-2 is 

inadequate for the system with large disparity. To find systems properly treated by 𝑘̅, we calculated the 2-D 

temperature distributions and the relation between the laser peak power density and Tp for Au NPs with a100-

nm diameter embedded in the substrate of glass, CaF2, and sapphire in the three kinds of the surrounding medium 

(Figure 4-13). Despite the large disparity between ksub and kmed in the air/sapphire system, we obtained 

axisymmetric temperature distributions similar to a homogeneous medium. More importantly, the calculated keff 

vs ksub curves are linear and the slope is more or less similar to that of 𝑘̅ vs ksub curves regardless of kmed (Figure 

4-14). This result suggests that 𝑘̅ should be used for the system in which a particle is half-embedded, not for a 

particle that is supported on a substrate.  
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Figure 4-12. Experimental and computational keff vs ksub curves for various substrates in three media: water (a), 

glycerol (b), and air (c). 

 

 

 

Figure 4-13. Calculated 2-D temperature distributions for Au NPs with a 100-nm diameter,  half-embedded in 

sapphire substrate and exposed to air, glycerol and water, at the irradiation laser intensity of I = 28.2 mW m-2; 

(a) air/sapphire, (b) glycerol/sapphire, and (c) water/sapphire. Particle temperatures are (a) 361 K, (b) 350 K 

and (c) 353 K. Remarkably, concentric temperature distributions were obtained in all cases regardless of a large 

disparity in the thermal conductivities of the substrate and the medium. In the calculation, temperature-

dependent thermal conductivities of substrates were not considered. 
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Figure 4-14. Calculated keff as a function of ksub for Au NPs with a 100-nm diameter, half-embedded in sapphire 

substrate exposed to air (a), glycerol (b) and water (c). Calculated k using eq 4-1 and 4-2 as a function of ksub is 

also shown for comparison. A fairly good agreement between keff and 𝑘̅ are obtained in all the cases. In the 

calculation, temperature-dependent thermal conductivities of substrates were not considered. 

 

 

The concept of keff obtained in the present study is best represented as a thermal conductivity experienced by 

the Au NP itself, even though it is supported on a substrate in a medium (a complex environment). This is 

because the particle temperature is always uniform throughout the entire particle. The experimentally 

determined keff is meaningful for the particle, although this does not represent the actual inhomogeneous 

temperature distributions of the substrate/medium system outside the particle. Using this keff for a given laser 

intensity, we can determine the steady-state particle temperature that is useful in various experiments including 

surface-enhanced Raman spectroscopy and photothermal therapy.  
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4-4. CONCLUSION 

We measured the temperature of single gold NPs with a 100-nm diameter under the laser irradiation supported 

on three substrates in three different media. It was revealed that the temperature of the particle increases linearly 

with increasing laser intensity strongly depending on both medium and substrate. The relation experimentally 

obtained for the temperature and laser intensity was analyzed by the 1-D heat transfer model and effective 

thermal conductivities (keff) for the nine substrate-medium pairs were deduced. The numerical calculations 

solving the 2-D heat conduction equations well reproduced the keff values observed experimentally. The 

computational study also revealed that a conventional 𝑘̅ , which was obtained as the average of thermal 

conductivities of the two component values, could serve as a good approximation for the particle half-embedded 

in the substrate and half-exposed to the medium. In other word, 𝑘̅ is not appropriate for a particle supported 

on a substrate. For precise representation of nanoscale heat transfer, we applied the 2-D heat transfer analysis, 

which revealed anisotropic temperature distributions. Nevertheless, the usefulness of the experimentally 

obtained keff values should not be underestimated, because keff can provide particle temperatures for a given 

excitation laser power regardless of the complexity of the system. The present investigation revealed that not 

only the substrate but also the medium play crucial roles in the nanoscale steady-state heating involving heat 

dissipation. A substrate in conjunction with the surrounding media can control particle temperature. This 

information could provide rational principles for the application of photothermal processes with precise control 

of particle temperature under remote laser heating. 
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5. Stationary Bubble Formation and Marangoni Convection Induced by CW Laser Heating of a Single 

Gold Nanoparticle 

ABSTRACT 

As stated in previous chapters, gold nanoparticles (Au NPs) efficiently convert incident light into heat under the 

resonant condition of localized surface plasmon. Controlling mass transfer through plasmonic heating of Au NPs 

has potential applications such as manipulation and fabrication within a small space. Here, we describe the 

formation of stationary microbubbles and subsequent fluid convection induced by CW laser heating of Au NPs in 

water. Stationary bubbles about 1 – 20 m in diameter were produced by irradiating individual Au NPs with a CW 

laser. Spatial profiles and velocity distribution of fluid convection around the microbubbles were visualized by 

wide-field fluorescence imaging of tracer nanospheres. To evaluate the bubble-induced convection, numerical 

simulations were performed on the basis of general heat diffusion and Navier-Stokes equations. A comparison 

between experimental and computational results revealed that a temperature derivative of surface tension at the 

bubble surface is a key factor to control the fluid convection. Temperature differences of a few Kelvin at the bubble 

surface resulted in convective velocities ranging from 102 to 103 m s-1. The convective velocity gradually saturated 

with increasing bubble diameter. This result covers both natural and Marangoni convection induced by plasmonic 

heating of Au NPs. 
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5-1. INTRODUCTION 

As have already mentioned in previous chapters, noble metal nanoparticles (NPs) have been attracting much 

attention in the field of photoscience from various viewpoints. One of the characteristic features of noble metal NPs 

is the localization and enhancement of optical fields arising from Localized Surface Plasmon Resonance (LSPR)1–

3. Photoexcitation of LSPR band promotes 106-fold enhancement of incident electric field in near-field regime. This 

field enhancement effect has been widely utilized as nanoscale optical antennas for photochemical reactions4,5 and 

surface enhanced spectroscopy6,7. Another feature of noble metal NPs is their effective photothermal conversion 

efficiency. The photo-energy absorbed by NPs turns into heat via electron-phonon coupling within a few picosecond 

after the photoexcitation8,9. This rapid photothermal conversion is of great use as nanoscale heat sources. Among 

various noble metals, gold nanoparticles (Au NPs) are utilized as ideal local heaters because of their 

physicochemical stability and high conversion efficiency10. Elevation in local temperature through plasmonic 

heating of Au NPs leads to potential applications such as photothermal cancer therapy11, photothermal imaging12,13, 

and nanofabrication14,15.  

 Because photoresponses including the surrounding medium of NPs is strongly dependent on the temperature 

of NPs, excitation light intensity is an important factor in the application of the photothermal effect. Temperature 

of Au NPs under laser illumination with 105- 107 W cm-2 is more than 103 K, leading to melting of NPs and/or 

evaporation of surrounding matrices. By irradiating Au NPs inside a tumor with pulsed lasers16,17, Lukianova-Hleb 

et al. applied transient vapor bubbles generated via the evaporation of the medium surrounding NPs to the cancer 

therapy and drug delivery. Dynamics and mechanism of the bubble formation around heated NPs have been also 

investigated by means of the time-resolved X-ray scattering18 and transient absorption spectroscopy19,20. These 

studies revealed that transient vapor bubbles in aqueous medium was produced by the spinodal decomposition of 

surrounding water adjacent NPs surface at temperatures around 550 K18,19,21,22 and the lifetime was in a few tens of 

nanoseconds, depending on the pulse width and excitation intensities.  

 Not only the pulsed excitation but also the CW laser irradiation can lead to the formation of bubbles23,24 in the 
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stationary state25,26 around Au NPs in water. This stationary bubble can induce thermal convections of fluid around 

the focal spot of a laser beam (Scheme 5-1), which has emerged as a method to control the motion of fluid in 

microscopic region27. In general, thermal convection of fluid can be classified into two cases: natural convection 

and Marangoni convection. The former natural convection arises from buoyancy force generated by the density 

difference of liquid in the temperature gradient. Under the CW laser irradiation of a single Au NP in water, the 

convective velocity of the natural convection is ca. 10 nm s-1 around the single NP28 and, at most, 1.0 m s-1 in a 

dense array consisting of Au nanostructures29. Accordingly, the natural convection has small contribution for micro-

manipulation or micro-fabrication. On the other hand, the latter Marangoni convection, originating from the surface 

tension of stationary bubbles, has much higher convective velocities30,31 such as 1000 m s-1. By utilizing the 

Marangoni convection through plasmonic heating of Au NPs, several applications such as controlling fluid flow in 

microfluidic channels30, assembling of colloidal nanoparticles31–34, size selection of polystyrene beads35, and 

crystallization of glycine36 have been demonstrated. 

 

 

Scheme 5-1. Schematic illustrations of time evolution of an Au NP supported on a substrate under CW laser 

illumination. 
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 For advanced applications of the local heating, basic physical features of the Marangoni convection are of 

crucially importance. Along this line in the present work, we have investigated the formation of stationary 

microbubbles and subsequent fluid convection induced by CW laser heating of individual Au NPs in water by 

employing experimental methods and numerical simulation. Fluid convection around the stationary bubble was 

experimentally visualized by wide-field fluorescence imaging of polystyrene nanoparticles (FL-beads) as tracers, 

of which results were analyzed by numerical simulations of thermal convection on the basis of general heat diffusion 

and Navier-Stokes equation. By integrating the present results with our previous works on the thermometry of single 

NPs (Chapter 2 and 4)37 and aggregates consisting of Au NPs38, and bubble formation in water triggered by CW 

and pulsed laser irradiation (Chapter 2 and 3)19,39, we have presented a model of photothermal convection by 

including all the components such as a single Au NP, the bubble, water, and a glass substrate.  

 

5-2. MATERIALS and METHODS 

Sample Preparation. The specimen was prepared in the following manner. Aqueous suspension of Au NPs with 

nominal diameters of 150 nm (EMGC 150, British Biocell International) were used as received. Glass coverslips 

(24 × 32 × 0.17 mm, Matsunami) were put into acetone in a small vessel and sonicated for 30 min, followed by 

immersion in 5 wt % aqueous solution of sodium hydrate for 30 min to purify the surface. After rinsing them with 

ultrapure water, the coverslips were dried with a nitrogen gun. Then Au NPs were spin-coated onto the well-cleaned 

coverslips. The Au NPs-coated coverslips were washed three times with ultrapure water on the spin coater. In 

addition to this sample preparation, Au NPs were submerged in medium, in a 120-L chamber consisting of two 

coverslips and a 0.3-mm thick silicone rubber spacer. To observe the formation of stationary bubbles, ultrapure 

water was used as a surrounding medium. For visualization of fluid convection, a 0.05 wt % aqueous colloidal 

solution of dyes-loaded polystyrene nanospheres (F8795, 40-nm diameter, Molecular Probes) was employed as 

tracer nanospheres.  
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Optical Measurements. The specimen of coverslips was mounted on an x-y scanning stage (BIOS-150T, Sigma) 

of an inverted optical microscope (IX-70, Olympus). A schematic illustration of an optical setup is shown in Figure 

5-1. Scattering images of individual Au NPs and stationary bubbles were obtained using a dark-field condenser (U-

DCD (NA = 0.8 – 0.92), Olympus) and transmission imaging was performed with a bright-field condenser (IX-

LWUCD, Olympus). Monochromatic CCD (Infinity 3-1 URM, Lumenera,) was used for both bright- and dark-field 

imaging. Transmission and scattering images of individual Au NPs are shown in Fig. 5-1. To characterize the optical 

properties of Au NPs, the forward light scattering spectra were measured by a fiber-coupled spectrometer (SD-2000, 

Ocean Optics). For all optical imaging, micro-spectroscopy, and laser illumination, a microscope objective (UPlanFl, 

40× NA = 0.75, Olympus) was used. The excitation of a single Au NP was performed using a tightly-focused 532 

nm CW DPSS laser (Exelsior 532, Spectra Physics). The spot size of the 532 nm laser light was estimated to be 0.9 

m in diameter (FWHM), by measuring the fluorescence intensity distribution of a thin amorphous film of 

fluorescent dyes on a well-cleaned coverslip under photoexcitation. To visualize the fluid convection by wide-field 

fluorescence imaging, a 488 nm CW laser (Exelsior 488, Spectra Physics) was employed as an excitation light 

source. The 488 nm CW laser was coaxially introduced into the optical path of the focused 532 nm CW laser. 

Irradiation of the two CW lasers was performed with mechanical shutters for each laser. For the wide-field 

fluorescence imaging, the laser power was set to 2.0 mW at the backport of the optical microscope. While 

monitoring the fluid convection by tracing the fluorescent polystyrene nanospheres (FL-beads), scattered laser light 

from the sample volume was blocked with a long-pass filter (BLP01-532R-25, Semrock). A time interval in 

fluorescence imaging was 36 ms: 6 ms for exposure time and 30 ms for data acquisition. The laser power was 

measured using a photodiode power meter (S120UV & PM100, Thorlabs). 
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Figure 5-1. Experimental setup. 
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5-3. RESULTS and DISCUSSION 

Formation of stationary bubbles under the CW laser heating. 

First, we examined the stationary bubble formation induced by CW laser heating of a single Au NP with a diameter 

of 150 nm. Figure 5-2a shows the transmission image of a single Au NP without laser irradiation. The single Au 

NP with 150-nmdiameter was observed as a diffraction-limited point with a diameter of 0.6 m at the center of the 

image corresponding to the irradiation spot. As shown in Figure 5-2b, c and d, under the CW laser irradiation at 

532 nm, images larger than the diffraction limited size can be clearly observed with Airy diffraction patterns. 

Because the appearance of the Airy diffraction pattern is due to the disparity in refractive indices arising from the 

formation of a domain with a refractive index smaller than that of the surrounding water, these images show the 

generation of bubbles under this irradiation condition. These images were almost unchanged during the laser 

irradiation, indicating that the bubble is in a stationary state and the expansion was much faster than the time 

resolution in the present transmission and wide-field fluorescence imaging (typically a few tens of ms). From a heat 

conduction equation, temperature of a single NP can be estimated to reach a steady-state within a few μs under the 

CW laser illumination40. Actually, it was revealed, by means of time-resolved photothermal microscopy for a single 

Au NP, that the time scale on the expansion of vapor nanobubbles produced by CW laser heating was less than a 

few μs41. After stopping the irradiation, the bubble gradually decreased its size by transferring the gas molecules 

into the liquid phase26 and disappeared within several seconds. It is worth mentioning the stability of the bubble 

under the CW laser irradiation. It has been reported that nanobubbles smaller than 200 nm in diameter produced by 

CW laser heating of a single Au NP repeat the periodic generation and contraction every ca. 500 ns.41 This behavior, 

however, is observed only in the limited experimental conditions. For the system with n-pentane (Tboiling: 309 K at 

atmospheric pressure) as a surrounding medium, this oscillating behavior was observed only in the case where the 

excitation intensity was just above the threshold of the bubble formation (e.g. 100 W). Under the excitation 

condition with the intensity higher than the threshold, the stationary bubble was confirmed under CW laser 

illumination41, as reported by many researchers23,24,26. The excitation condition in the present work is much higher 
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than the threshold of the bubble formation and thus we can safely conclude that the microbubbles observed by 

diffraction-limited optical imaging, shown in Figure 5-2, are in a steady-state under CW laser illumination. 

Figure 5-2e shows excitation intensity dependence of the bubble diameter that was defined as the 

circumference of the middle dark circle as shown in Figure 5-2c. The diameter, which were averaged over 5-7 

measurements, monotonically increases with an increase in the excitation power. Small deviations in the 

measurements at the same excitation power indicate good controllability of bubble diameter through CW laser 

heating of a single Au NP. Formation of bubbles was not observed at low excitation intensities < 10 mW m-2 by 

optical transmission imaging. This might be due to the detection limit in the transmission image. For the evaluation 

of nanobubbles smaller than the diffraction limit, the dark-field imaging and light-scattering spectroscopy have 

been reported to be powerful tools24. Actually, we have conducted same experiment under dark-field illumination, 

and obtained results similar to those shown in Figure 5-2e (See Figure 5-3). As will be discussed later, however, it 

is rather difficult to measure the fluid convection around the stationary bubble with a diameter < 1 m. Hence, we 

concentrate our discussion on the bubble observed at photoexcitation intensities ≥ 10 mW m-2.  
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Figure 5-2. (a-d) Optical transmission images of the bubble formation at the laser powers of 0, 10, 34, and 58 mW 

m-2. (e) The bubble diameter as a function of laser peak power density. 

 

 

Figure 5-3. (a-d) Optical scattering images of the bubble formation at the laser peak power densities of 0, 10, 34, 

and 58 mW m-2 (scale bar: 10 m).  (e) The bubble diameter as a function of laser peak power density. 

  

(e) 
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Analysis of the condition for the stationary bubble formation. 

The bubble in the stationary state is based on the balance between the energy input by continuous photoabsorption 

of the Au NP and the release of heat from the inside to the outside of the bubble. Quantitative analyses of the 

stationary state could provide various physical parameters around the Au NP and the surrounding water. In actuality, 

these analyses were reported for micrometer-sized aggregates23, thin films31,32 and periodic arrays consisting of Au 

NPs26. Although these reports have yielded various parameters, rather complex structures of local heaters needed 

several assumptions on the surface temperature of the bubble31, structure of the heat source and the boundary 

condition26. On the other hand, present system of a single isolated spherical Au NP could serve as one of ideal 

systems of the heat source, which could lead to better elucidation on the total amount of generated heat in the bubble 

and the temperature gradient at bubble surface.  

Figure 5-4a shows the schematic representation of the calculation, which is based on the 1D heat conduction 

model consisting of a spherical NP immersed in a homogeneous medium. Under the actual experimental condition, 

however, surrounding environment of Au NPs consists of a glass substrate and water. To take into account the 

disparity in thermal conductivities between the two different media, we employed the effective thermal conductivity 

that has been devised for steady-state optical heating of a single Au NP supported on a dielectric substrate and 

immersed in medium37,42. Accordingly, the local temperature increase around a single Au NP is given by10,37,40,  

 

𝑇(𝑟)  =  
𝐶𝑎𝑏𝑠 𝐼

4𝜋 𝑘𝑒𝑓𝑓 𝑟
+  𝑇∞  (𝑟 = 𝑎)     (5-1) 

 

where Cabs [m2] is the absorption cross section of an Au NP at excitation wavelength, I [W m-2] peak power density, 

r [m] radial distance from NP center, a [m] nanoparticle radius, keff [W m-1K-1] effective thermal conductivity, and 

𝑇∞  [K] ambient temperature. The peak power density I (mW μm−2) is represented by I = (Plaser (2.3546)2) / 

2(fwhm)2, where Plaser [mW] is the laser power, and fwhm [m] the laser beam diameter assuming a Gaussian 

beam profile. We used the effective thermal conductivity, keff of 0.8 [W m-1K-1],  which value was reported37,42 for 
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the surrounding environment consisting of a glass substrate (kglass = 1.0 [W m-1K-1]) and a water medium (kwater = 

0.6 [W m-1K-1]). Effective refractive index (neff) of the surrounding medium was employed to calculate Cabs from 

the Mie theory. Because of the temperature continuity at the interface between NP and medium under steady-state 

conditions, the temperature of NP (TNP) can be obtained at the boundary where r equals to the radius of NP43. For 

pulsed laser hearing of Au NPs, it is known that there is a huge temperature gap at gold-water interface44. This 

discontinuity in temperature arises from the thermal boundary conductance at the surface. However, this parameter 

plays no role in steady-state regime45. Hence, eq 5-1 is applicable to the calculation of the temperature of a single 

NP under the CW laser illumination. Temperature from the surface of NP to the surrounding medium was assumed 

to be inversely in proportion with r as shown in Figure 5-4a, while it was assumed that the temperature in the NP 

was uniform due to the high thermal conductivity of gold (kgold = 314 W m-1K-1). On the basis of this model with 

these parameters, we calculated the dependence of TNP on peak power density.  

(a)    (b)     (c) 

 

Figure 5-4. (a) Schematic representation of steady-state heating of a single Au NP immersed in a homogeneous 

medium. (b) Relation between the peak power density and TNP calculated by eq 1 for a 150-nm-diameter Au NP in 

the bubble and water. (c) Relation between the peak power density and TFRG calculated by eq 1 for fragments of Au 

NP in the bubble.  
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Figure 5-4b shows the excitation intensity dependence of TNP in the matrix consisting of water/glass (blue solid line) 

and in the bubble/glass (red break line). In water/glass, TNP linearly increased with an increase in peak power density, 

and reached the melting point of bulk gold (Tm.p. : 1337 K) at I = 28 mW m-2. As was shown in the previous section, 

the formation of the bubble was clearly confirmed at the peak power density ≥ 10 mW m-2. TNP in the calculation 

at the peak power intensity of 10 mW μm-2 is 686 K, which is well above the spinodal temperature of water. Under 

CW illumination, it has been reported that the bubble formation takes place at the kinetic spinodal temperature, 

which is rather around 500 K.22 The threshold temperature on the bubble formation in the present case seems to be 

overestimated compared with that of the literature22, probably due to the resolution limit of optical imaging. In the 

experiment, the numerical aperture of the microscope objective employed is 0.75, which is not so high. It should be 

mentioned that the small nanobubbles invisible in transmission images were reported to appear at temperatures 

around 500 K18,19. Hence, as mentioned in the previous section, nanobubbles smaller than the diffraction-limited 

size might be produced at temperature range from 500 to 600 K (i.e., I = 5 - 10 mW μm-2). Accordingly, we conclude 

that our calculation on TNP in water supports the mechanistic aspects on the bubble formation at temperatures around 

the kinetic spinodal temperature.22  

 After the bubble is generated, the Au NP is thermally insulated from water due to a poor thermal 

conductivity of the bubble, resulting in the huge TNP jump15. Precise calculation of the TNP jump in the bubble 

permits to estimate proper temperatures at the bubble surface, which is important for computational modeling of 

fluid convection. Effective thermal conductivity of 0.2 W m-1K-1 was reported37,39 for the steady-state optical heating 

of a single Au NP in the stationary bubble supported on the glass substrate. In addition, the absorption cross section 

of a single Au NP in a bubble, Cabs, is largely different owing to the change in the surrounding environment and its 

temperature. Hence, we calculated TNP in the stationary bubble, by taking into account the effective thermal 

conductivity of 0.2 W m-1K-1 and refractive index of 1.12 for the surrounding environment consisting of the bubble 

and the glass substrate. The red dotted curve in Figure 5-4b shows that, at the threshold of bubble formation (10 

mW m-2), TNP jumps from 686 to 2000 K. In the excitation intensity range from 10 to 60 mW m-2, maximum TNP 
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reached 7000 K which is much higher than the boiling point of gold (Tb.p. : 3129 K). At such high temperatures, 

thermal induced morphological changes of an Au NP are induced under laser irradiation 15,46. In our previous work, 

the dynamics on the CW laser-induced morphological changes of a single Au NP was investigated by means of 

light scattering micro-spectroscopy and scanning electron microscopy39. From this study, it was revealed that the 

dynamics on morphological changes in the bubble can be divided into three steps; 

 i) At temperatures above Tb.p., an original single Au NP was fragmented into a larger core NP and small satellite 

NPs owing to the evaporation from NP surface within a few milliseconds after bubble formation, 

ii) After a remarkable progression in evaporation of the core NP within a few seconds, the small fragments whose 

diameters ranging from 10 to 20 nm remained at the center of stationary bubble, and, 

iii) Owing to the much smaller Cabs of the fragments, a temperature of fragments (TFRG) fell down below the Tm.p.. 

As a result, the fragments could work as stable heat sources to maintain the bubble in the steady state.  

To estimate the increase in the local temperature for the step iii), collective photothermal effect of 

fragments in the bubble might be taken into account. It has been reported that infinite arrays of Au NPs exhibit 

collective photothermal effect in the entire region of the laser spot43. For the two-dimensionally dispersed Au NPs 

such as the fragments on a glass substrate, Baffou et al. provided an analytical formula to evaluate the collective 

photothermal effect47. The formula 2 is represented by 2 = p2 / 3LR, where p [m] is the interparticle distance of 

the array, L [m] the characteristic length of the illuminated area, and R [m] radius of the nanoparticle. Smaller values 

of 2 indicates significant contribution of the collective photothermal effect; for instance, the collective effect is 

negligible when 2 > 1.0, whereas 2 < 0.1 predicts the temperature distribution similar to that of laser heating of a 

metal thin film. From our previous investigation on the CW laser-induced fragmentation of a single Au NP in the 

bubble, we assumed R = 6 nm, p = 14 nm, and L = 400 nm. Applying these values to the equation, one can expect 

the moderate contribution of the collective effect. However, in principle, the collective effect appears only for the 

large number of NPs under illumination, such as the infinite periodic array.47 In the present case, an averaged 

number of fragments in the bubble was only ca. 20. Although the interparticle distance p is relatively small, we 
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could estimate minor contribution of the collective photothermal effect owing to this small number. Thus, we 

neglected the collective effect and we employed eq 5-1 for the temperature calculation of the fragments (TFRG) in 

the bubble from.  

To compute TFRG from eq 5-1, we assumed three typical diameters of the individual fragments (d = 6, 12, 

and 18 nm), because the nominal diameter of the fragments was obtained to be 12 ± 6 nm in our previous work39. 

For individual fragments in the bubble, the absorption cross section, Cabs, was calculated on the basis of the Mie 

theory with the temperature-induced damping in LSPR. All parameters to compute TFRG were thus obtained. Figure 

5-4c shows the TFRG as a function of the peak power density. TFRG linearly increased with an increase in the peak 

power density. The temperature increase of a fragment with an 18-nm diameter was several times larger than that 

for the fragment with a 6-nm diameter, reflecting the diameter dependent Cabs. Compared with TNP for an Au NP 

with a 150-nm diameter as shown in Figure 5-4b, all TFRG values were one order of magnitude lower because of the 

smaller Cabs of fragments. Hence, we conclude that the local temperature at the focal spot of the laser beam increases 

up to 500 K in the microbubble under intensive CW laser illumination. Thermally-induced fragmentation of Au 

NPs in the bubble has been already reported for the case of ultrashort pulsed laser18,19,48 and CW laser39 excitation. 

Temperature jump triggered by the bubble formation, however, has not been considered in previous reports on 

bubble-induced fluid convection. Thus, the local temperature increase in the stationary bubble under CW laser 

illumination was estimated on the basis of steady-state heat conduction equations. 
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Direct Detection of Fluid Convection around the bubble. 

 Using wide-field fluorescence microscopy of fluorescent (FL) beads, fluid convection around the bubble 

was directly detected. Figure 5-5 shows a series of snapshots on the formation of a bubble and subsequent fluid 

convection at the 532-nm excitation intensity of 40 mW m-2. Before the irradiation by the focused 532-nm CW 

laser, Brownian motion of FL-beads was observed as shown in Figure 5-5a. Once the bubble was produced by CW 

laser irradiation, individual FL-beads started to move toward the bubble (Fig. 5-5b and -c) and, a few second after 

the bubble formation, FL-beads exhibited a ring-like structure with a 3-m diameter around the focal spot of 532 

nm CW laser (Fig. 5-5d and -e). After forming the ring-like structure, the number of FL-beads gradually increased 

at the interface between water and the bubble, while keeping almost constant diameter of the ring-like structure 

(Fig. 5-5e to –h). These images clearly show spatial and temporal profiles of fluid convection around the bubble in 

such a manner that it whirls from the glass surface to the upper part of the bubble as depicted in Scheme 1c.  

So as to more quantitatively elucidate the convention, we have evaluated the convective velocity of FL-

beads by tracking the location of individual fluorescence spots for each frame in the movie. As stated in the previous 

section, in the region within 20 m in radial distance from the bubble center, the motion of FL-beads could not be 

detected at the excitation intensities larger than 40 mW m-2 owing to the convective velocity much faster than the 

time resolution of the fluorescence imaging. Accordingly, we measured the average velocity between the radial 

coordinates r = 40 and r = 20 µm. Figure 5-5i shows the dependence of the convective velocity on the peak power 

density. At peak power densities < 10 mW m-2, no clear convective motion of FL-beads was detected as already 

mentioned in previous sections. The velocity at the threshold peak power density (I = 10 mW m-2) of microbubble 

formation was 20 m s-1 and it increases with increasing peak power density in the range of 10 to 30 mW m-2. In 

the range above 45 mW m-2, the convective velocity gradually saturated and reached 500 m s-1.  
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Figure 5-5. (a-h) A time course of fluorescence images of FL-beads around the stationary bubble at the laser peak 

power density I = 40 mW m-2. (i) The convective velocity as a function of laser peak power density determined 

with wide-field fluorescence imaging of FL-beads. The dotted black line is included as a visual guide. 

 

  

(i) 
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Figure 5-6a, -b, and –c show the optical images observed after the laser irradiation at an excitation intensity 

of 40 mW m-2 at 532 nm for 30 s. In all the optical images, a ring-like structure with the diameter similar to each 

other was observed at the position where the bubble existed. Since the ring-like structure could be clearly observed 

also in the fluorescence image, it is indicated that this ring-like structure consists of FL-beads. The excitation 

intensity dependence of the diameter of the ring-like structure is plotted in Fig. 5-6d, showing that the diameters 

increase with the peak power density with no remarkable difference among the three methods of detection. Notably, 

the excitation intensity dependence of the diameter of the ring-like structure is almost identical with that of the 

bubble diameter observed in transmission image shown in Fig. 5-2d. This similarity allows to estimate a contact 

angle of the bubble on the glass substrate for the computational modeling of fluid convection. Although fabrication 

of a ring-like structure by bubble-induced convection has been already demonstrated31–33, the formation process of 

the ring-like structure was monitored only by static imaging methods with a lower time resolution. In the present 

work, fluid convection around the microbubble was clearly observed by wide-field fluorescence imaging of FL-

beads with time resolution sufficient to detect its dynamics: especially from a viewpoint on the excitation intensity 

dependence of the convective velocity and the bubble diameter. It is worth mentioning that, within a small space, 

the driving force of the motion for small objects is not limited only to fluid convection. For instance, radiation 

pressure and thermophoresis should be generally taken into account. In the present irradiation condition of the CW 

laser, however, the radiation pressure is negligible because the bubble formation was indispensable to induce the 

motion of FL-beads. Moreover, it has been reported that the thermophoretic force acting to nanoparticles in the 

temperature gradient is less than a few pico-Newton,49 of which value is much smaller than the drag force of fluid 

convection. Hence, we conclude that the motion of FL-beads around the bubble is driven by Marangoni convection. 
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Figure 5-6. Optical microscope images of ring-like structures monitored after laser irradiation at I = 40 mW m-2: 

(a) transmission, (b) scattering, and (c) fluorescence. (d) Relationship between laser peak power density and the 

diameter of a ring-like structure obtained with transmission, scattering, and fluorescence imaging 

 

 

  

(d) 
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Analysis of the fluid convection. 

 In this section, we show results of the fluid convection around the bubble on the basis of heat transfer and 

Navier-Stokes equations. As already mentioned in the introductory part, fluid convection is divided into natural 

convection and Marangoni one. Because the contribution from the natural convection has been reported28,29 to be 

much smaller than that from the Marangoni one and, in actuality, the small contribution from the natural convection 

was quantitatively evaluated (See details, Figure 5-11), we have assumed that the Marangoni convection entirely 

dominates the fluid convection around the bubble. As already discussed in previous sections, tightly focused 532-

nm CW laser induces an increase in the local temperature around an Au NP and a bubble is produced in water 

(Scheme 5-1a and -b). The temperature in the bubble is dependent on the distance from the Au NP. The highest 

temperature is attained at the focal spot of laser, while the surface temperature at the top of the bubble is the lowest 

due to the long distance from the heat source. The temperature difference in the bubble induces the gradient in the 

surface tension at the bubble surface and a large temperature coefficient of the surface tension gives rise to a strong 

shear force at the bubble surface50. This temperature dependent shear force at the bubble surface is an origin of 

Marangoni convection (Scheme 5-1c). Accordingly, temperature gradient at the bubble surface is essential for the 

analysis on the basis of heat transfer and Navier-Stokes equations.  

 Navier-Stokes equation is given by51,  

 

−η ∇2𝐮 +  ρ𝐮 ∙ ∇𝐮 +  ∇𝑝 = 𝐅   (5-2) 

∇ ∙ 𝐮 = 0    (5-3) 

 

where [kg m-1s-1],  [kg m-3], u [m s-1], and p [Pa] are respectively the dynamic viscosity, the density, the velocity 

vector, and the pressure. The F term represents external forces per unit volume. Temperature field for eqs 5-2 and 

5-3 is given by51 the following equation, 
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∇ ∙ (−𝑘∇𝑇 +  ρ𝐶𝑝𝑇 𝐮 ) = 𝑄 (5-4) 

 

Here, k [W m-1K-1], Cp [J kg-1 K-1], and Q [W m-3] are respectively the thermal conductivity, the heat capacity, and 

the heat source term. As confirmed in the experiment results in previous sections, the bubble diameter and the 

convective velocity were in the stationary state under the laser irradiation. In the actual calculation, we numerically 

solve these equations using the finite element method (FEM)51. A contact angle of the bubble on the glass substrate 

was determined from experimental results. At the maximum temperature (TFRG) in the bubble shown in Fig. 5-4c, a 

large number of fragments were produced. For the treatment of the fragmented NPs, a point heat source was 

assumed for the source term Q in eq 4 in this FEM analysis.  

Figure 5-7a shows the 2D geometry for FEM analysis. The geometry consists of a glass substrate, water, a 

bubble, and a point heat source. The height of water domain (Hwater) was set to 300 m, which is the same as the 

thickness of silicone rubber spacer used in the experiment. Other heights and widths were determined considering 

Rayleigh number. The point heat source was put at the position of the single NP. A contact angle of the bubble on 

the glass substrate was estimated to be 140o on the basis of experimental results. In this FEM analysis, computational 

variables were only two: input energy for the heat source and the bubble diameter. Physical constants of the domains 

are summarized in Table 5-1. For the calculation of temperature field, the boundary condition of a room temperature 

(293 K) was set at the all outer boundaries. To calculate Marangoni convection, a shear force represented in eq 5-5 

was applied at the bubble surface. A temperature derivative of the surface tension of water is -1.6×10-4 [ N m-1 K-

1 ] as shown in Fig. 5-7b. For other boundaries in water domain, u = v = 0 (no slip) was applied. Eqs 5-3, 5-4, and 

5-5 were numerically solved with COMSOL multiphysics (https://www.comsol.com/), which is a commercially 

available finite element method (FEM) solver.  

𝐹 = (
𝑥

𝑦
) = {

 
𝜕𝑇

𝜕𝑥

 
𝜕𝑇

𝜕𝑦

 }   (5-6) 
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Figure 5-7. (a) FEM geometry and (b) temperature derivative of surface tension of water. 

 

Table 5-1. Physical constants for FEM analysis (at room temperature) 

 Thermal conductivity 

[W m-1K-1] 

Density 

[kg m-3] 

Dynamic viscosity 

[ Pa s ] 

Heat capacity 

[ J kg-1K-1 ] 

water 0.6 998 0.84×10-4 4180 

bubble (air) 0.024 1.2 0.18×10-4 1020 

glass 1.0 2650 N/A 860 
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Figure 5-8a shows 2D temperature distribution calculated for the peak power density at 46 mW m-2 and 

the diameter of the bubble at 8.6 m (corresponding to the results in Figures 5-2 and 5-4), indicating that the 

temperature is highest, 440 K, at the center of the bubble and lower temperature is observed at the surface area. 

Moreover, the surface temperature at the top of the bubble is slightly lower than the interfacial region between water 

and the glass substrate. To more precisely clarify the temperature gradients, we plotted temperature profiles along 

x-coordinate at various heights (y-distance) from the glass surface (Fig. 5-8b). Whereas a steeper temperature 

gradient is observed within the initial 10 nm, the temperature in the bubble decreases with an increase in the y-

distance to 500 nm. At the surface, temperature was ca. 300 K. Outside the bubble, temperature gradually decreased 

with x-distance at each y-distance, and reached the room temperature (293 K) at an x-distance of 100 m. Significant 

reductions in the temperature gradient outside the bubble is ascribable to the higher thermal conductivity of water 

(0.6 W m-1K-1) compared with that of air (0.024 W m-1K-1). Govorov et al. have provided analytical solutions to 

calculate the 1D steady-state heat conduction for a system consisting of a single NP, polymer shell layer, and a 

surrounding liquid medium43. In this case, the temperature gradient in a polymer matrix was proved to be steeper 

than that in a medium owing to a poor thermal conductivity of the polymer. Thus we have concluded that the 

computational results of 2D temperature distribution are consistent with the heat conduction theory. At the same 

time, the 2D distribution of convective velocity was obtained on the basis of temperature calculation. 
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Figure 5-8. Computational 2D temperature distribution (a), and velocity field (b) for the system consisting of the 

bubble with a 8.6-m diameter, water, and the glass substrate: The peak power density of 46 mW m-2 was applied. 

(c) Temperature profiles along x-axis at various y-distances obtained from 2D temperature distribution. (d) Velocity 

profiles along x-axis at various y-distances obtained from 2D velocity field. 

 

  

(d) 

(b) 



Chapter 5 

124 

 

Figure 5-8c shows the calculated 2D distribution of the convective velocity. Red arrows in the figure 

indicate normalized velocity vectors. The whirling motion of convection flow around the bubble was clearly shown 

by the velocity vectors; this result well reproduces the experimental one on the convective motion of FL-beads 

observed by wide-field fluorescence imaging (Fig. 5-5). Figure 5-8d shows the velocity profiles along x-axis at 

various y-distances, indicating that the convective velocity monotonically increased with y-distance. While the 

convective velocity larger than 1.0×104 m s-1 was observed at the position adjacent to the bubble surface owing to 

the huge temperature gradient (Fig. 5-8c), it decreased to 10 m s-1 with increasing x-distance up to several tens of 

micrometers. This drastic decrease in the velocity at a longer x-distance well agrees with the experimental result 

that the convective motion of FL-beads was only detectable within 40 m from the bubble center in radial distance. 

As shown above, numerical simulation revealed the strong x-distance dependence of the convective velocity with 

4 orders of magnitude. From Figure 5c, we can safely conclude that the permanent sticking of FL-beads observed 

in Figure 5-6 is due to strictly localized velocity maximum being in contact with the bubble, which markedly differs 

from the situation of natural fluid convection (see Figure 5-11). 

In order to comprehensively elucidate the driving force of Marangoni convection, we investigated the 

excitation intensity dependence of the convective velocity for the bubble with a 8.6-m diameter. Figure 5-9a shows 

the temperature calculated at three points; the point heat source, the top of the bubble, and the bottom, under various 

peak power densities. The temperature at the heat source linearly increased up to 500 K with an increase in the peak 

power density. In contrast, the temperature at the top and bottom of the bubble increases only by less than 10 K 

from the room temperature (293 K). As already discussed in the previous section, these temperature differences 

arose from the disparity in thermal conductivities of the materials.  
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(a)      (b) 

 

Figure 5-9. (a) Calculated temperatures at the heat source, the bottom of the bubble, and the top of the bubble as a 

function of laser peak power density for the bubble with a 8.6-m diameter. (b) Convective velocities vs TBT, 

calculated at the constant y-distance of 500 nm for three different x-distances. 

 

Because the increase in the temperature at the top and the bottom of the bubble is small, the difference in 

the temperature between the top and bottom of the bubble (TBT) is not large. The maximum TBT was only 4 K 

even at a peak power density of 60 mW m-2 in this calculation. As stated in previous sections, Marangoni 

convection is quite sensitive to TBT because the shear force is strongly dependent on the temperature gradient at 

the bubble surface. To quantitatively elucidate the effect of TBT, excitation intensity dependence of convective 

velocity was examined. Figure 6c shows the convective velocities at the constant y-distance of 500 nm and various 

x-distances as a function of TBT. In this plot, TBT was obtained from the calculated result shown in Figure 5-9b. 

At all x-distances, the convective velocity increases to 1.0×102 m s-1, as TBT increases to 4 K. In the calculation 

at TBT = 3.4 K (= 46 mW m -2), the convective velocities for the x-distance of 40, 30, 20 m were respectively 

40, 90, and 280 m s-1. On the other hand, a similar convective velocity of  250 ± 67 m s-1 was obtained at the 
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same peak power density of 46 mW m-2 in the experiment. The agreement in the convective velocities between 

the experimental and calculated results supports that the fluid convection around the bubble is mainly regulated by 

the small TBT, which is less than several Kelvin at the bubble surface. 

 To more clearly confirm the role of TBT, we investigated the relation between the convective velocity and 

the size of the bubble. Diameters and contact angles of the bubble for the numerical simulation were determined by 

referring the experimental results in the present work. Temperature at the point heat source as a function of peak 

power density was estimated from Fig. 5-4c for each bubble diameter. As performed in previous sections, 2D 

numerical simulation on heat transfer and fluid convection was carried out. Figure 5-10a shows the convective 

velocities at a constant y-distance of 500 nm and three x-distances as a function of the bubble diameter. Experimental 

results are also plotted for the comparison. Convective velocities at each x-distance noticeably increased as the 

bubble expanded to 10 m in diameter. Further expansion in the bubble diameter resulted in a gradual saturation of 

the convective velocity around 1.0×103 m s-1. Experimental plots are reproduced by the calculated convective 

velocity at a x-distance of 20 m. In particular, the characteristic rise of experimental results is well reproduced by 

the calculated curve in the diameter range from 2 to 10 m.  

To elucidate an origin of the gradual saturation in convective velocity, TBT between the top and bottom of 

the bubble was extracted from Fig. 5-10a. Figure 5-10b shows TBT as a function of the bubble diameter. TBT 

increased 2.4 K to 2.8 K as the bubble expanded to 10 m in diameter. In contrast, an increase in TBT was not 

remarkable at the bubble diameters larger than 10 m, indicating that the gradual saturation in convective velocity 

is due to the bubble diameter dependence of TBT. This result confirms again that the Marangoni convection is 

sensitive to the small difference of TBT. 
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(a)      (b) 

 

Figure 5-10. (a) The convective velocity as a function of the bubble diameter at y-distances of 500 nm, calculated 

for three different x-distances. Experimental data is also plotted together. (b) TBT at the bubble surface as a function 

of the bubble diameter calculated from Fig. 5-10a. 

 

 Finally, we show computational results of the natural convection to quantitatively compare with Marangoni 

convection. To calculate the natural convection, the same geometry shown in Figure 5-7 was used. However, the 

shear force applied at the bubble surface was canceled to clarify the contribution of natural convection. Instead, a 

volume force to describe the buoyancy force in water domain is given by29 

 

𝐹 = (
𝐹𝑥

𝐹𝑦
) = { 

0
𝑔(𝑇 − 𝑇𝑟𝑒𝑓) }   (5-7) 

 

where  [K-1] is the thermal expansion coefficient of water, g [ m s-2 ] gravitational acceleration,  [ kg m-3 ] density 

of water, and Tref [K] the reference temperature (room temperature, in this case). The temperature dependence of  

was not considered. In the calculation, the bubble diameter was fixed at 8.6 m, and accordingly the computational 
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variable was only the surface temperature of the bubble. Figure 5-11a and -b show 2D temperature distribution and 

corresponding velocity field at a fixed bubble temperature of 373 K. The 2D temperature distribution in Figure 5-

11a shows the concentric temperature gradients from the bubble center. The corresponding convective flow whirls 

in water domain as shown in Figure 5-11b, which is typical flow of the natural convection29. The highest convective 

velocity, 40 m s-1, was obtained at x-distance of 0 m and y-distance of 120 m (around the center of the water 

domain). In addition, the convective velocities at the side of the bubble (around x = ± 100 m and y = 50 m) were 

faster than that at other region. Figure 5-11c shows the convective velocities at the center and the side as a function 

of the bubble temperature (TBubble). Almost linear behavior in the convective velocity can be ascribed to the constant 

thermal expansion coefficient of water. Although the utmost bubble temperature of 373 K (the bulk boiling 

temperature of water) was applied, the convective velocity adjacent to the glass surface was less than 1 to 2 m s-1. 

These values are much smaller than those by Marangoni convection and we can safely conclude that the contribution 

of natural convection is negligible. 
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(c) 
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Figure 5-11. (a) Computational 2D temperature distribution and (b) velocity field for the system consisting of the 

8.6-m-diameter bubble, water, and the glass substrate. The surface temperature of the bubble was set to 373 K. (c) 

Calculated convective velocities at the center of water domain and the side of the bubble as a function of the surface 

temperature of the bubble (Tbubble). 

 

5-4. CONCLUSION 

In the present study, we have elucidated the following properties of the stationary microbubble and subsequent 

Marangoni convection under CW laser illumination. 

i) The diameter of bubble increased with peak power density.  

ii) No detectable convection was observed without the formation of microbubble.  

iii) Convective velocity increased to 1.0×103 m s-1 with TBT at the bubble surface. Effective convection took place 

within 100 m from the bubble center in radial distance.  

iv) Once the bubble diameter exceeded a certain size, convective velocity gradually saturated owing to the gradual 

saturation in TBT at the bubble surface.  

v) Owing to lower temperatures at the bubble surface, the contribution of natural convection was minor. 

Basically, above findings are also applicable when an aggregates or a thin film consisting of Au NPs is employed 

as a heat source. The surface temperature of the bubble was estimated to be around 300 K, which is much lower 

than the bulk boiling point of water. This can be advantageous to assemble or manipulate soft materials which 

cannot withstand at high temperatures.  
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6. General Conclusion 

In this thesis, I described photothermal responses of gold nanoparticles (Au NPs) and their related phenomena 

under the laser irradiation, as investigated by spatially and temporally resolved measurements and numerical 

calculations. First, I introduced heat transfer from NPs to the surrounding environments, including gas, liquid, 

and dielectric substrates. Second, the bubble formation around NPs in liquid media was studied in cases of 

pulsed and CW laser excitation. Third, I elucidated the spatial distribution of temperature gradients and 

corresponding convective velocity around a stationary bubble produced by CW laser heating of a single Au NP. 

Here, I summarize the outcomes and achievements in this thesis as a general conclusion. 

 After the introductory part in Chapter 1, I described, in Chapter 2, the numerical model that was 

developed for the spectroscopic thermometry of Au NPs, on the basis of a concentric core-shell model with Mie 

theory describing optical absorption and scattering of a dielectric nanosphere. The effect of laser heating was 

taken into account by considering the temperature-dependent dielectric function of gold, and the refractive index 

of the medium. Spectral damping and blue shifts were mainly attributed to the decrease in refractive index of 

water, whereas red shifts were observed in air arising from the temperature-dependent intrinsic optical property 

of gold. From these results, we could quantitatively estimate the particle temperature under continuous 

irradiation. 

 In Chapter 3, the photothermal generation of nanoscale vapor bubbles around Au NPs was investigated. 

Picosecond pump−probe optical measurements directly revealed the dynamics of the formation and evolution 

of nanobubbles around colloidal Au NPs. The dynamics of nanobubbles was evaluated on the basis of bubble-

size-dependent spectral changes. Extinction spectra of nanobubbles with different diameters were simulated by 

considering a concentric spherical core−shell model within the framework of Mie theory. Results of these 

studies indicated that the nanobubbles generated around Au NP with a 60-nm diameter under the fluence of 5.2 

mJ cm−2 had a maximum diameter of 260 ± 40 nm and a lifetime of ca. 10 ns. The combination of fast transient 

extinction spectral measurements and spectral simulations could provide insights into dynamics of plasmonic 

nanobubbles. 
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 In Chapter 4, laser-induced heating and thermal equilibration of Au NPs supported on different 

substrates and immersed in several media were studied. Single-particle spectroscopy was employed to monitor 

the temperature of NPs under the laser excitation. Because of changes in the refractive index of the surrounding 

medium through the temperature change, Au NPs shows the change of the spectral shape and extinction 

maximum. The increase in the temperature is dependent on both the surrounding medium and the supporting 

substrate. I furthermore modeled the NP temperature using a simplified 1-D heat conduction with an effective 

thermal conductivity taking into account both substrate and medium. Results calculated by this model were 

compared with those analyzed by a more detailed 2-D heat transfer calculation. From these results, it was found 

that a substrate in conjunction with the surrounding media regulated particle temperature. These results clearly 

indicated the crucial role of the substrate as well as the medium on steady-state heating and heat dissipation in 

nanoscales.  

 In Chapter 5, I described the formation of stationary microbubbles and subsequent fluid convection 

induced by CW laser heating of Au NPs in water. Stationary bubbles with ca. 1 – 20-m diameter were produced 

by irradiating individual Au NPs with a CW laser. Spatial profiles and velocity distribution of fluid convection 

around the microbubbles were visualized by wide-field fluorescence imaging of tracer nanospheres. To evaluate 

the bubble-induced convection, numerical simulations were performed on the basis of general heat diffusion 

and Navier-Stokes equations. A comparison of experimental result with computational ones revealed that a 

temperature derivative of surface tension at the bubble surface was a key factor to regulate the fluid convection. 

Temperature differences of a few Kelvin at the bubble surface resulted in convective velocities ranging from 

102 to 103 m s-1. In addition, it was also confirmed that the convective velocity gradually saturated with 

increasing bubble diameter. From these results, it was demonstrated that manipulation and nanofabrication 

within a small space could be attained by plasmonic heating of Au NPs. 

 These studies revealed the fundamental aspects of laser-induced heating and its related phenomena of 

Au NPs, and could serve as important information for the application of plasmonic heating to nanofabrication 

and theranostics such as diagnostics and therapy.  
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