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Summary 

    Near-field optics (NFO) deals with optical phenomena involving evanescent wave 

which becomes significant when the sizes of the objects are in the order of wavelength or 

even smaller. Since this special electromagnetic wave makes diffraction limit less 

restrictive, it confines light in a volume sufficiently small for the nanotechnology 

applications. The future of NFO would be seen in extensions of integrated optics towards 

the nanoscale.  

    This thesis aims to understand several NFO fundamental issues. These problems are 

related to the optical near-field induced by small particles under laser irradiation: (1) 

optical resonance (Sphere Cavity Resonance) and near-field enhancement effects of 

dielectric particles for laser cleaning/nanopatterning applications, and (2) plasmonic 

resonance by metallic nanoparticles.  

In the studies, nanopatterning beyond diffraction limit on transparent substrates was 

demonstrated by 800 nm /100 fs femtosecond laser irradiation of self-assembled micro-

silica particles array. No cracks were found at edges of produced nanostructures on the 

glass surface due to two-temperature non-equilibrium state. At a low laser fluence, the 

nanostructure feature sizes were found from 200 to 300 nm with the average depth of 150 

nm.  Tri-hole structure was created when laser fluence is higher than 43.8 J/cm2.   

Mie theory calculation shows that for 1 µm particle, the focusing point is inside the 

particle which results in the explosion of microparticles and the formation of debris. While, 
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increasing the particle size, the focusing point can be outside of microparticles. 

Experimentally using 6.84 µm particles, these particles are in their integrity which verifies 

that the position of focusing point depends on particle size. For most cases, the 

experimental results are in good agreement with Mie theory simulation results. 

    Plasmonic resonance enhanced absorption of laser energy by metallic spherical 

nanoparticles was discussed. Calculations of the cross section efficiencies of 40 nm Au 

nanoparticles predict that at the resonance frequency, the absorption is the strongest, as 

verified experimentally. 

    In the dry laser cleaning, field enhancement and its consequences play major roles. For 

transparent particle and normal incidence, the near-field enhanced field near the centre 

produces a cylindrical convergent surface acoustic wave, which benefits the particle 

removal for sufficiently “big” particles (above 2 µm).   

    For metallic nanoparticles, the laser intensity under the particle typically diminishes, in 

contrast to transparent particles, which act as a near-field lens. Nevertheless, with light 

frequencies near surface plasmon resonance, the conditions for the efficient coupling of 

the light with metallic surface can be provided. This plasmonic effect can help clean 

metallic nanoparticles from metallic surface. The ability to clean 40 nm gold particles 

from the Si substrate was experimentally demonstrated. 
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Chapter 1 Introduction 

1.1 Introduction to near-field optics 

    In general, a near-field is referred to a region with distance in micro/nano scales. Near-

field optics (NFO) deals with phenomena involving evanescent electromagnetic waves. 

This special electromagnetic wave becomes significant when the size of an object is in the 

order of incident wavelength or even smaller [3], where so-called Mie resonance or 

morphological resonance become important [4]. Nowadays, theory of electromagnetic 

waves describes satisfactorily their interactions with objects which are macroscopic 

relative to the incident wavelength. However, the theoretical knowledge about the 

scattering of electromagnetic waves by micro/nano-systems remains limited. Most 

approximations are not appropriate to study micro/nano-systems. These systems require 

the detail solutions of the full set of Maxwell equations. The main origin of these 

problems can be back to the crucial role played by the evanescent components of the field 

in the near-field zone close to micro/nano-particles. 

According to Diao et al. [5], the optical scattering of a small particle can be classified 

into two categories: (1) sphere cavity resonance (SCR) in a dielectric particle and (2) 

plasmon resonance (PR) in a metal particle. Plasmons are defined as electromagnetic 

excitations coupled to the free charges of a conductive medium. In modeling, both SCR 

and PR can be satisfactorily described by Mie theory [6], which is an exact solution of 

Maxwell equations for an arbitrary sphere under the plane wave excitation. 
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Theoretically, the SCR resonance is very sharp. It means that the optical resonance 

produces high intensities in the near-field region and, naturally, it can lead to the 

formation of “hot points”. Clearly, these “hot points” influence the laser cleaning 

efficiency and are responsible for surface nanostructuring applications as well. 

Meanwhile, it is well known that a small metal particle, such as gold and silver 

nanoparticles, under direct laser irradiation can excite localized plasmonic effect [7], 

which is collective oscillations of free electrons confined inside the particles. These are 

two possible reasons why plasmonics is hot in recent years: (1) People cannot completely 

understand all the aspects of plasmonic effect. In other words, a large amount of unknown 

issues exist in the field, and (2) the promising applications in nanopatterning which can 

improve data storage density and in nanostructure characterization which can achieve the 

observation under molecular range. 

 

1.2 Literature review  

1.2.1 Overview of Mie theory 

In a paper published in 1908, G Mie [6] obtained, on the basis of the electromagnetic 

theory, a rigorous solution for the diffraction of a plane monochromatic wave by a 

homogeneous sphere of any diameter and of any composition situated in a homogeneous 

medium. Mie theory is a separation of variables approach which gives an analytical 

equation for the Mie coefficients. The interesting early history of light scattering was 
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reviewed by Logan [8].  

The optical scattering of a small particle can be classified into two categories: (1) 

sphere cavity resonance (SCR) in a dielectric particle and (2) plasmon resonance (PR) in a 

metal particle [5]. It is known for more than 50 years that the optical resonance is 

responsible to the ripple structure of the extinction [9]. The first analysis of the optical 

resonance was carried out with respect to conventional applications in colloid and aerosol 

physics. The new interest to optical resonance arises due to the studies of resonance 

phenomena in radiation pressure [10], optical levitation [11] and long-wave optical 

spectrum in ionic crystals. Traditionally, optical resonance is inspected in the far field by 

spectroscopic techniques, e.g. absorption/extinction spectra measurement [12], in which 

the electromagnetic field is dominated by the propagating mode. On the contrary, the 

peculiarities of the laser cleaning/nanopatterning problems are related to the near-field 

region where the evanescent wave is dominant instead of propagating wave [13, 14]. 

In sphere cavity resonance (SCR), the incident field excites resonance but undamped 

modes in dielectric spheres are distributed as evanescent waves around the sphere. In the 

near-field region of the sphere cavity, the field distribution is dominant with these 

evanescent waves, and is sensitive to the size parameter of the sphere. The SCR 

resonances are very sharp, and the efficient divergence of radiation for corresponding 

modes is very small. It means that optical resonance produces high intensities in the near-

field region and, naturally, it can lead to the formation of “hot points”. In contrast to SCR, 

PR mode in a metal sphere is generated due to the oscillation of free electrons inside. 
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These PR modes are damping modes due to the high dissipative factor of metals. 

Both SCR and PR can be satisfactorily described by Mie theory in modeling. The 

geometrical optics (for big particle with λ>>a ) and dipole approximation (for small 

particle with  λ<<a  ) can be regarded as the two limiting cases of Mie theory. In near-

field optics (NFO) where micrometer size particles are concerned, the simulation by 

dipole approximation could lead to inaccurate results due to the excitation of higher-order 

multipole resonance modes in particles. It needs detail theoretical analyses with sufficient 

number of mode terms. The inclusion of a small term in Mie series beyond dipole 

approximation could significantly distort the phase portrait of optical near field and 

produce a completely different near-field distribution.  

The solution due to Mie theory, though derived for diffraction by a single sphere, also 

applies to diffraction by any number of spheres, provided that they are all of the same 

diameter and composition and provided also that they are randomly distributed and 

separated from each other at a distance that is large compared to the wavelength. Under 

these circumstances, there are no coherent phase relationships among the lights scattered 

by different spheres. The total scattered energy equals to the energy scattered by one 

sphere multiplying the total number of spheres. It is particularly in the connection that Mie 

solution is of great practical value and may be applied to a variety of problems: in addition 

to the question of colors exhibited by metallic suspensions. We may mention applications, 

such as the study of atmospheric dust [15], interstellar particles or colloidal suspensions 

[16], the theory of the rainbow, the solar corona, the effects of clouds and fogs on the 
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transmission of light [17]. 

Although the light scattering and absorption by a spherical particle (with any size and 

optical dielectric constant) were solved in 1908 by Mie, this theory (together with many of 

its extended theories) still remains its invaluable contributions today, especially in the 

NFO. In micro/nano-regions, most research interests in NFO could be approximately 

modeled by small particles, such as colloid, sharp tip, single molecule and bio-virus. The 

near field enhancement around such sub-micron particles is of immediate relevance to 

near-field optics microscopes [18] or, to some extent, pointed tips [19]. In the near field, 

for sufficiently small particles, only the lowest order solution, equivalent to dipole 

excitation, is of significance. The scattering efficiency is proportional to 

)2/()( mpmp εεεε +−  in this case, where mp εε ,  are the dielectric constants of the particle 

and the surrounding medium, respectively. 

1.2.2 Extensions of Mie theory 

As Mie theory is restricted to spherical homogeneous spheres, there are many 

extensions of this theory covering different aspects. Some relevant aspects will be 

described in the following.  

Shortly after Mie, P. Debye [20] published a paper concerned with light pressure 

induced by irradiation of particles, i.e. the mechanical force exerted by light, on a 

conducting sphere, the subject has been treated in different aspects by many researchers 

[21,22]. The plasmon resonance based optical trapping method is used to achieve stable 
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trapping of metallic nanoparticles. In all cases, the longitudinal plasmon mode of these 

anisotropic particles is used to enhance the gradient force of an optical trap, thereby 

increasing the strength of the trap potential [23]. While for this plasmonic effect, it can be 

readily extended from the Mie scattering theory. For small particles, the divergence in 

scattering efficiency at 02 =+ mp εε  is the condition for the lowest order plasmonic 

resonance. Upon approach if a third medium, mε  becomes a weighted average of the 

dielectric constants of the second and the third medium. This modifies the resonance 

conditions, as a function of distance between the particle and the third medium [24]. An 

advanced algorithm was given by Toon and Ackerman [25]. An algorithm for a sphere 

with two coatings was given by Kaiser [26]. This has been used to compute the internal 

field of a particle at resonance. Such algorithms may help in identifying water droplets 

collecting dust or soot on the outer surface [27]. 

The electromagnetic Green’s tensor approach is used to obtain the differential and total 

scattering cross sections of a finite size nanoparticle located at a metal surface [28]. The 

scattering process comprehends either elastic scattering of the incident surface plasmon 

into other surface plasmon propagating in different directions or scattering into field 

components propagating away from the surface, as well as the irradiation absorption by 

the meal nanoparticle. A scattering theory for magnetic spheres can easily be formulated 

[29]. This may be relevant for scattering at infra-red or microwave frequencies. The 

scattering theory of coated dielectric spheres was first derived by Aden and Kerker [29].  

The scattering of light by particles of shapes other than spheres has been considered by 
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some authors [30,31], but in general the analytical properties of the corresponding wave 

functions are much more complicated, so that rigorous solutions are of limited practical 

value [32]. Gans [33] and other workers discussed the scattering of electromagnetic wave 

by ellipsoids with dimensions smaller compared to the wavelength; a rigorous solution for 

an ellipsoid of arbitrary size has been published by Moglich [34]. The scattering from long 

circular conducting cylinders was studied as early as 1905 by Seitz [35] and Ignatowsky 

[36]. The formulae obtained are similar to those of Mie relating to the sphere. 

Another derivation from a Mie sphere is a just slightly non-spherical particle. This may 

be treated by a first-order perturbation approach [37]. In this case, the assumptions are: (1) 

the particle is homogeneous and (2) the deviations from sphericity are small and smooth, 

such as a droplet distorted by a fluid flow. There is also an extension of Mie theory to an 

anisotropic spherical shell [38] which is an appropriate model to study light scattering by a 

variety of biological systems.     

Since metallic spheres are all absorptive materials, the calculations related are much 

more laborious and only a few special cases have been studied in detail. For larger spheres, 

asymptotic formulae due to Jobst [39], based on Mie’s theory and Debye’s asymptotic 

expansions of the cylinder functions may be used for calculation. Weakly absorbing 

spheres was studied by van de Hulst [40]. In the latter case, the general behaviors of the 

extinction curves are seen to be similar to those of dielectric spheres, but even a very small 

conductivity is sufficient to smooth out the small undulations completely. As the 

conductivity is increased further, the first minimum disappears altogether and the 
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extinction curve rises asymptotically from the origin to twice of this value. The absorption 

curves rise asymptotically from the origin to half of this value. 

A number of theoretical groups began to work on the determination of exact near-field 

optical field distributions in 1990s [ 41 , 42 ]. The task involves massive numerical 

computation and is the only way to gain deep insight into the peculiarities of optical near 

fields, in particular about their confinement and enhancement by spheres. Jaffe developed 

a creative algorithm to inversely calculate the internal electromagnetic field of a 

homogeneous sphere from the observation of its scattered light field [43]. There is a 

simple Fourier relationship between a component of the internal E-field and the scattered 

light in a preferred plane. The estimated values are shown to be accurate in the presence of 

moderate noise for a class of size parameters. 

1.2.3 Experimental researches on Mie and its extended theory 

1.2.3.1 Particles scattering 

Mie theory may be tested experimentally by means of observations of light scattered 

either by a single spherical particle, or by many particles (cloudy media, colloidal 

solutions). Such tests may be carried out with relative ease when the particles are large, 

but are rather troublesome when the diameter of each particle is of the order of a 

wavelength or smaller. La Mer and collaborators [44, 45 ] succeeded in testing the theory 

from measurements of the angular distribution of scattered light as well as the total 

scattering from sulfur sols in water, of particle diameter from 300 nm to 500 nm. Light of 



Chapter 1 Introduction  

 9 

vacuum wavelengths in the range from 285 nm to 1000 nm was used and a fair agreement 

with the predictions of Mie theory was found. 

Compared with dielectric particles, metallic nanoparticles exhibit promising properties 

for nanotechnology applications. Of the early workers who studied the optical properties 

of metallic particles, mention must be made of Maxwell Garnett [46]. He considered the 

passage of light through a dielectric medium containing many small metallic spheres in a 

volume of linear dimensions of a wavelength. With the help of the Lorentz-lorenz formula, 

Maxwell Garnett showed that such an assembly is equivalent to a medium of a certain 

complex refractive index κinnc +=  and he found formula for n and κ  in terms of the 

indices that characterize the metallic spheres. By means of these considerations, he was 

able to account for some of the observed features. 

Metal nanoparticles find applications in numerous areas of science and technology, 

ranging from medicine to optics and biological labeling and imaging [47]. For example, 

silver and gold were used to enhance the non-linearities of molecular probes that are 

potentially useful for selectively imaging the structure and physiology of nanometric 

regions in cellular systems [48]. Magnetic metal nanoparticle that is critical to magnetic 

recording industry is an important class of metal nanoparticles. Co, Fe and Ni [49,50] 

nanoparticles can be made in with disk or rod shapes that can be used for magnetic 

recording applications.  

In the mid-1970s, opticians were surprised by the high intensity Raman scattering from 

certain adsorbates on rough surfaces of copper, silver, or gold nanostructures [51, 52]. It 
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was soon found that field enhancement by plasmonic excitation plays an important role. 

The plasmons are localized at small protrusions and crevices of the rough surface. An 

individual protrusion can be modeled as a semi-ellipsoid on a plane. Laplace’s equation 

can be solved analytically for this geometry [53, 54].  As a general result, several plasmon 

resonances of approximately equal strength were found. 

Another type of surface plasmon polariton can be realized by making use of individual 

metallic nanoparticles arranged to form various structures, such as linear chains or two 

dimensional arrays. The surface plasmon polariton propagation along metallic 

nanoparticles chain could be comprehended with the quench of fluorescence. The 

fluorescence of a molecule can be quenched by placing a second molecule in its 

immediate proximity, if the second molecule absorbs light at the emission frequency of 

the first molecule. The quenching increases with decreasing distance according to an 

inverse sixth order power law. The transfer of excitation can be studied quantitatively if 

the second molecule is also fluorescent. This is a typical near field effect based on the well 

known characteristics of dipole antennas. Gersten and Nitzan [55] and van Labeke et al. 

[56 ] extended the above energy transfer considerations to the case of a fluorescent 

molecule near a small metallic particle. The fluorescence properties were found to vary 

drastically from those of the free molecules. This was confirmed by Leitner et al. [57], 

who studied the fluorescence of dyes adsorbed small silver islands. Experimental studies 

[58, 59] showed that nanoparticle which ensembles on metal surfaces can be used to create 

efficient micro-optical components for surface plasmon polartons, such as mirrors, beam 

splitters, and interferometers. Furthermore, periodic arrays of metal surface nanoparticles 
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have been shown to exhibit band gap properties for the propagation of surface plasmon 

polaritons [60, 61]. If such a band gap structure has narrow channels free from particles, 

surface plasmon polariton can be confined to and guided along these channels [62,63]. 

Superposition of the electromagnetic fields of neighboring plasmonic excited particles 

results in considerable modification of the resonance conditions. This is readily noticed in 

the reflection and absorption spectra of granular gold and silver films [64, 65]. Array of 

regular small metal structures on a dielectric substrate provides even more detail 

information. 

Finally, the non-radiative plasmon modes on a metallic surface can be converted to a 

radiation field – emitted light – with the aid of metallic nanoparticles [66]. This is a 

consequence of the direct coupling between light and plasmon mode allowed in the 

particle-surface system. 

1.2.3.2 Micro/nano-particles nanopatterning 

The current trend towards sub-wavelength structures creates a need for new methods 

and technologies for surface nanostructuring. In most near-field techniques, the sub-

wavelength resolution is achieved by placing a small aperture between the recording 

medium and light source. If the aperture-to-medium separation is controlled at a distance 

much smaller than the wavelength, the resolution is determined by the aperture size 

instead of the diffraction limit [67]. However due to sophisticated hardwares to control the 

near-field distance and low throughout, this approach is difficult to be implemented in 

industrial applications. Using particle masks [68], in near field to pattern a solid 
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substrate is a promising approach that could lead to parallel nanostructuring beyond 

diffraction limit [69, 70]. 

Microsphere lattice monolayer has been used to generate patterns on a substrate by 

irradiation of a nanosecond infra-red plane-wave to create submicron features on a glass 

substrate [71, 72]. Selective removal of individual silica microspheres and how field 

enhancement effects can contribute to the accuracy and resolution of the process were 

demonstrated, where ultrashort pulses were used because of their ability to produce well 

localized changes with low pulse energies. 

A novel photolithographyic technique using periodic hexagonal closely packed silver 

nanoparticles to form a 2-dimentional array photomask has been demonstrated to transfer 

a nano-pattern onto a photoresist [73]. This method can be used to precisely control the 

spacing between nanoparticles by temperature. The high density nanoparticle thin film is 

accomplished by self assembly through the Langmuir-Schaefer technique [74] on a water 

surface and then transferring the particle monolayer to a temperature sensitive polymer 

membrane. This technique uses a colloidal dispersion of nanoparticles in an organic liquid, 

which has a controlled convex curvature on a water surface. A monolayer of metal 

nanoparticles nucleates at the raised center of the water surface and grows smoothly 

outwards, as the liquid evaporates. By bringing a smooth substrate down to the 

nanoparticles film, the monolayer can be transferred. 

The nanosphere lithography technique employs colloidal self-assembly of 700 nm glass 

nanospheres that form hexagonal closely packed monolayers on Si surfaces. Directional 
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evaporation through the holes between the nanospheres yields honeycomb nanodot 

patterns, while sputtering deposition through the nanospheres leads to a thin film mesh 

that acts as a mask during subsequent anisotropic etching,  which results in an array of 

inverted pyramid holes [75]. 

The recycling of microparticles arrays was investigated by D. Bauerle [76] with a 

spacer. A thin Au film was coated on microparticles arrays and femtosecond laser was 

applied to fabricate nano-apertures which could be explained by electromagnetic field 

interferences caused by the array of microspheres [77, 78]. Potentially applied in industry, 

these microparticles array requires to be modified as multi-lens array [79, 80]. Then the 

mask can be employed to create nanopatterns on a large area substrate surface effectively. 

Current day research in sub-50 nm metallic nanoparticles near-field optics is strongly 

influenced by the development of scanning near-field optical microscopy, also called near-

field scanning optical microscopy. This is a super-resolution optical microscopy which has 

enabled a variety of novel plasmonic experiments. This super-resolution, however, is 

limited by the probe aperture size. Ruppin [81] and Royer et al. [82] studied the influence 

of a nearby dielectric medium on the plasmonic resonances of a metallic sphere. The 

resonance frequency and width depend on the properties of the medium in a sensitive way. 

This may become relevance to apertureless SNOM. Fischer probably was the first to 

recognize the potential of small light scattering particles and sharp tips for truly super 

resolution microscopy. Plasmonic excitation increases the sensitivity of the process. A 

scattering tip in fact is a valid alternative to the aperture probe in SNOM.  



Chapter 1 Introduction  

 14 

The future of near-field optics and plasmonics may also be seen in extensions of 

integrated optics towards the nanoscale. Techniques known from radio wave technology 

might be scaled down to submicron dimensions. The optical antenna, the metallic optical 

waveguide, and optical tweezers capable of manipulating nanoscopic particles may be 

among the fruits of such attempts. The increasing mastery of nanometer scale structuring 

techniques may, further, allow the development of plasmonic functional elements, such as 

mirrors, filters, diffraction gratings, and modulators. Implemented in thin film structures, 

these elements may open new perspectives for integrated optical devices. 

 

1.3 Objectives and contributions  

1.3.1 Objectives 

Near-field optical resonance and plasmonic effect have been predicted theoretically for 

about 100 years, but the physics of evanescent electromagnetic waves, which is the key 

concept used in near-field optics, was a poorly developed research area before the mid- 

1960s. Even now the interactions between the wave and the materials are not understood 

clearly. 

The demand of high capability data storage devices has led to the rapid development of 

precision engineering and nanotechnology. One challenge in this field is to overcome the 

optical diffraction limit. Meanwhile, near-field effect must be considered. This task is 

believed to be accomplished while a variety of studies need to be carried out to understand 
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the mechanisms behind. 

The main objectives of the research are as follows: 

• To understand near-field optical scattering by micro/nano-particles and apply Mie 

theory for numerical simulation; 

• To understand plasmonic effect by metallic nanoparticle in near field; 

• To explore near-field optics application in nanotechnology;  

• To carry out investigation on the various phenomena in laser nanopatterning. 

1.3.2 Research contributions 

• The simulation of intensity distribution reveals details on how a small particle 

absorbs light energy and consequently releases absorbed energy. 

• The influence of various factors, such as laser fluence, light wavelength, incident 

angle, and particle size. 

• Developed a method to obtain small size patterns overcoming optical diffraction 

limit. 

• Tri-hole structure formation under high fluence femtosecond laser illumination. 

• Extraordinary scattering diagram for nanoparticles with theoretically extreme 

conditions. 

• Laser dry cleaning of 40 nm Au particles. 
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1.4 Thesis outline 

Chapter 2 includes mainly the basic Mie theory background and its exact solutions for 

single spherical particle in a homogeneous medium under a plane monochromatic wave. 

The calculated distributions of light intensity passing through dielectric and metallic 

particles are shown in the chapter. Drude model will be introduced to determine optical 

constants of metallic nanoparticles. 

Chapter 3 shows the experimental details. Sample preparation, experimental setup, laser 

sources employed in the research and characterization techniques. 

Chapter 4 provides the application of Mie theory in nanopatterning of silica and silicon 

substrates with the assistance of dielectric glass microparticles array by femtosecond laser 

irradiation. The theoretical explanation will cover the diffraction of laser beam based on 

Mie calculation, the absorption of femtosecond laser pulse and the influence of particle 

size parameter. An novel tri-hole structure was found in the research at a high laser 

fluence. The mechanism of formation will be discussed. In the later part of this chapter, 

nanopatterning under oblique incident light is described to have the deeper understanding 

of Mie theory. 

The Mie theory in metallic nanoparticle is shown in chapter 5, where the research focus 

is plasmonic effect with Au particles. Both experimental and theoretical research results 

will be provided including scattering at plasmonic resonance frequency and off-resonance 

frequency. Some consequent discussions of extraordinary scattering issues for 
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nondissipative nanoparticles are presented at the last section of the chapter. 

Chapter 6 presents the application of laser dry cleaning of 1 µm transparent particles 

and 40 nm Au nanoparticles. For different material properties, various laser wavelengths 

should be considered. Surface acoustic wave and plasmonic resonance enhanced 

absorption are believed to play important roles. 

Chapter 7 concludes the whole research results. The possible future works are 

recommended. 
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Chapter 2 Near-field light scattering of small particle 

    The optical scattering of a small particle can be classified into two categories: (1) 

sphere cavity resonance (SCR) in a dielectric particle and (2) plasmon resonance (PR) in a 

metal particle. In modeling, both SCR and PR can be satisfactorily described by Mie 

theory. The solution of Maxwell’s equations describes the field arising from a plane 

monochromatic wave incident upon a spherical surface, across which the properties of the 

medium change abruptly. 

2.1 Model and assumptions  

The light scattering by a small sphere was described by Mie theory [6]. A rectangular 

system of coordinates with origin at the centre of the sphere (z axis in the direction of 

wave propagation and x axis in the direction of its electric vector) was taken. The model in 

Fig. 2.1 considers the diffraction of a linearly polarized, monochromatic plane wave by a 

sphere of radius a which is immersed in a homogeneous and isotropic medium. The 

amplitude of the electric vector of the incident wave is normalized to unity, i.e. 1)( =iE . 

The medium is assumed to be non-conductive and both the medium and the sphere are 

non-magnetic [9]. The time dependence of the involved fields can be assumed to be 

harmonic and more complicated time dependent fields can be written as superposition of 

the fields with Fourier synthesis.  

The fields vectors both outside and inside the sphere satisfy Maxwell’s equations 

without free charges. 
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                                       HiEEiH ωµωε =×∇−=×∇ ,                                         ( 2.1) 

where ω is angular frequency, ε permittivity, µ permeability, H magnetic field, and E 

electric field. The boundary conditions on the surface of sphere include continuity of 

tangential components of E and H, and radial components of D =ε E and B = µ H. 

Quantities which refer to the medium surrounding the sphere will be denoted by subscript 

m, those referring to the sphere by subscript p. As the medium surrounding the sphere is 

assumed to be non-conducting, 0=mσ .  

The first modern outline of the Mie theory in terms of spherical vector wave functions 

was given in the classical book by Stratton in 1941 [83]. Spherical coordinates are r, θ and 

φ, where θ is the azimuthal angle between the radius vector r and z axis, φ polar angle at x-

y plane. In spherical polar coordinates, Maxwell equations together with the boundary 

conditions are separated into a set of ordinary differential equations, which are then solved 

for the two sub-fields in the form of infinite series. The boundary conditions now are 
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Figure 2.1 The model of diffraction by a sphere immersed in a homogeneous, isotropic 

medium. 

 

2.2 The solution of Maxwell equations for non-magnetic particles 

    In a completely analogous way as in Ref. [84], one can prove that the electromagnetic 

fields in a region between two concentric spheres, in which there are no free charges and 

currents, are completely determined by two scalar functions ),,( ϕθrDe  and ),,( ϕθrDh , 

the so-called electric and magnetic Debye potentials. The potentials fulfill the scalar 

Helholtz equation: 
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    The electric and magnetic fields can be derived from these potentials by: 

( ) )( DikD he rrE ×∇+×∇×∇= ,  ( )[ ])( DikD eh

m rrH ×∇−×∇×∇= ε . 

               (2.4) 
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where ε
ω

c
k =  is the wave vector. The solution with vanishing radial magnetic field is 

called the electric wave (or transverse magnetic wave) and that with vanishing radial 

electric field is called the magnetic wave (or transverse electric wave). 

    It should be noted that different Debye potentials should be defined for inside and 

outside the particle. To indicate this difference, notations Π  and Ψ will be used for 

outside and inside respectively. Debye potentials can be expanded into sum series of 

different resonance modes: 
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where 
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and ),( ϕθmY
l

the spherical harmonics function of degree l  and order m : 
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    The field is thus completely determined by the coefficients mew
l

, mhw
l

, mev
l

 and mhv
l

 in 

Eq. (2.5). 

    The amplitude of the electric vector of the incident plane wave is normalized to unity, 

and wave propagates along the z-coordinate, electric vector is directed along x-coordinate 

and magnetic vector along the y-coordinate. In the spherical coordinate system {r, θ, ϕ} 

with the origin situated at the sphere center, these spherical waves can be expressed as the 

following (index  “i” indicates the incident wave): 
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where the radial dependence is expressed through the Bessel function (regular at  ρ  =  0) 

and prime indicates differentiation 
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The scattered field for the non-magnetic particle ( 1=pµ ) immersed in vacuum is 

presented by (index “s” stands for indication of the scattered wave): 
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Coefficients 
l

B
e  and 

l
B

m  in Eq.  (2.12) are given by 
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where 
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a  and  
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     These formulae take  particularly simple forms when either the dielectric constant or 

the conductivity of the sphere is high, and at the same time the radius of the sphere is not 

too small. In this case 1,1 >>=>> p
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    This approximation is of little interest for optics, but it is of importance in connection 

with radio waves. It is also historical interest as the early theories were concerned with 

this limiting case [85]. 

The internal fields (indicated by index “a”) inside the particle are given by 
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Coefficients 
l

Ae  and 
l

Am  in Eq.            (2.17)  are given by 
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where 
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2.3 The solution for magnetic particles 

    The given solutions in the above sections only deal with nonmagnetic spherical 

particles, e.g., 1== mP µµ .  In the cases of magnetic spheres, Pµ  and mµ  quantities 

should be included in the wave solutions. Firstly, from Eqs. (2.10) to (2.19), the following 

new quantities in Table 2.1 should be used. Secondly, the magnetic field components for 

scattered and incident waves, i.e. waves outside of sphere, should be multiplied by a factor 

of  
mµ/1 , and 

pµ/1  for internal wave. Finally, the wave expansion coefficients, including 

both the scattering coefficients of Eq. (2.15) and the internal field coefficients of Eq. (2.19) 

should be modified accordingly. New scattering coefficients are given by: 

Table 2.1 Notations for nonmagnetic and magnetic spheres 

Nonmagnetic Replaced by Magnetic 

mmm in κε +=  ⇔  mmmm in κµε +=  

λεπ /2 mmk =  ⇔  λµεπ /2 mmmk =  

ppp in κε +=  ⇔  pppp in κµε +=  

λεπ /2 ppk =  ⇔  λµεπ /2 pppk =  
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2.4 Calculated distribution of light intensity under dielectric particles 

    In the limiting cases of geometrical optics and dipole approximation, the field is 

obtained with approximations. By Mie theory, we are able to see the exact field 

distribution. An example of Mie calculation is shown in Fig. 2.2 for a radius of ma µ5.0=  

silica particle illuminated by laser at nm800=λ . Both Figs. 2.2(a) and (b) show that the 

light speed inside the particle is lower than that in the medium since the refractive index of 

particle is larger, which results in the incident plane wave being bent along z direction in 

particle center. From Fig. 2.2(c), it can be seen that the electric field is greatly enhanced in 

the near-field region under the transparent particle. The electric field enhancement decays 

quickly (almost exponentially as a character of NFO) from 15 at az =  to 3.5 at az 2= . 

Within the az =  tangential plane, the distribution of laser intensity is shown in Fig. 2.3. 

One can see the high localization of laser intensity in this plane. The intensity profiles of 

2
EI =  and I = S shown here is different from each other although the peak values are 

close. The profile of 2
E  intensity is not in a round shape but 
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Figure 2.2 Spatial Intensity distribution, I = |E|2, inside and outside a = 0.5 µm glass 
particle, illuminated by a laser at λ = 800 nm, and (a) polarization parallel and (b) 
perpendicular to the image plane. The maximum intensity enhancement in calculations is 
about 15.7 for both regions. (c) shows the intensity along z-axis. z = 1.0 is the position 
under the particle. 
 

difference between them originally comes from the contribution of the r-component of 

electrical vector, rE , which decays with r as 2/1 rEr ∝  from the scattering centre, whereas 

the amplitudes of the other components fall off more slowly, as the inverse of this distance. 

It quickly tends to zero in the far field ( λ≥r ). In other words, at sufficiently great 

distances, in the radiation zone or wave zone, the radial components may, therefore, be 

neglected in comparison with the tangential components, i.e. the scattered wave in the far 

field is a transverse wave for which the 2
E  and S intensity are identical. But the scattered 

wave in the near field is not transverse which results in the difference.  
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Figure 2.3 Distribution of laser intensity within the tangential plane under the particle with 
radius a = 0.5 µm, illuminated by laser at λ = 800 nm. (a) 3D picture of the I = |E|

2 

intensity distribution. (b) contour plot of (a). (c) 3D picture of I = S intensity distribution 
and (d) contour plot of (c). Particle is considered to be nonabsorbing with refractive index 
n = 1.6. 

 

2.5 Calculated distribution of laser intensity under the metal nanoparticle 

2.5.1 Drude model for metals 

    The material properties needed for the electrodynamical calculations have to be 
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calculated using solid state theory. A simple model for metals was developed by Drude 

(1900) based on the kinetic gas theory. It assumes independent and free electrons with a 

common relaxation time. Sommerfeld incorporated corrections originating from the Pauli-

exclusion principle (Fermi-Dirac velocity distribution). This so-called free-electron model 

was later modified to include minor corrections from the band-structure of matter 

(effective mass) and termed quasi-free-electron model. 

        The basic picture of the properties of metals in the frame work of this theory is a gas 

of independent point-like electrons. These electrons move freely between independent 

collisions with unspecified collision centers (lattice ions, other electrons, defects, phonons, 

etc.), which occur with an average rate of 1
0

−= τγ  with τ being the so-called electron 

relaxation time. Each collision leads to a complete loss of directional information and 

results in a random orientation of the electron velocity afterwards. 

    In an external field, the electrons are accelerated between collisions resulting in a drift 

motion. In reality, only electrons near the Fermi level contribute, because the Pauli 

exclusion principle does not allow deeper lying electrons to change their electronic state. 

Band-structure corrections lead to a modification of this motion. These corrections are 

customarily incorporated into an effective mass *m , which is in general different from the 

free-electron mass em . 

    Many properties of real metals, including their optical properties as described by the 

frequency dependent dielectric function )(ωε , are surprisingly well predicted from this 
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simple model. The resulting equation is: 

                                        22
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with pω  the so-called plasma frequency and 0γ  the electron relaxation rate. ∞ε  includes 

the contribution of the bound electrons to the polarizability and should have the value of 1 

if only the conduction band electrons contribute to the dielectric function. The plasma 

frequency is given by 
*

0

2

m

e
p

ε

ρ
ω =  with ρ and *m being the density and effective mass 

of the conduction electrons, respectively. The electron relaxation time can be calculated 

from the DC conductivity σ by
2

*

e

m

ρ

σ
τ = .  

    In real metals, besides the contribution of the free electrons, the effects of interband 

transitions have to be considered. For alkali metals, such as sodium and potassium, 

interband  transitions do not affect the dielectric function in the visible range, because the 

energy of the band gap is large. For the noble metals, such as copper, silver and gold, the 

influence of interband transitions in the visible range can not be ignored. For them, then 

interband transitions are 3d → 4sp, 4d → 5sp, and 5d → 6sp, respectively, and the free 

electrons are in the 4s, 5s and 6s states. For copper and gold, the absorption edge due to 

interband transitions is in the visible range, so that these metals are colored. For silver, 

although the absorption edge is in the ultraviolet, it affects the dielectric constant in the 

visible range a lot. 
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2.5.2 Light intensity distribution around metal nanoparticles 

In contrast to SCR, the PR mode in a metal sphere is generated due to the oscillation of 

free electrons. The PR mode is damping mode due to the high dissipative factor of metals. 

Unlike 40 nm silica particle which produces “shadowing effect” [86] instead of light 

energy enhancement under laser irradiation, 40 nm gold particle can produce enhancement 

due to surface plasmon resonance effect [87,88]. 

Due to the development of nanotechnologies, the study of light scattering by small 

particles becomes especially important. Bohren published the first work in this field in 

1983 within the frame of dipole approximations [89]. He demonstrated that the energy 

flux in the vicinity of a small particle deflects towards the particle from the surrounding 

area. As a result the particle can absorb much more radiation than that given by the 

geometrical cross-section. This presentation clearly explains the growth of the particle 

absorption process for small ε ′′  near plasmon resonance frequency, pωω = , when 

εωε ′′+−= ip 2)( . It should be mentioned, according to Ref. [20], that the absorption 

cross-section increases inversely proportional toε ′′ . But, it is very questionable that the 

particle absorbs incident energy through its whole surface.  
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 (a) 

 

(b) 

Figure 2.4. Electric |E|2 and magnetic |H|2 fields distributions within the xz-plane, 
calculated from the Mie theory for a sphere with q = 0.3 and dielectric 
function i2.02 +−=ε . Incident electric field is directed along x-axis. 
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    This question stems from the fact that the refractive index of the particle 

εε ′′+′= in Re  with 2−=′ε  becomes smaller than 1 when ε ′′  < 3.464. From the 

geometrical optics point of view (when a particle is big compared to λ ), some incident 

rays cannot “enter” the particle due to total internal reflection. In other words, a particle 

with a small ε ′′  value should absorb incident energy just through some “input window” on 

its surface and this window should be smaller with decreasingε ′′ . 

Examples of calculations from Mie theory for the electrical and magnetic fields are 

shown in Fig. 2.4. Plasmon is localized under the particle for magnetic field and equator 

plane for electric field [90]. The field distributions are typical for dipole radiation. One 

can see that the electric field mainly concentrates along “left” and “right” surfaces, while 

magnetic field is localized near “top” and “bottom” surfaces. 
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Chapter 3 Experimental details 

3.1 Sample preparation 

    The near-field distribution around a small particle under laser irradiation can be imaged 

by NSOM/SNOM systems [91,92]. However, the presence of a tip/particle/aperture in the 

near-field region could significantly distort the original field, and NSOM/SNOM systems 

are not able to detect the field inside the gap between the particle and surface. To 

overcome these, Mǜnzer et al. [93] proposed that the field under the particle can be 

directly mapped by the post-processing patterns left on the substrate. 

    In experiment, two kinds of particles were used: (1) SiO2 particle (Duke, 6.1=n , 10% 

size deviation, in suspension), (2) Gold nanoparticle (5% size deviation, in suspension 

form).  

    For experiment, we need to prepare an appropriate particle mask on substrate surface. In 

principle, a single sphere is sufficient for our study but it is rather difficult to locate them 

in experiment. An applicable choice is to prepare a monolayer particle on surface in an 

acceptable area. An easy method to prepare such mask is by self-assembly. The 

phenomenon of self-assembly is due to the mutually attractive ‘lateral capillary force’ 

developed between the particles caused by the deformation of the liquid layer when it 

evaporates. It is a function of the particle radius and the liquid surface tension. Ideally, the 

process leaves behind an order array of closely packed monolayer of particles under some 

conditions: (a) chemical homogeneity of the surface, (b) clean and hydrophilic flat surface, 
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and (c) evaporation temperature. More information on this topic can be found in Ref. 

[94,95]. 

The substrate was cleaned with acetone in an ultrasonic bath for 5 minutes followed by 

rinsing in DI water and then dried by N2 gas. The as-received particle suspensions were 

diluted and disposed onto the sample surface with a 0.5 µL dispenser. The sample was 

slightly titled (at an angle of 5 degree) and kept in a refrigerator at ~10 oC until dry. The 

final sample was baked in a vacuum oven at ~80 oC for 10 minutes to remove the water 

molecules on the surface. Figure 3.1 shows a typical particle mask prepared by this 

method. The major part of the mask is in a hexagonally closely packed monolayer form 

while some isolated particles are stayed at the edge regions. After laser processing, the 

patterns left on substrate surfaces can be examined by field emission scanning electron 

microscope (FESEM) and atomic force microscopy (AFM).  

    The recording medium sample was coated with P1205 positive tone photoresist. To 

obtain a uniform layer of photoresist, the resist was spin coated on the sample surface 

using a spin coater.  Centrifugal force during the spinning of the sample vacuum chuck 

causes the photoresist to widespread from the center of the sample until it covers the 

whole sample surface. The coater’s spin speed determines the thickness of the photoresist 

coated over the substrate. For P1205 photoresist, a typical spin speed of 5000 rpm 

corresponding to a resist thickness of ~ 0.5 µm. The coated sample needs to undergo a 

pre-expose soft bake at 100 ºC on a hotplate for 60 seconds to remove the moisture and 

harden the photoresist. 
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(a) 

 

(b) 

Figure 3.1. Self-assembly of (a) 1 µm silica particles array and (b) 40 nm Au particles on 
silicon wafers 

10 µm 

1 µm 
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3.2 Experimental setup 

The laser beam is redirected with a 45o high reflectivity dielectric mirror through an 

adjustable aperture placed in front of a near infra-red objective lens (20X, NA: 0.40) with 

a focal length of 20 cm. The samples are set at the focus plane with a spot size around 5.4 

µm on surface as shown in Fig. 3.2. taking femtosecond system as an example. The laser 

spot is paralleling scanned through the particle covered regions with a motion stage. For 

details on our femtosecond laser and motion systems, one can refer to Ref. [96]. 

 

3.3 Light sources 

3.3.1 Femtosecond laser 

The femtosecond laser system consisting of a Ti: Sapphire oscillator (Spectra Physics 

Tsunami) and a regenerative amplifier (Spectra Physics Spitfire) provide high-intensity 

femtosecond laser pulses. A self-mode-locked Ti:Sapphire laser oscillator produces ~80 

femtosecond pulses at a wavelength of 800 nm and a repetition rate of 80 MHz. The 

oscillator provides seed pulses into the regenerative amplifier, which is based on chirped 

pulse amplification (CPA) technique. The pulse duration of the output beam from the 

amplifier is ~100 femtosecond with nominal wavelength at 800 nm. The repetition rate 

can be set from 1 to 1000 Hz and the beam profile emitted from the regenerative amplifier 

is approximately Gaussian shape. Beam diameter at the laser exit window is elliptical with 

an average diameter of 5 mm. 
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Figure 3.2. Schematic drawing of the laser processing system  

 

3.3.2 KrF excimer laser 

    The KrF excimer laser (Lambda Physik LPX50) with a wavelength of 248 nm, a 

FWHM (Full Width at Half Maximum) pulse duration of 23 ns, a maximum repetition rate 

of 30 Hz and a maximum pulse energy of 300 mJ was used as one of the laser sources in 

our experiment. The output laser light is non-polarized and has a rectangular intensity 

profile (spot size: ~ cmcm 24 × ). A lens of 500 mm focal length focused laser beam onto 
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the sample mounted on a holder. The holder can be rotated to control the laser incidence 

angle on the sample. The normal incidence corresponds to 0α = ° . Comparing with other 

Gaussian-beam lasers (for example Nd:YAG and femtosecond lasers), the KrF laser has a 

better beam quality in terms of its intensity homogeneity within the spots. It is the 

preferred laser source in this project. 

3.3.3 Nd:YAG 532 nm / 7 ns laser 

    A Q-switched Nd: YAG laser (BMI industry Series 5000) was used as the laser source 

to study the effect of wavelength on nanopatterning. The fundamental wavelength of the 

laser is 1064 nm and it can be converted into its harmonics to get the second harmonic at 

532 nm and third harmonic at 355 nm.  The output linearly polarized laser light was 

redirected by a high-reflecting mirror and incident onto sample surface. The spot is about 

1 cm in diameter before focusing. The repetition rate can be varied from 1 to 10 Hz and 

the maximum output pulse energy is about 1200 mJ at 1064 nm. 

3.3.4 Nd: YVO4 1064 nm / 7 ns laser 

Nd: YVO4 laser at 1064 nm wavelength was used as an irradiating source. The 

maximum output power used was ~ 25 W at a repetition rate of 10 MHz. A galvanometer 

with a F-theta lens was used to control the scanning direction of the laser through Scanlab 

software. The scanning speed used is 400 mm/s. The spot size is around 200 µm 

 

3.3 Characterization techniques 
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    The Olympus MX-50 optical microscope was employed to examine the self-assembled 

masks before and after laser irradiation. The microscope is equipped for up to 150X 

magnification and it is connected with a CCD camera fed to PC image-acquisition 

software.       

Hitachi S-4100 field emission SEM with a minimum resolution of 15 Angstrom was 

used in this work. The accelerating voltage is in a range from 5 kV to 30 kV, and the 

magnification factor can vary from 20 to 300,000. For high quality SEM imaging, our 

samples were coated with a thin Au film by thermal evaporator before SEM observation.  

     Atomic force microscope is a lens-free microscope where a tip is mounted on the end 

of a micro-fabricated tapping mode cantilever as shown in Fig. 3.3. As the sample is 

scanned, small force of interaction between tip and surface causes the cantilever to deflect, 

revealing the sample’s topography in a three-dimensional way, down to the atomic level. 

A variety of optical methods have been designed to detect the cantilever deflection. The 

typical lateral resolution of AFM is about 10 nm. In this project, AFMs (model: DI3000, 

DI3100) were used to retrieve the 3D profiles of interested patterns. 
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Figure 3.3. Schematic drawing of tapping mode AFM 
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Chapter 4 Near-field enhanced laser nanopatterning by silica particles 

    In the research, transparent soda-lime glass was taken as substrate because it is the most 

common commercial glass with low cost and possesses a large variety of applications in 

optic devices and optical communications when doped with other elements or compounds. 

It is also, however, a high challenge for glass processing to get nanostructures due to its 

hard, brittle, nonconductive and other inert properties. According to the theory, when laser 

passes through dielectric microspherical particle, the light will be redistributed and 

confined in a local area resulting in a near-field enhancement in nanometer scale. By 

applying the enhanced light energy, it is possible for nanopatterning on substrate surface. 

4.1 Particles array assisted nanostructuring of glass substrate by femtosecond laser 

irradiation 

4.1.1 Nano-craters formed on the substrate  

The technique is to employ the self-assembly of microspheres on the substrate surface 

and then to focus an incident laser beam to fabricate sub-wavelength holes with single or a 

few laser shots. 

Figure 4.1(a) shows a typical nano-hole array created on the glass substrate after 

femtosecond laser ( nm800=λ ) irradiation on 1 µm  self-assembly glass particles array at 

a laser fluence of 35 J/cm2. As it can be seen, the silica particles on glass surface were 

removed after the laser irradiation, and nano-structures were formed at the place where the 

particles originally were located. Meanwhile, debris were observed around the nano-crater. 
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They are hardly to be removed by conventional ultrasonic cleaning due to strong Van der 

Waals force adhesion [97, 98]. The cross section of craters is shown in Fig. 4.1(b). The 

full width at the half maximum is about 250 nm and average depth of nanofeatures is 

around 150 nm. The size of melting zone ranges from 380 to 650 nm.  

It is observed that the edges of these nanostructures are free of cracks due to the ultra-

short laser pulse. For a long pulse duration laser, the formation of cracks is mainly caused 

by laser induced high temperature and high pressure [99]. While the processing with ultra-

short laser pulses essentially eliminates heat flow to surrounding materials. Therefore, 

thermally induced substrate crack is prevented.  

    After 1000 Hz femtosecond laser irradiation in scanning mode, nanobump was formed 

on glass surface without cracks as shown in Fig.4.2. The laser power density was 

calculated as 43.67 KW/cm2. AFM image shows that the bump diameter is 900 nm and 

the height is 90 nm. The dimple in the center is roughly 200 nm in radius. There exists a 

threshold value for pulse energy that if exceeded, it would result in nanobump formation. 

In our case where the laser pulse energy is much higher than threshold energy due to near 

field enhancement of laser energy, dome-shaped bump with a dimple in the centre is 

formed. Two most likely mechanisms responsible for the dimple formation are the lateral 

viscous flow created by the Marangoni effect and laser ablation [70]. 
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(a) 

 

 

(b) 

 

Figure 4.1 (a) SEM image of nano-craters formed under 1.0 µm Silica particles on glass      
surface by 800 nm, 100 femtosecond single laser pulse irradiation at a laser fluence of 35 
J/cm2 and (b) AFM image of cross section view of craters.     
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Figure 4.2 AFM image of a nanobump created on glass substrate with 800 nm/100 
femtosecond laser irradiation. Scanning speed 400 mm/min, repetition rate 1000 Hz, laser 
power 10 mW, power density 43.67 KW/cm2. 

 

4.1.2 Light distribution under a glass particle 

    The near-field enhancement due to light scattering by the small spherical transparent 

particles plays an important role in forming of nanopatterns. The distribution of laser 

energy around spherical particles can be found from the Mie theory [100]. In Fig. 4.3(a), 

the energy distribution, SI = , within the incident plane (xz-plane) is shown for silica 

particle (refraction index n = 1.6, particle diameter 2a = 1 µm) on glass surface under 800 

nm laser irradiation. At the interface between a particle and glass surface, laser energy is 

localized within a small region near the particle-substrate contacting point, both inside and 

outside the particle. Figure 4.3(b) is 3D picture of Poynting intensity distribution under the 

particle in tangential plane. It can be found that the focused spot size was about 300 nm. 

This theoretical value is in good agreement with experimental measurement. 



Chapter 4 Near-field localized enhanced laser nanopatterning by silica particles  

 49 

 

(a) 

 

(b) 

Figure 4.3 (a) Contour plot of the laser energy, SI = , in x-z plane with a 1.0 µm silica 
particle based on the Mie theory within incident plane. (b) 3D picture of S distribution 
under the particle in tangential plane. The silica particle is considered as non-absorbing 
materials for the laser light with a refractive index of 1.6. 
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Although the enhanced and localized laser intensity was found as high as 20 times of 

incident intensity, it was distributed as evanescent wave around the particle. Since silica is 

non-absorptive at 800 nm wavelength, incident light could excite some resonance modes 

inside the particle as well as produce enhanced light intensities near the contact area. In 

this case, the particle functions as a lens [6, 101]. 

4.1.3 Absorption during femtosecond laser irradiation 

In recent years, femtosecond laser processing of different kinds of materials has 

attracted more and more attentions due to its unique advantages over conventional 

nanosecond lasers: a minimal thermal penetration region and low processing temperature, 

precision removal of material and good-quality feature definition [96]. Another important 

feature is that femtosecond laser can deliver an enormous of power (larger than tens of 

GW) with just a modest of total power for the energy is packed into a short time. This 

leads to applications such as laser machining and ablation, generation of electromagnetic 

radiation at unusual wavelength and multiphoton absorption. When such a laser pulse is 

focused to a small spot, the light intensity and electric field are truly tremendous. The 

electrical field reaches values millions of times higher than the field of the nucleus 

attracting electrons. Such chip pulse with very little total energy can generate free 

electrons and irons in practically any materials. It can be used to machine materials and 

does not cause heat damage to the nearby substrate. Further, the laser pulse creates the free 

carriers before energy has time to transfer from the excited carriers to the lattice. The free 

carriers reach extremely high temperature while the lattice of atoms is still cold. This 

unique non-equilibrium excitation can cause novel and unusual phase transition. Thus 
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the use of femtosecond laser for both fundamental studies and applications is increasing 

rapidly.  

Experiments have shown that the nature of the ablation process depends upon the 

transfer of energy from the laser pulse to the system of electrons on target, then from the 

electrons to the lattices of the bulk materials. Since linear absorption by the lattice is not 

active in transparent media, laser ablation is proceeded by the production of a dense laser 

induced plasma [99,102], which transforms the transparent media into an absorbing media. 

The crater could not be created with a long pulse duration laser irradiation at that 

wavelength because that glass is transparent to 800 nm wavelength. Electrons absorb 

photon energy and consequently transfer the energy to lattices in a very short time that is 

generally in the timescale of several picoseconds [103] in the condition of long pulse 

exposure. However in the femtosecond time scale, energy can be deposited into a material 

faster than needed for the system to react, leading to confinement of important quantities 

of energy. This pushes the matter into a state of extreme nonequilibrium (for example, 

near the critical point) and can lead to material properties modification or ejection from 

the target, i.e. laser ablation.  

Multi-photon absorption often takes place for the femtosecond laser pulse interaction 

with glass. Considering the electronic band gap of the glass (5eV) and the laser photon 

energy (1.55eV), it is a three-photon absorption process. The n-photon absorption is 

proportional to the nth power of the intensity [104]. For the three-photon process, the 

theory indicates that the fluorescence resulting form three-photon absorption must be 

proportional to the cube of the laser output. This effect significantly narrows the 
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processed area. The simultaneous absorption of three-photon was demonstrated by Singh 

and Bradley [105]. As a result, with femtosecond lasers, the processing area should be 

confined to the central part of optical axis [104].  

Furthermore, at high intensities such as on the peak of an ultrashort laser pulse, the 

refractive index of any medium becomes a function of the incident intensity. This effect, 

which is often referred to as the optical Kerr effect [106], can have a significant effect on a 

femtosecond pulse traveling through a medium. An implication of the nonlinear refractive 

index is self-focusing or defocusing. As a laser beam is typically more intense in its center, 

the nonlinear change of the refractive index will be stronger in the center. As a result 

femtosecond laser-induced non-linear effect gives rise to the change of glass optical 

properties affecting the propagation of incident light [72, 107]. Then the laser beam is 

self-focused in a smaller area, which leads to the advantages of a small spot size and 

extremely high laser fluence to form nanoscale feature size on glass. 

4.1.4 Influence of particle size  

    Figure 4.4  shows the calculated 2
E  intensity field for particles with different sizes of 

(a) 100 nm, (b) 400 nm, (c) 2.0 µm and (d) 6.8 µm at a same laser wavelength of 532 nm. 

From  Fig. 4.4 (a), it is clear that a small particle could also lead to the decay of field 

instead of enhancement. As particle size increases shown in Figs. 4.4 (b) - (d), the optical 

enhancement under the particle increases. 
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Figure 4.4 Distribution of laser intensity I = |E|
2  inside and outside the particle with 

different particle sizes of  (a) 2a = 100 nm, (b) 2a = 400 nm, (c) 2a = 2.0 µm nm and (d) 
2a = 6.8 µm under a same laser wavelength of 532 nm. Particle is considered to be 
nonabsorbing (κ = 0) with refractive index n = 1.6. Background media is vacuum. 
Intensity is understood as a square of the electric vector. 

 

As the radius of the sphere is increased, there is a departure from symmetry, more light 

being scattered in the forward direction than that in the opposite direction. This 

phenomenon is often called the Mie effect. As the radius is increased still further, 

practically all the scattered light appears around the forward direction; likewise for a 
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conducting sphere there is a greater concentration of light in this direction. When the 

radius of the sphere is very large compared to the wavelength for most of the incident light, 

however, reflected, as from geometrical optics.  

Actually, the calculation shows that even using 10 µm diameter particle, the 

enhancement laser energy will still be confined in an area with only 450 nm diameter. 

This technique has a potential to be applied to nanomachining on transparent material in 

optical near field with tens micrometers lens. 

    Figure 4.5 shows the distribution of intensity along the z-axis of the 1.0 µm particle for 

radiation with λ = 248, 355, 532 and 800 nm. Particle is also considered to be 

nonabsorbing with refractive index n = 1.6. One can see that the maximal intensities 

(outside of the particle) decrease with wavelength.  

    In the view of above cases, the optical enhancement under the particle can be by the 

order of magnitude higher than the incident intensity. The enhancement is sensitive to the 

particle size and incident laser wavelength. A size parameter q = 2πa/λ is defined. Small 

variations in size parameter can lead to big variations in enhancement intensity.  It should 

be noted that the used silica particles in our experiments have a size deviation of 10%, 

which corresponds to a variation in size parameter q (q = 2πa/ λ  ) from 3.54 to 4.32. 

Figure 4.6 presents the optical near-field enhancement under the particle as a function of q. 

As it can be seen, the enhancement is about 10 times for q = 3.54 (2a = 902 nm) while 15 

times for q = 4.12 (2a = 1050 nm), which shows an oscillation [108]. It is clear that the 
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difference in enhancement factor affects the formation of nano-crater under the same 
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Figure 4.5 Distribution of laser intensity I = |E|

2  inside and outside the particle with 
radius 2a = 1 µm for different radiation wavelength λ. Particle is considered to be 
nonabsorbing (κ = 0) with refractive index n = 1.6 for all wavelengths. Background media 
is vacuum. Intensity is understood as a square of the electric vector. 



Chapter 4 Near-field localized enhanced laser nanopatterning by silica particles  

 56 

0 1 2 3 4 5
0

5

10

15

20

25

 

 

O
p
ti
c
a
l 
e
n
h
a
n
c
e
m
e
n
t 
S
z
 

Size parameter, q

Observation Plan

q=3.93

 

Figure 4.6 Variation of the optical near-field enhancement under the particle as a function 
of  particle size parameter. The silica particle is considered as non-absorbing materials for 
the laser light with a refractive index of 1.6.            

 

 

Figure 4.7 The nano-craters sizes variation under glass substrate surface. 

1 µm 
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laser fluence irradiation, and this could be used to explain why the nano-craters have 

different sizes in diameter. It can be clearly seen in Fig. 4.7, where size variation in the 

nanopits was bigger than 30% although variation of the particle size was smaller than 10% 

because the difference in the enhancement factor strongly affects the formation of 

nanopits under the same laser fluence irradiation. 

Naturally, the nanopits size depends on the particle diameter if the input laser fluence 

remains the same. The calculations of enhancement area size of full widths at half 

maximum (FWHM) and different laser wavelength are shown in Fig. 4.8 with the particle 

diameters of 1 µm, 2 µm, 4 µm, 6 µm, 8 µm and 10 µm respectively. It was found that for 

1 µm and 2 µm particles, the FWHM sizes increase with incident laser wavelength. For 

other size particles, such relation can not be observed. While, the abrupt increase of 

FWHM size exists for all particles. This is due to the second order enhancement zone 

which can significantly enlarge the FWHM size. Increasing particle diameter further, the 

second order enhancement occupies much more laser energy resulting in the energy 

decreasing of first order enhancement zone or in other words, the first order enhancement 

zone was compressed. Then the FWHM size is shrunk pronouncedly. The jumping point 

moves right when laser wavelength increases which means that for longer wavelength the 

range of particle diameters for stable enhancement zone size is wider than near ultraviolet 

laser.  Hence in the industry applications, to improve the size uniformity, red or near infra-

red lasers are to be employed. 

The dependence of the intensity of the scattered light on the size parameter is illustrated 

in Table 4.1 . The Mie effect may be clearly seen from the comparison of the first and 
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third rows. The table indicates a very rapid increase in intensity with increasing size of the 

sphere. 
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Figure 4.8 The FWHM size of enhancement zone with different particle sizes on the 
substrate surface. 

 

Table 4.1 The normalized intensity of light scattered by dielectric spheres of refractive 
index n=1.25, as function of the size parameter q (Compiled from calculations in Ref. 
[109]) 

θ  q=0.01 q=0.1 q=0.5 q=1 q=2 q=5 q=8 

0 14100.5 −×  8100.5 −×  3102.1 −×  1103.2 −×  4.3 980 7500 

900 14105.2 −×  8105.2 −×  4100.5 −×  2106.3 −×  0.25 2.7 7.1 

1800 14100.5 −×  8109.4 −×  4108.7 −×  3109.1 −×  0.02 1.3 0.9 
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When q exceeds unity, i.e. when the diameter 2a of the spheres is greater than πλ / , 

there appears a series of maxima and minima, which at first are distributed irregularly. 

The appearance of a number of maxima and minima when q is large is in agreement with 

the Huygens-Kirchhoff theory. 

As the radius of the sphere is increased, up to about πλ /=a , the maximum is 

displaced; in the majority of the cases that have been investigated the displacement is in 

the direction of larger θ  for dielectric spheres and in the direction of smaller θ  for 

absorbing spheres. When the radius of the sphere is increased still further, there appears an 

irregular sequence of polarization maxima. In the direction 090=θ  the light is, for 1<q , 

almost completely polarized, with its electric vector perpendicular the plane of 

observation; for larger values of q this is no longer the case and the behavior becomes 

irregular. 

It is noted that the wavelength enters our formulae only through the parameter q and 

through the refractive index n. in a sufficiently small range of wavelengths, n is practically 

independent of the wavelength if the conductivity σ  is small, i.e. for a poorly conducting 

sphere. On the other hand, in the limit of infinitely high conductivity, n does not enter at 

all. In these cases the intensities of the spectral components depend on λ/a  only. The 

effect of changing the wavelength is thus substantially equivalent to the effect that arises 

from changing the radius of the sphere by an appropriate amount. Since for different 

wavelengths the polarization maxima occur at different angles of observations, 

complicated color changes are seen when observations on scattered light are made through 
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a polarizing prism. This effect is called polychroism. The dependence of polarization of 

the scattered light on wavelength – know as dispersion of polarization- affords a very 

precise test of the theory [110]. 

The extinction curves for dielectric spheres of other refractive indices exhibit similar 

behaviors. It may be shown that if n is not too different from unity all the curves have a 

first maximum for a value of q give by 4~1)-2q(n . 

 

4.2 Nanopatterning at different laser fluences 

4.2.1 Substrate morphology change with laser fluence 

    To further investigate the effect of laser fluence on the formation of nano-craters, we 

repeated the experiments at different laser fluences. Figure 4.9 shows the SEM images of 

nano-patterns on the glass surface by laser irradiation on particle mask at fluence ranging 

from 17.5 to 61.3 J/cm2. From Figs. 4.9(a) to 4.9(c), the nano-pattern shape does not 

change too much as the laser fluence increases from 17.5 to 35.0 J/cm2. They are single-

hole structure. It was found that the center-hole size was enlarged. However, the melting 

zones of the patterns are kept at the same size appoximately. A further increase of the laser 

fluence leads to a very interesting phenomenon: at a laser fluence of 43.8 J/cm2, there are 

three linked holes inside each nano-crater as shown in Fig. 4.9(d). It was referred to as tri-

hole crater. Compared with those structures at the lower laser fluence, the main difference 

is that there are two wing holes formed on both sides of the center-hole. And the melting 
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zone increases from 450 nm to 800 nm. The tri-hole nano-crater becomes more significant 

as laser fluence increases further to 52.5 J/cm2 (as shown in Fig. 4.9(e)). The two wing 

holes grow much bigger while the center-hole changes from the original circular to the 

elliptical shape. Meanwhile, the melting zone is also in an elliptical shape. The orientation 

of major axis of nano-crater is perpendicular to nano-hole major axis. When the fluence 

increases further to 61.3 J/cm2, the whole area is damaged as shown in Fig. 4.9(f). In 

contrast, glass substrate without particle mask was irradiated at the same laser fluence. No 

damage was observed. It shows that particle-assisted near-field enhancement is the main 

mechanism for the formation of nano-craters.  

Figure 4.10 is the relationship between the size of center-holes and melting zone as a 

function of laser fluence. Both center-holes and melting zone sizes increase with laser 

fluence while the melting zone increases faster than the center-hole. At a high laser 

fluence, the melting zone can be as large as the particle size of 1 µm. While the diameter 

of center-hole remains at about 300 nm. 

It is observed that the edges of these nanostructures are free of cracks. This can be 

attributed to the ultra-short laser pulse. For a long pulse duration laser, the formation of 

cracks caused mainly by laser associated high temperature and high pressure [99]. The 

processing with ultra-short laser pulses essentially eliminates heat flow to surrounding 

materials due to the two-temperature model where the hot electron gas causes ablation of 

materials, while the lattice stays cool at a significantly lower temperature. Therefore, 

thermally induced substrate crack is prevented.  
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 (a)                                                                          (b) 

      

 (c)                                                                     (d) 

      

                              (e)                                                                 (f) 

Figure 4.9 SEM images of the patterns formed on the glass substrate after the laser 
irradiation at laser fluences of (a) 17.5 J/cm2, (b) 26.3 J/cm2, (c) 35.0 J/cm2 (d) 43.8 J/cm2, 
(e) 52.5 J/cm2 and (f) 61.3 J/cm2. 
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Figure 4.10 Average size of nano-craters as a function of laser fluence. 

 

 

-2 -1 0 1 2

0

5

10

15

20
 

S

z/a

Particle Substrate

Interface

 

Figure 4.11 Normalized poynting intensity distribution along z axis under a silica particle 
(a = 0.5 µm) by 800 nm femtosecond laser irradiation based on Mie theory. 
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Figure 4.12 Normalized poynting intensity distribution along z axis under a silica 
particle(a = 3.42 µm)  by 800 nm femtosecond laser irradiation based on Mie theory. 
     

4.2.2 Focusing point position of spherical particle 

Meanwhile, much debris was observed when increasing the laser fluence. Some of them 

was resulted from the high fluence laser ablation of the glass substrate. Figure 4.11 is the 

normalized poynting intensity distribution along z axis under a silica particle (a = 0.5 µm, 

n = 1.6) by 800 nm femtosecond laser irradiation based on Mie theory.  It indicates that 

the maximum enhancement (focus point) is located in the interior of the particle. Hence, if 

nanopits can be formed on glass substrate surface, the laser intensity inside the silica 

particle is definitely larger than the damage threshold. Then during the laser irradiation, 

the particle exploded into pieces.  Some of the ablation debris comes from the exploded 

silica particles due to that highly localized field inside the sphere. A possible way to 
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reduce the debris is to use bigger particles. For comparison, silica particles with the 

diameter of 6.84 µm (Bangs Laboratories, Inc.) were used to check whether there would 

be debris or not under bigger size particles. Theoretical calculation predicts that the 

focusing point moves outward as the size of particle increases. Figure 4.12 is the 

normalized poynting intensity distribution along z axis under a silica particle (a = 3.42 µm, 

n = 1.6) by 800 nm femtosecond laser irradiation based on Mie theory. The focus point 

was found at the interface between particle and substrate surface. Figure 4.13 presents the 

image of substrate surface after the femtosecond laser irradiation. The craters formed 

hexagonally closely packed array on the glass surface with the spacing of 6.84 µm which 

is the diameter of particles applied.  No debris was found except the particles in the center 

ejected from other locations which were diameter of craters is 400 nm is 100 nm bigger 

 

 

Figure 4.13 SEM image of substrate surface after femtosecond laser (100 femtosecond, 
800 nm) irradiation of self-assembly 6.84 µm silica particles. 
in their integrity. The profile of the crater measured by AFM indicates that average which 

10 µm 



Chapter 4 Near-field localized enhanced laser nanopatterning by silica particles  

 66 

than those formed under 1 µm particle mask while the depth remains the same at about 

150 nm.  

4.2.3 Three-hole structure formation 

As for tri-hole new phenomenon, laser energy redistribution induced by refraction index 

change was proposed as the formation mechanism. One should mention that 3D profile of 

laser intensity scattered by spherical particle yields a complex pattern, related to caustic 

diffraction catastrophes [ 111]. A well-known example is the Airy pattern, which is 

discussed due to its relation to super-resolution near field structure. We have found 

previously [112] a pattern with additional holes around the basic central maximum under 

the spherical particle using nanosecond laser pulses. With higher laser intensity this 

pattern can be complicated additionally due to non-linear absorption effects.  

In Fig. 4.14 the normalized distribution of the z-component of the Poynting vector 

(optical enhancement 0IIS z = ) is shown. Here 0I  is the input laser intensity. Parameters 

which were used in calculations correspond to the experiment: particle diameter 2 a = 1 

µm, laser wavelength λ= 800 nm and refraction index for particle and glass n = 1.6. One 

can see from the figures that maximal laser intensity is localized within a small region 

near the particle-substrate contacting point and the size of this central region of enhanced 

intensity is about 300 nm in good agreement with experimental measurement. 

Modification of the hole shape can be qualitatively understood considering some threshold 

intensity trII >  necessary to produce hole structure. With higher input intensity 0I  the 
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Figure 4.14 Calculated enhancement in intensity distribution (z-component of the 
Poynting vector), 0IIS z = , on the glass surface under a 1.0 µm  Silica particles (n = 1.5 

for λ =  800 nm). 3D pictures (a) and (c) present intensity distributions, where the top of 
the pictures corresponds to certain threshold for slightly different input intensity 0I .   The 

same distributions are also shown in contour plots (b) and (d). The right pictures 
correspond to input intensity 0I , which is 13% higher than input intensity 0I  in the left 

pictures. 
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modification of the holes structure appears at smaller 0IIS trz =  value. One can see from 

Figs. 4.9(a) to 4.9(b) that a single crater is created at small intensity, while with higher 

intensity the tri-hole structure is created, as shown in Figs. 4.9(c) to 4.9(d). The side arcs 

in the intensity distribution become longer with further increase of input intensity and 

finally they form ring around the basic maximum in the centre. In experiment, we saw the 

whole region destroyed at a high fluences as shown in Fig. 4.9(f). However, formation of 

the ring around basic maximum was found in experiment with the film of phase-change 

material [112]. We should mention also that the maximal intensity is quite sensitive to the 

particle size; small variations in size parameter can lead to big variations in this intensity. 

It can be clearly seen in Fig. 4.1(a), where variation in the crater size was 30% bigger 

although variation of the particle size was smaller than 10%. 

 

4.3 Nanopatterns formed with oblique light irradiation 

    Besides normal incident laser, oblique laser irradiation was also included in the research. 

Figure 4.15 shows the patterns on glass surface after single femtosecond laser shot of 6.84 

µm silica particles at a laser fluence of 1.3 J/cm2 and 200 incident angle. From zoom-in 

image in Fig. 4.15(b), it can be found that the nanodent does not locate in the center but 

around 1 µm off the center. Theory calculation based on Mie theory is shown in Fig. 4.16. 

It is obvious that under the particle, hot point on glass surface has a bias distance of 0.3 a, 

where a is the radius of glass particle. Meanwhile the peak value of enhancement 

decreases from 178.6 at normal incident to 141.3 at 200 incidence. The outer ring was 
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formed due to the thermal deformation close to contact point between silica particle and 

glass substrate. 

 

 
(a) 

 

(b) 

Figure 4.15 (a) Patterns on glass substrate surface under 6.84 µm glass particles by 800 
nm femtosecond laser at a laser fluence of 1.3 J/cm2, and (b) Zoom in image of single 
structure at the same sample. The incident angle is 200 

10 µm 

1 µm 
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Figure 4.16 
2

E enhancement along x direction under glass particle with 200 incident 

angle calculated by Mie theory. Particle diameter 6.8µm, laser wavelength 800 nm, 
refractive index n = 1.6, and glass material was considered as non-absorptive.  

 

Figure 4. 17 Nano-dents on silicon surface after one pulse femtosecond laser irradiation at 
a laser power of  2.5 mW power through 1 µm glass particle mask. 

1 µm 
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4.4 Femtosecond laser nanopatterning of Si through silica particle mask 

The nanopatterns on silicon wafer under 1 µm glass particle mask irradiated by single 

femtosecond laser pulse at a laser power of 2.5 mW is shown in Fig. 4.17. From the image, 

the glass particles were removed away from substrate surface. This effect can be 

potentially utilized in laser dry cleaning of transparent particles on transparent substrate. 

The detail can be seen in Chapter 6. It is clear that the absorption index of Si is 

significantly larger than transparent glass so that with a very low laser power, the 

nanodents could be formed, while with that low power deposited on glass surface with the 

same particle mask, the substrate is intact as shown in Fig 4.18 because of the non-

effective coupling from transparent substrate.  

 

 

Figure 4.18 The glass surface after 2 mW femtosecond laser radiation on 1 µm glass 
particles. 

10 µm 
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As noticed before, Mie theory does not take into account the surface influence on the 

field distribution. Due to reflection and secondary scattering of the reflected radiation of 

the substrate, final field distribution in fact can be different.  

    Let a wave in
V  (e.g. a plane wave) be incident on this system. If the sphere was absent, 

we could satisfy the boundary conditions at the interface between the ambient and the 

substrate by adding a wave R
V  (just Fresnel reflection in the case of a plane wave). In the 

presence of the sphere, there will be an additional scattered wave S
W  as a result of the 

displacement current flowing inside the sphere. But this wave will also be reflected by the 

substrate – i.e. inducing displacement current flowing inside the substrate and giving rise 

to a secondary reflected scattered wave SR
V . The fields SR

V  and S
W , once again, should 

be linearly related by some matrix Â ,  characterizing the reflection of sphereical waves by 

the substrate: SSR ˆ WAV ⋅= . 

In Ref. [113, 114] authors used the expansion of inverse matrix, while in Ref. [115] 

some particular cases were analyzed: perfectly conducting substrate or far-field scattered 

field.  Examples of practical calculations for Si particles on the silicon substrate were 

presented in Ref.[116].  They did the numerical calculation with the help of discrete 

numerical solvers for Maxwell equations. Although during the last decade, there was a big 

progress with these computation [117], the exact solutions are still interesting for practical 

calculations as a test problem for solution of Maxwell equations. In spite of the difficulties 

in numerical calculation, the situation is rather clear from the physical point of view. 

Qualitatively the substrate surface works like a mirror coupled with spherical resonator 
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(particle); it should lead to an increase in optical enhancement. 
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Chapter 5 Plasmonic resonance by metallic nanoparticles 

Metal exhibits vagarious optical characteristics not only in bulk but also when they are 

finely divided. We may recall the brilliant ruby colors of gold whether in liquids or glasses. 

These phenomena are of great interest, as scattering, absorption and diffraction take place 

here side by side caused by plasmonic resonance effect.  

5.1 Light scattering by Au nanoparticles 

    Photoresist (ma-P1205) was utilized to record scattering patterns by 40 nm Au 

nanoparticles. As the photoresist is only sensitive to UV light, a 325 nm He-Cd continuous 

wave laser was used. 500 nm thick photoresist was coated on glass substrate. Then the 

gold particle suspension was dropped on the photoresist. After 6 seconds exposure to the 

laser beam, the sample was dipped into developer (ma-D331) for 20 seconds. Figure 5.1 

shows the resulted patterns on photoresist surface. The insert is an AFM image of the 

center part of a ring. The hole size is around 200 nm in diameter. It can be seen that the 

laser energy spreads out to circular regions of 4 ~ 10 µm at a laser power of 3 mW. It is 

hundreds of times larger than particle size. 

To explain these micro-rings,  the amplitude of intensity, 
2

E , on photoresist surface 

under 40 nm gold particles by the 325 nm He-Cd laser irradiation is plotted in Fig. 5.2. 

Under the particle, the localized area, “light point”, covers an area 5 times bigger than 

particle size (Ф = 40 nm). This enlarged area can be explained as the multi-reflection of 

the Poynting vector between the gold particle and the substrate, which results in a larger 
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affected zone on the contact area. Meanwhile, around the particle, it is obvious that the 

scattering wave can propagate at a distance as far as 200 times of particle radii 

determining the boundary of micro-rings. It can be seen that, according to the finite 

differential time domain (FDTD) calculation of aggregated 40 nm Au nanoparticles in Fig. 

5.2, the enhancement factor induced by single gold nanoparticle is less than unit so that 

the background light would erase all the patterns during the exposure. Since the gold 

particles were not isolated but grouped randomly, the resulting field is the sum of all 

interfered scattering fields excited by gold particles and/or particle pairs. Practically, it is 

possible that the micro-rings in the experiment were formed from the accumulation effect. 

 

 

 

Figure 5.1 Micro-rings formed on photoresist surface after 325 nm He-Cd laser irradiation 
of 40 nmAu particles. The insert is an AFM image of central hole with the diameter ~ 160 
nm. 
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Figure 5.2 The contour plot of intensity, |E|2, on photoresist surface under aggregated 40 
nm gold particles illuminated by 325 nm He-Cd laser calculated with finite differential 
time domain technique. 

 

It is of considerable practical interest to determine the total amount of light that is 

scattered by the sphere. This may be calculated by evaluating the Poynting vector and 

integrating it over all directions. With the help of the orthogonality relations that exist 

between the associated Legendre functions, it is possible to express the integrals in terms 

of the coefficients l

eB  and l

mB . These calculations, which are somewhat lengthy, were 

carried out in full in the paper by Mie. 
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5.2 Jumping triangular gold nanostructures due to light absorption 

 

Figure 5.3 SEM image of triangular gold nanostructure on glass substrate as produced by 
colloidal monolayer lithography 

 

Leiderer [118] in his Science paper considered that the basic driving force for jumping 

of gold nanostructure is created by dewetting process, which is dominant for melting of 

gold particles with initial triangular shape. However we saw these “jumping gold 

particles” for initial spherical shape in our experiments and we use this effect for laser 

cleaning (Chapter 6). In the research, jumping effect was related to efficient coupling of 

the surface Plasmon resonance with substrate surface. Dewetting process during melting 

also plays some role. And people well remember jumping oil droplets from the surface of 

frying pan but they are caused not by dewetting process only but also by recoil pressure of 

vaporized oil. For gold particles near the melting temperature vaporization do not play 

important role but dewetting process plays some roles. However the plasmonics coupling 

1 µm 
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also plays some roles. Naturally dewetting process is more important for triangular initial 

shape, because the higher surface energy release arises during conversion of triangular to 

spherical shape. In the case of spherical particles, it is less pronounced. 

It is clear that dewetting process does not depend on the radiation frequency, it is not 

important by which wavelength you produce melting. So dewetting exists independently 

on radiation wavelength. In contrast, plasmon resonance coupling strongly depends on the 

wavelength.  

Figure 5.3 repeats the triangular gold nanostructure array patterned on glass surface 

with microsphere lithography technique in Ref [118]. First, 1 µm silica particles were 

dropped on substrate surface to form self-assembly hexagonal closely packed monolayer.  

Subsequently, the monolayer was used as a mask for 40 nm Au deposition by e-beam 

evaporator. Finally, the silica particles were chemically etched and detached from 

substrate surface in a room temperature 10 % hydrofluoric acid (HF) solution. 

 From Figs 5.4 to 5.5, the gold nanostructure was illuminated by 355 nm single pulse 

which is off plasmonic resonance wavelength. It is clear that the nanostructures can jump 

both with and without melting. Thus, dewetting force induced by melting itself is not the 

only mechanism for particle removal even with triangular shape. Elastic forces can also 

play some roles in the particle removal that is proved by those triangle nanostructures 

jumped without melting in Fig 5.4.  
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Figure 5.4 The jumping without melting triangular gold nanostructure on glass after single 
pulse Nd:YAG 355 nm laser illumination at a laser fluence of 17.8 mJ/cm2. 

 

 

Figure 5.5 The melting without jumping triangular gold nanostructure on glass after single 
pulse Nd:YAG  355 nm laer illumination at a laser fluence of 17.8 mJ/cm2 . 

 

1 µm 

1 µm 
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Figure 5.6 SEM image of 40 nm gold particles on Si surface after Nd:YVO4 1064 nm / 7 
ns laser annealing. Laser power 5.05W, repetition rate 30 KHz, scanning speed 400 
mm/min 

 

 

Figure 5.7 SEM image of 40 nm gold particles on Si surface after KrF 248 nm /23 ns 
single pulse laser illumination with 159 mJ pulse energy. 

1 µm 

1 µm 
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(a) 

 

(b) 

Figure 5.8 SEM image of (a) 40 nm gold particles on Si surface (b) after Nd:YAG 532 nm 
/ 7 ns  laser illumination. The laser fluence is 50 mJ/cm2.   

 

5.3 light absorption by 40 nm spherical Au nanoparticles 

The SEM images of absorption of different wavelength laser energy by 40 nm gold 

1 µm 
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particles are shown from Figs. 5.6 to 5.8.  We can conclude that for longer wavelength 

(1064 nm) the absorption is the lowest. For UV laser (248 nm) the absorption is 

intermediate. And for 532 nm laser, the absorption is the highest due to the plasmonic 

resonance effect.   

Metal nanoparticles strongly absorb and scatter light at the plasmon resonance 

frequency. Since the color of most strongly colored substances is due to absorption, 

scattering is usually neglected thus the change in transmission, the so-called extinction, is 

solely attributed to absorption. For metal particles with dimensions above 30 nm, 

scattering becomes very important. 

Light scattering, absorption and extinction of particles are described by frequency 

dependent cross sections Csca, Cabs, and Cext = Csca+Cabs. The amount of scattered light is 

then given by 

                                            )(
)(

)( 0 ω
ω

ω scasca C
A

I
I =                                                  (5.1) 

if a particle is illuminated with the light intensity per area AI /)(0 ω . Usually these cross 

sections are normalized to the particle’s geometrical cross section ( 2rπ  for spherical 

particles with radius r) to give  the so-called efficiencies Qsca, Qabs, and Qext.  In the Mie 

theory, the scattering and extinction efficiencies are calculated by; 
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where k is the wave vector, a particle radius, l multipole extension of the fields, for dipole 

mode l = 1, and al, bl Mie coefficients defined as 
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The absorption extinction efficiencies is  

                                               scaextabs QQQ −=                                                          (5.6) 

    Figure 5.10 is calculated cross section efficiencies of 40 nm Au nanoparticle. The 

optical constants of Au materials were plotted in Fig. 5.9. The calculated results proved 

the experimental results that show the strongest absorption at plasmonic resonance 

frequency. Here it is around 510 nm. 

The ratio of scattering to absorption changes dramatically with size. Large particles 

scatter light very efficiently, whereas the color of small particles is mainly caused by 

absorption. 
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Figure 5.9 Optical constant of Au in visible range 
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Figure 5.10 Extinction, absorption and scattering cross section efficiencies of a a = 20 nm 
Au particle in air. The efficiencies were calculated with Mie theory with the optical 
constants from Fig 5.9. 



Chapter 5 Plasmonic resonance by metal nanoparticles  

 85 

5.4 Light Scattering by nondissipative metallic nanoparticles near plasmon 

resonance frequency 

    According to the Rayleigh approximation, a small particle scattering light is a point 

dipole. The far field scattering polar diagram for dipole is presented by the well-known 

"8-shaped" distribution, which has been discussed in many books [4, 84]. Optical 

excitation of localized plasmons is accompanied by an inverse process - transformation of 

localized resonant plasmons into scattered light, resulting in the radiative damping 

[119,120]. The Rayleigh approximation holds when this radiative damping is small 

compared to the usual dissipative one. In the opposite limit, when radiative damping 

prevails over the dissipative damping, the Rayleigh scattering is replaced by the 

anomalous light scattering [121], which results in sharp giant optical resonance and a 

complicated near-field structure of the Poynting vector field.  

 
In fact this extraordinary scattering effect follows from the classical Mie theory. In the 

far field l >> r ( r is the distance from the particle centre), the radial component of the 

scattered radiation is negligible and the scattered diagram is defined by angular 

components θθ
2)(2)( coss

II

s IE =  and ϕϕ
2)(2)( cosss IE ⊥= , where the corresponding 

scattering intensities are presented by the asymptotic of the Mie formulae: 
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Here )(cos)( θl

lP  are the associated Legendre polynomials, and the stroke indicates 

differentiation over the entire argument of the corresponding function, i.e. 

dzzdPzP l

l

l

l /)()( )()( '

≡ . Value λεπ /2 mm aq =  defines the so called size parameter 

which in the case is a small quantity, λ  is the wavelength of the incident light in vacuum, 

ω  its frequency, c light speed in vacuum, and a the radius of the spherical particle. 

The attention should be drawn to the fact that formulas (5.7) and (5.8) follow from the 

exact solution of the Maxwell equations and they are valid for any size parameter q and 

any dielectric function. Far from the resonance, dipole scattering (l = 1) plays the 

dominant role. Also, for small particles, one can neglect magnetic amplitudes compared to 

the electric ones because of their total value is smaller in q. Thus, the amplitude 
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 plays the dominant role. It yields the classical Rayleigh formula 
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    This formula has singularity at the plasmon resonance frequency, when 2−=ε . In 

reality, this divergence does not exist; it is stabilized either by dissipative processes or by 

the radiative damping at low dissipation rates. For nondissipative media, maximal values 

of the amplitudes are 1=la  and 1=lb  at plasmon resonance frequencies. For small 

particles, if 1≤ε , only electric resonances occur. Thus, the true scattering efficiency for a 

nondissipative particle at exact resonance frequencies lω  is given by the expression 
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where )(l
scaQ  stands for the partial scattering efficiency. The Eq. (5.10) means that the 

resonance scattering cross section increases with an increase in order of the resonance l . 

This "inverse hierarchy of resonances" [121] is a remarkable feature, which disagrees 

with the conventional Rayleigh case dramatically. Eq. (5.10) also exhibits inverse 

frequency dependence – while in the Rayleigh case, the scattering cross section increases 

with an increase of frequency ( ω∝q ) as 4ω  , in the case given by Eq. (5.10), it 

decreases as 2ω . The finiteness of the cross-section for a particle with zero radius 

obviously is an artifact related to the non-dissipative limit [122]. In reality, there is 

competition between the radiative damping and the one related to the dissipative losses. 

The necessary conditions for the anomalous scattering to take place may be found from 

the Mie theory, taking into account the dissipation factor "ε  in the denominator of the 

scattering amplitude. This consideration leads to the applicability condition  
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    When this condition is fulfilled, the anomalous scattering is dominant. In the opposite 

case, the Rayleigh scattering is restored. The condition clearly explains numerical results 

found in Ref. [122]. Thus, under real experimental conditions, anomalous scattering can 

be realized just in some intermediate range of size parameter and only up to a certain order 

of the resonance: maxll < . We can illustrate this effect for metal, whose dielectric 
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permittivity is described by the Drude model. 

    Following Ref. [84], the scattering diagram in xz -plane (ϕ = 0) as a function of angle 

θ  will be presented for two cases: linearly polarized light and nonpolarized light. The 

first case corresponds to the situation when the length of radius vector )()( θs

III  presents the 

corresponding intensity. For nonpolarized light we can consider averaging 

2/1sincos 22 == ϕϕ ; thus, the length of radius vector )()( )()( θθ ss

II II ⊥+  presents the 

corresponding intensity. In the case of the Rayleigh scattering amplitude la  plays the 

dominant role. Thus 
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    This produces the universal "8-shaped" (or ∞ - shaped depending on the definition of 

angle θ ) angular distribution, which does not depend on the size parameter (at q << 1 ) or 

dielectric permittivity ε  (Fig 5.11). Only the total intensity depends on these parameters. 

With anomalous light scattering, the polar diagram remains the same, one just should put 

in Eq. (5.12) 11 =a . The important point however is that for the anomalous light 

scattering, we also have pronounced higher order resonances for a small particle, e.g. 

quadrupole and octopole resonances, while in case of the Rayleigh scattering they are 

suppressed. At q << 1 these resonances are not overlapped and they have polar diagrams, 

which are presented at exact resonance frequencies by Eq. (5.7) and (5.8) with a single 

term, e.g. with 12 =a  for quadrupole resonance, or with 13 =a  for octopole resonance, 
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etc., namely: 
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    For strongly dissipating (at the resonance frequencies) materials, e.g. for gold, 

amplitudes of partial resonances for small particle q << 1 are small 11 <<<<+ ii aa  but the 

widths of the resonances are quite large. Overlapping of different resonances and their 

interference produce more complicated scattering diagrams. Some examples of that for 

gold nanoparticle are in Fig. 5.12. 

    With perfectly conducting material (conductivity  σ >> ω  ) or very large dielectric 

constant ( 1>>pn ) the particle mostly produces backward scattering ("reflected" 

radiation). In spite of small mq , the size parameter for the particle pq  cannot be 

considered as a small value. When both parameters mq  and  pq  are small, the Rayleigh 

scattering yields the symmetrical diagram, shown in Fig. 5.12(a). As radius of the sphere 

is increased to 1≈q , more light scatters in the forward direction (the so-called Mie effect). 

    Strong variations in scattered intensities can be found at different angles. Thus, weakly 

dissipating materials have very high dispersion of polarization. This effect can be used for 

different applications, e.g. optical recording. However it should be stressed that to have 

the effect pronounced one needs materials with weak dissipation near plasmon resonance 
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Figure 5.11 Partial polar scattering diagrams in xz -plane ( 0=ϕ ) for the electric dipole 

1=l  (a), quadrupole 2=l  (b) and octopole 3=l (c) plasmon resonances according to Eqs. 
(5.12)-(5.14). Red lines correspond to linearly polarized light, navy to nonpolarized. 

 
Figure 5.12 Scattering diagram for a gold particle, 45.257.0 in +=  , in water for 

radiation wavelength λ = 550 nm. The radius of the particle  a = 8.75 nm (a), 80 nm (b) 
and 90 nm (c), respectively. The corresponding size parameter 133.0/2 == λπ mm anq  (a), 

1.215 (b) and 1.367 (c). Plot (d) presents a scattering diagram for a small particle a = 8.75  

nm of highly conducting material 410/,/4 == ωσωπσε ip . Plot (e) represents a similar 

diagram with a large value of refractive index 100=pn . The last picture (f) represents 

details of the scattering diagram for a large particle with q = 10 and refractive 
index 5.1=pn . Vacuum as surrounding media, in the plots (d), (e) and (f). 
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frequencies. A possible candidate which might exhibit the discussed modifications in 

polar scattering diagram near quadrupole resonance might be an additively colored alkali 

halide crystal, e.g. potassium chloride. A small metal cluster of potassium produces the 

dipole scattering with the peak position at 730 nm. It agrees with our calculations in Fig. 

5.13. The quadrupole resonance cannot be seen for a very small cluster because of its 

suppression by dissipation, see Eq. (5.11). However this resonance becomes pronounced 

at larger values of the size parameter. For example for a cluster with 70=a  nm the 

quadrupole resonance is quite pronounced and for  90>a  nm (in some range of sizes) the 

amplitude of this resonance is larger than that for the dipole resonance. 

    In  Fig. 5.14 it can be seen that the shape of the scattering diagram practically does not 

change with variation of the incident light wavelength in the vicinity of dipole resonance 

(peak at 930 nm), but does change dramatically with its variation in the vicinity of 

quadrupole resonance (peak at 718 nm) from forward at 718=λ  nm to basically 

backward scattering at 758=λ  nm. This clearly indicates the mentioned dispersion of 

polarization near the quadrupole resonance for weakly dissipating materials. 

    An extraordinary scattering diagram can be found also for sodium nanoclusters 

immersed in a NaCl matrix, as well as for aluminum nanoclusters in vacuum. Many 

researchers have reported that the thermal heating-cooling process yields variation of the 

size of alkali-metal colloidal particles in the additively colored alkali halide crystals. 

Because of the extraordinary scattering effect this permits to use dispersion of polarization 

to write and read multibit information in nanoclusters with sub 100 nm range of sizes. 
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Figure 5.13 Spectral dependencies of extinction efficiency for K cluster in KCl matrix. 
Optical constants for both materials are taken from Ref. [123]. In calculations, the size 
effect renormalizing the collision frequency of free electrons due to their collisions with 

particle surface124, avF /+→ ∞γγ . Fermi velocity 7106.8 ×=Fv  cm/s. 

 
Figure 5.14 Scattering diagram near dipole (a, b, c) and quadrupole (d, e, f) resonances for 
a potassium spherical nanocluster with radius 70=a  nm immersed in a KCl matrix. 
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Chapter 6 Applications in dry laser cleaning 

6.1 Adhesion of mesoscopic particles on the substrate 

Particle adhesion on solid surface is mainly composed of three primary forces: 

electrostatic force, capillary force and Van der Waals force [125,126], as shown in Fig. 6.1. 

Two types of electrostatic forces may act to hold particles to surfaces. One is due to bulk 

excess charges present on the surface and/or particle that produces a classical Coulombic 

attraction known as an electrostatic image force. 

The theory shows that the three forces are in proportional to the particle size a. A 

theoretical calculation shows that for micron-size particle, the Van der Waals force 

predominates over electrostatic force, as shown in Fig. 6.2. The capillary force can be 

clearly predominant over other forces for small particles. 

It is reported that the absorbed water molecules can be retained around the contact area 

up to a temperature 180
 
ºC [127]. In the actual cleaning process, the substrate temperature 

is higher than 500 ºC, so that the first few pulses can adsorb the water molecules. 

Therefore, the Van der Waals force is the main adhesion force in dry laser cleaning. 

 

Figure 6.1        Van der Waals Force   Capillary Force       Electrostatic Force 
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Figure 6.2 Van der Waals force in comparison to gravity and electrostatic forces as a 
function of particle radius. 

 

6.2 Laser cleaning of transparent particles 

In chapter 4, glass particles have been found to be removed from transparent glass 

substrate after femtosecond laser irradiation as shown in Fig. 6.3. The cleaning effect can 

be contributed to the surface acoustic wave generated by femtosecond laser energy 

deposition. As comparison, SEM image of glass particles after continuous wave 355 nm 

laser irradiation is shown in Fig. 6.4. Although the net energy deposited on particle is 

higher, particles remain on substrate surface with partial melting. This phenomenon can be 

considered from two aspects. One is the energy input and the other is laser pulse duration. 

In previous chapter, higher fluence of femtosecond laser pulse was applied, where 

nanopatterns were found on transparent substrate and glass particles were removed by 
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ejecting material flow. Hence energy input is not the only factor which influences the 

melting of glass particle. Pulse duration has to be included also. With continuous wave 

laser, energy has sufficient time to transfer through glass particles before the forming of 

strong elastic force due to the particle elastic transformation, which results in a high 

temperature in particle. And since the laser power is relatively strong, this temperature 

will be above glass melting point. The melting and flowing glass liquid changed the 

propagation properties that defocused laser beam. It is pure melting effect instead of 

cleaning effect with long laser pulse. As a result, particles can not be removed until higher 

laser power is applied. However, in the case the substrate surface should be damaged. 

 

 

Figure 6.3 The glass surface after 2 mW femtosecond laser radiation on 1 µm glass 
particles. 
 

10 µm 
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Figure 6.4 The glass particles on glass substrate after 355 nm continues wave laser 
illumination with at a laser power of   0.36W. 

 

    The demonstration of laser dry cleaning of glass particles on transparent glass substrate 

is shown in Fig. 6.5. The scratch line in the center is for marking purpose. It is clear that 

the cleaning efficiency is above 90% for only one run of scanning at the scanning speed of 

400 mm/min. 

    Acoustic effects in laser cleaning were discussed previously. The acoustic effects in 1D 

case are probably important for weakly absorbing materials. The generation of surface 

acoustic wave can be modeled by a pressure pulse, ( )trp , , acting on the free surface of 

solid. Assuming a Gaussian distribution:  
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(a) 

 

(b) 

Figure 6.5 Optical microscope images of before (a) and after (b) 800 nm femtosecond 
laser cleaning of 1 µm glass particles on glass surface. The scratch line in the central is for 
marking.   

25 µm 

25 µm 
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the normal velocity component ( )trv , in the excited SAW pulse can be described in a 

linear approximation by the expression (Kolomenskii, 1998) 
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where the shape of the SAW is given by the function 
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and the characteristic wavelength of the SAW pulse is given by parameter 

                                               2
0

22 tcrb Ra += .                                              (6.4) 

    The exponent 0=m  is used for a line shape source (near acoustic field), and 21=m  for 

a point source. The dimensionless combination of the elastic constants in Eq. (6.2) is 

introduced 

                                       ( ) ( )[ ] 412222 11 tRlR cccc −−=γ ,                              (6.5) 

                          ( )( ) ( )[ ]{ } 112212222 22
−−−

−−+−−=Γ RlRtRt cccccc ,                   (6.6) 

where Rltc ,,  are the propagation velocities of the transverse, longitudinal, and Rayleigh 

waves. For different solids, the product γ×Γ  ranges from 0.1 to 1.  For the Si substrate, 

the typical values are 5104.3 ⋅=Rc  cm/s, =Rt cc  1.10, =Rl cc  1.59, thus γΓ  = 0.74. 
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Kolomenskii estimated the SAW intensity for a line shape source with 21=m  and pulse 

pressure 0p =108 Pa. Normal velocity and acceleration for SAW with µm70 =r  and 

ns100 =t  are shown in Fig. 6.6 a, which are close to the results published by Kolomenskii. 

For a line shape source, the SAW profiles (in the linear approximation) do not depend 

on the distance. Values of acceleration are sufficient to remove 0.4 µm Al2O3 particles 

from the Si substrate, in agreement with the experiment. Kolomenskii discussed the 

situation when SAW was created by a line focused laser pulse.  
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Figure 6.6. Normal velocity and acceleration for a line shape source (a) and for point 
source at different distances (b). 
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However if we discuss the point source, one can see from Eq. (6.2) the amplitude of SAW is 

reduced with distance as r1 . It follows the total conservation of the energy flux. The flux 

density varies with distance as 
rπ2

1
. As the acoustic energy is proportional to 2v  it means that 

velocity (and acceleration) amplitudes vary as r1 . These quantities are shown in Fig. 6.6(b) 

(other parameters are the same as in Fig. 6.6(a).  One can see that for a distance bigger than 7 µm, 

acceleration amplitude is insufficient for the removal of the same particles. With point source, the 

SAW shape becomes asymmetrical. The amplitude of velocity for the leading edge is higher than 

that for the falling edge. However with higher value of 0p , one can consider the following 

situation when sufficiently intensive SAW is created by the neighboring particle.  

We can roughly estimate the effect of convergent acoustic wave, replacing the pressure profile 

in Eq. (6.1) by 
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where rδ  is the width of the ring. It does not practically change the pulse shape if 0tcRr <<δ  but 

the amplitude strongly depends on the position r, near the center where it can be sufficiently big, at 

least comparable with quasistatic thermal expansion. 

To illustrate the basic effect, let us discuss distribution Eq. (6.7) with a narrow ring, ar r<<δ , 

and the same total energy as in Eq. (6.1), i.e. rarpp δ2/01 ≈ . Examples are shown in Fig. 6.7. 
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Figure 6.7. Normal velocity (a) and acceleration (b) for a ring-shape source with radius 
a = 7 µm and width rδ = 0.2 µm. Dot lines present the acoustic wave which comes from 

the region of homogeneous heating. For this case µm42=a and µm41=rδ . Total energy is 

the same as that in Fig. 6.6. 
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One can see that the divergence wave out of ring is practically the same as that in Fig. 6.6, 

while the convergent wave produces enhanced velocities and accelerations. Other acoustic waves 

can appear from the area of homogeneous heating out of the “shadow region”. This case can also 

be estimated from the ring shape profile Eq. (6.7) if one puts 
l
tcr Ra >>  and shar rr −=δ , where 

shr  is the radius of the shadow region. Example of this pulse is also presented in Fig. 6.7.  

Equation (6.2) was written for a particular case of the far field, thus we cannot apply this 

formula for small r  values. It is clear from the energy conservation, that the limiting increase in 

the amplitude of acceleration under the particle can be estimated as ( ) 21
ka , where Rk λπ2=  is 

the wave vector of Rayleigh wave. This estimation is applicable just for the “big ring” with 

l
tca R>> . In laser cleaning for the acoustic near-field, all characteristic sizes are smaller than 

l
tcR . 

A careful examination of the near-field problem is beyond the scope of the present study. We just 

want to draw attention that in the near field region, the radius of the focal spot for a convergent 

wave can be significantly smaller than the wavelength of SAW, experimentally a focal spot size 

less than 1/14 of the wavelength was recorded (De Rosny & Fink, 2002). Thus one should expect 

that acoustic effects gave contribution for the particles with the size above π15
l
tcR≈ . For laser 

pulse of 23 ns, it means the size (diameter) is larger than 1.7 µm. It is also clear that acoustic 

effects are more pronounced for bigger particles. 

 

6.3 Laser cleaning of sub-50nm Au particles 

With dry laser cleaning thermal expansion of the particle (and/or substrate) produces 

particle acceleration, sufficient for particle removal [128]. However with smaller particles 
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one needs to produce a higher surface temperature for particle removal. It is illustrated in 

Fig. 6.8 which shows calculated surface temperature versus particle size [108, 111]. 

 

0 1 2 3 4 5
10

1

10
2

10
3

0 1 2 3 4 5
10

1

10
2

10
3

0 1 2 3 4 5
10

1

10
2

10
3

POS

T
m
 = 1690 K

T
in
 =   300 K

1D

Mie

 

 

∆
T
, 
K

Particle size, µm

Si

POS

1D

Mie

T
m
 = 1210 K

T
in
 =   300 K

Ge

 

∆
T
, 
K

 

Particle size, µm 

POS

∆
T
, 
K
 

T
m
 = 1200 K

T
in
 =   300 K

Mie

1DNiP

Particle size, µm 

 

 

 

Figure 6.8. Maximal surface temperature at threshold fluences, calculated for excimer 
laser 248 nm, with pulse duration 23 ns. Removal of SiO2 particles on Si, Ge and NiP 
substrates was investigated. Three curves in the pictures are calculated with different 
approximations. 1D curves present results of one-dimensional theory [ 129 ], which 
neglects variation of the intensity under the particle; Mie-curves show the result of 
calculations for the case, when near-field focusing effect is taken under the approximation 
of the Mie theory; POS-curves calculated on the basis of “particle on surface” theory, 
which takes into account the secondary scattering of radiation reflected from the surface of 
substrate [130, 86]. 
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One can see that it is not possible to clean small transparent particles by dry cleaning 

method. The necessary temperature exceeds the melting and boiling temperatures, which 

leads to a change of removal mechanism; it becomes ablative cleaning [131,132]. One of 

the reasons for difficulties with small particles is related to small optical enhancement, for 

100 nm particles enhancement is equal to one. Sub-50 nm transparent particle generally 

produces “shadowing effect” instead of enhancement effect under most kinds of laser 

irradiation. 

However, one can think about significant field enhancement for metallic nanoparticles, 

using radiation, which excites localized surface plasmon [88]. Typical enhancement of the 

field in the vicinity of the particle varied from several to several tens times depending on 

the particle properties. There are three effects which one can expect in the discussed 

problems: 1) Absorption of the particle by itself may play an important role; 2) Intensity 

on the substrate surface can enhance substrate heating due to coupling of surface plasmon; 

3) Pronounced angular effect of the radiation incidence may play an important role. 

    In Fig. 6.9(a), we show the extinction, scattering and absorption cross sections for Au 

particle of 20 nm radius sphere as a function of the wavelength λ. One can see plasmon 

resonance at λ = 498 nm. This resonance corresponds to dipole excitation that can be seen 

clearly from the field distribution in Fig. 6.9(b). The left peak at λ = 207 nm is also dipole 

Mie resonance but without the formation of localized plasmon, because of condition 

0Re >ε . For the case of particles with weak dissipation, one can see quadrupole and 

octopole plasmon resonances [122]. 
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From Fig. 6.9(b), one can see that the highest field enhancement arises on the particle 

“equator”, while for laser cleaning, one needs enhancement under the particle. The natural 

way to increase enhancement under the particle is the usage of incident radiation. To 

illustrate this effect, we performed calculations with particle on surface problem. The 

results of these calculations are shown in Fig. 6.10. One can see that the field 

enhancement under the particle with α = 45o is about two times higher than that for α = 0o 

due to a more efficient coupling. 
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Figure 6.9. The extinction, scattering and absorption cross-sections for a gold particle of 

20 nm radius sphere as a function of laser wavelength λ (a). The distributions of field 
2

E  

around the Au particle at an exact dipole resonance with  λ = 498 nm (b). 
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It was the basic idea to enhance the efficiency of laser cleaning with surface plasmon 

excitation and inclined laser radiation. We performed an experimental study of laser 

cleaning of sub-50 nm gold particles from Si substrate by 7 ns laser pulse of 532 nm 

radiation and found that these nanoparticles can be efficiently removed. 

In the experiment, an n-type polished silicon wafer was used as the substrate. The 

sample was cleaned with acetone in an ultrasonic bath for 5 min. After that, the sample 

was rinsed with DI water and dried with N2. The used suspension of 40 nm gold spherical 

particle with 5% size deviation. The particles were applied to Si surface by a small 

dispenser. The solvent was dried due to evaporation and consequently the self-assembled 

particles were left on the surface. Q-switched 2nd harmonic Nd:YAG laser (BMI industry 

Series 500) was used as the laser source. The wavelength was 532 nm with pulse duration 

of 7 ns. The laser spot size is about 6 mm. The repetition rate varies from 1 to 10 Hz. The 

output laser beam is linearly polarized. 
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Figure 6.10. Contour plots for intensity distribution in xz-plane (a, c) and normalized 
intensity (z-component of the Poynting vector) under the 40-nm gold particle on n-Si 
surface (b, d) at different incidence angles: α = 0o (a, b) and α = 45o  (c, d). 
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(b) 
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 Figure 6.11. SEM images of 40 nm gold nanoparticles on the n-Si substrate surface 
before (a) and after (b) 300 pulses (532 nm, 7 ns) at a laser fluence of 50 mJ/cm2 and an 
incidence angle of 45o. 

 

Figure 6.11 shows the SEM images of 40-nm gold nanoparticles left on the Si 

substrate surface before (a) and after (b) 300 laser pulses irradiation at a laser fluence of  

50 mJ/cm2 and an incident angle of 45o.  It can be seen from Fig. 6.11(a) that as-deposited 

mask of gold nanoparticles on Si surface has arranged in different forms: region 1 is free 

from the particles; in region 2 particles form monolayer, in region 3 particles form multi-

layer and in region 4 one can see isolated particles.   

After laser cleaning, one can see from Fig. 6.11(b) that the majority of gold 

nanoparticles were removed from the surface; the total cleaning efficiency was estimated 

to be 80% in this case. One part of removed particles from regions 2 and 3 was found to 

be re-deposited in regions 1 and 4. These re-deposited particles mainly stay in region 4 

instead of region 1. 

Gold particle is highly absorbing for radiation of 532 nm (Qabs = 0.43). It means that 
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the free particle can be heated efficiently. The corresponding temperature rise can be 

estimated from the energy balance 

                                         
ac

Q
T abs

ρ

Φ

4

3
=                            (6.8) 

where Φ  is the (homogeneous) laser fluence. For example for Φ = 50 mJ/cm2 Eq. (6.8) 

yields a high temperature above 6000 K for a 40 nm (a = 20 nm) gold particle. Although 

this temperature cannot be reached for the particle on the surface due to heat conductivity 

of the substrate, it is clear that effects related to the direct heating of the particle may play 

an important role. Heating of the substrate arises due to radiation enhancement under the 

particle and due to thermal contact of the particle and substrate.  

One can see another phenomenon from Fig. 6.11(b): the appearance of big gold 

nanoparticles after laser irradiation. The upper limit size of 200 nm (aggregated by 5 

nanoparticles) nanoparticle has been observed in our experiment. As we mentioned above, 

it can be due to considerable heating of particles up to the melting temperature. 

Nanoparticles have a lower melting temperature as compared to the bulk material. The 

low melting temperature of nanoparticles is due to the large ratio of surface atoms to inner 

atoms, in which the surface energy of the surface atoms is reduced. The melting point of 

bulk gold is about 1064 °C while it is 600 – 800 °C for several tens nanometer size gold 

nanoparticles [133]. In experiments, it was found that multi-layer gold nanoparticles 

(particles in region 3) are more readily to be melted to form a bigger size nanoparticle than 

monolayer particles (particles in region 2).  
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Figure 6.12 presents the cleaning efficiency as a function of incidence angles for gold 

particles. As it can be seen, the cleaning efficiency increases smoothly with incidence 

angles.  This tendency is quite different from that in laser cleaning of transparent particles 

on the surface, in which a steep decline of cleaning efficiency appears with increasing 

incidence angles [134]. Effective removal of metallic particles (Cu) by angular laser 

cleaning was previously discussed in [135]. However the authors demonstrated this effect 

for sufficiently big particles (diameter about 10 µm) and they suggested a different 

mechanism in efficiency increasing.  

0 20 40 60 80

60

70

80

90

100

Laser source  :  532 nm, 7 ns

Pulse number:  300

Laser fluence:   50 mJ/cm
2

 

C
le
a
n
in
g
 E
ff
ic
ie
n
c
y
 (
%
)

Incidence angle, αααα

αααα

 Au particle on Si surface

 

Figure 6.12. Cleaning efficiency as a function of incidence angle. 
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Chapter 7 Conclusions and future work 

7.1 Conclusions 

Optical near-field scattering by micro/nano-particles was studied in the thesis. The 

scattering by transparent silica microparticles and 40 nm Au nanoparticles was studied 

experimentally and theoretically. Numerical calculations based on Mie theory showed a 

good agreement with experiments. The conclusions can be summarized as follows: 

1. Surface nanostructuring beyond optical diffraction limit is feasible by using : (1) 

nonlinear multi-photon absorption effect from femtosecond laser, and (2) optical 

near-field enhancement. Sub-wavelength (250 nm) nano-craters were created on 

the glass surface by 800 nm / 100 fs femtosecond laser irradiation of self-

assembled 1 µm silica particles mask. No cracks were found at edges of produced 

nanostructures on the glass surface due to two-temperature non-equilibrium state. 

Nanobumps can also be fabricated on glass surface without cracks by single pulse 

femtosecond laser irradiation.  

2. The difference of microparticles size significantly influences the nano-structure 

sizes through the near field enhancement. According to the theory, even 10% of 

size deviation for 1 µm diameter particles in the research would change 

enhancement from 10 to 15 and result in a broad range of nano-structure size on 

the substrate in the experiments. 

3. At a low fluence, the feature sizes were found from 200 to 300 nm with the 

average depth of 150 nm. Tri-hole structure was novelly found when laser fluence 
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is higher than 43.8 J/cm2 due to the polarized femtosecond laser irradiation. While 

more debris was formed at a high fluence.  

4. Mie theory calculation shows that the focusing point will move outside of the 

particle by increasing the size. Experimentally using 6.84 µm particles, these 

particles are in their integrity that verifies that the position of focusing point 

depends on the particle size. 

5. Besides normal laser irradiation, microparticles irradiated by oblique incident light 

show a dislocation that nano-dent does not locate in the center but around 1 µm off 

the center. Mie theory calculation proved that the under the particle, the “hot 

point” on glass surface had a displacement of 30% of particle radius, where this 

radius is 3.4 µm. It is a very good agreement between experiments and theory. 

6. As for absorptive substrate, Si in the research, the threshold laser energy is 

significantly lower than that for glass substrate. Using 2.5 mW femtosecond laser 

power, similar nano-craters were found on Si surface. Then it can conclude that 

transparent microparticles can be used to generate ordered nano-craters. Through 

spherical micro-lens array, even bigger size spherical lens can be employed to 

fabricate sub-micron feature size structure on transparent materials. 

7. Photoresist was utilized to record scattering patterns by self-assembly 40 nm Au 

particles under the irradiation of 325 nm laser. The propagation length of 

scattering wave by gold nanoparticle was found to be ~ 8 µm due to plasmonic 

effect.  

8. The mechanism of Au nano-structures jumping off substrate surface was thought 

to be dewetting previously. While, Au nano-structures could jump both with 
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and without melting due to plasmonic enhanced absorption, which proves that 

melting by itself is insufficient for nano-structures removal. It is clear that 

plasmonic enhanced absorption also played an important role.  

9. Calculations of the cross section efficiencies of 40 nm Au nanoparticles were 

verified experimentally. At the resonance frequency, 532 nm for Au, the 

absorption is the strongest as 2.5. Discussion about nondissipative nanoparticles 

shows that only a very small difference of particle size parameter changes the 

scattering from forward to backward.  

10. In the dry laser cleaning process, near-field enhancement plays a major role. For 

transparent particle and normal incidence of radiation, the near-field focusing field 

near the centre produces a cylindrical convergent surface acoustic wave, which can 

enhance the particle removal for sufficiently “big” particles (above 2 µm). 

11. The plasmonic effect permits to clean metallic nanoparticles by using laser at 

plasmonic resonance frequency. We demonstrated experimentally the ability to 

clean 40 nm gold particles from the Si substrate. For metallic nanoparticles, the 

laser intensity under the particle typically diminishes, in contrast to the transparent 

particle, which acts as a near-field lens. Nevertheless, using radiation frequencies 

near surface plasmon resonance, the conditions for the efficient coupling of 

radiation with metallic surface can be provided.  

7.2 Future work 

1. Non-contacting particle-mask for repeatable nanopatterning. A key drawback to 
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use the direct-contacting particle mask is that the mask can be only used for one 

time. A well-designed non-contacting mask could allow one to pattern substrate 

repeatedly. However, high resolution positioning and monitoring schemes should 

be developed. 

2. Theoretical modelling of optical near-field for aggregated particles. For metal 

particles, the interaction between adjacent particles is a dominant effect.  

3. Optical resonance and near-field effects of nanoshell spheres in which “sphere 

cavity resonance” (SCR) mode and “plasmon resonance” (PR) mode are both 

supported by the spheres. It is thus of great importance for nanoengineering in 

optical near field. 

4. So far, the work is focused on femtosecond laser illumination of transparent 

particle and laser dry cleaning. To get sub-100 nm feature size patterns, nonlinear 

localised plasmonic has to be applied.  
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