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ABSTRACT 

 

 

 

The effect of externally applied electric fields on the size and morphology of 

nanoparticles fabricated by laser ablation was investigated. In this method, a pulsed laser 

beam was focused onto a solid target of either silicon or tin and the laser beam ablated the 

target at the liquid-solid interface. The laser beam vaporizes the target material forming a 

plasma plume which contains ions, electrons, nanoparticles, and nano clusters. High 

pressures, high temperatures and high energy densities are created in this method. These 

conditions are favorable for the formation of metastable phases resulting in novel products 

depending on the nature of the liquid and solid. The ablated products were studied under 

bright field transmission electron microscopy and high resolution transmission electron 

microscopy. It has been found that the sizes of the nanoparticles were influenced by the 

application of an externally applied electric field during laser irradiation. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Laser: 

LASER1 is an acronym for Light Amplification by Stimulated Emission of Radiation. 

The advent of the laser2 has created new fields in the scientific world. Laser light is 

monochromatic, coherent, collimated and unidirectional.3 Other remarkable features of laser 

light are its high energy density and low divergence. Due to the unique properties of laser 

light, lasers are important devices used in various applications.  

Today, lasers can be found in a broad range of applications throughout the world in 

industry and research fields like physics, chemistry, biology and medicine. They are widely 

used in welding4, cutting5, printing6,7 and communication8. Recently, lasers have been used in 

the ablation of solids and liquids for the formation of novel nanocrystals and the fabrication 

of nanostructures. 

 

1.2 History of laser: 

The working of the laser is based on the principle of stimulated emission proposed by 

Albert Einstein in 1917.9 The theory of stimulated emission was first realized practically in 

the MASER (Microwave Amplification by Stimulated Emission of Radiation). The physics 

behind the operation of the maser was first described by Dr. Nikolay Basov and Dr. 

Alexander Prochorov at the Lebedev Institute of Physics in Moscow in 1954.10,11 

Simultaneously and independently, Charles Townes and his coworkers at Columbia 

University in New York built the first maser in 1953.12 They applied the idea of stimulated 
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emission to excited ammonia molecules to produce amplified microwaves. They produced 

uniform radiation of a single wavelength in the microwave region. The power was very tiny  

(̴ 10 nW). Basov, Prochorov and Townes received the Nobel Prize13 in 1964 for their 

contributions to physics. 

With the success of the maser, researchers started studying how to extend the maser 

concept to the infrared and visible regions. Gordon Gould was credited for creating the 

acronym LASER. In fact, he had been interested in a project to build an optical maser which 

he renamed laser. The first working laser was built by Theodore Maiman at Hughes Research 

Lab in California in 1960.14 The laser he built used a cylindrical ruby crystal and emitted 

light with a wavelength of 694 nm. The first gas laser was He-Ne laser that produced a laser 

beam in the infrared region of the spectrum. The first excimer gas laser15 based only on 

xenon was constructed by Nikaloi Basov, VA Danilychev and Yu.M. Popov at the Lebedev 

Institute of Physics in Moscow in 1970. 

 

1.3 Principle of laser operation: 

The laser works on the principle of stimulated emission. Stimulated emission is a 

process in which incoming photons interact with electrons that are in an excited atomic level, 

with the resulting emission of new photons which have the same phase, frequency and 

direction as the incident photons. When an electron moves from one energy level to another 

energy level, emission or absorption of energy occurs which is equal to the energy difference 

between the two levels. This is governed by the quantization of energy levels postulated by 

Niels Bohr.16 

Ephoton = hν = ���- ���                                                                                  (1.1) 
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where ���  and ���  are the higher and lower energy levels respectively. 

 

 

Figure 1.1: Three energy level diagram depicting stimulated emission. 

 

To initiate the process of stimulated emission, there should be a large number of 

atoms in an excited level, which is referred to as population inversion. If a population 

inversion exists, stimulated emission can produce significant light amplification. One method 

to achieve a population inversion is through optical pumping. Optical pumping is a method in 

which energy is transferred, by means of electromagnetic radiation, from an external source 

to electrons in a lower energy level to excite them into a higher energy level. The lifetime of 

an electron in the excited state is very short (̴ 10-8 sec). It may undergo spontaneous emission 

or non-radiative transition to a metastable state or ground state. Long-lived excited states are 

often called metastable states (life time ̴ 10-5 sec). Once a population inversion is achieved, 

electrons in the metastable state are induced to jump to the ground state by the presence of 
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photons as shown in figure 1.1. The result is photons with the same energy travelling in the 

same direction. The repetition of this produces a laser beam. 

 

1.4 Laser ablation: 

Laser ablation17 is the process of removing material from a solid surface by 

irradiating it with a laser beam. When a low fluence laser beam is incident on a solid surface, 

it interacts with the material and some of the light is transformed into heat, leading to an 

increase in the temperature of the solid. For a sufficiently intense laser beam, the surface 

sublimates or melts and evaporates. With a high fluence laser, the temperature of the solid 

surface becomes high (5000 K or higher) very quickly and the surface undergoes a rapid 

transition, from superheated liquid to a mixture of vapor and liquid droplets. This causes the 

formation of plasma which may contain free electrons, ions and solid particles with nano 

dimensions. 

Laser ablation has widespread applications in research and industry18. Laser ablation 

technology is used in surgery19, drilling20,21, cutting5, and other fields. In 1965, Smith and 

Turner used pulsed laser deposition for the preparation of semiconductor and dielectric thin 

films22. In recent decades, it has been used in the preparation of thin films23, formation of 

novel nano crystals24 and the fabrication of nano structures. In 1995, Richard Smalley and 

co-workers at Rice University used pulsed laser ablation to irradiate a graphite target at high 

temperature and produced carbon nano tubes25. It has become a very promising method in 

nanotechnology research.26  
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1.4.1 Laser ablation of a solid in a gaseous environment: 

Pulsed laser ablation was first demonstrated in 19602. Since then, pulsed laser 

ablation has been studied on solid targets in vacuum and also in background gases, and is 

useful in the synthesis of nanoparticles and the fabrication of novel nanostructures.  

In the process of nanosecond irradiation27 of a solid target in a background gas, the 

ablation mechanism is mostly dominated by thermal processes28. A pulsed laser beam is 

focused on a target placed in a chamber filled with gas; and part of the laser energy is 

absorbed by the material near the surface. This laser-solid interaction, then results in a 

transfer of energy by heat conduction further into the interior of the target resulting in an 

immediate rise in temperature. The material near the surface undergoes melting, evaporation 

and eventually vaporization. When vaporization starts, a vapor plume expands. Due to a high 

temperature, a plasma is formed. As the laser beam decays, the plasma condenses in the 

background gas. Condensation can occur in two ways. One is the condensation of the plasma 

plume on a substrate placed near the solid, resulting in a thin film on the substrate. This 

method is called pulsed laser deposition. Second is the condensation of the plasma plume in 

the gas, which typically results in the formation of nanoparticles. This method is widely used 

in the synthesis of nanoparticles and the fabrication of nanostructures. 

 

1.4.2 Laser ablation of solids in a liquid environment: 

For pulsed laser ablation of a solid target in a liquid, a high energy density laser is 

focused onto the solid target and ablates the target at the liquid-solid interface as shown in 

figure 1.2. Pulsed laser ablation of a solid in a liquid environment was first demonstrated by 
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Patil and his co-workers in 198729. They used a pulsed laser to ablate an iron target in water 

to form metastable phases of iron oxide. 

The method of laser ablation in a liquid17,30 to create nanoparticles has many 

advantages compared to conventional nanoparticles creation methods, such as chemical 

vapor deposition, laser ablation in vacuum or in a dilute gas. It is experimentally simple and 

chemically clean. The final product formed in this method is also highly pure. The high 

pressure, high temperature and resulting high energy density of this method are favorable for 

the formation of metastable phase30, resulting in novel products. 

 

 

   Figure 1.2: Schematic showing laser ablation of a solid in a liquid environment. 

 

 

This technique also allows for the control of parameters, such as laser wavelength and 

fluence that affect the size and morphology31,32 of the nanoparticles formed. 
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To have a clearer understanding of laser ablation of a solid in a transparent liquid, a 

brief summary of the physical phenomenon involved is discussed here. A high power pulsed 

laser is configured to be incident on the surface of the target placed in a liquid. The solid 

material absorbs a part of the laser energy and gets heated. Some of the absorbed laser energy 

is used to evaporate the target, thereby reducing energy transported into the interior of the 

target. The material that is ablated from the target leaves the target, expanding outward in the 

form of an ablation plume and creates a plasma33. The plasma may contain ions, electrons, 

atoms and clusters. Moreover, it may also contain liquid molecules or ions because the 

adjacent liquid also absorbs laser energy and may get ionized. It is possible that the plasma 

cloud may absorb some of the incident laser energy and thereby may allow only a fraction of 

the laser energy to reach the target surface. This is called plasma shielding34. The laser 

induced plasma plume expands and produces a shock wave in the liquid35,36,37. The shock 

wave also induces pressure in the plasma plume. Fabbro and his co-workers experimentally 

measured the pressure induced by the plasma with a neodymium glass laser of wavelength of 

1060 nm and pulse widths of 3 ns and 30 ns34. They found the induced pressure of 5 GPa. 

The pressure inside the plasma plume is very high compared to atmospheric pressure. The 

pressure gradient causes expansion of the plasma plume which then quenches quickly. The 

high pressures, high temperatures and high energy densities are favorable for some chemical 

reactions to occur between the ablated species and confining liquid30. The result can be the 

formation of novel materials by the combination of elements of the target material and liquid. 
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1.5 Excimer laser: 

Excimer lasers are pulsed gas lasers which emit in the UV spectral region. They were 

first invented by Nikolai Basov, VA Danilychev and Yu. M. Popov in 1970 at the Lebedev 

Physical Institute in Moscow15. The term ‘excimer’ is short for ‘excited dimer’.  

Excimer lasers use a halogen such as chlorine or fluorine, mixed with a noble gas 

such as argon, krypton or xenon, in the presence of buffer gas such as helium or neon. Noble 

gases are chemically inactive under normal conditions. However, under an appropriate 

electrical discharge or high-energy electron beams, which produce high energy pulses, a 

noble gas can be excited and ionized. The excited atoms can combine with themselves to 

form temporarily bound molecules (dimer) or with halogens (complexes). Typical excimer 

complexes include krypton fluoride (KrF), xenon fluoride (XeF), argon fluoride (ArF) and 

xenon chloride (XeCl). The excited states are short lived and when molecules transition into 

the ground state, the molecules dissociate into their elemental components. This process is 

accompanied by the release of the binding energy in the form of a photon, resulting in light in 

the UV region. 

The pulse duration for an excimer laser is in the range 10-100 ns. This is a relatively 

short pulse length and leads to high peak power output. Excimer lasers can work at repetition 

rates from a single shot to a few kilohertz. Depending on the choice of excimer (F2, ArF, 

KrF, XeCl, XeF), the laser can be operated at different wavelengths in the range 157-351 nm 

as shown in table 1. 
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Table 1: Excimer lasers and their wavelengths 

Excimer Wavelength (nm) 

F2 157  

ArF 193  

KrF 248  

XeBr 282  

XeCl 308  

XeF 351  

 

 

The pulse energy ranges from few millijoules to 300 millijoules. The beam obtained 

from an excimer laser has high power. This unique feature makes excimer laser useful for 

material removal. It is used to remove unnecessary parts and micro machine ceramics and 

semiconductors.  It is also used to mark thermally sensitive material and in surgical 

operations. Excimer lasers applications are very broad with new area emerging continuously. 

 

1.6 Nanotechnology and importance of nanoparticles: 

Nanotechnology26 deals with matter at the scale of one billionth of a meter. A 

nanoparticle is the fundamental component in the synthesis of nanostructures. According to 

the International Union of Pure and Applied Chemistry (IUPAC) definition, nanoparticles are 

particles of any shape with dimensions ranging between 1x10-9 m and 1x10-7 m. The prefix 

‘nano’ comes from the Greek word ‘nanos’ which means dwarf. It is commonly used in the 

scientific literature. 
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Nanoparticles can have unusual and unique properties such as higher surface area, 

higher strength, different electronic structures and greater chemical reactivity compared to 

the bulk material. These novel properties cause them to be used in many applications, such as 

gas sensors38, electrodes for solar cells39, opto-electronic devices40, and anti-microbial drug 

delivery41. Nanoparticles of GaAs, Si, and CdS, dispersed in glasses have been used in fast 

optical switches and optical fibers42. This thesis focuses on the production of tin and silicon 

nanoparticles in the absence and presence of electric fields and is motivated in part to find 

ways to tailor the properties of nanoparticles.  

Silicon nanoparticles have many applications in biomedicine43, optics and electronics. 

Mesoporous Si nanoparticles are being increasingly used in drug delivery systems44 in the 

medical field. Their porous structures are used in electro-luminescent devices45. In addition, 

silicon thin films46 can increase the output voltage of photovoltaic cells. Rong et al.47 

reported a co-axial silicon/anodic titanium oxide/silicon (Si-ATO-Si) nanotube array 

structure grown on a titanium substrate demonstrating the possibility of increasing the life 

span of lithium ion batteries and reducing recharge time.  

Tin nanoparticles have been used as antibiotics, anti-fungal agents and for their anti-

microbial properties48. Their semiconducting oxides (SnO2) are extensively used in electrode 

materials, anti-reflection coatings in solar cells, photo-sensors and catalysts. They are also 

used in gas sensor technology38,49. Moreover, tin nanoparticle based materials can replace 

graphite electrodes in lithium batteries50 leading to superior performance. They have 

countless applications with high demand in technological and commercial fields. 
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1.7  Laser ablation in a liquid assisted  with an applied electric field: 

During the process of laser ablation of a solid in a liquid, high temperatures and high 

pressures are attained. This causes ionization which is favorable for the formation of a 

plasma where molecules or atoms decompose into elemental components, electrons and ions. 

The charged species are affected by application of an electric field during the irradiation 

process, and may impact the particles produced during ablation. The electric field causes 

positively charged ions and electrons to drift in opposite directions, which will tend to 

disperse the plume. One result may be an increase in laser beam energy reaching the target 

surface. Moreover, the electric field can affect the phases, sizes and shapes of the 

nanoparticles as the surfaces of nanoparticles are charged. A.A.Serkov et al. demonstrated 

the influence of an applied electric field on laser ablation of titanium in water51. Similarly, 

Raid et al. showed the relation of particle size with the electric field applied during laser 

ablation of bismuth oxide (Bi2O3) in water.52 The dependence of shape and size of the 

resulting nanoparticles on the applied electric field is of interest since this holds promise as a 

way to control nanoparticle manufacturing. 
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CHAPTER 2 

THEORY 

 

2.1 Interaction of light with material: 

When light interacts with matter, a complicated light-matter dynamic occurs. In 

general, when light is incident upon a material, three effects occur: reflection, absorption and 

transmission. Because light is a form of energy, the conservation of energy tells us that 

  Io = IR + IA + IT                                                                                             (2.1) 

where Io is intensity of incident light and IR, IA and IT are the intensities of the light reflected, 

absorbed and transmitted, respectively. 

An alternative form of equation (2.1) is 

  R + α + T = 1                             (2.2) 

where R, α and T represent reflectivity (IR/Io), absorptivity (IA/Io), and transmissivity (IT/Io) 

respectively. 

For an opaque material, 

R + α = 1                             (2.3) 

In the laser ablation process, the optical properties of the solid material determine the 

absorption and reflection of light impinging on it. It is characterized by an optical quantity 

called the complex refractive index which is wavelength dependent. The complex refractive 

index53 N with real and imaginary parts n and k is 

  N = n + ik                             (2.4) 

where n is the real part of the refractive index and is often called the refractive index  and k is 

the imaginary part of complex refractive index and is called the extinction coefficient.  The 
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extinction coefficient is related to the absorption of light by the material. The refractive index 

of a material is related to its dielectric constant. The complex dielectric constant53 ε with real 

and imaginary parts ε1 and ε2 is given by 

  ε = ε1 + iε2                                         (2.5) 

The complex refractive index is related to its dielectric function by  

N = √��                                                                                                        (2.6) 

where � is the magnetic permeability of the medium. For a non-magnetic material such as 

silicon or tin, � is 1. The complex dielectric function is then  

  ε = (n + ik)2                                                                                                   (2.7) 

This yields (with � = 1) 

                n =  	
�������   +  ��                                                                                               (2.8) 

                k =  	
�������  −  ��                                                                                                (2.9) 

 

David W. Lynch and W R Hunter reported the value of n and k for tin at the 

wavelength of 351 nm are 0.9 and 3 respectively and for silicon at the wavelength of 351nm, 

they are 5.4679 and 1.6359 respectively.54 

The extinction coefficient (k) describes the attenuation of light in a material. This 

phenomenon is well explained by the Beer-Lambert law.55 This law gives an expression for 

the absorption of incident light and tells us that the intensity of light decreases exponentially 

with depth in the material. The equation is 

  I(x) = Ioe
-αx                                                                                                  (2.10) 
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where Io is the intensity of the incident light falling on the target surface and x is the depth 

through which light passes in the material. The absorption coefficient (α) and extinction 

coefficient are related by  

  α = 
����   (cm-1)                                                                                            (2.11) 

where λ is the wavelength of light. Corresponding to the wavelength 351 nm, the value of 

extinction coefficient ‘k’ for tin and silicon are listed above and the absorption coefficient, α, 

can be calculated using equation (2.11). 

In laser ablation of a solid in a liquid environment, the laser beam passes through the 

liquid-solid interface. The amount of light absorbed in laser ablation by an opaque material is 

related to the reflectivity at the front surface of solid material. The reflection coefficient R56 

of an interface between liquid and solid is given by 

  Rls = ���� ����� ���
   = 

(�� � ��)�� (�� � ��)�
(�� � ��)�� (�� � ��)�                                                           (2.12) 

For efficient laser ablation, the reflectivity at the solid-liquid interface should be low 

for the absorption to be higher. Since liquids have higher refractive indices compared to 

gases, there is a reduced reflection for ablation performed in liquid environment. However, 

the absorption of light by the liquid layer is typically greater than for a gas, which would tend 

to reduce the laser beam intensity at the target surface for ablation in liquid, as compared to 

gas. In our experiment, the upper surface of the solid target placed in water has a thickness of 

water of 2 cm above it in order to get the highest ablation rate. 

 

2.2 Thermal effects of laser in ablation: 

We can describe the interaction of a nanosecond laser pulse with a solid as a thermal 

process. Several authors (Wood and Giles57, Singh R K and Narayan58, Boardman et al59, 
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Amoruso60) have modeled the laser-solid interaction in the nanosecond regime. It results in 

heating of the material, melting, vaporization, plasma expansion and phase explosion. 

 

2.2.1 Heating and melting: 

During the ablation process, a significant part of the energy of laser irradiation is 

converted into heat. The heat energy is absorbed and is stored in a layer with a thickness of 

the order of Lth, where Lth is the heat penetration depth28 and is given by Lth ≈ (2���)�/ 

with �� being the laser pulse duration and D being the heat diffusion coefficient, which is 

related to thermal conductivity (k) and specific heat (Cp) by D = k/ρCp. Heat conduction in 

the solid is governed by the heat diffusion equation based on the Fourier law of conduction61. 

 ρCp
!"(#,%)!%   =  

&&' (k !"(#,%)!# * + α(1 - R)I0(t)e
-αz                                                 (2.13) 

where, ρ is the density, Cp is the specific heat, T is the temperature at depth z at time t, R is 

the reflectivity of the surface, α is the absorption coefficient and Io(t) is the laser irradiance. 

The term on the left hand side represents the rate of flow of heat per unit volume into the 

material. The first term in the right hand side represents the heat flow out of the material and 

the second term shows that the optical intensity decays exponentially inside the material. 

At the very beginning of the laser-material interaction, the temperature of the target is 

below the melting point. After some time when the temperature at a certain depth in the 

target material exceeds the melting point, melting of the target material starts. The 

temperature remains constant during the time the phase transition (melting) occurs. The 

boundary condition is  

Ts(z = zi) = Tl(z = zi) = Tm                                                                          (2.14) 
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where T represents the temperature with suffices s, l, and m corresponding to solid, liquid 

and melting respectively.  

The energy balance equation62 is  

 Ks
!+�!#  – ,- !+�!#   = hslVi                                                                                    (2.15) 

where hsl is the latent heat for melting and Vi is the interface velocity. 

For surface melting, the interface velocity61 is given by  

Vi = B(Tm – Ti)                                                                                           (2.16) 

where Tm  and Ti are the melting and interface temperatures respectively, and B is the kinetic 

melting coefficient. 

 

2.2.2  Vaporization: 

Primarily, the surface temperature determines the vaporization rate. During a laser-

matter interaction, when the surface temperature reaches the boiling point, vaporization 

becomes significant. The molten material starts evaporating and forms a Knudsen layer near 

the ablative material where evaporating particles reach thermal equilibrium after collisions. 

The vaporization rate63 from the surface of molten material is given by 

 Jv = nl . �/+��012� 3
 exp.− 45�/+�2 – θsnv . �/+5�012� 3

                                         (2.17) 

where, n is the number of atoms per unit volume and subscripts l and v represent the liquid 

and vapor respectively, hv is the latent heat of vaporization, Tv is the temperature of the 

vapor, ma is the atomic mass and kB is the Boltzmann constant. The first term in the right 

hand side represents the rate of evaporation from a liquid surface. The second term in the 
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equation (2.17) represents the condensation rate of molecules back to the liquid surface with 

θs being the probability of a vapor atom returning to the liquid surface.  

The vapor pressure is determined using the Clausius–Clapeyron equation64. 

 Ps = Po exp.>5(+�+?)@++? 2                                                                                          (2.18) 
where Hv is the enthalpy of vaporization, T is the temperature of the liquid surface, Tb is the 

boiling temperature, and Po is ambient pressure. 

 

2.2.3 Phase explosion: 

With sufficiently high laser fluence, the temperature of the molten material can be 

higher than the vaporization temperature, creating a superheated liquid layer. When this is 

superheated, the heating process shifts away from the binodal into the metastable region and 

follows a superheating line approaching the spinodal as in figure64 2.1. The region between 

the binodal and spinodal is the region of the metastable state. 

The spinodal is the limit of phase stability and is determined from the Gibbs’ potential64 as 

 .&D&E2+ = 0                                                                                                    (2.19) 

where V is the specific volume. As the temperature approaches the spinodal, the 

thermodynamic properties of the material change dramatically. There are large fluctuations in 

the density of the material which result in the nucleation of bubbles. The rate of nucleation 

can be determined from Döring and Volmer’s theory64. According to this theory, if the 

heating rate is slow, the frequency of nucleation is given by 

 J = N. FG�02�/
exp.�HIJK/+ 2                                                                             (2.20) 
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where Wcr is the energy needed for the formation of nuclei at temperature T, N is the number 

of liquid molecules per unit volume and σ is the surface tension. 

 

 

Figure 2.1: Pressure-Temperature diagram with binodal and spinodal curves. 

(Source: Non-equilibrium phase change in metal induced by nanosecond pulsed laser 

ablation; Xianfan Xu, 200264.) 

 

For a slowly heated liquid, spontaneous nucleation causes a homogeneous phase change at 

the normal boiling point. Therefore, a superheated state cannot be sustained. For a quickly 

heated liquid, the liquid moves into the metastable region, approaches the spinodal and 

experiences spontaneous nucleation.  

At a temperature of about 0.9 Tc (Tc is the critical temperature) significant numbers of 

cavitation bubbles are formed and continuously expand in the superheated liquid. The plume 

expansion and formation of a higher pressure region above the solid surface exerts a recoil 

pressure on the underlying melt. Such high pressure acting on the surface might give rise to a 

piston effect on the molten layer. This causes the ejection of the melted material from the 
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irradiated region. In this case, the molten material splashes into fragments and droplets and 

comes out of the surface explosively, which is termed as phase explosion or explosive 

boiling. After the explosion, the material fragments go into the surrounding liquid medium. 

 

2.3 Formation of nanoparticles: 

During pulsed laser irradiation of a solid in liquid confinement, nanoparticles with the 

sizes ranging from 1 nm to few hundred nanometers are fabricated. In our experiments of 

laser irradiation of tin and silicon in a water environment, most of the nanoparticles produced 

had sizes from 1 nm to several tens of nanometers. We also found some particles with sizes 

above 100 nm. We can categorize the size of particles into three groups: small nanoparticles, 

intermediate nanoparticles and big particles with the range of sizes 1-10 nm, tens of 

nanometers and hundreds of nanometers, respectively. 

When a sufficiently intense laser beam is incident on a solid target, the top surface of 

the solid material melts and the molten material nucleates homogeneously65. The vapor 

plume produced may contain ions, atoms and clusters of both the liquid and solid. In phase 

explosion64, the vapor plume and liquid droplets of molten material move outward almost 

radially away from the surface of the solid. This expansion in the surrounding liquid results 

in its quench. The condensation of the vaporized atoms and droplets is considered as an 

effective mechanism for the formation of small nanoparticles. During the process, some of 

the nanoparticles continue to grow by capturing surrounding atoms and nuclei in the vapor 

and therefore, form bigger nanoparticles which are categorized as intermediate nanoparticles 

in this thesis.  The pressure, temperature and the nature of liquid and target are the main 

factors that determine the quenching or condensation process. 
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Figure 2.2: Simple mechanism depicting formation of nanoparticles. 

 

Furthermore, the expansion of the molten material is in the radial direction to the 

surface forming protrusions.66 At the tip of protrusions, jets of droplet-vapor mix are formed 

due to the high pressure and surface tension of the liquid material. The jets detach from the 

base and break up into droplets as shown in figure 2.2. The Rayleigh-Plateau instability66 is 

responsible for the formation of liquid jets breaking into droplets. The particles formed 

through this process are bigger67 up to one micron. Besides this, there may be some other 

mechanisms like solid exfoliation, spallation and hydrodynamic sputtering which can 

describe the generation of large sized particles. 
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2.4  Method of calculating particle size: 

Once we confirm the formation of nanoparticles in the TEM images, it is a great 

challenge for us to determine their sizes accurately. In the TEM images, we find particles are 

of same shape with varying sizes. Most of the particles overlap which may cause difficulty in 

determining size. There are various software packages like ImageJ, Dizimizer, Irfan view and 

MS paint which can be employed to determine the size of particles from a TEM image. 

We used ‘MS paint’ in order to calculate each particle’s size. Since the nanoparticles 

formed were spherical in shape, we used the relation 

  Particle size =   PL�  ∗ . N�OP�2                                                                      (2.21) 

where PL�  represents the length in pixels of the particle, PLQ represents the length, in pixels, 

of the scale and Ls is the actual length of the scale indicated in the TEM image. 

We calculated the difference in the pixels either horizontally or vertically as in figure 2.3 for 

all the particles that were chosen. As shown in figure 2.3, the pixel width of the particle 

diameter is 961-729=232; the pixel width of the scale is 1165-705=460; and the length of the 

scale is 50 nm. These values, upon substitution in equation 2.22, give the size of the particle 

to be 29 nm. Use of MS Excel made it easier to calculate the average size and standard 

deviation of nanoparticles. 
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 Figure 2.3: Calculation of particle size by determining the pixel width. 
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CHAPTER 3 

EXPERIMENT 

 

3.1 Experimental procedure: 

The laser used for ablation of both tin and silicon was a Coherent COMPex PRO 

201F XeF excimer laser operating at a wavelength of 351 nm with 25 ns pulses. The whole 

experimental procedure was categorized into three sections, each section explained in detail 

below. 

 

3.1.1 Pre – ablation procedure:  

Prior to the ablation process, a series of procedures like sample preparation, cuvette 

cleaning and arranging the equipment was performed. A quartz cuvette of dimensions 5.0 cm 

x 5.0 cm x 2.0 cm was washed using ethanol in order to remove dust and particles. It was 

then rinsed 3-4 times with distilled water which was also used as liquid confinement.  

  

Figure 3.1: Target glued to a plastic tie and positioned inside the cuvette in liquid. 
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 For the irradiation of tin, a small cylindrical shaped tin piece (purity > 99%, length 7 mm) 

was glued to a plastic cable tie. The tin piece (target) glued to the plastic tie was rinsed 

several times and was positioned inside the cuvette filled with distilled water for the 

irradiation as shown in figure 3.1. For the irradiation of the silicon target, the sample was 

prepared in a similar way and also ablated in distilled water. 

 

3.1.2 Laser irradiation procedure: 

After the sample was ready, the next step was to irradiate it with the laser beam. 

Figure 3.2 shows a schematic diagram of irradiation of a target. The laser pulse duration was 

25 ns, the repetition rate for tin was 2 Hz and for silicon, it was 1 Hz. The diameter of the 

laser spot on the target’s surface was 60 μm. The target surface was approximately 2 cm 

below the surface of the liquid in the cuvette. The laser fluence was 62 J/cm2 for the ablation 

of tin, and for silicon, it was 128 J/cm2. 

 

Figure 3.2: Schematic diagram of laser ablation of a solid in a liquid. In the diagram, the 

numbers represent: 1-Excimer laser; 2-aperture; 3,4-mirrors; 5,7-polarizing beam splitter; 6-

half wave plate; 8-mirror; 9-focusing lens; 10-electrodes; 11-target supported in cuvette. 
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The laser beam first passes through an aperture. After reflecting off of mirrors, it 

passes through polarizing beam splitter, a rotating zero order half wave plate and then 

another polarizing beam splitter. The polarizing beam splitter-half wave plate-polarizing 

beam splitter combination works as an optical attenuator. The experimental arrangement is 

shown in figure 3.3. 

 

 

Figure 3.3: Experimental setup in the lab for the laser ablation of a solid in a liquid. In figure, 

1: laser; 2, 8: apertures; 3, 4: mirrors; 5, 7: polarizing beam splitters; 6: half wave plate; 9, 

10, 11: mirrors and 12: converging lens. 

 

A converging lens was used to focus the laser onto the target. The tie with a target 

glued at its middle was fixed to the two edges of the cuvette. The cuvette was then placed 
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onto a lab jack. The lab jack was movable in the vertical direction and adjusted to bring the 

target to the focus of the lens. 

To study the influence of electric fields in the fabrication of nanoparticles of tin, 

electric potential differences were applied with the help of two metallic electrodes. The 

electrodes were placed in water and a distance of 2 cm was kept between them throughout 

the experiment, as shown in figure 3.3.  For the case of irradiation of silicon, five different 

potential differences of 0V, 5V, 10V, 15V and 18V were applied. The sample was held near 

the middle of the two parallel electrodes. The magnitude of the electric fields applied for the 

irradiation of tin were 0 V/cm, 2.5 V/cm, 5 V/cm and 9 V/cm and for the irradiation of 

silicon, they were 0 V/cm, 2.5 V/cm, 5 V/cm, 7.5 V/cm and 9 V/cm. 

 

 

Figure 3.4: Arrangement of electrodes. 
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3.1.3 Post – ablation procedure: 

After the irradiation of tin/silicon for about 20/30 minutes at a repetition rate of 2/1 

Hz, about 10 ml of the resulting colloidal solution was poured into a small glass beaker. The 

formation of nanoparticles in the solution could be confirmed by passing laser light through 

the solution. If the path of laser light was seen distinctly, we could assume the presence of 

nanoparticles in the solution which caused scattering of light. A transmission electron 

microscope specimen grid was put on the bottom of a beaker with the dark side facing up. In 

this experiment, the TEM grid used was 3 mm in diameter and 400 mesh copper grids coated 

on one side with a 20 nm thin film of amorphous carbon (dark side of grid) on the other side. 

The beaker was then placed under a hood to allow the liquid to evaporate at room 

temperature. This took several days. 

For this thesis, after the ablation products of tin were deposited on the TEM grid, the 

grid was put in the petri dishes and was sent to the TEM Operator in School of Dentistry, 

UMKC. He used a Scanning Transmission Electron Microscope CM12 operating between 20 

to 120kV. TEM samples of silicon were sent to the TEM Operator, Material Research Center 

in Missouri S & T, Rolla. She used a FEI Tecnai F20 TEM to study the sample. Imaging was 

done at 200 kV using a single tilt holder. 
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CHAPTER 4 

ANALYSIS OF COLLECTED DATA 

 

4.1 Results: 

We analyzed the data obtained from the laser ablation of silicon and tin carried out in 

distilled water under different applied electric fields leading to the formation of nanoparticles 

of different sizes. 

 

4.1.1 Fabrication of tin nanoparticles: 

Experimental results obtained from the TEM images revealed particles with sizes 

from 1 nm to several hundred of nanometers. The reasons for this have already been 

discussed in the previous section (2.3). We have categorized the nanoparticles into two 

categories; small nanoparticles with size ranging in 1-10 nm and intermediate nanoparticles 

with size of tens of nanometers. Very few particles were found to have size bigger than 100 

nm. We have categorized them as big particles. TEM images with the corresponding particle 

size distribution (figure 4.1 to 4.16) showed that the size of nanoparticles formed was 

different at different applied electric fields. This confirms the influence of electric fields 

applied externally on the formation of nanoparticles during the laser ablation of tin. We 

found the size of nanoparticles decreases with increasing electric field. The shape of 

nanoparticles formed was spherical at all applied electric fields as seen in the TEM images. 

We did not notice any significant change in morphology of particles at different electric 

fields with maximum at 9 V/cm. The experimental conditions and the results were 

summarized in the table 2. 



29 
 

 

  

Figure 4.1: TEM image of small nano-            Figure 4.2: Particle distribution of the tin 

particles of tin ablated in water when               nanoparticles corresponding to Fig.4.1 

no electric field is applied. 

 

 

  
 

Figure 4.3: TEM image of small nano-                 Figure 4.4: Particle distribution of the tin             

particles of tin ablated in water at 2.5 V/cm.         nanoparticles corresponding to Fig.4.3. 
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Table 2: Summary of experiment of laser irradiation of tin in water: 

  

 

S.No

. 

Electric Field 

(V/cm) 

Average size of 

small nanoparticles      

(nm) 

Average size of 

intermediate 

nanoparticles (nm) 

Average size of  

big particles 

(nm) 

1 0 8 ± 2 40 ± 6 600 ± 160 

2 2.5 6.5 ± 1.5 28 ± 4 425 ± 45 

3 5 5 ± 2 22 ± 3 - 

4 9 4 ± 1 14 ± 4 275 ± 130 
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Figure 4.5: TEM image of small nano-          Figure 4.6: Particle distribution of the tin 

particles of tin ablated in water at 5 V/cm.     nanoparticles corresponding to Fig.4.5. 

 

 

 

 

   
 

Figure 4.7: TEM image of small nano-              Figure 4.8: Particle distribution of the tin 

particles of tin ablated in water at 9 V/cm.         nanoparticles corresponding to Fig.4.7. 
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TEM images (Fig.4.1, 4.3, 4.5, and 4.7) depict the presence of both small 

nanoparticles and intermediate nanoparticles. We calculated the average sizes of small 

nanoparticles and plotted the particle distribution. Fig. 4.2, 4.4, 4.6, and 4.8 are the particle 

size distributions corresponding to the nanoparticles in Fig. 4.1, 4.3, 4.5, and 4.7 respectively. 

We also calculated the average sizes of the intermediate nanoparticles. Different TEM 

images obtained at different applied electric fields are helpful in calculating the sizes of 

nanoparticles and investigating the relation of their sizes with the applied fields. 

 

 

   
 

Figure 4.9: TEM image of intermediate        Figure 4.10: Particle distribution of tin                                            

nanoparticles of tin ablated in water              nanoparticles corresponding to Fig. 4.9. 

when no electric field was applied. 
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Figure 4.11: TEM image of intermediate               Figure 4.12: Particle distribution of tin                      

nanoparticles of tin ablated in water at                  nanoparticles corresponding to Fig.4.11.       

2.5 V/cm. 

 

 

 

   
 

Figure 4.13: TEM image of intermediate                 Figure 4.14: Particle distribution of tin                     

nanoparticles of tin ablated in water at 5 V/cm.       nanoparticles corresponding to Fig. 4.13. 
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Figure 4.15: TEM image of intermediate               Figure 4.16: Particle distribution of tin                               

nanoparticles of tin ablated in water at 9 V/cm.     nanoparticles corresponding to Fig. 4.15. 

 

 

 

We see that there were few very big nanoparticles of the sizes of hundreds of 

nanometers formed during the laser ablation of tin in water. There are few protrusions with 

the jets on the target surface formed during the process of ablation. These jets detach from 

the base and remain in the liquid in the form of droplets.This might be because of Rayleigh-

Plateau instability as discussed in the previous section (2.3). These droplets give rise to the 

big particles. In figure 4.17, the black spots are the clusters or the big particles formed during 

the process of ablation. 
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Analysing the data collected in table 2 for the small and intermediate nanoparticles, we found 

that the sizes of nanoparticles depended on the applied electric field. The graphs plotted 

(figure 4.18, 4.19) for the data in table 2 for small and intermediate nanoparticles show that 

the particle sizes decrease with increase in the applied electric field.  

 

 

Figure 4.17: TEM images showing the 

formation of a few big particles of tin at 

(a) 9 V/cm (b) 2.5 V/cm (c) 0 V/cm. 

(a) (b) 

(c) 
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Figure 4.18: Graph of average particle size versus applied voltage for the data collected in 

table 2 for small nanoparticles of the tin. The blue line is the line of best fit y = a + bx with a 

= 7.71± 0.36 and b = -0.44±0.07. 

 

 

 
 Figure 4.19: Graph of average particle size versus applied voltage for the data collected in 

table 2 for intermediate nanoparticles of the tin. The blue line is the line of best fit y = a + bx 

with a = 37.48± 2.37 and b = -2.78±0.44. 
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4.1.2  Fabrication of silicon nanoparticles: 

The TEM images (figure 4.20, 4.22, 4.24, 4.26 and 4.28) obtained for silicon depict 

the formation of different sized nanoparticles of silicon for the different applied electric 

fields. We varied the electric fields over the range of 0 – 9 V/cm. Experimentally, we found 

that the size of nanoparticles decreases with increasing electric field as shown in figure 4.30. 

The experimental parameters and results of the laser ablation of silicon in water are 

summarized in table 3.   

 

 

   

Figure 4.20: TEM image of intermediate             Figure 4.21: Particle distribution of silicon              

nanoparticles of silicon ablated in water              nanoparticles corresponding to Fig.4.20. 

when electric field was not applied. 
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Figure 4.22: TEM image of intermediate            Figure 4.23: Particle distribution of  silicon          

nanoparticles of silicon ablated in water at         nanoparticles corresponding to Fig. 4.22.   

2.5 V/cm. 

 

  

Figure 4.24: TEM image of intermediate              Figure 4.25: Particle distribution of silicon  

nanoparticles of silicon ablated in water at           nanoparticles corresponding to Fig. 4.24.    

5 V/cm. 
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Figure 4.26: TEM image of intermediate            Figure 4.27: Particle distribution of  silicon  

nanoparticles of silicon ablated in water at          nanoparticles corresponding to Fig.4.26.    

7.5 V/cm. 

 

 

  

Figure 4.28: TEM image of intermediate             Figure 4.29: Particle distribution of silicon 

nanoparticles of silicon ablated in water at           nanoparticles corresponding to Fig.4.28.     

9 V/cm.
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Table 3: Summary of experiment of laser irradiation of silicon in water. 

 

S. No. Electric field 

(V/cm) 

Average size of particles 

(nm) 

1 0 33 ± 5 

2 2.5 27 ± 4 

3 5 23 ± 3 

4 7.5 19 ± 4 

5 9 15 ± 4 

 

 

 

 

 

 

  Figure 4.30: Graph of average particle size versus applied voltage for the data collected in 

table 3 for intermediate nanoparticles of silicon. The blue line is the line of best fit y = a + bx 

with a = 32.55± 0.57 and b = -1.90±0.09. 
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We also obtained EDS spectra for the silicon ablation products which confirmed the 

presence of Si in the colloidal solution prepared by laser irradiation of silicon in water. 

Figure 4.31 is the EDS spectra showing silicon as well as oxygen, carbon and copper. The 

silicon peak confirms that the nanoparticles contain silicon.The presence of the oxygen peak 

may be due to silicon oxide due to the ablation being carried out in distilled water, the 

oxidized copper from the grid, or both. The peaks due to copper are clearly due to the copper 

TEM grid.  

 

 
 

Figure 4.31: EDS spectra of products from silicon ablated in water without an electric field. 
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4.2 Discussion:  

 

The resulting bimodal size distribution of small and intermediate nanoparticles may 

be caused by different mechanisms of formation. The formation of nanoparticles is governed 

by the processes of plasma formation, plume expansion, homogeneous nucleation, and phase 

explosion. The detail on the formation of nanoparticles had already been discussed in 

previous section 2.3. Small nanoparticles are formed due to the condensation of atoms of the 

plume vapor of the ablated material. Intermediate nanoparticles are formed due to the phase 

explosion in the overheated melt. They may also be formed due to capture of surrounding 

atoms and electrons in the vapor. In contrast, big sized particles are formed due to 

hydrodynamic instability, mainly, Rayleigh-Plateau instability.  

The applied electric field has a substantial effect on the size of the nanoparticles 

produced. We observe an influence of the electric field on the nanoparticles, which caused a 

sharp decrease in size with increase in the magnitude of field. During the process of ablation, 

due to high fluence, temperature and pressure reach high values. Ionization of the plume 

takes place. The plume contains electrons, ionized atoms, neutral atoms, clusters and 

particles with sizes 10 nm or higher. So, the plume is considered as dusty plasma. Because of 

the high speed of electrons compared to ions, the particles are considered charged 

(negatively) in the dusty plasma due to capture of the electrons. The charges on the 

nanoparticles depend on the ionization rate of the plume. In the plume formation, there is a 

delay between front of the plume formed by mainly electrons and ions and the nanodroplets 

that are ejected from the surface. An application of electric field makes electrons to move in 

transversal direction away from the plume. Some electrons will be removed from the plume 

and will end up in liquid as solvated electrons. This lowers the capture of charges by 
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nanodroplets. An experiment was performed by Rayleigh68 on the instability of a charged 

liquid nanodroplet.  According to him, the maximum amount of charge a droplet can carry is 

given by 

 qRayleigh = 8π(εoσr3)1/2                                                                  (4.1) 

where q (=ne) is the charge of the droplet, σ is the surface energy per unit area and r is the 

radius of the droplet.  Whenever the charge on the droplet exceeds the critical charge qRayleigh, 

the droplet becomes unstable and breaks into small droplets. Increase in the externally 

applied electric field during ablation can assist in increasing the average charges on the 

particles and results in the fragmentation of the particles in to small particles.  
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CHAPTER 5 

CONCLUSION 

 

5.1 Conclusion: 

The irradiation of tin and silicon in distilled water can lead to the removal of material 

from the solid surface and the formation of nanoparticles. We ablated silicon and tin in water 

and studied the TEM images of the ablation products. We applied external electric fields 

during the ablation process in order to investigate the effect on the sizes and morphology of 

the nanoparticles produced. We found that there is decrease in particle size with increase in 

the magnitude of applied field. We also noticed that all the nanoparticles produced were 

spherical in shape. We did not see the effect of the electric field on the shape of particles.  
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Appendix A 

Properties of Silicon 
 

Physical properties: 

Symbol …………………………………………………….... Si 

Atomic number ………………………………………….….. 14 

Atomic weight …………………………………….…........... 28.086 

Density at 300K ………………………………...………….. 2.33 g/cm3 

Family in periodic table …………………….……………… group 14 

Crystal structure ……………………………………........… cubic 

Lattice constant at 300K ……………….………………….. 0.54311 nm 

Dielectric constant at 300K ………….………………….…. 11.9 

Index of refraction ………………………………………..... 3.42 

Bulk modulus ………………………………………………. 97.6 GPa 

Young’s modulus …………………………………………... 130-188 GPa 

Shear modulus ……………………………………………… 51-80 GPa 

Poison’s ratio ………………………………………………. 0.064-0.28 

 

Thermal properties: 

Melting point ……………………………………………….. 14100C 

Boiling point ………………………………………………... 32650C 

Heat capacity at 300K (solid) ……………………………… 4.78 cal/mol K 

Heat capacity at mp (liquid) ……………………………….. 6.755 cal/mol K 

Latent heat of fusion ……………………………………….. 50.21 kJ/mol 

Latent heat of vaporization ………………………………… 383 kJ/mol 

Coeff. of linear expansion at 300K ………………………… 2.6x10-6 /K 

Thermal conductivity at 300K ……………………………... 149 W/mK 

 

Electrical properties: 

Intrinsic resistivity ……………………………………….…..  2.4x105 Ωcm 

Intrinsic electron drift mobility ………………………….…... 1500 cm2/Vs 

Intrinsic hole drift mobility …………………………………... 600 cm2/Vs 

Band gap at 298K ……………………………………………. 1.12 

Band gap at 0K ………………………………………………. 1.17 

Number of intrinsic electron …………………………………. 1.22x1010 cm-3 

Electron thermal velocity …………………………………….. 2.3x105 m/s 

Hole thermal velocity ………………………………………… 1.65x105 m/s 

Work function ………………………………………………… 4.15 eV 

 (Source: http://en.wikipedia.org/wiki/Silicon) 
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Appendix B 

Properties of Tin 

Physical properties: 

Symbol …………………………………………………………... Sn 

Atomic number ………………………………………………….. 50 

Atomic weight …………………………………………………… 118.71 

Density of white β Sn at 300K ………………………………….. 7.365 g/cm3 

Family in periodic table …………………………………………. group 14 

Crystal structure of white β Sn …………………………………. tetragonal 

Crystal structure of gray α Sn …………………………………... cubic 

Lattice constant at 300K ………………………………………... 583.18 pm 

Bulk modulus ……………………………………………………. 58 GPa 

Young’s modulus ………………………………………………… 50 GPa 

Shear modulus …………………………………………………… 18 GPa 

Poison’s ratio ………………………………………………….…. 0.36 

 

Thermal properties: 

Melting point ……………………………………………………... 231.930C 

Boiling point ……………………………………………………… 26020C 

Heat capacity at 300K (solid) ……………………………………. 217 J/kg K 

Latent heat of fusion ……………………………………………… 7 kJ/mol 

Latent heat of vaporization ………………………………………. 290 kJ/mol 

Coeff. of linear expansion at 300K ………………………………. 2.2x10-5 /K 

Thermal conductivity at 300K …………………………………… 67 W/mK 

 

Electrical and magnetic properties: 

Electrical resistivity ……………………………………………….. 1.1x10-7 Ωm 

Electrical conductivity ……………………………………………. 9.1x106 S/m 

Superconducting point ………………………………………….. 3.72 

Magnetic type …………………………………………………….. diamagnetic 

Mass magnetic susceptibility ……………………………………. -3.1x10-9  

 

(source:1.http://periodictable.com/Elements/050/data.html#Tin.SpecificHeat.note            

2.http://en.wikipedia.org/wiki/Tin )  
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