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ABSTRACT 

 

   The underwater electrical exploding wire (UEEW) technique  has been 

developed and used to produce SiO₂/Au nanostructures, and the Au plasma 

in SiO2 colloidal suspension. The plasma characteristics have been studied 

during the synthesis. The research has investigated the effect of current 

(100, 125, and 150 A) and SiO₂ mass (20, 25, and 30 mg) on plasma 

parameters (electron temperature Te and density ne).  Furthermore, the 

nanostructures structural, morphological, and optical properties have been 

studied. 

   The study has used the optical emission spectroscopy (OES) to determine  

Te and  ne through Boltzmann plots and Stark broadening.  From which it 

has been noticed that the Te  (up to 10.32  eV)  and ne  (up to  0.45×10¹⁸ 

cm⁻³) have increased with the applied current. The X-ray diffraction (XRD) 

analysis has shown that the nanostructures contain a face center cubic 

(FCC) Au structure with crystalline sizes ranging from 12 to  34 nm.  

   The field emission scanning electron microscopy (FESEM) and 

transmission electron microscopy (TEM) images has displayed spherical 

morphologies between 21 and 39 nm. The UV-Visible spectroscopy results 

has demonstrated localized surface plasmon resonance (LSPR) peaks 

between 550 and 1007 nm and a direct bandgap between 2.792-2.878 eV. 

The thesis delivers essential knowledge about plasma-driven 

nanofabrication through the demonstration of how process parameters 

determine Nanostructures properties for plasmonic  and renewable  energy 

applications.  
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1.1 Introduction 

   Plasma diagnostic techniques provide the essential tools to serve as the key 

in our ability to comprehend and develop plasmas. Knowledge of the plasma 

parameters such as the electron’s temperature Te and density ne and the 

evolvement of these parameters enable  scientists to control generated 

plasmas in the most productive way possible to be adapted to satisfy a 

particular application [1]. The basic plasma diagnosis techniques include 

electrical, spectroscopic, and Magnetic Field Measurement [2]. 

   One of the most prominent diagnosis techniques is the optical emission 

spectroscopy (OES) which is a technique that collects data from recorded 

radiation emitted by excited electrons and ions in the plasma [3]. However, 

the method in which the (OES) is carried require a high level of accuracy in 

the case of pulsed plasma which is difficult to achieve manually using the 

(UEEW) technique as multiple pulses happening simultaneously would 

result in inaccurate measurement. 

   This research will contribute to the existing knowledge on the plasma 

diagnosis by developing an automated version of the (UEEW) technique 

which is critical to the accuracy of the passive (OES) plasma diagnosis 

technique. This will help with advancing the accuracy and the simplicity of 

plasma diagnosis in which the suitable industrial and academic applications 

will be easier to identify. As well as the importance of gold nanostructures in 

various industrial applications [4]. 

 

1.2 Plasma Fundamentals 
 

  The word plasma originates from the Greek πλάσμα meaning moldable 

substance [5], and in physics, plasma can be defined as an ionized gas 
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containing charged and neutral   particles exhibiting collective behavior with 

an approximate equal charge density. The ionization process begins at a well-

defined temperature of about a few thousand Kelvins, plasma is considered 

as the fourth state of the matter [6]. 

   One of the main plasma production methods is heating up a gas to increase 

the kinetic energy of the electrons  high enough to cause collisions between 

the gas atoms to strip them of their outer shell electrons creating a mixture of 

ions and electrons. Another method is via energetic photons exposition such 

as Uv or X-ray sources [7]. 

   This assembly of particles must have a “collective response" to perturbing 

agents in order to be defined as plasma. A collective response will occur when 

a perturbed charge carrier (e.g. Ion) has an effect on its nearest neighbors 

which will in turn affect their near neighbors, resulting in a response from a 

considerable number of coupled particles. However, the strong and long-

range Coulombic forces between individual charge carriers must be screened 

from surrounding charged particles so that a localized charge does not play a 

significant role ensuring that collective influences. A range must be defined, 

and it is normally taken to be the distance beyond which the electrical field 

of a charged particle is shielded by particles having charge of the opposite 

sign and is known as the Debye length λD [8].   

𝜆𝐷 = √
𝜀0𝑘𝐵𝑇

𝑛𝑒ⅇ2
                                                                                              (1-1) 

where ε0 is the permittivity of free space, kB is Boltzmann’s constant, T is the 

plasma temperature and e is the electron charge. The collective behavior 

required that L>> λD, where L represents the geometrical size of the plasma.  

Furthermore, the number of electrons inside the “Debye sphere” must be 

greater than unity [9]: 
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𝑁𝐷 =
4𝜋𝑛𝑒

3
𝜆𝐷 ≫ 1                                                                                     (1-2) 

   The most important collective response of plasmas is the wavelike motions. 

The electron wave plays a fundamental role in many plasma interactions at 

the plasma frequency fp  [10]:  

𝑓𝑝 = √
𝑛𝑒ⅇ2

𝑚𝑒𝜀0
                                                                                                (1-3) 

where me is the electron mass. 

1.3 Plasma Classification 

  There are two main plasmas that are generally classified as high temperature 

(fully ionized and equilibrium) plasma and low temperature (non-

equilibrium) plasma. The later has two types, thermal (and local thermal 

equilibrium) plasma and non-thermal (partially ionized between 0.01% and 

1% and non-equilibrium) as shown in Figure 1.1 [11].   

 

1.3.1 High Temperature Plasma  

   High temperature plasma, also known as equilibrium plasma, is a state 

where gas is heated to such extreme temperatures that nearly all atoms are 

ionized, resulting in a mixture of free electrons and ions. The thermal 

equilibrium means that the particles energy distribution follows Maxwell-

Boltzmann statistics, and the plasma behaves collectively. Due to the 

abundance of charged particles, these plasmas conduct electricity and 

respond strongly to electromagnetic fields [12]. 

High-temperature plasmas are typically formed at temperatures exceeding 

tens of thousands to millions of kelvins. In fusion devices, temperatures 

above 100 million kelvins are required to sustain nuclear fusion reactions. 

Such conditions can be achieved using magnetic confinement, inertial 
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confinement (lasers), or electrical discharges. The high temperature plasmas 

are prone to instabilities (e.g., filamentation, turbulence) that can disrupt 

confinement and uniformity, posing challenges for fusion and material 

processing [13]. 

1.3.2 Low Temperature Plasma  

1.3.2.1 Thermal Plasma  

   In thermal plasmas, the electron temperature and the heavy particle (ions 

and neutrals) temperature are nearly the same, allowing the use of 

equilibrium thermodynamics to describe the plasma's properties. This is in 

contrast to non-thermal plasmas, where electron temperature is much higher 

than that of heavy particles [14]. 

   While thermal plasmas are often modeled as being in LTE, real systems 

frequently exhibit departures from equilibrium due to external forces, rapid 

processes, or gradients. These departures can be thermal (temperature 

differences between species) or chemical (non-equilibrium in reaction rates 

or species populations) [15]. 

   Thermal plasmas are widely used in high-power industrial processes such 

as metal cutting, welding, spraying, and materials synthesis, where high 

energy densities and rapid reactions are required [16]. 

1.3.2.2 Non-Thermal Plasma 

   Non-thermal plasma, also known as non-equilibrium plasma, is a partially 

ionized gas (0.01% and 1% ) where the temperatures of the plasma species 

(electrons, ions, and neutral particles) are not equal. In these plasmas, 

electrons are highly energetic (hot), while the bulk gas and heavier particles 

remain near ambient temperature, resulting in a non-equilibrium state [17].   
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   Unlike thermal plasmas, where all species are at similar high temperatures, 

non-thermal plasmas have energetic electrons but low overall gas 

temperature. This allows for chemical activation without significant heating 

of the surrounding environment [18]. 

   Non-thermal plasmas are typically generated by applying strong electric 

fields to gases at atmospheric or low pressure, using methods such as 

dielectric barrier discharge, glow discharge, corona discharge, or plasma jets 

[19]. 

   Non-thermal plasmas are used in diverse fields, including chemical 

synthesis, environmental remediation (e.g., water and air purification), 

medicine (sterilization wound healing, cancer therapy), and agriculture (seed 

treatment, pathogen control) [20]. 

 

 

Figure 1.1: Plasma classification [11]. 

 

 

Plasma 
Classification

Low Tempreture

(Non Equilibrium) 
Plasma

Thermal 

(Local Thermal 
equliburim) plasma

Tₑ = Tᵢ = Tₙ≤ 2*104 K

Non -Thermal

(Non- equliburim) 
plasma

Tₑ = Tᵢ = Tn = 300-1000 K

High Tempreture

(Equilibrium) Plasma

Tₑ = Tᵢ = Tₙ

Between106-108 K
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1.3.3 Continuous and Pulsed Plasma 

   Conventionally, plasma operates continuously as shown in Figure 1.2 

which involves the maintenance of a constant state of ionization, this kind of 

plasma is mainly used in industrial applications such as welding and surface 

treatment [21]. 

 

 

Figure 1.2: Plasma plume [22]. 

 

   On the other hand, pulsed plasma can be described as a short burst of high 

energy which is able to create plasma of unique conditions such as high 

electron temperature and densities with a reduced energy consumption 

compared to continuous plasma [23], pulsed plasma is employed in material 

processing such as nanoparticle production [24]. 

 

1.4 Underwater Electrical Exploding Wire (UEEW) Technique 

1.4.1 Principle and Advantages of UEEW 

   This technique consists of  two electrodes, a metal thin wire and a plate 

both submerged in a liquid contained in a vessel. The electrical circuit 
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remains open until the thin wire contacts with the plate, which allows the 

current to run through the wire causing it to explode underwater [25]. The 

explosion causes the wire to undergo instant phase transition from solid to 

plasma which generates a shockwave in liquid, many factors affect the 

plasma properties  such as the wire diameter, the material of the electrodes, 

the applied current and the underwater medium [26].  

The UEEW is a simple, affordable and eco-friendly technique used in many 

applications such as electrohydraulic forming [27], inertial confinement 

fusion [28], plasma generation [29], and nanoparticle synthesis [30]. 

   However, in the simplest form of the underwater UEEW technique the time 

required to mechanically close the electrical circuit via the thin wire contact 

with the metal plate can be widely varied between pulses which causes an 

incontrollable difference in the time of contact between the wire and the plate 

which can lead to poor repeatability and precision [31]. 

1.5 Plasma Diagnostics 

   The electron temperature (Te) and electron density (ne) is essential for 

understanding plasma behavior. Because these tools have been used to 

characterize the state of a plasma, influencing its degree of ionization, energy 

distribution, and overall behavior. In addition to that, Te effects the rates of 

excitation, ionization, and recombination, while ne determines the number of 

charge carriers, impacting conductivity, sheath formation, and wave 

propagation. Finally, the variations in Te and ne influence plasma uniformity, 

stability, and the formation of structures like sheaths and transport barriers, 

which are critical for both laboratory and industrial plasmas [32]. 

   Plasma exists in a state of quasi-neutrality because the electron and ion 

population numbers remain approximately equal. The extent of ionization 

differs between plasma types because thermal plasmas maintain higher 

electron densities than cold plasmas  
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   The electron temperature directly influences plasma kinetics: Higher Te 

corresponds to greater electron kinetic energy, enhancing ionization. Plasma 

returns to a neutral gas state through electron-ion recombination when Te 

decreases [33]. 

  Plasma Diagnostic Techniques exist in two distinct approaches which are 

described in the following [34]:  

1. Internal Diagnostics (Direct Contact Methods) Plasma potential and 

density measurements become possible through current-voltage 

characteristic analysis using electrical probes.  

2. External Diagnostics (Non-Invasive Methods) Plasma morphology 

and dynamics become visible through optical imaging techniques. 

Spectroscopic techniques  capture the emission spectra to determine Te 

and ne .The phase shifts in transmitted waves allow microwave 

interferometry to determine electron density.  

These methods enable precise plasma characterization, essential for 

applications in fusion research, material processing, and nanotechnology. 

1.5.1 Optical Emission Spectroscopy 

   Optical emission spectroscopy is a remote analytical technique of the light 

emitted from a certain medium without any external optical excitation [35]. 

One of the most prominent diagnosis techniques is the optical emission 

spectroscopy (OES) which is a passive technique that collects data from 

recorded radiation emitted by excited electrons and ions in the plasma [36].  

   OES works by exciting atoms or ions in a sample (often using plasma, laser 

ablation, or electrical discharge), causing them to emit light at characteristic 

wavelengths as they return to lower energy states. The emitted light is 

collected by a spectrometer, allowing identification and quantification of 
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elements based on their unique emission spectra.  In plasma-based OES, such 

as Inductively Coupled Plasma OES , a high-temperature plasma excites the 

sample, and the resulting emission lines are measured to determine elemental 

concentrations [37]. 

    OES main advantages include that OES does not alter or consume the 

sample during measurement, Enables rapid analysis, useful for process 

control and diagnostics in manufacturing and plasma applications [38]. 

However, OES has some disadvantages such as: The Emission lines from 

different elements can overlap which complicates the analysis, especially in 

complex matrices, line broadening can limit resolution and accuracy, 

especially for isotopic or fine-structure analysis, and it needs plasma, laser, 

or electrical discharge, which may not be suitable for all sample types [39]. 

    The (OES) is carried in a way that require a high level of accuracy in the 

case of pulsed plasma which is difficult to achieve manually using the 

(UEEW) technique as multiple pulses happening simultaneously would 

result in inaccurate measurement, the automation of the (UEEW) technique 

helped enhancing the accuracy across all the samples. 

1.5.2 Measurement of  Electron Temperature (Te): Boltzmann Plot  

   There are many methods to determine the electron temperature from the 

emission spectrum of a plasma such as the two-line emission ratio method. 

and the Boltzmann plot method. The line-to-Continuum method determine 

the electron temperature via comparing the spectral lines of the plasma  using 

the National Institute of Standards and Technology (NIST) database to the 

continues emission spectrum which is often used in the laser induced 

breakdown spectroscopy [40], the two-line emission ratio method depends 

on the temperature to calculate the ratio of intensity for two spectral lines of 

the same element to estimate the plasma temperature [41], while the 
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Boltzmann plot method Considers multiple spectral lines which enhances the 

accuracy compared to the previous method where the natural logarithm of 

the spectral lines intensities is plotted against the energy of higher level of 

transition where the slop of the plotted line is the inverse of the electron 

temperature [42]. 

   The electron density ni is assumed to be 1014 m−3, and the energy is 1 eV. 

The electron temperature (Te) can be determined using the density ratio 

method, which compares the intensities of two emission lines. The ratio of 

the intensities (I1 and I2) is given by [43]: 

 
𝐼1

𝐼2
=

𝐴1𝑔1𝜆2

𝐴2𝑔2𝜆1
𝑒𝑥𝑝 (−

𝐸1−𝐸2

𝑘𝑇𝑒
)                                                                         (1-4)                                                              

where: 

• I1,I2 = intensities of the two spectral lines. 

• A1,A2 = transition probabilities. 

• λ1,λ2 = wavelengths of the emission lines. 

• g1,g2 = statistical weights of the upper energy levels. 

• E1,E2 = upper-level energies of the two transitions. 

• k = Boltzmann constant (1.38×10−23 J/K). 

Rearranging Eq. (1-4) allows the electron temperature to be expressed as: 

𝑘𝑇ⅇ =
𝐸1−𝐸2

𝐿𝑛(
𝐼2
𝐼1

)−𝐿𝑛(
𝐴2𝑔2𝜆1
𝐴1𝑔1𝜆2

)
                                                                              (1-5)                                                               

  The relationship between the two energy levels, Ei (lower) and Ej (upper), 

with atomic densities Ni and Nj can be described using the Boltzmann 

distribution under thermal equilibrium conditions [43]: 

𝑁𝑗

𝑁𝑖
=

𝑔𝑗

𝑔𝑖
𝑒𝑥𝑝 [−

𝐸𝑗−𝐸𝑖

𝑘𝑇
]                                                                                (1-6) 
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Here, 𝑔𝑖 and 𝑔𝑗  are the statistical weights of the respective states, k is the 

Boltzmann constant (1.38×10−23 J/K), and T is the temperature in Kelvin. If 

the total population density is N, the distribution of atoms across energy 

states follows: 

𝑁𝑗

𝑁
=

𝑔𝑗

𝑍(𝑇)
𝑒𝑥𝑝 [−

𝐸𝑗−𝐸𝑖

𝑘𝑇
]                                                                              (1-7) 

where Z(T) is the partition function, representing the sum of Boltzmann-

weight contributions from all energy levels [43]: 

𝑍(𝑇) = ∑ 𝑔𝑚𝑚 𝑒𝑥𝑝 [−
𝐸𝑚

𝑘𝑇
]                                                                       (1-8) 

When an atom transitions from the upper level Ej to the lower level Ei, the 

emitted spectral line intensity Iji is given by [43]: 

𝐼𝑗𝑖 =
ℎ𝑐0

4𝜋𝜆𝑗𝑖
𝐴𝑗𝑖  (1.9) 

Here, λji is the emission wavelength, h is Planck’s constant, c0 is the speed of 

light in vacuum, and Aji is the transition probability (the likelihood per second 

of spontaneous emission from state j to i). Combining equations (1-9) and (1-

7) and rearranging yields: 

𝐼𝑗𝑖 𝜆𝑗𝑖 

𝐴𝑗𝑖  𝑔𝑗
=

ℎ𝑐0𝑁

4𝜋𝑍(𝑇)
𝑒𝑥𝑝 [−

𝐸𝑗

𝑘𝑇
]                                                                       (1-10) 

Taking the natural logarithm of both sides gives: 

𝐿𝑛 (
𝐼𝑗𝑖 𝜆𝑗𝑖 

𝐴𝑗𝑖  𝑔𝑗
) = −

𝐸𝑗

𝑘𝑇
+ 𝐶                                                                           (1-11) 

where C is a constant. By plotting 𝐿𝑛 (
𝐼𝑗𝑖 𝜆𝑗𝑖 

𝐴𝑗𝑖  𝑔𝑗
)  𝑎gainst Ej for multiple 

spectral lines (all sharing the same lower energy level), the electron 

temperature Te can be determined from the slope of the resulting linear 

relationship [44]. 
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1.5.3  Measurement of  Electron Density (ne) 

 The Stark broadening of spectral lines is a powerful diagnostic tool for 

estimating electron density in  plasmas. This method is based on the 

broadening of atomic emission lines due to the electric field effect (Stark 

effect) caused by the surrounding charged particles (electrons and ions) For 

high-density plasmas (ne>1017cm−3) [45]: 

𝛥𝑤𝐻𝛼 = 1.3 (
𝑛𝑒(𝑐𝑚−3)

1037 )
0.64±0.03

                                                              (1-12) 

Where: w is the electron impact parameter (width per unit electron density, 

tabulated for Hα line) and ne is the electron density 

solving the equation (1.12) for ne : 

𝑛ⅇ = (
∆𝑤𝐻𝑎

1.3
)

1/0.64
× 1017𝑐𝑚−3                                                           (1-13) 

1.6 Nanoparticles 

1.6.1 Nanoparticles Definition and Production Methods 

  An atom or a molecule of an element that is nanometer sized can be defined 

as a nanoparticle that range in size (1-100) nm. NPs vary in shape as they 

include nanoshells, nanotubes, quantum dots, etc., and differ in morphologies 

such as crystalline or amorphous [46, 47]. 

Nanoparticles main advantage is the distinct properties difference from their 

micro or macro particles counterpart without losing their chemical identity 

[48]. 

  The wide range of NPs applications has attracted the attention of researchers 

in various fields such as medicine, materials science, food science, 

electronics, and agriculture [49]. 
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  There are many different methods to produce NPs, Physical, Chemical, and 

Biological (green) methods However all these methods can be classified as 

either the top-down method or the bottom-up method, The top down method 

disassembles the bulk material into a nanoscale particles, while the bottom-

up methods assembles atoms to clusters to a nanoscale particles [50]. 

  Chemical NPs methods include the sol-gel method [51] Chemical 

Reduction Method [52, 53], etc. while biosynthesis  methods involve 

microorganisms, fungi, and plant extract [54]. The chemical and biological 

methods mentioned are bottom-up methods. As for Physical methods, they 

are top-down methods as they include mechanical milling method [55], 

nanolithography method [56], laser ablation method [57], and the plasma 

methods [58] especially arc discharge methods such as underwater electrical 

explosive wire UEEW [59]. 

 

1.7 Nanoparticle Characterization 

1.7.1 The Structural and Morphological Properties 

1.7.1.1 X-Ray Diffraction 

  X-ray diffraction (XRD) functions  as a core analytical method which 

determines material atomic structures in crystalline materials. The interaction 

of  monochromatic X-rays with crystalline samples results in constructive 

interference that produces specific diffraction patterns when  Bragg's 

condition is met [60].  

𝑛𝜆=2ⅆ𝑠𝑖𝑛𝜃                                                                                              (1-14) 

  The technique provides  three critical structural parameters including 

crystalline  size calculated via Scherrer's equation: 

𝐷 = 𝑘𝜆 ∕ (𝛽 𝑐𝑜𝑠 𝜃)                                                                                  (1-15) 
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  Lattice strain derived from Williamson-Hall analysis, and Phase 

identification through peak position matching with the International Centre 

for Diffraction Data ICDD databases. 

  XRD serves as a powerful  tool for analyzing plasma-synthesized 

nanoparticles because it helps detect: Metastable phases that  emerge because 

of rapid plasma quenching processes. The face-centered cubic (FCC) 

structure  dominance in Au shells can be quantified through this method. The 

amorphous silica signature appears  at 2θ ≈ 22° [60].  

 1.7.1.2 Field Emission Scanning Electron Microscopy  

  FESEM is an imaging technique invented in 1936 by Erwin Muller [61], 

that is an effective tool to study surface morphology and composition [62].  

This technique  utilizes accelerated electrons rather than a light source like 

standard microscopes, where the electrons pass through a vacuum column 

where a lens causes the electrons to deflect and bombard the sample until it 

emits secondary electrons which are caught by a detector and transformed to 

an electrical signal from which a scan image is generated [63]. 

  The FESEM follows mainly the same imaging process as the scanning 

electron microscopy SEM. However, the primary difference between the two 

techniques is the electron generation system, where the FESEM use the field 

emission gun FEG while the SEM depends on the thermionic emission to 

generate electrons [64]. This difference has led to the FESEM advantages 

over SEM three of which are the FESEM magnification power surpassing the 

SEM by 100,000 ×, clear images with a reduced electrostatic distortion, and 

the spatial resolution is brought down to 1.5 nm [65]. 

  1.7.1.3 Transmission Electron Microscopy  

   Transmission electron microscopy (TEM) allows scientists to directly 

observe nanoparticle core-shell structures at atomic  resolution. The 
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technique operates on the principle of electron transmission through ultra-

thin samples (<100 nm), with  contrast mechanisms which include mass-

thickness contrast for elemental differentiation, Diffraction contrast for  

crystalline analysis, and High-resolution phase contrast for lattice imaging 

[66]. 

   Our analysis employs TEM  in those operational modes Bright-field 

imaging for morphology assessment .Selected area  electron diffraction for 

crystallinity verification.  

1.7.2 UV-Vis Spectroscopy 

   UV-Vis spectroscopy functions as a basic analytical instrument for 

determining nanomaterial optical properties through its application to 

plasmonic nanoparticles such as SiO₂@Au core-shell structures. The 

technique analyzes light absorption and scatter from 190-1100 nm 

wavelengths to generate quantitative information about electronic transitions 

and surface plasmon resonances [67]. 

Beer-Lambert equation           

𝐼 = 𝐼0ⅇ−𝛼𝑡                                                                                              (1-16) 

  Where Io and I are the incident and the transmitted photon intensity 

respectively and α is the absorption coefficient and t is the thickness of the 

material, The absorption coefficient (α) is calculated from absorption 

spectrum using: 

𝛼 = 2.303
𝐴

𝑡
                                                                                            (1-17)   

   The electron transitions are  between the Valance band,  and the conductive 

band  are divided into direct and indirect transition , it is obeying the 

following  equation:  

𝛼ℎ𝜐 = 𝐵(ℎ𝜐 − 𝐸𝑔)
𝑟
                                                                              (1-18) 
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   where B is a constant inversely proportional to amorphousness , r 

represents the transition type of electrons where if its value is equal to (1/2) 

then the transition is an allowed direct one where the electrons transition to 

the conduction band without a momentum change enabling an efficient 

photon emission, if r value is (3/2) then the transition is direct forbidden 

which means its less probable as it requires minor phonon assistance due to 

symmetry, if r equals (2) then it is an allowed indirect transition where 

electrons rely on phonon interactions to conserve momentum, finally if r is 

(3) then it's forbidden indirect transition where the electrons further suppress 

photon emission due to additional symmetry constrains [68]. 

 

Figure 1.3 : 

  

   The equations required to calculate the optical properties are the following 

[69]: 

Transmission (T):  𝑇 = 1 ∕ 𝑒(2⋅303𝐴)                                                     (1-19) 

Reflectance (R):  𝑅 = 1 − (𝐴 + 𝑇)                                                       (1-20)  

Extinction coefficient (k):  𝑘 =
𝛼𝜆

4𝜋
                                                         (1-21)  

Refractive index (n) : 𝑛 = [
4𝑅

(𝑅−1)2
− 𝑘2]

−
1

2
−  

(𝑅+1)

(𝑅−1)
                             (1-22)  

The optical transitions (a) Allowed direct, (b) Forbidden direct, 

(c) Allowed indirect, (d) Forbidden indirect [68]. 
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Optical Conductivity(σ): 𝜎 =
𝛼𝑛𝑐

4𝜋
                                                          (1-23) 

Real (εr) and imaginary parts (εi) of dialectical constant:  

𝜀𝑟 = 𝑛2 − 𝑘2                                                                                         (1-24)  

𝜀𝑖 = 2𝑛𝐾                                                                                               (1-25)  

And λ is the wavelength. 

 1.8 Literature review 

1. Anshuman Sahai et al.  (2016) made the first exploding wire 

technique (EWT) device using plate-wire configuration to generate  

copper nanoparticles with multifunctional properties. The researchers 

performed a thorough characterization using seven analytical methods 

including  XRD and HRTEM and XPS and they found that Cu/Cu₂O 

nanoparticles became  ferromagnetic at room temperature because of 

their oxygen-deficient lattice structures. The study proved that the 

exploding wire  technique produced complex phase compositions 

beyond traditional detection capabilities which extended opportunities 

for copper-based nanomaterials in  spintronic technologies. This study 

proved an effective analytical process for multi-phase metal oxide 

nanoparticle analysis  and demonstrated how EWW makes special 

nanomaterials with unique characteristics [70]. 

 

2. Hoffman et al. (2017) performed primary studies of how laser-

induced plasma behaves when placed  in liquid media. The 

experimental data showed that plasma temperatures achieved 25,000 

K at 20  ns but then cooled down to 8,500 K during the next 500 ns. 

The study  used measurements to show that electron density started at 

2 × 10²⁵  m⁻³ before decreasing to 2.5 × 10²³ m⁻³ throughout  1,000 ns. 
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Additionally, the researchers observed how water vapor dissociation 

created a 5,500  K vapor layer that surrounded the plasma plume. The 

hydrodynamic model showed precise predictions for temperature 

ranges  (18,000-23,000 K) and pressures (2 GPa) which matched 

experimental  results. The research provided essential knowledge 

about plasma expansion and cooling processes which continue to be 

vital for laser  ablation and material processing applications [71].\ 

 

3. Kanti Sapkota et al. (2018) invented a  method for synthesizing 

SiO₂/Au-Ag nanocomposites using Nephrolepis cordifolia tuber 

extract as an environmentally friendly method. The synthesized SiO₂ 

nanoparticles displayed spherical shape  at 200-246 nm and were 

decorated with Au/Ag NPs approximately 3 nm in  size. The dual 

functionality of these nanocomposites consisted of efficient catalytic 

properties and antimicrobial  capabilities. The nanocomposites 

demonstrated outstanding catalytic properties in solvent-free 

amidation reactions which resulted in high  yields without additives 

and displayed potent antibacterial properties against Gram-positive 

and Gram-negative bacteria. The plant-based  synthesis method 

produced nanomaterials in a sustainable way while remaining 

biocompatible and keeping human  keratinocyte compatibility. The 

researchers developed a sustainable nanomaterial synthesis process 

which produces multi-functional products for  organic synthesis and 

biomedical applications [72]. 

4. Vladislav Gamaleev et al. (2018) made a major advancement by 

establishing stable micro-arc discharges in seawater at extreme 

pressures reaching 19 MPa. A rod-to-rod electrode system enabled the 

researchers to preserve plasma ignition across all pressure conditions 

at voltages below 850 mV. The research established that preheating 
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energy requirements showed a direct relationship with pressure levels 

because they increased from 5 mJ at 1 atm to 36 mJ at 19 MPa. The 

research found that high-pressure conditions led to particular spectral 

signatures which displayed powerful continuum backgrounds 

alongside broadened spectral peaks  

indicating fundamental shifts in plasma properties compared to normal 

atmospheric conditions [73].  

 

5. S. Bhattacharya et al. (2019) used spectroscopic analysis along  with 

fast photography to improve underwater plasma understanding. The 

researchers discovered that anode material selection produces 

significant effects  on plasma temperature since SS304 reaches 5,500 

K and zircaloy reaches  14,372 K. The high-density plasma 

environment showed unique characteristics, including observable Hα 

line emission but  suppressed Hβ transitions. Their high-speed imaging 

revealed new arc phenomena including JxB pumping, and 

simultaneous multiple arc attachments which refute traditional single-

attachment theories and reveal new mass transport mechanisms 

processes [74]. 

 

6. Y. Bacqueyrisses et al. (2021) directed their research underwater 

subsonic discharges using capacitor-based pulsed-power generators, 

experimental data from currents of 5–100 kA and energies of 250 J–25 

kJ revealed that peak pressure generation follows the 

phenomenological model Crucially, the initial stored energy was found 

to be less significant than peak current and discharge speed. The 

research concludes that optimal pressure output requires maximizing 

both current and voltage while minimizing discharge time, achieved 

by reducing capacitance and increasing breakdown voltage. This 
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model, valid for currents from 1 kA to hundreds of kA, provides key 

design principles for high-pressure underwater plasma sources. [75]. 

 

7. K. Suliz et  al. (2022) introduced a groundbreaking joint electrical 

explosion method that uses different metal wires to create  

AlCrFeCuNi alloy nanoparticles during a single-step operation. The 

produced nanoparticles showed a lognormal  distribution pattern with 

40 nm average diameter and their nanocrystalline structure consisted 

of BCC  and FCC phases. The researchers showed that the technique 

enabled precise control of alloy composition and phase characteristics 

at  the nanoscale which resolved critical manufacturing issues for 

complex alloy nanoparticles. The developed process demonstrated 

outstanding potential  to generate multicomponent nanomaterials with 

specific functional characteristics by performing element mixing 

operations at  nanoscale levels for multiple metallic components [76]. 

 

8. Dong Yan et  al. (2023) examined underwater high-voltage pulsed 

discharges to determine energy conversion mechanisms through two 

separate plasma channel stages which included  heating-dominant 

plasma generation and arc channel development leading to breakdown. 

The researchers documented key parameters through their  

experiments which included a 10 Ω equivalent resistance and 0.1 μm 

initial channel radius and  determined that the minimum breakdown 

voltage required 6 kV for electrode gaps of 0.5 cm. The developed 

equivalent theory framework provided practical tools for industrial 

operators to monitor discharge equipment and optimize energy 

conversion efficiency in pulsed power systems [77]. 

9. Xiandong Li et al. (2024) studied the underwater arc discharge and 

discovered that  three distinct stages develop within millisecond 
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timeframes. The researchers found three different stages that included 

short-period  oscillation and long-period oscillation and quasi-steady 

state phases where bubble vapor reached supercritical  conditions at 

minimum radius (827 K, 140 MPa). The research showed that light 

radiation absorption  along with electrode heat conduction functions as 

controllers for bubble motion while delivering quantitative knowledge 

of energy transfer  mechanisms. Their research showed that standard 

AC/DC power sources can produce repetitive shock waves using 

single  long-spark discharges at an economical cost compared to 

advanced pulsed power systems [78]. 

 

10. M. Simeni et  al. (2025) created important breakthroughs in 

nanosecond underwater pulsed discharges through  their analysis of 

power measurement data and absolute spectroscopic techniques. Free-

free bremsstrahlung radiation  produced by electron-neutral collisions 

generated the dominant continuum radiation during the primary spark 

of a 10 ns discharge  with 3.5 MW peak power and 35 mJ energy. 

Inverse  bremsstrahlung proved to be a significant factor that affected 

discharge processes. The researchers found that the initial discharge  

produced bubbles which emitted H₂ continuum radiation. Absolute 

spectroscopy combined with analytical continuum source calculations 

established a  valuable method to study transient plasma phenomena 

in liquid media [79]. 
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1.9 Aim of the Study 

   Significant literature gaps exist regarding the direct synthesis of SiO₂@Au 

nanostructures via the underwater electrical exploding wire (UEEW) method, 

particularly concerning the effects of the underwater medium on plasma 

dynamics and resulting nanoparticle characteristics.  This Study aims to 

develop an eco-friendly, and automated version of the UEEW technique to 

generate plasma and produce Au/SiO₂ nanostructures, while diagnosing the 

plasma parameters and studying the nanostructure's structural, optical & 

morphological proper
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2.1   Introduction 

   This chapter outlines the experimental approach for developing using 

an automated underwater electrical exploding wire (UEEW) system. In 

addition to generating underwater arc discharge plasma and finally, 

synthesizing and characterizing SiO₂/Au core-shell nanostructures  Key steps 

include: 

   Material Preparation: gold wire and plate and the SiO₂ colloidal suspension 

were prepared under controlled conditions.  

The UEEW system: the Arduino-controlled system ensured precise, 

repeatable electrical discharges in water.  

Plasma Diagnostics : Optical emission spectroscopy (OES) measured 

electron temperature (Tₑ) and density (nₑ). 

Nanostructure Analysis : XRD, FE-SEM, TEM, and UV-Vis spectrometer 

were used to examine structure, morphology, and optical properties. 

2.2 Materials 

2.2.1 SiO2 nanoparticles  

   SiO2 nanoparticles produced in china by Zhongnuo Advanced Material 

Technology Company. have been selected to be the core material of the 

desired Nanostructures due to their chemical stability, optical transparency, 

biocompatibility, and strong adhesion to the gold shell [80, 81]. The SiO2 

nanoparticles propertises are demonstated in Table 2.1 To investigate the 

applied current and the SiO2 consitration effects on the plasma parameters 

and the optical and structural properties of the produced SiO2/Au 

nanostructure. 
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Table 2.1: SiO2 properties [82]. 

Chemical formula SiO2 

Molar mass 60.0843 g/mole 

Appearance White Powder 

Density 2.634 g/cm3 

 

2.2.2 The Gold Plate and Thin Wire  

   From an alloy of 24 Karats gold, boasting a purity of 99.99%, a plate with 

the dimensions of  3 cm by 1.5 cm by 1 mm and a wire with a fixed diameter 

of 0.3 mm shown is in Figure 2.2. The Au properties are displayed in Table 

2.2, the wire and plate resistance can be calculated from the following 

equation [83]: 

 𝑅 = 𝑝(𝐿/𝐴)                                                                                             (2-1) 

Where R is the resistance in ohms (Ω), ρ  is the material's resistivity (from 

Table 2.2), L is the length of the conductor , and A is the cross-sectional area. 

  The wire resistancehas been calculated to 0.04142 Ω while the plate 

resistance is equal to 0.00008133 Ω both at 20 C tempreture. 

  The wire and plate have been precisly fabricated to be the electrodes in the 

UEEW system. These specific measurements of the gold plate and wire were 

chosen to accommodate the scale of the experiment setup and ensure 

practical integration into the reaction vessel.  
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Figure 2.1: The Au plate and thin wire. 

Table 2.2: Au physical Properties [82]. 

Physical Properties 

Density (at room temperature) 19.30 g/cm3 

Melting Point 1337.33 K 

Boiling Point 3243 K 

Risistivity 2.44 *10-8 ohm in 20 ºC 

Atomic Properties 

Oxidation State 5, 3, 2, 1, −1, −2, −3 (an amphoteric oxide) 

Atomic Radius Empirical: 144 pm 

Covalent Radius 136±6 pm 

Van der Waals radius 166 pm 

Miscellanea 

Crystal structure face-centered cubic 

Magnetic ordering Diamagnetic 
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2.3 The Automated Underwater Exploding Wire Technique   

   The automated underwater exploding wire (UEEW) system includes an 

Arduino Uno board which operates a servo motor to precisely position a thin 

wire electrode 3 cm apart from the submerged gold plate in a liquid medium. 

The servo motor establishes contact between the wire and plate while 

applying a high-current spark which causes the wire to  vaporize into a short-

lived plasma formation in the surrounding liquid. 

 The Arduino-based automation system has been developed to provide 

precise timing and wire plate contact force control during each explosion 

spark which leads to better reproducibility of plasma  conditions and 

nanoparticle synthesis than manual operation. The basic setup consisting of 

Arduino and servo motor with electrodes  and a reaction vessel made out of  

plastic with 45 ml capacity. 

   The reaction vessel contains the Au electrodes and 30 ml of distilled water 

mixed with SiO2 nanoparticles. The electrical circuit opens until the thin gold 

wire and plate come into mechanical contact which is controlled by the 

Arduino Uno board. The high current intensity passing through the thin wire 

instantly causes a nonlinear explosion of the thin wire, which creates a pulse. 

This process is programmed to reoccur for 15 times each. 
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Each sample's first spark was recorded at room temperature via an optical 

fiber attached to a calibrated StellarNet spectrometer. 

   The UEEW is automated using a micro servo motor controlled via an 

Arduino Uno board which is connectted to the micro servo motor via 

connective wires and a bread board as shown in Figure 2.2, it runs on a C++ 

code [84]. where the intervals between pulses are 0.1 second to control the 

contact between the wire and the plate. 

   The mechanisim [26] [25] [79]:  

1. Energy Deposition and Joule Heating 

A high-voltage, high-current electrical pulse (often from a large capacitor 

bank) is discharged through a thin metal wire submerged in water. An 

enormous amount of power is dumped into the wire in a very short time 

(microseconds to milliseconds). The electrical current meets resistance in the 

wire, causing intense Joule heating. The heating is so rapid that the wire's 

material cannot dissipate the heat through conduction or radiation. Its 

temperature skyrockets, far surpassing its melting point and then its boiling 

point. 

2. Vaporization and Phase Change 

The solid wire almost instantaneously transforms into a cloud of superheated 

metal vapor. This happens before the wire has a chance to physically expand 
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or change shape significantly (a process known as superheating). Water is an 

excellent medium for this phenomenon because it is 

nearly incompressible and an efficient conductor of pressure waves. It acts 

like a very strong "container," preventing the metal vapor from expanding 

freely. 

3. Plasma Formation and Rapid Expansion 

 As the temperature continues to rise (reaching tens of thousands of Kelvin), 

the metal vapor becomes ionized, stripping electrons from their atoms and 

forming a plasma—a conductive state of matter. Massive Pressure Build-

Up: This plasma is an extremely hot, high-pressure gas. It tries to expand 

with immense force, but the incompressible water surrounding it violently 

resists this expansion. The pressure inside the plasma bubble builds to a 

critical point where it overcomes the confinement of the water. This is the 

moment of explosion. The plasma bubble expands supersonically, pushing 

against the water. 

4. Shockwave Generation and Bubble Oscillation 

The supersonic expansion of the plasma launches a powerful pressure 

shockwave through the water. This is the primary destructive force of the 

explosion, similar to the blast wave from high explosives. After the initial 

expansion, the hot gas plasma bubble continues to grow until its internal 

pressure drops below the surrounding water pressure. The inertia of the water 
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then causes the bubble to collapse. This collapse can be so violent that it 

generates a secondary shockwave and may even cause the bubble to rebound 

and oscillate (expand and collapse multiple times). The rapid collapse can 

also produce sonoluminescence—brief flashes of light caused by the 

focusing of energy. 

   The code for the Arduino board is as follows: 

1. #include <Servo.h> 

2. int servoPin = 11; 

3. Servo servo1; 

4. void setup() { 

5.   servo1.attach(servoPin); 

6.   Serial.begin(9600); 

7. } 

8. void loop() { 

9.   for(int iteration = 0; iteration < 15; 

iteration++) { 

10.     for(int currentAngle = 90; currentAngle <= 165; 

currentAngle += 5) { 

11.       servo1.write(currentAngle); 

12.       Serial.print("Iteration: "); 

13.       Serial.print(iteration); 

14.       Serial.print(", Angle: "); 

15.       Serial.println(currentAngle); 

16.       delay(100); 

17.     } 

18.   } 

19.   while(1); // Stop after 15 times 

20. } 
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Figure 2.3: The automated UEEW technique. 

 

 

Figure 2.2: The automated UEEW setup. 

 

2.4 Sample Preparation 

   Three quantities of SiO2 nanoparticles powder, 20, 25, and 30 mg, were 

measured by an analytical scale. Each amount of  SiO2 nanoparticles has been 

dissolved with 30 ml of distilled water by magnetically stirring the mixture 

at 70 °C and 500 RPM for 25 min to ensure an adequate mixture as shown in 

Figure 2.3. From this, the 20 and 30 mg samples were subjected to a fixed 
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current intensity of 125 A, while the 25 mg samples were subjected to three 

different  applied currents of 100, 125, and 150 A. 

 

Figure 2.3: The SiO2 colloidal suspension preparation. 

2.5 Thin Films Preparation 

   Drop casting method has been used to prepare a thin films as shown in 

Figure 2.4 for each sample for the purpose  of preparing the samples to be 

tested via XRD, TEM, an FESEM. ,The microscope glass slides (25 × 75 

mm, 1 mm thickness) has been cleaned via an Ultrasonic cleaner (40 kHz 

frequency) with ethanol then deionized  water. 
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   After the SiO₂/Au colloidal colloidal suspension (post-UEEW) preapration,  

A 5 mm pipette has been  used to drop a determined volume of the colloidal 

suspension onto the center of the cleaned slide. 

   Each drop was left to dry at room teampreture  to allow complete solvent 

evaporation. The  process was repeated 30 times, with each drop overlapping 

the previous one. The thickness of theses films has been noticed through the 

FE-SEM cross section imeges to be nonuniform and its mean value (3131 nm 

for the 25 mg and 100 A Sample, 1808 nm for the 25 mg and 125 A Sample, 

2326 nm for the 25 mg and 150 A Sample, 1581 nm for the 20 mg and 125 A 

Sample, and 4264 nm for the 30 mg and 125A Sample )as shown in the 

Figures 2.5, 2.6, 2.7, 2.8, and 2.9. 

 

Figure 2.4: SiO2/Au thin film preparation. 
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Figure 2.5:  FE-SEM cross section image for the SiO2/Au thin film where the SiO2 

added mass is 25 mg and an applied current of 100 A. 
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Figure 2.6:  FE-SEM cross section image for the SiO2/Au thin film where  the SiO2 

added mass is 25 mg and an applied Current of 125 A. 
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FE-SEM cross section image for the SiO2/Au thin film where  the SiO2 

added mass is 25 mg and an applied Current of 150 A. 
Figure 2.7:  
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FE-SEM cross section image for the SiO2/Au thin film where  the SiO2 

added mass is 20 mg and an applied Current of 125 A. 
Figure 2.8:  
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Figure 2.9:  

 

FE-SEM cross section image for the SiO2/Au thin film where  the SiO2 

added mass is 30 mg and an applied Current of 125 A. 
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2.6 Experimental Techniques 

2.6.1 Optical Emission Spectroscopy 

   A calibrated Stellar Net spectrometer recorded the first spark of each 

sample at room temperature via an optical Fiber, which was connected to a 

computer to display the intensity of the plasma pulses over the 300-800 nm 

wavelength range, as shown in Figure 2.10. 

   The StellarNet spectrometer. These are popular, compact, fiber-optic 

spectrometers It is connected via USB to the laptop, which runs 

StellarNet's SpectraWiz software to control the spectrometer and acquire 

data in real-time, and save the spectra. 

   The fiber connecting the reaction vessel to the spectrometer is an optical 

fiber patch cable and it is inside a fiber optic probe. Which is a UV-VIS 

enhanced silicon fiber, optimized to transmit light efficiently across the 

ultraviolet, visible, and near-infrared spectral range, covering the major 

emission lines from a plasma in solution. 

  Lens Diameter: This probe tip typically has a collimating lens of (approx. 

6.35 mm) in diameter. 

   The lens focuses the light from the plasma onto the tip of the optical fiber 

which is positioned at a Critical Angle of (~45-degree angle) relative to the 

plasma source. This is the best standard practice in emission spectroscopy to 

minimize the collection of two unwanted types of light. 
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2.6.2 X-Ray Diffraction  

   The thin film’s structure is investigated by an ASENWARE (AW-

XDM300) X-ray diffractometer displayed in Figure 2.11, where the radiation 

source is a Cu (Kα) with a wavelength of 0.154 nm and the current and 

voltage are 30 mA and 40 kV respectively. The diffraction patterns were 

reported within a range of 10° to 80° with a 3 degree/min speed.  

2.6.3 Field Emission Scanning Electron Microscopy  

  FESEM imaging and EDS analysis were conducted in Baghdad in Photon 

Laboratory where the prepared thin films of SiO2/Au samples were 

investigated using Field Emission Scanning Electron Microscopy (FESEM) 

and Energy Dispersive Spectroscopy (EDS) in a TESCAN MIRA3 field 

emission scanning electron microscope based in Czechia and equipped with 

an Oxford Instruments EDS detector. 

 

Figure 2.10: The optical emission spectroscopy. 
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2.6.4 Transmission Electron Microscopy 

  TEM analysis was carried out in Iran using a Zeiss EM 900 microscope as 

shown in Figure 2.12  to investigate the internal structure of the 

nanostructures.For the purpose of examining the fine details of the SiO2/Au 

nanostructures, three samples were examined with SiO2 mass of 25 mg and 

Applied current of 100, 125, 150 A. 

2.6.5 Optical properties measurements 

   UV-Vis spectroscopy was performed in the postgraduate lab at Kerbala 

University using a UV-19000i spectrometer shown in Figure 2.13. The 

measurements were taken in the 300–1100 nm wavelength range using 1 cm 

quartz cuvettes where 2.5 ml of the liquid sample has been contained where 

distilled water served as the reference. 

   The spectra revealed surface plasmon resonance (SPR) peaks in the visible 

and near-infrared regions, along with interband transitions in the UV range. 

Tauc plots were used to determine direct bandgap energies, confirming the 

optoelectronic potential of the synthesized nanostructures. 
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Figure 2.11: The X-Ray diffractometer. 
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Figure 2.12: The transmission electron microscope. 

 

Figure 2.13: The UV-Vis spectrometer.
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3.1 Introduction  

   In this chapter the results of the experimental techniques used to diagnose 

the plasma and investigate the nanostructures properties has been analyzed. 

The discussed results involve the optical emission spectrum to analysis the 

plasma produced, the investigation investigated using X-ray diffraction 

pattern, field-emission scanning electron microscopy and transmission 

electron microscopy images, energy dispersive spectrum, and the UV-Visible 

spectrum. In addition to results conclusion, recommendation and future 

work. 

3.2   The Optical Emission Spectrum (OES) 

   The emission spectrum of the gold plasma shown in Figures 3.1, 3.2, and 

3.3 originates during the underwater electrical explosive wire technique. The 

wire electrode is only 0.3 mm in diameter with an applied currents intensities 

of 100, 125, and 150 A. The liquid medium of the SiO2 colloidal suspension 

has 20, 25, and 30 mg of added silica . The displayed spectrum wavelength 

has a range of (300-800) nm. Each sample spectrum displays a notable ionic 

(II) and atomic (I) lines of Hα, O I, O II, Au I, Si I and Si II , O I, O II, Au I, 

Si I and Si II detailed in Table 3.1, where Hα refers to the Blamer series, 

where electron transition from n=3 to n=2 in the hydrogen atoms [85]. The 

ionic spectral lines of the silicon Si II, O II Si II (586.84)  in particular 

displayed in Figures 3.4 and 3.5 both show red shifts and Figure 3.6  shows 

broadening throughout the spectra which is expected to be results of the stark 
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effect (electric field) although this shift also dependent on the electron 

temperature and density [86].  

The effects of the current and the added SiO2 mass were similar where both 

are directly  proportional to the intensity of the peaks.  

3.3  Measurements of Electron Temperature and Electron 

Density 

    The Boltzmann plot method has been chosen to determine the temperature 

of electrons of an equilibrium plasma. The wavelength of the light emitted 

depends on the energy difference between levels, while the peak intensity 

depends on the Boltzmann distribution for local thermal equilibrium [87]. 

The Si II peaks intensity, transition probability, statical weight, and upper 

energy level all displayed in Tables 3.2, 3.3, and  3.4  calculated from 

equation (1.11).  The Boltzmann plots are shown in Figures 3.7, 3.8, and 3.9. 

Assuming a Boltzmann distribution of the atomic levels' population, The 

electron temperature Te is evaluated from the inverse of the                                                                                                                            

Boltzmann plot for the same upper level [88] [89].  

The electron density has been calculated via the Stark width of the Hα 

spectral line following  equation (1.13) [90]. 

Figures 3.10, 3.11, 3.12 and 3.13 show the Lorentzian fitting for the full width 

at half maximum (FWHM) to calculate the electron density in the plasma via 

the Stark broadening method for all samples with varying current values and 

SiO2 masses, The full-width at half maximum decrease is noticeable, 

corresponding to the current lower values, which is a result of the reduced 

electron density. The electron temperature (Te) and electron density (ne) are 
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both identified in Figures 3.14, 3.15, and 3.16 for the corresponding current 

and SiO2 mass values. The electron temperature Te and the electron density 

ne  both exhibited a linear relationship with the applied current which aligns 

with the results of past studies [91]. However, the values of the electron 

temperature and density are significantly higher. 

Table 3.1:  

 

 

Spectral Line Hα O I O II Au I Si I Si II 

Wavelength λ 

(nm) 

656.28 557.734 486.096 358.670 390.550 385.600 

--- 77.190 515.999 404.09 615.51 412.807 

--- --- 558.320 231.510 625.420 462.172 

--- --- 576.100 443.730 700.360 504.100 

--- --- 667.860 460.750 716.550 546.640 

--- --- 690.644 479.26 742.350 566.960 

--- --- 764.955 751.07 --- 580.670 

--- --- --- --- --- 586.840 

 --- --- --- --- --- 597.890 

 --- --- --- --- --- 634.710 

 

 

 

 

 

 

The wavelength of the Hα, O I, O II, Au I, Si I and Si II peaks according to 

the national institute of standards and technology NIST [92]. 
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Figure 3.4:  

 

Figure 3.5:  

Peaks broadening and the Lorentzian fitting of Si II spectral line for 20 mg 

and the currents of 100, 125, and 150 A. 

The red shift and the Lorentzian fitting of Si II spectral line for 25 mg and 

the currents of 100, 125, and 150 A. 
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Figure 3.6:  

 

Table 3.2:  

 

Applied 

current 

A 

λ(nm) 

Observed 
Intensity Aji. gij (s-1) 

upper-level Ej 

(eV) 
Ln(λji Iji/hcAji. gj) 

100 

385.602 0.023626 1.76E+08 10.07388 19.38166 

504.103 0.020844 2.80E+08 12.52526 19.06005 

546.643 0.0072 1.30E+08 14.79272 18.84534 

566.956 0.018129 4.00E+08 16.38604 18.68135 

597.893 0.015 2.26E+08 12.14699 19.11593 

634.71 0.0209 2.34E+08 10.07388 19.4726 

125 

385.602 0.030586 1.76E+08 10.07388 19.63987 

504.103 0.025957 2.80E+08 12.52526 19.27944 

546.643 0.009909 1.30E+08 14.79272 19.16469 

566.956 0.023246 4.00E+08 16.38604 18.92994 

597.893 0.020866 2.26E+08 12.14699 19.446 

634.71 0.024098 2.34E+08 10.07388 19.61499 

150 

385.602 0.030586 1.76E+08 10.07388 19.63987 

504.103 0.025957 2.80E+08 12.52526 19.27944 

546.643 0.009909 1.30E+08 14.79272 19.16469 

566.956 0.0243 4.00E+08 16.38604 18.97429 

597.893 0.01866 2.26E+08 12.14699 19.33426 

634.71 0.024098 2.34E+08 10.07388 19.61499 

 

The red shift and the Lorentzian fitting of Si II spectral line for 25 mg and 

the currents of 100, 125, and 150 A. 

Shows the Si II wavelength, intensity , the product of Aji. gij and the upper-

level energy where the SiO2 mass is 20 mg. 
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Table 3.3:  

 

 

Table 3.4: 

  

Applied 

current 

A 

λ(nm) 

Observed 
Intensity Aji. gij (s-1) 

upper-level 

Ej (eV) 
Ln(λji Iji/hcAji. gj) 

100 

385.602 0.084259 1.76E+08 10.07388 20.65321 

504.103 0.066826 2.80E+08 12.52526 20.22509 

546.643 0.023281 1.30E+08 14.79272 20.01892 

566.956 0.059756 4.00E+08 16.38604 19.87408 

597.893 0.057772 2.26E+08 12.14699 20.46439 

634.71 0.061653 2.34E+08 10.07388 20.55436 

125 

385.602 0.099501 1.76E+08 10.07388 20.81949 

504.103 0.087725 2.80E+08 12.52526 20.4972 

546.643 0.03204 1.30E+08 14.79272 20.33825 

566.956 0.082768 4.00E+08 16.38604 20.19985 

597.893 0.079688 2.26E+08 12.14699 20.786 

634.71 0.088731 2.34E+08 10.07388 20.91846 

150 

385.602 0.188844 1.76E+08 10.07388 21.46024 

504.103 0.187185 2.80E+08 12.52526 21.25509 

546.643 0.0594 1.30E+08 14.79272 20.95555 

566.956 0.158445 4.00E+08 16.38604 20.84922 

597.893 0.133509 2.26E+08 12.14699 21.30204 

Applied 

current 

A 

λ(nm) 

Observed 
Intensity 

Aji. gij (s-

1) 

upper-level 

Ej (eV) 
Ln(λji Iji/hcAji. gj) 

100 

385.602 0.022629 1.76E+08 10.07388 19.33853 

504.103 0.020571 2.80E+08 12.52526 19.04689 

566.956 0.017614 4.00E+08 16.38604 18.6525 

597.893 0.016429 2.26E+08 12.14699 19.2069 

634.71 0.019171 2.34E+08 10.07388 19.38627 

125 

385.602 0.031743 1.76E+08 10.07388 19.67699 

504.103 0.031429 2.80E+08 12.52526 19.47072 

566.956 0.027926 4.00E+08 16.38604 19.11336 

597.893 0.023429 2.26E+08 12.14699 19.56185 

634.71 0.029229 2.34E+08 10.07388 19.80799 

150 

385.602 0.038091 1.76E+08 10.07388 19.85931 

504.103 0.037715 2.80E+08 12.52526 19.65304 

566.956 0.0342 4.00E+08 16.38604 19.31604 

597.893 0.028115 2.26E+08 12.14699 19.74417 

634.71 0.035074 2.34E+08 10.07388 19.99031 

Shows the Si II wavelength, intensity , the product of Aji. gij and the upper-

level energy where the SiO2 mass is 20 mg. 

Shows the Si II wavelength, intensity , the product of Aji. gij and the upper-

level energy where the SiO2 mass is 30 mg. 
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Figure 3.7:  Boltzmann plots for SiO2/Au lines generated by the explosion of au wires, 

where the SiO2 mass is 20 mg and the current applied is 100, 125, and 150 

A. 
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Figure 3.8: Boltzmann plots for SiO2/Au lines generated by the explosion of au wires, 

where the SiO2 mass is 25 mg and the current applied is 100, 125, and 150 

A. 
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Figure 3.9:  Boltzmann plots for SiO2/Au lines generated by the explosion of au wires, 

where the SiO2 mass is 30 mg and the current applied is 100, 125, and 150 

A. 
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Figure 3.10:  

 

Figure 3.11:  

 

    

    

    

    

    

    

    

                  

  
  
 
  
  
  
 
  
  
 
 
  
  
 
  
 

      

      

     
     

    

    

    

    

    

    

    

    

    

    

                     

  
  
 
  
  
  
 
  
  
 
 
  
  
 
  
 

      

    

   
   

Peaks broadening and the Lorentzian fitting of Hα spectral line for 20 mg 

and the currents of 100, 125, and 150 A. 

 

The Lorentzian fitting of Hα spectral line for 25 mg and the currents of 100, 

125, and 150 A. 
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Figure 3.13:  

 

   The SiO2 mass affected the electron temperature and electron density 

differently where the electron temperature was at its highest when SiO2 mass 

was 25 mg, and the lowest Te corresponded with the 30 mg mass. The 

    

    

    

    

    

                     

  
  
 
  
  
  
 
  
  
 
 
  
  
 
  
 

      

      

     
     

Figure 3.12: The Lorentzian fitting of Hα spectral line for 20 mg and the 

currents of 100, 125, and 150 A. 

 

Peaks broadening and Their Lorentzian fitting of Hα spectral line for 125 A 

of applied current and the SiO2 mass of 20, 25, and 30 mg. 
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electron temperature decline at the 30 mg mass can be explained by the 

increased concentration of SiO2 nanoparticles which in turn increase the 

cooling collisions between the dielectric nanoparticles, analogous to dusty 

plasma [93]. Meanwhile, the electron density relates directly with the SiO2 

mass, and that is due to the rising concentration of SiO2 nanoparticles in the 

medium, which enhance the ionization as evident by the increased peaks 

intensity from the expiratory nanoparticle. 

   The Table 3.5 displays the Au plasma parameters, including the FWHM of 

Stark broadening, Debye length (λD) calculated from equation (1-1), Debye 

number (ND) calculated from equation (1-2), and plasma frequency (fp) 

calculated from equation (1-3), for Au plasma. The plasma frequency 

confirms a dense, conductive plasma, enhancing Au reduction and 

deposition. The short Debye length indicates strong electrostatic shielding 

and plasma stability. High Debye validate collective behavior. These 

parameters correlate with improved nanostructure quality numbers. the 

higher electron density and lower Dybe length at increased currents or SiO₂ 

mass enhance Au shell uniformity and crystallinity, as confirmed by 

XRD/TEM. This analysis underscores UEEW’s precision for tailored 

synthesis. 
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Figure 3.14:  

 

Figure 3.15:  

 

The temperature (blue line) and density (red line) of Electrons for the 20 mg 

SiO2 mass and currents of 100, 125, and 150 A. 

 

The temperature (blue line) and density (red line) of Electrons for the 25 mg 

SiO2 mass and currents of 100, 125, and 150 A. 
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Table 3.5:  

 

SiO2 mass 

(mg) 
I(A) Te (eV) 

ne×1018 

(cm-3) 

FWHM  

   (nm) 
 

fp (Hz) ×1010 λD ×10-5 (cm) Nd 

20 mg 

100 8.450 0.161 1.76 359.963 5.388 105283 

125 9.342 0.196 2.00 397.592 6.235 199002 

150 9.991 0.212 2.10 413.040 6.312 222845 

25 mg 

100 8.837 0.166 1.80 366.176 6.391 181793 

125 9.995 0.208 2.08 409.963 5.145 118916 

150 10.321 0.369 3.00 545.769 4.795 170525 

30 mg 

100 8.374 0.196 2.00 397.592 4.856 94039 

125 9.112 0.313 2.70 502.645 4.007 84425 

150 9.533 0.449 3.40 601.833 3.423 75463 

 

 

Figure 3.16:The temperature (blue line) and density (red line) of Electrons for the 30 mg 

SiO2 mass and currents of 100, 125, and 150 A. 

Au Plasma parameters of UEEW calculated from the spectroscopy line intensity 

at a SiO2 mass of 20, 25, and 30 mg for the applied currents of 100, 125, and 

150 A. 
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3.4   The Structural Properties 

   The XRD analysis has been employed to determine the crystalline phases 

of the SiO2/Au thin films, the crystalline structures present were identified 

and calculate the corresponding crystalline parameters.  

  The crystalline pattern of the synthesized nanostructures is displayed in 

Figure 3.17 and 3.18. The XRD pattern includes a cubic gold crystal with a 

space group of Fm-3m [94].  The cubic crystalline structure and the Miller 

indices of the diffraction peaks are reported in Table 3.6 and 3.7.  The phase 

corresponding to the ICDD (International Centre for Diffraction Data) card 

number 96-901-1613 is identified as cubic gold The crystalline size values 

have been calculated using the Debye-Scherrer equation (1.15) [60]. These 

results demonstrate that UEEW synthesis parameters directly influence 

nanocrystalline quality. Higher currents improve Au crystallinity, while the 

SiO₂ mass (25 mg) which has the highest electron temperature minimizes 

defects and enhances core-shell uniformity. The analysis of the displayed 

pattern reveals a diminishing presence of the amorphous SiO2 curve with the 

current increase, until it disappears entirely at I = 150 A, the nonlinear 

relationship between the current and the highest peak of Au (111) is observed 

in Table 3.6. The applied current effect may be explained by the enhanced 

Au shell coverage over the SiO2 core because of the raised electron 

temperature, which immediately melts and deposits the Au onto the SiO2 

surface. This is the cause of the increased Au presence on the core, thereby 

increasing the crystalline size and decreasing the dislocation density. 

  The SiO2 mass effect on the XRD pattern is identical to the applied current 

effect where the Amorphous SiO2 structure reduced as the SiO2 mass increase 

and that is a result of increasing number of SiO2 nanoparticles in the colloidal 
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suspension which increase the probability of the Au encapsulation as evident 

by the higher Au peaks. 

   The linear relationship between the applied current and the intensity of the 

Au peaks agrees with the results of previous study [95]. However, our XRD 

pattern shows an Au (022) peak, which enhances the plasmonic effect 

applicable in the surface enhanced Raman spectroscopy (SERS) [96]. 

 

Figure 3.17:  

 

 

 

 

 

X-ray diffraction of SiO2/Au nanostructures with a SiO2 mass of 25 mg and 

currents of 100, 125, and 150 A. 
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Table 3.6:  

Current 

(A) 
2θ 

Miller 

index 

FWHM 

(Rad) 

d-spacing 

(Å) 

Peak 

Intensity 

Crystalline 

size (nm) 

Dislocation 

Density (nm-2) 

100 

37.90 (111) 0.0113 2.34 48.2 12.915 0.0060 

44.05 (020) 0.0095 2.03 19.0 15.575 0.0041 

64.25 (022) 0.0087 1.43 4.7 18.779 0.0028 

77.90 (131) 0.0069 1.21 3.5 25.501 0.0015 

125 

37.70 (111) 0.0108 2.34 42.3 13.538 0.0055 

44.05 (020) 0.0095 2.03 12.0 15.575 0.0041 

64.25 (022) 0.0095 1.43 3.4 17.072 0.0034 

78.10 (131) 0.0052 1.21 2.9 34.085 0.0009 

150 

38.00 (111) 0.0104 2.34 65.3 13.995 0.0051 

44.05 (020) 0.0087 2.03 23.1 17.132 0.0034 

64.50 (022) 0.0087 1.43 5.3 18.779 0.0028 

77.80 (131) 0.0087 1.21 10.7 20.400 0.0024 

 

The crystalline parameters of SiO2/Au nanostructure, where the SiO2 Mass 

is 25 mg and the currents are 100, 125, and 150 A. 



Chapter Three                                                                            Results and Conclusion 

_______________________________________________________________________ 

 
 

62 
 

 

 

 

 

 

 

 

 

Figure 3.18:  

 

X-ray Diffraction of SiO2/Au  Nanostructures with an Applied Current of 

125 A and SiO2 Mass of 20, 25, and 30 mg. 
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Table 3.7: 

  

SiO2 Mass 

(mg) 
2θ 

Miller 

index 

FWHM 

(Radians) 

d-spacing 

(Å) 

Peak 

Intensity 

Crystalline 

size (nm) 

Dislocation 

Density (nm-2) 

20 

37.80 (111) 0.0096 2.34 31.5 15.261 0.0043 

44.05 (020) 0.0091 2.03 13.0 16.473 0.0037 

64.30 (022) 0.0073 1.43 5.1 22.332 0.0020 

78.10 (131) 0.0070 1.21 3.5 25.564 0.0015 

25 

37.80 (111) 0.0105 2.34 42.3 13.989 0.0051 

43.80 (020) 0.0087 2.03 6.0 17.118 0.0034 

64.40 (022) 0.0096 1.43 3.4 17.062 0.0034 

78.10 (131) 0.0052 1.21 2.8 34.085 0.0008 

30 

37.72 (020) 0.0093 2.34 62.0 15.833 0.0039 

43.80 (022) 0.0101 2.03 19.0 14.756 0.0045 

64.40 (131) 0.0087 1.43 5.2 18.769 0.0028 

77.75 (020) 0.0084 1.21 3.3 21.250 0.0022 

 

 

 

 

 

The crystalline parameters of SiO2/Au nanostructure, where the applied 

current is 125 A and the SiO2 mass of 20, 25, and 30 mg. 
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3.5   Morphological Analysis and Elemental Composition 

3.5.1 Field Emission Scanning Electron Microscopy and Energy 

Dispersive Spectroscopy  

   The morphology of the produced Thin Films have been investigated by the 

field emission scanning electron microscopy (FE-SEM) shown in the Figures 

3.19, 3.20, 3.21, 3.22, and 3.23 which reveals the synthesis of SiO2/Au 

Core@Shell spherical shaped nanostructures with a uniform size distribution 

and mean size of 32.8 nm for the 20 mg of SiO2 mass, 28.98 nm for the 25 

mg finally 26.17 nm for the 30 mg which shows an inverse relationship 

between the size of the nanostructures and the SiO2 mass. 

  As for the applied current the mean sizes were 26.06 nm for the 100 A of 

applied current, 28.98 nm for the 125 A finally 39.17 nm for the 150 A, that 

illustrates a direct relationship between the size of the nanostructures and the 

applied current the elemental composition of the sample was studied via the 

Energy Dispersive Spectroscopy (EDS) displayed in Figure 3.24, 3.25, 3.26, 

3.27. and 3.28 and the Tables 3.8 and 3.9 which informs us about elements 

present in the samples and the elemental mass and atomic percentages where 

the highest Au wt.% (Represents the mass contribution of each element 

relative to the total mass) and atomic% (Reflects the number of atoms of each 

element relative to the total atoms) corresponds with the 25 mg SiO2 mass 

and 125 A of applied current. 

  The morphology information obtained is consistent with the previous 

literature [97]. However, the core-shell's Nanostructures size is significantly 

smaller, which enhances the Au shell's Localized Surface Plasmon 

Resonance (LSPR) effects, leading to various plasmonic applications, such 

as photocatalysis [98] [99]. 
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Figure 3.19:  

 

  

Figure 3.20:  

 

  

Figure 3.21:  

FE-SEM of SiO2/Au thin film where the applied current is 100 A and the 

SiO2 mass of 25 mg. 

FE-SEM of SiO2/Au thin film where the applied current is 125 A and the 

SiO2 mass of 25 mg. 

FE-SEM of SiO2/Au thin film where the applied current is 150 A and the 

SiO2 mass of 25 mg. 
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Figure 3.22:  

 

  

Figure 3.23: FE-SEM of SiO2/Au thin film where the SiO2 mass is 30 mg and the 

applied current is 125 A. 

 

FE-SEM of SiO2/Au thin film where the SiO2 mass is 20 mg and the applied 

current is 125 A. 

Figure 3.24:  EDS of SiO2/Au thin film where the applied current is 100 A 

and the SiO2 mass of 25 mg. 
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Figure 3.25: EDS of SiO2/Au thin film where the applied current is 125 A and the 

SiO2 mass of 25 mg. 

Figure 3.26: EDS of SiO2/Au thin film where the applied current is 150 A 

and the SiO2 mass of 25 mg. 

Figure 3.27: FE-SEM of SiO2/Au thin film where the SiO2 mass is 20 mg 

and the applied current is 125 A. 
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Table 3.8: 

  

Current (A) Element Line Type Wt.% Atomic% Mean size (nm) 

100 O K 50.38 65.59 26.68 

Si K 45.88 34.02 

Au M 3.74 0.40 

125 O K 49.91 65.23 28.98 

Si K 46.14 34.35 

Au M 3.95 0.42 

150 O K 52.27 66.30 39.17 

Si K 46.46 33.57 

Au M 1.27 0.13 

 

 

 

 

 

Figure 3.28: FE-SEM of SiO2/Au thin film where the SiO2 mass is 30 mg 

and the applied current is 125 A. 

EDS analysis of each SiO2/Au sample the applied currents are 100, 125, and 

150 A and the SiO2 mass of 25 mg. 
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Table 3.9:  

SiO2 mass (mg) Element Line Type Wt.% Atomic% Mean size (nm) 

20 O K 59.96 72.47 32.80 

Si K 39.98 27.52 

Au M 0.060 0.010 

25 O K 49.91 65.23 28.98 

Si K 46.14 34.35 

Au M 3.950 0.420 

30 O K 51.62 65.61 26.17 

Si K 47.35 34.28 

Au M 1.030 0.110 

 

3.5.2 Transition Electron Microscopy 

The TEM images have been taken for the colloidal suspension with an 

applied current of 125 A, at magnifications of 16700 kx and 60000 kx. The 

darker spots in Figures 3.29, 3.30, and 3.31 represent the Au shell decorating 

the less apparent SiO2 core, forming the Au@SiO2 core-shell nanostructures 

in most of the sample. The nanostructures appear to be spherical and 

aggregated with a mean size of 21.07 nm, as shown in Figures 3.32 which 

agrees with the XRD results. 

The shape of the nanostructures, as well as the particle size distribution, 

aligns with the previous research findings [100]. And yet, the metal shell 

encapsulation of the silica core is more distinct in our TEM images compared 

to their results, indicating a significant increase in the core-shell production. 

EDS analysis of each SiO2/Au sample where the SiO2 mass are 20, 25, and 

30 mg and the applied current of 125 A. 
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Figure 3.29: 

  

 

Figure 3.30: 

  

 

Figure 3.31:  

TEM images of the SiO2/Au nanostructures where the SiO2 mass is 20 mg 

and an applied current of 125 A. 

TEM images of the SiO2/Au nanostructures where the SiO2 mass is 25 mg 

and an applied current of 125 A. 

TEM images of the SiO2/Au nanostructures where the SiO2 mass is 30 mg 

and an applied current of 125 A. 
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Figure 3.32:  

 

3.6   The Optical properties 

   UV-Vis spectroscopy was performed on the thin films to analyze the optical 

properties of the formed SiO2/Au nanostructures. Figure 3.33 and 3.34 show 

the absorption, reflection, and transmission of each SiO2 mass. The 

absorption peaks at the near ultraviolet region (λ20 =348, λ25 =378, λ30 =367 

nm) may be a result of the interband transition which occur when electrons 

absorb or emit energy to move between the valence and conduction bands, 

typically requiring energy equal to the band gap. [101] such transition is 

expected to be a result of the outer Au shell [102], while the slight curve at 

the visable region (λ20 =550, λ25 =553, λ30 =550 nm) and the near infrared 

region peaks (λ20 =1007, λ25 =1007, λ30 =1004 nm) and similarly for λ100, λ125, 

Particle size distribution of the SiO2/Au nanostructures where the SiO2 mass 

is (a) 20, (b) 25, and (c) 30 mg and an applied current of 125 A. 
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and  λ150 at the near ultraviolet region (λ100 =λ125=λ150 =378 nm), at the visable 

region (λ100 =538, λ125=537, λ150  =535 nm), and the near infrared region peaks 

(λ100 =1005, λ125=1004, λ150 =1005 nm). Those are sigins of the Local Surface 

Plasmon Resonance (LSPR) which is a phenomenon where conduction 

electrons in metallic nanoparticles oscillate collectively in response to 

incident light, leading to strong absorption and scattering at specific 

wavelengths. LSPR is highly sensetive to the nanostructures propertirs. [103]  

The red shift in the LSPR peaks towards the near infrared region and the 

broader peaks at the visiable light region may be due to the sample 

aggregation effect [104] visible in the FE-SEM and TEM images.  

  The linear relation between the absorption values and the SiO2 mass as well 

as the applied current has been remarked. In contrast, the Reflection (R) and 

Transmission (T) values (calculated from equation (1-19) and equation              

(1-20)) decreased as the SiO2 mass increased, in addition to the intensity dips 

corresponding to the absorption peaks. Tauc plot was utilized  to calculate the 

energy gap of the formed nanostructures, in which we noted that all the 

samples allowed a direct energy gap Eg where r=2 (calculated from equation 

(1.18)) displayed in Figure 3.35 and 3.36. 

   The visible region surface plasmon peaks location and intensities, as well 

as the relation between the energy gap and the size of the nanostructures, are 

in line with previous studies [105]. However, the near-UV regions interband 

transition peaks are absent for the Au NPs. The interband transition in the Au 

shell can be utilized in solar energy conservation [106].  
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   The excitation coefficient (k) (calculated from equation (1-21))  as shown 

in Figure 3.37 and 3.38,  k peaks intensity increased with the applied current, 

the refractive index (n) (calculated from equation (1-22))  displayed in 

Figures 3.39 and 3.40 is inversely proportional to the SiO2 mass and the 

applied current which shows similar dips as the reflection and transmission 

intensities: the average n values (2.187, 2.201, 2.191, and 2.198 ) are suitable 

for antireflection coating, which is particularly important in solar cells [107]. 

   The optical conductivity (𝜎) (calculated from equation (1-23))  was 

presented in Figures 3.41 and 3.42 increased with the SiO2 mass and the 

applied current. The highest values of 𝜎 were in the Near-UV region, an 

essential quality for UV photodetectors. The real and imaginary dielectric 

constants  ε1 and  ε2  (calculated from equation (1-24) and equation (1-25)) 

are demonstrated in Figure 3.43 and 3.44, where their highest values were in 

the NIR region. While the ε1 exhibited a peak in that region, there was a dip 

for ε2. The dielectric constants relate differently to the SiO2 mass and the 

applied current where ε2 is directly proportional to the SiO2 mass applied 

current and ε1 is the opposite. The high values of the dielectric constants in 

the NIR region allow the nanostructures to be employed in the 

telecomunications field, such as optical switching  [108]. 

   The average values of the optical properties calculated from the UV-Vis 

spectroscopy are all presented in Table 3.10 and 3.11. 
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Figure 3.33:  (a) Absorption, (b) Reflection, and (c) Transmission spectra of the SiO2/Au 

samples where the current applied is 100, 125, and 150 A and SiO2 mass is 

25 mg. 
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Figure 3.34:  (a) Absorption, (b) Reflection, and (c) Transmission spectra of the SiO2/Au 

Samples where the SiO2 mass is 20, 25, and 30 mg and the current applied is 

125 A. 
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Figure 3.35:  

 

Figure 3.36:  

Tauc Plots for each SiO2/Au sample where the applied current  is (a) 100, (b) 

125, (c) 150 A and (d) 100, 125 and 150 A and the SiO2 mass is 25 mg. 

Tauc plots for each SiO2/Au sample where the SiO2 mass is  (a) 20, (b) 25, 

(c) 30 mg and (d) 20,25, and 30 mg where the applied current is 125 A. 
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Figure 3.37: 

  

 
Figure 3.38: 

  

 
 
Figure 3.39: 

Extinction coefficient of the SiO2/Au samples where the applied current  is  

100, 125 and 150 A and the SiO2 mass is 25 mg. 

. 

Extinction coefficient of the SiO2/Au samples where the SiO2 mass is 20, 

25, and 30 mg and the current applied is 125 A. 

Refractive index of the SiO2/Au samples where the applied current  

is  100, 125 and 150 A and the SiO2 mass is 25 mg. 
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Figure 3.40: 

  

 

Figure 3.41: 

  

 

  

Refractive index of the SiO2/Au samples where the SiO2 mass is 20, 25, and 

30 mg and the current applied is 125 A. 

The optical conductivity of the SiO2/Au samples where the applied current is  

100, 125 and 150 A and the SiO2 mass is 25 mg. 

The optical conductivity of the SiO2/Au samples where the SiO2 mass is 20, 

25, and 30 mg and the current applied is 125 A. 
Figure 3.42: 
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Figure 3.43:  

 

 

 
 

 

Figure 3.44:  

 

 

Table 3.7: 

  

Current 

(A) 
A % T % R % α 

E.G. 

(eV) 

K 

(L/mol.cm)10-6 
n 

σ (S/m) 

(109) 
ε1 ε2 (10-5) 

100 48.868 32.451 18.681 1.125 2.801 6.267 2.187 5.874 4.786 2.743 

125 47.650 33.377 18.976 1.097 2.828 6.113 2.201 5.761 4.843 2.69 

150 46.935 33.929 19.137 1.081 2.792 6.021 2.208 5.692 4.874 2.659 

 

 

 

 

(a) The real part and (b) The imaginary part of the dielectric constants 

of the SiO2/Au nanostructures where the applied current  is 100, 125 

and 150 A and the SiO2 mass is 25 mg. 

(a) The real part and (b) The imaginary part of the dielectric constants of the 

SiO2/Au nanostructures  where the SiO2 mass is 20, 25, and 30 mg and the 

current applied is 125 A. 

The optical parameters' average values with the SiO2 mass is 20, 25, and 30 

mg and the current applied is 125 A. 
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Table 3.8:  

 

SiO2 mass 

(mg) 

A % T % R % α E.G. 

(eV) 
K 

(L/mol.cm)10-6  

n σ 

(S/m)(109) 
ε1 ε2 (10-5) 

20 47.916 33.171 18.913 1.104 2.878 6.147 2.198 5.786 4.831 2.702 

25 47.650 33.376 18.976 1.104 2.806 6.113 2.201 5.761 4.843 2.690 

30 48.545 32.694 18.761 1.081 2.849 6.228 2.191 5.845 4.802 2.729 

 

3.7 Conclusion 

The electrical exploding wire (UEEW) technique has been automated and 

used to  produce plasma and SiO₂/Au nanostructures within an SiO2 

suspension. The plasma has been diagnosed using  the optical emission  

spectroscopy (OES)  and the nanostructures  have been characterized via  X-

ray diffraction (XRD), field-emission scanning electron microscopy  (FE-

SEM), energy-dispersive X-ray spectroscopy (EDS), transmission electron 

microscopy  (TEM), and UV-Visible spectroscopy. to analyze the 

nanostructures. This study produced the following  essential results: 

1. Plasma Characteristics and OES Analysis: The plasma emission spectra 

in the colloidal suspension presented intense ionic and atomic spectral lines  

(Hα, O I, O II, Au I Si I, Si II). The observed spectral lines intensity were 

directly proportional to the applied current and the added SiO2 mass. While 

the electron temperature Te and electron density ne  measurements has 

The optical parameters' average values with the applied current  is 100, 125 

and 150 A and the SiO2 mass is 25 mg. 
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displayed a linear relationship between Te and ne measurements which 

increased with current strength until Te reached its peak at  25 mg SiO₂. 

2. Structural Properties: The SiO2/Au thin films demonstrated the face-

centered cubic (FCC) structure (space group  *Fm-3m*). The intensity of  Au  

(111) peak increased with increasing current values which led to better Au 

deposition on SiO₂. The presence of the Au (220) peak demonstrates potential 

applications based on higher  plasmonic effect (e.g., surface-enhanced 

Raman spectroscopy or SERS).   

3. Morphological Properties: FE-SEM images of the thin films and TEM 

images of the colloidal suspension showed spherical core-shell 

nanostructures  with observed aggregation and sizes varying from 21–39 nm 

which increased with current and decreased with SiO₂ mass. EDS results of 

the thin films showed Au, Si, and O present in the samples with the greatest 

Au weight percentage found at 125 A and 25 mg SiO₂. 

4. Optical Properties: UV-Vis spectroscopy for the thin films showed the 

UV region interband transition bands between 348–378 nm. LSPR peaks 

appeared in the visible (550–553 nm) and NIR (1004–1007 nm) regions with 

increased broadening because of nanoparticle aggregation. The material 

exhibited direct bandgap (Eg) characteristics that made it suitable for  

optoelectronic devices according to Tauc plot evaluations. 
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Optical constants (refractive  index n, extinction coefficient k, dielectric 

constants ε₁ and ε₂) exhibited trends  favorable for: Antireflection coatings 

(low *n*). UV  photodetectors (high optical conductivity in UV). 

Telecommunications (high dielectric constants in  NIR for optical switching). 

3.8 Recommendations and Future Work 

1. Mechanistic Studies on Plasma-Nanoparticle Interactions: Time-

resolved OES analysis should be performed to link plasma dynamics (Te, ne) 

with nucleation and growth stages of nanoparticles. A computational model 

using molecular dynamics or finite element analysis needs to be developed 

to model the UEEW process.  

2. Scalability and Industrial Viability: A continuous-flow UEEW system 

should be designed for manufacturing SiO₂/Au nanostructures at an industrial 

scale. The method needs evaluation for its cost-effectiveness relative to 

standard chemical synthesis techniques.  

3. Hybrid Nanostructures: The combination of plasmonic catalytic and 

photocatalytic functions should be achieved by synthesizing ternary systems 

such as SiO₂/Au/TiO₂. Examine how hybrid nanostructures function together 

in energy storage systems including supercapacitors.  

4. Long-Term Stability and Environmental Impact: The research needs to 

evaluate the operational stability of SiO₂/Au nanostructures through thermal 
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and chemical exposure tests. The research needs to evaluate the toxicity and 

biodegradability of the nanoparticles to determine environmental safety. 

5. Functionalization for Targeted Applications: SiO₂/Au nanostructures 

should be tested for their catalytic properties in CO₂ reduction reactions and 

dye degradation applications. The surface of the material should be 

functionalized with biomolecules like antibodies to support biomedical 

applications including biosensing and drug delivery.
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 الخلاصة

 

الماء  الكهربائي  سلكال  تقنية  لقد طورت   لتحضير   (UEEW) الانفجاري  تحت  وتم استخدامها 

درست خواص البلازما   الغروي.  2SiOفي عالق    بلازما الذهب   و  النانوية    Au/2SiOمركبات   

،  SiO₂ (20 أمبير( وكتلة   150، و125،  100التيار )  عن تأثير    البحث   حقق  اثناء التحضير .

البلازما  30، و25 الإلكترون) ملغ( على معلمات  تمت    كذلكو (en ته وكثاف eT درجة حرارة 

 النانوية.   SiO₂/Au تراكيب ة والشكلية والبصرية ل تركيبيالخصائص الدراسة  

من خلال مخطط بولتزمان     enو eT لتحديد   (OES)استخدمت الدراسة مطيافية الانبعاث الضوئي 

إلكترون    10.32وتمت ملاحظة ارتفاع درجة حرارة الإلكترونات )حتى    ستارك.  ظاهرة تعريض و

 ( بزيادة التيار المطبق.³سم⁻ 10¹⁸×0.45فولت( وكثافة الإلكترونات )حتى  

للذهب   FCC بلورةالنانوية تحتوي على    تراكيب أن ال (XRD) أظهر تحليل حيود الأشعة السينية  

 .  نانومتر  34إلى   12بأحجام بلورية تتراوح بين  

 (TEM) فذ  والمجهر الإلكتروني النا   (FE-SEM)  وعرضت صور المجهر الإلكتروني الماسح  

(  UV-Visible)   طيفنانومتر، وأظهرت نتائج   39و 21بين    حجوم تتراوحأشكالاا كروية ذات  

مباشرة   طاقةنانومتر وفجوة    1007و   550بين    (LSPR)   محلي  ي سطحي ونقمم رنين بلازم 

 . الكترون فولت  2.878-2.792تتراوح بين  

بالبلازما من خلال توضيح كيفية    النانوية  مواد الأساسية حول تصنيع    علومات م  تقدم هذه الرسالة

 .النانوية لتطبيقات البلازمونية والطاقة المتجددة تراكيب على خصائص ال البلازما تأثير معلمات 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 جامعة كربلاء 

 كلية العلوم 

 قسم الفيزياء 

 

  Au /2SiOتطوير وتوصيف منظومة بلازما تحت الماء لتحضير مركبات 

 النانوية 

 

جامعة كربلاء وهي جزء من متطلبات نيل درجة   /مجلس كلية العلوم  رسالة مقدمة الى

 الماجستير في علوم الفيزياء

 

 كتبت بواسطة: 

 سجى حميد عبد الحمزة  

   :بإشراف

 أ م د  دعاء عادل عمران 
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