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Abstract

The current work aim is to prepare nanostructure Silicon Dioxide by
Sol-Gel method including densification with conventional and Laser

techniques.

Nanostructure thin films of Silicon Dioxide were prepared by mixing
Tetraethylorthosilicate, Ethanol, deionized water, and HCL or NaOH as a
catalyst, with different pH values (4,7, and 9). All films were synthesized
in the same conditions involving (Molar ratio, Stirrer time, Aging time,
and Drying temperature). The films were heat treated using the oven at
200°C for 2 hours or by lasers for 15 minutes. Three types of laser were
used in the densification process ; a He-Ne laser (632 nm, 0.056 mW/cm?),
a diode laser (410 nm, 56.8 mW/cm?), and diode laser (532 nm, 284.09 to
1079.5 mW/cm?). Films were analyzed by X-ray diffraction (XRD), the
UV-VIS absorption spectroscopy, Fourier Transformation Infrared
Spectrometer (FTIR), Atomic Force Microscopy (AFM), Field Emission

Scanning electron microscopy (FESEM), and Zeta potential.

XRD patterns showed that the structure of SiO, thin films were
amorphous in both oven and Diode laser (532 nm). On the other hand a
shift in the Bragg's diffraction angle was appeared when using Diode laser
(410 nm) and the structure was converted to cristobalite structure. UV-VIS
spectra revealed that the maximum absorption at 196.8 nm confirm the
formation of silica nanoparticles. In addition, the FTIR results verified a
successful preparation of SiO, nanoparticles. The AFM analysis and
FESEM images showed that the structure of thin films is composed of
spherical nanometric SiO, Particles. A good stability of Zeta potential had
been detected for SiO, colloidal with pH=9.



u

From the obtained results, it was concluded that modified structure
of SiO, nanostructure thin films could be prepared by laser densification.
Laser densification of synthesized SiO, nanoparticles by Sol-Gel technique

exceeded rather than oven densification at 200°C.
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1.1 Introduction

The "Nano" is a term that originated from the Greek nanos which
means dwarf. It is one billionth of a meter. It's related to nanoscience and
nanotechnology. This branch of science and technology deals with
materials having at least one dimension in the size range of 1 to 100 nm
[1].

Because of the promising electrical, optical, magnetic, and other
properties, nanomaterials are of interest. These important properties have
the potential for major influence in medicine, electronics, and other fields.
The materials at the nanoscale can have distinct properties which can lead
to greater chemical reactivity and affect their strength this related to
increases in the surface area to volume ratio [2].

Out of all necessary fields of science and technology such as
defense, aerospace, and dentistry, nanotechnology is rapidly sweeping
and this includes in synthesis, characterization, design, and application of
material and devices on the nanometer scale. The nanoscale provided an
opportunity to improve novel classes of advanced materials which meet
the request from high-tech applications for chemical, physical, and
biological properties which differ from the individual molecules and
atoms properties of bulk material [3]. In materials science, chemistry,
and physics metal oxides play a very substantial function and using in
fabrication of microelectronic circuits, coatings for the passivation of
surfaces against corrosion, sensors, and as catalysts in technological
applications [4]. Silicon Dioxide (SiO,) has been a topic of intense

research due to its stellar chemical and physical features.
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Silicon dioxide exists in two forms : the amorphous form continues

as the focus of much fundamental research to understand its electronic
structure, bonding characterization, defects, and optical properties
because it is the best form known. The second form is crystalline such as
quartz [5].
The silicon dioxide had been synthesized by varied techniques. For
applications in optical, microelectronics, electrical and such different
fields there is an important interest in the synthesis of crystalline and
uniform material. Sol-Gel method had been vastly shown a very
adaptable manner wet chemical techniques for production of a large set
of photonic materials in different configurations, including fibers and
films for optical device applications, monoliths, and coatings [6]. The
process was used in the 1930 by the Schott glass company in Germany to
obtain metal alkoxides. A modern interest appears in the early of 1970
when monolithic inorganic gels formed at low temperatures and then
converted to glasses without high temperature melting processes [6].

Due to its ability to control the particle size, size distribution and
morphology through systematic monitoring of reaction parameters the
Sol-Gel process is significantly used to produce pure silica particles [3].
A low temperature method, Sol-Gel is used for the fabrication of
Inorganic or composite organic materials such as glasses, thin films,
ceramics or powders of high homogeneity and purity [6]. It is based on
the mix-up liquid reactants on a molecular scale and solidification of
solution into a porous amorphous oxide gel. It has attracted increasing

scientific and technological attention [7].
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Laser processing had been used to sample Sol-Gel films for
different applications in slab waveguides, channels and optics. In
addition, laser processing awards the possibility to densify selected layers
within a multi-layer stack, by matching laser energy with selected
absorbs in materials within the stack [8].

Sol-Gel process used to produce sensor materials for optical
chemical sensors and biosensors [9]. This due to a number of advantages,
including ease of fabrication and the design flexibility of the process.
Furthermore, the versatility of the Sol-Gel process enables optimization
of sensor by controlling Sol-Gel film properties such as thickness, coating

length, and porosity [10].

1.2 Nanomaterials

The cornerstones of nanoscience and nanotechnology are nanoscale
materials which defined as a collection of materials where at least one
dimension is less than 100 nanometers [2]. Nanotechnology deals with
small-sized materials or tiny structures. The standard dimension extends
from sub nanometer to several hundred nanometers. A nanometer (nm) is
one billionth of a meter, or 10° m [11]. The nanomaterials structure can
be categorized by their dimensions. The nanoparticles are zero-
dimensional nanostructures. Fibers, nanowires, and nanorods are the one-
dimensional nanostructures. Thin films are the two-dimensional
nanostructures. The applications in different scopes of nanomaterials
based on their physical properties, large surface area and small volume
and predictable to have a wide range in multiple fields such as optical

communications, electronics, and biological systems [1].
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At the nano scale the physical properties change while when the
same material at bulk scale, its physical properties are fixed ignored of its
size. The percentage of surface atoms increase in smaller particles and
this increase, leading to change in chemical and physical behavior of the
materials [12].

Due to their substantial applications in materials technologies
including optics of nanodevices, electronics, and analytical technologies
[13, 14]. SiO, Nanoparticles had a novel properties result from their
specific structure, which differs from bulk such as photoluminescence
[15, 16], and catalysis [17].

There were many methods had been used for obtaining silica
particles which could be classified into two main approaches: top-down
and bottom-up as shown in Fig.(1.1). Top-down or ‘physical approach’
characterized by decrease the dimensions of original size via utilizing
special size decreasing techniques. Bottom-up or ‘chemical approach' is a
common way used for producing silica nanoparticles from molecular or
atomic scale. Some of the vastly used methods for synthesizing silica

nanoparticles are Sol-Gel method [18].

top down

bottom up

EQ@

Fig.(1.1): represent the Top-Down and Bottom-Up approaches to produce
nanomaterials [19].
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1.3 Silicon Dioxide Nanoparticles (SiO, NPs)
Silicon Dioxide Nanoparticles are one of the most common
minerals on earth and a basic component of sand, soil, and rocks,

including quartzite and granite.

It could be found in both amorphous and crystalline forms [20].
The amorphous form is frequently found in a three-dimensional
polytetrahydral structure where the two oxygen atoms of one SiO,
molecule are associated with a silicon atom of another SiO, molecules,
while crystalline silicon has the same structure as diamond [21]. Silica
nanoparticles are inexpensive to produce, easy to prepare, and are used
as additives or modifier in the formulation of plastics, paints, and rubber
[20].

Furthermore, because of their easy preparation and wide uses in
different industrial applications such as pigments, catalysis, thin film
substrates, electronic and thermal insulators, they occupy a prominent
position in scientific research [22].They also used in variety products
ranging from cosmetic to construction materials [23]. SiO, is an
important kind of semiconductive material which used as the filler of
plastic, rubber, coating and gooey because of its good properties of heat-
resistance, weatherability and chemical stability [24]. Silicon has an
indirect band gap material, unlike other semiconductors, and exhibits

notable changes in electronic and optical properties[25].
1.4 Synthesis of Silicon Dioxide Nanoparticles

Generally, the methods for synthesis SiO, NPs could be classified
into three broad categories: Physical, Biological, and Chemical synthesis,
which illustrated in Fig.(1.2) [26].
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The physical approach is characterized by reducing the dimension
of the original size by utilizing special size reduction techniques. While,
the chemical approach is a common way used to obtain silica

nanoparticles from molecular or atomic scale [3].

Sol-Gel method seems to be one of the most attractive approach,
offering the advantage of thin film preparation over a large area at a
comparatively low cost amongst the multiple techniques available for
preparation [6]. The structure of nano-oxides formed by Sol-Gel method
depend on the nature of the precursors, the preparation condition, and the

ion source [5].

[ Methods of Silicon Nanoparticles synthesis ]

Physical [ Biological ] [ Chemical ]
-Laser Pyrolysis A -Microorganisms Assisted (-SoI-GeI Technique A
Biogenesis _ ) )
-Electrospraying -Microemulsion Technique
-Flash Spray Pyrolysis ) -Chemical Vapor Deposition

Fig. (1.2): Hlustrates the methods of synthesizing SiO, NPs [26].
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The Sol-Gel method is particularly useful. Its advantages are
effective stoichiometric control and the production of ultrafine particles
with a narrow size distribution in relatively short processing time at low

temperatures [27].

1.4.1 Sol-Gel Method

A chemical technique that uses metal alkoxides as precursors for
production and synthesis of glasses, composites and ceramics through a
set of chemical-physical processes, including hydrolysis, condensation,
and thermal treatment. Silicon alkoxide is one of the metal alkoxides used
for the preparation of Sol-Gel materials [6,28]. It involves inorganic
networks evolution through colloidal suspension (Sol) formation, and a
network forming in a continuous liquid phase (gel) due to gelation of the

sol, and finally the solvent removal.

There are some processing parameters affect the nature of the
resultant siloxan particles as well as their aggregation state and,
accordingly, govern the characteristics of a particular Sol-Gel inorganic
network. The most important parameters are: catalyst, pH value of the
solution, H,O/Si molar ratio R, reaction temperature, and addition of
drying control chemical additive. Thus, by controlling these factors, it is
possible to vary the structure and properties of the Sol-Gel-derived
inorganic network over wide ranges [28 - 30].

Using of Sol-Gel methods due to several advantages: ease of
composition control, good homogeneity, low equipment cost, low

processing temperature, and the ability to fabricate large area coatings.
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Sol-Gel process enables better control of composition and optical
properties of the materials with good control of thickness and refractive
index, this is important to obtain suitable materials for optical
applications [31]. The disadvantages, on the other side, as the high cost of
the raw materials that makes it suitable only for high quality products, the

large shrinkage in the final product, and long processing time [6, 29].

1.5 Steps of Sol-Gel Synthesis Method
1.5.1 Hydrolysis & Condensation Reactions

Hydrolysis of precursors is the first stage of Sol-Gel process that
could be defined as the reaction of silicon alkoxide (TEOS) with water,
forming a silicon hydroxide Si(OH) which is known as a silanol groups.
Through this reaction a hydroxyl (OH) group attaches itself to silicon
atom by replacing alkoxide group (O-C,Hs), according to the following
reaction [32]:

Hydrolysis
=Si— (0-C;Hs) + H,O =——> =Si—OH +C,H;OH ----------- (1-1)
e

Re-estrification

As soon as some hydrolyzed molecules are present in the solution,
the condensation reaction starts taking place at the same time and with the
same reaction path as the hydrolysis, depending on the R- molar ratio and
catalyst present in solution. The condensation reaction can follow two
different schemes as in equations (1-2) and (1-3), involving the silanol
group Si(OH) produces siloxan bond (Si—O—Si) by-product of water or
alcohol [32,33].
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Water condensation

=Si—OH + =Si—OH =——2 =Si—0—Si=+ H,0 ------------- (1-2)
——

Alcohol condensation
=Si— (0-C;,Hs) + =Si—OH ——>» =Si—0—Si=+ C,Hs;0H --- (1-3)
_

The two reaction path of condensation can occur instantaneously
and at any pH value, but still one of them dominated depending on R-

molar ratio.

1.5.2 Aging & Drying

Gel aging is an extension of the gelation process that involves a
continuous change in properties and structure of the completely immersed
gel in a liquid after the gel point. The gel has a high ratio of liquid and
three dimensional interconnected pores inside the structure, so that drying
process is the main step of removing the liquid from the tiny pores [34,
35].

Drying by evaporation leading to pressure gradients in the liquid
within the pores, so the network is compressed more at the surface than in
the bulk, causing further shrinkage of the gel network. In addition, the
evaporation process increases the vapor-solid interface, which makes the
liquid flows from the bulk of the gel to cover a small size of the surface,
because the evaporation of the liquid cannot cover the whole surface
without the creation of a meniscus on the pore surface [36,37].

As a gel dries, the stiffness of the solid phase increases, so the
liquid pressure also increases, and when reaches its maximum value, the
volumetric contraction rate of the gel will be slower than the rate of

evaporation, and the solid phase becomes stiffer.



Chapter One Introduction & Basic concepts 10

Beyond that point, further evaporation causes the liquid-vapor
interface to move into the gel towards the bulk of the solid phase leaving
a dry solid. This is a critical time because in it cracks of the gel typically
occur. To avoid this phenomenon, a slow evaporation of the liquid is
required [28, 38].

1.5.3 Densification

Densification is the last treatment process of Gel. Heat treatment at
high temperature of the porous Gel is necessary to produce dense glass or
ceramic from the Gel. After the high temperature treatment, the pores
eliminated, and the densification temperature depends extremely on the
degree of connection of the pores, dimension of the pores, and the surface
area in the stature [39]. The Steps of Sol-Gel Synthesis Method are
shown in Fig.(1.3) [40].

Hydrolysis

>
'

Polymerization

Solution of
precursors

Spin-coating

Evaporation
of solvent

Substartes ———» I .. ._. _..‘. .

Gelation 'and . Xerogel
Xerogel film evaporation Xerogel film b
ea

of solvent

treatment
Heat Heat
treatment treatment

@
88888 8888 :
Dense film Dense film

Dense ceramic

Fig. (1.3): Steps of Sol-Gel Synthesis Method [40].
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1.6 The Effect of Technological Parameters in Sol-Gel
Method

The Sol-Gel method could be explained as the transition from a
liquid (colloidal or solution) into a solid (or multiphase gel). The
structural and textural properties of the synthesized materials are affected
by different parameters involved in the Sol-Gel technique. The initial
reaction conditions such as :Precursor material, molar ratio (R) of
reactants, pH, solvent composition, temperature, aging, and drying

conditions are essentially influenced the sol-gel method [41].

1.6.1 Precursor

Sol-Gel precursors have to be reactive enough to participate in the
gel formation and soluble in the reaction media. Alkoxisilanes and water
reaction is very gentle to avoid phase separation and leading to good
homogeneity [42].
1.6.2 pH/Catalysts

Silica dissolution and reprecipitation are affected by pH [43].
When the particulates have a high solubility in the sol, at high pH values,
porous structures were obtained. Smooth pore networks and dense
structure were obtained at low pH values due to low dissolution-
reprecipitation rate [44].
Films thickness, porosity, shrinkage, and optical quality depend on the
type of catalyst used for precursor solution preparation [45].
1.6.3 The Water: Precursor Molar Ratio

Hydrolysis and condensation rate increases with increasing the
water content at fixed concentration of precursor. Molar ratio of reactants
affect the gelation time and the pore size. Low water: precursor molar

ratio means less gelation time [42].
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1.6.4 The Temperature, Aging and Drying

Water, alcohol, and other volatile components losses due to drying
under atmospheric conditions leads to gel shrinkage [43], and high
stresses in the structure consequently [46]. Aging is a rather slow process
at room temperature [47]. The increment in the porosity is due to

increasing thermal treatment temperature.

1.7 Coating Techniques of Thin Film

The coating steps had to be done in a clean room and the substrate
had to be cleaned totally in order to obtain wet chemical coatings with
high optical qualities on transparent glass slides. Sol-Gel method for
manufacturing thin films offers potential advantages over classical
techniques such as : easy coating for large area, low thickness, and high
purity. There are three common techniques which are used to make a thin

film : Dip coating, Spin coating and Spray coating technique [48].

1.7.1 Dip Coating Technique

Dip coating technique is a process in which the substrate to be
coated was immersed in a solution and then withdrawing with a specific

withdrawal speed.

Where the substrate to be coated is immersed in a liquid and then
withdrawn with a well-defined withdrawal speed with controlled
atmosphere and temperature conditions. The schematic of the dip coating
technique is shown in Fig.(1.4) [48].
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Dipping Wet layer formation Solvent evaporation

Fig.(1.4): Dip coating process: the substrate dipping in the solution, wet layer
formation, and solvent evaporation [48].

In this technique, the atmosphere controls the evaporation of the
solution and the following destabilization of the sols due to solvent
evaporation leading to gelation and formation of transparent film because
of small particles size (nanometer range) in the sol. The gelation process

during dip coating process is shown in Fig.(1.5) [48].

i Deposited film

ARRreganon

Evaporation of

watcr’/alcobol
l Wet Film thickness

Diluted Sol
Formation of

film s hindered

by surface tension Ty = Substrate

Fig.(1.5): Gelation process during dip coating process [48].
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The obtained film had to be densified by heat treatment and the
densification temperature depending on the composition. The withdrawal
speed, liquid viscosity, and the solid content are mainly defined the
coating thicknesses [48]. There were numerous forces acting on the
coating at withdrawing which are : moving the substrates causing viscous
drag upward, surface tension force, inertial force, surface tension

gradient, and conjoining or disjoining pressure [49].

The important part of the dip-coating process is choosing a
suitable viscosity of the thicknesses of the coating can be differed with
high accuracy from 20 nm up to 50nm while maintaining optical quality
[48].

1.8 Applications of Silica Nanoparticles

The importance of Silica Nanoparticle is in increasing due to their
applications in optical devices, drug delivery, bioimaging, cosmetics,
catalysis, polymeric fillers, and other biomedical fields. Researchers have
already found that cell type, size, dose, surface area, time, and structural
discrimination are closely linked to cytotoxicity of silica NPs [50]. In
photomedicine the amorphous silica is used because of the high toxicity
of crystalline silica (amorphous silica can be converted into crystalline
silica by heating at high temperatures). The specific surface of the Silica
NPs increasing by the porosity which allows the permeability of
entrapped drugs and small molecules, e.g. oxygen, between the core and
surface of the nanoparticles [51]. Silica NPs also used in Biomedical
imaging, which help to diagnose fatal diseases in early stages and lead to

more efficient treatments [50].
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The applications of nanotechnology had expanded to several areas,
such as electronics, medicine, and in cosmetic industries due to enhanced
features included transparency, color, and solubility of particles at
nanoscale. Silica NPs had been vastly used in cosmetics because of the
nanoscaled size, which enables them to pass through human skin [50].

Silica nanoparticles are employing in electronic field for light
emission applications.[52,53]. They are offer fascinating optical and
electronic properties comparing with bulk silicon and have been
investigated for photovoltaic applications [54-56]. Silicon nanostructures,
such as nanowires, porous silicon nanowires and silicon nanoparticles are
used as Photocatalysts [57-59].

1.9 Laser Densification

Laser Densification technique was used to heat the coating layer
sufficiently to be densified without melting or warping the substrate.
There are many differences between densifying a Sol-Gel coating in a
furnace versus with a laser. The heating with a laser making organic
burnout occur in a short time due to the effective heating of the laser
beam. While when the heating is done with a furnace the organics can
burnout on the order of several minutes. The Sol-Gel films successfully
densified by laser radiation in a much faster time scale comparing with

conventional oven process [60].

The optical losses in the laser-densified coating were higher than in
the traditional densification using furnace firing for coating of the same

composition [61].
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During Laser firing, the heating and cooling occurs very rapidly
depending on laser beam parameters [62,63] and affords the possibility of
forming films with chemistries, structures, and, hence properties which
are difficult or impossible to obtain in conventional furnace fired sol-gel
films [8].The properties of films densified by Laser are different than
those fired by furnace. Laser firing allows the heat used to densify films
to be concentrated near the surface, so high refractive index films may be
densified on softer substrates under proper conditions. The most
beneficial and exciting aspect of laser processing of sol-gel films is the

potential for producing materials and systems with novel properties [8].

The most common techniques used for densifying sol-gel films
with lasers are : direct and indirect Heating, as shown in Fig.(1.6) [8].
In the direct heating technique the sample is exposed to laser energy
which was absorbed directly by the coating, by the substrate, or by both.
The direct writing mode had been used in investigations of laser
densification because of its simplicity. It could be more efficient than

furnace technique [8].

> Laser Source 55> Laser Source

Ovarlayar
I -— Coaling —wn o e T

-+—Substrate —e

Direct Heating Indirect (surface) Heating

Fig.(1.6): Schematic of laser processing using (a) direct heating, and (b) indirect
(surface) heating [8].
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In "surface heating," or indirect writing technique a coating which is
transparent to the laser radiation is covered with an absorbing over layer.
The over layer (usually metallic) absorbs the laser energy, causing
localized heating at the surface of the sol-gel film. This approach is more
complicated than the direct heating process. The indirect heating had a
few restrictions on the composition of the coating, the heating comes
from the interaction of laser with the over layer, rather than with the sol-
gel coating [8].

Laser densification was used to produce lenses and arrays of
densified gel silica matrices at a critical processing conditions such as
initial density of the matrix, laser parameters, and ambient atmosphere. It
Is used to achieve complete densification of gel-silica glass and produce a
higher index region than that of the un-irradiated matrix. Lasers are used
to modify surface properties, such as hardness or refractive index of
materials [8].

Laser processing is more effective for treatment of thin surface
layers [64] and improves the optical properties of the porous gel-silica
substrate [8]. Laser densification could be used in wide applications in
different fields such as impact on the silicalite optical characteristics, fuel

cells, and glass ceramic tapes[65-67].

1.10 Literature Survey

Sol-Gel method is an easy and simple way for preparing a three-
dimensional metal oxide and it did not require complicated equipment
[68, 69]. The shape and formats of oxides could be controlled by Sol—gel
processing [70].
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Krchnavek R. R. et al. in 1984 [71] used an Ar+ ion laser (514.5
nm) to partially densify SiO, films on silicon substrates. The laser energy
was transparent to the film, but absorbed by the substrate, which heated
the coating from underneath.

Shaw J.D. et al. in 1990 [72] reported that laser densification of
Sol-Gel silica is possible. There were an interaction between Sol-Gel
prepared silica and 10.6um wavelength laser radiation. Hardening of
the silica had been measured up to the value for fused silica.

Taylor J.D. et al. in 1990 [60] reported that coupling the Nd:YAG
laser power to the sol-gel derived coatings produced localized surface
heating on the samples. Laser firing is substantially different from
furnace firing.

Zaugg T.C. et al. in 1991 [73] had densified SiO,-TiO, films by
scanning a CO, laser beam across the surface. He found that the
refractive index of coatings densified by laser is higher than that of
furnace fired coatings, even after annealing coatings to 700 °C.

Fabes B.D. et al. in 1992 [74] had used CO, laser to densify Sol-
gel derived SiO,-TiO, and WO; films. A competition between forming an
appropriate  morphology (smooth, uncracked films) and avoiding
crystallization arises in the SiO,-TiO, system when waveguides are
formed by laser densification.

Taylor J.D. et al. in 1992 [61] reported that 10.6um CO, Laser
irradiation had used to densify sol-gel derived silica coatings on SiO, and
Si substrate. The evolution of the composition and properties of the laser-

fired samples were different than for furnace-fired samples.
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Birnie P.D. et al. in 1993 [75] reported that Laser processing was
used to modify the spectral properties of local regions of sol-gel SiO, and
Si0,-TiO, multilayer stacks coatings.

Fardad M. A. in 2000 [45] had found that the film thickness,
shrinkage, porosity, and optical quality depend on the type of catalyst
used in the preparation of the solution precursor.

Zhai J. et al. in 2001 [31] had prepared thin films of two binary
titania-silica compositions by the Sol-Gel method and studied their
crystallization as a function of heat treatment conditions using both
conventional and CO, laser heating.

Rao K.S. et al. in 2005 [76] reported that using sol—gel process to
prepare monodisperse and uniform-size silica nanoparticles. The silica
particles were obtained by hydrolysis of tetraethylorthosilicate (TEOS) in
ethanol medium. Various-sized particles in the range 20460 nm were
synthesized.

Kesmez O. et al. in 2010 [77] reported that antireflective
nanometric SiO, films were formed on glass substrates by dip coating
from a colloidal SiO, sol having an average particle size of 9 nm,
obtained SiO, films were in 80—200 nm thickness range.

Krumov E. et al. in 2013 [78] reported that as a result of excimer
laser irradiation, the film microstructure is strongly modified and a higher
specific surface area is obtained. It is observed that amorphous to

crystalline phase transition occurs in the exposed sol-gel ZrO, film areas.

Hawelka D. et al. in 2014 [79] reported that drying, gelation, and
transformation of ZrO, printed sol-gel coatings was done by laser

treatments.
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CW Diode Laser was used to dry the wet thin film and remove the
organic ingredients. A second Diode laser in pulsed operation was used
for the functionalization of the films. The formation of a tetragonal ZrO,
phase was achieved by laser treatment.

Khyoon A. H. et al. in 2016 [80] study the effect of pH variation
on the particle size of SiO, thin films. He found that all films have nano
scale and the particle size around (19-62) nm, the size of silica particles

increases with increasing pH value of the solution.

1.11 Aim of the work

The specific aims of this project are:

1. Prepare SiO; nanostructured thin films with different pH values by
Sol-Gel synthesis method using dip coating technique.

2. Study the effect of laser densification on prepared nanostructured
SiO, thin films by sol-gel technique, and make a comparison
between samples treated with an oven (conventional method) and
others treated with laser (Laser Densification) and study their
structure, optical properties, surface morphology, and the effect of

the laser densification on the samples.
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2.1 Introduction

This chapter includes all the experimental activities which have been
done involving the chemical materials utilized, synthesis of SiO,
nanostructure thin films, procedures, parameters effect, characterization

devices (identification techniques) and other equipment.

2.2 Procedure

2.2.1 Chemical Materials
The precursor (TEQOS), the solvent Ethanol (EtOH), and other
chemical materials which were used in this study and their specifications
are all listed in Table (2.1).

Table (2.1): Specifications of the chemical materials used.

Chemical material Chemical Molecular | Purity | Physical Density | Supplier
formula Weight o form (g/cm3)
0%
(g/mol)
Tetraethylorthosilicate | Si(OC,Hs), 208.33 98 Transparent 0.933 Sigma-
- Aldrich
(TEOS) liquid (Germany)
Ethanol absolute (EtOH) C,HsOH 46.07 99.9 | Transparent | 0.785
liquid
Deionized Water H.0 18 high 1 S
degree
of
purity
- empty
of
additio
nal ions
Hydrochloric Acid HCI 36.46 35.4 | Transparent 1.19 General
liquid Drug
House-
India
Sodium hydroxide NaOH 40.00 White —_— General
Drug
House-
India
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2.2.2 Samples Preparation

SiO, samples prepared in three groups with different pH values
(acidic, neutral, and alkaline) shown in Fig.(2.1), as the following

procedure :

The samples prepared by mixing tetraethoxysilicate (TEOS) as a
precursor material (2 ml), Ethanol as a solvent (4 ml) (Solution A) with
deionized water (4 ml), Ethanol (2 ml), and (50ul) of HCL or NaOH as a
catalyst (Solution B). The samples prepared with a molar ratio (R=2).
The mixture puts on the magnetic stirrer for 2 hours at room temperature,

Fig. (2.2), then left in closed flasks for several days for aging.

Fig.(2.1) : SiO, Samples with Different pH Values.
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Fig.(2.2) : Magnetic Stirrer.

2.2.3 Thin Films preparation

Dip coating technique was used to fabricate SiO, nanostructure
thin films at room temperature as shown in Fig.(2.3). SiO, thin films were
made on glass microscope slides with dimension 25.4 x76. 2 mm and 1.2
mm thick, which had cleaned before using for deposition process.
Ultrasonic cleaner was used for washing the slides with ethanol for 10
minutes. The steps of coating are: immerse the substrate into the sample,
wet layer was formed by extracting the substrate, and the gelation of the
layer by solvent evaporation. The cleaned glass slides were dipping in the
mixture by a controlled withdrawal speed of 10 mm/min; the glass slides
were carried out in the air at room temperature with similar speed. The
dipping processes were repeated twice to get a thin layer of SiO, films.
The resulting film then dried on a Hot Plate at 100°C for an hour.

23
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Fig.(2.3) : Dip Coating Technique.

2.2.4 Densification Process

The final step for synthesis SiO, nanoparticles is densification
process which done after drying process using oven and laser (heat
treatment conditions of thin films using both conventional densification
and laser densification). SiO, thin film densified by Oven at 200°C for 2
hours and others by lasers with different wavelengths and power densities
for 15 minutes as shown in table (2.2). The lasers used are He-Ne laser
(632 nm), CW Green Diode Pumped Solid State (DPSS) laser (532 nm),
and Diode laser (410nm). The experimental setup is shown in Fig. (2.4),
(2.5) that was used for the three types of laser which consist from; laser
source, a mirror used to obtain a vertical alignment on the sample, and
beam expander used to expand the laser beam and to extend it to the
whole sample. The laser Power-meter supplied by (Melles Griot-

America) was used for measuring the laser power.

24



Chapter Two

Experimental Part

Table (2.2): Lasers Used for Densification Process.

Laser Source Wavelength A Power Density
(nm) I (mW/cm?)
He-Ne Laser 632 0.056
Diode Laser 410 56.8
DPSS Laser 532 284.09
568.1
852.2
1079.5

Laser Driver Laser Device

Detector

Power meter

#{ Mirror
t4 Beam expander

Sample (thin film)

CW DPSS Laser
at 532nm

- Sample (thin film)

o]  Mlirror

4 Beam expander

(b)

Fig. (2.4): Schematic diagram of the Experimental Setup (a) Measuring the
power, (b) The beam expanded on the sample.
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Fig.(2.5): The Experimental Setup.

The preparation steps of SiO, nanostructured thin films are shown
in Fig. (2.6):

e .
Solution A Solution B

TEOS + Ethanol DI H,O + Ethanol +
HCL / NaOH

~ =
S——
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[ Stirring for 2 hours at RT ]

[ Aging for several days ]

|

{ Dip Coating Technique ]

I

[ SiO, Thin Films ]

I

[ Drying at 100°C for an hour ]

Oven Densification at 200°C Laser Densification for 15 minutes

for 2 hours
with different As & Is

Fig.(2.6): Block Diagram shows the Preparation Steps of SiO,
Nanostructured Thin Films by Sol-Gel Technique.
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2.3 ldentification Techniques

Structure measurements and Characterization of nanoparticles are
important to realize and control the nanoparticles synthesis and their
applications. It is performed using a variety of different techniques as
shown in Fig.(2.7) :

Characterization of SiO, Nanostructure Thin Films J
Optical Structure Morphological } [ Other }
- AFM i
UV-VIS XRD Zeta potential
FTIR FESEM Thickness measurement

Fig. (2.7) Block diagram of the Characterization of SiO; Thin Films.

2.3.1 X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns were obtained ( Philips X-
pert 3040/60), Fig.(2.8), to determine the crystalline size. The XRD
patterns were at the scanning range 20 from 20° to 60°. (Baghdad

University, college of science, geology department).
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The X-ray diffraction is a useful method to study the structure of
compounds and investigate the effect of thermal treatment on the
improving of crystalline of prepared sample. It is a useful method to
measure the average spacing between layers or rows of atoms. The
average size of the crystallite was calculated from XRD peak broadening

according to Debye—Scherer equation (2-1) as shown below [81] :

D= (K 1)/ (Brwim €080) .....(2-1)
where, D: the crystallite size,
K: crystallite shape factor of a good approximation of (0.9),
/. the wavelength of the incident X-ray (A = 0.154056 nm),
Lrwnm - the Full-Width at Half-Maximum (FWHM) of the XRD,
0: the Bragg angle.

Fig.(2.8): X-Ray Diffractometer.

2.3.2 UV-VIS Spectrophotometer

UV-Vis spectroscopy was used to verify nano silica formation.The
UV-VIS absorption spectrum of all prepared SiO, Solution samples
measured using Shimadzu UV-VIS 1800 spectrophotometer, covering an

average from (190 — 1100) nm, as shown in Fig.(2.9).
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This instrument was computerized with a CRT screen and

keyboard for operating the input value. (Baghdad University, college of
science, chemistry department).

Fig. (2.9) The UV-VIS Spectrophotometer.

2.3.3 Fourier Transformation Infrared Spectrometer (FTIR)

The Fourier-transform infrared spectra was obtained using
Shimadzu 8400S  corporation FT-IR spectrophotometer (Baghdad
University, college of science, chemistry department) as shown in

Fig.(2.10). This technique was used to investigate the molecular structure
of the densified SiO, nanoparticles.

Fig. (2.10): Fourier transformation infrared Spectrometer.
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2.3.4 Atomic Force Microscopy (AFM)

The morphology and particle size could be determined by AFM.
The topography measurements of the prepared samples were carried out
using AA3000 Scanning Probe Microscope (Angstrom Advanced Inc.
USA), of resolution 0.26 nm laterals and 0.1 nm vertical as shown in
Fig.(2.11) (Baghdad University, college of science, chemistry

department).

Fig.(2.11): Atomic Force Microscope.

2.3.5 Thickness measurement

The thickness of SiO, films was measured using Thin film
measurement system model Epp 2000 as shown in Fig.(2.12). This
system includes BLK-CXR-SR-25spectrometer, rang 220-1100 nm,
resolution < 2.5 nm, deuterium light sources R600-8-uv-vis reflectance
probe, sample fixture with probe holder ( Ministry of Science and

Technology).
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Fig. (2.12): Thin Film Measurement System Model Epp 2000.

2.3.6 Field Emission Scanning Electron Microscope (SEM)

The topography of the prepared films and particle size
measurements were studied using Field Emission Scanning Electron
Microscopes (FESEM) as shown in Fig.(2.13).

Fig.(2.13): Scanning Electron Microscope.
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2.3.7 Zeta Potential analysis

Zeta potential analysis (Zeta plus Brookhaven- 90Bundle
Instruments Corporation - USA) .( Ministry of Science and Technology),
Fig.(2.14), was used to measure the potential difference between the
dispersion medium and the stationary layer of fluid attached to the

nanoparticle.

Fig.(2.14): Zeta Potential Analyzer.
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3.1 Introduction

In this chapter, the effect of conventional densification and
laser densification of SiO, nanostructure thin films which prepared by
sol-gel technique and a comparison between them will be investigated.
The comparison between samples densified by oven and others by laser
allows us to select a suitable method for densification process. Three
different wavelengths in the visible region have been used to investigate
the effect of wavelength due to these spectral regions are closed to the
absorption peak of SiO,. The lasers used are He-Ne laser (632 nm), DPSS
laser (532 nm), and Diode laser (410 nm). The result of structure,
morphological and optical properties of SiO, samples will be discussed in
details. These results were obtained from measuring devices such as : X-
ray diffraction (XRD), UV-VIS Spectrophotometer, Fourier
Transformation Infrared Spectrometer (FTIR), Atomic Force Microscope
(AFM), Field Emission Scanning Electron Microscope (FESEM), Zeta

Potential Analysis, and Thickness measurement.

3.2 Structure properties of SiO, Nanoparticles

3.2.1 X-Ray Diffraction Analysis

Fig.(3.1) illustrated the X-Ray diffraction patterns of SiO,
nanostructure thin films with (pH=7) prepared by Sol-Gel synthesis
method characterized by X-Ray Diffractometer (XRD) using CuK, (A =
1.54 A) as a radiation source. These samples were densified using oven
(200°C), DPSS laser (532 nm), and Diode laser (410 nm) respectively.
The pattern of SiO, sample densified by oven shows a broad band at the
position 20=24.5° at the left side of the pattern.
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When the DPSS laser used for the densification process the band
have a little shift to the lower value of the diffraction angle (20=24.2°)
and the diffraction peak intensity become higher. These results mean that
the structure of SiO, is amorphous in nature which are in a good
agreement with [82-84, 23].

The using of Diode laser (410 nm) making the band shifted to the left
side of the pattern more than DPSS laser and Oven, producing the main
diffraction peak of cristobalite structure at 26= 21.7°, this result is in a
good agreement with [85], and an increasing in the diffraction peak
intensity indicating an improvement in the crystallinity of the material
and show two broad bands in the range from (20=9.8° to 30°). X-ray
diffraction data for SiO, sample densified by Diode laser (410 nm) are

summarized in table (3.1).

The obtained results proved that the power of different lasers did
not affect on the structure of the material, while the wavelength was an
effective parameter on laser densification, where the cristobalite structure
was appeared only with Diode laser (410 nm) because it was closer to the

absorption of SiO..

Table (3.1): XRD data for SiO, sample densified by Diode laser (410 nm).

Diode laser (410 nm) | FWHM (rad.) 20 (deg.) t (nm)

Peak 1 0.21269 9.8 4.93

Peak 2 0.21269 21.7 4.46
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Fig. (3.1): The XRD pattern of SiO, samples densified by Oven (200 °C), DPSS
laser (532 nm), and Diode laser (410 nm).

3.3 Optical properties of SiO, nanoparticles
3.3.1 UV-VIS spectroscopy

Optical properties of SiO, samples prepared by Sol-Gel method were
measured by UV/Vis Spectrophotometer. The UV-Vis. Optical properties
were in the range from (190 to 1100) nm at different pH values. The
absorbance spectra of SiO, solution before the densification process
prepared by Sol-Gel synthesis method with different pH values is shown
in Fig.(3.2) which reveals the formation of silica by showing the
absorption maxima at (200 nm) for SiO, sol. with pH=4, (198 nm) for
SiO, sol. with pH=7, and (197 nm) for SiO; sol. with pH=9.
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UV-visible spectroscopy results showing synthesized materials
absorbance in the UV region and very low absorbance shows in the

visible region. These results are in a good agreement with [5].

2.5 T T ' ' T T T T
— (pH=4)| |
(PH=7)
297 — (pH=9)| -
1.9 5
]
£
=T
1.0 5
0.5
0.0 4
2:5[} | S:IJD | 460 | 560' | 6:5[} | 700

Wavelength (nm)

Fig.(3.2): Absorbance Spectra of SiO, Sol. with different pH values.

3.3.2 Fourier Transformation Infrared Spectrometer

FTIR spectra yield important information on the compactness
of the silica network, molecular structure and composition of the sample.
The FTIR spectra for SiO, samples after densification process in the

range of 4000 cm™ to 400 cm™ at different pH values.
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As shown in Fig.(3.3) to (3.9) IR spectra of SiO, samples vary
according to their composition and may be able to show the occurrence of
the complication and interaction between various constituents. Such
interaction could induce changes in vibrational modes of the atoms or
molecules in the material, which in turn changes the physical and

chemical properties of the constituents of the complex.

Figures of FTIR spectra of SiO, samples with different pH values (4,7,
& 9) densified by oven (200°C), DPSS laser (532 nm, with different
power densities), Diode laser (410 nm), and He-Ne Laser (632 nm),
showed three bands of Si—O-Si bond vibration. The bands of H-O-H
bending vibration of H,O and the O—H vibrations from different species.
These results are in a good agreement with [86-88]. It is important to
note the Si—OH band vibration which is in a good agreement with [89].
The Si-Si bond due to oxygen vacancies which is in a good agreement
with [90, 91].

FTIR bonds and wavenumbers (1/cm) for SiO, samples with different
pH values densified by oven and different laser wavelengths are

summarized in table (3.2).
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Fig.(3.3): FTIR spectra of SiO, samples with different pH values densified by
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Fig.(3.4): FTIR spectra of SiO, samples with different pH values densified by

He-Ne laser (632 nm).
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Fig.(3.5): FTIR spectra of SiO, samples with different pH values densified by
Diode laser (410 nm).
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Fig.(3.6): FTIR spectra of SiO, samples with different pH values densified by
DPSS laser (532 nm) (1079.5 mW/cm?).
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Table (3.2): FTIR bonds and Wavenumbers (1/cm) for SiO, samples with
different pH values densified by Oven, DPSS laser (532 nm) (1079.5
mW/cm?), Diode laser (410 nm), and He-Ne laser (632 nm).

Bond Wavenumber | Wavenumber | Wavenumber | Wavenumber pH
Type (2/cm) for (1/cm) for (1/cm) for (1/cm) for value
Oven DPSS Laser | Diode Laser | He-Ne Laser

Si—O-Si 478 478 487 487 4

Si-O-Si 832 797 806 815

Si-O-Si 1034 1024 1015 1015

Si-O-Si 478 468 487 496 7

Si-O-Si 860 860 870 888

Si-O-Si 1024 1034 1024 1015

Si—O-Si 468 496 496 478 9

Si—O-Si 851 806 870 870

Si—O-Si 1050 1043 1060 1052

H-O-H 1343 1334 1353 1353 4

H-O-H 1344 1325 1344 1344 7

H-O-H 1344 1362 1344 1334 9
O-H 3604 3595 3595 3604 4
O-H 3622 3604 3613 3622 7
O-H 3604 3604 3595 3613 9

Si-OH 942 952 942 942 4

Si-OH 942 933 942 942 7

Si-OH 942 942 952 961 9
Si-Si 605 633 605 605 4
Si-Si 633 586 605 614 7
Si-Si 596 586 586 586 9
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Fig.(3.7): FTIR spectra of SiO, samples with different pH values densified by
DPSS laser (532 nm) (284.09 mW/cm?).
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Fig.(3.8): FTIR spectra of SiO, samples with different pH values densified by
DPSS laser (532 nm) (568.1 mW/cm?).
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Fig.(3.9): FTIR spectra of SiO, samples with different pH values densified by
DPSS laser (532 nm) (852.2 mW/cm?).

Figures of FTIR spectra of SiO, samples with different pH values (4,7,
& 9) densified DPSS laser (532 nm) with different power densities,
showed three bands of Si—-O-Si bond vibration. The bands of H-O-H
bending vibration of H,O and the O-H vibrations from different species.
These results are in a good agreement with [86-88]. It is important to
note the Si—OH band vibration which is in a good agreement with [89].
The Si-Si bond due to oxygen vacancies which is in a good agreement
with [90, 91].

FTIR bonds and Wavenumbers (1/cm) for SiO, samples with different
pH values densified by DPSS laser with different power densities are

summarized in table (3.3).
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Table (3.3): FTIR bonds and Wavenumbers (1/cm) for SiO, samples with
different pH values densified by DPSS laser (with different power densities).

44

Bond | Wavenumber | Wavenumber | Wavenumber | Wavenumber pH
Type (2/cm) for (2/cm) for (2/cm) for (1/cm) for
284.09 568.1 852.2 1079.5
(mMW/cm?) (MW/cm?) (mMW/cm?) (MW/cm?)
Si—O-Si 478 478 478 478 4
Si-O-Si 823 797 823 823
Si-O-Si 1142 1207 1170 1170
Si-O-Si 478 478 487 487 7
Si-O-Si 806 806 806 797
Si-O-Si 1015 1024 1024 1034
Si-O-Si 487 487 496 487 9
Si-O-Si 860 870 833 833
Si-O-Si 1052 1034 1052 1034
H-O-H 1334 1334 1325 1325
H-O-H 1362 1325 1344 1316
H-O-H 1362 1362 1353 1362 9
O-H 3595 3604 3595 3604 4
O-H 3604 3600 3609 3609 7
O-H 3604 3604 3604 3604 9
Si-OH 933 933 942 952 4
Si-OH 952 933 942 952
Si-OH 961 961 970 970 9
Si-Si 642 605 596 596 4
Si-Si 633 651 614 606 7
Si-Si 596 560 623 620 9
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3.4 Morphological Properties of SiO, Nanoparticles

3.4.1 Atomic Force Microscope (AFM)

The surface morphology of the prepared SiO, samples
wasinvestigated using Atomic Force Microscopy (AFM). The AFM
images for SiO, nanostructure thin films with different pH values
densified by oven, DPSS laser, Diode laser, and He-Ne laser are shown in
Fig.(3.10) to (3.21). In tables (3.4), (3.5), and (3.6) the roughness and

diameter values of SiO, samples with different pH values are illustrated.
Table (3.4) AFM parameters of SiO;, nanostructure thin films with pH=4 for

different densification devices.

Densification Device | Average Roughness (hm) | Average Diameter (nm)
DPSS Laser 1.78 77.19
Diode Laser 5.59 66.28
He-Ne Laser 0.594 95.88
Oven 11.8 49.06

Table (3.5) AFM parameters of SiO, nanostructure thin films with pH=7 for
different densification devices.

Densification Device | Average Roughness (nm) | Average Diameter (nm)
DPSS Laser 0.728 47.16
Diode Laser 7.16 42.00
He-Ne Laser 2.52 54.48
Oven 0.911 83.30

Table (3.6) AFM parameters of SiO, nanostructure thin films with pH=9 for
different densification devices.

Densification Device | Average Roughness (nm) | Average Diameter (nm)
DPSS Laser 10 58.33
Diode Laser 6.29 79.69
He-Ne Laser 1.51 65.55
Oven 3.56 78.60
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Fig.(3.10): AFM images for SiO, nanostructure thin film with pH=4 densified by

Oven ; (a) Two-dimensional, (b) three-dimensional and (c) size distribution

histogram. The particle size 40-50 nm is dominated.
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Fig.(3.11): AFM images for SiO;, nanostructure thin film with pH=4 densified by
He-Ne Laser (632 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 80-115 nm is dominated.
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Fig.(3.12): AFM images for SiO, nanostructure thin film with pH=4 densified by
Diode Laser (410 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 60-70 nm is dominated.
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Fig.(3.13): AFM images for SiO; nanostructure thin film with pH=4 densified by
DPSS Laser (532 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 60-85 nm is dominated.
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Fig.(3.14): AFM images for SiO, nanostructure thin film with pH=7 densified by
Oven ; (a) Two-dimensional, (b) three-dimensional and (c) size distribution
histogram. The particle size 50-100 nm is dominated.
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Fig.(3.15): AFM images for SiO; nanostructure thin film with pH=7 densified by
He-Ne Laser (632 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 30-85 nm is dominated.
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Fig.(3.16): AFM images for SiO, nanostructure thin film with pH=7 densified by
Diode Laser (410 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 35-50 nm is dominated.
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Fig.(3.17): AFM images for SiO, nanostructure thin film with pH=7 densified by
DPSS Laser (532 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 20-85 nm is dominated.
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Fig.(3.18): AFM images for SiO, nanostructure thin film with pH=9 densified by
Oven ; (a) Two-dimensional, (b) three-dimensional and (c) size distribution
histogram. The particle size 60-100 nm is dominated.
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Fig.(3.19): AFM images for SiO, nanostructure thin film with pH=9 densified by
He-Ne Laser (632 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size
distribution histogram. The particle size 55-80 nm is dominated.
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Fig.(3.20): AFM images for SiO, nanostructure thin film with pH

9 densified by

Diode Laser (410 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size

distribution histogram. The particle size 60-90 nm is dominated.
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Fig.(3.21): AFM images for SiO, nanostructure thin film with pH=9 densified by
DPSS Laser (532 nm) ; (a) Two-dimensional, (b) three-dimensional and (c) size

distribution histogram. The particle size 40-5780 nm is dominated.
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As can be seen from figures which show SiO, samples densified
by lasers, a granular microstructure and a flat texture, with the lowest
surface roughness. At oven densification, the grains get larger and
combine to make denser coatings, but the basic structure remains

unchanged.

3.4.2 Field Emission Scanning Electron Microscope
(FESEM) characteristics

The morphological changes of the prepared SiO, nanostructure thin
films prepared by Sol-Gel synthesis method at different pH values were
analyzed using Field Emission Scanning Electron Microscopy. FESEM
can characterize the shape and size of SiO, nanostructure thin films. The
micrographs FESEM images of SiO, samples with pH (4,7, & 9) values,
densify by oven , He-Ne laser (632 nm), DPSS laser (532 nm), and Diode
laser (410 nm) respectively as shown in Fig.(3.22) to (3.30).

Fig.(3.22), (3.23), and (3.24) show the FESEM images of SiO,
samples with pH=4 densified by different lasers. SiO, nanoparticles have
roughly spherical shape with small size nanoparticles around the range of

less than 100 nm.
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— 100nm JEOL 2017/10/28
X 100,000 30.0kV SEI SEM WD 7.1lmm 15:56:05

—_— 100nm JEOL 2017/10/28
X 70,000 30.0kV SEI SEM WD 7.1mm 15:54:45

Fig.(3.22) : FESEM images for SiO; nanostructure thin film with pH=4
densified by DPSS Laser (532 nm).

— 100nm JEOL 2017/10/28 —_— 100nm JEOL 2017/10/28
X 100,000 30.0kV SEI SEM WD 8.0mm 17:02:32 X 60,000 30.0kV SEI SEM WD 8.0mm 17:01:40

Fig.(3.23) : FESEM images for SiO, nanostructure thin film with pH=4
densified by He-Ne Laser (632 nm).
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- 100nm JEOL  2017/12/04
X 40,000  25.0kV SEI SEM WD 8.9mm 18:34:41

— 100nm JEOL 2017/12/04
X 85,000 25.0kV SEI SEM WD 8.9mm 18:35:27

Fig.(3.24) : FESEM images for SiO; nanostructure thin film with pH=4
densified by Diode Laser (410 nm).

Fig.(3.25) shows the FESEM images of SiO, sample with pH=7
densified by oven. SiO, nanoparticles are spherical in shape and their
size are ranging between (100-200 nm).

Fig.(3.26), and (3.27) show the FESEM images of SiO, samples
with pH=7 densified by different lasers. SiO, nanoparticles have roughly
spherical shape with small size nanoparticles ranging between (20-30

nm).
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—_— 100nm JEOL 2017/11/05
X 60,000 15.0kV SEI SEM WD 8.3mm 14:30:18

- 100nm JEOL 2017/11/05
X 55,000 15.0kV SEI SEM WD 8.3mm 14:28:13

Fig.(3.25) : FESEM images for SiO; nanostructure thin film with pH=7
densified by Oven.

— 100nm JEOL 2017/10/30
X 100,000 30.0kV SEI SEM WD 7.2mm 14:42:15

— 100nm JEOL 2017/10/30
X 70,000 30.0kV SEI SEM WD 7.2mm 14:40:31

Fig.(3.26) : FESEM images for SiO; nanostructure thin film with pH=7
densified by DPSS Laser (532 nm).
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— 100nm JEOL 2017/10/30
X 80,000 30.0kV SEI SEM WD 7.8mm 14:48:50

— 100nm JEOL 2017/10/30
X 100,000 30.0kV SEI SEM WD 7.8mm 14:47:25

Fig.(3.27) : FESEM images for SiO; nanostructure thin film with pH=7
densified by He-Ne Laser (632 nm).

Fig.(3.28) shows the FESEM images for SiO, sample with pH=9
densified by oven. SiO, nanoparticles are aggregate and agglomerate due
to high pH value, but they are still in nanoscale.

Fig.(3.29), (3.30), and (3.31) show the FESEM images for SiO,
samples with pH=9 densified by different lasers. SiO, nanoparticles are
also aggregate and agglomerate due to high pH value, but the
nanoparticles shape could be recognized which still spherical and their
size could be calculated which still in nanoscale ranging between (20-200

nm).
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100nm JEOL
X 20,000 30.0kV SEI z 145; SEM WD 7.8mm

— 100nm JEOL 2017/10/28
X 100,000 30.0kV SEI WD 7.1lmm 15:51:03

Fig.(3.28) : FESEM images for SiO; nanostructure thin film with pH=9
densified by Oven.
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77nm

— 100nm JEOL 2017/10/30 - 100nm JEOL 2017/10/28
X 70,000 30.0kV SEI SEM WD 8.1mm 12:04:50 X 33,000 30.0kV SEI SEM WD 8.1mm 17:12:50

Fig.(3.29) : FESEM images for SiO; nanostructure thin film with pH=9
densified by Diode Laser (410 nm).

— 100nm JEOL 2017/10/28 —_— 100nm JEOL 2017/10/28
X 100,000 30.0kV SEI SEM WD 8.0mm 16:57:41 X 70,000 30.0kV SEI SEM WD 8.0mm 16:57:01

Fig.(3.30) : FESEM images for SiO, nanostructure thin film with pH=9
densified by He-Ne Laser (632 nm).
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3.4.3 Thickness Measurement

Tables (3.7), (3.8), and (3.9) show the results of measuring the
value of thickness of SiO, nanostructure thin films prepared by Sol-Gel
synthesis method. The values of thickness of SiO, nanostructure thin
films were measured with different pH values. Tables (3.7) and (3.8)
show the thicknesses of SiO, nanostructure thin films with pH=4 and
pH=7 which are ranging between (200-260 nm), while table (3.9) show
the thicknesses of SiO, nanostructure thin films with pH=9 which are
ranging from (260-270 nm).

Several factors are affecting on specify the thickness of the film
such as the pH value of the reaction system. Particle size increases with
increasing pH. The particle size of nanostructure thin film of SiO,
samples depends on the pH value. This result is in a good agreement with
[4]. Other factors effect on the thickness value are the number of the

dipping process for the film samples and the viscosity of the samples.

Table (3.7): Thickness (nm) of SiO, nanostructure thin films with pH=4.

pH=4 Thickness (nm)

Oven 213.2
DPSS Laser 260.8
He-Ne Laser 260.6
Diode Laser 232.4

Table (3.8): Thickness (nm) of SiO, nanostructure thin films with pH=7.

pH=7 Thickness (nm)

Oven 207.6
DPSS Laser 214.7
He-Ne Laser 268.4
Diode Laser 264.9
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Table (3.9): Thickness (nm) of SiO, nanostructure thin films with pH=9.

pH=9 Thickness (nm)

Oven 262.2
DPSS Laser 268.8
He-Ne Laser 265.4
Diode Laser 265.7

3.4.4 Zeta-Potential analysis of SiO, nano-solution

The surface charge of the SiO, nanoparticles diluted by the
solvent solution was measured by zeta-potential. In general, the value is a

measure of stability of a surface against agglomeration.

The increase in zeta potential value indicates that the stability of
SiO, nanoparticles unwillingness of nanoparticles to assemble and get
power electric repulsion between them. That means more stability of
these nanoparticles. The value of the particle surface charge is important
to understand the behavior between the particles in the solvent and
indicate the stability of colloidal silica nanoparticles, where the colloids
with high zeta potential (negative or positive) are electrically stabilized,
while colloids with low zeta potentials tend to aggregate and
agglomerate. Nanoparticles with Zeta potential value greater than +30

mV or less than -30 mV are typically stable [92].

Zeta potential value quotes without a definition of its
environment (pH, ionic strength, concentration) is a meaningless number

[92]. The most important factor affects Zeta potential is pH value.
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Zeta potential surface charge for SiO, nanoparticles is illustrated in
Fig.(3.31-a), (3.32-a), and (3.33-a). SiO;, colloidal prepared with different
pH values. SiO, collide with pH=4 have a good stability, While SiO,
colloidal with pH=7 have incipient instability. An excellent stability has
been found of SiO, colloidal with pH=9. The observed zeta potential
values and mobility values for the samples are illustrated in the table
(3.10) as follows:

Table (3.10): The values of the zeta potential and the mobility of SiO, samples.

pH value Zeta potential (mV) | The mobility (m*V *s ")
4 -72.11 -1.43
7 -14.70 -0.29
9 -137.59 -2.73

The mobility values which can be explained as the velocity the
particle attains per unit electric field, are illustrated in Fig.(3.31-b), (3.32-
b), (3.33-b) respectively.
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Fig. (3.31): The SiO, sample with pH=4 ;
a: zeta potential, b: the mobility.
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3.4 Conclusions :

From the obtained results, conclusions can be summarized

as following:

1. It is possible to obtain modified structure of SiO,
nanostructure thin film by laser densification.

2. The particle size of nano silica thin film depends on the pH
value. Particle size increases with increasing pH of the reaction
system.

3. XRD pattern of SiO, sample densified by Diode laser (410 nm)

results a shift in the Bragg's diffraction angle at (26=21.7°) and
the structure converted to cristobalite structure.

4. FTIR spectra revealed that the densification process was
successful for lasers that have a higher power for different
wavelengths, while in similar wavelength it was highest for a
higher pH values.

5. FESEM images showed that the smallest particle size of SiO,
thin film densified by laser was (19.9 nm), while the smallest
particle size of SiO, thin film densified by oven was (111 nm).
This gives an indication that the laser densification produces
nanoparticles smaller than oven densification.

6. Diode laser (410 nm) is the best laser used for densification of
SiO, samples due to its wavelength (closed to UV region) which
Is in a good matching with SiO, absorption range.

7. The power of different lasers did not affect on the structure of
the material, while the wavelength was an effective parameter
on laser densification.
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3.5 Future Work

1. Using Excimer Laser with high powers to get perfect matching with SiO,
absorption wavelength.
2. Using Sol-Gel synthesis method to prepare SiO, as a host to other

elements for using in sensing application.
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