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ABSTRACT

In this thesis, a defect induced low temperature novel synthesis procedure of titanium (I1) oxide was
designed. The synthesis temperature was kept constant at 180°C and precursor NaCl concentration is
varied from OM to 5M to obtain hierarchical microstructure. Defect related studies such as UV-Visible
Spectroscopy, PL Spectroscopy, Raman Spectroscopy, TCSPC Analysis for life time measurement has
been carried out meticulously. Effect of defect on lattice parameter has been studied precisely using
Rietveld refinement technique. In order to understand its practical implementation photodiode has been
fabricated and the correlation between defect analysis with photodiode activity has been tried to
established, which is one of its kinds. It has been found out that with increase in NaCl concentration
defect level increases up to a certain extent and then started dropping. This phenomenon has not been
reported earlier. Also, the effect of presence of defect structure onto the photodiode has been established
and a remarkable variation in sensitivity, responsivity and diode current has been obtained. Increase in
defect concentration showed enhancement of various electrical parameters obtained from photodiode
characteristics. Sample with maximum defect showed almost doubling of current gain in photodiode,
which is a very positive sign in terms of practical applications. From the analysis, it can be expected
that, the material may be considered as a suitable material for application in the electronic field for next
generation device fabrication in the field of sensor as well as energy harvester which is, at present, a
major global demand.




CHAPTER 1

INTRODUCTION




1.1INTRODUCTION TO NANOTECHNOLOGY

1.1.1 NANOTECHNOLOGY: APREAMBLE

Nanotechnology refers to the study of the “small”, the prefix “nano” being derived from the
Greek word meaning “dwarf”. It may be considered as the engineering of some functional systems at the
molecular scale. As the size of any material is reduced, some peculiar change in its physical or chemical
properties is observed. This change may be in terms of strength, fracture toughness, melting point, color,
electrical conductivity, magnetic nature etc. In most cases, the efficiency of the properties is enhanced
in the nano level when compared to the materials in bulk. It is observed that these changes bring about
some spectacular new applications of the materials which are otherwise unknown when the material is
in bulk state. Moreover, their efficiency in some already known application may increase at an alarming
rate in nano dimensions when compared to the bulk systems. Thus, nanoscience and technology or simply
nanotechnology may be described as the science that explains some abnormal variation of some already
known properties for a material when its volume is reduced to an aggregation of a few atoms that opens
newer dimensions of application for the material. For example, gold in its bulk state is non- reactive and
so it is called noble metal. However, in the nano level, it is an excellent catalyst. Its color in the bulk
state is yellow. When reduced to the nano level, its color varies from violet to red depending on the size
of the nanoparticle present in the suspension. In the nano level, gold is an excellent drug carrier and it is

often used as a drug delivery system in target cell treatment techniques.

(b)

Figure 1.1: (a) Bulk gold (b) Gold nanoparticles of varying size

Thus, a change in size drastically increases the application efficiency of a material and hence
nanotechnology opens a new dimension in the field of science and technology. Dimensionally, it deals
with materials ranging size of 1 to 100 nm. This field promises to present the world and mankind with
an entirely new dimension of science and technology by which many newer concepts can be realized

which otherwise cannot be achieved in the bulk state. Thus, the science Nano domain is a mysterious




world, where our ability of expectation faces actual challenge as in the nano regime a common material

can have very uncommon property.

1.1.2 WHAT IS NANOTECHNOLOGY?

The Royal Society presented a wide description of Nanotechnology as: “Nano science is the study
of phenomena and manipulation of materials, atomic, molecular and macromolecular state where
properties differ significantly from those at a large scale.”* Nanostructures may be compared to a human
hair which is ~50,000 nm thick whereas the diameters of nanostructures are ~0.3 nm for a water
molecule, 1.2 nm for a single-wall carbon nano tube, and 20 nm for a small transistor. DNA molecules
are 2.5 nm wide, proteins about 10 nm, and an ATPase biochemical motor about 10 nm. The word
Nanoscience refers to the study, manipulation and engineering of matter, particles and structures on the
nanometer scale (one millionth of a millimeter, the scale of atoms and molecules). Important properties
of materials, such as the electrical, optical, thermal and mechanical properties, are determined by the
way molecules and atoms assemble on the nanoscale into larger structures. Moreover, in nanometer size
structures these properties are often different from on macro scale, because quantum mechanical effects
become important.

Nanotechnology is the application of nanoscience leading to the use of new nanomaterials and nano
size components in useful products. Nanotechnology will eventually provide us with the ability to design
custom-made materials and products with new enhanced properties, new nano electronics components,
new types of “smart” medicines and sensors, and even interfaces between electronics and biological
systems.

A huge variety of approaches are available for synthesizing nanostructures. In the top-down
techniques bulk material is chiseled out of or added to surfaces. Microchips or better nano chips with
line widths of about 30 nm at present are the most notable examples. In contrast, bottom-up
manufacturers” use self-assembly processes? to put together larger structures — atoms or molecules or

clusters of many atoms — that make ordered arrangements spontaneously.

1.1.3 HISTORY OF NANOTECHNOLOGY

The investigation of nanostructures and the development of nanoscience started around 1980 when
the scanning tunneling microscope (STM) was invented® and the concept of nanostructured solids was
suggested®. More than 60 years earlier R. Feynman had emphasized that . . . there is plenty of room at

the bottom . . . in the science of ultra-small structures™ (Fig. 1.1.a). Clearly, nanostructures were




available much earlier. Albert Einstein calculated in his doctoral dissertation from the experimental
diffusion data of sugar in water the size of a single sugar molecule to about 1 nm®. Michael Faraday
remarked during a lecture on the optical properties of gold in 1857 that . . . a mere variation in the size
of the (nano) particles gave rise to a variety of resultant colors”’. In fact, nanostructures already existed
in the early solar nebula or in the pre solar dust (4.5 billion years ago) as deduced from the detection of
nanosized C60 molecules in the Allende meteorite®. From its early infancy the field of nanoscience has
more and more grown up (Fig. 1.1.b) and enjoys worldwide scientific popularity and importance. For
the characterization of this research field the notations “Nanostructured Science” or “Nanotechnology”
were coined by K.E. Drexler’. A huge variety of approaches are available for synthesizing
nanostructures. In the top-down techniques bulk material is chiseled out of or added to surfaces.
Microchips or better nano chips with line widths of about 30 nm at present are the most notable examples.

In contrast, bottom-up manufacturers use self-assembly processes'® to put together larger structures
—atoms or molecules or clusters of many atoms — that make ordered arrangements spontaneously. Novel
properties are inherent to nanosized systems due to a reduction in dimensionality, or when the size of

nanoparticles decreases below intrinsic length scale.

CALTECH

Fig. 1.2 (a) R. Feynman at an American Physical Society meeting at Caltech on December 29, 1959 (b) Small things
are absolutely fascinating, nano DNA robot a visionary dream.[courtesy http://www.infoniac.com]

The novel properties may be of three broad types; incremental, evolutionary or revolutionary.
* Incremental:
Where certain property of a material (may be physical or chemical) is enhanced in the nano

regime for example, photo catalytic activity of ZnO nanoparticles is more than to bulk®?.



http://www.infoniac.com/

« Evolutionary:

Where it is possible to bring or rather tune a particular property by pre-determined logics for
example, magnetic property tuning by noble metal attachment??
* Revolutionary:

Something that is unexpected cannot be predicted and brings up a new area of research; for

example, exchange bias phenomenon?®?,

1.1.4 APPLICATIONS OF NANOTECHNOLOGY

Nanoscience will become the most influential tool for the next epoch of the information age.
According to Moore’s law number of transistors per chip will be doubled in every 18 months (Fig. 1.2,
1%15) From the top ten advances in materials science'® at least five are directly related to nanoscience.
Some people think that nanoscience is likely to revolutionize many areas of research activity, such as
materials science, information processing, biotechnology, and medicine!’. In chemistry nanotechnology
tools such as scanning tunneling microscopy (STM) enable the study and manipulation of chemical
reactions on the atomic scale, nano catalytic processes can be initiated, and the bottom-up synthesis of
organic as well as inorganic supramolecular structures for, e.g., molecular devices is revitalized. In
medical applications nanosized particles will play a role in diagnosis, therapy, and drug delivery. Food
products from milk, cereals, or meat are based on colloidal, i.e., nanoscopic structures such as gels,
emulsions, foams, or combinations thereof. As an example, electron microscopic techniques are
employed in order to study liposomes as a substantial nanoscopic component of food emulsions. Much
progress in nanotechnology stems from the emergence of high-resolution scanning probe microscopy
tools and their many specific variants. The microscopic tools have led to a new dimension of visual
technology by the aid of which even a few aggregations of atoms are clearly visible thereby determining
every minute details of the particle so prepared. Thus, today, visualization of the “nano” is physically
possible with the aid of the state of art microscopes and hence tailoring of the nanostructures have

become easier and hence the effectiveness of the nanostructured materials is on the full bloom.
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Figure 1.3 Gordon Moore postulated in 196534 that the computer powers will double every 18-24 months. This
prediction is still valid nowadays. (© Courtesy community.emc.com) food emulsions. Much progress in
nanotechnology stems from the emergence of high-resolution scanning probe microscopy tools and their many specific

variants.

The rapid development of electron microscopy® and x-ray microscopy*® also contributes to the
exploration of nanotechnologies. From this brief outline it is evident that nanoscience is a most
interdisciplinary approach?®-?2 because all disciplines and areas converge at the nanoscale to the same
basic principles and the same basic tools so that the frontiers between the disciplines even seem to
disappear. It is well recognized that for the exploitation of nanoscience and nanotechnology one must
understand the physics and chemistry of the nanoscale and one must learn how to make materials and
functional devices?. This scenario centers to bring together researchers from many disciplines to provide
the tools to do nanoscale research, from work to understand the economical and societal benefits and
perils of this new field of development, and finally from work force, education, and training.




1.2 TRANSITION METAL OXIDES (TMO)

Transition metals are those elements in the periodic table that have unfilled d or f orbitals. Due

to the presence of these unfilled orbitals, the elements possess unusual properties like luminescence,
magnetic, electronic etc. Generally, oxides are gaseous or amorphous materials occurring as one of the
most stable compound naturally. However, transition metal oxides are different from the conventional
oxides due to their electronic and crystal structure, their bond structures and hence their properties. These
materials have certain unusual and useful properties like electronic, magnetic etc.?4?® These properties
strongly depend on material defects like vacancies, dislocations, faults, grain boundaries etc. They
possess excellent catalytic, magnetoresistive, photo degradation and antimicrobial activities which are
dominant when reduced to nano level.?’-3° The transition metal oxides are also promising thermoelectric
materials. Metal oxides show a range of electronic properties ranging from insulating to
superconducting®. Their electronic properties can be engineered by changing their morphology, doping
and stoichiometry. The phonon generation and propagation properties in many transition metal oxides
are well defined and molecular engineering methods are developed for tuning them accurately.
Moreover, transition metal oxides show a wide range of interesting thermal properties at cryogenic,
ambient and high temperatures.® Many transition metal oxides offer high Seebeck coefficients, with
desired thermal and electrical conductivities and heat capacities, at targeted temperatures which can be
utilized for different applications®*=°. Their abundance in nature is another important advantage for
technologies to be widely adopted.3’ The transition metal oxides, when reduced to nano level, show some
exceedingly enhanced properties and hence they are of great use in different fields of science and
technology. The oxides can be applied to a vast range of fields having a wide range of applications
replacing the conventional materials to obtain higher efficiency. For example, the oxide like ZnO, TiO>
etc. show high antibacterial efficiency and hence is suitable for antibacterial coatings, antimicrobial
drugs, coatings for surgical accessories etc. Again, oxides like NiO, CuO, VOs etc. show promising
electrical storage capacity, magnetic property and electronic properties when reduced to nano regime. In
the nano regime, different morphologies or nanostructures like rod like structure, coral, flower, spheres
can be prepared. The different properties are found to change with respect to the morphologies generated.
Thus, enhancement of the properties by tuning the morphology of the nanostructure is also possible. By
tuning the morphology, the crystal structure of the material can also be tuned from simple cubic to inverse
spinel based on the type and size of the defects formed due to the change in the morphology of the

nanomaterials.




Thus, the variation and control of the properties is possible for materials in the nano regime and
their enhancement leads to a new dimension of application which is at its peak versatility in case of the

transition metal oxides due to their atomic and crystal structures.




1.2.1 PROPERTIES OF TMOs
TMOs show a variety of applications when reduced to the nano regime based on their different
properties. As discussed above, they are known to be promising materials for a vast range of applications.

A few important applications of the transition metal oxides are addressed below:

1.2.1.1 CATALYTIC PROPERTY

Catalysts may be defined as chemical species that alters the rate of a chemical reaction without
changing its own state chemically or physically. It is known to enhance a chemical reaction, reduce the
activation energy of formation of chemical compounds or increase the rate of a slow chemical process.
As for example, organometallic complexes like Ferrocene, Nickelocene etc. are used as catalysts for the
synthesis of three-dimensional carbon nanostructures. TMOs show promising catalytic application in
their original form or in some complex form. These are mainly surface phenomenon and they mainly act
as adsorbant surface thereby adsorbing the required chemical species or providing the surface for the
reaction to occur. The catalysis may be physical, chemical, or biological. Some materials are known to
degrade industrial pollutants in presence of electromagnetic radiations like ultra violet or visible light.
Such type of a reaction is known as photocatalytic reaction. TMOs like ZnO, TiO2, V20s etc. are known
to be excellent photocatalysts degrading highly toxic textile industry effluents like Rhodamine-B, Congo

Red etc.38-4

1.2.1.2 ADSORPTION PROPERTY

TMOs possess adsorption capacities when reduced to nano level due to their surface defects,
porosity and vacancies generated within the nanostructure. Several oxides like NiO, Fe>03, Fe3O; etc.
show promising adsorption capacity of heavy metals like Cr(V1) ions.*>#* The heavy metal ions are
known to cause damage and degradation to the environment. They are also known to cause fatal diseases
in human beings like Itai-Itai disease for Cd(Il), Minamata disease for Hg(ll) and many more. Heavy
metals like Cr(V1) in drinking water are responsible for accelerating tumor generation biochemical
pathways within the human system thereby causing carcinogenic effects.** The main source of these
inorganic heavy metals are the industrial effluents that are often discharged into nearby water bodies

thereby causing heavy damage to the surrounding human and aquatic systems. The nanoparticles due to




their porous nature and high surface area are suitable candidates for heavy metal ion removal from waste
water. The nanoparticles have the potential to replace the contemporary materials like mesoporous
carbon, activated charcoal etc. that are used commercially used as potential adsorbents in the purification

of drinking water.

1.2.1.3 ELECTRONIC PROPERTY

The TMOs show excellent electronic properties when subjected to an electric field. Several
TMOs like NiO, CuO, ZnO etc. act as semiconductors with tunable bandgaps.*® Thus, these materials in
nano dimensions i.e. may be in the form of thin films, quantum dots, nanostructures or three dimensional
nanoparticles show excellent transport properties of electrons which are very useful in the fabrication of
resistive switches, tunable resistors etc. Wide bandgap materials like higher oxides of nickel are
promising candidates for Schottky diodes and solar cell fabrication. The oxides have also been applied
for the fabrication of the dye sensitized solar cells (DSSC).*® Nanostructures of oxides like NiO are used
as capacitor plates in lithium ion batteries, gas sensors when prepared as thin films.*"%° Thus, the oxides
show promising applications in the sensing, capacitance, device fabrication, electrical transport
applications etc. which are required nowadays for almost all industries as there is a rapid requirement of
integrated circuits and the semiconducting industry is at its full bloom.

1.2.1.4 OPTICAL PROPERTY

TMOs like ZnO, TiO2 etc. show excellent photoluminescence property and are potential material
for fabrication of LEDs and other light emitting devices.* These materials have a donor or acceptor level
or any impurity level at an energy gap from which if an electron jumps from conduction band to a defect
level, the emitted energy falls within the visible or ultra violet range. The oxide materials when reduced
to nano level consists of defect states that gives rise to fluorescence or phosphorescence depending on
the position of the defect state. The defect states are created due to variation of synthesis procedure,

formation of nanostructures, variation of particle size etc.

1.2.1.5 ANTIMICROBIAL PROPERTY

Several oxides show antimicrobial effects and hence they find a great variety of application in
pharmaceutical, paints and chemical industries. All submerged metallic parts, water transport systems
etc. are coated with antimicrobial paints consisting of oxide nanoparticles to prevent fouling of the

submerged surfaces. Antimicrobial coatings are also applicable to surgical accessories to provide ultra
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sterilization to the surgical instruments. TMOs like ZnO, TiOz, Ni»Os etc. provide excellent antibacterial
effect to both gram negative and gram positive bacterial sub colonies. Few oxides of essential metallic
ions like Fe;O3 are found to enhance bacterial growth and hence are useful in adequate dosage in

agricultural soil for the growth of soil bacteria.

1.2.1.6 MAGNETIC PROPERTY

TMOs show excellent magnetic property due to the presence of vacant d-orbitals or unpaired
electrons in their d-sub shell. They may be ferromagnetic, paramagnetic, antiferromagnetic and
diamagnetic base on the orientation of the electron spin. The magnetic property of the TMOs is used
extensively for the design of several spintronic devices like Spin FET, Magnetic memory devices, Spin
LED etc. Oxides like NiO, Fe2O3, CuO etc. are suitable candidates to be used as magnetic materials.
Asymmetric nanostructures like coral like or flower like morphologies of different oxides show magnetic
property due to the defects created and a strain generated within the structure.

1.2.1.7 BIOLOGICAL PROPERTY

Some TMOs like ZnO are known to be used for tumor cell destruction and potential drug delivery
application.®® Several magnetic nanoparticles are extensively used as biological markers, hyperthermia
treatment procedures, detection and diagnosis of oncogenes and oncoproteins etc. Nanoparticles like
Fe>Os coated with biological polymeric macromolecules like Dextran, Chitosan etc. are known to
segregate within a phagocytic cell and generate a contrast in MRI.>? TiO, nanoparticles allow
osseointegration of artificial medical implants and bone. TiO- is also used as a pigment, a thickener, and
a UV absorber in cosmetic and skin care products thereby protecting skin from UV light exposure.>® ZnO
has high biocompatibility and fast electron transfer kinetics which enables the use of these materials as
a biomimic membrane for immobilization and modification of biomolecules.>

Apart from these properties, TMOs and their nanoparticles may be used as paints, abrasives, wave
filters, UV detectors, transparent conductive films, varistors, gas sensing etc. Hence, TMQOs are an
indispensible material in modern industry and is in use extensively in almost all manufacturing,

production and maintenance industries ranging from pharmaceutical to aviation.
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1.2.2 WHY TITANIUM DI-OXIDE?

Titanium (Ti) is one of the mostly available material in the earth crust (ninth). The common raw materials

are rutile, ilmenite and leucoxene. Ti may have been in the oxide form of TiO, Ti203, TiO2, Ti30s, Ti407;
TinO2n—1 Where, n ranges between 3— 9°°°, The most stable form is TiO2 (Titanium (V) oxide or titania)

which is used in cosmetics, drugs, pigment, paper, and semiconductor®’. The reason of application of TiO2

as a semiconductor is due to its many advantages like low cost, wide abundancy, nontoxicity, biocompatibility,
stability, proper band gap energy and photocatalytic activity®®. After discovery of water splitting by Fujishima

and Honda, TiO2 was mostly studied for photocatalytic applications *°. The photocatalytic ability

of TiO2 depends on its crystallinity, crystal structure, grain size, surface properties, morphology and

composition®°.

1.2.3 STRUCTURAL POINT OF VIEW

TiO2 has three main crystal structure which are anatase, rutile and brookite as seen in Figure 1.4. The

structural properties of the phases calculated by Pseudopotential Hartree-Fock model and some physical

propeties are tabulated in Table 1.1. It has also other synthetic forms in monoclinic, tetragonal and
orthorhombic structures®:®2, Also it has five high pressure forms which are a-PbO2-like, baddeleyite-

like, cotunnite-like, orthorhombic and cubic phase®2-4,

Rutile

2 Anatase
b\@ )

Figure 1.4 Structure of different phases of TiO:
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Property Rutile Anatase Brookite
Orthorhombic
Tetragonal Tetragonal
Crystal structure lattice a=9.184
a=4.5936 a=3.784
constants (A ) b=5.447
c=2.9587 c=9.515
€=5.145
Space group P42/mnm 141/amd Pbca
Molecule/cell 2 4 8
VVolume/molecule (AS) 31.2160 34.061 32.172
Density (g/cm®) 4.13 3.79 3.99
1.949(4) 1.937(4)
Ti-O bond length (A) 1.87~2.04
1.980(2) 1.965(2)

Table 1.1 Structural properties of different phases of TiO2

Rutile is the most stable form of TiO,. Anatase phase of TiO; is a metastable one, which is widely used
for photocatalytic applications due to its wide band gap, surface properties, proper structure for electron
diffusion. In general, majority of TiO2 synthesis processes result in rutile formation. It is mostly used in
high temperature conditions such as gas sensors. Brookite is another metastable phase of TiO2 between
anatase and rutile. It is generally ignored due to difficulty of synthesis. Ti** atoms are coordinated to six
oxygen atoms to form [TiOs] octahedra in all three forms of TiO2. Anatase phase is formed by corner
sharing octahedras, rutile is formed by edge sharing of octahedras, and brookite is formed by both edge
and corner sharing of octahedras °’. Some physical property classification of anatase and rutile are shown
in Table 1.2.
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Property Anatase Rutile
Molecular Weight (g/mol) 79.88 79.88
Melting point (°C) 1825 1825
Boiling point (°C) 2500~3000 2500~3000
Specific gravity 3.9 4
Light absorption (nm) <380 <415
Mohr’s hardness 55 6.5-7.0
Refractive index 2.55 2.75
Dielectric constant 31 114

Table 1.2 Physical properties of different phases of TiO:

1.2.4. N-TYPE BEHAVIOUR

TiO2 could be recognized as an insulator material due to its wide band gap energy (3 eV for rutile, 3.2

eV for anatase). However, TiO2 becomes in oxygen deficiency when it is equilibrated under low oxygen

atmosphere. Thus, it becomes an n-type semiconductor with free electrons as charge carriers. The defects
in oxygen deficient form could be caused by both intrinsic and extrinsic types which are controlled by

experimental conditions and foreign anions and/or cations, respectively. The reduced charge regime is
mainly a function of Ti*3 interstitials, which are compensated by electrons. The strongly reduced part is

due to doubly ionized oxygen vacancies and reduced regime is dominated by ionic charge compensation.

The oxidized part could be achieved by high oxygen partial pressure. All these defects have a significant
importance on electrical properties of TiO2. The valance band corresponds to O related states and the

conduction band corresponds to Ti related states. Anatase possesses a narrower 3d band compared to
rutile, which is the result of localization of Ti 3d states due to large Ti-Ti atomic distances in this

polymorph.
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1.3 SYNTHESIS PROCEDURES OF OXIDE NANOPARTICLES
Oxide nanoparticles are synthesized in several approaches. They may be chemical, biological,

physical vapor deposition, chemical vapor deposition, co-precipitation, hydrothermal, solvothermal, sol-
gel etc. Generally, the synthesis of oxide is a two-step process: first is the preparation of a hydroxide
precursor and second is the calcination of the hydroxide precursor to form oxide at high temperatures of
about 400-500°C. Out of these, the most abundantly used synthesis technique for nickel oxide is the
hydrothermal or solvothermal technique. This is mainly used for the generation of morphologies based
on surfactants that require the effect of temperature and pressure to vary the nucleation rate. Several
morphologies like rod, flower, coral, sphere, spindle shape etc. can be generated by hydrothermal
approach that can be applied to several applications. Several hierarchial structures can also be generated
using this approach. However, calcination in high power consuming furnace is inevitable for the
synthesis of the oxide structures. This makes the oxide synthesis process costly in terms of power
consumption. The process is also tedious and not environment friendly. As a result, a low temperature

process of oxide preparation is an absolute necessity.

1.4 APPLICATION OF TiO2

1. TiO: is also an effective opacifier in powder form, where it is employed as a pigment to provide
whiteness and opacity to products such as paints, coatings, plastics, papers, inks, foods, medicines (i.e.
pills and tablets) as well as most toothpastes.

2. In cosmetic and skin care products, titanium dioxide is used both as a pigment, sunscreen and a
thickener because of its high refractive index (n = 2.7), its strong UV light absorbing capabilities and its
resistance to discolouration under ultraviolet light.

3. Titanium dioxide, particularly in the anatase form, is a photo-catalyst under ultraviolet (UV) light.
TiO2 is most efficient and environmentally benign photo-catalyst. It is a semiconductor which turns to a
high energy state by receiving light energy, and releases electrons from its illuminated surface. If the
energy received at this stage is high enough, electrons that are initially located in the valence band all
jump up to the conduction band. The electron hole pair is generated, which generate free radicals able to
undergo secondary reaction. This forms the principle of photo-catalytic activity of photo generated
catalysis. The hole produced has strong oxidizing power and the electrons have strong reducing power.
Due to this, it has wide applications in food testing labs, medical fields etc.

The photo-catalyst activity of a semiconductor is largely controlled by:

a) The light absorption properties like light absorption spectrum and coefficient.
15




b) Reduction and oxidation rates on the surface by electron and hole.
c) Electron hole recombination rate.

A large surface area with a constant surface density of absorbents leads to faster surface photo-catalysis
rate. On the other hand, the surface is defective site, therefore, large the surface area, the faster the
recombination. The higher the crystallinity, the fewer the bulk defects, and the higher the photo-catalytic
activity is.

4. Used for Anti-fogging glasses, self-cleaning glass, anti-bacterial, anti-viral, fungicidal, anti-soiling,
self-cleaning, deodorizing, air purification, water treatment, water purification.

5. Used in electronic components like capacitor
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CHAPTER 2

OBJECTIVES OF THE STUDY
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The present study aims to synthesize TiO> rutile phase; by varying precursor concentration by one

step hydrothermal synthesis.

A detailed description of the aims and objectives are listed as follows:

e Development of a single step, low temperature, fast synthesis procedure of TMO using inorganic
chemical synthesis approach.

e Synthesis of flower like morphology of TiO> with variation of NaCl concentration at low
temperature without calcination.

e Study of the defect states generated within nanoparticles and coral like nanostructures with
variation of NaCl concentration.

e Study of the effect of defect state on the lattice parameter

e Fabrication and study of Photodiode characteristics formed by deposition of TiO2 on p-Si
substrate and study variation of electrical parameters with defect concentration.
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CHAPTER 3

REVIEW OF LITERATURE
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3.1 TITANIUM DI-OXIDE NANOSTRUCTURE

One-dimensional TiO> or titanate related nanomaterials with high morphological specificity, such as
nanotubes, nanosheets, nanoribbons, nanowires, nanofibers and nanorods, have attracted considerable
attention due to their interesting chemical and physicochemical properties. The high interest to the one-
dimensional materials was initiated by first carbon nanotube discovery in the early 1990s! which is
promising for many applications due to their excellent mechanical, optical, electrical and/or chemical
properties. Nevertheless, materials other than C are much easier to synthesize due to diverse chemistry®™,
The 1D structures may be used in a wide range of applications such as medical purpose®, electrochemistry®”,
environmental purification®®, gas sensors®. A time line showing briefly the historical background of TiO:

related nanotubular structures can be seen in Figure 3.1.

The first TiO,-based nanotubes was reported by Hoyer in 1996 via an electrochemical deposition
using naturally occurring porous aluminum oxide. Up to now 1D TiO2 nanostructures were synthesized using
three different methods which are chemical template synthesis*?, electrochemical anodic oxidation method??
and alkaline hydrothermal treatment*. The preparation of TiO 1D structure by chemical templating usually
involves controlled sol-gel hydrolysis of Ti compounds in the presence of templating agents followed by
polymerization of TiOz in the self-assembled template or deposition of TiO2 on the surface of the template?.
The procedure ends by removing templating agent and calcination. Although the template assisted method
attracted much attention in the early 2000s which makes possible to prepare numerous materials with a
regular and controlled morphology by adjusting the template morphology, this method is mostly

disadvantageous because of the high cost of template material separating®*2.
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Figure 3.1 Timeline of development of TiO:

In 2001, Grimes and co-workers®® reported the self-organized TiO2 nanotube arrays by direct anodization of
Ti foil in a H2O-HF solution at room temperature. The nanotubes were oriented in the same direction. The
thickness of the film was only 200 nm. One end is open while the other end in contact with foil was always
closed. However, nanotubes cannot be separated from each other and should be calcined for crystalline
material. In 1998, Kasuga and co-workers* first reported a simple method for the preparation of TiO2
nanotubes by hydrothermal process using precursor TiO: in a strong alkaline solution (KOH or NaOH) at
high temperature for a long time followed by a washing step with water or acidic solutions. In a typical
process, several grams of TiO2 can be converted to any 1D structure at temperatures in the range 110-150°C*.
It has been shown that any TiO structure (anatase, rutile, brookite, amorphous forms) can be transformed
into 1D structure. There are a large number of crystal modifications after hydrothermal treatment. Several

titanate structures achieved after hydrothermal treatment and/or post treatments were summarized by
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Bavykin et al.2. These structures are given in Table 3.1.

Crystallographic
Symmetry 26 (degree)

phase

H2Ti307 Monoclinic 11 24.4 29 |484 | 62
H2Ti204(0OH)2 Orthorhombic 9 24.3 28 48 62
H2Ti409 Monoclinic 10 24 28 48
HaTiz-

v x/a04.H20 Orthorhombic | 9.5 24.5 28 48 62
Utio. B Monoclinic 15| 25 | 295 | 48 | 62
H2Tis011.H20 Monoclinic 10 14 46

Table 3.1 structure variation of different phases of TiO2

Layered titanate nanostructures are promising not only because of the advantage of easy and cheap
production, but also because of the intriguing hydrated structure and morphological changes induced by
surface chemistry. However, there are several problems for determining the crystal structure of alkaline
hydrothermal product. The most important problem is instability. Structure easily transforms by washing
with distilled water, acidic treatment, and calcination. The other one is small crystals cause small coherent
area which results in broadening of the peaks forming reflections in the XRD data. Furthermore, wrapping
or spreading along a certain crystallographic axis during the formation of 1D structure, results in widening
of peaks making assignment difficult. Initially, Kasuga and co-workers* suggested that their product is
anatase. Peng and co-workers* proposed that the crystal structure of titanate nanotubes corresponded to
the layered trititanic acid (H2TizO7) with a monoclinic crystal structure. A schematic showing the crystal
structure of monoclinic trititanic acid in a TiOs edge-sharing octahedron representation is shown in Figure
3.2% the three different projections corresponding to crystallographic axes. A nanotubular morphology of
layered trititanic acid may be formed by obtained by rolling several (100) planes around axis [010] or [001]°.
It has been proposed that rolling of the plane occurs around the [010] axis such that the axis of the nanotube
is parallel to the b-axis of monoclinic H2TisO7. Wu et al.*® have proposed that rolling of the (100) plane
could occur around axis [001]. In both cases, the walls of the nanotubes consist of several layers, typically
separated by 0.72 nm. The structure of each layer corresponds to the structure of the (100) plane of
monoclinic titanates, which is a set of closely packed TiOs, edge-sharing octahedral.
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Zhang et al. [110], based on the studies of Na content, suggested the crystal structure of H2Ti204(OH)a. It
was demonstrated that bulk layered protonated titanates could be transformed to the metastable monoclinic
modification of TiO2 (TiO2-B) under calcination®. This modification of TiO2 has a lower density than anatase
or rutile and has a monoclinic unit cell. The structure of TiO2-B is characterized by a combination of edge-
and corner-sharing TiOe octahedra forming a structure with channels in which transport and exchange of

small cations can occur?. Indeed, washing of sodium titanate nanotubes with acid or water
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Figure 3.2 Typical XRD pattern of Na:TisO7 and (b) Crystal structure of Na titanate

results in the formation of the protonated form of titanate nanotubes®. Following drying at increased
temperatures, dehydration of solids and formation of TiO2-B nanotubes could occur, the product having a
density in the range 3.64-3.76 g cm3, which is less than the density of anatase or rutile (3.9 and 4.25 g
cm3, respectively)?. The XRD pattern of TiO2-B crystals, however, is a little different from that of TiO
nanotubes, especially at small 20 values (Table 3.1). The calcination of titanate nanofibers results in
consecutive transformation from titanate to TiO.-B (at 400 °C), then to anatase (at 700 °C) and rutile (at
1000 °C). Nanofibrous morphology disappears at 1000 °C®.

Since the discovery of wet chemical method, several attempts have been done to understand the mechanism
of transformations. Originally, Kasuga and co-workers* considered that a tubular morphology is being
achieved after washing of the hydrothermal product. Some of the researchers still support this proposal.
However, it was demonstrated that, 1D structure is being formed during hydrothermal synthesis*®. The long,
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solid, parallelepiped titanates are named nanoribbons, nanobelts, or nanofibers in the literature. These
structures tend to have good crystallinity and usually the relation between the lengths of the edges
corresponding to each crystallographic axis is in the order 001 >> 100 > 010%°. The length of nanofibers
(001) can be several tens of micrometers, while the width of nanofibers (001 or 010) is typically in the range
10-100 nm?. The aspect ratio can be as large as several thousand. Nanofibers, which are usually produced
during alkaline hydrothermal reactions at high temperatures, can be found in straight as well as in curved
forms?. Zhang et al.?® considered that single surface layers experienced an asymmetrical chemical
environment, due to the imbalance of H" or Na* ion concentration on two different sides of a nanosheet,
giving rise to excess surface energy, resulting in bending. Another, the morphology of the derived titanate
is also controversial as nanotube, nanoribbon, nanosheet or nanorod, all have been observed®!. Chen et al.4
and Morgado et al.?? suggested that the formation of titanate tubes is independent of the original structure
and particle size of the TiO.. Zhang et al.?® manifested that a smaller raw material generally exhibits a higher
surface energy, which is favorable for the formation of nanotubes after hydrothermal treatment. On the other
hand, Yuan et al.?* found that nanofibers, rather than nanotubes, are obtained when amorphous TiO; or
commercial TiOSOq4 is used as the precursor.

Titanate nanotubes are wide-band gap semiconductor materials. From studies of the optical properties of
aqueous colloids of titanate nanotubes at room temperature, the band gap has been estimated to be ca. 3.87
eV, The surface area and porosity of titanate nanofibers produced at temperatures higher than 170°C is
much lower than that of nanotubes!®. The 1 D architectures attracts the interest to exploit them in the
wastewater treatment field®. However, the photocatalytic activity of titanate structures strongly depends on
the nature of the pollutant, the crystallographic structure, the calcination treatment, and the presence of alkali
ions (Na*, K*) in the structure?. In this respect, the photo degradation of acetone in air was successfully
found to occur by Yu et al. using calcined samples of nanowires at 500°C?’, these samples showing a
photocatalytic activity 1.8 times higher than Degussa P25. Turki et al.® reported that H- titanate calcined at
400°C formed of TiO2 anatase nanotubes to a photocatalyst 4 times more active than P25 for the degradation
of formic acid (FA). Also, they concluded that any structure involving Na was found to be inert toward the
photocatalytic degradation of FA showing the role of sodium as recombination centers for photo generated
electron-hole pairs. Bavykin et al.? reported titanate nanotubes are more suitable for adsorption of positively
charged dyes in contrast to conventional TiO, photoanodes in DSSCs. They also mentioned the instability
of titanate structures at high temperatures which is a requirement for doctor blade method. Another problem
is random orientation of one-dimensional structures of the photoanode which inhibits the transport of

electron to the FTO? Taccihini et al.? applied their nanotube structures synthesized by hydrothermal
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treatment to DSSC as nanotube, nanotube/nanoparticle, nanorod and nanorod/nanoparticle. The highest
efficiency was yielded by cells consisting only nanotubular structure.

3.2HYDROTHERMAL SYNTHESIS OF TIO, NANOSTRUCTURES USING ACID
CATALYZER

Anatase, rutile or brookite TiO2 nanocrystallites are reported to be synthesized using hydrothermal method
with amorphous TiO,, TiCls, TiOCl> aqueous solution, and titanium alkoxides via acidic hydrothermal
process®®-2, The catalyzer type, pH, dwell time and temperature are important for the final morphology and
crystal structure®%34, Thermodynamically most stable phase of TiOz is rutile which can be obtained by high
temperature calcination of the kinetically stable anatase phase. However, the calcination unavoidably causes
sintering of the nanocrystallites. Many reports suggested that hydrothermal methods under acidic conditions
were applicable for synthesis of rutile nano particles, as well as anatase and brookite nano particles.
Yanagisawa and Ovenstone® reported that hydrothermal process using an amorphous TiO, suspension
prepared by neutralization of TiCls and by hydrolysis of Ti(OC2H5)s under acidic conditions using HCI
(0.5M) led to the formation of a mixture of anatase, brookite, and rutile phases in nanosize. Aruna et al.*®
reported the synthesis of 20 nm rutile nanocrystallites with titanium isopropoxide in the presence of nitric
acid (pH 0.5) under vigorous stirring during hydrothermal treatment. Furthermore, Yin et al.*, reported
phase-pure TiO2 nanocrystallites with narrow particle-size distributions by hydrothermal processes starting
from amorphous TiO2. They reported that autoclaving amorphous TiO2 in the presence of HF and HCI as
cooperative catalysts led to the formation of narrow-sized anatase TiO>, nitric acid as a cooperative catalyst
with HF also gave the anatase TiO2 with a narrow size distribution but with a rather irregular crystalline
surface, while amorphous TiO2 was converted to phase-pure rutile TiO2 nanocrystallites by autoclaving in
the presence of citric and nitric acids. Andersson et al.*’ treated microemulsions with different acid catalyzers
which are HCI and HNOs and concluded that if hydrochloric acid was used, the rutile structure formed, and
if nitric acid was used, anatase formation occurred. Nian and Teng®, synthesized anatase nanorods using
HNOj3 aqua solution of H,Ti»0s.H2O nanotubes as precursor of hydrothermal process. Dai et al.® obtained
pure anatase nanoparticles in the lower HCI concentration (0.1-1 M) and 8 M HCI, a mixture of rutile and
anatase in the 2 M to 7 M acidic concentration using cetyltrimethylammonium bromide surfactant agent
(Hex-ncTiO2/CTAB). Zhou et al.*® synthesized rutile nanostructures with different morphologies by
changing the acid molarity of hydrothermal precursor solution containing tetrabutyl titanate. HCI molarity
varied between 1 and 10, aggregations, microspheres, nanoflowers, nanotrees, and nanobelts were formed.
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Wilson et al.** reported anatase and brookite binary phase resulted in HNO3 assisted microwave
hydrothermal process. Also, they concluded that microwave limits Oswald ripening which provides
nanoparticles with small diameters. Wang et al.*> prepared solutions by hydrolysis precipitation with a
water:alkoxide ratio of 165. After recovery and drying, these samples were hydrothermally aged at 180 °C
in an acid-free solution for 1 day, 1 M HNO3 solution for 1 day, 1.5 M HNO3 solution for 1 day, and 1 N
HNO:s solution for 7 days which were resulted in anatase, anatase-rutile, rutile-anatase and rutile formation,
respectively. Dai et al.** demonstrated that well-defined anatase TiO, nanocrystals with exposed {001}
facets could be synthesized in high yields by controlling the hydrolysis rate of the sol-gel precursor and acid
assisted hydrothermal treatment. Authors mentioned the importance of pH value of the medium used for
hydrothermal treatment which played an important role in controlling the morphology of the obtained TiO>
nanocrystals. Grimes and co-workers reported the hydrothermal/solvothermal synthesis of rutile TiO:
nanorods of 10—35 nm diameter from a toluene/HC1 (10 M) mixture using a sol—gel-derived TiO- seed layer
on F-SnO, (FTO)*. Liu and Aydil firstly reported growth of TiO2 rutile nanorods on the surface of FTO
glass with hydrothermal method with 1:1 volume of HCI and water facilitating the lattice mismatch between
FTO and TiO2*. Hosono et al.*® discussed the recrystallization process i.e. dissolve and grow process of
TiO2 nanostructures by hydrothermal process. The hydrolysis reaction in strong acidic media can be
explained as follows*®:
2Ti+ 6 HCl — 2TiCls + 3 H2 (g)

Ti**+ H,0 -»TiOH?* + H*
TiOH?* + 027 — Ti(IV) — Oxo species- Oy — TiO2

Erdogan et al.*’ synthesized rutile TiO2 nanoflowers using TTIP precursor, strong HNO; catalyzer and

covering the hydrothermal vessel by titanate structures at relatively lower temperatures.

Both anatase and rutile can grow from the [TiOs] octahedra, and the phase formation proceeds by the
structural rearrangement of the octahedral. As anatase structure involves more Ti atoms, in the presence of
NOj3™ ions which has higher affinity to Ti atoms, anatase formation is reported more favorable*®. Anatase
formation under strong acidic hydrothermal conditions may be explained by dissolution and
recrystallization and/or insitu transformation®®. An alternative interpretation of the Ostwald Step Rule has
that the first phase to form will be the one possessing the least surface energy with respect to the reactant®.
Although rutile is the most stable phase, anatase formation may be favored in hydrothermal system due to
less surface energy of this polymorph compared to rutile®®. It was observed that high pH favors anatase,
low pH favors rutile, while intermediate pH and reactant concentration stabilize the brookite phase®?. The
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three kinds of phase-pure TiO2 exhibit their distinctive crystal shapes: rounded nanocrystals for anatase,
nanoplates for brookite, and nanorods for rutile®®. Brookite structure has both shared edges and corners and
is midway between those of anatase and rutile in terms of the shared edges (four for anatase, three for
brookite, and two for rutile)®. This might be the reason why brookite needs intermediate pH to stabilize.

Pottier et al.>* suggested that the CI-ions in the reaction system template the growth of brookite structure.

Some of the brookite research with hydrothermal process claims that basic media is important for brookite
formation®® such as Keesmann®® was the one who firstly synthesized pure brookite by hydrothermal
treatment of amorphous TiO> obtained by hydrolysis of titanium tetraisopropoxide or alkaline titanates, in
the presence of a solution of NaOH containing 3-25 atoms, % of Na with respect to total amount of Ti and
Na. Na* ions were claimed to stabilize the lattice of brookite but Schwarzmann and Ognibeni®’
synthesized well crystallized brookite by hydrothermal treatment of TiO, and H20 between 100 and 300°C
in the absence of Na* ions. Additionally, brookite was obtained by milling anatase-phase powders.
Wakamatsu et al.’® synthesized almost single phase brookite after 54 ks and 72 ks ball milling of anatase
under the condition of medium intensity. Brookite nanoflowers consisting of single crystalline nanorods
were prepared by hydrothermal treatment of a solution containing titanium butoxide. Single-phase brookite
was extracted from the suspension by centrifugal separation. It is worth noting that the final products of
several syntheses reported in the literature are not really single phase brookite since they contain traces of
anatase or rutile, as clearly evidenced by the XRD patterns®. The existence of brookite in the resultant
powders is readily discernible from its (121) diffraction located at 30.81° (20) in the XRD pattern, where
no overlapping of this peak with any one from anatase or rutile occurs. To claim phase-pure brookite,
however, attentions should be paid to the brookite (121) and (120) peaks, as the strongest diffraction from
anatase ((101), d=0.352 nm), if there is any, overlaps with the strongest diffraction from brookite ((120),
d=0.351), and this may alter the apparent Ibrookite (121) /Ibrookite (120) intensity ratio. Ideal brookite has
a Ibrookite (121) / lbrookite (120) ratio of 0.9 (JCPDS: 21-1276)".
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3.3PHOTODIODE CHARACTERISTICS OF OXIDE NANOPARTICLES

Titanium dioxide is a semiconducting material having bandgap ~3.0 eV, for rutile phase. In nano
level, TiO, behaves as an n type or p type material based on the type of defect present within the structure.
A non- stoichiometric combination of titanium and oxygen results in the formation of a wide bandgap
material, as shown in figure 3.3. Wide bandgap materials are capable of forming photodiodes. With
incorporation of defect state TiO. behaves like a n-type semiconductor, which when deposited onto p-Si
substrate is capable of forming bulk heterojunction photodiode. Parameters such as sensitivity, responsivity,

diode current are the properties expected to reveal from the photocurrent measurement.®
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Figure 3.3 Bandstructure of anatase and rutile TiO2
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LIST OF BASIC CHARACTERIZATION TOOLS AND TECHNIQUES:

4.1 X-RAY DIFFRACTION

4.2

4.3

4.4

4.5

4.6

4.7

FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM)

HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPE (HRTEM)
FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

UV/VISIBLE SPECTROPHOTOMETER

SPECTROFLUOROMETER-PL (PHOTOLUMINESCENCE)

RAMAN SPECTROSCOPY
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4.1 X-RAY DIFFRACTION

X ray diffraction (XRD) is a characterization technique that is used to study the crystal structure and
atomic arrangement of a sample. It is a rapid analytical technique required for phase detection and unit cell
specifications in case of a crystalline material.! The atomic planes of a crystal cause an incident beam of X-
rays to interfere with one another as they leave the crystal. The phenomenon is called X-ray diffraction. X-
ray diffractometers consist of three basic elements: an X-ray tube (for X-ray production), a sample holder,

and an X-ray detector.
r =
Diffraction
L pattern
recorded

Diffracted beam

Incident beam

Transmitted beam

Crystalline matenal

Figure 4.1: Schematic diagram of X-Ray Diffraction analysis technique

4.1.1 PRODUCTION OF X-RAY
X-rays are produced whenever high-speed electrons collide with a metal target. A source of
electrons—hot Tungsten filament, a high accelerating voltage between the cathode (W) and the anode and a
metal target, Cu, Al, Mo, Mg. The anode is a water-cooled block of Copper (Cu) containing desired target

metal. When a highly energetic electron is incident
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Figure 4.2: Schematic diagram of X-Ray Diffractometer setup (T.S. of Sealed off filament X-Ray tube)

X-rays are generated in a cathode ray tube by heating a filament to produce electrons, accelerating the
electrons toward a target by applying a voltage, and bombarding the target material with electrons. When
electrons have sufficient energy to dislodge inner shell electrons of the target material, characteristic X-ray
spectra are produced. When a target is bombarded by highly energetic electron, two cases may occur: first
case may be the electron may energize an inner shell electron to jump to its higher state. When it moves back
to its original position, it releases energy in the form of electromagnetic radiation known as continuous X-
ray. Secondly, it may so happen that sufficient collision energy is provided by the bombarding electron such
that it knocks out an inner electron from the target material. In such a case, a higher energy electron fills the
vacant space thereby releasing the energy in the form of electromagnetic radiation. This is known as

characteristic X-ray. A schematic diagram of both the X- rays is illustrated below:
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Figure 4.3: Formation of characteristic and continuous X-rays

4.1.2 IMPORTANCE OF XRD
Basically, XRD has several important uses to understand the phase, microstructure and atomic planar
arrangement of an unknown crystal structure. These are as follows:
e Measure the average spacings between layers or rows of atoms
e Determine the orientation of a single crystal or grain
e Find the crystal structure of an unknown material

e Measure the size, shape and internal stress of small crystalline regions

4.1.3 DETERMINATION OF INTERPLANAR SPACING
The interplanar spacing ‘d’ is the fundamental parameter required to identify the crystal structure and
phase of the sample under investigation. Diffraction occurs only when Bragg’s Law is satisfied Condition
for constructive interference (X-rays) from planes with spacing d. The inter planer spacing calculated from
Bragg’s Law. Bragg’s Law states that constructive interference takes place when 2dsinf is an integral
multiple of the wavelength of the incident electromagnetic radiation. Mathematically,
2dnkisin® = ni, where ‘0’ is the diffraction angle, ‘d’ is the interplanar spacing and ‘A’ is the wavelength of

the incident electromagnetic radiation.
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Figure 4.4: Schematic diagram of Bragg’s Law

4.1.4 DETERMINATION OF LATTICE PARAMETER

A unit cell may be considered as the smallest building block of a crystal structure. A crystal consists
of a periodic arrangement of the unit cell into a lattice. The unit cell can contain a single atom or atoms in
a fixed arrangement. Crystals consist of planes of atoms that are spaced a distance d apart, but can be resolved
into many atomic planes, each with a different d-spacing. a, b and ¢ (length) and a, b and g angles between

a, b and c are lattice constants or parameters which can be determined by XRD.

'_7 — — —
c
Unit cell
A
CsCl
L

Figure 4.5: A unit cell and an aggregation of unit cells to form a crystal representing a crystallographic structure
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Miller indices are the reciprocals of the fractional intercepts which the plane makes with the

crystallographic axes.

a

Figure 4.6: Cubic system for determination of the Miller indices

For a cubic system, the lattice parameters can be calculated using the following

relation: For (h,k,l) plane:
1 (RP+ K+ 1P

= 4.1
dhz,k,S a2 ( )

where, ‘dnii’ is the inter planer distance, ‘a’ is the lattice parameter, ‘h’, ‘k’, ‘I’ is known as Miller

indices.

4.1.5 DETERMINATION OF PARTICLE SIZE OR GRAIN SIZE
X-ray diffraction technique is most utilized in determining the crystallite size or particle size

based on the peaks obtained corresponding to the sample. This is calculated using the Scherrer’s

formula.!
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Figure 4.7: XRD Peak showing the measurement of FWHM for the calculation of particle size

The mean crystalline sizes of the powders are calculated using Scherrer’s formula

D =0.92/p Cosb (4.2)
Where ‘D’ is the average crystallite size, A =1.541°A (X-ray wavelength), B = (B%-b?), ‘B’ being the
width of the diffraction peak at half maximum for the diffraction angle 20, b is calculated from the peak

width of single crystal silicon wafer. Using this formula, the average crystallite size is calculated.

4.1.6 PHASE IDENTIFICATION
The phase identification is one of the most important analysis of the X-ray diffractogram. It is

used to identify the phase, the crystal structure, the d-values etc. for in depth analysis of the material

under observation.
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Figure 4.8: Rigaku Ultima 111, X-Ray Diffractometer

4.2 EIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM)

An FESEM is microscope instead of light it works with electrons, liberated by a field emission

source commonly known as a cold cathode. It is basically a low voltage device working on Field emission

rather than Thermionic emission.

4.2.1 PRINCIPLE OF SCANNING ELECTRON MICROSCOPY

Under vacuum, electrons generated either by a low voltage source (cold cathode) or Field
Emission Source in case of FESEM or a thermionic source in case of a SEM, are accelerated in a field
gradient. The beam passes through Electromagnetic Lenses, focusing onto the specimen. As result of this
bombardment different types of electrons are emitted from the specimen. A detector catches the
secondary electrons and an image of the sample surface is constructed by comparing the intensity of
these secondary electrons to the scanning primary electron beam. Finally the image is displayed on a
monitor. A FESEM is used to visualize very small topographic details on the surface or entire or

fractioned objects. Researchers in biology?, chemistry and physics apply this technique to observe
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structures that may be as small as 1 nanometer (= billion of a millimeter). The FESEM may be employed
for example to study organelles and DNA material in cells, synthetic polymers, and coatings on

microchips.

4.2.2 PREPARATION OF THE SAMPLE

In order to be observed under a Scanning Electron Microscope, objects are first made conductive.
This is done by coating them with an extremely thin layer (1.5 - 3.0 nm) of gold or gold palladium.
Further on, objects must be able to sustain the high vacuum and should not alter the vacuum, for example
by losing water molecules or gasses. Metals, polymers and crystals are usually little problematic and
keep their structure in the SEM. Biological material, however, requires a prefixation,
e.g. with cold slush nitrogen (cryo-fixation) or with chemical compounds. This particular microscope is
foreseen of a special cryo-unit where frozen objects can be fractured and coated for direct observation in
the FESEM. Chemically fixed material needs first to be washed and dried below the critical point to

avoid damage of the fine structures due to surface tension. Coating is then performed in a separate device.

4.2.3 SOURCE OF ELECTRONS

In standard electron microscopes electrons are mostly generated by heating a tungsten filament
by means of a current to a temperature of about 2800°C. Sometimes electrons are produced by a crystal
of Lanthanum hexaboride (LaBe) that is mounted on a tungsten filament. This modification results in a
higher electron density in the beam 81 and a better resolution than with the conventional device. In a
field emission (FE) scanning electron microscope no heating but a so-called "cold" source is employed.
An extremely thin and sharp tungsten needle (tip diameter 107 —10® m) functions as a cathode in front
of a primary and secondary anode. The voltage between cathode and anode is in the order of magnitude
of 0.5 to 30 KV. Because the electron beam produced by the FE source is about 1000 times smaller than
in a standard microscope, the image quality is markedly better. As field emission necessitates an extreme
Vacuum (10-8 Torr) in the column of the microscope, a device is present that regularly decontaminates
the electron source by a current flash. In contrast to a conventional tungsten filament, a FE tip last
theoretically for a lifetime, provided the vacuum is maintained stable.® The figure below shows a

schematic diagram of FESEM.
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Figure 4.9: Schematic diagram of a Scanning Electron Microscopy setup

4.2.4 COLUMN WITH LENSES AND APERTURES
The electron beam is focused by the electro-magnetic lenses (condenser lens, scan coils, stigmator

coils and objective lens) and the apertures in the column to a tiny sharp spot.

4.2.4.1 CONDENSER LENS

The current in the condenser determines the diameter of the beam: a low current result in a small
diameter, a higher current in a larger beam. A narrow beam has the advantage that the resolution is better,
but the disadvantage that the signal to noise ratio is worse. The situation is reversed when the beam has

a large diameter. The condenser lens consists mostly out of two parts.

4.2.4.2 SCAN COILS

The scan coils deflect the electron beam over the object according to a zig-zag pattern. The
formation of the image on the monitor occurs in synchrony with this scan movement. The scan velocity
determines the refreshing rate on the screen and the amount of noise in the image (rapid scan = rapid
refreshing = low signal = much noise; see SCANMODE in the virtual FESEM). The smaller the scanned
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region on the object, the larger the magnification becomes at a constant window size. Scan coils often

consist of upper and lower coils, which prevent the formation of a circular shadow at low magnification.

4.2.4.3 THE OBJECTIVE LENS

The objective lens is the lowest lens in the column. The objective focuses the electron beam on
the object (see FOCUS in the virtual FESEM). At a short working distance (= object in a higher position,
that is closer to the objective lens) the objective lens needs to apply a greater force to deflect the electron
beam. The shortest working distance produces the smallest beam diameter, the best resolution, but also
the poorest depth of field. (The depth of field indicates which range in vertical direction in the object can

still be visualized sharply).

4.2.4.4 THE STIGMATOR COILS

The stigmator coils are utilized to correct irregularities in the x and y deflection of the beam and
hence to obtain a perfectly round-shaped beam. When the beam is not circular, but ellipsoidal, the image
looks blurred and stretched (see ALIGN X Y in the virtual FESEM).

4.2.45 OBJECT CHAMBER

After the object has been covered by a conductive layer (see preparation) it is mounted on a
special holder. The object is inserted through an exchange chamber into the high vacuum part of the
microscope and anchored on a moveable stage. In the virtual FESEM the object can be moved in
horizontal and vertical direction on the screen by operating the arrows in the POSITION box. In the real
microscope the object can be repositioned in the chamber by means of a joy stick that steers in left right
axis, or forward and backward. In addition, the object can be tilted (e.g. for stereo views), rotated and
moved in Z direction (= closer or further away to the Objective lens). The “secondary electron emission”

detector (scintillator) is located at the rear of the object holder in the chamber.

4.2.4.6 FORMATION OF THE IMAGE

When the primary probe bombards the object, secondary electrons are emitted from the object
surface with a certain velocity that is determined by the levels and angles at the surface of the object.
The secondary electrons, which are attracted by the Corona, strike the scintillator (fluorescing mirror)
that produces photons. The location and intensity of illumination of the mirror vary depending on the
properties of the secondary electrons. The signal produced by the scintillator is amplified and transduced

to a video signal that is fed to a cathode ray tube in synchrony with the scan movement of the electron
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beam. The contrast in the ‘real time’ image that appears on the screen reflects the structure on the surface

of the object. Parallel to the analog image, a digital image is generated which can be further processed.

Figure 4.10: Field Emission Scanning Electron Microscopy setup

43 HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPE (HRTEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of electrons

is transmitted through an ultra thin specimen, interacting with the specimen as it passes through. An
image is formed from the interaction of the electrons transmitted through the specimen; the image is
magnified and focused onto an imaging device, such as a fluorescent screen, on a layer of photographic
film, or to be detected by a sensor such as a CCD camera. TEMs are capable of imaging at a significantly

higher resolution than light microscopes, owing to the small de Broglie wavelength of electrons.*

4.3.1 WORKING PRINCIPLE
The "Virtual Source™ at the top represents the electron gun, producing a stream of
monochromatic electrons. This stream is focused to a small, thin, coherent beam by the use of condenser
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lenses 1 and 2. The first lens (usually controlled by the "spot size knob™) largely determines the "spot
size"; the general size range of the final spot that strikes the sample. The second lens (usually controlled
by the “intensity or brightness knob" actually changes the size of the spot on the sample; changing it
from a wide dispersed spot to a pinpoint beam. The beam is restricted by the condenser aperture (usually
user selectable), knocking out high angle electrons (those far from the optic axis, the dotted line down
the center). The beam strikes the specimen and parts of it are transmitted. This transmitted portion is
focused by the objective lens into an image. Optional Objective and Selected Area metal apertures can
restrict the beam; the Objective aperture enhancing contrast by blocking out high-angle diffracted
electrons, the Selected Area aperture enabling the user to examine the periodic diffraction of electrons
by ordered arrangements of atoms in the sample. The image is passed down the column through the
intermediate and projector lenses, being enlarged all the way. The image strikes the phosphor image
screen and light is generated, allowing the user to see the image. The figure below shows a basic

schematic diagram of a TEM.
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Figure 4.11: Schematic diagram of a TEM setup

4.3.2 LIMITATIONS ON SAMPLES

Sample preparation for TEM generally requires more time and experience than for most other
characterization techniques. A TEM specimen must be approximately 1000 A, or less in thickness in the
area of interest. The entire specimen must fit into a 3 mm diameter cup and be less than about 100 microns
in thickness. A thin, disc shaped sample with a hole in the middle, the edges of the hole being thin enough
for TEM viewing, is typical. The initial disk is usually formed by cutting and grinding from bulk or thin
film/substrate material, and the final thinning done by ion milling. Other specimen preparation
possibilities include direct deposition onto a TEM-thin substrate (SisNas, carbon); direct
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dispersion of powders on such a substrate; grinding and polishing using special devices like tripod;
chemical etching and electro-polishing; and lithographic patterning of walls and pillars for cross-section

viewing. A focused ion beam (FIB) may be used to make cross-sections.

Figure 4.12: SEM image of the copper grid used for TEM sample preparation

4.3.3 APPLICATIONS OF TEM

4.3.3.1 STUDY OF MORPHOLOGY
The size, shape and arrangement of the particles which make up the specimen as well as their
relationship to each other on a scale of atomic diameters can be studied, identified and visualized from a

TEM micrograph.

4.3.3.2 CRYSTALLOGRAPHIC INFORMATION

The arrangement of atoms in the specimen and their degree of order, detection of atomic scale
defects in areas a few nanometers in diameter. The lattice image of a sample can be obtained that shows
the periodic arrangement of atoms in the 3-D space. The d- spacing can also be calculated from the lattice
image of the samples.

4.3.3.3 COMPOSITIONAL INFORMATION
The elements and compounds, the sample is composed of and their relative ratios, in areas of a

few nanometers in diameter can be studied using the EDAX attachment of TEM.
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Figure 4.13: Transmission Electron Microscopy unit

4.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a technique which is used to analyze the

chemical composition of any chemical species viz; organic chemicals, polymers, paints, coatings,
adhesives, lubricants, semiconductor materials, coolants, gases, biological samples, inorganics and
minerals. FTIR can be used to analyze a wide range of materials in bulk or thin films, liquids, solids,
pastes, powders, fibers, and other forms. FTIR analysis can give not only qualitative (identification)
analysis of materials, but with relevant standards, can be used for quantitative (amount) analysis. FTIR
can be used to analyze samples up to ~11 millimeters in diameter, and either measure in bulk or the top
~1 micrometer layer. An FTIR Spectrometer is an instrument which acquires broadband NIR to FIR
spectra. Unlike a dispersive instrument, i.e. grating monochromator or spectrograph, a FT-IR
Spectrometer collects all wavelengths simultaneously. An FT-IR (Fourier Transform Infra-Red) is

a
53




method of obtaining infrared spectra by first collecting an interferogram of a sample signal using an
interferometer, and then performing a Fourier Transform (FT) on the interferogram to obtain the
spectrum. An FTIR Spectrometer collects and digitizes the interferogram, performs the FT function, and

displays the spectrum.®

4.4.1 PRINCIPLE OF OPERATION

An FTIR is typically based on a Michelson Interferometer the interferometer consists of a beam
splitter, a fixed mirror, and a mirror that translates back and forth, very precisely. The beam splitter is
made of a special material that transmits half of the radiation striking it and reflects the other half.
Radiation from the source strikes the beam splitter and separates into two beams. One beam is transmitted
through the beam splitter to the fixed mirror and the second is reflected off the beam splitter to the
moving mirror. The fixed and moving mirrors reflect the radiation back to the beam splitter. Again, half
of this reflected radiation is transmitted and half is reflected at the beam splitter, resulting in one beam
passing to the detector and the second back to the source. The schematic diagram of FTIR spectrometer

is shown in the figure below.
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Figure 4.14: Schematic diagram of FTIR setup
A beam of infrared light (wavelength ~ 0.7-500 pum) is focused on the sample using all reflective

optics. Depending on the sample composition, differing amounts of light are absorbed a different
wavelengths. This pattern of light absorption is unique for almost every organic compound (except

optical isomers) and many inorganic compounds. From the pattern of light absorbed, identification of
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the composition (qualitative analysis) can be made. With additional control over the sample thickness or
sampling depth, the intensity of the individual absorbing components can be used to perform quantitative
analysis (amount of each compound present). User-provided reference samples aid in positive substance
identification and compositional verification. FTIR can be used to identify chemicals from spills, paints,
polymers, coatings, drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying
types of chemical bonds (functional groups). The wavelength of light absorbed is characteristic of the
chemical bond as can be seen in this annotated spectrum. A Shimadzu IR Prestige- 21 FTIR spectrometer

is used to record the spectra in the mid IR region, (i.e. 400 — 4000 cm™!) as shown in figure below.

Figure 4.15: FTIR Setup

45 UV/VISIBLE SPECTROPHOTOMETER

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV/VIS) involves the
spectroscopy of photons and spectrophotometry. It uses light in the visible and adjacent near ultraviolet
(UV). In this region of energy space molecules undergo electronic transitions. Many molecules absorb
ultraviolet or visible light. UV/Vis spectroscopy is mainly used in analytical chemistry for the
guantitative determination of different analytes, such as transition metal ions, highly conjugated organic
compounds, and biological macromolecules. It is also used in determination of bacterial cell

concentration in a culture medium.®
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Beer-Lambert law states that absorbance of a solution increases as attenuation of the beam increases.
Absorbance is directly proportional to the path length ‘b’ and the concentration ‘c’ of the absorbing
species.
A (Absorbance)=sbc 4.1)

where, ‘€’ it the proportionality constant. Different molecules absorb radiation at different wavelengths.
An absorption spectrum will show a number of absorption bands corresponding to structural groups
within the molecule. For example, the absorption that is observed in the UV region for the carbonyl
group in acetone is of the same wavelength as the absorption from the carbonyl group in diethyl ketone.
Ultraviolet and visible radiations interact with matter which causes electronic transition of electrons from
the ground state to excited state. The ultraviolet region falls in the range between 190-380nm whereas
the visible region falls between 380-750nm. The amount of radiation absorbed may be measured in a

number of ways:

Transmittance (T) = P/P,

% Transmittance (%T) =100 T,
Absorbance (A) = logio

P/Po or, it can be written

as:

A =100101/T 4.2)
or, A =logio 100/ %T

or, A=2-10g10%T; 4.3)

The equation 4.3, A = 2 — logio %T; allows us to easily calculate absorbance from percentage
transmittance data. The relationship between absorbance and transmittance is illustrated in the following

diagram:
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Figure 4.16: Relation between absorbance and %
transmittance
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Figure 4.17: Schematic diagram of UV/Visible Spectrophotometer

Figure 4.18: JASCO V-650 UV/Visible
Spectrophotometer
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So, if all the light passes through a solution without any absorbance, then absorbance is zero, and
percentage transmittance is 100%. If all the light is absorbed, then percentage transmittance is zero and

absorbance is infinite. The schematic diagram of UV/Visible spectrophotometer is illustrated in fig 4.17.

The samples can be measured in two forms; liquid form in quartz cuvettes or as thin films in glass
slides. The UV/Visible spectrophotometer can be used for a wide range of applications ranging from the
calculation of the bandgap to study of adsorption or dye degradation experiment. The image of JASCO
V-650 UV/Visible spectrophotometer is shown in fig 4.18.

4.6 SPECTROFLUOROMETER-PL (PHOTOLUMINESCENCE)

4.6.1 BASIC PRINCIPLE

Photoluminescence spectroscopy is a contactless, versatile, nondestructive, powerful optical method
of probing the electronic structure of materials. Light is directed onto a sample, where it is absorbed and
imparts excess energy into the material in a process called photo—excitation. One way this excess energy
can be dissipated by the sample is through the emission of light, or luminescence. In the case of
photo—excitation, this luminescence is called photoluminescence. Thus, photoluminescence is the
spontaneous emission of light from a material under optical excitation. This light can be collected and
analyzed spectrally, spatially and also temporally. The intensity and spectral content of this

photoluminescence is a direct measure of various important material properties.

Photo excitation causes electrons within the material to move into permissible excited states. When these
electrons return to their equilibrium states, the excess energy is released and may include the emission of
light (a radiative process) or may not (a non radiative process) as shown in fig. 4.19. The energy of the
emitted light (photoluminescence) relates to the difference in energy levels between the two electron states
involved in the transition between the excited state and the equilibrium state. The quantity of the emitted
light is related to the relative contribution of the radiative process. PL spectroscopy gives information only
on the low lying energy levels of the investigated system. In semiconductor systems, the most common
radiative transition is between states in the conduction and valence bands, with the energy difference being
known as the bandgap. During a PL spectroscopy experiment, excitation is provided by laser light with an
energy much larger than the optical band gap. The photo excited carriers consist of electrons and holes,
which relax toward their respective band edges and recombine by emitting light at the energy of the band
gap. Radiative transitions in semiconductors may also involve localized defects or impurity levels therefore

the analysis of the PL spectrum leads to the identification of specific defects or impurities, and the
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magnitude of the PL signal allows determining their concentration. The respective rates of radiative and
nonradiative recombination can be estimated from a careful analysis of the temperature variation of the PL
intensity and PL decay time. At higher temperatures nonradiative recombination channels are activated and
the PL intensity decreases exponentially. Thus photoluminescence is a process of photon excitation
followed by photon emission and important for determining band gap, purity, crystalline quality and
impurity defect levels of semiconducting material. It also helps to understand the underlying physics of the

recombination mechanism.

PL spectrum is quite different from absorption spectrum in the sense that absorption spectrum
measures transitions from the ground state to excited state, while photoluminescence deals with transitions
from the excited state to the ground state. The period between absorption and emission is typically extremely
short. An excitation spectrum is a graph of emission intensity versus excitation wavelength which looks
very much like an absorption spectrum. The value of wavelength at which the molecules absorbs energy
can be used as the excitation wavelength which provide a more intense emission at a red shifted wavelength,

with a value usually twice of the excitation wavelength.
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Figure. 4.19 Principle of photoluminescence spectroscopy (PL).
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4.6.2 EXPERIMENTAL SET UP

A spectrofluorometer is an analytical instrument used to measure and record the fluorescence of a
sample. While recording the fluorescence, the excitation, emission or both wavelength may be scanned.
With additional accessories, variation of signal with time, temperature, concentration, polarization, or other
variables may be monitored. Fig. 4.20 shows the block diagram of fluorescence spectrometer. Fluorescence
spectrometers use laser sources, which contains wavelength selectors, sample illumination, detectors and

corrected spectra.

Excitation I Sample
Source Monochromator | Cell

Emission
Monochromator

l

Recorder |+— Amplifier |«— Detector

Figure. 4.20 Block diagram of fluorescence spectrometer.

IHluminator source:- The continuous light source is 150 W ozone free xenon arc lamp. Light from the lamp
is collected by a diamond turned elliptical mirror, and then focused on the entrance slit of the excitation
monochromator. The lamp housing is separated from the excitation monochromator by a quartz window.
This vents heat out of the instrument, and protects against the unlikely occurrence of lamp failure.
Resolution over the entire spectral range and minimize spherical aberrations and re diffraction.

Monochromators:- It contains two monochromators : Excitation monochromator and Emission
monochromator. They use all reflective optics to maintain high resolution over the entire spectral range,

and minimize spherical aberrations and re diffraction.

Gratings:- The essential part of a monochromator is a reflection grating. A grating disperses the incident
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light by means of its vertical grooves. A spectrum is obtained by rotating the gratings contain 1200 grooves

mmfl, and are blazed at 330 nm (excitation) at 500 nm (emission). Each grating is coated with MgF2 for
protection against oxidation.

Slits:- The entrance and exit ports of each monochromator have continuously adjustable slits. The width of
the slits on the excitation monochromator determines the band pass of light incident on the sample. The
emission monochromator’s slits control the intensity of the fluorescence signal recorder by the signal
detector. When setting slit width, the trade off is intensity of signal versus spectral resolution. The wider
the slits are, the more light falls on the sample and detector, but the resolution decreases. The narrower slits

are, the higher the resolution gets but at the expense of signal.

Shutters:- An excitation shutter is located just after the excitation monochromator’s exit slit. The shutter
protects sample from photo bleaching or photo degradation from prolonged exposure to the light source.
An emission shutter is placed just before the emission monochromator’s entrance and protects the detector

from bright light.

Sample compartment:- The sample compartment accommodates various optional accessories, as well as
fiber optic bundles to take the excitation beam to a remote sample and return the emission beam to the

emission monochromator.

Detectors:- It contains two detectors: Signal detector and reference detector. The signal detector is a photon
conting detector. This detector is an R928P photomultiplier tube, which sends the signal to a photon
counting module. The reference detector monitors the xenon lamp, in order to correct for wavelength and
time dependent output of the lamp. This detector is a UV enhance silicon photodiode, which is just before
the sample compartment.

Computer Control:- The entire control of the FluoroMax—4 originates in your PC with our revolutionary
new Fluor Essenc software and is transmitted through a serial link. On start up, the system automatically
calibrates and presents itself for new experiments or stored routines instantly called from memory. Fig.4.21

shows Experimental set up of Spectrofluorometer.
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Figure. 4.21 Experimental set up of SHIMADZU RF-5301PC Spectrofluorometer.

4./ RAMAN SPECTROSCOPY

4.7.1 BASIC PRINCIPLE

Raman spectroscopy is a useful technique for the identification of a wide range of substances—solids,
liquids and gases. It is a straightforward, non destructive technique requiring no sample preparation. Raman
spectroscopy involves illuminating a sample with monochromatic light and using a spectrometer to examine

light scattered by the sample.

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of monochromatic light,
usually from a laser source. Inelastic scattering means that the frequency of photons in monochromatic light
changes upon interaction with a sample. Photons of the laser light are absorbed by the sample and then
reemitted. Frequency of the reemitted photons is shifted up or down in comparison with original
monochromatic frequency, which is called the Raman effect. This shift provides information about
vibrational, rotational and other low frequency transitions in molecules. This effect is based on molecular
deformations in electric field E determined by molecular polarizability (o). The laser beam can be
considered as an oscillating electromagnetic wave with electrical vector E. Upon interaction with the sample
it induces electric dipole moment P = oE which deforms molecules. Because of periodical deformation,

molecules start vibrating with characteristic frequency vm. Monochromatic laser light with frequency vo

excites molecules and transforms them into oscillating dipoles. Such oscillating dipoles emit light of three
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different frequencies as shown in fig. 4.22 when:

1. A molecule with no Raman active modes absorbs a photon with the frequency vo. The
excited molecule returns back to the same basic vibrational state and emits light with the same frequency

Vo as an excitation source. This type of interaction is called an elastic Rayleigh scattering.

2. A photon with frequency is absorbed by Raman active molecule which at the time of

interaction is in the basic vibrational state. Part of the photon’s energy is transferred to the Raman active

mode with frequency vm and the resulting frequency of scattered light is reduced to vo—vm. This Raman
frequency is called Stokes frequency or just

“Stokes”.

3. A photon with frequency vg is absorbed by a Raman active molecule, which, at the time of interaction,

is already in the excited vibrational state. Excessive energy of
excited Raman active mode is released, molecule returns to the basic vibrational state and the resulting

frequency of scattered light goes up to vo+vm . This Raman frequency is called Anti Stokes frequency
or just “Anti Stokes’’.

The Raman shift does not depend upon the frequency of the incident light but it is regarded as a
characteristic of the substance causing Raman effect. For Stoke’s lines, Av is positive and for anti stoke’s

lines Av is negative.

It can be noticed that the stokes and anti stokes lines are equally displaced from the Rayleigh line. This
occurs because in either case one vibrational quantum of energy is gained or lost. Also, note that the anti
stokes line is much less intense than the stokes line. This occurs because only molecules that are
vibrationally excited prior to irradiation can give rise to the anti stokes line. Hence, in Raman spectroscopy,
only the more intense stokes line is normally measured. Infrared absorption spectroscopy is another similar
vibrational technique used to examine molecular structure but differs from Raman spectroscopy in the
manner in which way the molecular transitions are taking place. For a transition to be Raman active there
must be a change in the polarizability of the molecule during the vibration. This means that the electron
cloud of the molecule must undergo positional change. On the other hand, for an Infrared detectable
transition, the molecule must undergo dipole moment change during vibration. Homonuclear diatomic

molecules such as H2, N2, O2, etc. which do not show infrared spectra since they do not possess a permanent

dipole moment do show Raman spectra since their vibration is accompanied by a change in polarizability
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of the molecule. Thus, Raman spectroscopy permits us to examine the vibrational spectra of compounds

that do not lend themselves to IR absorption spectroscopy.

Raman spectroscopy can be used on liquids, solids and gases making it very versatile for studying
various materials. Because of the distinct spectra that certain classes of materials give off, due to their
structural arrangement, Raman spectroscopy can be used to determine the composition of unknown
substances. This also makes Raman spectroscopy ideal for qualitative analysis of materials. In Raman
spectroscopy no probe physically touches the material the laser light is the only thing to disturb the sample,
this means that the material is not disturbed by the probe physically touching it and in some cases is the

only way to accurately study a material.
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Figure. 4.22 Shows vibrational levels of the material
4.7.2 EXPERIMENTAL SET UP

A Raman system typically consists of four major components:

1. Excitation source (Laser).
2. Sample illumination system and light collection optics.

3. Wavelength selector (Filter or Spectrometer).
4. Detector (Photodiode array, CCD or PMT).

In Raman instrument a sample is illuminated with a laser beam. Light from the illuminated spot is collected
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with a lens and sent through interference filter or spectrometer to obtain Raman spectrum of a sample.
Wavelengths close to the laser line, due to elastic Rayleigh scattering, are filtered out while the rest of the
collected light is dispersed onto a detector. By changing the laser light you can confirm if a peak is a true
Raman peak and not a peak just associated with the wavelength of the laser light that was used. Spontaneous
Raman scattering signal is very weak because most of the incident photons undergo elastic Rayleigh
scattering. Therefore special measures should be taken to distinguish it from the predominant Rayleigh
scattering. Instruments such as notch filters, tunable filters, laser stop apertures, double and triple
spectrometric systems are used to reduce Rayleigh scattering and obtain high quality Raman spectra.

In some instruments, sample is placed into the cryostat chamber where the low temperature is
achieved by the use of liquid helium that cooled the cryostat. The cryostat is kept in vacuum so that laser
light suffer no scattering from the particles of the air in the chamber. Before every measurement the
scattered light would have to be aligned in the spectrometer so that maximum signal would hit the detector.
This can be achieved by moving the sample to different positions and using lens, mirror system. In earlier
times for taking Raman spectrum single point detectors such as photon counting Photomultiplier Tubes
(PMT) was used. However, due to the consumption of very long time PMT is not preferred because it slow
down any research or industrial activity based on Raman analytical technique. Nowadays, Raman
spectroscopy has become even more accurate and easier due to advancements in optics, laser and computer
technology. Researchers use multi channel detectors like Photo Diode Arrays (PDA) or, more commonly,
a Charge Coupled Devices (CCD) to detect the Raman scattered light.

Charge Coupled Device (CCD) detectors have enormously helped the use of Raman spectroscopy
by allowing scientist to take data quicker and with more precision that they were able to with the older
photomultiplier tubes. The CCD has an array of detectors that can look at a range of wavelengths at one
time greatly reducing the collection time. Sensitivity and performance of modern CCD detectors are rapidly

improving. In many cases CCD is becoming the detector of choice for Raman spectroscopy .

Raman spectroscopy can be used on liquids, solids and gases making it very versatile for studying
various materials. Because of the distinct spectra that certain classes of materials give off, due to their
structural arrangement, Raman spectroscopy can be used to determine the composition of unknown
substances. This also makes Raman spectroscopy ideal for qualitative analysis of materials. In Raman
spectroscopy no probe physically touches the material the laser light is the only thing to disturb the sample,

this means that the material is not disturbed by the probe physically touching it and in some cases is the
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only way to accurately study a material. Surface Enhanced Raman Spectroscopy (SERS) and Resonance
Raman Effect (RRE) are different types of Raman spectroscopy. The goal of these two processes is to
enhance the weak signal of the Raman spectra. Micro Raman spectroscopy (MRS) is another type of Raman
spectroscopy and this process reduces the spot size of the light source on the sample, which is helpful if a
small area of the sample is to be observed. It is also used to reduce damage or heating of the sample by the
laser light”®. The experimental set up of Raman Spectrometer is shown in the fig. 4.24
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Figure 4.23: Schematic of Raman Spectrometer
4.24: Raman spectrometer Setup
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CHAPTER 5

SYNTHESIS OF RUTILE TITANIUM
DIOXIDE AND BASIC
CHARACTERIZATION
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5.1PREPARATION OF PURE T10; NANOSTRUCTURES

All the reagents are of analytical grade and used without further purification. In a typical synthesis 2ml of
Titanium(l11) Chloride solution(TiClsz Sigma-Aldrich) was added with 18ml of DI water while varying the
concentration of sodium chloride (NaCl, Marck), as mentioned below. The solution was kept starring for 30
minutes at room temperature and then transferred to a Teflon lined sealed autoclave reactor. It was heated at
180°C for 6 hours and left to cool down. After cooling, the sample was collected and centrifuged at 4000rpm
for 15 minutes and thoroughly washed using DI water and ethanol for multiple times. Sample thus obtained

was dried inside a hot air oven at 80°C for 1 hour and collected.

Sl Concentration of NaCl Sample
No Code

1. oM Som

2. 0.5M So.5Mm
3. 1M Sim

4. 3M Sam

5. 5M Ssm

Table 5.1 Sample code of different TiO:

After drying the samples, they showed distinct colour variation as shown in figure 5.1.
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Figure 5.1 Colour variation of different samples of TiO:
5.2 XRD ANALYSIS
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Figure 5.2: XRD Pattern of (a) Som (b) Sosm (¢) Sim (d) Ssm (€) Ssm obtained from hydrothermal reaction by varying the
concentration of NaCl
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Figure 5.2shows the X-Ray Diffraction (XRD) pattern of the as synthesized sample, phase of which is
confirmed as TiO2 Rutile, Tetragonal Primitive lattice (JCPDS Card Number 78-2485). Most intense
diffraction peaks are detected at 27.44°, 36.10° and 54.32° which may be attributed to reflection from (110),
(101) and (211) plane respectively whereas other peaks presented at 41.23°, 43.91°, 56.58°,
62.79°,63.90°,69.02° and 69.83° which are attributed from (111), (210), (220), (002), (310), (301) and (112)

plane respectively.

Intensity(a.u.)

20 30 40 50 60 70 80
20

Figure 5.3:XRD Pattern of Ssm

Figure 5.3 represents the XRD Pattern of Ssm which contains one additional peak at 26=25.25°(marked using
“*”) which can be identified as H2TigO7 (JCPDS Card Number 360656) has a negligible(<6%) contribution

towards overall diffraction pattern.
5.2.1CALCULATION OF AVERAGE CRYSTALLITE SIZE

XRD pattern is one of the widely used technique to determine the average crystallite size. From the well-

known Scherrer formula the average crystallite size, L, is:

092

where A = wavelength of incident radiation, for Cu Ka radiation, A = 1.5404 A

B = Full width half maxima(FWHM) of X7F;D peak




The major problem with this calculation is the involvement of huge error. Using Modified Scherrer

Equation? average crystallite size of the samples cab be calculated more accurately.

From equation (5.1)

091
~ Bcosb

092
" Lcos 6

Taking loge in both sides,

0.94

| =1
np rlLcos@

0.92 1
Ing = lnT +In prve-RPRPRRP PN (5.2)

Comparing this equation with y = mx + ¢, if we plot In 8 vs ln@ then slope m=1 and intercept c= an'Lﬂ
and the graph will look like figure 5.4.
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6=45°

0.91

\ 4

cos@

Figure 5.4: Modified Scherrer equation
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Theoretically this straight line must be with a slope of 45° but, since errors are associated with experimental
data, the least squares method gives the best slope and most accurate InK/L. After getting the intercept, then

the exponential of the intercept is obtained:

Having K = 0.9 a single value of L in nanometre can be calculated.

= 31
4.2 Linear Fit of Sheet1 J'31"
4 Equation y=a+hb"%
Weight No Weighting
'l Residual Sum 7.70106E-4
-4.6 < of Squares
! Pearson'sr 0.99425
4 Adj. R-Square 0.97708
-4.8 7____;.--“"{ Value  Standard Error
- e ] Intercept -5.1369 0.02515
L . Slope 045165 0.04863
-5.0 ,I
.
-5.2 4
-5.4
T ! T T T T T T T
0.0 0.2 0.4 06 08

Figure 5.5: Modified Scherrer equation linear fit

Applying the above-mentioned technique, we have calculated average crystallite size of as synthesized TiO..
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Figure 5.6: Variation of average crystallite size

Sl. Sample Average Standard
No Code Crystallite Deviation(nm)
Size(nm)

1 Som 21.71 0.10593

2 So.5m 18.82 0.11338

3 Sim 17.97 0.09788

4 Sam 23.33 0.13372

5 Ssm 16.59 0.08768

Table 5.2 Variation of crystallite size of different TiO2

From the table 5.2 it is clear that in the absence of NaCl average crystallite size is much higher(~22nm). In
order to understand the phenomena, we must elaborately study the growth mechanism of as synthesized
TiO2.
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Figure 5.7: Variation of intensity of (110) peak
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5.3FESEM ANALYSIS

FESEM or Field Effect Scanning Electron Microscopy Technique is used to visualize the microstructures
and surface morphology of the as synthesized samples.
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Figure 5.8: FESEM Images of (a) Som (b) So.sm (C) Sim (d) Sam () Ssmobtained from hydrothermal reaction
by varying the concentration of NaCl
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From FESEM images as shown in it is clear that for Som no microstructure is obtained. For all other samples

hierarchical nanoflower structure, comprises of nanorods is obtained.
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Figure 5.9: Variation of average rod length and flower diameter

From figure 5.9 it is clear that with increase in NaCl concentration, a consistent enhancement of nanorod

length and hierarchical flower diameter is evident.

Sample Nanorod Flower

Code Length(nm) Diameter(um)
Som 207 0

So.5M 234 1

Sim 250 1.584

Sam 284 1.872

Ssm 350 3.8

Table 5.3 Variation of average nanorod length and flower diameter of different TiO:

84




5.4HRTEM ANALYSIS

HRTEM or High-resolution transmission electron microscopy is used for better understanding of
microstructure and experimentally find out the interplanar spacing. Since for all the samples, except Som
microstructures are analogous to each other, as obtained from FESEM analysis, we have done HRTEM
analysis of one typical sample (Sam).
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(d)

Figure 5.10: (a) single nanorod; (b) structure of tip; (c)&(d) fringe pattern for interplanar distance calculation

In figure 5.10(c) the region marked by red ellipse has been zoomed in figure 5.9(d). The measured d spacing
between (110) planes of rutile TiOz is di10=3.24A, which is consistent with the previously reported data?®.

(110) plane is known to be thermodynamically most stable plane of rutile TiOz*

By using HRTEM analysis in figure 5.10(a) rod length for Sam has been determined to be 683nm, which is
much higher as measure from FESEM (table5.3) images. This is mainly because of the presence of

agglomerated sample for FESEM analysis whereas TEM samples were dispersed into liquid medium.
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Parameter measured Measured value
Nanorod Length 683nm
Nanorod Diameter 5.748nm

Tip Diameter 6.7nm

d110 3.24A

Table 5.4 Parameters obtained from TEM Analysis

5.5POSSIBLE GROWTH MECHANISM OF T10, HIERARCHICAL
NANOSTRUCTURE

Development of any nano structure is broadly a two-step process, nucleation followed by growth. It depends
on various factors of synthesis process such as precursor material, precursor concentration, pH, reaction

temperature, stirring time etc.

Throughout our experiment we have varied concentration of one precursor (NaCl) by meticulously keeping

another parameters constant.

According to previous reports NaCl plays very important role in the formation of TiO2 nanostructures. Bae
et al.® reported that with the variation of NaCl concentration from 1M to 5M larger and well dispersed
nanorods has been achieved. Average crystallite size varies from 66-97.20nm. In his work Bai et al.” varied
NaCl concentration from 7M to 11M and both size and packing of dandelions increases. Size varies from
hundreds of micrometers to few nanometers. Cassaignon et al.® in his work used HCI instead of NaCl and
explained that if the pH of the solution pH<1 then only rutile is formed. For pH 2.5-4.5 again rutile is main
phase with pure rutile in pH=4. He termed this as “soft condition” for rutile synthesis and the particles thus
obtained are of rod like structures. Hosono et al.® reported same synthesis as ours but with a higher
concentration of NaCl(10M) and obtained parallelepiped rutile TiO2 microstructures with length 3-4pum and
width 150-250 nm.
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According to the classical nucleation theory, when the solubility exceeds the equilibrium value, the
precursor(solute) forms a new solid phase to reduce overall Gibb’s free energy(AGy) of the system following

the thermodynamic law,
KT
AG, = —()In(1+0) .o (5.4)

where o represents the level of supersaturation and 2 represents atomic volume.

Due to formation of new solid phase overall Gibb’s free energy can be given by,
AG = (gm‘3AGU +ATr3y) . (5.5)

Using the concept of maxima-minima analysis, if minimum critical radius be (r*) and minimum critical free
energy be (AGy*) then,

AG: = 16(16”V)/(3AGU)2 ................ (5.6)

From equation(5.6) it is clear that with increase in successful nucleation AGy* reduces due to enhancement

of AGv, making the system thermodynamically stable.

In the absence of NaCl, TiClz can also be converted into TiO2 in aqueous medium following the given

chemical reaction by the anodic oxidative hydrolysis®
Ti3* + H,0 - TiOH** + H*........... (5.7)
TiOH?** —» e~ + Ti(IV)oxo species = TiO,........... (5.8)

The Ti(IV) oxo species is assumed to be transitional between TiO?*and TiO?, involving of partly dehydrated
polymeric Ti(IV) hydroxide. If the method is free from electrochemical process then the involved chemical
reaction changes and the oxidation process occurs with dissolved oxygen, which happens in this case.

TiOH?** + 0, - Ti(IV)oxospecies + 05 = TiO,......... (5.9)

Bai et al.” mentioned in his work the time growth of nanorod is a three step process, beginning with
homogenous nucleation followed by formation of immature, loosely packed dandelions and mature dense
packed dandelions. By closely inspecting the matter he reported that the well-crystallized nanorods, which
happened at lower NaCl concentration, can only form the loosely packed immature dandelions. This suggests

that in the nucleation and growth process, some newly nucleated nanorods, which grow along the radial
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direction and misaligned with respect to the originally aggregated nanorods, promote the, growth of the
densely packed mature dandelions. In this process pH plays a very important role as shown in equation(5.7).
In a highly acidic solution, the high concentration of H+ cations restrains the hydrolysis and results in a low
reaction rate. A low reaction rate favors the agglomeration of TiO2 particles®® and the formation of 1D
nanorods via heterogeneous nucleation. High NaCl concentration favours the formation of dandelions as CI°
and H" ions both suppress the hydrolysis reaction due to the common ion effect. Cl ions also promotes the
growth along [001] direction which has also been reported in previous works®. As mentioned in the previous
report, initial chemical reaction was similar as shown in equation(5.9). But since the experiment is carried
out in sealed reactor, once the dissolved oxygen gets exhausted reaction shown in equation(5.9) gets altered
and oxidation takes place following the given reaction.

Ti(IINOH?** + H* - Ti(IV)oxospecies + H, - TiO,.......... (5.10)

Though the chemical reaction shown in equation(5.10) is energetically unfavourable, previously formed

TiO2, high temperature and pressure drives it towards formation of rutile TiOx.

Similar mechanism has been proposed by Park et al.2 where he mentioned that strongly acidic condition is
crucial for the formation of rutile TiO2> which coincides with previously reported data. With the increase in
the number of coordinated chloride ions, with increase in NaCl concentration, the titania-chloro complex
[Ti(OH).Cls]* becomes more symmetric, leading to enhancement of rutile formation. Chemical reactions in
this process has been previously reported® Presence of CI- supress the growth of (110) plane by enhancing

growth along [001] direction.

Summarizing the previous reports, it is clear that Role of NaCl as CI" in the formation of TiO2 can be of two

folds. They are
Retarding the formation of TiO2 by changing composition or coordination structure of growing units.
Influencing the morphology through adsorption of ClI” and promotion the growth in [001].

In our work we have varied the concentration of NaCl from OM to 5M and obtained hierarchical flower like
morphology for all the samples except Som. This is mainly because in the absence of NaCl rate of reaction
was very high, so just after the nucleation from each nucleation centre, growth of nanorod happened and
they precipitated into the solution, which is evident from figure(5.8). With addition of NaCl, the growth is
governed by the reactions mentioned in equation (5.9) and (5.10) respectively. As CI- of NaCl retards the

rate of reaction, so the formed nucleus gets ample amount of time for more successful nucleation, which in
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turn reduces the AGy*, making the system thermodynamically more stable. It is possible that these newly
formed nuclei may join together, by forming nucleation centre from which further growth takes place. So
from the discussion it can be concluded that with increase in NaCl concentration hierarchical nanoflower
with densely packed nanorod will be the anticipated microstructure, which is supported by the FESEM

images as shown in figure(5.8).

Figure 5.7 indicated the fact that sample with 3M NaCl concentration (Sam), has the most oriented growth

on [001] direction, which coincides with our anticipated result and previous reports.
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5.6 FTIR ANALYSIS

Fourier Transform Infrared Spectroscopy (FTIR) is widely used to identify organic functional group present in any

molecule.

(a)
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Figure 5.11: FTIR Spectrum of (a) Som (b) So.sm () Sim (d) Sam (e) Ssmobtained from hydrothermal reaction by varying
the concentration of NaCl

Khore et al.'* did FTIR analysis of hydrothermally synthesized undoped and N-doped TiO, and assigned them as
mentioned. He obtained a sharp band centred at 500-750 cm, attributed to a metal oxygen (Ti—-O) bond as well as
the bridging Ti—O-Ti stretching mode. The formation of the O-Ti-O lattice produced IR signal in the range of 400-
1250 cm®. This can be considered as the characteristics signal. The very broad peak at 3300 to 3750 cm™ can be
assigned as fundamental stretching vibrations of monodentate O—H (free or bonded) and surface adsorbed water
molecules or a hydroxy (-OH) group. The weak band located at 1620-1630 cm™ corresponds to the bending vibration
of O—H.

In our work we have obtained peaks are at 647cm™,1090 cm™,1608 cm and 3300 cm™ which coincides with

the previously reported data and confirms formation of phase pure TiOx.
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CHAPTER 6

DETERMINATION OF LATTICE
PARAMETER: RIETVELD
REFINEMENT
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Rietveld refinement, using Fullprof software is one of the most reliable technique for determination of lattice
parameter from XRD spectrum.

6.1INTRODUCTION TO FULLPROF SUITE:

5 FullProf Suite ToolBar

File Programs Settings FP Dimensions Tools Edit Results Help
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20 B T 5950 ke R T b iy 5 ) ol B G

Figure 6.1: Fullprof Suite Toolbar

For our analysis purpose we need to focus on two function of the toolbar namely WinPLOTR and EDPCR.
6.1.1WIinPLOTR

WInPLOTR is used to plot and analyse powder diffraction patterns. Background correction of

experimentally obtained XRD pattern can be done using this function.

File Plot Options Points Selection space alculations  Rietveld plot options  Text  External applications  Tools  Help
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& INSTRM=0: Free F.(Ti,step,Tf)
" INSTRM=1: Old D1A
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(" INSTRM=4: Brookhaven(Synchr) &

" INSTRM=5: G4.1 (Two-axis diff) W’n PL TR
" INSTRM=6: D2B/3T2/G4.2 ,
€ INSTRM=8: HRPT/DMC (PS]) ) X 5
C* INSTRM=9: RX (Socabin) a graphic tool for powder diffraction
(" INSTRM=11: Variable Time step
(" INSTRM=12: GSAS data

" CPI (Xrays)

 INSTRM=13: PANalytical formats [Version: July 2017]
¢ INSTRM=14: ISIS normalized data
 Rigaku RINT

" DIFFAX (:spc)

Cancel

94




b
(b) MeasureDateTime 01-02-2019 06:13

2 320E ]
g WE T b ae.d
e 240 F 3
3 g ]
= 200 F -
§ 160 F E
‘.u. L 2
~ = -
So120 F E

80 | E

40 g

0
10 20 30 40 50 70 80

60
26 (%)

Figure 6.2: (a) WinPLOTR Tab
(b) Background Correction

6.1.2EDPCR

T Editor of PCR Files

|
X
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J30bw g de WReBE ™ @ X

Information

Title, type of job: Rietveld, Integrated Intensities,
Simulated Annealing, ...

Type of Pattemns, profile, background, diffraction
geometry, user-given scattering factors ..

Phase name, type of calculations [JBT), ATZ,
contribution to pattemns, symmetry, ...

Number of cycles, relaxation factors, access to
pattems and phases (atoms and profile)

Constraints definitions, adding, deleting,
modifying...

Fixing range of parameters, distances, angles,
magnetic moments and linear restraints

20 (%) Output options for pattems and phases:
Reflection lists, Fourier, distances, BVS...

L

Copyright (c) 2002-2005. JGP - JRC

Figure 6.3: EDPCR Window

Figure 6.3 represents a typical EDPRC window. The main functions can be explained below.
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The information of the PCR file is distributed in seven buttons:

+ General defines a general information such as title, type of job: Rietveld, Profile Matching, Simulating
Annealing.

+ Patterns defines patterns information: types of profile, background, geometry aspects...

4 Phases defines Phase information: Names, contribution to patterns, symmetry...

+ Refinement: This button is the access to the most important part of EAPCR: editing structural and profile
parameters and conditions of refinement. Atom positions, profile shape parameters, magnetic moments,
micro structural parameters, etc are accessible through this button.

4 Constraints defines constrains for refinable parameters. You can modify, add and delete constrains relations
easily by using mouse selection and clicks.

4+ Qutput is the access to the selection of output options for each phase and pattern. This allows selecting output
files: Fourier, hkl-lists, files for other programs, etc.

After completion of all the necessary requirement the we need to run the Fullprof program and output is
shown in the figure 6.4.
8 FullProf Program - )} X
- ji‘z:ogzi(UZer:eigthed Chi2 (Bragg contrib.): 5.099 ]
=> —mmmmmm—— > Pattern# L
=> Phase: i
=> Bragg R-factor: 55.80
=> RF-factor : 29.35
=> Normal end, final calculations and writing...
=> CPU Time: 0.500 seconds

=> 0.008 minutes

=> END Date:25/05/2019 Time => 13:55:46.512

Cycle: 40 chiz: a.79 31 .dat
. 300 H
l
c 250 i
3 *
; zo00 -4
4 i :
H 150 b+ :
- 4 :
100 ' . 4
2 ] ¢ *
o so '\ - )
g / A
g o ‘lu"ll""l"l ] ] Wy I e N% i ] I
5 —s0 J o Wwww“ UWMW’ VPRRPPP SN
10 zo 30 a0 50 Y] 70 so

ZTheta

Figure 6.4: Typical Fullprof output
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6.2INITIAL DATA FILES NEEDED FOR REFINEMENT

+ Original XRD data file
+ Crystallographic Information (.cif) file
+ Refined XRD pattern with phase matching for multiphase system

6.3SIMULATED STRUCTURE

Figure 6.5: Typical Fullprof simulated structure
6.4RESULT AND DISCUSSION

Rutile TiOz is a tetragonal unit cell with lattice parameter a=b=4.584 A, and ¢ = 2.953 Al The titanium
cations have a coordination number of 6, meaning they are surrounded by an octahedron of 6 oxygen atoms.

The oxygen anions have a coordination number of 3, resulting in a trigonal planar coordination.

In his work Ali et al?, completely summarize the crystal structure, optical and electrical properties of TiO2

nanostructure as below.

97




Property Rutile Tioz

Crystal Structure Tetragonal

Lattice Constant(A) a=b=4.5936; c=2.9587
Space Group P42/mnm
Molecule(cell) 2
Volume/Molecule(A3) 31.21

Density (g cm™) 4.13

Ti-O Bond Length (A) 1.949 (4); 1.980 (2)
O-Ti-O Bond Angle 81.2°;90.0°

Bandgap At 10k 3.051eV

Nature of Conductivity at Room

Temperature

n-type  semiconductor
undoped condition)

(during

Table 6.1: Crystallite properties of rutile TiO:
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6.4.1DETERMINATION OF LATTICE PARAMETER

e b
—m—a | 466
4.66 -] ]
b . L
\ 465
464 .
462 - ‘\,‘ 1 464
E £
= b3
3 \ / o) o
= 460 | 463 %
(0] I\*.
458 - "\‘ d 1 s
4.56 . T e
o 1 2 3 4 5
NaCl Concentration (M)
Sample a(A) b(A) a~b(A)
Code
Som 4.653 4.651 0.002
So.sm 4.566 4.609 0.043
Sim 4.563 4.645 0.082
Sam 4.653 4.653 0
Ssm 4.653 4.653 0

Figure 6.6 ;Table 6.2: Lattice parameter variation

From figure 6.5 and table 6.2 it is clear that difference between lattice parameter is a and b is maximum for
sample with 1M NaCl, Sim.
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Cassaignon et al.? reported in his work that if the pH of the precursor solution is in between 2.5 to 4.5 rutile
comes as major phase with rutile particle of unexpectedly small size. As a result of it quadratic structure
symmetry will be lost(atb) and modification of particle size will modify crystallite size. Borghols et al.*
reported in work that incorporation of Li* ion alters the lattice parameters as internal strain is generated.
Santara et al.> mentioned in his work that because of presence of large oxygen vacancy, internal strain is

generated and change of crystallite size becomes obvious.

From the above reported results, it can be anticipated that maximum strain has been generated for Sim, which
may be governed by required pH of precursor solution or presence of large oxygen vacancy, which may be
concluded using further characterization.

6.4.2DETERMINATION OF AXIAL RATIO

Another important parameter for crystallographic analysis is axial ratio, which is nothing but ratio between
lattice parameter. For rutile TiO, crystal axial ratio(c/a)=0.644. Axial ratio represents lattice symmetry?®.
From figure 6.6, it is clear that for Ssm axial ratio is minimum and deviation is also minimum. So sample
with 5M concentration produces most symmetric sample, which was also expected from result tabulated in
table 6.3.
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from
standard
value
Som 4.653 2.978 0.64002 -0.00398
SosM 4.566 2.969 0.65024 0.00624
Sim 4.563 2.961 0.64892 0.00492
Sam 4.653 2.969 0.63808 -0.00592
Ssm 4.653 2.932 0.63013 -0.01387

Table 6.3: Parameters obtained from Rietveld Refinement

Axial Ratio(c/a)
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0.640 -}
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0 1 2 3 4 )

NaCl concentration(M)
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0.000

1 -0.005
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Figure 6.7: Variation in axial ratio
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CHAPTER 7

STUDY OF DEFECT STRUCTURE:
ANALYSIS OF OPTICAL PROPERTIES
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7/.1UV-VISIBLE SPECTROSCOPY

UV-Visible Spectroscopy is one of the widely used technique to determine optical bandgap of any material.
From UV-Visible Spectrometer Absorbance vs Wavelength spectra can be achieved, which then converts

into Tauc plot to determine optical bandgap of the material.

It has been reported in previous studies that typical TiO2 rutile poly-crystalline structure exhibits bandgap at

3.0eV2. In our study we have engineered defect level in order to vary the bandgap of the material.

0.20

0.15_/_/—‘\
@)

Absorbance(a.u.)

0054\ T Sy ,,,it ‘:\"“‘ ——— (b)

. l ) T L T .. T s 1
250 300 350 400 450 500
wavelength(nm)

Figure 7.1: Wavelength vs absorption spectra obtained from UV-Visible spectroscopy

Tauc relation can be given as?
ahv = Ag(hv —Eg)™............... (7.1)

where a is the measured absorption coefficient (cm™) near the absorption edge, Ao is a constant, hv is photon
energy (eV), Eqis optical band gap (eV), n is a constant. The value of n is determined from the nature of

optical transition, n=1/2 for direct allowed and n=2 for indirect allowed transition.

The optical band gap of semiconductor can be estimated from the intercept of the extrapolated linear fit for

the plotted experimental data of (ahv)" versus incident photon energy (hv) near the absorption edge.
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Figure 7.2: Tauc Plot of (a) Som (b) So.sm (€) Sim (d) Sam (€) Ssm
(f) Variation of bandgap with variation of the concentration of NaCl

From figure 7.2 it is clear that bandgap varies between 1.15eV to 2.86eV with variation in NaCl
concentration. In previous work this variation in bandgap has been studied meticulously. In his work Xiao

et al.® reported that absorption in visible region increases with increase in calcination temperature due to
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formation of surface oxygen vacancy and bandgap variation from 3.0eV to 2.56eV. Beranek et al.*explained
that with increase in nitrogen content bandgap reduces from 3.18eV to 2.20eV. In another report by Beranek
et al.> he explored N-modified anatase TiO2 and 3.23 + 0.03 eV— 2.11 + 0.03 eV with increase in
modification temperature which may be because of intense reduction of surface Ti** atoms to Ti** through
formation of oxygen vacancies. Kernazhitsky et al.® observed peak and features near UV absorption edge
(2.8-3.4eV) and explicated that weak absorption bands between 2.3eV and 2.9eV and assigned them to d—d
transitions associated with Ti** localized states which can be associated with the presence of defect levels
in-between valance band(VB) and conduction band(CB) . Presence of UV absorption peaks at 2.91-2.93 eV
has also been allocated to overlapping of the lowest-energy fundamental absorption and absorption by defect
states associated with TiOx.

From the discussion and previous reports variation in bandgap in our study may be due to the formation of
defect levels in between valance band (VB) and conduction band (CB) due to formation of surface oxygen
vacancy. From figure 7.2(f) it is evident that the variation is not linearly increasing with increase in NaCl
concentration. In order to comprehend the reason of this trend and defect concentration variation we have
done further characterization such as Photoluminescence Spectroscopy, Raman Spectroscopy and TCSPC
Analysis.
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/.2PHOTOLUMINESCENCE ANALYSIS

PL is a very useful technique to disclose the efficiency of charge carrier trapping, immigration and transfer
in a semiconductor. Generally, it is originated from the radiative recombination of electrons and holes. In

this work, the luminescence properties of as synthesized TiO- has been studied in details.

It has been reported that when TiO2 samples are excited at wavelength less than 320nm (Aext<320nm), in
the emission spectra the interband recombination peak appeared at around 360nm and another peak at 550nm
can be attributed to indirect recombination via oxygen vacancy (Vo). Appearance of other peaks related to

electronic structure or indirect recombination of bulk defects are also conceivable.’

— SOM
—— 80.5M
—— S5M
— S3M

Intensity(a.u.)

T 1 LB T T T T ' 1
400 450 500 550 600 650
Wavelength(nm)

Figure 7.3: Variation of defect concentration with variation of the concentration of NaCl

In our study, we have excited all the samples at Aext=330 nm and found out two major peaks at

(@) Violet emission at 441nm
(b) Green emission at 530nm
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Though TiO2 is a wide band gap(~3.00eV) material in the recent studies it has been found that surface defects
could narrow the bandgap and endorses the parting of photogenerated charge carriers. In this context surface
oxygen vacancy (Vo), gains its popularity and can be considered as one of the extensively studied surface

defects.?

In his work Liu et al.” reported existence of emission peak between 400-450nm due to band edge free
excitation. This surface emission was due to an indirect transition from Xia—1I"1, and can be associated with
the recombination of sallow trapped surface state. Byzynski et al.® reported that when the sample was excited
at Aext=350 nm they observed emission peak at 500 nm which can be related to indirect transitions.
Moreover, they noticed continuous emission from blue to yellow region (450-650nm) which can be
attributed to radiative recombination between the donors associated with surface oxygen vacancy and
acceptors related to the original defects. Selman et al.%, in his study, he mentioned presence of strong
emission band from 345-440nm and 527nm at Aext=325nm which can be attribute to recombination of
excited electron and holes and radiative recombination of the self-trapped excitons respectively. Akshay et
al.1% also cited, self-trapped excitons (STE), defects associated with oxygen vacancies and other surface
defects could be the reason of the occurrence of emission peaks at 400 nm and 450 nm. He observed two
peaks at 489 nm and 520 nm which may be due to Ti** to TiOs? charge transfer, directly related to oxygen
vacancies, and the formation of F+ centers, which is nothing but the oxygen vacancies with two trapped
electrons respectively. In terms of energy, Kernazhitsky et al.® reported the presence of sharp PL peak at
2.71-2.81eV(460-440nm),2.91eVV (426nm) arise from the excitonic e—h* recombination via oxygen

vacancies and recombination of free excitons respectively.

From figure 7.2 it is quite evident that for all the samples except Sawm, instead of a single peak, a broad
spectrum of violet and blue emission (427nm-492nm) can be observed. Keeping the above discussion in
mind it is clear that in the emission spectra, the broad peak ranging from violet to blue region(427-492nm)
with centre at 441nm can be associated with the STE, defects related to surface oxygen vacancy (Vo) and
other surface related defects which is extensively prominent for Ssm. Due to the presence of defect sites, F-
center, formation will be facilitated and, further, electrons occupying these will try to interact with the
adjacent Ti**. A less intense peak at 530nm can therefore be attributed to the formation of F center in as
synthesized TiOx.

This result coincides with the prediction of formation of defect level between VB and CB from UV-Visible

Spectroscopy analysis. From figure 7.2, it is clear that maximum band gap (2.86eV) has been obtained for
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the Som having minimum defect concentration whereas minimum band gap (1.15eV) is achieved for Szm

having maximum defect concentration.

Bandgap (eV)

—l— Bandgap
—@— Defect Concentratios 7

Defect Concentration(a.u.)

NaCl Concentration (M)

Figure 7.4: Variation of defect concentration and bandgap with variation of the concentration of NaCl

From figure 7.4, it is clear that with the increase in defect concentration bandgap reduces, which perfectly

coincides with the predicted nature. So, we can conclude that with increase in surface oxygen vacancy

produces defect levels in between valance band (VB) and conduction band (CB) which has also been

reported in previous works.
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7.3TIME-CORELATED SINGLE PHONON COUNTING (TCSPC) TECHNIQUE

Time-Correlated Single Photon Counting (TCSPC) is one of the most important methods to determine
fluorescence lifetimes on the nanosecond scale. This tool is extensively used to understand radiative, non-
radiative recombination, quantum yield etc by measuring the life time of excited electron. Here experimental
decay curves (I(t)) corresponding to band-to-band transition needs to be fitted with biexponential decay

kinetic model.
Relation between I(t) and lifetime can be given by
1(t) = Ay 4yt (7.2)

where 11 and T2 represent lifetime of decay processes and ‘A1’ and ‘Az’refer to corresponding decay

amplitudes, i.e., weighing factors.
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Figure 7.5: Variation of radiative and nonradiative lifetime with variation of the concentration of NaCl

Figure 7.5 represents the variation of t1 and 1> with the variation of NaCl concentration. In her work
Bhattacharyya et al.!* has mentioned that shorter ( tnr ) and longer ( tr )lifetimes are assigned to non-

radiative and radiative transitions, respectively, and corresponding recombination rates ( kngr and kr ) are
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expressed by kne = vk L and kr= 1= 1. So here from figure 7.5 it is clear that T1= Tnr and 2= Tr.

In his work Dingle!? did an excellent theoretical frame work on analysis of life time measurement of
semiconductor materials(GaAs). If wavefunction of electron in conduction band be W and that of valance

band be ¥sthen,
kg oo | [WePW dv|* (7.3)

where P is called momentum operator.Thomas et al.’® elucidated that for delocalized electron-hole pair
equation(7.3) attains somehow more simplified form, given by,

ke(r) e las (7.4)
where r and ag represent the delocalization of the electron—hole pair and Bohr radius, respectively.

As Bohr radius is constant so increase in delocalization of electron-hole pair, reduces kgr, which in turn rises
tr. From figure 7.5 it is clear that for Som radiative recombination life time is maximum but non radiative

recombination life time is minimum
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Figure 7.6: Jablonski energy diagram

By utilizing Jablonski energy diagram(figure 7.6),

it is evident that non radiative recombination takes place in the presence defect state inside crystal lattice.

For Som we have already predicted that defect concentration is very low. It is impossible to fabricate any

semiconductor in the complete absence of defects. Existence of inherent defects eventually gives rise to

some non-radiative recombination for Som.
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Figure 7.7: Variation of characteristic lifetime with variation of the concentration of NaCl
Characteristic Life time (tpL) can be given as,
or =ty (7.5)

Figure 7.7 shows the variation of characteristic life time of as synthesized TiO2, where Sim shows maximum
characteristic life time which in turn clarifies the fact that total probability of recombination is maximum for
this sample, following the trend of Tnr. SO non-radiative recombination is predominant for all the samples
because of presence of highly concentrated defect levels.
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Sample Code Tr (NS) TNR(NS) tpL(NS)
Som 7.0416 0.03773 0.03753
So.sm 2.35 0.589 0.47096
Sim 4.37 1.093 0.87432
Sam 3.347 0.8368 0.66943

Table 7.1: Parameters obtained from TCSPC Analysis
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7.AMICRO RAMAN ANALYSIS
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Figure 7.8: Raman Spectra of (a) Som (b) So.sm (€) Sim (d) Sam (€) Ssm

Figure 7.8 represents the micro raman analysis of as synthesized samples of Rutile phase TiO2. Raman

Spectroscopy shows the peaks around 155cm?, 250cm™,452cm™ and 617cm™ .
The optical modes of Rutile TiO; at T point can be given as'*

Tope = Arg + Agg + Agy + 2By + Big + Bog + Eg + 3E,........ (7.6)

where g represents Raman active, u infrared active and E degenerate modes.

E, mode can be associated with the motion of O tetrahedral, causing a significant stretching of the
tetrahedral bonds. The four O atoms show breathing like vibrations with different vibrational direction of O
tetrahedron. Thus, this mode can be fundamentally considered as an anti-symmetric breathing vibration of

the O tetrahedron.
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B, 4 and B, modes are related with motion of Ti atoms in tetrahedron, especially the stretching and breathing

motions

A1gmode can be connected to the displacements in which two oxygen atoms bend out of phase perpendicular

to the centre Ti atom.

A less intensified peak at around 480cm™ is mainly related to amorphous silicon (Si) which originates due

to glass substrate.®®

In his work Park et al.'® synthesized Rutile TiO, and obtained distinct Raman peaks at 140cm™, 240cm™,
442cm™ and 607cm™ and marked them as Big mode, Multiphoton process, Eq mode and Aig mode
respectively. Cheng et al.!” mentioned in his work that with reduction in grain size Eq mode decreased by
about 8 cm™, while a new broad band near 112 cm™ appeared gradually and the band near 144 cm™ could
be covered. Hardcastle et al.'® cited that presence of major peaks at 610, 446, and 242 cm™ can confirm the
formation of Rutile TiO,. Aoyama et al.*® also mentioned in his work that Raman spectroscopy peaks around

240, 450, and 620 cm™ is consistent with second order phonon, Eg, and A1q modes of rutile TiO; crystal.

From figure 7.8 distinct peaks obtained at 155cm™, 250cm™, 452cm™, 617cm™ can be assigned to Big mode,
Multiphoton process or second order phonon mode, Eg mode and Aig mode respectively. From the reported
data a consistent blue shift of 10cm™ has been achieved which is mainly because when light comes in contact
with the material, it either gains by some quanta or loses some quanta by interacting with the vibrational

modes of the material, called phonons. Blue shift indicates increase in energy, thus by gain of quanta.

Xiao et al.2 extensively studied the effect of oxygen vacancy on rutile TiOz in his work. In consistence with
previous work on Raman spectroscopy analysis he also mentioned that broadening of raman peaks
demonstrates that surface oxygen vacancies break down the symmetry of rutile TiO2 lattice, which is

consistence with our result.

In his work P. Colomban?® meticulously explained the raman spectroscopy analysis on nano material
domain. According to his work presence of strong peaks between 400 and 1000 cm™! for inorganic phases

represents stretching M—X modes, which is eventually been established in previously mentioned reports.

He also presented a very strong guide line on intensity variation of Raman peaks. According to his work
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Sample Code Big(cm?) Second Order Eq (cm™?) A (cm™)
Phonon (cm™)

Som 137.83 249.56 451.91 616.13
Sosm 154.35 253.67 450.44 618.48
Sim 140.47 248.39 451.91 614.66
Sam 156.84 255.13 451.91 617.60
Ssm 153.47 245.75 451.91 618.77s

Table 7.2: Parameters obtained from Microraman Analysis

parameters governing vibration-induced charge transfers, in other words the ‘“conductivity,” (iono-
covalency, band structure, electronic insertion, resonance,) will set the Raman peak intensity. The vibration

of charged species is somewhat analogous to high frequency conductivity.

Relation between Raman Intensity (I,,man (V)) and conductivity (a(v)) can be related using the following

eqautaion

nB@)+1

Lraman(¥) X 2= 0 (D)oo (7.7)

where nBis called Bose occupation factor.
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Figure 7.9: Variation of different Raman active modes with variation of the concentration of NaCl

From the figure 7.9 it is expected to have minimum conductivity for Sosm but this method involves certain
problems?!. During assessment an unknown changes of Raman cross sections for the materials this will lead

to an overestimation of the phase when calculating the I, (V) for layers with higher oxygen contents.
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CHAPTER 8

MEASUREMENT OF PHOTODIODE
CHARACTERISTICS OF TiO2-pSi
HETEROJUNCTION FABRICATED ON P-Si
SUBSTRATE
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Photodiode is one of the fundamental optoelectronic two terminal devices. Photodiodes are designed to
respond to photon absorption. Some photodiodes have extremely high sensitivity. With the advancement in
the field of electronics, photodiodes play an important role in optoelectronic as well as energy harvesting

device.

8.1THEORY OF PHOTODIODES

8.1.1THEORY OF P-N JUNCTION
A p—n junction is a boundary or interface between two types of semiconductor materials, p-type and n-type,

inside a single crystal of semiconductor. An intrinsic semiconductor, free from impurity is not capable of
carry charge at OK, as no electron is present in conduction band. If we replace one atom of these intrinsic
semiconductor by atom of pentavalent material (group V in periodic table) such as P, As or Sb or trivalent
material (group 11 in periodic table) such as B, Al, Ga then defect state is produced due to presence of excess
or insufficient electrons respectively. These semiconductors are called extrinsic semiconductor, and the
replacement are called “doping”.

Doping by pentavalent material generates excess electron defect level in close proximity of conduction band,
which is known as “donor level”, because very less energy is needed to excite electron from this level to
conduction band. As in this case electron is the majority charge career, they are known as “n-type
semiconductor”.

Doping by trivalent material results in deficiency of electron or excess of hole, which produces defect level
in close proximity of valance band, which is known as “acceptor level”, because very less energy is needed
to excite electron from valance band to this level, thus producing more hole in valance band. As in this case
hole is the majority charge career, they are known as “p-type semiconductor”.

Diffusion of n-type and p-type semiconductor into each other produces p-n junction. As a result of diffusion,

depletion region is produced in the junction.
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8.1.2 ENERGY BAND DIAGRAM
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Figure 8.1: Energy Band diagram of p-n junction

8.1.3.CURRENT AND VOLTAGE IN AN ILLUMINATED JUNCTION

Generation of current can be considered due to drift of minority carriers across junction. In particular, carriers
generated within depletion region are separated by junction field, electrons being collected in the n-region
and holes in p-region. If the junction is uniformly illuminated such that hv>Eg, an added generation rate
Jop(EHP/cm?3-s) participates in this current. The number of holes and electrons created per second within a
diffusion length of the transition region on n-side and p-side is ALpgop and ALngop respectively. So the
resulting current due to collection of this optically generated carriers can be given as,

lop= QAGop(Lp+LntW)......... ... (8.1)

where W is the junction length

If It be the thermally generated current and lop be the optically generated current, then net current directed

from n to p side can be given as,
\4
Y G ) o P 8.2)

So,from equation (8.1) and (8.2) it can be predicted that with increase in optical generation, 1-V curve will

be lowered proportional to the generation rate gop.
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8.2EXPERIMENTAL
8.2.1FABRICATION OF P-N BULK HETEROJUNCTION

TiO: is a n-type semiconductor, so we deposited it into a p-Si substrate in order to fabricate p-n bulk

heterojunction. Initially, substrate was cleaned following standard procedure in an ultrasonic bath. A well
dispersed solution of as synthesized TiO2 nanostructures has been prepared and deposited onto p-Si substrate
using spin coating technique with a spin rate of 1500rpm, followed by annealing at 90°C for 45 minutes.
Using surface profiler thickness of the film was maintained as 1 micron. Effective cell area was maintained

as 1mm2.

~<—>< Conduction Band Energy (eV)
Valence Band Energy (eV)

Conduction Band

Si TiO;

Valence Band

Figure 8.2: Energy Band diagram of p-Si-TiO2 bulk heterojunction

125




8.3RESULT AND DISCUSSION

Electrical characterization has been done under 1.5AM solar simulator, with average power of 1000mWcm,
and current voltage characteristics(V-1) has been measured.
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Figure 8.3: V-1 characteristics of p-Si-TiO2 bulk heterojunction

Figure 8.3 current-voltage characteristics of fabricated photodiode. Net calculated current of a photodiode
can be given as,

Ip=ld-lph covevinininnn. (8.3)

where Iq represents dark current and Ipn represents photo current.

From figure 8.3 it is clear that under illumination, with increase in bias voltage, Ipn becomes predominant
over lgwhich generates due to thermionic emission of the diode. Using equation(8.3) photo diode current

has been calculated across sample and plotted.
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Figure 8.4: Variation of photodiode current
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From figure 8.4 apparently it may look like for Ssm, diode current is minimum. This is because of the fact
that photodiode current is governed by equation(8.3), which indicates appearance of negative sign, as
photocurrent is much higher in magnitude of dark current. From figure 8.4, it is clear that Saw is capable of
producing maximum diode current in bulk heterojunction.

Under dark condition, the device showed current value which is one order of magnitude smaller than the
current under illumination. This finding indicates that the PD can exhibit excellent light response. The
current stays nearly constant at small bias (Vbias< 1 V). These results indicate that the charge carriers created
by the illumination at a high bias voltage (Vbias> 1 V) have a main function of determining the current, which
causes the increase in current. However, when a small bias is applied, the current is not sensitive to the
illumination since the current of the device is restricted by the depletion region between the n-TiO2 and p-
Si. Therefore, the TiO2 nanostructures will absorb the light and generate electron—hole pairs in the depletion
region. The presence of an electric field in the depletion region by applied bias voltage (Vpias> 1 V) results
in the separation of the charge carriers, where the holes will move to the p-side and the electrons will move
to n-side. Thus, a photocurrent will be generated at the external contact?.

Furthermore, TiO2 is an n-type semiconductor. The surface oxygen defect (Vo)is predicted to have a
significant function in the photodetection mechanism by TiO2. Whereas, in dark state, oxygen molecules are
adsorbed on the surface that separates free electrons from n-type TiO>. This process produces a depletion
layer with low conductivity near the surface of TiO2.23

O2(g)+e —02 (ads) ......... (8.4)

02(g)+e —02%(ads) .......... (8.5)

Upon illumination with light energy above or equal to energy gap of TiO», charge carrier pairs are created.
The electric field produced in the depletion region moves the holes toward theTiO surface, thereby leaving
the electrons behind. Before the recombination between charge carrier pairs, the holes migrate to the surface
and will recombine with electrons from the adsorbed oxygen ions (02~ or O2?), which leads to the release of

oxygen atoms from the surface.*®

hv—e+h™............ (8.6)
O2 (ads) + h*— O2(g)......... (8.7)
02%(ads) +2 h*— Oa(g).......... (8.8)

This mechanism results in increased electron concentration in the material, which consequently increases
conductivity. Therefore, the observed high photocurrent can be attributed to light-induced charge carrier

generation at the depletion region of TiO2NRs, especially near the heterostructure interface. Furthermore, the
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large difference between can be attributed to the short transit time of charge carriers with long lifetime. The
presence of oxygen caused hole trap states at the TiO2 surface which prevents the generation charge carrier
pair (e —h*) recombination and extends the lifetime of holes®.

Sensitivity of the photodiode can be given as,

S(%) = % £100%............ (8.9)

Using the formula in equation(8.9) variation of sensitivity can be plotted with NaCl concentration as shown.
Figure 8.5 indicates that sample with 3M NaCl concentration has the highest sensitivity(~60%). Two circuit
parameters namely responsivity(R), and external quantum efficiency(n), can be accounted for the sensitivity
also.

Responsivity(R) can be given as,
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Figure 8.5: Variation of sensitivity with sample
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where Ipn= Photocurrent in Ampere

Pinc= Input power in W
In our experiment input power was 100mWcm2 of the solar simulator. Since the effective cell area was
1mm?, hence net input power Pinc=100*10°W.

Internal quantum efficiency(n) can be given as,
n=Rx ’;—” ........ (8.11)

So from equation(8.11) it is expected that variation of 1, will follow variation of R.
Another important parameter of photodiode is current gain(g), which indicates enhancement of current under

illumination, and can have significant importance for practical application.’

132




(@)

R(*10™

2.8
26
24 —
22 —
20 —
1.8 -

1.6 4

1.2 1

1.4-/

NaCl Concentration (M)

(b)

1.8 —

1.6

1.4 -

1.2 4

1.0

T T T T T T T
2 3 4 5

NaCl Concentration (M)

Figure 8.6: Variation of (a)responsivity and (b)gain with sample

133




From figure 8.6(b) it is clear that gain is maximum for Ssm, which was expected from the variation of
sensitivity, responsivity and photodiode current.
From the above discussion it is clear that sample with 3M NaCl concentration showed best photodiode

activity in terms of all the parameters, so it is anticipated to give a guideline for further utilization in practical

domain.

Sample Code Photodiode Sensitivity (%) Responsivity Gain
Current(*108A)

Som -0.76968 6.60054 1.25333 1.06601
So5m -2.22548 18.4278 1.43444 1.18428
Sim -3.79345 29.60023 1.66395 1.296
Sam -13.35919 59.1502 2.68476 1.9915
Ssm 4.7276 30.56095 2.0197 1.30561

Table 8.1: Parameters obtained from V-1 characteristics of Photodiode
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CHAPTER 9

CONCLUSION




From all the preceding chapters which gave an elaborate description of TiO and its defect related
studies and electronic applications, it can be concluded that variation of precursor gives rise to stunning
properties. Its synthesis process that has been followed in this work is based on low temperature
hydrothermal synthetic technique. Hence, the synthesis technique is environment friendly as no calcination
is needed and as a result, it may find exceeding importance in the industries.

Firstly, hydrothermal synthesis is done with variation of NaCl precursor concentration, which gives
rise to variation in product colour, which indicates its activity will be better on visible range. A detailed
characterization is done in order to understand defect concentration and character. Well established
hierarchical microstructure has been obtained. Moreover, effect of defect on lattice parameter has been
investigated using Rietveld Refinement Technique. Lastly, photodiode has been fabricated and we tried to
relate defect concentration and photodiode activity.

From defect related studies it is evident that sample with 3M NaCl concentration(Sam) comprises of
highest defect concentration. But from Rietveld refinement it has been observed that variation of lattice
parameter is most for Sim. Variation of lattice parameter is generated due to presence of internal strain inside
the system, which may be governed by the presence of defect state. Defect state produces internal strain,
which changes crystallite size. But as the presence of NaCl plays an important role in the formation of
microstructure, it can be anticipated that at 3M NaCl concentration, formation of microstructures comprises
of symmetric crystallite is more predominant, which even in the presence of large surface oxygen vacancy
(Vo) is capable of retaining uniformity or structural symmetry of the crystallite.

From applications point of view, photodiode has application in optoelectronic and energy field. It is
the fundamental structure of solar cell. With passing years, our energy consumption is increasing
exponentially which can never be fulfilled with our present technology in hand. Si-based available solar cell
is costly and have a very poor conversion efficiency. So here we have tried to fabricated photodiode,
efficiency of which can be controlled by controlling defects into the system. Photodiode has a major
application as a light sensor and here we were able to control sensitivity, responsivity just by varying
precursor concentration, or in other words defect concentration. It has been found out that sample with
maximum defect showed best photo response. Fabrication of such sensor using our technique is cost-
effective and more efficient, as it needs much less time to fabricate than the conventionally available devices.

So, it can be concluded that by varying synthesis parameters defects can be incorporated into any
material. Defects thus induced play a very prominent role to hint various properties of the material, and

variation of defect concentration can have significant effect on optical, electronic or biological application.




