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GENERAL INTRODUCTION

Significant technological developments over the past decade have changed the way
we live, work and interact with each other. Every year, experts make predictions about the
emerging technologies, for example in the future, advanced optoelectronic devices are
expected to have small sizes, high performance, and high operation speeds. Nanostructured
semiconductor materials are appropriate to realize these goals because they have some
unique physical, chemical and optical properties as well as an interesting size. Therefore,
they can be widely applied in optoelectronics, medicine, photocatalyst, electronics, and

photonics.

Zinc oxide (ZnO), a wide-band gap semiconductor with a direct energy gap about
3.37 eV, has emerged as one of the most promising metal oxide nanomaterials for practical
applications in the above mentioned fields, due to its optical and electrical properties, high

chemical and mechanical stability, in addition to its large availability and low cost [1].

The modification of ZnO properties by doping has become an important research
topic in order to improve the intrinsic characteristics of the base material. In such context,
we report a study on ZnO and Bi-doped ZnO nanopowders synthesized via the sol-gel
process. This method provides an efficient and cost-effective platform and produces

samples with high purity, homogeneity, and a structure of easy control.

The purpose of This work is to check the effect of Bi on ZnO in view of a possible

use of the doped nanostructures for various applications.

To provide a common footing for the chapters that follow, the first chapter consists

of a brief survey on the main proprieties, advantages, and applications of zinc oxide.

The second chapter introduces the sol-gel method’s definition, steps, advantages and
applications. Then a detailed procedure for the preparation of undoped ZnO powders as
well as the Bi-doped ones is presented. Finally the various characterization techniques

employed in this study are given.

The third and final chapter presents and discusses the characterization results of Zinc
oxide powders doped with bismuth. An interpretation of the impact of the Bi doping

concentration on the structural and optical properties of ZnO is included.

:



This work ends with a general conclusion that highlights the major outcomes and

some future outlooks about the obtained results.

References:

[1] T. Prakash, G. Neri, A. Bonavita, E. Ranjith Kumar, K. Gnanamoorthi, Structural,
morphological and optical properties of Bi-doped ZnO nanoparticles synthesized by a
microwave irradiation method, p 4913-4921, 2015.
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I.1. Introduction:

In recent years, the (11-VI) semiconductors’ growth and it characterization, such as ZnO,
has been highlighted mainly as an active study subject. Both the scientific significance and the
possibility for a variety of practical applications have fueled the research efforts.

The first chapter will tackle the main proprieties, applications and advantages of zinc

oxide.

1.2. History of Zinc oxide (ZnO) research:

ZnO is not “a new semiconductor”, it has a considerable history of studies dealing with
its growth techniques and characterization of its material properties, which has been
investigated already since 1912. With the start of semiconductors era after the invention of the
transistor, lattice parameters of ZnO are known from 1935, whereas detailed values of optical
parameters were accessible in the middle of the 50s. Systematic research of ZnO as a compound
semiconductor was carried out in 1960.

After intensive study phases in the 1950s and 1970s, ZnO as a semiconducting material
is currently experiencing a revival. Despite the fact that good quality thin films were
manufactured in 1970 (by chemical vapor deposition), ZnO has just recently gained popularity.
Since about 1990, an increase in the number of publications on ZnO occurred (see Figure 1.1)

and more recent reviews on ZnO have been published.




Chapter | | Bibliographic studies

5000 f

PeN
o
o
o

3000

2000 ¢

publications/year

1000 +— o
s (1

. r ’((|1’,lr‘"——l:
O--l;lnnn‘ltn;tlnujl 1 1

1960 1970 1980 1990 2000
year

Figure 1.1: Increase of the number of publications about zinc oxide according to the
literature database SCOPUS [1].

1.3. Properties of zinc oxide:

Zinc oxide (ZnO) is a direct band gap semiconductor with great potential for a variety of
applications, such as: optical waveguides, phosphors, transparent conductive oxides, chemical
gas sensors, spin functional devices, UV-light emitters, and piezoelectric transducers. Its wide
band-gap (3.37 eV at room temperature) makes ZnO a promising material for optoelectronic
and photonic applications in the UV, or blue spectral range [2].

These various applications are linked to zinc oxide proprieties, as:
1.3.1. Physical Properties:
The physical properties of ZnO are as follows [3]:

%+ Molecular Weight: 81.37 g/mole.

%+ Color: Pure microcrystalline zinc oxide is white. Single crystal zinc oxide is
colorless. Zinc oxide turns lemon yellow on heating and reverts to white on
cooling.

% Relative Density: 5.607
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% Melting Point: Zinc oxide sublimes at atmospheric pressure at temperatures over
1200°C. Under high pressure, a melting point of 1975 °C has been estimated.

% Refractive Index : w = 2.004, e = 2.020

% Heat of Sublimation between 1350 °C and 1500 °C: 193 Kcal/mole (vapor
associated).

% Heat Capacity: Cp = 9.62 cal/deg/mole at 25 °C.

% Coefficient of Thermal Expansion =4*10% °C™,

1.3.1.1. Crystal structure:

ZnO is a group of (11-V1) binary compound semiconductor that usually crystallizes in
one of these three forms: hexagonal wurtzite, cubic zincblende, or cubic rocksalt (or Rochelle
salt) as schematically indicated in (Figure 1.2). The zinc blended ZnO symmetry can be
stabilized only by growth on cubic substrates, whereas the rocksalt or Rochelle salt may be
observed at relatively high pressures. The crystal structure of ZnO at the nanoscale is wurtzite,
hence it is the most common form at ambient conditions. Due to the fact that it is a non-

centrosymmetric (l,e. it has no inversion symmetry), the ZnO crystals have piezoelectricity and

,,oz %ﬁf{
i’ T

Rock-sait Zinc-blende Wurtzite

pyroelectricity properties.

|m1 11111 {oo1)
.
|

Figure 1.2: Models showing (i) the rocksalt, (ii) zinc blende, and (iii) wurtzite crystal
structures of ZnO [4].
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The ZnO wurtzite structure has a hexagonal unit cell with two lattice parameters a=0.32
nmand ¢ = 0.520 nm in the ratio of c/a = 1.633. The ZnO wurtzite structure belongs to the
space group Cg,, in the Schoenflies notation and Pésmc in the Hermann-Mauguin notation.
(Figure 1.3) clearly shows the structure composed of two interpenetrating hexagonal close-
packed (hcp) sublattices, (where 02 and Zn*? ions are tetrahedrally-coordinated with each
other). Each sublattice consists of one type of atom (Zn or 0) displaced concerning each other
along the threefold c-axis by the amount of u = 3/8 = 0.375 (in an ideal wurtzite structure) in
fractional coordinates. Moreover, each sublattice consists of four atoms per unit cell, and every
group Il atom is surrounded by four atoms of the group VI atom or vice versa. The oppositely
charged ions produce positively charged Zn-(0001) and negatively charged O-(0001) surfaces
resulting in a normal dipole moment and spontaneous polarization along the c-axis as well as
a divergence in surface energy. Many ZnO properties such as growth, etching, defect

generation and plasticity, spontaneous polarization, and piezoelectricity depend on its polarity

[5].

[0001]
A

Figure 1.3: Representation of (1) ZnO wurtzite crystal structure, (I1) atomic structure of
wurtzite-closed circle, open circle, and thick solid line represent cation, anion, and

projection of two bonds, respectively [6].
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The pairs of cation and anion atoms in the wurtzite structure (connected by dashed lines
along with the [0001] direction in (Figure 1.3 (I1)) are attracted to each other by electrostatic
force. It is considered that these electrostatic interactions allow the wurtzite-ZnO to be more
stable than the zincblende-ZnO. Additionally, the (0001) polar plane which is associated with
the direction <0001> commonly used for growth, so many other ZnO secondary planes and

directions exist in the crystal structures [7].
1.3.1.2. Electronic band structure:

So far, the coherence between theoretical calculation and experiments for energy band
structure has already been achieved for a great number of semiconductors, including ZnO of

course. Since excellent and detailed optical data has been available in various cases.

E =3.4376 &V
Ted 2K

JAE p=4.9 maV

a.EE"::-iS.T mely
r,[A]
r,le]
rIc]

Figure 1.4: Band structure and symmetries of hexagonal ZnO [8].

It is worth noting that the ZnO valence band is split experimentally by crystal field and
spin-orbit interaction into three states named A, B, and C under the wurtzite symmetry. This
splitting is schematically illustrated in (Figure 1.4). The A and C sub-bands are known to

possess I'7 symmetry, whilst the middle band, B, has I's symmetry.




Chapter | | Bibliographic studies

1.3.1.3. Electrical Properties:

ZnO mostly exists as an n-type semiconductor, whose frequently observed unintentional
n-type conductivity was supposedly believed to be due to the existence of native point defects
that is attributed to the oxygen vacancies and Zn interstitial ions, which act as donors in the
ZnO lattice. Recent researches indicate that oxygen vacancies are deep rather than shallow
donors and it cannot cause the observed n-type conductivity. The course would be related to
the unintentional incorporation of donor impurities that act as shallow donors, with hydrogen
being a likely candidate. Furthermore, It has been confirmed that both the interstitial and
substitutional hydrogen act as shallow donors in ZnO. The interstitial hydrogen forms a strong
bond with O in ZnO, and it performs as a shallow donor contrary to its amphoteric behavior in
controversial semiconductors and diffuses easily. Interstitial hydrogen prefers sites where it
can strongly bind to an oxygen atom, forming an O-H bond length of (0.99 - 1.01) A, as shown
in (Figures 1.5 (a) and (b)). On the other hand, the substitutional hydrogen on an oxygen site

(observed in Figure 1.5 (c)) diffuses easily and can alternatively be regarded as a complex

consisting of hydrogen and an oxygen vacancy [9, 10].

38 Sy

Figure 1.5: Ball and stick model of the relaxed atomic positions of interstitial hydrogen:
(a) at the bond-center site parallel to the c axis; (b) at the antibonding site

perpendicular to the c axis; (c) at the substitutional oxygen site [11].

1.3.1.4. Optical Properties:
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A variety of experimental techniques have been used to investigate optical transitions in
ZnO, including optical absorption, reflection, photoluminescence, transmission,
cathodoluminescence, and so on. At room temperature, the photoluminescence (PL) spectrum
of ZnO typically consists of a UV emission band and a broad emission band. Luminescence is
light emission by any process other than heating. Luminescence in semiconductors is the direct
result of electron transitions from higher to lower energy levels. (Figure 1.6) highlights a
simplified band structure of a semiconductor near the center of the first Brillouin zone where
a material with band gap energy Eqg is irradiated by light or heat with energy hv>E,,, resulting
in the excitation of an electron. The electron and hole thermalize to the lowest energy state of
their respective bands via photon emission. Before recombining across the fundamental band

gap or defect levels within the band gap, they emit photons of the corresponding energies.

Figure 1.6: Band diagram illustrating different processes that make up the

photoluminescence spectra, excitation relaxation, and recombination in k-space [12].

The optical properties of a semiconductor are associated with both intrinsic and extrinsic
effects. Intrinsic effects take place between the electrons in the conduction band and the holes

in the valence band, including excitonic effects caused by the Coulomb interaction. Extrinsic
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effects are related to dopants/ impurities or point defects and complexes, which usually create
electronic states in the band-gap; therefore, they impact both optical absorption and emission

processes.

1.3.1.5. Mechanical Properties:

ZnO is extremely such a soft material with an approximate hardness of just 4.5 on the
Mohs scale. Its elastic constants are relatively smaller than those of other 111-V semiconductors,
for example. GaN. The high heat capacity and high heat conductivity, low values of thermal
expansion, and high melting points are some of ZnO’s characteristics. This latter has been
proposed to be a more promising UV emitting phosphor than GaN because of its larger exciton
binding energy (60 meV). Among the semiconductors bonded tetrahedrally, it was found that
ZnO has the highest piezoelectric tensor. Consequently, it becomes a significant material for
many piezoelectric applications, which require a high degree of electromechanical coupling

among them [3].
1.3.1.6. Piezoelectric effect:

The piezoelectricity of ZnO has been widely researched for various applications in force
sensing, acoustic wave resonator, acoustic-optic modulator...etc. The origin of piezoelectricity
lies due to its crystal structure, in which the oxygen atoms and zinc atoms are tetrahedrally
bonded. In such a noncentrosymmetric structure, the center of both positive and negative
charge can be displaced due to externalpressure-induced lattice distortion. This displacement
results in local dipole moments, thus a macroscopic dipole moment appears over the entire
crystal. In fact, among the tetrahedrally bonded semiconductors, ZnO has the highest tensor

which provides a large electro-mechanical coupling [3].

Table 1.1: Physical properties of the zinc oxide in the wurtzite form [13].
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Property Value

Lattice constants (T=300K)

ao (nm) 0.32495
Co (Nm) 0.52069
ao/co 1,602 (1,633 in an ideal wurtzite structure)
Density (g/cm3) 5.606
stable structure (T=300K) Wurtzite
Melting point (K) 2248
Relative dielectric constant 8.66
Refractive index 2.008-2.029
Gap Energy (eV), direct 34
Intrinsic carrier concentration (cm) < 106
Exciton binding Energy (meV) 60
Electron effective mass (Kg) 0.24 mo

Electron Hall mobility at (T=300K) for low o
n-type Conductivity (cm?/V.s)
Hole effective mass (Kg) 0.59 mo
Hole Hall mobility at (T=300K)

for low p-type conductivity (cm?/V.s)

5-50

1.3.2. Chemical Properties:
ZnO has the following chemical properties [3]:

%+ ZnO occurs as the mineral zincate or as white powder known as zinc white. It is usually
orange or red due to manganese impurity.

¢+ Crystalline zinc oxide is thermochromic, that changes from white to yellow color when
heated and reverting to white on cooling. This color change is caused by a very small

loss small loss of oxygen at high temperatures.

X/
L %4

Zinc oxide is amphoteric, that reacts with both acids and alkalis. With acid, it reacts to

form familiar compounds, such as zinc sulfate. Alkaliforms zincates.

Zn0+2HCl - ZnCl, +H,0
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Zn0+2NaOH+H,0 — Na,(Zn(0H),)

X/
L X4

ZnO decomposes to form zinc vapor and oxygen at about 1975 °C, indicating its
considerable stability. Heating with carbon converts ZnO into Zn, which is more

volatile.
Zn0+C - Zn+CO

¢ The following reaction is extremely important in zinc pyrometallurgy.
Zn0+C0 - Zn+CO,

+«» Commercial zinc oxide shows a measurable but low level of water solubility, 0.005
g/litre.
%+ Zinc oxide exposed to air absorbs both water vapor and carbon dioxide. This results in

the formation of basic zinc carbonate.

I.4. Applications of zinc oxide:

ZnO has a diverse range of applications. Due to its reactivity, ZnO is an excellent
precursor for obtaining other Zn compounds. ZnO has proven to be a boon to materials science
because of its various advantages, for instance: UV absorption, antimicrobial capabilities, and
steady thermal and optical properties. ZnO has made a substantial contribution to ceramics,

lubricants, ointments, adhesives, and the rubber sector [14].
1.4.1. Rubber manufacture:

The rubber industry is responsible for consuming about 50% of the ZnO that is produced
globally. ZnO along with stearic acid is a must for activating the process of vulcanization in
rubber manufacture. Rubber curing becomes faster and more controlled when a combination
of these two substances is utilized. It is also a crucial additive in car tires. It assists in improving
their thermal conductivity which helps the tires to dissipate heat quickly when they are in

motion thereby increasing their life span.
1.4.2. Medical uses:

A mixture of ZnO with 0.5% Fe, 05 is known as Calamine and is used in manufacturing
Calamine lotions. Fine particles of ZnO have anti-microbial and deodorizing qualities, hence
they are used for packaging purposes. These properties along with their ability to neutralize

acids make it ideal for use in creams, like: antiseptic, healing, and so on. Additionally, they are
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also an essential component of toothpaste and dental prosthetics. Due to its ability to absorb
ultraviolet light, ZnO is used in sunscreens and sun blocks to prevent sunburns. The ZnO is
also used in the production of cigarette filters as it is helpful in removing harmful substances
like H,S and HCN without affecting the flavor.

1.4.3. Food additives:

ZnO is usually added to food products as a source of Zn which is considered to be a
necessary nutrient, as it helps in the performance of various physiological activities like growth
and proper functioning of the sexual organs. Besides, it is also adjoined to fodder as a Zn
supplement for livestock. Zinc oxide is used to manufacture zinc gluconate that is nowadays

found in cold prevention lozenges.
1.4.4. Anti-corrosive coatings:

Zinc oxide is an excellent inhibitor of fungi, mildew, and mold. Paints, are usually used
as anti-corrosive coatings for various metals like galvanized Zn which is especially hard to
protect, as it allows to produce organic coatings brittle and unsuitable for adhesion. ZnO paints,
on the other hand, maintain their flexibility and adhesive properties for years on end. The UV
blocking abilities of ZnO also play a significant role in enhancing the paint’s. Unlike some lead
pigments that are available commercially, ZnO is impervious to the effect of sulfur compounds

that are present in the atmosphere.
1.4.5. Electronic applications:

The wide band-gap of ZnO enables it to be used to make LEDs and laser diodes.
Transparent thin-film transistors (TTFT) can also be produced with ZnO. Nanorod sensors
made of ZnO are devices that detect fluctuations in electric current passing through the wires
as a result of the adsorption of gas molecules. Moreover, the nanorods can be made partial
towards H, gas by sputtering Pd clusters on the surface, which helps in dissociating the H,
molecules thereby boosting the sensitivity of the nanorods. H, concentrations up to 10 ppm
can be detected at room temperature without any response to 0,. Properties like
biocompatibility have enabled ZnO to be used as a biomimetic material in order to modify and
immobilize biomolecules. As Field-effect transistors (FETS), they can function without even a
pn junction thus by passing doping problems. This is why some FETs use nanorods made of
ZnO as conducting channels. ZnO is also used in making Zn-C dry cells, Ni-Cd oxide batteries,

Zn-Ag oxide batteries, and also some secondary batteries. Another major area of ZnO
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application is fuel cell where it is utilized to make various parts like the electrodes and
sometimes also as the fuel. It can also act as a photo catalyst in places like the solar cell.

1.4.6. Varistors:

ZnO varistors have been widely used as surge protectors in electrical transmissions and
circuits against lightning or transient overvoltage. These applications are due to their nonlinear
electrical characteristics originating from the grain boundaries. The ZnO-based varistor usually

contains a small amount of oxide additives, such as: Bi, 03, Sh,05, CoO, and MnO [15].

1.5. Properties of zinc oxide Nanostructures:

1.5.1. Morphology Controlled:

Nanostructured materials are a class of materials having the dimensions in 1-100 nm
range. This property provides the greatest potential applications because of the improved
performance of the materials. ZnO provides a lot of variations of particles structures among all
the known materials. ZnO can occur in 1-dimension (1-D), 2-dimension (2-D) and 3-dimension
(3-D) forms. One dimensional nanostructure is more in number forming the largest group
amongst all which includes nanorods, needles, rings, ribbons, tubes, belts, wires and combs.
Zinc oxide can be obtained in 2D structures such as nanoplate, nanosheet, and nanopellets.
There have also been many solution-based chemicals methods that involve the calcinations

step as the final step for the synthesis of hierarchical porous ZnO micro-/nano- structures.
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Figure 1.7: Various ZnO nanostructures. Note: Scale bar is not shown [16].

1.5.2. Physico-chemical Properties:

As per the concept of quantum confinement, different morphology of structures leads to
variation in their physical and chemical properties. Among various nanostructures, the belt,
wire, and rod structures have been studied extensively from different sources. Below is a quick

summary of each of them.
1.5.2.1. Nanobelts:

Nanobelt and some other relevant structures have their application in optoelectronics,
optical and electrical devices like nanosensors and nanoactuators. With the reduction in object
size, phonon densities and phonon modes of the states change drastically resulting in an unusual
thermal transport phenomenon at the mesoscopic scale. Kulkarni et al. have measured the size-
dependent thermal conductivity of zinc oxide nanobelts. The thermal conductivity of nanobelts
is suppressed in comparison to that in the bulk due to increased phonon- boundary scattering
and modified phonon dispersion. This size reduction affects any increase in localized heating

but it has found potential application in the field of thermo-electronics.

1.5.2.2. Nanowires:
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Li et al. have reported the electronic transport of ZnO nanowires. It was seen that the
conductance decreased when the oxygen pressure was increased. This indicated that the surface
oxygen species controlled the electric transport through each wire. Hence, it was helpful to
demonstrate that the nanowires are useful to develop gas sensors that can work in ambient

conditions. ZnO has also been recognized as an effective material in the blue UV region.

1.5.2.3. Nanorods:
ZnO nanorods have been proved to be useful in the detection of biological molecules.
Kim and coworkers have functionalized ZnO nanorod’s surface with biotin and have

developed biosensors [16].
1.6. Advantages of zinc oxide:
The following are the most desirable characteristics of ZnO [17-20]:

» ZnO has an extremely large exciton binding energy of (60 meV) which is much greater
than the thermal energy (26 meV) at room temperature. This is one of the key
parameters that enable the UV laser diode and other exciton-related light-emitting
devices to operate at room temperature.

» High transparency in the visible and near-infrared spectral region.

» ZnO is one of the “hardest” materials in II-VI compound semiconductors due to the
higher melting point and larger cohesive energy. It can be expected that degradation of
the material due to the generation of dislocations during the device operation will be
reduced.

» Low material costs, nontoxicity, and abundance in the earth's crust.

» Interfacial energy between ZnO and sapphire or other oxide substrates is such that two-
dimensional growth is favored, which results in high-quality films at a lower
temperature.

> Possibility to prepare highly doped films with free electron density n>10% cm™ and low
resistivity (<10 Q cm).

» Good contact with the active semiconductors (absorber layers).

> Possibility to prepare the TCO layer on large areas (>1 m?) by deposition methods like
magnetron sputtering.

» Possibility to prepare ZnO films with suitable properties at low substrate temperature.
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Methods and materials

I11.1. Introduction:

The second chapter is divided into two parts. The first part goes through the definition,
different steps, advantages, and applications of the Sol-Gel process, then it describes the
preparation steps of pure ZnO powders as well as the Bi-doped ones. The second part tackles

the various characterization techniques utilized in this study.

11.2. Synthesis of Inorganic Nanomaterials:

Nanotechnology is a branch of material science in which nanoparticles with specific
intended properties are synthesized or produced by the application of physical or chemical

processes. The standard definition of a nanoparticle is a particle whose average dimensions

are <100 nm.

Figure (11.1) presents different approaches to the synthesis of Inorganic Nanomaterials.

Nanoparticles synthesis
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Figure 11.1: Top-down and bottom-up approach for the synthesis of nanoparticles [1].
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11.3. Sol-Gel process:
11.3.1. Introduction:

Sol-gel processing is a well-known, cost-competitive bottom-up synthesis approach
used in material science and ceramic engineering to generate oxide nanopowder and
composite nanoparticles from a sol followed by gel formation. Functionality refers to typical
chemicophysical properties owned by materials [2].

11.3.2. An overview of sol-gel process steps:

The sol-gel process, as the name implies, involves the transition from a liquid ‘sol’
(colloidal solution) into a ‘gel’ phase [3]. Usually inorganic metal salts or metal-organic
compounds such as metal alkoxideare used as precursors. A colloidal suspension or a ‘sol’ is
formed after a series of hydrolysis and condensation reactions of the precursors. Then the sol
particles condense into a continuous liquid phase (gel). With further drying and heat
treatment, the ‘gel’ is converted into dense ceramic or glass materials. Generally, the

reactions that are used to describe the sol-gel process are:
11.3.2.1. Hydrolysis and condensation:

+ Hydrolysis reaction:
During the hydrolysis reaction, the alkoxide groups (OR) are replaced with a
hydroxyl group (OH) by adding water, as given in the equation below:

M(OR),, + H,0 = M(OR),,_,(OH) + ROH (11.2)
Although hydrolysis can occur without the use of an extra catalyst, it has been
shown that the speed and extent of the hydrolysis reaction can be enhanced with
the use of an acid or basic catalyst.

+ Condensation reaction:
The groups (HO—M (—OR)x-1) generated during the hydrolysis react either with
each other to give a molecule of water (oxolation) or with a molecule M of the
alkoxy (—OR ) to give an alcohol molecule (alcoxolation) and leading to the
creation of the or each flight MOM oxygen atom becomes a bridge connecting

two atoms of the metal M. This leads to the formation of a gel whose viscosity

-
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increases over time; this gel contains solvents and precursors which have not yet

reacted.
11.3.2.2. Gelation:

The most basic description of gelation is that clusters increase via condensation of
polymers or aggregation of particles until they collide, then links form between the clusters to
produce a single enormous cluster known as a gel. This cluster reaches across the vessel that
contains it, so the sol does not pour when the vessel is tipped. At the moment that the gel
forms, many clusters will be present in the sol phase, entangled in; however, they are not
attached to the spanning cluster. Over time, they progressively become connected to the
network and the stiffness of the gel will increase.

11.3.2.3. Ageing:

After gelation, the continuing chemical and physical changes during ageing are
extremely significant.

During this process, further cross-links continuous, the gel shrinks as the covalent links
replace non-bonded contacts and both the pore sizes, and pore wall strengths change as the

gel's structure evolves.
11.3.2.4. Drying:

Inside the structure, the gel contains a high water ratio and three-dimensional
interconnected pores. Drying is necessarily required because the liquid trapped in the
interconnected pores must be removed before the pore is closed during the densification
process. On the other hand, removal of the liquid from the tiny pores causes significant stress
resulting from inhomogeneous shrinkage. As a result, the main issue that needed to be solved
was cracking owing to the large stress in the structure. For small cross-sections, such as:
powder, coating, or fiber, the drying stress is small and can be accommodated by the
materials, so no special care is needed to avoid cracking for those sol-gel structures. While
for monolithic objects greater than 1 cm, drying stress developed in the ambient atmosphere
can introduce catastrophic cracking, consequently, control of the chemistry of each

processing step is crucial to prevent cracking during drying.

g
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11.3.2.5. Densification:

Heat treatment of the porous gel at high temperature is necessary for the production of
dense glass or ceramics from a gel. After the high temperature annealing, the pores are
eliminated and the density of the sol-gel materials ultimately becomes equivalent to that of
the fused glass. The densification temperature depends considerably on the dimension of the

pores, the degree of connection of the pores, and the surface areas in the structure [4].
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Figure 11.2: Steps of the sol gel process of materials and examples of the microstructure
of final products. Bold-lined rectangles show possible final products of the sol gel
method [5].

11.3.3. Major control parameters of sol-gel process:

The macroscopic properties of the material are determined by its microstructure, and

the microstructure is determined by the conditions of the material.

Generally speaking, the sintering properties of the powder vary in different preparation

methods. While using large surface area and high surface activity of monodisperse ultrafine
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ceramic powder, due to short diffusion distance and only need lower sintering temperature
and activation energy.

Hydrolysis ratio, the acidity of the hydrolyzing agent, gelation condition, drying
condition and procedures, and solvent types are all factors that influence the properties of

final products obtained using the sol-gel technique.
11.3.3.1. Chemical compositions of the precursors:

The nature of the precursor can significantly affect the sol-gel reaction kinetics and
final products.

11.3.3.2. Hydrolysis ratio:

The hydrolysis ratio, as defined by equation (11.2), is the main external parameter and
has been shown to be important in controlling the hydrolysis and condensation of metal
alkoxides [6]:

h = [H,0]/[M(OR),] (11.2)
where:

[H,0] and [M(OR),] are the molar numbers for the water and metal alkoxide, respectively;

z is the valance charge of metal M.

The lower amount of water added is easy to form the product of low crosslinking, and
the viscosity of the sol is increased; the higher amount of water added is easy to form a
highly cross-linked product, and the viscosity is decreased. Therefore, the amount of water
has an important effect on the structure of the product and the viscosity and gelation time.
When h< 1, water molecules are not sufficient for complete hydrolysis, and thus gelation or
precipitation cannot occur. When 1<h <z, chainoxypolymers can form. When h >z, cross-
linked oxypolymers can be obtained and nanoparticles or gels can be formed. The hydrolysis
ratio also has a great influence on the hydrolysis and condensation rate. When h is low
(< ~1), the hydrolysis rate is low, so the sol-gel reaction rate including hydrolysis and
condensation is also slow. When his high (< ~7), the hydrolysis rate is high, but the
condensation rate is low, the result being a slow sol-gel reaction. When h is intermediate
(1< h < 7), the sol-gel reaction is the fastest because of high rates of both hydrolysis and

condensation [7].
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11.3.3.3. Catalysts:

Both acids and bases can catalyze sol-gel reactions. The hydrolysis and condensation
reactions can be explained by SN2 nucleophilic substitution reaction mechanism. Take
alcohol as an example, it is not easy to hydrolyze silicon alkoxide and its hydrolysis;
polymerization are usually catalyzed by acid or alkali. The inorganic acid can make the
partially negatively charged alkoxy matrix so that it is easy to break away from the silicon
atom. Alkali provides nucleophilic hydroxyl OH in alkali-catalyzed hydrolysis, and Si-OH
loss of protons, thereby accelerating polymerization. In the presence of excess water, because
of the acid-catalyzed hydrolysis reaction, Si (OH) can be formed. The rate of polymerization
is faster than that of hydrolysis under the condition of alkali catalysis. Acid or base catalysis
is not the only catalyst. Some nucleophiles, as: NaF or 2-methylpyridine, also have the ability

to improve the reaction rate.
11.3.3.4. pH value:

Zinc oxide (ZnO) nanoparticles were prepared and synthesized via the sol-gel method,
using citric acid as a precursor. The annealing temperature was fixed at 600 °C. The impact
of pH on particle size was investigated. Three different pH (3.0, 5.0, and 1.01) for the
precursor were chosen, and it was revealed that the Zn NPs size increased with the alkalinity
of the precursor. The pH value of the sol-gel solution will change when added with acids and
alkalis to catalyze the reactions. Experimental results indicate that the pH value and

hydrolysis ratio have a synergistic effect on the morphologies of the products [8].

11.3.3.5. Reaction temperature:
Generally, increasing temperature results in both hydrolysis and condensation rate
increase [7, 9].

11.3.4. Advantages and shortages of sol-gel processing:

The sol-gel process provides samples with high purity, homogeneity, and structure of
easy control. The most important advantages of the sol-gel process in the preparation of
functional materials are as follows [2]:

e In all stages, the temperatures required are low and close to room temperature. Then,
thermal decomposition of organic material and any entrapped species is minimized

leading to high purity and stoichiometry.
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e As the organometallic precursors for different metals are miscible, the homogeneous
sol solutions are easily achieved. Since the sol-gel is initiated by the reaction of the
solution, the materials are very uniform and easy to modify, which is crucial for
controlling the physical and chemical properties of the material.

e Precursors such as metal alkoxides and mixed alkyl/alkoxides are easily purified by
common techniques (e.g. distillation or sublimation), which lead to high-purity
products.

e The chemical conditions are mild in sol-gel process. Hydrolysis and condensation are
catalyzed by acid or alkali under mild pH conditions.

¢ Highly porous and nanocrystalline materials can be synthesized by this method.

e Colloid particle size and pore size, porosity, and chemistry of the final product can be
optimized by chemical treatment of the precursors, controlled rates of hydrolysis, and
by condensation.

e Incorporating several components in a single step or in two steps.

e Production of samples in different physical forms. Starting from the same raw
material, changing the process can get different products, such as fiber, powder, or
film and composite materials.

e Treating temperature is low, the inorganic materials can be synthesized under the
condition of low temperature at about 600 °C, the composition and the structure of the
product are uniform, the grain size is small, the activity of the material particles is
increased, and the performance of the material is expanded.

e Suitable for large-scale industrial production.

The disadvantages of sol-gel processing include high precursor cost, overall high cost,
and environmental problems associated with the disposal of large quantities of organic by-
products. A common theme out of the negative comments was wet chemical processing using

alkoxides as precursors [10].

The sol-gel process is more complex in terms of the difficulty in phase control, which is
the different chemical and crystal morphology formation at different temperatures. The

morphology is relatively simple, generally, and spherical particles.

Gelation, drying, and heat treatment take much time to prepare the sample. In the

drying and heat treatment stage, the sample has a great weight loss and residual stress; film
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prone to cracking and objectively restricting the thickness of thin film and result in film
residual porosity.

11.3.5. Applications of Sol Gel method:

The sol-gel technology is highly efficient in producing various factional materials, and
successful applications have been achieved which can be summarized in a scheme (Figure
11.3) where examples of applied materials in electronics, optics, photonics, high-temperature

technologies, chemical technologies, biochemistry, and medicine are given.

Applications of sol-gel method
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Figure 11.3: Applications of sol gel method [11].
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11.4. Synthesis of pure and Bi doped zinc oxide powder:

The synthesis of pure and Bi-doped zinc oxide nanoparticles using the sol-gel method

was carried out using the following material:

+«» Zinc acetate dihydrate (C4,H¢04Zn.2H,0): used as a starting material.
«» Citric acid (C¢ Hg0~): An alkoxide, used to keep particles in suspension.
« Ethylene glycol (C;H40,): used as a solvent.

< Bismuth (I11) nitrate (Bi (NO3)3): used as a dopant.

The following table (11.1) represents some proprieties of the different precursors we

used:

Table I1.1: the physical and chemical properties of different chemicals used in this work

[12].
Chemical Molar Melting
Formula ) Appearance
compound mass(g/mol)  point(°C)
Zinc acetate White solid
] C,Hc04Zn.2H,0 219.51 237
dihydrate (all forms)
o white solid
citric acid Ce HgO- 192.124 153
ethylene Clear,colorless
C,Hs0, 62.07 -13 o
glycol liquid
Bismuth(111) colorless,
) Bi(N0O3)3.5H20 485.07 33 _
nitrate [13] white

11.4.1. Experimental conditions:

Density
(g/cm3)

1.84

1.66

1.28

2.83

Controlling the experimental conditions is compulsory for the preparation of

nanopowders, important parameters are :

= The concentration of the chemical precursors.
» The temperature of the bath.

= The duration of the gel formation.

= The temperature of the calcination 500 °C.

= The duration of the calcination.
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11.4.2. Experimental details:
11.4.2.1. Pure ZnO nano-powders:

Pure ZnO nanoparticles have been synthesized using the sol-gel method starting with
two solutions. The first solution was prepared by dissolving zinc acetate (C4H604Zn_2H20)
(with the concentration C1=0.15 mol/l) in ethylene glycol. The second one was set by
dissolving citric acid (with the concentration C>=2.5 mol/l) in ethylene glycol too. Both of the
solutions were placed in a bath of paraffin oil; heated at a well-fixed temperature. To
maintain this homogeneous and fixed temperature a hot plate magnetic stirrer was used. After
the complete dissolution of the precursors and the stabilization of the oil bath temperature,
the two solutions were mixed. The first one was gradually added to the second with a molar
ratio (C1/C»=0.06). Then, the obtained solution was stirred at 130 °C for 6h to obtain a

homogeneous and transparent solution. Finally, the solution was calcined at 500 °C for 4h.

11.4.2.2. Bi-doped ZnO nano-powders:

Bismuth oxide is an excellent material for optoelectronic applications. It possesses
nonlinear optical properties. Its high photoconductivity, large gap, and its dielectric

permittivity make it an interesting and much-studied material [13].

The same steps for the undoped ZnO (pure ZnO) preparation were followed for the
preparation of Bi-doped Zno. Zinc acetate was dissolved in ethylene glycol with the addition
of the bismuth source: Bismuth (I11) nitrate with an appropriate amount to obtain the desired

concentrations (3 to 8 % Bi).

The following picture shows the obtained powder.
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Figure 11.4: Pure and Bi-doped ZnO powders.

Table (11.2) presents the experimental conditions for the preparation of pure and doped ZnO
powders. The choice of these parameters is based on previous studies [12].

E
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Table 11.2: Experimental conditions for the production of pure and Bi-doped ZnO

nanopowders.
Gel = Calcination
Per(;el:age Concentration = Concentration | Concentration Gelation time = temperature
of the . C1(ZA) C2(CA) ratio temperature tg Te (°C)
dopant Bi (molfly (mol/l) Ci/C: Tg (°C)
(%) (h)
0 0.15 2.5 0.06 130 6 500

The same conditions were followed for all the doping concentrations.

11.4.3. Calcination treatment:

Calcination is an operation that consists of transforming the gel into a powder. The

thermal cycle was composed of a single step of 4hours at 500 °C with a rate of 5 °C/min.

Figure (11.5) indicates the oven we used for the calcination.

Figure 11.5: Nabertherm oven.
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The flowchart figure (11.6) summarizes the steps that took place in the powder preparation:

Bismuth nitrate Zinc acetate + Ethylene
pentahydrate + glycol (C1)

Magnetic Citric acid +
stirring Ethylene glycol

(C)

Mixing the two solutions
(130 °C)

!

Gelation

for 6h

|

Transparent and
homogeneous gel

Bi doped ZnO S o Pure ZnO
sowder -{ Calcination at 500°C for 4h ] ‘ powder

Figure 11.6: flowchart of the synthesis of pure and Bi doped ZnO nanopowders using sol

gel method.
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11.5. ZnO powder characterization techniques:

11.5.1. Structural characterization:

For the structural characterization, we made the recording diagrams of X-ray diffraction

(XRD) of the four obtained samples.

11.5.1.1. X-ray diffraction (XRD):

X-ray diffraction is a non-destructive structural analysis method for determining the
crystal structure of materials in the form of bulk materials, powders, or thin films. It is based
on the Bragg law (Figure 11.7) which gives the relation between the distance dnk between the

crystallographic planes, the wavelength A of the X-rays, and the diffraction angle 0:
2dhk.SINO =n A (11.3)

Where:
dnwi: the interplanar distance, 0: X-ray incidence angle, n: the order of diffraction, A: the

wavelength of X-rays.

Incident X-rays

Diffracted X-rays

The interplanar F
spacing

Figure 11.7: The Principle of Bragg’s Law [14].
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11.5.1.2. Determination of the grains size:

The average crystallite size D can be estimated from the broadened peaks by using the
Debye-Scherrerequation which is given by:

D= BOC'Z:Q (11.4)
Where:

B is the full width at half maximum of a diffraction line located at angle 6 while A is the X-
Ray diffraction wavelength. In this study, the XRD measurements were made using The

Rigaku MiniFlex 600 diffractometer.

Figure 11.8: The Rigaku MiniFlex 600 diffractometer.

Figure (11.9) shows the schematic diagram of the XRD system.

3
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Figure 11.9: Schematic of the system for XRD measurements [15].

11.5.1.3. Determination of the interreticular distances and the cell parameters:

The lattice parameter values for the Hexagonal systems can be calculated from the

following equation using the (hkl) parameters and the interplanar spacing d [16].

1 4(h2+hk+k2) n 12 15

dz2 3 a? c? (115)
Where:
a, ¢ = the cell parameters, h, k, I= Miller’s indices.
11.5.1.4. Determination of the lattice strain and the dislocation density:

The origin of micro strain € is calculated using the relation [17]:
coso
= £ (11.6)

4
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The dislocation density & is the dislocation lines per unit area of the crystal can also be
evaluated from the crystallite size D using the formula [18]:

1
6= 0 (11.7)
11.5.1.5. Determination of texturing coefficients:

To determine the texturing coefficients we used the following relationship [19]:

I(hkl)/Is(hkl)
n=1Y,, I(hkl)/Is(hkl)

TChiy = (11.8)
Where:
TChi is texture coefficient, I (hkl) is the measured XRD intensity of a plane (hkl), Is (hkl) is

the standard intensity of the plane (hkl), and n is the number of diffraction peaks considered.

11.5.2. Optical characterization:

UV-Visible spectrophotometry is based on the interaction of electromagnetic radiation
and matter in the following spectral domains: Ultraviolet-Visible and Infrared. We can obtain
certain optical properties of our samples using this technique, such as the curve of
transmittance or absorbance versus UV-visible spectrum wavelengths, the determination of
the band gap energy (EQg), the optical absorption threshold, the absorption coefficient, the
refractive index, and the extinction coefficient [20].

Figure (11.10) shows UV-Visible spectrophotometer.
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Figure 11.10: EVOLUTION 220 spectrophotometer image.

11.5.2.1. The Optical Gap:

From the transmittance spectrum in the UV-visible, one can quickly determine the
optical gap. Electronic transitions between wide states of band to band cause absorption at

high energies. Tauc law is generally used to describe it:
(ahv) = A (hv-Eg)™ (11.9)
Where:

hv is the photon energy, Eg is optical gap m and A are constants. m characterizes the optical
type of transition and takes the values Y2 for allowed direct transitions or 2 for allowed

indirect transitions.

To identify the nature of the transition from the powders that are produced in this
study, we will plot the curves (ahv)? =f(hv) and by extrapolation to (ahv)? = 0 one can get

Eg value as shown in (Figure 11.11):

3
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(ahv )

Figure 11.11: determination of Eg [21].

11.5.2.2. The Absorption Coefficient:

We can determine the absorption coefficient for each value of transmittance T in (%)
which corresponds to energy by the law of Beer-Lambert [21].

T =14%100 (11.10)
Iy

Where:

I T

E—exp—ad =75 (11.112)
lois the incidental light intensity, | the transmitted light intensity, a coefficient of absorption

and d the thickness of the cell. This relation can be written:

a == (11.12)

If we express T (4) in (%), the previous expression becomes:
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1 100
a = Eln(T (11.13)

11.5.2.3. Urbach energy:

Another important parameter, which characterizes the material disorder, is Urbach
energy. Ac-cording to the Urbach law of the expression of the absorption coefficient is as
follow [22]:

a= oo exp (Av/Eqo) (11.14)
By drawing the In(a) on function of hv, one can determinate Eoovalue:
Ina= Inag+(hv/Ew) (1.15)

The following (Figure 11.12) presents how we can estimate Eoo

4

Ina

o ~ - ...

Prerge b (eV)

Figure 11.12: Determination of the disorder by extrapolation starting from the variation
of Ln (a) as in function of hv [23].
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11.5.2.4. Sample preparation:

A small amount of ZnO powder was measured and then dissolved in the solvent of
choice (Hydrochloric acid 37%). The cell was then filled with 3.5mL of the solution
(ZnO+Hydrochloric acid 37%) and wiped before putting it into the spectrometer.

11.5.3. Chemical characterization:

Vibrational spectroscopies (Infrared Spectroscopy (IR)) probe the vibrations of atoms
in molecules or solids so as to identify the chemical compositions of the sample. The
crystalline structure can also be analyzed from vibrational spectroscopies to a certain extent.

The IR spectroscopy measures the absorption spectrum of photons directly.

11.5.3.1. Fourier Transform Infrared Spectroscopy (FTIR):

Each chemical bond, in solids or molecules, has specific (quantized) vibrational modes.
These modes, acting as oscillators, can absorb photons of energy corresponding to the
oscillator transition. The absorption spectrum is thus “a picture” of the chemical bonds
present in the sample, provided that they are IR active, i.e. having a dipole moment, capable

of absorbing the electromagnetic radiation.

y X movable mirror

detector & _ _
stationary mirror

Figure 11.13: Schematic diagram of the operational principle of the Michelson

interferometer [24].
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IR absorption spectroscopy can be performed using either a monochromatic source or a
broad spectrum IR source. Before the incident light arrives at the sample, it is divided by a
beam splitter into two light beams and reflected by a stationary and a movable mirror,
respectively. The two reflected light beams then recombine and undergo interference which is
normally called the Michelson interferometer, as shown in (Figure 11.13). The recombined
light illuminates the studied samples, and the transmitted or deflected light is detected. The
transmittance spectrum can be obtained from the collected signal and the interferogram is
treated by the Fourier transform. The absorption spectrum can also be converted from the

transmittance spectrum using programs integrated in the FTIR instrument.

The method using the broad band IR source has the advantage of being faster and more
sensitive than the simpler one using a monochromatic source.

A common Fourier Transform Infrared Spectroscopy (FTIR) is able to cover a long
range of electromagnetic spectrum regions [24]:
The near-infrared (0.8-2.5 pm), mid-infrared (2.5-25 um) and far infrared (25-1000 pum).

11.5.3.2. Sample preparation:

The sample is prepared by grinding a quantity of zinc oxide powder with a mass of
(m=0.001 g) with a specially pure salt ( Potassium bromide (KBr)) with a mass of (0.2 g) for
the mixture to become homogeneous, then it is pressed at 5.5 tons to obtain transparent

granules through which a bundle can pass via Spectrophotometer.

Y ) ), D,

FLGBLZV\D ZWO-E\ S/s ZV\O-B- (;/ Zv\O-R\ 8/

Figure 11.14: Transparent granules of pure and doped zinc oxide.
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I11.1. Introduction:

The current chapter presents and discusses the results that have been obtained for pure
and doped ZnO nano-powders. We have used bismuth (Bi) as a doping agent and we have
studied the main structural and optical properties of zinc oxide nanopowders as a function of
bismuth doping concentration in order to investigate the influence of this doping rate on zinc

oxide powders properties.
I11.2. Results and discussions:
111.2.1. Structural study:

Powder X-ray diffraction (XRD) data were carried out with a Mini-Flex (Rigaku)
diffractometer with a copper anode having a wavelength Axe (Cu) = 1.5405A. The samples
were scanned from 20° to 80° (20). XRD patterns of pure and Bi-doped ZnO powders
with different doping concentrations (3%, 6%, and 8%) are reported respectively in (Figures
111.(1-4)).

for) pure ZnO
2000 |- =)
=)
— 2
= 1500 - —
S N
= S
2 1000 g
L)
=
500
O -
1 1 1 1 1 1 1

20 30 40 50 60 70 80
26(°)

Figure 111.1: XRD pattern of undoped ZnO powders.
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Figure 111.2: XRD pattern of Bi-doped ZnO with a doping concentration of 3%.
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Figure 111.3: XRD patterns of Bi-doped ZnO with a doping concentration of 6%.
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ZnO-Bi 8%

=
N
3
(100)
(102)

Intensity (a.u.)
(002)

Figure 111.4: XRD patterns of Bi-doped ZnO with a doping concentration of 8%.

All the observed peaks in these XRD patterns (Figure I11.(1-4)) are well matched with

hexagonal wurtzite structure ZnO according to the standard JCPDS card No. 36-1451 (Figure
[11.5).
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Figure 111.5: Peak positions of the standard ZnO.

The XRD pattern of the samples uncovered also a solid solution for the 3% doping
concentration, this result have been recorded in previous article [1-3]. No other impurity
phase such as Bismuth oxide is found is due to the random substitution of Zn*? by Bi*3 and/or

the existence of Bi atoms as interstitials in the ZnO lattice [4].

In addition of ZnO main phase peaks, we have recorded peaks corresponding to the a-
Bi-O3 monoclinic structure (JCPDS, No. 41-1449), these later have been recorded for ZnO:Bi
6% and ZnO:Bi 8% samples. These peaks indicate the appearance of the secondary phase in
these samples, which may be due to the solubility limit of Bi in ZnO and only just a low
quantity of this dopant could be tolerated by the ZnO structure, and consequently the excess
of dopant is found as a secondary phase [5].

The appearance of this secondary phase was also reported in previous works [2, 3].The
peak intensities corresponding to the a-Bi2Os phase increase with the Bi content in the
sample (Figure 111.3 and 4) while the peak intensities corresponding to the solid solution
ZnO slightly decreases as it shown in the (Figure 111.6).
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Figure 111.6: Variation of the intensity of the (002) peak.

The figure (I11.6) shows the intensity of the (002) peak as a function of doping
concentrations. As the Bi doping level increases, the intensity of the peaks decreases
gradually. We can explain this remark by the distortion in crystallinity of ZnO by substitution
of the Bi dopants [1].

Also, we have noticed the appearance of new peaks with the increase of the Bi content
in the samples (Figure 111. 3 and 4).

At high concentrations of the Bi (6% and 8%), ZnO goes through a significant phase
segregation and/or phase separation. This can be attributed to the different dimensions of two
atoms, coherently with the highest ionic radius of Bi (0.103 nm) with respect to Zn (0.072
nm). In addition, Bi has a +3 charge however Zn has a +2 one, so a different content (major)
of oxygen is necessary to ensure the stoichiometry of the resulting mixed oxide.

111.2.1.1. Crystallite size, lattice strain and dislocation density variation:

The crystallite size and the lattice strain of the nanoparticles was estimated using Xpert

high score plus software. In this process scherrer formula (11.4) was used to calculate
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Crystallite size. This formula is already stored in this software. While the dislocation density

was calculated using the formula (11.7).

Table I11.1: A summary table of the structural parameters of pure and Bi-doped

Zn0.
Doping Crystallite size Lattice strain Dislocation density
(%) D (nm) € (%) 8 (nm?)
0 34.171 0.3041 0.00085
3 28.185 0.3521 0.00125
6 57.4 0.1962 0.00030
8 32.385 0.3028 0.00095

To get the average crystallite size, we have used the peaks with high intensity, as
shown below:

(100), (002), (101), (102), (110), (103) and (112). Even though Bi atoms incorporation
preserves the structure of hexagonal wurtzite, which proves that the structure is still stable,
the crystallite size is affected by the Bi doping. The Bi atoms incorporation in the particles
network may alter the nucleation step during particle growth limiting the nucleation centers,
which consequently reduces the size of the crystallites [5]. Similar behavior of decrease in the
crystallite size was reported for Bi doped ZnO by Sadananda Kumar et al. [6], and in the case
of Mn doped ZnO observed by Srinivasan et al. [7]. However we have recorded an increase
of the crystallite size for the 6% Bi concentration (Figure 111.7).

This increase can be explained, as shown in a previous paragraph, by substitution
between the Bi and Zn atoms, so the difference between the ionic radius of Bi and Zn atoms,
where the first one is higher than the second one, on the other hand, Bi has a +3 charge
however Zn has a +2 one, so a high amount of oxygen is necessary to ensure the
stoichiometry of the resulting mixed oxide.

For the 8% Bi-ZnO nanopowder, we note that the crystallite size decreases to 32,385
nm, this result can be explained by a significant phase segregation and/or phase separation,
where the peaks of a-Bi>Oz are very clear.




Chapter I11 | Results and discussions

% I ' I ' I ' ' -m— Crystallite 'size(nm)
| m [—H-— Lattice strain [%] |~ 0.36
. -
> ~ 0.34
~—~ i
£ 501 032
E/ | - I \O\_’
o | L 0.30
c
N 45 - i £
o -0.28 5
) 1 +—
= - n
= 40 - i o
[ 026 ¥
= =
- 35 ~-0.24 LU
@) ] [ L
' = (022
30 L
4 u ] I~ 020
25 ! ' T T T T T T 0.18

4
Bi(%)
Figure 111.7: Crystallite size and the strain as functions of Bi-doping.

The decrease in the crystallite size indicates an increase in the lattice defects, which in
turn enhanced internal strain and dislocation density [8], as it was shown in (Figure 111.7)
and (Figure 111.8).
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Figure 111.8: The dislocation density as functions of Bi-doping.

The increase in the dislocation density can be attributed to the decrease in crystallite
size. Moreover, dislocations naturally become longer as dislocation lines extend to avoid
micro-structural barriers that enhanced by the decrease of crystallite size [8]. That can be the
reason of the abrupt increase of dislocation density at the 3% and the 8% doping

concentrations. This result can be confirmed by the crystallite size variation (figure 111.7).

111.2.1.2. Lattice parameters:

The lattice constant ‘a’ and ‘c’ of the prepared samples using the (100) and (002)
planes were determined using the formula (11.5).

N
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Table 111.2: Lattice parameters of pure and Bi-doped ZnO powders.

d(100)
Doping (%) a(A) c(A) cla
deoz) (A)

2.8097

0 3.24441 5.18626 1.5985
2.5931
2.8143

3 3.24970 5.21044 1.6033
2.6052
2.8086

6 3.24313 5.21012 1.6065
2.6050
2.8149

8 3.25043 5.20408 1.6010
2.6020

The calculated ‘a’ and ‘c’ are very close to that of the standard values up to 8 at % of
Bi doping. Moreover, the ratio between the lattice constants (c/a) was estimated to be 1.60
suggesting all the prepared samples exhibit a closely packed hexagonal structure of the ZnO.
Figure (111.9) presents the variation of lattice parameters, ‘a’ and ‘¢’ of all the samples with
Bi concentration. Both the lattice parameters, ‘a’ and ‘c’ increased with a Bi addition up to 3
at % thereby suggesting the incorporation of Bi ions into the lattice of the hexagonal wurtzite
structure phase of ZnO. The cell volume expansion, which occurs when Bi*3 substitutes Zn*?
in the ZnO matrix, is expected and is based on the difference in the values of the ionic radii
of the Bi*3 and Zn*2 ions.

However, at higher a doping concentration (6 at %), the lattice parameter “a” has
decreased. While the lattice parameter ‘c’ has slightly decreased as well. When the Bi
concentration is 6 %, a larger number of Bi*® ions will leave the ZnO lattice, which results in
the decrease in the ZnO cell volume and lattice parameter “a”. Similar variations where

reported by S. A. Ahmed when studying the structural properties of Mn-doped ZnO samples
[9].
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Figure 111.9: Variation of lattice parameters with Bi-doping.

111.2.1.3. The texture coefficient:

To describe the growth orientation, the texture coefficient has been calculated using

expression (11.8). From table (111.3) it is clear that the texture coefficient TCioo is the highest,

which means that the direction (100) remains the preferential orientation for all doping

concentrations.

Table 111.3: Texture coefficient values for pure and Bi-doped ZnO.

Doping (%)
0

3

TC100
1.0993
1.0713
1.1317

1.1633

TCoo2
0.9678
1.0429
0.9736

0.9928

TCio1
0.9328
0.8857
0.8946

0.8439
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111.2.2. Optical study:

In our study we used EVOLUTION 220 UV-VIS spectrophotometer. Transmittance

spectra measured in the wavelength range from 200 to 800 nm were given in (Figure 111.10).
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Figure 111.10: The transmittance spectra of undoped and Bi doped ZnO.

One can notice that for the longer wavelengths (A>400 nm) all the powders become
transparent; it is found that all the samples show a high optical transmission, more than 80%,
in the visible region. The optical absorption at the absorption edge corresponds to the
transition from valence band to the conduction band (around 350 nm), while the absorption in
the UV region was related to some local energy levels caused by intrinsic defects. In this
region found that the transmission decreased because of the onset fundamental absorption in

the region between 330-350 nm, as it is shown in the (Figure 111.10), the ZnO powders

|
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reveal strong absorption bands at 330-350 nm assigned to Zn-O bonding in wurtzite ZnO
[10].

111.2.2.1. Band gap energy:

The energy gap (Eg) values depend, in general, on the crystal structure, the
arrangement and distribution of atoms in crystal lattice. The optical band gap Eg of pure and
Bi doped ZnO was obtained by extrapolating the linear portion of the plot (ahv)? versus (E)
(Figure 111.112).
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Figure 111.11: Plots of (ahv)?versus E of pure and Bi doped ZnO.

The following table ( 111.4) shows the optical gap of each sample.
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Table 111.4: Optical band gap values of undoped and Bi doped ZnO.

Doping (%) 0 3 6 8

Eg (eV) 3.633 3.620 3.587 3.569

The variation of energy band gap for pure and Bi doped ZnO powders as function of
doping is presented in (Figure 111.12). It can be noticed that the band gap decreased as the Bi
concentration increased, which might be due to the large absorption of the sample by the

effect of sp—d interaction with the localized d electrons and the Bi dopant band electrons [1].
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Figure 111.12: Variation of the band gap with the Bi doping.

111.2.2.2. Urbach energy:

The Urbach tail is an essential parameter used to estimate the level of crystallinity and
structural defect or degree of disorder present in the materials. Generally, the optical
transmittance and optical band gap structure affected by the width of localized states

available in the powders which are known as Urbach tail. This exponential tail appears in the
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low crystalline, poor crystalline, the disordered and amorphous materials because these

materials have localized states which extended in the band gap [8].
Figure shows the Ln(a) versus (hv) for pure and Bi doped ZnO powders. The Urbach
energy is estimated from the plots of Ln(a) versus E (Figure 111.13) by taken the inverse of

the slope of the linear part.
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Figure 111.13: Plots of In(a) against E of pure and Bi doped ZnO.

The following table (111.5) gives the different values of the Urbach energy (Eu).

*
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Table 111.5: Urbach energy values of undoped and Bi doped ZnO.

Doping (%) 0 3 6 8

Eoo (eV) 0.1242 0.0538 0.0512 0.0503

As shown in Figure, the Urbach energy decreases with the increases of the Bi doping.
This behavior proves that the degree of structural disorder decreases with the increase of
doping concentration. This may due to the improvement of crystallinity and minimization of

strain and dislocation density; therefore, the defects in doped ZnO powders were reduced [8].

Bi(%)

Figure 111.14: Urbach energy as function of the Bi doping.

111.2.3. Chemical study:

Figure (111.15) shows the FT-IR spectrum of pure ZnO and Bi doped ZnO samples in
the range 4000-400 cm™.The broad peak in the range 3434-3116 cm™ corresponds to the
O-H bond. The C=0 bond observed at 1391 cm™ is due to the presence of zinc carbonate as
impurity. The carbonate probably comes from reactive carbon dioxide in the atmosphere. The
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peak located at 2932 cm™, is attributed to C—H bonds that appears due to an environmental

contamination. The presence of the Zn—O bond is indicated by the absorption peak at 434

cm[5].
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Figure 111.15: FTIR spectra of undoped ZnO and Bi-doped ZnO.
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