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ABSTRACT

ZnO, a ll-VI group semiconductor having a direct wide band gap (3.37 eV) and large exciton
binding energy (60 meV), has great attention of researchers because of its electrical and
optical properties which makes it an important material in various applications. ZnO thin
film exhibits hexagonal wurtzite crystal structure. High excitonic binding energy, high
resistivity against radiation, high breakdown voltage, sensitivity to visible light, and easy
wet chemical stability are some of the interesting features of this material. ZnO is mostly
being deposited using two ways: vacuum deposition and chemical route. The main drawback
of vacuum deposition is the requirement of expensive vacuum equipments. Additionally the
throughput of this method is less compared to chemical (colloidal) one. The present work
focuses the Chemical Bath Deposition (CBD) method due to its simplicity in requirements.
Another advantage of the CBD method over other methods is that the film can be deposited
on substrates of different shapes and size. Influence of multiple layering of pure ZnO thin
films on the structural, morphological and optical properties are studied. The films of various
thicknesses and particle size are prepared by varying the concentration of ZnCl; as precursor
material from 0.1M to 0.5M. Structural, morphological, optical and electrical properties of
pure zinc oxide (ZnO) thin films grown by CBD and dip coating method on glass substrates
and effect of doping various materials such as copper (Cu: Zn0O), sodium (Na: ZnO) and
potassium (K: ZnO) on the properties of ZnO thin films grown by CBD on glass substrates

are investigated.
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Zinc oxide and its properties

CHAPTER 1

Introduction

1.1 Zinc oxide and its properties

Transparent conducting oxide (TCO) thin film has been an impressive study topic in the area
of material science in past years. Among the researches on different TCOs, study of zinc
oxide (ZnO) has been favored due to its provocative structural, chemical, optical, electrical,
etc. properties. The primitive commercially produced semiconducting materials belong to
I1-VI compounds. Synthesis and characterization of ZnO and ZnO-based alloys (such as Cu:
Zn0O, Na: ZnO, K: Zn0O, Co: ZnO, Mn: ZnO, etc.) are being promoted in research work more
and more in recent past. Additionally, ZnO is one of the most significant materials that we
notice in our everyday lives. Zinc white is utilized as a basic dye in paints and in preparing
layer for paper. Some of the affirmative forms of ZnO integrate its radiation hardness,
abundance in nature, nontoxicity, biocompatibility, admirable piezoelectric and
semiconducting properties among many others [1].

ZnO thin film presents investigating optical, acoustical and electrical properties with
relevant scope of uses in the areas of gadgets, optoelectronics and sensors. ZnO thin film
shows optical transmittance property which is high in the visible range so it is practiced to
the transparent conductive thin film as well as to the solar cell devices. In the most recent
years, low size (Nano, micro) materials have curious consideration due to their size
dependent properties and wide scope utilization in distinct fields such as industry, health and
environment [2-5]. ZnO is an example of the 11-VI semiconductors which gives direct wide
band gap (3.37 eV), excitation energy (60 meV) [6,7], and has incredible consideration for
researchers due to its electrical and optical properties which support it to be a significant
material in many applications such as solar cell, chemical sensors, electroluminescent

devices and ultraviolet laser diodes [8-9].
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From a more chemical aspects, the lattice can be depicted as two associated hexagonal close
packed Zn and O lattices, arranged in that way where each Zn*? and O2 ions are coordinated
by four O2 and Zn*? ions respectively in a tetrahedral arrangement. The sp® hybridized bonds
present in the lattice and are of almost equally ionic and covalent character. Also a few
familiar properties of ZnO cover large radiation firmness, active non-linear optical behavior
and large thermal conductivity, which prepare the material fascinating for space operations,
non-linear optical matters and thermoelectric alternators respectively.

Likewise ZnO have been focused as the dynamic medium in assembling and advancement
of transistors due to its n-type electric properties [10]. ZnO thin film can be prepared by
numerous chemical preparations, for example, chemical bath deposition (CBD), chemical
vapor deposition (CVD), sol-gel spin coating, doctor blade, printing deposition, and
electrochemical deposition (ED). These chemical processes are low-cost, simple, and easy
to be adjusted or doped by different elements [11, 12]

ZnO seems anisotropic in crystal structure and shows strong absorption in the ultraviolet
range. Accordingly it has a few potential applications in windows for photovoltaic solar cell
and heterojunction solar cell, IR reflective coatings, piezo-electric and guided optical wave
devices, surface acoustic wave (SAW) devices, blue and UV light emitting diodes,
phosphors, solid state gas sensors and transducers [13-20]. In transparent conducting oxide
structure, the material have applications in solid state display devices, resistors, selective
absorber components in solar collectors and in a number of electronic and opto-electronic
gadgets [21].

1.2 Thin films of pure and doped ZnO

Zinc oxide is a semiconductor with a wide direct band gap that has appropriateness in certain
scientific and industrial areas. ZnO is a main extensively studied semiconductor oxide, as a
result of its many versatile and attractive properties, for example, high chemical and thermal
stability, non-toxicity [22], ease of preparation, tunable direct wide band gap (3.4 eV), and
high transparency in visible range [23]. These properties shows ZnO thin films formulated
for different modern industrial applications, for example, in optoelectronic devices [24],
lasers, gas sensors, and ultraviolet (UV) light emitters [25], and as defensive surface coatings
[26]. ZnO thin film can be reasonably applied in numerous fields, and it likewise has
numerous functions such as UV light emitters, hydrophobic coating, and transparent thin

film in electronic devices, piezoelectric material, transducers and gas-sensing. ZnO assumes
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significant aspect in a number of solar cell systems, such as silicon-based solar cells (first-
generation), thin films (second generation), and organic multi-junction, dye-sensitized
(third-generation) systems, either as a transparent conductive oxide (TCO) or as a terminal
for exciton division [27].

Undoped ZnO is n-type in view of the “intrinsic” shallow donors such as Zn interstitial (Zni)
[28], Zni-related complexes [29], hydrogen (H) [30], and H-related complexes [31] inside
ZnO. Besides, it has been hypothetically determined that the formation energy of the
intrinsic donors in ZnO, such as Zni and oxygen vacancy (VO), is lot of lower than that of
the intrinsic acceptors in ZnO, such as oxygen interstitial (Oi) and Zn vacancy (VZn) [32].
So, it is hard to get reliable p-type ZnO because of asymmetrical formation energies between
the intrinsic donors and acceptors and the aforementioned intrinsic shallow donors in ZnO,
in spite of the fact that analysts have been investigating on the p-type ZnO for many years
[33]. Distinctive dopants have been attempted to obtain p-type ZnO materials, such as group-
| elements (Li, Na, Ag, and Cu) and group-V elements (N, P, As, Sb, and Bi). Li and Na
could be shallow acceptors in ZnO in case they are in substitutional states for Zn sites [32]
notwithstanding, these elements favor interstitial states in ZnO due to their moderately small
atom sizes, which become donors’ states. Among all these potential acceptor competitors,
N, P, As, and Sb appear to have better opportunities to obtain p-type doping in ZnO and
working gadgets.

Zinc oxide thin films is one of the most contemplated group 11-VI semiconducting materials
that have gained interest and consideration of many analysts globally due to its extraordinary
properties. The little formation energy and large ionisation energy of Cu cause a quick
diffusing contamination into ZnO. In addition, copper is familiar as a outstanding
luminescent catalyst and forms localized phase in the band gap of ZnO which improves the
green luminescent band [34-35]. Cu increases more consideration when used as a dopant
because of its ferromagnetism at room-temperature, profound acceptor level, gas sensitivity,
improved green luminescence [36-37]. The diffused Cu into ZnO can give rise to the
development of complex centres and it is conceivable that Cu atoms can take over Zn atoms
either substitutional or interstitial(Cu) in the ZnO lattice making structural deformations,
thereby influencing the optical, electrical, chemical, structural and morphological properties
of ZnO fundamentally [38].
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1.3 Techniques for thin film deposition

Any entity with one of its physical quantity (length, breadth and height) not as much as that
of the other two is called a thin film. A deposition technique is considered as the basic key
for the preparedness of new thin film materials to fulfill the ever-expanding need from
industries for adaptable and multi-dynamics materials. The deposition techniques as shown
in Fig.1.1, decide for all intents and purposes all the properties of a thin film and can also be

used to vary the existing properties.

— Pulse Laser Deposition

— Sputtering

— Physical —

— Molecular Beam Epitaxy

—  Electron Beam Evaporation

Thin Film Deposition

— Chemical Vapour Deposition

— Spray Pyrolysis

— Sol-Gel

L Chemical —  Chemical Bath Deposition

FIGURE 1.1 Types of deposition techniques

Proper consideration should be given to the deposition techniques relying upon the area of
utilization in light of the fact that not all the deposition techniques result into the identical
properties such as microstructure, surface morphology, tribological, electrical,

biocompatibility, optical, corrosion and hardness [39]. ZnO thin films have been prepared
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by various deposition techniques, such as pulsed laser deposition [40], r.f. sputtering [41],
molecular beam epitaxy [42], electron beam evaporation [43], chemical vapor deposition

[44] and spray pyrolysis [45].
Pulsed Laser Deposition (PLD):

Pulsed laser deposition (PLD) is for many reasons a flexible technique. Since with this
method the energy source is situated outside the chamber, the utilization of ambient gas as
well as ultrahigh vacuum (UHV) is conceivable. Pulsed laser deposition (PLD) is a physical
vapor deposition method in which high power pulsed laser beam strikes over a target of the
desired composition. The vaporized material deposits as a thin film on a substrate facing the
target. This process can take place in ultra-high vacuum or within the sight of a background
gas, such as oxygen when depositing films of oxides. During PLD, many trial parameters
can be altered, which at that point strongly affect the film properties [40]. An ordinary

arrangement for PLD is schematically demonstrated in Fig. 1.2,

Substrate

Laser pulse

UHV-chamber

FIGURE 1.2 Schematic diagram of a typical laser deposition set-up
Sputtering:

The general sputtering method is utilized to synthesize a variety of materials, for example,
metals, insulators, semiconductors and so forth. Also this method has the favor of simple
apparatus, large coating surface, easy to govern and solid adhesion. Sputtering techniques
are generally utilized in commercial process since high quality films can be gained at low
temperature substrates. The magnetron sputtering technique offers extraordinary favorable
circumstances like uniform, homogeneity, and incredible adhesion deposition over the
similarly large area, facility to select the substrate material and target material with
extremely high melting points, high deposition rate, and also ease to control thickness [46].
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However, several disadvantages of reactive sputtering for example target toxicity, poor

deposition rates, and arcing causing defects in the thin film [47].

— Substrate and film growth

Sputtering I 1

GaS  —p —p

— Sputtering Target
FIGURE 1.3 Schematic diagram of DC sputtering
Molecular Beam Epitaxy (MBE):

Molecular Beam Epitaxy (MBE) is a flexible technique to explore various materials and
heterostructures in various substrate combinations. MBE is a laboratory technique used for
layer-by-layer development of growth in thin films of various quantum materials. Molecular
beam epitaxy is extraordinary in two regards: it is executed in UHV, and it depends on the
reaction of atomic as well as molecular beams with a crystalline surface, depending
on Kinetic processes such as adsorption, desorption, dissociation, migration, reaction, and
incorporation. These emphasizes allow real-time in situ monitoring and control during
the substrate  formation and film growth, to assure the best conditions

for stoichiometry and epitaxy [42].
Electron beam evaporation:

Electron beam deposition technique is using electron beams produced in a vacuum from an
electron source to irradiate an evaporant material, and heating and vaporizing it with the goal
that the vaporized material structures a thin film on a substance, for example, a substrate or
a lens. The deviation type electron source that is introduced in a vacuum device is utilized
in a wide scope of fields, and we will present the deviation type electron source here. Else
ways, the direct-type electron sources are large and powerful, enabling rapid vaporization,

and are also utilized for deposition onto long films and large area substrates [43].
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Chemical vapour deposition (CVD):

Chemical vapour deposition is a technique where at least one volatile precursors are moved
through the vapour phase to the reaction chamber, where they deteriorate on a heated
substrate. It is a complicated method of depositing solid materials at a high temperature
because of a chemical reaction. This deposition shapes a special type of material usually
known as ordered crystal grown from vapour. Numerous materials may be deposited using
CVD and related methods. It is the responsive procedures that differentiate CVVD process
from physical vapour deposition processes, such as physical evaporation process, sputtering
and sublimation processes. Chemical vapor deposition is a generally used materials-
processing technique. The most of its applications include deposition of solid thin-films on
surfaces, however it is additionally used to produce powders and high-purity mass materials,
as well as formulating complex materials through infiltration techniques. It has been utilized

to deposit an exceptionally wide scope of materials [44].

Spray pyrolysis:

The paralysis implies the decay of chemical compounds or solutions under the presence of
heat at very high temperature. In reality, paralysis word is originated from pyro means (heat)
and lysis means (breaking). Accordingly, pyrolysis means change under the activity of heat.
The splitting of part of complex molecule into simple units by the utilization of heat is called
paralysis. It has numerous preferences, such as low processing temperature, high
homogeneity and purity of products, etc. The spray paralysis technique is a magnificent
technique in material science. A basic and reasonable technique for getting ready thin and
thick films, ceramic coatings, and metal and metal oxide powders in large scale is spray
paralysis. Spray pyrolysis represents an extremely basic and generally financially savvy
handling technique [45].

FIG. 1.4 shows general schematic of a spray pyrolysis deposition process. Spray pyrolysis
does not require high-quality substrates or chemicals. The method has been selected for the
deposition of thick films, permeable films, and for powder production. Indeed, even
multilayered films can be easily prepared utilizing this adaptable technique. Spray pyrolysis

is utilized in different gadgets such as fuel cells of solid oxide, sensors and solar units [48].
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Atomizer
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_Droplet transport |mechanism
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Temperature
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FIGURE 1.4 General schematic of a spray pyrolysis deposition process

1.4 The technique of colloidal solution route

There are three basic types of mixtures — solution, suspension and colloid. Particle size in
colloid is intermediate between solutions and suspensions i.e. (1 and 1000 nanometers) in
diameter and they remain uniformly dispersed all over the solution. The particles of materials
remain scattered and they are not being settled at the base of the container so it is also called
as colloidal dispersions. Particles are small enough to remain suspended indefinitely in the
suspending medium due to Brownian motion, a random walk resulting from momentum
imparted by collision with molecules of the suspending medium. A scattering of solid
molecules in a liquid phase is termed a sol. In colloids, one substance is uniformly dispersed
in another. The substance being scattered is called dispersed phase and the substance wherein
it is scattered is called movable phase.

Solution is a mixture of at least two or more chemical substances. In solution, the substance
that is used to dissolve other substances is the solvent (dispersion medium) and the substance
which get dissolved is the solute (dispersed phase). The solution state may be solid, liquid
or gaseous in which particles are in the form of atoms, ions, or molecules. Colloids or
Colloidal solutions is an intermediate stage of a mixture between true solution and
suspension [50]. Colloids are too a binary type heterogeneous arrangement consisting of the
dispersed medium (continuous or external phase) and dispersion phase (discontinuous or
internal phase). The colloidal state seems homogenous when observed with an ordinary
microscope or even with naked eye due to uniform distribution of dispersed phase in the
respective dispersion medium and invisibility of particles in the colloids. However it is a
heterogeneous diffusion of two immiscible phases when observed under an electron-

microscope, where colloidal particles reflect the light. Colloidal particles are not being
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settled under gravity and colloidal dispersed particles cover large interfacial area due to their
submicroscopic size. The large area-to-volume proportion figure outs characteristic
properties and behavior of colloids. In other words, it seems that the number of dispersed
particles in the colloids is very large and in turn their overall surface area is extremely large
too , therefore the interactive force between two phases is significant. Large interfacial action
between the two phases is the important factor to study the colloids with the surface
phenomena. Adsorption processes taking place on the interface between the dispersed and
continuous phases apply considerable effect on the colloid physical properties, chemical
reactions in the system and its stability. Colloid properties modify when surface active
substances are added to it. Colloidal solutions are classified into two types as lyophilic
(solvent loving) and lyophobic colloids (solvent hating) on the basis of interactions between

dispersed phase and the dispersion medium
Sol-Gel

The sol-gel process can be expressed as a formation of an oxide network through
polycondensation reactions of a molecular precursor in a liquid. A sol is a colloidal or
polymer solution in a solvent which is quite stable at room temperature. It contains
amorphous or crystalline particles. A gel is made up of a three dimensional uninterrupted
network, which includes a liquid phase and a solid medium. In a colloidal gel, the network
is built from collection of colloidal particles. The sol—gel process is a wet chemical technique
also known as a chemical solution deposition, and involves a sequence of steps which
incorporates chemical and physical processes in the following chronological
order: hydrolysis and polycondensation, gelation, aging, drying, densification, and
crystallization.

Sol-gel synthesis includes a wide scope of organic, inorganic and organic-inorganic
permeable materials which follows a common preparation procedure. Ordinarily, the sol-gel
process associate the transformation of inorganic system via the development of a colloidal
suspension known as sol and sol gelating to form a web in a constant liquid phase (gel). A
free streaming sol is changed into a 3D solid network encasing the solvent medium in the
process of gelation. At the point of gelation, sudden increase in viscosity and an elastic return
to force can be examined. For preparation of aerogels, the gelation is most advantageously
incited via pH adjustment of the reaction solution. Under controlled conditions, the pH
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change decreases the electrostatic barrier to agglomeration and encourage inter-cluster
crosslinking, prompting the development of the 3D network.

The sol-gel process consistently comprises in choosing the precursor of the required
material, water and catalysts. Sol-Gel processing assigns a kind of solid materials synthesis
procedure, acted in a fluid and at low temperature (commonly T < 100 °C). The solid is
composed as a result of a polymerization procedure between the metallic element M of the
precursor through bridge formation such as M-OH-M or M-O-M Such changes are what
might be compared to the polymerization procedure notable to happen in organic chemistry
and which comprises of the foundation of direct bonds between the carbon atoms of organic
precursors. A sol is a scattering of suspended colloidal particles through Brownian
movement inside a fluid. A mixture having suspended particles of linear dimensions in the
range of about 1nm (10 A°) and 1um (10* A°) are termed as colloids [51].

The stability of emulsions and suspensions contrary to coagulation is controlled by the
interparticle forces. If the particles are forever free, dispersion is expected to be steady.
Brownian motion is responsible for the frequent attacks between the particles when fine
particles dispersed in a fluid. Such attacks may bring about everlasting connection or the
particles remain free rely on the forces between them. The particles experience various kinds
of forces between them as follows:-

a) Van der Waals forces: - Van der Waals attractive forces are ever present the particles of
the same nature. Hamaker [52] determined equations for these attractive forces based on
additivity of Vander Waals energies between pairs of atoms or molecules, and expecting
these energies to be corresponding to the inverse sixth-power dependence on the separation.
b) Electrostatic forces:- Electrostatic forces are present because of the inter-attractive
forces of the electrical twofold layers surrounding the particles. If particles are chemically
similar and they have surface potentials and surface charges of a similar sign and magnitude
then repulsion takes place between the particles because of electrostatic forces.

Monoliths, films, powders and fibers got from the gel phase mixed with microstructural and
configurational control and depressed preparing temperature finds applications in different
fields. Thin films as well as coatings find utilizations for electronic, optical, porous and
protective thin films or else coatings. Furthermore, Monoliths find utilizations as transparent
super protection, ultra-low enlargement glasses and optical parts. Powders, grains and
spheres are utilized as ceramic precursors or cutting grains. Fibers drawn from viscous sols
are utilized mainly for support or manufacture of refractory textiles. Gels can be utilized as

molds for particle-fortified composites and as anchors for organic, ceramic or metallic
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phases. Porous gels and membranes find application in filtration, separations, catalysis and
chromatography.

Sol-gel method offers many advantages for synthesizing large materials with homogeneity
due to mixing at the molecular level and great purity. This method is considered as versatile
method due to better control of the structure, including porosity and particle size; possibility
of incorporating nanoparticles and organic materials into sol-gel-derived oxides. It also
provides extended composition ranges and allows the fabrication of any oxide composition
but also some non-oxides as well as the production of new hybrid organic-inorganic
materials, which do not exist naturally. It requires less energy consumption as there is no
need to reach the melting temperature and the network structure can be achieved at relatively
low temperatures. It has found a wide range of applications from coatings to preparation of
thin films, monoliths, composites, porous membranes, powders and fibers. Also it does not

require special or expensive equipments.
Chemical Bath Deposition

Chemical Bath Deposition technique includes controlled precipitation of a compound from
the solution on an appropriate substrate.

pH Meter
Stand

Thermometer
Substrate™~~_ \
Thin film Constant
1 g temperature
bath
‘\‘
Precursor
. . solution
Magnetic stirrer
teflon bar T
Hot plate
Stirrer
;f

FIGURE 1.5 Set up of chemical bath deposition process

The chemical bath deposition (CBD) (Fig.1.5) technique has extraordinary commercial
esteem when compared to the thermal vaporization, sputtering and other chemical methods,

11
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and has pulled in much consideration by the scientist due to its reproducibility, large area
scaling, simplicity, comfort, and industrial production [49]. The chemical bath deposition
has a favorable position over different techniques since it is exceptionally simple, it does not
require specific equipments, it utilizes low temperature and has low cost of deposition. The
ability of this method to coat large areas in a reproducible and low cost process is the most
appealing favorable stand. Elsewise, CBD method has important advantages over the other
methods as follows.
— CBD is the simplest method.
— It makes possible to deposit multi compound chalcogenide thin films over a wide
scope of stoichiometry.
— In CBD, high vacuum is not required for chemicals and can be carried out even at
room temperature.
— Large area deposition can be obtained by taking some precautions, for example,
lying down the substrate on a shallow tray containing the deposition bath.
— Uniform well adherent and reproducible thin films for photovoltaic applications
are the advantages of this method.
— It is an economical method for large scale industrial usages.

The material is used in less amount with minimum loss.

\

— The size of crystallites in the CBD prepared films is very small.

1.5 Application of ZnO thin films

The interest in studying ZnO thin films decreased more and more. Subsequently, the
possibility to combine simultaneously the benefits of thin-film based synthesis technologies
along with a high surface area and a permeable structure might represent an incredible
solution to synthesize ZnO thin films with extraordinary physical and chemical
characteristics that may find use in novel application fields. The outcomes of different
research works brought out by various groups confirm that the structural, morphological,
electrical, optical and optoelectronic properties of ZnO change broadly relying upon the
method of development. Enormous variety of properties of pure and doped ZnO thin films
has been accounted till date. In this chapter, significant utilizations of ZnO thin films have
been talked about. ZnO is acceptable material whereupon to construct useful devices,

because of their less hazardous nature, acceptable thermal stability, great oxidation
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resistibility, great biocompatibility, huge specific surface area and high electron mobility
[53].

ZnO is an alluring material for applications in electronics, photonics, sensing and acoustics.
It is a critical component in different industrialized processes, for example, paints, cosmetics,
drugs, plastics, batteries, electrical equipment, rubber, cleanser, textiles, floor coverings, and
so on Development advances of ZnO single crystals, epitaxial layers, nanostructures, and
nanoparticles are improving step by step.

ZnO nanoparticles have caused revolution in the advancement of improved sunscreens,
paints and coatings to give some examples. Moreover, the radiation hardness of ZnO to high
energy proton irradiation makes it an ideal possibility for space applications [54].

Zinc oxide likewise has antibiotic and oxygenating properties. Hence it is applied in clinical
operations, for example, in baby powder and ointments to treat diaper rashes, other skin
irritations and even dandruff. Because of its reflective properties it is also utilized in
sunblocks and can regularly be seen on the nose and lips of lifeguards at the sea shore. ZnO
as of now has a wide scope of utilizations, because of its novel properties which are being
investigated and applied, recently. It very well may be anticipated that in future ZnO devices

will become essential part of our everyday lives.

1.6 Significant contribution of the present work

In present work, zinc oxide (ZnO) multilayer thin films are grown on glass substrate
using chemical bath deposition technique and the consequence of these multilayer films on
optical, morphological and structural properties are explored. It is noticed that these
multilayer thin films have considerable effect on the properties of ZnO. X-ray Diffraction
(XRD) affirms the hexagonal wurtzite structure of ZnO. Scanning Electron Microscopy
(SEM) demonstrates the scratch-free films which have evenly scattered crystalline structures
and presence of particles of ZnO on thin films. The optical absorption spectra measured
using UV-Vis. displayed the average transmittance in the visible region for all films which
is favorable for solar spectra. The consummation of the multilayer just as transparent
conducting material is preferable compared to the single layer of ZnO. TGA analysis of
powder obtained by drying precursor solution determines the appropriate annealing

temperature for the as grown films.
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Zinc oxide thin films were developed on glass substrate using aqueous solution of ZnCl, and
NH3 through chemical bath deposition method (CBD). Films of various thicknesses, particle
size and other useful analysis have been obtained by varying the concentration of ZnCl, from
0.1M, 0.2M, 0.3M, 0.4M and 0.5M. Optical properties of grown films and influence of
precursor concentration on them are analyzed by the transmittance recorded in the range
200-1200 nm. Deposited films are also characterized by powder X-ray diffraction and SEM
to understand the influence of variation in precursor concentration on structural and
morphological properties of grown films. XRD patterns confirmed the hexagonal wurtzite
structure of the deposited pure ZnO films.

The consequences of copper (Cu) doping on the properties of ZnO thin films grown on glass
substrates by chemical bath deposition (CBD) and dip coating method are explored. Optical
properties are explored through UV-VIS-NIR transmittance and reflectance spectroscopy.
Photoluminescence spectra of the samples display prominent peaks reciprocal to blue
emission, defect relevant green emission in the visible region at room temperature and their
feasible mechanism have also been analyzed. Hall Effect Measurements, Resistivity, Raman
and photoluminescence (PL) examinations of pure ZnO and copper (Cu), potassium (K) and
sodium (Na) doped ZnO thin films on glass substrate through colloidal solution route have
been executed. The affects of dopant content on carrier concentration, electrical resistivity,
and hall mobility of the thin films were assessed from Hall Effect measurements.
Temperature dependent electrical resistivity measurements are executed using two probe
method and activation energy for the electrical conductivity of pure and doped ZnO are
determined. The Raman scattering of the pure ZnO and Copper (Cu), Potassium (K) and
Sodium (Na) doped ZnO displays the first and second orders of polar and non-polar forms.
Photoluminescence (PL) at room temperature outcomes express the emission arises at close
band lines and the outcomes are classified with a few constitutional imperfections in the
doped ZnO thin films. Raman spectroscopy and photoluminescence affirm presence of zinc
interstitials (Zni) as well as oxygen vacancies (Vo). The spectroscopy study to the samples
concluded the significance of phonon-electron connections, expecting the vital role play in

the semiconductor e.g. ZnO.
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CHAPTER 2

Literature Review and Aim of the Work

2.1 Review of literature

2.1.1 ZnO structure

Zinc oxide (ZnO) is an inorganic compound. It typically shows up as a white powder, almost
insoluble in polar solvents like water. In powder form, it is broadly utilized as an added
substance into various materials and items including plastics, earthenware production, glass,
cement, elastic (for example vehicle tyres), oils, paints, balms, cements, sealants, shades,
nourishments (wellspring of Zn supplement), batteries, ferrites, fire retardants, etc.[55]. ZnO
is available in the Earth crust as a zincite mineral; in spite, most ZnO utilized economically
is formed artificially. In materials science, ZnO is frequently called a I1-VI semiconductor
since zinc and oxygen have a place in the second and sixth group of the modern periodic
table, respectively. This semiconductor has a few positive properties: good transparency,
high electron mobility, wide band gap, stable and high room temperature, incandescence,
and so on. [56-57].

Zinc oxide usually takes shape in hexagonal wurtzite, cubic zinc blende, and infrequently
noticed in cubic stone salt structure. The wurtzite structure is generally substantial and hence

generally typical at ambient conditions.
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FIGURE 2.1 Wurtzite Hexagonal Crystal Structure of Zinc Oxide

The zinc blende structure can be balanced out by developing ZnO on substrates with the
structure of cubic lattice. In the two cases, the zinc and oxide are tetrahedral. The hexagonal
and zinc blende lattice have no reversal conformity ((reflection of a crystal moderately any
given point doesn't change it into itself). All these lattice symmetry properties bring about
piezoelectricity of the hexagonal and zinc blende ZnO, and in pyro-electricity of hexagonal
ZnO. As in most 11-VI substances, the bonding in ZnO is more ionic in nature, which
supports its considerable piezoelectricity property. Because of this more ionic nature, zinc
and oxygen planes carry electric charge (positive and negative, individually). In this aspect,
to maintain electrical neutrality, those planes come about at atomic level in most
corresponding materials, yet not in ZnO - its surfaces are molecularly even, balanced and
show no reformation [58].

ZnO can develop on single crystal substrates. ZnO is non-poisonous and thermally steady;
subsequently it is generally utilized in coatings of the substances. ZnO shows crystallization
in two significant structures, hexagonal wurtzite [59] and cubic zinc blende. The wurtzite
structure is generally steady at ambient conditions and hence most regularly found in ZnO.
Preparation of ZnO on substrates with cubic lattice structure preserves the zinc blende
structure. For both the cases, the Zn and O develop tetrahedrons with the most extraordinary
geometry for Zn (Il). ZnO to the rock salt pattern conversion occurs at moderately high
pressures around 10 GPa [60]. Hexagonal and zinc blende polymorphs have irreversible
symmetry. Piezoelectricity of the hexagonal and zinc blende ZnO is due to lattice symmetry
properties. The lattice constants are a = 3.25 A and ¢ = 5.2 A; their proportion c/a ~ 1.60 is
near the ideal value for hexagonal cell c/a = 1.633 [61]. Structural properties of pure and

doped ZnO thin films are shown in Table 2.1.
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Table 2.1 Structural properties of ZnO (pure and doped) thin films.

Review of literature

Sr

Precursor materials
Solvent
Method of preparation
Substrate

Thickness
(nm)

Crystalline/
amorphous

Particle
Size
(nm)

Orientation of film

Crystal
structure

Surface

roughness | Ref.

(nm)

Zn0O-C

BD

Zinc acetate dihydrate
Water

Crystalline

30-44

[100], [002], [101]

Hexagonal
wurtzite

[62]

Zinc sulphate
Water

Crystalline

64-187

[100], [002], [101]

Hexagonal
wurtzite

[63]

Zinc sulphate
Water
Glass

2000-5000

Crystalline

[002]

Hexagonal
wurtzite

[64]

Zinc sulphate
Water
Glass

200 to 700

Crystalline

10

[100], [002], [102]

Hexagonal
wurtzite

[65]

zinc chloride
Ammonia
Glass

Crystalline

[66]

zinc chloride
NaOH
Glass

286 - 180

Crystalline

[100], [002], [101],
[110], [002]

[67]

zinc chloride
Water
Silicon

Crystalline

[68]

Zinc sulphate
Glass

1100-1700

Crystalline

[69]
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Zn0O-Sol gel
Zinc acetate . Hexagonal
9 water 250-334 Crystalline 25.5-31.9 [100],[002],[101] Wurtzite [70]
Zinc acetate dihydrate 30, Hexagonal
10 2-methoxyethanol Crystalline 70.5, [100], [002], [101] . [71]
wurtzite
Glass 88.1
Zinc acetate dihydrate Hexagonal
11 Ethanol 370 Polycrystalline [002] . [72]
wurtzite
Glass
Zinc acetate Hexagonal
12 n-propanol and glycerol 180 Polycrystalline 45 [002], [101] Wurtzite [73]
Si[100] and Quartz
Zinc acetate : [100], [002], [101], Hexagonal
13 Silicon 380 Polycrystalline 4.87 [102], [110] Wurtzite [74]
Zinc acetate dihydrate
14 Ethanol — — 32-104 — -- — [75]
Glass
15 | Zincacetate diftydrate 200 Polycrystalline 40 Rexagonal | . [76]
16 | 4n° acétt?]taen%'lhydrate Crystalline %i [100], [002], [101] valﬁf?z‘;{‘ea' [77]
Zinc acetate dihydrate Hexagonal
17 2-methoxyethanaol 257-277 Crystalline [002] . 6 t019 nm | [78]
wurtzite
Glass
18 Z;”;Zﬁﬁga)f;e‘:;gmate Crystalline 1127 | [100], [o02], [10] | Fexagomal b [79]
Zinc acetate dihydrate
19 | Zmemhoxyethanol 100 Crystalline [002] exagonal [80]
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Cu:ZnO- CBD
Zinc salt
20 Water 18.95-37.80 [100], [101] [82]
21 Zinc ace\t/z\a/t;let Srehydrate 4026 [101] [83]
Zinc acetate . 74.14- Hexagonal
22 Crystalline 86.09 [101] Wurtzite [84]
Cu:ZnO- Spray pyrolysis
Zinc nitrate Hexagonal
23 Water 1000 Nanocrystalline 10 - 22 [002] ; [81]
wurtzite
Glass
Zinc chloride Hexagonal
24 Water 46.8- 52.2 [100], [101], [002] ! [85]
wurtzite
Glass
Zinc acetate Hexagonal
25 Water Nanocrystalline | 36.7- 38.2 [101], [002] wurtzite [86]
Glass
Zinc acetate dehydrate Hexagonal
26 Chloroform 96.2-22.3 [100] wurtzite [87]
Glass
Cu:ZnO- Sol gel
Zinc acetate dehydrate Hexagonal
27 Water Polycrystalline . [88]
wurtzite
Glass
Zinc acetate dehydrate
28 2-methoxyethanol Polycrystalline | 13.88-9.25 [101] [89]
Glass
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Zinc acetate dehydrate

29 Glass Polycrystalline 30-45 [100], [101], [002] [90]
Zinc acetate
30 Water 230-160 8-22 [002] [91]
Glass and Silicon
Na:ZnO- Sol gel
Zinc acetate dehydrate Hexagonal
31 Ethanol Crystalline [002] 90 10.92 [92]
wurtzite
Glass
Zinc acetate
ethylene glycol Hexagonal
32 monomethyl ether wurtzite [93]
Silicon
Zinc acetate dehydrate
ethylene glycol . Hexagonal
33 monomethyl ether 365 Crystalline wurtzite 444 [91]
Silicon
Zinc acetate dihydrate
i 42.97 - Hexagonal
34 2-metfgl>;3é§thanol 300 Polycrystalline 56.17 [002] Wurtzite 16.2-53 [95]
Zinc acetate dihydrate : Hexagonal
35 Silicon Polycrystalline [002] wWurtzite 3.37-16.9 | [96]
zinc acetate
. 58.11 - Hexagonal
36 2-methoxyethanol 150 Crystalline 66.86 [002] Wurtzite [97]
Glass
Zinc acetate dihydrate Hexagonal
37 2-methoxyethanol 300 Crystalline [002] 90 [98]
wurtzite
Glass
Zinc acetate dihydrate Hexagonal
38 2-methoxyethanol Polycrystalline 38-49 [002] g0 [99]
Silicon wurtzite
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Zinc acetate dehydrate Hexagonal
39 2-methoxyethanol Crystalline 20.4-21.6 [002] 90 2.49 - 3.23 | [100]
wurtzite
Glass
Zinc acetate dihydrate Hexagonal
40 2-methoxyethanol 1310-823 Crystalline 50 [002] g0 [101]
wurtzite
Glass
Zinc acetate dehydrate
ethylene glycol . ] [002] Hexagonal
41 monomethyl ether 497 Polycrystalline | 6.2 - 16.6 Wurtzite [102]
Glass
Zinc acetate dehydrate Hexagonal
42 2-methoxyethanol Crystalline 17.1-21.7 [002] go [103]
wurtzite
Glass
K:ZnO- CBD
Zinc chloride Hexagonal
43 Water 1880-4180 Polycrystalline | 6-11nm 90 [104]
wurtzite
Glass
Zinc acetate . Hexagonal
44 Methanol Crystalline 10-17 nm [100], [002], [101] Wurtzite [105]
Zinc chloride
45 Water 4.348-6.520 Crystalline 77.39- [002] Hexagonal [106]
pm 82.55 nm wurtzite
Glass
zinc nitrate Hexagonal
46 Water Crystalline 11.26 nm g0 [107]
wurtzite
Glass
Zinc chloride Hexagonal
47 Water 570-905 | Polycrystalline [100], [002], [101] 90 [108]
Glass wurtzite
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K:ZnO- Sol gel
Zinc acetate dehydrate Hexagonal
48 2-methoxyethanol 450 nm Polycrystalline [002] 90 [109]
wurtzite
Glass
Zinc acetate dehydrate
. 20.87- Hexagonal
49 2-methoxyethanol Crystalline 21.96 [002] Wurtzite [110]
Glass
Zinc acetate dehydrate Hexagonal
50 Isopropanol 230-440 Polycrystalline 33-25 [002] 90 [111]
o~ wurtzite
Glass and Silicon
Zinc acetate dehydrate
. 30.24- Hexagonal
51 2-methoxyethanol Crystalline 3048 Wurtzite 9.79 [112]
Glass
Zinc acetate dehydrate
52 Ethanol 138-145 Crystalline 95 [113]
Glass
Zinc acetate Hexagonal
53 Ethanol Crystalline 18 [002] 90 [114]
Glass wurtzite
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2.1.2 Electrical properties of ZnO

Lately, researchers have made fast and noticeable advances in the field of materials science,
particularly in semiconductor material science. One of the main fields of current interest in
materials science is the improvement of basic forms and uses of transparent conducting
oxide thin films (TCO). The attributed properties of such coatings are low electrical
resistivity and high transparency in the visible region. The ZnO thin films have appealed
important consideration as a wide gap semiconductor because of their wide scope of
electrical properties. The high chemical stability, melting point and enormous exciton
binding energy of ZnO cause it to turn into a promising UV and blue optoelectronic material.
ZnO has a generally wide direct band gap of ~3.3 eV at room temperature. A wide band gap
put together higher breakdown voltages, capacity to support wide electric fields, lower
electronic buzz, and high-temperature as well as high-power applications.

The free carriers’ concentration can be readily controlled in this compound, for example, by
getting "as grown" ZnO thin films with significantly decreased degree of electrically
dynamic unexpected imperfections, which present donor levels under the conduction band
and subsequently raise n-type conductivity. These imperfections can either be local (e.g.,
oxygen vacancies, zinc interstitials [115]) or fused ones, (for example, hydrogen atoms
[116]).

Mostly ZnO shows n-type behavior even in the case of without doped material.
Nonstoichiometric is normally the origin of n-type behavior [117]. For the hypothetical
computations a constituent clarification proposed that unexpected substitutional hydrogen
impurities are liable [118]. Predictable p-type doping of ZnO lasts unsettled and this
complication initiates from low solubility of p-type dopants and their compensation by many
n-type impurities.

Current drawbacks to p-doping restrict electronic and optoelectronic properties of ZnO,
which generally depend on junctions of n-type and p-type material. Common p-type dopants
are group-I elements Li, Na, K; group-V elements N, P and As; just as copper and silver. Be
that as it may, many of these structure very intense acceptors and don't cause noteworthy p-
type conduction at room temperature [115].

It is researched the impact of pure ZnO and doped ZnO on electrical properties of ZnO thin
films with the intention to improve the film properties. The electrical properties were graded

by two-probe analysis. Cu: ZnO, Na: ZnO and K: ZnO films have drawn in expanding
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measures of consideration because of their auspicious feasible applications in semiconductor
appliances. ZnO behaves as a n-type conductor, and efforts have been made for the different
types of doping in ZnO to upgrade the electrical properties. This research explored the
growth in electrical properties of Cu: ZnO, Na: ZnO and K: ZnO films and decided the
dopant concentration at which the conductivity of doped thin films will change from n-type
to p-type. The electrical resistivity, conductivity, ionization energy, versatility and carrier
concentration are estimated for the thin films. Electrical properties of pure and doped ZnO

thin films are shown in Table 2.2.
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Table 2.2 Electrical properties of ZnO (pure and doped) thin films
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Sr

Precursor materials
Solvent
Method of preparation
Substrate

Resistivity
(Q-cm)

Conductivity
Qtcm?)

Mobility (cm?/Vs)

Carrier
type

Carrier
concentration
(cm™)

Ref.

ZnO -CBD

Zinc acetate dihydrate
Water

n-type

[62]

Zinc sulphate
Water

n-type

[63]

Zinc sulphate
Water
Glass

n-type

[64]

Zinc sulphate
Water
Glass

6.48x 10!

2.24x10%

[65]

zinc chloride
Ammonia
Glass

[66]

zinc chloride
NaOH
Glass

[67]

zinc chloride
Water
Silicon

1.28 x10*

[68]

Zinc sulphate
Glass

[69]

ZnO-Solgel

Zinc acetate

[70]
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water

10

Zinc acetate dihydrate
2-methoxyethanol
Glass

2.5% 107

[71]

11

Zinc acetate dihydrate
Ethanol
Glass

5x107?

n-type

[72]

12

Zinc acetate
n-propanol and glycerol
Si[100] and Quartz

n-type

[73]

13

Zinc acetate
Silicon

[74]

14

Zinc acetate dihydrate
Ethanol
Glass

n-type

[75]

15

Zinc acetate dihydrate
Methanol

n-type

[76]

16

Zinc acetate dihydrate
Ethanol

[77]

17

Zinc acetate dihydrate
2-methoxyethanaol
Glass

[78]

18

Zinc acetate dihydrate
2-methoxyethanol

n-type

[79]

19

Zinc acetate dihydrate
2-methoxyethanol
Silicon

n-type

[80]

Cu:ZnO-CBD

20

Zinc salt
Water

[82]

21

Zinc acetate dehydrate

[83]
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Water

22

Zinc acetate

— [84]

Cu:ZnO- Spray pyrolysis

23

Zinc nitrate
Water
Glass

[81]

24

Zinc chloride
Water
Glass

0.36

[85]

25

Zinc acetate
Water
Glass

6.58 - 2.93

[86]

26

Zinc acetate dehydrate
Chloroform
Glass

[87]

Cu:ZnO- Solgel

27

Zinc acetate dehydrate
Water
Glass

(88]

28

Zinc acetate dehydrate
2-methoxyethanol
Glass

[89]

29

Zinc acetate dehydrate
Glass

[90]

30

Zinc acetate
Water
Glass and Silicon

9.64 -214.56 x 10*

[91]

Na:ZnO - Solgel
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31

Zinc acetate dehydrate
Ethanol
Glass

1.89x10® -2.35x103

p-type

2.19x 10%
-7.15x 013

1.50x10? -
3.70x10!

[92]

32

Zinc acetate
ethylene glycol
monomethyl ether
Silicon

75.7

p-type

2.955 x
1016

2.1

[93]

33

Zinc acetate dehydrate
ethylene glycol
monomethyl ether
Silicon

[94]

34

Zinc acetate dihydrate
2-methoxyethanol
Glass

[95]

35

Zinc acetate dihydrate
Silicon

[96]

36

zinc acetate
2-methoxyethanol
Glass

5.17 x
1018

[97]

37

Zinc acetate dihydrate
2-methoxyethanol
Glass

[98]

38

Zinc acetate dihydrate
2-methoxyethanol
Silicon

[99]

39

Zinc acetate dehydrate
2-methoxyethanol
Gass

826.47 -514.19

0.15-10.66

[100]

40

Zinc acetate dihydrate
2-methoxyethanol
Glass

[101]
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41

Zinc acetate dehydrate
ethylene glycol
monomethyl ether Glass

[102]

42

Zinc acetate dehydrate
2-methoxyethanol
Glass

[103]

K:ZnO-CBD

43

Zinc chloride
Water
Glass

[104]

44

Zinc acetate
Methanol

[105]

45

Zinc chloride
Water
Glass

[106]

46

zinc nitrate
Water
Glass

[107]

47

Zinc chloride
Water
Glass

p-type

[108]

K:ZnO -Solgel

48

Zinc acetate dehydrate
2-methoxyethanol
Glass

[109]

49

Zinc acetate dehydrate
2-methoxyethanol
Glass

[110]

50

Zinc acetate dehydrate
Isopropanol

p-type

4.0x 10%6

39-85

[111]
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Glass and Silicon

51

Zinc acetate dehydrate
2-methoxyethanol
Glass

[112]

52

Zinc acetate dehydrate
Ethanol
Glass

[113]

53

Zinc acetate
Ethanol
Glass

n-type

[114]
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2.1.3 Optical properties of ZnO

Semiconductor are classified as intrinsic and extrinsic on the basis of their optical properties.
Intrinsic transitions arise between the electrons and holes present in the conduction band and
valence band respectively. Dopants or deficiencies commonly make different electronic
states in the band gap which helps in identification of extrinsic transitions. So by
contemplating the optical properties one can discover the crystalline quality, band gap of the
material as well as the position of the deficiency levels in the semiconductor. An exact
information on the optical properties of ZnO is significant for the design and investigation
of different optical and optoelectronic devices. There are a variety of experimental methods
accessible for the investigation of optical transitions in ZnO, for example, optical absorption,
transmission, photoluminescence (PL), cathodoluminescence, photo-reflection, and
spectroscopic ellipsometiy and so forth among which the initial three properties relevant to
the aim of the current thesis work would be discussed in brief. Optical constants values of
ZnO, for example, refractive index (n) and extinction coefficient (k) respectively are
reported to be 1.60 and 0.022 at the wavelength 550 nm. [119].

However, the optical constants also shift contingent upon the development strategy. PL
spectrum of ZnO is typically made out of a near band edge (NBE) UV-emission band which
is associated with the excitonic transition and a green emission band (- 510 nm) [120-121].
In wurtzite ZnO, the conduction band emerges from the Zn?* 4s state, though the upper
valence band from the O2' 2p state with an admixture of Zn?* 3d levels. Because of the
impact of hexagonal crystal-field and spin-orbit interactions, the valance band cleave into
three bands [122].

Origin of the green emission has been a subject of incredible discussion [123]. Various
hypotheses have been proposed to clarify the green emission, for example, transition
between singly ionized oxygen vacancy and photoexcited hole [124], transition between
electron near the conduction band and a deeply trapped hole at Voi* [125], surface
deficiencies [126], and so on. If there should arise an occurrence of Cu doped ZnO, this
green luminescence band occurs with a characteristic of fine structures. Zn vacancy is also
recommended as a reason for this green luminescence [127-128], Theoretically, it is
discovered that transition level between the - 1 and - 2 charge states happens at 0.9 eV over
the valance band maximum [129] and subsequently a transition between the conduction band

(or a shallow donor) and the Vz, acceptor level would offer ascent to luminescence around
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2.5 eV which is in acceptable concurrence with noticed green luminescence. Optical

properties of pure and doped ZnO thin films are shown in Table 2.3.
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Table 2.3 Optical properties of ZnO (pure and doped) thin films

Precursor materials Dielectric Dielectric
Solvent Bang gap Transmittance | Reflectance Refractive constant- constant- Extinction Ref
Method of preparation (eV) index Real part Imaginary coefficient '

Substrate part

ZnO-CBD

Zinc acetate dihydrate

Water 3.23 -3.20 - T T - === - [62]

Zinc sulphate

Water 3.27-3.30 T o -t - - --= [63]

Zinc sulphate
Water 3.37 [64]
Glass

Zinc sulphate
Water 3.3 60-80% [65]
Glass

zinc chloride
Ammonia 2.72-2.60 [66]
Glass

zinc chloride
NaOH 2.59 -3.57 0.2-0.3 [67]
Glass

zinc chloride
Water [68]
Silicon

Zinc sulphate

Glass 3.3-3.95 90% T - - - - [69]

ZnO-Solgel

Zinc acetate

3.28-3.29 92% [70]
water
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10

Zinc acetate dihydrate
2-methoxyethanol
Glass

3.3

[71]

11

Zinc acetate dihydrate
Ethanol
Glass

3.3

80-90%

[72]

12

Zinc acetate
n-propanol and glycerol
Si[100] and Quartz

3.271

[73]

13

Zinc acetate
Silicon

3.37

[74]

14

Zinc acetate dihydrate
Ethanol
Glass

3.16 -3.41

[75]

15

Zinc acetate dihydrate
Methanol

3.34-3.21

[76]

16

Zinc acetate dihydrate
Ethanol

2.276 - 2.279

[77]

17

Zinc acetate dihydrate
2-methoxyethanaol
Glass

3.23-3.30

[78]

18

Zinc acetate dihydrate
2-methoxyethanol

3.24-3.28

80-90%

[79]

19

Zinc acetate dihydrate
2-methoxyethanol
Silicon

3.2

90%

[80]

Cu:ZnO- CBD

20

Zinc salt
Water

3.13-2.94

[82]

21

Zinc acetate dehydrate
Water

3.1-2.88

[83]

22

Zinc acetate

3.42-3.54

[84]
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Cu:ZnO- Spray pyrolysis

23

Zinc nitrate
Water
Glass

3.28 -3.17

60- 80%

[81]

24

Zinc chloride
Water
Glass

3.3-3.42

[85]

25

Zinc acetate
Water
Glass

3.27-3.24

70 -80%

[86]

26

Zinc acetate dehydrate
Chloroform
Glass

[87]

Cu:ZnO - Solgel

27

Zinc acetate dehydrate
Water
Glass

3.294 - 3.342

89%

(88]

28

Zinc acetate dehydrate
2-methoxyethanol
Glass

3.358- 3.278

86 -80%

[89]

29

Zinc acetate dehydrate
Glass

3.17 - 3.36

90 -100 %

[90]

30

Zinc acetate
Water
Glass and Silicon

3.20-3

76 -93%

[91]

Na:ZnO - Solgel

31

Zinc acetate dehydrate
Ethanol
Glass

3.28

78%

[92]

32

Zinc acetate

— [93]
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ethylene glycol
monomethyl ether
Silicon

33

Zinc acetate dehydrate
ethylene glycol
monomethyl ether
Silicon

3.12

70%

[94]

34

Zinc acetate dihydrate
2-methoxyethanol
Glass

3.293-3.25

62%

[95]

35

Zinc acetate dihydrate
Silicon

[96]

36

zinc acetate
2-methoxyethanol
Glass

3.217

80-90%

[97]

37

Zinc acetate dihydrate
2-methoxyethanol
Glass

3.20-3.24

[98]

38

Zinc acetate dihydrate
2-methoxyethanol
Silicon

[99]

39

Zinc acetate dehydrate
2-methoxyethanol
Gass

3.25-3.89

78%

[100]

40

Zinc acetate dihydrate
2-methoxyethanol
Glass

3.25

80%

[101]

41

Zinc acetate dehydrate
ethylene glycol
monomethyl ether
Glass

3.26 - 3.27

[102]

42

Zinc acetate dehydrate
2-methoxyethanol
Glass

3.213-3.29

[103]
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K:ZnO- CBD

43

Zinc chloride
Water
Glass

3.86-3.94

40-50%

0.055-0.085

0.088-0.0135

[104]

44

Zinc acetate
Methanol

3.23-3.31

[105]

45

Zinc chloride
Water
Glass

3.59-3.06

0.0070-
0.0110

[106]

46

zinc nitrate
Water
Glass

3.22

[107]

47

Zinc chloride
Water
Glass

3.89-4.04

27-32%

[108]

K:ZnO-Solgel

48

Zinc acetate dehydrate
2-methoxyethanol
Glass

3.28-3.30

85%

[109]

49

Zinc acetate dehydrate
2-methoxyethanol
Glass

80-90%

[110]

50

Zinc acetate dehydrate
Isopropanol
Glass and Silicon

3.28-3.14

10-90%

[111]

51

Zinc acetate dehydrate
2-methoxyethanol
Glass

3.28-3.30

85%

0.04-0.07

0.02-0.03

[112]

52

Zinc acetate dehydrate
Ethanol
Glass

3.30-3.39

90%

[113]
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53

Zinc acetate
Ethanol
Glass

[114]
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2.1.4 Effect of doping ZnO with impurity

The perfect measure of doping with intentional impurities assumes significant role in
semiconductor devices that invigorates the properties of the host material and have
promising applications in the semiconductor innovation. Impurities can alter electronic,
optical, structural and magnetic properties of material [130]. Dopant can also actively impact
optical behaviour of the material. The doped semiconductor with metal ions can facilitate to
control of the band gap and Fermi energy.

To acknowledge utilizations of ZnO in different fields, the first step is to get high
characterized n-type and p-type ZnO materials. It is notable that ZnO is commonly a n-type
semiconductor because of its constitutional deficiencies, for example, oxygen vacancies
(VO) and zinc interstitials (Zni). Its electron concentration could be additionally advanced
by donor impurity doping, for example, Cu. Na and K.

To enhance and alter the constitutional and optical properties of ZnO thin film to meet the
constantly expanding mechanical requirements, various methodologies have been
implemented. Among all, suitable element doping which can emphasize significant
diversities in physical properties. As the doping material Cu, Na and K has a place with
Group | and is an appropriate acceptor with generally high hole concentration [131].

The higher Cu doping concentration increases the resultant energy, and that higher doping
concentration decimates the system stability. The addition of copper degenerates the
impurity band and valence band of the ZnO system, and shift to the low energy direction is
observed in the conduction band. Consecutive to doping, the forbidden band width lower
down, with the goal that the energy needed to the electrons for the transition from the valence
band to the conduction band decreases, and the light absorption passes through a red shift
phenomenon [131].

Examining factors, for example, the electron shell and ionic size, sodium is noticed as a
acceptable dopant for ZnO film for alteration of its structure, surface morphology,
luminescence, and different properties. Na doping appealed more consideration because of
feasible shallow acceptor production by substituting ZnO and Na is tested being a acceptable
element for the production of different p-n junction devices [132]. Na also described for
decreasing oxygen vacancy density which is additionally a significant advance for
accomplishing stable p-type conduction. Other than acquainting p-type properties with ZnO,

it's demonstrated that Na substitution ZnQO lattice improved transformation efficiency in dye-
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sensitized solar cells (DSSCs) when ZnO based nanostructures are utilized as photo-anode
[133].

Sodium (Na) can replace the Zn site to act as a shallow acceptor and has been noticed as a
wonderful element for p-type doping into ZnO. These properties make them reasonable for
optoelectronic devices, light emitting diodes, photodetectors, sensors, solar cells, optical
switches, photocatalysis, waveguides and piezoelectric materials [134-135]. Despite the fact
that the trustworthy and high aspect p-type Na doped ZnO for efficient application has not
been carried out, some helpful and significant outcomes were obtained from the earlier
works. As revealed by Park et al., Na interstitials (Nai) were the main executioner deficiency
which would hinder p-type doping in the Na-doped ZnO [136].

Alkali (soluble base) elements are acknowledged materials for tuning ZnO optical and
electrical characteristics. Alkali doped ZnO films have been comprehensively researched in
ongoing many years. Kim et al. revealed that, when K doped ZnO thin films were developed,

the optical properties were improved.

2.2  Aims and objectives of the present work

Preparedness and characterization of thin films of pure ZnO and doped ZnO through various
methods have drawn significant consideration because of their wide application possibilities.
Consideration of simplicity, economy and input energy recommend that thin films of these
materials be deposited by a low temperature and easier chemical route. The aim of the work
consequently incorporates investigating the possibility of utilizing chemical route to improve
ZnO thin film with certain metals (Cu, Na and K). The primary goal of the current work was
to utilize a generally new and less used chemical bath deposition and sol-gel technique to
develop pure ZnO, Cu: ZnO, Na: ZnO and K:Zno thin films from change in zinc
concentration and change in no. of coats and their characterization. The method provides a
wide spectrum of deposition criterions to control the factors such as appropriate precursors,
concentration and pH of the responding precursors etc. Optimum synthesis condition that
gives normal development for each specific dopant needs be determined.

Very few reports are available for Na and K doping in ZnO thin films by chemical bath
deposition. The objective of the work was to prepare such doped films from various cationic
precursors utilizing the adaptability of technique and the influence exerted by the metal
dopants on the physical properties (structural and morphological properties, optical band

gap, electrical properties etc.) of pure and doped ZnO thin films.
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2.3 Summary

Zinc oxide (ZnO) is a versatile and inexpensive semiconductor with a wide direct band gap
that has applicability in several scientific and technological fields. Zinc oxide thin films have
attracted much attention in the recent years as alternative transparent conducting oxide
because of their lower cost and comparable properties to those of conventional ITO films.
ZnO possess novel properties such as wide band gap, good conductivity, high transparency,
in addition to low deposition temperature, low cost and nontoxicity. At ambient conditions,
ZnO exhibits a hexagonal wurtzite structure with a tetrahedral coordination typical of sp®
covalent bonding, but has considerable ionic character. The unit cell is composed of two
interpenetrating hexagonal-closed-packed (HCP) sublattices, where each Zn atom is
surrounded by four O atoms in a tetrahedral coordination, and vice versa. There is a deviation
from the ideal wurtzite crystal due to lattice expansions and ionicity. Lattice expansions are
attributed to free charges, point defects, and threading dislocations. Thus, undoped ZnQO is
typically non-stoichiometric and shows n-type conductivity. ZnO exhibits a direct and large
bandgap, which allows it to sustain large electric fields and higher breakdown voltages. In
addition, lower noise generating, high temperature, high power devices can be fabricated.
ZnO has not yet shown its full potential because some challenges remain unsolved. It is seen
particularly in the failure to fabricate a stable, competent and reproducible p-type doped
material. The various properties of ZnO thin films are shown below in Table 2.4.

Table 2.4 The various properties of ZnO

Sr. Property Value Reference
1 Molecular formula ZnO
2 Molecular mass 81.408 g/mole
3 Appearance White solid
4 Odor Odorless
5 Specific gravity 5.6
6 Stable crystal structure Wourtzite [139]
7 Refractive Index 2.008 [141]
8 Dielectric constant 8.656 [140]
9 Band gap energy 3.370 eV (Direct) [138,142]
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10 Melting point 1975 °C [145]
11 Boiling point 2360 °C [145]
12 Solubility in water 0.16 mg per 100 ml at 30 °C [138]
13 Density 5.606 g/cm?® [138]
14 Lattice parameters a=b=3.2458 A, c=5.2006 A [137-139]
15 Exciton binding energy 60 meV [144]
16 Electron effective mass 0.24 [139]
17 Hole effective mass 0.59 [139]
18 Hole mobility (300 K) 5-50 cm?/Vs [144]
19 Electron mobility (300 K) 100-200 cm?/V/s [144]
<106 cm™ ( max n-type doping
20 Intrinsic carrier >10%° cm3 electrons; max p-type (145]

concentration

doping
< 10" cm™ holes)
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CHAPTER 3

Instrumental Techniques and Theoretical

Considerations

3.1 Instrumental techniques

Distinctive experimental procedures which have been utilized to characterize the pure and
doped ZnO thin films are covered in this section. A short discussion about X-ray diffraction
(XRD), Scanning electron microscope (SEM), Ultraviolet-visible (UV-VIS) spectroscopy,
Photoluminescence (PL), Raman spectroscopy, Thermo gravimetric analysis (TGA), Hall
effect and resistivity measurement (from room temperature to 200°C) has been incorporated

here.
3.1.1 X-ray Diffraction (XRD) Analysis

X-rays are electromagnetic radiation of wavelength about 1 A, which is about the similar in
size to an atom. They appear between gamma-rays and the ultraviolet part of the
electromagnetic spectrum. X-ray diffraction is a versatile interpretive strategy to
exceptionally recognize the crystalline phases present and to examine the constitutional
properties. A given substance consistently delivers a characteristic diffraction arrangement,
disregarding of whether the substance is present in the pure state or as a one constituent of a
blend of substances. This reality is the reason for the diffraction technique of investigation.
The X-ray discovery in 1895 empowered researchers to test crystalline structure at the
nuclear level. At the point when X-rays associate with a crystalline substance which is a
phase, one gets a diffraction arrangement. Around 95% of every solid substances can be
depicted as crystalline. Every crystalline solid has its remarkable characteristic X-ray

diffraction arrangement which might be utilized as a "unique finger impression” for its
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recognizable proof. Figure 1 shows the reflection of x-rays from two planes of particles in a

solid.

Incident rays Diffracted rays

—

FIGURE 3.1 X-ray diffraction

A crystal lattice is a definitive three-dimensional appropriation of particles in space. These
are ordered with the goal that they structure a progression of parallel planes isolated from
each other by a separation d, which changes as indicated by the nature of the material. For
any crystal, planes exist in various directions in which each having its own particular d-
spacing. At the point when a monochromatic X-ray beam having wavelength lambda is
anticipated onto a crystalline material at an edge theta, diffraction happens just when the
distance covered by the rays reflected from progressive planes varies by a total number n of
wavelengths, which prompts well known Bragg's Law [146]:

nA = 2dsin0 (3.2)

Where n is a positive integer 1, 2, 3..... (usually equal to 1), A is wavelength in angstroms
i.e. for copper 1.54 A, d is interatomic spacing in angstroms, and 0 is the diffraction edge in
degrees. By changing the edge theta, the Bragg's Law conditions are fulfilled by various d-
spacing in polycrystalline substances. Plotting the angular positions and extents of the
consequence diffracted apexes of radiation produces a design, which is one of the sample’s
attributes. Where a blend of various phases is available, the resultant diffractogram is
developed by expansion of the individual designs. On the basis of the X-ray diffraction
principle, an abundance of auxiliary, physical and chemical data about the material examined
can be gathered. The diffracted beam is recognized in a counter (gas or solid counter) which
travels through the angular field of reflections and intensity of diffracted beam is recorded
on a collectively propelling outline. Contrasting this information and the standard Joint

Committee of Powder Diffraction Standards (JCPDS) information document, one can
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distinguish the structure of the material, the lattice parameters as well as the planes present
there. The crystallite size or moleculer size (D) can be found applying the Scherer’s formula
on the basis of X-ray diffraction designs [2].

D kA (3.2)
BcosO

Where K is a constant dictated by the geometry of the crystallites and ball-shaped particles
have about 0.94, B is the full width at half maximum intensity or FWHM of the detected
diffraction apex and 0 is the dispersed edge. The widening considered in Scherrer equation
is because of molecule size only. The angular width at a point where the intensity has
tumbled to half of its greatest value (FWHM) is a proportion of widening of x-ray apex
[147]. XRD has been being used in two primary fields, for the unique finger impression
nature of crystalline materials and the verification of their structures. When the material has
been recognized, X-ray crystallography might be utilized to decide its structure, for example
how the particles well-adjusted with each other in the crystalline structure and what the
interatomic separation and angle are and so on. The diffraction of x-rays decide most
effectively the size and the geometry of the unit cell for any compound. The X-ray diffraction
(XRD) designs explore the crystal structure and orientation of the pure ZnO and doped ZnO
films. The XRD designs were recorded with D, phaser Bruker advanced X-ray
diffractometer utilizing a Cu - Ka radiation source (A = 1.547 A). Diffraction peaks were
compared with those of the standard compounds reported in the JCPDS files (36-1451 card)

and the Miller indices were indexed to the peaks.
3.1.2 Scanning Electron Microscopes (SEM)

Scanning electron microscopy is used to assess the morphology or grain size and layer
thickness. For SEM analysis, the samples are coated with a thin layer of platinum to avoid
sample charging.

The scanning electron microscope utilizes a directed beam of high-energy electrons to
produce an assortment of signals on the outer layer of solid samples. The signals that get
from electron-sample interactions uncover data about the sample including outside

morphology (surface), chemical composition, and crystalline structure.
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FIGURE 3.2 Schematic diagram of scanning electron microscope (SEM)

SEM creates images by scanning the sample with a beam of electrons [148-149]. In many
applications, information are gathered over a selected zone of the surface of the sample, and
a 2D image is created which shows spatial alterations in these properties. Zones extending
from around 1 cm to 5 microns in width can be seen in a scanning mode utilizing ordinary
SEM techniques (amplification ranging from 20 times to roughly 30,000 times, spatial
resolution of 50 to 100 nm). Accelerated electrons in a SEM carry meaningful amounts of
kinetic energy, and this energy is dissolved as an assortment of signals created by electron-
sample interactions when the incident electrons are slow down in the solid sample Secondary
electrons, backscattered electrons, diffracted backscattered electrons, photons, visible light,
cathodoluminescence, and heat are the part of these signals. Secondary electrons and
backscattered electrons are commonly utilized for observing sample: secondary electrons
are utmost beneficial for displaying morphology and topography of sample and
backscattered electrons are utmost beneficial for depicting contrasts in composition in
multiphase sample i.e. for rapid phase discrimination. X-ray generation is produced by
inelastic collisions of the incident electrons with electrons in discrete energy levels (shells)
of atoms in the sample. As the energized electrons come back to lower energy levels, they
yield X-rays that are of a fixed wavelength (that is identified with the distinction in energy
levels of electrons in various shells for a given component). Hence, distinctive X-rays are
created for every component in a mineral that is "energized” by the electron beam. SEM
analysis is viewed as "non-destructive™; means x-rays produced by electron interactions do

not prompt volume loss of the sample, therefore it is conceivable to analyze the similar
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materials over and again. SEM was used for morphological characterization of sample. The
surface morphology of the pure and doped ZnO thin films were determined by scanning
electron microscope (SEM) JSM-6010LA.

3.1.3 Ultraviolet — Visible (UV-Vis) spectroscopy

UV-VIS spectroscopy is considered as the most significant spectrophotometric procedure
that is most broadly utilized for the examination of different types of compounds.
Ultraviolet-visible spectroscopy is one of the most familiar investigative method since it is
very flexible and ready to identify almost each molecule. With UV-Vis spectroscopy, the

Slit
% Beam splitter

Diffraction grating
\
Mirror

N
\\—D——D— ————{>—— Reference —DT \
\
\

Y Detector
—
Light source
_J |
Sample /

Av)

Mirror - Mirror

FIGURE 3.3 Schematic for a UV-Vis spectrophotometer

UV-Vis light is travelled through a specimen and the transmitted light by a specimen is

estimated. The transmittance (T) can be determined from the correlation [150]

_ 1 (3.3)
A = log (T)
Where A is the absorbance and T is given by [150]:
_ 1 (34)
T= 1o

The reflectance (R) is determined from the interrelation [150]:

A+R+T=1Or (3.5)
R=1-(A+T) (3.6)

An absorbance spectrum is attained which shows the absorbance of a compound at various

wavelengths. The measure of absorbance at any wavelength is because of the chemical
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structure of the molecule. The bandgap of materials is a significant parameter that decides

the utilization of the films. It is assessed utilizing the equation [150].
A n 3.7)
o= (R) (hv — E,)

At the point when a light beam attack on a thin film semiconducting material, a portion of
the beam will be reflected, another portion will be transmitted through the film, and the
remained portion of the beam will be absorbed. Absorption of photons leads to shift of the
electrons from valance band to conduction band.

Optical examinations give a decent method of analyzing the properties of semiconductors.
Especially estimating the absorption coefficient for different energies provides data about
the band gaps of the material. The optical data is achieved using spectrophotometer. The

absorption coefficient is realized by the following relationship.

2.303A (3.8)

o=—"
t

Where t is the thickness of the deposited film, A is the absorbance. UV-Vis can be utilized
in a qualitative way, to recognize functional groups or verify the identity of a compound by
coordinating the absorbance spectrum. UV-Vis measurements are commonly taken using a
spectrophotometer. UV-Vis is additionally an exceptionally well known identifier for other
analytical methods, for example, chromatography, since it can identify numerous

compounds.
3.1.4 Photoluminescence (PL)

Photoluminescence which investigates optical property of luminescent semiconductor
materials is a strong and nondestructive invention. As per analytic information of
photoluminescence, we can know the type of impurities, bandgap, and impurity activation
energy etc. from the spectra. We can approximate the structure of the compound from the

apex intensity of PL spectra.
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FIGURE 3.4 Diagram of PL experiment set-up

Utilizing photoluminescence, the internal interface of hetero-structure can be investigated
which common physical or electronic measurements cannot measure. Luminescence process
comprises of three procedures:

(1) Excitement

(2) Heat balance

(3) Recombination

Incident light produces electron-hole pairs and recombines to produce photons after heat
stabilization. Contaminations and imperfections in structure form different energy levels in
the bandgap and their relating energy will create radiation by radiation recombination
process or produce absorption by nonradiative recombination process.

In PL, a material gets energy by absorbing photon at some wavelength by advancing an
electron from a lower to a higher energy level. This might be depicted as making a shift from
ground state to an energized state of an atom or a molecule or from the valance band to
conduction band of a semiconductor crystal. The system at that point experiences a no
irradiative internal relaxation including interaction with crystalline or molecular vibration
modes. After a characteristic life time in the energized state, electron will come back to the
ground states.

In the luminescence material the energy discharged during the final shift is as light, for this
condition the relaxation is known to be radiative. It ought to be noticed that relying upon the
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characteristic life time of emission, quick PL with life time of sub-micro seconds is known
as fluorescence, whereas slower one are pointed out as phosphorescence.

PL spectrum of all the samples were obtained at room temperature through shimadzu RF-
5301 PC spectro-fluoro-photometer under the condition that the excitation wavelength A is
325 nm and the emission spectra was recorded at the wavelength range of 350 — 550 nm.

Also Ozone free Xenon-quartz light of 150 W was applied for excitation
3.1.5 Raman spectroscopy

Raman spectroscopy is the measurement of the wavelength and intensity of inelastically
dispersed light from particles. The Raman dispersed light results at wavelengths which are
moved from the incident light by the energies of molecular vibrations.

Raman spectroscopy is utilized to decide the molecular motions, particularly the vibrations.
A mechanism of Raman spectrometer is that when a substance is irradiated with a
monochromatic light of well-defined frequency, the light dispersed at right edge to the
incident light contains light of (1) Incident frequency and (2) lower frequency. Once in a
while lines of higher frequency are too gained that of the incident beam will be dispersed. It
is termed as Raman scattering. The line with lower frequency are termed as Stoke’s lines.
The line with higher frequency are termed as Antistoke’s lines. The line with the similar
frequency as that of the incident light is termed as Rayleigh line. Raman frequencies for a

specific substances are attributes of that substances.
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FIGURE 3.5 Schematic of Raman spectrometer
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Raman spectroscopy works as a versatile technique to establish the resemblance of defects
generated due to dopant and deficiency in lattice of source crystal particularly regarded to
material isolate on or second level states in material. The vibrational properties of all the
four films are investigated using Raman spectra. ZnO thin films with hexagonal wurtzite
structure fit into the P6smc position group. The optical phonons at I' point of the Brillouin
zone for the perfect ZnO crystal lattice is added in top Raman scattering. According to the
group hypothesis, wurtzite ZnO have to be with optical modes and can be explained by the
following equation.

I'opt ES 1A1 + ZBl + 1E1 + 2E2 (39)

Here, two polar branches A and Ex modes split into longitudinal optical (LO) and transversal
optical (TO) segments with varying frequencies, as macroscopic electric fields are associated
with the LO type phonons. Ay, E1 and E; modes are taken into account as a first order Raman-
active modes.

Raman scattering spectra reported with the help of Renishaw in Via Raman Microscope with
a laser excitation source (A = 514 nm) at room temperature. So vibrational properties
analysed for pure and doped thin films to check the influence of dopant materials such as

Cu, Na and K on pure ZnO
3.1.6 Thermo gravimetric analysis (TGA)

Thermograviometric Analysis or TGA is a kind of testing which is performed on specimens
to decide changes in weight corresponding to change in temperature. Such examination
depends on a high level of accuracy in three estimations: weight, temperature, and
temperature change. As many weight loss curves appear to be comparative, the weight loss
curve may require change before results might be interpreted. A subsidiary weight loss curve
can be utilized to tell where weight reduction is most probable. Once more, interpretation is
restricted moving along without any more alterations and deconvolution of the overlapping

apexes might be required.
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FIGURE 3.6 Block diagram of Thermo gravimetric analysis (TGA)

TGA is usually utilized in research and testing to decide qualities of materials such as
polymers, to decide degradation temperatures, absorbed moisture content of materials, the
degree of inorganic and organic components in materials, deterioration purpose of
explosives, and solvent residues. It is additionally frequently utilized to evaluate the erosion
Kinetics in high temperature oxidation. The analyzer ordinarily comprises of a high-accuracy
balance with a sheet (generally platinum) loaded with the specimen. The sheet is put in a
small electrically heated oven with a thermocouple to precisely measure the temperature.
The climate might be cleaned with an ideal gas to avoid oxidation or other undesired
responses. A computer is utilized to control the instrument. A technique known as hi-res
TGA is frequently utilized to get more prominent accuracy in regions where the derivative
curve apex appear. In this technique, temperature rise slows as weight reduction increases.
This is done with the goal that the specific temperature at which an apex obtained can be
more precisely recognized. thermo gravimetric analyzer (TGA, METTLER TOLEDO,
Model: DSC3) was utilized to study the thermal stability of ZnO.

3.1.7 Hall Effect

The Hall Effect was determined by Edwin Hall in 1879 [151] and it attributes to the potential
difference that appears over an electrical conductor on employing a magnetic field

perpendicular to the electrical current flow. Hall Measurements were obtained by the van
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der Pauw method [152-153]. Specimens were mounted on a board and appended at 4
contacts by graphite paste.

z
@

Semiconductor thin film v

FIGURE 3.7 Hall Effect measurement setup

The electric field, or Hall field, is a consequence of the force that the magnetic field applies
on the moving positive or negative particles that comprise the electric flow. Regardless of
whether the flow is a movement of positive particles, negative particles the other way, or a
mixture of the two, a perpendicular magnetic field displaces the moving electric charges a
similar way sideways at right edges to both the magnetic field and the direction of current
flow. The aggregation of charge on one side of the conductor leaves the opposite side
oppositely charged and creates a difference of potential. A proper meter may recognize this
difference as a positive or negative voltage. The induction of this Hall voltage decides if
positive or negative charges are conveying the current. The Hall Effect can be utilized
additionally to measure the thickness of current carriers, their freedom of movement,
or mobility, just as to identify the presence of a current on a magnetic field. The Hall

coefficient is represented as,

Vot (3.10)

Where RH is hall coefficient, V is Hall voltage, t is the thickness of the film, I is the current
moving through the conductor and B is the magnetic field.

Hall-effect measurements were done in the van der Pauw setup (DNE 21A) at room
temperature for the assurance of kind of conduction mechanism, Hall mobility and carrier

concentration.
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3.1.8 Two probe resistivity measurement

The measuring procedures generally known to decide electrical properties of materials are
the two-probe technique and the four-probe technique wherein the former is the most
ordinarily utilized one since it is simple and reasonable compared to the four-probe
technique. The beneficial thing in two-probe technique is easy to set-up and singular
apparatus could be available. The two-probe and four-probe techniques have been utilized
to characterize approximately all semiconductor products present in the world today. These
procedures have made development easier in discovering semiconductor materials other than
the materials found in the periodic table of elements. Different models and techniques have
been proposed to quantify the electrical resistance. Factors affecting the suitability of
different techniques and accuracy attainable cover contact resistance and fashion of the
specimen for example regardless of whether it is as single crystal, thin film, powder pellet
or small crystallite. Among the techniques to be talked about is two probes can be utilized
for estimation of resistivity. In this technique, voltage drop V across the specimen and
current through the specimen I are estimated. At that point the resistivity is given as,
Vxaxh (3.11)
P= TIxs
Where p is the specimen resistivity, V is the potential distinction measured between the two
voltage studies, 1 is the uniform current being moved through the specimen, a is the specimen
width, h is the specimen height, and s is the distance between two contacts.
The Electrical conductivity and activation energy of charge bearers in Pure ZnO , Copper
doped ZnO (Cu:Zn0O), Sodium doped ZnO (Na:ZnO) and potassium doped ZnO (K:ZnO)
thin films was evaluated by examining the variation of resistivity p with temperature (from
room temperature to ~200°C ) through two probe methods. A plot of log p against 1/T will
yield a straight line with a slope giving activation energy.

3.1.9 Thermoelectric power measurements

Thermoelectric power generation process is based on the Seebeck effect which states that
loop of dissimilar metals will develop an emf if the two junctions are kept at different
temperatures. This principle is already being used in thermocouples for measurement of
temperature. The efficiency of the thermoelectric material can be calculated by knowing the

electrical conductivity and the Seebeck coefficient.
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The thermoelectric effect is the direct conversion of temperature differences to electric
voltage and vice versa via a thermocouple. Thermoelectric device (Figure 3.8) create a
voltage when there is a different temperature on each side. Conversely, when a voltage is
applied to it, heat is transferred from one side to the other, creating a temperature difference.
At the atomic scale, an applied temperature gradient causes charge carriers in the material
to diffuse from the hot side to the cold side. This effect can be used to generate electricity,
measure temperature or change the temperature of objects. Because the direction of heating
and cooling is determined by the polarity of the applied voltage, thermoelectric devices can
be used as temperature controllers. The term “thermoelectric effect” encompasses the
separately identified effects: the Seebeck effect and Peltier effect. The thermoelectric effect
is the direct conversion of temperature differences to electric voltage and vice versa via a
thermocouple. Thermoelectric devices create a voltage when there is a different temperature
on each side. Conversely, when a voltage is applied to it, heat is transferred from one side to
the other, creating a temperature difference. The Seebeck coefficient S, which describes the
magnitude of induced TE voltage (AV) in response to a temperature difference (AT) in the
material. A setup based on dynamic method was developed for Seebeck coefficient
measurement from room temperature to 473 K. As shown in figure 1 two heaters (H: and
H>) with maximum 250 W power were symmetrically embedded in the ceramic base. In the
measurement, channels 1 and 2 (CH1 and CH2) were set to accept temperature signals (T
and T>). Channel 3 (CH3) was set to accept the Seebeck voltage (AV) signal. These data was

recorded.
x — >
-~
A — >
h >
A N >
N -
K-type —
Ch-1 Ch-2 Ch-3
Thermocou RED a2) (AV)
Data logger
= - Copper blocks
..... - -Ceramic base Programable
Heater-2 IHeater-1 Temperature
(T2) (T1) Controller
T K
Yy 5z
A 4 > I

FIGURE 3.8 Set up for the measurement of thermoelectric power
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At the atomic scale, an applied temperature gradient causes charge carriers in the material
to diffuse from the hot side to the cold side. For a nondegenerate n- type and p-type
semiconductor with spherical constant energy surface under thermal equilibrium the

thermoelectric power is given by [154],

(3.12)

S — —Kkpg (Ec_ Ep

. Iy T + A) (For n — type)

(3.13)

kg /Er — E
S:_B<F \'

e Uyt + A) (For p — type)

Where kg is the Boltzmann constant and Ec is the energy of the conduction band edge; A is
a constant that depends on the nature of the scattering process which is runs between 0 and

4. Er is the energy of Fermi level.

Where Eo is the low-temperature limit of E¢ - Er and corresponds to the activation energy
equivalent to the band gap, and y is the temperature coefficient. Putting equation 3.14 into

equation 3.12 and 3.13 we get,

G (3.15)

- EO Y AkB)
—— ——| (F —t
oT + (e o (Forn ype)

(3.16)

Comparing equation 3.15 and 3.16 with y = mx + ¢, we get y = S, x = 1/T. By plotting a
graph of S versus 1/T, we get the slope m = - @ (For n-type) and slope m = EFe_—E" (For
ec

p-type). It means Ec— Er = -me (For n-type), EF-Ev = me (For p-type) and A = o
B

3.1.9.1 Peltier coefficient

The Peltier coefficient is given by,
T =ST (3.17)

By putting equation 3.15 and 3.16 in to equation 3.17 we get,

= —— ——|T(F -t
T = + (e o ) (For n — type)

E Ak 3.19
1'[=?0+(—£+ TB)T(Forp—type) (3.19)
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Comparing equation 3.18 and 3.19 with equationy =mx +cwegety = mand x = T. Also

we get = y_:kB = _eE° for n-type and m = 287Y ¢ = % for p-type. The value of ¥

can be obtained from the slope of the graph © versus T.

3.1.9.2 Thermoelectric power factor

The power factor is important parameter characterizing the TE properties. In
thermoelectricity, a material with high power factor is more important than having a high
ZT because most of the waste heat sources are free and unlimited. So, effective strategies to
achieve a high-power factor have fundamental importance. Power factor (PF) determine the
performance of thermoelectric energy converter. It is calculated by the values of Seebeck
coefficient and electrical conductivity as [155],

Power factor = ¢ S? (3.20)
Where S is Seebeck coefficient, o is electrical conductivity. The product is usually named
as “thermoelectric power factor” or simply “power factor” which characterizes the electrical
transport properties and is widely used in literatures. The power factor (PF) can be used as
an index for thermoelectricity. Well-established approaches say traditional ones; the aim is

to increase the power factor.
3.1.9.3 Jonker Analysis

Jonker [156] developed an analysis for semiconductors that involve plotting Seebeck
coefficient versus logarithm of conductivity (known as a ‘‘Jonker plot’”) as a useful means
to obtain important electrical properties. The two primary thermoelectric effects are the
Seebeck effect and the Peltier effect, which when combined with the laws of

thermodynamics, can be used to derive all other thermoelectric effects [157].

k 3.21
S = _?B [In(o) — In(ay)] (3:21)
Where ““+”’ is for the n-type case and ‘-’ is for the p-type case. Thus, in what is referred to
as the ‘‘extrinsic’” nondegenerate regime, a Jonker plot of Seebeck coefficient versus
logarithm of conductivity should be a line with a slope of + ks/e = +86:15 mV/K with a

positive slope for n-type semiconductors and a negative slope for p-type semiconductors.
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CHAPTER 4

Preparation of ZnO Thin Films by CBD and Their

Characterizations

4.1 Introduction

Oxide thin films of zinc oxide (ZnO) have attracted great attention from both academic and
industrial communities due to their enhanced characteristics for potential applications. ZnO
thin films have been deposited onto the glass substrates by the chemical bath deposition
method. In this work we have studied the various properties of ZnO thin films prepared by
chemical bath deposition method. Zinc chloride was used as the precursor material. Many
investigations are still carried out to improve the characteristics of ZnO materials. In the
present proposed work, thin films of zinc oxides in pure form was prepared using chemical

bath deposition method and to study the various properties of ZnO thin films.

4.2  Preparation of ZnO thin films

The ZnO thin films were prepared through chemical bath deposition method using aqueous
solution of ZnCl, anhydrous as a precursor. Commercial quality glass microscope slides
having dimensions 25 mm x 75 mm x 1 mm are taken as a substrate. Before performing
deposition, concentrated HCI was used to soak these glass slides minimum for 24 hours.
After that to get the proper degreased and clean substrate surface all the glass slides were
washed thoroughly in cold detergent solution and rinsed using distilled water. Also these are
ultra-sonicated in methanol solution for 15 minutes and dried at 50 °C in oven. The reagents

used in this experiment were anhydrous zinc chloride (Mol. Wt.136.29 g/mol) and aqueous
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ammonia (~25% pure). Solution of 0.1 molar zinc chloride prepared in aqueous medium and
from that solution 80 ml was taken for the experiment in which drop wise aqueous ammonia
with continuous stirring added to get the pH of the solution 9.6. When ammonium hydroxide
in excess amount is added to zinc chloride solution, firstly the white gelatinous Zn(OH): is
formed which then dissolves in excess NH4OH to form coordinated complex compound of
zinc as shown in the following reactions:

ZnCl2@q) + 2NH4OH(aq) — Zn(OH)2s) + 2NH4Cl(ag)

Zn(OH)2¢s) + 2NH4Cl@ag) + 2NH4OH(ag) — [Zn(NH3)4]Cl2 +4H20)

ZnClz(ag) + 4ANH4OH@q) — [Zn(NHz3)4]Cl2 +4H20()

After that the solution was shifted to a 100 ml beaker and the substrate was immersed
vertically. The beaker was kept in a constant temperature water bath maintaining 80 °C of
temperature. Turbidity was observed slowly in this clear solution which supports the
initialization of thin film deposition. Substrate was removed from the bath after 120 minutes,
washed with distilled water and dried at 50 °C in oven. The turbid solution remained after
the deposition was converted into powder by keeping at 50 °C in the oven. This dry powder
was then analyzed by DTA to determine the temperature at which the film deposited on the
substrate converts in to ZnO. Dried thin films were annealed at 500 °C for 2 hours to confirm
their conversion into ZnO.

Using same experimental method ZnO thin films were also prepared for other concentrations
0.2M, 0.3M, 0.4M and 0.5M respectively.

Also total 5 multilayer thin films were made by depositing ZnO thin films (using 0.1 M
precursor solution) one by one and marked as 1C, 2C, 3C, 4C and 5C for Single coat, Double
Coat, Triple Coat, Quadruple coat and Quintuple coat ZnO thin films respectively

4.3  Thermogravimetric analysis

Thermal behavior of dried powder of precursor complex was analyzed by thermo-
gravimetric analysis and differential thermal analysis as shown in Fig. 4.1 TGA curve shows
the weight loss occurring in two steps and even actually reaching to 62.58% of starting
weight at 516 °C firmly matches with the ratio of molecular weight of ZnO to the combined
molecular weight of precursor mixture. DTA curve exhibits an endothermic peak above
100°C may be attribute to the evaporation of moisture and another endothermic peak

between 350-400°C may be attributed to evaporation of other volatile compounds. The
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endothermic reaction observed between 400-500°C may correspond to the reaction between
components of the precursor materials after which the resultant weight loss matches firmly
with ratio of molecular weight of ZnO to the combined molecular weight of precursor
mixture. This confirms the annealing temperature required for the as grown thins films to be
~500°C.
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FIGURE. 4.1 TGA-DTA curve of dried precursor complex.

4.4  Variation in precursor concentration

ZnO nanostructure’s growth, applications and characteristics depend on influencing
parameters like precursor concentration [158]. Effect of precursor concentration on the
characteristics of ZnO thin films has been experimented in this study. Generally, the Zn*?
cation from precursor solution acts as source for nanostructure formation. This implies a
change in growth rate with changes in the precursor concentration. In an experiment it has
been observed that the thickness of the film increased with increase in the precursor
concentration. [159]. There is a high dependency between the precursor concentration and
density of particles. Increasing precursor concentration results in high nucleation sites which
in turn increases the formation of dense ZnO growth. This morphological change has a great
influence on the performance of sensors. This study reports the importance of the effect of
variation in precursor concentrations on the structural, morphological and optical properties

of the ZnO thin films using the colloidal solution route.
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In the present work, we report properties of ZnO thin films deposited by bath consisted of
equal volumes of zinc chloride (ZnCl>) solutions having precursor concentrations varying
from 0.1 M to 0.5 M.

Thin films were characterized for structure, morphology and optical properties. Structural
parameters of thin films are analyzed using powder XRD by patterns recorded with D>
phaser Bruker advanced X-ray diffractometer using a Cu - Ka radiation source (A = 1.547
A). Diffraction peaks were compared with those of the standard compounds reported in the
JCPDS files. Surface morphologies of thin films were studied by scanning electron
microscope (SEM) JSM-6010LA. UV-Vis-NIR absorption spectra of thin films were
recorded in the wave length range of 200-1200 nm using a Shimadzu UV-3600 UV-Vis-NIR
spectrometer.

4.4.1 Structural characterization by XRD

X-ray diffraction (XRD) patterns of ZnO thin films deposited on glass substrate for different

solution concentrations from 0.1 M to 0.5 M are shown in Fig. 4.2.

(002)

Intensity (a.u.)

20 (Degree)

FIGURE 4.2 Powder XRD patterns for ZnO thin films prepared with different precursor

concentrations.

Matching of observed and standard ‘d’ values of ZnO using JCPDS card No. 36-1451
confirms that deposited films fit well with hexagonal wurtzite structure. XRD patterns
exhibit strong peaks (100), (002), (101), (102), (110), (103) and (200) planes assigned to
hexagonal wurtzite structure. As shown in Fig. 4. 2 the relative intensity of the (0 0 2) peak
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increases as the concentration of precursor increases, which indicates that the growth is
enhanced along the ¢ axis. All of the peaks are well matched with the bulk ZnO, which could
be indexed as the hexagonal wurtzite structure of ZnO [160].

It can be seen from the XRD (Fig. 4.2) data that all samples are of single phase ZnO wurtzite
structure (JCPDS, 36-1451), and the crystallinity of the films becomes better with increasing
concentration. Diffraction peaks corresponding to the impurity were not found in the XRD
patterns, confirming the high purity of the synthesized products. The crystallite size of the
ZnO nanoparticles was calculated by the X-ray line broadening method using the Scherrer’s
equation [161].

K (4.1)
" BcosH

Where D is the crystallite size, A is the Cu -Ka radiation of wavelength (1.547A°), K the
shape factor 0.94, Bnu is the full width at half maximum (FWHM) in radian and 0 is the
scattering angle. The dislocation density (), defined as the length of dislocation lines per
unit volume. The dislocation density was calculated by the relation [162].

1 4.2)

8=ﬁ

Where D is the grain size. The micro strain of the thin films is estimated using the equation
[163].

_ B cos0 (4.3)

: 4

Where, A is absorbance and t is the thickness. The grain size is found to be 233 nm, 238 nm,
228 nm, 218 nm and 184 nm for the variation in precursor concentration i.e. 0.1m, 0.2m,
0.3m, 0.4m and 0.5m respectively. The average value of grain size and dislocation density

(0) are presented in Table 4.1.
4.4.2 Morphological analysis

Morphologies of deposited films were examined using scanning electron microscopy. All
the films were deposited under the optimized conditions and were smooth and uniformly
covering the substrate with good adherence. Fig. 4.3(a) to 4.3(e) shows the surface
morphology of ZnO thin films grown with different concentrations i.e. 0.1 mol/L, 0.2 mol/L,
0.3 mol/L, 0.4 mol/L and 0.5 mol/L respectively. Overall surface structure is seen to have

grains of hexagonal shape, uniformly covering the substrate, without any cracks or pores.
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From the Fig. 4.3, it can be seen that the specific surface area was gradually increased with
the increasing of the concentration of reactants. Therefore, it can be concluded that the sizes
of ZnO hexagonal pillars depend on the concentration of reactants, which can lead to the
products with different length and diameters. It can be seen from the Fig. 4.3, the

concentration had a great influence on the morphology of the ZnO thin films.

FIGURE 4.3(a) to 4.3(f) SEM micrographs of ZnO thin films prepared with precursor concentrations
(@) 0.1M, (b) 0.2M, (c) 0.3 M, (d) 0.4 M and (e) 0.5M.

Figure 4.3(a)-(f) as a whole also explains the growth habit of ZnO thin films. For 0.1 M
concentration of precursor, uniform hexagonal pillar structure is observed. As the
concentration of precursor increases the growth rate increases which results in
agglomeration of these pillars and formation of new nucleation over the ZnO surface (0.2
M; Figure 4.2(b)), followed by growth of nucleation (0.3 M; Figure 4.3(c) and 0.4 M; Figure
4.3(d)). Finally a continuous film having hexagonal pillar structure is prepared for 0.5 M
concentration as shown in Figure 4.3(e).
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FIGURE 4.4 Cross-sectional SEM micrographs of ZnO thin films prepared with precursor
concentrations (a) 0.1M, (b) 0.2M, (c¢) 0.3 M, (d) 0.4 M and (e) 0.5M.

Thickness of the ZnO thin films measured with the help of cross section SEM micrographs
is shown in Fig. 4.4. Thickness of the films found 1.14 um, 1.81um, 3.99 um, 4.67 um and
10.2 um for the variation in precursor concentration from 0.1M to 0.5M respectively. It
reveals that thickness of the film increases with increase in precursor concentration. The
results of thickness show influence of variation in precursor concentration on the thickness
of the film.

4.4.3 UV-VIS-NIR Spectroscopy

Optical properties of ZnO thin films with increasing precursor concentration from 0.1M to

0.5M were studied using UV-VIS measurements in the 200-1200 nm wavelength range.
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FIGURE 4.5 Transmittance spectra of ZnO thin films prepared with different precursor

concentrations.

Figure 4.5 shows the optical transmittance (T) versus wavelength (L) curves of variation in
precursor concentration ZnO thin films from 0.1M to 0.5M. Optical transmission spectrum
shows that transmission increases with increase in the concentration up to 0.3 M and the
maximum transmission in visible region is about 10% for ZnO films prepared with 0-3M.
After that transmittance for 0.4M and 0.5M decreases with precursor concentration.

Absorbance was calculated from the Pankove relationship [164] as below.

A= log (%) (4.4)

3.5+

— 0.1M

Absorbance A

0.0 T T T T 1
200 400 600 800 1000 1200

Wavelength A (nm)

FIGURE 4.6 Absorbance spectra of ZnO thin films prepared with different precursor concentrations.
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The absorbance versus wavelength curve for ZnO thin films with different concentrations is
shown in Fig. 4.6. The absorbance near 350 nm is sharp and the bend near absorption edge
confirms the polycrystalline structure of ZnO thin films [165]. Absorbance of thin films are
found to increase with increase concentration because of increase in thickness as well as
increase in height of hexagonal pillars which forces incident radiation to suffer multiple
reflections between their vertical surfaces. It is observed in Fig.4.6 that the absorbance is
very high up to ~350 nm and falls rapidly with desreasing wavelength indicating the
absorption edge in this region for all thin films. The absorption coefficient is obtained from
the relation [166].

_ 2.303A (4.5)

=TT
Where t is the thickness of thin films obtained from cross-sectional SEM. Optical band gap
of thin films were determined by plotting (ahv)? as a function of hv, and extrapolating the
linear portion of absorption edge up to (ahv)?=0. The band gap of thin films is evaluated

from Tauc equation [166]. The Tauc equation for a direct band gap material is narrated as,

ahv = A (hv — Eg)n (4.6)
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FIGURE 4.7 Plot of (ahv)? vs. photon energy hv (in eV) of ZnO thin films prepared with different

precursor concentrations.
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Figure 4.7 shows the plot of (ohv)? vs photon energy hv. The obtained values of optical
bandgaps are 3.35 eV, 3.41 eV, 3.40 eV, 3.34 eV and 3.33 eV for ZnO films produced using
0.1M, 0.2M, 0.3M, 0.4M and 0.5M precursor concentrations respectively. Here, the bandgap
of ZnO films decreases with increasing precursor concentration from 0.2M to 0.5M. The
decrease in bandgap can be attributed to the variation of strain. Strain changes the inter-
atomic spacing of semiconductors which affects the energy gap. The decrease in Eg may be
attributed to increase in film thickness [167].

Refractive indices of all thin films are calculated using the relation reported by Islam and
podder [168].

<1 + R) (4.7)
n=|——
1-R
Where n is the refractive index and R is the optical reflectance.
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FIGURE 4.8 Refractive index vs wavelength of ZnO thin films prepared with different precursor

concentrations.

The refractive index is an important parameter for optical materials and their applications
[169]. Therefore, it is important to determine the refractive index of the films. The refractive
index and extinction coefficient of these films were determined using transmittance and
reflectance measurements. The refractive index of pure ZnO thin films was found to exhibit
values ranging between 1.01 and 1.02 as the wavelength increases from 200 to 300 nm, but
from 300 nm to 1200 nm wavelength its value increase and ranging between 1.03 and 1.05
for different precursor concentration. The refractive index values for all samples are lower,

as compared to theoretical refractive index of ZnO film in the visible region n = 2.
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Shakti (2010) notes that the absorption coefficient a and the extinction coefficient k are

related by the given formula [170].

. (4.8)
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FIGURE 4.9 Extinction coefficient vs wavelength of ZnO thin films prepared with different precursor

concentrations.

Fig. 4.9 shows extinction coefficient k as a function of incident photon wavelength (200 to
1200 nm) of 0.2M to 0.5M concentration of ZnO thin films are increases with increase in
the wavelength. The extinction coefficient value is considerably low. This indicates that the
ZnO film has the low dielectric losing.

The complex dielectric constant € (w) = i (o) - ier (o) characterizes the optical properties of
the solid material. The real er and imaginary ei parts of the dielectric constant for ZnO thin

films are determined by [171]:
g=n*Q) -k @) (4.9)

g=2nM) k@) (4.10)
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FIGURE 4.10 Imaginary part of dielectric constant vs wavelength of ZnO thin films prepared with

different precursor concentrations.
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FIGURE 4.11 Real part of dielectric constant vs wavelength of ZnO thin films prepared with different

precursor concentrations.

The variation of & and & with the variation in precursor concentration of the films is
illustrated in Fig. 4.10 and 4.11 respectively. These figures reveal that the values of the real
part are higher than the imaginary one, which confirms the good transparency of these thin

films.
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Table 4.1 Structural, morphological and optical parameters for ZnO thin films prepared with different

precursor concentrations.

T Crystallite Thickness 22N Refractive Extmc‘gon Average
Variation in . Average . gap S coefficient
concentration s1ze value of € Sy E IEEED L s at 550 of 3 value
D (nm) (um) g 550 nm (lines/m?)
(ev) nm
0.1M 233 5.00X10°3 1.14 3.35 1.04 1.12 X 10* 18.42
0.2M 238 4.43X10°3 1.81 3.41 1.03 5.90 X 10°® 17.65
0.3M 228 5.17X10°3 3.99 3.40 1.03 5.44 X 10 19.23
0.4M 218 5.40X103 4.67 3.34 1.04 9.88 X 1073 21.04
0.5M 184 6.02X1073 10.2 3.33 1.04 11.3 X 10* 29.53

4.5 Variation in number of coat

4.5.1 Structural characterization by XRD

The X-ray diffraction (XRD) spectra of ZnO thin films from 1 coat to 5 coat are presented

in Fig. 4.12. Crystallographic structures of grown thin films were studied by X-ray

diffraction.
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FIGURE 4.12 Powder XRD patterns of ZnO multilayer thin films.

Powder XRD patterns exhibit strong peaks (100), (002), (101), (102), (110), (103) and (200)

planes assigned to hexagonal wurtzite structure as shown in Fig. 4.12. Experimental pattern
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show very fine peaks indicating good crystallinity of thin films. Powder XRD patterns of all
the thin films are found to have single phase ZnO wurtzite hexagonal structure in good
accordance with JCPDS card no. 36-1451, and the crystallinity of the films seems to be
increasing with number of coat.

XRD spectrum of ZnO film indicates that the diffraction peak corresponding to (002)
orientation is more intense and sharp which is due to the highest density of Zn atoms in this
plane. Due to the minimal surface energy, heterogeneous nucleation readily happens at the
interface of film and substrate. The preferential orientation of the film grows along c-axis
i.e. (002) plane, which is perpendicular to the substrate. Fig. 4.12 also shows some other
small peaks which may be due to non-decomposed organic compounds or impurities in the
solution used for deposition of the film.

The crystallite size of the ZnO nanoparticles was calculated by the X-ray line broadening
method using the Scherrer’s equation (4.4). Average crystallite size of the ZnO nanoparticles
was found in the range from 38 nm to 44 nm and lattice strain gradually decrease as shown
in Table 4.2.

4.5.2 Morphological analysis

Fig. 4.13 and 4.14 show SEM micrographs of top surface and the cross section of Zno
multilayer thin films respectively.

ZnO thin films are developed in the form of randomly oriented hexagonal pillars which have
micrometer sized diameter. Figure 4.13(a) to 4.13(e) represent single coat to quintuple coats
of ZnO thin films. As figures show that size of hexagonal pillars are directly proportional to
the number of coats. Also agglomeration occurs in these surface structures with increase in

number of coats.
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FIGURE 4.13(a) to 4.13(e) SEM micrographs of ZnO multilayer thin films of ZnO thin films prepared
with variation in number of coat (a) 1C, (b) 2C, (c) 3C, (d) 4C and (e) 5C.

Fig.4.14 shows cross-sectional SEM micrographs which conclude that as number of coats

increases, thickness of ZnO thin film also increases. Table 4.2 contains the average size of

hexagonal surface structures and thickness of ZnO multilayer thin films.

FIGURE 4.14(a) to 4.13(e) Cross-sectional SEM micrographs of ZnO multilayer thin films of ZnO thin
films prepared with variation in number of coat (a) 1C, (b) 2C, (c) 3C, (d) 4C and (e) 5C.
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4.5.3 UV-VIS-NIR Spectroscopy

The optical properties of multilayer thin films were studied using UV-VIS measurements in

the 200-1200 nm wavelength region.
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FIGURE 4.15 Transmittance spectra of ZnO multilayer thin films.

Figure 4.15 shows the transmittance spectrum for a wavelength range of 200-1200 nm of the

variation in the number of coat from single coat i.e.1C to quintuple coat i.e. 5C of the ZnO

thin films.
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FIGURE 4.16 Absorbance spectra of ZnO multilayer thin films.

The optical absorbance spectra of the films are shown in Fig. 4.16. From the absorbance

spectra, it is apparent that all the films have a low absorption in the ultra-violet range and a
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high absorption in the visible range. It can be seen that increase of coat makes slightly shifts
of absorption edge to higher wavelengths. In addition, the nearly flat spectra are shown in
the higher wavelength area. It is evident from absorption spectra that the absorption increases

with increasing number of coat of the films.
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FIGURE 4.17 Refractive index vs wavelength of ZnO multilayer thin films.
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FIGURE 4.18 Extinction coefficient vs wavelength of ZnO multilayer thin films.

Refractive index of the films were calculated using (4.10). The variation in refractive index

with wavelength were shown in Fig. 4.17.
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As shown in Fig. 4.17 as the number of coat of ZnO thin film from single coat i.e.1C to
quintuple i.e.5C increases refractive index is also increases. The value of refractive index
are lies between 1.02 and 1.03 for the wavelength below 300 nm, but as wavelength increases

refractive index increases up to 1.06.
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FIGURE 4.19 Imaginary dielectric constant &i vs wavelength for ZnO multilayer thin films.
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FIGURE 4.20 Real dielectric constant &r vs wavelength for ZnO multilayer thin films.

Extinction coefficient was calculated from (4.8). Figure 4.18 shows the variation of
extinction coefficient as a function of wave length for ZnO multilayer thin films. It is
observed from this figure that the extinction coefficient increase as increase in the
wavelength. Also, it is observed from this figure that the extinction coefficient at wavelength

300 nm increases with the wavelength, opposite to the variation of the refractive index. But
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the less values of extinction coefficient at 200 nm are due to the improvement of the
structure.

Figure 4.19 and 4.20 shows the variation of real (&r) and imaginary (ei) dielectric constants
for ZnO thin films. One can observed that the variation of er is similar trend to that of the
refractive index because of the smaller value of k? in comparison with n?, while the variation
of ei mainly depends on the k value, which are related to the variation of absorption
coefficient. &; represent the absorption of radiation by free carriers. It is observed from the
figures that the real and imaginary dielectric constants increase with the increase of the
wavelength of the incident radiation and this behavior is due to the change of reflectance and
absorbance. Small extinction coefficient k values were obtained over the entire visible

region, indicating the high transparency nature of the prepared films.
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FIGURE 4.21 Plot of (¢hv)? vs. photon energy (in eV) of ZnO multilayer thin films

Theory of optical absorption gives the relationship between the absorption coefficients a and
the photon energy hv for direct allowed transition (4.9). Band gap estimation of ZnO thin
films of different coat of using Tauc’s method, the value of band gap was calculated by
extrapolating the linear part of the spectra of (ohv)? versus hv plot. An examination of the
optical transmission spectra showed that the energy band gap of the multilayer ZnO thin
films ranges from 3.26 eV to 3.41 eV.
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Table 4.2 Structural, morphological and optical parameters for the multilayer ZnO thin films.

. Thickness Refractive Extinction
Nur:obz;r & Sci:zreysDta(:,Il'rf) V'z‘;f er:;%% of film Béncze%e;p indices at | coefficients at
(um) g 550 nm 550 nm

1C 233 5.00 X 1073 1.14 3.34 1.04 1.12 X 103
2C 238 7.62 X 10 3.91 3.26 1.05 1.18 X 10°®
3C 228 5,70 X 103 6.07 3.41 1.05 1.28 X 10’3
4C 218 6.74 X 103 11.38 3.38 1.05 1.24 X 103
5C 184 5.08 X 1073 14.3 3.40 1.05 1.28 X 10

4.6 Discussion of results of ZnO thin films

e Pure ZnO thin films have been successfully synthesized from zinc chloride as source
of Zn by chemical bath deposition method on glass substrate.

e ZnO thin films were successfully synthesized by a low cost method which does not
require high technology. Also it is a simple and one step method. It doesn’t require
catalyst or buffer layer on substrate before the reaction. In this method product is
obtained with high quality. The films had good adherence to the substrate.

e Structural, optical and morphological studies were carried out. XRD spectra revealed
that the films are crystalline with hexagonal wurtzite structure. XRD data confirmed
that the ZnO thin films were highly oriented along (002) direction. The sharp peaks
show good crystallinity, resulting in high quality films.

e Particle size evaluated using x-ray line broadening analysis shows a constantly
increasing trend with increasing precursor concentration from 0.1M to 0.5M as well
as increasing number of coats from single coat to quintuple coats.

e The undoped ZnO film is crystalline with strong preferred c-axis orientation. ZnO
thin films with average crystallite size of 184-233 nm were successfully synthesized
via aqueous chemical route. As the concentration of the precursor increases,
thickness of the film increases and lattice strain is also increasing gradually.

e The band gap energies from Eg = 3.36 eV to 3.47 eV with intensive ultraviolet (UV)
emission was concluded with increasing concentration from 0.1M to 0.5M.

e The bath temperature was found to influence the growth of ZnO crystallites: at
temperatures at 80 °C, good crystalline film was produced. The pH 9.6 was found to
be the most suitable for CBD growth of ZnO thin films.
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ZnO multilayer thin films were successfully prepared by growing new layers on other
layers of ZnO by CBD route. Annealing temperature required for the conversion of
precursor complexes in to ZnO is determined. The XRD results of thin films indicate
purity and existence of single hexagonal wurtzite phase.

Effect of multi-layering of ZnO thin films on morphology and optical properties were
studied. Lattice strain, band gap, refractive index and extinction coefficient are found
to be firmly unaffected by multiple layering of ZnO thin films, while surface
morphology, crystallite size, transmittance and absorbance changes with number of

coat.

78



Introduction

CHAPTER 5

Preparation of pure and Cu doped ZnO Thin Films by
Dip Coating, Powder Sample and Their

Characterization

5.1 Introduction

Physical properties of ZnO greatly depend on the method and condition of depositing films.
ZnO films has been prepared by various methods such as electrochemical deposition [172],
chemical bath deposition (CBD) [173], molecular beam epitaxy [174], pulsed laser
deposition [175], magnetron sputtering [176], MOCVD [177] and spray pyrolysis [178].
Sol-gel dip-coating method for depositing ZnO thin film seems more attractive because of
its simple procedure; and it require no costly vacuum systems. It has broad advantage of
large area deposition with uniform thickness. [179-180]. Dip coating is a simple and
effective technique which is commonly used in manufacturing across a wide range of
different products in industries. Within research and development, it has become an
important coating method for the fabrication of thin films using a purpose-built dip coater.
When the process is optimized, dip coating can be used to produce highly uniform films.
Importantly, key factors such as film thickness can be easily controlled. One advantage of

dip coating over other processing techniques is the simplicity of its design.

In studies designed to compare with the other methods it is noticed that sol-gel method is
the extensively used due to its high versatility, simplicity, cost effective equipments, the its
systematically and carefully controlled stoichiometry over the molecular level mixing, large

area of covering, high homogeneity or uniformity and fairly low process temperature [181-

79



Preparation of pure and Cu doped ZnO Thin Films by Dip Coating, Powder Sample and
Their Characterization
183]. In this research ZnO thin film is fabricated by sol-gel dip-coating route and a detailed

investigation is given by analyzing its structural and optical characterization of the film.

Raman scattering is one of the effective techniques to investigate the crystallization,
structure, and defects in the thin films. Upon Cu doping, the overall shape of the Raman
spectrum changes, due to the loss of symmetry conservation leading to the appearance of
“silent” and mixed Raman modes from points of the center of the Brillouin zone. The
wurtzite ZnO belongs to the point group Cev with two formula units in the primitive cell.
Each primitive cell of ZnO has four atoms, each occupying Cay sites, leading to 12 phonon
branches, nine optical modes, and three acoustic modes [184]. The Brillouine zone (I point)
group theory concludes that lattice optical phonons have the following irreducible
representation [185].

['=1A; + 2B; + 1E; + 2E, (5.1)
Where Ajand E1 modes are infrared and Raman active and polar, whereas E> modes are only
Raman active and non-polar. E2 modes contain two types wave numbers, i.e. E> (high) and
E> (low) correlated with the motion of oxygen and Zn sub lattice, respectively [184]. Strong
E> (high) mode is unique for the wurtzite lattice and point outs good crystallinity. Unit cell
shows polarization of the vibrations of A; and E: modes which forms a long range
electrostatic field separation of polar modes into longitudinal optical (LO) and transverse
optical (TO) component. Furthermore, A; and E1 modes are infrared active so that they break
down into longitudinal and transverse optical component (LO and TO). The mode
assignment at present conditions is acknowledged in the literature [186]. The E; (LO) mode
is related with the existence of oxygen vacancies, interstitial Zn or their complexes. The B:

modes are Raman and infrared dormant (silent modes).

5.2  Growth of pure and Cu doped ZnO thin films using sol-gel dip
coating technique and their powder samples

Pure ZnO thin film are developed onto glass substrates using sol-gel method via dip coating.
0.1M 120 mL clear and homogeneous solution of zinc chloride was prepared in methanol.
Then the product was divided into two equal parts and in one part 20mL 0.1M cuprous
chloride solution prepared in methanol was added. Final solutions were kept at room
temperature. Thus two precursor solutions were prepared to make thin films of pure and

copper doped ZnO thin films onto a glass substrate. Before immersing substrate into
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precursor sols for deposition, glass substrates were thoroughly washed using HCI, detergent
and distilled water as mentioned in previous deposition method. Also substrates were
ultrasonicated in methanol for 15min and dried at 50°C in oven to confirm degreasing and
removal all contaminated particles which could affect thin-film properties. Film depositions
were performed via the dip-coating method onto glass substrates with 30 sec of dipping time.
After coating, samples were kept in an oven at 70°C for 15min to dry by evaporating the
solvent as well as to remove unwanted organic residues. Also samples were kept in
horizontal position to avoid draining of the transferred sol which may lead to coatings.
Grown films were annealed at 500°C for an hour in an oven and cooled down to room

temperature.

In pure ZnO powder preparation, first of all 60 mL 0.1 molar zinc chloride solution in
aqueous medium was prepared. After that drop wise aqueous ammonia added and stirred the
solution continuously to get 9.6 pH. In order to prepare copper doped ZnO powder, 20mL
0.1 molar solution of cuprous chloride was supplemented in the prepared solution. Final
solutions were kept at room temperature for the slow evaporation process to convert the
solution into powder form. Powders prepared in this way were annealed at 500°C for an hour

in oven and cooled down to room temperature.

5.3 Structural characterization by XRD

X-ray diffraction (XRD) patterns of pure and Cu doped ZnO thin films deposited on glass
substrate and their powder samples are shown in Figure 5.1.

XRD technique was used for identification of crystal structure and for finding various
lattice parameters. The XRD spectra of pure and copper-doped ZnO thin films and their
powder samples are shown in Fig. 5.1. From the sharp and highly diffracted intensity of
X-rays for pure ZnO, it is clear that all the particles exhibit good crystalline nature. The XRD
patterns for Cu-doped samples were found to be exactly the same as that for pure ZnO. This
information was easily indexed to hexagonal wurtzite phase with P6smc group and JCPDS
card (36-1451). Different characteristics peaks were observed at an angle 20 i.c., at 31.80",
34.47°, 36.29°, 47.59°, 56.64" and 62.94° which respond to the miller indices (1 0 0), (0 0 2),
(0101),(102),(110)and (10 3) respectively. All these peaks and Miller Indices are related
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to the standard hexagonal wurtzite crystal structure of ZnO indexed and compared with
JCPDS card (36-1451).

ZnO Dipcoating

. ZnO Powder
Cu:ZnO Dipcoating
Cu:ZnO Powder

Intensity (a.u.)

20 (Degree)

FIGURE 5.1 Powder XRD patterns for variation in number of coat of ZnO thin films.

The average grain size of all the samples was determined by using Scherer formula. Various
parameters from XRD analysis of pure and Cu doped ZnO thin films and their powder
samples are shown in Table 5.1. The reduction in the crystalline size by doping ZnO
with Cu*? is mainly due to the alteration in the host ZnO lattice, which decreases the
nucleation and subsequent growth rate by the addition of Cu. The presence of Cu

doped concentrations causes more defects and deformed lattice structures.

Table 5.1 Various parameters from XRD analysis of pure and Cu doped ZnO thin films and their

powder samples.

Miller Crvstallit Average
Indice FWHM d Micro y Crystallit | Dislocation
= . e B
Sample S 20 . strain ) e density
(Kl Brki spacing | 'y 42 size -
D (nm)
) D (nm)
100 | 31.80 | 0.1993 | 2.8135 | 0.3052 43.32 0.000533
Zn0 002 34.47 | 0.1928 | 2.6016 | 0.2290 43.14 0.000537
Dip 101 36.29 | 0.2005 | 2.4750 | 0.2669 43.58 39.10 0.000526
coating 102 | 47.59 | 0.2165 | 1.9108 | 0.2143 41.92 0.000569
110 | 56.64 | 0.3011 | 1.6249 | 0.2438 31.33 0.001019
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103 | 62.94 | 0.3110 | 1.4766 | 0.2217 31.30 0.001020

100 | 31.69 | 0.2151 | 2.8236 | 0.3307 40.13 0.000621

Cu: 002 | 34.36 | 0.2170 | 2.6099 | 0.2074 38.33 0.000681
Zn0O 101 | 36.18 | 0.2319 | 2.4828 | 0.3098 37.67 0.000705
Dip 102 | 47.48 | 0.2328 | 1.9147 | 0.2309 38.97 35.68 0.000658
coating 110 | 56.52 | 0.3176 | 1.6280 | 0.2578 29.68 0.001135
103 | 62.84 | 0.3323 | 1.4787 | 0.2373 29.29 0.001166

100 | 26.55 | 0.1693 | 3.3575 | 0.3131 50.40 0.000394

002 | 34.31 | 0.1928 | 2.6133 | 0.2725 45.07 0.000492

Zn0O 101 | 36.14 | 0.2405 | 2.4852 | 0.3216 36.32 0.000758
Powder | 102 | 47.47 | 0.2665 | 1.9151 | 0.2645 34.04 37.75 0.000863
110 | 56.48 | 0.3011 | 1.6290 | 0.2446 31.30 0.001020

103 | 62.78 | 0.3313 | 1.4799 | 0.2369 29.36 0.001160

100 | 31.67 | 0.2134 | 2.8248 | 0.3283 40.45 0.000611

002 | 34.35 | 0.2215 | 2.6103 | 0.3127 39.24 0.000649

cu 101 | 36.16 | 0.3119 | 2.4835 | 0.4168 28.01 0.001275
Pjvr\]ltcj)er 102 | 47.47 | 0.2022 | 1.9151 | 0.2006 44.86 36.72 0.000497
110 | 56.53 | 0.2654 | 1.6278 | 0.2154 35.52 0.000792

103 | 62.81 | 0.3019 | 1.4792 | 0.2157 32.23 0.000963

5.4  Study of optical properties

UV-VIS spectroscopic measurements at room temperature carried out to find the band gap

of ZnO thin films. The wavelength range used to record optical reflectance and transmittance

spectra was 200-1200 nm. Fig. 5.2 and 5.3 shows the optical transmittance for powder

samples as well as thin film samples of pure and Cu doped ZnO thin films grown by dip

coating method.
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FIGURE 5. 2 Transmittance spectra of pure ZnO thin film and ZnO powder.

0.7 -

—— Cu:ZnO Powder
—— Cu:ZnO Dipcoating

0.6 1

0.5 4

0.4 1

0.3 1

Transmittence (%)

0.2 4

0.1 1

0.0

T T T T T T T T T 1
200 300 400 500 600 700 800 900 1000 1100 1200
Wave length (nm)

FIGURE 5.3 Transmittance spectra of Cu doped ZnO thin film and powder.

In Fig. 5.2 and Fig 5.3, optical transmittance spectrums show that transmittance becomes

maximum in visible region for all the samples.
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FIGURE 5. 4 Reflectance spectra of pure ZnO thin film and ZnO powder.
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FIGURE 5. 5 Reflectance spectra of pure ZnO thin film and ZnO powder.

Reflectance spectra of the samples shown in Fig. 5.4 and Fig. 5.5 disclosed that the
wavelength near 350 nm is suitable for characteristic absorption edge. Compared to pure
ZnO thin film grown by dip coating method, Undoped ZnO powder shows very-high
reflectance, i.e., 91% whereas absorption edge is observed approximately same in Cu doped

ZnO powder but reflectance is reduced i.e. 65%. Flat reflectance of all samples is seen in
visible region.
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Optical absorbance shown in Fig. 5.6 and Fig. 5.7, is evaluated from transmittance using the

relation [187] as below.

Absorbance

Absorbance

A = log (%) (52)
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2000 300 400 500 600 700 800 900 1000 1100 1200
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FIGURE 5. 6 Absorbance spectra of pure ZnO thin film and ZnO powder.
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FIGURE 5.7 Absorbance spectra of Cu doped ZnO thin film and powder.

The absorbance is low in the visible/near infrared (NIR) region from ~300 nm to 800 nm in

all the type of samples.
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Refractive indices of all thin films are calculated using the relation reported by Islam and
podder [189].

1—-R
Where n is the refractive index and R is the optical reflectance.

0= (1 + R) (5.3)
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FIGURE 5.8 Refractive index of pure ZnO thin film and ZnO powder.
4.5 -

4.0 1

3.5 4

3.0 1 Cu:ZnO Powder

Cu:ZnO Dipcoating

2.5 4

Refractive Index (n)

2.0 1

154

1.0 b B — T T T T T T T T 1
200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength(nm)

FIGURE 5. 9 Refractive index of Cu doped ZnO thin film and powder.

Fig. 5.8 shows the values of refractive index n for ZnO powder and pure ZnO thin as a
function of wavelength. The vlaue of refractive index of pure ZnO thin films grown by dip

coating method is found nearly 4.2 but in case of ZnO it is near to 2.1. From Fig. 5.9 it is
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revealed that for Cu doped ZnO samples refractive index is inversely proportional to the

wavelength of incident photon.

Extinction coefficient (k) for powder sample and pure ZnO thin film were computed using

the following expression [190].
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FIGURE 5. 10 Extinction coefficient of pure ZnO thin film and ZnO powder.
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FIGURE 5.11 Extinction coefficient of pure ZnO thin film and ZnO powder

(5.4)

Figure 5.10 and Fig. 5.11 display the extinction coefficient k for powder samples and thin

film samples of pure and Cu doped ZnO thin film as a function of wavelength. Values of
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extinction coefficient k and wavelength of incident photon are directly proportional to each
other. In addition, intrinsic absorption for higher energy gap is responsible to high values of
k in the fundamental absorption region (for k<400 nm). In visible region, it is concluded that
these layers are transparent as shown in the transmission spectra with respect to the low
values of k. refractive index exhibits a normal dispersion in the wavelength range of 400—
800nm and very low extinction coefficient k value is obtained. Low extinction coefficient
value is recommended for the better quality of the film. Also the smoothness of the thin films
is also depend on lower values of extinction coefficient. The calculated values of these

parameters at wavelength of 400 nm are listed Table 5.2.

The real €r (A) and the imaginary €i (L) parts of complex dielectric function are related to

refractive index n(A) and extinction coefficient k() via following relations [191].

g.=1n>Q) - k2 Q) (5.5)

g=2n(M) k() (5.6)

The calculated values of these constants at wavelength of 400nm are listed in Table 5.2.
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FIGURE 5.12 Imaginary part of dielectric constant vs wavelength of pure ZnO thin film and ZnO

powder.

89



Preparation of pure and Cu doped ZnO Thin Films by Dip Coating, Powder Sample and
Their Characterization

500 -

ZnO Powder
ZnO Dipcoating

400

300

er

200 -

100 -

O L] L] L] L] L] L] L] L] L] 1
200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

FIGURE 5.13 Real part of dielectric constant vs wavelength of pure ZnO thin film and ZnO powder.
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FIGURE 5.14 Imaginary part of dielectric constant vs wavelength of Cu doped ZnO thin film and

powder
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FIGURE 5.15 Real part of dielectric constant vs wavelength of Cu doped ZnO thin film and powder.

The real and imaginary part of dielectric constant (& and &;) for pure and Cu doped ZnO thin
films and powder samples have been calculated from Equation 5.5 and 5.6. The variation of
real and imaginary parts of dielectric constants of the samples with wavelengths is shown in
Fig.5.12 to 5.15. It is concluded that the variation of & mainly depends on (n?) because of
small values of (k?), while & mainly depends on the (k) values which are related to the

variation of absorption coefficients. The values of the real dielectric constant are high with

Table 5.2. Various optical constants of pure and copper doped ZnO samples calculated 400 nm.

Physical Dip Coating Powder Samples
Quantity Pure ZnO Cu Doped ZnO Pure ZnO Cu Doped ZnO
k= aM4rn 2.66 x 1012 4.20 x 1012 3.09 x1012 4.05x 1012
n= (R+1)/(1-R) 4.02 4.01 2.05 4.01
E:= n%-k? 17.5 18.40 450 17.58
Ei= 2nk 2.30x 10 3.77x 10 1.47 x 100 3.48 x 10

ZnO thin films is given by,
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The band gap energy of the samples were determined by plotting (ahv)? as a function of hv,
and extrapolating the linear portion of the curve. The band gap of the thin films is evaluated

from the Tauc’s plot method [188]. ZnO has a direct band gap and absorption coefficient of
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ahv = A (hv - Ep)" (5.7)
Where a = absorption coefficient, A = constant, h = Planck’s constant, v = frequency of

light radiation, Eg = band gap energy, and n = 2 (direct allowed transition).
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FIGURE 5.16 The plots (ahv)? vs photon energy hv of the pure ZnO thin film grown using sol-gel dip

coating technique and ZnO powder sample.
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FIGURE 5.17 The plots (ahv)? vs photon energy hv of the Cu doped ZnO thin film grown using sol-gel

dipcoating technique and powder sample.

The straight line part of the absorption edge, when extrapolated, its intercept to the energy

axis gives the optical band gap. The optical band gap was found to be decreased from 3.84
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to 3.55eV and 3.85 to 3.35 eV with the doping for powder samples and thin films grown
using dip coating method respectively. The reduction of optical band gap in Cu doped ZnO
thin films at room temperature may be accredited to the sp-d exchange interaction between
the band electrons and the localized d-electron of the Cu*?ion substituting Zn*? ions [192,
193]. The s-d and p-d exchange give rise to negative and positive corrections to the
conduction band and the valence band, respectively, leading to the band gap narrowing
generation of electron hole pair become efficient, assuming all incident photons with energy
equal or greater than energy gap will be absorbed generating e-h pairs.

5.5 Photoluminescence studies

The optical properties of the ZnO thin films were investigated using photoluminescence
(PL). Photoluminescence is a common technique used to characterize the optoelectronic
properties of semiconductors and other materials. Its principle is simple: electrons are
excited from the valence to the conductance band of the material by a laser with an energy
larger than the bandgap. Luminescence is the process of emission of light by atoms or
molecules excited. A molecule in the ground state is raised to the excited state due to the
absorption of photons that have enough energy. The excited molecules undergo a vibrational
relaxation of the level of energy toward the lowest excited state by nonradiative processes
and then return to ground state by emitting photons. The phenomena of fluorescence and
phosphorescence fall within this definition, and therefore, the two phenomena are often
referred by the general term photoluminescence. PL spectroscopy technique involves
measuring the energy distribution of emitted photons after the optical excitation.
Particularly, the sol-gel method can be an appropriated route to maximize the luminescent
properties of the ZnO films. Typical room temperature luminescence emission spectra of
pure and Cu doped ZnO thin film synthesized by sol-gel method and powder sample are

shown in Figure 5.18 and 5.19 respectively.
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FIGURE 5.18 Photoluminescence spectra of pure ZnO thin film and ZnO powder.
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FIGURE 5.19 Photoluminescence spectra of Cu doped ZnO thin film and powder.

The PL spectra of the ZnO films and powder sample exhibited two peak: UV emission peak
around 322 nm and blue luminescence at 445 nm. The first peak due to UV emissions is
attributed to band-to-band transitions and excitonic emissions. The blue band at around 445
nm is due to the emissions in blue region, which is attributed to oxygen vacancies, zinc
interstitials or zinc vacancies [194]. The spectrum shows a strong dominant broad peak at
322 nm in the UV region because of free exciton emission in PL spectrum near band edge
(NBE), it relates to the amount of non-stoichiometric intrinsic defects. Similarly PL spectra

of Cu doped ZnO powder and thin film sample as shown in Fig.5.19 exhibited UV emission
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peak at 345 nm and 377 nm respectively. An idea of optical band gap can also be taken from

PL spectrum shown in Fig. 5.18 and Fig. 5.19 by using the formula:

1240 (5.8)
A (nm)
The estimated value of band gap from PL spectrum ( Fig. 5.18) corresponding to wavelength

Eg(eV) =

322 nm for ZnO thin film grown using dip coating and ZnO powder sample are observed to
be 3.85 eV.

The estimated value of band gap from PL spectrum ( Fig. 5.19) corresponding to wavelength
345 nm and 377 nm for Cu doped ZnO thin film grown using dip coating and Cu doped ZnO
powder sample are observed to be 3.59 eV and 3.29 eV respectively. Band gap comparison
of pure and Cu doped ZnO thin films grown using dip coating method and their powder

samples are shown in Table 5.3.

Table 5.3. Band gap comparison of all the samples.

Dip Coating Powder Samples
Physical Quantity
Pure ZnO Cu Doped ZznO Pure ZnO Cu Doped ZznO
Band gap (Eg) from
UVVIS 3.85 3.35 3.84 3.55
Band gap (Eg) from PL 3.85 3.29 3.85 3.59

5.6 Raman spectroscopy studies

Raman spectroscopy was used as the leading method for the estimation of the crystal and
the crystallites symmetry. The peaks characteristic for the hexagonal structure were observed
in bulk crystals, as well as in thin films. The Raman vibrations in different scattering
geometries were determined using polarized Raman spectra. The Raman patterns of pure
and Cu doped ZnO thin films grown through sol-gel dip coating method and powder samples
were analysed in the range 40-600 cm™. Raman scattering was observed at room temperature
using a Renishaw InVia system. Raman spectra detected the existence of certain Raman-
active modes inside the samples. The Raman mode observed in a spectrum depends on the
Raman selection rules, which consider the crystal orientation in relation to the direction and
polarization of the incident and scattered light. This dependence is shown in Fig. 5.20 and
Fig. 5.21.
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FIGURE 5.20 Raman spectroscopy of pure ZnO thin film and ZnO powder.
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FIGURE 5.21 Raman spectroscopy of Cu doped ZnO thin film and powder.

Fig. 5.20 and Fig. 5.21 show the Raman spectra of pure and Cu doped ZnO thin film and
their powder sample being excited at 532 nm. Raman spectrum of pure ZnO exhibits four
prominent peaks at 97, 125, 290 and 437 cm. Raman spectra of Cu doped samples exhibits
peaks at 97, 125, 255, 396 and 437 cm™. The peaks 97 and 125 cm™ corresponding to E;
(low) optical phonon, while the peak 255, 290 and 437 cm™ corresponding to E; (TO) and
E> (high) optical phonon respectively. Optical phonon modes of pure ZnO 437 cm™ peaks is
E2 (high) modes. Peaks of ZnO at 97 cm™ and 437 cm™ are relevant to multi-photon process
and have been designated to the second-order Raman spectrum originating from the zone

boundary phonons, E> (low) and E2 (high) respectively [195]. Two peaks at about 97 and
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437 cm™ observed in ZnO vibrational modes confirms first-order Raman scattering, which
can be designated to E> (low) and E> (high) optical phonons of the ZnO respectively [196].
The peak value was detected 437 cm* in Ez (high) mode indicates the characteristic of
wurtzite structure ZnO. The peaks are seen because the incident light is perpendicular to the
c-axis of the samples. Overall from Raman analysis, Raman spectra detected the existence

of Raman-active modes for both samples.

5.7 Discussion of results on pure and Cu doped ZnO thin films and

their powder samples.

Pure and Cu-doped ZnO examined in the form of power as well as thin films prepared using

dip coating method on glass substrates and detailed report is prepared as follow:

e UV-Vis spectroscopy reveals the gap of ZnO samples decreases with copper doping. The
copper doping degenerate the impurity band and valence band of the ZnO system and the
conduction band bottom moves towards the low energy. Doping decreases the forbidden
band width and in turn the transition from the valence band to the conduction band for the
electron requires less energy, and the light absorbed through a red shift phenomenon.
These inclusive results indicate that copper-doped zinc oxide has better optical properties
and smaller internal stress of the film, which is in favor of as a high-performance solar cell
photo-anodic material.

e Effect of doping is observed to reduce the reflectance in all cases. Absorbance of Cu doped
ZnO samples is improved. Refractive index and extinction coefficient increase with
increase in wavelength of incident photon. The high values of extinction coefficient in the
fundamental absorption region (low wavelength A< 400 nm) are observed due to the
intrinsic absorption for the higher energy gap.

¢ The data obtained in the Raman spectra of pure and Cu doped ZnO thin films demonstrates
that Cu ions successfully substituted Zn ions in the wurtzite hexagonal structure of ZnO.
The strong red shift observed in E, (high) and A1 (TO) modes of pure and doped ZnO and
both can be attributed to the phonon confinement effect. The Raman spectra showed that
intensity of the E> peak increased with doping of Cu. Raman modes in thin films indicated
that Cu doping didn’t change the wurtzite structure of ZnO. A peak associated to E1(high)
vibration mode of ZnO found at around 580 cm. In addition, E; longitudinal optical (LO)

mode generated due to Zn interstitial defects.
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e Photoluminescence spectra of the Cu doped ZnO samples reveals prominent peaks
corresponding to strong green emission in the visible region at room temperature which
can be used for solar cell appliances and as a photo catalyst.
e Experimental studies ensured that the Cu doped ZnO thin films grown using dip coating
method shows minimum band gap i.e. 3.35 eV and from PL it is 3.29 eV.
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Introduction

CHAPTER 6

Preparation of doped ZnO thin films (Cu: ZnO, K: ZnO
and Na: ZnO) by CBD and their characterizations

6.1 Introduction

Zinc oxide (ZnO) is a multifunctional material with its distinctive physical and synthetic
properties i.e. high chemical stability, high electrochemical coupling coefficient, wide scope
of radiation absorption and high photo stability [197,198]. ZnO acts as an n-type
semiconductor and excess zinc at interstitial positions is responsible for its electrical
conductivity. Specific band gap (3.37 eV) and expansive exciton binding energy (60 meV)
at room temperature makes ZnO a potential candidate for the optoelectronics, photonics,
piezoelectric and solar cell applications.[199, 200]. ZnO exhibits variety of nanostructures.
ZnO is the key material for various prospective applications such as photo detectors, laser
diode, sensors, flexible and polymer based solar cells and an electrode in dye sensitized solar
cells. Development of ZnO nanostructures based white light emitting diode (LED) attracting.
Nowadays many researchers are working towards the development of ZnO nanostructures
based white light emitting diode (LED) as it is an alternative source to enable bright and
energy saving light sources [201-203]. ZnO thin films doped with materials like Cu are very
useful for optoelectronic applications because of its extraordinary electrical properties [204]
However, the formation of donor compensating point defects restrict its efficiency [205].
Coulomb interactions between dopant and acceptor-like defects, such as oxygen interstitial
lead to bound complexes [206, 207]. The bending of p-type and n-type material lowers the
recombination rate of photo generated electrons and holes [208].

We performed methodical Raman spectroscopy studies to examine the vibrational symmetry

qualities of the pure doped ZnO films. Progress in metal doped ZnO works are effectively
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encouraging possibility for spintronics and photonics applications because of their one of a
kind properties [209, 210]. Raman spectra indicated a successful incorporation of K ions
into the ZnO lattice [211]. Moreover, the Raman spectroscopy is a versatile technique to
study the doping agent incorporation and impurity induced modes of ZnO nanoparticles
doped with metals [212]. By introducing various ions in the crystal lattice of ZnQO, its optical
properties can be modified [213].
PL emission spectroscopy is a traditional technique to determine optical properties and
internal defects of metal doped ZnO nanostructures [214]. ZnO is an n-type semiconductor.
ZnO is expected to be p-doped by elements of IA group (such Li, Na, and K), IB group (such
as Cu, Ag, Au), or V-A group (such as N, P, As, Sb) [215]. Electrical properties of ZnO
vary significantly due to carrier concentration, mobility and resistivity. The Hall Effect is
the most extensively used method to measure the electrical properties. Resistivity and Hall
Measurements were made by the van der Pauw method [216, 217] to study the conductivity
phenomena across square-shaped samples. Doping of various impurity elements in ZnO
shows different functions and improved properties of semiconductor compounds such as
electrical, optical and mechanical, which facilitate the development of many electronic and
optoelectronic devices [218-220].
Many investigations are carried out to improve the characteristics of ZnO thin films by
doping in it with various materials. However, investigations of Cu, Na and K doped ZnO
thin films are very scarce, also to the best of our knowledge, there is no study which
compares the effects of these dopants on electrical and optical properties of ZnO. Moreover,
most studies are concentrated around the ZnO thin films developed by physical routes and
little research has been done on the same developed by chemical route. Thus, it is of interest
to us to investigate the influence of the Cu, Na and K dopant elements on the properties of
ZnO thin films deposited by chemical routes. Therefore, we set out an easy, well-grounded
and low-cost method for growing and doping ZnO with Cu, K and Na dopant using chemical
bath deposition, in aqueous solution. Influence of doping on electrical and optical parameters
like resistivity, conductivity, mobility, carrier concentration, band gap values and ionization

energies of impurity levels were investigated.

6.2 Preparation of doped ZnO films

Pure ZnO thin films were developed via chemical bath deposition method following the

same procedure as mentioned in section 4.2 [221]. But before mixing the agueous ammonia
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solution, For the preparation of copper doped ZnO (Cu:Zn0), sodium doped ZnO (Na:ZnO)
and potassium doped ZnO (K:Zn0O), 0.1 M 20 ml aqueous copper chloride solution, 0.1 M
20 ml aqueous sodium chloride solution and 0.1 M 20 ml aqueous potassium chloride
solution were added to 0.1 M 60 ml zinc chloride solution respectively before mixing
aqueous ammonia solution.

InVia Raman Microscope from Renishaw with a laser excitation source (A = 514 nm) was
utilized to report Raman scattering spectra at room temperature. PL (photoluminescence)
spectrum of all the samples were reported at room temperature through a Shimadzu RF-5301
PC spectro-fluoro- photometer under an excitation wavelength of A = 325 nm and the
emission spectra was reported at the wavelength range of 350 — 550 nm. Eexcitation was
taken place using ozone free xenon-quartz lamp of 150 W. Hall mobility, type of conduction
mechanism and carrier concentration determined using van der Pauw configuration (DNE
21A) at room temperature. Electrical conductivity and activation energy determined by the
two probe resistivity measurement performed on all the samples at the temperature range of

room temperature to 200 °C.

6.3 Photoluminescence studies

Photoluminescence (PL) spectra of all the four thin films at room temperature indicates
effect of doping on the optical properties. Also Emission PL spectra has been reported at
325nm excitation wavelength. There are two sectors in the emission spectrum of ZnO thin
film: Excitonic near band edge (NBE) emission in the UV region, with energy about the
band gap of ZnO and the deep level emission (DLE) in the visible region emerged from
intrinsic defects as well as extrinsic impurities. The DLE exhibits multiple peaks related to
the nature of intrinsic defects, their complexes and extrinsic impurities. Tranformation of the
pattern and status of peaks with reference to position depends upon the concentration of
these defects and impurities.

In the current research, the PL peak at 380 nm, 386 nm, 397 nm and 392 nm with respect to
photon energy 3.27, 3.21, 3.12 and 3.16 eV for pure ZnO, Cu:Zn0O, Na:ZnO and K:ZnO
respectively are shorter than band gap of the ZnO at room temperature (3.37 eV) which is
not as a consequence of the band-band transition but it is a near band emission (NBE) which
are owing to the recombination of free excitons. Oxygen vacancies (Vo) in the compounds
and zinc interstitials are mainly responsible for the deep level emission (DLE) peaks

recorded at 484 — 486 nm. [226]. The oxygen related effects like zinc interstitials (Zni) and
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oxygen vacancies (Vo) are accountable for the green band at 534 and 520 nm of pure ZnO
and Cu doped ZnO thin films. The violet emission presumably resulted from a close relation
with defects such as interstitial Zn atoms (Zni) and ions in the ZnO lattice. The origin of
green peak at ~534 nm for pure ZnO is mainly because of oxygen vacancies. However, the
particular mechanism of green emission in ZnO is still doubtful and energy levels of various
defects declared in literature diverge markedly. Furthermore, several reports point out that
oxygen vacancies and Cu impurities are accountable for the green emission in ZnO. Dingle
specified that green luminescence in Cu—ZnO is because of the charge transfer from impurity
states (Cu*?) to concerned valence band.[227]. In addition to this model as put forward by
Garces et al. [228], Cu may exhibit either Cu* or Cu*? state. It is specified that monovalent
state (Cu*) will deliver structure with less emission by virtue of donor-acceptor pair
recombination in which shift from the copper acceptor to superficial donor impurity
happens. In the current investigation, existence of constitutional defects may be accountable
for the green luminescence in undoped ZnO. Moreover, slight possibility of oxygen vacancy
in pure ZnO may be responsible for the green emission. However, equitable intensification
in green emission in Cu: ZnO samples indicates the contribution of Cu in green emission. It
also recommends that copper-impurities are mainly the factors of the improved green
emission. Thus, enhancement in n-type conductivity (Table 6.2) and appearance of green
emission after copper doping in ZnO confirms the Cu doping in ZnO lattice and its effect on

green emission. CuO film is a effectual absorbing layer in the field of solar energy [229].
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FIGURE 6.1 Red-shift of the UV peaks in PL spectra for the Cu-, Na- and K- doped ZnO compared to
the undoped ZnO thin films.
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TABLE 6.1 PL peak position of pure and doped samples

Peak position at wavelength Aex = 325 nm
Thin Eilm NBE DLE DLE
(Near band edge (Deep level emission) | (Deep level emission)
emission) Violet emission Blue emission Green emission
Pure ZnO 380 nm (3.27 eV) 484 nm (2.56 eV) 534 nm (2.32 eV)
Cu:ZnO 386 nm (3.21 eV) — 520 nm (2.38eV)
Na:ZnO 397 nm (3.12 eV) — —
K:ZnO 392 nm (3.16 eV) 486 nm (2.55 eV) —

ZnQ

L S
Blue Green
emission emission
(2.56 V) (2.32 V)

Band diagram of Pure ZnO

—— i —  —————

ZnO Band gap
3.37 eV

Band diagram of Na : ZnO

Zr
Violet
ZnO Band gap emission
337 eV (3.21 eV)

|

Srr

Green
emission
(2.38 eV)

Band diagram of Cu : ZnO

Band diagram of K : ZnO

FIGURE 6.2 Band diagram of Pure ZnO and Cu, Na and K doped ZnO thin films.

6.4 Raman spectroscopy studies

Vibrational properties of pure and doped ZnO investigated to know the impact of doping of
Cu, Na and K on ZnO. Fig. 6.3 shows Raman spectra for pure ZnO, Cu: ZnO, Na: ZnO and
K: ZnO and results are compiled. Peaks at 138 cm™, 338 cm™', 439 cm™' and 605 cm™!

represent Ezi, 2Emo, E2nand AxLo respectively, the fundamental modes of hexagonal ZnO.

Polar mode A1 o) exhibited at around 605 cm™' was found in all doped samples and it is
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transferred to lower energy. The scattering contributions outside the Brillouin zone center
was observed in the shifting and broadening of phonon modes. The complexes having zinc
interstitial defect and vacancy created by oxygen in ZnO lattice are accountable for A1 (o)
mode of phonon. [222]. Significant structural disorder in ZnO observed as changes in the
line width and position of the Raman peaks may be due to these interstitial incorporation of
Cu, Naand K.
Fig. 6.3 shows Raman spectra in which Ez (low), E> (high) — E2 (low), E2 (high), A1 (LO)
and 2(LO) vibration modes are observed 138 cm™!, 338 cm ™!, 439 cm™!, 605 cm™! and 1123
cm ! peaks respectively. The peak at 338 cm™! was appropriate to second order phonon
method owing to multiple phonon processes [223]. E> (high) mode of pure and doped ZnO
indicates the band characteristic of wurtzite-structured ZnO and it is because of the good
crystallinity of the films [224]. The first and second order of the LO phonons at the I center
of the Brillouin zone are confirmed by the Az (LO) (605 cm™') and 2LO (1123 cm™!, which
is normally inactive in the infrared) modes respectively. These vibrations are strongly
coupled to the lattice via Frohlich interactions and owing to localized excitations. They are
shown to present a resonant profile. [225].
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FIGURE 6.3 Raman spectra of undoped and doped ZnO films grown on glass. (The background has
been removed, and the spectra have been vertically offset for clarity).

Conclusively, we point out that some of the additional peaks appear in the spectra of ZnO
thin films with certain dopant species indicating host lattice defects in the ZnO structure

only, which is shown with “#” such as the peak at 119 and 407 cm™! for the Cu doped, at
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585 cm™! for the Na doped, and at 260 cm™! for K doped thin films. These modes seem to be
corresponded to the individual dopants and may be utilized as indication for their

incorporation.

6.5 Study of electrical properties

6.5.1. Resistivity measurements

Temperature dependence of electrical resistivity of pure and doped ZnO thin films with
different dopant concentrations was computed by two probe resistivity measurement method
at constant temperature in the range of room temperature to ~200 °C. The resistivity (p) of
the samples was quantified by using the formula:

RA 6.1
p= A 6.)

Where R is the resistance, A is the cross sectional area and | is the distance between two
probes on thin film. Resistivity of a 0.1 M Pure ZnO is 72.14 Q cm but by increasing the
precursor concentration from 0.1 to 0.5 M of Cu, Na and K doped ZnO, the resistivity value
decreases as shown in Table 6.2. The higher resistivity of Cu and K doped ZnO thin films
compared to pure ZnO at low concentration might be due to the capture of free electrons in
ZnO lattice by the empty lower energy 3d Cu and 4s Na states respectively. Resistivity gets
decreasing with increasing dopant concentration in all the samples. Electrical conductivity
of Cu: ZnO, Na: ZnO and K: ZnO films depended on the oxygen vacancies and contribution
from the Zn—-Cu, Zn-Na and Zn—K interstitial atoms. The resistivity of the Cu: ZnO, Na:
Zn0O and K: ZnO films decreased from 78.57 to 15 Q-cm, 72.14 to 22.86 Q-cm and 78.57

to 20 Q-cm as the doping concentration increased from 0.1 M to 0.5 M respectively.
6.5.2. Activation energy

Activation energy is the energy required to transfer charge from one primarily neutral species
to another and denoted by Ea. This is uniform to the electrostatic binding energy of the
charge to the species. Transmission from one species to another is taken place when these
charge carriers are being excited and reached to atleast activation energy from the Fermi-
level,. These species are termed crystals. The activation energy is related with film

conductivity [227] and interconnected by this formula:

o= 0'0 e_[Ea/ZkBT] (62)
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Where, oo is conductivity at 0 °C, ks is Boltzmann constant and T is absolute temperature.
The equation can be written as:

_Ea (63)

Ino = m+ Ino

This equation is equivalent to a straight line equation, y = mx + c. So that can be determined
from the slope of the straight line. From the graph of In ¢ vs 1/T, can be calculated by using

the relation:

Fa = (_1l/nTG) X 2kg = (111172) X 2kg (eV) e

The activation energy depicts the position of trap levels below the conduction band. In this
research, activation energies of the pure and Cu, Na and K doped ZnO films were measured
and reported in Table 6.2. The slopes of the fitting lines help in calculating the activation
energy. Fig. 6.4 shows the graphical representation of the variation of log p with reciprocal
of temperature for the Cu, Na and K doped ZnO thin film. Decrease in the resistance with
increasing temperature indicates semiconducting nature of all the films. From the slopes of
log p vs 1000/T plots the values of activation energies (As shown in Table 6.2) were
calculated using the formula:

Activation energy E, = 2.303 x kg X 103 X slope (eV) (6.5)

Where kg = 8.602 x 10° eV/K.
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FIGURE 6.5 Variation in activation energy (Ea) of a Cu, Na and K doped ZnO thin films with
variation in doping concentration from 0.1 to 0.5 M.

6.5.3. Measurements of Hall parameters

Hall measurements have been carried out at room temperature. In order to obtain p-type
nature of films, it is necessary to provide the compensation of native donor defects such as
oxygen vacancies and interstitial zinc atoms, by doping. The defects like Zinc interstitial and
oxygen vacancy; and addition of the Cu, Na and K dopant produced carriers in doped ZnO

films. Usually the concentration of defects in ZnO is very large, which demands very high
concentration of acceptors to compensate them. Therefore P-type ZnO is difficult to obtain
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due to low solubility of dopants in ZnO, wide band gap and low valence band energy. Self-
compensation from donors and high ionization energy of acceptors are the two main
problems hindering the enhancement of free hole concentration. Current limitations to p-
doping limit electronic and optoelectronic applications of ZnO, which usually require pn-
junctions. Known p-type dopants include group-I element: Li, Na, K; group-V elements: N,
P and As; as well as copper and silver. However, many of these form deep acceptors and p-
type conduction is not significant at room temperature [197]. Hall Effect study can be used
to determine the type of carriers. Activation energy relies on the donor carrier concentration
and energy levels of the impurity. An increment in donor carrier concentration brings the
Fermi level up in the energy gap and results in the reduction of activation energy [230]. Hall
Effect measurements were conducted on samples grown on glass substrate at different
magnetic field ranging from 0.1 to 1.5T. Hall effect measurement is conducted for total
sixteen thin films, one film of 0.1 M pure ZnO and five films of Cu, K and Na doped ZnO
each, carrying different dopant concentration from 0.1 to 0.5 M. The Hall coefficient is
defined as:

R — Vg Xt (6.6)
H™ 1xB
Where Ry is Hall coefficient, V1 is Hall voltage, t is the thickness of the film, I is the current

passing through the conductor and B is the magnetic field in Guass. The Hall coefficient
reveals the nature of the charge carriers and their concentration. Formula of carrier

concentration (n) and mobility (u) are:

-1
R, — 6.7)
nxq
R 6.8
p= -2 (6.8)
P

Where n is the concentration of the carriers, q is the charge of a single carrier.
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concentration of the Cu, Na and K doped ZnO thin films.
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Figure 6.6 shows the variation in Hall coefficient and carrier concentration with different
doping concentration of the Cu, Na and K doped ZnO thin films. The negative value of the
Hall coefficient (Rn) for the pure ZnO film indicates its n-type conducting nature whereas;
the positive values of Ry for all of the doped ZnO films signify their p-type conductivity.
The carrier (electron) concentration for the undoped ZnO is found to be 1.651x10 cm?®. On
the other hand, both the carrier (hole) concentration and the carrier mobility in all doped
ZnO films are found to increase gradually as we change the doping concentration from 0.1
to 0.5 M. The p-type conductivity mainly arises due to the doping of the alkali metals in
ZnO. The substitution of monovalent alkali ions (Na* and K*) at the Zn*? ion sites can
introduce holes into the system [231, 232].

Table 6.2 summarize the values of different electronic parameters of pure and doped ZnO
thin films. It is conclude that in all samples, resistivity decreases with increasing doping
concentration. Also carrier concentration increases with doping concentration.

Mobility of the pure ZnO film was found to be 0.525 cm? /Vs. In case of Cu and K doping,
it seems to be increasing with doping concentration from 0.60 to 2.45 cm? /V-s and from
2.46 10 6.2 cm? /V-s respectively. But for Na doping mobility decreases from 5.88 cm? /V-s
for 0.1 M concentration to 1.98 cm? /V-s for 0.4 M concentration and then it increases to
3.59 cm? /V-s for 0.5 M. Also the rate of the change of mobility is low in case of copper

doping compared to Na and K doping.
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variation in doping concentration from 0.1 to 0.5 M.

TABLE 6.2 Optical and electrical data of Pure ZnO and Cu, Na and K doped ZnO thin films

deposited on glass substrate with various doping concentrations.

. .. - Hall Carrier Activation

Sample Re(S!')S tc“r;'t)y CO:?Su/itr:/;ty l\(/i(;?;/“gs) Coefficient | Concentration Energy

P H Ru (cm¥C) | n(e7cm®) Ea (eV)
Pure ZnO 72.14 0.0139 0.525 37.84 1.651 x 10% 1.197
0.1M Cu:ZnO 78.57 0.0127 0.603 47.40 1.318 x 107 0.688
0.2M Cu:ZnO 59.29 0.0169 0.744 44.10 1.418 x 107 0.686
0.3M Cu:ZnO 45.00 0.0222 0.876 39.40 1.585 x 10%7 0.751
0.4M Cu:ZnO 35.71 0.0280 1.064 38.00 1.644 x 10%7 0.628
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0.5M Cu:ZnO 15.00 0.0667 2.447 36.70 1.703 x 10V 0.612
0.1M Na:ZnO 72.14 0.0139 5.877 424.00 1.473 x 1016 1.231
0.2M Na:ZnO 67.86 0.0147 4,509 306.00 2.043 x 10 1.585
0.3M Na:ZnO 60.71 0.0165 3.047 185.00 3.375 x 101 1.295
0.4M Na:ZnO 43.57 0.0230 1.985 86.50 7.227 x 10% 1191
0.5M Na:ZnO 22.86 0.0438 3.588 82.00 7.620 x 101° 1.552
0.1M K:ZnO 78.57 0.0127 2.456 193.00 3.236 x 1016 0.072
0.2M K:ZnO 70.00 0.0143 2.557 179.00 3.498 x 10 0.072
0.3M K:ZnO 56.43 0.0177 2.446 138.00 4531 x 10 0.074
0.4M K:ZnO 35.00 0.0286 3.714 130.00 4.792 x 106 0.077
0.5M K:ZnO 20.00 0.0500 6.200 124.00 5.033 x 1016 0.075

The carrier concentration of pure ZnO is 1.651x10'" e /cm? and for Cu: ZnO, Na: ZnO and
K: ZnO films is increased from 1.318x10" to 1.703x10%" e /cm®, 1.473x10'® to 7.620x10%
e /cm®and 3.236x10'° to 5.033x10% e /cm? as the doping concentration increased from 0.1

M to 0.5 M respectively.

6.6 Thermoelectric power studies

6.6.1 Thermoelectric power

The Seebeck coefficient (S) is an important parameter characterizing the thermoelectric
properties of the thin films. The temperature dependence of this parameter in our study for
pure and doped thin films is shown in Fig. 6.8 (Seebeck coefficient versus temperature
characteristics). For pure ZnO and doped ZnO thin films, the values of ‘S’ linearly decrease
with increasing temperatures. These linear variations are related to free electron model
which is a temperature dependent phenomena. Comparing equation 3.12 and 3.13 with,

y=mx+c we get y=S, x=1/T. By plotting a graph of S versus 1/T (Figure 6.8), slope m=

- E"e;Ef (For n-type) and slope m= % (For p-type) can be obtained. It means (Ec— Ef=

ec

-me) (For n-type) and (E¢- Ev = me) (For p-type) and A = -
B
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Figure 6.8 Thermoelectric power vs inverse temperature for pure ZnO, Cu: ZnO, Na: ZnO and

K: ZnO thin films with variation in dopant concentration from 0.1M to 0.5M.

Hall effect measurement of pure ZnO shows n-type conductivity, whereas that of all doped
samples shows p-type conductivity and for that the value of thermoelectric power should be
negative and positive respectively [233]. In experimental studies using the setup shown in
Fig. 6.8, values of thermoelectric power obtain negative for pure ZnO and positive for all
doped thin films with variation in concentration from 0.1M to 0.5M. These values verify the
n-type and p-type conductivity of the materials (Table 6.4). The carrier concentration of the
samples as obtained from the Hall effect is of the order from 10% to ~10*"cm® [233] and we
feel it is logical to employ a nondegenerate model to analyze the thermoelectric power data.
Harry et al. [234] have pointed out that A = (5/2) - r, where ‘r’ corresponds to the scattering
index and is equal to - 0.5 for piezoelectric scattering and - 1.5 for ionized impurity
scattering. Thus A=3 for piezoelectric scattering and 4 for ionized impurity scattering. From
Equation 3.12 and 3.13 it is clear that ‘A’ corresponds to the value of the thermopower at
infinite temperature limit. From the graph of thermopower S versus 1/T (Figure 6.8), the
extrapolated tangent at the higher temperature region of the curves approximately gives a
common intercept at the ordinate from which the value of ‘A’ has been obtained is 3.2 (Table
6.3). This value corresponds to the scattering index =~ - 0.5 and is an indication that
piezoelectric scattering is dominant in these ZnO films. This is in agreement with the fact
that ZnO is a piezoelectric crystal [235]. Also charged impurity scattering [236] as well as
neutral impurity scattering [236] in Cu doped ZnO thin films, optical mode lattice as well as

neutral impurity scattering [236] in Na doped ZnO thin films and optical mode lattice [237]
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as well as piezoelectric scattering [235] in K doped ZnO thin films grown using CBD method
for the variation in concentration from 0.1M to 0.5M at different temperature are due to their

transport coefficients as shown in Table 6.3.
6.6.2 Peltier coefficient

Comparing equation 3.18 and 3.19 with equationy =mx + ¢, wegety = m, x = T, m =

_AK Akg—
Y —= for n-type whereas m = —= Y

for p-type. The value of y (Table 6.3) can be obtained from the slope of the graph Peltier

_EO

for p-type and ¢ =

for n-type whereas ¢ = %

coefficient () versus T. (Figure 6.9).
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Figure 6.9 Peltier coefficient vs temperature for pure ZnO, Cu, Na and K doped ZnO with variation in

concentration from 0.1M to 0.5M.

117



Preparation of doped ZnO thin films (Cu: ZnO, K: ZnO and Na: ZnO) by CBD and their

E.-Ei (eV)

E-E, (V)

E-E, (eV)

1.0 -
0.9
0.8
0.7 4 Pure ZnO
06 —— 0.1M Cu:ZnO
] —— 0.1M Na:ZnO
0.5 0.1M K:ZnO
0.4
0.3 4
0.2 4
0.1+
0
320 340 360 380 400 420 440 460
Temperature T (K)
0.09 7 ——0.IM Cu:ZnO
0.08 - —— 0.2M Cu;zZn0O
— 0.3M Cu:ZnO
0.07 4 —— 0.4M Cu:ZnO
— 0.5M Cu:ZnO
0.06 4
0.05 4
0.04 4
0031 \
0.01 T T T T T T T T T T T T T 1
320 340 360 380 400 420 440 460
Temperature T (K)
0147 —— 0.1M Na:znO
— 0.2M Na:ZnO
0.12 — 0.3M Na:ZnO
— 0.4M Na:ZnO
—— 0.5M Na:zZnO
0.10
0.08 -
0.06 -
0.04 -
0.02

T T T T T T T T T T T T T 1
320 340 360 380 400 420 440 460
Temperature T (K)

118

characterizations



Thermoelectric power studies

1.2 4
1 ——0.1M K:ZnO
1.1+ —— 0.2M K:ZnO
104 ——0.3M K:ZnO
] 0.4M K:ZnO
0.9 4 —— 0.5M K:ZnO
\?._)’ 0.8 -
- ]
L 0.7 4
TI
0.5
0.4
0.3 -
0.2

T T T T T T T T T T T T T 1
320 340 360 380 400 420 440 460
Temperature T (K)

Figure 6.10 (Ec - Ef) vs temperature for Pure ZnO and (Es- Ev) vs temperature for Cu, Na and K doped
ZnO with variation in concentration from 0.1M to 0.5M.

From the Figure 6.10, the minimum value of (Ec - Ef) obtained from the graph of (E¢ - Ef)
versus T is 0.22 eV and is more than five times of kgT. Thus our previous consideration for
a ZnO as a nondegenerate model is justified (Table 6.4). The minimum values of (Esf- Ev)
obtained from the graph (Es - Ey) versus T are less than five times of kg T for all Cu doped
ZnO and Na doped ZnO thin films which show degenerate nature of the materials whereas
that of pure ZnO and all K doped ZnO thin films are more than five times of keT which

show nondegenerate type of materials. (Table 6.4).
6.6.3 Thermoelectric power factor

The power factors of the pure ZnO, Cu, Na and K doped ZnO thin films at different dopant
concentration are illustrated in Figure 6.11 (power factor versus temperature) which were
calculated by the formula (Equation 3.20) [238].
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Figure 6.11 Power factor vs temperature for pure ZnO, Cu, Na and K doped ZnO with variation in

concentration from 0.1M to 0.5M.

The graph of these quantity of power factors versus temperature is represented in Fig. 6.11
showing that the values of power factor decrease with the increasing temperatures.

6.6.4 Jonker analysis

The variation of the Seebeck coefficient with electron conductivity can also be represented
by plotting the Seebeck coefficient as a function of the natural logarithm of electrical
conductivity (a Jonker plot) [239].
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Figure 6.12 Jonker plot (Seebeck coefficient vs natural logarithm of electrical conductivity) for pure
ZnO, 0.1M K;Zn0O, 0.2M K;Zn0O, 0.3M K;Zn0O, 0.4M K;ZnO, and 0.5M K:ZnO.

The values of slope of the Jonker plot for pure ZnO and 0.1M to 0.5M K doped ZnO thin
films are around kg/e ( 86.15 uV/K), which indicates it is a non-degenerate material. But the
values of slope of the Jonker plot for 0.1M to 0.5M Cu doped and 0.1M to 0.5M Na doped
ZnO thin films are lower than kg/e (86.15 uV/K), which is a degenerate material.
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Table 6.3 Transport coefficient and types of scattering of pure ZnO and Cu, Na and K doped

ZnO thin films with variation in concentration from 0.1M to 0.5M.

- C;;zzisepnclr(t A) Type of Scattering - th( ( eV/IZ31 -
300K to 460 K 300K to 460 K 250 KO 260 KO
Pure ZnO 3.2 Piezoelectric 559 X10° | 3.81 X 10*
Sample 300C &Te Ezisepi?Alz t0 o 300 K:o( eV/l:)51 K to
350K | a0k | B00Kt0350K | 351K t0460K | “op 760 K
OB | o | o | oS | NI | 910 | 0
S | o | iy | Nty | 3250 | 6200
S| | e | TRy Ny | 35501 | 2200
sample 305: &Te EEQ?GE?A& to s bl 300 Kzo( ew??l K to
30K | agoKk | 300Kt 3T0K | 371Kt0460K | “o0 260 K
sample 30(? &Te Efgisepgz%z t0 et bl 300 K:o( ewlz;l K to
200K | “agoKk | B00K0390K | 391K10460K | ‘oo 260 K
r?:ér':/lo 0.03 2.7 Iagi‘égcgéaﬂgfﬁg Piezoelectric | 2.80x 10-5 | 8.57x 10
r?:ér':/lo 0.42 2.9 Iagi‘égcgéaﬂgfﬁg Piezoelectric | 8.49x 10-5 | 9.77x 10
r?:';r':/lo 1.18 2.7 Iagi‘igcgéaﬂgfi%g Piezoelectric | 8.99 x 10-5 | 9.37x 10
r?:';r':/lo 1.17 2.9 Iagi‘égcgéaﬂg?i%g Piezoelectric | 8.09 x 10-5 | 9.84x 10
rg:;r':/lo 1.38 2.7 Iagiigcgéar{‘tg?i%g Piezoelectric | 10.2x 10-5 | 8.49x 10*
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Table 6.4 Types of material and types of conductivity of pure ZnO and Cu, Na and K doped ZnO thin

films with variation in concentration from 0.1M to 0.5M.

Sample Ec - Ef(eV) Types of material Eo (eV) co-;ﬁﬂiiigfty

Pure ZnO 0.2292 Non degenerate 0.2111 n-type
0.1M Cu:ZnO 0.045 Degenerate 0.1613 p-type
0.2M Cu:ZnO 0.044 Degenerate 0.1473 p-type
0.3M Cu:ZnO 0.035 Degenerate 0.1459 p-type
0.4M Cu:ZnO 0.033 Degenerate 0.1444 p-type
0.5M Cu:ZnO 0.029 Degenerate 0.1473 p-type
0.1M Na:ZnO 0.100 Degenerate 0.0920 p-type
0.2M Na:ZnO 0.095 Degenerate 0.0866 p-type
0.3M Na:zZnO 0.120 Degenerate 0.0946 p-type
0.4M Na:ZnO 0.120 Degenerate 0.0988 p-type
0.5M Na:zZnO 0.130 Degenerate 0.0976 p-type
0.1M K:ZnO 0.298 Non degenerate 0.0905 p-type
0.2M K:ZnO 0.264 Non degenerate 0.0624 p-type
0.3M K:ZnO 0.271 Non degenerate 0.1058 p-type
0.4M K:ZnO 0.302 Non degenerate 0.0601 p-type
0.5M K:ZnO 0.312 Non degenerate 0.0470 p-type

6.7 Discussion of results on Cu: ZnO, Na: ZnO and K: ZnO thin films

e In summary, complete and careful comparison of pure ZnO and copper (Cu),
potassium (K) and sodium (Na) doped ZnO thin films has been carried out. All three

dopants improve film’s optical and electrical properties compared to undoped ZnO.

e The Raman spectra shows that the intensity of the dominant peak changes with
different dopant i.e. such as the peak at 119 cm™! and 407 cm™! for the Cu doped, at
585 cm™! for the Na doped, and at 260 cm™! for K doped thin films.; compared to

the ZnO thin film, the shifting of peaks is due to lattice defects and lattice disorder.

e The synchronous Raman and photoluminescence examinations have the preferred
standpoint to correspond with the changes observed in the optical property of the

semiconducting materials.

o Hall effect results show that a growth condition is suitable for p-type doped ZnO
thin films with high carrier concentration i.e. 1.651 x 107 e/ cm®. Also, chemical
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bath deposition as a method to grow stabe p-type ZnO.

e The decrease in resistivity from 78.57 to 15.00 Q-cm for Cu-Zn0O, 72.14 to 22.86
Q-cm for Na-ZnO and 78.57 to 20.00 Q-cm for K-ZnO thin films prepared with
different concentrations compared with pure ZnO films is attributed to the
replacement of Zn*2 by Cu*?, Na* and K* ions respectively. The resistivity of all
doped thin films decrease with increase in doping concentration. As the
concentration of impurity increases, both the conductivity and mobility of thin films

increase.

e ZnO thin films doped with Cu, Na and K has the capability to increase its
conductivity i.e. 0.0127 S/cm to 0.0667 S/cm, 0.0139 S/cm to 0.0438 S/cm and 0.0127 S/cm
to 0.0500 S/cm respectively without adversely modifying other properties. The
deposited films find suitable for photocells and solar cell gadgets.

e The influence of all dopant concentration on thermoelectric properties has been
studied. Seebeck coefficient was found to be decreasing with increase in dopant
concentration resulted in a high power factor. It resulted in the enhancement of
Seebeck coefficient (151 pV/K for Cu, 207 uV/K for Na and 954 pV/K for K) and
power factor (2.9 x 10* pWm™K2 for Cu, 6 x 10* pWm™K= for Na, 1.3 x 10* pyWm"
K2 for K respectively). Our study explores the thermoelectric properties of all doped
zinc oxide thin films to pave a road for its thermoelectric applications.

e Jonker plots (Seebeck coefficient versus logarithm of conductivity) are useful for
predicting the TCO properties (i.e., maximum achievable conductivity of TCO thin
films). On the basis of these conclusions, it may be suggested that this material can
be a potential choice soon for thermoelectric power generation applications.

e Highest value of power factor was obtained giving a possibility of industrial

applications in thermoelectricity and solar cell devices.
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CHAPTER 7

Summary, Conclusions and Scope of Future Work

7.1  Summary

Considering the present scenario of ZnO research, few issues were identified which have
been the motivation of the present thesis work. ZnO; both pure and doped has a lot of
practical applications in different devices. The aim of this work was to offer some
understanding of the variation in precursor concentration, variation in number of coats as
well as effect of doping on ZnO thin films.

Thin films having different number of layers were prepared by depositing ZnO layers on one
after other. Influence of multiple layering of ZnO thin films on the structural, morphological
and optical properties were studied by X-ray diffraction, scanning electron microscopy and
UV-VIS-NIR transmittance and reflectance spectroscopy. Required annealing temperature
for the as grown films is determined by TGA analysis of powder obtained by drying
precursor solution.

Zinc oxide thin films were deposited on glass substrate from aqueous solution of ZnCl; and
NHs by chemical bath deposition method (CBD). The films of various thicknesses, particle
size and other useful analysis have been obtained by varying the concentration of ZnCl, from
0.1M, 0.2M, 0.3M, 0.4M and 0.5M. As the concentration of the precursor increases,
thickness of the film increases and lattice strain also increases gradually. The crystallite size
and band gap energy were found to depend on the concentration. The band gap increases as

the crystallite size increases.
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It is attracting attention to explore the impact of the Cu, Na and K dopants on the properties
of ZnO thin films prepared through chemical routes. Keeping this in mind we lay out an
easy, well-grounded and cost effective method to prepare doped ZnO with Cu, K and Na
dopant using Chemical Bath Deposition in aqueous solution. Effect of doping on electrical
and optical parameters like resistivity, conductivity, mobility, carrier concentration, band
gap and ionization energies of impurity levels studied.

The positive value of Hall voltage of all doped thin films i.e. copper (Cu), potassium (K) and
sodium (Na) doped ZnO thin films measured using Van der Pauw method with four point
electrode fixture is in agreement with the red shift in PL spectra of p-type doping.

Seebeck coefficient, Peltier coefficient and power factor of pure and Cu, Na and K doped
ZnO thin films grown using CBD method with variation in precursor concentration from

0.1M to 0.5M are found, which show results in very positive manner.

7.2 Conclusion

e In the current research, pure ZnO as well as doped ZnO thin films (with Cu, Na and
K doping) on glass substrate as well as powder of ZnO have been prepared by
colloidal solution route.

e In pure ZnO thin films, the optical and electrical properties strongly varied with the
increasing precursor concentrations from 0.1M to 0.5M as well as by varying number
of coat from single coat to quintuple coat of ZnO thin films. The transmittance,
absorbance, reflectance, refractive index, extinction coefficient, band gap and the
real as well as imaginary parts of dielectric constant for the variation in precursor
concentration and variation in number of coat from single coat to quintuple coat of
ZnO thin films were determined.

e Complete and careful comparison of pure ZnO and copper (Cu), potassium (K) and
sodium (Na) doped ZnO thin films has been carried out. All three dopants improve
the optical and electrical properties of thin films compared to undoped ZnO.

e The Raman spectra shows that the intensity of the dominant peak changes with
different dopant compared to the ZnO thin film. The shifting of peaks is due to lattice
defects and lattice disorder. The synchronous Raman and photoluminescence
examinations have the preferred standpoint to correspond with the changes observed

in the optical property of the semiconducting materials.
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The positive value of Hall voltage of all doped thin films measured using Van der
pauw method with four point electrode fixture is in agreement with the red shift in
PL spectra of p-type doping.

The decrease in resistivity of copper doped thin films compared with ZnO films is
attributed to the replacement of Zn?* ions by Cu?* ions while in sodium and
potassium doped thin films decrease in resistivity is due to the interstitial localization
of Na* and K* ions respectively in the adjacent of the oxygen and Zn atoms.

The resistivity of all doped thin films decrease with increase in doping concentration.
ZnO thin films doped with Cu, Na and K has the capability to increase its conductivity
without adversely modifying other properties.

Increase in doping material will reduce the Seebeck coefficient. The values of slope
of the Jonker plot for pure ZnO and 0.1M to 0.5M K doped ZnO thin films are around
ke/e (1 86.15 uV/K), which indicates it is a non-degenerate material. But the values
of slope of the Jonker plot for 0.1M to 0.5M Cu doped and 0.1M to 0.5M Na doped
ZnO thin films are lower than kg/e (86.15 uV/K), which is a degenerate material.

Power factor of Cu, Na and K doped thin films increases as the variation in
concentration increases from 0.1M to 0.5M. Power factor which determines the

performance of the thermoelectric energy convertor.

Scope of future Work

In order to improve the quality of the thin film of this material and their characterization

more work is required, for example:

Characterization of pure and doped ZnO thin films synthesized by changing other
deposition parameters.

The chemical bath deposition method has been optimized for pure and doped ZnO
films of Cu, Na and K. The technique can be extended to prepare and characterize
other metal doped ZnO films. Apart from being a cost-effective and simple
technique, the method uses milder reaction conditions than those employed by most
chemical methods proposed in the literature. Doping of different metals in ZnO may
be particularly suitable by this method.

ZnO0 thin films have been broadly observed due to its potential application in various

field i.e. piezoelectric, photovoltaic, optoelectronic utilization. These aspects at
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recent advances in the preparation of ZnO based thin films with variable doped
materials and factors that control the electrical and optical properties would be
investigated. e.g. variation in annealing temperature, deposition speed and coating
time etc.

Measurement of temperature dependent Hall effect would be a better scope for

electronic devices.
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