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Abstract

Undoped and manganese doped zinc oxide thin films were prepared on glass substrate at
300 °C temperature using spray pyrolysis technique. Structural, optical, and electrical
properties of the films have been investigated. The surface morphology of the films were
taken by a scanning electron microscope (SEM). From the micrograph it is seen that more or
less smooth surface and a large variety of crystal growth, such as circular disk, nano-ropes,
nano-wires structure were randomly distributed around the nucleation centre. Compositional
study of the samples was taken by energy dispersive X-ray (EDX). EDX result reveals that
as-deposited Zn;xMn,O films are very nearly-stoichiometric. The structure of as-deposited
samples was investigated by X-ray diffraction experiment. XRD patterns show as-deposited
Zn1xMn,O thin films are crystalline in nature. Diffraction peaks revealed that the presence
of hexagonal wurtzite structure without any secondary phase. Lattice constant were
calculated a = 3.23 A and ¢ = 5.17A. The observed grain sizes are found in the range of 9
nm to 18 nm. From the optical studies it is observed that the transmittance of the Zn;.xMn,O
films are highly transparent near about 80% in VIS region. Optical band gap was calculated
from the optical measurement. Band gap tuning was found with different Mn concentration.
The bandgap energy is observed to vary from 3.10 eV to 3.24 eV at different doping
concentrations. The optical band gap decreases when the Mn concentration increases from 0
to 4% and then increases upto 10% . For 15% Mn doped ZnO film, the band gap then shows
a decrease upto 20%. The electrical measurements of the Zn;,MnyO films have been
investigated from room temperature to 440 K. Resistivity decreases with increase of
temperature in all cases of the samples. It was also found that resistivity decreases with
doping concentration. The activation energy was estimated from the slopes of Inc verses 1/T
graph and its value is found from 0.44 eV to 0.66 eV. The Hall effect measurement was
done at room temperature by Vander pauw’s method. Measurement shows that Mn-doped
ZnO thin films have negative Hall co-efficient, Ry and this indicates the n-type behavior of
ZnO:Mn at room temperature. The carrier concentration was found to be of the order of 10

cm’,

xviii
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1.1 Introduction

The contribution of thin film technology makes the present world a global village.
Research in the physical properties of matter has progressed so much during the last
hundred years that today physics is divided into a large number of groups of special
branches, which are often very different from each other, thin film technology is
important special branch of physics in which the characteristics of different
semiconductor, magnetic semiconductor and insulators are investigated in the from
of thin film.

The word “Thin” gives a relative measurement of any dimension but not to any
absolute value and “Film” means a coating of layer. The term thin as it applies to
thin films is quite ambiguous. It is used to define a layer of thickness, which is
comparable with the mean free path of the conduction electrons. Its value differs
from material to material. In practice, this branch deals with films having thickness
between the tenths of a nanometer and a few micrometers. When a thin layer of solid
material is formed on a solid substrate and if the layer thickness becomes comparable
in magnitude with mean free path of the conduction electrons of solid material then
this layer is termed as thin film. The properties of thin films are quite different from
their bulk value. The phonon rise in thin film researches is no doubt due to their
expensive applications in the diverse field of electronics, spintronics, optics, space
science, aircrafts, defense and other industries. These investigations have led to
numerous inventions in the forms of active devices and passive components, piezo-
electric device, reflection and amplification, sensors element, magnetic memories,

spin feet, spin lead, data storage device and other spintronics devices.

Deposition of thin films is achieved by one or more phase transformations and the
study of the thermodynamics and kinetics of these transformations reveal the

formation of thin films. Thin films exhibits different electrical, optical, mechanical,
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structural, and magnetic properties than their corresponding bulk bodies. These
different characteristics of thin films from bulk materials are very important in thin

film applications and hence these properties must be studied before application.

1.2 Historical development of thin films

According to Chopra, thin solid films were probably first obtained by electrolysis in
1838 [1]. In the recorded literature Faraday obtained metal films in 1851 [2] by
means of chemical reaction and by glow discharge sputtering respectively. The
possibility of depositing thin metal films in a vacuum by Joule heating of platinum
wires was discovered in 1887 by Nahrwold [3] and a year later adopted by Kundt [4]
for the purpose of measuring refractive index of metal films. Edison and others
(1883) while experiencing with carbon filament lamp probably first discovered free
evaporation and condensation of thin films in vacuum. In the following decades,
evaporated thin films remained in the domain of academic interest until the
development of vacuum equipment had progressed for enough to permit large-scale
applications and control of films properties. During the last 40 years, evaporated
films have found industrial usage for an increasing number of purposes. Examples
are antireflection coatings, front surface mirrors, interface filters, sunglasses,
decorative coatings on plastics and textiles in the manufacture of cathode ray tubes
and most recently in the integrated circuits and in modern technology spintronics and
data storage device are the most widely used applications of thin solid films. The
properties of thin films are rather different from balk material; theoretical
explanations regarding the properties of thin film were required vigorously.
Thomson [5] first proposed the “size-effect” theory to explain the high electrical
resistivity of thin film specimen as compared with that of bulk material. For a
spherical Fermi-surface and a free electron model, the “size-effect” theory was
explained by Fuchs [6] and later explained by Sondheimer [7] to include the
galvanometric effect. For metal films Mayadas and Shatzkes [8] have proposed
conduction taking into consideration of grain boundary scattering along with other
scattering mechanism. After world war the thin film technology developed rapidly
when vacuum evaporated metal and dielectric films were used in optics and the

development of diffusion pump made it possible. Since then a new branch of optical
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technology has emerged which is based on optical interference system. The most
modern development in the field of thin film physics is that of the optoelectronic
devices. Photovoltaic, photoconductive, and solid state layer devices are now under
consideration of the experimental physics of this respect. Now-a-day extensive
studies on different properties of thin films proceeded along different lines
throughout the world. Recently an event greater application known as thin film
Spintronics has emerged in the field of data storage and consequently of rapid

development occurred in computer industry throughout the world.

1.3 Thin film formation steps

All thin-film formation contain the four sequential steps shown in Fig. 1.1. A source
of film material is provided, the material is transported to the substrate, deposition
takes place, sometimes the film is subsequently annealed, and finally it is analyzed to
evaluate the process. The results of the analysis are then used to adjust the conditions

of the other steps for film property modification.

Fig.1.1: Thin-film formation steps.
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1.4 Characteristics of thin films

Thin films are something different from their bulk material in structural, electrical
and optical properties. The properties of thin film changes appreciably when it is
cooled to a very low temperature or heated at a higher temperature (above room
temperature). The study of the changes in the properties of thin film with
temperature provides a great deal of information about the properties of thin films. In
general the physical properties of thin film are determined by a number of factors,

such as

» The nature of substrate: This may be non-crystalline solids, e.g. glass of
vitreous silica or crystalline material such as cleavage plates of rock-salts or
mica.

» Substrate temperature during deposition: At low temperature poly-
crystalline films with high densities of structural imperfections are formed on
both vitreous and crystalline substrates, but at high temperature oriented
single-crystal films are formed on crystalline substrates.

» Deposition conditions: The properties of thin films depend on the deposition
conditions, such as source temperature, pressure, deposition angle, substrate
temperature etc.

» The annealing temperature: The relative value of the minimum annealing
temperature i.e. heating the film to a higher temperature and cooling it back
to room temperature after deposition.

» Annealing cycle: Annealing cycle, however, also plays an important role for
the surface mobility of the atoms at the temperature of the substrate during
deposition.

1.5 Applications of thin film

Thin films are deposited onto glass substrate to achieve properties unattainable or not
easily attainable in the substrates alone. These properties are classified into six basic
categories and classification and applications within each category are shown in
Table-1.1.
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Table-1.1: Applications of thin film.

Categories of thin film

Typical applications

by properties

Optical Reflective/antireflective coatings, interference filters,
Decoration (color, luster), memory discs (CDs),
waveguides and static-free coatings etc.

Electrical Insulation, conduction, semiconductor devices,
piezoelectric drivers, transparent electrodes in flat panel
displays, electrochromic devices, transparent semiconducting
device and photovoltaic cells etc.

Magnetic Memory discs. Spin- Fet, Spin -Led, MRAM, data storage.
Chemical Barriers to diffusion or alloying, protection against oxidation
or corrosion, gas/liquid sensors etc.

Mechanical Tribological (wear-resistant) coatings, hardness, adhesion,
micro-mechanics.
Thermal Barrier layers, heat sink.

1.6 Diluted Magnetic Semiconductor (DMYS)

Diluted magnetic semiconductors (DMSs), are semiconductors in which a fraction of

the host Cations can be substitutionally replaced by magnetic ions, combining the

two interesting properties: semiconducting and magnetic. Such a compound Fig.(B)

is an alloy between a non-magnetic semiconductor Fig.(C) and a magnetic element
Fig.(A). Transition metals (TMs) that have partially filled d states ( Mn, Fe, Co, and

Ni ), have been used as magnetic atoms in DMS. The partially d states contain

unpaired electrons, in terms of this spin, which are responsible for them to exhibit

magnetic behavior.
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Fig.1.2: The different types of semiconductor : (A) a magnetic
semiconductor, (B) a DMS and (C) a non-magnetic semiconductor.

1.6.1 Alloy of 11-VI semiconductors with magnetic materials:

Most of the semiconductor materials are diamagnetic by nature and therefore can
not take active part in the operation of the magneto electronic devices. In order to
enable them to be useful for such devices a recent effort has been made to
develop diluted magnetic semiconductors (DMS) in which small quantity of
magnetic ion is introduced into normal semiconductors. The first known such
DMS are 1I-VI semi- conductors diluted with magnetic ions like Mn, Fe, Co, Ni,
etc. Most of these DMS exhibit very high electron and hole mobility and thus
useful for high speed electronic devices. Diluted magnetic semiconductors

(DMS) are compound of alloy semiconductors containing a large fraction of

magnetic ions (Mn*2, Cr*2, Fe*2, Co™2) and are studied mainly on 11—V
based materials such as CdTe and ZnO etc. This is because such +2 magnetic
ions are easily incorporated into the host II-VI crystals by replacing group 1l
cations. Although this phenomenon makes these DMS relatively easy to
prepare in bulk form as well as thin epitaxial layers, II- VI based DMS are
difficult to dope to create p- and n-type, which makes the material less
attractive for applications. The magnetic interaction in 11-VI DMSs is dominated
by the anti-ferromagnetic exchange among the Mn spins, which results in the
paramagnetic, antiferromagnetic, or spins glass behaviour of the material. It was
not possible until very recently to make a II-VI DMS ferromagnetic at low

temperature.
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Recently, the I11-VI compound semiconductor ZnO have attracted revival
attention since it was found that high quality epitaxial thin film display
excitonic ultraviolet laser action at room temperature . Furthermore, the thermal
equilibrium solubility of magnetic materials (such as Mn) is larger than 10 mol
%. Therefore, the amount of injected spin and carriers into the film can be very
large.

1.6.2 Importance of DMS

Magnetic and semiconductor materials, respectively, have been extensively
investigated and demonstrate significant results and application in scientific and
industrial categories in the past years. The spin property of electrons has been
successful utilized to achieve useful magnetic devices, such as magnetic sensors,
magnetoresistance (MR) read-heads and magneto-optical recording elements. On the
other hand, the semiconductor industry has used another property, change of
electrons to fabricate a plenty of electronic devices, like integrated circuits (ICs),
transistor, laser and light emitting diode (LED) Devices and has significantly
promoted the development of computer and communication. With the development
of semiconductor materials, advanced devices have the improving properties of high
integrated density, high signal processing speed and good reliability. The operation
principle of ICs is related to the control of carriers with the application of electric
field, based on the charge property of carriers. In order to explore higher
performance, the size of semiconductor devices has to be decreased to submicro or
nano-size. The effect of exchange interaction of carriers can become a more
predominant factor influencing the properties of devices. Therefore the use of both
charge and spin properties may explore advanced spin dependant electronic
(spintronics) devices [8]. In this spin of electron that carries the information can be
used as an added degree of freedom in novel electronic devices. Scientists have
proposed the small type of many spintronics devices, such as the magnetoresistive
random access memory ( MRAM ), spin field effect transistor (spin-FET), spin light
emitting diode (spin-LED), optical isolator and quantum computer. Therefore, the
integration of magnetism and electronics to explore advanced spintronic devices is a

very important research and application topic.
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One of the most important issues in spintronics is how to effectively inject the spin
into semiconductor materials. The next step is to control spin transport in the
semiconductor and further to detect these spin. These issues will greatly influence
the performance of spintronic devices. So it is very important to understand the basic
mechanism underlying for the spin injection, transport and detection. For the topic of
spin injection searching a high spin polarized material to enhance the efficiency of
spin injection is very important. But the difference of physical properties between
metal ( or half-metals) and semiconductor limits the efficiency of spin injection. An
alternative choice is the use of DMS. For years, scientists have devoted to search
materials with both ferromagnetic and semiconducting materials, ie, ferromagnetic
semiconductor which can be directly utilized in the process of semiconductor
devices. The ferromagnetic semiconductor can facilitate a source of spin polarized
carriers. Thus the development of functional ferromagnetic semiconductors is a key
to the development of spintronics that will certainly be the devices utilized in the

future.

1.7 Spintronics

The two most important successful technologies today in the world have been Si
integrated circuit (ICs) and the data storage industry. Both continue to advance at
a rapid pace. In the case of the integrated circuit obey to the Moore law that
predicts number of the transistor of a chip doubled about every year. On the
other hand the data storage industry has a great and significant advance in the
elaboration of different devices for this end. For example, magnetic hard disk drive
technology, a typical desk-top computer drive today has a 500 GB, whereas in
2000 this capacity was approximately 80 GB.

All integrated circuit operate controlling the flow of the carrier of charge in this
case (electron and hole) through the semiconductor when we applied an electric
field. This is the dominant parameter in this type of devices. For the case of
magnetic data storage, the dominant parameter is the spin of the electron where
this characteristic can be considerd as the fundamental origin of the magnetic

moment.
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A new field of the electronics opens the possibility for the study and
understands of the properties a new material that tries combining these two
promise characteristic (charge and spin). This branch of the electronic is know
like, semiconductor *’spin transfer electronics’” (spintronics). Spintronics, or spin
electronics, consist in the study of actives control and manipulation of spin
degrees of freedom in solid state system. On this base several group of
investigator in the world is trying looking for material which combining both
properties, to create an amazing new generation of electronic devices.

This characteristic open the possibility of developing spintronics devices that
could be much smaller, with consume less electricity and be more powerful for
certain types of computations than is possible with electron-charge based
system. The scientific community hope to understand the behavior of electron
spin in these kind of material, in order to provide something foundations new
about solid state physics that will lead to a new generation of electronic devices
based on the flow of spin in addition of the flow of charge.

1.8 Spintronics devices
1.8.1 Spin FET:

The most important goal in many spintronics devices is to maximize the
spin detection sensitivity to the point that it detects on the spin itself, but changes
in the spin states. In 1990 Datta and Das [9] proposed a design for a spin-
polarized field-effect transistor, or spin FET, maybe was the first idea of a
spintronic device. Figures 1.3a and 1.3b, illustrate the scheme of the structure of
the usual FET, with a drain, a source, a narrow channel, and a gate for
controlling the current. The gate allows the current to flow (ON) or does not
(OFF). In the Datta-Das SFET the source and the drain are ferromagnets acting
as injector and detector of the electron spin, the drain injects electrons with spins
parallel to the transport direction. The electrons are transported ballistically
through the channel. When they arrive at the drain, their spin is detected. The
electron can enter the drain (ON) if its pin points in the same direction as of the
spin in the drain, if not it is scattered away (OFF). The role of the gate is

generating an effective magnetic field in the direction of show in the picture. This

10



Chapter one General Introduction

effective magnetic field causes the electron spins to process. By modifying the
voltage, one can cause the precession to lead to either parallel or antiparallel

electron spin at the drain, effectively controlling the current.

a)
b)

Fig.1.3: Scheme of the Datta-Das spin field-effect transistor (SFET)
1.8.2 Spin LED:

Efficient spin injection from the ferromagnetic metal and dilute magnetic
semiconductor into semiconductor is the fundamental requirement of the
semiconductor-based spintronics device. Spin-LED is used to measure the spin
injection efficiency into materials. In a spin LED circularly polarized light is
emitted after the recombination of spin- polarized carriers that are electrically

injected into semiconductor structure.
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Fig.1.4: A schematic spin LED

Such a device should allow us to modulate the polarization of the light emitted by
the spin LED by application of an external magnetic field infigure. The most
straightforward approach to achieve this goal would be to implant Mn into the top
contact p-GaN layer of the standard GaN/InGaN LED.

In conclusion today everyone already has a spintronics device on their
desktop, as all modern computers use the spin valve in order to read and write
data on their hard drive. It was followed immediately by the discovery of
Tunneling Magnetoresistance (TMR) leading to the magnetic tunnel junction that
has been utilized for the next generation computer memory known as Magnetic
Random Access Memory (MRAM), another spintronics device for computers.
Therefore, the initial driving force for spintronics has been the improvement of

computer technology.

1.9 Properties of Zinc Oxide

In materials science, Zinc oxide (ZnO) is often called 11-VI semiconductor because
Zn and Oxygen belong to 2™ and 6™ group of the periodic table respectively. ZnO
has a unique semiconducting, photoconducting, piezoelectric and optical properties.
This combination of properties makes zinc oxide attractive for use in opto-electronic,
electronic and sensor devices. Zinc Oxide is an inorganic compound which usually
appears as a white powder. Physical properties are detailed in Table 1.2.

ZnO crystallizes in three forms hexagonal Wurtzite, zincblende and cubic rock salt.
The predominant form is hexagonal Wurtzite since this structure is the most stable at

room temperature and pressure. Zinc oxide crystals exhibit several typical surface
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orientations. The most important surfaces are the basal plane, the prism plane, and
the pyramidal plane crystal faces.

Fig.1.5: Wurtzite Structure of Zinc Oxide Crystal

The hexagonal form has two interpenetrating sub lattices of Zn?* and O* which
make up the alternating basal planes. The zinc to oxygen coordination number is four
with the cations surrounded by four anions in the corners of a tetrahedron and vice
versa. The tetrahedral arrangement of atoms in the Waurtzite structure results is a
non-centrosymmetric structure which gives rise to a dipole moment. This
characteristic of zinc oxide Wurtzite is believed to be what gives rise to some of its
unique properties such as piezoelectricity. The hexagonal lattice constants are a =
3.25 Aand c = 5.2 A. The ratio c/a is about 1.60 which is close to the ideal value for
a hexagonal cell i.e., c/a = 1.633. Zinc ions are located on alternate basal planes to
the oxygen ions. To achieve transparency and good conductivity the preferred crystal

growth is in the (002) plane where atomic density is highest.

Table: 1.2 Physical Properties of ZnO

Molecular formula ZnO
Appearance White solid
Molar mass 81.408g/mol

Density 5.606 g/cm®
lonic radius Zn** (0.74 A)
Melting point 1975°C
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Boiling point 2360°C
Band gap 3.4 eV (direct)
Refractive index 2.008
Exciton binding energy 60 MeV
Crystal Structure Hexagonal wurtzite
Lattice constant a=3.246A & c=5.207A
Semiconductor type n-type

1.10 Properties of Manganese

Manganese is a transitional metal which is d-block molecule. It has some extra
ordinary properties like various oxidation number, its forms color compound, exhibit
par magnetism and a good catalyst also. Manganese is an inorganic compound which
usually appears as a solid material. Physical properties are detailed in Table 3.

Table: 1.3 Physical properties of Manganese

Molecular symbol Mn

Physical state Solid

Atomic weight 54.938 g/mole
Density 7.21gcm°

lonic radius Mn* (0.80 A)
Melting point 1246 °C

Boiling point 2061 °C

Crystal structure body-centered cubic
Electron configuration 1s° 2s° 2p® 3s° 3p° 3d°4s?
Oxidation state +2, +3, +4, +6, +7
Type of metal Transition metal
Magnetic ordering paramagnetic

1.11 Review of the previous work

Mn doped ZnO is an important component of spintronics and other optoelectronic

devices. Recently, diluted magnetic semiconductors have attracted much attention
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because of their possible application in spintronics based devices. Many researchers
have investigated by various preparation techniques to fabricate thin film for high

performance spintronic device.

In 2006 O D Jayakumar et al. [10] studied that 2 and 5 at.% Mn-doped ZnO
nanocrystalline particles by a co-precipitation method. X-ray diffraction data
revealed that Mn-doped ZnO crystallizes in the monophasic wurtzite structure and
the unit cell volume increases with increasing Mn concentration. A well resolved
EPR spectrum of 5% Mn-doped ZnO samples annealed at 875-1275 K confirmed
that Mn was substitutionally incorporated into the ZnO lattice as Mn?*. Finally the
observed room temperature ferromagnetism in Mn-doped ZnO can be attributed to
the substitutional incorporation of Mn at Zn-sites rather than due to the formation of

any metastable secondary phases.

In 2007 Ruh Ullah et al. [11] studied that Doping of ZnO with manganese (Mn2+)
was intended to create tail states within the band gap of ZnO. Photocatalysts
prepared with these techniques, which were characterized with transmission electron
microscopy (TEM), infrared spectroscopy (FTIR), photo-co-relation spectroscopy
(PCS) and UV-vis-spectroscopy showed significant difference in the optical
absorption of Mn-doped ZnO. It was found that manganese-doped ZnO (ZnO:Mn?*)
much faster than undoped ZnO upon its exposure to the visible light. The experiment
demonstrated that the photo-degradation efficiency of ZnO:Mn?* was significantly
higher than that of undoped ZnO.

In 2009 Munisamy Subramanian et al. [12] studied that Undoped and Manganese
doped zinc oxide thin films were prepared on Si substrate using spray pyrolysis
technique.Nanorods having random distribution were observed on the ZnO films by
scanning electron microscopy. Grazing angle X-ray diffraction and Raman
spectroscopy confirmed successful growth of the wurtzite structure Zn;.xMn,O films
without any secondary phase. From Raman spectra, the lattice defect was found to
increase with increasing Mn concentration. Optical gap energy determined by the

optical reflectance measurement showed a maximum at Mn concentration 10 mol %.
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It was also found that the strain parameter increases up to 10 mol% and then
decreases at 15 mol %. These tendencies seem to be related to the coexistence of

Mn** and Mn* (Mn**/Mn**) ions along with the Mn?* ions in the Zn;,Mn,O films.

In 2009 Gao L. et al. [13] reported that the radio frequency magnetron sputtering is
used to fabricate ZnO and Mn-doped ZnO thin films on glass substrates at 500 +C.
The Mn-doped ZnO thin films present wurtzite structure of ZnO and have a
smoother surface, better conductivity. The oxygen in the Mn-doped ZnO thin films
increases with increasing Mn doping concentration. The photoluminescence spectra
of ZnO and Mn-doped ZnO thin films have a similar ultraviolet emission. The
yellow green emissions of 4 wt.% and 10 wt.% Mn-doped thin films are quenched,
whereas the bellow green emission occurs because of abundant oxygen vacancies in
the Mn-doped ZnO thin films after 20 wt.% Mn doping. Compared with pure ZnO
thin films, the bandgap of the Mn-doped ZnO thin films increases with increasing

Mn content.

In 2010 A. R. Abd Rashid et al. [14] studied that Undoped and Mn doped ZnO
films with different doping concentration were synthesized by sol gel method using a
spin coating technique. The quantity of Mn in the sol was varied from x = 0, 0.02and
0.04 with annealing temperature of 700 °C. The samples were characterized using
AFM to investigate the surface morphology and nanostructures. The XRD analysis
shows the crystalline structure and orientation of the films. He found that hexagonal
wurtzite structure and improved crystalline quality by increasing the Mn doping.
Meanwhile, the optical properties were characterized using UV-Vis where the

transmittance and band gap decreases upon increment of Mn concentration.

1.12 Motivation of the present work

ZnO is a I1-VI semiconductor with a wide band gap of about 3.4 eV. The stable
crystal structure of ZnO is wurtzite in which each atom of ZnQO is surrounded by four
atoms of oxygen in tetrahedral coordination. It is interesting from the viewpoint of
forming a transparent ferromagnetic material due to the wide band gap. Combined
with the high conductivity that can be achieved by doping, this leads to application in
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surface acoustic wave devices and transparent conducting electrodes. Finally ZnO is
also a strong piezoelectric [15] materials, in which the piezoelectric properties can be
change the characteristics of potential energy barriers at interface, and can be
exploited in the metal oxide host. Thus transition metals doped ZnO has the potential
to be a highly multifunctional material with coexisting magnetic semiconducting,
electromechanical and optical properties.
In addition to the high applications in ZnO material in corporating ( TM ) ions
substitutionally in 11-VI ZnO should be less difficult than incorporating them in other
semiconductor hosts, since the value of Zn*? can be readily adopt by many 3d
transition metal ions. Thus favors substitutions of the transition metal ion at the
cation site and helps in achieving higher dopant concentration. It also means that in
perfectly stoichiometric sample, substitutional TM introduces a magnetic moment
without contributing carriers. To understand the origin of room temperature DMS is
very important for spintronics application. Therefore, Mn doped Zn system has been
systematically investigated. In the present work we decided to prepare Mn doped
ZnO thin films by spray pyrolysis method and to study their various physical
properties and to compare the results with those obtained by others. The following
will be performed.

1. To study the effect of doping on the electrical conductivity and optical

properties of the film.

2. Investigation of temperature dependence resistivity.

3. To study the crystal structure of the film.

4. To study the absorption coefficient with energy and to determine optical band

gap.

5. Calculations of refractive index and optical conductivity.

6. To study the doping concentration dependence of activation energy.

7. To study the morphology of the surface of the films by SEM.
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CHAPTER-II
THIN FILM DEPOSITION TECHNOLOGY

2.1 Introduction

Modern thin film technology has evolved into a sophisticated set of techniques used
to fabricate many products. Thin-film deposition technique deposits a layer of thin
material onto a substrate or onto previously deposited layers. "Thin" is a relative
term, but most deposition techniques allow layer thickness to be controlled within a
few tens of nanometers, and some (molecular beam epitaxy) allow single layers of
atoms to be deposited at a time. Applications include very large scale integrated
(VLSI) circuits, solar cell, sensors, optics (for reflective or anti-reflective coatings),
electronics (layers of insulators, semiconductors, and conductors form integrated
circuits), packaging (polyethylene terephthalate PET film) as well as protective and
decorative coatings. Similar processes are sometimes used where thickness is not
important: for instance, the purification of copper by electroplating and the
deposition of silicon and enriched uranium by a CVD-like process after gas-phase
processing. Deposition techniques fall into two broad categories, depending on
whether the process is primarily chemical or physical. Generally thin films are
prepared by depositing the film material, atom by atom onto a substrate. One of the
examples is the condensation of vapor to give a solid or liquid film. Such process of
deposition involves a phase transformation. In this chapter, some of the commonly
used thin film deposition techniques are described briefly and our intension is to
prepare thin films by the spray pyrolysis method, so this method has been discussed
in some details. The following is a brief description of some common methods of

thin film deposition technique for research, development and production purposes.

2.2 Classification of the thin film deposition techniques

Thin films are deposited by many techniques to develop the film quality according to
their applications. There are two main categories of the thin film deposition

techniques:
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Q) Chemical deposition process

(i) Physical deposition process.
Physical and chemical both deposition techniques include several types of deposition
techniques to produce thin films. Figure 2.1 illustrates the classification of the

different deposition techniques. Some most used deposition techniques are described

below.
Thin film deposition
|
| |
Chemical process Physical process
Sol-gel Sputter deposition
CVD RF
Plating MOCVD bC
Magnetron
PECVD
Evaporation

Spray pyrolysis

lon plating

Electroplating

Laser ablation

Electroless MBE

DC

Thermal

Fig. 2.1: Classification of the most common thin film deposition techniques.

2.2.1 Chemical deposition

Here, a fluid precursor undergoes a chemical change at a solid surface, leaving a
solid layer. An everyday example is the formation of soot on a cool object when it is
placed inside a flame. Since the fluid surrounds the solid object, deposition happens

on every surface, with little regard to direction; thin films from chemical deposition
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techniques tend to be conformal, rather than directional. Chemical solution
deposition (CSD) and chemical vapor deposition (CVD) are chemical deposition

techniques.

2.2.2 Physical deposition

Physical deposition uses mechanical or thermodynamic means to produce a thin film
of solid. An everyday example is the formation of frost. Since most engineering
materials are held together by relatively high energies, and chemical reactions are not
used to store these energies, commercial physical deposition systems tend to require
a low-pressure vapor environment to function properly; most can be classified as
physical vapor deposition (PVD).

The material to be deposited is placed in an energetic, entropic environment, so that
particles of material escape its surface. Facing this source is a cooler surface which
draws energy from these particles as they arrive, allowing them to form a solid layer.
The whole system is kept in a vacuum deposition chamber, to allow the particles to
travel as freely as possible. Since particles tend to follow a straight path, films
deposited by physical means are commonly directional, rather than conformal.
Examples of physical deposition include: thermal evaporation, sputtering, spray

pyrolysis etc.

2.2.3 Thermal or vacuum evaporation

The thermal evaporation [1] is the simple, convenient and most widely used method
for the preparation of thin films. In this method, materials are vaporized by heating it
to a sufficient high temperature and the condensation of the vapor into a relatively
cooler substrate yielding thin solid films. A “boat” typically made of tungsten, which
has a high melting point, has a little dimple into which the material to be evaporated
is placed. The boat is heated in vacuum to a high enough temperature so that the
vapor pressure of the evaporated material is appreciable, and the vapor is allowed to
condense on a “cold” substrate. “E-beam” evaporation is a variation in which
electrons are accelerated and directed at the target material, causing it to heat up.
This technique allows more precise control of deposition rates and film composition
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as shown in Fig. 2.2. Thermal evaporation may be performed directly or indirectly

by a variety of physical method. Several variants are:

(i) Resistive heating

(i) Exploding wire technique,
(iii) Flash evaporation,

(iv) Arc evaporation,

(v) Laser evaporation,

(vi) R.F. heating and

(vii) Electron beam evaporation.

Fig. 2.2: Electron beam evaporation method.

2.2.4 Dipping and withdrawing

The dipping technique [2] consists essential of inserting the substrates into a solution
containing hydrolysable metal and putting it out at a constant speed into on
atmosphere containing water vapor. In this atmosphere hydrolysis and condensation
processes take place. Finally, the films are hardened. This technique has been used

commercially to deposit large area coating of zinc oxide.
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2.2.5 Chemical vapor deposition (CVD) method

CVD is a materials synthesis process whereby constituents of the vapor phase react
chemically near or on a substrate surface to form a solid product. The deposition
technology has become one of the most important means for creating thin films and
coatings of a very large variety of materials essential to advanced technology,
particularly solid-state electronics where some of the most sophisticated purity and
composition requirements must be met [3]. The main feature of CVD is its versatility
for synthesizing both simple and complex compounds with relative ease at generally
low temperatures. Both chemical composition and physical structure can be tailored
by control of the reaction chemistry and deposition conditions. Fundamental
principles of CVD encompass an interdisciplinary range of gas-phase reaction
chemistry, thermodynamics, Kinetics, transport mechanisms, film growth

phenomena, and reactor engineering. The coating system is shown in Fig. 2.3.

Fressure sensor

p J-zone furnace
g ot g Wafers

- —+Pump

..'.

: Cuartz tube
Zas inlet

Load door

Fig. 2.3: Schematic diagram of chemical vapor deposition process.

2.2.6 Sputtering

In sputtering, atoms are removed from one surface by energetic ion bombardment
and allowed to collect on another surface shown in Fig. 2.4. Noble gas ions, typically
argon, are used to bombard the surface of the material from which one wishes to
make a thin film. Incident ions with large kinetic energy collide with surface atoms

and give them enough kinetic energy to leave the surface and travel to the substrate.
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It is somewhat like shooting cannon balls at a cement wall causing chunks to fly off.
Eventually the sputtered atoms accumulate in a layer on the substrate, forming a thin
film [4].

Warcuum
chamber
— |l —Cathode shield
'\\\_M Cathode
Wafers ] (s curce material)
Anode o [(— —
Heater
I |
& l Arpon
High Voltage To Inlet
Wacuum puamp

Fig. 2.4: Schematic diagram of sputtering process.

2.2.7 Epitaxial growth

An advantage of epitaxy is the high growth rate of material, which allows the
formation of films with considerable thickness (>100um). Epitaxy [5] is a widely
used technology for producing silicon on insulator (SOI) substrates. The technology
is primarily used for deposition of silicon. A schematic diagram of a typical vapor
phase epitaxial reactor is shown in Fig. 2.5. This technology is quite similar to what
happens in CVD processes, however, if the substrate is an ordered semiconductor
crystal (i.e. silicon, gallium arsenide), it is possible with this process to continue
building on the substrate with the same crystallographic orientation with the
substrate acting as a seed for the deposition. If an amorphous/polycrystalline
substrate surface is used, the film will also be amorphous or polycrystalline.

Epitaxial films are grown by three techniques, such as
@) Liquid phase epitaxy

(b) Vapour phase epitaxy

(© Molecular beam epitaxy.
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Fig. 2.5: Schematic diagram of epitaxial growth layer.

2.2.8 Molecular beam epitaxy (MBE)

Molecular beam epitaxy [6] is the ultimate and most expensive technique. In this
technique ideal condition is achieved by reducing the deposition rate to the lowest
value, increasing the substrate temperature to the highest value about 900°C, and
creating the best vacuum of 10® or 10 millibar. This condition is best suited as
when the higher energies given to molecules or atoms, they go and sit in the place. It
is ideally suited for giving sufficient energy to become crystalline films. Single
crystal films control the growth rate layer by layer and one have the best control on
this technique as shown in Fig. 2.6. One of the advantages of this method rests on the
control of the growth in real time thanks to the in situ use of the high energy electron

diffraction in grazing incidence.
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Fig. 2.6: Schematic diagram of molecular beam epitaxy method.

2.2.9 Electroplating
In electroplating a metallic coating is electrodeposited on the cathode of an

electrolytic cell consisting of a positive electrode (anode), a negative electrode
(cathode), and an electrolyte solution (containing the metal ions) through which

electric current flow Fig. 2.7.
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Fig. 2.7: Schematic diagram of electroplating process.

The quantitative aspects of the process are governed by Faraday’s laws. Important
electroplating variables include current efficiency, current density, current
distribution, pH, temperature, agitation, and solution composition. Numerous metals

and metal alloys have been successfully electroplated from aqueous solutions [7].
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However, the technically most useful electroplated metals are chromium, copper,
nickel, silver, gold, rhodium, zinc, and a series of binary alloys including
chromium/nickel composites. Electroplating is widely used in industry and can
produce deposits that range from very thin films to very thick coatings

(electroforming).

2.2.10 Sol gel method

In the sol-gel process [8] the precursor is dissolved in a solvent (forming a sol or gel
depending on the reactor conditions) and precipitates due to chemical reactions. The
sol-gel process consists on 4 basic steps: hydrolysis, condensation and
polymerization of particles, growth of particles and agglomeration and formation of
networks. The outcome of the process depends on several factors that influence the
hydrolysis and condensation rates. Among them, there are few that are considered to
have a greater impact: pH, nature and concentration of catalysts, H,0/precursor molar
ratio and temperature. This production method could be used to produce different
nanostructures such as nano-particles, nano-porous materials or nano-fibres, while
the creation of thin films can use a number of methods (e.g. spin coating, dip
coating). Some of the bottlenecks highlighted herein are common to all these

nanostructures production.

2.2.11 Pulsed laser deposition (PLD)

Pulsed laser deposition is a thin film deposition technique where a high power pulse
laser beam is focused inside a vacuum chamber to strike a target of the material that
is to be deposited. This material is vaporized from the target (in a plasma plume)
which deposits it as a thin film on a substrate (such as a silicon wafer facing the
target). This process can occur in ultra high vacuum or in the presence of a
background gas, such as oxygen which is commonly used when depositing oxides to
fully oxygenate the deposited films. When the laser pulse is absorbed by the target,
energy is first converted to electronic excitation and then to thermal, chemical and
mechanical energy resulting in evaporation, ablation, plasma formation and even
exfoliation [9]. The ejected species expand into the surrounding vacuum in the form

of a plume containing many energetic species including atoms, molecules, electrons,
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ions, clusters, particulates and molten globules, before depositing on the typically hot
substrate. The schematic diagram of PLD is shown in Fig. 2.8.

Fig. 2.8: Schematic diagram of pulsed laser deposition process.

2.2.12 Thermal oxidation technique

Thermal oxidation is a technique of oxidation of the substrate surface in an oxygen
rich atmosphere as shown in Fig 2.9. It uses very high temperatures (approximately
700-1300°C) to increase the growth rate of oxide layers. This high temperature
issued to speed up the oxidation process. The process consists of exposing the raw
material substrate to an oxidizing environment (O, dry oxidation or H,O wet
oxidation) and occurs at the surface of the substrate where the raw material is
progressively replaced by the correspondent oxide. The oxide growth rate is

positively affected by time, temperature, and pressure [10].
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Fig. 2.9: Schematic diagram of thermal oxidation process.
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2.2.13 Spray pyrolysis (SP)

The spray pyrolysis technique is a simple, low cost and powerful method for the
preparation of thin films as shown in Fig. 2.10. It is a process in which a thin film is
deposited by spraying a solution on a heated surface, where the constituents react to
form a chemical compound. This technique involves spraying a solution usually in
aqueous, containing soluble constituent atoms of the desired compound onto a heated
substrate. Every sprayed droplet reaching the substrate undergoes pyrolytic
decomposition and forms a single crystallite or a cluster of crystallites of the
products. The other volatile by products and the excess solvent escape in the vapor
phase. This method is cheaper and more convenient. The spray deposition has been

used to prepare coatings for the cover glass required for flat plate collectors and

A = Lowertube G = Metal plate H = Heater S = Substrate P = Upper tube
F = Beaker T.C. = Digital multimeter with a thermocouple.

Fig. 2.10: Schematic diagram of spray pyrolysis technique.

31



Chapter one General Introduction

other tube used in the focusing type cylindrical collectors. This method is mainly
used in the ceramic industry. When compressed air is passed through P at a constant
pressure, a fine aerosol was produced and was automatically carried to the reactor
zone where film was deposited on the heated substrate. The details mechanism of

spray pyrolysis technique has been discussed in chapter three.
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CHAPTER-III
THEORETICAL STUDY

This chapter includes theoretical studies of thin film formation, structural, optical,

electrical properties and thermoelectric power of thin films.

PART A: FORMATION OF THIN FILM

3.1 Introduction

The ideal condition of the film formation involves the deposited of the material atom
by atom (or molecule by molecule) and layer by layer and there should be a
sufficient time interval between the two successive depositions of atoms and also
layers so that these can occupy the minimum potential energy configuration with
respect to the substrate and subsequently on previously deposited layers. In a
thermodynamically stable film all atoms (or molecules) should be in their minimum
potential energy sites and the incoming atoms (or molecules) will take up positions
and orientations energetically compatible with the neighboring atoms of the substrate
or to the previously deposited layers. Hence the occupation sites of freshly arrived
atoms or molecules will be determined energetically both by the substrate and the
previously deposited atoms or layers. With the build up of layers, the effect of the
substrate or the initial layers will gradually diminish but the influence of the freshly
formed layers will always be present on the incoming atoms or molecules to
determine their occupation sites. However, all deposition processes are carried out in
environments which are far from the idealized deposition conditions and hence
neither the successive atomic or molecular layers have sufficient interval of time for
achieving the thermo dynamical equilibrium condition nor a layer is completed
before the formation of the second or even the third or other layers start. These
deviations from the idealized condition of depositions result in the formation of
meta-stable films some typical growth feature, surface asperities, etc. Moreover, the
thermo dynamical conditions may change with time requiring a change in

equilibrium [1].
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3.2 Different stages of film formation
There are three mechanism of thin film condensation which can be distinguished,
depending on the strength of interaction between the atoms of the growing film and

between the atoms of the film and substrate. These are:

Q) The layer-by-layer growth (Vander Merwe mechanism).
(i) A three dimensional nucleation, forming, growth and coalescence of
islands (Volmer-Weber mechanism).
(iii)  Absorption of a monolayer and subsequent nucleation on the top of
this layer (Stranski-Krastanov mechanism).
In most cases, mechanism (ii) takes place and we shall focus our attention on this

mechanism in brief.

3.2.1 Condensation

Thin films are most commonly prepared by the condensation of atoms on a substrate
from the vapour phase of the material. Condensation means the transformation of a
gas in to a liquid or solid. Thermodynamically, the only requirement for
condensation to occur is that partial pressure of the film material in the gas phase be

equal or larger than its vapour pressure in the condensed phase at that temperature.

Condensation of a vapour atom is determined by its interaction with the impinged
surface. The impinging atom is attracted to the surface by the instantaneous dipole
and quadruple moments of the surface atoms. Consequently the atoms losses its
velocity component normal to its surface in a short time, provided the incident
kinetic energy is not too high. The vapour atom is then physically absorbed (called
ad atom) but it may or may not be completely thermally equilibrated. It may move
over the surface by jumping from one potential to the other because of the thermal
activation from the surface and its own kinetic energy parallel to the surface. The ad
atom has a finite stay or residence time on the substrate during which it may interact
with other ad atoms to forma stable cluster and be chemically absorbed with the
release of the heat of condensation. If is not absorbed the ad atom re-evaporates or

desorbs into the vapour phase. Therefore, condensation is the net result of
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equilibrium between the absorption and desertion process. The probability that an
impinging atom will be incorporated into the substrate is called the “condensation”
or “striking coefficient”. It is measured by the ratio of the amount of material
condensed on a surface to the total amount impinged. In fact, often the striking
coefficient is so small that condensation is not observable by ordinary techniques. On
the other hand, the striking coefficient is found to be strongly dependent on the total
time during which the substrate was subjected to the impingement, and also on the
substrate temperature. A non- unity striking coefficient is usually explained in terms
of monomer re-evaporation form the areas on the substrate, which are outside, the
capture zones around each stable nucleus. Langmuir and Frenkel formulated (1916-
1924) condensation model. This model considers vapor —solid transformation. At
high deposition temperatures, a vapor —Liquid (amorphous) —solid condensation
mode may occur. Semen off (1930) suggested that heterogeneous nucleation always
proceeds by nucleation of crystallites within the amorphous film in which the
absorbed atoms move over the surface during their life times to form pairs which in

turn, act as condensation center’s for other atoms.

3.2.2 Nucleation

Nucleation is the birth stage of a film. Condensation is initiated by the formation of
small cluster through the combination of several absorbed atoms. These clusters are
called nuclei and the process of formation is called nucleation. There are two types
of nucleation occurs during the formation of a film; homogeneous and heterogeneous
nucleation. Volmar, Weber and Becker and Doring [2, 3] postulated a homogeneous
nucleation theory, which takes into account the total free energy of formation of a
cluster of ad atoms. It is later extended to heterogeneous nucleation by VVolmer and
to the particular shapes of clusters in a thin film case by Pound et al. [4]. In this
theory clusters are formed by collisions of atoms on the substrate surface, and in the
vapor phase its super saturation is sufficiently high. They initially developed with an
increase in free energy until a critical size is reached above which growth continues
with a decrease in free energy. In atomistic theory in low substrate temperature or

very high super saturations, the critical nucleus may be a single atom which will
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form a pair with another atom by random occurrence to become a stable cluster and

grow spontaneously shown in Fig. 3.1.

3.2.3 Growth
There are several stages in the growth process from the initial nucleation of the
deposits to the final continuous three dimensional film formation states. These stages
of film growth have been observed by many workers from their electron microscopic
and other studies. These are valid not only for deposits condensing from the vapour
phase but also for others, i.e. for solutions, by electro deposition, chemical reactions
anodic oxidation, etc. Even though the controlling factors may differ slightly or
widely in the individual case these stages have been clearly distinguishes by Pashley
et al. [5, 6] as under

Q) The island stage

(i) The coalescence stage

(ili) ~ The channel stage

(iv)  The continuous film stage.

3.2.3.1 The island stage

The islands consist of comparatively larger nuclei or embryos and generally of three-
dimensional natures with their height, however, much less than their lateral
dimensions. The formation of these islands and their growth take place by direct
addition of atoms either from the vapour phase or from other environment or by the
diffusion controlled process of ad atoms or both. The diffusion-controlled process is
more commonly observed except at low substrate temperature. According to Walton
[7] critical nuclei formed from the vapour phase will consist of about six or fewer
atoms. Electron microscopic observations by various workers show that the smallest
stable nuclei are of radii of about 5 A and also that most embryos prior to the
formation of island structure are of sizes about 15-30 A. Since a nucleus of about 5 A
size is made up of about 20 atoms or so, an island will be made up about 50-100
atoms or more. As these islands grow in size these often have tendencies to develop
some crystallographic facets during the early stage of their growth and such faceted

particles of sizes about 30-50 A could be observed.
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3.2.3.2 The coalescence stage

The coalescence involves considerable transfer of mass between islands by diffusion.
Small Island disappears rapidly. The process resembles the sintering of bulk power
where the individual particles assume spherical shapes due to the lowering of their
surface energies. During coalescence of two islands which occurs at their necks
recrystallization as well as annealing takes place leading to some definite shapes of
larger islands as shown in Fig 3.1. The time of coalescence is very short about 0.6
second. This process can takes place amongst islands which are appropriately
positioned and the coalesced islands generally become triangular or hexagonal as a
result of the rapid decrease of the uncovered substrate surface area followed by, a
slow rise of it. After the coalescence of island to larger masses some nuclei can still
be observed in between the large coalesced masses. Often coalescence by bridging of

two particles is pronounced.

3.2.3.3 The channel stage

As the coalescence continues with deposition there will be a resultant network of the
film with channels in Fig. 3.1. These channels need not remain void and soon some
secondary nuclei start to grow within this void space in the channel. With further
deposition these nuclei will increase in size along with the film thickness in addition
to formation of new island stage and eventually join the main islands or aggregate
thus bridging the gaps. It is quite likely that the joining of secondary islands to the
parent body may not be completed or these may not be on perfect matching
arrangement with the main aggregate. As a result some strain may develop due to the
stress in between them caused by an insufficient surface or volume mobility or even
because of the non-coalescence at the peripheries. The resultant effect of mis-
matching of these is the formation of grain boundaries. Some times these channels
may not be completely filled up even with increasing film thickness thus leaving
some holes or gaps on the aggregate mass. With increasing film thickness, these

holes or gaps will decrease in size.
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3.2.3.4 The continuous film stage

When these gaps are completely bridged by the secondary nuclei, films will be
continuous. However, it often happens that some void space may still remain
unabridged. In an ideal continuous film there should not be any gap in the aggregate
mass. Such a stage in a film can be attained only when the film has attained certain
average film thickness. The minimum film thickness for the continuous stage is also
dependent on the nature of the deposits, modes of deposition parameter etc. For a
non-metallic deposit such a stage is generally achieved when the average film
thickness is between 500 to 1000 A and for metallic films less. It depends upon the
nature of the film material, substrate temperature, rate of deposition, etc. The growth
of film as mentioned earlier also involves recrystallisation and often annealing
processes. If the deposits do not have sufficient time for recrystallisation or
annealing before the subsequent uni- or multi-coalescence takes place the film will
be in a metastable state. The subsequent layers formed over them will also be in such
a state. Thermal annealing treatment for a sufficiently long period of time will cause
migration of diffusion hot some atoms leading to a stable phase. This is known as
ageing of films. Different stages in the growth of a film are schematically shown in
Fig. 3.1.

Fig.3.1: Different stages of film growth.
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PART B: METHODS OF FILM THICKNESS MEASUREMENT

3.3 Introduction

Thickness dependence of electrical and optical properties of thin sold films was
measured by Thomson (1901). In thin film experiments, thickness measurement is an
essential job. All most all the electrical parameters except the Hall mobility and sheet
resistance and also optical parameters need for their evaluation the value of film
thickness should be measured with precision as far as possible. It may be measured
either by in-situ monitoring of the rate of deposition or after the film is taken out of
the deposition chamber. Some of the common methods of measurement of film

thickness are as follows:

Q) Balance method

(i) Electrical method

(iii))  Gravimetric method
(iv)  Stylus method

(v) Colour comparison
(vi)  Fizeau fringes method
(vii)  Newton’s ring method

(viii) Optical interference method.

3.3.1 Gravimetric method

This is one of the oldest techniques for the determination of film thickness. In this
method the mass of a film (m) of area, A is determined by a microbalance by
weighting the substrate before and after deposition. The thickness is then calculated
by assuming the density of the film material is p. The thickness t of the film is then

given by

t=— 31)
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3.3.2 Interference fringe method

Weiner was the first to use interference fringes to measure film thickness. When two
reflecting surfaces are brought into close proximity interference fringes are
produced, the measurement of which makes possible a direct determination of film
thickness and surface topography with high accuracy. In this method, two types of
fringes are utilized for thickness measurement. The first produces Fizeau fringes of
equal thickness, using a monochromatic light source. The second uses a white light
source and produces fringes of equal chromic order. The second method is preferred
for films thinner than a few hundred angstroms since it is capable of higher resolving
power. The former types slightly simpler experimentally, that this method (Fizeau
fringes) was used in the present work for the measurement of film thickness in which

sodium light was used as a monochromatic source.

When two reflecting surfaces are brought into close proximity, interference fringes
are produced and the measurement of which makes it possible a direct determination
of the film thickness. A low power microscope, monochromatic source, glass plates
and an interferometer were used for experimental set up. The Fizeau fringes of equal
thickness are obtained in an optical apparatus of the type shown in Fig. 3.2. The
fringe spacing and fringe displacement across the step are measured and used to
calculate the film thickness. If h be the fringe displacement and d the fringe spacing
then the film thickness t is given by,
h 2
t= Exa(nm) (3.2)

where A is the wavelength of the monochromatic light. The thickness of the film was

calculated by using equation (3.2).
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Fig.3.2: Interferometer arrangements for producing Fizeau fringes of equal thickness.

3.3.3 Newton’s ring method

When a plane convex lens of large radius of curvature is placed on a plane glass
substrate, a thin film of gradually varying thickness of formed. When the point of
contact to viewed with monochromatic light it is found to be surrounded by alternate
dark and bright ring. When it is viewed with white light it to found to be surrounded
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by several colored rings with the center as dark. Let us consider a particular ring
formed at a point B. The radius of the ring, PB = r'.. Let the thickness of the air film

atapoint Bist'i.e., AB =t'. From the right angle triangle OAE we get,
OA? =OE? + AE?

or, OA? = (OP — PE)*+PB’
or, R?=(R-t")?+r.?
or, R? = R? — 2Rt +t'%4r/?

But t'is very small, so we can neglect the term t'2. Therefore
2Rt' =1

r'?

or, =" 3.3
R (3.3)

Now if we set a thin film of uniform thickness between the lens and the glass

substrate as shown in Fig. 3.3.

0] 0]
N\
R R
Plano convex lens
_________________ s ¢
E/A ¢ A pey v
P B T P B G|IUS ;T;rat

(a) (b)

Fig.3.3: Schematic diagram for measurement of thickness by Newton’s ring
method (a) arrangement without film (b) arrangement with film.
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Then due to the film thickness t, the thickness of the air film will be increased by an
amount t and the ring for film thickness t will be formed at another point B' closer to

the contact point P and in that case we get,

2

r
t+t' =" 3.4
R (34)
where r,, is the radius of the ring at B'. Subtracting equation (3.3) from equation (3.4)
we get,
2 12
r°—r
t=——"-. 3.5
T (3.5)

Thus measuring the radius of n-th ring without film and with film we can calculate
the thickness of the film using equation (3.5). The radius of the selected ring has
been measured by measuring the chord length, and the perpendicular distance
between the midpoints of the arc interested by the chord. A traveling microscope has
been used for this purpose. An extra device with adequate traveling facility and
micrometer has been attached to the vertical arm of the microscope so that it can
move in YOY' direction in addition to XOX direction. Movement in the ZOZ'
direction is also kept functioning. If | is the length of the chord and h is the
perpendicular then the radius can be measured using the relation,
1> h

r=—+—
8h 2

(3.6)

PART C: STuDY OF STRUCTURAL AND OPTICAL
PROPERTIES OF THIN FILM

3.4 X-ray diffraction

To understand the physical nature of a material, it is important to know the structure
of the material. X-ray diffraction is a nondestructive important experimental tool to
investigate the crystal structure of a synthesized material. There are many techniques
among which powder method is one of the easier and versatile techniques. From

which only the powder method is discussed below.
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3.4.1 The Powder method

A method of X-ray diffraction analysis in which a collimated, monochromatic beam
of X-rays are directed at a sample consisting of an enormous number of tiny crystals
having random orientation, producing a diffraction pattern that is recorded on film or
with a counter tube is called powder method. The most common method of structure
determination is the technique of X-ray diffraction.

The powder method derived by Debye and Scherer and independently by Hull in
1919 is the most widely used method in the field of applied X-rays. When the
crystalline material is not available in the form of discrete single crystals then X-ray
diffraction patterns are obtained by aggregation of crystals usually of the form of fine
powder using a powder camera or diffractometer. Basically the method involves
diffraction of monochromatic X-rays by a powder or a fine-grained polycrystalline
specimen and if properly employed can yield a great deal of structural information
about the material under investigation. Each particle, a grain in the specimen, is tiny
crystal oriented at random with respect to the incident beam. There is fair change that
a certain (hkl) plane will be correctly oriented to reflect the incident beam. Thus an
angular variation of 0 is obtained, not by rotating a single crystal about one of 0 its
axis but through the presence of many small crystals randomly oriented in space in

the specimen. This variation can be determined from Bragg’s law.

Bragg's law states that when X-rays hit an atom, they make the electronic cloud
move as does any electromagnetic wave. The movement of these charges re-radiates
waves with the same frequency (blurred slightly due to a variety of effects); this
phenomenon is known as the Rayleigh scattering (or elastic scattering). The scattered
waves can themselves be scattered but this secondary scattering is assumed to be
negligible. A similar process occurs upon scattering neutron waves from the nuclei
or by a coherent spin interaction with an unpaired electron. These re-emitted wave
fields interfere with each other either constructively or destructively (overlapping
waves either add together to produce stronger peaks or subtract from each other to
some degree), producing a diffraction pattern on a detector or film. The resulting

wave interference pattern is the basis of diffraction analysis. Both neutron and X-ray
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wavelengths are comparable with inter-atomic distances (~150 pm) and thus are an
excellent probe for this length scale. The interference is constructive when the phase
shift is a multiple of 2x; this condition can be expressed by Bragg's law,
20hiSing = Nk (3.7)

where,

n is an integer determined by the order given,

A is the wavelength of X-rays or moving electrons, protons and neutrons,

dni is the spacing between the planes in the atomic lattice, and

0 is the angle between the incident ray and the scattering planes.
If we know the wavelength of the monochromatic radiation, we may calculate the
values of h, k and | for each reflection and determine the type of unit cell and lattice
parameters.
In powder diffractometry, diffraction peaks appear at 20 position, which is recorded
by a chart recorder. From the chart recorded diffraction pattern the Bragg angle as
well as the highest peak intensity can be read out. The d value corresponding to each
peak can be calculated by using the Bragg’s relation. The interpretation of the
powder diffraction pattern requires identification, i.e. determination of (hkl) values
corresponding to each diffraction peak. This is known as indexing which leads to the
determination of the crystal structure. Below we describe the indexing of powder

pattern by the reciprocal lattice concept.

3.4.2 Calculations of lattice parameters

The lattice parameters of ZnMnO are used as reference to calculate the parameter of
the prepared Zn;xMn,O samples. The d values coincided with those of ZnMnO
(JCPDS data card 36-1451) with preferential orientation along (100), (002) plane and
the standard values of lattice parameters are a = 3.23 A and ¢ = 5.17 A.

3.4.3 Calculations of crystallite size

The X-ray diffraction patterns clearly indicate that the samples are of crystalline
type; the reflection type profiles were subjected to calculate crystal or crystallite size
perpendicular to the different crystallographic planes. The grain sizes, &, of the

samples were determined quantitatively using the formula [11].
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¢ = kA/Bcosd (3.8)

where, A is the wavelength of the incident X-ray beam, k is a constant nearly equal to
unity (about 0.94) and 6 is usual Bragg angle. The unit of & is same as that of the A
and expressed in nano-meters. The breadth B of a diffraction line may be measured
by means of on ionization chamber or by densitometry of a pattern recorded
photographically. In general, B is obtained by measuring so called full width at half-

maximum (FWHM) of a diffraction peaks expressed in radians.

3.5 Optical properties of thin films

Optical properties of a solid emanate from its interactions with electromagnetic
waves and are manifested in optical frequencies. The effect of such interactions in
the audio frequency region results in the dielectric behaviour and in the optical
frequencies, optical behaviour. Optical properties of films have been studied
extensively primarily because of their applications in various optical and electro-
optical devices. The optical study of a solid concerns not only with the physical
phenomena such as reflection, refraction, transmission, absorption, polarization,
interference of light but also the interactions of photon energy with matter and the
consequent changes in the electronic states. From reflection, transmission and
absorption processes it is possible to evaluate the optical constants refractive index n,
extinction coefficient k and absorption coefficient o and in turn also the complex
dielectric constant e of a solid. The study of the refractive index provides an
understanding of the chemical bonding [8], photoemission properties and electronic
structure of the material [9]. On the other hand, absorption studies provide a simple
means for the evaluation of absorption edge, optical energy band gap, optical
transitions which may be direct or indirect, allowed or forbidden and also the nature

of the solid material.

3.6 Absorption co-efficient
When a semiconductor is illuminated by light, photon strikes the surface, a function
of photons is reflected and the remaining photon enters the semiconductor. Some of

these are absorbed within the semiconductor and the remainder transmitted through
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the semiconductor. The absorption of radiation by any medium occurs through the
excitation of electrons and photons.
For semiconductor, it is convenient to consider several types of absorption arising
from,

Q) Electronic transitions between different energy bands

(i) Electronic transitions within any energy band

(iii)  Electronic transition to localized states of impurity atoms

(iv)  Lattice vibrations

(v) Vibrations of impurity atoms.

In the fundamental absorption region the transmission T is given the relation,

47Zktj

T = Aexp[—T (3.9)

where A is constant, k is the extinction co-efficient and t is the thickness. For k?<<n?
the principal variation of T occurs in the exponential term and pre exponential term
A. Therefore

T ~exp(-at) (3.10)
47K . . - :
where, a = - is the absorption coefficient of the film. Then

o=t (3.11)
e

3.7 Optical bandgap

The difference in energy between the top of the valence band and bottom of the
conduction band is known as bandgap or forbidden energy gap. For conduction of
electrons energy must be equal to or greater than the forbidden energy gap. In

general two types of bandgap are found in the crystal.

Q) Direct bandgap
(i) Indirect bandgap.
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3.7.1 Direct bandgap of semiconductor

If the maximum of the valance band and the minimum of conduction band energy

exist for the same value of crystal momentum P in a semiconductor, then the

semiconductor is called direct bandgap semiconductor. The form of the absorption

process for a direct bandgap semiconductor is shown in energy momentum sketch of

Fig. 3.4 (b). Since the momentum of photon small compared to the crystal

momentum, the latter essentially is conserved in the transition. The energy difference

between the initial and the final state equal to the energy of the original photon, i.e.,
E~Ei=hv (3.12)

in terms of parabolic band.

2
E E,= " (3.13)
2m

c

Therefore the specific value of crystal momentum at which the transition occur is

given by
P2[ 1 1
(Ef _Ei)_(EC _Ev):7{m*c +m*n} (3.14)
hv-E, :{ 1* + 1 } (3.15)
me mMiy

where, hv = E¢ — E; = photon energy and Eg = E¢ — E, = energy gap.

As the photon energy, hv increases, so does the value of the crystal momentum at
which the transition occurs Fig. 3.4 (c). The energy form the band edge of both the
initial and the final states also increases. The probability of absorption depends on
the density of the electron at the energy corresponding to the initial state as well as
the density of empty states at the final energy. Since both these quantities increases
with energy away from the band edge the absorption co-efficient increase rapidly
with increasing photon energy above Eg. A simple theoretical treatment gives the

result, as

1
a(hv) = A" (hv- Eg) 2 (3.16)
where A” is a constant having the numerical value of 2x10* when o is expressed in

cm™ and hv and Eg are in electron volts (V).
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3.7.2 Indirect band gap semiconductor

In the case of an indirect bandgap semiconductor, the minimum energy in the

conduction band and the maximum energy in the valance band occur at different

values of crystal momentum.

A

Air

Semiconductor

Fig. 3.4 (a) Ray of monochromatic light
incident on semiconductor.

N

Eg-Ev —»
g =v | Eg
- Phonon absorption
Ev Eq- Ep

e

»
|

Crystal momentum, k

Fig 3.4 (c) Energy-crystal momentum
diagram of an indirect bandgap
semiconductor.

EC\A /f EV
hv

= l E;

/ \ A

Crystal momentum, k

Fig. 3.4 (b) Energy-crystal momentum of a
direct bandgap semiconductor.

Energy, E

S
E/ <

v

Fig. 3.4 (d) Free carrier absorption in
conduction band.

Fig.3.4: Photon energies much larger than the forbidden gap are required to give
transition of electrons from the valance band to conduction band.
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As indicated in the energy momentum sketch of Fig. 3.4 (c), an electron can make a
transition from the maximum energy in the valance band to the minimum energy in
the conduction band in the presence of photons of suitable energy by the emission or
absorption of phonon, Hence the minimum photon energy required to excite an
electron from the valance to conduction band is
hv=Eg+E, (3.17)

where, E, is the energy of an absorbed phonon with the required momentum. An
analysis of the theoretical value of the absorption co-efficient gives the results,

A(hv-E, +E,)’ (3.18)

E, )"
exp| —
Pl kT

for the transition involving phonon absorption and

a, () =

A(hv-E, +E,)? (3.19)

1- p 2 i
ex
KT

for one involving photon emission. Since both photon emission and absorption are

a, (h) =

possible for hv>Ey + Ep, the absorption co-efficient is then.
a(hv) = a, (hv) + , (hv) (3.20)

3.8 Refractive index, extinction coefficient determination
Let us consider a thin film of thickness t having a refractive index n. If the absorption
occurs then n should be replaced by nq-ik i.e.,

n = ne-ik (3.21)
where, k is the extinction coefficient and n, is the real part of n. The physical
meaning of k is the following. When the wave has propagated over a distance equal
to the wavelength in the vacuum, the amplitude is reduced by a factor exp(-2xk).
The film is bounded by transparent media with refractive indices nq (glass) and r,

(air) as shown in Fig. 3.5.
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Fa

Fig.3.5: A film bounded by air and glass.

There are many methods for determination of n and measuring transmittance and
reflectance of the same film can make k separate determination of n and k. We can
determine absorption coefficient by using the relation,

o= [ﬂj =}In{ﬂ} (2.22)

A t T

From above equation we can write,

K =Z—l=ﬁ|n[(l}—R)z} (3.23)
T

where A is the wavelength of incident light and T is the transmittance.
The refractive indices, n for the films having interference in the reflectance spectra
can be determined by the relation,

n= %{%} (3.24)
where t is the thickness of the film and A; and A, are the wavelengths of two
consecutive maxima of interference pattern [10]. The same value of n can be

determined by the relation,

1+ /R
n? = nonsl—qW] (3.25)
1+ R,

where n, and ns are refractive index of air and glass substrate respectively and Rqw 1S

the reflectance of the quarter wavelength [11].
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The refractive index n and the extinction coefficient k in the crystal are related to the
reflectivity at normal incidence by the relation,

_ n+!k—1 (3.26)
n+ik+1
and the reflectance is given by the relation,
_ 2 2
(n+1)* +k?
From equation (3.24) we can write,
~2(R+1)£(2R+2)* —4(R-1)R+Rk? —k* -1
_—2R+1)2y(2R+2] ~4R-1R+ ) (3.28)

2(R-1)
knowing reflectance R and extinction coefficient k, we can calculate refractive index

by using equation (3.28)

3.9 Optical conductivity

The dielectric constant is an intrinsic property of a material. The ratio of the electric
displacement, D in a dielectric medium to the applied electric field strength, E is
known as the permittivity denoted by € and defined as

D
€=—= 3.29
= (3.29)

The relative permittivity e, is the ratio of electric displacement in a medium to the
electric displacement in free space for the value of applied electric field strength i.e.,
C=¢cley (3.30)
here eo is the permittivity of free space . The dimensionless quantity e, is also termed
as the dielectric constant when it is independent of electric field strength .In case of
thin film absorption occurs; this film is characterized by complex dielectric constant

given as
€=¢c1—ie (3.31)
where subscript ‘r’ has dropped. It follows from the Maxwell’s equations that
(n-ik)? = e1 — ie, (for the case of free electron ) (2.32)
Following above equation we can write for real and imaginary parts respectively,
€1=n*-K (3.33a)
€, = 2nk (3.33b)

54



Chapter one General Introduction

The loss angle is given by the relation,

6 = tan™(exler) (3.34)
The electromagnetic energy absorbed by unit volume of a crystal when it interact
with the light is proportional to the optical conductivity, denoted by o;. The optical
conductivity is defined by

o1 =nkc/ A (3.35)

where c is the velocity of light, A is the wave length of light.

PART D: STUDY OF ELECTRICAL PROPERTIES OF THIN
FILM

3.10 Introduction

All solids can broadly be classified into two categories, namely, conductors and
insulators. There, however, exists a class of materials the conductivities of which lie
in between the above two categories lying in the range ~10° ohm™cm™and 10° ohm®
'em™ and these materials are known as semiconductors. Their electrical conduction
may be close to those of poor conductors or may be as low as of an insulator. The
physical properties of thin films of a material are different from those of the bulk
material. When the thin films are used in many practical purposes it’s electrical,
optical and other properties must be known. Depending on its uses, transmitivity,
reflectivity, optical absorption, band gap energy, extinction co-efficient refractive
index etc., are calculated within certain wavelength range of incident photon energy.
It is also interesting to study the thin film resistivity and also on its dependence on
film thickness, which is often referred to as size effect. The resistivity of metals at
room temperature is of the order of 10° Q-cm, in semiconductor 10° ~ 10° Q-cm,
and in insulator it ranges from 10 ~ 10 Q-cm. Electrical resistivity of
semiconductor strongly depends on temperature. At high temperature it may behave

as conductor and at absolute zero a pure semiconductor will be an insulator.
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3.10.1 Resistivity and conductivity measurement

The tendency of a material to consist of the flow of an electrical current through it
and to convert the electrical energy into heat energy is called resistance. According
to Ohm’s law,

2V

(3.36)
Where R is the resistance of a material, V is the potential difference and | is the
current flow through the material.

The resistance per unit length of unit cross section is called resistivity. It is denoted
by p and mathematically defined as,

RA
p= (3.37)

where A is the cross-sectional area and L is the length.
Electrical conductivity of a material is reciprocal of resistivity of the material. It is
denoted by ¢ and mathematically defined as

0=£ (3.38)

Resistivity is an intrinsic property of a material and depends only on the crystal
structure of the material. The resistivity can be obtained by measuring the resistance
of a specimen of the material with well-defined regular geometric shape. There are

many methods to measure resistivity. Some of them has been discussed below.

3.10.2 Methods to determine the resistivity
There are four methods commonly used for the measurement of resistivity.
(i) Direct method
(it) Two-probe method
(iii) Four probe method
(iv) Van-der Pauw method

3.10.2 (i) Direct method

The resistivity of a thin film can be measured easily by direct method using the
relation

56



Chapter one General Introduction

p=R % (3.39)

where, b and t are the breadth and thickness of the sample. For simplicity, if we
consider, b = L, the above equation becomes

p=Rt (3.40)
measuring the resistance, R and thickness, t, one can easily determine the resistivity.
The circuit diagram of the direct method is shown in Fig. 3.6 (a).

3.10.2 (ii) Two-probe method

In this method potential is applied between the two ends of the specimen and the
voltage drop is measured between two points in the specimen. The method is
generally used to determine the high resistivity i.e., low conductivity having order
10 to 10" mho-cm™. The voltage drop is measured between potential probe as
shown is Fig 3.6(b).

3.10.2 (iii) Four-probe technique

Four-probe method is usually used for the determination of low resistivities. For this
purpose four metal pins at a equal distance D are pressed by springs against the
semiconductor sample as shown in Fig. 3.6(c). If the outside pins carry a current of
intensity, | a voltage drop is measured between the inner probes of magnitude V.
Assuming the sample to be much thicker that the pin distance, D the resistivity p is

given by
p="7" (3.41)

The effect of the contact resistance is avoided in Four-probe method.

3.10.2 (iv) Van-der Pauw method

The resistivity of a film having any arbitrary shape can be uniquely determined by
Van-der Pauw’s method. A brief account of this method is given below because in
our measurement we have used Van-der Pauw method.

At first we select a region or the sample where four electrical contacts were made at
four corners, say A, B, C, and D as shown in Fig. 3.6(d). Using silver paste or indium

was used to make the contact. If a current Iag entering the specimen through the
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Film
Fig. 3.6 (a) For direct method Fig. 3.6 (b) For two-prove method
0
ré Film | ©
W
Fig. 3.6 (c) Circuit arrangement for Fig. 3.6 (d) Circuit arrangement for
four-prove method Van - der Pauw’s method

Fig. 3.6: Circuit arrangements to determine electrical resistivity.

contact A and leaving through the contact, B produces a potential difference Vp— V¢
between C and D then the resistance Rag, cp is defined as
VD _Vc — VCD

RAB.CD = (342)
IAB I AB
Similarly,
VvV, -V Vv
Recpa= =—2—2=-P4 (3.43)
IBC IBC
Rcp.as = Vo Va _Vie (3.44)
ICD ICD
Ve -V, V
and RDA.BC =_C¢ B —_BC (345)
I DA I DA
The resistivity of a thin film can be expressed by the equation,
p — ﬂt|: I:QAB.CD + I:zBC.AD :| x f|: RAB.CD :| (3.46)
In2 2 Rec 1o
p =453tx |: Rascp + Rec ap :| x f|:RAB.CD :| (347)
2 RBC,AD

where t is the thickness of the film and the function f can be evaluated from the

equation,
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|:RAB.CD —Racon i| _ Lare cosh exp(In2/f) (348)
In2 2

RAB.CD + RBC.DA

If Rag.co and Rgcpa are almost equal, f may be approximately equal to unity and
then the equation (3.49) takes the form,

p=2.2651t (RagcotRec,pa) £2-cm (3.49)

It is very difficult to get f equal to unity, so we have taken the value of f from the

chart for different ratio greater than unity.

3.12 Hall effect

One of the most important properties of all solids is the Hall Effect and this is
conjunction with the electrical conductivity is a simple but powerful technique for
studying the transport properties of metals and semiconductors. When a conductor is
place in a magnetic field perpendicular to the direction of current flow, a field is
developed across the specimen in the direction perpendicular to both the current and
the magnetic field. This effect was observed by E H Hall and known as Hall effect.
The experimental procedure of Hall effect is available to measure the carrier
concentration and mobility and it makes possible to determine the sign of the charge
carriers in the semiconductors. Number of literature deals with the Hall effect in thin
films grown by various methods. These investigations show that the Hall effect in
thin film strongly depends on,

Q) The state of ordering as influenced the vacuum conditions, the
substrate temperature during the deposition and the annealing
temperature.

(i) Concentration of different materials in the alloy films.

(i) The temperature

(iv)  The film thickness.

Hall effect is important for the following information,
Q) To characterize the material under the consideration whether it is p-
type or n-type.

(i) For the calculation of the number of charge carriers per unit volume.
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(i) For the understanding of the mobility of charge carriers and Hall

constant from where the conductivity is known.

3.12 The Hall constant and carrier concentration

When a conductor carrying a current | is placed in a transverse magnetic field B, then
an electric field is induced in the conductor in the direction perpendicular to both I
and B. if the current. | is in the X-direction and magnetic field B in the Z-direction of
right handed co-ordinate system and the electric field is produced in the conductor in
the Y-direction as shown in Fig. 3.8(c)

In the presence of magnetic field a magnetic force proportional to the magnetic field
strength B and electrons average velocity of magnitude V also acts on the electron.
This forces is at right angles to the directions of B and V and for the deflection of
each electron of electrical change is build up there which, in turn, produces an
additional electric field under equilibrium condition, the sideways force on the
moving carries due to this field just balance that arising from the magnetic field and
the electrons can more freely down the conductor. The magnitude of the transverse

Hall field Ey is found by equation the sidewise forces,

eEy =eVB (3.57)
The current density J is given by
J=neV (3.58)

where, n is the conduction electron density and V is the average velocity.
Putting the value of V from Eq. (3.58) into Eg. (3.57), we obtain

E, = (i}]B ~R,JB (3.59)
ne

where the Hall constant is

Ru="rg (3.60)

60



Chapter one General Introduction

The carrier concentration is obtained from equation (3.60) and Hall voltage Vy is
obtained from equation (3.59) directly.

e

Ex

v

Fig. 3.7 (a) Relative direction of current,  Fijg. 3.7(b) Strip of conducting material.
magnetic field and Hall field

for negative electrons.

Fig. 3.7(c) The forces acting on a current carrier in a conductor placed in a
magnetic field leading to the observable Hall field Ep.
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Let a rectangular sample of material of width W and thickness t. The Hall voltage is
produced by the applied magnetic field B is Vy, then Ey is given by

Ey = % (3.61)

and current density J is given by
I

=Wt (3.62)
Therefore Eq. (2.59) becomes
1 E Vit
Ry = —-=—H=_H" 3.63
"Tne” 3T 1B (3.63)

In equation (3.63), e is the magnitude of electronic charge and algebraic sign of the
sign of the Hall voltage tells whether the carriers are holes or electron conduction by
holes gives the positive value for Ey. Conduction by electrons give a negative value

of Ey and a negative value of Hall constant Ry,.
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CHAPTER-IV
EXPERIMENTAL DETAILS

This chapter includes the experimental setup for thin film deposition equipments for
spray pyrolysis technique and illustrates in details the preparation of Zn;xMn,O thin
film with doping concentrations, x = 0.01, 0.02, 0.03, 0.04, 0.05 up to 0.20 on glass
substrate. The detail discussion about every experimental setup have been presented
with appropriate method throughout the course of the thesis work for the analysis of
the structural, optical, electrical, properties.

PART A: FILM PREPARATION

4.1 Introduction

Thin films can be prepared from several of materials such as metals, semiconductors,
magnetic semiconductor, insulators, dielectrics etc. and for this purpose various
preparation techniques have also been developed. Spray pyrolysis is the most
commonly used technique adopted for the deposition of metals, alloys and many
compounds. This chapter deals with mainly the experimental setup of different
experimental apparatuses and preparation of experimental samples of Zn;.,Mn,O
thin film with doping concentrations, x = 0.01, 0.02, 0.03, 0.04, 0.05 up to 0.20 onto
glass substrate. Various steps taken for the film deposition have been discussed

below.

4.2 Experimental equipments for spray pyrolysis technique

For the fabrication and characterization of the fabricated films, we were used various
kind of equipments. The experimental setups for the spray pyrolysis technique have
been described below.

4.2.1 Preparation of mask
The direct deposition of thin film pattern requires a suitably shaped aperture,
commonly referred to as a mask. In the case of chemical spray deposition process it

is needless to say that the mask should be insert to the chemicals used for the process
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and also can sustain high temperature. We found mica and stainless steel as suitable
masking material. Since the thickness of the films deposited is of the order the mask
should be as thin as possible so as to obtain uniformity of thickness throughout the

film pattern. Masks used for film are shown in Fig. 4.1.

Fig.4.1: Mask used for the thin film preparation.

4.2.2 Heater

The heater H shown in Fig. 4.2 is an ordinary hot plate 2-kilowatt nichrome wire
heater. The top of the plate is covered with a thick sheet of stainless steel plate G.
Substrate is placed on this plate to have a uniform temperature throughout the
substrate surface. A mica sheet with the same design of mask is placed in between
the substrate and the mask to prevent spreading in solution beyond the opening of the
mask. An electrical voltage variac controls the heater power. The temperature of the

heater was measured by a pyrometer.

4.2.3 The design of reactor

Fig. 4.2 shows the design of the reactor. It is the vertical batch type reactor
composed of a galvanized iron enclosure E, a heater H and heat susceptor G. For the
rapid expulsion of the by-product gases there are openings at the side and at the top
of the reactor. The bauble cone shape of the reactor wall E has fold action. It helps
focusing the incoming aerosol towards the substrate S and also provides a chimney

action to the exhaust gas upwards.

66



Chapter one General Introduction

4.2.4 The fume chamber
It is a large box type chamber with a slanting top and is provided with a chimney.
There is an exhaust fan with regulated power supply fitted at the mouth of the

chimney. The slanting top and the sidewalls are made of glass. There are airtight
doors in the front side. The chamber has purging facilities.

A =Lower tube G = Metal plate H = Heater S = Substrate P
= Upper tube F = Beaker T.C. = Digital multimeter with a thermocouple.

Fig.4.2: Schematic diagram of spray pyrolysis technique.

The whole spray system is kept inside the fume chamber at the time of film

deposition because of (a) safety grounds and (b) to check air current disturbances at
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the deposition site. These two points just stated are very important for the parasol
process when deposition is carried out in open-air atmosphere.

4.2.5 Air compressor

It is a reservoir type electrical air compressor. A rotary pump in this section mode
draws atmospheric air and keeps it reverse in a large capacity air tank. At the outlet
of the tank a pressure gauge is attached which records the pressure of the air at the
time of supplying it from the tank. There is a bypass control valve which can keep

the output pressure constant.

4.2.6 Nozzle

The single spray nozzle consists of capillary tubes (stainless steel) fitted at
perpendicular to the other tube as shown in Fig. 4.2. When compressed air is passed
rapidly through the upper tube P in direction tangential to the mouth of the lower
tube “A’ and the other end is kept immersed in the spray liquid. Due to this partial
vacuum the liquid rises up through the tube A and the compressed air drives it away
in the form of the fine spray particles (aerosol). The thinner the spray nozzle the finer
would be the spray particles. A very fine needle shaped capillary tube was used for
the spray nozzle. Fine spray through the nozzle depends on the bore of the nozzle

and it may vary from nozzle to nozzle.

4.3 Substrate and substrate cleaning

The most commonly available microscope glass slides were used as substrates in the
present work. The cleanliness of substrate surface exerts a decisive influence on film
growth and adhesion. A thoroughly cleaned substrate is a pre-requisite for the
preparation of films with reproducible properties. The choice of cleaning techniques
depends on the nature of the substrate, the type of contaminants and the degree of
cleanliness required. Since our glass substrates were ordinary soda lime microscope
slides and over slides and therefore residue from manufacturing and packaging, lints,
fingerprints, oils and air borne particulate maters were supposed to be
contaminations. The following procedure was found adequate for substrate cleaning

in our laboratory. The gross contaminations of each of the substrates are first
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removed by Luke warm aqueous solution of sodium carbonate. After washing in a
stream of washing powder and dipped in ethanol. Taking them out of the ethanol one
by one they are washed and thoroughly rinsed with de-ionized water several times
and finally made dry by blowing hot air. They are then preserved in desiccators.

During the whole process slide, holding forceps always held the substrates.

4.4 Working Solutions
Zn;xMn,O (x = 0:00, 0.01, 0.02, 0.03, 0.04, 0.05 upto 0.20) thin films will deposited

using spray pyrolysis technique. Zn(CHsCOO)2.2H20 and Mn(CHsC0OO)2.4H20

were used as precursors for Zn and Mn ions, respectively. Both the precursors were
dissolved in deionized water. The total concentration of the solution was kept at 0.5
mol. The films were deposited on glass substrates cleaned with acetone and
deionized water. For all concentration of Mn, the substrate was maintained at 300
°C. The temperature of the substrate will be measured by a pyrometer. The spray
rates will be measured by a flow meter. The flow rate of the solution during spraying
will be adjusted to be about 2.5ml/min and kept constant throughout the experiment.
The distance between the spray nozzle and the substrate will be maintained about 25

cm.

4.5 Sample deposition

It has been stated earlier that the spray pyrolysis method for preparation of Zn;.
«Mn,O with x = 0.1, 0.2, 0.3, 0.4 0.05 upto 0.20 thin film is an economically
attractive method, which consists basically of spraying a solution on a heated
substrate. The apparatus needed to carry out the chemical spray process consists of a
device to atomize the spray solution on a substrate heater. Fig. 4.2 shows a typical
experimental set up. A considerable amount (above 100 ml) of spray solution taken
in the container F fitted up with the spray nozzle A. The clean substrate with a
suitable mask was put on the susceptor of the heater H. The distance between the tip
of the nozzle and surface of the substrate was 22 cm. Before supplying the
compressed air the heater was kept for sometime so that the substrate and the reactor
wall attain the requisite temperature. The substrate temperature Ts was to be kept at a

level slightly higher than the required substrate temperature because at the onset of
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spraying a slight fall of temperature likely. The temperature of a substrate was
controlled by controlling the heater power by a variac. When compressed air is
through P at a constant pressure (0.5 bar), a fine aerosol was produced and was
automatically carried to the reactor zone where film was deposited on the heated
substrate. By trial we have adjusted a situation such that 5 to 7 minutes of spray
produces thin films of requisite thickness (400-580 nm) at a substrate temperature of
300°C. Finally we were fabricated Zn;.«MnO thin film with x = 0.1, 0.2, 0.3, 0.4
0.05 upto 0.20 at 300 °C substrate temperature at air ambient onto glass substrate
and it was maintained substrate to source distance 25 cm. Possible reaction of the

material when pyrolysis was occur as follows:

—

[Zn(CH,C00),.2H,0]]
. — lan_an,‘O +T Co, +T CH, Jstem

[Mn{CH;C00),.4H,0]_|

4.6 Deposition rate and thickness control

The rate of flow of the solution can be controlled by suitably designing the nozzle A
and adjusting the airflow rate. In the present spray deposition process, the deposition
time is the main thickness-controlling factor, provided the other parameters remain
constant. Since the deposition is carried out in normal atmosphere a direct and inset
control of thickness is not so essay. To control the film thickness therefore
calibration chart may be used. The charts are generally plots of deposition time
versus thickness, and can be prepared at different constant substrates temperatures
prior to the preparation of particular experimental samples using the different
solution and deposition variables. Since the rate of deposition in present setup is

rather small, the thickness control is therefore not difficult.
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PART B: EXPERIMENTAL MEASUREMENT

4.7 Measurement of film thickness

In the present work, Zn;xMn,O films were deposited by spray pyrolysis technique
on glass substrate at constant substrate temperature and films of different thickness
were grown. The thicknesses of the films were measured by Newton's ring method
which is described in chapter three. The thicknesses of the films were varied by
varying deposition time. Films prepared by spray pyrolysis process were found to be

physically stable and adhered to the glass substrate well.

4.8 Structural study by XRD analysis

X-ray diffraction (XRD) patterns of Zn;«MnO thin films deposited on glass
substrate were taken using X-ray diffractomet. X- ray diffraction of all the samples
have been recorded using monochromatic CoK, radiation of wavelength A = 1.709
A, . From the XRD patterns crystal parameters such as crystal structure, lattice

constants, grain size, etc. have been evaluated.
4.9 Measurement of absorbance and transmittance

Optical reflectance and transmittance of thin film samples were measured by using a
double beam UV-Visible spectrophotometer at room temperature. The sample with
the substrate was placed in the incident beam and another empty substrate in the
reference beam of the instrument. The optical transmission spectra of the film with

respect to glass substrate were then taken for wavelength range 300 to1100 nm.

4.10 Measurement of absorption coefficient and optical bandgap
Absorption coefficient and optical bandgap have been calculated using reflectance
and transmittance spectra taken at room temperature directly. The value of
absorption coefficient is calculated by using the relation,

o= %m{ﬂ} (4.1)

T
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According to Bardeen et al. [1] the relationships that exist for possible transition
across the energy gap of a semiconductor show that the absorption co-efficient o is

proportional to the following expression for the condition given below,

o= Abv-&,) Vh;Eg) (4.2)
where, A is a constant, hv is the photon energy, n is an index related to the density of
state (n = 1/2 for direct allowed transition and n = 2 for indirect allowed transition)
and Eg is the optical bandgap of the semiconductor. By plotting (ahv)" against hv for
the various value of n it is possible to determine which of these conditions dominate

and hence determine the appropriate energy gap of the sample.

4.11 Attachment of conducting wire with films

Generally two methods are used to attach the conducting wire with the thin films,
namely solid phase bonding and alloying bonding. The solid phase bonds are formed
by thermo compression and ultrasonic means, whereas the alloy bonds are formed by
soldering. Soldering is the simplest and most commonly used process in joining
leads to thin films and in the present work indium was used as soldering material to
make electrical contact shown in Fig. 4.3.

Copper wire

Thin film

‘_
Substrate

Fig. 4.3: Diagram of film with lead attachment

4.12 Measurement of resistivity, conductivity and activation energy

Van-der Pauw’s method [2] was used to measure the resistivity and the electrical
conductivity of the specimen, which is described in Part-D of chapter three. The
circuit arrangements used for the resistivity and conductivity measurement are
shown in Fig. 4.4. The currents were passed through the terminals A and B, B and C

the corresponding potential difference were measured between the terminals C and D
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and D and A respectively with the variation of temperature. Temperature was
measured directly by a digital temperature measuring multimeter (model KT105).

The resistivity p and hence, the conductivity owas calculated using the equation,

pP= 2.265t (RAB,CD+RBC,DA) (43)
and hence, the conductivity o was calculated using the equation,
o=1lp (4.4)

where, t is thickness of the film, Rag co = Vep/las and Rec,pa = Vpa/las.
Activation energy 4E was calculated from the slope of Ino versus 1/T plot based on
the equation,
o = o eXp (-Ea/2ksT)
or, AE = -2kglno/(L/T) (4.5)

- A
Power O
supply Substrate
E t
2R
\ |
TC{
Heater
&
Film
O
¢ D
Variac

Fig. 4.4: Schematic diagram for the measurement of film resistivity. 1, 2, 3 and
4 are meter terminals and A, B, C and D are the film terminals.
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CHAPTER-V
RESULTS AND DISCUSSION

In this chapter the results of structural, optical, and electrical, properties of Zn;.
xMn,O thin films with doping concentrations, x = 0.01, 0.02, 0.03, 0.04, 0.05 up to
0.20 have been discussed. Films were fabricated onto glass substrate by spray
pyrolysis technique at 300 °C substrate temperature. Then the experimental results of
Zn1xMn,O thin films have been presented. The possible explanations and discussion

of the experimental results are also given in this chapter.

5.1 Thickness Measurement

The thicknesses of the films were measured by the setup of Fizeau fringes method.
The thickness of Zn;xMn,O thin films for x= 0.00, 0.01, 0.03, 0.04, 0.05 0.06, upto
0.20 were found to be 400 to 550 nm respectively.

5.2 Surface morphology of Zn;.,Mn,O

Scanning electron microscopy is widely used to obtain the surface morphological
information of thin films. Surface morphology of the undoped and Mn doped ZnO
thin films on glass substrate were studied by scanning electron microscopy (SEM).
The SEM images are of the as deposited film as in Fig.5.1 (a). From this figure it is
observed that the film surface is very smooth but only a few space shown circular
disc like shape consisting of a number of rope like nanostructure arranged or
overlapped around the nucleation centre.

Different results were obtained for Mn doped ZnO thin films as in fig.5.1 (b, c, d, f)
respectively. Those pictures shows randomly oriented nano rops on the film surface.

With increasing Mn concentration nano rops are clearer as well.
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10/20/2011 HV mag = | WD 10 pm
12:27:47 PM 25.00 kV 10 000 x/9.9 mm AECD

Fig.5.1a: SEM image of (10000X magnification ) ZnO thin film for (a) x=0.00

10/30/2011 HV mag = | WD - 10 pm
2:07:53 PM|25.00 kV/10 000 x/4.4 mm AECD

Fig.5.1b: SEM image of (10000X magnification) Zn;.xMn,O thin film for (b) x=0.02
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10/30/2011 HV mag ¢ wD
1:14:51 PM 25.00 kV |10 000 x /7.8 mm

Fig.5.1c: SEM image of (10000X magnification) Zn1.xMnyO thin film for (c) x=0.04

Fig.5.1d: SEM image of (10000X magnification) Zn;xMn,O thin film for (d) x=0.06
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Fig.5.1e: SEM image of (10000X magnification) Zn;.MnyO thin film for (e) x=0.10

10 pm
0 x 9.4 mm AECD

Fig.5.1f: SEM image of (10000X magnification) Zn1.,MnxO thin film for (f) x=0.20
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Under higher magnifications of 10000X, the SEM micrograph of the Mn doped ZnO
shows high density of closely packed smooth over a large area around the nucleation
center. The fibers are oriented of various lengths.

In the case of 4% Mn doping concentration the disc likes structures completely

disappear and very straight nono-rops were observed shown in figure 5.1(c).

5.3 Compositional studies

The composition of Zn;.,Mn,O films was confirmed by energy dispersive X-ray
spectroscopy (EDX). Fig. 5.2(a-d) shows the EDX spectra of Zn;.xMn,O thin films.
Table 5.1 shows the composition of elements in film of the sprayed solution. A
strong peak is observed which corresponds to Si (Substrate) and Ca peak is also
responsible for substrate. An Oxygen peak is also observed which is due to
incorporation of oxygen into the substrate from the air when pyrolysis was occurring.
Two different peaks corresponding to Zn and Mn in the spectrum, which confirms
the Zn;.xMn,O thin film. For different concentrations of Mn in the solution, there is
also Mn peak in the spectra. At high operating voltage the electron beam penetrates
the film and reaches the glass surface, which results the Si and Ca peak are produce.
Figures 5.2 (b-d) are shown the EDX analysis spectrum for Zn;x4MnxO thin films.

Intensity (a.u)

1.0 200 300 400 500 600 700 &.00 9S00 10.00 11.00 12.00

KeV
Fig 5.2a: EDX spectrum of as-deposited ZnO thin film.
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Intensity (a.u)

KeV

Fig 5.2b: EDX spectrum of Zn;.,MnO thin film for x=0.04.

Intensity (a.u)

2.00 4.00 6.00 a.oo 10.00 12 00

KeV

Fig 5.2c: EDX spectrum of Zn;xMn,O thin film for x=0.06.
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Intensity (a.u)

Z.00 4 .00 & .00 B . 0D 10.@0 12 . 00

KeV

Fig.5.2d: EDX spectrum of Zn;xMn,O thin film for x=0.10.

Table-5.1: Elemental analysis data for Zn;.xMnyO thin films.

Concentration of Mn Elements Wt % At %
O 5.85 11.49

Si 2.27 6.41

X=0.00 Ca 2.42 3.28
Zn 89.46 69.83

Total 100 100

Concentration of Mn Elements Wt % At %
O 4.53 12.93

Si 1.69 1.42

X=0.04 Ca 2.11 1.60

Mn 3.54 2.62
Zn 88.13 81.43

Total 100 100
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Concentration of Mn Elements Wt % At %
0] 5.19 17.42
Si 2.04 441
Ca 2.31 3.10
X=0.06
Mn 4.87 4.79
Zn 85.59 70.33
Total 100 100
Concentration of Mn Elements Wt % At %
0] 7.97 23.68
Si 6.30 10.66
Ca 4.73 5.61
X=0.10
Mn 8.23 7.12
Zn 72.78 52.93
Total 100 100

In this table we have seen that, the average atomic percentage of Zn, O, and Mn was
81.43, 12.93, and 2.62 respectively for 4% of Mn concentration which reveals that

the as-deposited films are very nearly-stoichiometric.

5.4 Structural study by XRD analysis

To determine the structure of ZnO and Mn doped ZnO thin films, samples were
deposited on glass substrate by spray pyrolysis method at 300°C substrate
temperature. The XRD patterns of the films were taken with a diffractometer, using
CoK, radiation (of wavelength, A = 1.7901 A) source. XRD scan was taken in
between 20° to 60° of 26 scale. The XRD patterns of Zn;«Mn,O thin films are
shown in Fig. 5.3. From XRD patterns, it is clear that the films are of amorphous
with crystalline nature in all cases. The peaks observed at 26 and corresponding (hkl)
values are tabulated in Tables-5.2, for doping concentrations, x = 0.00, 0.02, 0.04,
0.06, 0.10 and 0.20, respectively. The XRD patterns could be indexed with
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hexagonal structure. The lattice constants were calculated and found, a = 3.23 A and
¢ = 5.17 A that matched well with standard values a = 3.24 A and ¢ = 5.20 A. These
results are in close agreement with the stoichiometric Zn;.xMnxO of a hexagonal

structure [1, 2]. Crystallite size was calculated using the relation,
¢ =0.94//Bcosd (5.1)

where, & is the crystallite size, 4 is the wavelength of the X-ray used, 6 is the
diffraction angle and B is the full width at half maximum (FWHM) [3]. The
diffraction peaks at 20 values have been chosen for calculation of crystallite sizes for
x=0.00, 0.02, 0.04, 0.06, 0.10 and 0.20 of Zn;.xMn,O system. The calculated values
of crystallite sizes of Zn;.«MnO system for different Mn concentration are given in
Tables-5.2.

1%x=0.20%

1%=0.10%

“|x=0.06%

Intensity (a.u.)

Ix=0.04%

X=0.02%

=0.00 %

0 30 4 5
20 (Degree)

Fig 5.3: X-ray patterns of as-deposited Zn;.Mn,O thin films
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Table-5.2: Crystallite size of as-deposited Zn;xMn,O thin films.

Composition For (100) reflection For (002) reflection Ave. Grain | cla

Xin % 20° dth(A) a(A) 20° dth(A) c(A) | size (nm) | ratio
x=0.00 37.30 | 2.7990 | 3.2320 | 40.50 | 2.5861 | 5.1722 14 1.60
x=0.02 37.45 | 2.7882 | 3.2195 | 40.30 | 2.5984 | 5.1986 09 1.60
x=0.04 37.25 | 2.8026 | 3.2362 | 40.30 | 2.5984 | 5.1986 15 1.60
x=0.06 37.30 | 2.7990 | 3.2320 | 40.30 | 2.5984 | 5.1986 16 1.60
x=0.10 37.40 | 2.7918 | 3.2237 | 40.45 | 2.5891 | 5.1783 18 1.60
x=0.20 37.00 | 2.8209 | 3.2573 | 40.45 | 2.5891 | 5.1783 22 1.60

With increasing Mn concentration the intensity of the (001) peak increases up to 4 %
and then it decreases with increase in full width at half maximum (FWHM). This is
due to the lattice disorder and train induced by Mn?* substitution in the host lattice

[4].

5.5 Optical properties

5.5.1 Transmittance and absorbance

The optical, transmittance and absorbance versus wavelength curves of Zn;xMn,O
thin films with x= 0.00, 0.02, 0.04, 0.06, 0.10 up to 0.20 deposited onto glass
substrates were taken in the wavelength range over 300 nm to 1100 nm. The
transmittance and absorbance of thin films are shown in Fig. 5.4, and Fig. 5.5,
respectively. Figure 5.4 shows that variation of transmittance as a function of
wavelength for different composition of Mn doped ZnO films. These spectra show
high transmittance near about 80% in the wavelength range from 800-1100 nm.
Transmittance show a decreases upto 4% and then increases with higher persentage
of Mn concentration at UV-VIS region. Figure 5.5 shows variation of Absorbance as
a function of wavelength for different composition of Mn doped ZnO films. These
spectra show high absorbance in the wavelength range from 350-500 nm. Finally
absorbance becomes very smaller and remains steady above 700 nm wave length
regions. Absorbance increases upto 4% and decreases with higher percentage of Mn
concentration. From these graphs, it is clear that the absorption edge shifted to the

longer wavelengths when ZnO thin flims was doped with Mn.
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Fig.5.4: Variation of transmittance as a function of wavelength for Zn;.xMn,O films

for different concentrations.
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Fig.5.5: Variation of absorbance as a function of wavelength for Zn;.xMn,O films for

different concentrations.
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5.5.2 Optical bandgap

The direct band gap energy of the films have been obtained from intercept on the
energy axis after extrapolation of the straight line section of (ahv)?® vs hv curve from

the relation.
ahv = A (hv-Ey)" (5.3)

where A is a constant, hv is the photon energy and E, is the optical band gap of the
semiconductor and n is index related to the density of states for the energy band and
is determined by the nature of optical transition involved in the absorption process.
For the determination of band gap we have considered the direct allowed transitions.
Variation of (ahv)? (direct allowed transition) with hv for x=0.00, 0.02, 0.04 and
x=0.06, 0.10, 0.15, 0.20 of Zn;xMn,O thin films are shown in Fig. 5.6. and Fig.5.7
respectively. The bandgaps of the samples were obtained from intercepts on energy
axis after extrapolation of the straight-line section in the high-energy region of

(ahv)? versus hv curve.

1 1 M 1 1
14 | | =——0.00% i
:’IF - | ——0.02% ]
= 2r 0.04% ]
10 | .
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~ 8 | .
I
—
S 6 F -
]
X 4 F _
Q|
7~
22y ;
3 0 B J |
N
-2 I N 1 N 1 N 1 N 1 N
15 2.0 25 3.0 35 4.0

Photon energy, hv (eV)

Fig. 5.6: Variation of (ahv)? with hv for x=0.00, 0.02, 0.04 of Zn;.,Mn,O
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Fig. 5.7: Variation of (ahv)? with hv for x=0.06, 0.10, 0.15, 0.20 of Zn;.,Mn,O

Table-5.3: Variation of bandgap with doping concentration of Zn;.xMnyO thin films.

Direct band gap energy,
Sample Concentration of Mn
AEq (eV)
x=0.00 3.24
x=0.02 3.23
x=0.04 3.21
Zn1xMn,O x=0.06 3.22
x=0.10 3.23
x=0.15 3.12
x=0.20 3.10
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The variation of direct bandgap with doping concentrations is shown in Fig. 5.8
which shows that the interesting band gap tuning for deferent of doping

concentrations.
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Fig. 5.8: Variation of band gap of Zn;.«Mn,O films for different doping

concentrations.

The optical band gap decreases when the Mn concentration increases from 0 to 4%,
and then increases upto 10%. For 15% Mn doped ZnO film, the band gap then shows
a sharp decrease as presented in Fig.5.8 Band gap decrease in the lower Mn
concentration is due to the sp—d interaction between the Mn?* and Zn?** ions [6].
Besides that, the ionization energy of Zn is very high compared to other metals
which are due to its fully filled d-orbital. The band gap variation can be explained by

the strain which was induced by the substitution of Mn ions for Zn ions [7].
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5.5.3 Refractive index and optical conductivity

The refractive index and optical conductivity are determined by using the
transmission and reflection data. The refractive index has been calculated using the

AR

where, n is the refractive index, k is the extinction and R is the optical reflectance.

following relations,

4R
@-R)

(5.4)

The variation of refractive index and optical conductivity with wave length and
photon energy of Zn;xMn,O thin films are shown in Fig. 5.9 and Fig. 5.10,
respectively. The variation of refractive index with wavelength for various
concentrations is shown in Figure 5.9. From this Fig., it is observed that the
refractive index increases in between 350 to 540 nm wavelength region and then

decreases rapidly with increasing wavelength from 540 to 1100 nm.
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Fig.5.9: Variation of refractive index as a function of wavelength of Zn; xMn,O films

for different Mn concentrations.
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Fig.5.10 shows the variation of optical conductivity with the incident photon energy.

The optical conductivity was determined by using the relation

o = anc/4n (3.2

where c is the velocity of light, a is absorption coefficient and n is refractive index.

Figure 5.10 shows that the optical conductivities are increases with photon energy
and it is also observe that conductivities are increases with the deferent Mn
concentration. This means that photons having lower energy are absorbed while

photon having higher energy can transmit through the thin films.
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Fig.5.10: Variation of optical conductivity as a function of wavelength of Zn;.,Mn,O
films for different concentrations.

The optical conductivity increases at high photon energies ( 2eV to 3eV) is may be

due to the high absorbance of thin films.
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5.6 Electrical properties
5.6.1 Variation of resistivity with temperature

The Variation of resistivity with temperature of Zn;.xMn,O thin film are shown in
Fig 5.11. The resistivities have been measured by the Vander Pauws method. The
resistivity has been performed over a range from room temperature to 440 K.
Resistivity measurements were then resumed by decreasing the temperature slowly

to room temperature.
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Fig.5.11: Variation of resistivity with temperature of Zn;.xMnyO films for different

concentrations.

From the Fig.5.11, it is clear that resistivity decreases with increase of temperature in
all cases. Which shows that the semiconducting behaviour of the sample having
negative temperature coefficient of resistance. Which are due to the substitutional
doping of Mn at the ZnO sites creates extra free carrier in the process. As the doping
level is increased, more dopant atoms occupy lattice sites of zinc atoms resulting in

more charge carriers.
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5.6.2 Variation of conductivity with temperature

Conductivity of the Zn;.Mn,O thin films with x = 0.00, 0.02, 0.06, 0.10 and 0.20
were calculated from the resistivity measurements. Conductivity increases with the

increase of temperature as shown in Fig. 5.12.
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Fig.5.12: Variation of conductivity with temperature of Zn;.,Mn,O films for

different concentrations.

It is observed from the curve that the minimum conductivity is found for undoped
ZnO thin films and the conductivity rise with doping concentration and temperature.
Form the Fig.5.12, also observe that there is a non-linear variation of conductivity
indicating that may be more than one kind of conduction mechanism is involved in
this material in the temperature region we have used. Variation of the Inc versus 1/T

plot for five films with different doping concentration of Mn is shown in Fig.5.13.
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Fig.5.13: Variation of In ¢ with 1/T of Zn;.xMn,O films for different concentrations.

5.6.3 Estimation of activation energy

The energy requisite to transfer charge from one neutral island to another is known

as activation energy. Activation energy was calculated by using the relation

AE
O =0,eXp| ——— (5.3)
2k, T

where, 4E is the activation energy, ks is the Boltzmann constant and o, is the pre-
exponential factor. Following this relation, the activation energy, 4E of the Zn;.
xMn,O thin films were calculated from the slope of the Inc versus 1/T plot shown in

Fig.5.14. The calculated values of AE are given in Table-5.4.
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Fig.5.14: Variation of activation energy of Zn;.MnO films for different Mn
concentrations.

Table-5.4: Variation of activation energy for Zn;.xMn,O thin films.

Sample Values of x Activation energy,
AE (eV)
0.00 0.55
0.02 0.57
Zn1xMn,O 0.06 0.66
0.10 0.64
0.20 0.44

From the table 5.4 it is clear that activation energy is increasing up to 6% and then its
decreases with the higher percentage of the Mn concentration. These values of
activation energy are lower compared to the band gap energy (shown in Table-5.3).
Hence the activation energy Value may indicate the position of localized gap states

below the conduction band edge in the film.
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5.7 Measurement of Hall Effect

Hall effect measurements were made on ZnO and Mn-doped ZnO thin films using
Van-der Pauw’s method. Measurements were made at room temperature and in a
constant field of 9.815 KG. Hall co-efficient Ry, carrier concentration n have been
calculated from Hall effect measurements. The variation of Hall co-efficient Ry,
carrier concentration n with doping concentration of Mn are shown in figures

5.15,5.16 respectively and there values are presented in table -5.5.
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Fig. 5.15: Variation of Hall constant Ry with Mn concentration for Mn-doped ZnO
thin films at room temperature.

From the Hall effect measurement it is seen that Mn-doped ZnO thin films have
negative Hall co-efficient, Ry and this indicates the n-type behavior of ZnO:Mn at
room temperature.

Figure 5.15 shows the variation of Hall co-efficient, Ry with doping concentration.
From this graph it is seen that Hall co-efficient sharply decreases with doping
concentration up to 4% and then gradually decreases with high percentage of Mn
concentration. Figure 5.15 show that variation of carrier concentration with doping
concentration. In this figure we have seen that carrier concentration increase at 4%
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Mn concentration and then show a slightly decrease at 6% . Finally carrier
concentration increases up to higher percentage of Mn concentration. The carrier
concentration of the film is of the order of 10 cm™..
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Fig. 5.15: Variation of carrier concentration n with Mn concentration for Mn-doped

ZnO thin films at room temperature.

Table-5.5: Values of Hall co-efficient, Ry and carrier concentration n for different

Mn concentration at room temperature.

Doping concentration of Hall co-efficient Ry carrier concentration
g nx10*®
Mn in cm®/coul .
incm

X=0.02 85.0575 0.07347
X=0.04 50.3744 0.12390
X=0.06 47.8687 0.13051
X=0.10 36.0241 0.17320
X=0.20 18.9602 0.32961
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CHAPTER-VI
CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

6.1 Conclusion

In the present work, ZnO and Mn-doped ZnO thin films were prepared by spray
pyrolysis method. In the light of the experimental investigations and analysis on the
structural, optical and electrical studies of Zn;.xMn,O thin films fabricated on glass

substrate at 300 °C, the following conclusions may be drawn:

Zn;xMn,O thin films have been successfully fabricated on glass substrates at 300°C
with good in terms of their uniformity of thickness and colour. It is found that the
deposition of Zn;«MnxO films depends on various parameters like substrate
temperature, concentration of solution used, spray rate and deposition time.

From the SEM image we have seen that more or less smooth surface and a large
variety of crystal growth, such as circular disk, nano-ropes, structure were randomly

distributed around the nucleation centre.

The EDX analysis corresponds to Zn and O peaks of the spectrum, which confirms
the ZnO thin films. For different concentration of Mn in the film, there is also Mn
peak in the spectrum. Finally EDX result reveals that the as-deposited Zn;.xMn,O

films are very nearly-stoichiometric.

The structural properties were investigated by XRD analysis. It is found that the as-
deposited Zn;.xMn,O thin films are crystalline in nature. Five different peaks are
identified for the samples, which were compared with the standard JCPDS files.
Diffraction peaks revealed the presence of hexagonal wurtzite structure without any
secondary phase. Lattice constant is calculated a=3.23 A and ¢=5.17A. The observed

grain sizes are found in the range of 9 nm to 18 nm.

From the optical studies it is observed that the Zn;.xMn,O thin films are direct band
gap semiconductor. The transmittance of the Zn,,MnxO films shows that highly
transparent near about 80% in VIS region. Optical band gap was calculated from the
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optical measurement. Band gap tuning were found with different Mn concentration.
The bandgap energy is observed to vary from 3.10 eV to 3.24 eV at different doping
concentrations. The optical band gap decreases when the Mn concentration increases
from 0 to 4% and then increases upto 10%. For 15% Mn doped ZnO film, the band
gap then shows a decrease upto 20%. The refractive index (1.25-2.65 ) depending on
the doping concentration and thickness of the films and does not change sensibly
with wavelength. The optical conductivities have been studied. The optical
conductivities are increases with photon energy, this means that photons having
lower energy are absorbed while photon having higher energy can transmit through
the thin films.

The electrical measurements of the Zn;xMn,O films have been investigated from
room temperature to 440 K. Resistivity decreases with increase of temperature in all
cases of the samples. Which confirms that the semiconducting behaviour of the
sample having negative temperature coefficient of resistance. The activation energy
was measured from the slopes of Inc verses 1/T graph and its value is found 0.44 eV
to 0.66 eV.

Hall effect measurements wear made on a number of films having different
concentrations at room temperature. From Hall effect measurement it is found that
Mn-doped ZnO thin film is an n-type material having carrier concentration is of the
order of 10" cm™. It is also found that the carrier concentration increases with

increasing doping concentration of Mn.
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6.2 Suggestions for Future Work

This is the first time that Mn doped ZnO thin flims have been prepared in our
laboratory. May be some magnetic properties are present there because of Mn doped
into the sample. To prepare high quality films and their characterization more works
are necessary, such as :

1) Study of the magnetic properties.

2) Study of temperature dependence Hall effect.

3) Study of the AFM.
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APENDIX

Optical Data
Table 1: Absorbance data for Zn;-xMnO thin films

W.L | X=0.00 | X=0.02 | X=0.04 | X=0.06 | X=0.10 | X=0.15 | X=0.20
1100 0.0549 0.0702 0.0624 0.0513 0.0433 0.0242 0.0256
1080 0.0568 0.0721 0.0656 0.0538 0.0455 0.0262 0.028
1060 0.0593 0.0747 0.0691 0.057 0.0483 0.0291 0.0308
1040 0.0619 0.0771 0.0729 0.0602 0.0509 0.0317 0.0334
1020 0.0629 0.0776 0.0742 0.0613 0.0518 0.0331 0.0347
1000 0.0646 0.0796 0.0774 0.0642 0.0544 0.0363 0.0378
980 0.066 0.0817 0.0803 0.0669 0.0568 0.0392 0.0408
960 0.0677 0.0837 0.0836 0.0699 0.0594 0.0426 0.0442
940 0.0695 0.0857 0.0868 0.073 0.062 0.0464 0.048
920 0.0712 0.0875 0.0898 0.0759 0.0648 0.0502 0.0516
900 0.073 0.0895 0.0934 0.0793 0.0679 0.0546 0.0559
880 0.075 0.0918 0.0977 0.0833 0.0715 0.0599 0.0612
860 0.0768 0.0941 0.1019 0.0876 0.0753 0.0656 0.0668
840 0.0787 0.0963 0.1062 0.092 0.0792 0.0717 0.073
820 0.0806 0.0989 0.112 0.097 0.0836 0.0784 0.0796
800 0.0831 0.1016 0.1163 0.1021 0.0881 0.0854 0.0867
780 0.0856 0.1044 0.1219 0.1073 0.0928 0.0929 0.0942
760 0.088 0.1073 0.1277 0.1129 0.0977 0.1008 0.1022
740 0.0911 0.1105 0.134 0.1185 0.1028 0.1088 0.1105
720 0.094 0.114 0.1409 0.1243 0.1079 0.1167 0.1187
700 0.097 0.1177 0.1478 0.13 0.113 0.1241 0.1261
680 0.1007 0.1216 0.1552 0.1356 0.1182 0.1311 0.1332
660 0.1042 0.1261 0.1635 0.142 0.1239 0.1392 0.1417
640 0.1084 0.1309 0.1727 0.1497 0.131 0.1495 0.1534
620 0.1127 0.1359 0.1826 0.1578 0.1388 0.1613 0.167
600 0.1173 0.1416 0.1942 0.1683 0.1484 0.175 0.1819
580 0.1228 0.1482 0.208 0.1804 0.1597 0.1908 0.1981
560 0.1285 0.1558 0.2242 0.1948 0.173 0.2083 0.2164
540 0.1348 0.165 0.2451 0.2141 0.1918 0.2336 0.2415
520 0.1416 0.1761 0.2719 0.2382 0.2164 0.266 0.2699
500 0.1487 0.1902 0.3069 0.2666 0.2461 0.3029 0.2985
480 0.157 0.2084 0.3529 0.3019 0.2831 0.3466 0.3309
460 0.1677 0.2329 0.4141 0.3486 0.3315 0.4061 0.3785
440 0.1808 0.2631 0.4868 0.4054 0.3899 0.4806 0.4452
420 0.2056 0.3064 0.5732 0.4746 0.46 0.5736 0.5398
400 0.2759 0.389 0.6973 0.5647 0.5488 0.6932 0.6683
380 0.5927 0.6379 1.0071 0.7443 0.7087 0.8748 0.8391
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Table 2: Transmittance data for Zn;.xMn,O thin films

W.L. | X=000 | X=0.02 | X=0.04 | X=0.06 | X=0.10 | X=0.15 | X=0.20
1100 0.8792 0.8492 0.8644 0.8872 0.9037 0.9446 0.9409
1080 0.8759 0.8459 0.859 0.8824 0.8998 0.9407 0.937
1060 0.8708 0.8409 0.8517 0.8761 0.8939 0.9346 0.931
1040 0.866 0.8364 0.8447 0.8698 0.8885 0.9287 0.925
1020 0.8643 0.8353 0.842 0.8676 0.8868 0.9258 0.9225
1000 0.8608 0.8315 0.8359 0.8617 0.8816 0.9193 0.9159
980 0.8578 0.8279 0.8302 0.8563 0.8767 0.9128 0.9095
960 0.8545 0.8239 0.824 0.8505 0.8713 0.9055 0.9022
940 0.8512 0.8202 0.818 0.8445 0.8658 0.8978 0.8948
920 0.8479 0.8168 0.8121 0.8389 0.8606 0.89 0.887
900 0.8445 0.813 0.8055 0.8323 0.8546 0.8809 0.8782
880 0.8406 0.8087 0.798 0.8246 0.8473 0.8701 0.8677
860 0.8368 0.8043 0.7902 0.8164 0.84 0.8588 0.8564
840 0.8333 0.8003 0.7823 0.8081 0.8324 0.847 0.8446
820 0.8297 0.7958 0.7738 0.7992 0.8241 0.8339 0.8318
800 0.825 0.7909 0.7645 0.79 0.8157 0.8206 0.8184
780 0.8202 0.7858 0.755 0.7808 0.807 0.8066 0.8044
760 0.8156 0.7805 0.745 0.7708 0.798 0.7922 0.7898
740 0.8101 0.7748 0.7344 0.7607 0.7886 0.7778 0.775
720 0.8046 0.7687 0.7231 0.7509 0.7793 0.764 0.7607
700 0.7988 0.7623 0.7114 0.7431 0.7704 0.7512 0.7478
680 0.7924 0.7555 0.6995 0.7318 0.7615 0.7391 0.736
660 0.7858 0.7478 0.6864 0.7212 0.7516 0.7257 0.7214
640 0.7784 0.7395 0.6721 0.7087 0.7396 0.7089 0.7023
620 0.7711 0.7314 0.6571 0.6951 0.7266 0.6898 0.681
600 0.7627 0.7216 0.6396 0.679 0.7107 0.6683 0.6581
580 0.7534 0.7108 0.6201 0.6604 0.6924 0.645 0.6342
560 0.7438 0.6985 0.5973 0.639 0.6718 0.6196 0.6083
540 0.7332 0.684 0.5695 0.6116 0.6437 0.5846 0.5742
520 0.722 0.6667 0.535 0.5786 0.6083 0.5425 0.5377
500 0.7102 0.6456 0.4933 0.5417 0.568 0.4979 0.5031
480 0.6968 0.6194 0.4432 0.4989 0.5214 0.4497 0.4664
460 0.6799 0.5856 0.3851 0.4476 0.4658 0.3923 0.4178
440 0.6599 0.5461 0.3262 0.3931 0.4071 0.3307 0.3588
420 0.6237 0.4939 0.2672 0.3353 0.3469 0.2671 0.2888
400 0.53 0.408 0.2006 0.2726 0.2828 0.2024 0.2144
380 0.2557 0.23 0.0983 0.1801 0.1956 0.1334 0.145
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Table 3: Electrical data for temperature dependant resistivity of Zn;.,Mn,O thin film.

Doping concentration of Mn =0 %

Temperature in K Thin Kix 109 Resistivity p i;\ Conducti\llity o i3n
Ohm-m x 10 Ohm-m™ x 10
300 3.33333 9.43212 0.10602
310 3.22581 8.59847 0.1163
320 3.125 7.71334 0.12965
330 3.0303 6.92901 0.14432
340 2.94118 6.56618 0.1523
350 2.85714 6.10057 0.16392
360 2.77778 5.55171 0.18012
370 2.7027 4.7689 0.20969
380 2.63158 4.34285 0.23026
390 2.5641 3.76765 0.26542
400 2.5 3.29599 0.3034
410 2.43902 2.79116 0.35827
420 2.38095 2.51237 0.39803
430 2.32558 1.95692 0.51101
440 2.27273 1.57663 0.63427
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Table 4: Electrical data for temperature dependant resistivity of Zn;.xMn,O thin film.

Doping concentration of Mn =2 %

Temperature in K Thin Kix 109 Resistivity p i;\ Conducti\llity o i3n
Ohm-m x 10 Ohm-m™ x 10
300 3.33333 7.01214 0.14261
310 3.22581 6.3377 0.15779
320 3.125 6.01579 0.16623
330 3.0303 5.80251 0.17234
340 2.94118 5.50321 0.18171
350 2.85714 5.10145 0.19602
360 2.77778 4.72445 0.21166
370 2.7027 4.05241 0.24677
380 2.63158 3.5898 0.27857
390 2.5641 3.10176 0.3224
400 2.5 2.74061 0.36488
410 2.43902 2.34634 0.4262
420 2.38095 2.06819 0.48351
430 2.32558 1.73513 0.57632
440 2.27273 1.24589 0.80264
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Table 5: Electrical data for temperature dependant resistivity of Zn;.,Mn,O thin film.

Doping concentration of Mn =6 %

Temperature in K Thin Kix 109 Resistivity p i;\ Conducti\llity o i3n
Ohm-m x 10 Ohm-m™ x 10

300 3.33333 6.11226 0.16361
310 3.22581 5.71427 0.175

320 3.125 5.51364 0.18137
330 3.0303 5.24917 0.19051
340 2.94118 4.92812 0.20292
350 2.85714 455241 0.21966
360 2.77778 4.11245 0.24316
370 2.7027 3.51269 0.28468
380 2.63158 3.14988 0.31747
390 2.5641 2.63105 0.38008
400 2.5 2.14301 0.46663
410 2.43902 1.90986 0.5236
420 2.38095 1.36526 0.73246
430 2.32558 1.23464 0.80995
440 2.27273 1.07919 0.92662
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Table 6: Electrical data for temperature dependant resistivity of Zn;.,Mn,O thin film.

Doping concentration of Mn =10 %

Temperature in K Thin Kix 109 Resistivity p i;\ Conducti\llity o i3n
Ohm-m x 10 Ohm-m™ x 10
300 3.33333 5.38993 0.18553
310 3.22581 5.03254 0.19871
320 3.125 4.88519 0.2047
330 3.0303 451912 0.22128
340 2.94118 4.25441 0.23505
350 2.85714 3.94421 0.25354
360 2.77778 3.42334 0.29211
370 2.7027 3.11088 0.32145
380 2.63158 2.71475 0.36836
390 2.5641 2.20547 0.45342
400 2.5 1.82623 0.54758
410 2.43902 1.55546 0.6429
420 2.38095 1.20548 0.82955
430 2.32558 1.07457 0.9306
440 2.27273 0.93886 1.06513
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Table 7: Electrical data for temperature dependant resistivity of Zn;.,Mn,O thin film.

Doping concentration of Mn =20 %

Temperature in K Thin Kix 109 Resistivity p i;\ Conducti\llity o i3n
Ohm-m x 10 Ohm-m™ x 10
300 3.33333 4.04483 0.24723
310 3.22581 3.72807 0.26823
320 3.125 3.59467 0.27819
330 3.0303 3.15128 0.31733
340 2.94118 2.99043 0.3344
350 2.85714 2.50643 0.39897
360 2.77778 2.35213 0.42515
370 2.7027 2.3212 0.43081
380 2.63158 1.90321 0.52543
390 2.5641 1.62134 0.61677
400 2.5 1.50231 0.66564
410 2.43902 1.25364 0.79768
420 2.38095 1.05213 0.95045
430 2.32558 0.93156 1.07347
440 2.27273 1.02145 1.13021
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Table 8 : Values of Hall co-efficient, Ry and carrier concentration n for Zn;,,Mn,O
thin film.

Doping concentration Hall resistance Hall co- carrier concegltration
- nx10"
of Ragcp X 10° efficient Ry i em
Mn Ohm in cm*/coul
X=0.02 2.0000 85.0575 0.07347
X=0.04 1.1538 50.3744 0.12390
X=0.06 1.0714 47.8687 0.13051
X=0.10 0.8000 36.0241 0.17320
X=0.20 0.4285 18.9602 0.32961
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