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ABSTRACT

THE INVESTIGATION OF DOPING EFFECTS ON FORBIDDEN BAND GAP
VALUE OF ZnO: EXPERIMENTAL AND THEORETICAL STUDIES

MAJEED, Mahmood Hameed
M. Sc. Thesis, Department of Physics
SUPERVISOR: Assoc. Prof. Dr Murat AYCIBIN
January, 2021, 87 Pages

In this thesis, we used experimental and theoretical methods to investigate doping
elements effects on the forbidden energy bandgap of ZnO compound. Mg, Y and Mg and
Y together are used to produce a doped sample.

In the experimental part, the hydrothermal method was used to grow Mg, Y and
Mg-Y co-doped ZnO compound. As seen from findings, while autoclave techniques have
affected forbidden energy band gap of sample, the annealing temperature has not had any
effects.

The absorbance data reveals that Mg, Y and Mg-Y co-doped ZnO have different
absorbance behaviour. While ZnO doped with Mg, the absorbance data have shifted to
the blue region, Y and Mg-Y coped ZnO absorbance have shifted to red region. Also, the
transmittance data are suitable with absorbance data of sample.

In the theoretical part, the effects of doping elements are investigated after
constructing supercell and replacing one or two Zn, depending on doping aim, with
doping elements (Mg, Y, Mg-Y). Calculations shows that the forbidden energy band gap

of the sample varies with type of dopant.

Keywords: Autoclave, Forbidden bandgap, Hydrothermal method, Optical
properties, Wien2k.






OZET

ZnO'NUN YASAK BANT ARALIK DEGERIi UZERINDEKI KATKI
MALZEMESI ETKIiLERININ iINCELENMESIi: DENEYSEL VE KURAMSAL

MAJEED, Mahmood Hameed
Yuksek Lisans Tezi, Fizik Anabilim Dali
Tez Danismani: Dog. Dr. Murat AYCIBIN
Ocak, 2021, 87 Sayfa

Tez c¢alismamizda, deneysel ve teoretik yontemler kullanilarak zink oksit
bilesiginin yasak enerji bant araliginin katki maddesi ile nasil degistigini inceledik. Katk1
elementleri olarak Mg, Y ve Mg-Y es katkil1 olarak kullanildi.

Deneysel kisimda, Autoclave methodu, hidrotermal teknigi bir tird, kullanilarak
katkili 6rnekler elde edildi. Bu kisimda kullanilan autoclave metodondan sonra yapilan
tavlamanin, hazirlanan 6rneklerin sogurma sonuglarinda bir etkisi olmadig: goriildii.

Sogurma grafikleri bize, katki malzemesine bagli olarak Orneklerin sogurma
grafiklerinin farkli oldugunu sdylemektedir. ZnO bilesigi Mg ile katkilandigi zaman,
sogurma mavi bolgeye kayarken, Y veya Mg-Y ile katkilandigi zaman sogurmanin
kirmizi1 bolgeye kaydigr goriilmiistiir. Gegirme grafigi ise sogurma grafiinin
onaylayacak sekildedir.

Teorik kisimda, supercell olusturulup, olusturulan bu supercell de bir veya iki tabe
Zn elementi, katkilanacak durumu gore, Mg, Y veya Mg-Y ile yerdegistirlmistir. Bu

sekilde elde edilen drneklerin yasak enerji bant yapilarindaki degismeye bakilmaistir.

Anahtar kelimeler: Yasak bant araligi, Wien2k, Hidrotermal yéntem, Auto
Clave, Optik 6zellikler.
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1. INTRODUCTION

In solid state physics, the thin-film technique is one of the important tools which
has been used to develop semiconductor materials and give a clear idea on the properties
of materials(Freund et al., 2004). With this technique, researchers can observe and
measure semiconductors and metals, therefore, the findings can give a clear indication of
their properties (Chopra, 2012). If layer or several layers of atoms of substance thickness
is less than 1pum (1000 nm), this is called "Thin Films". The properties of thin films
depend on bulk materials due to the dimensions of thin films. If we are dealing with 2D,
the force will be applied on the particle which is located on the surface, on the contrary,
the forces will apply from all direction in 3D ( Chopra, 1979).

Thin films are first made by (Busen & Grove) in 1852 by using Chemical
Reaction. Also, Schafthaul used the hydrothermal techniques to the synthesis of tiny
quartz crystals in Papin digester. In 1898, Barus worked on the saturation of glass with
water to go below 200°C by using steel autoclaves. In 1959, Richard Feynman gave a
talk, There’s Plenty of Room at the Bottom, to explained hot to do the hiring, creating,
and controlling materials on a micro-scale(Feynman,1960). Furthermore, the
nanotechnology concepts have become common owing to the invention new instrument
of nano-characterization tools, which assisted deeply study, modification and controlling
of nanomaterials. subsequently, the film layer enhancement and its coated on certain
plates have been chosen according to the desired study. The glass slides, silicon wafers,
aluminium, quartz and others could be chosen to be used as a plate (Shan et al., 2004).

Due to their promising technological applications, the research in oxide
metal/semiconductors have been developed step by step by using various methods for the
growth of well-arranged metal oxide (Zn0,Sn0,,In,0s)nanostructure. Pulsed laser
deposition (PLD)(Okada et al., 2004), hydrothermal technique(HS Liu et al., 1997), ion
plating, chemical vapour deposition, spray pyrolysis technique(Bakr et al., 2015), and
spin coating is the most widely used methods (Hou Wang et al., 2015).

The hydrothermal process can be regarded as the prefered approach due to the
complexity and cost of most of the above-mentioned methods (Foo et al., 2014). To

achieve the hydrothermal process, an autoclave is a tight steel cylinder that can withstand
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a long period at high temperature and pressure (Kareem et al., 2020). The hydrothermal
route is taken to grow some nanorods such as ZnO because of its cost-effectiveness,
versatility and fast growth rate (Yim et al., 2012).

In this thesis hydrothermal technique was used to deposit metal on a slide glass
substrate, owing to its special capabilities to form regular and pure thin films with various
area dots for desirable purposes. ZnO NRs is hydrothermally synthesized on a glass
substrate and annealed at various temperatures from 200 to 450°C. To obtain a high-
quality nano-rod crystal and a low concentration of defect without a morphological
change, the annealing temperature is required, with the same method, synthesized ZnO,
ZnO: Mg and ZnO: Y. In brief, the seed layer has been used widely to grow NRs, which
decreases the lattice mismatch between the NRs and the substrate as well as contributes
to well-matched development NRs on a layer(Piticescu et al., 2006). Nanocrystalline
forbidden bandgap, structure and morphology dependence on doping ratio has been
studied. Also, the forbidden energy band gap of pure and Mg and Y doped ZnO were
studied using Wien2K depending Density Functional Theory.

The purpose of the thesis is to show doping effects on the forbidden bandgap of
pure and doped ZnO hexagonal nanorods, This is important for technological areas which

this compound could be a very good candidate for applications.



2. LITERATURE REVIEW

Mandal et al., in (2008) studied the structural and optical properties of zinc oxide
membranes prepared using magnetron sputtering RF technique on glass bases with
different temperatures 40, 100, 200, and 300°C. The structural properties were studied
and X-ray diffraction was shown. According to their findings, the optical properties
showed that the transmittance of the membranes is high within the limits 90% of the
visible area, and the value of the energy gap of the films ranged 3.24 - 3.3 eV.

Periasamy et al., in 2009 studied the annealing effect on the structural and optical
properties of ZnO films. This sample was prepared by the vacuum coating technique on
glass and silicon substrates. The forbidden energy bandgap of the sample increases from
3.05eV to 3.26 eV.

Ming Gao et al., in 2010 was studied ZnO nanoparticles with various yttrium-
doping ratio were synthesized by sol-gel technology. The structural effects, morphologies
and optical characteristics of the prepared samples were studied in depth by the effects of
yttrium doping. The results showed that yttrium was successfully doped into ZnO matrix
crystal lattice.

Shakti et al., in 2011 studied the effect of annealing on the optical and structural
properties of zinc oxide membranes with different temperatures. The results of XRD sh
owed that all the multi-crystalline membranes have a compact hexagonal crystal structure
and that the particle size value for all membranes is less than 100 nm and suddenly
increases when annealing at 400°C and decreases at 600°C. has a permeability of about
90% in the visible region and an optical energy gap of 3.21eV.

Han et al., in 2011 reported on the studied the energy bandgap and electronic
properties on ZnO co-doped by magnesium and aluminium. He used not only an
experimental method but also a theoretical method. According to their results, the
bandgap and conductivity can be widely applicable to the doping level.

Zhang et al., in 2012 by used sol-gel method for synthesized yttrium doped ZnO
according to this equation Zn,_xYx O with changing x values.

In 2013, the researcher Hainan Wu et al. was able to obtain ZnO nanoparticles

deposited on the base (ITO) that were manufactured by the electrochemical method, and
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they studied the effect of annealing temperature 300,400,and500°C on the surface
morphology.

Kumar et al., in 2014 fabricated ZnOnanorod on seed layer (ITO)glass substrate
was prepared by sol-gel and growth nanorod by hydrothermal method.

Sanjeev k.Sarma et al. in 2015 worked on yttrium doped ZnO nanopowder by
hydrothermal precipitation method. Optical properties and microstructure of (YZO) were
characterized.

Mohua Chakraborty et al., in 2015 using sol-gel and hydrothermal for studying
structural and optical properties of ZnO was doped by copper on glass substrate .the
grown thin-film nanorods samples were characterized using spectroscopy methods. Also,
they used a computational method to evaluate and compare the optical properties of Cu-
doped ZnO.

In 2016 researcher Tanumoy Debrath et al. was prepared yttrium doped ZnO
nanoparticle by hydrothermal method at 400°C. While they used XRD and FESEM to
analyze the crystallinity and morphology of the sample, RAMAN was used to determine
the different type of defect in the sample. Moreover, they showed that the optical
properties of sample changes with increasing Y doping ratio in the compound.

In 2016, the researcher Guru Nisha Narayanan et al. Was able to obtain structures
of ZnO nanoparticles using hydrothermal technology and by using a device.

Researcher Jong Won Choi et al, in 2019, made ZnO nanoparticles by using the
hydrothermal method and studied the effect of annealing temperature 150 to 600°C on
the surface morphology, crystal structures and defects of the rods.

M. Khuili et al., in 2020 reported on the studied the structure of the electron and

optical properties of pure and Mg-doped ZnO nanosheets by used FP-LAPW method.



3. THEORETICAL BACKGROUND

In this chapter, we like to give some background information about the subject
which is used in the thesis.

3.1. Properties of Thin Film

Thin film technology is one of the newest areas in condensed matter field. A thin
film could be fabricated from any materials such as metals, semiconductors, metal oxides,
metal nitrides, and/or mixed materials. In general, thin-film refers to a three-dimension
range between 10 nanometers to 1000 nanometer. Thin-film adherence to the substrate is
necessary because the film is inherently feeble. The substrate has a critical role in thin-
film preparation for structural support. To get that support, the film must be attached to
the substrate by strong forces. This makes for a robust film. Thin-film in research are
greatly expanding around the world. During the last five decades, enormous research
work has been devoted to any type of thin films. The most modern development in the
field of thin-film physics is that of the optoelectronic devices.

To produce thin films, researches have been using different methods such as spray
pyrolysis, spin coating, thermal evaporation and hydrothermal autoclave process.
Among the used methods, the hydrothermal autoclave process is one of the best methods
to deposit thin film because of giving quality samples.

3.2. Crystal Structure of Solid

Crystal structures are formed by arranging atoms in three-dimensional space
according to a certain geometric order. Crystals having a periodic order spread in all
directions and show the same properties. The crystal structure allows us to have sufficient
information about that substance by investigating a certain part of it. Crystals are
classified into two class: single crystal (monocrystalline) and multi-crystalline
(polycrystalline). If the structure of solid does not have a smooth shape and atomic order,

this kind of structure are called amorphous structures.



Figure 3.1. Shows the classification of crystal-like (a) single crystal,(b) polycrystal,
(c) amorphous.

The unit cell of the crystal contains all the symmetry properties of the crystal. The
points where the atoms are located in the crystal are called lattice points, and the average
distance between two atoms is called the lattice constant.

If the crystalline unit cell contains an atom, it is called a simple lattice. If it
contains two or more atoms, it is called a composite lattice. If there is more than one atom
in the unit cell, the positions of the atoms relative to the centre of the cell are called
"bases". The translation vector joining two consecutive mesh points in the crystal is called

the base vector. Can be formulated the crystal structure briefly:

Crystal =lattice + basis

0+ -00e e

basis (Bravais) lattice crystal structure

Figure 3.2. The space lattice of atoms, bases and bases crystal structure.



3.2.1. Wigner-seitz cell

The Wigner-Seitz cell is the cell of the crystal structure that occupies the smallest
volume/area and has all the properties of the crystal (Kittel, 2014). With this cell, space
can be filled absolutely as shown in the figure (3.3).

® ® ® o0 ® ® o0 ® ® ®
5:“ "i‘ K‘ * ' & 1Y ‘ ) ¥
[ — 0--...:!:.----.-- -9 .if:.-----ﬁ-- ---:::‘.‘.. .’/] ..... j" \\‘..
r" \“ ) & R} ) & % y
® ¢ Y o0 é ® o0 ' » °

Figure 3.3 Construction of the Wigner-Seitz cell.
3.2.2. Three-dimensional crystal lattice

A three-dimensional crystal lattice; It is defined using three basic lattice constants
such as ay,a,,a;. These are also primitive vectors of the crystalline lattice. The
equilibrium states of the lattices forming the crystals create a three-dimensional

symmetrical shape. Due to this uniform distribution, the appearance of the crystal is the

same everywhere. If we translate any point 7 on the crystal to a new point 77, the

relationship between these two points are shown as follow:

T—;=?+n1a1 +n2a2 +n3a3 (1)

where n,,n, and ns are any integers.

In addition to translation, rotation, reflection and inversion symmetry processing
can also be applied in crystals (Othman, 2009). Due to the restrictions created by
symmetry operations, the lattice systems that are 5 in two dimensions and 7 in three
dimensions. These structures may show different variations within themselves. Thus, 14
lattice systems in three dimensions are possible. It is called the Bravais lattice system. In
a Bravais lattice, all lattice points are equivalent. The existence of equivalent structures

indicates that all atoms in the crystal are of the same kind. If the mesh has non-Bravais
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structure, some of the lattice points are equivalent and some are not. A mesh is created in
space with the entire set of translation. Any translation in space is defined by a crystal
translation vector denoted by T, as the complete multiples of primitive vectors
a,,a, vs as and also, any point on the lattice can be translated into each other with the

help of translation vectors (Othman, 2009).

i
~
)

<%
(R
o9

o

Triclinic

a=b=c a=b=c
a=F=y=90° a=pg—y—=90°

a=b=c a=b=c

b b
a a

P Tetragonal 1

Trigonal / Hexagonal P Trigonal R

a=b=c a=b=c a=b=c
a=pR—=y=90° a=p=y=90° a=pg=y=90°

P i F
Cubic

Figure 3.4 Three dimensional crystal structure and brave lattice.

3.3. Reciprocal Lattice

Reciprocal lattices have an important place in an analytical examination of crystal
systems. Most of the crystal structure, electrical and optical properties of semiconductor

materials and metals can be explained with the help of reciprocal lattice. The axis vectors

of the reciprocal lattices are defined by 131, Ezand 53 , they are also primitive vectors of
the inverse lattice (Turgut, 2014). The unit of reciprocal vectors is the inverse of the unit
of vectors in real space (m™1). There are a crystal lattice and a reciprocal structure (k -
space) for each crystalline structure. There is a relationship between reciprocal vectors
and real lattice vectors shown in equations 3,4 and 5. (Kittel, 2014).



b, = n—az X ds 2)
! d;.(dz X d3)

> ds X dy

b, = 47TT 3
2 a,.(a, X as) (3)
R a, Xd

by = Am——" 2 4)

dy. (dy X d3)

Each vector defined in Equations 3, 4 and 5 is perpendicular to the other two axis vector

of the crystal lattice. Hence the reciprocal vectors:

The general translation vector for reciprocal points is G = v151 + vZEZ + v353 , Then

V1, Uy, V3 Used here are integers.
3.4. Brillouin Zone

The Wigner-Seitz cell in real space is defined as the first Brillouin region (BZ) in

k-space. The first BZ cell is determined as follows a vector b is drawn from its origin to
the nearest reciprocal point and the smallest volume formed by planes intersecting this
vector in the middle is defined as the first BZ. Also, Brillouin regions have an important
place in the calculation of the crystalline electronic energy band. The Brillouin structure

has all k vectors that will give the reflections of Bragg's law from crystal (Kittel, 2014).
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3.5. Semiconductor Material

If the material has electrical resistivity lying in the range of 1072 — 10°Q.cm, a
semiconductor it is classified as a semiconductor according to many solid-state textbooks.
Also, the band gap has been used to define a material. The energy gap of semiconductors
for electronic excitations lies bigger than 0 and smaller than 4 electron volts (eV)(Pillai,
2008).

3.5.1. Basic properties of semiconductor

semiconductors are between metals and insulators according to electrical
conductivity. For semiconductors, the conductivity decreases upon cooling as shown in
figure (3.6) and the conductivity are given following :

ne’t
o=—o
m

Cexp (2 6
= Cexp (575 ©
where n is the density of mobile electrons, t is the average time between two scattering

events of the electrons, m is mass of charge and e is the electronic charge, respectively.
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0
{5

semiconductor/insulator
Figure 3.6. Schematic temperature dependence of the electric conductivity for
semiconductors.
On the contrary, there are no mobile charges in insulators and semiconductors at
T = 0°C. At finite temperature, charges are excited by thermal energy to overcome the

bandgap E, between the valence and the conduction band.

3
2

n=n, 1 exp L (7)
T, 2KgT

where T, = 300K and n,, is electron density and it is typically 102°cm™=3. Consequently,
the charge carrier density at room temperature is around n~10"2’cm™3. For a higher
charge carrier density means the smaller energy band gaps. Materials with a smaller

bandgap in this command are not fully isolating, therefore, termed semiconductors.
3.5.2. Density of electron and gaps
In quantum mechanics, the Fermi energy is the highest energy level which is

occupied level in a system of fermions at absolute zero temperature(Ferreira et al., 2008).

Fermi-Dirac distribution function indicates the probability of the position of an electron.

f=w ®)
1+e ksT
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where Ep is the Fermi Energy, kg is the Boltzmann constant and T is the

temperature(Kittel et al., 1996). Fermi level shows different materials in the following

figure (3.7).

-

increasing energy

metal

overlap

conduction
band

Fermi energy (¢ 02nd gap

valence
band

semiconductor insulator

Figure 3.7 Position of Fermi level in different materials.

3.6. Bandgap (E,)

The bandgap is the energy gap between the highest point of the valance band and

the lowest point of the conduction band in the energy band graph. Depending on the

increased temperature value, electrons are thermally excited and they might be transited

from the valance band to the conduction band. The bandgap to temperature ratio controls

the intrinsic conductivity and intrinsic carrier concentrations. When this ratio is large,

both of the concentration of intrinsic carriers and conductivity will below.

3.6.1. Temperature dependence of the energy bandgap

The energy bandgap of the semiconductors begins to reduce accordingly the

temperature goes up. Also, the interatomic space can be more clear if the amplitude of the

atomic vibrations changes because of raised thermal energy. The linear expansion
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coefficient of a substance quantifies this effect. The effective potential observed by
electrons in the substance is decreased by an increased interatomic spacing, which is the
size of energy bandgap become reduced(Zhang et al., 2008). Direct interatomic distance
modulation, such as the application of compressive stress (tensile) leads to an increase or
decreases of the bandgap. The energy bandgap temperature dependency, Eg, has been
experimentally determined to provide the following term for E; as the temperature

function, And the energy could be well represented using the equation of Varshni
(\Varshni, 1967).

aT?
T+p

Ey(T) = Ey(0) - ©)

Where E,;(0), aand g are the fitting parameters. These fitting parameters are listed for

germanium, silicon, and gallium arsenide.

3.7. Electron Transitions

The electronic transitions could be enamurated according to ielectron passing path

valance band to conduction band:

3.7.1. Direct transition

Direct transition takes place when one electron transits from valance band to
conduction band which are located at the same high symmetry point.

It can be divided into two types:
a) Direct allowed transition
From figure (3.8a) shows that the transition occurs when the top points in the (V.B.)

matches exactly to the bottom point in the (C.B.).The general relationship for this type of

transition is given.
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~ (hy_ £ \/2
ahv = (hv — E;) (10)

where E, is an energy gap between direct transition, « is absorption coefficient and v is

the frequency of the incident photon.

b) Direct forbidden transition
If top point of valance band located close to bottom of the conduction band, this type of
tranmisson is named as the direct forbidden transition as shown in figure (3.8.b), The

equation for this transitions type given by:
3
ahv ~ (hv — E;) ' (11)

3.7.2. Indirect transition

In these transitions type, the bottom of (C.B.) is not located at the high symmetry
point like the top of (V.B.), in the curve (E-K). When the electron transits from (V.B.) to
(C.B.), it needs extra momentum and this transition type takes place with help of the
particle is called "Phonon", for the conservation of the energy and momentum law. There

are two types of indirect transitions, they are:
a) Allowed indirect transition

Figure (3.8¢c) shows an allowed indirect transition and the formulea is given

following

ahv = (hv - Eg)2 (12)
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b) Forbidden indirect transition

If the transition occurs from any point of valance band other than the bottom of
the conduction band which is located at the same high symmetry point, This is called the

forbidden indirect transition ands it is screcthed in figure(3.8).

ahv = (hv — Eg)3 (13)

Conduction band

—
&
=
£0
)
21 5 e  ________T____
=
w. YN o
AN b
N \"’ N c Eg (Indirect) Eg (Direct)
d\ N Y ) ) = -~
N s TN PR I S
Valence band R
>

Wave vector (K)

Figure 3.8. shows the transition types (a) allowed direct transition, (b) forbidden direct
transition, (c) allowed indirect transition (d) forbidden indirect transition
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3.8. ZnO Material Properties

In the materials science, Zinc Oxide is classified as a semiconducting compound
with a wide bandgap in the near-UV spectral region. ZnO crystallizes in the wurtzite
structure. It has very unique properties at room temperature which makes it a very
desirable compound in the electronic, optoelectronics and laser technologies for
researchers (Bacaksiz et al., 2008-Wang et al. 2005).

Pyro- and piezo properties of ZnO makes compound being used in sensor,
converter, energy and generator areas(\Wang, 2008, Chari et al., 2012). In table 1, you can

see the physical properties of compounds.

Table 1. Physical properties of ZnO

Properties Value

Band gap (eV) 3.1-3.37
011=4.0

Coefficient of thermal expansion x10°%/°C azz=2.1

Thermal conductivity 100 mW/cm.K at 300K

Colour White
Crystal structure Wurtzite
Density(g/cm?®) 5.61
Lattice constant (°A) 3.253
Melting point (°C) 1975
Optical transparency (um) 0.4-2.5
Refractive index 2.008
Electron effective mass 0.24m,
Electron Hall mobility at 330K 200 cmZ/VS
Hole effective mass 0.59m,
Sublimation temperature (°C) 1975
Exciton binding energy 60meV
Type of conductivity n-type
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3.9. Many-Particle Problem

Molecules made up of atoms and solids consisting of them cause a large number
of particles to come together and interact with each other. It is not possible to describe the
energies of such multi-particle and continuously interacting systems in real-time. It
becomes necessary to benefit from quantum equations in the solution of these systems
consisting of atoms and molecules (Akkus, 2007). Every problem with the electronic
structure of matter involves the time-dependent Schrodinger equation. However, in many
cases, we can be satisfied with the timeless Schrodinger equation. For an atomic or

molecular system of N electrons, the equation shows that.

AY = E¥Y (14)

where E is the electronic energy value, H Hamiltonian operator and ¥ = ¥ (1, x 2,... x
n) wavefunction. The hamiltonian processor of the multi-particle system is written as

expanded.

ﬁ:Te+i+ii+ie+ee (15)

wherein this equation T, the kinetic energy of electrons, T; the kinetic energy of the
ion, V,, ion-ion interaction potential energy, V,, is ion-electron interaction potential
energy and V,,; is the electron-electron interaction potential energy. If the Hamiltonian
processor of a perfect crystal is written explicitly (Yu, 2001).

It is not possible to solve this equation in real-time. can be required by some

approximation like Hartee.

3.9.1. Born-oppenheimmer aproximation

In the Born-Oppenheimer approximation, the nucleus (core) is almost stationary
compared to the electron. When we consider this approximation, the kinetic energy T; of

the core ion given in equation, 11 is neglected.
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The ion-ion interaction potential energy V;; can be added to the system as a

constant number. In this case, the equation can be written as equation 12.

=T +0. 40, = z 2 16
e + e + ee Zml | R | 2 |_rl ru ( )

Thus, the Hamiltonian expression in equation 19 can be written as in equation 12. (Yu,
2001).

In this equation, all terms are related to the electron. However, the solution in the
Born-Oppenheimer approximation equation 12 is still complex due to a large number of
electron-electron interactions. This approach is also invalid when the electron and nucleus
do not move together and separate from each other. The equation has been simplified by

contributions made by Hartree.
3.10. Density Function Theory

Density Functional Theory (DFT) is a method which depends on the electron
density of the molecule. Unlike the wave function, the electron density is a physical
characteristic of all molecules. The main idea of DFT is to use the simple electron density
p(r) instead of N-electron wave function.

Hohenberg and Kohn (H-K) were the first to offer an approximation. The electron
density is a function of x,y and z space coordinates. The first H-K theorem states that the
ground state energy of an N-electron system in an external potential V(r) is a unique

functionality of its ground state electron density p(r):

- - - = = 2 N N
Py =N j|lp(x1:x2' X5 Ry, Ryn)| dond, diy (17)

The integral of the density over all space equals N. The total energy can be written as:

Ep] = Tlp] + Vie[p] + f o) V(P) dF (18)
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Later, Kohn and Sham (KS) invented an indirect way of calculating the kinetic
energy functional thereby making the DFT method as an efficient tool for carrying out
rigorous calculations.

The KS method relies on the introduction of fictitious reference systems of non-
interacting electrons that are constructed to have the same electron density as the system
of interest. In this method, kinetic energy could be expressed for the reference system as
the sum of the expectation value of the Laplacian for each electron.

[u=y
2

ps] - _E x]lvzlxj (19)

Provided that the density of the real system:

= p, = i >l ol (20)
=1 o

Then, the energy functional of the real system is written as:

E[p] = Tslp] +Jlp]l + Van + Exclpl (21)

where all the unknown pieces are collected into the exchange-correlation energy

Exc[p] = E[p] - Ts[p] _][p] + Vee (22)

The main challenge in implementing DFT is to find a good approximation to the
exchange-correlation energy functional E,.[p]. There are various approximations to
calculate E,.[p], such as Local Density Approximation (LDA) and Generalized Gradient
Approximation (GGA).

In the DFT calculation, scientists used the local density approximation (LDA) for
the exchange-correlation functional. In this approximation, the local exchange-correlation
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potential at each position r is the exchange-correlation potential for a homogeneous

electron gas at the electron density observed at that position.
V)g,gA — V}(eéectrongas [n (T‘)] (23)

The generalized gradient approximation (GGA) is the second approximations
which are used for the exchange and correlation energies in the Kohn-Sham method. In
the GGA approximation, the exchange and correlation energies include the local electron

density and the local gradient in the electron density.
V)?CGA — VXeClectron gas [Tl (T‘)] (24)

3.11. Optical Measurement

Optical measurements of the absorbance, A, and transmittance, T, of the
wavelength range(200-1100nm) for all prepared films was performed using the UV-
spectroscopy (Shimadzu) Japanese-made type (UV - Visible2600 Spectrophotometer).
The experimental step was sketched in figure(3.9). As you can see from the figure that, a
very clean glass slide placed inside the reference section and sample was placed inside
the sample section. After, the beam is projected vertically once on the glass s and sample
simultaneously. Finally, the transmittance rate was measured and all the results for the
prepared film from the absorption and permeability spectrum with the absorption

coefficient, and the energy band gap will be calculated.
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Figure 3.9. Diagram showing parts of the UV-Vis spectrometer.
3.12. Optical Constants

Refractive index (n), extinction coefficient (k) is the important parameters for the

optical properties of the material. Refractive index is given the following.

[+

where n is the refractive index, R is the reflectance

3.12.1. Extinction coefficient (k,)

The extinction coefficient (k,) give information about loss of energy when

electron propagates through the material and it is given.

_aA

k. = —
°  4r

(26)

where A is the wavelength of the incident radiation and o is given by
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2.303 A
o=—

" (27)

A stands for absorbance, and t is used to describe sample thickness. So, the reflection is
calculated from the following equation.

R+T+A=1 (28)
3.12.2. Dielectric constant

A complex dielectric constant characterizes an absorbing medium.

e=¢g +ig (29)
So that

g = ni—k,* (30)
&, = 2nk, (31)

where &; and ¢, are real and imaginary part of dielectric constant.
3.12.3. Absorption coefficient (a)

When photon energy incidents are much less than the energy gap, so the photon

transmits and the thin- film is transmitted by the relationship (llican et al., 2008):
T = (1—R)%e ™ (32)

and the absorption coefficient can be estimated from the absorbance using the formula.

(2.303 * A)
f=—

” (33)
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3.13. Optical Properties of Crystalline Semiconductor

Researchers spend their time to reveals the optical properties of a material for
many reasons. Firstly, In the interference filters, optical fibres and reflective coating
technologies require accurate knowledge of optical constants of medium over a wide
range of wavelengths. Secondly, the optical properties of all materials could give
information about their atomic structure, electronic band structure, and electrical

properties.

3.13.1. Transmittance (T)

Transmittance (T) is given by the ratio of the intensity of the rays (I;) transmitting

through the film to the intensity of the incident rays (I,) as follows ( Fox, 2001):

I
lo
(1-R)%e~
= 1 — RZe—Za’x (35)

3.13.2. Reflectance (R)

R is related to the refractive index and extinction coefficient of the material as
follows (Pankove, 2012):

— 12+ k,?
R=Bz )t (36)
(n+1)2+k,

where n: Refractive Index, k, : Extinction Coefficient.
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3.13.3. Absorbance (A)

Absorbance can be defined as the ratio between absorbed light intensity (1,) by

material and the incident intensity of light (1) (Mark Fox, 2002):

A

=1

(37)

3.14. Annealing Process

The annealing process is characterized as the process of exposing a thin model or

membrane to a specified temperature for a limited period. Generally carried out in a

vacuum and the presence of air or the presence of a specified gas. And, this is done

according to the below rules.

1.

Reducing the structural defects provide kinetic energy to the atoms. And with
this extra energy, the atoms can be reorganized into the crystal structure.
Moreover, the structural properties can be affected by temperature, time and
environment annealing conditions etc.

It results in the interaction of the membrane material with oxygen while the
annealing is performed in an air space. It is thus considered an effective process
for the preparation of a certain oxide, such as Sn0O and ZnO.

Conversion of the corresponding membrane composed of several materials or
one substance from random to polycrystalline or multi-crystalline to
monocrystalline.

Elimination of most defects, such as stack faults and eruptions and stress
reduction generated(Muchuweni et al., 2018).

However, those would have a tremendous difficulty to achieve good crystal

quality as the higher temperature does not increase the simple defects and so the moaning

temperature must be changed to obtain a high and pure crystal., (Choi et al., 2019). The

rationing is divided into two types:
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1. Rapid thermal annealing.

2. The classical thermal annealing: the process can be done in three steps.
> Heated to the required temperature.
» Balancing the desired temperature for a while.
» Cooled to room temperature.

3.15. WIEN2K Computational Program

It is quite difficult to theoretically calculate the optical and electronic properties
of atomic structures. Computer-aided computational programs with different features are
used to overcome this problem. These programs are WIEN2k, ABINIT, SIESTA,
Quantum ESPRESSO, VASP etc. are simulation programs.

In this thesis, the WIEN2k program was used to examine pure and Mg-doped ZnO
crystal. The WIEN2k (Blaha et al., 2020) program is based on DFT and using augmented
plane wave plus local orbitals (APW + lo) to solve the Kohn-Sham equations. Many
properties can be calculated such as electronic bandstructure, optimized atomic structure,
etc... (Blaha et al., 2020).

It uses the APW (Augmented Plane Wave) method and the LAPW (linearly
augmented plane wave) method, which is an extended version of APW. It also
incorporates the exchange and correlation energy into the process with the help of PBE-
GGA, PBEsol-GGA, WC-GGA and LSDA, which are derivatives of the GGA and LDA

approaches.
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Figure 3.10. The login screen of the WIEN2k computer calculation program.

The input interface of the system is as in Figure (3.10). The "Select stored session™
part in the interface is used to reach the work done before, and the second part "Create
new session” is used to reach the processes required for the new material to be worked

on. The structure file (StructGen) must be created at the start of the program.
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Session: TiC Tue May 24 09:17:06 2005
STATUS: idle

/susi/pblaha/lapw/TiC refresh  norefresh
StructEdit /susi/pblaha/lapw/TiIC®
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Session Mgmt. >> a=|o0.000000 b=|s0.000000 g=|50.000000
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htmi-Version
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position!

add an atom
Number of symmetry operations: | as =~

You have to click "Save Structure” for changes to take effect!

Save Structure I

Figure 3.11. The screen on which the atomic positions of the WIEN2k computer
program is calculated.

The information belonging to the atom such as the lattice structure of the crystal,
lattice parameters, atomic number (Z) and the atom's name in the periodic table is inserted
in the relevant places on the screen shown in Figure (3.11).

The important thing is that the atoms do not overlap in the unit cell. If the atoms

overlap, the system will fail.

RMT2

N

RMT1

Figure 3.12. The atomic sphere in a unit cell.



28

x nn: Calculates the distance between the closest neighbour atoms (Usually there are 2
adjacent atoms)

case.output nn: look at atomic sphere radii (RMT).

Wiev output nn: check whether the atomic spheres overlap and whether the number of the
second-closest neighbour atoms is correct.

x sgroup : This command is struct gen. Uses mesh type, mesh constants, atom positions
from the structure file. However, it determines the symmetry points and space group.
case.outputs group: Shows space groups.

X symmetry : Generates space group symmetry operators in general.

Instgen lapw : Allows the definition of the spin polarization of each atom of the structure.
X Istart : Generates atomic densities.

The energy value that separates the core and valence electrons is determined. Here
it is determined which approach will be used for the exchange and correlation potential
energies (PBE-GGA, WC-GGA, PBEsol-GGA and LSDA).The information generated
by view outputst: x Istart is checked.

Check .inl st: APW, LAPW can be changed and larger energy value can be obtained in
DOS chart by increasing the value of.
Check .int2 st: Gmax value can be reduced or calculated automatically by the system.

Prepare input files: in0, inl, in2, inc and in m files are created and the LM, Gmax
and Fermi Energy level is determined.

x kgen: The k points and nkpt values required in the Brillouin region are produced.

x list: Here k points are checked for the irreducible Birilloun region.

At the same time, the energy value can be changed within the first k point.

x dstart: The initial density is created for the Self-Consistent Field (SCF) loop, and the
program is run using the superposition of atomic densities created by Istart.View.
outputd and cp: The size of the Gmax and Gmin values are checked.

case.outputd: Must be greater than GMAX> GMIN. It is checked from the file. Then it
is asked whether spin-polarization will be done or not.

Now all files for the SCF loop are created. "Run_lapw" command is written and
executed for SCF (self — consistency cycle). The program makes the following
calculations automatically. Convergence criteria are determined on the new screen. SCF

cycle,
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LAPWO: It creates potential from density.
LAPW1: Calculates the valence bands.
LAPW?2: Calculates the valence densities.

LCORE: Calculates core states and densities.



4. EXPERIMENTAL PROCEDURE

This chapter includes preparing ZnO thin films with co-doped by magnesium and
yttrium with different concentration and layers deposited on the bases of the glass

substrate by hydrothermal method using Autoclave instrument.
4.1. Hydrothermal system

The autoclave machine is made of a cylindrical metal (SS304) in one stainless st
eel and has a 200ml Teflon inside, with a resistivity of 100 to 450°C and a pressure of 3
Mpa. The safe working temperature is up to 280°C and temperature heating and cooling
speed is <5 °C/ min. This tool was provided by Company Topton Instrument co, Limited,

China and Figure (4.1) shows the thermal pressure system used in my thesis.

Inner Teflon or PTFE

lined Reactor chamber -

Outer high quality stainless steel (SS) body

Upper Reactor

SS Disc
Lower Reactor SS Disc

/ With tapered cutfing
SS rod for Locking

=5

Figure 4.1. The image of Autoclave device.

Autoclave
Treaded
Cop
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4.2. Materials and Method

4.2.1. Substrates cleaning process

In our study, minerals and semiconductors were deposited on standard
Microscopic slide Glass. In the process of preparing ZnO films with co-doping, the
standard glass was used. There are several steps to clean the substrate from the presence
of impurities on the surface of the glass substrate which affects the properties of the films.
The steps are as follows:

1. The glass substrate was washed with deionized water to get rid of the impurities
due to the working environmental condition.

2. The glass substrate is immersed in a fluid which includes acetone, ethanol, and
dehydrated water consecutively for 30min. After then, the beaker is placed in the
ultrasonic bath to ensure to remove any contaminations present on the surface.

3. The bases are left to be dried

4. Finally, the glass bases are dried with nitrogen gas.

4.2.2. Materials

Y and Mg co-doped nanorods of ZnO were prepared by hydrothermal method.
The materials used for the preparation of Zng, Y, M g,,-,0 Where (x= 0, 0.05 and 0.10%)
are zinc acetate dihydrate Zn(CH3COO),-:2H.0 (Sigma Aldrich, 99%), Zinc nitrate
hexahydrate Zn(NO3)..6H.O (Sigma Aldrich, 98%), hexamine CeH12N4, magnesium
nitrate hexahydrate Mg(NO3)2.6H20 (Mark, 98.5%) and Yttrium nitrate hexahydrate
Y(NO3); - 6H,0(Sigma Aldrich, 99%). Also, ethanol absolute, deionized water, 96%
ethanol were used as solvents and nitrogen gas was used to clean glass slide which has

a substrate on.
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4.3. Preparation of (ZnO) nanorod by Hydrothermal
4.3.1. Preparation of ZnO seed layer

One of the main advantages of using ZnO nanostructures as a seed layer in the
hydrothermal growth process is to provide ZnO nanostructures with nucleation sites by
decreasing the thermodynamic distance between heterogeneous materials(Zainelabdin et
al., 2010). Also, in the final product morphology, the ZnO seed layer was found to be an
important element, e.g. orientation and uniformity of the ZnO nanostructure. The
preparation of the seed layer, zinc acetate Zn (CHzCO-)2 2H-0 has a white colour in shape
that dissolved in water and it has molecular weight 219.498g / mol with a melting point
of 237°C. Zinc acetate was dissolved in 50 ml of ethanol with a concentration of 10 mM
, and the solution was stirred and mixed using the ultrasonic bath for 20 min. the
micropipette is used to drop 25 microliters of solution for each cm? of substrate for
producing one layer and glass substrate was placed on a hot plate at a temperature of
55°C =+ 5°C for dry. This process was repeated 25 times. After then, the fabricated
samples are annelated by air at a temperature of 350 °C for 30min, so, the homogeneous
seed layer of ZnO has finally obtained. The obtained seed layer is used for processing for
secondary rod growth (Kareem, Khodair and Mohammed, 2020). Figure( 4.2) shows the

steps for preparing the seed layer.

Zinc acetate

Ethanol % hexahydrate

1 1

Aqueous Solution Sol

@—sme, l Glass substrate
E-5-ap- — /- ap

Zinc accetate Zinc accetate + Ethanol Sputtering technique —
hexahydrate M= 10mM Annelated by 350 C
for 30min

Magnetic stirrer

Seed layer on Slide glass substrate

Figure 4.2 sketch of preparing ZnO seed layers.
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4.3.2. Growth of ZnO nanorods

The nanorod arrays were prepared from solutions of zinc nitrate hexahydrate
(NOs3).2.6H20 and hexamethylenetetramine CsH12 N4 on seed glass substrates. 25mM zinc
nitrate hexahydrate was dissolved in 50ml of deionized water and solutions were mixed
slowly until all sample dissolved inside the solution. Then, the mixture was put inside the
ultrasonic machine for 20 min. The same process was repeated for
hexamethylenetetramine with 25mM of concentration before adding two mixture for the
growing purpose of nanorods. After mixing two solutions, it was put in an ultrasonic. An
equimolar solution zinc nitrate hexahydrate and hexamethylenetetramine were prepared
in the deionized water and the seed layer substrates were immersed in a solution and fixed
in a Teflon up-down position. The growth solution was kept in stainless steel autoclave
for 10 hours at 150°C. It was then allowed to cool naturally. After the reaction was
complete, the samples were taken out of the oven and washed with deionized water to
remove unwanted deposits. The samples left in the air to dry and then placed on a hot
plate at a temperature of 300°C for a period 1/2 hours to grow and homogeneity. Figure

(4.3) shows the diagram steps for preparing ZnO nanorods.

Aqueous Solution

- - — Slimer

zine nitrate zinc nitrate + D.A water
e s

| '.";°“£‘!‘nfaf.'. =

Seed layer on Slide glass substrate

LSRN

(o =

Mixture o
Magnetic stirrer

Hexamin hexamin +D.A.water

hexahydrate M =25 mM

Growth
solution

|

Pure Zn0

Ak Inside autoclave at
Zn0 Nano rods 150C for 10 hr

Figure 4.3 Steps for preparing ZnO nanorods.
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4.3.3. Role of zinc nitrate hexahydrate and hexamethylenetetramine (HTMA)

Zinc nitrate hexahydrate salt provides Zn?* ions which required for building up
ZnO nanorods. Also, water molecules in the solution provided 0~2 ions. Although the
exact function of hexamethylenetetramine during the ZnO nanorod growth is still unclear,
and it is believed that it acts as a weak base, which hydrolyzes the water slowly and
gradually produce OH~. However, this reaction is critical in the synthesis process,
because if the hexamethylenetetramine hydrolyzes very fast and produces too many
OH~ions in a short period, then the Zn*2 ions in the solution out very quickly due to the
high pH environment, which has little contribution to the ZnO nanorod-oriented growth.
That means fast consumption of the nutrient and further growth of ZnO nanowires. The
above described five chemical reactions could control the growth process of ZnO
nanorods:
(CHy)¢N, + 2H,0 < 4NH; + 6HCHO
(NH3) + H,0 < NH;.H,0
NH;.H,0 < NH,* + OH~
Zn*? 4+ 20H™ & Zn(OH),
Zn(OH), < Zn0 + H,

In general, precursor concentration determines the nanowire density. Growth time
and temperature control the ZnO nanorod morphology and aspect ratio. Additionally, all
of the reactions are actually in equilibrium and can be controlled by adjusting the reaction
parameters such as precursor concentration, growth temperature and growth time with

pushing the reaction equilibrium forward or backwards. (Zhong Lin Wang, 2011).

4.4. Doping process of ZnO

For doping aim, we used zinc nitrate hexahydrate (NO3)2.6H20, magnesium
nitrate hexahydrate (Mg(NO3),.6H,0), hexamethylenetetramine (HMT) in the
experiment. Firstly, 25mM aqueous solution of Zinc nitrate and 10% Magnesium nitrate
were dissolved in 50 ml distilled water by using volumetric ratio. After that, 25mM of

HMT was dissolved in 50ml of water. Those solutions were slowly stirring until complete
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dissolution. Then, the solution was put in ultrasonic for 20 min. Also, all solutions mixed
in one jar and repeat stirring for a complete mixture. The solutions were placed in a
Teflon. The bases coated with a seed layer samples was put inside the Autoclave using a
thermocouple (Teflon) pillar with a homemade cylindrical design for fixing seed samples,
as in figure (4.4). It is important to immerse the sample inside the solution completely.

The growth solution was kept in stainless steel autoclave for 10 hours at 150°C. The

cooling and cleaning processes which are described above were repeated.

We repeated the above process to obtain Y doped ZnO and Mg-Y co-doped ZnO

sample shows in figure(4.6).

Figure 4.4.Image of Teflon base to fix the glass substrates.

K- -

zinc nitrate zinc nitrate + D.A water

0-
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- -

magnesium nitrate
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Figure 4.5. Steps for preparing the (ZngyM g,9_,Y,0) films.
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5. RESULTS AND DISCUSSION

5.1. Optical Properties

The optical properties of the pure and ZngoV,Mg,o_,O0 with (x =
0%, 5% and 10%) films prepared by the hydrothermal technique. All prepared samples
are measured using UV-VIS spectroscopy in the range from 300nm to 900nm to obtain
absorbance and transmittance data. The optical energy gap was calculated using the Tauc

equation.

5.1.1. Absorbance

Absorbance measurements were taken and plotted within the range wavelengths
of 300 to 900 nm for pure, doped, and co-doped ZnO. In figure (5.1) shows before and

after annealing of seed layer.

0.25

Seed layer —81

0.20 +

0.15

0.10

Absorption

0.05 +

0.00

300 400 500 600 700 800 900
Wavelength(nm)
We prepared four seed layers which ensure the adherence of the main to the

substrate. The figure (5.1a) shows the absorbance of four difference seed layer on

samples. As seen from figure (5.1 a) that annealing process does not affect of absorption
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character of seed layer except sample 4 due to preparing time and envorimental condition.
All sample show the same behaviour dependence on wavelength.
It is important to emphasize that the value of the absorbance depends on the size

of particles, flaws or defects in grain structure, doping materials and oxygen deficiency.

annealing.

Figure (5.1 b-c) show absorbance data in the case before and after annealing of
pure, doped and co-doped samples. As seen in figure (5.1 b-c), absorbance behaviour of
samples does not change before-after annealing process. It means the annealing does not
affect the absorbance behaviour of samples after the autoclave process and crystal
structure does not change with annealing process.

In the pure case of ZnO, the red line shows the absorbance was the highest point
is 363nm and rapidly decreased in 400nm also gradually decreased from 400 to 700nm
and became stable from 700 to 900nm.

ZnO: Y case which represented by the green line, absorbance rapidly decrease
from 371nm to 400nm, and a slow decrease from 400nm till 900nm. However, our
measurement limit does not show where the absorbance of the sample gets zero or stable.
Also, the result showed that the absorption edge shifts along longer wavelengths. These
results agree with other researcher findings (Sagar et al., 2007).

3.5 3.5
Before annealed by 300°C Zno After annealed by 300°C Zno
304 A 1 A
| 7 = -+ ZngMgsY;0 30 /0 = - - Zny,Mg,Y,0
254 |. = = ZngMg,,0 25 ! = = ZngMg,,0
] { b c \ c
2.0 p 2 20- p
] \ g \
' 0 .
1.5 1 ' @ 1.5 .
\ K] \
] . < .
1.0 1.0 1
0.5 0.5
0.0 0.0 -
T T T T T T T T T T T T i T i 1 i 1 " 1 i T 1
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength(nm) Wavelength(nm)
Figure 5.1 shows the absorbance in the case (a) seed layer, (b and c) before and after
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By adding Mg to ZnO which is the blue line, the absorbance decreases rapidly in
the range of 355nm to 400nm, and become stable. As seen from the figure that when
sample doped with Mg, the data shifts in the absorption edge towards the blue region
which reflects the incorporation of Mg in the ZnO lattice that means the optical band gap
was enlarged by Mg doping regardless of crystallinity which is in agreement with the
report (Kumar et al., 2013).

By adding 5% of Mg and Y to ZnO which is the black line, the absorbance has
pike at 366nm and then rapidly decreases at 400nm. Also, the line gradually decreases
from 400nm to 700nm. After 700 nm, the absorbance of the sample becomes stable. The
result shows that adjusting doping elements into the ZnO sample with a different ratio,

the behaviour of absorption also changes.

5.1.2. Transmission

The transmittance spectrum is plotted in figure (5.2). The figure shows the
transmittance spectrum as a function of the wavelength in the range between 300-900 nm
for the case before and after annealed by 300°C. It is clear that annealing process does not

effect transmission behavior of sample as expected.

100 Before anneled by 300°C . 100 4 After anneled by 300°C _
/, __‘_.‘_Jﬁ /’ . st IER
80 /s _;‘—_-/”-""' 80 - P ’_:’,_.,--r-—-
/ r= c 7/ S
/ .g /
60 / @ 60+ /
| . E | .
e S [ .’
| - - ‘ ¢
40 | 4 / . = | './ ‘/
20 1" ’/ 20 4 i/
-t / Zn0 Zn0
: Zn,Mg,,0 .,'"w\.lf-'m”
£y Mg Y0 Mgy Mg Y

300 400 500 600 700 800 200
Wavelength(nm)

300 400 500 600 700 800 900
Wavelength(nm)

As it appears from the figures, all of the films exhibit higher transmission
exceeding about 64 to 90% in the visible region with a fundamental absorption edge.
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The pure ZnO film in figure (5.2) shows the low transmittance of the spectral
range from A = 300 to 350 nm and increases rapidly between A= 350 - 450 nm. The
maximum point of transmittance is observed at about 76% in the range of 450 to 550nm.
Then it increases slightly from 550nm to 700 and gets stable due to weak absorbability.

In figure (5.2), the green line shows the transmittance study for ZnO doped with
Mg. The maximum transmittance is observed about 90% in the range of 360nm to 450nm.
and gradually increased from 450 to 600nm, then become stable. This indicates that
optical transparency edge changes toward higher photon energies. This result is an
agreement with other literature (Huang et al.,2012).

When Yttrium added to ZnO, the transmittance is rapidly increased till 400nm.
In addition, the film has highly transparent in range 400 to 550 with a transmittance value
of 64 % and this value gradually increases from 550 to 900nm. These results agree with
the previous study (Mariappan, 2014).

Additionally, in the case co-doped (Mg, Y) ZnO, the transmittance is increased
rapidly 75%. This result between the two above case. This finding also indicates that
adding different element in sample affecting transmittance behaviour of the sample.

We also note that the transmittance spectrum exhibits similar visual behaviour as
it is in the total Transparent conduction oxides (TCO)( Jun et al., 2012), which indicates
that the films are suitable for solar cell applications because the effective spectral region

in the solar cell is in the visible region.
5.1.3. Optical energy bandgap

The energy gap depends on the films structure, the arrangement and distribution
of atoms in the crystal lattice, and crystal regularity. The previous studies show that ZnO
has a direct bandgap transition(Narayanan, 2016). Using this information, the optical

energy gap E, was calculated via Taug equation

(ahv) Y™ = A(hv — Ej) (38)

where h is Planck’s constant, v is the photon’s frequency, « is the absorption coefficient,

E

g 1s the bandgap and A is constant. In our case, n equals to % for allowed direct



39

transitions for ZnO thin films. The extrapolation of the straight line to (a hv )? = 0 gives
the value of the direct bandgap of the material. The dependence of (ahv)?on hv is shown
in figure (5.3). From this figure, the obtained E, values are 3.262, 3.18 , 3.31, 3.157, 3.07
eV for seed layer, Zn0O , ZnggMg,00 , ZnyyY100, and ZngoM g Y50, respectively.

A bandgap decrease (redshift) with a decrease in crystal size up to the critical
value and the bandgap increases below the critical value (blue-shift). Generally, the result
showed that how doping affected the energy bandgap.

Figure (5.3a) shows the energy band gap as 3.262 eV for seed layer of ZnO after
the annealing process. From figure (5.3b), the energy bandgap for pure ZnO is 3.18 eV
after the autoclave techniques. The bandgap value of the sample after the autoclave
decreases compared to seed layer bandgap. The behaviour can be explained with the
temperature, particle size and modification structure of the film after annealing.

In the case, ZnO: Mg, the bandgap is calculated as 3.31 eV. This bandgap results
in good agreement with previous experimental study (Inbaraj et al., 2018). The observed
value was shifted to lower wavelength, the reason beyond the shifting might be due to the
smaller ionic radius of Mg?* compared to Zn?*(Islam et al.,2020). Such an increase in
bandgap could be attributed to the Burnstein—-Moss effect (Kara et al., 2020)

Y doped ZnO case, the Ejis calculated as 3.07 eV(redshifted). This value is lower
than the undoped case. This result might be explained as the decrease of the crystalline
size and modification of the grain boundary configuration occurred during growth (Kaur,
2004).

From figure(5.3e), the energy band gap was observed 3.157eV for Znqg,MgsYs0. This
value is higher than Y doped ZnO, but, lower than pure and Mg-doped ZnO case. This
energy band gap value implies that the effects of Y on the forbidden energy band gap
dominate comparing with Mg case. Moreover, this result could be due to the effect of

dopant elements yttrium and magnesium on the forbidden energy bandgap.
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Figure 5.2. Shows the energy bandgap for (a) seed layer, (b)ZnO, (c) ZngyMg,,0, (d)

ZngY100 , () ZngoMgsYsO0.
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5.2. Theoretical Study

5.2.1. Volume optimize process

The theoretical lattice parameters calculated via using parameters and the total
energy-volume, according to the four potentials which are used for exchange-correlation
potential in the WIEN2k package program. The minimum values of energy versus volume
were examined for four potentials (PBE-GGA, LSDA, WC-GGA and PBEsol-
GGA)shows figure(5.4). After applying the Birch-Murnaghan equation (Murnaghan,

1944) fit function, we obtained theoretical the lattice constant. Also,

n
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Figure 5.3. Energy (eV) vs. Volume (a.u) plots of ZnO crystal under (a) LSDA, (b)
WC-GGA, (c) PBE-GGA, (d) PBEsol-GGA, and (e) PBEsol+hf potentials.

In Figure (5.4), the theoretical lattice constants for four plus one potentials
embedded in wien2k program are determined by minimizing the ratio of total energy to
volume. The calculated lattice parameters for all potentials were inserted in the table (5.1)

with the experimental lattice constant of ZnO.

Table 5.1. The experimental and lattice parameters of ZnO crystal obtained under PBE-
GGA, LSDA, WC-GGA and PBEsol potentials

Lattice  Experimental PBE-GGA LSDA WC-GGA PBEsol-GGA PBEsol+hf
parameter

a 3.24949 3.313742  3.230981 3.274225  3.260296 3.160746
b 3.24949 3.313742  3.230981 3.274225  3.260296 3.160746
c 5.21999 5.322379  5.190252 5.259718  5.237344 5.192840

There is an inverse proportion between pressure and volume. The pressure
decreases as the volume increases. The value where the pressure is zero corresponds to

the value where the total energy is stable.
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And the theoretical lattice constant with PBEsol potential is close to experimental
finding. We modified by using PBEsol+hf for getting the best result in the calculation in
the case of pure ZnO.

5.2.2. Electron density

In this part of the study, the electron density of the ZnO crystal was calculated
using the WIEN2k program. These obtained data were drawn with the help of the
XCrySDen program in the plane of three dimensions (Figure 5.6).
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Figure 5.5 Three dimensional electron density for ZnO crystal.
5.2.3. Electronic properties of pure and doped ZnO

One of the most investigated characteristics in ZnO is electronic properties. The computed
energy band structure and density states reveal the electron features of ZnO. Figure (5.7)
displays the electron band structure of zinc blend using PBEsol potential. It can be seen
that ZnO has a direct bandgap transition since the top of valance band and bottom of

conduction band are located at the same high symmetry point which is gamma.
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Figure (5.7) shows the energy band structure between -4 to 8 eV of the energy
range It can be observed that forbidden gap energy is 0.67eV for the pure case. The results
are agreement with other researchers studied energy bandgap of ZnO are between 0.64
and 0.813 using in LDA and GGA(Yaakob et al., 2014). And our result is lower than the
experimental value due to the nature of GGA which underestimate the binding energy
in the d-state resulting in anion p valence hybridization. A strong p-d coupling finally

yielded a smaller bandgap. These can be solved by using PBEsol+hf in figure(5.9).
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Figure 5.6. Shows the band structure for ZnO, with PBEsol.

Figure (5.8) shows the effect doping on the forbidden bandgap by using PBEsol
potential. Mg-doped ZnO is caused to the shift of forbidden bandgap to higher energy

value, 0.89eV. This indicates that blue-shifted might be due to the smaller ionic radius
of Mg?* (0.78 A) compared to Zn?*(0.83 A) (Islam et al. 2020). By this reason, the

forbidden bandgap is increased.
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Figure 5.7. Shows the forbidden band structure for ZnO dopped by Mg.

Figure (5.9 ) showed that adding a hybrid function to PBE-sol, the forbidden

energy band raises to 2.47eV. this result is more accurate and near to experimental study.
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Figure 5.8. Shows the band structure for PBEsol+hf.



6. CONCLUSION

Pure, Mg-doped, Y doped, and Mg-Y co-doped ZnO compounds are investigated
to determine the effect of the dopping element on the forbidden energy band gap with
experimental and theoretical methods.

In the experimental part, the hydrothermal method has been used to prepare
samples. Finding results shows that Autoclave techniques do affect data, hovever,
annealing temperature does not affect the data. While Mg-doped ZnO sample has
absorbance shifted blue region comparing with the pure case, the absorbance of Y, and
Mg-Y co-doped ZnO has shifted red region.

In experimental parts, shows that the transition rate of the incoming beam varies
with the type of doping element. Mg-doped Zn transmitted at 10% of incoming wave
affected lower, but Y doped and Mg-Y co-doped ZnO transmitted part half of the
incoming wave light to sample.

As seen from UV-vis measurements, the forbidden bandgap of doped and pure
case ZnO has been varied according to the dopping case. Such as in Mg dopped the
bandgap is increased and oppositely by doped, Y, and co-doped the forbidden bandgap
decreased.

In the theoretical part, we investigated pure and Mg-doped ZnO cases (Due to
time limitation, we can not add Y and Mg-Y codoped ZnO sample. We have been still
running calculation).

Among the four potential which are embedded in wien2k, PBEsol gave the best
theoretical lattice constants which are the closest to experimental findings. However, the
value of the forbidden bandgap is small comparing with the experimental result due to
the nature of GGA. We rerun our calculation with PBEsol+hf potentials which gave
better-forbidden energy band gap value, 2.4 eV. This value is better comparing with
experimental results.

We also had Mg-doped ZnO after creating supercell and changed Zn with Mg.
Mg-doped ZnO sample has 0.89 eV value for a forbidden energy bandgap. This value is
higher than the pure case. This implies that doping ZnO with Mg effects forbidden
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energy bandgap due to the smaller ionic radius of Mg?* (0.78 A) compared to Zn?*(0.83
A).
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(GENISLETILMIS TURKCE OZET)

ZnO'NUN YASAK BANT GAP DEGERI UZERINDEKIi DOPING
ETKILERININ INCELENMESIi: DENEYSEL VE KURAMSAL CALISMALAR

MAJEED, Mahmood Hameed
Yiksek Lisans Tezi, Fizik Anabilim Dali
Tez Danigmani: Dog. Dr. Murat AYCIBIN
Ocak, 2020, (87) Sayfa
OZET

Tez caligmamizda, deneysel ve teoretik yontemler kullanilarak zink oksit
bilesiginin yasak enerji bant araliginin katki maddesi ile nasil degistigini inceledik. Katki
elementleri olarak Mg, Y ve Mg-Y es katkil1 olarak kullanildi.

Deneysel kisimda, Autoclave methodu, hidrotermal teknigi bir tiirii, kullanilarak
katkili 6rnekler elde edildi. Bu kisimda kullanilan autoclave metodondan sonra yapilan
tavlamanin, hazirlanan 6rneklerin sogurma sonuglarinda bir etkisi olmadigr goriildii.

Sogurma grafikleri bize, katki malzemesine bagli olarak oOrneklerin sogurma
grafiklerinin farkli oldugunu sdylemektedir. ZnO bilesigi Mg ile katkilandig1 zaman,
sogurma mavi bolgeye kayarken, Y veya Mg-Y ile katkilandigi zaman sogurmanin
kirmizi bolgeye kaydigi goriilmiistiir. Gegirme grafigi ise sogurma grafiginin
onaylayacak sekildedir.

Teorik kisimda, supercell olusturulup, olusturulan bu supercell de bir veya iki tabe
Zn elementi, katkilanacak durumu gore, Mg, Y veya Mg-Y ile yerdegistirlmistir. Bu

sekilde elde edilen 6rneklerin yasak enerji bant yapilarindaki degismeye bakilmaigtir.

Anahtar kelimeler: Yasak bant araligi, Wien2k, Hidrotermal yontem, Otoklav,
Optik ozellikler.
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1. MALZEMELER VE YONTEM

1.1 Hidrotermal Teknik

Hidrotermal teknik diisiik maliyetli, ve diisiik sicaklikta siireci kontrol etmemizi
saglayan kolay bir yontemdir. Her tirli inorganik ve seramik malzeme hidrotermal
yontemle biiyiitiilebilir. Ayrica, bu yontem ¢evre igin giivenlidir. Autoclave yontemi, bir
paslanmaz celik silindir metal (SS304), metal icinde 200 ml Teflon kaplanmistir. Bu
teflon 450°C sicaklik ve 3 Mpa da 100 Q direnc’e sahiptir. Giivenli ¢alisma sicakligi
280°C'ye kadar ¢ikabilmekte ve sicaklik 1sitma ve sogutma hizi ise < 5°C/dak. Bu arag
Company Toption Instrument co, Limited, Cin tarafindan saglanmistir ve Sekil (1.1), tez

de kullanilan termal basing sistemini gostermektedir.

Inner Teflon or PTFE

lined Reactor chamber -

Outer high quality stainless steel (SS) body

Upper Reactor
SS Disc
Autoclave

Treaded
Cap

Sekil 1.1 Otoklav cihazinin goriintii boliimleri.

1.2 Material

Tiim reaktifler ve ¢oziiciiler analitik derecedeydi ve daha fazla saflagtirilmadan
kullanildi. Cinko asetat Zn (CH;C00), .(H,0),, cinko nitrat, heksamin CgH12Na,
magnezyum nitrat heksahidrat Mg (NOs). .6(H20) , Yitriyum nitrat hekzahidrat

Y(NO3) ; 6H, O, mutlak etanol, deiyonize su, kayar cam substrat, temizleme i¢in % 96
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etanol, nitrojen gazi, ultrasonik. ZnO'nun Y ve Mg ortak katkili nanorodlar1 hidrotermal

yontemle hazirlandi. ( ZnggY,Mg19_,0) O'nun hazirlanmasinda kullanilan malzemeler
burada (x = 0, 0.05 ve 0.10) cinko asetat dihidrat Zn(CH3COO),-2H20 (Sigma Aldrich,
99% ), Cinko nitrat heksahidrat Zn(NOz3)2.6H20 (Sigma Aldrich,% 98), heksamin
CeH12N4,, magnezyum nitrat heksahidrat Mg(NO3)2.6H20 (Mark,% 98.5) ve Yitriyum
nitrat heksahidrat Y(NO3); - 6H,0 (Sigma Aldrich,% 99). Ayrica ¢oziicii olarak etanol,
deiyonize su,% 96 etanol ve iizerinde substrat bulunan cam slayti temizlemek i¢in nitrojen

gazi kullanildi.

1.3 Hazirhk Tohum Katmam ve Blyime ZnO Nano Cubuklar Daldirma Kutusu
ile.

Cinko asetat dehidrat, 15 dakika boyunca manyetik siirekli karistirict altinda 10
mM konsantrasyonda mutlak etanol i¢inde ¢oziindiiriildii, Cam substratin slayt {izerine
25ML damlacik ¢ozeltisi kaplandi, kaplanmig substrat sicak bir plaka tizerinde 55°C'de
kurutuldu, bu kaplanmig adim tekrarlandi birkag kez 25 kez ve daha sonra ¢ok katmanli
ZnO tohumunu vermek i¢in havada 30 dakika boyunca 350°C 'de tavlandi.
Daha sonra, ZnO tohumlari, hidrotermal bir otoklavda 25 mM hidratlanmis ¢inko nitrat
ve heksaminin 100 ml esmolar sulu (Deiyonize su) ¢ozeltisinde biiyiitiiliir, ZnO tohum
tabakasi kapli kayar cam substrat, otomatik bdlmede bas asag1 sulu ¢cozeltiye daldirilir ve
konur. firma 10 saat boyunca 150°C 'de koyun, son olarak blyltmeden sonra substrat
deiyonize su ile yikanir ve havada kurutulur. ayrica, nihayet bilyiime nanorodlart i¢in 30
dakika boyunca 300°C'de halka acildi. ayn1 durum altinda farkli konsantrasyonlarda ZnO
ile doping ve kodoping (Y ve Mg) icin tekrarlanan hidrotermal otoklav.

1.4 Wien2k Hesaplamali Program

Atomik yapilarin optik ve elektronik 6zelliklerini teorik olarak hesaplamak
olduk¢a zordur. Bu sorunun iistesinden gelmek i¢in farkli 6zelliklere sahip bilgisayar
destekli hesaplama programlari kullanilir. Bu programlar WIEN2k, ABINIT, SIESTA,
Quantum ESPRESSO, VASP vb. simiilasyon programlaridir.

Bu tezde saf ve Mg katkili ZnO kristalinin incelenmesi icin WIEN2k programi
kullanilmigtir. WIEN2k (Blaha,et,al.,2020) programi DFT'ye dayanir ve Kohn-Sham
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denklemlerini ¢6zmek i¢in artirilmis diizlem dalgasi art1 yerel yoringeler (APW + l0)

kullanir. Elektronik bant yapisi, optimize edilmis atomik yapi, vb. Gibi birgok 6zellik
hesaplanabilir (Blaha et al., 2020).

APW'in genisletilmis bir versiyonu olan APW (Augmented Plane Wave)
yontemini ve LAPW (dogrusal olarak artirilmis diizlem dalgasi) yontemini kullanir.
Ayrica, GGA ve LDA yaklasimlarinin tiirevleri olan PBE-GGA, PBEsol-GGA, WC-

GGA ve LSDA yardimiyla degisim ve korelasyon enerjisini siirece dahil eder.
2.SONUCLAR VE TARTISMA
2.1 Optik ozellikler

Hidrotermal teknikle hazirlanmis (x =% 0,% 5 ve% 10) filmlerle saf ve
Ingy Yy Mgq9—, formiilii kullanilarak elde edilen O'nun optik 6zellikleri. Hazirlanan
tim numuneler, absorbans ve gecirgenlik verilerini elde etmek i¢in 300 nm ila 900 nm
araliginda UV-VIS spektroskopisi kullanilarak 6l¢iiliir. Optik enerji agig1, Tauc denklemi

kullanilarak hesaplandi.
2.2 Optik enerji bant arahg:

Enerji bant aralig1 film yapisina, kristal kafesteki atomlarin diizenine, dagilimina
ve kristal dizilimine baglidir. Daha 6nce yapilan ¢alismalar da ZnO'nun direk bant
gecisine sahip oldugunu goriilmiistiir (Narayanan, 2016). Bu bilgiler kullanilarak, optik
enerji araligl,E, , asagidaki formiille tim numuneler i¢in Taug denklemi kullanilarak

hesaplandi.

(Ahv) n= A (hv — E,) (47)

burada h Planck sabiti, v fotonun frekansi, a sogurma katsayisi, E; bant araligi ve A
sabittir. Bizim durumumuzda n, ¢inko oksit ince filmler de izin verilen dogrudan gegisler
i¢in Y4'ye esittir. Diiz ¢izginin (@ hv)? = 0 degeri, malzemenin dogrudan bant araliginin

degerini verir, (ahv)? 'nin hv'ye bagimlilig sekil (2.1) 'te gdsterilmistir. Bu sekilden elde
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edilen Eq degerleri, 3.262, 3.18, 3.31, 3.07, 3.157 eV, alt tabaka katmani (seed layer)

Zn0, Zngy Mgqo 0, ZnggYig O Ve Zngg Mgs Ys O, olarak Slgiilmiistiir.

Kritik degere kadar kristal boyutunda bir azalma (kritik deger, kuantum etkisini baslatan
belirli bir degerdir), bant araliginin azalmasina (kirmizi bolgeye kayma) ve kritik degerin
altindaki degerler igin (mavi bolgeye kayma).

Genel olarak sonug, dopingin enerji band1 boslugunu nasil etkiledigini gosterdi.

Sekil (2.1a) tavlama isleminden sonra ZnO alt tabaka katmani icin enerji bant
araligini 3.262eV olarak gostermektedir. Sekil (2.1b) 'den, saf ZnO igin enerji bant araligi
autoclave tekniklerinden sonra 3.18 eV'dir. Auto clave sonra numunenin bant aralig
degeri, alt tabaka bant araligina kiyasla azalir. Tavlama sonrasi davranis, filmin sicakligi,
partikiil boyutu ve modifikasyon yapisi ile agiklanabilir.

Zn0O: Mg durumunda, bant aralig1 3.31 eV olarak hesaplanir. Bu bant araligi,
onceki deneysel ¢aligmayla iyi bir uyum saglar (Inbaraj et al.,2018). G6zlenen deger daha
diisiik dalga boyuna kaydirildi, kaymanm &tesindeki sebep, Mg*? 'nin Zn*?' ya kiyasla
daha kiiciik iyonik yarigapindan kaynaklaniyor olabilir (Islam, et al., 2020). Bant
araligindaki bu tiir bir artis, Burnstein — Moss etkisine baglanabilir (Kara et al., 2020).

Y katkili ZnO durumu, Ejis 3.07 eV (kirmiziya kaymis) olarak hesaplandi. Bu
deger, katkilanmamis 6rnege gore daha diisiik olarak Ol¢iilmiistiir. Bu sonug, blyiime
sirasinda meydana gelen kristal boyutunun kiigiilmesi ve tane sinir1 konfigiirasyonunun
modifikasyonu olarak aciklanabilir (Kaur, 2004).

Sekil (2.1e) 'den, enerji band1 araligt Zngy Mgs Y5 O igin 3.157eV gozlenmistir.
Bu deger Y katkili ZnO'dan daha yiiksek, ancak saf ve Mg katkili ZnO durumundan
disiiktiir. Bu enerji bandi boslugu degeri, Y'nin yasaklanmis enerji bandi araligi
tizerindeki etkilerinin Mg durumuna gore baskin oldugunu ifade etmektedir. Dahasi, bu
sonug, takviye edici elementlerin itriyum ve magnezyumun yasaklanmis enerji bant

aralig lizerindeki etkisinden kaynaklaniyor olabilir.
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2.3 Teorik Calisma

2.3.1 Saf ve katkili ZnO'nun elektronik ozellikleri

ZnQO'da en ¢ok arastirilan 6zelliklerden biri elektronik 6zelliklerdir. Hesaplanan enerji
band1 yapisi ve yogunluk durumlari, ZnO'nun elektron 6zelliklerini ortaya ¢ikarir. Sekil
(2.2), PBEsol potansiyelini kullanarak g¢inko karisiminin elektron bandi yapisini
gostermektedir. ZnO'nun, valans bandinin istii ve iletim bandinin alt kismi1 ayn1 yiiksek
simetri noktasi olan gama noktasinda yer aldigindan, dogrudan bir bant aralig1 geg¢isine
sahip oldugu goriilebilir.

Sekil (2.2), enerji araliginin -4 ile 8 eV arasindaki enerji bandi yapisini géstermektedir.
Yasak bosluk enerjisinin, saf durum i¢in 0.67eV oldugu goriilmektedir. Sonuclar, LDA
ve GGA'da kullanilan ZnO'nun enerji bant aralig1 0,64 ile 0,813 arasinda calisilan diger
aragtirmacilarla uyumludur (Yaakob ve digerleri, 2014). Ve sonucumuz, baglanma
enerjisini kiigimseyen GGA'nin dogasi nedeniyle deneysel degerden daha diisiik.

d urumunda anyon p valans hibridizasyonuna neden olur. Gigli bir p-d baglantisi
sonunda daha kiigiik bir bant araligi sagladi. Bunlar, sekil (2.3) '‘da PBEsol + hf

kullanilarak ¢oziilebilir.

; 744& B2\
2N

0-
_ ~— N>
2- — : Eg=0.67eV
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Energy(ev)
N

Energy(eV)

Sekil 2.2 . PBEsol ile ZnO i¢in bant yapisin1 gosterir.
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Sekil (2.3), PBEsol potansiyeli kullanilarak yasaklanmis bant araligi tizerindeki

katkilamanin etkisini gostermektedir. Mg katkili ZnO, yasak bant araliginin daha yiiksek

enerji degeri olan 0.89eV'ye kaymasina neden olur. Bu, maviye kaymanm, Zn*? (0.83 A)

akiyasla Mg*? (0.78 A) 1n daha kiigiik iyonik yarigapindan kaynaklanabilecegini gdsterir

(Islam et al. 2020). Bu nedenle yasak bant aralig1 artirilir.
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Sekil 2.3. Mg katkili ZnO igin yasak bant yapisini gosterir.
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Saf ve Mg, Y ve Mg-Y ortak katkili ZnO bilesikleri deneysel ve teorik yontemlerle
yasaklanmis enerji bandi bosluguna katki maddesinin etkisini belirlemek igin
incelenmistir. Deney boliimiinde, numunelerin hazirlanmasi i¢in hidrotermal yonteme
ihtiya¢ duyulmustur. Otoklavin verileri etkilemedigi sonuglar1 bulmak. Mg katkili ZnO
numunesi saf duruma gore absorbans kaymis mavi bolgeye sahipken, Y ve Mg-Y birlikte
katkil1 ZnO'nun absorbansi mor bolgeye kaymustir.

Teorik kisimlarda, gelen kirisin gecis hizinin doping elemaninin cinsine gore
degistigini gostermektedir. Gelen dalganin% 10'unda iletilen Mg katkili Zn, daha diisiik
seviyeyi etkiledi, ancak Y katkili ve Mg-Y ortak katkili ZnO, gelen dalga 1s1g1nin yarisini
ornege iletti. UV-vis dlgtimlerinden goriildigi gibi, katkili ve saf ZnO'nun yasak bant
aralig1, doping durumuna gore degismistir. Mg dopped gibi bant aralig1 artirilir ve tersine
dopped, Y ve co-doped ile yasak bant araligi azalir. Absorbans, gegirgenligin tersidir,

doping durumuna bagli olarak degisir



CURRICULUM VITAE

Mahmood H. Majeed
B.Sc. graduated in physics
Date and place of birth: 1990-03-31, Kalar

Marital status: Married

E-mail: mahmoodhameed1990@gmail.com
Phone number:(+90)5352776381, (+964) 7501637793
Address: Physics department, College of Education, University of Garmian, Kalar, As

Sulaymaniyah, Iraq.

Educational status:

B.Sc. of physics, University of Sulaimanyah, average grade: 71.545 of 100, stood as
2"d student of 22 graduated from the first trial, 2012-2013.

02/2019 Continues study M. Sc with thesis — Solid state physics in Van Yuzuncu
Yil University — Institute of natural and applied Science — Physics Depatment.
Academic work status:

Employed as Lab. Assistant in Phys. Dept. of the University of Garmian from 2013
until now.

Research and technical skills:

Thin-film formation by chemical vapour deposition (CVD), spray pyrolysis (SP),
hydrothermal and spin coating method.

Computer skKills:

Matlab, LaTex, SPSS, Origin, Mathcad, Office.
Language skills:

Kurdish (mother tongue)
Arabic  (intermediate)
English (intermediate)
Turkish  (beginner)


mailto:mahmoodhameed1990@gmail.com

