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Summary

The compound NiO:Cu thin films were prepared using a the Aerosol-
Assisted Chemical Vapor Deposition (AACVD) deposition technique, it is a
method that has proven its efficiency in preparing thin films within Nano scale
ranges. Copper were with different doping percentage (Cu/Ni=0, 7.5, 10, 12.8
At. %) to deposition on substrates of glass and (n-type) and (p-type) silicon.

The crystal structure of the prepared films has been examined by X-ray
diffraction method (XRD) and the results showed that all the prepared films
are polycrystalline in the cubic phase with the highest peak at the plane (111)
and at the angle (37.5°), it showed an improvement in the crystal structure by
increasing the height of the peaks. There is an increase in the crystallite size of
the nanoparticles, decrease in the strain and the dislocation density and
increase the lattice constants (a,) when increasing the doping. This is an
indication of improved properties of the prepared films. As for the results of
the scanning electronic microscope (SEM) the images show the nanoparticles
by increasing the doping and an increase in the grain size with the doping
increases.

The optical properties of prepared films with thickness (45 - 62 £6) nm
were studied using optical transmittance measurements in the spectral region
(330-1100) nm. It was noted that, the transition is direct allowed transition and
the increase in doping copper percentage leads to a decrease in the optical
energy gap of the NiO films from( 3.5- 2.8eV), which decreases when the film
thickness increases, so the thickness of the film increases with the increase in
doping. The optical constants such as refractive index, extinction coefficient
and dielectric constant have been calculated for all prepared films.

The electrical properties include Hall Effect were studied. The results
show that the prepared films were p-type becomes n-type when the doping is
increased (Cu/Ni=12.8%). The characteristics of the voltage-current in the
dark and lighting state showed that the compound films are sensitive to light,
where it‘s notice a decrease with a disparit in the current values in the dark
state and an increase in the sensitivity of the samples after lighting in the
forward and reverse bias, it was noted that the best efficiency of
heterojunction is with a value of (2.8571429%) when depositing the type (p)
film of the NiO:Cu sample on the Si (n) substrate at doping (Cu/Ni=10%) .
It‘s noticed that there is a variation in the values (lsc, Ve, Imaxs Vimax: FF) when
depositing isotype (p/ p), (n/n) and un isotype (n/p), (p/n).
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1.1 Introduction

One of the significant branches of solid state physics that crystallizes into
a branch of itself is Thin Films. The division is concerned with micro-devices,
all of which have a very small thickness of less than 1um[1]. Since the second
half of the seventeenth century, the properties of the material in the form of
thin films had attracted the attention of physicists, for that much theoretical
research was carried out in this field, and then at the beginning of the
nineteenth century, when the semiconductor entered into practice, the study of
the practical side grew [2]. Because of the thickness of these films, depending
on the type of the application and analysis, they are deposited on substrates
made of various materials such as glass, quartz, silicon, aluminum, etc. [3]. It
is worth mentioning that Chemical Vapor Deposition (CVD) as one of the
main methods of synthesizing films, coatings, powders, composites,
nanotubes, etc., CVD techniques have been developed for a wide range of
applications [4,5]. CVD includes homogeneous and heterogeneous chemical
reactions of gaseous reactants, and can provide structural control of extremely
pure materials at atomic or nanometer scales. Challenges in the selection and
delivery of chemical precursors, especially for multicomponent products, are
often significant [6]. The absence of adequate volatile precursors and the
difficulty in regulating the stoichiometry of the deposits are the key obstacles
to further CVD technique applications [7]. The Aerosol-Assisted Chemical
Vaper Deposition (AACVD) method uses aerosol droplets to transport the
precursors as a variant of the conventional CVD technique. Chemical
precursors need not necessarily be volatile, but merely soluble in any solvent
from which the aerosol can be produced, with the help of inert or reactive

carrier gases in AACVD based processes. If the precursors for traditional

1
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CVD prove too in volatile or thermally unstable for the synthesis of the
particular mate, it provides a useful way to manufacture films, coatings and
other CVD products [8]. Under ambient pressure or low pressure, the AACVD
process can be conducted. AACVD has also been conducted in open air for

deposition of oxide or sulfide materials without a reaction chamber [9, 10].

1.2 Nanostructured Materials

Nano structured thin films is class of materials, which display improved
mechanical, electrical, magnetic and optical properties obtained by the size
effect. All exotic properties, such as hardness and durability, are most
appropriate for manufacturing industry applications. Thin films with a super
hardness of 40 to 105 GPa have recently been frequently published [11].
Toughness is the capacity of a material during deformation to fracture to
absorb energy. The capacity of a material to resist the growth of a preexisting
crack is fracture toughness Nanostructures have a volume between structures

that are molecular and microscopic (dimensions in micrometers) [12].

1.3 Various Forms of Nanostructures

In nanotechnology, various classifications of nanostructures exist.
Typically, nanostructures are characterized by their geometric properties. In
general, nanostructures consist of Nano cages, Nano belts, Nano crystallites,
Nano needles, Nano flowers, Nano fabrics, nanofibers, nanocomposites, Nano
foams, Nano meshes, Nano pin films, Nano pillars, nanoparticles, Nano rods,
nanoclusters, Nano powders, Nano shells, Nano wires, Nano tubes, quantum
dots, and sculptured thin film [12].
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The most common mode of their classification is the classification of
nanostructures according to their dimensions. Form (dimensionality) of their
microstructural constituents (boundary regions and crystallites) The three
groups of NsM can be divided into four families, based on the chemical

composition of the crystallites [13] as show in figure (1.1)

FAMILIES of NSM

hem. comp. of
crystallites Same Different Compositionof ~ Crystallites dispersed
for boundaries and in matrix of
different crystallites different composition
Shape crystallites different

of crystallites

OO~ [OOOOOC
Lo S
Layer-shaped - [N XK SEYNS
g T334 1]
2 ' b @ &«
& XM X
Z
6 S o -'
N
7)) i a¥
LLJ Rod-shaped w ﬂ &;‘0 iﬁ
m ' m—
0 R
)
0
<
O
Equiaxed
crystallites

Figure (1.1): Nanostructured material (NsM) classification schemes according to their
chemical composition and the dimensionality (shape) of the NsM-forming crystallites

(structural elements [13].
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Figure (1.2): Nanostructure classification according to 0-D, 1-D, 2-D, and 3-D [13].

In the Nano metric size range, the dimensions of 0D nanostructures are
(such as nanoparticles or well-separated Nano powders). Nanostructures of 1D
have a dimension that is outside the range of Nano metric size as shown in
figure (1.2). There is a rod shape and type of nanotubes, Nano rods, nanowires
and Nano needles in these 1D nanostructures. Outside the Nano metric size
spectrum, 2D nanostructures have two dimensions. These 2D nanostructures
therefore imply plane-like structures and are made up of thin films,
monolayers, and Nano coatings. There are three dimensions of the 3D
nanostructures on the broad side of the Nano metric size spectrum. Many
different types of these bulk 3D nanostructures shape themselves, which

typically include nanocrystal line units that display the nanoscale's affected
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properties due to the size effect [14]. Different distributions of nanoparticles
or Nano crystallites, nanowire groups and nanowires may be used in a 3D
nanostructure The nanostructures of 0D, 1D, 2D and 3D can be amorphous or
nanocrystal line. You may also categorize the 2D and 3D nanostructures in
more detail. A plane with a depth below 100 nm is the simplest form of a 2D
nanostructure and other dimensions are bigger than Nano metric dimensions.
This plan will reveal internal nanostructure dimensions, for example,
nanocrystals (or Nano grains) with a nanoscale dimension, despite their
external dimensions some new size-related properties different from those of a
microcrystalline layer can be seen by this 2D Nano-crystalline layer[13]. The
inside grains (crystallites) can be outside the nanoscale and yet still be treated
as a nanostructured matter if the external thickness is left in the Nano metric
size range in the Nano metric size range, the insider structural dimensions (for
crystallites or grains) and outsider surface dimensions (exclusively their
depth) can therefore be divided between the 2D nanostructures as inner
nanostructured and non-internal nanostructured layers [15]. 3-D nanostructure
measurements would not be found in any Nano metric size spectrum, but
certain size-influenced properties are still seen. For example, with two or more
phases with different properties, 3D nanocomposites can be acquired and their
total synergistic properties cannot be acquired by each phase alone. The
nanocomposite matrix has dimensions greater than the Nano metric scale and
the amplifying material is normally within the range of Nano metric size.
These 3D nanostructures, for example, nanoparticles, Nano flakes, nanotubes
or Nano rods, can be classified by the form of amplifying phases. The 3D

nanostructure in its inner structure can be microcrystalline or nanocrystal line.
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1.4 Semiconductors

There are several semiconductor concepts. The term semiconductor has
traditionally been used to describe a broad group of materials (different
elements and chemical compounds) whose conductivity falls within a wide
gap between conductive materials and insulating materials. In general solid
materials can be defined as follows in terms of their electrical conductivity
[16, 17, 18]: -
1. Conductivity (10%-10%) (© .cm) ™ conductors such as copper and silver.
2. Conductivity (10°® -10°) (Q .cm) ™ semiconductors such as germanium (Ge)
and silicon (Si).
3. Conductivity (10"%-10®) (Q .cm) " insulated materials such as diamonds
and quartz.
The basic characteristics of semiconductors can be determined by the
following points [19. 20]: -
1. Self-conductivity (Intrinsic Conductivity) is demonstrated by a very high
purity semiconductor and does not occur at low temperatures.
2. As well as having negative electrical conductivity, semiconductors have
positive electrical conductivity.
3. Semiconductors have a negative thermal coefficient resistance, which is the
adoption of their electrical temperature relation as opposed to what it is for
metals.
4. When they contain impurities or certain defects, semiconductors are very
sensitive.
5. During the photoelectric phenomenon or during a change in resistance,
semiconductors are sensitive to light.

6. When a magnetic field is put on it, their relation is impaired.

6
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In electronic applications, semiconductor sensitivity to these factors has
rendered it a very significant material.
1.5 Classification of semiconductors

It is possible to classify semiconductors according to their crystalline
structure to [20, 21]: -
1.5.1 Crystalline Semiconductors
a- Single Crystalline Semiconductors

These materials are distinguished by the fact that their atoms are
geometrically arranged, replicated regularly, in equal dimensions and in three
directions, in a systematic manner. It is called the long-range order, which
achieves the atomic system's lowest free internal energy as in figure (1.3a).
b- Polycrystalline

It is a group of crystals, called grains, with a relatively large number of
atoms. Grains are isolated from each other by boundaries. Each granule has a
long-range structure, while crystalline granules have a (Short-range Order) as
a whole and as shown in figure (1.3b). In determining their physical
properties, most semiconductors are polycrystalline materials in which the
grain boundary is very important, since these boundaries reflect crystalline
defects that cause the electrostatic potential barrier to form on both sides of

the granule, which impedes the flow of the majority of charge carriers [22].

1.5.2 Amorphous Semiconductors

These are atoms with a short-range arrangement. Their atoms are arranged
randomly, so they cannot be counted as a repetition of the cell unit as shown
in Figure (1.3c). The random state is thermodynamically unstable
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Polycrystalline] JAmorphous
()

Figure (1.3): Order atoms in materials [22].
(a) Single Crystalline (b) Polycrystalline (c) Amorphous
From the study of X-ray diffraction patterns, crystalline semiconductors
can be distinguished from amorphous, as the diffraction pattern is in the form
of wide, low-light, concentric rings of random materials, in the form of sharp
bright spots in monochromatic materials and in the form of high-

Polycrystalline materials as in figure (1.4) [23].

Figure (1.4): X-ray diffraction of crystalline, polycrystalline and amorphous

materials [23]. (a) Polycrystalline (b) Single crystalline (c) Amorphous
8
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Semiconductors can be classified into the following [16]: -

Semiconductors
Intrinsic or Pure Extrinsic or Impurity
Semiconductors I
+ v
n-Type p-Type

1.6 Intrinsic Semiconductors

Intrinsic semiconductors are referred to as pure and impurity-free
semiconductors such as pure Si, Ge, and their valence band is entirely packed
with electrons at absolute zero, while the conduction band is totally empty. A
certain amount of electrons in the valence band will be thermally excited and
moved to the conduction band when the temperature of the pure
semiconductor is increased, leaving behind a number of holes, the electrons
arriving at the conduction band can fill this band in a molecule and when an
electrical field is shed on them will be ready for electrical conductivity The
holes created in the valence band are filled directly by neighboring electrons
moving in a direction opposite the direction of the field and the hole is
transferred to the field. The concentration of electrons is known to be equal to
the number of holes in a semiconductor. (i.e) [16, 24]:
N=P=Ni.ooiiiiiiin, (1-1)
As:
ni: intrinsic currier concentration.

n : concentration of electrons.
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p: concentration of holes.
The Fermi level is in the middle of the forbidden energy gap in pure

semiconductors, as in the following equation [25]:
Ee=(EctEV)V2 . (1-2)
Whereas:-

Er: Fermi energy level.

Ec: conduction band energy.

Ev: valence band energy.

1.7 Extrinsic Semiconductors

The deliberate addition of impurities by grafting or doping to the pure
semiconductor is called a procedure that is suitable for most applications. This
is why the semiconductor impurity is categorized into two groups according to
the type of impurities applied to it, the first is the type of semiconductor (n-
type) which is called the negative type because electrons are the majority of its
charge carriers (Majority Carries) and the gaps are the minority carriers and
the second is the positive type semiconductor (p-type) because the majority of
the positive type (p-type) are electrons. As for the Fermi stage in the grafted
semiconductor, in the positive-conducting semiconductor, the negative-
conductor semiconductor is found creeping near to the conduction band and
the valence band [24, 26]. Doping controls the characteristics of the
semiconductor as well as the heat treatment, but the doping effect is more
suitable because the change in temperature is undesirable, so doping is
preferable in the regulation of semiconductor conductivity [27] .
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1.8 Literature Survey

As described by many researchers, nanostructured nickel oxide thin films
have been prepared using several deposition methods.
SA. Mahmoud et al. (2011) [28],Showed The effect of varying substrate
temperatures on the structural and optical dispersion properties of NiO films
was investigated , Using SPT, nickel acetate of a 0.05 M solution in ethanol
was deposited. This was achieved on an ultrasonically cleaned glass
substratum at a substrate temperature of (225 - 350 °C). The diameter of the
nozzle was 0.7 mm, the deposition time was 15 s and the spraying time was 3
min. The spraying nozzle height was held at 35 cm. Furthermore to achieve a
homogeneous film, the rate of spraying was kept atl5 cm®/min. For
temperature measurements, a thermocouple was used. At a low substratum
temperature of 225 °C, the XRD model provided amorphous films. A single-
phase cubic structure was formed with preferential growth along the (1 1 1)
plane at above 275 °C. The refractive index relies on the temperature of the

substrate and thin film thickness.

S. C. Chen et al.(2011) [29], Deposited NiO:Cu composite films with varying
copper content ranging from 0 to 18.17 % . The p-type conductivity is shown
by the hall measurement for all copper-saturated NiO films. Furthermore, the
NiO film transmission decreases continuously from 96% to 43% with the
copper content increasing from 0% to 18.17%. XRD patterns of copper-doped
NiO films indicate that the NiO films with copper content greater than 6.97%
only occur and crystallize NiO peaks. Copper + ions that contribute to p-type
conduction and weaken the crystallinity of NiO-Cu compound films with a

11



Chapter One Introduction and Literature Survey
4

higher proportion of copper are replaced by a large number of capillary sites
of Ni2 + ions in NiO crystals.

A.M. Reddy et al. (2011) [30], Deposited NiO films by using the DC reactive
magnetron sputtering process. They showed in scanning electron microscopy
micrographs of the NiO films as a function of thickness. The films produced at
a thickness of 150 nm have irregular grain shapes. Uniform grain size
distribution and large grain size can however, be seen in the thickness of 250
nm films. In addition, 550 nm of smaller grain and smooth structure could be

obtained in the film thickness.

S. Sriram, and A. Thayumanavan (2013)[31], Showed NiO films were
prepared using precursor solutions using spray pyrolysis process. (XRD
studies show that films prepared from ancient solution (21 nm) have samli
grain size as indicated in SEM studies compared to film prepared from fresh
solution (60.3 nm). In optical studies, higher band gap could be obtained in

films prepared without aging precursor (3.6 eV).

R.A. Ismail et al. (2013)[32], Have reported NiO thin films in the presence of
nickel chloride salt solution using a spray pyrolysis process. The films were
deposited at different temperatures on substrates such as glass and silicon. As
shown by XRD research, the deposited films at 280°C have an amorphous
composition. And at higher temperatures, the films display the cubic structure.
There is no marked difference between the results obtained from the XRD in

crystallite size.
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K. H. Kim et al. (2014) [33], Showed Copper doped nickel oxide (NiO:Cu)
thin films using the technique of electrodeposition, nanocrystal line grains
with spherical shaped particles shown the surface morphology of both the un
doped and doped thin films. The optical tests showed a decrease in band gap
energy for the un doped , 2 % and 3 % respectively, from 3.34 eV to 3.32 eV
and finally to 3.20 eV. The refractive index peaked between 2.60 and 2.65,
with major differences in the visible and NIR range in the measured extinction

coefficient values of doped thin films.

V. Gowthami et al. (2014)[34], Deposited a(0.3M) aqueous nickel chloride
solution on a glass slide using SPT. The goal was to test the parameters of the
oscillator (optical dispersions) of the thin film NiO. The temperatures of the
substrates ranged from 350 °C, 400 °C and 450 °C. The focus was on
optoelectronic devices that make use of thin films and interference devices for
semiconductors. Optical dispersion has been taken into account because it
reveals knowledge that is useful in determining microscopic properties.
Substratum nozzle distance of 7 cm, volume of 0.5 ml per min and optimized
airflow of 1.2 kg/cm2 have been retained. For the NiO films, optical
transmittance spectra were recorded from 300 nm to 1100 nm wavelengths.
The thickness of the film increased as the transmission decreased.
Transmittance variation was from 30 % to 90 % as the thickness of the film
decreased. There was a direct band difference of 3.54 eV, 3.43 eV and 3.37
ev.

Y. Zhao et al. (2014)[35], Showed the effect of partial oxygen pressure on the

properties of NiO films was investigated, the XRD patterns show that when
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the partial oxygen pressure drops from 80% to 0%, the strength of the (200)

peak decreases.

M. Jlassi et al. (2014)[36], NiO film was prepared at different annealing
temperatures using the sol gel method. The XRD study shows that there were
polycrystalline structures in all annealed films. Meanwhile a single large
unstructured XRD line is shown in as-deposited films. It was possible to find a
prevailing peak corresponding to (200). As the annealing temperature
decreased from 600 to 300 °C, the intensity of this peak decreased. On the
other hand, as the annealing temperature rises, it is clear that all the films
display high clarity in the visible and near infrared sections. This results in
films with strong transmission for that purpose.

M.M. Gomaa et al. (2016)[37], Found that the films were gray in colour and
strongly adherent to the substrate. They observe that the thickness and grain
size were varied from 0.028-0.23 pum, and 14-17 nm, respectively as the
volume of sprayed solution was increased from 30 to 75 ml. In another case,
the band gap changes from 3.58 to 3.4 eV with increase in the film thickness.
They explain that may be attributed to the changes in homogeneity and
crystallinity of the films.

M. Vigneshkumar et al. (2016)[38], Focus on the antireflection coating for
NiO thin films in solar cells. NiO films were deposited on glass substrate
using a 0.5 M aqueous solution from nickel chloride of a temperature at 350
°C, A reflectance of 7% was obtained of 550 nm. This low value gives an
indication that it can be used as an antireflection coating material in solar
cells. The refractive index was recorded at 550 nm to be 1.871. Calculated
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optical direct band gap energy from the prepared NiO thin film was found to
be 3.25eV.

AA. Yadav, and U. Chavan. (2016)[39], Studied effect of substrate
temperature on various physical and electrochemical properties of NiO thin
films. This was done by using nickel chloride precursor spray deposition of
NiO thin films. The thin films were deposited at 425 °C, 450 °C, 475 °C and
500 °C temperatures. Cubic polycrystalline nickel oxide confirmed the
structural analysis. The surface morphology showed a porous surface with
randomly formed heaps that were inhomogeneous. It was found that optical
band gap energy was in the range of 3.04-3.28 eV. The electrical resistivity
confirms NiO semiconducting behavior with energies of activation at room
temperature of 0.30 to 0.38 eV.

-W. Chen et al. (2018)[40], Prepared high quality hole transport layers are at
room temperature without further processing by spin-coating copper doped
nickel oxide (Cu:NiO) nanoparticle. An increase in conductivity in Cu:NiO
films relative to NiO is observed in line with theoretical calculations
predicting that Cu doping results in acceptor energy levels similar to the
valence band limit compared to gap states of nickel vacancies in undoped
NiO. In both Cu+ and Cu2+ states, Cu in Cu: NiO can be identified, and the
replacement of Ni2+ with Cu+ leads to both increased carrier concentration
and mobility of the carrier. In addition, the films exhibit increased work
function which allows enhanced charge transfer and extraction in accordance

with increased conductivity. These factors contribute to an improvement in all
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parameters of photovoltaic output and, subsequently, to an improvement in the

efficiency of the inverted solar cells.

R. O. ljeh et al. (2019 )[ 41], prepared nickel oxide (NiO) thin films with p-
type Cu doped (5 a%) using a sol—gel solution process and investigated their
structural, optical, and electrical characteristics by X-ray diffraction (XRD),
optical transmittance and current-voltage (I-V) characteristics. The
crystallinity of the NiO films improved with the addition of Cu dopants, and
the grain size increased from 38 nm (non-doped) to 50 nm (Cu-doped). The
transmission of the Cu-doped NiO film decreased slightly in the visible
wavelength region, and the absorption edge of the film red-shifted with the
addition of the Cu dopant. Therefore, the width of the optical band gap of the
Cu-doped NiO film decreased as compared to that of the nondoped NiO film.

S. Benramache et al.(2020)[42], The nickel chloride hexahydrate (0.8M) and
copper (I1) chloride dehydrate (Cu/Ni = 0, 2.15, 4.3, 8.6 and 12.9 %) were
used to prepare the Cu doped NiO thin films as the thin films were formed by
a spin coating process in 2020. At a crystallization temperature of 600 C, the
Cu doped NiO thin films were heated at 2 h. The thin films obtained by the
spin-coater process have a film thickness of 400 nm. A polycrystalline with a
cubic structure (200) peak was observed in the prepared Cu doped NiO thin
films. The optical property demonstrates that the thin films prepared have a
transmittance of about 70%. The minimum bandgap energy of Cu doped NiO
thin films is 3.85 eV at 12.9 %, the thin film deposited at 8.6 %. The
maximum value of urbach energy is 425 meV. The thin films of Cu doped

NiO have a high electrical conductivity of 8.6 %, Because of the existing
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phase and higher electrical conductivity, the prepared Cu doped NiO thin film

was sufficient for gas sensing applications.
1.9 Aim of the Work

Analysis of structural, optical and electrical properties of prepared
(NiO:Cu) thin films by Aerosol-Assisted Chemical Vapor
Deposition (AACVD) on glass and silicon substrates

Analysis of the effect of Cu doping on the structural, optical and
electrical properties of films and on Si(p)/(NiO: Cu and Si(n)/(NiO:
Cu) hetro-junctions by Aerosol-Assisted Chemical VVapor Deposition
(AACVD) form, film thickness, grain size, surface roughness,

optical energy gap.

I1l. Fabrication a device heterojunction Isotype (p-p) type,(n-n)type and

V.

heterojunction un isotype (p-n)type,(n-p)type.

Investigating the optimization conditions for prepared (NiO:Cu)

solar cell manufacturing.
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2.1 Introduction

This chapter includes a general description of the theoretical part
containing the general information about (NiO: Cu) and heterojunctions, as
well included characteristics structural, optical, and electrical properties of
(NiQ: Cu) thin films deposited on glass and Si wafer substrate.

2.2 NiO properties

Thin films with a NaCl-type structure of nickel oxide (NiO) have been of
attractive interest because they have excellent chemical stability, preferring
optical, electrical and magnetic properties [43]. There is several on deposition
of NiO thin films were by various techniques such as Sol-Gel methods [44],
chemical vapor deposition [45], and spray pyrolysis techniques [46].
Numerous reference results and previous studies have shown that reactive
sputtering with a sputtering pressure in the range of (0.1-1 Pa) and in a pure
oxygen atmosphere using a heated substrate can achieve superior electrical
and optical properties of NiO films. NiO is with a wide band gap of 3.6 eV
[47]. NiO is a promising material for variety applications, such as solar
thermal absorber[48]. However it is only difficult to find a sufficient stable
semiconductor device with an adequate band gap for visible absorption, the
need for reactions. Thus in order to minimize the energy gap, the substrate
temperature must be increased and the Cu must be increased in order to obtain
an adequate energy gap.

Due to their uses in semiconductors, mirrors, sand coating lenses and
many other applications, thin films has become increasingly appealing in
physics and engineering. There are applications in industry in areas such as
optical electronics, communications, coatings, electricity generation, and

energy conservation.
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In microelectronics and semiconductor applications, thin films are still
very commonly used. The thin film industry is rising as rapidly as proper
applications can be implemented by scientists and engineers [49].

Table (2.1): Properties of Nickel Oxide

Formula NiO

Crystal structure Rock salt (Octahedral)
Electron configuration 3d°

Cation Ni++

Optical basicity 0.915

Oxide ion polarizability High

Molar mass 74.6928 g/mol
Density 6.67 g/cm3

Melting point 1957°C

AHf for metal oxide formation 245.2 kJ/mol

per oxygen atom @ 298 K

Bandgap 2.0-4.3eV
Type of conductivity P-type
Dielectric constant 10
Coefficient of refraction 2.23
Refraction index (np) 2.18

2.3 Heterojunctions
It is known as a basic contact (intimate contact) between two
semiconductor materials or a junction resulting from different energy gap

semiconductors, constant electrical insulation, electronic winding and working
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function [50], but the composition should be similar. There is however a
difference in the lattice constants of the two compounds. This is called
heterojunction lattice incompatibility and can be categorized into abrupt and
graded based on the distances during the transition from the first
semiconductor material to the other ending near the interfering surface (the
separation surface) in the abrupt heterojunction, the transition takes place
within a few atomic distances (< 1um) figure (2.1a), where as in the gradient it
takes a few longer diffusions as in figure (2.1b):
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Figure (2.1):a. band energy diagram of heterojunction abrupt (n-p)
b .Graded (p-n)[50].

In contrast to the gradual heterojunction [51], which has little clear
theoretical formula to explain the transition zone of this heterojunction, there

are many theories which illustrate the abrupt heterojunction. If a
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semiconductor has the same type of conductivity, the heterojunction can be
categorized on the basis of the type of electrical conductivity on either side of
the heterojunction, then it is called an isotype such as n-n and p-p, if the
conductivity of the two semiconductors is different from the asymmetric
heterojunction, it is called an isotype such as n-p and p-n over time,

heterogeneous competition with homogeneous [52].

Figure (2.2): a. Scheme band energy of homo junction (n-p)

b. Diagram band energy of heterojunction (n-p)[52].

2.4 The Aerosol-Assisted Chemical vapor deposition (AACVD)
Aerosol-assisted chemical vapor deposition (AACVD) is a technique that
includes the atomization into fine droplets of a precursor solution that are
dragged through a mobile nozzle by a hot air flow to a heated reaction zone
where chemical reactions occur. This work provides a description of the
electrical and electronic components for AACVD implementation [53]. Due to
the low instrumentation costs needed for its implementation and the numerous

applications in the field of sold state research, the aerosol-assisted chemical
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vapor deposition (AACVD) technique is becoming increasingly popular [54].
Via installing their own equipment to make depositions with different types of
coatings, these two features allow companies and universities to advance in
research and application processes. For example, Monarrez et al., using this
technique, synthesized magnetite nano-particles in a carrier gas reactor[55,56],
But if the idea is to obtain thin films, the precursor solution, as described by a
carrier gas and a nozzle, must be nebulized and transported to the substrate. P
Lim et al. to deposit TiO, on tin oxide glass-coated surfaces [57]; or, as in the
study by Jagdeep et al., which deposited nanostructured CoFe,O, thin films
[58]. The method used in this work follows experimental information close to
those used by Piza-Ruiz et al, where CuFeO, thin films were deposited on
borosilicate glass coated with a thin film of TiO, and ZnO [59]. The AACVD
method consists essentially of a nebulizer that atomizes the precursor solution
which, with the assist of hot air, rises to a given flow through a nozzle and is
deposited on a film-generating substrate. The physical characteristics of this
film (thickness, uniformity, structure, etc.) depend on the substrate
temperature, the carrier gas and the nozzle movement speed [55, 59].

AA CVD method involves atomizing a precursor solution into fine aerosol
droplets of sub-micrometer size that are delivered to a heated reaction zone
and are undergo to evaporation, decomposition, and to form the desired
products by homogeneous and/or heterogeneous chemical reactions. AACVD
tackles the availability and distribution concerns of chemical precursors as a
variation of traditional CVD processes [60]. A schematic diagram of AACVD

is shown in figure (2.3).
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Figure (2.3): Shows the (AACVD)[60].
As the requirement for precursor volatility and thermal stability becomes

less stringent, high-quality AACVD system products can be manufactured at a
lower cost. Compared to the conventional CVD method, the AACVD method
presents some key advantages:[61]
I.  Wider range and availability of precursors for low-cost high-quality
CVD products, which is a critical problem for mass production.
Il.  Simplification of the supply and vaporization of precursors by means
of a precursor aerosol generation.
I1l.  High deposition rate obtainable from a high mass-transport rate of the

precursor and a potential increase in the selection of precursors.
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V. Since AACVD can work under low pressure, ambient pressure or even
in an open atmosphere, the reaction environment is more flexible;

V. Simplification of the synthesis, with precise stoichiometric power, of
multicomponent materials. AACVD can combine the advantages of
both traditional CVVD and spray pyrolysis processes as a result of the
aerosol transport of precursors and the related CVD deposition
mechanism. In most CVD-related fields, it has attracted growing
interest and has been widely used to synthesize various CVD products,

such as films, coating powders, as well as nanotubes, etc.

2.5 Structural Properties
2.5.1 X-Ray Diffraction

One of the commonly used experimental techniques for determining
lattice parameters is X-ray diffraction, the desired orientation of the crystal.
The XRD mechanism is simple. The constructive diffractions (or interference)
from parallel planes of atoms with inter-planar spacing (d) occur when a
monochromatic X-ray beam occurs on a crystal sample if Bragg's law is
satisfied. As show figure (2.4)[62].

a-ay
Deaiz

................................................

7 5707 O

Figure (2.4): Explains crystalline levels and Bragg's law[62].
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2dSinG = N A e, (2_1)
Where:
n: is an integer that indicates the order of the reflection.
0: is Bragg diffraction angle of the XRD peak (degree).
A: is the wavelength of the X-ray beam.
By measuring the Bragg angle 6, the inter planar distance (d) can be

obtained if the wavelength of the X-ray beam is known.

2.5.1.1 Parameters Calculation
XRD is typically used to measure various parameters that could be used

to describe the studies of the films that have been deposited.

A. Full Width at Half Maximum (FWHM)
It was possible to calculate the FWHM (B) of the preferred orientation
(peak) as it is equal to the width of the line profile (in degrees) at half of the

maximum intensity [63].

B. Average Crystallite Size (D)

In order to evaluate the size-strain parameters (micro strains and
crystallite sizes), the average grain size (D), the single line method is one of
many line profile analysis methods based on a Voigt function that can be
calculated using the Scherer formula [63]:

b 0.94 A
~ B cosH

B: FWHM (radian)..
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C. Micro Strains (g')

The crystal defects lead to a change in the distance of the interlayer (d) or
in other words, the change in the distance between the atomic surfaces means
that the crystal has a deformation, which means that (d) is not the same in
every point of the crystal points that leads to all parts of the crystal, reflecting
the X-rays at an angle different from the other component. Micro strain (g ")
occurs at the growth of the film created by expansion or compression lattice,
calculated from the following relationship. [64]:

_ P cosb
-4

!

€

............................ (2-13)

D. Dislocation Density (6)

It describes the number of dislocation lines density that cut the unit area
in the crystal and the crystallite size (D) information that can account for
dislocation density (6) resulting from the following equation -called

Williamson and Smallmans equation crystallite size. [65]:

5:ﬁ ............................ (2_4)

2.5.2 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) with energy dispersive X-ray
spectroscopy is the best known and most widely-used of the surface analytical
techniques. High resolution images of surface topography, with excellent
depth of field, are produced using a highly-focused, scanning (primary)
electron beam. The primary electrons enter a surface with energy of
(0.5-30kV) and generate many low energy secondary electrons. The intensity

of these secondary electrons is largely governed by the surface topography of
27



Chapter Two Theoretical Part .

the sample [66]. An image of the sample surface can thus be constructed by
measuring secondary electron intensity as a function of the position of the
scanning primary electron beam. High spatial resolution is possible because
the primary electron beam can be focused to a very small spot (<10 nm). High
sensitivity to topographic features on the outermost surface (< 5 nm) is
achieved when using a primary electron beam with energy of < 1 kV. In
addition to low energy secondary electrons, backscattered electrons and X-
rays are generated by primary electron bombardment. The intensity of
backscattered electrons can be correlated to the atomic number of the element

within the sampling volume [67, 68].

2.6 Optical Properties of Semiconductors

An intrinsic effect is related to the optical properties of a semiconductor.
The electron-hole pair generation occurs directly or indirectly, depending on
the intrinsic position of the top of the valence band (V.B) and the bottom of
the conduction band (C.B) in the band structure [69, 70]. The semiconductor
absorbs the photon from the incident beam, depending on the energy of the
photon. Absorption is associated with the electronic transition in the material
starting at the absorption edge between the V.B and the C.B, which
corresponds to the minimum energy difference (Ey) between the lowest (C.B)
and the limit maximum (V.B). If the energy of the photon (hv) is equal to or
greater than the energy gap (E,), then it will interact with a valence electron,
lift the electron into the C.B and create a pair of electrons and holes. The
maximum wavelength (A.) of the incident photon generating an electron-hole
pair is known as [71].
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hc 1.24

A(pm) = e T (2 —5)

Where:
h: is Plank's constant (6.625x107% J.s).
c :is velocity of light .

E, :is the optical energy band gap.

The photon flux intensity decreases exponentially according to the
Lamberts equation with distance through the semiconductor [72].
It =l exp(—at) .oiiiviie e (2—6)
Where:
lo,l7 : are the incident and the transmitted photon intensity in (W/cm?)
respectively.
t : is the thickness of the film in (cm) .
o is the absorption coefficient, which is defined as the relative number  of

photons absorbed per unit distance of semiconductor.

2.6.1 The Fundamental Absorption Edge

The fundamental absorption refers to the transitions of band-to-band or
excitation (i.e. the excitation of an electron from the band of valence to the
band of conduction), manifested by a sudden increase in absorption that can
be used to evaluate the semiconductor's energy gap. You may divide the
absorption regions into three regions. [73]:
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a) High absorption region
This region is shown in figure (2.5). In part (A), the magnitude of
absorption coefficient («) is larger or equal to (10* cm™). From this region the

magnitude of forbidden optical energy gap (E;°P*

) can be introduced.
b) Exponential region

This region is shown in Figure (2.5). In part (B) the value of absorption
coefficient (a) is equal to (1 cm™<a< 10* cm™). It refers to the transition
between the extended levels from the (V.B.) to the local levels in the (C.B)

and from local levels in (V.B) to extend the levels in (C.B).

c¢) Low absorption region
The absorption coefficient (a) in this region is very small. It is
(a< 1 cm™). The transition happens in this region because of density of state in

mobility gap resulted from structural faults, as in figure (2.5), the part (C).

Figure (2.5): The variation of absorption edge with absorption regions [74].
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2.6.2 Electronics transition

The radiation absorption, which contributes to the electronic transition
between the bands of valence and conduction, is divided into a direct and
indirect transition, as shown in the figure (2.6) [75].

In semiconductors, the direct transformation occurs when the bottom of
(C.B) is precisely over the top of (V.B ).This means that they have the same
value of wave vector, i.e.(AK=0) in this state the absorption appears when
(hv=E,°™"). For the conservation of energy and momentum rules, this form of
transformation is necessary. There are two types of such direct transitions
[76].

a) Allowed direct transitions

The transformation takes place at the same wave vector A K = 0 from the
top points in the (V.B) and the bottom point in the (C.B) for momentum
conservation, as shown in Figure (2.6.a).

This transition is described by the following relation [77]:
ahv =B’ (hv—Ex)"? .. 2= 7)
Where:

v: 1s the frequency in (Hz)
B’: Constant depended on type of material (is inversely proportional to
amorphousity).

r =1/2 for Allowed direct transitions.

b) Forbidden direct transitions
If a transition occurs between states of the same wave vector, which is

not equal to zero, the transition occurs from near the top of the wave vector
31



Chapter Two Theoretical Part .

(V.B) and from the bottom of the wave vector (C.B), as shown in Figure
(2.6.b). The transition is referred to as the forbidden direct transition, where
the absorption coefficient for this form of transition is [77]:

ahv =B’ (hv —Eg)*? ......c e .. (2 — 8)

Also indirect transitions have two type of transition:

c) Allowed indirect transitions

The bottom of (C.B) is not above the top of (V.B) in the curve for the
indirect transition in this case (E-K). Electron transits from (V.B) to (C.B) are
not perpendicular if, before and after the transfer, the value of the electron
wave vector is not equal to zero ( AK =|= 0). This form of transformation occurs
with the help of a particle called "Phonon™ to maintain the law of energy and

momentum [78], so a phonon is required to preserve momentum [79]:
hv=Eg+E, rrveie e (2—9)

Where:
E, is the energy of an absorbed or emitted phonon , is (-) when phonon
absorption, and (+) when phonon emission.
For the permissible indirect transition, as shown in Figure (2.6.c), the
transition takes place from the top of the valence band to the bottom of the
conduction band, so that[78]:

ahv =B’ (hv—Eg)" orovivroreon.. (2 — 10)
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(d) Forbidden indirect transitions
Prohibited indirect transitions take place from any point near the top of
(V.B) to any point other than the bottom of (C.B), as seen in the figure (2.6.d).

The transition absorption coefficient with phonon absorption is given by [80]:

ahv = B’ (hv — Eg)3 e e (2= 11)

Experimentally, it is possible to distinguish the degree of the absorption
coefficient between direct and indirect processes; a takes values from (10 to
10°) cm™ for direct transitions and (10 to 10%) cm™ for indirect transitions at

the edge of absorption.

(b)

Eg(Direct) Eg(Indirect) l

v Y

Valence Band

Wave vector (K)

Figure (2.6 ): The transition types [75].
(a) Allowed direct transition. (c) Allowed indirect transition.

(b) Forbidden direct transition. (d) Forbidden indirect transition.
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2.6.3 Absorptance (A)
Absorption can be defined as the ratio of the material's absorbed light

intensity (l,) to the incident light intensity (1,) [79]:

2.6.4 Transmittance (T)

The ratio of the intensity of transmitting rays (l1) through the film to the
intensity of the incident rays (l,) on it is given by transmittance as follows.
[80]:

As a function of wavelength, we can also find a transmittance through the

exponential relationship of both absorption and transmittance that [77]:

A=tog(2) e (2 14)

2.6.5 Reflectance (R)

Reflectance can be obtained from absorption and transmission spectrum
in accordance to the law of conservation of energy by the relation [81]:
RHETHAZ=T ceerrrrmmmiiin. (2_15)

2.7 Optical Constants

Optical constants are very significant parameters since they define the

material's optical behavior, including optical constants.
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2.7.1 Absorption Coefficient (o)

The absorption coefficient is defined as a decrease in the ratio of incident
ray energy flux relative to the distance unit in the direction of diffusion of the
incident wave. The absorption coefficient (o) depends on the photon energy
incident (hv) and the form of semiconductor characteristics (n or p), where
electronic transitions of type (n) or (p) and the energy gap are prohibited.

According to Beer Lambert low [82]:

— l@ ................................ (2 — 16)
[ dt
Also a can be given by:
2303 X A
o= f .............................. (2 — 17)

In semiconductors, a powerful function of the wavelength or photon
energy is the absorption coefficient. The energy of photons is given by [82]:
E=hy = rereeserrmmmmcmnn. (2 — 18)

2.7.2 Extinction Coefficient ( ko)

The imaginary part of the complex refractive index is represented (n*) [80]:

Where:

n :the real part from refractive index , equal (c/v).

v : velocity of light in material.

n*: The complex refractive index is defined by the following equation, which
depends on the material form, crystal structure (grain size), crystal defects,
crystal stress and extinction coefficient (k). [83]:

_oc7\

k. = ——
° 4n
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2.7.3 Refractive Index (n)

It is the ratio of light velocity in a vacuum to velocity in a medium. This
index shows the degree to which electromagnetic waves influence a subject.
The refractive index (n) value was determined using an equation based on the
coefficient of reflectance and extinction (k,), as shown in the following
equation. [83] :

_(n- 1)2 +Kk3

(n+1)2+Kk3

The refractive index can be expressed through the following

equation.[83]:

1

1+R\? 2 1+R
nz[(ﬁ) —(k§+1)] _|_m .................. (2_22)

2.7.4 Dielectric Constant
A reaction between incident radiation and the material's charges will
occur when a light incident occurs on the atoms in the material. This would
contribute to the polarization of material charges. [79]:
e=g. —ig 0 e (2 —23)
Where:
g . IS the real part of the complex dielectric constant,
g IS the imaginary part of it.
The following expressions can be used to measure the dielectric constant
in its two parts. [84]:
£r=n2—kg ............................. (2 —24)
g =2nk, = e (2 —25)
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2.8 The Electrical Properties of Semiconductors (Hall Effect)

The electrical properties of semiconductors depend on the existence of
pure or doped, crystalline or amorphous semiconductors. The electrical
properties of the materials are detected not only by the chemical composition,
but also by the arrangement of the atoms in the solid, and the presence of
defects can be minimized by several methods, such as the annealing process,
when the electron states in the energy gap resulting from the electrical
properties of the material. Significant electrical characteristics are transport
features such as the Hall effect [85,86].

Hall Effect is one of the rich sources of knowledge about the conduction
properties of semiconductors. The main benefit of calculating the Hall effect is
to find out the volume unit concentration charge for carriers, the measurement
will directly give the type of carrier, even quantify the concentration of
carriers mobility. In order to observe this effect, electric and magnetic fields
are necessary [87]. The ratio of the generated voltage is divided by the current
and the product of the magnetic field (Ix B) by the thickness factor, called the
Hall coefficient (Ry), which is known as the characteristic of the material from
which the conductor is produced, since its value depends on the form, number
and characteristics of the current-constituting charge carriers. When in the
presence of a z-directional magnetic field (B), a steady current (1) follows
along the x-axis from left to right, electrons are initially exposed to the
Lorentz force and drift towards the negative y-axis, resulting in an excess
surface electrical charge on the side of the sample and creating a transverse
voltage. The Hall voltage (V) is known as this transverse voltage [88]. As
seen in the figure (2.7) [87].
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/
= VH
/Il[/ //
1%\5 ! ( B
A =t g
+ Vx-

Figure (2.7): Schematic diagram of Hall Effect [87].

The Hall coefficient (Ry) is calculated by measuring the voltage of the

Hall that generates the field of the Hall across the thickness (t) sample. It can

be defined by [89]:
R, = ! 2 — 26
H=T 3§ (2-26)

Carrier concentration can be determined by using the fallowing [89]:

ng = ﬁ fOr EleCtrOns  =---reerrrseeressseeeas (2-27)

or

ny = +_1 fOr holes  «eeeeeesemssmsemsnssessnnannns (2 —28)
qRy

The charge carriers generating the current are deflected to the front edge
of the sample with the control current and magnetic field directions shown in
figure (2.7), so the current is mostly due to electrons (as in the case of an n-

type sample), the front edge becomes negatively charged. It is positively
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charged in the case of conduction of holes (p-type sample). So we can
determine the type of semiconductor we've been using from the sign of the
Hall coefficient (Ry) in the equation (2.28 and 29). We may assess the
mobility of Hall from (o) and (Ry) [89].

IJ-H:0'|RH| ......................... (2_29)
or

— O s 2 30
HH—neq (2-30)

2.9 I-V Characteristics

The current supplied to the load by the cell is the current resulting from
the difference between the light current (1) and the dark current (Ip), and the
latter arises from the bias due to the induced voltages (V). Assume that the

current passing at the junction can be represented by one exponential

equation:
=1 - lo[exp——— 11 ... (2-31)
1=l-1o(V) e, (2- 32)

Where (m) a quantity of numbers that takes up one or two numbers. The
relationship between this equation's current and voltages can be plotted in the

usual manner as in figure (2.8) [90].
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Figure (2.8). The relation between current and voltages [90]

Returning to figure (2-8), the highest current value can be obtained when
a cell acts as a generator, when the value (V= 0) and equation (2-31) give the
short circuit current under the closed-circuit condition:-
lsc=I(V=0)=I., ... (2-33)

If the junction is held in the state of the closed-circuit such that (I = 0)
voltages with the highest value reached in the first quarter are biased. These
voltages are called voltages of the open circuit (Voc). Its value is such that the
bias current absolutely cancels the photon current, i.e.
l.=lo (Voc)

In case of open circuit, from equation (2-31) we find that

Voc=mEIn[2+1] oo, (2-34)
q Io
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Through the above parameters, the alternative form is written [91].

e(Voc—V)
mkT )]

The maximum power point represents the curve area between (loc) and

I=lgc [1- exp (

(Moc) the p-n cell operating area as a generator, as shown in Fig ( 2-9). The
maximum value of the power dispersed in the load is an operating point(l,,,
V). This point is called the maximum power point where the maximum
voltage is expressed by V., and the maximum current passing through the
solar cell by I,,. Values of V,, and (l,,,) can be obtained from the extreme case's

normal state:
L =00or0=d(IV)m = IydV +Vydl .....(2-36)
Which: can be written as:
[d_'} __lw
avidw Ve (2-37)
Which is the general condition of the extreme case and the result is when
applied to a cell defined by equation (2-33). [92]

I+l
hh=—0x5 (2-38)

1+
eV,

The cell-specific equation must also be met:

IM: IL'IO [epr:M '1] .......... ( 2— 39)

kT
An approximate analytical solution can be used:

IM— [ oD
= |-
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Where:-
= L

a—1+InI0 (2-41)
V Ina
ML P e (2—42)
Voc a

40+ Maximum

power point ( Vg, Iup)
Is

[A)

Cell current
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[V]

Figure (2.9): The p-n cell working area [92]

It is possible to reflect the product of V,, |, which gives the best ability

to deliver to the load, as in figure (2.10) according to the shaded rectangle

area. It is an area smaller than the region that corresponds to the multiplication

of Voc, Isc (the maximum current can be extracted from the cell divided by

the maximum voltage). The division's product is defined as the filling factor

and given by:
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Its value, however, is always less than one and provides a quantitative
measure of the curve's form and its properties.

The filling factor is an important functional parameter for many
semiconductor crystalline cells and does not change much with different
devices (Si, GaAs, InP and others). The maximum power obtained from the
cell can be written using the definition of the fill factor with the following

relationship: [93].

PM B FF ISCVOC ......... ( 2—44)

Coll with Low Fill Factor

(Vimp, lmp)

Figure (2.10): Current-voltage characteristics of a p-n cell [94].
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The following approximation can be deduced using the terms in the
equations (2-31) and (2-32) and a simple equation can be written to determine

the filling factor:

Ina -1

FF=1-2°— .. (2-45)

It can be expected from this equation that the value of (FF) does not alter
much and depends on the cell and the operating conditions. As a consequence,
the equation (2-44) illustrates the maximum power dependency on the closed-
circuit current and the open-circuit voltage (under simple operating conditions
or parameters). A solar cell's energy conversion efficiency is defined as the
ratio between the maximum electrical power provided to the load and the

radiation power (P.) that falls on the cell. [93]: -

_ MV FF Isc. Voc ( 2 _ 46)

Py PL
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Chapter Three The Experimental Work
4

3.1 Introduction
This chapter includes a description of all tools and devices used in this work

which are shown in Diagram (3.1).

Using the solutions of both (NiCl,.6H,0+CuCl,)

Using chemical vapor Deposition technique at Prepare NiO:Cu Thin Films Different Proportion

- Glass
Silicon wafer
Annealing at 400 K for 2h
Structure Optical Thickness Electrical
properties properties measurement properties
XRD
Absorptance Transmittance Reflectance
SEM I i --1_,
: Eg 1 : a : 1N :
Seeet L Lo
;'" |
1 KO :
1 1 "___'; 1=
L :81 1 :82 :
Lo Lo Hall coefficient
| n% !
1 T]/O :
! 1
b iy T S
,lsc i i Np ':I-lH ':RH:
rTT SUTN SUNEN SR
1 Voo
I-V R
1

Figure (3.1): A schematic diagram explains the main steps for procedure.
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3.2 Preparing the Solution

Prepared be a solution of nickel chloride hex water (NiCl,6H,0). Molecular
weight is 237.69g/mol. Prepare the solution with 0.35M molarity by dissolving
33.27¢g of nickel chloride salt in 400 ml of water. Step by step stir the solution for
an hour in the magnetic stir device to ensure that it is completely dissolved. Shown
in figure (3.2a)
Prepare the solution with 0.1M molarity by dissolving 1.34g of copper chloride salt
(CuCl,) in 100 ml of water. Step by step stir the solution for an hour in the
magnetic stir device to ensure that it is completely dissolved. Shown in figure
(3.2b)

Figure (3.2):  a) Solution of nickel chloride hex water (NiCl,6H,0)
b) Solution of copper chloride (CuCl,)

3.3 Substrates Cleaning

Glass and silicon substrate (p-type and n-type) were used to precipitate
samples, as well as used to make structural, optical and electrical measurements of
thin films , The glass bases have been cleaned before being used in the deposition

process by the following steps:
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1. Washing slides or glass substrate with water and washing detergent powder
and wipe it with a clean soft cloth in order to get rid of dust and oil stains
suspended and to get rid of dirt suspended.

2. Then washing the glass substrate with distilled water well, and then put in
place in the ultrasonic bath for a (15) minute

3. Glass slides are extracted from distilled water and washed with laboratory
ethanol with high purity (99.9%) and then placed in the glass container again
and flooded with alcohol the container is placed in the ultrasonic apparatus
for (15) min be ready for use the film can then be deposited on them.

4. Immerse the silicon substrates in a container containing a mixture of 10%
HF and 90% ethanol alcohol with 97% purity for ten minutes.

5. Silicon substrates are extracted from the container and the deposition

process is done directly.

3.4 Deposition Process by AACVD

The devices shown in figure (3.3) were used in the deposition process. An
ultrasonic nebulizer was used to form an aerosol from the material to be deposited
and to form thin films, and the aerosols were transferred from a device by a hose to
the chamber.

This chamber contains a heater, as well as two holes, one for entering the
material to be deposited and the other for exit of unwanted products and easy
passage of the fumigant.

The substrate is placed on the heater. At a temperature (200 °C £10), and at a
distance (12 cmz 2), the sample was deposited with the doping ratio shown in the
Table (3.1).

47



Chapter Three The Experimental Work
¢

After that, the banned films were annealed for two hours at 400 ° C, to obtain
crystalline films and get rid of the defects that may have occurred in the deposition

process.

E—— - - - pr———|

Figure (3.3): The Aerosol-Assisted Chemical VVapor Deposition devices used by the

researcher

The Table (3.1): Show the volumes taken from CuCl, added to NiCl,.6H,0 to
obtain the proportions necessary to prepare

Sample | 0.35M NiCl,.6H,O | 0.1M CuCl, Deposition time Cu/Ni At. %
(ml) (ml) (hour)

NiO 100 0 1 0

NiO:Cu 80 20 1 7.5

NiO:Cu 75 25 1 10

NiO:Cu 70 30 1 12.8
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3.5 Thin Films Thickness Measurement

The thickness of the prepared films were measured using the optical
interference method using a He-Ne laser with a wavelength (632.8) nm and angle
incident of 45° as shown in figure (3.4). The principle of operation of this method
Is based on the principle of interference of light waves reflected from the surface of
the prepared films and those that are reflected on the substrate on which the films
were deposited are prepared and the thickness of the films can be calculated using

the following relation[95]:

Where:

A: Represents the wavelength of the laser light
t: The thickness of the film

y: width the dark Fringes

X: width the light fringes

Figure (3.4): Thin film thickness measurement scheme by optical interference [95].
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3.6 Structural Measurements
3.6.1 X-ray diffraction (XRD)

An X-ray diffraction technique was used to determine the crystal structure of
the compound NiO: Cu films and the samples were examined with a Shimadzu
(XR - DIFRACTOMETER / 6000) device at the University of Babylon, which is
shown in figure (3.5) and has the following specifications:

Target: Cu

Wavelength: 1.5406A°
Voltage: 40 Kv

Current: 30 mA

Range (20): (30 — 80) deg

A computer program was used to calculate the parameters of the lattice
dimensions. The strain (£) and the dislocation density (&) theoretically and

compare them with the practical values of the graphs.

Figure (3.5): X - ray diffraction device
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3.6.2 Scanning Electron Microscopy (SEM)
The morphological properties of NiO:Cu thin films have been measured by

sending the samples abroad (Islamic Republic of Iran).

3.7 Optical Measurements

Optical measurements involve the absorbance and transmittance spectrum of
NiO:Cu films were performed by (UV-Visible Spectrophotometer / 2700) two-
beam supplied by the English company (CECIL), The sample on which the film is
deposited is well placed in the substrate window so that the light rays
perpendicularly to the thin film .A non-precipitated glass sample with a thin film
placed in the source window is also used as a reference to eliminate the glass effect
for the purpose of measuring the absorbance of thin film only,, The optical energy
gap (Eg) was measured as well as measuring the rest of the optical constants finite
include the refractive index (n), absorption coefficient (a) ,extinction coefficient
(ko) , dielectric constant in part real () and imaginary (g;) and figure (3.6) illustrate

the image of the device used.

Figure (3.6): UV-Visible Spectrophotometer device.
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3.8 Electrical Properties (Hall Effect Measurement)

Measurements of Hall effect on prepared films were carried out to determine
the type of charge carriers and to find the Hall coefficient (Ry) ,carrier
concentration ,mobility and resistivity, Using device(Measurement Hall Effect
System) from type (HMS 3000) manufactured by (EcopiA) Taiwanese origin as
shown in figure (3.7), Using a magnetic field of intensity (B = 0.55 Tesla) and
through the relationship between (V) and (Is) ,it is possible to identify the type
and density of charge carriers If the relationship is direct, the film is a positive type
(p-type) If the relationship is inverse. The film is negative (n-type), this
measurement is done in Polymer Laboratory— University of Babylon, College of

Science — Department of Physics.

MALL

EFFECTY MEASURENMENT SYSTREN

Figure (3.7): Hall Effect measurement system (HMS-3000).
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3.9 Current-Voltage Characteristic Measurements for Si(n,p)/ NiO:Cu
Heterojunction

The system shown in Figure (3.8) was used to precipitate gold electrodes on
both sides of the substrate (Si/NiO:Cu) heterojunction of various types Si (n), and
Si (p) with carrier density (5x10*°cm™) and with orientation (100) For type (p) and
(111) for type (n) by using sputtering technique of type (CRESSINGTON-108), for
the purpose of studying the properties of current - voltage in the cases of darkness
and lighting and to determine the sensitivity of light using the electrical circuit
diagram  was shown in figure (3.9) consisting of a device(DEGETAL
MULTIMTER) of type (AUTO — RANGE DMM) for the purpose of measuring
current and from power supply (DC) of type(DAZHENG) Its voltage ranges from
(0 -2) V and from a light source (halogen lamp) with a radiative power (100) mW.
The dark current was first recorded as a function of multiple voltages by placing
samples in a dark chamber and then re-measurements in the presence of the light
source. These measurements were made at room temperature 300 K. and the

surface area of the samples was (4 x 4) mmZ.

1ON ~ COATER

KiIC 1A
@ XeEM

L] f-‘;

Figure (3.8): Electrode deposition system by sputtering technique
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Figure (3.9): Circuit diagram for measuring current-voltage characteristics
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Chapter Four Results, Discussion, Conclusions and Suggestions

4.1 Introduction

The results of the experimental measurements and tests of structural, optical,
electrical, solar cell properties for the deposited thin films will display in this
chapter. The structural properties for NiO:Cu are covers by the study of XRD,
SEM .The optical properties are studied, the optical energy gap and some other
parameter such as absorption coefficient, extinction coefficient both real and
Imaginary part of the dielectric constant, refractive index, as a function of
wavelength are determined, also the electrical properties Hall effect and electrical
measurements of heterojunctions including current-voltage in two case of darkness

and lighting properties.

4.2 Structural Properties
In this section the surface structural and morphological properties of NiO:Cu

thin film of deposited on a glass substrate were examined.

4.2.1 X-Ray Diffraction Analysis (XRD)

The synthesis of the prepared films (NiO:Cu) was identified by AACVD and
different doping of copper. It was found that the film have a polycrystalline and
cubic polycrystalline structure at crystalline planes (111) and (200) which are
corresponding at angles (20 = 37.2 ®)and (20 =43.2 °) respectively. When the
doping is increased, noticed a rise in the peaks and became sharp for the crystal
planes and the appearance of the peak at the angle (20 = 37.2°) which returns to
the crystal plane (111) the results obtained from X-ray diffraction were confirmed
with ICDD (International Center for Diffraction Data) card number (00-152-2025)
observed that the preferred directions (111) when doping change from (0-12.8 %)
and other preparation conditions are constant. When increasing the doping, it notic
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observed an increase in the peaks relative to the crystalline planes with a decrease
in the value of FWHM this indicates an increase in crystallite size, this result
agrees with [42]. The effect of doping on the average crystallite size calculated
using the FWHM from Scherrer equation (2-2) was also studied. The increase in
doping results in a small increase in the value of the lattice constants this is due to
an increase in the value of the distance between crystalline levels (dyg) with the
increase of doping noted that the stress decreases when the doping increase,
causing an increase in grain size. Also noted, the dislocations density decreases
with increasing doping as in Table (4-1) and decreases with increasing crystallite
size. Because the relationship between them is inverse and that means an
improvement in the crystal structure, i.e. in the grain size as shown in Figures
(4.1), (4.2), (4.3), and (4.4).

| CuINi=0%

Intensity (CPU)

- | B Y SET T 1 T S o
I | 1 :
IR i 1

| | ‘ q”l

. 20 (deg)

Figure (4.1):X-ray diffraction of NiO film.
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Figure (4.3):X-ray diffraction of NiO:Cu film prepared with doping Cu/Ni=10%.
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Figure (4.4):X-ray diffraction of NiO:Cu film prepared with doping Cu/Ni=12.8%.

Table (4.1): X-ray Diffraction Screening Parameters for NiO:Cu films samples at

Different doping

Dop. |26 FWHM | Int. |d(hm) | G.S hkl a strain (¢") nm | dislocation
Cu/Ni | (Deg.) | (Deg.) (a.u) (nm) (nm) density  (d)
( At%) nm
0 372 |16 650 | 0.241 |5.236 (111) | 4.82 | 0.006616551 | 0.036463371
432 | 051 315 | 0.209 | 16.746 | (200) | 4.18 | 0.002069031 | 0.003565558
7.5 37.3 | 153 665 | 0.241 |5.478 (111) | 4.86 | 0.006325218 | 0.033323033
434 048 340 | 0.208 |17.805 | (200) | 4.14 | 0.001945976 | 0.003154049
10 37.45 | 1.38 715 | 0.240 |6.076 (111) | 4.8 | 0.005702576 | 0.027085426
43.44 | 0.42 405 | 0.208 | 20.352 | (200) | 4.14 | 0.001702493 | 0.002414149
128 | 375 |1.35 740 |0.239 |6.212 (111) | 4.78 | 0.005577782 | 0.025912935
435 |04 420 | 0.208 |21.374 | (200) | 4.06 | 0.001621084 | 0.002188791
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4.2.2 Scanning Electron Microscope (SEM)

The scanning electron microscopy images for the undoped and Cu doped NiO
thin films are in all Figures (4.5), (4.6), (4.7), and (4.8). The micrograph reveals
that both un doped and doped NiO thin films are made of Nano crystalline grains.
The surface micrograph of the un doped NiO thin film has uniform distribution of
structured grains. There is evidence of homogeneous, spherical, dense, devoid of
cracks indicating adhesiveness of grains. Figure (4.5) shows the electron
microscopy images show of the ( NiO) grain size, it is noted that the grains are
distributed regularly on the surface of the film with found some defects and
accumulation of molecules (NiO) in certain sites without other sites however, there
are aggregations of grains and they take a spherical shape resulting from the
mixing of some grains with each other due to the evaporation and deposition
conditions on substrates. the low Cu doping concentration has almost no change in
the surface morphology with NiO films.As shown in figure (4.6) films show a
continuous, uniform, and crack-free surface, with the substrates completely
covered by the (NiO:Cu) , shows that Cu, Ni, and O elements are uniformly
distributed in the (NiO:Cu) films, indicating the successful incorporation of Cu+
ions.It is revealed from that the Cu doping results in a smoother surface with a
lowersurface roughness ,this resulte agrees with other paper resulte [96]. When
increases doping Cu ,it is noted increases the size of the nanoparticles others are
irregular in shape, although grouped together but not contiguous, or may resulted
from the assembly of spherical particles which may confirmed by the dotted lines
that, as show figure (4.7)and figure (4.8) shows images of NiO:Cu films(at ratio

Cu/Ni=12.8),it is noted increases the grains size with increases doping Cu.
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D3 =26.90 nm
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WD: 4.43 mm BI: 7.00 500 nm WD: 4.43 mm BI: 7.00 500 nm
View field: 2.08 ym |Date(m/dly): 02/19/21 View field: 2.08 ym Date(m/dly): 02/19/21

Figure (4.5): SEM images of NiO film

& %
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SEM MAG: 100 kx Det: InBeam SEM MAG: 100 kx Det: InBeam
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View field: 2.08 pm Date(m/dly): 02/19/21 View field: 2.08 ym |Date(m/dly): 02/19/21

Figure (4.6): SEM images of NiO:Cu films prepared with doping Cu/Ni=7.5 %
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Figure (4.7): SEM images of NiO:Cu films prepared with doping Cu/Ni=10 %
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Figure (4.8): SEM images of NiO:Cu films prepared with doping Cu/Ni=12.8 %
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4.3 Optical Properties

The optical properties for deposited NiO:Cu films on glass substrate by the
Aerosol-Assistant Chemical vapor deposition technique (AACVD) at Different
doping have been determined by using UV-VIS-IR transmittance spectrum in the
range of (330-1100) nm. The study of the optical properties is useful in the task of

the nature of the practical application that can be used to record film material.

4.3.1 Absorbance Spectrum

It was found that the absorption of all samples appeared in the UV range at
wavelength (330) nm. The absorption of NiO:Cu films prepared with different
doping decreased with the increasing of wavelength. Figure (4.9) shows the
relationship between the absorbance and wavelength of NiO:Cu films prepared
with different doping.

It notice that the absorbance decreases with increasing wavelength for all the
prepared thin films.

This result means that incident photon is not able to excite the electron and
transfer it from valence band to the conduction band because the energy of incident
photon is less than the value of the energy gap value of the semiconductor. This
leads to the absorbance decrease with increasing of wavelength. While increasing

absorbance when increasing the doping copper, this result agrees with refer [41].
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Figure (4.9): Absorbance spectrum as a function of wavelength for at different of Cu doped NiO

thin films.

4.3.2 Transmittance Spectrum
Figure( 4.10) explain the relationship between transmittance and wavelength

for NiO:Cu films prepared by different doping of Cu. Transmittance demonstrated
behavior opposite of absorbance as shown transmittance of prepared films
decreases with increasing of doping and increased thickness of films. The variation
of optical transmittance of NiO:Cu films prepared with different doping from Cu.
As seen from these spectra’s the transmittance of Cu doped NiO thin films were
decreased with increasing Cu concentration in the visible region, the maximum
transmittance of Cu doped NiO thin films were obtained for NiO pure. The
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transmission of Cu doped NiO thin films at higher concentrations in the visible

region was decreased due to the increase in absorption.
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Figure (4.10): Transmittance spectrum as a function of wavelength for at different of Cu
doped NiO thin films.

4.3.3 Absorption Coefficient

Figure (4.11) shows the optical absorption coefficient as a function of the
incident wavelength of NiO:Cu films prepared with different doping agents and it
has been observed that all the thin films prepared have an absorption coefficient
that increases with increasing doping and decreases with increasing wavelength,
this result agrees with refer[41]. The figure (4.11) shows that the absorption
coefficient of the film gradually increases with doping. This is because the

absorption value parameter indicates the ability of the film material to absorb the
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energy of the incident radiation and the increase in doping increases the thickness
of the prepared films.
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Fig: (4.11): Absorption coefficients as a function of wavelength for at different of Cu doped NiO

thin films.

4.3.4 Optical Energy Gap

From Figure (4.12), the optical energy gap of NiO films deposited on glass
substrates and different doping from Cu, this figure shows the relation between (a
hv)® on the y-axis and photon energy (hv) on the x-axis, Where the optical energy
gap of the allowable direct transition from the tangent extension of the curve was
calculated to convergence the photon energy axis at point (chv)® = 0, since
intersection point represent the optical energy gap of the allowed direct electronic
transitions and was found to decrease as doping copper increased , This means that
the optical energy gap values can be controlled by changing the doping when

prepared NiO films. observed that when calculating the energy gap, found that its
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value ranges between (3.5 —2.8eV) this result is agreement with[42].Table (4.2)
shows the optical energy gap values for NiO films at different doping from Cu, the

energy gap decreases from increasing the doping copper when preparing the films.
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Figure (4.12): The optical energy gap for the allowable direct transition for at different of
Cu doped NiO thin films.

Table (4.2): The values of optical energy gap for NiO thin films at different doping

of Cu.
sample Cu/Ni At. % Eq (eV)
NiO 0 3.5
NiO:Cu 7.5 sl
NiO:Cu 10 3.1
NiO:Cu 12.8 2.8
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4.3.5 Extinction Coefficient

The relation between extinction coefficient and wavelength of deposited NiO
films is shown in figure (4.13). In general, it is clear that the extinction coefficient
(ko) increases with increasing of doping of copper for all prepared samples. It is
clear that (k,) value for NiO films, In general since the increasing doping for
copper of NiO samples leads to decrease the optical energy gap as a result of

absorbance increases.
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Figure (4.13): Extinction coefficient as a function of wavelength for at different of Cu doped
NiO thin films.

4.3.6 Refractive Index

The variation of the refractive index versus wavelength in the range of
(330-1000) nm for NiO films at different doping of copper is shown in figure
(4.14). It can be noticed from this figure that the refractive index (n) increases
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when the doping increase with wavelengths and then decrease with the decrease of
doping . This behavior can be explained on the basic of that increases doping leads
to make prepared samples less dense , which in turn decreases propagation velocity
of light through the sample which results increasing of the refractive index (n)

when decreases doping
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Figure (4.14): Variation of refractive index as a function of wavelength for at different of Cu
doped NiO thin films.

4.3.7 Dielectric Constant

Figure (4.15) shows the real dielectric constant of NiO films prepared at
different doping of copper. Noting from the figure that the real dielectric constant
increases when the doping. Figure (4.16) illustrates the change of the imaginary
dielectric constant of NiO films in different doping. It is noted from the figure that

the value of the imaginary dielectric constant decreases when increase wavelength.

68



Chapter Four Results, Discussion, Conclusions and Suggestions

4.5

e ()
—7 5 0
10 %

12.8%

w
(€2 BN N
| !

Real dielectric constant (€.,

o = N
o vk, N Ul W
|

330 430 530 630 730 830 930 1030
wavelength (nm)

Figure (4.15): Real dielectric constant as a function of wavelength for at different of Cu doped
NiO thin films.
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Figure (4.16): Imaginary dielectric constant as a function of wavelength for at different of Cu
doped NiO thin films.

4.4 Effect of Dopping on (NiO:Cu) Films Thickness and Optical Energy gap
The figure (4.17) indicates that the band gap energy decreased with the
increase in Cu concentration to the maximum value of 2.8 eV with 12.8 at. % Cu,

this decrease can be explained by the interfaces site Share between Ni and Cu,

69



Chapter Four Results, Discussion, Conclusions and Suggestions

which was seen for the vacancy in oxygen.[42]. The Figure (4.18) indicates that
the thickness increased with the increase in Cu concentration to the maximum

value with 12.8 at. % Cu, this increase can be because decrease density.
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Figure (4.17) . The variation of bandgap energy of NiO doped thin films at several Cu

concentrations
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Figure (4.18) . The variation of thickness of NiO doped thin films at several Cu concentrations

4.5 The Electrical Properties of(NiO:Cu)Thin Films (Hall Effect
Measurements)
The electrical properties of thin NiO films deposited on glass substrate, which
involve Hall Effect, were investigated with increasing doping copper.
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It is necessary to know the electrical properties of the Hall coefficient (Ry).
Depending on the value of the incident magnetic field (B), the film is vertically
placed in front of that field. Hall effect measurements of NiO films were analyzed
for different doping copper in order to determine the form of charge carriers, their
concentration, Where it was found that the carrier form of the NiO films is a
positive type (p-type), Hall coefficient (Ry) value, the NiO:Cu (when doping rate
Ni/Cu = 12.8 %) films were converted from p-type to n-type from hall coefficient
(RH) value as the doping copper increases, the NiO:Cu (when doping rate Ni/Cu =
12.8 5) value was converted from hall coefficient (Ry) value, The explanation for
this change is the increase in doping, which has resulted in an increase in the film's
grain size. It is noted from Table (4.3) by using a computer program that the values
of conductivity, resistivity, concentration (ny) and hall coefficient (Ry) for the type
of carrier (n) are different, but the values of mobility increase as the doping
Increases.

Table (4.3): Hall Effect parameters for NiO films at different doping for Copper.

sample Concentration | Conductivity | Resistivity | Mobility | Hall Effect | Type of
of Carriers ny | 6(Q.cm)™ p(Q.cm) | puy(ecm?¥ | Ry(cm™) | Carriers
cm? V.s)

NiO 3.749x10% 1.642x10"° | 6.09x10% [ 1.9x10° |4.933x10* | p-type

NiO:Cu |5.287x10" 2.315x10™ | 4.319x10% | 1.26x10° | 1.523%x10° | p-type

Cu/Ni =7.5%

NiO:Cu | 1.952x10% 3.138x10° | 3.187x10" | 0.1 3.198x10° | p-type

Cu/Ni =10%

NiO:Cu | -3.81x10" 3.863x10° | 2.589x10% | 6.325x10° | -1.637x10" | n-type

Cu/Ni

=12.8%
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4.6 1-V Characteristics for Si(p,n) /(NiO:Cu) Heterojunction in Light and
Dark.

It is important to study current-voltage properties in the dark and lighting state
because it is a clear indication of the possibility of using the compound NiO:Cu as
a light-sensitive material (solar cell).It notice observe the effect of light is evident
in the change of current and voltage values for the samples prepared for the NiO
compound at different doping for copper. All figures show that values the current
in the dark state are less than the lighting state in the forward and reverse biases of
all films. As it is note that the current values are disparit for the forward and
reverse bias when changing the doping. It is noted from figure (4.19) that the
electrical current of the Si (n) sample flow at NiO pure in the light and dark state
because of the low potential barrier formed at the junction (p-n) of the sample, less
current pass through the heterojunction in the dark state.

Figure (4.20) show that the electrical current of the Si (n) sample decrease
flow at NiO:Cu in the light and dark state because of increase the potential barrier
formed at the junction (p-n) of the sample.

The figure (4.21) that the electrical current of the Si (n) sample increase flow
at NiO:Cu in the light and dark state because of increase the grain size and
decrease the potential barrier formed at the junction (p-n) of the sample.

The increase doping turns NiO:Cu semiconductor from p-type to n-type is
evident. when the (n) film is deposited on the Si (n) substrate, as in figure (4.22)
for type (n-n) the difference in the concentration of carriers. The current does not
pass through the heterojunction in the dark state when increase the doping because
the n- type carriers are not generated while the current resistance in the lighting
state is higher in the forward bias than the reverse bias because changed the

carriers concentration of n- type of the Si (n) substrate and deposited n- type has on
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the substrate of the sample. It is noted from figure (4.23) that the electrical current
of the Si (p) sample more flow at NiO pure in the dark state because of the low
potential barrier formed at the junction (p-p) of the samples. And The increase
doping increase the current of the Si (p)/ NiO:Cu (p) flow at in the light and dark
state because of the low potential barrier formed at the junction (p-p) of the sample
as in figure (4.24).

The figure (4.25) show decrease the current of the Si (p)/ NiO:Cu (p) flow at
in the light and dark state because increase of the grain size formed at the junction
(p-p) of the sample.

The figure (4.26) show increase the current of the Si (p)/ NiO:Cu (n) flow at
in the light and dark state at the junction (p-n) of the sample. by comparison of the
Si (n)/ NiO:Cu (n) at the junction (n-n) of the sample because the n- type carriers
are not generated while the current resistance in the lighting state is higher in the
forward bias than the reverse bias because changed the carriers concentration of n-
type of the Si (n) substrate and deposited n- type has on the substrate of the
sample. Whether it is the type (p-p) or the similar type (n-n) have the same values
of density but the second side of the heterojunction may have the same density as
the carriers of silicon type (p) and silicon type (n) but they are different in density
for carriers of the compound, which relatively generates a different potential
barrier, due to the difference in density values then it is note that the current values
are disparit, which reduces its sensitivity to darkness.

It is also noted from the previous figures that the current values are higher for
the same voltage values in the lighting state due to the excitation of the
heterojunction (p-n) when photons incident, which generate more carriers because
of the breaking of the bonds that occur as a result of the incident, which increases

the current values. As for the efficiency of the heterojunction prepared, it is noted
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that it increases at the doping Si (n) / NiO:Cu (p) ( at ratio doping Cu/Ni =10%)
then it starts to decrease when the (n) film is deposited on the (n) substrate.
Because the electron density increases when the doping increases and table (4.4)
indicates open circuit voltage (Voc) and short circuit current (Isc), maximum
voltages, current, fill factor, and efficiency of samples from heterojunctions of the
Si/NiO:Cu compound. Using a computer program, while it was noticed that the
highest value of open circuit voltage is (78mV) for the Si (p) sample with a (p)
type film deposited for the NiO pure sample.

It was noted that the best efficiency is with a value of (2.8571429%) when
depositing the type (p) film of the NiO:Cu( at ratio doping Cu/Ni =10%) sample on
the Si (n) substrate .
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Figure (4.19): I-V Characteristics in Dark and Light for film Si (n) /NiO (P).
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Figure (4.21): 1-V Characteristics in Dark and Light for film Si (n) /NiO:Cu cyni =10% (P)-
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Figure (4.22): 1-V Characteristics in Dark and Light for film Si (n) /NiO:Cu cyni =12.8% (P).
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Figure (4.23): 1-V Characteristics in Dark and Light for film Si (p) /NiO (P).
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Figure (4.24): 1-V Characteristics in Dark and Light for film Si (p) /NiO:Cu cyni =7.5% (P).
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Figure (4.25): I-V Characteristics in Dark and Light for film Si (p) /NiO:Cu cuni =100 (P).
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Figure (4.26): 1-V Characteristics in Dark and Light for film Si (p) /NiO:Cu cyni =12.8% (N).

Table (4.4): Values Open Circuit Voltage, Closed Circuit Current and values

Maximum for Voltage and Current, Fill Factor, and Efficiency for samples of

heterojunction of Si(p,n) / NiO at different doping Cu .

sample CUNi | Voe(mV) [ Ie(MA) [ VinadmV) [ Ima(mA) [ FF [ 0%
(At%)

Si(n)/NiO(p) 0 |42 0.082 |18 0.05 |0.26|1.5306122
Si(n)/NiO:Cu(p) |75 |35 0.015 |20 0.009 |0.34|0.3061224
Si(n)/NiO:Cu(p) 10 |50 013 |28 0.06 | 0.262.8571429
SinyNio:Cu(n) | 12.8 |21 009 |10 0.005 |0.03]0.0936563
Si(p)/NiO(P) [0 78 0.022 |28.00 |0.015 |0.26]0.7660714
Si(p)/NiO:Cu(p) |75 |12 012 |65 0.06 | 0.26 | 0.6632653
Si(p)/NiO:Cu(p) |10 |35 0.058 | 20 0.03 | 0.30 | 1.0204082
Si(p)/NiO:Cu(n) | 12.8 |32 0.05 |15 0.03 | 0.28|0.7653061
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4.7 Conclusions

In this section will show the main conclusions that we have obtained in our

research. From overall measurements and observations, one can conclude the

following:

1.

The method of Aerosol Assistant Chemical VVapor Deposition has proved its
efficiency in preparing thin films within nanoscale ranges

Increase in the doping Cu increasing which leads to an decrease in the
energy gap.

The carrier type changes of the films of the NiO:Cu compound from p- type
to n-type when the doping increases, so the density of carriers and resistivity
Is decreases, while the mobility and conductivity increases with increasing
doping

Noticed a decrease with the disparit of current values in the dark state and an
increase in the sensitivity of the samples after lighting in the forward and
reverse bias.

The best heterogeneous reaction efficiency was observed to be of
(2.8571429) value when (p) film of a NiO: Cu sample was deposited on a Si
(n) .

As for the efficiency of the heterojunction prepared, it is noted that it
increases at the doping (Cu/Ni=10%) NiO:Cu(p) /Si (n) then it starts to
decrease when the (n) film is deposited on the (n) substrate, Because the
electron density increases when the doping increases.

There is a variation in the values (Isc,Voc,Imax,Vmax,FF) when depositing
isotype (p / p), (n/ n) and unisotype (n/p), (p/n).
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4.8 Suggestions for Future Work

For future work it can be suggested the following:

1. Fabrication and characterization of a solar cell from multi-junction of NiO:Cu as
an upper layer

2. Preparation of (NiO:Cu) heterojunction on different substrate such as GaAs,
InSh and Ge and study the optoelectronic properties for heterojunction.

3. Fabrication and characterization of NiO:Cu (p)/NiO:Cu (n) solar cell by
chemical spray pyrolysis technique.

4. Preparation of (NiO:Cu) heterojunction using thermal evaporation technique and

study optical ,electrical and optoelectronic properties of preparing films.
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