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General Introduction

The developments of the thin films and their applications made the technological
revolution in electronics, IT and communications and penetrated in other fields like: medicine
and biology, energy production, cars industry, drug delivery...etc. Practically, all the components
of any device are manufactured using thin film processes, the impact of this development on

modern life is immense.

The investigation of the physical properties of thin films has developed considerably over
the last few decades, this branch arose from the diversity of the materials and is distinguished by
the particular area studied, the method of investigation and so on. In fact, these continuous
investigations and linked advances research was the driving force for the scientific breakthroughs

and the significant progress in thin film technologies.

Among a wide range of material classes used to fabricate nanostructures and thin films,
transparent conducting oxides (TCOs) based on metal oxides of simple, binary and multiple
elements, are showing as one of the most advantageous families with many suitable properties.
The key properties of TCOs include good electrical conductivity and high transparency in the
visible spectrum of light, has grown in importance in several device technology especially

in optoelectronic and photonic devices applications.

Presently, metal oxides have attracted a lot of attention due to their distinctive physical,
chemical, optoelectronic features [1]. A p-type metal oxides transparent semiconductors play a
pivotal role in optoelectronics and block electronics applications, but the deficiency of a high-
performance one still remains as an obstacle to the development of future generation
optoelectronics [2]; Nickel oxide (NiO) is an important p-type semiconductor binary with a
direct broad bandgap (3.6-4.0 eV), good thermal and chemical stability as well as large optical
transparency [3]. Its powerful uses in gas sensors, photocatalysis, electrochromic coatings, solar
cell, UV photo-detector, heterojunction LEDs [4-6]. Nevertheless, its applicability is often
limited due to low electrical conductivity and carrier mobility.

Therefore, doping NiO with other elements leads to improved their characteristics where
some reports and studies on doped oxide semiconductors with trivalent rare-earth ions such as
La*3, Er'3, Ce*®, Yb* are doped on to oxide semiconductors contribute to enhancing their optical
properties [7].

In this context, Lanthanum (La) was applied as doping element, it is a rare earth metal

element, with different electrical structure where has an electronic configuration including

[2]
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General Introduction

partially 4f and 5f electron shell, with a relatively high ionic radius such as nickel and thus
resulting in lattice strain [8-9]. Earlier studies suggests that lanthanum doping significantly
enhances NiO's optical absorbance and electrical conductivity, making it perfect for a broad
range in optoelectronic applications [10]. Likewise, La-doped NiO nanofibers synthesized as

electrode materials have potential application for high-performance supercapacitors [11].

The physical characteristics of doped thin films are considerably influenced by their shape
and crystalline structure, which are basically controlled by the synthesis processes. In this work,
we report the synthesis and characterization of pure and La doped NiO thin films grown by sol-
gel assisted spin coating technique. The purpose of this work is to synthesis NiO films while
reporting and discussing the effect of doping concentration (La %) in terms of structural, optical

and electrical properties.

After a bibliographic review of the literature in the first part, the second part of the
manuscript describes the sol-gel assisted spin coating technique deposition of pure and La doped
NiO thin films, as well as structural, optical and electrical characterization methods. The third
part devoted to discussion and interpretation of characterization results of pure NiO thin films,
and the influence of lanthanum doping concentration (La %) on NiO films. The last part of the

manuscript presents general conclusion that brings together all the main results of this work.

[3]
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.1 Transparent Conductive Oxides (TCOs):

Over the last few years, scientists have achieved rapid and significant innovations in the
branch of material science, notably in metal oxide semiconductor physics. The majority of
transparent conducting materials used today are based on different metal oxides referred to as
transparent conducting oxides (TCOs), this family are widely considered the most diverse, rich
and multifunctional materials, with properties almost covering all characteristics of materials

science.

Transparent conductive oxides (TCOs) are a class of materials, refer to any oxide which have
the unusual capability of being both transparent in the visible range exceeds 90% and electrically
conductive > 10* S.cm™’ [12], with wide band gap > 3 eV and extremely high doping levels
above 10%° cm where these doping levels the materials are degenerate semiconductors and show
a metal-like behavior [13-14].

The most TCOs are binary or ternary compounds, having one or two metallic elements in
combination with oxygen, as they can be produced as n-type and p-type conductive. Suitable
oxides must meet three fundamental requirements to be considered as transparent materials with

high conductivity:

* They should exhibit a large enough bandgap so that absorption due to band-to band
transitions is limited to the UV and will not diminish cell current.

* Suitable extrinsic or intrinsic dopants that form shallow states have to be introducible in a

sufficient quantity [15].

* The material should not be liable to formation of compensating defects upon shifts of the

Fermi level (Fermi level pinning) [16].

The choice of TCOs based on a number of parameters such as chemical, mechanical and thermal
stability, stress, toxicity, low costs. In addition, the scientists succeeded established factors of
merit (FOM) allows to compare between TCOs; the best known is that defined by the ratio

between the electrical conductivity (o) and the coefficient absorption (a):

(4

FOM = == —[Rsq .In (T + R) L e, (1.1)

a
In which Rsq, R and T respectively represent the square resistance, reflectance and transmittance
in the visible range of the material used. The high-quality factor FOM lies between [0-7], so the

best TCO will have high conductivity and low absorption in the visible range [17].

[5]
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The highest FOM is 7 and corresponds to that of fluorine F-doped ZnO, which displays a
square resistance of Rsg=5 (/o) and an absorption coefficient of 0.03 cm™ [12]. According to
the literature, the parameters T > 90% and Rsq < 100 (Q/o) are the minimum standard properties
for a material to be marketed as a TCO. These properties are essential for several applications
more precisely in optoelectronics, since the TCOs must receive the maximum visible spectrum
with high electrical conductivity. There are strategies to improve the performance of existing
TCOs, that consists of:

e Improve carrier mobility by choosing the right dopants and doping process.
e Choose the right growth method and conditions.
e Perform post-deposition treatments.

By these strategies, it was possible to control the carrier concentration and transparency

properties, as well as broadening the absorption spectrum of the TCOs.

For any application, the most suitable TCO is the one that shows good electrical
conductivity along with good optical transparency. The thermal, physical and chemical
durability, thickness, plasma wavelength, deposition temperature, toxicity, and cost are other
factors that may also influence the select of transparent conducting material for any particular

application, as shown from Table 1.1 [19].

Table 1.1. Minimum required properties of TCOs [20].

Parameters Transparent conductive Materials
Band gap >3.1 eV (380nm)
Transparency at 550nm >90% (for n-type) and > 85% (for p-type)
Resistivity 10“4Q em (for n-type) and 103Q cm (for p-type)
Carrier Concentration >102° cm? (for n-type) and >1018 cm-3 (for p-type)
Mobility >40 cm2 (V s)* (for n-type) and >20 (V s)-1 (for p-type)
Sheet resistance <10 kQ/ square (for 20nm thickness)

[6]
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I.1.1 Optical and Electrical Properties of TCOs:

The primary interest to control the charge carrier’s concentration and mobility in the TCO
film is to present the possibility of an optimization of its electrical properties. This possibility is
closely linked to the intrinsic material of the TCO and the type and concentration of dopant.
Already, the conductivity (o) of thin film is highly dependent on the carrier concentration and
mobility which are connected by the following relation:

Where n is the density of electron (hole) in conduction band (valence band) expressed in (cm?),
q is the charge of the electron 1.6x10%° (C), and u is the mobility of charge carriers (cm2.V1. s1).
The second verse show the dependence of material conductivity with the number of charge
carriers n, their effective mass m=, and the relaxation time z. Moreover, the resistivity (p) defined
as the inverse of conductivity (2.cm), where an important surface electrical property in thin films
measurements named surface resistance Rs, defined as the ratio of resistivity (p) to layer
thickness (d) [12]:

R, = g .................................................................................................. (1.3)

The above equation (1.2) proves to become conductive, the films must either outcome essentially
from non-stoichiometric or by intrinsic doping such as oxygen vacancies, or more generally, be
doped with appropriate external impurities to form an extrinsic doping [22]. The possibility of
increasing the conductivity of the films consists either in improving the concentration of carriers

by doping, or in improving the electronic mobility p.

The optical properties of TCO thin films provide powerful tools to known energy band
structure, localized defects, impurity levels, lattice vibrations etc. These properties and the
optical constants are strongly connected to the deposition parameters, microstructure, level of

impurities and growth technique [23-25].

An important characteristic of TCO thin films is the existence of a transmission window
covering a wide range of the visible spectrum. The optical window is centered between two
characteristic wavelengths where light is no longer transmitted Agap < A < Ap (called plasma
wavelength) where TCO is transparent has a dielectric type behavior, at short wavelengths near
UV range (A < Agap), absorption dominated by band-to-band transitions, where at high
wavelengths in the near infrared range rang (A > Ap), the incident light is reflected by the TCO

material and behaves like a metal and absorbs or reflects light.

[7]
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Figure 1.1. Transmission, Reflection and absorption spectra of a typical TCO, the
optical window and Agsp, Ap are the wavelengths at which the band gap absorption and
free electron plasma absorption takes place [26].

2T.C

Generally, with TCOs whose plasma wavelength Ap T (1.4)
P

typically between 1 and 2 (um), the type of oxide and its doping are optimized to have a
transparency range ranging from near UV to near infrared depending on the material used and its
doping [27]. The doping of TCO will heavily influence the interaction of photons and excitons
which shifts in the plasma wavelength and therefore a reduction in the transparency of the TCO

in the infrared.

1.1.2 TCOs material and their relevance to some applications:

TCO films have gone through very significant development and are used virtually every day
in various applications. The actual and potential applications of TCO thin films include:
transparent electrodes for photovoltaic cells, transparent electrodes for flat panel display,
transparent thin films transistors, gas sensor, photocatalysis, low emissivity windows, light

emitting diodes LEDs and semiconductor lasers.

As an advantage of TCO thin films depends on both their optical and electrical properties,
both properties should be considered together with environmental stability, abrasion resistance,
electron work function, and compatibility with substrate and other components of a given device,
if necessary for the application. The availability of the raw materials and the cost of the

deposition method are also important factors to select the best TCO material.
[8]
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1.2 Nickel oxide (NiO):

Nickel oxide is a chemical compound where nickel occupy 78.55% while oxygen is 21.40%,
in the form of black or greenish-gray crystalline powder depending on the method of preparation.
As a binary metal oxide, the ratio of Ni:O deviates from 1:1 making it non-stoichiometric most
times whilst their stoichiometry is shown by the color variation [28-29]. There are various
oxidation states likewise: nickel or nickelous oxide (NiO), nickel dioxide (NiOz), nickel trioxide

or sesquioxide (Ni203), nickel peroxide (NiO4) and nickelosic oxide (NizOa).

NiO is a transition metal oxide has rhombohedral or cubic structure referred to as Bunsenite.
Naturally, NiO is a p-type of semiconductor because of nickel deficiency, with a wide band gap
between 3.5 to 4.0 eV [30]. NiO has a high Neel temperature (523 K) [31], which makes it
suitable for room temperature. Due to the simplicity in its synthesis, high durability and excellent

chemical stability in any solvent, it has diverse applications.

1.2.1 Fundamental properties of NiO:
1.2.1.1 Structural Properties:

Nickel oxide embraces the rock salt type lattice of NaCl with an octahedral Ni (II) and O
sites, each cubic unit cell has four nickel atoms and four oxygen atoms. Each nickel atom is
bounded by six oxygen atoms and the same thing for oxygen atoms. This face-centered cubic
(FCC) structure has a parameter of a= 4.1769 A at 26 °C. The FCC structure has a primitive
rhombohedral cell with a = 60° along anyone of its triad axes where nickel-nickel distance is
2.9518 A for the distorted rhombohedral (a =60°4.2' at 18°C). The face (111) is polar and
therefore non-stable, whereas the face (100) is a stable non-polar face. Ni?* and O% ions alternate
along the direction [111], and magnetisation is linked to the plane (111). Nickel oxide has low
magneto crystalline anisotropy. The ionic radii: R (Ni?*) =72.0 Pm and R (0?) =140 Pm [32-33].

@
‘ \lll

Figure 1.2. The FCC and rhombohedral primitive cell of NiO [33].

[9]
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1.2.1.2 Optical Properties:

Nickel oxide (NiO) is a semitransparent semiconducting material with direct large bandgap
in the range of 3.6-4 eV, with refractive index is 2.33 at the photon energy of 2 eV. The
absorption edge is localized in the ultraviolet region, the presence of Ni®* ions inner the oxide

lattice shows charge transfer transition with the resulting absorption in the visible region [34-36].

The valence band of NiO composed of localized nickel 3d-bands with a width of 4.3-4.4 eV
were coupled with oxygen at the 2p-bands states with large energy about 4-8 eV. Nevertheless,
the conduction band composes of unoccupied states of nickel 3d, 4s, and 4p [37-39]. Two
principal theories proposed for interpreting the optical absorption gap in NiO: it is due to either a
p—d transition in one Ni atom or a d— d transition throughout two adjacent Ni atoms in the

lattice [40-41].
1.2.1.3 Electrical Properties:

NiO has p-type oxide semiconductor character of the group AVI BVIII, where pure
stoichiometric NiO undoped is an insulator material, with resistivity of the order of 103 Q.cm a
room temperature where is classified as a Mott-Hubbard insulator.

Electronic conduction in undoped NiO is suggested to the appearance of nickel vacancies or
excess of oxygen. In the ionic crystal of NiO, the radius of O? (0.140 nm) is superior to that of
Ni2* (0.069 nm) consequently overload of O in NiO create vacancies in the normally occupied Ni
sites. However, to conserve global electrical neutrality in the crystal, two Ni?* ions should be
converted to Ni* for every vacant Ni?* site, whither the Ni** ions play a positive center for
electron hops from a Ni?* to a Ni®** site, it looks as if there is a positive hole moving around the
Ni?* sites.

Figure 1.3. A pure non-stoichiometric NiO crystal schematic.

[10]
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1.2.1.4 Magnetic Properties:

NiO is an important transition metal oxide which has been of interest due to its interesting
magnetic properties. Any change in the structure of crystal with temperature in fact it's linked
with the magnetic properties of NiO. Neel temperature (TN) is the temperature at which
antiferromagnetism changes to paramagnetism. Above the Néel temperature TN = 523 K, nickel
oxide crystallized in a cubic rock-salt crystal structure (group Fm-3m) and exhibit paramagnetic
behavior whereas, below Néel temperature TN and at room temperature, nickel oxide
crystallized in rhombohedral structure (group R3m) which is a Mott insulator shows
antiferromagnetic behavior, the magnetic structure of NiO consists of ferromagnetic sheets of
Ni%* parallel to the {111} planes with opposite spin directions in neighboring sheets, and the
structure of NiO undergoes a week cubic-to-rhombohedral distortion due to the magnetostriction
effect [42-45].

The magnetic properties of NiO, furthermore to depending on transition metal (TM) ion
doping, as nanoparticles magnetic properties can differ from the bulk magnetic structure, because
of the influence of surface effects [46], whereas magnetic properties sensitively depend on the
size of the particles in nanoscale. When the dimension is minimized to nanoscale, the NiO is
shown to exhibit various magnetic properties as ferromagnetism (size of particles, D < 24 nm)

[47], superparamagnetism (D < 31.5 nm) [48], behavior of spin glass (D < 10 nm) [49-50].

Figure 1.4. Schematic illustration of the antiferromagnetism spin structure in

NiO. The spins couple ferromagnetically within the same {111} planes [51].

[11]
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1.3 Latest work and applications on nickel oxide thin films:

The versatility of NiO thin films makes them valuable materials for a wide range of
applications due to their excellent durability, chemical and thermal stability, controllable
conductivity with high transparency, low cost and catalytic properties. Additionally, NiO is quite

compatible to be incorporated with the wide range of n-type TCOs due to its rock salt structure
resulting in ease of lattice matching [52].

1.3.1 Transparent Electrodes for Flexible Organic Photovoltaic Cells:

Transparent electrodes with a dielectric—metal—dielectric (DMD) structure can be
implemented in a simple manufacturing process and have good optical and electrical properties.
Nickel oxide (NiO) introduced into the DMD structure as a more appropriate dielectric material
that has a high conduction band for electron blocking and a low valence band for efficient hole
transport. The indium-free NiO/Ag/NiO (NAN) transparent electrode exhibits an adjustable high
transmittance of ~82% combined with a low sheet resistance of ~7.6 Q-s-q’! and a work
function of 5.3 eV. The NiO/Ag/NiO electrode shows excellent surface morphology and good
thermal, humidity, and environmental stabilities [53].

Organic photovoltaic (OPV) cells have unique properties including low weight, flexibility,
low cost, and suitability for large-scale production, making them very attractive as a renewable
energy source. Although their power conversion efficiency (PCE) has reached over 9% with
recent rapid progress in OPV technology and interfacial materials [54-55]. The power conversion
efficiencies of organic photovoltaic cells with NAN electrodes deposited on glass and
polyethylene terephthalate (PET) substrates are 6.07 and 5.55%, respectively, which are
competitive with those of indium tin oxide (ITO)-based devices [53].

0

+ (a) - (b)

¥

Current Density(mA/cmz)
&
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-»PET/ITO
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Figure 1.5. (a) Configuration of the OPV based on the NAN electrode. (b) J—V characteristics

of the OPVs based on ITO and NAN electrodes on glass and PET substrates [53].
[12]
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1.3.2 Thin Film Transistors (TFTSs) :

Oxide-based thin-film transistors (TFTs) have been extensively investigated for emerging
applications of the next generation active-matrix liquid crystal displays, organic light emitting
diode displays and other electronic circuits [56-57]. The challenge is to develop complementary
circuits using oxide semiconductors. However, both n-type and p-type transistors are required to
realize complementary circuits. NiO is a semi-transparent, interesting Mott insulator with a wide
bandgap of 3.7 eV. Oxygen-rich non-stoichiometric NiO films become fairly good p-type
semiconductor. Due to its excellent chemical stability, magnetic, electric and optical properties
and low cost, the NiO films are regarded as an attractive p-type oxide semiconductor for

optoelectronics applications [58-59].

Oxide p-type transistors are expected in realization of complementary circuits. Recently,
amorphous p-type NiO thin films deposited on glass substrates various O2/Ar flow ratios. Pure
Ar ambient with room temperature (RT) growth of NiO films shows the highest mobility of 1.07
cm?/Vs, and hole concentration of 2.78x10" cm™3. Initial p-type NiO-based thin film transistors
grown by magnetron sputtering demonstrated a mobility of 0.05 cm?/Vs, a threshold voltage
(Vin) of —8.6 V, subthreshold swing (S) of 2.6 V/dec, the current on—off ratio of 10°, respectively

[60].
'l‘i/Al‘/All
Al203
Gate
Substrate
Figure 1.6. The schematic diagram of the NiO-based TFT [60].
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Figure 1.7. (a) IDS-VDS characteristics of the NiO TFTs with Al,O3 gate dielectric insulator.
(b) IDS-VGS characteristics of the NiO TFTs with Al.O3 gate dielectric insulator [60].

[13]
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1.3.3 Organic Light-Emitting Diodes (OLEDSs):

The OLED:s are thin film devices which consists in principle organic emitting layer and hole
transporting layer integrated between anode and cathode electrodes. The bottom electrode is high
transparency thin film deposited onto suitable transparent substrate whereas the top electrode is
generally highly reflecting. The voltage is applied between anode and cathode electrodes where
the holes are injected from cathode and electrons from the anode electrode by the electric
current. The injected charges come together and recombine in emissive layer. Photons are
created, so light is emitted, in a frequency corresponding to the energy gap between conduction

band and valence band of this emissive layer.

Highly efficient OLEDs are generally fabricated using thermal evaporation, but this
technique has some restrictions in manufacturing such as high processing cost and lack of ability
to deposit onto large areas. On the other hand, solution-processed OLEDs offer low cost and
large area applications on flexible substrates. Although, low efficiency is often a problem for
solution-based processing, this challenge can be eliminated by charge blocking layers. However,
solution-based techniques limit the deposition of multilayer structures due to dissolving or

damaging the subsequent layer by its solvent [61].

There are many reports on solution-processed nickel oxides (s-NiOyx) are used as hole
injection and transport layers in solution-processed organic light-emitting diodes (OLEDs). By
increasing the annealing temperature, the nickel acetate precursor fully decomposes and the s-
NiOx film shows larger crystalline grain sizes, which lead to better hole injection and transport
properties. With a p-type thin film transistor (TFT) configuration, the high-temperature annealed
s- NiOx film shows a hole mobility of 0.141 cm? V! s, which is significantly higher compared
to conventional organic hole transport layers (HTLs). Due to its improved hole injection and
transport properties, the solution-processed phosphorescent green OLEDs with NiOx HIL/HTL
show a maximum power efficiency of 75.5 + 1.8 Im W, which is 74.6 + 2.1 % higher than the
device with PEDOT:PSS HIL. The device with NiOx HIL/HTL also shows a better shelf
stability than the device with PEDOT:PSS HIL. The NiOx HIL/HTL is further compared with
PEDOT: PSS HIL/N, N’-Di(1-naphthyl)-N, N’-diphenyl-(1,1’- biphenyl)-4,4’-diamine (NPB)
HTL in the thermal-evaporated OLEDs. The device with NiOx HIL/HTL shows a comparable

efficiency at high electro-luminescence (EL) intensities [62].

[14]
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Figure 1.8. (a) The structure of s-NiOy thin film transistor,
(b) The schematic cross-section of OLED [62].

1.3.4 Electrochromic Devices (ECDs):

The electrochromic devices (ECDs) or cells considered as rechargeable thin film batteries
whereas ITO thin films are mostly preferred materials coated on substrate as a transparent
conductive electrode. The ECDs including smart windows can modulate transmitted/reflected
visible electromagnetic waves. The ECDs generic structure is a substrate coated with a TCO
material, the electrochromic coating, an electrolyte, an ion reservoir, an additional conductor and
again a substrate [63-64], where TCO behaves as the electrode which provides the connection of
device and external battery. The electrochromic material deposited onto TCO substrate to
investigate the contact between electrochromic film and ion conductive electrolyte hose other

side is in contact with ion reservoir.

The voltage applied throughout electrolyte-substrate coated with TCO film where the
electrical current drives the ions from reservoir into the electrochromic film over the electrolyte

and injects the electrons from the conductive coating of the substrate.

The optical characteristic of electrochromic layer is altered by the injected electrons due to
their tendency to charge neutrality. The reverse voltage ejects the ions out from the reservoir
while the electrons leave through the substrate, therefore, electrochromic material is converted to

its original state.

[15]
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The electrochromic materials are divided into three classes:
e The electrochromic materials are colored in both oxidized and reduced states

e Cathodically coloring materials: These are colored in the reduced state and colorless
in the oxidized state.

e Anodically coloring materials: These are colored in the oxidized state and colorless in

the reduced state.

The electrochromic NiO is an anodically coloring inorganic material. In oxidized state, the
color of NiO turns to dark bronze [63]. A several studies has been recently reported on NiO as a
counter electrode for NiO/ WOz electrochromic applications [65-66].
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Figure 1.9. The basic structure of Electrochromic Devices ECDs [65].

Ongoing research and development continue to explore new works and applications to improve

the performance of NiO thin films making them useful for various purposes.

[16]
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1.4 Nickel oxide doping:

Mastery of both types of doping n and p is necessary to create a p-n junction which can then
partially or totally compensate each other. The interest is to obtain a semiconductor with greater
physical properties. To improve the conductivity, magnetic, optical and other properties of
materials require an increase in the number of charge carriers, which is achieved by doping.
Depending on the nature of the doping, the type of conductivity and the properties of the
materials can change. Doping can lead to p-type or n-type conductivity, depending on the nature

of the doping element [67].

The n-type doping is defined by the substitution of a few nickels or oxygen atoms by other
atoms. Ni can be substituted by group 3 elements such as Ga, In and Al [68-70]. These have a
greater number of free valence electrons than nickel, and have an extra electron compared with
the initial ion (Ni?*). The initial covalent bonds are restored, but one of the electrons remains
free. The inserted ion is said to be an electron donor. To obtain the same result, some oxygens

can be replaced by group 5 elements such as chlorine (CI) or iodine (1) [71].

The p-type doping is based on replacing a few nickel atoms with group | elements such as
lithium, potassium or sodium, which contains fewer free electrons compared to nickel. A
peripheral electron is then missing to re-establish all the initial covalent bonds. This results in the
appearance of a hole giving the inserted atom the character of an electron acceptor, as it is
capable of receiving an additional electron. These atoms can also occupy interstitial sites acting
as a donor (they have one or more free electrons in the conduction band) and not as an acceptor.
In addition, oxygen atoms can be substituted by a group V element (P, As or N...) which will act
as an electron acceptor. The latter can substitute not only oxygen but also nickel atoms, which

could make them donors.

1.4.1 Lanthanum material:

Lanthanum (La) is a chemical element with atomic number 57 and melting point among
them: 920 °C. It is a soft, ductile, silvery-white transition metal where is traditionally counted
among the rare earth elements. The 57 electrons of a lanthanum atom are arranged in
the complex electronic configurations [Xe]5d*6s? were involving partially filled 4f or 5f orbitals
with three valence electrons outside the noble gas core. Lanthanum almost always gives up these
three valence electrons from the 5d and 6s subshells to form the +3-oxidation state, were ionic
radius of La®* is greater than that of Ni?* [72-73].

[17]
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Table 1.2. Room-temperature properties of lanthanum element (La) [74].

Properties: s7La — (s4Xe core) + 4f 0 + 652 5d* s7La
Valence +3

Density (g/cmd) 6.15
Melting temperature (C) 918

Thermal conductivity (W/m-K) 134
Elastic (Young’s) modulus (GPa) 36.6
Coefficient of thermal expansion (10” ¢ m/m--C) 121
Electrical resistivity (p.cm) 61.5
lonic radii (pm) 117.2

1.4.2 Lanthanum doped nickel oxide (LNO):

Recently, La-doped NiO have attracted much attention for interesting applications, the
introduction of La into the NiO lattice generate changes in electronic configurations and
consequently affect the material properties, making it an effective dopant for adapting NiO
characteristics. Due to La unique electronic structure and large ionic radius, its incorporation into
the NiO lattice may affect key properties such as electrical conductivity, charge carrier mobility
[75]. From many literatures, it is reported that the use La doping considerably enhances NiO's
optical absorbance making it ideal for a wide range of optoelectronic uses [76]. When La was
applied as doping element, more surface defects are occurred, which hindered the recombination
of photo-induced electron-hole pairs, were this contributed to the improvement of the

photocatalytic activity.

However, a comprehensive understanding of the synthesis methods and their influence on the
optical characteristics of La-NiO thin films remains inadequate and demands more
investigations. These characteristics make (LNO) a technologically important and enables
researchers to customize and improve material for particular uses, improving solar cell
efficiency, maximizing the performance of photo-electrochemical cells, and raising the

sensitivity of gas sensors [77].

[18]
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1.5 Thin film concepts:

Thin films (TFs) are often describing a layers of material atoms can vary from a few atomic
layers to around ten micrometers. These coatings modify the properties of the substrate on which
they are deposited. Since TFs are nano-objects in one direction in space, the physical and
chemical properties of thin films can differ from those of macroscopic objects in all their
dimensions, depends on the methods and conditions of their preparation, such as changing the
type or percentage of impurities added or changing the temperature of the base. The main
difference between thin and thick film deposits is the thickness of the deposited layers, were the
arrangement of the elements of material is in two dimensions with the thickness of the third

dimension.

1.5.1 Mechanism of film formation:
The thin film deposition process can be classified into three main phases:
e Preparation of the film forming particles (atoms, molecules, cluster).
e The particles transport from the source to the substrate.

e The particles adsorption on the surface of substrate and finally growth of thin film.

These phases can be linked to the specific deposition process and/or on the selection of the
deposition parameters, they can be considered either independent or influenced by each other. A
thin film is prepared by deposition film materials (metals, semiconductors, insulators, dielectric
etc.) atom by atom on the substrate through phase transformation. A suitable time interval is

required between the two successive deposits of atoms and layers.

In thermodynamically stable films, all atoms (or molecules) will take up positions and
orientations energetically are similar with neighboring atoms of the substrate or earlier deposited

layers, and then the effect substrate or else first layers will diminish gradually [78].

[19]
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1.5.2 Thin film growth process:
The main steps in a typical thin film deposition process are [78]:

1. Thermal accommodation,
2. Adsorption (physisorption) of atoms/molecules,
3. Diffusion in the Surface,
4. Formation of atoms- atoms and substrate- atoms bandings (chemisorption),
5. Nucleation: aggregation of single molecules /atoms,

6. Formation of structure and microstructure (single crystalline, polycrystalline,

amorphous, roughness and defects, etc.),
7. Modification within the bulk of the film (diffusion, grain growth etc.).

In thin film formation there exist three mechanisms of thin film condensations which can be
distinguished, depending on the strength of interaction between the growing atoms and the

deposited atoms of the film in the substrate. These are:
a) The layer-by-layer growth,
b) A three-dimensional nucleation, forming, growth and coalescence of islands;
c) Absorption of monolayer and subsequent nucleation on the top of this layer.
1.5.2.1 Nucleation :

Nucleation is the birth stage of a film. Condensation is started by the production of the small
cluster through the combination of numerous absorbed atoms. There are two kinds of nucleation

occur during the production of a film [79]:

= Homogeneous nucleation: The total free energy is used in the formation of a cluster of

adatoms

= Heterogeneous nucleation: Particular shapes of clusters formed by collisions of atoms on

the surface of the substrate, and in the vapor phase its supersaturation is adequately high.

[20]
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1.5.2.2 Growth modes :

The process of enlargement of the nuclei to final form a coherent is termed as growth, the
growth of thin films on a substrate is classified into three categories, illustrated schematically on
the Figure 1.10 based on the electron microscope observations are. These modes are named after

their original investigators and are as follows [80]:

e Island (Vollmer- Weber type) growth mode (Fig 1.10.a) corresponds to the situation when
film atoms are more strongly bound to each other than to the substrate. In this case, three-

dimensional islands nucleate and grow directly on the substrate surface.

e Layer-by-layer (Frank-van der Merve type) growth mode (Fig 1.10.b) refers to the case
when the film atoms are more strongly bound to the substrate than to each other. As a result,
each layer is fully completed before the next layer starts to grow, i.e., strictly two-

dimensional growth takes place.

e Layer-plus-island (Stmnski-Kmstanov type) growth mode (Fig 1.10.c) represents the
intermediate case between FM and VW growth. After the formation of a complete two-
dimensional layer, the growth of three-dimensional islands takes place. The nature and
thickness of the intermediate layer depend on the particular case (for example, the layer

might be a sub-monolayer surface phase or a strained film several monolayers thick).

Uniform Film

Uniform Film
Island Structure

Island Structure

2 T

Substrate Substrate Substrate

(a) Volmer-Weber Type (b) Frank-van der Merwe Type (c) Stranski-Krastanov Type

Figure 1.10. Schematic representation of the three main growth modes: (a) layer-by-

layer growth mode, (b) layer-plus-island growth mode, (c) Island growth mode [81].
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1.5.3 Deposition techniques of thin films:

Thin films deposition methods so diverse, TFs deposition can be generally grouped into
physical methods such as evaporation or sputtering, and chemical methods, vapor or liquid
phase. The physical methods, notably ultra-vacuum evaporation is mainly used by research
laboratories because they make it possible to develop very diverse materials and to measure
physical parameters in-situ. Chemical methods, more specialized, on the other hand much more

interesting for series manufacturing of industrial components when possible [82].

The broad classification of deposition techniques is outlined in the Figure 1.11. An enormous
number of deposition processes that exist and just only some methods are detailed in the next

parts with special emphasis on the sol-gel spin-coating method [83].

In order to optimize the desired film characteristics, a good comprehension of the advantages
and restrictions applicable to each technique is necessary. The choice of a specific deposition
technique related to some factors, they are: the rate of deposition, limitations imposed by the
substrate, adhesion of the deposits to a substrate, throwing power, the purity of target material,

costs, ecological considerations and the abundance of the material to be deposited [84].

Fabrication techniques
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Figure 1.11. A layout of most widely used techniques to fabricate TFs [82].
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1.5.4 Sol-gel based coating techniques:

The sol-gel process is one of the mainly useful solution deposition methods of thin films.
whose name originates as a combined short form of solution and gel, The precursor (starting
material) is generally formed of the pertinent transition metal alkoxide of the form M(OR), or
MO(OR), in water or an organic solvent. M and R here represent respectively, the metal and the
alkyl group. Moreover, the solution may contain some functional additives like stabilizers that
chemically improve the solution homogeneity. The liquid-filled solid network called gel is
originated by the linking colloidal particles with one another in 3D structure. The transformation
from solution to gel is most commonly induced by changing the pH value of the solution via
catalysts such as acids and bases.

Sol-gel offers low temperature route for production of complex/functional oxide structures
and deposition of sol onto complex-shaped or large surfaces [85]. It has several chemical and
physical steps which are hydrolysis, condensation, drying and densification [86]. It is possible to
fabricate high purity products such as micro and nano particles in different size/shape, fibers,

membranes, powders and coatings by sol-gel process.

1.5.4.1 Dip coating:

Dip-coating technique is the immersion of a substrate into the coating sol and subsequently
withdrawing a substrate from sol or moving the sol away from the substrate for thin film
deposition. This process allows the coating a both sides of the substrate simultaneously, large
scale thin film production and offers the deposition of sol onto curved or complex-shaped
substrates. Dip-coating divided into these steps as follows:

» Immersion: the substrate is immersed into the coating sol at a constant rate.

= Hold time: the dipped substrate is holding in the sol for a determinate period of time to

allow the penetration of sol particles

= Deposition: sol is deposited on the both sides of substrate while substrate is pulled up at a
constant rate without any vibrations. Thickness of the film is dependent on this withdrawal

speed such as, a thicker film is produced due to the higher speed.

= Evaporation: draining of excess amount of sol and evaporation of a solvent from the
deposited film. The evaporation process has already started throughout the deposition step,

if solvent is volatile, such as alcohols.
[23]
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In the dip-coating process the important parameters are the molar concentration of the solution,
relative humidity, duration of immersion, and withdrawal speeds, as well as the postdeposition
treatment [87]. Viscosity and density of sol and withdrawing speed of a substrate are

determinants of the film thickness.
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Figure 1.12. The mechanism of dip-coating process [88].
1.5.4.2 Spin coating:

Spin-coating is widespread practice to obtain quite dense and uniform thin films from few
nanometers to few micrometers in thickness on flat surfaces. Spin-coating enables the production
of single/multi-layered thin films quick, easy and reproducible; therefore, it is widely used in
variety of industries and technological applications. However, the foremost weakness of this

technique is that spin coating is applicable on flat surfaces only.

This technigue is mainly based on the draining by centrifugal force and evaporation of
solvent deposited thin film. In addition, the parameters of importance are molar concentration of
the solution, volume of solution placed on the substrate, spinning speed, and duration, as well as
the postdeposition treatment [89]. Spin-coating process is composed of these steps which are

deposition, spin-up, spin-off and evaporation.

= Deposition: to get completely wet surface, substrate is coated by excess amount of sol.

= Spin-up: substrate is accelerated up to the final selected speed for desired time; therefore,
by the effect of centrifugal force, sol covers all over the surface and excess is flung off.

[24]
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= Spin-off: substrate starts spinning at constant speed, viscous forces lead to fluid thinning
mechanism and edge effects are commonly observed due to the high spin speed.

= Evaporation: coating thinning mechanism dominates and almost all solvent evaporates
simultaneously in this step of the processing; since, solvents used in composition of sol is

typically volatile, such as alcohols.

The spin-coating method, however, is more advantageous for research laboratories because of
the material wastage involved. It is generally suitable for uniform application of thin films over

small areas.

Figure 1.13. The mechanism of spin-coating process [90].
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11.1 Introduction :

Nickel oxide (NiO) thin films can be prepared by different techniques and for this purpose
have also been developed. Sol-gel spin-coating is the most commonly used technique adopted for
the deposition of metal oxides, alloys and many compounds, this technique particularly attractive
because of its simplicity, efficiency and efficacy. The enhancement of the film properties
prepared with spin-coating is largely correlated with the deposition conditions parameters, which
affect the physical properties. Recently, numerous researchers have been described the
influences of precursors, solution concentration, temperature, solvent nature, annealing treatment
and film thickness on NiO films properties [91-96]. In this chapter, we describe some of the most
widely used experimental techniques for obtaining La-doped NiO thin films, using the spin-
coating technique, and also its characterization techniques used to measure their optical and

structural properties is discussed below.

11.2 Materials :

The list of the chemicals used in this study are given in Table I1.1. All chemicals were used

as supplied without any purification.

Table 11.1. The list of the chemicals used in this study

Material Nickel (I1) nitrate hexahydrate = Lanthanum (I11) nitrate Ethanol
Linear formula  Nij (NOs),*6H,0 La (NOs)3 C2HsO
Appearance Emerald green Colorless Colorless
Molecular mass  290.8 g/mol 324.92 g/mol 46.068 g/mol
Physical state Hygroscopic solid Crystals solid Liquid
Density 2.05 g/cm? 1.3 g/cm?® 0.78945 g/cm?®
Melting point 56.7 °C 40 °C —114.14 °C
Solubility in water 243 g/100ml (0 °C) 158 g/100 ml (25 °C) Miscible

[27]
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11.3 Elaboration of NiO thin films:
11.3.1 Experimental montage of spin-coating system:

Spin-coating technique produces homogeneous and uniform thin films in the thickness range
of micrometer to nanometer. After mounting a substrate on the spin-coater and put a small drop
of solution on it, the substrate undergoes a rotational movement, the aim of which is to obtain a
homogeneous spread of the solution. Viscous force and surface tension are the main causes for
the flat deposition on surface. Finally, the thin film is formed by the evaporation. Three

parameters are controlled by this method:
1) Spinning speed
2) Acceleration
3) Spinning time.

Spin coating consists of several stages, such as fluid dispense, spin up, stable fluid outflow, spin
off, and evaporation, respectively [97].

The advantages of spin coating are to produce very fine, thin, and uniform coating, while the
disadvantage is the difficulty with large area samples [98-99]. By spin-coating method the
desired thickness of the film can be achieved. Thickness of the layer depends on many different

parameters, and the following equation shows how these parameters affect thickness:

d = (1 - ”—A) S Y 3 e, (IL1)

PAo

where d is thickness, pa is density of volatile liquid, pao is initial density of volatile liquid, n is

viscosity of solution, m is rate of evaporation, and w is angular speed.
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Figure 11.1. Schematic of spin-coating [100], and spin-coating apparatus used in our work.
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11.3.2  Experimental procedure:
11.3.2.1 Preparation and cleaning procedure of glass substrates:

The glass substrates used in this work (R217102), which are an optical microscope slides in
size of 25x25x1 mm?3 for their availability, low price, and allowing us to study film properties,
especially the optical ones. The substrates used must be clean and of good adhesion. Cleaning of
substrates is a very important step to eliminate the presence of grease, dust and all other dirt and

contaminations. The substrates are cleaned as follows:
1) Washes with Tap water then rinsed with distilled water.

2) Immerses slides in the HCI acid then in the acetone solution CsHsOH, followed by rinse with
distilled water.

3) Finally, dry with a hairdryer and paper towels.

11.3.2.2 Preparation of coating solution:

In order to obtain a specific coating solution of pure and Lanthanum-doped NiO. Above all,
we dissolve nickel (I1) nitrate hexahydrate [Ni (NOz)2¢6H20] as the precursor solution of Ni in
30 ml of ethanol solvent, and then adding a few drops of ethanolamine (C.H7NO) as a stabilizer
at room temperature. The concentration of nickel (Il) nitrate was (0.1M) and the solution
mixtures were stirred thoroughly by a magnetic stirrer for 30 minutes at 60°C, leading to the
formation of a clear green and homogeneous pure NiO solution. After cooling down to room

temperature, solution was used for the coating process.

To calculate the mass of nickel (I1) nitrate [Ni (NO3)226H2Q], the formulas I1.2 is used,
which gives the mass of nickel nitrate m(g) as a function of the molar mass M(g/mol), the molar

concentration C(mol/L) of nickel nitrate and the volume ethanol V(L).

A solution of the concentration C (0.1M) was prepared using 30 ml of ethanol and 0.8724 ¢
of nickel (I1) nitrate which was used for the coating process.

After that, we prepare the doping solution with several series, we use the same previous
conditions (mass, concentration, volume), and calculate the lanthanum mass corresponding to the

determine percentages (3%, 6% and 9%) using the following formulas:
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My anthanum (II1) nitrate

Mni
> * Myjickel (ID)nitrate * (M_l:a) .................. (I |3)

Myanthanum (III) nitrate = Xmass ( My, L)
icke! nitrate

Table 11.2. The lanthanum mass corresponding the percentages of Ni 1« Lax O thin films
Percentage (%) of doping 3% 6% 9%

My anthanum (D) nitrate (g) 0.0123 0.0247 0.0370

11.3.2.3 Thin film deposition parameters:

The properties of the thin film deposited by the spin-coating technique depend on several
parameters belong technique as well as substrate, such as the nature and molar concentration of
the precursors, the solvents used, the type of substrate, the deposition temperature, volume of the
solution, duration and speed of spinning, the number of deposits (coating-drying cycle), also the
post deposition heat treatment (annealing temperature) is one of the significant controllable
parameters to fabricate thin films, and so on.

The aim of this work is to prepare spin-coated thin films sample series of pure NiO and La-
doped NiO as a model coating, and studying the influence of Lanthanum doping concentrations
on NiO properties, and we keep fixed all the other parameters related to the spin-coating process

and substrate.

Table 11.3. The deposition parameters of Ni 1x Lax O thin films

Parameters Optimum values
Temperature substrate (°c) 25-27
Concentration of the precursor solution (M) 0.1
Deposition time (s) 30

Deposition speed (rpm) 2500
Deposition number (times) 9
Pre-annealed temperature (°c) 240

Final annealed temperature (°c) 500

[30]
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11.3.2.4 Deposition process of the NiO thin films:

Deposition of coating solution onto glass substrates by using spin coating technique, was
applied at 2500 rpm for 30 s. At the end of coating step, films were dried at 240 °C for 15 min in
a furnace to remove the organic compounds. In order to obtain homogeneous and dense layers,
spin coating process and drying step was repeated for 9 times (coating-drying cycle). After the
deposition, films were annealed at 500 °C for 2 hours under ambient conditions. The heating rate
was 5 °C/min. Formation of pure and La-doped NiO films from nickel (II) nitrate hexahydrate
solution involves condensation and thermal mixing with decomposition. These occur by
evaporation of the solvent and surface agent during drying and also at high temperature
annealing steps. It was reported that dehydration run out and decomposition was found start of
nickel (I1) nitrate hexahydrate above 307 °C were anhydrous Ni (NO3), decomposes into
nitrogen oxides and NiO [101], accompanied with the decomposition of residual solvent and
stabilizer. Therefore, minimum annealing temperature was determined as 400 °C. On the other
hand, 500 °C was chosen as maximum annealing temperature [102]. The blueprint of production
NiO thin films is given in Figure 11.1.

Pure and La-doped Sol-gel
> NiO solution Process
\ 4
Repeat Spin-coating Preparation

times x9 2500 (rpm)/ 30 (s) Sggj;;aﬁ ;ﬁﬁgs

Y

Drying
240 (°C) / 15 min

Y

Annealing
500 (°C) for 2 hours

\4

Characterization

v v v
XRD UV-VIS 4-point probes

Figure 11.2. Experimental procedure for fabrication of pure NiO and LNO thin films.
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1.4 Characterization methods:

In order to obtain perfect and accurate films, the appropriate technology must be chosen for
their preparation, and layer preview and description techniques are a key factor in knowing the
features of thin films. There are many techniques available for the structural, optical and

electrical characterization of thin films. We shall briefly describe the methods we have used.

1141  X-ray Diffraction XRD (Structural properties):

X-ray diffraction (XRD) analyses were carried out to examine the transition from amorphous
to crystalline state and identify the crystal structure of nanostructured NiO films after heat
treatments. A RIGAKU MENU- FLEX 300/600 system equipped with Cu Ka radiation (alpha=
1.5406 A) with an acceleration voltage of 40kV was used. The diffraction tests were conducted
for diffraction angle (26) between 10° and 90° with a step of 0.03°.

11.4.2  UV-Vis Spectrophotometry (Optical properties):

UV-Vis light transmission of the film samples was recorded within the wavelength range of
300 to 1100 nm using PerkinElmer Lambda 25 UV-Vis spectrophotometer (190-1100 nm) and
air measurements were taken as a background. According to the optical transmission and
absorption spectra of the films, the absorption coefficient, extinction coefficient, urbach energy,
optical band gaps and refractive index of the films were estimated.

11.4.3  Four-point probes (Electrical properties):

Resistivity measurements of thin film samples which represents the inverse of conductivity,
were performed by four probe method using JANDEL RM 3000 source measure unit to examine
the electrical conduction mechanism of the films. The measurements were carried out at ambient

conditions.

[32]



Chapter III: Results and

Discussion

[33]



Chapter 11 Results and discussion

Pure and La-doped NiO thin film samples were formed on glass substrates by spin coating of
sol-gel derived solutions. The film formation behavior, structural, optical and electrical
properties of the films were investigated as a function of controllable processing parameter, such
as lanthanum doping concentration. This chapter starts with the structural and optical properties
of thin film samples and continues on investigation of electrical properties.

I11.1 Structural properties of Niix LaxO thin films:
111.1.1 XRD analyses of Nii1x LaxO samples:

Phase analyses of pure and La-doped NiO thin films annealed at 500 °C were performed by
using x-ray diffractometer with diffraction angles from 10° to 90° to determine the crystal
structure and evaluate the crystallinity of the films. The analyses confirmed the formation of
crystalline pure and LNO thin films after annealing. The XRD pattern of these films is depicted
in Figure I11.1 which revealed the four peaks of different intensities as identified (111), (200),
(220) and (222) in pure sample confirming the face-centered (FCC) cubic crystallin (Fm3m
group), where the pattern is appropriately matched with the standard XRD spectrum documented
in JCPDS card No. 040-835. Also, there are no peaks related to other phases such as lanthanum
oxide (La203) or lanthanum nickel oxide (LaNiOs) in these XRD spectra which is probably
related to low La content ([La]/[Ni]) or may be due to the method of preparation and deposition

of material.

The dominant peak intensity corresponding (111) orientation at 37.415° is seen at pure NiO
substrate were (111) is the preferential orientation and the most encountered, thereby indicating
strong orientation and good crystallinity. The peak (222) intensity not detected by XRD in all
LNO samples, as well at 9 % La-NiO there is a deduction peak intensity (220), the diffraction
peak steadily decreases. Peak intensity is affected by lanthanum doping, it can be seen in the
figure that the intensity of XRD peaks systematically reduce with increasing La content, which

signifies the increase in full width at half maximum B (FWHM).

Lattice calculations for all samples on the (111) plane were carried out using equation (I11.1)

and are presented in Table I11.1:

A=dVRZ F K2+ 12 = —— A RZ A RZF L2 (IIL1)

2.sin (Bxk1)
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Figure I111.1. XRD patterns of pure and different concentrations of La-doped NiO thin films.

The estimated data reveals a systematic expansion of the unit cell and, consequently, of its
volume. This might be due to the ionic radii of 6-coordinated La* substituting for 6-cordinated
Ni%* in the NiO system. In general, a high ionic radii dopant will distort the crystal lattice of host
materials. Therefore, La doping strongly affects lattice values, and it is expected to influence
microstructural constraints like crystallite size (D), dislocations density (), and micro-strain (g)

values. The estimations of these were conducted through equations (I11.2—111.4) [103-108]:

k.A
Braos (@) 11T (I11.2)
__ Bk
T am (@) T (111.3)
1
6= E ..................................................................................................... (HI.4)

The crystallite size D has been determined using Sherrer formula (111.2) where A=1.5406 (A) is
the x-ray wavelength, g is the FWHM (Full Width at Half Maximum) intensity of the main peak
observed at 20 in radian, 0 is the Bragg’s angle of diffraction, and k=0.94 is a constant.
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Table I11.1. Lattice parameters of pure and La-doped NiO thin films

Samples Peak position dui(A) Lattice constant FWHM Crystallite Micro-strain Dislocation density

La-NiO (111) 20 (°) a1 (A) B (deg) sizeD (nm)  £(x10%) & (line/cm?) x10%
0% 37.415 2.4017 4.1599 0.3280  26.7063 4.2264 0.14021
3% 37.283 2.4099 4.1741 0.9904  8.8449 12.8102 1.27823
6% 37.139 2.4189 4.1897 1.3160  6.6511 17.0925 2.26052
9% 37.121 2.4200 4.1916 15700  5.5750 20.4021 3.21749

In comparison with pure NiO and for La-doped NiO thin films, it can be seen that the lattice
constant (a111) increases with La content. This may be attributed to the difference between ionic
radius of Ni%* (70 pm) and La®* (117 pm), which leads to an internal stress in the host lattice and
affects the crystalline nature of films and then promotes the formation of defects (dislocation) in

these prepared thin films.

The Figure 111.2 depicts the Variations of D, 8, and ¢ values for the (111) crystallographic
orientation for all samples according to La concentration. The crystallite size D are dramatically
reduced from 26 to 5 nm with increasing La content in the NiO system. The growth in size is
directly related to the dislocation density 6 and micro-strain ¢ values, which are systematically
increasing. The increases of & and ¢ clearly signify the increase of defects in the system from La
doping. The presence of defects due to doping will affect the optical and electrical properties of
prepared thin films. Especially, the dislocations play an important role in the variation of the
electrical resistance of the films.
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Figure 111.2. Correlation between crystallite size D, micro-structure

¢ and dislocation density 6 at different concentrations of La.
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Crystallite size D generally considered to be the cubic root of the volume of a crystallite,
often matches grain size but there are exceptions (different than particle size), more crystallinity

means higher degree of structural ordering (atomic ordering).

Figure 111.3 shows that the crystallite size D of samples diffraction peaks along the (111) plan
decreases with increasing lanthanum concentration, although FWHM B (Scherrer's formula)
increases, it is seen from that the crystallite size D inversely proportional to FWHM B, when
crystallite size D gets smaller the peak gets broader, otherwise smaller FWHM [ means more
sharp peak more is crystallite dimension, this may be attributed to the increment of the defects

and empty spaces in the crystalline structure as crystallite size decreases.

This shows that doping with lanthanum inhibits the growth of crystallites and then leading to
a depressed crystallinity phenomenon. Furthermore, the decrease in the grain size with doping
can improve the performance of many nickel oxide-based devices such as dye sensitized solar

cells.
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Figure 111.3. Variations of FWHM J and crystallite size D of La-NiO

films at different concentrations of La.
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I11.2 Optical properties of Ni1x LaxO thin films:
I11.2.1 Transmittance, absorbance and reflectance spectra of Niix LaxO samples:

As the thin films prepared to achieve optoelectronic characteristics, it is necessary to study
the optical properties, the important optical properties transmittance, absorbance and reflectance.
The spectra of the latter properties which belongs La-doped NiO thin film samples (0 to 9 %)
recorded in the wavelength range from 300 to 1100 nm annealed at 500°C are shown in Figure
I11.4, it can be observed the absence of interference fringes, moreover the similar behaviour of

the curves confirms the uniformity of the films.

The resulting films illustrate low transparency in the ultraviolet and visible regions where the
maximum average transmittance is less than 35 % recorded by 3% La-doped NiO sample, except
the pure NiO thin film exhibit an average optical transparency 73% in the visible region and a
highly transmittance value 83% in the range from 890 to 913 nm wavelength. The transparency
decreases with increase in percentage of La-doping NiO films where the growth of the grains in
the films increases with La-doping concentration, it is understood that the growth inhibits
transmittance. The increased scattering and the surface roughness of samples may also be the
reason for decreased transmittance of the doped films.

The samples film exhibits a strong absorbances values in the ultraviolet range corresponding
to the onset fundamental absorption edge of NiO, this may be understood as the electrons absorb
the light incident on it and jump to the conduction band which is termed as photo-excitation of
electrons [109], while in the visible range the films show low values where the absorbance

increases with increase in percentage of La-doping NiO.

Comparable to absorbance, the films possess highly and stable reflectance in the visible
region where all the doped samples show 29% reflectance value, while the pure NiO is 28%.
However, in the ultraviolet region a reflectance values of all samples increase sharply. It can be
seen that the reflectance decreases with increase in percentage of La in the low wavelength

region.

[38]



Chapter 11

Results and discussion

100 4.0
= Pure NiO | Pure NiO
e 3% La-NiO 3% La-NiO
——6% La-NiO 3.5 —— 6% La-NiO
80 =——9% La-NiO 9% La-NiO
=
c 60- B
A=) c
o S
2 B
& 40 2
= E
LS
'—
20
0 T T r T T r T 0.0 . . T . T T . :
300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100
Wavelengh (nm) Wavelengh (nm)
30
25
s 2
j=
o
3 15
'S
[
10 4
Pure NiO
5 3% La-NiO
——6% La-Ni0
9% La-NiO
0

T T T T T
300 400 500 600 700 800
Wavelengh (nm)

Figure I111.4. Transmittance,

absorbance and

T T
900 1000 1100

reflectance

curves of La-doped NiO thin films according to wavelength.

I11.2.2 The optical band gap (Eg) of Ni1x LaxO films:

The optical absorption study was used to determine the optical band gap of thin films, which

is the most familiar and simplest method. The steep falling absorbance edge indicates the

semiconductor nature of the films and the optical band gap connecting absorption coefficient a

of the films is obtained from the Tauc’s relation [110]:

ahv = B(hv — Eg)™

........................................ (11L5)

where B is constant, hv is the energy of incident photon, Eg is the energy band gap (eV) while

the exponent n depends on the type of transition (n= 2 for indirect allowed, nzg for direct

forbidden and n= % for direct allowed transitions).
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The optical band gap values have been determined by extrapolating the linear portion of the

curve to meet the energy axis (hv).
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Figure 111.5. Estimation of the optical band gap energy (Eg) from

Tauc’s relation of a direct bang gap semiconductor NiO at a

different concentration La (%).

The optical analyses shows that Eg values of samples are changing only marginally with
increased La doping concentration (%), the value of Eg correspond to 3% La-NiO concentration
is observed higher than pure NiO, afterwards the Eg decrease with increasing La concentration.

The change in Eg as a function of dopant concentration where analyses show decreasing in
Eg may be due to the generation of vacancies and states of energy between VB and CB by La
doping in NiO system. Vacancies in the NiO lattice are linked with Ni substitution by La, which
leads to a narrowing of the Eg. Also, the lattice constants (a) are increases with La content, the
increase in interatomic distance will occur and so the decrease in binding forces among valence
electrons and parent atoms will occur. The valence electrons will be freer on increasing the
lattice constants, the lower energy will be required to make them freely moveable in CB.
Consequently, the Eg will be reduced on rising the lattice constants, as Eg is inversely

proportional to lattice constants [111].

[40]



Chapter 11 Results and discussion
111.2.3 Urbach energy Eu (Disorder Eu) :

The embedding of impurity into the semiconductor often reveals the formation of band
tailing in the band gap caused by the formation of localized states. In these localized states
charge carries can hop from one site to another. The band tail energy or Urbach energy Eu,
which characterizes the width of the located states available in the optical band gap of the films
affects the optical band gap structure and optical transitions, described by the following

equations:

1 d(Ln (a))
Ey  d(hw)
where a is absorption coefficient and ow is a constant. The Eu values are calculated from the

inverse of the slop of Ln (o) versus (hv) curves Figure 111.6.

Urbach energy increases as the La concentration increased. This changing is attributed to the
disorder in the film due to the creation of new localized energy states near the band edges [112].
Moreover, this energy is associated with the micro-structural lattice disorder, where La ions

causes an increase in disorder and defects in the NiO: La thin films.
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Figure I111.6. Urbach energy Eu of LNO films at a

different concentration La (%).
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The Figure 111.7 shows the variation of Urbach energy and the optical band gap Eg versus La
concentration of samples, which exhibit that the both Eg and Eu values correlate very well. At
first, the Eu values change similarly to the optical band gap values. But after the 6% La-NiO
concentration it is clear that the optical band gap values are opposite to the disorder’s variation,
their values are changed inversely. As stated above, La doping produces localized states within
the forbidden bad gap, as well as due to fluctuations in the density of defects and crystallite size.
This behavior indicates that the obtained optical band gaps are governed essentially by the
disorder variations in such films.
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Figure 111.7. The variation Urbach energy and band gap

energy of NiO thin films as a function of La concentration.

111.3 Electrical properties of Nii-x LaxO thin films:

NiO is an excellent insulator with a resistivity on the order of 1013 Acm at room temperature
and do not show thermally induced Mott transition [113]. In this study, to carry out the resistivity
measurements, the films annealed at 500 °C with different La-doping concentration were used.
The four-point probe is required to measure the sheet resistance (Rs) of the films. Since
negligible contact and spreading resistance are associated with the voltage probes, the sheet
resistance (Rs) can be estimated, when the film thickness less than the spacing between the

probes, using the following equation [114]:

Ry =i (%) ........................................................................................... (ITL.8)
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where | and V are the applied current between the outer two probes and the potential difference

measured across the inner two probes respectively.

Table 111.2. The calculated values of the sheet resistance Rs of La-doped NiO thin films.

La-doped NiO concentration (%) Pure NiO 3% 6% 9%

Sheet resistance Rs (Q/square) x10° 2250 23.344 2.156 0.696

Table 111.2 gives Rs values of the pure and La-doped NiO at room temperature, where that
confirms therefore a typical semiconductor behavior in all samples. Rs value of the pure NiO
thin film seems very high, it may be attributed to the low values of microstructural defects in
NiO crystallites such as nickel interstitials and oxygen vacancies which implies the formation of
Ni%* ions in the NiO crystal which are responsible of conductivity [115-116]. Whereas Rs values
of La-doped samples as can be seen that Rs decreases with an increase in La concentration,
which may be due to the substitution of Ni** by La®* creating more acceptor levels close to
valence band edge, therefore less resistivity as La-doping level increases. This decrease is
particularly important for dye solar cell applications because high electrical conductivity reduces

series resistance of the cell.

The curve of Fig 111.8 show that the electrical conductivity of La-doped samples was found to
be in the range of 0.18%1073 to 57.471 *10~3(Q.cm)?, the conductivity increases with La
content where lanthanum incorporation into the film, some La*3 ions substitute Nit? in NiO
matrix. This may be compensating the deficiencies and therefore increases considerably the
electrical conductivity.
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Figure 111.8. The conductivity of NiO thin films as a function of La concentration.
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General Conclusion:

The aim of this work was to synthesise pure and La-doped nickel oxide NiO thin films at
different concentrations, and to study the effect of doping on the physical and optical properties

of the samples produced for optoelectronic applications.

To achieve this, a thin film samples was prepared using spin coating technique of sol-gel
derived solution onto glass substrates, namely pure NiO film and NiO samples doped with
lanthanum La at concentrations of 3%, 6% and 9%. The choice of these concentrations was made
in order to cover the areas of low, medium and high doping, all the samples was annealed at
temperature 500°C.

The results obtained have enabled us to demonstrate the effect of crystallite size reduction
and variation in optical band gap energy on the physical and optical properties of nickel oxide on
the optoelectronic applications.

XRD analysis reveals that the films are polycrystalline with preferred growth along (111)
plane. Microstructural analytical findings revealed that the average crystallite size (D) of samples
decreases from 26.7 nm to 5.5 nm according to increased La concentration. Dislocation density

and micro-strain increase with increasing La contents.

Films were transparent in the visible region and their transmittance decreased from 73% of
pure NiO to 18% of 9% La-doped NIiO, it is understood that the growth of La inhibits
transmittance. The effect of doping on the width of the optical band gap led us to conclude that
doping with lanthanum decreases the gap width as a function of dopant concentration, where the
optical band gap was found to be in the range of 3.82 to 3.63 eV. The urbach energy values
indicate that the obtained optical band gap is governed with the disorder variation in the NiO: La

films.

Moreover, it was confirmed an enhancement of electrical conductivity with La doping,
where sheet resistance of the films was measured at room temperature decreased to 0.696 x10°
(€/square). All spin-coated samples having p-type conductivity. The results prove that the

properties of LNO thin film are suitable for optoelectronic applications.
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Study on the Structural, Optical and Electrical Properties of
pure NiO and La-doped NiO, prepared by sol-gel method.

Abstract:

We report an experimental study focuses on the synthesis and characterization of thin films of
nickel oxide undoped and doped with lanthanum (La) prepared by sol-gel spin-coating technique
on glass substrates annealed at temperature 500°C. The main objective is to provide a
comprehensive study on the effect of the doping on the physical properties of this material.
For that, we used Lanthanum (III) nitrate La (NO;); a as precursors, has a
rate of doping was (3% 6% 9% . The structural, optical and electrical
properties of the obtained films were characterized by various techniques.

X-ray diffraction analysis of pure an La-doped NiO thin films exhibit that the
final films belonging to cubic structure, crystallize preferentially along
(111) plane. The crystallite size represents the variations from 26.7 nm to 5.5
nm. The optical analysis shows that NiO: La films present a direct band gap energy

value lying in the range of 3.63-3.82 eV. Also, the effect of the La incorporation in NiO matrix

on the disorder is studied in terms of urbach energy. Finally, it has been found that La doping
allows the improvement of the electrical conductivity, where the measurements of the
sheet resistance of samples confirm that this Rs is the order of 10°

(Q/square) for pure NiO films, and are about 10° (Q/square) for doped films.

Keywords: Ladoped NiO, metal oxide semiconductors (MOS), p-type transparent oxide thin films,

sol—gel process, spin coating technique, XRD, physical properties, optoelectronic.
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