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Introduction

Introduction

With the new technological advanced research, nanomaterials have been the core of
numerous studies based on their interesting optical, electrical and mechanical properties
which cannot be found in normal bulk materials. Nanomaterials are widely used in

different applications such as solar cells, photodetectors, gas sensors, photocatalysis, etc.

Among nanomaterials, Transparent conducting oxides (TCOs) are the most
investigated materials due to the co-existence of both electrical and optical properties.
Typically, TCOs based on their wide bandgap (=>3eV), high efficient electrical
conductivity. TCOs can be classified into two types, n-type and p-type, the famous and the
promising n-type the well-known zinc oxide. Zinc oxide (ZnO) attracts much interest due
to its typical properties such as high chemical and mechanical stability in hydrogen
plasma, so as a large excitation binding energy (60 meV), a low cost, non-toxicity and
ease of doping, with a high optical transparency in the visible and near-infrared region [1-
3]. Due to those properties, ZnO is a promising material for electronic or optoelectronic
applications such as solar cells (anti-reflecting coating and transparent conducting

materials), gas sensors, liquid crystal displays, heat mirrors, surface acoustic wave devices.

The p-type TCOs are rarely reported in researches compared to n-type. It worth to
mention that the first report p-type TCO was published in 1993. In this study, we are
interested in NiO due to its wide bandgap energy 3.5-4eV and good thermal and chemical
stability. Otherwise, both of NiO and ZnO properties can be improved by doping and co-

doping processes.

Overall, the transparent conducting oxides can be synthesized by different techniques
such as DC magnetrone technique, electron beam deposition, spin coating, hydrothermal,
sol-gel dip- coating, spray pyrolysis, chemical bath deposition. In this study, we used sol-
gel dip-coating method for its simplicity, low-temperature deposition and the promising

control upon the deposition processes.

In order to achieve the main characteristic properties of prepared thin films, samples
were examined using X-ray diffraction (XRD) to investigate structural properties such as
the crystalline quality and nature of the layers, the grain size, dislocation density, and the

strain. Atomic force microscopy (AFM) was used to characterize the surface morphology
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of samples; UV-visible spectrophotometer was also used to analyze the optical

characteristics such as the spectrum of the transmittance and the optical gap energy.

Recently, many studies revealed the possibility of adoption of many approaches to
enhance the TCOs properties except doping and co-doping, among those approaches the p-
n heterostructure allows better separation of electrons/holes due to the existence of the

inner electric field between the n-type and the p-type materials.
This thesis is divided into four chapters:

In the first chapter, we will give concepts of nanomaterials, background on Transparent

conducting oxides and the thin films deposition techniques.

The second chapter was devoted to the bibliographic study of the essential properties
(structural, optical and electrical) of zinc oxide and nickel oxide and their potential

applications.

The third chapter is dedicated to summarizing the different parameters affecting the
sol-gel deposition. The experimental details of the elaboration of films and a brief review

of the different characterization techniques used in this work are also given.

The last chapter relates the obtained results with discussion of different properties
(structural, morphological and optical properties) of NiO, Ag-doped ZnO, and ZnO/NiO
heterostructure thin films prepared by sol-gel dip-coating method. The photocatalytic

properties of ZnO/NiO heterostructure are also presented.

In the end, a general conclusion summarizes the main results obtained in this thesis.







Chapter I Background on TCOs and deposition methods

I.1 Introduction

In This chapter, we give a brief outlines on nanomaterials and their classification
especially the Transparent Conductive Oxides (TCOs) because of their optical and electrical
duality, also presents approaches including doping and heterostructures to enhance their
properties. Besides this, we have presented the different processes to fabricate nanomaterials

(physical and chemical depositions) with focusing on the sol-gel method.

1.2 Nanomaterials
1.2.1 Definition

Nanomaterials are defined as a group of materials whose structure has at least one
dimension less than about 100 nanometers. In these dimensions, considerable changes occur
in materials with all the basic characteristics, which led all researchers to study the different
changes and report the results.

The quest for improvement and control of the different properties of materials at the
nanoscale is what has led to the emergence of many applications of these materials, including

Solar cells; Photodetectors; Electroluminescent diodes; Gas sensors; Biosensors...

1.2.2 Classification of nanomaterials

A lot of research in the field of nanotechnology has been done and many forms have been
found. It is, therefore, necessary to develop nomenclatures to classify these materials;
nanomaterials can be classified in 0-D, 1-D, 2-D and 3-D (bulk cases) according to their
dimensions figure 1.1. The density of states (DOS) (number of electronic states per unit of
volume and energy) is strongly modified for different types of nanostructures depending on

the degree of confinement, as shown in the figure 1.2 and as explained below [1]:

e (-dimension
In the 0-D system, for example the quantum dot, the electrons are confined in their

movement in the three directions.

e [-dimension
In the 1-D system, such as nanofibres and nanorods, the electrons are free to travel in one

direction and confined in the other two directions.
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o 2-dimension
In the 2D system, for example the nanowires, nanoplates, electrons can easily

move in two directions and are confined in one direction.

o 3-dimension

In the 3D system, the bulk case, the electrons are free to move in all three

directions and there is no confinements and limitations.

Figure I. 1 Classification of Nanomaterials (a) 0D spheres and clusters,(b) 1D nano-fibers,
wires and rods, (c¢) 2D films, plates and networks, (d) 3D nanomaterials [2].

al} by

1T €D | ( 1-D ()

) o

c) by
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o
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Figure 1. 2 Schema illustrating: (a) 0-dimensional (0-D), (b) one-dimensional (1-D), (c) two-
dimensional 2-D) and (d) three-dimensional (3 -D). The corresponding state densities (DOS)
for each type are also presented.
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There are different types of materials that can be prepared at the nanoscale, but we are
interested in TCO materials because of the duality of their optical and electrical properties.

So, we will give an overview of TCOs in the section below.

I.3 Transparent conductive oxides (TCOs)

Transparent Conductive Oxides (TCOs) are materials with high electrical conductivity
combined with low visible absorption. TCOs generally have an electrical resistivity (p) <
107*Q. cm, an absorption coefficient (o) of less than 10* cm™ in the UV-Visible range and
specifically a gap energy high than 3.1eV which allow the transmittance of photons of the

visible spectrum because of their energy below 3.1eV [3].

The TCOs are discovered at the beginning of the twentieth century by Baedeker [4] who
deposits the first layer of CdO. Then, the research presents several materials that can be
considered as TCOs, the best known are ZnO, In,03, SnO,, CdO, Sn-doped In,O; (ITO) and
F doped SnO; (FTO). Tin-doped indium oxide (ITO) is the most used for the majority of
applications (solar cells, flat screens ...) for a long time [5], but the cost and the abundance of
indium pushed the researchers to seek for a material that may be a substitute for ITO. Doped
and undoped zinc oxide (ZnO) has emerged as a better candidate for its greater transparency
in the visible and low resistivity comparable to those of thin layers of ITO, also for its low

cost, abundance, and non-toxicity [5].

I.3.1 Electrical and optical properties of TCOs

TCOs are characterized by their optical and electrical properties, the electrical properties
of TCOs can be improved either by defects in the structure (imbalance in stoichiometry) of
the oxide or by appropriate doping [6, 7]. The conditions of preparation and the technique of

the deposition used are also affecting the electrical properties of a TCO.

The crystalline quality of the layers and the grain size play a very important role in
understanding the behavior of the p mobility of the charge carriers, which are electrons in the
case of ZnO. p is influenced by the diffusion phenomenon of the carriers of free charge in the
material and the more this phenomenon is important, more p will be low. The distribution of
charge carriers is mainly due to three factors [8, 9]:

o The presence of ionized or neutral impurities: the more impurities in the ZnO

layer, the more they cause the charge carriers to diffuse.
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The presence of grain boundaries in the material: this type of diffusion occurs only

in polycrystalline materials. Grain boundaries represent potential barriers that

electrons must pass. The more grain boundaries there are, the more the electrons

are slowed down, and therefore their mobility is reduced.

The presence of optical or acoustic phonons: the various vibrations ZnO atomic

network can cause electron scattering and thus reduce their mobility.

Grain Grain boundary * Impurity centers

— ,

b
— ﬂ/

- The transport of free electrons

— Scattered electrons

Glass substrate Glass substrate

(a) (b)

QO=o/ o= —(

Figure I. 3 Diffusion mechanisms of free electrons: (a) diffusion by grain boundaries and (b)

diffusion by impurities [10].

Figure 1.3 shows the diffusion phenomenon of the charge carriers in the presence of
impurities and the grain boundaries in the material, the choice of dopant and the doping
concentration are very important parameters. The dopant is introduced for increased density
of the charge carriers but in the case of the TCOs is highly doped, carrier mobility reduced by

the diffusion of ionized impurities to a certain point that the conductivity no longer increases.

For the optical properties of TCOs, all searches are done to improve the electrical

properties at the same time avoiding the decrease of the optical properties.

I.3.2 Criteria for choosing TCOs

The quantitative assessment of the performance of a TCO is given by the quality factor Q
(merit factor or figure of merit) which is defined as the ratio Electrical conductivity ¢ /

optical absorbance in the visible a;

L ) 11

RsqIn(T+R)
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o[Q'em™]: Conductivity.
ofem™]: Absorption coefficient.
Rgq[€Q4q]: Sheet resistance.

T [%]: Total transmission.

R [%]: Total reflection.

It should be noted that the figure of merit gives a good estimate of the performance of the
TCOs of the same microstructure [11], but there are other parameters that determine the
choice of a TCO such as the stability of TCO (thermal, chemical and mechanical), toxicity

and the deposition temperature...

Table I. 1 Factors of different transparent conductive oxides [12].

Ohm/ sq A FoM
ZnO:F 5 0.03 7
Cd,SnO4 7.2 0.02 7
Zn0O:Al 3.8 0.05 5
In;03:Sn 6 0.04 4
SnO,:F 8 0.04 3
Zn0:Ga 3 0.12 3
ZnO:B 8 0.06 2
SnO,:Sb 20 0.12 0.4
ZnO:In 20 0.20 0.2

Table 1.1 shows the figure of merits (FoMs) of different transparent conductive oxides.
Among them, we notice that ZnO with the appropriate doping (F, Al, GA ...) show good
values of FoM and better than tin-doped indium dioxide in the case of ZnO: F and ZnO: Al.
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With other dopants, ZnO gives minor FoM values but, in general, we can say that ZnO is a

promising TCO and a better replacement of ITO.

1.3.3 Applications of TCOs

TCOs are materials with high transparency in the visible region and good conductivity
and for this coexistence of electrical and optical properties, TCOs have been attracted more
intentionally in research and industry, they are the basis of many applications and various

components [13, 14]:

Solar cell

Optoelectronic systems

Gas sensors

Touchscreens

Flat screens

Electrochromic mirrors and windows

Windows reflecting heat (buildings, ovens ...)

Although they are used in many applications as noted above, TCOs are missing in the
application of active devices because of the need of a pn junction [15] and most TCOs are n-
type, there is considerable research on the type p are recently reported. The first p-type (NiO)
is reported by Sato ef al. in 1993 [16].

1.4 Principal approaches to change the TCOs properties
I.4.1 Doping

The electrical properties of transparent metal oxides can be changed by introducing
dopants. By doping, we introduce energy levels close to the minimum of the conduction band
in order to obtain an excess of free electrons (n-type doping) or by introducing energy levels
close to the maximum of the valence band and that it is a p-type doping. Much research has
been conducted to determine the perfect amount of doping element needed to obtain the

optimal properties.

Zn0O and NiO are TCO materials with wide band gap energies and good transparency, as
well as n-type and p-type conductivities, respectively. The conductivity can vary in case of

doping with different elements. The well-known dopants of ZnO are the trivalent metal
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cations such as aluminum, gallium, and indium [17-21] and for the NiO different doping
element were used [22-24] and well known are the monovalent, especially lithium (Li) [25].
Doping has a limitation at high concentrations; the mobility decreases due to the dispersion of

the free carriers and causes the decrease of the conductivity.

The effect of doping on the energy bands in the ZnO, for example, when the ZnO is
heavily doped n-type; the energy band edge affected and shifting by increasing in carrier

concentration, this case is known by the effect of Burstein - Moss [26].

The conductivity mechanisms are based on the generation and transport of free carriers. In
case of the generation of free carriers, we must consider that the concentrations of dopants
must be exerted so as not to exceed the solubility limit of the dopants, resulting in phase
separation or transformation of the crystalline structure [27]. In the transport case, free carrier

mobility must be taken into account.

Many researchers have reported the ideal amount of doping elements to achieve the
optimal properties of some materials, using different preparation conditions and of course
different preparation methods. From doping to co-doping and mixtures, binary or ternary of
different materials, the researchers have tried several ways to report good characteristics for
different materials in order to get the ideal TCO candidate. Among these approaches, nano-

heterostructure material fabrication was found to be the most promising approach.

1.4.2 Heterostructures

In heterostructures, at least two different materials are combined. In this study, we are
interested in oxides-based heterostructured binary semiconductors because of the new
features offered by oxide-based materials, which can be a key factor in the development of a

new branch of electronics, called "Oxide Electronics" [28].

1.4.2.1 Band alignment in heterostructures

As we said, in heterostructures, at least two semiconductors with different properties and
different band gaps are combined, If their carrier type is the same, the heterojunction is called
isotype if not it is called anisotype heterojunction. Various models have been developed to
predict the band alignment, we simply used Anderson’s rule where band alignment is

determined by the electron affinities y as shown in fig I.4. For a semiconductor, the electron




Chapter I Background on TCOs and deposition methods

affinity is the (positive) energy difference between the vacuum level and the conduction band

and according to this rule; the conduction and valence bands discontinuities are given by:
AEc=y1-y%2
AEv= (x1+Eg))-( 2+Eg)

With: 1, 2, and Eg;, Eg, are the electronic affinities and bandgap energies of materials 1

and 2, respectively.

Generally, heterostructures are classified into three types depending on the alignment of

the bands of the two semiconductors, as shown in figure 1.4.
I. Straddling gap (type D),
II. Staggered gap (type-II),

II1. Broken gap (type-III).

interface

CB2 CB2 pr— (B2

—g)  CBlummed . VB2

VB s
e (g7 VD1 VB
Seml Sem2
Typel Typell Type lll

Figure 1. 4 Energy band diagram of three types of heterojunctions [29].

Type-I structure (straddled band lineup) is the most studied type. In this type, the band
gap of one material overlaps entirely that of the other. In the type-II structure, a staggered
lineup is present and electrons will localize in one material and holes will localize in the other
materials. In a type-II heterostructure, E; in one material is lower than E, of the other
material. The researches in the heterostructures try to find a certain physical properties or to

fulfill certain application, this is called ‘band gap engineering’.

10
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1.4.2.2 The interest of Heterostructures and its applications

The development and manufacture of new functional materials based on hetero-
nanostructures have shown interesting opportunities due to the properties emerging from the
interface coupling effects and the characteristics of the heterojunction barrier, which is
particularly the key to the improvement of gas detection properties as mentioned in [30]. It
has been found that various heterostructures materials (in the form of architectures 0D, 1D
and 2D, and nano-composites), in various forms such as Field Effect Transistor (FET)
detectors or metal/oxide heterocontacts have the ability to adjust the sensitivity and
selectivity in the field of gas sensor applications. In addition, the effect of the heterojunction
structure on the photocatalyst performance, in particular of type II, the formation of the p-n
heterojunction of an n-type semiconductor and a p-type semiconductor develop an n-type
directed electric field towards the p-type semiconductor. This can allow getting an efficient
separation of photogenerated charges which can improve the photocatalytic performance
[31]. Heterostructures have also been used in photodetectors, solar cells, and many other
applications. Table 1.2 shows the use of different semiconductor heterostructures in different

applications.

Table I. 2 The use of different semiconductor heterostructures in different applications.

Heterostructure Application Deposition method Ref.
NiO/Sn0O2 Gas detection electron beam evaporation and [32]
(RF) magnetron sputtering

n-ZnO/p-NiO/p-Si electroluminescence |metal-organic chemical vapor [33]
diodes deposition (MOCVD) combined

NiO/ ZnO photocatalytic chemical bath deposition [34]
activity

p-NiO thin film/n-ZnO | ultraviolet aqueous chemical hydrothermal [35]

nanorods photodetectors and thermal evaporation meth-

SnO,-Ti0O, nanobelt Gas detection hydrothermal process [36]

11
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NiO nanosheet/TiO, photocatalytic hydrothermal [37]
nanorod activity
SnO,—Zn0O nanofibers | Gas detection electrospinning method [38]
n-ZnO/NiO/p-GaN Light-emitting diode | MOCVD [39]
ZnO-Sn0O, photocatalytic Sol-gel [40]
nanocomposites activity
p-NiO/n-ZnO ultraviolet thermal oxidation and [41]
photodetectors hydrothermal
NiO/WO; photoelectrochemical | Hydrothermal and dip-coating [42]
water splitting method
reaction.
p-NiO/n-ZnO ultraviolet Rf-sputtering technique [43]
photodetectors

As mentioned in the table above, different heterostructure semiconductors have been used
for many applications, as we can see; many techniques were used for the manufacture of

these heterostructures which also can affect their properties. In the next section, we will

discuss various deposition techniques that are used in the preparation of nanomaterials.

I.5 Thin film deposition methods

The processes for producing thin films are divided into two types, the physical and the

chemical methods.

I.5.1 Physical vapor deposition (PVD)

Physical Vapor Deposition (PVD) mainly includes evaporation, spraying in all its forms

and laser ablation. The most widely used PVD methods are molecular beam epitaxy, cathodic

sputtering.

12




Chapter I Background on TCOs and deposition methods

I.5.1.1 Sputtering

Sputtering is a technique used to deposit different materials such as metals, refractory
materials, dielectrics, and ceramics. The principle of this technique is the bombardment of the
material to be deposited (target) by neutral gas ions generally argon, under the effect of
bombardment atoms torn from the target and deposits on the substrate located in front of the
target. If the atmosphere (gas) of the discharge is chemically neutral, the sputtering is called
simple. However, if it consists of active gases such as oxygen O, or nitrogen N, sputtering is

said to be reactive. The basic scheme of operation of the sputtering is shown in figure 1.5.

(+)

. Substrate holder
| Substrate
-
Ar Fim
—’4_
—p Pump
Target
Cathode —

)

Figure I. 5 The operating principle of sputtering [44].

There are two types of cathodic sputtering depending on the mode of creation of the
plasma or the nature of the target (conductive or insulating): direct cathodic sputtering (DC)
only in the case of the sputtering of conductive materials and sputtering radiofrequency (RF)
which allows the spraying of conductive materials or insulating materials. There are many
parameters that affect the deposition process such as base vacuum, sputter gas pressure
during deposition, sputter power, target and substrate temperature, etc...The magnetron

device has been used to limit the disadvantages and increase the efficiency of the sputtering.
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1.5.1.2 Molecular Beam Epitaxy (MBE)

Epitaxy is a compound of two Greek words Epi = on, Taxi = arrangement. It is defined as
the formation of a monocrystalline layer called (the epitaxial layer) on a monocrystalline

substrate [45].

Molecular beam epitaxy is a method for developing thin films at low temperature with
excellent crystalline quality and very low roughness in a very high vacuum (<10-10 Torr).
The principle of this technique, figure 1.6, is based on the reaction of atomic or molecular

fluxes on a monocrystalline substrate which brought to an adequate temperature [46].

Oven |

Effusion cells

Figure 1. 6 the operating principle of MBE [47].

As shown in Figure 1.6, the growth process of the molecular beam epitaxy can be

summarized in the following steps [47]:

1) Deposition of atoms onto the surface of the substrate

2) Nucleation process (creation of di-atomic islands)

3) Growth of islands by coalescence

4) Formation of a layer by coalescence of islands
Molecular beam epitaxy has the following advantages [45]:

» The low growth rate that allows doping at the atomic level
» Possible controls and in situ analysis (RHEED; Auger XPS)

14
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» Very precise control of the thicknesses of the thin layers
» The ability to control all the steps automatically
» No boundary layer.

1.5.1.3 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a deposition technique that has the advantage of
transferring the stoichiometry of the target to the prepared layer, in this method a laser beam
focused on a depositing material (target) placed in an ultrahigh vacuum chamber. Under the
effect of this laser beam, an amount of the material is pulled away from the target in the form
of a dense and light vapor (plasma) and deposited on the substrate placed opposite as

presented in figure 1.7.

Oven

v

Target
Rotating target
holder Plasma
(, /
. Substrate
Laser beam

Figure I. 7 Schematic diagram of the Pulsed Laser Deposition (PLD) technique [48].

Laser ablation has a number of advantages, it enables the deposition at room temperature
and the coating of all types of the substrate [49], it also allows the manufacture of the

complex composition of materials in thin layers.

I.5.2 Chemical deposition
I.5.2.1 Chemical Vapor Deposition (CVD)

The CVD technique consists of developing materials in the form of thin layers from
gaseous precursors that chemically react to form these layers on a heated substrate [50], as

shown in figure I.8. The CVD process can be summarized in five steps [49]:

15
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Transporting reactive gas species (or species) to the substrate.
Adsorption of the reactants on the surface.
Surface reaction and film growth.

Desorption of volatile secondary products.

YV V V V V

Transport and evacuation of gaseous products to the reactor outlet.

Transport Transport

— oy
pemmby, —
surface reaction

Desorption Solid phase

_ AdSOl‘lﬂlOl Nucleation
Diffusion 1ayer growth

Surface reaction
—» B

Figure 1. 8 The main steps of deposition by the CVD method [45].

Gas phase

The improvement of this technique is to reduce the deposition temperature and the reactor
pressure and remedy the low volatility of the precursors. Several CVD type techniques can be

given [51]:

» APCVD: (Atmospheric Pressure Chemical Vapor Deposition) deposition under
atmospheric pressure;

» LPCVD: (Low-Pressure Chemical Vapor Deposition) low-pressure deposition;

A\

MOCVD: (Metal Organic CVD) the use of organometallic precursors;
» PACVD: (Plasma Assisted Chemical Vapor Deposition) with the assistance of a

plasma.

16
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1.5.2.2 Spray Pyrolysis

The spray pyrolysis is a deposition technique used to prepare thin and thick layers,
ceramic coatings and powders [52]. As shown in fig 1.9, fine droplets of the precursor
solution (containing the material that is to be deposited) are sprayed with a sprayer (nozzle)
on a heated substrate. The temperature of the substrate allows the evaporation of the solvents

and activates the chemical reactions between the compounds to form the desired layer.

={——— Extractor

I | l—@ [ Solution

Drive motor

Miltimeter and
Control
Thermocouple

Spray nozzle

Substrates
Hotplate f T

—— T

el —, | Tcmrerature

controller

Figure 1. 9 Schematic of spray pyrolysis technique.

The parameters that influence the properties of the thin layers prepared by spray pyrolysis
are [53-55]:

* The temperature of the substrate.

» The precursor solution (the type of solvent, the viscosity of the solution, the concentration

of the compound in the solution).

* The distance between the nozzle and the substrate.

* The carrier gas and the rate at which the aerosol passes through.
* The size and opening time of the nozzle.

* The number of sprays.

The advantages of depositing by the spray pyrolysis method are the low consumption of

the material, the low cost of the material used and the possibility of deposition on large

17
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surfaces with high speed. Despite this, the spray method has some disadvantages such as the
materials to be deposited must be soluble, Edge effects (greater thickness on the edges of the

substrate) and the problem of cleaning the laborious device [54, 56].

I.5.2.3 Sol-Gel

The term sol-gel corresponds to the abbreviation "solution-gelation". The sol-gel method,
figure 1.10, used to manufacture various materials such as ceramics, powders, fibers, and thin
films and is particularly well suited for producing coatings such as thin layers of oxides [57,
58]. Its principle is based on chemical reactions of a chemical precursor consisting of metal
atoms of the material that we want to deposit in a solution (solvent) to form an oxide network
at an infinite viscosity called "gel", depending on the nature of the precursors used. We

distinguish two synthetic voices [59]:

Inorganic route: obtained from metal salts such as nitrates, sulfates, chlorides, or

acetates; dissolved in an aqueous solution.

Organometallic route: The most frequently used precursor is metal alkoxides in organic

solutions.
e e
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Figure 1. 10 Synthesis of various forms of materials by the sol-gel method [60].
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1.5.2.3.1 Chemical reactions
In the sol-gel method, the chemical mechanism usually decomposes in two stages

hydrolysis and condensation. Each obtained gel is linked to chosen appropriate materials.

15.2.3.1.1 Hydrolysis
It is a reaction between a molecule of water and an alkoxide, allowing the releasing of a

molecule of alcohol in three stages illustrated in figure I.11:

» The fixing of a molecule of water on the metal atom M.
» Transfer of proton from the water molecule.
» The departure of an R-OH group carried out by a balanced reaction process.

In a neutral condition, the reaction is written [61-62]:

M-(OR),+ H20 — OH-M-(OR),.; + R-OH

~*>M M T ” il
M
H% H A
Bt O—R—P “;0, 0—R —p \Q/ I\Q—R — HO - M + ROH
H W H
Départ d'on groupe

R-0H

Figure 1. 11 Hydrolysis Mechanism of alkoxides M-(OR)n [62].

This reaction can be influenced by the following parameters:

» The catalyst: acidic or basic.
» The nature of the solvent.
» The amount of water relative to the alkoxide ([H20] / [alkoxide]).

» The temperature.

15.2.3.1.2 Condensation

The condensation reactions begin after the appearance of the hydroxyl groups and lead to
the formation of bonds or metalloxane bridge "M-O-M". The condensation reaction can take
place between the different groups. The reaction of the groups (OH-M- (OR) n-1) between

them gives a molecule of water (it is the oxolation), the reaction is written:
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OH-M-(OR),.;+ OH-M-(OR),.;— (OR),.; -M-O-M-(OR),.; + H20

The reaction of the groups (OH-M- (OR) n-1) with remaining non-hydrolyzed groups M-

OR giving an alcohol molecule R-OH (it is the alkoxolation) follows the reaction:
OH-M-(OR),.1+ M-(OR)n — (OR),.1 -M-O-M-(OR),.; + R-OH

The condensation reaction mechanism is related to the hydrolysis reaction and therefore
the parameters which influence the hydrolysis are also influencing the mechanism and the

kinetics of the condensation reaction and consequently the characteristics of the obtained gel.

15.2.3.1.3 The sol-gel transition
The reactions above (hydrolysis and condensation) lead to the formation of a gel
consisting of M-O-M chains (or M-OH-M) and polymeric clumps, the size of which increases

with time. The sol-gel transition point is achieved when the viscosity becomes infinite [61].

1.5.2.3.2 Sol-gel deposition techniques
In the field of research, the thin layers prepared by the sol-gel process are widely known
and are used in various applications. The most used techniques are dip-coating and spin-

coating.

15.2.3.2.1 Spin-coating

This method consists of centrifuging a solution deposited in excess on a substrate. It has
the advantage of being easily implemented and also it gives very good results on flat
substrates of small areas (a few cm2) for moderate investments. We can distinguish four main

steps in this technique, as shown in figure 1.12.
1) The deposition of the solution.

2) At the start of the rotation, the acceleration phase causes the liquid to flow towards the

outside of the support.

3) The constant speed rotation allows the ejection of excess liquid in the form of droplets and

the reduction of the thickness of the film uniformly.

4) Evaporation of the more volatile solvents which enhances the reduction in the thickness of

the deposited film.
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Figure 1. 12 The four deposition steps by the spin-coating technique [63].

The properties of the films prepared by this technique depend on the intrinsic parameters
of the solution (viscosity, density, etc.) and the deposition parameters (speed and duration of

rotation, acceleration, etc.)

15.2.3.2.2 Dip-coating

This technique used in this work consists of immersing the substrate in the solution
containing the "sol" and removing it under very controlled and stable conditions to obtain a
film of a regular thickness (fig 1.13). In general, the process can be separated into three

important steps:

Immersion & dwell time: the substrate is dipped in the precursor solution at a constant speed
and followed by a certain dwell time to allow sufficient interaction time of the
substrate with the solution.

Deposition: the substrate is pulled upwards at a constant speed (film deposition: Excess
liquid will drain from the surface).

Evaporation: the solvent evaporates by hot drying to form the thin films which can also be

treated by annealing at a high temperature to improve their crystallization.

a i
'\ (‘ MM s
/ !
! !
Immersion Withdrawal Deposition Thin film

Figure 1. 13 The different stages of the dip-coating technique [64].
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1.5.2.3.3 Advantages and disadvantages of the sol-gel process

The sol-gel process has many advantages, including:

* The possibility of deposition of thin layers of oxides at low temperatures

* The possibility of doping (relatively simple during the preparation of the sol)

* The ability of deposition on large substrates

* High purity and homogeneity thin film

* It also allows for multi-component coatings

* Deposition of thin layers on both sides of the substrate (dip-coating).

The disadvantages of the sol-gel process:

* The very high cost of some precursors

* Certain chemicals are dangerous to human health.

* Often a long process time.
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II Introduction

The following chapter gives a bibliographic overview of zinc oxide (ZnO) and nickel
oxide (NiO) by introducing their structural, optical and electrical properties. We will also
present a general outline of the potential applications of metal oxides including gas sensors,

solar cells, photodetectors and the photocatalysis application.

II.1 Zinc oxide
I1.1.1 Crystallographic properties of ZnO

Zinc oxide (ZnO) is found in the natural state under the name of Zincite, it can crystallize
in three crystallographic phases as shown in, fig II.1, according to the conditions of
elaboration: the cubic rocksalt structure (NaCl), the hexagonal Wurtzite structure and the

structure zinc blende.

Figure I1. 1 ZnO crystal structures: (a) Cubic rocksalt. (b) Cubic zinc blende. (¢) Hexagonal
wurtzite (Zinc atoms in gray and oxygen in black) [1].

The Blende structure is obtained when ZnO is deposited on certain substrates of cubic
symmetry, the Rocksalt structure is observed under very high pressures [~ 10 GPa], the
thermodynamically stable structure at room temperature is the hexagonal Wurtzite structure
with the lattice parameters a = b = 3,249 A, ¢ = 5, 204A. In this structure, each Zn ion is
surrounded by tetrahedra of O ions, and vice-versa, the zinc atom is not exactly in the center
of the tetrahedron but displaced by 0.11 A in a direction parallel to the ¢ axis [2]. Table II.1

illustrates some properties of the Wurtzite structure of ZnO.
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Table II. 1 Some properties of ZnO in the wurtzite structure [3-5].

Properties Parameters (Value) at 300 K
Crystalline structure Waurtzite
Lattice parameters a=3.249 A
c=5.2042 A
Refractive index 2.008-2.029
band gap energy 3.37 eV, direct
Melting point 1975 °C
Density (g/cm”) 5.606
Electron effective mass 0.28 mg
Exciton binding energy 60 meV

II.1.2 Electrical properties

Zinc oxide is an II-VI semiconductor with a wide direct band gap of 3.3 eV at room
temperature. Generally, undoped zinc oxide is considered an n-type semiconductor. Table

I1.2 presents some electrical properties of ZnO.

The electrical properties of ZnO thin films such as electrical resistivity, charge carrier
concentration, and mobility are determined by Hall Effect measurements. The electrical
resistivity (p) of an n-type thin film depends on the electron density (n) in the conduction

band and their mobility (p):

0=;=9Wn

o: conductivity. n: the density of electrons. Ln: electron mobility.
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It is possible to modify the electrical resistivity of the zinc oxide by doping, by
introducing excess zinc atoms in the interstitial position, or by creating oxygen vacancies.
These zinc interstitials and oxygen vacancies thus created, behave like electron donors and
lead to a decrease in the electrical resistivity of the material [6]. Interstitial hydrogen is also a

shallow donor defect that may be responsible for the presence of free electrons [7].

It is important to mention that the electrical resistivity of zinc oxide depends on the
deposition method and the preparation conditions, in particular, heat treatments. The n-type
ZnO is obtained easily by substituting zinc atoms with Group III elements (Al, Ga, In and B)
and Group IV (Si, Ge and Zr) or by replacing oxygen atoms with a group element VII (F, Cl),
for p-type ZnO doping with group I elements (Li, Na and K) but it should be noted that type p
is difficult to obtain compared to type n [8 -9].

ZnO is a semiconductor of the AY'B" group. The electronic configurations of the oxygen

and zinc atoms are as follows [10-11]:

O: 1s22s22p4,
Zn : 15%2872p°3s%3p®3d'%4s%.

Table II. 2 Some electrical properties of ZnO.

Properties values
Nature of the band gap direct

The band gap at 300 k (eV) 3.34+0.02
Conductivity type n et (p)
Electrical conductivity ( (Q.cm)™) 10°-10?
charge carrier density (cm™ ) 10"°-10*
Density of states in CB ( cm™) 3.71 10"
Density of states in VB (cm™ ) 1.16 10"
Electrons mobility ( cm?/ V.s) 0.2-200
Holes mobility ( cm?/ V.s) 5-50
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The effective mass of electrons: 0.28 my
The effective mass of holes: 0.60 mo
Thermal velocity of electrons ( cm.s™ ) 2210
Thermal velocity of holes ( cm.s” ) 1.5 10
g/, =8,7

Relative dielectric constant €. = ai
0

N :7,8

I1.1.3 Optical properties

For the use of zinc oxide in various applications, its various optical properties such as
transmission, absorption, optical gap and photoluminescence have been studied by several
authors, the research results show that its optical property is related to several parameters that
we quote: the thickness, the optical gap, the surface roughness, the doping, the crystalline
quality of the film and the deposition method [13-17].

Zinc oxide typically is a transparent material in the visible range due to its wide gap, the
zinc oxide refractive index in the massive form is equal to 2.0 [18] but in the case of thin
films form, its refractive index and its absorption coefficient vary according to the conditions
of elaboration. The index of refraction has a value which varies from 1.90 to 2.20 [19-20].

Table I1.3 gives some optical properties of ZnO.

Table II. 3 Some optical properties of ZnO [21].

Properties Values
Transmittance in the visible (%) 80-90
Refractive index at 560 nm 1.8-1.9
Refractive index at 590 nm 2.013-2.029
Absorption coefficient (cm™) 10*
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The optical gap (eV)

3.3

II.2 Nickel oxide

I1.2.1 Crystallographic properties

The nickel oxide (NiO) crystallizes in a cubic NaCl-type structure (rocksalt) as shown in

fig I1.2, with a lattice parameter equal to 0.417 nm.

‘Q’ ' e Q‘,. G"-‘ .“
Cee Te Top Te, Teq
‘0‘, '&. '0, '00 ‘e .

Figure IL. 2 The crystalline structure of NiO [22].

I1.2.2 Electrical properties of NiO

Nickel oxide is a promising candidate for transparent conductive oxide with p-type

conductivity. Stoichiometric undoped NiO is an insulator having a resistivity of 10" Q cm at

room temperature [23].

Substantial conductivity can be achieved in NiO by creating Ni vacancies, forming

interstitial oxygen atoms or doping with other cations mainly with monovalent Li ions [24-

26].

The electrical properties of NiO films are related to their microstructure and their

composition, and the annealing atmosphere. Jlassi M. et al. [27] reported that the resistivity is
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about 900 x 10° Q cm for the treated samples in air and about 40 Q cm for the samples

treated under nitrogen. Table I1.4, gave some electrical properties of NiO.

For the nickel oxide the electronic configurations of the oxygen and nickel atoms are as
follows:
O: 1522322p4,
Ni: 15%28%2p°3s?3p®3d%4s>

The NiO has been under extensive investigation for decades due to its interesting

electronic structure, strongly affected by Ni 3d electrons that are localized in space, but

spread over a wide range of energy due to strong Coulomb repulsion between them [28-30].

Table II. 4 Some electrical properties of NiO [31-33].

Properties Values
Conductivity type P
Electrical conductivity ( (Q.cm)™) 10°-10"
Hall coefficient (cm’/C ) 5-120
charge carrier density (cm™) 10'7-10"®
Mobility (cm*/ V.s ) 0.1- 7.6

I1.2.3 Optical properties of NiO

Nickel oxide is a transparent material in the visible with a wide optical gap of 3.6 to 4 eV
[34]. The transmittance is varied between 40% - 80% and the refractive index is of the order
of 2.18 [35]. Preparation conditions, deposition methods, and doping are the parameters that
influence the optical properties of NiO. G. Turgut ef al. [36] reported that the optical
properties of thin films NiO prepared by spin-coating sol-gel are affected by the
concentration of the precursor, the annealing temperature and the type of solvent. The better
obtained optical properties is that corresponding to the 0.1M concentration films annealed at

550 ° C for the methanol solvent.
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I1.3 Applications of metal oxides

I1.3.1 Gas sensors
11.3.1.1 Basics

Due to the increasing concerns about industrial safety, chemical control, and
environmental pollution, Continuous efforts are being made in the development of gas
sensors [37]. Applications of nanocrystalline metal oxide in gas sensors have attracted much
attention due to their advantages such as low cost, easy synthesis, compact size, durable, easy
tenability, low power consumption and small drift in signal over long. In addition and more
importantly, high sensitivity, fast response, and low operation temperature are required for
best candidate gas sensor [38, 40]. Recently, gas sensors based on the semiconducting metal-
oxides such as SnO,, CdO, Fe,;0;, NiO and ZnO have been found to be very useful for

detecting a wide variety of gases in ppm level.

The fundamental sensing mechanism of metal oxide based gas sensors relies on a change

in electrical conductivity due to adsorption/desorption of target gas in a given ambient.

Typically, gases of interest include CO, H,S, H,, NHj3, SO,, CO,, CH4 and other
hydrocarbons. These gases can be harmful to human health if present beyond a certain
concentration [41]. So an ideal gas sensor is considered to be sensitive, selective, fast active,

and non-contaminating and lower operating temperatures.

A metal oxide sensor is generally composed of two elements as shown in figure 11.3, a
sensitive element (metal oxide layer) on which the reaction with the gaseous species takes
place. The second is a transducer system that converts the interaction between the gas and the

sensing element into a measurable (electrical) signal [42].
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Figure II. 3 Schematic of a gas sensor based on metal oxide.

Gas sensors have been used at various locations, from indoor gas detection to monitoring

of environmental pollution and industrial processes at different temperatures [39] such as:

Safety in the home environment: CO leak detection
Hygiene in the home environment: odor control
Safety in an industrial environment: solvent detection, the risk of explosion

Control of urban air pollution: CO detection in underground car parks and tunnels.

I1.3.1.2 Performance of a gas sensor

The performance of a gas sensor is influenced by many parameters, the most important

parameters and their definitions are given below:
Sensitivity

The sensitivity is defined by the variation or the change in resistance when the sensor is

exposed to a certain concentration of gas.
Selectivity

This property is related to the ability of a sensor to detect a single gas in a gas mixture.
Stability

This property is defined as the stability of a sensor's measurements after long use.
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Table II. 5 Parameters influencing the performance of a gas sensor [43].

Sensor performance Some influence parameters

Gas Sensitivity Nature of sensitive material
The structure (0D, 1D, 2D, 3D ...)
Doping

Operating temperature

Stability / Repeatability Stability of the structure of the sensitive material

(morphological evolution)
Operating temperature

Measurement conditions (influence of variations in flow,

temperature, and humidity, etc.)
selectivity Selective filters
Doping

Operating mode (variable T)

Reversibility Nature of the sensitive material vis-a-vis the gas to be

detected
Structure, morphology

Operating and desorption temperature

As we can see that operating temperature plays a critical role in the gas sensor
performance, so it is important to fabricate high sensitive gas sensor but also must operating

at lower temperatures to avoid the effect on the other characteristics.
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There are other parameters that affect the performances of nanosize gas sensor; the using
of different structural (quantum dots, nanowires, nanosheet or nanocomposite) [44], also by
the change in structural quality (the grain size), the thickness [38], the surface morphology
[45] and the conductivity (the doping) [46]. The creation of heterostructure by using two
metal oxides [47] is also another method which is interesting in other applications such as

photocatalysis.

I1.3.2 Solar cells and photodetectors

In general metal oxides (MO) are mostly non-toxic with obvious chemical stabilization
and important abundance in nature, also manufactured using inexpensive methods under
ambient conditions. MO-based devices are inexpensive, very stable, and environmentally
safe. 10 years ago, it was difficult to use these materials as semiconductors but nowadays a
lot of companies sell products based on these materials [48]. Thus, MO-based

semiconductors are promising for third generation solar cells.

11.3.2.1 Solar cells

Photovoltaic cells essentially work by utilizing the photovoltaic effect which defines by
the ability of a p-n junction device to convert the incident sunlight into electricity. The p-n
junction formatted when a p-type semiconductor material is brought into contact with an n-

type semiconductor material [49].

Figure 11.4 illustrates the operating principle of a conventional photovoltaic cell called the

first generation.

Front contact -

n-doped
region * % ’
D) 7
ollect
p-doped Electrons / holes carriers

region * z 3
Rear contact e aiial |

Figure I1. 4 Operation principle of a photovoltaic cell (first generation) [50].
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When photons of incident light with energies greater than or equal to the band gap of the
semiconductor material are absorbed by the p-n junction, electron/hole pairs are created.
Electrons are excited from the valence band into the conduction band leaving holes at valence

band and by collecting those charges the electric energy will produce.

Cu,0 /ZnO is an example of a heterojunction solar cell, where the Cu,O is spontaneously p-
type and ZnO is n-type as shown in figure II.5. This junction is working well because the
conduction band edges of CuO and ZnO align well. Cu,O is a good absorption layer
material, and ZnO nanowires allow for good charge transport, high band gap and large
interface, the latter allowing for thicker films and thus higher absorption [51].
Crystallographic orientation is important for achieving a good photoresponse for a p- Cu,O

/m-ZnO cell [52]. However, the efficiency is still very low.

i

Ag/Ni

AZO (300 nm) ™
Zn0O (50 nm)

CUzO
(—2 — 5 pm)

Substrate (Si/Si0O.) |

Figure II. 5§ Representation of Cu,O /ZnO heterojunction solar cell [53].

11.3.2.2 Photodetectors

Photodetectors are used in a variety of applications in many fields like compact disc
players, optical-fiber communications, and surveillance of rockets or intercontinental ballistic
missiles, remote sensing.... They are basically semiconductor devices that can detect an
optical signal and convert it into an electrical signal. The operation of a general photodetector
basically operates as a solar cell. Figure I1.6 summarized the operating mechanism on three
processes: first, carrier generation by incident light then second, carrier transport and/or
multiplication then third, extraction of carriers as terminal current to provide the output signal
[54]. Three main types of photodetectors are generally used: photoconductors, photodiodes,

and phototransistors.

39



Chapter 11

Bibliographic on ZnO and NiO and their applications

N-region

Incident light $ A

Depletion region

&
e Conduction band

!

Band gap

o —

> @ Valence band
hi-
/ P-region
D \#-/

Figure I1. 6 Operating Mechanism of the photodiode p-n junction

As mentioned before, ZnO has significant proprieties that allow it also to be regarded as

one of the most promising candidates for UV photodetectors. The UV photoresponse in ZnO

films was first observed by Mollow in the 1940s [55]. However, the research of ZnO based

photodetectors flourished gradually since the 1980s [56]. In the beginning, the devices

usually have a simple structure and the properties are not very good. With the improvement

of the fabrication of the ZnO-based films using different techniques, many complex ZnO-

based photodetectors such as doped ZnO, p-n junction, p-i-n junction, and Schottky junction,

with high performance were reported [57-59].

As the photodetectors have practical applications in various fields, they have to satisfy

appropriate requirements such as high sensitivity at the operating wavelength, good current

response, and minimum noise. Table 1.6 represent some results on photodetector properties

of ZnO p-n heterojunction photodiodes,

Table II. 6 ZnO-based

p-n heterojunction photodiodes [59].

Device

structure

Fab
Method

Detecting

range

Forward
threshold

voltage

Dark Responsivit | Ref

current y
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p-NiO/ i e-beam uv 1V 10 nA/cm” - [60]
ZnO/n-1TO evaporatio (-5V)
n 2
n-1TO/ i-ZnO/ 2V 100 nA/cm
p-NiO (-5V)
n-ZnO/p-Si sol-gel UV/Visibl | 1V 7.6x10-5 - [61]
e Alem’
(-5V)
nO:Al/p-Si Sol-gel UV/Visibl | - - 0.22 A/W at | [62]
e -5 V bias
(420 nm)
n-Zn0/Si02/p | Ultrasonic | UV/Visibl | - 4.98x10-10 0.225-0.297 | [63]
Si Spray e A A/W at
pyrolysis -1V) -1 V bias
Si particles RF UV/Visibl | ~4V 4.7x10-6 - [64]
coated n Sputtering | e Alem’
ZnO/p-Si -3V)
n-Zn0/i-MgO/ | MBE uv ~1.5V <InA(-2V) |- [65]
p-Si
Ni/n-ZnO/p-Si | DC UV/Visibl | - 1pA(-8V) | 210 A/W [66]
magnetron | e (390 nm)
sputtering and
110 A/W
(850 nm) at
-5V bias
n-ZnO/p-GaN | MBE uv 46V - ~10-6 A/W | [67]
(370 nm) at
0 V bias

I1.3.3 Photocatalysis
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The biggest challenges of the 21st century are the environmental and energy problems
with the growth of the world population and the global industry. The environmental
contaminations become a serious hazard, especially water pollution. Therefore, the
development of new environmentally friendly technologies and methods for the cleanup of
the environment has become an imperative task. On the other hand, limited the growing
awareness of the availability of abundant fossil fuels on Earth has led many efforts to find
sustainable alternatives with high efficiency of renewable energies. Various processes have
frequently been wused for water purification, including adsorption, biodegradation,

electrocoagulation, nanofiltration, chlorination, ozonation and advanced oxidation [68, 69].

Among these methods, advanced oxidation processes (AOPs) are widely used as a simple
and cost-effective way to mineralize polluting water without generating harmful secondary
pollutants, heterogeneous photocatalysis is an advanced oxidative process, which is of
particular interest because it can degrade a wide range of organic pollutants [70]. The
heterogeneous photocatalysis process has many advantages over other conventional methods,
Md. Tamez Uddin [71] has reported that: (i) the processes can be carried out under ambient
conditions (temperature and pressure); (ii) the process uses atmospheric oxygen as an oxidant
and no other expensive oxidative chemicals are required; (iii) the oxidant is powerful and less
selective, leading to complete mineralization of almost all organic pollutants in the
wastewater; (iv) this process is called green technology because the degradation products
(carbon dioxide, water and mineral acids) have a moderate toxicity; (v) no residue of the
original material remains and therefore no sludge requiring landfill disposal is produced
during this process; (vi) photocatalysts are: cheap, non-hazardous, stable, biologically and

chemically inert, insoluble under most conditions and reusable.

11.3.3.1 The basic principle of photocatalysis

In the photocatalytic oxidation process, the organic pollutants are destroyed by the
semiconductor photocatalyst (e.g., TiO,, ZnO) in the presence of a source of light energy and
an oxidizing agent such as oxygen. In heterogeneous photocatalysis, the interaction of the
semiconductor with the light results in the generation of electron-hole pairs. When the light-
illuminated semiconductor with energy equal to or greater than the band gap, the electrons
are moved from a valence band to a conduction band and left behind holes in the valence

band. These electron-hole pairs play a role in the degradation of organic dyes, figure I1.7.
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Figure II. 7 Diagram of photoexcitation in a semiconductor photocatalyst followed by
excitation pathways

The electrons of the conduction band of the excited state and the holes of the valence band
can then follow several paths [72]. The transfer of photoinduced electrons to adsorbed
organic or inorganic species or to the solvent results from the migration of electrons and
holes to the surface of the semiconductor. At the surface, the semiconductor can give
electrons to reduce an electron acceptor (usual oxygen in an aerated solution) (pathway C), a
hole can migrate to the surface where an electron from a donor species can be combined with

the oxidizing surface hole of the donor species (pathway D).

The probability and rate of charge transfer processes for electrons and holes depend on the
position of the band edges for the conduction and valence bands and the redox potential
levels of the adsorbed species. The main challenge of charge transfer to adsorbed species is
the recombination of electrons and holes. The recombination of the separated electron and
hole may occur in the volume of the semiconductor particle (pathway B) or at the surface

(pathway A) and be in the form of heat releasing.

In the heterogeneous photocatalytic process, the reaction itself takes place in the adsorbed

phase and the overall process can be decomposed into five independent steps [71]:
(1) Mass transfer of reagents in the liquid phase to the catalyst surface.

(i1) Adsorbing the reagents on the surface of the photon-activated catalyst.
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(ii1) The photocatalytic reaction for the adsorbed phase at the catalyst surface.
(iv) Desorption of products from the catalyst surface.
(v) Desorption of the products from the surface of the catalysts.

Generally, in the presence of photocatalyst semiconductor and oxygen, a chain of
reactions occurs. Reactive oxygen species such as H>0,, O ", and the hydroxyl radical OH *
are produced using electromagnetic radiation, the deferent reactions to obtain these species

are:

(SC) + hv -»SC(e +h")

SC (hy + H,Oads — SC + OH "ads + H"
SC (h")+ HO"ads — SC + OH "ads

SC (€) + Ogags — SC+O™

O™ y+ H' -H,O

SC (¢) + 0™ 5+ H— SC+H,0,
H,0,+ hv—2 OH

H,0,+0"— OH +O,+OH

SC (¢) + H,0,— SC+OH “+ OH

It should be mentioned that the photocatalytic reaction cannot occur in the absence of
water molecules [73], it also takes three electrons to produce one hydroxyl radical by the
above pathway, but it suffices a hole to produce one hydroxyl radical from the adsorbed
water or a hydroxyl group. As a result, most hydroxyl radicals are generated by hole
reactions. Due to these species, photocatalytic processes will successfully intervene in the
degradation of polluting substances and will lead to the formation of carbon dioxide, water,

and inorganic ions.

I1.3.3.2 Semiconductor photocatalysis

Since Fujishima and Honda reported in 1972 the water splitting into H, and O, using

titanium dioxide (TiO2) electrode [74], semiconductor-based photocatalysis has garnered
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considerable attention because of its application potential in wastewater treatment and the
production of hydrogen fuel using solar or ultraviolet light. P-type semiconductors are rarely
used in photocatalytic semiconductors and generally, only n-type semiconducting oxides are
used. ZnO, CdS, Fe,0s;, tungsten oxide (WO;) are the best known of semiconductor
photocatalysis but their photocatalytic activity is lower than that of titanium dioxide (TiO;)

which is the most useful photocatalyst for the environmental application.

Photocatalyst semiconductors are essentially wide bandgap semiconductors. Therefore,
the photons must have high energies to generate electrons from the valence band to the
conduction band. In general, these photons belong to the UV part. There are many
approaches to obtain semiconductor with a photocatalytic activity under solar radiation and
different photocatalytic systems were used. We intend to use the systems shown in figure

IL.8(b).
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Figure I1. 8 Schematic diagrams of photocatalytic systems we used a) Single photocatalyst,
(b) type II heterojunction. (PC I: photocatalyst I, PC II: photocatalyst II).

In general, studies focus on the development of efficient photocatalytic materials and attempt

to obtain the following characteristics [75]:

e High-efficiency photocatalysts which absorb a large amount of solar energy
(ability to generate electron-hole pairs)
e High charge separation (electron-hole pairs).

e Less expensive and easier to produce, non-toxic and durable.

Mainly the position of the edge of the semiconductor band is one of the most important
and useful parameters to be considered for use as a photocatalyst. Figure 1.9 shows the

positions of the band edge of several commonly used semiconductors. It should be noted a

———
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certain important parameter such as; the position of VB must be lower than the oxidation
potential of oxygen and CB must be greater than that of hydrogen, also the importance of the
presence of grain boundaries and surface states on the semiconductor to allow the electrons/

holes pairs generated to reach the pollutant species.
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Figure I1. 9 Band positions of commonly used semiconductors with respect to the redox
potentials of oxidizing species [76].

In order to design an efficient photocatalyst, heterojunction systems are one of the
approaches offering good charge separation, reduced charge recombination, and increased
optical absorbance range, allowing for better photocatalyst performance. Photocatalysis of

nanoscale semiconductors also provides a considerable amount of sites per volume/mass that

promotes the reactions.

11.3.3.3 Hydrogen production

The production of H, from fossil fuels consumes enormous quantities and produces
significant CO, emissions (natural gas, for example), therefore renewable energy sources
such as hydropower, wind power, and solar energy are the best alternative energies for the H,
gas production via water splitting reaction especially the solar energy. H, photocatalytically
generated from water using solar radiation (water splitting) is a promising approach that is of
great interest as a source of clean energy; in this process, the light energy is converted into
chemical energy and the Gibbs free energy increases considerably by the following water

splitting reaction [77]:
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HO+hv —H,+1/20, AG°=238kJ mol’

Photocatalysis consists of three main steps: light absorption, separation and charge
transfer, and surface reactions. The decomposition of water based on wide bandgap
semiconductor materials most often requires ultraviolet (UV) light (<400 nm). The
decomposition of water under visible light was an ambitious goal, as we have already
mentioned. The heterogeneous semiconductor photocatalyst for the water splitting must be
stable in aqueous solutions under photoradiation and must have the bottom of the conduction
band more negative than the reduction potential of water to produce H,, and the top of the

valence band is more positive than the oxidation potential of water to produce O, [78].

Figure I1.10 shows the simplest method of decomposing water using a powder photocatalyst.
It can easily break down water into H, and O, by dispersing a photocatalyst powder into

water and using solar energy.

Photocatalyst

Figure I1. 10 Production of hydrogen from water using a powder photocatalyst [71].
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III Introduction

In this chapter, we present the different parameters affecting the sol-gel deposition such as
the precursor (nature and concentration), the nature of the solvent, aging time and the heat
treatment, in addition to all experiment details and the conditions of preparations. The
characterizations techniques basics are also given briefly to allow a better understanding of

this work.

III.1 Parameters affecting the sol-gel deposition

The preparation of metal oxides by the sol-gel method is based on the dissolution of metal
alkoxides in organic solvents [1], as we mentioned in Chapter I, the synthesis process
involves two steps; hydrolysis and condensation to obtain the precursor solution that can be
deposited by one of the sol-gel techniques (in our case, the dip-coating method), after the
deposition, a heat treatment is applied on the thin films to obtain a better crystalline structure.

The entire process can be affected by many parameters, including:

The precursor (nature and concentration),
The nature of the solvent,
Aging time,

The coating method (deposition rate),

AN NN

Heat treatment

However, the results related to the effect of a given parameter are certainly different from one
author to another due to differences in experimental conditions. Therefore, we can not give a
model on how a parameter can effect, but we give research results and references to examine

the impact of these parameters.

II1.1.1 Effect of the precursor (nature and concentration)

Various reports studying the effect of precursors and their concentration during the
deposition of ZnO thin films. Precursors such as nitrate, chloride, and perchlorate are
conceded as inorganic salts and zinc nitrate is the most widely used for the deposition of ZnO
thin layers of. In addition, acetates and acetylacetonates are considered as organic salts and

zinc acetate is most commonly used for the deposition of zinc oxide [2-4].
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Precursors mainly affect all structural, optical and morphological properties. In the
following example, we give the results of some studies on the effect of sol concentration on
the properties of the ZnO thin film. L. Xu et al. [5] Prepared ZnO sols at different
concentrations of 0.1, 0.3, 0.5, 0.7 and 1.0 mol / L using zinc acetate, ethanol and
monoethanolamine (MEA) as a precursor, solvent and stabilizer, respectively. The films were
deposited by spin-coating and the film thickness was maintained in the order of ~ 240 nm, the
annealing process was carried out at 500 ° C for 60 minutes, the different results were as

follows:

Thin ZnO films with a concentration of less than 0.5 mol / L have only one peak (0 0 2)
but preferential orientation along the c-axis, in particular for a concentration of 0.3 mol / 1. L,
which is in good agreement with [6] and contrary to [7] who reported that the high
concentration solution was favorable to the formation of thin films of ZnO with preferential
orientation in the c-axis. However, when the sol concentration is greater than 0.5 mol / L, the
other two peaks (1 0 0) and (1 0 1) also appear next to the peak (0 0 2). For morphological
properties, the increase in sol concentration leads to an increase in ZnO grains and surface
roughness due to solute increase per volume of the solution; when the concentration in the sol
increases, which leads to the formation of larger particles of ZnO, as also indicated by [8].
The author indicated that the transmittance of ZnO thin films depends mainly on three
factors: layer thickness, surface roughness and grain boundary density, and also indicated that
the only factor that decreases the transmittance of the ZnO Thin layers deposited by the high-
concentration sol in his study is the surface roughness and he concluded by suggesting that

solutions with concentration of 0.3-0.5 mol / L can be the best to deposit ZnO thin films.

Generally, the optical transmittance decreases as the concentration increases in the sol, as
indicated in [9-12], because of the increase in the film thickness or the increasing of optical

scattering caused by grain boundaries or roughness of the surface.

111.1.2 Effect of solvents

The well-known solvents have a higher dielectric constant such as methanol (32.6),
ethanol (24.3), 1-propanol (20.81) and 2-methoxyethanol (16.90). The dissolution of the salts
depends on the higher dielectric constant [13]. Therefore, zinc acetate has a higher solubility

in methanol (higher dielectric constant).
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In addition to the dielectric constant of the solvent, the boiling point of the solvent also
has a considerable impact on the properties of the films, C.Y. Tsay ef al. [14] carried out a
comparative study of ZnO thin films prepared from zinc acetate dissolved in a solvent
composed of; 2-methoxyethanol (2-ME), ethanol (EtOH) and isopropyl alcohol (IPA) having
boiling points of 124.6 °© C and 78.3 ° C and 97.2 ° C, respectively. X-ray results revealed
that ZnO films synthesized with EtOH and IPA had a higher degree of orientation of the (0 0
2) plane than films synthesized with 2-ME. The films prepared from EtOH and IPA had
average crystallite sizes about 20% lower than films synthesized with 2-ME. In addition, the
average thickness of films synthesized with 2-ME, EtOH and IPA, respectively, were 170,
180 and 185 nm. Solvents used in the synthesis of thin films of ZnO have a significant
influence on the surface roughness. Thin films synthesized using low-boiling solvents, such
as EtOH and IPA, have reduced the average crystallite size in ZnO films, so their surfaces are
smoother (Lower RMS) compared to 2-ME which shows a rough surface; unfortunately, this
roughness causes scattering and reflection of the light and leads to minimal optical
transmittance of the 2-ME sample (85.4%) compared to the EtOH and IPA samples (>
92.0%).

These results are in good agreement with those obtained by [15], other solvents such as
acetone and water as well as ethanol were used [16], and a high degree of crystallinity of the

phase hexagonal ZnO with the dominant (101) plane was reported.

II1.1.3 Effect of stabilizers

Stabilizers have an important role to play in the deposition of ZnO nanostructures. They
contribute to the dissolution of precursors and the formation of stable sols. The stabilizers
frequently used in the sol-gel ZnO system are the amines. Of these, monoethanolamine and

diethanolamine are the best choices for thin films with appropriate optical properties [17].

II1.1.4 Effect of aging time

The aging time has a great influence on the properties of thin films prepared, [18]
reported that thin films of undoped and aluminum-doped ZnO were polycrystalline and had a
hexagonal wurtzite structure with c-axis preferred orientation. The aging time of 48h is the
optimal condition for the aging time; the aging time shows no significant effect on the optical
properties with the aging time. [19] Also reported that the crystallinity was improved by

increasing the aging time in addition to minimal surface roughness, but the optical
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transparency of the films was considerably improved by the aging of the solution for longer

periods of time.

Based on other studies [20-23], we can say that the structural and optical properties of
thin films of ZnO are improved by the increasing the aging time of the sol and the ideal aging

time is between 24h and 48h.

II1.1.5 Effect of the coating method (the deposit rate)

Among the various parameters that influence deposition by the sol-gel method, the
deposition rate, whether in spin-coating or in dip-coating, plays an important role in the
evolution of the properties of the films, we will discuss this in more detail in the next chapter

by studying the effect of the withdrawal speed on the properties of NiO thin films.

I11.1.6 Effect of heat treatment (drying and annealing)

Heat treatment is another factor affecting the properties of films. Typically, it consists of
two stages of drying and annealing and can be classified into three stages: 1-evaporation, 2-
decomposition of organic residues, 3-crystallization, if one of these steps is not completed
before the beginning of the next step, crystal growth will be disturbed. Therefore, conceding
drying is a crucial step as it contains steps 1 and 2, evaporation of the solvent and removal of
organic compounds. The drying temperature cannot be defined as an absolute value because
it depends on the boiling point of the solvent and the stabilizer, but it must be higher than the
boiling point of the solvent and the additives for evaporating the solvent and the stabilizer
and furthermore to eliminate the organic residues produced by the precursor, the boiling point
is known for all the solvents (alcohol, stabilizer) and [24] reported that the Zn (OAc), began

to decompose at 190 ° C and the decomposition was complete at 310 ° C.

The last step is the crystallization carried out by the annealing process in order to obtain a
better crystallinity; this step begins after the evaporation of the solvent and the elimination of
all the organic substances by the drying process. The prepared films are subjected to a high
temperature heat treatment (> 300 ° C) which gives the atoms a greater activation energy to
the diffusion, which allows the atoms to move to the favorable energy site in the crystal
lattice growth then grew in the preferred growth direction, which allowed to improve the
crystallinity of the films [25, 26]. [25] The effect of annealing temperature from 100 ° C to
400 ° C (low-temperature annealing) on the properties of ZnO and AZO films prepared using

————————
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the spin-coating technique was investigated; as the annealing temperature increased, the films
exhibited stronger preferential orientation along the c-axis with improved crystallinity,

increased RMS roughness and improved optical transmittance.

For high temperature annealing, [27] reported that the degree of orientation of the crystals
increased with the annealing temperature, the annealed film at 600 ° C was strongly oriented
along the c-axis, in addition, the average transmittance films increases from 60% to 80% with
increasing the annealing temperature; these results are in good agreement with [28, 29], but
they go against [30, 31] which stated that high-temperature annealing leads to a decrease in
transmittance in the visible range, this disagreement can be due to the difference in the

conditions of preparation.

Based on previous studies and our results, we suggest that the annealing temperature
range between 500 and 600 ° C seems to be the most appropriate (we used a 550 ° C

annealing temperature for our films).

The parameters we mentioned earlier are the key factor of deposition via the sol-gel
method and they change almost all the properties. Therefore, the preparation conditions must
be controlled in order to generate a given result. In addition, other parameters have also
affected the properties of ZnO thin films prepared by the sol-gel method, such as; the type of
substrate [32, 33] and the thickness of the film [34, 35].

II1.2 Experimental Details
II1.2.1 Preparation of the precursor solution

The preparation of the precursor solution is the first step of the thin-film deposition
process by the sol-gel method, as we have seen before, there are many parameters during the
preparation phase that affect the quality films such as molarities, solvents, and precursors, in
section below we present the different experiment details and conditions that we used in the

preparation of our films

I11.2.1.1 NiO

In this study, the NiO precursor solution was obtained by dissolving nickel (II) acetate
tetrahydrate in 30 ml of methanol and adding monoethanolamine (MEA) as a stabilizing

agent. The molar ratio of MEA to the nickel acetate was maintained at 1.0 and the nickel
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acetate concentration was 0.1M. The solution was stirred at 70 © C for one hour, resulting in

the formation of a light green homogenous solution as shown in Figure III.1.

Figure III. 1 NiO precursor solution under stirring.

111.2.1.2 ZnO

The precursor solution of zinc oxide was obtained under the same conditions as the NiO
precursor solution, with the exception of the use of zinc acetate as a precursor and ethanol as
a solvent, the molar ratio of MEA to zinc acetate was maintained at 1.0. After stirring, we

obtained a clear homogeneous solution which was kept for 24 hours at room temperature.

The various details of the compounds used for the preparation of ZnO and NiO thin films are

given in Table III.1 below:

Table II1. 1 Chemicals used in the preparation of solutions.

Compound Molecular formula Molecular weight

(Mol /L)

Precursor nickel Acetate (Ni(CH3CO»),'4 H,O)  248.84

zinc Acetate (Zn (CH3CO0O0)2, 2H20) 219.49
Solvent Methanol CH;0OH 32.04
Ethanol C2H50H 46.06
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Stabilizer Monoethanolamine NH,CH,CH,OH 61.08

(catalyst) (MEA)

I11.2.2 Preparation of substrates
II1.2.2.1 Choice of the substrate

W. Chebil et al. [36], reported that the properties of ZnO thin films deposited by the spin-
coating sol-gel technique are strongly influenced by the nature of the substrate, taking into
account our subject to study TCO materials. The glass substrate is a perfect choice that allows

us to obtain very transparent thin films.

Glass substrates of dimensions (3 x 2.5 cm 2) and about 2 mm thick were used for the

preparation of our thin films (NiO and ZnO).

I11.2.2.2 Cleaning of substrates

To obtain thin layers of good quality, the substrate must be free from scratches, grease,
and dust, since the smallest impurity can lead to contamination and the ruin the deposited

layers.

e The common cleaning procedures are as follows:

e C(Cleaning in an acetone bath in an ultrasonic bath for 15 min.
¢ Rinsing with distilled water in an ultrasonic bath for 15 min.
e Rinsing for 20 min in a bath of methanol ultrasonic.

e Drying the samples.

The ultrasonic apparatus used in the cleaning processes are shown in figure I11.2, the beakers

and glassware were also cleaned according to the same procedure as above.
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Figure III. 2 The ultrasonic apparatus used for the cleaning process.
I11.2.3 Deposition details by Dip-coating

The prepared samples were obtained by a computer-controlled KSV-DCx2 (Biolin
Scientific) Dip-Coater device with "KSV NIMA DC" software (figure 111.3) at the laboratory
of active components and materials (Larbi Ben M’hidi University-Oum El Bouaghi). The
principle of this process is very simple, it can be described as follows, the substrate is dipped
in the coating solution and remains in the solution for a while then it removed from the

solution at a controlled rate.

Figure III. 3 The Dip-coating equipment.

———
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Sinem Aydemir [37] reported that the withdrawal speed (WS) has a significant impact on
the properties of ZnO: Al thin films prepared by the sol-gel dip-coating technique, we also
studied the effect of the withdrawal speed on the properties of NiO thin films and we used the
speeds of 30, 50 and 70 mm / min.

II1.2.4 Heat treatment
I11.2.4.1 Drying

This process used to evaporate the solvent by conventional thermal, in our case using a
BINDER oven brand that showed the figure I11.4, after several minutes at 150 ° C in the oven
we got dried layer, another layer can be applied on it with another dip-coating process until

we obtain the desired thickness.

Figure III. 4 The oven used for drying.

I11.2.4.2 Annealing

This is usually the most important process in the preparation of thin films, it allows a
better crystallization (transition from amorphous to polycrystalline) and eliminates organic
residues of precursors used in the solution, the prepared films was air-annealed for 2 hours in
an oven (Figure II1.5) at 550°C. We chose this temperature because it gives the best degree of
crystallization for the NiO thin films, as reported by [38], as well as for our use of the glass

substrate.
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Figure III. 5 The oven used for annealing.

The whole procedure for the preparation of ZnO and NiO thin films with the sol-gel method

can be summarized as shown in Figure II1.6.

Precursors

Zinc Acetate Nickel Acetate

Solvents |
Fthanol | Methanol

Stirring at 70 © C for one hour

clear Light green
homogeneous hﬂmﬂ:gennus
solution solution

Aging for 24 hours

Dip-coating Drying at 150 ° C

. _ _ for 15 min
Annealed for 2

hours at 550°C ZnO and NiO thin films

Figure I1IL. 6 The preparation of ZnO and NiO thin films via the sol-gel method.
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II1.3 Characterization techniques
IIL1.3.1 Structural characterization using X-Ray Diffraction (XRD)

The X-ray diffraction is a non-destructive structural analysis method for determining the
crystal structure of materials in the form of bulk materials, powders or thin films. It is based
on the Bragg law (figure II1.7) which gives the relation between the distance du between the

crystallographic planes, the wavelength A of the X-rays and the diffraction angle 6:
2d.sinf=n.A (IIL.1)

Where:

d: the interplanar distance;

0: X-ray incidence angle;

n: the order of diffraction;

A: the wavelength of X-rays.

Incident X-rays

Diffracted X-rays

The interplanar
spacing

Figure III. 7 The Principle of Bragg Law [39].

In this technique, an X-ray beam is directed on the sample to be analyzed with an angle 6,
and recorded the intensity of the ray beam diffracted by the sample depending on the 26 angle
it forms with the X-ray beam incidents as illustrated in Figure III .8 to identify compounds
and/or phases is performed by comparing the results obtained with the reference values listed

in the standard files JCPDS (Joint Committee for Powder Diffraction Standards).
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Figure III. 8 Schematic diagram of an X-ray diffractometer [40].

The spectrum of X-ray diffractions makes it possible to know the different characteristics
of a crystallized material, the orientation of the crystallites, the crystalline phases (peak
position), the strain, the size of the crystallites (D) which can calculated From the width at

half height or FWHM (Full Width at Half Maximum) by the Scherrer formula [41]:
D=0.91/BcosO (II1.2)

Where: D: is the average crystallite size in nm.

B: is the width at half height (in radian).

0: is the diffraction angle (in degrees).

A: is the wavelength of the X-ray beam in A.

In this work, we used a diffractometer BRUCKER-AX-type D8 (fig III. 9) with a source
of Cu-Kal radiation has a wavelength of 0.15406 nm, an acceleration voltage of 40 kV and a

current of 40 mA.

Figure III. 10 Bruckers D8 Advance diffractometer.
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I11.3.2 Morphological characterization by Atomic Force Microscopy (AFM):

Atomic force microscopy (AFM) is a method that allows us to study topography and
physical properties of our samples at the nanoscale, this technique appeared in the 1980s. It is
composed as shown in the figure III.10, a flexible lever (cantilever) with a fine tip at the end
that scans the surface using a piezoelectric ceramic, a laser diode and a detector for measured
cantilever deflection by atomic force however scanning the surface. With this technique, we

can obtain images of the surface morphology, roughness and determine the grain size of our

/ Laser

samples.

Photodiode
(Detector) ,

Cantilever and tip

]

T

Computer
Display and
Analysis

Piezoelectric scanner

Figure III. 11 Schematic explaining the principle of an atomic force microscope [42].

In AFM we can distinguish three different operating modes:

The contact mode: in this mode, the tip and the surface of the sample are in direct contact and
the interaction forces between them are repulsive forces. The disadvantage of this mode is

damage to the tip or sample observed because of the increase in frictional forces.

Non-contact mode: this is the case where the tip is at a distance from the surface and the
cantilever oscillates at its resonant frequency. In this mode, the interaction forces are only

attractive forces.

The tapping mode (or intermittent contact): to avoid the friction forces the tip is located at a

distance closer to the surface of the sample and the cantilever oscillates at a frequency close
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to the resonance frequency, the interaction between the tip and the surface of the sample vary
the characteristics of the oscillation and by measuring this variation we can get the

topographic image.

In this work, the morphological properties of the samples were investigated by an atomic

force microscope figure III.11 using a silicon nitride tip (Si3N4) under ambient conditions.

Figure III. 12 Photography of the atomic force microscope used.
II1.3.3 Optical characterization

UV-Visible spectrophotometry is based on the interaction of electromagnetic radiation
and matter in the following spectral domains: Ultraviolet-Visible and Infrared. With this
technique, we can obtain certain optical properties of our samples as the curve of the
transmittance or absorbance versus wavelengths of the UV-visible spectrum, the
determination of the band gap energy (Eg), the optical absorption threshold, the absorption
coefficient, the refractive index, and the extinction coefficient...Etc, in our work, we used a
double-beam recording spectrophotometer, whose operating principle is shown in Figure

II.12.
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Figure III. 13 Schematic representation of the UV-Visible spectrophotometer.

The optical gap (Eg) is determined by using the Tauc equation [43]:
(< hv) = AChv — Eg)" (ITL.3)

A is a constant, a is the absorption coefficient, hv the energy of a photon and n is a number
depends on the nature of optical transition, can obtain the values 1/2, 2, 3 and 3/2 for direct
allowed, indirect allowed, direct forbidden and indirect forbidden transitions, respectively.
From the plot of (o« hv)? versus hv, we can estimate the value of optical band gap by

extrapolating the linear region to meet hv axis.

If we have a spectrum of transmittance and the thickness d of a thin layer we can determine

the absorption coefficient by using the Bouguer-Lambert-Beer formula [44]:
T=e (I11.4)
In the case where the transmittance T is expressed in (%), the absorption coefficient is given

by:

1 100
a =11 (IIL5)

Where: T is the transmittance, d: the thickness of the layer, a is the absorption coefficient.

In this work, the experimental measurements are carried out using a Visible UV

spectrophotometer of the type (JASCO V-630) which shows on the figure I11.13.
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Figure III. 14 UV Visible spectrophotometer (JASCO V-630).

II1.4 Photocatalytic, methylene blue dye

The photocatalytic activity of the thin films prepared was evaluated by studying the
photodegradation of methylene blue (MB, Figure III.14) as a model pollutant, Table III1.2

presented some properties of methylene blue.

Table III. 2 Some Properties of Methylene Blue.

Properties | Chemical Names | Molecular Molecular |Solubility in|Melting
Formula Weight water (g / 1)|point (°
(g/mol) at20°C 0]

Methylene blue, CI6HI18N3CIS [319,85 40 190

Methylthioninium

chloride

Photocatalytic experiments were performed at room temperature, under solar irradiation, in
sunny days of November from 9 AM to 2 PM at the Laboratory of active components and
materials (Larbi Ben M'hidi University, Oum El Bouaghi, Algeria).
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Figure III. 15 Chemical structure of methylene blue.

An aqueous solution of MB (8 mg /1) prepared by dissolving BM dye in water, the
suspension was stirred in the dark for 30 minutes to achieve adsorption equilibrium, each
sample was immersed in 30 ml of aqueous solution of BM and after each irradiation time
interval, 3 ml of solution was extracted for measuring the concentration of MB by a
spectrophotometer, the absorbance measurements were carried out at the using a UV-visible
spectrophotometer type JASCO V-750 by measuring the absorbance peak of the dye at 662

nm.

The degradation efficiency was calculated using the following equation:
Degradation rate (%) # X 100 (I11.6)
0

Where: Cj is the initial concentration of MB (mg/l) and C; is the concentration of MB after

time t of irradiation (mg/1).
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IV Introduction

TCOs properties can be enhanced by different parameters as mentioned in chapter 1, in
this chapter we will discuss the results of three parameters that affect the properties of TCOs
thin films. The first section is the effect of withdrawal speed on the properties of NiO thin
films (effect of deposition method), the second section is the effect of silver doping on the
properties of ZnO thin films (the effect of doping), the last section is about the fabrication of
NiO/ZnO heterostructure (coupling two materials). The different properties in the three
sections were investigated in addition to the photocatalysis application of the NiO/ZnO

heterostructure.

IV.1 Effect of withdrawal speed on the properties of NiO thin films

In order to study the effect of withdrawal speed which is one of the main parameters that
affect the quality of the thin films prepared via dip-coating method, NiO thin films were
prepared as described in the previous chapter with different withdrawal speeds 30, 50 and 70
mm/min. Their structural, optical and morphological properties were investigated using X-ray

diffraction (XRD), spectrophotometer and atomic force microscopy, respectively.

IV.1.1 Structural properties

Figure IV.1 shows the X-ray diffraction patterns of NiO thin films deposited on glass
substrates by the sol-gel dip-coating method with different withdrawal speeds (30, 50, 70
mm/min). The main characteristic peaks observed are related to the planes (111), (200) and
(220). These diffraction peaks are in good agreement with the JCPDS card (04-0835) and
showed that all the films have a single-phase NiO with a cubic structure (bunsenite, NaCl-
type structure) with (200) plane as the preferred orientation without the existence of any

impurities.

From the diffraction patterns, we can observe that the peaks became broader and their
intensity decrease when the withdrawal speed increase. This observation indicates that the

crystallinity is deteriorated with the increase of withdrawal speed.
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Figure IV. 1 X-ray diffraction patterns of NiO thin films prepared with different withdrawal
speeds.

The crystallite size (D) of the prepared films was calculated from the full width at half
maximum (FWHM) of the diffraction peaks using Scherrer's formula (II.2). The calculated

structural parameters are given in Table IV.1.

Table IV. 1 Calculated structural parameters of NiO films prepared with different
withdrawal speeds.

Withdrawal speed FWHM Position 26 (200) Crystallite size  Intensity
(mm/min) (200) (rad) (degree) (D) (nm) (a. u)

30 0.006120 43.326 24 815.16
50 0.006415 43.280 22.98 674.54
70 0.007159 43.361 20.59 534.73
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As can be seen from in Table IV.1, the withdrawal speed has a significant impact on the
structural properties of the prepared films; this impact can be noticed by the decrease in the
intensity of the (200) peak and the increase of the FWHM as the withdrawal speed increased
and that's why the grain size was observed to decrease. The reasonable explanation might be
that the films became thicker at higher withdrawal speed because the solvent on the substrate
has less time to draw back into the beaker unlike the low withdrawal speeds, hence the drying
stage may not be complete in the case of thicker films because it became more difficult to
evaporate all the solvent. Adding another coating layer on a not well-dried layer could also
disturb the oriented crystal growth. However, Sajilal ef al. [1] reported that an increase in
thickness may improve the crystallinity but to a given value (0.483 um). Further increase of
the thickness at about of 0.513 um leads to a decrease in the film crystallinity and the films

became totally amorphous.
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Figure IV. 2 The variation of crystallite size (D) and the full width at half maximum
(FWHM) as a function of withdrawal speed.

Figure IV.2 shows the variation of crystallite size (D) and the full width at half maximum
(FWHM) as a function of withdrawal speed for the (200) peak. It was clearly seen that the
grain size was influenced by the withdrawal speed, the grain sizes of the films decrease from

24.0 to 20.6 nm when the withdrawal speeds increase from 30 to 70 mm/min, this decreasing
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of the grain size proves the presumption above and it can be said that increasing the

withdrawal speed deteriorates the quality of film crystallization.

The interplanar spacing (dpy) values and lattice parameter “a” of NiO films prepared with

different withdrawal speeds are calculated for (200) plan using the equations (1) and (2):
2dpk sin 6 = nA (Iv.1)
a=d (h*+K*+1H)" (IV.2)

Where n is the order of diffraction (usually n=1) and A is the X-ray wavelength, 0 is the
diffraction angle and d is the interplanar spacing of the atomic planes whose Miller indices
are (hkl). The unit cell volume is calculated by V = (a’ A’. Furthermore, other

microstructural parameters such as strain and dislocation density are listed in table IV.2.

Table IV. 2 Microstructural parameters of NiO films prepared with different withdrawal

speeds.
WS daoo (A) a(A) Volume of unit cell € (107) Dislocation

) (A3) density
(mm/min) (lines/m2)*10™
30 2.0866 4.1733 72.6840 14.2210  17.3611
50 2.0887 4.1775 72.9048 14.9092  18.9365
70 2.0850 4.1700 72.5166 16.6326  23.5877

As shown in table IV.2, the interplanar spacing (d) and lattice parameter (a) are in a good
agreement with cubic NiO (JCPDS Card No. 04-0835) (fig IV.3). In addition, Table 1V.2
clearly shows that with increasing the withdrawal speed, an increase in strain is associated
with an increase in dislocation density. These results confirm the deterioration of crystalline
quality as said before. The strain in NiO thin films is mainly due to the difference between
lattice constant of the films and the substrate and also to the combined effect of thickness and

dynamics of the deposition [2].
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Figure IV. 3 (JCPDS) card number 04-0835.

IV.1.2 Morphological Analysis by Atomic Force Microscope (AFM)

The morphological properties of the films were examined by atomic force microscopy.

Figure IV.4 shows two-dimensional (2D) atomic force microscopy images of NiO thin films

prepared with different withdrawal speeds. It is clearly observed that all films have a uniform

and dense NiO grains. Thin NiO layers became denser as the withdrawal speed increased.

This is logical because the particle size decrease in this case.

30mm/min
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Figure IV. 4 AFM image of NiO thin film deposited with different withdrawal speeds.

In order to know the effect of withdrawal speed on the surface morphology of the films,
Gwyddion analysis software was used to calculate the root mean square. RMS was found to
increase due to the increase in withdrawal speed. It was found to be 3.78, 10.02 and 15 nm
for withdrawal speeds of 30, 50 and 70 mm / min, respectively. This can be attributed to the
effect of withdrawal speed on film thickness.

IV.1.3 Estimation of films thickness

The thickness of the deposited films is calculated by the weight difference method. In this
method, we measure the mass of the film (we weigh the substrate before applying the film

and its weight after application) and use the formula.

d=m/Ap (Iv.3)
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Where m: the mass of the film; A: the film surface; p: density of the film material.

The obtained estimated thickness using this formula is not very accurate because the

density of the bulk material and the thin film is different.

The thickness of the samples was found to be at about 154, 170 and 250 nm for
withdrawal speeds of 30, 50 and 70 mm/min, respectively. In fact, the relationship between
thickness and withdrawal speed is a direct relationship. As the withdrawal speed increases,
the film thickness also increases because a faster withdrawal speed causes more liquid to rise
onto the surface of the substrate before it has time to draw back to the solution. Thickness is

also affected by fluid viscosity, fluid density, and surface tension.

IV.1.4 Optical properties

The Spectra of optical transmission in the 200-1000 nm wavelength range of nickel oxide
thin films prepared by different withdrawal speeds of 30, 50 and 70 mm/min is shown in
figure IV.5. As can be seen, the thin films have high transparency and no interference fringes

because of their small thickness.

The curves showed that the transmittance of thin layers decreases with increasing
withdrawal speeds. This decrease in the transmittance of thin films can be due to an increase
in the thickness of the thin layers and by the increase of the surface roughness which leads to

more optical scattering.

100

90

80 4

70

60 —=—30mm/min
—°—50mm/min

70mm/min

50 4

40

Transmittance (%)

30

20

10

T T T T T T
0 400 500 600 700 800 900 1000
Wavelength (nm)

Figure IV. 5 Transmittance spectra of NiO thin film prepared with different withdrawal
speeds.
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The optical band gap for the prepared films was obtained using the Tauc equation (eq. II1.3),
Eg was estimated from the plot of the curve (o hv)?as a function of hv and then extrapolated

to < hv =0 (fig [V.6).
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Figure I'V. 6 Determination of the optical band gap for NiO thin film deposited with different
withdrawal speeds.

The obtained values of the optical band gap are 3.88, 3.91 and 3.97 eV for the withdrawal
speeds 30, 50 and 70 mm/min, respectively. This increase in Eg is mainly due to the increase

In carrier concentration.

IV.1.5 Comparison of the withdrawal effect on ZnO and NiO

Table IV. 3 Comparison between our thin layers of NiO and ZnO: Al [3] prepared by
sol-gel dip-coating at different withdrawal speeds:

NiO thin films (200) ZnO:Al thin films (101)
Withdrawal speed (WS) | 30 50 70 20 40 80
mm/min
FWHM (degree) 0.35087 | 0.36779 | 0.41042 | 0.271 0.158 0.183
Position 20 (degree) 43.326 |43.280 |43.361 |31.84 34.63 36.37
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Crystallite size(D) (nm) 24.00 22.98 20.59 26 16 10
RMS (nm) 3.78 10.02 15 25 47 56
film thickness (nm) +5% 154 170 250 90 115 210

Optical band gap Eg (eV) 3.88 3.91 3.97 3.20 3.25 3.27

As we can see in the table IV.3, when the WS has been increased, the crystallite size of
Zn0O:Al and NiO has decreased, indicating that WS decreases crystalline quality, we also
notice that the position of peaks is slightly shifted towards a higher angle in the case of
Zn0O:Al. However, NiO remains the same and that indicates that the WS affects the preferred

orientation in ZnO:Al and not in NiO.

For the morphological and optical properties, it can be said that the WS affects in the
same way either ZnO:Al or NiO when WS increases; roughness, film thickness and the

optical gap are all observed to be increased.

IV.2 Ag-doped ZnO thin films prepared by sol-gel dip-coating method

Pure and Ag-doped ZnO thin films were prepared by sol-gel dip-coating method using
zinc acetate dehydrate (Zn(CH3COO);-2H,0), silver nitrate (AgNQO;), ethanol and

monoethanolamine (MEA) as a precursor, doping source, solvent, and stabilizer, respectively.

The mixtures of a 0.1 M of ZnO solution with different Ag concentration (0, 1, 3, and 5
wt %) were vigorously stirred at 60 °C for 2 h. After stirring the solution for about 15 min,
monoethanolamine (MEA) was added dropwise into the solution, this process ending by
achieving a transparent and homogenous solution which was aged at room temperature for 24

h prior the deposition process.

Clean glass slides were used as substrates, the thin films were deposited at a withdrawal
speed of 100 mm/min using dip-coating method. After each deposited layer, the samples
were dried at 250 °C for 5 min to evaporate the solvent and organic residuals, This process
was repeated 15 times in order to obtain the desired thickness. Afterward, the obtained thin

films were annealed in air at 500 °C for 2 h.
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The properties of the prepared thin films were investigated using different
characterization instruments such as; Bruker diffractometer (XRD), spectrophotometer,

atomic force microscopy and FTIR spectrophotometer.

IV.2.1 Structural properties

The XRD patterns of Ag-doped ZnO thin films with different Ag contents (0, 1, 3, 5)
fabricated by sol-gel dip-coating method on glass substrates are shown in fig IV.7. As can be
seen, all the film show eight pronounced diffraction peaks corresponding to the reflections of
the (100), (002), (101), (102), (110), (103), (112) and (201) planes and that depicts the clear
presence of crystalline ZnO with the hexagonal wurtzite structure with (101) as preferential
orientation, no other crystallized phases are observed which indicating the incorporation of

Ag in the ZnO lattice.

Despite the fact that the diffraction peaks became higher and sharper with the increase of
the Ag content, as shown in table IV.4, the crystallinity of the thin films was found to be
deteriorated with the increase of Ag doping and that attributed to the shift of diffraction peak
(101) toward higher 20, fig IV.8. This shift was suggested by previous report to the
substitution incorporation of Ag species into the ZnO lattice [4].

Table IV. 4 Different structural parameters of pure and Ag-doped ZnO thin films for
(101) peak

20 (°) Int (a. u) FWHM (rad) D (nm)
Pure 36.16 46.43 0.01167 12.49767
1Ag-ZnO 36.21 47.90 0.01223 11.92886
3Ag-ZnO 36.25 51.71 0.01212 12.03322
5Ag-ZnO 36.22 52.40 0.01266 11.51842
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Figure I'V. 7 XRD patterns of Ag-doped ZnO thin films (0, 1, 3, 5) prepared by sol-gel

method

The crystallite size of pure and Ag-doped ZnO thin films was determined using the
(FWHM) of the (1 0 1) diffraction peak using Debye—Scherrer’s formula:

D=0.94\BcosO (Iv.4)

Where:
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L: the X-ray wavelength of 1.54 A, B: the full width at half maximum (FWHM), 0 : the
Bragg diffraction angle.

The different structural parameters are given in table IV.4. It can be said that the
crystallite size decreased by increasing of the silver amount, which confirms the deterioration
of the crystallinity, this decreasing is linked to the lattice strain between the crystallite of the

Ag-doped ZnO thin films and glass substrate [5].
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Figure IV. 8 Magnified the region of (101) peak showing the shift to higher 26 as the Ag
content increase

Figure IV.9 shows the variation of crystallite size (D) and the full width at half maximum
(FWHM) as function of Ag doping content for the (101) peak, we can observe that the
crystallite size decrease from 12.49 to 11.51 nm with the increase of Ag amount from 0 to 5
wt%. The absence of any Ag-related peak indicating that the silver ions occupy its position in
ZnO lattice by substitution Zn”" ions sites and that resulting in the disturbing of the crystal

structure because of high difference in ionic radii between Ag" and Zn*".
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Figure IV. 9 The variation of crystallite size (D) and the full width at half maximum
(FWHM) as a function of Ag doping content.

The interplanar spacing (duk) values of pure and Ag-doped ZnO thin films were also

calculated by using the Bragg equation as follows:
2dpi sin 6 = n\ (Iv.1)

Where n is the order of diffraction (usually n=1) and A is the X-ray wavelength. In the ZnO
hexagonal structure, the plane spacing is related to the lattice constants a, ¢ and the Miller

indices by the following equation:

1 4 [h2+hk+k2] 12
d? 3

+— 1V.5)

a2 c2

The lattice parameters (a and c) for the hexagonal pure and Ag-doped ZnO are calculated
via (002) and (101) orientations and presented in table IV.5 which also summarizes the

calculated values of the interplanar spacing dy of the thin films.
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Table IV. § Interplanar spacing dng and lattice parameters of pure and Ag-doped ZnO
thin films.

doo2 (A) dio1 (A) a (A) C (A) c/a (A)
Pure ZnO 2.61002 2.48202 3.25781 5.22004 1.60231
1Ag-ZnO 2.6034 2.4787 3.25461 5.2068 1.59982
3Ag-ZnO 2.6012 2.47606 3.25093 5.2024 1.60028
S5Ag-ZnO 2.60634 2.47804 3.25241 5.21267 1.60271

From table IV.5, it can be seen that the interplanar spacing (dnx) values decreases for film
prepared using 3% then increase with Ag content. This phenomenon indicates that the Ag

element is introduced into the ZnO matrix [6].

The dislocation density (), defined as the length of dislocation lines per unit volume, the

dislocation density is evaluated using the equation:
8§ =1/D* (IV.6)

Due to the lattice mismatch between Ag-doped ZnO thin film and glass substrate, some stress
and strain can be generated during deposition. Hence, the stress and strain modify the
structural properties of Ag-doped ZnO thin films, the mean strain can be calculated by the

following formula:

e=Pcosb/4 (aIv.7)

Where: B is the full width at half maximum of (101) peak and 0 is the Bragg angle. As
can be seen from table IV.6, the microstrain increases from 27.73 x 10 to 30.03 x 10* when
the silver concentration increase from 0 to SWt%, this increment may be the cause of the
broadening of diffraction peaks [7]. In addition, the increase of the dislocation density with
the increase of Ag concentration confirms the distortion of the crystalline structure and that
match the results found above. Furthermore, the volume of ZnO unit cell decreases as Ag
amount is added which implies that Ag is dissolved into the ZnO lattice as described by S.-T.
Kuo et al. [8], however, they declared that the level of substitution of Zn*" by Ag”is expected
to be quite low—about 0.08 mol% or slightly higher and that because of the difference
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between Zn>" and Ag' ions radius and most of tend to segregate at the grain boundaries of
ZnO.

Table IV. 6 Dislocation density, strain and volume of unit cell of pure and Ag-doped ZnO
thin films.

Dislocation density Volume of unit

£ (107
(lines/m*)*10" cell (A7)
Pure 27.73525 64.02387 47.97807
1Ag-ZnO 29.05776 70.27517 47.76237
3Ag-ZnO 28.80675 69.06155 47.6141
5Ag-ZnO 30.0932 75.37274 47.75177

IV.2.2 Structural properties of Ag-doped ZnO nanopowders

Pure and Ag-doped Zinc oxide Nanopowders were synthesized by the sol-gel method by
adding KOH to the previously prepared solution (after finish the dip-coating deposition), the
resulting Nanopowders were treated in air at 500 °C for 2 h. Figure IV.10 shows the XRD
patterns of pure and Ag-doped ZnO Nanopowders, it can be seen diffraction peaks
corresponding to the reflections of the (100), (002), (101), (102), (110), (103),(200), (112)
and (201) planes for pure and Ag-doped ZnO samples belonging to ZnO hexagonal wurtzite
structure with (101) as a preferential orientation. In addition to Ag peaks (marked with *)
corresponding to the reflection from (111), (200) and (202) crystal planes of the face-
centered-cubic (fcc) metallic Ag. The XRD patterns of Ag-doped ZnO shows two peaks of
Ag for the doping with 1 and 3Wt% and one more peak for doping with SWt%, the intensity
of those peaks increase with doping which is logical because of the formation of much more

Ag particles when doping increased.

Table IV. 7 Different structural parameters of pure and Ag-doped ZnO nanopowders.

ZnO(101) FWHM (rad) FWHM (rad) D ZnO
20Ag (111) ()
20 () ZnO(101) Ag(111) (nm)
Pure 36.55 -- 0.013400 -- 10.89597
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1Ag-ZnO 36.49 38.26 0.011719 0.005353 12.45734
3Ag-ZnO 36.49 38.29 0.005353 0.007759 27.26895
5Ag-ZnO 36.55 38.48 0.005782 0.005545 25.24974

The shift of diffraction peak confirms the incorporation of Ag in the ZnO lattice which
causes the improvement of crystallinity. However, it seems that only a small amount of Ag
was introduced to the ZnO lattice and that clearly observed from table IV.7, the shift of 20
stopped at 36.49° for 3Wt% doping and at 5Wt% the 20 became the same as pure ZnO value

36.55°.
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Figure IV. 10 XRD patterns of Ag-doped ZnO nanopowders prepared by sol-gel method.
The incorporation of Ag in the ZnO lattice can be interstitial or substitution incorporation,
the interstitial incorporation leads to a peaks shift toward lower 20 contrary to the substitution
incorporation where the peaks shift to higher 20 values [9-10]. As can be seen from table
IV.7, our peaks shift to lower 20 values (unlike the Ag-doped ZnO thin films) which confirm

the interstitial incorporation of Ag in the ZnO lattice.

Figure IV.11 shows the dependence of the calculated crystallite size and the full width at
half maximum (FWHM) from (101) plan as a function of Ag content. The crystallite size was

———————
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found to be increased from 10.89 (pure ZnO) to a maximum value of 27.26 nm for 3Wt% Ag
doping. However, the crystallite size was found to be decreased for higher Ag doping (5Wt
%). Also, it can be seen that the FWHM decrease with the increasing of Ag doping (till 3Wt
%) than slightly increase for SWt % doping. The incorporation of Ag in ZnO lattice caused
the increase in the crystallite size and that because of the large ionic radii of Ag+ ion (0.129
nm), for such large ionic radii the solubility of Ag in ZnO is low and that is why the
crystallite size starts decreasing at SWt%, we suggest that the Ag atoms are segregate at the
vicinity of the grain boundaries leading to a reduction in the crystal grain size and a decrease

in the intensity of the (101) diffraction peak (FWHM increase).
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Figure IV. 11 The dependence of crystallite size (D) and the full width at half maximum
(FWHM) as a function of Ag doping content.

The lattice parameters (a and c) for the hexagonal pure and Ag-doped ZnO are calculated
via (002) and (101) orientations and presented in table IV.8 which also summarizes the lattice

parameter (a) of Ag and the calculated values of the interplanar spacing dpy;.
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Table IV. 8 Interplanar spacing dyy and lattice parameters of pure and Ag-doped ZnO

nanopowders.

Zn0O Ag

dooz (A) dio1 (A) a(A) ¢ (A) din (A) a(A)
Pure 2.5779 2.4563 3.22591 5.1558 - -
1Ag-ZnO  2.5883 2.4603 3.22890 5.1766 2.3502 4.07066
3Ag-ZnO  2.5840 2.4603 3.23047 5.168 2.3484 4.06754
5Ag-ZnO  2.5886 2.4644 3.23574 5.1772 2.3451 4.06183

As shown in table IV.8, both lattice parameters a and c are increasing with Ag doping
(this result is in a good match and confirming with the results above). This increase is due to
the large ionic radii of the interstitial incorporation of Ag in the ZnO lattice, the increase in

lattice parameters leads to the increase of the volume of unit cell as shown in table IV.9.

Table IV. 9 Dislocation density, strain, and volume of unit cell of pure and Ag-doped
ZnO nanopowders.

£ (10%) Dislocation density Volume of
(lines/m?)*10'* unit cell (A%)
Pure 31.81229 84.23016 46.46434
1Ag-ZnO 27.82503 64.43904 46.73817
3Ag-ZnO 12.71137 13.44816 46.70592
5Ag-ZnO 13.72790 15.68505 46.94202

The decrease in strain and dislocation density when the Ag content increase indicates that
the crystalline quality is improved, the best crystallinity is the one corresponding to 3Wt %

Ag doping with minimum strain, dislocation density, and higher crystallite size.
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IV.2.3 Morphological properties

The surface morphology of pure and Ag-doped ZnO thin film prepared by dip-coating on
glass substrates are obtained by atomic force microscopy. Figure IV.12 shows 3D AFM
images scan by contact mode over an area of 3 pmx3 pum, it can be clearly observed the
influence of Ag doping on the surface morphology of the prepared films by the difference in
the distribution of the grain size and their density, the root mean square (RMS) and the grain
size were calculated from the AFM images using the Gwyddion analysis software, and the

obtained results are presented in figure I'V.13.
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Figure IV. 13 The root mean square (RMS) and the grain size as a function of Ag contents.
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It can be seen that the grain size was slightly decreased when the Ag concentration
increase, these results are in a good agreement with the XRD finding. The surface roughness
also was found to be dependent on the Ag doping, it increases from 8.60 nm for pure ZnO to
9.35 nm for 1Wt % Ag doping then slightly decrease to 7.96 and 4.62 nm for 3Wt % and SWt
% Ag concentration, respectively. This decreasing in the surface roughness is may attribute to

the decrease in the grain size.

IV.2.4 Optical properties

Figure IV.14 shows the optical transmittance spectra of pure and Ag-doped ZnO thin
films prepared by sol-gel dip-coating method, It can be seen from figure 1V.14 that all the
samples exhibit high transparency within the visible range with a transmittance above 70 %,
the optical transmittance increased with the increase in Ag doping concentration, similar
results were reported by [11-12]. This increasing is may due to the decrease in the grain size
and surface roughness because large grain size and rough surface can lead to higher

dispersion of light.
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Figure IV. 14 The optical transmittance of pure and Ag-doped ZnO thin films

In order to calculate the optical band gap for pure and Ag-doped ZnO thin films, we plot
(ohv)* vs. photon energy hv (Tauc’s plot), then extrapolated the linear portion of the curve to

zero to determine the optical band gap value as shown in figure IV.15.
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Figure 1V. 15 Tauc’s plot for calculation the optical band gap of pure and Ag-doped ZnO
thin films.

The Eg values recorded are 3.26 eV for both pure ZnO and 1Wt% Ag-doped ZnO thin
films which indicate that doping with small concentration has not much effect on the optical
band gap. However, the Eg slightly decrease to 3.25 and 3,24 eV for 3Wt% and 5Wt% Ag
doping, respectively. This decrease in the band gap with an increase in Ag dopant percentage
is also observed by Nazir et al. and they suggest “that silver dopant is substituted into the zinc

sites which imparts an energy acceptor level in the band gap” [5].

IV.2.5 FTIR analysis

The FTIR spectroscopy is a useful technique for the analysis of the molecular
composition of compounds and to identify the functional groups of the films. Figure IV.16

shows the FTIR spectra of the pure and Ag-doped ZnO thin films.

The FTIR spectrum contains several bands, bands between 400 and 750 cm™ correlated to
metal oxide bond (ZnO) [13], Bands around 1400-1550 cm-1 are due to the oxygen
stretching [14]and the absorption peaks appearing at 2359 cm™ is due to the absorption of
atmospheric of carbon dioxide (CO,) by metallic cation [15-16], The broad peak in the range
of 3700 to 3900 cm™ is attributed to water molecule present in thin films [17]. It is evident
from the FTIR data the successful synthesized of ZnO thin films which are already confirmed
by XRD results.
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Figure IV. 16 FTIR spectrum of pure and Ag-doped ZnO thin film.

IV.3 n-ZnO/p-NiO heterostructure thin films

In recent years, researches have been focused on transparent conducting oxides (TCOs)
materials due to their optical and electrical properties, in order to enhance the properties of
many TCOs materials types (n-type or p-type) doping and co-doping were widely used, good
results were achieved and huge enhancement in diverse applications were reported. However,
introducing a dopant element has limits for the enhancement of properties than undesirables
effects, begin to start such as the disturb of crystal structure, the decrease in
conductivity...etc. Other approaches can be used among them is the coupling of n-type and
p-type TCOs materials to form a P-N heterostructures materials such as p-CuO / n-ZnO [18],
NiO/Sn0O; [19], NiO/ZnO [20-21], p-NiO / n-GaAs [22], P-N NiO/ZnO heterostructure is a
promising choice because of their interesting properties and the closely match in band-gap

energies [23].
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In this study, NiO/ZnO thin films were prepared by sol-gel dip-coating method. NiO thin
films were deposited onto clean glass substrates by dip-coating method at a withdrawal speed
of 100mm/min. ZnO thin films were deposited on the prepared NiO thin films. ZnO precursor
solution prepared by dissolving Zinc acetate dihydrate (Zn (CH3COO),;2H,0) in ethanol and
monoethanolamine (MEA) added as a stabilizer. The molar ratio of zinc acetate to MEA was
maintained at 1:1 and the zinc acetate concentration was 0.1M. The obtained solution stirred

for 2h at 60°C to yield a homogeneous solution and then aged for 24h at room temperature.

At the withdrawal speed of 100 mm/min, a different number of ZnO layers (2, 6, 9, and
12) were deposited, now on we used S2, S6, S9, and S12 for the prepared samples according
to their different coating number (2, 6, 9 and 12 ZnO coating number). To evaporate the
solvent we dried the films at 230°C for 5 min for each deposited layer. The obtained
NiO/ZnO thin films were annealed at 550°C for 2h. The structural, optical and Photocatalytic

properties of the samples were investigated.

IV.3.1 Structural properties

Figure IV.17 shows the x-ray diffraction spectra of heterostructure ZnO/NiO samples (S2,
S6, S9, and S12) prepared by sol-gel dip-coating method. From the results, we can see two
sets of diffraction peaks (*refer to ZnO, #refer to NiO) belong to ZnO hexagonal wurtzite
structure and to NiO cubic structure without the existence of any impurities which confirms

the composition of NiO and ZnO in the heterostructure as reported in [24-25].

For S2, the two ZnO coating layers star to appear in the XRD pattern in the peak located
at 31.76° corresponding to the (100) plan, by increasing the coating number from 2 to 6, we
can see the change from the intense peak of NiO to the preferred (002) peak of the ZnO, this
intensity keeps increasing when the coating number increase from 6 tol12 due to the thickness

increases indicating the improvement of ZnO crystallinity.

However, the change to the ZnO peak and the decrease in NiO peaks even the all samples
have the same NiO film thickness is due to the x-ray that explores much more of the ZnO
film because of its thickness increasing and did not penetrate much deeper inside the films as

described by V. Sushmitha et al. [26].
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Figure IV. 17 X-ray diffraction pattern of NiO/ZnO heterostructure with different ZnO
coating number (2, 6, 9, and 12) S2, S6, S9, and S12.

Table IV. 10 Structural parameters of NiO/ZnO heterostructure prepared by sol-gel

method.
Position 20 (o) Crystallite size (nm) Intensity [%]
FWHM (o)
NiO ZnO NiO ZnO NiO ZnO NiO ZnO
(200) (002) (200) (002) (002) (002)
(200) (200)
S2 0.2047  -- 43.26 -- 146 -- 100 --
S6 0.2184 0.4110 43.23 34.47 137 71 7.75 100
S9 0.2558  0.3207 43.26 34.49 117 91 5.76 100
S12 0.2047 0.2563 4321 34.46 146 113 2.56 100
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The average crystallite size (D) is estimated from the peak width for half maximum
intensity for both NiO and ZnO and it was calculated using Debye—Scherrer’s formula, the
grain size values of ZnO and NiO and other structural parameters are given in Table IV.10.
We noticed that NiO intensity decrease with the increase of ZnO coating numbers which
explain above as the x-ray explores much more of the ZnO film because of its thickness
increasing. In addition, the (002) ZnO peak is clearly seen to be the highest in intensity for
the three samples (S6, S9 andS12); this is revealed that the ZnO has a preferential orientation
along the c-axis. Furthermore, figure IV.18 shows the variation of crystallite size (D) and the
full width at half maximum (FWHM) as a function of ZnO coating number for the (002)
peak. The crystallite size increase from 71 to 113 nm for S6, S9, and S12 respectively, we
can notice that the crystallite size increase after the increase in the ZnO thickness (increase

the coating number) indicating the enhancement in the crystallinity of ZnO.
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Figure IV. 18 The variation of crystallite size (D) and the full width at half maximum
(FWHM) as a function of ZnO coating number.
As shown in table IV.11, other micro structural parameters such as the lattice parameters,
interplanar spacing, strain and dislocation density were calculated for both NiO cubic and

ZnO hexagonal phases for (200) and (002) plan, respectively.
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Table IV. 11 Microstructural parameters: the lattice parameters, interplanar spacing,
strain and dislocation density of NiO and ZnO.

Lattice parameters Dislocation density
d(A) A) Strain & (10™) (lines/m?)*10'*
NiO ZnO NiO ZnO NiO ZnO NiO ZnO
(200) (002) GGa” “C”
S2 2.09124 - 4.18248 -- 829857  -- 0.46554 -

S6 2.09085 2.59944 4.1817 5.19888 8.85489  17.11933 0.53005 1.98116
S9 2.09106 2.59833 4.18212 5.19666 10.37018 13.35735 0.72697 1.20611
S12 2.09353 2.60244 4.18706 5.20488 8.30001 10.67592 0.4657 0.77047

As presented in table IV.11, the lattice parameters and interplanar spacing of NiO are
almost unchanged because all the samples have the same NiO thickness deposited at the same
conditions. Furthermore, the strain and dislocation density of NiO also remains unchanged
that much, the strain in NiO is due to the lattice mismatch between NiO and the substrate.
The increase in the lattice parameters and interplanar spacing in addition to the decrease in
strain and dislocation density of ZnO is due to the increase of thickness which also

confirming the improvement of the crystallinity.

IV.3.2 Optical properties

The optical transmittance of the samples S2, S6, S9, and S12 of the heterostructure of p-
NiO/n-ZnO prepared by dip-coating method is shown in figure 1V.19, the transmittance
spectra exhibit a shift toward low energies when the ZnO coating number increased and of
course low transmittance due to the increased of the thickness of the film. [27] Report that
when the film thickness increased the grain size also increased and film coverage improved

which caused a higher dispersion of the incident light.
The optical band gap of the prepared films was calculated using Tauc’s equation:

(< hv) = A(hv — Eg)" (IV.8)
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Figure IV. 19 Optical transmittance of the p-NiO/n-ZnO heterostructure.

Where A is a constant, & is the absorption coefficient, hv is the photon energy and n is a
number depends on the nature of the optical transition. It can take the values 0.5 and 2 for
direct and indirect allowed transition respectively. From the plots of (o< hv)? versus hv
(figure 1V.20) the optical band gap was determined; it is varying from 3.62, 3.54, 3.50 and
3.45 for the samples S2, S6, S9, and S12, respectively. In addition, there are other gap values
belonging to ZnO as shown in table IV.12, which indicates the presence of two phases of
ZnO and NiO as confirmed by XRD data. As can be seen, by the increasing of the ZnO
thickness, the Eg deceased from energies that are close to NiO (S2) to energies that have
belonged to ZnO (S12).

Table IV. 12 Bandgap values of the p-NiO/n-ZnO heterostructure

SS2 S6 S9 S12
Egl (eV) 3.62 3.54 3.50 3.45
Eg2 (eV) / 3.19 3.22 3.25
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Figure IV. 20 Determination of the optic gap energies using the plot (< hv)? versus hv .

IV.3.3 Photocatalytic properties of NiO/ZnO heterostructure thin films
IV.3.3.1 Photocatalytic performance

Photocatalytic activity of the NiO/ZnO heterostructure thin films was investigated for the
Methylene blue degradation under visible light irradiation, figure IV.21 represents the time-
dependent absorption spectra of MB under solar light irradiation and figure IV.23 represents
the degradation rate as a function of the time of irradiation. We can observe that the effect of
thickness shown an increase to a certain value and then a slight decrease in photocatalytic
activity. The sample S6 show the highest Photocatalytic activity compare to the other
samples because it has the lowest Eg 3.19¢V, the increase in ZnO thickness S9 and S12 by
increasing the coating number leads to the decrease in the Photocatalytic activity but still
show better results compared to small ZnO thickness S2 indicating the important role of ZnO
(n-layer) in the heterojunction as source of photogenerated electrons and in the separation

Processes.

By take into account, that the enhancement in photocatalytic activity is attributed to the

excellent electrical conductivity as reported by P. Zhang et al. [28], and based on Alzahrani et

————
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al. who found that 200 nm is the optimal thickness of the ZnO for the NiO/ZnO
heterojunction optimal properties [29]. We conclude that is why S6 presents the best
photocatalytic activity because the thickness of S6 is the closest to 200 nm and that give the
NiO/ZnO heterojunction the optimal electrical properties, N. Kaneva et al. [30] also reported
that in the case of ZnO films with 7 coats have better photocatalytic efficiency compared to

less coating number (1, 3 and 5).
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Figure IV. 21 The time-dependent absorption spectra of MB under solar light irradiation.
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Figure IV. 22 MB solutions after 4.5h of solar irradiation exposure.
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Figure IV. 23 The Degradation rate as a function of the time of irradiation

Figure 1V.22 shows the resulting MB solutions after 4.5h of solar irradiation exposure.
Compare to other solutions, it seems that S6 became totally transparent because the total
degradation of methylene blue around 98.67 %. We can conclude that the ZnO film thickness
plays an important role in the photocatalytic performance of ZnO/NiO heterostructure and the

optimal thickness of 6 coats gives the highest degradation rate after 4.5h of solar irradiation

exposure.
IV.3.3.2 Photocatalysis mechanism

The mechanism of methylene blue degradation using the ZnO/NiO heterostructure is

illustrated in figure 1V.24. Under visible light irradiation there are a photogenerated
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electrons/holes pairs in the p-n heterostructure in both materials NiO and ZnO, the electrons
excited from VBs to CBs and left holes in VBs, at this moment the heterostructure form take
a place in the separation of electrons and holes, figure IV.24. The electrons from NiO CB
migrate to the ZnO CB, in contrary the holes from ZnO VB migrate to NiO VB. In result, we
have an effective and efficient way to separate the electrons/holes pairs, those free e/h pairs
are able to participate in chemical reaction to produce (OHe, O2e-) radicals which are
responsible for the degradation of the organic dye molecules (MB) and that caused the

enhancement in the Photocatalytic activity.
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Figure IV. 24 The energy band structure and electron-hole pair separation process in the p-
type NiO/n-type ZnO heterojunction.

1V.3.4 Conclusion

Nickel oxide (NiO), Zinc oxide (ZnO) and ZnO/NiO heterostructure thin films were
successfully prepared by sol-gel dip-coating method. Firstly, the withdrawal speed affects the
properties of NiO thin films, it was found that the crystallinity of the films deteriorated, the
surface roughness increased and the optical transmittance decrease when the withdrawal
increase. Secondly, the silver doping ZnO thin films enhanced the optical transmittance,
decreased the surface roughness and deteriorate the crystalline structure compared to pure
ZnO thin films. Finally, it was found that the thickness of the ZnO layer in the ZnO/NiO
heterostructure enhances the photocatalytic properties under solar irradiation and optimal

thickness is 6 coats which gives the highest degradation of MB dye.

————
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General conclusion

Conclusion

The main goal of this thesis is the preparation and characterization of thin films based on
ZnO and other oxides, and in order to achieve that, the whole experimental work has been
done at the Laboratory of Active Components and Materials (LCAM) at Larbi Ben M'hidi
University-Oum EI Bouaghi, Algeria.

This work is started with the preparation of samples using sol-gel dip-coating method,
alcoholic solutions (methanol, ethanol), zinc acetate, nickel acetate, silver nitrate and
monoethanolamine (MEA) as solvent, precursors, dopant, and stabilizer, respectively. The
compositional, morphological and optical features of the films were investigated using XRD,

AFM, FTIR and UV-visible spectrophotometer.

Starting with the effect of withdrawal speed which is an essential parameter that affecting
the properties of thin films prepared by sol-gel dip-coating method, NiO thin films were
prepared with withdrawal speed of 30, 50 and 70 mm/min. The structural results revealed that
the films are polycrystalline and the crystallinity deteriorated which confirmed by the
decreasing of the grain size when the withdrawal speed increased, the morphological
properties shows that all films have a uniform and dense NiO grain and the thin NiO layers
became denser as the withdrawal speed increased. RMS values had been raised up within the
increase in withdrawal speed. They were found to be 3.78, 10.02 and 15 nm for withdrawal
speeds of 30, 50 and 70 mm / min, respectively. The optical analysis showed that the
transmittance of thin layers dropped down with the increased of withdrawal speeds, the
values of the optical band gap were 3.88, 3.91 and 3.97 eV for the withdrawal speeds 30, 50

and 70 mm / min, respectively.

As the second part of this study, we used doping to enhance the properties of zinc oxide;
silver doped ZnO thin films were prepared using sol-gel dip-coating method. It was found
that the crystallinity of the thin films deteriorated with the increase of Ag doping and that
attributed to the shift of diffraction peak (101) toward higher 20. The surface roughness was
found to be decreased with the increase of Ag-doping concentration, the RMS values were
increased from 8.60 nm for pure ZnO to 9.35 nm for IWt % Ag doping then slightly
decreased to 7.96 and 4.62 nm for 3Wt % and 5Wt % Ag concentration, respectively. This
decreasing is might attributed to the decrease in the grain size. The optical transmittance was

increased with the increasing of Ag doping concentration, the recorded Eg values were 3.26
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General conclusion

eV for both pure ZnO and 1Wt% Ag-doped ZnO thin films which indicate that doping with
small concentration has not much effect on the optical band gap. However, the Eg slightly
decreased to 3.25 and 3.24 eV for 3Wt% and SWt% Ag doping. The FTIR results confirm the

successful synthesized of ZnO thin films.

In the final section, ZnO/NiO heterostructure thin films were prepared by sol-gel dip-
coating method with different ZnO thickness (2, 6, 9 and 12 coats), the XRD results revealed
the existence of two sets of diffraction peaks belong to ZnO hexagonal wurtzite structure and
to NiO cubic structure confirming the composition of NiO and ZnO in the heterostructure.
The transmittance spectra exhibit a shift toward lower energies when the ZnO coating
number increased and of course lower transmittance due to the increased in the thickness of

the film.

A high photocatalytic activity performance of the ZnO/NiO heterostructure thin films was
achieved which ascribe to the high separation of the photogenerated electrons and holes. In
addition, the ZnO film thickness plays an important role in the photocatalytic performance of
ZnO/NiO heterostructure. The optimal thickness of 6 coats gives the highest degradation rate

after 4.5 h of solar irradiation exposure.
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Abstract

In this work, we studied the effect of the withdrawal speed on the properties of nickel
oxide thin films, the effect of silver doping on the properties of zinc oxide and the elaboration
of p-NiO/n-ZnO heterostructure thin films. All thin films were deposited onto glass substrates
using the sol-gel dip-coating method. The structural, optical and morphological properties of
the films were investigated using X-ray diffraction, spectrophotometer and atomic force

microscopy (AFM), respectively.

It was found that the increase in withdrawal speed leads to the deterioration of the
crystallinity of NiO thin films and to the decrease in the optical transmittance. However, the

surface roughness was found to be increased when the withdrawal speed increased.

With regard to the effect of Ag-doped ZnO thin films, the XRD results revealed that the
crystalline quality decreased when the Ag concentration increased with a shift of the
diffraction peak (101) toward higher angles. This shift suggests the substitution incorporation
of Ag species into the ZnO lattice. For the morphological study, films with high Ag-doping
concentration showed low surface roughness, the RMS values were decreased from 8.60 to
4.62 nm for pure and SWt % Ag-doped concentration, respectively. The optical analysis
showed that the Ag-doping increase the optical transmittance of ZnO thin films. Hence, these
results revealed that the Ag-doped ZnO thin films can be used in different applications

especially optoelectronics.

Finally, n-ZnO/p-NiO heterostructure thin films with different coating number of n-ZnO
layer (2, 6, 9 and 12) were prepared. The XRD results confirmed the formation of the n-
ZnO/p-NiO heterostructure through the existence of two sets of diffraction belonging to NiO
and ZnO. The photocatalytic properties of the p-NiO/n-ZnO heterostructure were investigated
by measuring the degradation of Methylene Blue dye under solar light irradiation. It was
found that the thickness of the n-type layer plays a critical role in the heterostructure
performance. The thickness obtained for 6 coating layers shows the best photocatalytic

activity with degradation rate in the order of 98.67% for 4.5h of irradiation exposure.

Keywords: ZnO, NiO, thin films, photocatalysis, Sol-Gel method.



Résumé

Dans ce travail, nous avons étudié¢ I’effet de la vitesse de tirage sur les propriétés des
couches minces d’oxyde de nickel, I’effet du dopage a 1’argent sur les propriétés de I’oxyde
de zinc et I’élaboration de couches minces hétérostructure p-NiO / n-ZnO. Tous les films
minces ont été déposés sur des substrats de verre en utilisant la méthode de sol-gel trempage-
tirage. Les propriétés structurales, optiques et morphologiques des films ont été étudiées par
diffraction des rayons X, spectrophotométrie et microscopie a force atomique (AFM),

respectivement.

Il a été constaté que I’augmentation de la vitesse de retrait entraine une détérioration de la
cristallinit¢ des couches minces de NiO et une diminution de la transmission optique.

Cependant, la rugosité de surface s’est accrue avec un accroissement de la vitesse de retrait.

Concernant l'effet de dopage a 1'Ag des couches minces de ZnO, les résultats obtenus par
DRX ont révélé une diminution de la qualité cristalline avec ’augmentation de la
concentration de Ag. Un décalage du pic de diffraction (101) vers des angles plus élevés a été
observé. Ceci est dii a la substitution des atomes Zn par Ag dans le réseau ZnO. Pour I’étude
morphologique, les films avec une concentration ¢levée en dopage Ag montrent une faible
rugosité de surface. Une diminution des valeurs RMS a été aussi observée, de 8,60 a 4,62 nm
pour ZnO pure et ZnO dopé-Ag a SWt%, respectivement. L'analyse optique montre que le
dopage a I'Ag augmente la transmittance optique des couches minces de ZnO. Ainsi, ces
résultats obtenus peuvent suggérer la possibilité de 1’utilisation des couches minces de ZnO

dopées a I'Ag dans différentes applications, notamment I'optoélectronique.

Enfin, des films minces a hétérostructures n-ZnO / p-NiO avec différent nombre de
revétements de la couche de n-ZnO (2, 6, 9 et 12) ont été préparés. Les résultats de DRX
confirment la formation de 1'hétérostructure n-ZnO / p-NiO grace a l'existence de deux
ensembles de diffraction appartenant a NiO et a ZnO. Les propriétés photocatalytiques de
'hétérostructure p-NiO / n-ZnO ont été étudiées en mesurant la dégradation du colorant bleu
de méthyléne sous irradiation solaire. Il a été constaté que 1'épaisseur de la couche de type n

joue un role critique dans la performance de I'hétérostructure. L’épaisseur obtenue par 6



couches de revétement montre une meilleure activité photocatalytique avec un taux de

dégradation de I’ordre de 98,67% pour 4,5 h d’exposition a 1’irradiation.

Mots-clés: ZnO, NiO, films minces, photocatalyse, méthode Sol-Gel.
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