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GENERAL INTRODUCTION

Considerable efforts are recently focused on semiconducting metal oxides materials
such as TiO2, SnO,, ZnO and CuO, which have been the subject of a great deal of many
researches and have aroused great interest in the academic and industrial world. At the
nanoscale form, these materials offer a remarkable improvement in their properties compared
to the corresponding micro-and macro-materials. The development of these materials is related
to their attractive physical properties and advantages compared to other materials (stable, non-
toxic, low cost, etc). These materials (oxides) are good candidates for applications in different
technological sectors, especially in photovoltaics and optoelectronics[1].

Zinc oxide belongs to the II-VI semiconductor group, featuring a direct band
gap of 3.37 eV and an exciton binding energy of 60 meV at ambient temperature. These
properties, combined with its high chemical stability, non-toxicity, low growth temperature,
and transparency in the visible spectrum, position ZnO as a promising material for various
applications. ZnO has potential uses in devices such as transparent electrodes [2], gas sensors
[3], solar cells [4], spintronic devices [5], and UV light-emitting diodes (LEDs) [6]. Numerous
methods for fabricating ZnO thin films have been explored, including pulsed laser deposition
[7], RF magnetron sputtering [8], molecular beam epitaxy (MBE) [9], spray pyrolysis [10], and
chemical vapor deposition [11]. The sol-gel method, in particular, has gained interest for its
simplicity, cost-effectiveness [12, 13], and benefits like large-area deposition and uniform film
thickness [14]. The impact of film thickness on ZnO's properties has been thoroughly
investigated using various physical and chemical synthesis methods, further expanding its

potential for a wide range of device applications. [15-19].

In recent years, numerous studies have focused on improving the properties of ZnO by
doping it with elements such as Co, Mn, Al, and Mg. [14]. Manganese (Mn) has been
extensively studied as a dopant, particularly in Mn-doped ZnO (MZO) thin films, where various
physical properties have been explored under different experimental conditions [20]. This
research is driven by the potential of ZnO for optoelectronic applications in the blue and
ultraviolet spectral ranges [21], as well as its unique characteristics as a dilute magnetic
semiconductor, including room temperature ferromagnetism and semiconductivity. Notably,
the properties of MZO thin films are strongly influenced by film thickness. Research on films
deposited through RF magnetron sputtering indicates that increasing the thickness improves
crystallinity and grain size, while decreasing strain, average transmittance, and band gap
energy. These films generally crystallize in the wurtzite structure, exhibiting a preferred

orientation along the (002) c-axis.[22-24].
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The first chapter presents a experimental literature review. This review aims to provide
a timely overview on the development of MZO thin films by sol-gel, spin- and dip-coating as
reported in literature survey from 2010 to 2024. Starting with preparation materials, solution
preparation, depositing the materials and finally the properties of thin films. Properties of thin

films such as structural, morphologies and, optical, bonding, properties.

The second chapter presents a general description of the sol-gel process, describes the
experimental spin coating technique used to prepare thin films, discuss the protocol for the
elaboration of Mn doped ZnO in thin films. The morphological, structural and optical

characterization techniques will be briefly explained.

The third chapter is dedicated to presenting and discussing the obtained results
and is divided into two parts. The first part focuses on the fabrication of 7% manganese-doped
zinc oxide (MZO) thin films with varying number of layers (1 layer, 2 layers, and 4 layers),
synthesized using the spin coating method. The structural, morphological, and optical

properties of the MZO thin films are then characterized through various techniques.

Finally, a summary of the main conclusions drawn from the different characterizations

of the MZO thin films is presented.
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CHAPTER 1 LITERATURE REVIEW

I. 1. A review on synthesis and properties of manganese doped zinc oxide
thin films

I.1.1. Introduction

Hexagonal Zinc oxide (ZnO) with wurtzite structure and tetrahedrally coordinated
atoms, is the most stable phase; which usually exhibits a preferred orientation along c-axis, a
spontaneous polarization [1] and a mix of ionic and covalent type Zn-O bonding [2, 3]. At
ambient experimental conditions, transparent ZnO having a high exciton binding energy (60
meV) and direct large band-gap (Eg) (3.37 eV), is a promising candidate for several
applications such as gas sensor [4, 5], photo catalytic processes [6, 7], transparent conducting

electrodes [8, 9], laser system [9, 10], light emitting diode [11, 12].

Fabrication of transparent conducting oxides (TCO) thin films with desired properties,
like grain shape and size, surface morphology, band gap, transmittance, growth mode, is
important task for different practical applications. Preparation conditions, synthesis method and
doping process are the main factors for controlling such properties. Nontoxic and chemically
stable TCO such as ZnO, have several interesting properties and they have been widely doped
with transition metal elements such as manganese (Mn). In addition to these advantages, the
elaboration of TCO by a low cost and simple method, like sol-gel process, constitute a
combination that attract the attention of several researchers to exploring the effect of the
preparation conditions on the properties of Mn doped ZnO (MZO) thin films. There are many
factors influencing the growth mode of MZO thin films and then their properties [13-20]. These
factors are subdivided into three main categories, i.e., dopant element, synthesis method and
appropriate environment. Reproducibility with desired properties remains to be a major
problem in thin films preparation and this must be resolved before they can be used in various
opto-electronics applications. Numerous techniques have been used to improve the properties
of ZnO films such as spray pyrolysis [13], pulsed laser deposition (PLD) [14], reactive
magnetron sputtering [15], molecular beam epitaxy [16], chemical vapor deposition (CVD)
[17], dip coating [20] and spin coating [18, 19].

ZnO from sol-gel solution, used as source for spin coating or dip coating, is a relatively
low cost and simple process. It possesses the ability to achieve uniform MZO nanostructures at
low temperatures and under very controlled and stable conditions. Transition metals doped ZnO
thin films have been studied with various elements such as Silver [11], manganese (Mn)[21],
Aluminium [8], Antimony (Sb) [14], Cobalt (Co) [18] and Sodium (Na) [20]. Among them, Mn

i1s extensively used to enhance the properties of ZnO host lattice such as transparency,

[ s
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ferromagnetism, crystalline quality and conductivity[22, 23]. manganese (Mn) is a suitable one
for the incorporation into the ZnO lattice due to its high solubility with respect to ZnO[24].
Since ZnO is quite common materials for different applications, many reviews on ZnO
were published for the last 10 years. However, on ‘doped’ and ‘thin film’ of ZnO are still
limited. For example, Fan et al [25] considered the copper as p-type ZnO promising materials
in addition to elements from different group and they focused only on the application of such
materials; Zhu et al. [26] also pointed out the copper as a potential candidate, among others, to
the room-temperature gas sensing of ZnO-based gas sensor; later on, B. L. Martinez-Vargas et
al. [27]explained Explained the different synthesis techniques of the ZnO-MnO nanocomposite
and highlighted their impact on the structural and surface morphologies of the prepared
materials; recently, A. Boukhari et al [28]investigated the effect of thickness on the structural,
morphological, electronic, and optical properties of pure and 7% Mn-doped ZnO thin films prepared by
the sol—gel spin coating method, employing both experimental techniques and DFT+U calculations to

examine the influence of film thickness and Mn incorporation on the physical properties and electronic

structure of ZnO-based materials.

To the best of our knowledge, reviews on specifically Mn dopant ZnO thin films, have
not been reported yet. Its interesting to have a review devoted mainly to the properties of ZnO
thin films based on the doping with a specified element, i.e., Mn and prepared by a simple and
low-cost method, i.e. sol-gel. The compilation of articles will be providing a huge database to

the researchers working on MZO thin films properties.

This review aims to provide a timely overview on the development of Mn thin films by
sol-gel, spin- and dip-coating as reported in literature survey from 2010 to 2020. Starting with
preparation materials, solution preparation, depositing the materials and finally the properties
of thin films. Properties of thin films such as structural, morphologies, electronic, optical,
bonding, vibrational and magnetic properties as well as chemical composition, will be reviewed

in detail.

I.1.2. Synthesis of MZO thin films

The preparation and growth technique of raw materials played an important role in
controlling the properties of thin films. Different physical and chemical properties can be found
for the same deposited material by various elaboration techniques, in which its properties are

strongly influenced by the experimental conditions. Sol-gel process is a low cost and simple
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chemical synthesis methods of MZO thin films. It is also involving several parameters such as
additive, solvent, substrate, solution stirring and aging time, preheating, coating method, and
annealing. The sol—gel process or soft chemistry, which consists of preparing a sol, its gelation,
and solvent removal is well suited for the synthesis of composite nanopowders, oxide
nanoparticles, and organic—inorganic materials using spin or dip routes. The key advantages of
this process is the ability to achieve uniform nanostructures at low temperatures, while the
introduction of impurities from byproducts of the reaction is considered its major disadvantage
[29].

Focussing on findings from various sources[30-36], parameters involved in the sol-gel
process during elaboration of MZO thin films, such as source of the precursor and its
concentration, type of solvent, additive species and their concentration, stirring and aging time
of the sol, preheating, annealing, coating method, speed and type of the substrate, will be

discussed in detail in the following section;

i. Precursors: the viscosity of the sol-gel is controlled by changing the concentration of the precursors,
which influences the MZO film thickness,

ii. Solvents: the choice of solvent is important for MZO thin films preparation in such that precursors
are soluble in the solvent medium and get easily decomposed into volatile compounds

iii. Additives: structural properties and growth mode of MZO thin films are found to be based on the
concentration of additives,

iv. Substrate: morphology and growth mode of MZO films are influenced by the deposition on
different kinds of substrates,

v. Heating and annealing coating: the amount of porosity can be lowered by increasing the annealing
temperature, which influences the surface area of the MZO thin film,

vi. Speed and coating mode: higher angular velocities lead to thin and uniform layers on flat substrates,

whereas in dip coating process, higher withdrawal speeds result in thicker films.

The sol-gel is dropped onto a substrate, which rotates at high speed in the spin coating
method. This causes the excess liquid to flow out of the substrate (Figure 1a). The constant
speed rotation allows to cover the substrate with uniform decreasing of the film thickness.
Evaporation then removes the solvent leaving behind a dry solid film [37]. Finally, the
nanoparticles aggregate to agglomerates by drying and heating [38, 39]. In the dip-coating
method, a substrate is immersed into a solution containing the sol-gel and then removed at a
specific speed under very controlled and stable conditions to obtain a regular porous film

(Figure 1b). Films deposited by these technique are usually X-ray amorphous and require a
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calcination step to obtain crystallization [37, 40]. There are many works published on synthesis
of MZO thin films by different routes, elaborated either by spin-coating [41-43] or dip-
coating[44, 45].

C applying the 3 ; ; ; repeating to prepare
‘\ solvent solution fotarng oy 3 multilayer structure

NE

Substrate | — —> o e :'

Sybstrate -7
s =Y
Sol . e
& ~a
C Dipping Immersion Deposition and  Evaporation

Drainage

Figure I.1. Schematic diagram of (a) sol gel process by spin-coating route, reprinted from
Ref. [46], (b) dip-coating route, reprinted from Ref. [47].

The mixing of reagents and precursors leads to the formation of a sol by either
hydrolysis or polymerization reactions. The adding of polymers converts the sol to gel after
thermal treatments. The gel can be deposited onto substrates and calcined to obtain the final
material as thin films of different form such as nanospheres, nanorods, nanoflakes, nanotubes,
nanoribbons, nanospheres and nanofibers. The following section summarizes the various
precursors, solvents and additives used in the preparation of MZO thin films and deposited onto

substrates by sol-gel method [48]:
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i.

il

Zinc and manganese precursors:

Zinc acetate dehydrate (ZAD; Zn(CH3COO),-2H>0) is the most often used zinc
precursors [49-60] and, less favorable, the zinc acetate anhydrous (ZA; Zn
(CH3COO),) [61, 62] for ZnO thin films elaboration. For Mn dopant, several
manganese precursors have been additionally used for MZO thin films elaboration
such as manganese acetate (MA; Mn (CH3COQO),)[63], manganese nitrate
(MN; Mn(NOs),), manganese nitrate tetrahydrate (MNT; (MnNO;), 3H;0)
[64], manganese sulfate = monohydrate (MSM; MnSO+-H:0)[65], manganese
acetate dihydrate (MAD; Mn (CH3COO),- 2H20) manganese acetate tetrahydrate
(MAT; Mn (CH3COO)2:2H20)[66], manganese nitrate hexahydrate (MNH,;
MnH;N,0,)[67] and manganese chloride(MC; MnCl,)[68].

Solvents

Different types of alcohols which are used as solvents, i.e. ethanol (EtOH;
C>Hs0OH), methanol (MeOH; CH3OH), isopropanol [IPA; C H 3 CH(OH)-CH3], 2-
methoxyethanol [2-ME; CH3O(CH2);OH] and 2-propanol [2-PrOH; IPA;
(CH3)CHOH]. Ethanol and 2-methoxyethanol the are the most used solvents[67, 69-
72].

iii. Additives:

To facilitate the complete dissolution precursors-alcoholic media and the
formation of a stable sol, additives are used [73]. In addition to the most often used, i.e.
monoethanolamine [MEA; (HOCH,CH2)NHz>], there are other additives used in the
MZO thin films elaboration, namely, diethanolamine [DEA; (HOCH>CH:)NH],
triethanolamine [TEA; (HOCH2CH)3N], acetic Acid (Ac. Ac.; CH3COOH) and lactic
Acid (Lactic Ac.; CH3CHOHCOOH) [70, 74-76]. Sometimes, it is preferable to use an
additive instead of other in certain circumstance for better dissolution of the mixture.
Moreover, most of the studies on MZO thin films are restricted to low Mn doping
concentrations. This might be attributed to the limited solubility of Mn in ZnO host
lattice or the appearance of other phase like MnO, MnO> or Mn,0O3 lattices[23] [77].
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iv. Substrate:

Preparation of MZO thin film by sol-ge are mostly deposited on glass
substrate[21, 78-80]. Later, the heat treatment (below 100 °C) on sample still producing
clear and homogenous solution[81]. Two mechanisms due the nucleation at the
film/substrate interface, were proposed for the orientation of the films on the glass
substrates. The first is favored on smooth surfaces with the tendency of nuclei to develop
a minimum free energy configuration. The second results from survival of nuclei having

an energetically unstable plane parallel to the substrate [16]. Spin and dip
coating methods also enables MZO thin film deposition on a variety of specific types of
substrate including quartz[82], silicon [78] soda lime[83], ITO[84] and

borosilicate[85].
v. Heat treatment.

The synthesis of MZO thin film needs two heat treatment normally applied for;
pre-heat treatment which removes the solvent leaving behind a dry solid film, and
annealing by which nanoparticles aggregate to agglomerates. Pre-heat treatment
depends on additives and solvent, but it should be higher than the boiling point of them
[86]. Some additives-solvent combinations, like monoethanolamine and 2-
methoxyethanol (MEA-2-ME), need a higher temperature (~250-500 °C) while a low
temperature (~70-150 °C) 1is sufficient for some other combinations, like
diethanolamine-2-propanol (DEA-2-PrOH), during evaporation and removal of the
organic compounds, to grow (002) oriented films. The annealing temperature, which
generally varies within a range of 400-800 °C, is an important factor governing the
orientation of the crystallites and the well-crystallization of the films[86]. The
formation of MnO phase is possibly observed if the temperature acceding 800 °C,
[77].
I.1.3. Structural properties of MZO thin films

Structural analysis by X-ray diffraction (XRD) is an analytical technique primarily used
for providing information on the structure and phase of a crystal and can also confirm the
incorporation of defects in each host lattice. Various parameters within the crystal such as the
lattice parameters, crystallite size and number of phases, stress and strain, which were deduced
from the diffraction peaks of XRD analysis, are then presented and discussed in this section.
Manganese (Mn), a group VIIB element, typically exhibits valence states of +2 or +3,

depending on its chemical structure and bonding environment. Thus, manganous oxide (MnO),

[ 10
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manganese dioxide (MnO2), and manganese(Ill) oxide (Mn,O,) are the three stable types of

manganese oxide. The radii of Mn?* (81 pm) and Mn*" (65 pm) ions are similar to that of Zn**

ion (83 pm), which makes Mn a potential doping candidate for ZnO|[87].

XRD techniques are powerful, non-destructive tool for material characterization. It
provides the first information about the structural properties of the materials, before any other
characterization can be done. For thin films deposited on to the substrate, the X-ray beam enters
with a small angle of incidence (0.5-2), known as grazing incidence X-ray diffraction GIXRD

(Figure 1.2) [88], which has been used to characterize MZO thin films[33, 89]. In this
case, the incidence angle is fixed, and the crystallites are randomly oriented which limits the X-
ray penetration into the thin films. One of the most critical conditions for XRD analysis of
samples is proper sample preparation. Since peak broadening is negligible for larger particles,
XRD is generally useful for nanoscale crystallites with diameters below 100—200 nm. For very
small particles with a diameter below 2—3 nm, the peak width cannot be reliably measured or
even observed. Furthermore, since the Scherrer equation ignores internal particle strain and
defects, which can cause peak broadening, the particle size determined by XRD should not be
regarded as absolute measure of crystallite size [90].
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Figure 1.2. Schematic diagram of grazing incidence X-ray diffractometry [88].




CHAPTER 1 LITERATURE REVIEW

XRD spectra of pure ZnO thin films generally shows a peak at the Bragg angle of
~34.5°, which is assigned to (002) plane [91, 92]. Moreover, (100) peak at ~31.9° and (101)

peak at ~36.4° can also be observed in some cases [53, 93].

The incorporation of Mn at low concentrations into the ZnO host lattice does not exhibit
any additional secondary phases (such as MnO or MnQ,) and preserves the wurtzite crystal

structure of ZnO. This is attributed to the substitutional incorporation of Mn?** ions into the ZnO
lattice, facilitated by the similarity in ionic radii between Mn2* (0.66 A) and Zn* (0.74 A)[94].
Under such conditions, Mn-doped ZnO (MZO) prefers the (002) plane as the dominant
orientation among several possible planes corresponding to (100), (002), (101), (102), (110),
(103), (112) and (004) peaks of ZnO observed in the XRD patterns (P6:mc space group; JCPDS
card No. 00-36-1451)[94]. This asserts that MZO thin films possess a polycrystalline nature.
However, The other Mn3O4 phase can appear by increasing content of Mn dopant, 10
mol.%[94], with emerging a (121) new peak. The intensity of (002) peak is generally increased,
especially at high Mn concentration, leading to the degradation of the (002) preferential
orientation of MZO thin films with the enhancement of other orientations like (100) and

(101)[94]. This was affected to heterogeneous nucleation proces[95].

The variation occurred in intensity and position of different peaks of XRD pattern by
Mn doping were presented in the literature as a function of diffraction angle for ZnO and MZO
samples [96, 97]. A slight shift in the peak position towards lower diffraction angles is obtained
with the increase of Mn concentration. The observed shift is attributed to the substitution of Mn
atom at Zn atom site where the ionic size of Mn?" is slightly smaller than Zn**,This can also
explain the change occurred in other related parameters, such as lattice constants, crystallite
size and strain and stres [98]. On the other hand, the diffraction peaks of XRD analysis can give
other information within crystal such as the lattice parameters, crystallite size and number of
phases, and that is through famous formulas and appearing and/or disappearing of some peaks

in the XRD pattern of MZO thin films[98].

The increasing level of Mn content can influence the lattice strain[70, 82]. The strain
variation is explained by the presence of excess Mn dopant at grain boundarie[83]. It is also

ascribed to the intrinsic stress due to the impurities and defects in the host lattice[70].

The lattice constants a = b and ¢ can be usually calculated from XRD patterns for pure
and MZO thin films. It is observed that lattice constants are slightly affected by Mn content.

This is mainly due to the strain induced by the incorporation of Mn into ZnO host lattice, which

I [ 12
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leads to the change in bond angle along ¢ axis between Zn-O planes (120° for hexagonal
wurtzite ZnO) where the ionic radius of Mn** (0.66A° ) is slightly smaller than that of Zn>"
(0.74A" )[98].

It is also found that the increasing of Mn doping influences the crystallite size (D). The
crystallite size presents an decrease with increasing Mn content, especially at higher
thickness[82], while an decrease followed by a increase is marked at lower thickness[78].

However, a decrease in the crystallite size value is also noticed in the literature[21, 83].

In addition, the preferential orientation and its intensity of MZO films for a given
concentration depend on the deposition method [86, 99]. Moreover, the increasing level of Mn
concentration plays an important role in the change of the preferential orientation from one
direction to another, where the growth mode of grains translates from c-axis growth

perpendicular to the substrate to lateral one[68].

The thicknesses of MZO thin films, elaborated by different methods at various
experimental conditions were measured by different techniques such as cross sectional SEM
2D-image, Profilometer, envelope method based on transmittance measurement. The compiled
data exhibit both an increase [100] and a decrease[82] in the thickness with increasing Mn
content. This may be attributted to the growth mode of grains, perpendicular or lateral, which
is affected by Mn incorporation as well as the experimental conditions such as substrate type
and deposition mode. However, slight variation of thickness is also noticed in the literature,

especially at lower Mn concentrations[70].

The shift of the main peaks position and their intensity from the XRD analysis of MZO
thin films were intensively investigated for lower and somewhat higher concentrations[87,
101]. Most of reports exhibited a shift of main peak (002) position towards higher diffraction
angle (20) with the increase of Mn doping concentration [28, 102]. This behaviour was
explained by taking into account that the ZnO host lattice might be doped by Mn?** ions, whose
ionic radius (0.66 A) is slightly smaller than that of Zn2* (0.74 A), which were identified
experimentally in the ZnO by XPS spectroscopy[78].
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Summary of the main findings of the gathered results from previously cited works, can

then be drown as follow,

ii.

1il.

1v.

At lower Mn doping levels, Mn?* ions are substitutionally incorporated into the
ZnO lattice without the formation of secondary phases. This is facilitated by the
close similarity in ionic radii between Mn2* (0.66 A) and Zn>* (0.74 A), leading to
the conservation of the hexagonal wurtzite structure and the dominance of the (002)

preferential orientation.

An increase in Mn concentration induces a transformation in the grain growth mode
from a c-axis oriented growth (perpendicular to the substrate) to lateral growth.
This transition affects the film morphology, thickness, and preferred orientation,
depending on deposition conditions.

At elevated Mn doping levels , secondary manganese oxide phases such as Mns;Oa
may appear, as evidenced by the emergence of new diffraction peaks (e.g., (121))
and a reduction in the intensity of the (002) peak. This behavior is associated with
the saturation of Mn solubility in the ZnO lattice and enhanced heterogeneous

nucleation.

XRD patterns exhibit a shift in the position of main diffraction peaks, particularly
the (002) peak, with increasing Mn content. A shift towards lower angles is often
reported and attributed to the incorporation of Mn?" into Zn sites, causing slight

lattice distortions due to ionic size mismatch.

Mn doping introduces lattice strain and intrinsic stress due to the presence of
dopants and structural defects. These factors lead to changes in lattice parameters
(especially along the c-axis), as well as a general reduction in crystallite size with
increasing Mn content, particularly in thicker films. In some cases, a non-
monotonic trend in crystallite size is observed depending on film thickness and

deposition conditions.
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I.1.4. Morphological properties of MZO thin films

To investigate the smallest of internal thin films, results issued from Atomic Force
Microscopy (AFM) and Scanning Electron Microscopy (SEM) are investigated in this. So, the
micrographs give further confirmation to results issued from XRD patterns due to ability to
reveal the grain size and the surface roughness of MZO thin films. In the tow following sections,
we will summarize the various factors related to preparation method and adding materials that
influencing the morphological parameters of MZO thin films such as particles agglomeration,

grain size and shape, growth mode and roughness.

1.1.4.1. AFM morphology of the MZO thin films

Atomic Force Microscopy (AFM) is based on measuring the forces between a given
sample surface and a sharp tip which moves across it and generates three or two dimensional
topographic map of the surface (Figure 1.3) [103]. Depending on the cantilever oscillation, the
AFM can be operated in three common modes: contact, non-contact, and tapping. For soft

samples, non-contact mode is preferable over contact mode, in which the AFM measurement
does not suffer from tip or sample degradation effects. AFM does not request any special

treatment during MZO sample preparation such as its coating with a conducting film and

vacuum [104].

AFM analysis have been reported in the literature on MZO thin films at various Mn
doping levels expressed as atomic percent (limited to low x [82, 105] and extended to higher x
[106]), weight percent [107] or molar percent[68]. Then, two and three-dimensional AFM
images [37, 108]as well as morphological parameters, such roughness and grain size, are
usually extracted from the AFM analysis of the samples. A nanofiber-like morphology was
observed for lower Mn-doped ZnO films [42], which differs from the mixed granular and
columnar microstructure reported in other studies at higer Mn doping concentrations. Pure and
MZO thin films with Mn concentration of 1, 3 and 5 mol%, exhibited a closely packed and
granular features for undoped films and larger grains densely packed for Mn doped films[109].
Other surface morphologies from previous works are also tabulated in sake of comparison and
to give more insights on the influence of various preparation parameters on surface morphology.
Some works noticed the decrease in the surface roughness with increasing Mn content [68]
while some others marked its increase at lower x followed by a decrease at lower x [108].

However, a increase in the surface roughness is also marked in the literature[77]. Therefore, it
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has been demonstrated that the particle shape and size as well as surface morphology were

strongly dependent on the synthesis condition as well as on the range of Mn concentration.

Detector and

Feedback
Electronics

, Photodiode \/Lasﬂ

~_/Cantilever & Tip

Sample Surface

Figure 1.3. Schematic diagram of a typical AFM instrument [103].

1.1.4.2. SEM morphology of the MZO thin films

Essential information about the surface morphology of the sample can be produced from
Scanning Electron Microscopy (SEM) analysis. The electron beam of SEM interacts with atoms
at different depths within the sample and emits X-rays, backscattered electrons, secondary
electrons, and Auger electrons. SEM makes use of the backscattered and the secondary
electrons and produces High-resolution images (Figure 1.4). The obstacle created by the
vaporized water in the vacuum, obscures the clarity of the image. So, removal of water is
essential [110]. Coating of non-conducting or poorly conducting thin films by conductive layer
of metal (Typical range of 2-20 nm) is required in SEM to enable or improve the imaging. This

process reduces thermal damage and charging and improves the secondary electron

emission [110, 111].

Many reports showed SEM images for MZO films elaborated by different process at
various experimental conditions[28, 82, 98, 108, 112]. FE-SEM images of MZO thin films with
Mn content of 1, 2 and 5at [67] . For 1 at% Mn, the films consist of equiaxed nanoparticles
with an average diameter of around 50 nm. At 2 at% Mn, the films show a more compact and

uniform structure with slightly reduced grain size, indicating improved densification. For 5 at%
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Mn, the grain size further decreases and the surface becomes even smoother with lesser
overgrown particles, suggesting enhanced film uniformity and suppressed grain growth at

higher Mn concentrations.

In their study on Mn doping, Dan et al[68]. reported that SEM analysis revealed
compact, crack-free surfaces in both undoped and Mn-doped ZnO thin films. The nanorod
diameter was observed to decrease with increasing Mn doping level. At 7 at%, the structures
showed enhanced uniformity and noticeable morphological variation, MZO films with 0 <x <
7 at% displayed aligned and dense nanorods at low doping, which transformed into irregular

microstructures at higher x [95].

Electron
source

Anode Anode

Electron beam =3

Scan coil

Sample

Figure 1.4. Schematic diagram of Scanning Electron Microscopy (SEM) [110].

From findings on morphology analysis either by AFM or by SEM microscopy, one can

draw the following remarks,

i.  Mn doping and particle form: the particle shape and size are significantly affected by
the Mn doping level, with noticeable morphological transitions,
ii.  Mn doping and grains density: increasing Mn content generally leads to denser and more
compact grain structures,
iii. ~ Mn doping and roughness: surface roughness shows varying trends with Mn doping
depending on synthesis conditions,
iv.  Mn doping and internal structure: higher Mn concentrations can result in suppressed

grain growth and morphological changes in the MZO thin films.
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I.1.5. Electronic and optical properties of MZO thin films
I.1.5.1. Transmittance and band gap energy

Analysis by Ultraviolet-Visible (UV-Vis) spectroscopy is an important tool used to
characterize materials by light in ultraviolet (UV: ~300 -400 nm), visible (Vis: ~400-750 nm),
and near infrared ranges (NIR: ~750-3200 nm). The measured spectra of MZO thin films
deposited on transparent substrates may be received as transmittance, absorbance or reflectance
of radiation and quantitative and qualitative information are then provided. For MZO thin films,
the band gap absorption was found to vary in the ultraviolet region while the main optical
parameter, i.e. static refractive index, was estimated from the interference fringes of the optical

transmission spectrum in the visible and ultraviolet ranges.

Ellipsometry, with non-normal incidence of light, and the spectral reflectance, with the
incident light perpendicular to the film surface, are two most common optical measurement
types. This latter is generally much simpler and suitable for MZO transparent thin films. UV-
Vis spectroscopy has been commonly used as suitable method to characterize the optical and
electronic properties of MZO thin films deposited on transparent substrates [21, 23, 112] from
measurement of transmittance and/or reflectance. Optical energy gap Eg can then be extracted
using the well-known Tauc relationship [113]. The dispersive refractive index spectrum in
photon energy range less than Eg are analyzed by Wemple and DiDomenico according to the
single-efiective-oscillator model [114]. For basic UV-vis characterization, the MZO thin film
sample is placed accordingly with a double-beam UV-Vis spectrophotometer (Figure L.5)
[115]. The reference cell often contains the substrate (utilized as a reference) and the other cell

contains the sample (MZO thin film). The spectrum of MZO thin film is then obtained

by subtracting the absorbance of the substrate.
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Figure L.5. A schematic diagram of a double-beam UV-Vis spectrophotometer [115]

MZO thin films generally exhibited high optical transmittance in the higher wavelength
region (A>400 nm)[30, 112, 116]. The shift in the absorption edge in the transmittance spectra
of MZO thin films towards lower wavelength region are observed with increasing of Mn
concentration [31]. For a uniform film, the interference effects give rise to oscillating curves
(interference fringes), which are used to estimate the optical parameters, such as refractive
index, and the thickness of the films. These interference fringes disappear in the region of strong
absorption (A<400 nm) and they are not usually observed for films with very low thickness.

The average transmittance in the visible region was found to be influenced by increasing
Mn doping[77, 78]. Some reports found that average transmittance is decreased with increasing
Mn content[21, 116]. whereas Some studies reported that as the film thickness increased, the
average optical transmittance decreased due to increased light scattering and absorption,
although the actual absorption coefficient may be reduced due to structural defects such as
cracks[21, 28]. To justify these trends, various causes have been given, The slight improvement
in the average transmittance for pure and MZO thin films of 5, 10, 15 and 0.7 and 20 layers,
was attributed to the optical scattering|[28]. This scattering was decreased by the reducing in the
density of grain boundary, which stems from the increased grain size. In other work for pure
and MZO thin films with Mn content of 0.05 and 0.1 mol% [117], authors explained the slight
decrease with Mn content by the creation of oxygen vacancies and scattering at the grain
boundaries[67].

The band gap (Eg) values of the MZO thin films at different Mn contents was obtained

from measured transmittance and/or absorbance[68, 116, 118]. The observed shift in the
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absorption edge in the transmittance spectra towards higher wavelength region suggests the
shrinking of the band gap energy. The broadening of the band gap energy was noticed in few
reports[119]. On the other hand, this may be attributed to the s—d and p—d interactions to explain
the narrowing of the band gap with Mn concentration observed[69]. Sivalingam et al. [98]
reported that this trend may be due to the manifestation of the presence of strong exchange
interaction between localized d electron of Mn** ion and the s and p electrons of host matrix
(ZnO). This can also be theoretically explained using the second-order perturbation theory [98,
120].

Finally, it is worth noting to provide the reader by a summary of the main findings on

the transmittance and bandgap for MZO thin films:

a) Shift in absorption edge: A shift of the absorption edge towards lower
wavelengths was observed with increasing Mn concentration, indicating a
broadening or shrinking of the bandgap depending on the nature of Mn
interaction.

b) Average transmittance trend: The average transmittance decreased with
increasing Mn doping and/or film thickness, due to enhanced light scattering and
absorption, as well as grain boundary effects and oxygen vacancies.

c) Shrinking of bandgap: The narrowing of the bandgap with Mn content was
attributed to s—d and p—d exchange interactions between Mn?" ions and the ZnO
host matrix, which may be explained theoretically via second-order perturbation

theory.
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1.1.10. Conclusion and prospectus/future/outlook

Various studies have been carried out on the investigation of MZO thin films in view of
various applications. A summary of structural, electronic and optical parameters of MZO thin
films was tabulated in order to investigate their evolution by increasing level of Mn content
under variety of experimental conditions. It was found that each combination solvent-
precursors-additive under various experimental conditions as well as the elaboration method
strongly affects the various properties of elaborated MZO thin films. The crystallite size, lattice
constants, lattice strain, diffraction peaks, band gap, transmittance, and surface morphology,
were found to be influenced by increasing Mn doping. Moreover, various experiments with the
same Mn content led to results possessing a contradictory evolution. This confirmed the effect

of the involved experimental parameters on the growth and structured of MZO thin films.

Best knowledge on the combined effects of the preparation method and conditions as
well as adding material, i.e. Mn, help in exploring a variety of new potential applications for
MZO thin films. So, further researches are required to produce homogenous incorporation of
Mn dopant into ZnO host lattice and to gain more insights into the MZO preparation-property-
application relationship. We hope to provide support in the area of -elaboration
process, characterization and properties of low thickness metal oxides thin films and our
review can open the door to researchers working on MZO thin films elaboration to improve
their performance for the typical applications, like gas sensing and optoelectronic

devices technology, or even to exploring new applications in technological devices.
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I1.1. Metal oxides nanomaterials

I1.1.1. Introduction

Thin film technology is both an ancient art and a relatively new science. The use of thin
films extends back to the metal ages of antiquity [1]. In recent years, many researchers have
focused on studying the properties of thin films due to the easy and versatility of their
manufacturing methods, especially the chemical ones, as well as their various potential

applications in many technological devices.

I1.1.2. Thin film definition

A thin layer of a given substance is the material deposited on a substrate, one of its
dimensions, called thickness, is greatly reduced so that it is expressed in nanometer and
becomes quasi-two-dimensional material. This affects the majority of the physical properties
of thin films, for which, on the contrary for a bulk, one can not neglect the effect of the boundary
surfaces of materials. It's worth noting that the thinner the layer, the stronger the two-

dimensional effect [2].

I1.1.3. Thin film growth mechanisms

According to the observations of films evaporating [3], film growth can be divided into
steps: : (i) nucleation, where a small nuclei are formed which are statistically distributed over
the substrate surface, (ii) growth of the nuclei and formation of larger islands, which often have
the shape of small crystals (crystallites), (iii) coalescence of the islands (crystallites) and
formation of a more or less connected network containing empty channels, (iv) filling of the

channels [4].

I1.1.4. Thin film growth modes
Both experiment and theory of deposition at different stages of growth, have shown that
three distinguishable modes of growth and nucleation can occur: (i) Volmer— Weber model, (ii)

Frank—Van der Merwe model and (iii) Stranski—Krastanov [5].
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I1.1.4.1. The Frank-Van der Merve mode

Frank—Van der Merwe growth (FM), or also known as 'layer-by-layer growth' is the
preferred growth model for obtaining smooth films [6], which grow epitaxially at a surface or
interface of crystal. In FM two-dimensional (2D) growth mode, interaction between film atoms

and substrate surface is greater than between neighbouring film atoms.

11.1.4.2. The Volmer-Weber mode

When the atoms of a depositing films are more tightly coupled to each other than to the
substrate, the Volmer-Weber growth mode (VW) occurs. In this situation, three-dimensional

(3D) islands nucleate and grow directly on the surface of the substrate [7].

11.1.4.3. The Stranski-Krastanov mode

Stranski-Krastanov growth mode (SK growth mode) is an intermediate case between
the preceding two modes (FM and VW), it is also called "the layer-plus-island growth mode".
In this last mechanism, after the formed the two-dimensional layer, growth continues, forming

3D islands. Figure II.1 shows the mechanism of these three growth modes.

(a) —>
Island

(b) \ —> —>
Layer

rm_m SRR
(c) —

Stranski—Krastanov

Figure I1.1. Growth modes of film; (a) Volmer—Weber island growth (b) Frank—Vander
Merwe layer growth and (¢) Stranski-Krastanov layer plus island growth [5].
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IL.1.5. Nanotechnology and nanostructured thin films

Nanotechnology is a field of innovation and development interested with the design,
manufacture, and application of structures and devices by controlling their shape and size at a
nanoscale as well as the fundamental understanding of the effect of material dimensions on
physical properties or phenomena. Nanomaterials are of interest because they exhibit unique
optical, magnetic, electrical, and other properties at such a small scale [8]. Nanoscale brings

about giving rise to quantum phenomena that give materials new properties.

1I.1.5.1. Quantum confinement

The most common effect in the nanoworld is known as quantum confinement. In this
effect, the atomic structure changes due to the reduction of the nanometric scale. The quantum
confinement effect produces an increase in the excitonic transition energy and a blue shift in
the absorption and luminescence band gap energy as the particle size approaches the Bohr

exciton radius (Figure I1.2) [9].

Bulk semiconductor .- Nanocrystal semiconductor - .. Molecule
A ‘ \ . |—] -

e onfinement wi
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Figure I1.2. Quantum confinement effect. Comparison of bulk, nanocrystals and
molecules[10] .
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I1.1.5.2. Spatial confinement

Spatial confinement reflects the fact that the probability of having a defect inside a
particle decreases sharply when the size becomes less than the average distance between two
defects in the bulk material. In silicon, a pair of electron-hole can de-excite in two ways,
either radiatively by emitting a photon of energy corresponding to the gap of the material, or
non-radiatively on a crystal defect. Even for pure silicon, the second process dominates

because the radius of capture of the defects is enormous (~ um) [2].

I1.1.5.3. Surface effects

When the particle size significantly decreases, the surface -volume ratio increases. As
an example, we refer to the materials used in applications in catalysis and detection, for which
a very large specific surface area is exhibited. In the case of doped materials, increasing the
surface area- volume ratio greatly increases the probability of finding the dopant on the surface.

This significantly increases the efficiency of doping [2].

I1.1.6. General properties of zinc oxide

ZnO has three main crystalline structures, hexagonal wurtzite, cubic zincblende and
rocksalt (Figure I1.3). The wurtzite structure is the most thermodynamically stable phase. Thus,
the wurtzite structure type is obtained by alternate stacking along the ¢ direction (c-axis) of two
interpenetrating hexagonal-closed-pack (HCP) sub lattices. The until cell of sub lattices forms
a tetrahedron structure which consists of 5 atoms; one atom belongs to zinc (cation) and is
surrounded by 4 oxygen atoms(anions) and vice versa. Moreover, the ZnO wurtzite phase has
a polar hexagonal axis known as the c-axis (0002) that is parallel to the z-axis and the other is
the nonpolar plane and includes (112 0) and the (101 0). The nonpolar surface has a higher
surface energy compared to the polar surface. At room temperature (RT), the lattice parameters
of ZnO wurtzite structure are found to be around of a =b =3.2496 A, ¢ =52042 A and B=
120° , with a ratio of ¢/a=1.601 which is close to that of an ideal compact hexagonal structure
(c/a =1.633), The point group is C6v (6 mm) and the space group is P63mc in Schoenflies

notation and in Hermann—Mauguin notation [11].
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Figure I1.3. Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt, (b)
cubic zinc blende, and (¢) hexagonal wurtzite. Shaded grey and black spheres denote Zn and
O atoms, respectively and (d) The hexagonal wurtzite structure (HCP-type) of the ZnO
semiconductor [2].

I1.2. Sol gel technique

I1.2.1 Introduction

Figure I1.4 displays the schematic illustration of different routes in the sol-gel process
providing various types of substances. By evaporating the liquid phase from the gel phase,
xerogels are generated, while aerogels are created by solvent extraction under supercritical
conditions. The films are prepared by a coating of the precursor solution on the substrates by
means of dipping, spinning, or spraying. The solvent is eliminated during the deposition and
subsequent drying process, resulting in densification of the films. Heat treatment is substantial

to realize the target oxide composition and structural features.
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Figure I1.4. Synthesis of various forms of materials by the sol-gel process [12].

In the solution state, the main goal is to obtain strong homogeneity in the precursor
mixture, which has significant advantages for producing a pure-phase product and can also
result in lower synthesis temperatures [13].The main steps of thin film preparation by the sol-
gel process involve the elaboration of the precursor solution, deposition of the prepared sol on
the substrate by the selected technique, and the heat treatments of the deposited films. In
general, numerous parameters affect the preparation of thin films like the nature, molarty, and
concentration of the chosen precursor, the choice of solvent and additives, the coating technique
and deposition parameters, the nature of the substrate, and the heat treatment conditions.

Generally, the metal alkoxides of the general formulas M(OR), are the precursors most
often used in the sol-gel process, where M denotes a metal of valence n and R is an alkyl chain
of type (-CuHzn + 1). They can have high solubility and very high purity in a wide range of
organic solvents. The synthesis, the reaction behavior, and the physical properties of the
alkoxides have been extensively studied [14,15], therefore, only the main characteristics

necessary for understanding the reactions of alkoxides in solution will be recalled.
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I1.2.2. Chemical reactions

From a chemical point of view, the formation of oxide is the result of a complex
succession of interconnected reactions. The basis of the synthesis is the two fundamental
reactions regulating the entire sol-gel process, namely hydrolysis of the metal precursor and

condensation to form the oxide network.

I1.2.2.1. Hydrolysis

It is a reaction between a molecule of water and an alkoxide, allowing the releasing of
a molecule of alcohol in three steps illustrated in figure IL.5:
In order to condense the alkoxides at room temperature, the hydrolysis of the -OR groups

must begin the reaction process. This step is necessary to give rise to the hydroxyl groups -OH:

» 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 groups carried out by a balanced reaction process.

In a neutral condition, the reaction is written as [16 ,17]:

M-(OR)n+ H20 — OH-M-(OR)n-1 + R-OH

@) Hydrolyse M = Si, Ti, Al, 2Zr,...
?EQR Catalyse ?H OR
M~ +  H,0 - ™M

RO” TOR ? RO” TOR *  ROH

Figure I1.5. Hydrolysis Mechanism of alkoxides M-(OR), [17].

This reaction can be influenced by the following parameters:
» The catalyst is acidic or basic.
» The nature of the solvent.
» The amount of water relative to the alkoxide ([H20] / [alkoxide]).

» The temperature.
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11.2.2.2. 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 mechanism
reaction may take place between the different groups. The reaction of the groups (OH-M- (OR)

n-1) gives a water molecule (the oxolation) as:

OH-M-(OR) 1.1+ OH-M-(OR) n-1— (OR)n-1 -M-O-M-(OR) .1 + H20

The reaction of the groups (OH-M- (OR) n-1) with remaining non-hydrolyzed groups
MOR give a molecule of alcohol R-OH (the alkoxolation) as follows:

OH-M-(OR) ».1+ M=(OR) » — (OR)n-1 -M-O-M~(OR) ».1 + R-OH

The condensation reaction mechanism is concerning to the hydrolysis reaction.
Therefore, the hydrolysis parameters are also affecting the mechanism and kinetics of the

reaction of condensation and, consequently, the characteristics of the obtained gel[18].

I1.2.3. The sol-gel transition

Growing polymer chains that agglomerate by condensation and form clusters are the
most common gelation scheme. During the progression of the hydrolysis and condensation
reactions, polymeric clumps, the size of which grows with time, are formed. When one of these
clusters achieves an infinite size, the viscosity also becomes infinite: this is the sol-gel transition
point. From this point, the infinite cluster known as the "gel fraction" expands by incorporating

smaller polymeric groups. The gel is created after all of the bonds have been used [19] .

The evolution of a sol's viscosity and Coulomb modulus as a function of time are
presented schematically in figure I1.6. When the gel is completely formed, the viscosity
becomes infinite, while the elastic constant tends to its maximum value. The solid cluster
created by the base solution can then be viewed as the interleaving of polymeric chains forming
a disordered solid structure. There are still trapped liquid masses in this structure. Evaporation

is used to remove them[20].
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Figure 11.6. Evolution of the viscosity of the solution and the elastic constant of the gel. The
point tg corresponds to the time at the end of which the transition sol gel is reached [19].

Besides, like all chemical reactions, the sol-gel transition is sensitive to its environment,
such as temperature or humidity, which can thus, depending on its nature, modify the kinetics

of the reactions.

I1.2.4. Sol pH (Choice of catalyst)

Because of the mechanisms involved in gelation, the pH will play a significant role in
the evolution of reactions. Indeed, the OH- and H30%ions do not have the same influence on
the reactions (hydrolysis and condensation). The H3O" cation, attracted by oxygen, facilitates
the substitution of the OR groups and thus hydrolysis, whereas the OH anion, attracted by the
electronegative metal M, favours the formation of M-O-M bonds by condensation. So, a basic
medium accelerates condensation, while an acidic medium promotes hydrolysis (Figure 11.7)
[21, 22]. Catalysis thus acts directly on the shape of the substance developed. This factor will
also significantly influence the porosity of the final substance, hence, which partially condition

the physical properties.
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Acid catalysis

Basic catalysis

Figure I1.7. Acid catalysis promotes hydrolysis and leads to the formation of longitudinal
fibres. An increase in condensation generated by basic catalysis leads to clusters,characterized
by a spherical shape [23].

I1.3. Elaboration of manganese doped zinc oxide thin films

I1.3.1. Sol-gel spin-coating process

The sol-gel spin-coating technique has been usually used to synthesis manganese
doped zinc oxide thin films with high purity and homogeneity. Figure I1.8 shows
schematically the preparation steps of Mn doped ZnO thin films by sol-gel-spin coating

method. This technique includes several steps:

e Preparation of substrates.
e Chemical preparation of the solution to acquire the liquid (Sol).
e Deposition of solution on the substrate.

e Annealed thin films to achieve in the desired crystallized and densified material.
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Figure I1.8. Preparation steps of Mn doped ZnO (MZO) thin films by sol-gel-spin.
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I1.3.2. The chemical elements used in the preparation of the solution

In order to prepare starting solutions, several chemical components are used. The most

important chemical and physical properties of such components are summarized in the

following section:

a) Zinc acetate dihydrate: as a precursor.
Formula: [Zn (CH3COOQO)2. 2H20].

Form: Solid.

Color: White.

Melting point: 237 °C.

Molar mass: 219.49 g/mol.

Density at 20 °C: 1.74 g/cm?®.

Solubility in water at 20 °C: 430 g/1.

b) Manganese acetate tetrahydrate: as a manganese dopant source.

Formula: [Mn(CHsCOO):-4H:0].

Form: Solid.

Color: Pale pink.

Melting point: 80 °C (loses water of hydration).
Molar mass: 245.09 g/mol.

Density at 20 °C: ~1.59 g/cm?.

Solubility in water at 20 °C: Soluble (approx. 72 g/L).
¢) Isopropanol: Alcohol as a solvent

Formula: CsHsO (or [(CH3).CHOH])

Form: Liquid

Color: Colorless

Molar mass: 60.10 g/mol
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Density: 0.786 g/cm?
Boiling point: 82.5 °C.

d) 2-Monoethanolamine -MEA: as a stabilizer or additive.

Formula: NH2CH2CH20H.
Form: Liquid.

Color: Colorless to yellow.
Molar mass: 61.08 g/mol.
Density: 1.01 g/cm?.

Boiling point: 170 °C.

I1.3.3. Preparation of solutions

For the synthesis of Mn-doped ZnO solutions with varying numbers of layers (1, 2,, and
4 layers), manganese acetate tetrahydrate [Mn(CH3COO).-4H20] and zinc acetate dihydrate
[Zn(CHsCOO0)2-:2H20] were used as the dopant and precursor materials, respectively.
Isopropanol [(CH3).CHOH] served as the solvent, while monoethanolamine (MEA) was used
as the stabilizer. The concentration of metal ions was fixed at 0.8 M, with a MEA-to-metal ion
molar ratio of 1.0. The solution was stirred at 65 °C for 2 hours and subsequently aged at room

temperature for 24 hours.

To ensure the deposition of MZO thin films on clean glass substrates, these latter were
cleaned in ethanol and acetone for 10 min each by using an ultrasonic cleaner and then washed

with deionized water and dried.
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Figure I1.9. Illustrative diagram of the preparation process of Mn-doped ZnO thin films.
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11.4. Conclusion

This This chapter presented the various modes of thin film growth, provided a general
overview of the sol-gel process, and described the experimental spin coating technique used for
thin film preparation. Additionally, it It also detailed the fabrication protocol for Mn-doped

ZnO thin films with a limited number of layers in order to achieve low overall film thickness.
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CHAPTER III RESULTS AND DISCUSSIONS

I11.1. Introduction

Several experimental studies have been conducted on Mn-doped ZnO. However, most of these
studies focus on Mn-doping of ZnO thin films with relatively high thickness. The present study is
dedicated to the fabrication of manganese-doped zinc oxide (MZO) thin films with a limited number
of layers (x), where x = 1, 2 and 4 layers. The structural, morphological, and optical properties of
MZO thin films are then characterized using various techniques, which were to be the subject of the

present work.

II1.2. Characterization techniques

Various techniques were employed to investigate the fabricated MZO thin films. X-ray
diffractometer XRD (Broker advance Solution D8 X-ray diffractometer with Cu-ka radiation
A=1.5406 1&) was used to derive XRD diffractograms from which the Strain, crystallite size, texture
coefficient, and lattice parameters are deduced. The surface morphology was studied with Field
emission scanning electron microscopy FESEM (Carl Zeiss Aurga) and Atomic Force Microscopy
AFM (NanoNavi /SPA 400). These techniques were used to analyze the grain size, elemental analysis,
and roughness. Ultraviolet-visible UV-Vis spectrophotometer (VARIAN Carry 50) was used to
investigate the transmission and reflectance spectra, from which the absorption coefficient, complex

refractive index, dielectric function, and bandgap were then deduced.

II1.3. Structural properties

The structural properties of Mn-doped ZnO thin films were studied by XRD .The
three main peaks (100), (002), and (101) in the XRD patterns were observed (Figure IIL1).
These peaks indicated that the Mn-doped ZnO thin films are polycrystalline and hexagonal
wurtzite structure with a preferential orientation along the c-axis. Also, any secondary phase was
detected in the Mn-doped ZnO films, such as ZnMnO3 or Mn3O4[1-3]. It also showed there were
no significant changes in the wurtzite structure after the substitutional incorporation of
Mn™ into ZnO host[4]. However, the (002) diffraction peak was observed stronger
compared to the other peaks indicating that the common direction along the c-axis was the
preferential growth direction. This indicated that the surface free energy of (002) planes was the

most stable compared to others.
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Figure II1.1. XRD patterns of Mn-doped ZnO thin films for various deposited layer.

I11.3.1 Lattice parameters
In the case of a hexagonal structure, such as ZnO wurtzite structure, we are interested in two
parameters a=b and c. The analytical method used to calculate these parameters, is governed by the

following formula:
, 2 2
sin20 =4/, [4/3 (h? + hk + k%) /a? + ! /Cz] (I1L1)

where 6 is the diffraction angle, 4 is the wavelength of the incident Cu-Ka radiation (A =0.15406
nm) and 4, k, [ is the Miller indices.

From this formula, we can determine the lattice parameters a=b and ¢ by taking into account

the positions of their corresponding peaks (100) and (002), respectively. Then, we find:




CHAPTER III RESULTS AND DISCUSSIONS

=4 111.2
“ / V3 sinb;gg ( )

and

=2
€= singy,, (11L.3)

Table II1.1 shows the lattice constants @ = b and ¢ and their corresponding diffraction angle
(20), full width at half maximum (FWHM) and peak intensity for pure and MZO thin films are
calculated using XRD patterns. The c-axis constant of Mn doped ZnO thin films decreased slightly
from 5.220 A (1 layers) to 5.225 A (4 layers) after the increase of coating number , and all obtained
values were less than the bulk value 5.207 A (JCPDS 36-1451). This variation showed inversely
proportional to the slight shift toward the higher angles of the (002) peak 26 position with the increase

of the coating number|[5].

I11.3.2 Crystallite size and Strain
The average crystallite size (D) was estimated using the Scherrer formula:
D = KA/fcos6 (I11.4)
where K is the shape factor (K =0.9), A is the X-ray wavelength (K=1.5406A), B is the full width at
half maxima of a given diffraction peak and 6 is the Bragg angle [6].

The lattice strain ¢ is estimated using the formula:
&= [cosO /4 (IIL5)
where £ is the full width at half maximum of the corresponding peak and & is the Bragg angle [6].

Figure II1.2 exhibits the crystallite size and strain values of MZO thin films with various
thicknesses. The average crystallite size was calculated by Scherrer’s formula using the width
(FWHM) of the peak (002) for Mn-doped ZnO films with various thicknesses (Table III.1). It can
be seen that the crystallite size values decreased from 28.47 nm (one layers) to 14.85 A (4 layers)
with the increase of film thickness. The compressive strain increased with the increase of film

thickness where the films are relaxed and become thicker (Table II1.1).




CHAPTER III RESULTS AND DISCUSSIONS

30

m [-082
28 n _'____,___,__.——-———'——'_‘__
26 | - 0.80
E 24 Lo.78
£ —_
@ 9
N 22 =
] Lo7s S
= g
= 204 w
(1]
@ L 074
[
5 184
L 0.72
16 .\
|
1wl o - 0.70
1 T 1 v 1 v 1
1 2 3 4

Number of layers

Figure II1.2. Crystallite size value of MZO thin films for various deposited layer.

II1.3.3 Preferred orientation

To investigate the texture of a given plane, the texture coefficient (7Cuup) is needed. It
measures the relative degree of preferred orientation of a plane (4k/). This coefficient is estimated by

using:

TChiay = I(hkl)/IO(hkl)/(zllv I(hkl)/IO(hkl))(l/N) (I11.6)

where I(hkl) and I,(hkl) are the measured relative intensity of a diffraction peak and the
intensity of the standard powder diffraction peak taken from the JCPDS data, respectively, and N is
the number of diffraction peaks [7]. The higher values of 7C (greater than unity) for a given (hk/)

direction indicate the abundance of crystallites in this direction.

TC (nky) for all peaks observed in XRD patterns of Mn-doped ZnO thin films were calculated
for various thicknesses (Figure II1.3). The highest TC (hkl) value obtained was (002) plane for all
Mn doped ZnO thin films. This indicated that all films presented a preferred growth orientation along
c-axis, which is (002) plane regardless of the number of deposited layers. The intensity of (002)
diffraction peak increased as the film thickness increased from one layer to 4 layers. Also, the
intensities of (100) and (101) peaks were found to increase with coating numbers for all Mn doped
ZnO films. However, the TC (hkl) values of (101) peak were varied inversely to the (002) TC (hkl)

values with the increase of thickness|5].
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Figure I1L.3. Texture coefficient variation of MZO thin films for various deposited layer.

Table II1.1. Morphological and structural parameters of MZO samples for various coating numbers.

Coating Thicknes 20 (°) c FWHM Peak Crystalli Strain
number A) ©) intensity te size (%)
[nm] (nm)
1 99 34.178 5.220 0.292 (002) 28.47 -0.699
2 291 34238 5.225 0.502 (002) 16.54 -0.813
4 577 34.187 5.225 0.559 (002) 14.85 -0.820

II1.4. Surface morphology

It is well known that microstructure is important in many applications because the properties
of the materials are closely related to their crystal size, morphology, and orientation [8]. In
this section, the surface morphology of and MZO thin films were determined by Field emission
scanning electron microscopy (FESEM) and Atomic force microscopy (AFM). The crystal size, root

mean squared roughness, and the growth mode are then deduced.

I11.4.1 Analysis by field emission scanning electron microscopy

Figures 4. a, b,and ¢, display the field emission scanning electron microscopy (FESEM) 2D
images and corresponding cross-sectional images of MZO thin films with 7% Mn content for 1, 2,
and 4 layers, respectively. All FESEM images were captured at a magnification of 20,000%. The
images reveal a morphology characterized by irregularly sized aggregated clusters. The film

thicknesses, estimated from the cross-sectional images, ranged from approximately 99 to 577 nm

| [ 51
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(inset in Figure II1.4), varying with the number of deposition layers: 99 nm for 1 layer, 291 nm for

2 layers, and 577 nm for 4 layers.

Figure I11.4. FESEM 2D images and the cross-sectional images of MZO samples: (a) 1 coating, (b)

2 coatings, (c) 4 coatings.

I11.4.2 Analysis by atomic force microscopy

Naturally, the film thickness was found to increase with coating number. The average
thickness obtained from each layer was about 39 nm (Table 2). The morphology properties of
Mndoped ZnO thin films with various thicknesses were investigated by AFM analysis. The 3D AFM
images scanned over an area of 1.0 x 1.0 um2 (Figure 3). The grain size and the surface roughness

were extracted from the AFM images (Table 1) using WsXM software [9].




TS 50 ST 1) S5 3 -

Figures IIL5 a, b, and ¢ show the 1.0 X 1.0 um? two and their corresponding three-
dimensional AFM images for MZO thin films of MZO thin films with 7% Mn content for 1, 2, and
4 layers, respectively.The AFM images showed clearly that the samples presented a uniformly round
shaped grains in a plane for all samples. The size of their grains generally increased by increasing the
coating number. This result means that the growth of grains mainly vertical along (002) direction
perpendicular to the substrate surface. This result is in agreement with our XRD analysis. The surface

roughness of the films found to slightly increased with the thickness[5, 10].

Figure I11.5. 1.0 X 1.0 pm? Two and three-dimensional AFM images of MZO thin films ; a)1 layer,
b) 2 layers, c) 4 layers.
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Table I11.2. Thickness, Grain size and root mean squared roughness of MZO thin films for various

deposited layer
Coating Thickness Grain size Rrms (nm)
number [nm] (AFM) (nm)
1 99 26.45 20.40
2 291 24.66 20.26
4 577 42.23 33.60

II1.5 Optical properties
II1.5.1 Transmittance and reflectance spectra

The optical properties of Mn-doped ZnO thin films for film thickness variation were
investigated (Figure II1.6). The UV-visible was performed in the wavelength range of 350-800 nm
at room temperature. In the visible range, the transmittance generally decreased with the increase of
coating number of Mn-doped ZnO thin films (Figure I11.6). A broadening of the absorption edge
was observed in all Mn-doped thin films as the thickness increased, accompanied by a noticeable red
shift. The highest average transmittance was recorded in the film with the lowest thickness (one-layer
sample), reaching slightly below 65%. It is well known that increasing film thickness enhances

light scattering, which in turn reduces the transmittance|[5].
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Figure I11.6. Transmittance spectra of 4% Mn-doped ZnO thin films for various deposited layers.

I11.5.2 Optical band gap

The transmission spectra of pure and MZO thin films in the wavelength range 350-1000 nm

(Figure II1.6), were also exploited to deduce the band gap Eg using the Tauc's equation [11, 12]:

ahv = C(hv — Eg)" (11L.7)

where n assumes the values 1/2, 2, 3/2 and 3 for the allowed direct, the allowed indirect, forbidden
direct and forbidden indirect transitions, respectively, a is the absorption coefficient, C is a constant

related to the extent of the band tailing, hv is the photon energy and Eg is the optical band gap of the

semiconductor.

The sharp absorption edge observed in the UV region (350—400 nm) for all films shifts toward
longer wavelengths as the number of coating layers increases. This red shift is accompanied by a
noticeable decrease in the optical band gap values, from 3.15 eV to 2.03 eV, as the number of layers
increases from one to four (as shown in the inset of Figure II1.7). This variation is attributed to
changes in strain along the c-axis. These optical characteristics, combined with the ability to tune the
film's properties by adjusting the number of layers, highlight the potential of Mn-doped ZnO thin
films for solar cell applications, where effective UV absorption and broader light spectrum utilization

are essential for improving energy conversion efficiency.




CHAPTER III

2.0x10"

RESULTS AND DISCUSSIONS

1.5x10"0

216

a0

Eg (eV)

286

1 2 3

Number of layers

Fd

7

—1 Layer
2 Layers
—4 Layers

25 3_I[}
E (eV)

4.0

Figure I11.7. (ahv)? versus photon energy hv of Mn-doped ZnO thin films for various deposited
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I11.4. Conclusions

The thickness effect on the structural, optical, electronic and morphological properties of 7%
Mn-doped ZnO thin films, were investigated. The films presented polycrystalline hexagonal wurtzite
structure with a preferential orientation along the (002) axis. The (002) intensity peak increased with
thickness for Mn-doped ZnO films. The result showed that the crystallite size decreased with
thickness, while the ¢ parameter slightly increased. The samples presented a uniform round shaped
grains in the plane. Their grain size was marked an appreciable increase with thickness, while the
roughness was found to increase slightly. The band gap varied in the range of 3.15 to 2.03 eV. The
result showed the highest average transmittance value was less than 65% at the lowest thickness.
Therefore, the transmittance and band gap energy were found to decrease with thickness. These
observations indicate that Mn doping combined with a controlled number of coatings significantly
modifies the structural, morphological, and optical properties of MZO films, making them suitable
for solar cell application where UV absorption and visible light transparency are desired. This study
also opens perspectives for exploring other transition metal dopants to further tailor material

properties for specific applications.
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GENERAL CONCLUSIONS AND PERSPECTIVES

The aim of this thesis was to develop manganese-doped zinc oxide (MZO) thin films with 7%
Mn content and low thicknesses (1, 2, and 4 layers) using the sol-gel method. Starting from
manganese acetate tetrahydrate as the dopant source, zinc acetate dihydrate as the precursor, and
isopropanol as the solvent and stabilizer, a preparation protocol was established. The Mn-doped ZnO

thin films were deposited onto glass substrates using the spin coating technique.

To ensure well crystallization of the prepared thin films, ideal experimental conditions were
adopted, which based on our experimental literature review, such as molar ratio of the solvent to
metal ions, stirring, aging, cleaning and drying of substrates, spinning, preheating and annealing.
Various techniques were employed to investigate the fabricated samples such as X-ray diffraction,
Atomic Force Microscopy, Field emission scanning electron microscopy and Ultraviolet-visible UV-

vis spectrophotometry.

The experimental investigations confirmed that all Mn-doped ZnO thin films exhibit
a polycrystalline nature with a wurtzite hexagonal structure. Although the (002) diffraction peak
remains dominant, an increased number of coating layers causes a relative enhancement of the (101)
orientation. The crystallite size and lattice strain are notably affected by the film thickness, as
confirmed by XRD analysis, where crystallite size decreases and compressive strain increases with
the number of layers. Surface morphology, examined via FESEM and AFM, reveals that grain size
varies irregularly and surface roughness tends to increase with thickness. Optically, the transmittance
of the films in the visible region decreases with increasing thickness due to enhanced light scattering,
while the band gap energy shows a red shift, shrinking from 3.15 eV to 2.03 eV. These observations
indicate that Mn doping combined with a controlled number of coatings significantly modifies the
structural, morphological, and optical properties of MZO films, making them suitable for

optoelectronic applications where UV absorption and visible light transparency are desired. This
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study also opens perspectives for exploring other transition metal dopants to further tailor material

properties for specific applications.

In perspective, Mn-doping significantly influences the properties of MZO thin films at a low
number of coating layers, which opens the door to considering the use of other elements from the
transition metals group to further tailor and control their properties. This approach could potentially
expand the range of their applications in various advanced technologies. Therefore, this issue remains

an open field for further research.




Abstract

In this study, manganese-doped zinc oxide (MZO) thin films with a fixed Mn content of 7% and
varying coating numbers (1, 2, and 4 layers) were synthesized using the sol-gel spin coating method.
Manganese acetate tetrahydrate, zinc acetate dihydrate, and isopropanol were employed as the dopant source,
precursor, and stabilizing solvent, respectively. XRD analysis revealed that all MZO thin films exhibited a
polycrystalline structure with a wurtzite hexagonal phase. The preferred orientation along the (002) plane was
observed. The crystallite size decreased while the lattice strain increased with film thickness. Surface
morphology analysis using FESEM and AFM indicated irregular grain distribution and a gradual increase in
surface roughness. Optical measurements showed that the transmittance of the films in the visible region
decreased with increasing thickness, while the optical band gap exhibited a red shift, narrowing from 3.15 eV
to 2.03 eV. These results demonstrate that Mn doping and layer control significantly affect the structural,
morphological, and optical properties of ZnO thin films, making them promising candidates for solar cell
application.

Key-Words: Manganese -doped zinc oxide thin films; Sol-gel technique; Eg; Spin coating method; solar cell
application.

ua:';ln

(MZO) sl bl clis)) apuSY dad I lidall i o5 cJonll 1 (§ J 4880 lidall i o3 (Jbd) Jand! 3
(Sol-Gel). pda—Jglxo dasylay poatlly Ml day b plasiwl (Wlad 49 2 ¢1) Calisee wlidb sues %7 JS Al ek duds
Q)@_loi Cking codaS Jgpbg pgidlg cdsab BalS wilydug! AL eyl M9 opalail) )Mébﬂ\ BVESINIINETN SN ‘ﬁfu\;ﬁw\
& el o ¢l Co3)99 sk Shgldl Badate &y ellial 8 amall 423, Sladall gpez OF (XRD) Aol &x8Y) 350 g8l
Tl K duly caas 4ol oblgzYl wolyl (- QG ASlodl 8315 po ()9l el (285 . (002) Sginall Jgbo e 9ol
Oloed) elaxie 2 20355 o (AFM) 838 )l sgzally (FESEM) U ASIW e ld! zraslall 3980V sgzmall po S plaseials
O @ eladall sue 83L) go Cunasil 435001 dakaiall (8 &3l OF 0yl U8 (! (ol g3l Lol el D985 (§ (2005 3L\
Bl oda s eV, 2.03 Jl eV 3.15 e dualiie « (Red shift) xSY1 drgall Jlgbdl oo (L33l (Eg) & pad! dBUall 8gnd gl
0de Jazm Los edinadly dirglodysally disatdl aslbasdl s S 66 4 Sladall sae (3 (Solly paiall_nain Zn0 pualss of
o)) L) 554291 Colida) 3ucly dosye 4,1 coladall

ODgll Ml diyls ¢ (Eg)adlall Bg=d (pda—Jglme &ud5 ¢ ¢ juainll palaall Cigll wuusY 4230 Gladall zsladl @l
Anazd) W) Ol



	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	General introduction
	References

	CHAPTER I
	Literature review
	I. 1. A review on synthesis and properties of manganese doped zinc oxide thin films
	I.1.1. Introduction
	I.1.2. Synthesis of Mn thin films
	I.1.3. Structural properties of MZO thin films
	I.1.4. Morphological properties of MZO thin films
	I.1.4.1. AFM morphology of the MZO thin films
	I.1.4.2. SEM morphology of the MZO thin films

	I.1.5.  Electronic and optical properties of MZO thin films
	I.1.5.1. Transmittance and band gap energy

	I.1.10. Conclusion and prospectus/future/outlook
	References

	CHAPTER II:
	Experimental
	background
	II.1. Metal oxides nanomaterials
	II.1.1. Introduction
	II.1.2. Thin film definition
	II.1.3. Thin film growth mechanisms
	II.1.4. Thin film growth modes
	II.1.4.1. The Frank-Van der Merve mode
	II.1.4.2. The Volmer-Weber mode
	II.1.4.3. The Stranski-Krastanov mode

	II.1.5. Nanotechnology and nanostructured thin films                                                                                                                                                                                                       ...
	II.1.5.1. Quantum confinement
	II.1.5.2. Spatial confinement
	II.1.5.3. Surface effects

	II.1.6. General properties of zinc oxide

	II.2. Sol gel technique
	II.2.1 Introduction
	II.2.2. Chemical reactions
	II.2.2.1. Hydrolysis
	II.2.2.2. Condensation

	II.2.3. The sol-gel transition
	II.2.4. Sol pH (Choice of catalyst)

	II.3. Elaboration of manganese doped zinc oxide thin films
	II.3.1. Sol-gel spin-coating process
	II.3.2. The chemical elements used in the preparation of the solution
	II.3.3. Preparation of solutions

	II.4. Conclusion
	References

	CHAPTER III
	Results and
	discussions
	III.1. Introduction
	III.2. Characterization techniques
	III.3. Structural properties
	III.3.1 Lattice parameters
	III.3.2 Crystallite size and Strain
	III.3.3 Preferred orientation

	III.4. Surface morphology
	III.4.1 Analysis by field emission scanning electron microscopy
	III.4.2 Analysis by atomic force microscopy

	III.5 Optical properties
	III.5.1 Transmittance and reflectance spectra
	III.5.2 Optical band gap


	III.4. Conclusions
	References:

	General conclusions and perspectives



