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GENERAL INTRODUCTION

Considerable efforts are recently focused on semiconducting metal oxides materials such
as TiOz, SnO2, 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 change in their properties compared to the corresponding
micro and macro form. The development of such materials is linked to their attractive physical
features and advantages, i.e. stable, non-toxic, low cost, etc. These materials (oxides) are good
candidates for applications in different technological areas, especially in photovoltaics and
optoelectronics. [1-7].

Transparent Conductive Oxides (OCTSs) are attractive materials in many technological
areas. Their electric conductivity and transparency in the visible range, make them ideal
candidates for various applications such as photovoltaics and UV photodetectors [1, 5]. Zinc
oxide (ZnO) is a semiconductor material belonging to the family of OCTs, n-type II-VI
semiconductor with a wurtzite crystal structure, a direct band gap material (Eg=3.37 eV) at
room temperature, and ixhibits a high excitonic binding energy of 60 meV [8]. Due to its
semiconducting, piezoelectric, and optical properties, ZnO offers many possible applications
[1-5]. The improvement of the properties of ZnO thin films is commonly done through doping
[9]. In the last decade there has been an increasing interest in ZnO thin films doped with
transition metal (TM) such as Mn, Fe, Co, Ni, Cu and Ag [10] . Among the variety of TM,
copper (Cu) has been used as dopant [11-13]. It exhibits an ionic radius close to that of the Zn
and then can easily substitute it in ZnO host lattice. Cu dopant, as an economical option, has
been chosen to change the properties of ZnO host lattice such as photocatalytic activity,

conductivity and tuning of the green emission [14,15].

There are various techniques that have been used to fabricate ZnO thin films such as
magnetron sputtering [16], sol-gel process [17], [18], chemical vapor deposition [19], spray
pyrolysis [20], molecular beam epitaxy [21], pulsed laser deposition (PLD) [22] and microwave
plasma growth [23]. Sol-gel technique attracts much attention because of its advantages
including safety, low cost, simple deposition equipment on a large-area films with uniform
thickness. Properties of CZO thin films have been frequently investigated [24—29] but most of

them are limited to some low Cu concentration.
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On the other hand, ZnO is a material that contains a transition metal Zn of 3d electrons,
which provide interesting phenomena in condensed matter physics [30, 31]. The first-principles
method based on density functional theory (DFT) in the local density approximation (LDA) has
been successfully applied to study molecules, surfaces, interfaces, and solid states. This first-
principles approach can accurately predict the ground state properties of materials [32-34].
However, this conventional approach (DFT-LDA) cannot effectively describe the localization
of highly correlated d and f electrons in transition materials [35, 36]. To solve this problem,
various corrections have been proposed such as the hybrid DFT-HF [37], dynamic mean field
theory (DMFT) [38] and DFT-LDA+U [35]. Thus, DFT-LDA+U approach becomes a
necessity to significantly improve such calculations [35, 39-41]. There have been several
theoretical studies on Cu doped ZnO such as [42—-47], which have provided some new insights
into the understanding of the effect of doping on the properties of ZnO. However, the calculated
band gap of CZO was found much smaller than the experimental band gap value.

The objective of this work was to deposit pure ZnO and copper-doped ZnO thin films on
glass substrates using the Sol-Gel spin coating method. Then, the effect of the Cu doping
concentration on the structural, optical, morphological, and electronic properties of the
elaborated films, was investigated. On the other hand, the first-principles method based on
DFT-LDA with the semi-empirical Hubbard U model (DFT-LDA+U), as implemented in the
CASTEP code, has been applied to calculate the structural, electronic, optical, and magnetic
properties of Cu-doped and undoped ZnO wurtzite materials, in order to improve especially the
underestimation of the experimental energy band gap. Thus, the calculated results were
compared with other experimental and theoretical results available in the literature.

The present work is based on two review papers and an original research paper. A brief

outline of the whole thesis is presented in the following.

The first chapter presents a theoretical and experimental literature reviews. The first
review aims to provide a timely overview on the development of CZO 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. The structural, morphologies, electronic, optical, bonding, vibrational and
magnetic properties as well as chemical composition of CZO thin films, will be reviewed in
detail. In the second review, the progress of first-principles calculation within DFT + U method
for CZO materials, are summarized. The effect of selected Hubbard-U value on the structural,
optical, electronic and magnetic properties, including optimized crystal structure and calculated

energy band gap, is also discussed.
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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 elaboration protocol
of doped and undoped ZnO thin films. The morphological, structural and optical

characterization techniques are briefly explained.

In the third chapter, the theoretical background to the present work is laid out. The
guantum mechanics, density functional theory (DFT) is introduced. Details of its
implementation within the computational code used in the present calculations, i.e. CASTEP
(Cambridge Serial Total Energy Package: Commercialized by Accelrys) is included. Having
introduced the basic theory, we move on to the application of DFT to real systems, including

the strongly localized d or f electrons, i.e. the Hubbard correction.

The fourth chapter is devoted to present and discuss the obtained results and is subdivided

into two parts:

The first part focussed on the presentation of results obtained from characterization by
various techniques of pure ZnO and copper-doped zinc oxide (CZO) thin films with somewhat
higher Cu contents x (x = 1%, 3.12%, 6,25% and 12.5%) and low thickness. The structural,
electronic and optical properties and the surface morphology of CZO thin films are then
discussed.

In order to linking of experimental results with theory, usually separated in the literature,
and to enhance the energy band gap, DFT-LDA+U approach was used to predict the properties
of pure and CZO wurtzite structures, which were compared, wherever possible, with their
corresponding measured values. These were to be the subject of the second part of the fourth
chapter.

Finally, a brief summary of the main conclusions obtained either from simulation of Cu-

doped ZnO wurtzite structure or various characterizations of CZO thin films, is given.
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I. 1. A review on synthesis and properties of copper 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 copper (Cu). 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 Cu doped ZnO (CZO) thin films. There are many
factors influencing the growth mode of CZO 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 CZO 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 (Ag) [11], Copper (Cu) [5],
Aluminium (Al) [8], Antimony (Sb) [14], Cobalt (Co) [18] and Sodium (Na) [20]. Among them,

Cu is extensively used to enhance the properties of ZnO host lattice [4, 12, 21-31] such as
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transparency [21, 32], ferromagnetism [33, 34], crystalline quality and conductivity
[35]. It is easy to substitute Zn atom sites by Cu atom because they have approximately the

same ionic size [36].

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 [37] 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. [38] also pointed out the copper as a potential candidate, among others, to
the room-temperature gas sensing of ZnO-based gas sensor; later on, Das et al. [39] explained
the different synthesis techniques of the CuO-ZnO nanocomposite and gave effect on
morphologies and also discussed its practical applications; recently, Ghanbari Shohanry et al.
[40] reviewed the effect of adding elements categorized by seven groups, in which Cu was
only illustrated as belonging to transition metals group, on the structural and optical properties

and the surface morphology of the ZnO nanostructures.

To the best of our knowledge, reviews on specifically Cu 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. Cu 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 CZO thin films properties.

The first review aims to provide a timely overview on the development of CZO thin
films by sol-gel, spin- and dip-coating as reported in literature survey from 2010 to 2020. It
starts with the elaboration of materials, i.e. preparation of the solution and its deposition on a
substrate, and it finishes by investigating the various properties of CZO thin films such as
structural, electronic, optical, bonding, vibrational and magnetic properties as well as surface

morphology and chemical composition, will be reviewed in detail.

1.1.2. Synthesis of CZO 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

chemical synthesis methods of CZO thin films. It is also involving several parameters such as

'[9
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additive,solvent, substrate, solution stirring and aging time, preheating, coating method,
and annealing. The sol-gel process or soft chemistry 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 [41].

Focussing on findings from various sources [21, 28, 32, 35, 42-54], parameters involved
in the sol-gel process during elaboration of CZO 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 strongly influences the CZO film thickness [43],

ii. Solvents: the choice of solvent is important for CZO thin films preparation in such that precursors
are soluble in the solvent medium and get easily decomposed into volatile compounds [55],

iii. Additives: structural properties and growth mode of CZO thin films are found to be based on the
concentration of additives [56],

iv. Substrate: morphology and growth mode of CZO films are found to be influenced by the deposition
on different kinds of substrates [57],

v. Heating and annealing coating: the amount of porosity can be lowered by increasing the annealing
temperature, which influences the surface area of the CZO thin film [25],

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 [58].

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
rotation speed allows to cover the substrate with uniform film thickness. Evaporation then
removes the solvent leaving behind a dry solid film [59]. Finally, the nanoparticles aggregate
to agglomerates by drying and heating [60, 61]. 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 this technique are usually X-ray amorphous and require a calcination step to obtain
crystallization [59, 62]. There are many works published on synthesis of CZO thin films by
different routes, elaborated either by spin-coating [28, 48, 50, 63] or dip-coating [32, 35, 43,
47, 49, 53].




CHAPTER | LITERATURE REVIEW

applying the 3 3 ) 3 repeating to prepare
solvent solution fotating g I multilayer structure
N
oD R s _—
Substrate — | — —_——>
Substrate * ol
& e
Sol - »
Dipping Immersion Deposition and  Evaporation
Drainage

Figure 1.1. Schematic diagram of (a) sol gel process by spin-coating route, reprinted from
Ref. [64], (b) dip-coating route, reprinted from Ref. [65].

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 with different forms 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 CZO thin films and

deposited onto substrates by sol-gel method [66]:

I. Zinc and copper precursors:

Zinc acetate dehydrate (ZAD; Zn(CH3COO).:-2H>0) is the most often used zinc
precursors [21, 28, 32, 42-46, 48, 50, 51, 53] and, less favorable, the zinc acetate
anhydrous (ZA; Zn (CH3COO)») [47, 49] for ZnO thin films elaboration. For Cu dopant,
several copper precursors have been additionally used for CZO thin films elaboration
such as copper acetate (CA; Cu (CHsCOOQ)2) [51], copper nitrate (CN; Cu(NO3)>),
copper nitrate tetrahydrate (CNT; (CuNO3)2 3H20) [32, 42], copper acetate
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monohydrate (CAM; Cu (CHsCOO).- H20) [53], copper acetate dihydrate
(CAD; Cu (CHsCOO),- 2H.0) copper acetate tetrahydrate (CAT; Cu
(CH3COO0).-2H20), copper nitrate hexahydrate (CNH; CuH12N2012) and copper
chloride(CC; CuCly) [43, 52].

. Solvents

Different types of alcohols which are used as solvents, i.e. ethanol (EtOH;
C2Hs0H), methanol (MeOH; CHsOH), 1-propanol (1-PrOH; CsH7OH), isopropanol
[IPA; C H3 CH(OH)-CHa], 2-methoxyethanol [2-ME; CH30(CH.).OH] and 2-propanol
[2-PrOH; IPA; (CH3).CHOH]. Ethanol and 2-methoxyethanol the are the most used
solvents [35, 52-54].

Additives:

To facilitate the complete dissolution precursors-alcoholic media and the
formation of a stable sol, additives are used [56]. In addition to the most often used, i.e.
monoethanolamine [MEA; (HOCH.CH2)NH:], there are other additives used in the
CZO thin films elaboration, namely, diethanolamine [DEA; (HOCH.CH2)>NH],
triethanolamine [TEA; (HOCH2CH2)sN], acetic Acid (Ac. Ac.; CH3COOH) and lactic
Acid (Lactic Ac.; CH:CHOHCOOH). 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 CZO thin films are restricted to low Cu doping concentrations.
This might be attributed to the limited solubility of Cu in ZnO host lattice or the
appearance of other phase like CuO or Cu20 lattices [28, 67].

iv. Substrate:

Preparation of CZO thin film by sol-ge are mostly deposited on glass substrate
[21, 32, 42-44, 46, 47, 49]. Later, the heat treatment (below 100 °C) on sample still
producing a clear and homogenous solution [32, 46]. Due the the nucleation at the
film/substrate interface, two mechanisms 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 enable CZO thin film deposition on a variety of
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specific types of substrate including quartz [28, 50], silicon [54] soda lime [51,
53], ITO [45] and borosilicate [48].

V. Heat treatment:

The synthesis of CZO 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
[68]. Some additives-solvent combinations, like monoethanolamine-2-methoxyethanol
(MEA-2-ME), need a higher temperature (~250-500 °C) while a low temperature (~70-
150 °C) is 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 400-700 °C, is an important factor governing the orientation of the crystallites and
the well-crystallization of the films [25, 68]. The formation of CuO phase is possibly
observed if the temperature acceding 700 °C, [28].

1.1.3. Structural properties of CZO 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. VVarious 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.
Copper (Cu) as an element of group IB will presume a valence of either 1 or 2 based on its
chemical structure. Thus, cuprous oxide (Cu20) and cupric oxide (CuO) are the two stable types
of copper oxide. The radii of Cu* (98 pm) and Cu?* (80 pm) ions are similar to that of Zn?* ion

(83pm), which makes Cu a potential doping candidate for ZnO [67].

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 2) [69], which has been used to characterize CZO thin films [26, 70]. In this case, the

incidence angle is fixed, and the crystallites are randomly oriented which limits the X-ray
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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 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 [71].

Sample surface normal Detector

Diffraction planes normal

X-ray incident heam \ 20 scan

Sample surface

Angle of incidence v

..... \J )
il RS \
I oo Diffraction planes (hki) Q’I(LI'].\
Substrate
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Figure 1.2. Schematic diagram of grazing incidence X-ray diffractometry [69].

XRD spectra of pure ZnO thin films generally show a peak at the Bragg angle of ~34.5°,
which is assigned to (002) plane [54, 72]. Moreover, (100) peak at ~31.9° and (101) peak at
~36.4° can also be observed in some cases [28, 73]. The incorporation of Cu with lower
concentration into ZnO host lattice does not exhibit any additional secondary phase (CuO or
CuO2) and conserves its wurtzite structure. This is due to incorporation of Cu into ZnO host
lattice where the ionic radius of Cu?*(0.73A°) is close to that of Zn?* (0.74A°)[28]. In such
circumstances, CZO prefers (002) plane as a dominant orientation among several planes
corresponding to (100), (002), (101), (102), (110), (103) and (112) peak of the ZnO presented
in XRD spectra (P63mc space group; JCPDS card 36-1451) [21, 67, 74]. This asserts that CZO
thin films possess a polycrystalline nature. However, CuO phase can appear by increasing
content of Cu dopant, 3 mol.% [75] and 10 at.% [28], with emerging a (111) new peak. The
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intensity of (002) peak is generally reduced, especially at high Cu concentration, leading
to the degradation of the (002) preferential orientation of CZO thin films with the enhancement
ofother orientations like (100) and (101) [27, 28, 42, 45, 46, 76]. This was affected to
heterogeneous nucleation process [42].

The variation occurred in intensity and position of different peaks of XRD pattern by
Cu doping were presented in the literature as a function of diffraction angle for ZnO and CZO
samples [28, 54, 72, 73]. A slight shift in the peak position towards higher diffraction angles is
obtained with the increase of Cu concentration. The observed shift is attributed to the
substitution of Cu atom at Zn atom site where the ionic size of Cu?* is slightly smaller than Zn?*
[49]. This can also explain the change occurred in other related parameters, such as lattice
constants, crystallite size and strain and stress [28]. 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 CZO thin films [24].

The increasing level of Cu content can influence the lattice strain [22, 27, 28, 77]. The
strain variation is explained by the presence of excess of Cu dopants at grain boundaries [27,
28]. It is also ascribed to the intrinsic stress due to the impurities and defects in the host lattice
[22, 77].

The lattice constants a = b and ¢ can be usually calculated from XRD patterns for pure
and CZO thin films. It is observed that lattice constants are slightly affected by Cu content. This
is mainly due to the strain induced by the incorporation of Cu into ZnO host lattice, which leads
to the change in bond angle along ¢ axis between Zn-O planes (120° for hexagonal wurtzite
ZnO) [43] where the ionic radius of Cu?* (0.73A°) is slightly smaller than that of Zn?* (0.74A°)
[24, 78].

It is also found that the increasing of Cu doping influences the crystallite size (D). The
crystallite size presents an increase with increasing Cu content, especially at lower thickness
[28, 31], while an increase followed by a decrease is marked at higher thickness [26, 78, 79].

However, a decrease in the crystallite size value is also noticed in the literature [24, 43, 51].

In addition, the preferential orientation and its intensity of CZO films for a given
concentration depend on the deposition method [68, 80]. Moreover, the increasing level of Cu

concentration plays an important role in the change of the preferential orientation from one
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direction to another, where the growth mode of grains translates from c-axis growth

perpendicular to the substrate to lateral one [24, 72].

The thicknesses of CZO 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. They exhibit
both an increase [4, 23, 27, 31] and a decrease [24, 49, 81] in the thickness with increasing Cu
content. This may be attributted to the growth mode of grains, perpendicular or lateral, which
is affected by Cu 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 Cu concentrations [26, 35, 51, 52, 72, 78].

The shift of the main peaks position and their intensity from the XRD analysis of CZO
thin films were intensively investigated for lower [4, 26, 27, 31, 42, 43, 49, 53, 73] and
somewhat higher [46, 52, 54, 72, 78, 82, 83] concentrations. Most of reports exhibited a shift
of main peak (002) position towards higher diffraction angle (20) with the increase of Cu doping
concentration whereas few reports [26, 43, 45, 73, 78] indicated a shifting towards lower
diffraction angle. Moreover, some other reports [52, 74] noticed the moving of the (002) peak
towards the lower angle followed by a shift towards the higher angle with the increase of Cu
doping concentration. This behaviour was explained by taking into account that ZnO host lattice
might be doped by either Cu*?, with an ionic radius (0.73 A") is close to that of Zn*? (0.744"),
or by Cu* with a slightly larger ionic radius (0.77 A°), which were identified experimentally in
the ZnO by XPS spectroscopy [49].

Summary of the main findings from previously cited works, can then be drown as

follow,

i.  Lower Cu content and preferential orientation: the incorporation of Cu at lower Cu
concentration into ZnO host lattice is confirmed by conserving of the wurtzite structure and
the usual preferential orientation (002) plane,

ii.  Growth mode and increasing Cu content: the growth mode generally translates from c-axis
growth to lateral one with the increase of Cu dopant level,

iii.  Secondary phase and higher Cu content: the secondary phase, e.g. Cu,O or CuO, at higher
Cu concentration is usually confirmed by the degradation of the (002) preferential
orientation, emerging a new peaks in XRD pattern such as (111) peak, and the enhancement
of other orientations, such as (100) and (101),
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iv.  Peak position with Cu dopant: the slig t shift in the peak position towards higher diffraction
angles is one of the factors indicating the incorporation of Cu dopant in ZnO host lattice
and substituting the Zn atoms,

v.  Influence of Cu*2 or Cu*tions on the hift of peak: the shift of the (002) peak towards the
higher or lower angle with the increase of Cu content may be explained by Cu*? or Cu*!

ions doping.

1.1.4. Morphological properties of CZO thin films

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

grain size and shape, growth mode and roughness.

1.1.4.1. AFM morphology of the CZO 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 3) [84]. 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 CZO sample preparation such as its coating with a conducting film and

vacuum [85].

AFM analysis have been reported in the literature on CZO thin films at various Cu
doping levels expressed as atomic percent (limited to low x [32, 42, 52, 72] and extended to
higher x [23, 26, 28, 43, 78]), weight percent [21, 22] or molar percent [44, 83]. Then, two and
three-dimensional AFM images [43, 49] as well as morphological parameters, such roughness
and grain size, are usually extracted from the AFM analysis of the samples. An island-like

growth was observed for pure ZnO films which were transformed to a dense columnar surfaces
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for CZO films with Cu content of 3 and 5 at.% [78]. Pure and CZO thin films with Cu
concentration of 0.05 and 0.1 mol%, exhibited a granular morphology for undoped films and
larger grains densely packed for Cu doped films [83]. 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
increase in the surface roughness with increasing Cu content [28, 43] while some others marked
its increase at lower x followed by a decrease at higher x [23, 26, 78]. However, a decrease in
the surface roughness is also marked in the literature [21]. Therefore, it 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 Cu concentration.

Detector and

Feedback
Electronics

g Photodiode \/L aser

— Cantilever & Tip

Sample Surface

Figure 1.3. Schematic diagram of a typical AFM instrument [84].

1.1.4.2. SEM morphology of the CZO 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 4). The obstacle created by the
vaporized water in the vacuum, obscures the clarity of the image. So, removal of water is
essential [86]. 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

| [ 18
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process reduces thermal damage and charging and improves the secondary electron
emission [86, 87].

Many reports showed SEM images for CZO films elaborated by different process at
various experimental conditions [22, 28, 32, 42, 43, 83]. FE-SEM images of CZO thin films
with Cu content of 1, 3 and 4 wt.% were shown [79]. It was observed irregular sized and not
dense structures for x=1 wt.%, granular structures with compact surface for x=3 wt.%, and the
decreasing of grain size with lesser overgrown particles for x=4 wt.%. Also, the films tend to

exhibit better columnar growth perpendicular to the surface for higher Cu concentration.

In their study on the effect of Cu doping, Osali et al. [22] presented, via calcination, the
change from nanofibres to nanoparticles for CZO thin films at various concentration (x= 0, 2,
4, 6 wt.%), which agglomerate with increasing level of Cu dopant. CZO thin films with 0<x <
8.5 at.%) [27] exhibited homogeneous grains for low Cu concentration (x),which were
assembled to form broccoli-like clusters for high x. Recent study on CZO thin films at various
concentrations of 2, 5, 10, 15 and 20 at.% [24] indicated that AFM images present a mixer of
spheroid-like and rod-like particles for Cu content < 15 at.% and a cylindrical shape and size
for Cu content >15 at.%. Moreover, SEM images of CZO thin films with x in the range 0—4
at.% exhibited multi-grained with uniform growth and showed no significant variation in

surface morphology with increasing of Cu content [12].
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Figure 1.4. Schematic diagram of Scanning Electron Microscopy (SEM) [86].
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From findings on morphology analysis either by AFM or by SEM microscopy, one can

draw the following remarks,

i.  Cu doping and particle form: the particle shape and size is more influenced by the
increasing level of Cu content,
ii.  Cu doping and grains density: incorporating of Cu defect in the ZnO host lattice
generally increased the grains density,
iii.  Cu doping and roughness: Cu doping can help in producing a smooth surface,
iv.  Cu doping and internal structure: high level of Cu concentration can lead to an

agglomeration of nanoparticles in the CZO thin films.

1.1.5. Electronic and optical properties of CZO thin films

1.1.5.1. 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 CZO 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 CZO 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 CZO transparent thin films. UV-
Vis spectroscopy has been commonly used as suitable method to characterize the optical and
electronic properties of CZO thin films deposited on transparent substrates [21, 26, 35, 72] from
measurement of transmittance and/or reflectance. Optical energy gap Eg can then be extracted
using the well-known Tauc relationship [88]. 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 [89]. For basic UV-vis characterization, the CZO thin film
sample is placed accordingly with a double-beam UV-Vis spectrophotometer (Figure 5) [90].

The reference cell often contains the substrate (utilized as a reference) and the other cell
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contains the sample (CZO thin film). The spectrum of CZO thin film is then obtained

by subtracting the absorbance of the substrate.
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Figure 1.5. A schematic diagram of a double-beam UV-Vis spectrophotometer [90]

CZO thin films generally exhibited high optical transmittance in the higher wavelength
region (A>400 nm) [21, 26, 35, 72]. The shift in the absorption edge in the transmittance spectra
of CZO thin films towards higher wavelength region are observed with increasing of Cu
concentration. 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
Cu doping [4, 12, 21-24, 26-28, 32, 35, 43-49, 52-54, 72-74, 78, 81-83]. Some reports found
that average transmittance is increased with increasing Cu content [21, 32, 48, 49, 72], whereas
some others recorded that CZO exhibited a low average optical transmittance in the visible
region when the concentration of Cu was increased [22-24, 26, 43, 53, 74, 78, 81, 83]. To justify
these trends, various causes have been given. The slight improvement in the average
transmittance for CZO thin films with Cu content of 0.1, 0.3, 0.5, 0.7 and 1 mol% [49], was
attributed to the optical scattering. 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 CZO
thin films with Cu content of 0.05 and 0.1 mol% [83], authors explained the slight decrease

with Cu content by the creation of oxygen vacancies and scattering at the grain boundaries.

[ 21
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Recent report also indicated that the rough surface scattering or/and grain boundary
scattering are behind that trend [52].

The band gap (Eg) values of the CZO thin films at different Cu contents was obtained
from measured transmittance and/or absorbance [4, 12, 21-24, 26-28, 32, 35, 43-49, 52-54, 72-
74, 78, 81-83]. The observed shift in the 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 [21, 28, 48, 49]. To explain the change of the band
gap, Xu et al. [52] proposed the Bustan-Moss effect, where Cu*! ion forms an acceptor level
in the forbidden band of the ZnO lattice, and then generates a hole and reduces the number of
charge carrier concentration by trapping electrons from the conduction band. Similarly, It was
indicated for CZO thin films at different Cu content (x = 2, 5, 10, 15 and 20 at%) [24] that when
Zn site is occupied by a Cu atom, the strong d-p coupling between Cu and O atoms and the
impurity bands created by Cu 3d orbital give rise to a positive (energy of the valence band) and
a negative (energy of conduction band) corrections. In the theoretical point of view, the band
gap narrowing in CZO material [91] has been interpreted by the shift of conduction band
towards the low-energy level and the shift of valence band toward the high-energy level.

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

the transmittance and bandgap for CZO thin films,

a) Shift in absorption edge: all prepared films at different Cu contents presented a sharp falling of
absorption edge, which shifts towards higher or lower wavelength region following to shrinking
or broadening of bandgap,

b) - Average transmittance trend: the decrease of the average transmittance by Cu doping is due to
the optical scattering decreased by the reducing in the density of grain boundary,

¢) Shrinking of bandgap: the strong d-p coupling between Cu and O atoms is usually proposed to

explain the shrinking of bandgap.

1.1.5.2. Photoluminescence (PL) spectra

Photoluminescence (PL) spectra is necessary to explore the levels of defects and their
amount in ZnO thin films. The near-band-edge (NBE) emission, generally located within
wavelength range of 375-385 nm and, is due to recombination of free excitons between
conduction band (CB) and valence band (VB). The PL spectra of CZO thin films display
another series of emission peaks. These emissions occurred via transitions among various
levels; VB, CB and different created levels of defects such as zinc vacancies (Vzn), zinc antisites

(Zno), oxygen interstitial (O;) oxygen vacancies (Vo), zinc interstitials (Zn;) and oxygen
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antisites (Ozn). Photoluminescence spectrometers typically use excitation source in the
broad wavelength range from the UV to near-IR region (xenon lamps are usually used). The
emitted spectra are collected at either a right angle or front face relative to the incident beam.
The photoluminescence technique has been significantly improved, due to the availability of
lasers and more advanced detectors, and allows the PL spectra to be measured at various
temperatures [92]. For CZO thin films, the excited electron in the conduction band relaxes
quickly to the band edge and then recombines with the hole, to trapping levels that are created
by Cu dopant or defects (Vzn, Oi, Vo, Zni, Ozn, Zno) and lie in the forbidden band or to another
electron or hole [22, 23, 52, 92].

Five peaks were usually recorded within the visible range [12, 22, 82]. The first peak
usually corresponds to NBE emission. Additional peak is appeared for high Cu concentration
[12]. Some of the appeared peaks are sometimes suppressed by increasing of Cu content [22],
and their intensity showed a diminishing with Cu doping. This trend was attributed to Cu centres
in ZnO film which act as traps to the excited electrons [82]. In a similar case it was observed
four peaks for ZnO films while another green emission was recorded only for CZO thin films
[32]. Some other reports observed only tow peaks [23, 73], in which it was assumed that Cu as
a p-type dopant introduces a deep acceptor level near the conduction band [23]. Similarly, tow
pronounced peaks were observed for CZO thin films (Cu content of 0-5 at.%) [73]. The first
peak, located in the visible region, generally exhibited a decrease in its intensity with Cu doping,
which was attributed to the decrease in the concentration of defects. The second peak, located
in the UV region, presented an increase when Cu content increased from 0.5 to 1 at.%, followed
by a decrease for Cu content above 1 at.%. Moreover, for CZO thin films at Cu content of 0.25,
0.98 and 1.06 wt.%, it was recorded only one main emission peak with a slight variation in its
intensity [74].

Some reports proposed a defect's energy level diagram for CZO thin films from results
of PL spectrum (Figure 6) [22, 23, 52]. Transitions between various levels lead to the formation
of different peaks in the PL spectra. It was observed from PL spectra for CZO thin films at Cu
content of 0, 2, 4, and 6 wt.% [22] that the green emission (at 530 nm) was suppressed due to
the doping of Cu into ZnO lattice and reducing of oxygen vacancy (V,), the blue emission was
mainly influenced by the created zinc vacancy (Vzn) and the improvement of PL spectrum for
high x was due to the occupation of Zn*? sites by Cu*? ions. Report also noticed that Cu doping
isn't the origin of any PL emission and only the intensity of PL emission is changed by its

incorporation. In recent work on ZnO thin films at various doping Cu concentration of 0, 5.1,

[ 23
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6.2 and 7.5 at%, authors pointed out that Cu introduces a deep acceptor level below the
conduction band and the strong violet emission observed for high x signifies the variation in
Vzn density [23]. Besides, the adjusting of electrons to the CB and trapping of holes at Vo were
proposed to explain the green emission observed in PL spectrum for CZO thin films doped Cu

concentration of 1 at.% [32].
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Figure 1.6. Defect energy level diagram of CZO thin films at Cu content of 0, 5.1, 6.2 and 7.5
at.% [23].

A comprehensive review on PL spectra and defect energy level diagram can conduct us

to draw the following notes,

i.  Peaks and allowed transitions: the number of emission peaks appeared in the PL spectra
of CZO thin films depends on the different allowed transitions among various levels
of VB, CB and created defects (Vo, Vzn, Cuzn—Zni),

ii.  Peaks position: the position of the appeared peaks in the PL spectra of CZO thin films,
is strongly affected by the concentration of the defects which in their turn depend on the
preparation conditions as well as on the Cu dopant,

iii.  Additional peaks: the increasing level of Cu doping into ZnO lattice can lead to the
suppression or appearing of certain peaks in the PL spectra,

iv. Defects and peak intensity: the amount of defects, acting as traps to the excited

electrons, can influence the peak intensity.

1.1.5.3. Raman spectroscopic studies on CZO thin films

A Raman spectrum contains a number of peaks, including the wavelength position and

intensity of the scattered light (Typical Raman spectrum covers a range of 4000-10 cm™).

[ 2a
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Many works have been done on CZO thin films by using Raman spectroscopy to
explorer the specific group of chemical bonds attributed to different vibrational modes. These

modes,

corresponding to various peaks, are related to the various type of ions and defects
involved in the ZnO host lattice such as Zn?*, O ions, Cu dopant, Vo and Zn; defects. In the
theoretical point of view, the ZnO wurtzite structure (CZ,, symmetry) has 12 phonon branches
with the irreducible representations I'= 2A1 + 2B1 + 2E1 + 2E», which are divided into 9 optical
and 3 acoustic branches. The A; and E; active modes are polar and the B: (inactive) and E»
(active) are defined non-polar modes. Among these branches, there are 4 Raman active phonons
at the centre of the Brillouin zone. Cu?* ions can replace Zn?* ions, generate minimal distortion
in the host lattice, and modify the absorption spectrum. The Raman spectra leads then to
estimate the degree of structural disorder manifesting in the E2 mode.

Raman spectroscopy is generally based on measuring the shift in the energy of the
scattered photon after striking the sample. Various peaks are appeared in Raman spectra
corresponding to different vibrational theoretical modes (Figure 7) [93], some of them for
characteristic of ZnO wurtzite structure [94]. The appearing or suppression of other peaks is an
indicator of presence of doping elements or formation of another phase. To explore the induced
change caused by the incorporation of Cu atoms, Raman spectra of CZO films at various Cu
content (x), are reported from different sources in various ranges of wave number; 0 <X < 8.5
at.% (200-800 cm™) [27], x= 3, 7 and 10 at.% (150-900 cm™) [28], x=0, 1, 2 and 3 at.% (200—
800 cm™) [4], x=0.5, 1, 3 and 5 at.% (300-2000 cm™?) [33], x=0, 1, 3 and 5 at.% (100-800 cm"
1y [95], x=0, 0.5, 1, 2 and 5 at.% (200-800 cm™) [73]. The reason for this diversity of the
studying range for the wave number is related to the region in which a given vibrational mode
has appeared, i.e., the vibrational modes linked to the formation of a new phase, the
characteristic vibrational modes of ZnO, the vibrational modes related to the presence of

impurities.
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Figure 1.7. Raman active modes with their corresponding vibrations of the ions in the ZnO
wurtzite structure: Az and E; (LO) are polar modes, Ez and E2x (non-polar modes) are
dominated by the vibrations of the Zn and O sub-lattices, respectively [93].

Raman spectra of CZO thin films at various content of 0.5, 1, 3 and 5 at.% [33] exhibited
four Raman peaks at 433, 574, 1153, and 1729 cm™, which were affected to the E2+ mode and
the first-order to third-order A1(LO) modes of ZnO, respectively. Report noticed that no other
peak was observed by Cu doping, which indicated that Cu ions were dissolved into ZnO host
lattice. The intensity of Eon mode was found to be decreased, while the A1(LO) mode presented
a broadening. This was attributed to Vo defects.

For CZO thin films, prepared by sol-gel spin coating method and deposited on Si
substrate [28], the Raman spectra displayed various peaks at 438, 380, 333 cm™, which were
assigned by the authors to vibrational modes Ezn, A1(TO) and 2E2(M), respectively, in addition
to other modes of Si substrate (520 cm™). It was also noticed the suppression of Ezu, attributed
to oxygen vacancies, and the appearing of another mode at ~634 cm™, attributed to CuO phase
formation, for higher doping of Cu.

Raman analysis on CZO thin films at various Cu content (x=0, 0.5, 1, 2 and 5 at.%)
[73] revealed five peaks for the Raman spectra located at 336, 387, 438, 541 and 580 cm-1,
which were affected to the second order acoustic mode and the vibration A; (TO) mode, the
E2n (high) mode, the A1 (LO) mode, and the E1 (LO) mode, respectively. It was also observed
the decreasing of the intensity of the E;n mode and the vanishing of the Az (LO) vibration peak
by Cu doping. This latter was affected to the formation of Zn; states and Vo.

Higher oxygen vacancies in the CZO film films at various Cu contents of 0, 1, 2 and 3
at.% [4] caused a small shifting in the position of various peaks observed in the Raman spectra

with increasing level of Cu doping in the wave number range of 200-800 cm™. In other study
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on CZO thin films in the region of 200-800 cm™ with Cu content ranging from 0 to 8.5
at.% [27], it was indicated that all films showed tow peaks located at 344 cm™ (E2n-E2 mode)
and

at 596 cm™ (E1(LO) mode). The E1(LO) peak has found to be intensified and the position
of both E1(LO) and E2n-E2L exhibited a blue-shift with increasing amount of Vo with Cu doping.
This findings are found to be in agreement with other reports [4, 28, 33, 73].

CZO thin films at various Cu contents (0, 1, 3 and 5 at.%) were prepared by the sol-gel
doctor blade technique [95]. Four peaks located at 97.4 cm™ (Ez. mode), 340 cm™ (Ezn-Ezu
mode) and 437 and 581 cm™ (A1 mode) were observed, they are characteristic of ZnO wurtzite
structure. It was also observed the widening and decreasing of Ez. peak (=99 cm™) and Eazn
peak (~437 cm™) in the case of CZO thin films, which were attributed to the formation of
nancomposites due to the incorporation of Cu?* into the host lattice. The formation of a ZnO-
CuO heterojunction was also assigned to two other peaks located at 298 (Aig mode) and 614
cm? (B2g mode).

As a summary for this part, some notes can be issued from the overview on the Raman

spectra,

i.  Phase shift: the incorporation of Cu dopant in the ZnO host lattice can lead to the
formation of new phase (CuO) and then the appearing of its corresponding modes (Axg
and Boy),

ii.  Suppression of modes: the increasing level of Cu doping can lead to the decreasing
amount of Vo and then to the suppression of a certain modes (E2. and E2n peaks),

iii.  Characteristic peaks: four peaks corresponding to E2, Eon-E2. and Az vibrational
modes, are characteristic of ZnO wurtzite structure,
iv.  Additional peaks: the number of peaks observed in Raman spectra depends on the

elemental composition of the CZO films as well as the substrate.

1.1.5.4. Fourier transform infrared spectroscopy on CZO thin films

The Fourier transform infrared spectroscopy (FTIR) spectroscopy is usually used among
other techniques such as Raman spectroscopy to obtaining information about chemical bonding
in CZO thin films and identifying their elemental constituents,. This is done by exploring the
presence or absence of the various bands in FTIR spectra. The different modes of a given

chemical group are then expected in specific regions of vibrational frequencies or band (400-
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4000 cm™), which depend on the chemical bonds involved in various type of atoms.
Many works have been done on CZO nanopowders by using FTIR spectroscopy, but those of
CZO thin films was few. This is attributed to the limited solubility of Cu in ZnO host

lattice, usually did not exceed 10 at. %, or the formation of other phase such as CuO
lattice. Various experimental methods are available in infrared spectrophotometry (vibrational
spectroscopy), and their appropriate use depends on the sample and the analytical objective.
This is done by either transmission or reflection in the mid-infrared region (400-4000 cmY).
The traditional transmission FTIR spectroscopy has been commonly used as the easiest method
to analyze CZO thin films deposited on transparent substrates [4, 46, 83, 96]. The transparency
of substrates makes the transversal or longitudinal optical vibrational modes clearly observed.
The attenuated total reflection Fourier transform infrared (ATR FTIR) spectroscopy is another
modern technique used to measure the infrared spectra of thick films. In addition to its depth
profiling within a thickness of about 1 um, the ATR FTIR technique takes advantages of
reflection at interface [97]. This spectroscopy has been used to localize the amount of Cu on
the surface of stearate-ZnO particles. Besides, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) has also been used for the analysis of CZO but only in the fine powder
form [98].

CZO thin films with Cu contents of 0, 0.05 and 0.1 mol% [83] recorded various bands
for FTIR spectra. The absorption band (400-1200 cm™), or the first band, was attributed to the
oxygen-metal linkages. In this band an absorption peak was observed at 535 cm™ only for pure
ZnO and a second peak at 1072 cm™ was assigned to Si-O-Si bonds due to the silicon wafer.
Report also indicated that the vibrations of the organic residuals and the water incorporation
caused the second band (1200-4000 cm™). The absorption peak of CZO thin films,
corresponding to Zn-O bond, was observed at 675 cm™ and other weak peak, attributed to

stretching vibration of ZnO, was located at 800 cm™.

Report on pure and CZO thin films with Cu content of 8 at.% [46], exhibited five
pronounced bands which were attributed to various vibration modes; 1740 cm™* (H-O-H
bending), 1371 cm™ (asymmetric vibration of CHy), 1210 cm™ (O-H stretching vibration of
H20), and 931 and 825 cm™ (microstructural change induced by the incorporation of Cu into
ZnO host lattice). In a later work for CZO thin films with Cu content of 1, 2 and 3 mol.% [96],
FTIR spectra showed different peaks located at various positions; 2925 and 2830 cm™ (C-H
bond stretching and bending), 1573 and 1403 cm, (symmetrical and asymmetrical stretching

of carboxylic acetate), and two other peaks at 1050 and 780 cm™, which are specific to ZnO
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vibrations. In addition to these peaks, the formation of rod shape was assigned to stretch
of bandat 666 cm™. It was also noticed that the absence of a peak corresponding to O-H bond

vibration is an indicator of non existence of absorbed water on the surface.

FTIR spectra of pure and CZO thin films showed several peaks [99]. Some of these
peaks (490, 526, 664, 840, 1009 and 2368 cm™) were characteristic of various vibrations of
bonds in the substrate (DD3-clay) and molecules absorbed by the surface (1649 cm™). Two
peaks located at 420 and 480 cm™ were assigned to Zn-O vibration bond in ZnO thin films. It
was also observed tow other peaks (470 and 508 cm™) in the case of CZO thin films, which
were attributed to Cu-O vibration. Report indicated that the using of other substrate (DD3-clay+
38% of ZrO») did not change significantly the FTIR spectra. In this case, a slight difference was

observed within confined area (400 and 1250 cm™) compared to the first case (DD3-clay).

CZO thin films at various Cu contents (1, 2 and 3 at.%) were recently prepared by the
sol-gel spin coating technique [4], it was observed various peaks, which were attributed to the
vibration of different bonds. The peak at 3444 cm™ (stretching of O-H vibration) indicated the
presence of water molecules. The peak ranged from 2952 to 2856 cm™ was due to stretching of
C-H asymmetric. The presence of CO2 molecules (peak at around 2342 cm™) and residual
organic impurities (peak at around 1533 cm™) was also revealed. The band around 904-469 cm-
! (stretching of Zn-O bond) was due to the substitution of Cu into the ZnO host lattice. The
change in the bond length caused by the substitutional doping of Cu with Zn was assigned to

the small shift in the position of absorption peak.

All these findings on FTIR spectra of CZO thin films with various Cu contents confirm

the following notes,

i.  Significant peaks: two peaks in the medium band of vibrational frequencies (~ 904-469
cmt) are assigned to the incorporation of Cu in ZnO host lattice whose Zn-O vibration

bond are usually described by other two peaks in the band ranges from 420 to 480 cm’
1

ii.  Number and intensity of peaks: the number of the observed peaks and their
corresponding intensity are found to be influenced by the elemental constituents of the
thin films, which are issued from substrate, organic residuals during the elaboration as

well as by the experimental conditions,
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iii.  Shift in peak position: the small shift observed in the peak position of absorption peak
is attributed to the change in the bond length due to the substitutional doping Cu with
Zn,

iv.  Absorption of species on the surface: observation of various bands in CZO films might

be due to the modification induced by the presence of different specious on the surface.

1.1.6. X-ray photoelectron spectroscopy characterization on Cu-doped-ZnO

One of powerful surface analysis method is X-ray photoelectron spectroscopy (XPS). It
can provide the chemical state and electronic properties of materials [100]. This tool is widely
used and immensely popular in the characterization of CZO thin films as it can give the detail
of structural information and chemical environment (defects and chemical states). The surface
or interface properties of thin films are well known to play an important role for devices
application such as chemical reaction between electrode and electrolyte in batteries,
supercapacitors, fuel cells, solar cells, and active region in p-n junction of semiconductor.
Therefore, the characterization of Cu doped ZnO thin films using XPS are crucial for both
fundamental and application interests. In principles, the electrons will be emitted when the X-
ray photon energy absorbed by core or valence electrons is greater than binding energy of
electrons (photoelectric effect). Then, the binding energy of core or valence electrons and
chemical shift determined from XPS spectra is useful for the surface characterization of
materials [101]. Since the depth of surface analysis is ~ 10 nm, sample preparation for CZO
thin film generally requires careful protection. However, handling of thin film is easier that
other type of samples. Commonly samples with dimension ~1x1 cm? and thickness less than 1
cm is suitable for most XPS machine. The sample handling for XPS is covered in detail
elsewhere [102]. The uniqueness of binding energy and particular element can be found on the
surface is used by XPS to identify the elements present on the surface of the analyzed material,
then the result is plotted by binding energy (eV) vs. intensity (count per second). General scans
start from a range of 0 to 1200 eV for CZO material, for analysis specific range for Zn (1000-
1050 eV), O (500-530 eV) and Cu (900-960 eV) are the focus.

XPS spectra revealed that the Cu doped ZnO thin films synthesized using sol gel method
are in high quality films with survey spectra show no extra peaks from the other elements were
detected [4, 49, 52]. Therefore, the composition of Zn, O, C and Cu close to the expected

chemical compositions were confirmed to be presented in Cu doped ZnO thin films, where the
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substitution of Cu for Zn sites was considered [4, 52]. In this case, difficult to identify
the type of Cu as a dopant, whether it is substitution at Zn sites or become interstitial in ZnO
lattice. Further XPS analysis was carried out using curve/peak fitting to determine the present
of Cu* and Cu?* states and defects (Oxygen vacancy and interstitial) in Cu doped ZnO thin
films [103]. The mixed Cu* and Cu?* states were reported to exist in most of Cu doped ZnO
thin films with the different chemical state composition depends on Cu concentration and

synthesis condition (pH and temperature) [103, 104].

The other possible defect created in Cu doped ZnO thin films has also been discussed,
the peak fitting revealed that the peak at around 531.4 eV is attributed to Oxygen vacancy [52,
103]. The additional information on the interaction between Zn, Cu and O ions, interstitial
region, and adsorbed species (O2, H20 and -CO3) on surface have been elucidated [4, 105]. On
the other side, to avoid the analysis error in Cu doped ZnO thin films due to the contamination
effect at surface, the XPS approach with different angle of thin films (surface, sub-surface and
bulk) and ultrahigh vacuum (UHV) treatment were used [106]. This gives a better

understanding on the effect of surface contaminated in Cu doped ZnO thin films.

The characterization on surface of Cu doped ZnO thin films using XPS method are

typically based on:

i. The peak positions of XPS spectra: provide information on core or valence electron
for chemical environment of Cu doped ZnO films.

ii. Curve/peak fitting of XPS spectra: demonstrate the correlation of curve/peak
positions with chemical state of Cu* and Cu?', oxygen vacancy and possible

interstitial.

1.1.7. Magnetic properties of Cu doped zinc oxide thin films

Various magnetic parameters such as saturation magnetization, coercive magnetic field,
remanent magnetization, magnetic moment and Curie temperature (TC), can be extracted from
Magnetic field dependent magnetization (M—H) hysteresis loop. In recent years, nonmagnetic
ZnO based diluted magnetic semiconductors have attracted extensive attention for their
possibility to exhibit room-temperature ferromagnetism. Many reports on CZO system mostly
analyse and discuss about the mechanism of its ferromagnetism and to solve the controversial

issue such as control, origin and improvement of ferromagnetism [33, 34, 50, 75].
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Most of the magnetization properties were presented as a function of applied field (M—
H) hysteresis curves at different Cu contents of the CZO films (Figure 8) [33, 34, 75]. The
saturation magnetization (MS) was found to be influenced by increasing Cu
dopingconcentrations. Few reports on MS measurement at room temperature showed the
increasing of MS with Cu content [33, 34], but it exhibited a deceasing after 2% of Cu doping
[34]. Others reported that CZO exhibited a low value of MS when the concentration of Cu was
increased [50, 75], in such works the films become nonmagnetic or negligibly ferromagnetic at
room temperature [50] or even at 10 K [75]. In the latter case, CZO films exhibited only
paramagnetic behaviour at lower Cu concentrations (0.5 and 0.75 mol.%) [75]. Even after a
long discussion on the evolution of MS with Cu doping and temperature, the issue is still left
open. In the following paragraphs, the discussion of the effect of Cu doping concentration and

temperature on the MS of CZO thin films are summarized.
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Figure 8. Magnetic hysteresis loops of CZO thin films with Cu content of 0.5, 0.75, 1, 2 and
3 mol.% [75].

ZnO thin films doped with Cu content of 0.5, 0.75, 1, 2 and 3 mol.% produced high
values of the saturation magnetization at Cu content of 1 mol.% by the increasing of hole
carriers, which improves the ferromagnetic spin-ordering [75]. The decrease of MS at Cu
content greater than 2 mol.% was then attributed to the increase in anti-ferromagnetic
interactions due to the formation of CuO and Cu clusters. A similar decreasing was also
observed for CZO thin films synthesized by sol-gel technique with Cu concentration of 1, 2, 3
and 4 at.% [50], where the authors attributed the decreasing in the saturation magnetization to
the enhanced anti-ferromagnetic coupling between Cu-Cu cations which overcomes

ferromagnetic coupling. In a later work for CZO at low Cu concentrations (0.5, 1, 3and 5 at.%),
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it was indicated an obvious room-temperature ferromagnetism behaviour in all the
prepared samples and a decrease of MS and coercive field with increasing level of Cu doping
[33]. In a recent work for CZO thin films with Cu concentration of 0, 0.05, 0.1, 0.5, 1, 2, 2.5,5
and

at.% [34], it was found that TC is well above the room temperature, undoped ZnO thin
films are diamagnetic, and ferromagnetic order is independent on temperature. This
ferromagnetism in CZO thin films was then explained by the overlapping of bound magnetic
polarons, due to exchange interaction between ion spin of the localized hole and the spin of
Cu?*, and MS of ~1.87 and ~1.72 uB/Cu?* were indicated in CZO thin films for Cu content of
0.05 and 0.1%, respectively [34].

Overview on magnetic properties of CZO thin films, reported from recent advances, can
lead to the following notes,

i.  Control of ferromagnetic ordering: ferromagnetism in CZO thin films is controlled by
the heating temperature, formation of CuO and Cu clusters, and the concentration of
defects,

ii.  Ferromagnetic improvement: Cu doping can improve the ferromagnetic ordering of
ZnO thin films, which is usually diamagnetic,

iii.  Origin of ferromagnetism: the overlapping of bound magnetic polarons and the spin of

Cu?* may be the origin of ferromagnetism in CZO.

1.1.8. Conclusion and prospectus/future/outlook

Various studies have been carried out on the investigation of CZO thin films in view of
various applications. A summary of structural, electronic and optical parameters of CZO thin
films was investigated in order to understand their evolution by increasing level of Cu 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 CZO thin films. The crystallite size, lattice
constants, lattice strain, diffraction peaks, band gap, transmittance, surface morphology, FTIR
spectroscopy, Raman spectroscopy, and magnetic properties were found to be influenced by
increasing Cu doping. Moreover, various experiments with the same Cu content led to results
possessing a contradictory evolution. This confirmed the effect of the involved experimental
parameters on the growth and structure of CZO thin films.
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Best knowledge on the combined effects of the preparation method and conditions as
well as adding material, i.e. Cu, help in exploring a variety of new potential applications for
CZO thin films. So, further researches are required to produce homogenous incorporation of
Cu dopant into ZnO host lattice and to gain more insights into the CZO preparation-property-

application relationship. We hope to provide support in the area of elaboration process,
characterization and properties of metal oxides thin films and our review can open the door to
researchers working on CZO 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.

1.2. A review on DFT+U calculations for properties of copper doped ZnO
wurtzite

1.2.1. Introduction

Zinc oxide (ZnO) doped with transition metal (TM) has exhibited a increasing interest
due to its recognized potential in many technological devices [40]. Copper (Cu) with an ionic
radii close to that of the Zn, can easily substitute it as dopant in ZnO host lattice [107-109]. This
economical option, i.e. Cu dopant, has been selected to enhance the conductivity and
photocatalytic activity of ZnO host lattice [35, 95].

The development of efficient model based on theoretical and computational methods
for dealing with many body problems is therefore essential to the research in the condensed
matter theory. To predict the electronic ground states, the plane-wave pseudopotential (PWPP)
density functional theory (DFT) has been successfully used. Moreover, the traditional theory
DFT does not well describe the localization of strongly correlated d and f electrons of the metal
oxides, leading to underestimating their band gap [110]. Thus, to improve such calculations,
DFT-LDA+U approach becomes a necessity [110-113]. Many theoretical studies on Cu-doped
ZnO have been available in the literatures [91, 114-124]. However, the experimental band gap
value of CZO was found more underestimated by the calculated band gap. As a result,
additional calculations with convenient Hubbard U values are still justified in order to improve
the band gap. In this section we review the progress of first-principles calculation within DFT
+ U method of CZO materials.
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1.2.2. A summary of the structural configurations and the convergence criteria

for geometry optimization

The optimized ZnO primitive cell and substitutional method are usually used to derive
ZnO supercell model (Figure 9a and b), which were widely used in first principles calculation
to achieve the considered doping or defects architecture with a space group and lattice
parameters (Figure 9c). Many defect-host lattice configurations, such as zinc vacancies(Vzn),
oxygen interstitial (Oi) oxygen vacancies (Vo), zinc interstitials (Zn;), oxygen antisites (Ozn)
and zinc antisites (Zno), have been reported [125-129]. There have been several theoretical
studies on Cu-doped ZnO [5, 91, 114, 115, 117-120, 122, 124, 130-133], which have been
performed by different modern computational package, such as CASTEP, VASP and
SCIESTA, in order to investigating the effect of Cu doping on the properties of ZnO. Several
convergence threshold criteria are needed to obtain precise calculations such as the maximum
allowable stress (MS), maximum atomic displacement (MD), maximum force (MF) and energy
change (EC) [5, 91, 114, 115, 117, 119, 120, 122, 124, 130-133]. Therefore, Zn-4s23d°, Cu-
3d1%s?, and O-2s22p* are considered as valence electron configuration in most of calculations
on CZO structures [5, 114, 115, 117, 118, 122, 130]. Most of the calculation have been done
using Perdew—Burke—Ernzerh of scheme (PBE) as exchange—correlation functional [5, 91, 114,
115, 117, 119, 120, 122, 124, 130-133]. Few other works have used Perdew—\Wang 91 scheme
(PW91) [118, 133]. Energy cut-off (Ecut) is ranging from 340 to 550 eV and depends on the
pseudopotential type such as Ultrasoft pseudopotential (USP), Norm-conserving (NC),
Projector augmented wave (PAW) pseudo-potentials. The Brillouin zone is sampled by k-point

meshes (K-P-K) which depends on the supercell volume.

d | b

Figure 1.9. (a) ZnO wurtzite primive cell, (b) 2x2x2 supercell structure of ZnO wurtzite, (c)
supercell structure of Cu (blue) doped ZnO. Cells were constructed using the Materials
Visualizer within the Materials Studio environment.
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Calculated band gap of CZO was found to be more overestimated by the experimental
band gap value, although some studies have used the DFT + U approach [5, 91, 114, 115, 118-
120, 124, 131-133] (Table 1). So, further calculations with convenient Hubbard U values are
still required to enhance the band gap. The incorporation of Ud,Zn, Ud,Cu and Up,O,which are
also found to be fairly localized [134], has successfully reproduced correct band gap [5, 114].
The typical values are around of 5, 8, and 5 eV for Ud,Zn, Ud,Cu and Up,O, respectively
(Table 1).
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Table 1.1: The convergence and input criteria of computer code used in the first-principles

calculation for CZO wurtzite structures at various Cu concentration x (%) and Hubbard-U

values (literature survey from 2010 to 2020).

X(%) Hubbard-U (eV) Code/  xc functional/ Optimization criteria Eg Ref.
Magnetic Basis set (eV)
—— state
d-Zn p-O d-Cu ECx MS MDx10*% MF Ewt KP
10 (GPa) (nm) (eV/nm) (eV)
0 9x9x6  3.373
2785 8 5 CASTEP ng'PBE'U/ 02 010 2 005 - 3x3x2 2510  [114]
4.17 AX2x2 -
421123 VASPI GGA-PBE-U/ 888
56 - - FM PAW - - - 500 (F)’g:lmltlve - [131]
12.5
VASP/  GGA-PBE+U/
42 0 - 1 [ PAW - - - 500 3x4x2 - [124]
2 VASP/ Decreases
g - -~ - EM4AFM GGA-PBE 01 - - 0.2 400 3x3x3 o T [117]
0 7x7x4  Decreases
6.25 4x4x2  with x
1875- - - CASTEPLBGAPBEL 5 o1 2 05 460 4x4x2 [122]
125 4x4%2
25 4Ax4%2
VASP/  GGA-PW91/
56 75 - 5 o PAW - - - 0.1 550 4x4x4 - [118]
125 65 - 1 VASPL GGAPBEUL - 04 400 7x7x1 236  [115]
AFM -
0 3.44
313 55 8 6 EQSTEP/ Sgﬁ'PBE'U/ 01 005 1 0.3 380 4x4x1  3.25 [5]
6.25 3.18
625 - - - CASTEPI GGA-PBE/ 4, go5 01 480 6x6x3 042  [132]
312 105 7 45 _CASTEP/ ?GA'U/ 01 005 1 0.3 400 3x3x2 - [133]
0 2.78
10 SCIESTA/ GGA-PBE/ 2.56
20 - - - LCAO - - - - 400 15x15x9 57, [120]
30 2.31
0 - - - CASTEP/ GGA-PBE/ 01 010 2 0.5 340 4x4x2 0.80 [119]
3.12 - - 0.48
0 CASTEP/ GGA- PBE/ 0.741
31 - - - USP 01 1 2 0.3 380 4x4x2  o'ooc [91]
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1.2.3. Structural properties of CZO

The optimized lattice parameters determined by LDA usually underestimates the
experimental value (a=3.250 A, c/a = 1.6021) by approximately—2% [15,31,36] whereas GGA
overestimates the experimental lattice constant by approximately of 2% [111, 135]. The
implementation of Hubbard-U parameter in the optimization work has a slight influence on the
lattice constant. By increasing U(Zn-3d) parameter from 5.5 to 10.5 eV in GGA, the lattice
constant a increases from 3.248 to 3.283 A at Cu doping of 3.12% (Table 2). The Zn-O bond
length ranges from 1.900 to 2.014 A while the Cu-O bond length ranges from 1.890 to 2.026 A
[5, 91, 115, 124]. The bond length for both Cu-O and Zn-O exhibit values along ¢ axis greater
than those perpendicular to ¢ axis [5, 91]. Furthermore, for a given Cu content, the bond lengths
of Cu-O parallel and vertical to c-axis are lower than those of Zn-O in pure ZnO structures.
This due to the replacement of Zn?* with Cu?*, which has an ionic radii less than that of Zn?*.
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Table 1.2: Average bond length and lattice constants of CZO wurtzite structures at various Cu

concentration x (%) and Hubbard-U values (literature survey from2010 to 2020) obtained from

first-principles calculation. (//C) indicates length along c axis, (|c) refers to length perpendicular

to c axis.
Lattice
Hubbard-U (eV) Bond length (A°) R
X (%) constant (A°) Ref.
d-Zn p-O d-Cu Zn-0 Cu-O a=h c
0 3.249  5.205
278 5 5 - - 3.249 5205 [114]
4.17 3.272  5.284
42 0 1 - 2.012 3.253 5214 [124]
0 3.254 5222
6.25 - 5.210
125 - 5.190 [122]
18.75 - - - - 5.175
25 - -
2.8
75 5 - - 3195 5.139 [118]
5.6
125 65 1 1.90 1.89 329 530 [115]
0 2.004 (//C), 2.014(|c) 3.249  5.205
1.992 (//C),
313 55 6 - 1.973(|c) 3.248 5204 [5]
6.25 - 1.991 (//C), 3.247  5.203
1.972(|c)
6.25 - - 3.290 5.290 [132]
312 105 4.5 3.283  5.287 [133]
0 - - 3.326 5.420
- - [119]
3.12 3.326  5.417
0 2.009 (//C), 2.001(|c) -
- - - - [91]
3.1 - 2.026 (//), 2.005 ([c)
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1.2.4. Electronic and optical properties of CZO

1.2.4.1. Band gap energy and band structure

The energy band structure and its corresponding density of states (DOS) are generally
calculated to reflect the electronic behaviour of CZO structures, which is useful in the device
design. A direct-type band gap located at the centre of the k-point grid (") was revealed by the
typical calculated energy band structure of pure ZnO structure (Figure 10) using Hubbard
correction [114] or CZO structure without including Hubbard correction [132]. In many reports,
the calculated energy band gap of CZO does not exceed 1 eV, which is severely underestimated
by the experimental findings [91, 117, 119, 132] and tends to be decreased with Cu doping.
These are caused by the deficient of using GGA that underestimate the binding energy in d-
state [135, 136]. Previous studies have found that adding Ud,Zn and/or Ud,Cu alone slightly
improved the calculated band gap, but the result still underestimated the experimental band gap
[115, 118, 124]. Furthermore, including Up,O improved significantly the calculated band gap
[5, 114, 133].
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Figure 1.10. Band structure of pure ZnO (UZn-3d=5, UO-2p=8 ) reprinted from Ref. [114].

1.2.4.2. Electronic density of states

The contribution of the partial density of states (PDOS) from various valence states to the
total density of states (TDOS) are tabulated (Table 3). This helps to understanding of electronic
properties of the system under study. The valence band of CZO structures is generally divided

[ a0
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into three regions. The deep region is mainly generated from the O-2s states with a part
from Cu-2s in the case of doping. The intermediate region is primarily derived from the Zn-3d,
Zn-4s states and Cu-3d and a some contribution from the O-2p states. Cu 3d states contribute a
lot to the shallow region (the upper VB) and overshoot the Fermi level by introducing an
acceptor states [119]. A partial contribution is also marked for the O-2p states in this region.
The conduction band is derived from Zn-4s and O-2p states. In this band, Cu causes localized
density peaks in the minority spin near the Fermi level [114, 124, 131]. Report also indicated
that the unoccupied Cu 3d states generate impurity levels at 1.62 eV in the band gap [133].

To study the effect of the Hubaard parameter U on the relaxed electronic structure, total
density of states (TDOS) and partial density of states (PDOS) for the relaxed Cuo.042Zno.o58 O
compound with and without including Hubaard correction U, were investigated [131]. By
including Hubbard correction, it was observed that in the majority spin region, the states are
pushed up near the Fermi level while the states become less localized in the minority spin region
near and above the Fermi level. This makes CZO structure nearly half-metallic using GGA.
This was confirmed in other previous work [117], in which the incorporation of Cu atoms
influences the bandgap and makes ZnO system half-metallic, with total spin-down polarization

at Fermi level.
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Table 1.3: PDOS Contribution to TDOS of CZO wurtzite structures at various Cu concentration

X (%) and Hubbard-U values obtained from first-principles calculation (literature survey from
2010 to 2020). VB; valence band, CB; conduction band, SC; semiconductor, FL; Fermi level.

X Hubbard-U Valence band peaks Conduction band peak Ref.
(%) _(eV)
d- p- d-
Zn O Cu
0 -From —4 to 0 eV is mainly originated from  -Dominated by Cu-3d stateanda  [114]
278 5 8 5 Cu-3d and a part of O-2p and Zn-3d. part of O-2p and Zn-4s states.
4.17 -From —8 to —4 eV is mainly derived from - Cu causes localized density
Zn-4s and a part of O-2p. peaks near FL
2.8 - - - -From —3 to 0 ¢V is mainly derived from -Dominated by state of Cu-3d [131]
4.2 Zn-3d and some contribution from O-2p and a part of O-2p states.
5.6 and Cu-3d states. - Cu is just above the upper VB,
12.5 -Zn0O becomes a p-type SC.
4.2 0 -1 -Below and near the FL, in the minority -Above and near FL, in the [124]
spin, 2 peaks belong to 3d-Cu and 2p-O minority spin, one peak (t2-Cu)
states are shown. state is shown..
-Localized (holes) d states are
shown
above VBM (Fermi level).
2 - - - -The Cu-atom constitutes the VB -The Cu-atom constitutes the CB  [117]
4 maximum. minimum.
6
0 - - - - O-2s bond to Cu-2s causes the peak -CB is primarily derived from O [122]
6.25 located between —18 and —16 eV. 2p and Zn 4s states.
12.5 - From -7 to —4.5 eV is dominated by Zn-
18.75 3d.
25 - Cu 3d states contribute a lot to the upper
VB and overshoot the FL.
-From -6.9 to 0 eV is predominant by O-2p.
2.8 75 - 5 -From —5.5 to —5.8 eV is mainly derived It is dominated by state of Cu-3d  [118]
5.6 from O-2p states. and a part of O-2p states.
-The unoccupied Cu 3d states are found to
be located in the band gap.
-From —5 to 0 eV is mainly originated from
O-2p and a part of Cu-3d.states.
313 55 8 6 - From 5.5 to -7.5 eV is primarily derived -Localized Cu-3d states are [5]
9.37 from Cu-3d, O-2p and Zn 4s states shown
-Cu 3d states contribute a lot to the upper above VBM (FL).
VB. - -CB is primarily derived from
- Partial contribution of O-2pin-4.5-0eV. O 2p and Zn 4s states.
6.25 - - - -From —18.1 to —16 eV is mainly originated  -It is dominated by state of Zn- [132]
from O-2s states. 4s.
-From —7.5 to -5 eV is mainly originated -The impurity level up-shifting
from Zn-3d and a part of O-2p states. toward VB maximum ( FL push
-From —5 to 0 eV is mainly originated from  in the VB at 0.105 eV)
O-2p and a part of Cu-3d states.
312 105 7 45 -From—20to—18 ¢V is mainly originated -It is dominated by Zn-4s states. ~ [133]
from O-2s states. -The unoccupied Cu 3d states
-From —10 to —4.9 eV is mainly originated generate impurity levels at 1.62
from Zn-3d and O-2p states. eV in the band gap.
-From —2.5 to —1 eV is mainly originated
from O-2p states and a part of Cu-3d states.
312 - - - -From —6 to 0 eV is mainly originated from  -It is dominated by Zn-4s and a [119]

Zn-3d and a part of O-2p states.
-The Cu doping can introduce the acceptor
states.

part of Zn-3p states.
-The FL is composed of Cu-3d
states.
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1.2.4.3. Mulliken population

Mulliken analysis from frst-principles calculations are required to investigate the nature
of chemical bonding and bond populations of CZO system. The bond population values for
both Cu-O and Zn-O along c axis was found to be greater than those perpendicular to ¢ axis [5,
91]. Besides, in order to investigate the interactions and bonding among adjacent atoms,
electron density differences at (0 0 2) plan for pure ZnO and CZO structures (x=3.13 and 6.25%)
were shown (Figure 11) [5]. The extent of overlapping among the neighbouring electronic
clouds for Zn-O bonds in pure ZnO structure becomes noticeable indicating that the covalent
bonds weaken while the extent of overlapping weakens with increasing Cu-doping content for
Cu-0 and Zn-O, which means that the ionic bonds strengthen. This due to the difference in
electronegativity for Zn (1.65) and Cu (1.8).

N ) ~ \:57

Figure 1.11. Electron density differences in (0 0 2) plan for (a) undoped ZnO, (b)
Zno.9687CU0.03130, and (C) Zno.a375CUo0.06250 structures, reprinted from Ref. [5].

1.2.4.4. Optical absorption
The dielectric function is an essential parameter to describe the behaviour of matter
subjected to the effect of an external electromagnetic excitation (light). It represent the ratio of

the permittivity of a substance to the permittivity of the vacuum and is defined as [137]:

dw) = a(w)+ iew)
where &, (w) and &,(w) is the real and imaginary part of the dielectric function. Other optical

properties, such as extinction coefficient, refractive index, reflectivity, loss function, absorption

[ a3
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coefficient, optical conductivity, static and high-frequency dielectric constants can then
be deduced from calculation of the dielectric function.

There are three main peaks that usually constitutes the basic imaginary plot of the
dielectric function [115, 122, 132, 133] located at different values of the incident photon energy
(Table 4). It can be seen that the values of Ud,Zn, Ud,Cu and Up,O exhibit an obvious effect
on the location of each peak. This is expected, where the states included in a given peak from
the transition between conduction and valence bands, are down warded or up warded by the
influence of the Hubbard values (U).

Electron excitation of O-2p state from valence band to Zn-4s state from conduction
band, is generally responsible for emission at the first peak, which is shifted toward low
energies by Cu doping [115]. Furthermore, Cu doping can produce a new peak at about 2.8 eV.
The second peak results from electron excitation of Zn-3d occupied states at lower-energy of
valence band to O-2p unoccupied states of conduction band. Report indicated that this peak
shows a blue shift by Cu doping [122]. The excitation of Zn-3d state to unoccupied conduction
state O-2p (or sometimes O-2s) state is referred to the third peak. Cu doping can also induce a
blue shift to this peak [122]. A forth peak is sometimes observed in the imaginary plot of the
dielectric function [132, 133]. The position of these peaks, which may vary with the various
Hubbard values U, is based on the joint DOS of states within the conduction and valence bands

included in the corresponding transition.
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Table 1.4: Peaks and their origin in the imaginary part of dielectric function of CZO wurtzite

structures at various Cu concentration x (%) reported from first-principles calculation in

literature.
X Hubbard-U Peak and origin Ref.
(%) (eV)
d- p- d- First Second Third Forth
Zn O Cu
0 At1.13eVis At599eVis Atl10.6eVis - [122]
6.25 - - - caused by caused by caused by
125 transition from  transition from  transition from
18.75 0-2p (VB) to Zn-3d (VB)to  Zn-3d (VB) to
25 Zn-4s (CB). 0O-2p (CB). 0O-2p (CB).
-1t shifts toward - It shows a -1t shows a blue
low energy by blue shift by shift by Cu
Cu doping. Cu doping. doping.
125 65 - 1 -New peak -Peak at 4.4 - -- [115]
appears at about eV decreases
2.8eV by Cu gradually with
doping. Cu doping.
6.25 - - - -Atd.4eV;is At89eVis At12.5eV; is At14.8eV; [132]
due to transition due to due to transition s due to
from O-2p transition from  from Zn-3d transition
(VB) to Zn-4s 0O-2p (VB)to  (VB)to highest  from Zn-3d
(CB). Zn-4s (CB) Zn-4s (CB). (VB) to Zn-
-1t shifted 4s (CB).
toward the
lower energy.
312 105 7 45 -AtléeVis At3.4¢eVis At6.4eVisdue At10.6eV [133]
due to transition due to to transition is due to
from O-2p transition from  from O-2s (VB)  transition
(VB) to Zn-4s Zn-3dto O-2p to Zn-3d CB). from O-2s
(CB). states (VB) to Zn-
-1t shifts toward 3d (CB).
the lower
energy.

1.2.5. Magnetic properties of CZO

Report on the effect of the Hubbard value (U) of Cu-3d and Zn-3d states on the magnetic

properties of Cu-doped ZnO structure at concentration of 4.2% [124], noticed that the ground

state of system exhibits ferromagnetic (FM) with Ueff < 3 eV but changes to AFM for U>3 eV

whereas this system displays an AFM ground state as U for both Cu-3d and Zn-3d are

considered. The authors reported that the FM exchange interaction between Cu are suggested

to be mediated by the holes induced in p-d hybridization.

Copper atoms were substituted at Zn-site on pristine ZnO system at different Cu

concentration (x=1, 2 and 3%) and for different distance between the Cu dopants [117]. In order

to understand the stability of spin magnetic ordering, the ground state total energy of parallel or
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anti-parallel spin ordering have been studied. Calculations revealed that Cu-dopant
induces ~1 ug magnetic moment in the host lattice. CZO system behaved like ferromagnetic
system for the close Cu-Cu distance (~3.1 A) whereas it acts like anti-ferromagnetic system at
the distance of ~5.1 A. Again, the system becomes ferromagnetic material when the distance
reaches to ~5.8 A and ~7.9 A.

Report on Cu-doped ZnO structure (x=2.77, 5.55 and 8.33%), found that the FM state
is more energetically favourable than nonmagnetic (NM) or antiferromagnetic (AFM) state
[123]. In other work on Cu-doped ZnO structures (x=2.8 and 5.6%), it was showed that the
substitution of two Zn sites in the host lattice by two Cu atoms (nearest neighbours in the basal
plane with the distance of 3.195 A) with ferromagnetic (FM) phase is the more stable than ant-
ferromagnetic (AFM) phase [118]. Also, it was demonstrated that the local magnetic moment
on the Cu site is 0.72 ug and 0.69 ug for x=2.8 and 5.6%, respectivly, when Ucy3¢=5 eV,
compared to the value of 0.57 ug in the absence of Ucy-34 correction.

Density-functional theory calculations have been performed to study the magnetic and
optical properties of Cu-doped ZnO nanosheet (NS; x=12.5), which was initially cut from a
bulk W-ZnO with (001) polar surface [115]. Authors indicated that Cu atom prefers to substitute
for Zn site inducing a local magnetic moment on the Cu site of 0.58 uB per unit in ZnO NS and
anti-ferromagnetic (AFM) ordering was found to be energetically more favourable and Cu
dopants tend to form a cluster.

DFT calculations on the ferromagnetic stabilities for CZO structure of 2% Cu doping
concentration in different Cu-Cu separation revealed that the system behaves as a collection of
isolated magnetic centre instead of long-range ferromagnetically ordered spins when the
separation between two doped ions are 8 A or more [34]. However, in case of small separation
distance (less than 8 A) a weak antiferromagnetic coupling was found.

The magnetic properties of Cu-doped ZnO wurtzite structure have been investigated
using DFT calculations for six independent doping configurations [121]. The obtained results
revealed that the substitutional Cu ions are spin polarized and have a tendency to be assembled.
The ground state has shown a ferromagnetic phase for all configurations. The FM phase
corresponding to the nearest-neighbouring positions of Cu ions is the more stable and exhibits
a half-metal character. The ferromagnetic stability was attributed to the strong hybridization
between Cu-3d and O-2p states. The local moment at Cu is about 0.53 ug and the rest magnetic

moment mainly arises from O ions.
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1.2.6. Conclusion and prospectus/future/outlook

In this review, tabulated values and graphs on electronic, structural, optical, and
magnetic properties of Cu-doped ZnO wurtzite structure are given to outline the effect of the
Hubbard-U scheme on these properties within the framework of the first-principles study. It is
found from the literature survey that the implementation of Hubbard U correction for Ud,Zn,
Ud,Cu and Up,O all to gather has marked a slight difference in the lattice constant. Bond lengths
parallel to c-axis are generally slightly higher than those vertical to it. Also, by using Hubbard
U correction for only Zn-3d and/or Cu-3d states, a slight improvement in energy band gap has
been achieved, but still do not represent the experimental one. The incorporation of Ud,Zn,
Ud,Cu and Up,O all to gather has successfully reproduced correct band gap, which tends to be
decreased with Cu doping. The magnetic ground state (FM or AFM) of CZO system has found
to be influenced by the Hubbard value U for both Cu-3d and Zn-3d. The authors reported that
the FM exchange interaction between Cu are suggested to be mediated by the holes induced in
p-d hybridization. The local moment at Cu is about 0.53 ug and the rest magnetic moment
mainly arises from O ions. The values of Ud,Zn, Ud,Cu and Up,O has a significant effect on
the position and intensity of the main peaks composed the imaginary part of the dielectric

function, which are located at different values of the incident photon energy.
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CHAPTER 11 EXPERIMENTAL BACKGROUND

11.1. Metal oxides nanomaterials

11.1.1. 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.

11.1.2. 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].

11.1.3. 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].

11.1.4. 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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11.1.4.1. 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 11.1 shows the mechanism of these three growth modes.

(a) —>
Island

(b) \ - -
Layer

CH CH
oL ss]e
T
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(c) — —]

Stranski—Krastanov

Figure 11.1. Growth modes of film; (a) Volmer—Weber island growth (b) Frank—Vander
Merwe layer growth and (c) Stranski-Krastanov layer plus island growth [5].
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11.1.5. 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.

11.1.5.1. 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 11.2) [9].
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Figure 11.2. Quantum confinement effect. Comparison of bulk, nanocrystals and
molecules[10] .
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11.1.5.2. 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].

11.1.5.3. 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].

11.1.6. General properties of zinc oxide

ZnO has three main crystalline structures, hexagonal wurtzite, cubic zincblende and
rocksalt (Figure 11.3). The wurtzite structure is the most thermodynamically stable phase. Thus,
the wurtzite structure type is obtained by alternate stacking along the c 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 /&, c=52042 A and B=
120° , with a ratio of c¢/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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Rocksalt (B1) Zing blende (B3) Wurtzite (B4)
¢ Zn

(€Y (b) (c) @

Figure 11.3. Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt, (b)
cubic zinc blende, and (c) 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].

11.2. Sol gel technique

11.2.1 Introduction

Figure 11.4 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 11.4. 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 (-CnHzn +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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11.2.2. 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.

11.2.2.1. 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 11.5:
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 11.5. 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.




CHAPTER 11 EXPERIMENTAL BACKGROUND

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

11.2.3. 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 11.6. 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.

11.2.4. 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 HsO*ions do not have the same influence on
the reactions (hydrolysis and condensation). The H3sO™ 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]. 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 I11.7. 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 [22].

11.3. Elaboration of copper doped zinc oxide thin films

11.3.1. Sol-gel spin-coating process

The sol-gel spin-coating technique has been usually used to synthesis copper doped
zinc oxide thin films with high purity and homogeneity. Figure 11.8 shows schematically the
preparation steps of pure ZnO and Cu 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 11.8. Preparation steps of pure and Cu doped ZnO(CZO) thin films by sol-gel-spin.
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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 (CH3COO)2. 2H20].

Form: Solid.

Color: White.

Melting point: 237 °C.

Molar mass: 219.49 g/mol.

Density at 20 °C: 1.74 g/cm3,

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

b) Copper chloride dihydrate: as a copper dopant source.

Formula: [CuCl2.2H20].

Form: Solid.

Color: light blue.

Melting point: 895 °C.

Molar mass: 84.075 g/mol.

Density at 20 °C: 3.082 g/cms.
Solubility in water at 20 °C: 484 gl/I.

¢) 2-Methoxyethanol: Alcohol as a solvent.
Formula: CH3OCH2CH20H.

Form: Liquid.
Color: Colorless.
Molar mass: 76.09 g/mol.

Density: 0.965 g/cm3.
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Boiling point: 124 to 125 °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/cmé.

Boiling point: 170 °C.

11.3.3. Preparation of solutions

In the present work, solution (sol) with a molar concentration of 0.6 mol/l were prepared
by dissolving zinc acetate dihydrate [Zn (CH3COO).. 2H>0] in the solvent of 2-
Methoxyethanol. After 30 minutes of magnetic stirring, the monoethanolamine-MEA, with a
molar ratio (MEA / ZAD=1) was added. This stabilizer increases the solubility of zinc acetate
in the solvent and leads to a transparent solution. The obtained solution is then brought to
magnetic stirring again at 65 °C for 2 hours to becomes clear and homogeneous. Finally, it was

then aged at room temperature for a day [23, 27].

For synthesis Cu doped ZnO solutions with different concentrations of dopant (x= 1%,
3.12%, 6.25%, 12.5 at% ), we followed the same process as for the preparation of the pure
solution. Copper (I1) chloride [CuCl,.2H20], Zinc acetate dihydrate [Zn (CH3COO).. 2H.0],
MEA and 2-Methoxyethanol were used as a dopant source, starting material stabilizer and
solvent, respectively. The concentration of metal ions was fixed at 0.6 M and the molar ratio of
the solvent (Monoethanolamine-MEA) to metal ions was 1.0. After stirring at 65 °C for 2h, the

solution was then aged at room temperature for 24 h.

To ensure the deposition of CZO 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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11.4. Conclusion

This chapter gives the various modes for thin film growth, presents a general description
of the sol-gel process and describes the experimental spin coating technique used to prepare

thin films. It also discuss the elaboration protocol of undoped ZnO and Cu doped ZnO thin

films at different concentrations.
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[11.1 Introduction

In practice, there are many diversity of physical phenomena due to the large variety of
the system formation. The common way to studying a particular phenomenon is to build
empirical or semi-empirical models for the well studied experimentally phenomenon or
extending them to other phenomena. Consequently, the condensed matter physics from
theoretical and/or computational point of view can become a difficult task to do. This makes

the realization of accurate model severely limited due to the complexity of such systems.

The first principles approximation starts from what we know about condensed matter,
which are made of atoms. The interactions between these atoms, made of nucleus with a
positive charge and a negatively charged electrons, are determined by the interactions of their
constituents. So, accurate knowledge on these basic interactions lead to improving the
calculated physical and chemical properties of the system under study. The development of
efficient model based on theoretical and computational methods for dealing with many body

problems is therefore essential to the research in the condensed matter theory.

111.2 The many-body problem
A condensed matter system usually involves many interacting particles, i.e. nucleus and
electrons. The many-body time independent Schrodinger equation describing their interaction

can be written as:

ﬁ®(r1,r2, ..y, Rll Rz, RM) = E@(rl,rz, .. Ty, Rl' Rz, RM) (Illl)

where E and H is the total energy and the Hamiltonian operator of the system of
N electrons and M nuclei, respectively, and @(r,,7,, ...y, R, R,, ... Ry,) 1S the many-body
wave function, which contains the quantum probability amplitude for every possible
configuration of electrons and nuclei [1]. This latter is dependent on the coordinates of all
electrons, with position 7;, and nuclei, with position R; and charge Z; for spinless system [2].

In atomic units and without accounting for relativistic effects, the Hamiltonian H is then given

by;

717
|R1—Ry|

NoyM A (111.2)

|ri—Ry|

ij_ 1N 2 1M w2 1¢N N 1 1M M
H = —52i=1 Vri - 521=1 VR, + 521’:1 Zj:ti—|ri_rj| + 521:1 Z]i]
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where VEi and V,%I is the Laplacian operator for the spatial coordinates of the i-th
electron and I-th nucleus, respectively. The first term is the kinetic energy of N electrons with
masses me and the second term is that of M nuclei with masses M,, the third and fourth term is
the electrostatic repulsion between electrons and the electrostatic repulsion between nuclei,

respectively, and the last term is the Colombian attraction between electrons and nuclei.

Based on the fact that the nuclei are much heavier than the electrons and at lower
temperatures (0 K), Born and Oppenheimer (1927) considered that the motion of nuclei can be
neglected compared to that of the electrons, and the nuclei can then be considered stationary or
fixed in space and the electrons remain in their ground state. This approximation is known as
adiabatic approximation [3]. The many-body problem is therefore reduced to the system of
electrons moving in some external potential due to the nuclei. Therefore, the second tem
disappears and the fourth term, total nuclear energy (E;,»), reduces to a constant and is included
in the total energy as:

Z1Z;

oy (111.3)

Eiot =E +Eijpn =E +21 12]>I|

Where E is the total electronic energy, which equals to the sum of the energies of all
electrons; E = ¢, + &, ... &y . Furthermore, the total nuclear energy can be disregarded from

Hamiltonian and it will be taken into account when needed.

In this case, the wave function can then be written as a product of an electronic wave

function ¥(r, r,, ...ry) and a nuclear wave function ¢ (R, R, ... Ry);
Q) = W(Tl,rz,...TN) (p(RllRZI"'RM) (III4)

The Schrodinger equation for the many-electron wave function ¥Y(r,,r,, ...1ry) in the

presence of nuclei fixed, is then

Z
(_E V12”L +3 Z 1Z]¢l |r —r: | ?]:1 ZﬁwzlrlRll) y/(rlirZ' "'rN) =E yl(rlrrZ' "-rN)

(111.5)

The measured energy, E, will be an upper bound to the ground state energy E,
corresponding to the ground state ¥, , i.e. E[¥] = E, . This latter is obtained by the
minimization of the functional E[¥] with respect to all allowed N-electron wave functions
which correspond to eigenvalues of the Hamiltonian A [4, 5]. The many-electron wave function

Y(r,, 1Ty, ...Try) must be normalised,
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fdrlfdrz ....deN Y/*(Tl,rz, ...TN)Y/ (1‘1, r,, ...TN) = 1, (IIIG)

and anti-symmetric under exchange of any two Fermions (electrons) coordinates, which are

indistinguishable from one another,

I'4 (Tl,rz,...TN) = -V (1"2,1'1,...1'1\,) (III?)

Since the many-electron wave function has 3N degrees of freedom, the solution of
Schrodinger equation is nearly impossible for realistic problem (N = 3). So, further

approximations are required for making this problem tractable.

111.3 Wave function
To solve the Schrodinger equation for the many-electron wave function
Y(r,, 1y, ...Ty) (Eq. 111.5), Hartree assumed that ¥(r,, 75, ... 7y) can be written as a product

of single electron wave functions, y; (1;) [6],

Y(ry, Ty, . ry) = [T i(ry) (111.8)
This is called ' Hartree approximation' made to the many-electron wave function.

The energy of the system can then be written from Eq. I11.1 as

= (Y|H|¥) (111.9)

Substitution of the obtained wave function into the above equation leads to [2, 7];
1 N 1 N N
=‘zz¢|‘72|¢ EZZ<WJ >

- ¢> (111.10)

[ri—Ry|

P A 1<¢

Applying the variational principle on equation Eq.I11.10, one can then obtain the N

coupled one-electron Schrodinger equations,

<-§ P = S e S dr')avi(r) = ai(r) (11.11)

|r-7]

where ¢; is Lagrange multiplier, which refers to the energy of i-th electron [4, 8, 9]. The last

term in Eq. 111.11 denotes the electrostatic repulsion between electrons, for which the fact that
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the electron feels the electric fields of all the other electrons with a smooth charge
density p(r) = XN ,|y;(r)|?, is adopted,

Veee M=EN_1 2 VE(r) = X0, ja o) gy (111.12)

[r—r

Where V*is known as the Hartree potential or mean field approximation. The total wave
function as a simple product is not antisymmetric and does not respect the Pauli’s exclusion
principle with respect to the exchange of electrons, which allowing to go beyond Hartree
method [9].

The one-electron Schrodinger equation (Eq. 111.11) can be solved for each wave function
Y;(r) by using the self-consistent method which requires an initial choice of the other wave
functions ;(r) (Figure 111.1). The self-consistency cycle is stopped when some convergence
criterion is reached. These criteria are based on the difference of a given calculated parameter
(energy, force, displacement, stress) from two successive iterations (i and i+1), i.e., fi11 — f; IS
less than the user defined tolerance. On the other hand, if the criteria are not fulfilled, the self-

consistency cycle restarts with a new density (mixing output density with the input density).
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Figure 111.1. Self-consistent resolution of the Kohn-Sham equations and the main existing

choices of their various terms.

To make the wave function anti-symmetric with respect to the exchange of electrons,
Fock [10] improved the Hartree model by adding and subtracting all possible permutations of

the Hartree product (Eq.I11.8), where the wave function is given by the Slater determinant as,
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Yi(ry) Pi(ry) - Pa(ry)

Y’(rllrb'"rN):\/% 1/’25(7'1) lpZS(rZ) lpZ(rN) (|“13)
Yn(ry) Yy@z2) - PYa(re)

The interchange of two columns leads to changing the sign of the determinant which
ensures the anti-symmetry property of the wave function [6].

The last form of the wave function (Eg. 111.13) gives rise to N one-electron

Schrodinger equations, known as the Hartree-Fock (HF) equations,

(~2 v - S 2 P ar ) = 3 [ ar Dy ) = )

(111.14)

Which is similar to that of the Hartree approximation (Eq. 111.11), where the last term in the
left side is the exchange term. This term is due to the anti-symmetry of the wave function under

exchange of particle position, and it can be written as;

V(1) = — [ dr 2L ) (111.15)

lr—7']
where p(r, ") = XN, i () (r") is the one-body density matrix of the electrons.
Then, the Hartree-Fock total energy is given as;
Eyp =T + E,y + Ey + Eyx (111.16)

where T, Ey, Ex and E,,. is the kinetic energy, the Hartree potential energy, the

exchange energy and the electron-ion potential energy, respectively, which are given by;

= 3N, [,@) V() dr (11.17)
Eexe = — [dr 3L, 2208 (111.18)
=2 [reer) p(””(r ) drdr’ (111.19)
f[p( )] drdr’ (111.20)

The internal potential energy is given as;
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The Hartree-Fock equations can be written as a function of operators corresponding to

various kinds of energy;

(T@) + Vere@) + Vy() + V(@)Y = (1) (11.22)

Due to non-locality of the exchange term (Ey), these equations are more difficult to

solve. This leads us to a search for a more practical method.

111.4 Density functional theory (DFT)

Density Functional Theory (DFT) is introduced in this section as a means of
circumventing solution of a large, mathematically complex equations when calculating the
ground state energy. DFT based on some appropriate approximations, leads to methods that are

computationally feasible for performing first principles calculations on large systems.

111.4.1. The hohenberg-kohn theorems

DFT is then founded on the Hohenberg-Kohn theorems [11]. The first theorem states
that ground state energy (E;s) of a system of electrons is a unique functional of the ground state
electron density, or inversely the external potential is uniquely determined by the ground

state density:

Egs = E[p ()] (111.23)

The second theorem states that E; can be found variationally by optimising an energy
functional and the ground state density is that at the minimum of the energy functional. Hence

the Hamiltonian can be written as a functional of the density;

Er[p()] = T[p(")] + Ee—e[p()] + [ drVext ™) p(1) + Eion (111.24)

For the ground state density, p,(r), and another density, p(r), corresponding to the

ground state wave function ¥, and the wave function ¥,, respectively, one can write their

energies as;
E[p, (] = (¥ |Ho|¥1) > E[p,(M)] = (¥ |Ho| % ) (111.25)

where the unique functional energy is the expectation Hamiltonian H,. Then, this

theorem provides a method for finding the ground state.
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111.4.2. The kohn-sham method

W. Kohn and L.J. Sham [12] proposed a replacement of the real system (interacting
electrons) by a fictitious one (non-interacting electrons), which generates the same density as
the real system, i.e. fictitious auxiliary system [1, 13]. The independent N-particle Hamiltonian

can then be written as the sum of N single-particle Hamiltonians;

(Ts(r) + Vet ) + V)i (1) = (1) (111.26)
here & is the Kohn-Sham eigenenergy of the single-particle wave functions ¢;(r), known as
the Kohn-Sham orbital, 7 (r) is a non-interacting effective potential given as;

V() =Vy(r) + Ve (1) (111.27)
where V(1) is the Hartree potential, Eq.I111.12, and the terms Vy.(r) is the exchange-
correlation potential defined as:

SExc
&p(r)

Vyc(r) = (111.28)

whose role is to ensure that the Kohn-Sham auxiliary system has the same density as
the interacting system. Then, this method allows to obtain a set of coupled N single particle

Schradinger equations from the N-electron problem.

The density of the Kohn-Sham system is given by;

p(r) = X7 ¢; () ¢i(r) (111.29)
The kinetic energy operator is given by;

Ts(@)s(r) = —5 V2 (r) (111.30)
and its corresponding kinetic energy is expressed as;

Tslp(r)l = =32 [ ¢i @)V2¢;(r)dr (111.31)

111.4.3. Exchange-correlation functional

The replacement of the fully interacting system with a non interacting system in the
Kohn-Sham equations leads to the same ground state density. The exchange correlation (XC)
energy, which contains the difference between the exact and non interacting kinetic energies
[13], is defined as;
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- 1 1
Exclp()| = (¥[T%) = Tslp@)] + S (¥| 7| ¥) — Eulo )] (111.32
with the Fock exchange integral is given by;
1 ;MM (r) i (r)drdr’
E, = _EZ?'II' If J I;—r'l (111.33)

The exact form of the Ex.|p(7)| functional is not known but several approximations

are available.

The local density approximation (LDA) is one of the most commonly used exchange-
correlation functional [12]. In LDA, the exchange-correlation energy per electron at a point r,
Exc (1), is taken to be the same as the exchange-correlation energy of a homogeneous
electron gas (HEG) with the same density as the local density [14, 15]. Thus, the exchange-

correlation energy of the system, EE24|p(1)|, is expressed as:

ERAlp()| = [ €4E° (p(r)p)dr (111.34)

LDA has shown reasonable results compared to available experimental data, but the
most major problem of LDA is the well-known underestimation of the band gap (up to 50% for

semiconductors).

To overcomes the LDA’s shortcomings, the generalized gradient approximation (GGA)
was proposed, in which the exchange-correlation functional depends not only on the local

electron density but also on its gradient at the position r;

EZép()| = [ €4E° (p())F (p(1), IVp(r)Dp(r)dr (111.35)

where p(r) is the electron density and Vp(r) is its gradient and F(p(r),|Vp(r)|) where
F(p(r),|Vp(r)|) is the enhancement factor parameterised from a set of homogeneous electron
gas calculations. This approximation leads to improve some physical parameters such lattice
constants and cohesive energies. However, the band gap underestimation remains unsolved in
GGA. Further extension is to include higher order derivatives of the density, known as the meta-
GGAs [16].

There is another form of the exchange-correlation functional, known as hybrid
functionals, which is a mixture between the Fock exchange integral and the local LDA or GGA
exchange correlation energy. The Becke three-parameter functional with the Lee-Yang-Parr
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correlation functional (B3LYP) and the screened exchange functional (sX) are the most

popular hybrid functionals [17-19].

I11.4.4. Spin polarized systems

In real systems, each electron can be spin-up (1) or spin-down (|), so its orbital
¢;(r)needs to be written with inclusion of a spin index, o; ¢7(r). The charge

density is then given by;
p(r) =X, XY 7" (M7 (1) (111.36)
where the total number of electronsis N = )., N°.

The Kohn-Sham Hamiltonian is given by;
(<27 + P + V2@, 4] + [ dr ) o) = £or@)  (13D)

The Fock exchange integral becomes;

Pea? ) = — [0 o ey (111.38)

r—r]
where p° (r, 1) is the spin polarized reduced density matrix given as;

P, =3V ¢ (7 (1) (111.39)

where the spins of the electrons are collinear. The application of DFT to non-collinear
systems, resulting from the relativistic effects of spin-orbit interaction, is beyond the scope of

this thesis.

111.4.5. The LDA+U method

DFT suffers from a notable various of shortcomings. One of them is DFT’s failure in
predicting the band gap values for insulators and semiconductors. DFT seems to underestimate
the band gap by up to 50% [20, 21]. This is especially obvious for strongly correlated materials
such as transition metal or rare earth ions, containing the strongly localized d or f electrons.
There are many ways to remedy the electronic band gap underestimation, such as LDA+U and
GW approximation. The Hubbard U correction, known as LDA+U formalism, is taken to shift
the LDA d/f orbitals and , sometimes, the delocalized s and p electrons. Anisimov et al. [22]
suggested a smi-local DFT with a correction based on Hubbard model that accounting for the

on-site repulsion of the localized electrons while the other are still described via standard DFT.
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To describe the interactions between the electrons in the d-orbitals, the Hubbard (U

value), is added to the energy:

N(N-1)

E:ELDA_U 2

1
+Ezi¢jninj (|“40)

where E; ;4 is the usual LDA term describing the delocalized s and p orbitals, UN(N — 1)/2
is the Coulomb energy of d-d electrons, which is a function of the total
number of d-electrons, N, and the third term is the additional Hubbard term depending on the
orbital occupancies n;. The potential of the orbitals, describing the change in charge density, is

given by

Vi(r) = Vipa(r) —U (% - ni) (111.42)

111.5. Computational methods for crystalline system
111.5.1. Periodic boundary conditions

The systems of interest are crystalline solids. So, the periodic unit cells that form the
crystal is arranged in all directions by imposing periodic boundary conditions. This requires

the potentials and density to be periodic in space:

Vr+R)=V({) (111.42)
and
p(r+R) = p(r) (111.43)

where R is any real lattice vector, defined by:

R =la+mb+nc (111.44)

[,m and n are integers value, and a, b and c are vectors defining 3 edges of the parallelepiped
that forms the unit cell. In a similar way to the real lattice vectors, the reciprocal lattice vectors

are defined by:

G = la* + mb* + nc* (111.45)
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wherea* =2nbxc/Q,b* =2ncxa/R,c* =2naxb/N, 1 =a.(bxc)isthe
volume of the unit cell and R. G = 2.
I11.5.2. Bloch’s theorem

While the potential and ground state density of a periodic system satisfy periodic
boundary conditions, there is no guarantee that the Kohn-Sham orbitals that form the density are

periodic. To satisfy the Kohn-Sham equations for a periodic Kohn-Sham potential, we must have:
¢7k(r + R) = 7 (r)eR (111.46)
This leads to Bloch's theorem [8] for Kohn-Sham orbitals:

7k () = ulp (e (111.47)

with u? (1) = u/k(r + R) and k is a wave vector that lies within the first Brillouin zone of the

reciprocal lattice, such that:
k =kya" + k,b* + k,c (111.48)

with — 1/2 < ky, ky k, < 1/2.

111.5.3. Basis sets

Since uf, (r) is a periodic function, it can be expanded as a linear combination of

known functions constituting a basis set, which can be atomic orbitals, Gaussians, plane waves among
other choices. For the fist choice, each orbital is formed of a series of atomic orbitals issued from
solutions to the hydrogen-like atom problem. The second choice is based on the using of an expansion
of Gaussians orbitals, which suffers from the difficulty of achieving convergence. In a periodic

system, u, () can be expended using an orthogonal basis set of plane waves (the choice of

basis set to be used in this work) as a Fourier series:
1 .
Wi ==X ck(6) e’ (111.49)
Thus the orbitals can take the form:
¢7k() = =26k (6) e GHOT (111.50)

There are other basis sets, namely the augmented plane wave (APW) [23], linearized
augmented plane waves (LAPW) [24] and projector augmented plane waves (PAW) [25]. The
use of a specific method depends on the orbital type, i.e. localized or delocalized orbital.
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111.5.4. Monkhorst-pack grids

In many circumstances, an integration over the Brillouin zone (BZ) has to be performed.
Since this integration is computationally expensive, the integral is done over a finite set of k

points:

[y, dk > Sy ez wy (111.51)

Z Qpz

This approach is known as Brillouin zone sampling where wp is the weight of k points
and 2z, is the volume of the Brillouin zone, which is reduced by exploiting the symmetry in
crystalline solids. There are several methods for choosing the k points. Among these, the special
points method is very efficient in accelerating the convergence with the number of k points.
The Monkhorst and Pack method [26] as implemented in CASTEP is used in this work. This
method is represented by the following formula:

_y3 an—2+6j
J=1 2nN;

Ky G; (111.52)

where G; is a vector from reciprocal lattice, §; = 0O or 1 and n; = 1, 2, ... N;.

111.5.5. Plane wave cut off energies

According to Bloch's theorem, the electronic wave function at each k-point can be
extended in terms of a discrete and infinite plane wave basis set. Since the coefficients
¢k (6) == 1/0 [ $7(r)e " E*+RTqr for plane waves with smaller kinetic energy |k + G|?
are normally more significant than those for plane waves with large kinetic energy. A cut-off
energy can be described in a sphere for the reciprocal space by fixing the highest vectors for

the infinite basis set G4y ;
Ecue = 5 1k + s |? (111.53)
The orbitals has then the form;

1 .
¢k (@) = =X jemed ¢ (6)e!C+hT (111.54)

111.5.6. Reciprocal space

If we write an orbital as a sum of plane waves (3.44), the kinetic energy operator can

be written as:
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Tk () = =5 V27 (1) = — = Nglk + GIPc[(6) e C+0T (111.55)

The kinetic energy can be written as;

Ty = So i T ) ST Tsdfc)dr = = 5-50 B Zalk + 61 (6) cf(6)  (11156)

where N is the total number of k-points and the division by N is due to the sum over k-points
as well as electrons.

The density can be written as a Fourier transform;

p(G) = fdrp(r)e—icr = ZofdrzlkN ¢lk(r)¢ (r)e—zar
= ZaszN ZG C (G)fdr ¢lk(r)e—l(k+G+G)r

=_2021k26 cik(6)cy (6" + 6) (111.57)

The Hartree potential can be also found as;

17H(G) = deV'H(r)e_iGr = ff dr'dr p( ) —lG.r

= _fer(; p(G’)e lGrJ‘dr 1 lG'.r — 4_”26',0(6 )fdrei(ar_c).r

lr-r | l6'|?
47 p(G)
The Hartree energy (V;(G) = SEy/8p(G)) is then given by;
2 EOIE
o =§ZG pIGIZ (111.59)
The exchange energy is also given as;
(G +6")c7,(6+6") ,
Ey = ZazlkzquGZG Y6 k(@) e fl,lz cir(G") (111.60)

—-k+G

In reciprocal space, any single-particle quantum operator, O, can be represented as
a matrix, 0(G,G"), which acts on an orbital represented by the coefficients, c;,(6),
as follows [1]:
0c;1(6) = 261 0(G,G") ¢;1(G") (111.61)
So, the matrix representation of the kinetic energy operator is;
T(6,6") =5 |k +G|*5g4 (111.62)

and that of any local potential operator, such as the Hartree potential, is given as;
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u(6,6") =~u(6— G (111.63)
Using the matrix representations of operators in reciprocal space, the Kohn-Sham

equations (Eqgs. 111.34) can be written as;

S Clk+ 612856 + Voxt (6 — 6 + Uy (6 = 6) + 06 — 61) cf4(6") = £7 cf3(6)
(111.64)

which can be solved by using several different techniques.

111.6. Pseudopotentials

The Kohn-Sham equations including the interactions of all the electrons in the material,
needs a high cut off energy for the Bloch orbital. To reduce the cut off energy of the orbitals,
the electrons in the material must be partitioned into core electrons, which are tightly bound
and localised on the lattice sites and not affected by a change in the chemical environment, and
valence electrons, which form the bonding orbitals in a solid and are greatly changed by the
chemical environment. So, it must first specify the cut-off radius, rc, and also specify which
electrons are to be considered valence, and which are to be considered core. Generally, all the
electrons in "closed shells" are considered core, while the remainder are considered valence.
The external potential Ve, (7) is now replaced with the pseudopotential V,;(r) and with only
valence electrons present. For all points r that lie outside the cut-off radius, the resulting pseudo-

orbital, '//ps(’") with no radial nodes inside the cut-off radius, must equal the all-electron orbital,
w,z(1), and their corresponding eigenvalues must be equal as well (Figure 111.2). Also, the
first and second derivatives of each l//ps(r) must equal those of the corresponding w, . (1) at

Ic.
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A

Pseudo wavefunction , # Full wavefunction

e

Pseudo potential Full potential

Figure 111.2: Pseudopotential and the pseudo-wave function.

Pseudopotentials in which each orbital is normalized to 1 are referred to as
normconserving pseudopotentials. An ultrasoft pseudopotentials also exist [27], in which the
condition of normalisation is relaxed, allowing a lower plane wave cut-off energy, which will

be used in this work.

I11.7. Ultrasoft pseudopotentials

Within the ultrasoft approximation, the norm-conserving constraint is relaxed and the
cut-off radius can be increased, the kinetic energy is reduced, the valence electrons exhibited a
smoother potential with a decrease number of the required plane waves [27].
The increase in rc decreases the transferability of ultrasofts to some extent, that is less accurate
to reproduce realistic features in different environments.

The charge density is given as:

p() = %; (160 O + Dot Qi (il (| 0)) (111.65)

where Q%,,, () are the augmentation functions that are strictly localized in the core regions

and ¢;(r) are the wave functions. The ultrasoft potential can be written as

V= Vlocal(r) + anl D111m |C¥£l)(0!rln| (| | |.66)
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where the coefficients D},,, () and the projectors a, characterize the pseudopotential

and differ for different atomic species. The index | refers to an atomic site.

111.8. Solving the kohn-sham equations

The Kohn-Sham equations (Egs.111.63), with the matrix representations of operators in
reciprocal space and a finite basis set, is a numerically solvable. However, the direct matrix
diagonalisation is very expensive due to the very large number of plane waves used as basis set.
Generally, the obtained solution will not be self-consistent, and several iterative cycles are
needed in order to minimize the energy. An alternative approach is based on the gradient of the

energy with respect to the orbitals 6E /éc;, (G), which enables to use minimisation algorithms

such as steepest descents or conjugate gradients [28].

The principle of the steepest descent algorithm is given by;

- (111.67)

6¢ ¢=¢1

where hlis the first steepest descent direction. The steepest descent begins with a trial set of
Kohn-Sham orbitals, which will remain orthogonal. Iteratively, the algorithm calculates the search

direction, gf for a single orbital, i, at iteration p;

&F=—H~— (o] |H|p7 D! (111.68)

Using the Gram-Schmidt scheme, this is accomplished by orthogonalizing the search

direction against all the other orbitals [2];
¢F = = Y d] |S7) 7 (111.69)

The typical procedure for the three point minimisation is shown (Figure 111.3).
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‘ Generate initial Kohn-Sham orbitals; ¢f~' (r) and density; pi~ ' (r). J
Caleunlate search directions;
G = (H(r) — e0)el(r)
and ensure orthogonality.
Orbitals are; ¢f = off + all. Orbitals are; ¢5 = ¢f + 2a(l.
W "
A
Evaluate density; Evaluate density;
@ (r) and energy: ET. ph(r) and energy; ET.
p=p+l Find value of o using: EF, EY and Ef
that minimises the total energy: ol .
.

Orbitals are; g5 = ¢f + aminl’.

. . 1 1
Evaluate density; pi"(r) and energy; EFT".

l

. P _ prtl
Is; EJ L <
convergence tolerance.

no

Have Kohn-Sham ground state.

Figure 111.3. A steepest descent method and a parabolic line search are used to calculate the
total energy of a Kohn-Sham system, reprintet from Ref [2].

The steepest descent method may not guarantee convergence in a finite number of steps.
The conjugate gradient method, in which subsequent search direction is conjugate to all

previous search directions, usually reduces the number of steps needed to the convergence [4].
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111.9. Geometry optimisation
The force F; on an atom with position R; is calculated from the total energy of the

system, E, using the Hellman-Feynman theorem [29] as:

j—g|¢i> (111.70)

OE
F, :a_RI:2i<¢i

A minimisation of the total energy can be performed from the calculated forces using a
similar methodology as that of the steepest descent algorithm. This is done by varying the ionic

positions and unit cell dimensions.

111.10. CASTEP software package

CASTEP (Cambridge Serial Total Energy Package) is a full-featured materials
modelling code based on a first-principles quantum mechanical description of electrons and
nuclei [30]. It uses the robust methods of a plane-wave basis set and pseudopotentials. In this
research, both CASTEP 9.0 and the commercial version Biovia Material Studio 2017 are used.
The code is written in FORTRAN 90 and includes efficient fast-Fourier transforms (FFTs) for
converting quantities between real and reciprocal space. The code is also parallelized to increase
calculation speed by distributing tasks across multiple processors. CASTEP also supports
shared memory processes, which allow a subgroup of processors in the same G-vector group to

share memory for the storage of quantities.
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IV.1. Introduction

Zinc oxide (ZnO) doped with transition metal (TM; i.e., Mn , Fe, Co, Ni, Cu and Ag)
has gained a increasing interest in the last decade [1]. This is due to its recognized potential in
many applications. Among the variety of TM, copper (Cu) has been used as dopant [2-4]. It
exhibits an ionic radii close to that of the Zn and then can easily substitute it in ZnO host lattice.
Cu dopant, as an economical option, has been chosen to enhance the properties of ZnO host
lattice such as tuning of the green emission, conductivity and photocatalytic activity [5, 6].

Many techniques have been used to fabricate ZnO thin films such as magnetron
sputtering [7], sol—gel process [8, 9], chemical vapor deposition [10], spray pyrolysis [11],
molecular beam epitaxy [12], pulsed laser deposition (PLD) [13] and microwave plasma
growth [14]. Sol-gel technique attracts much attention because of its advantages including
safety, low cost, simple deposition equipment on a large-area films with uniform thickness.
Properties of CZO thin films have been frequently investigated [15-26]. However, most of the
published articles are limited to certain elaboration methods and low Cu-doping.

A theoretical framework is required to gain prior knowledge of the properties of
materials. Plane-wave pseudopotential (PWPP) density functional theory (DFT) has been
successfully used to predict the electronic ground states. Moreover, the localization of strongly
correlated d and f electrons of the metal oxides are not well described by the traditional theory
DFT, which underestimates their band gap [27]. Thus, DFT-LDA+U approach becomes a
necessity to significantly improve such calculations [27-30]. There have been several
theoretical studies on Cu-doped ZnO [31-43], which have provided some new insights into the
understanding of the effect of doping on the properties of ZnO. However, the calculated band
gap of CZO was found much smaller than the experimental band gap value. So, further
calculations with convenient Hubbard U values are still justified in order to enhance the band
gap, which is the main motivation for the present thesis.

Several experimental studies on Cu-doped ZnO have been conducted. The majority of
these studies, however, are limited to low Cu-doping of ZnO thin films. The present study is
devoted to the fabrication of pure ZnO and copper-doped zinc oxide (CZO) thin films with
somewhat higher Cu contents (x) (x = 1%, 3.12%, 6,25% and 12.5 at%) and low thickness. The
structural, morphological, electronic and optical properties of CZO thin films are then
characterized using various techniques, which were to be the subject of the first part of the
present work. In order to linking of experimental results with theory, usually separated in the

literature, and to enhance the energy band gap, DFT-LDA+U approach was used to predict

| [ o5
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the properties of pure and CZO wurtzite structures, which were compared, wherever
possible, with their corresponding measured values. These were to be the subject of the
remainder of the present work.

V.2 Experimental part

IVV.2.1 Characterization techniques

X-ray diffractometer XRD (Broker advance Solution D8 X-ray diffractometer with Cu-
ko radiation A=1.5406 A°) 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. The absorption coefficient, complex
refractive index, dielectric function, and bandgap were deduced from the transmission and
reflectance spectra, which were investigate by Ultraviolet-visible UV-Vis spectrophotometer
(VARIAN Carry 50).

IVV.2.2 Structural properties

Figure 1V.1 shows the XRD diffractograms of ZnO thin films at different Cu
concentrations (0%, 1%, 3.12%, 6.25% and 12.5 at%). The XRD pattern confirms the formation
of polycrystalline with wurtzite hexagonal phase for pure and CZO thin films (x= 1, 3.12, 6,25
and 12.5 at%). No other phases are observed, indicating that hexagonal wurtzite structure of
ZnO films isn't altered by Cu-doping. Unlike the intensity of (002) peak, the intensity of (100)
and (101) peaks are generally enhanced, especially at high Cu-doping, which leads to the
degradation of the (002) preferential orientation of ZnO thin films.

Similar results have also been reported earlier for CZO in other reports using various
techniques; Syed Zahirullah et al. (thin films with x up to 10 %) [15], Saidani et al. (thin films
with 1 wt.% <x< 5 wt.%) [16], Osali et al. (thin films with 0 wt.% <x< 6 wt.%)[17], Sreedhar
et al. (thin films with 0 at.% <x< 7.5 at.%) [18], Joshi et al. (thin films with 0 at.% <x< 10
at.%) [19]. However, some other workers found that a CuO phase has been appeared with
emerging a (111) new peak at high Cu doping; x= 10 at.% [19], x> 15 at.% [20] or even at low
Cu doping [21].
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Figure 1V.1. X-ray diffraction patterns of pure and Cu doped ZnO thin films (x=1, 3.12, 6,25
and 12.5 at%).

IV.2.2.1 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:
sin?0 =1/, [4/3 (0> + hk + k?)/a? + 1/ ] (IV.1)

where @ is the diffraction angle, 1 is the wavelength of the incident Cu-Ka radiation (A =

0.15406 nm) and h, k, | is the Miller indices.
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From this formula, we can determine the lattice parameters a=b and c by taking into

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

=4 V.2
“ /\/§sin9100 (v:2)

and

=1
c /sin9002 (1Vv.3)

Table 1V.1 shows the lattice constants a = b and ¢ and their corresponding diffraction
angle (20), full width at half maximum (FWHM) and peak intensity for pure and CZO thin
films are calculated using XRD patterns. It is found that both a = b and c are slightly decreased
with Cu content for CZO thin films. This is due to incorporation of Cu into ZnO host lattice
where the ionic radius of Cu?*(0.73A°) is slightly smaller than that of Zn?* (0.74A°).

Table 1V.1: Lattice parameters a=b and c, peak position and full width at half maxima
(FWHM) as a function of doping rate, x (%), of Cu calculated from XRD diffractograms.of
pure and CZO thin films (x= 1, 3.12, 6.25, 12.5 at%).

x(@t%) 200°) FWHM 20(°) FWHM (hkl) (hkI) c(A) a(A)

(002) ©) (100) ©) (002)  (100)
0 3443 04731  31.81 04788  (002)  (100) 5205  3.249
1 3437 04141 3173 03966  (002)  (100) 5213  3.257

3.12 3438 03982 3172 04139  (002) (100) 5212  3.257

6.25 34.40 0.3664 31.75 0.3587 (002) (100) 5.209 3.254

125 34.44 0.2498 31.75 0.2535 (002) (100) 5.203 3.251

1V.2.2.2 Crystallite size
The average crystallite size (D) was estimated using the Scherrer formula:
D = KA/fcos6 (1v.4)

Where K is the shape factor (K =0.9), A is the X-ray wavelength (A=1 .5406A), B is the full width
at half maxima of a given diffraction peak and 6 is the Bragg angle [17]. In this case the most
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intense peak (002) for 0,1,3.12,6.25 Cu% and (100) for 12.5 Cu % were used to estimate
crystallite size.

Figure 1V.2 exhibits the crystallite size value of pure and CZO thin films (x= 1, 3.12,
6,25 and 12.5 at%). The obtained crystallite size increases with increasing Cu doping. Similar
behavior was also tabulated in the literature: Joshi et al. [19] observed an increase from 33.06
nm to 43.65 nm for Cu doping from 0 % to 10 %, Shewale et al. [23] estimated a crystallite size
values of around 37.47 nm and 48.28 nm for undoped and 2 at.% CZO thin films, while Chen
et al. [24] noticed an increase from 20 to 50 nm and then a decrease to 29 nm for Cu content of
2%, 6%, and 10%, respectively.

W
e

Crystallite size (nm)
N
+

N

Cu content (%)

Figure 1V.2. Crystallite size value of pure and CZO thin films (x=1, 3.12, 6,25 and 12.5
at%).

1VV.2.2.3 Strain

The lattice strain ¢is estimated using the formula:
&= fcosO /4 (1Iv.5)
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where £ is the full width at half maximum of the corresponding peak and @ is the Bragg

angle [17].

Figure 1V.3 shows the strain value of pure and CZO thin films (x= 1, 3.12, 6,25 and
12.5 at%). It is found that the undoped thin films possess a high strain value which goes on
decreasing as x increases, suggesting that the films are getting relaxed due to replacement of
the host (Zn?*) by the dopant (Cu?*) cations. Lee et al. [25]. observed the same behavior, who

explained this phenomenon by the presence of excess Cu dopant located at grain boundaries.

0.18-

Strain (%)
o
&

0.12-

0 2 4 6 8 10 12

Cu content (%)

Figure 1V.3. Strain value of pure and CZO thin films (x=1, 3.12, 6,25 and 12.5 at%).

1VV.2.2.4 Preferred orientation

To investigate the texture of a given plane, the texture coefficient (TCu) is needed. It
measures the relative degree of preferred orientation of a plane (hkl). This coefficient is

estimated by using:

TC(hkl) = I(hkl)/IO(hkl)/(lev I(hkl)/IO(hkl)/N) (IV-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,
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and N is the number of diffraction peaks [8]. The higher values of TC (greater than

unity) for a given (hkl) direction indicate the abundance of crystallites in this direction.

Figure 1V.4 shows the TC values are as function of Cu doping for all peaks observed
in the XRD pattern. It is observed that all films present highest TC values for (002) plane
indicating a preferred growth along c-axis, which is converted to (100) plane for higher Cu
content. This does mean that the degree of preferred growth orientation of the prepared thin
films depends on the Cu concentration. Also, the higher value of texture coefficient reveals a
better crystallinity of the prepared thin films. These findings are in agreement with the obtained

crystallite size.

4 o —=—TC(100
| / —e—TC(002
° —A—TC(101
3- / —v—TC(102
o ° —e—TC(110
; —4—TC(103
= <P—TC(112
s 2
(@) <4
= 1 \ /.
14
%
0 1 v ) ' 1 v I L v 1 M 1

0 2 4 6 8 10 12
Cu content (%)

Figure 1V.4. Texture coefficient variation of pure and CZO thin films (x=1, 3.12, 6,25 and
12.5 at%).
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IVV.2.3 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
[44]. In this section, the surface morphology of pure ZnO and CZO 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.

1VV.2.3.1 Analysis by field emission scanning electron microscopy

Figures IV.5 f, g, h, i and j show the field emission scanning electron microscopy
(FESEM) 2D images and their corresponding cross-sectional images of pure ZnO and CZO thin
films with Cu content of 1, 3.12, 6,25 and 12.5 at %, respectively. All the FESEM images were
obtained at 20,000x magnifications. It can be seen from these images that the morphology
shows irregular sized aggregated clusters for pure ZnO, while it exhibits a randomly distributed
mixer of spheroid-like and rod-like nanoparticles (granules) for CZO thin films. Moreover, the
particles tend to agglomerate together to form large clusters by increasing x. The film
thicknesses, estimated from cross-section images, were found to be about 318-357 nm, which
seem slightly changed by Cu doping; 357(0%), 350(1%), 343(3.12%), 332(6.25%), 318(12.5
at %). These findings are in agreement with other previous results [20, 45-47]. Some other
reports noticed no change in the film thickness with increasing level of Cu concentration [24,
48].
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Figure IVV.5. FESEM 2D images and their corresponding cross-sectional images of thin films
for (f) x=0 %, (g) 1 %, (h) 3.12 %, (i) 6.25 % and (j)12.5 at%.

1VV.2.3.2 Analysis by atomic force microscopy

Figures 1V.6a, b, ¢, d and e show the 1.0 X 1.0 pm? two and their corresponding three-
dimensional AFM images for pure and CZO thin films with Cu content of 1, 3.12, 6,25 and
12.5 at%, respectively. The grains, extracted using WsXM software [49], are round shape (two
dimensional AFM images) and their average size increases with Cu doping (Table 1V.2). This
is consistent with the changes occurred in (002) preferential orientation observed from XRD
patterns, where the growth mode of grains translates from c-axis growth perpendicular to the

substrate to the lateral one with increasing level of Cu doping.
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Figure IV.6. 1.0 X 1.0 pum? Two and three-dimensional AFM images of thin films for (a) x=
0 %, (b) 1 %, (c) 3.12 %, (d) 6.25 % and (e) 12.5 at%.

The pure ZnO films exhibit smooth surface. However, surface morphology is strongly
influenced by the Cu doping and the surface becomes rough (three-dimensional AFM images),
which is traduced by the increasing values of the root mean squared roughness (Table 1V.2).
The results of root mean squared roughness and average grain size are found to be consistent,
i.e. thin films with small grain size exhibit a smooth surface. Joshi et al. [19] remarked an
increase in both crystallite size and grain size and a decrease in strain with Cu doping. Sreedhar
et al. [18] also reported results which exhibit a similar behavior except at high Cu concentration.
Hashim et al. [21] reported that the type of substrate also affected the grain growth and shape.
Salem et al. [50] noticed that the high doping concentration can lead to large grain size and

rough surface morphology.
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Table 1V.2. Grain size and root mean squared roughness of pure and CZO thin films (x=1,
3.12, 6.25, 12.5 at%).

X (at %) Grain size (AFM) Rrms (nm)
(hm)
0 74.22 116.78
1 78.76 129.45
3.12 85.94 157.76
6.25 105.47 186.00
12.5 117.19 209.52

IVV.2.4 Chemical composition

To confirm the presence of Cu in ZnO thin film, the energy dispersive spectroscopy
(EDS) technique is usually used. EDX spectra of pure ZnO (Figure 1V.7a) and CZO thin films
with x=6.25 at% (Figure 1V.7b) and 12.5 at% (Figure 1V.7c) are shown. The EDX spectrum
of all samples exhibits an oxygen peak at around 0.529 keV and a Zinc peak at around 1.009
KeV. However, extra peak at around 0.939 KeV corresponding to the copper is also revealed
together with the previous observed peaks for CZO thin films. Other peaks are also observed
indicating the presence of other elements such as Si and C, which belong to the glass substrate
and other residues. The significant decrease in Zn peak intensity with Cu doping is accompanied
with the increase of its coinciding Cu peak intensity. Besides, the O peak intensity is still
unchanged with Cu doping. This clearly suggests that Zn has been successfully substituted by
Cu into the ZnO host lattice. Based on these findings, it is possible to suppose the stoichiometric
films of the form Zn1-xCuxO [20]. Then, it is found from the quantitative analysis that the Cu
concentrations of 8.56% and 10.81% are comparable to the actual Cu doping contents of 6.25%

and 12.5% added during the preparation.
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Figure 1V.7. EDX spectra of pure ZnO (a) and CZO thin films; x= 6.25% (b), 12.5 at% (c).

IV.2.5 Optical properties

IV.2.5.1 Transmittance and reflectance spectra

The transmission and reflectance spectra of pure and CZO thin films with Cu content of
1, 3.12, 6,25 and 12.5 at%, are shown in the wavelength range 350-1000 nm (Figure 1V.8), It
can be seen that the transparency of films generally increases from 72% to 80% in the visible
region with increasing of x. This is due to the increase of grain size with Cu doping, which leads
to reducing the grain boundary density or scattering centers. Saidani et al. [16] found that the
transmittance have increased from 77% to 92% when the concentration of Cu was increased
from 0% to 5wt%. Sreedhar et al. [18] also measured a transmission greater than 83 % for Cu
doping less than 6.2 at.% and transmission of 80% for Cu doping of 7.5 at.%.
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Figure 1V.8. Optical transmittance and reflectance spectra of pure and CZO thin films with
Cu content of 1, 3.12, 6,25 and 12.5 at%.

1VV.2.5.2 Optical band gap

The transmission spectra of pure and CZO thin films in the wavelength range 350-1000
nm (Figure 1V.9), were also exploited to deduce the band gap Eg using the Tauc's equation
[51, 52]:

ahv = C(hv — Eg)" (v.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 observed sharp absorption edge in the UV region (350-400 nm) for all films shifts
to longer wavelengths by increasing Cu content leading to the decrease in the experimental
band gap energy from 3.34 eV to 3.25 eV. Similar trend has been observed for ZnO thin films
prepared at various Cu-doping range [15, 17, 18, 20, 22, 24, 26, 50, 53-55].
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Figure IV.9. Extrapolation of the linear region of (ahv)? as a function of photon energy hv.
The band gap energy is extracted for pure and CZO thin films with Cu content of 1, 3.12, 6,25
and 12.5 at%.

According to Yan et al. [56], the Cu 3d orbital is much shallower than the Zn 3d orbital.
They noticed that the strong d-p coupling between Cu and O moves O 2p up with Zn substitution

by Cu in ZnO and leads to narrowing the direct fundamental band gap.

1VV.2.5.3 Optical parameters

The absorbance (A) of CZO thin films is calculated from measured transmittance (T)
and reflectance (R) spectra [57].
A=1—-R-T (1v.8)

The absorption coefficient « is then calculated for the sample (Figure 1V.10) with
thickness d as follows:
a=2.303A/d (1v.9)
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Figure 1V.10. Absorption coefficient for pure and CZO thin films with Cu content of 1, 3.12,

6,25 and 12.5 at%.

For measurement with normal incidence of wavelength, A, the extinction coefficient, k,
and the refractive index, n, of CZO thin film, Figure 1V.11a, can then be determined from the

surface of the sample by the following expressions:

k= aljAn (1V.10)

n=(1+R)/(1—R)+/4R/(1—R)> —k? (IV.11)

The dispersion formulae of DiDomenico and Wemple [58] is commonly used to
calculate the refractive index in E=hv < Eg range, where E is the photon energy. In such
formulae the factors 1/(n>-1) are plotted versus photon energy squared (E?). Using straight line
fitting technique to these plots (Figure 1V.11b), static refractive index no=(1+Ed/Eo)*?(no
equals n when E~0, where Eq and E, are the dispersion energy and the average oscillator

energy, respectively) and static dielectric constant e, = (no)? are then estimated for CZO thin
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films (Inset in Figure 1VV.11b). Eo/Ed is the intercept of the straight line fitting and -
1/(EoEd) is its slope.
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Figure 1V.11. (a) complex refractive index, (b) 1/(n>-1) versus photon energy squared (E?)
and its fitting for pure and CZO thin films with Cu content of 1, 3.12, 6,25 and 12.5 at%.

The real, &, and imaginary, &,, parts of the complex dielectric function can also be

estimated as:

& =n?—k? (IV.12)
& = 2nk (1v.13)
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The dependence of the optical parameters (& and &, ) on the photon energy is presented

for pure and CZO thin films (Figure 1V.12).

c
o
2
(&)
c
-
&=
O : Cu 0%
= 0.4 :Cu1%
% 1 ——:Cu3.125%
5 - Cu 6.25%
—; Cu12.5%
0.2
' |

2.0 2.5

Figure 1VV.12. Complex dielectric function for pure and CZO thin films with Cu content of 1,

3.12, 6,25 and 12.5 at%.

The analysis shows that the value of absorption coefficient is still invariant with the

increase in the incident energy for all thin films up to a certain value in the visible region (optical
absorption edges) depending on the Cu doping. After that, « increases sharply and generally
shifts to lower values of energy with Cu doping, which predicts a decrease in the band gap

energy. The refractive index is found to be increased with energy in the visible light range and

sensitive to Cu dopant concentration. Also, static refractive index no decreases with Cu doping.

This may be due to the decrease in film density caused by the increase in crystallite size (Figure

IV.3). These findings are in agreement with those reported by other researchers for pure ZnO
[57, 59, 60] and CZO thin films [47]. Furthermore, the dielectric function follow the same

pattern as the refractive index from which is derived.
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IVV.3. Theoretical results

IVV.3.1. Computational details

In this work, first-principles calculations of structural, electronic, magnetic and optical
properties of pure and CZO wurtzite materials (x= 6,25%, 12.5 at%) were performed by DFT
as implemented in CASTEP code (Cambridge Serial Total Energy Package: Commercialized
by Accelrys) [61].The generalized gradient approximation (GGA) in the scheme of Perdew—
Burke—Ernzerhof (PBE) was employed to describe the exchange-correlation function [62].
2x2x4 and 2x2x2 ZnO supercell model, derived from the optimized ZnO unit cell (Figure
IVV.13a), and substitutional method [63] were used to achieve the considered Cu content of
6,25% and 12.5 at%, respectively (Figure 1V.13b). The Brillouin zone corresponding to Cu
content of 12.5 at% with the points of high symmetry labeled is also shown (Figure 1V.13c).
The valence-electron configurations for the O, Zn and Cu atoms are chosen as 2s2 2p*, 3d° 4s2
and 3d*° 4s?, respectively. The energy cut-off was fixed at 400 eV, which is enough to perform
the present calculation with plane-wave ultrasoft pseudopotential method [64]. The Brillouin
zone is sampled by a gamma-centered k-point meshes of 3x3x1 and 5x5x3 for 2x2x4 and 2x2x2
ZnO supercell, respectively. It is worth noting that the usual way for obtaining an appropriate
cut-off energy and k-points for a given structure and set of pseudopotentials, is performed over
two steps. The first step consists in establishing a convergence test for cut-off energy (Ecut),
using a single k-point, by means of a series of calculations with increasing Ecut until the total
energy of structure converges towards a fixed value. Then, a similar test is perform to determine
the appropriate number of k-points to use. This is done by increasing the density of the k-point
grid, keeping fixed the Ecut. The values of cut-off energy and k-points in our calculation are
based on convergence test established in previous studies [41, 65].The optimization
convergence for maximum force, energy change, maximum displacement and maximum stress
were fixed at 0.05 eV/A, 5x10° eV/atom, 10 x 10 A and 0.05 GPa, respectively. The SCF

convergence threshold was 5.0 10~¢ eV/atom.

The semiempirical LDA+U approach [27] was used with effective Hubbard U values of
5.5, 6.0 and 8.0 eV for Zn 3d, Cu 3d and O 2p electrons, respectively. Furthermore,
ferromagnetic phase of CZO (x= 6.25% and 12.5 at%) was adopted in which two Cu atoms
substitute two Zn atoms according to five different geometry configurations (Figure 1V.13b);
for x=12.5 at%, the first Cu atom is taken to be fixed and the other Cu atom changes its place.

The ferromagnetic phase adopted here was supported by previous studies [36, 66].
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Figure 1V.13. (a) ZnO unit cell, (b) 2x2x2 ZnO supercell; O atoms are in red, the first Cu
atom (yellow) is taken to be fixed and the second one substitutes Zn atom (gray) at different
geometry configurations for x=12.5 at%, (c) Brillouin zone with the points of high symmetry
labeled. (Cells were constructed using the Materials Visualizer within the Materials Studio
environment).

1VV.3.2. Copper doped zinc oxide structure

Based on previous experimental [20] and theoretical [67] findings it is possible to
suppose the stoichiometric films of the form Zni.xCuxO. This suggests that Zn has been
successfully substituted by Cu into the ZnO host lattice, which is well confirmed by our EDX
results (see experimental part). The difference in total energy (4E; = E; —E;; i =1,..5)
corresponding to third geometry configuration (E3), taken as an energy reference, is estimated
for the various geometry configurations from substitution of Zn by Cu, marked as 1, 2, 3, 4 and
5. The values of AE; are summarized for CZO (x= 12.5 at%) as follows ; AE; = 0.5 meV,
AE, = 4.1 meV, AE; = 0.0 meV, AE, = 17.6 meV and AE; = 2.0 meV corresponding to

the distance between two Cu atoms (di = deup—cy; ;i=1,..5,

Cug;, denotes fixed Cuatom) d; = 6.112A°,d, = 5.181 A" ,d; = 3.199 A", d, = 3.243 A’
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and ds = 4.552 A", respectively (Figure 1V.14). This does mean that the third
configuration (symmetry group Cm (C32)) is the more stable state (ground state) where Cu atoms
are at a short distance around the O atom. This agrees with the results reported by Estrada et al.
[66], Nayek et al. [34] and Wang et al. [40]. The configuration corresponding to the stable state

will also be considered for studying the effect of the Hubbard U values on the band gap energy.
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Figure 1V.14. Variation of the total energy and distance between two Cu atoms for different
geometry configurations. The energy corresponding to third configuration is chosen as an
energy reference.

IVV.3.3 Structural properties

Lattice parameter of pure and CZO wurtzite structures (x= 6,25 and 12.5 at%) are
calculated by performing a geometry optimization as outlined in section 111.9. Unlike the
optimized lattice constant, a=b, the lattice constant c is slightly decreased with Cu
concentration (Table 1V.3). Both optimized lattice constants exhibit an excellent comparison
to the experimental ones; the maximum relative deviation is 0.46% and 0.21% for a=b and c,
respectively. The decrease in lattice constant c is consistent with our results extracted from

XRD patterns. This decrease has been also observed by Zhao et al. [41]. In addition, the bond
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length was slightly changed when going from pure ZnO to Cu-doped structure, because
of the comparable sizes of Zn and Cu atoms. Similar change has been found by Nayek et al.
[34].

Table 1V.3: Bond length and lattice constants of pure and CZO wurtzite structures (x= 6,25
and 12.5 at%).

X (at %) Bond length (A°) Lattice constants (A°)
Zn-0O Cu-O a=b c

0 1.9717 - 3.236 5.204

6.25 1.9721 1.9785 3.239 5.199

12.5 1.9724 1.9791 3.243 5.192

IVV.3.4 Electronic properties

1VV.3.4.1 Hubbard correction and energy band gap

Based on previous studies [28, 31-33], we focus on the effective Hubbard U values for
Cu 3d state, which was found to be distributed around Fermi level and it was responsible for
the shrinking of the band gap. The increase of effective Hubbard U values for Cu 3d state tends
to enhance significantly the calculated electronic energy gap (Eg) compared to that deduced
from experiment; U Cu 3d= 6, 8 and 10 eV give Eg=1.860, 2.537 and 3.315 eV, respectively,
for Cu-doped ZnO (x=12.5%). Furthermore, U Cu 3d= 10 eV gives Eg= 3.380 and 3.328 eV
for pure and Cu-doped ZnO (x=6.25 at%) (Table 1V.4). This enhancement in Eg is due to the
improved localization of Cu 3d states. Then, the effective Hubbard U values of 5.5, 10 and 8eV
for Zn 3d, Cu 3d and O 2p electrons, respectively, will be taken into account to evaluate the

theoretical properties of the CZO structure. Earlier calculations of band gap have been
reported in the literature [31, 32, 34-39, 41], but most of them exhibited underestimation of the
experimental band gaps of semiconductors. So, further calculations with convenient Hubbard

U values are still justified to enhance the band gap.
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Table 1V.4: Variation of the calculated band gap energy according to U Cu 3d values
for pure ZnO and Cu-doped ZnO structures (Cu content : 6.25% and 12.5 at%).

Structure UCu3d Eg(eV) Eg (eV)
(eV) Theo. EXp.
Cu-doped ZnO (x=12.5 at%o) 6 1.86 3.251
8 2.537
10 3.315
Cu-doped ZnO (x=6.25 at%o) 10 3.328 3. 317
Pure 10 3.380 3.340

In addition, the present findings of band gap from theoretical calculation are in good
agreement with the present experimental values (maximum relative deviation does not exceed
1.96%), in which a direct band gap is observed for pure and CZO structure (Figure 1V.15 left).
It confirms that the Cu doping can induce narrowing in the band gap where the bottom of the
conduction band is mainly originated from Cu spin down states while Cu spin up states shift
deeply into the bottom of the valence band (Figure 1V.15 right). This has also been observed
by Fang et al. [36].
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Figure 1V.15. Band structures (left panels) and their corresponding spin up (blue) and spin
down (red) total density of states (right panels) of pure and CZO wurtzite structures (x=
6,25%, 12.5 at%).

1VV.3.4.2 Density of states

The density of states (DOS) of a system describes the proportion of states that are to be
occupied by the system at each energy. The DOS for a given band n, N,,(E), is defined as:

Nu(E) = [ 55 6(E — En(K)) (V1. 14)

where E,, (K) describes the dispersion of the given band and the integral is determined over the
Brillouin zone. An alternative representation of the density of states is based on the fact that

N, (E)dE is proportional to the number of allowed wave vectors in the nth band in the energy
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Range E to E + dE. The total density of states, N(E), is obtained by summation over
all bands. The integral of N(E) from minus infinity to the Fermi level gives the total number of
electrons in the unit cell. In a spin-polarized system, separate DOS for electrons with spin up
and spin down can be introduced. Their sum produces the total DOS and their difference is
referred to as the spin density of states.

The partial density of Zn 4s, Zn 3d, Cu 4s, Cu 3d, O 2s and O 2p spin up and down
states (PDOS) for pure and CZO wurtzite structures (x= 6,25%, 12.5 at%) are shown (Figure
IV.16). The valence band states is mainly originated from a strong mixing among the Zn3d
and O2p states. The valence band states are extended down to -7.8 eV and -9.2 eV for pure and
CZO structure, respectively, while Cu3d states contribution is appeared in the bottom of valence
band for the doped case. This large region is followed by a narrow band, centered at -14.6 eV
and unaffected by Cu doping, which is mainly originated from O2s orbitals with a weak mixing
between the Zn3d and Zn4s states. The downward shift of the conduction band, dominated by
Zn4s with a little contribution of Cu3d states near the Fermi level (Inset in Figure 1V.16), leads
to the decrease of the optical band gap with the increase of x. It is also found that Cu3d states
were found to be distributed around Fermi level for Cu-doped structures (x= 6,25%, 12.5 at%)

with ferromagnetic phase in which Cu atoms are close to each other around the O atom.
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Figure 1V.16. PDOS of Zn 4s, Zn 3d, Cu 4s, Cu 3d, O 2s and O 2p spin up and down states.
Insets in PDOS show Cu 3d spin up, spin down and net spin states near Fermi level for CZO

wurtzite structures (x= 6,25%, 12.5 at%).
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1VV.3.4.3 Charge density and mulliken population analysis

Population analysis in CASTEP is performed by a projection of the plane wave (PW)
states onto a localized basis using a technique described by Sanchez-Portal et al. [68].
Population analysis of the resulting projected states is then performed using the Mulliken
formalism [69]. This technique is widely used in the analysis of electronic structure calculations
performed with LCAO basis sets. In Mulliken analysis the charge associated with a given atom,

A, is determined by:
Q(A) = Xy 0k X Xy Puy(K)Sy, (k) (V1. 15)

and the overlap population between two atoms, A and B, is:

Tl(AB) = Zk (% Zﬁ 5Puv(k)svu(k) (VI- 16)
where S, (k) is the overlap matrix of the localized basis set:
Spu(k) = (0, (K)|0,(K)) (V1. 17)
and P, (k) is the density matrix for the atomic states (@,,), calculated as follows:
P (k) = (8,|p(K)| @) (VI. 18)

where p (k) is he density operator which may be defined as:

pl) = X3 g, (1)) (O (V1. 19)

with n, are the occupancies of the PW states, | %, (k)) are the projected PW states pk)| w, (k)
and | y*(k)) are the duals of these states:
|7 (k) = X Saw |2, (F)) (V1. 20)

and p(k) is the projection operator of Bloch functions with wavevector k generated by the

atomic basis set:

pk) = 3|8, (F))@,. (R (VI.21)

The charge density difference, with respect to a linear combination of the atomic
densities, of slice containing Cu atoms and their neighbors ((010) surface) for pure and CZO
structures, is mapped (Figure 1V.17). Blue, yellow and red colors indicate a region with charge

accumulation (around O atom), minimal difference and charge loss (around Zn or Cu atom),
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respectively. The charge density difference demonstrates that the atom with high

electronegativity tends to attract more electrons and vice versa (Zn:1.7, Cu:1.8 and O :3.5).

~ 4.816e-1
~ 3.487e1
~ 2.158e-1
- 8.291e2
~ -5.000e-2

Figure 1V.17. Distribution (010) surface of charge density difference for pure and CZO
structures.

This is consistent with the values of the average Mulliken atomic and bond populations
(Table 1V.5). The difference between the formal ionic charge and the calculated effective
valence charge refers to the mix of ionic and covalent bonding in both pure and CZO structures
(x= 6,25%, 12.5 at%) with more covalency for Cu-O bonds than Zn-O ones. This covalency

decreases with Cu doping.

Table 1V.5: Average Mulliken population atomic, effective valence and bond populations of
pure and CZO wurtzite structures (x= 6,25 and 12.5 at%).

X (at %)  Atomic Population (e)  Effectivevalence(e) Bond Population (e)

Zn Cu O Zn Cu Zn-0 Cu-O
0 0.950 - -0.950  1.050 - 0.402 -
6.25 0,967 0.690 -0.949  1.033 1.310 0.397 0.430
125 0985 0.705 -0.949 1015 1.295 0.395 0.425
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IVV.3.5 Magnetic properties

Spin-polarized calculations indicate that the Cu doping induces a magnetic moment of
about 0.96 ©s/Cu with a small contribution from its nearest-neighboring O atoms (0.04 g/O)
(Figure 1V.18a). Magnetic moment value from our calculation is in agreement with that
deduced from exchange split and crystal field theories. The splitting of the Cu*? d-states in the
wurtzite structure (Cu atom is tetrahedrally surrounded by four oxygen atoms) is due to
exchange split into spin up and spin down states and crystal field split into a double and a triplet
(Figure 1V.18b). This configuration leads to a net spin equal 1 us/Cu [70].

Figure 1V.18. (a) Oxygen atoms are arranged with tetrahedral symmetry around copper atom
in the wurtzite structure, (b) exchange splitting (Ao) and crystal field splitting (Ac) into a
doublet (e2) and a triplet (t) Cu*? d-states.

IVV.3.6 Optical properties

It is useful to know the different ways in which light interacts with matter and modifies
its direction and/or intensity. The dielectric function is an essential parameter to describe the
behavior of matter subjected to the effect of an external electromagnetic excitation (light). It
represent the ratio of the permittivity of a substance to the permittivity of the vacuum and is
defined as [71, 72]:

ao) = a(w)+ ia(w) (V1. 22)

The imaginary part of the dielectric function &,(w) is calculated from the momentum
matrix elements Pnn(K) between the occupied |nk) states (with energy En(k)) and unoccupied

|nk') states (with energy En(k)) as follows:
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&(w) =

where w,,(K) =En(k)—En(k) and Sk is an equi-energetic surface.

7 Lo S| P (RO "(K) (VI. 23)

3nw2

The real part £; (w) can be extracted from Kramers-Kroning relationship [28, 73]:

glw)=1+2 wa%ﬁg’gd ' (V1. 24)
where P is the principal value of the integral.
( N +too g(wn) '
_(11133[_ ——dw T+lim [ ——dw (VL. 25)

The refractive index is one of the most important optical constants. When an
electromagnetic wave loses energy during its propagation, this last index becomes complex; the
real part is usually the refractive index n, and the imaginary part is known as the extinction

coefficient k:

1/2
n(w) = [22 4 falr ) (V1. 26)
1/2
k(w) _ [\/sl(w)22+£2(w)2 _ slgw)] (Vl 27)

Thus, three other parameters necessary to describe the behavior of materials subjected
to the effect of an external light excitation; these are the reflectivity R (w), the optical loss L(w),

and the absorption coefficient I(w) which are given by the following expressions:

R(w) = %r (VI. 28)
L) = ~Im(75) = met s (V1. 29)
1) = VE(@) (V@ + &@? - @) (V1.30

The complex dielectric function is presented (Figure 1V.19a) for pure and CZO
structures (x= 6,25 and 12.5 at%). The imaginary part consists of three main peaks. Generally,

the first peak, located at around ~ 5eV eV, corresponds to electron excitation of O-2p state to
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Zn4s state or Cu-3d state. The intensity of this peak is slightly increased with Cu doping
becauseof the replacement of Zn atom s by Cu ones. The second peak, located at around ~
9.9eV eV, results from electron excitation of Zn-3d state near the top of valence band to O-2p
state nearthe bottom of conduction band. The excitation of Zn-3d state to O-2s state constitutes
the third strong peak, which is located at around ~ 14.9eV eV and decreases with Cu doping.
This causes the decrease of Zn-3d states which are responsible for the concerned transition.
Besides, an inappreciable shift of dielectric function toward the lower energy is due to the slight
shrinking of band gap energy when going from pure structure to doped one. Also, the calculated
static dielectric function &(0) is slightly affected by Cu doping; &1(0) = 2.455 for x= 0%, 2.457
for x=6.25 at% and 2.454 for x=12.5 at% (Inset in Figure 1V.19a) while a significant change
is observed for the experimental static dielectric function (Figure VI.11). This may be due to
the surface morphology not taken into account in the present DFT+LDA+U calculations.

Other optical properties, such as complex refractive index (Figure 1V.19b), complex
conductivity function (Figure 1V.19c) absorption coefficient (Figure 1V.19d), optical
reflectivity (Figure 1VV.19e) and energy-loss function (Figure 1V.19f) are also presented. It is
observed that the absorption is near zero below absorption edges, which correspond to the band
gap values, and presents tow more pronounced peaks at about 16.6 and 34.6 eV. Furthermore,
the strong peak of the energy loss function (around 22.0 eV) corresponds to the abrupt reduction
of the reflectivity.

The refractive index seems unchanged by Cu doping (around 1.56) and tends to be
constant for lower photon energy in the visible light range (Inset in Figure 1V.19b), which is
inconsistent with the experimental findings (Figure VI1.11). In addition, the refractive index
and the absorption coefficient exhibit a similar behavior to those obtained experimentally in

this work within the considered energy range (energy corresponding to the visible range).
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Figure 1V.19. Complex dielectric function (a), complex refractive index (b), complex
conductivity function (c) absorption coefficient (d) optical reflectivity (e) and energy-loss
function (f) for pure ZnO and CZO wurtzite structures (x= 6,25%, 12.5 at%). Inset in (a)
shows the evolution of real part of the complex dielectric (¢;) and inset in (b) exhibits the
refractive index n for lower photon energy.
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IVV.4. Conclusions

Pure and copper-doped zinc oxide (CZO) thin films at different contents x (0<x<0.125)
were investigated both experimentally and theoretically. Structural results show that all
samples exhibited a polycrystalline with wurtzite hexagonal phase. The (002) preferential
orientation is degraded and leads to the enhancement along (100) orientation by increasing Cu-
doping. The crystallite size, strain and growth mode are significantly influenced by the
increasing level of Cu doping. Surface morphology reveals that grain size is strongly affected
by the Cu-doping and the surface becomes more rough. The film thickness is slightly influenced
by Cu doping. The transparency of films presents an increase in the visible region and the band
gap energy slightly shrinks as the Cu content increases, indicating that the doping process by
Cu makes these films suitable for use in opto-electronic applications.

In the calculation point of view, DFT+U with convenient effective Hubbard U values
enhance the band gap. The ferromagnetic ground states at a geometry configuration with the
closest Cu impurities in CZO structure is found the more stable and Cu3d states are distributed
around Fermi level. Besides, the covalency for both Cu-O and Zn-O bonds is affected by Cu
doping. The imaginary part consists of three main peaks whose intensity is slightly influenced

by impurity doping. Cu doping leaves the static refractive index unchanged.
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The aim of this thesis was the development by sol-gel method of pure ZnO and copper-
doped zinc oxide (CZO) thin films with somewhat higher Cu contents (x) (x = 1%, 3.12%,
6,25% and 12.5 at%) and low thickness. Starting from , Copper (Il) chloride, Zinc acetate
dihydrate and 2-Methoxyethanol as a dopant source, starting material and stabilizer, the
preparation protocol by spin coating technique of undoped and doped-ZnO thin films on glass

substrates, was developed.

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.

On the other hand, first-principles calculations of structural, electronic, magnetic and
optical properties of pure and CZO wurtzite materials (x= 6,25%, 12.5 at%) were performed by
DFT as implemented in CASTEP code . The generalized gradient approximation (GGA) in the
scheme of Perdew—Burke—Ernzerhof (PBE) was employed to describe the exchange-correlation
function. ZnO supercell model, derived from the optimized ZnO wurtzite primitive cell, and
substitutional method were used to achieve the considered Cu content. To ensure well
convergence of the calculation, ideal input criteria of computer code were adopted, which based
on our theoretical literature review, such as the valence-electron configurations for the O, Zn
and Cu atoms, the energy cut-off, pseudopotential, the sampling of the Brillouin zone by k-
point meshes, the optimization convergence for maximum force, energy change, maximum

displacement, maximum stress and the SCF convergence threshold.

The semiempirical LDA+U approach was used with convenient effective Hubbard U
values for Zn 3d, Cu 3d and O 2p electrons and the ferromagnetic phase of CZO structure was
adopted in which two Cu atoms substitute two Zn atoms according to different geometry
configurations.

Experimental investigations indicates that structural results show that all samples
exhibited a polycrystalline with wurtzite hexagonal phase. The (002) preferential orientation is

degraded and leads to the enhancement along (100) orientation by increasing Cu-doping. The
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crystallite size, strain and growth mode are significantly influenced by the increasing
level of Cu doping. Surface morphology reveals that grain size is strongly affected by the Cu-
doping and the surface becomes more rough. The  film thickness is slightly influenced by Cu
doping. The transparency of films presents an increase in the visible region and the band gap

energy slightly shrinks as the Cu content increases.

DFT+U calculations reveal that convenient effective Hubbard U values enhance the
band gap. The ferromagnetic ground states at a geometry configuration with the closest Cu
impurities in CZO structure is found the more stable and Cu3d states are distributed around
Fermi level. Besides, the covalency for both Cu-O and Zn-O bonds is affected by Cu doping.
The imaginary part consists of three main peaks whose intensity is slightly influenced by
impurity doping. As Cu doping increases, the static refractive index is found unchanged.

Finally, it is worth noting that tow valuable results can be extracted from the present

study,

In the experimental point of view, the transparency and the band gap energy of CZO thin films
were found to be influenced by Cu content in the visible region, indicating that the doping
process by Cu makes these films suitable for use in opto-electronic devices, in which CZO thin
films can absorb the ultra violet wave range in the spectrum and it is transparent to the visible
light.

In the theoretical point of view, including DFT+U correction within standard DFT
reveals that convenient effective Hubbard U values enhance significantly the band gap energy

and its corresponding electronic and optical properties.

In perspective, the present calculation reveals the importance of including DFT+U
correction within standard DFT. So, it is interesting to verify the validity of such model for
other transition metals and various defects in ZnO host lattice such as zinc vacancies(Vzn),
oxygen interstitial (O;) oxygen vacancies (Vo), zinc interstitials (Zn;), oxygen antisites (Ozn)
and zinc antisites (Zno). On the hand, Cu-doping exhibits significant influence on the properties
of CZO thin films, which allows us to thinking about use of other elements in the transition-
metals group to make their properties controllable and to widen the range of their potential

applications. So, the issue is still left open.
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Abstract: In the present work, pure ZnO and copper-doped zinc oxide (CZO) thin films at different contents (x)
were synthesized by sol—gel spin coating process and investigated using various techniques. All samples exhibited
a polycrystalline with wurtzite hexagonal phase. The grain size increased and changed its growth mode from c-
axis growth to lateral one and the surface morphology was strongly influenced by Cu doping. Optical properties
of CZO thin films were investigated. As x increased, the transparency of films was generally increased in the
visible region and the band gap energy (Eg) presented a slight shrinking. Ferromagnetic phase was adopted
within density functional theory corrected by Hubbard method (DFT+LDA+U) to investigate the properties of
pure and CZO structure. The closest Cu impurities gave the more stable configuration. Cu3d states were
distributed around Fermi level inducing a major contribution to the magnetic moment. A mix of ionic and
covalent bonding was remarked. DFT+LDA+U enhanced significantly the calculated Eg, which presented a
narrowing with x. The imaginary part of the dielectric functions presented three main peaks and the static
dielectric constants were slightly influenced by Cu doping.

Key-Words: Density Functional Theory; Copper-doped zinc oxide thin films; Sol-gel technique; Magnetic phase;
Spin coating method; LDA+U approach.
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Résumeé : Dans le présent travail, des couches minces d'oxyde de zinc pur (ZnO) et dopé au cuivre (CZO) a
différentes concentration (x) ont été synthétisés par un procédé de revétement par centrifugation sol-gel et ont
été étudiés par diverses techniques. Tous les échantillons présentaient une phase hexagonale polycristalline avec
wurtzite. La taille des grains a augmenté et son mode de croissance a changé de la croissance suivant I'axe ca la
croissance latérale. La morphologie de la surface a été fortement influencée par le dopage au Cu. Les propriétés
optiques des couches minces de CZO ont été étudiées. Lorsque x augmente, la transparence des couches
augmente généralement dans la région visible et I'énergie de la bande interdite (Eg) présente un léger
rétrécissement. La phase ferromagnétique a été adoptée dans la théorie de la fonctionnelle de la densité corrigée
par la correction de Hubbard (DFT+LDA+U) pour étudier les propriétés de la structure CZO. Les impuretés de Cu
les plus proches ont donné la configuration la plus stable. Les états Cu3d sont distribués autour du niveau de
Fermi induisant une contribution majeure au moment magnétique. Un mélange de liaisons ioniques et
covalentes a été remarqué. DFT+LDA+U a amélioré significativement Eg calculé, qui a présenté un rétrécissement
avec x. La partie imaginaire des fonctions diélectriques présente trois pics principaux et les constantes
diélectriques statiques sont légerement influencées par le dopage Cu.

Mots-clés : Théorie de la fonctionnelle de la densité ; Couches minces d'oxyde de zinc dopé au cuivre ; Technique
sol-gel ; Phase magnétique ; Méthode de revétement par rotation ; Approche LDA+U.






