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                                                    Abstract               

   

 

Transition metals TM (Co, Fe, and Mn) doping induced changes in structural and 

optical properties of spray deposited ZnO thin films has been studied using X-ray diffraction 

(XRD), Raman spectroscopy, ATR-FTIR spectroscopy, UV-visible spectroscopy, and 

photoluminescence spectroscopy (PL) respectively.  

As a function of TM molar ratio x, XRD patterns revealed a change of crystalline 

parameters depending on TM nature. For Co doping, Co3O4 and Zn(OH)2 secondary phases 

appeared for x=0.10. for Mn doping, secondary phases such as MnO2 and ZnMnO3 appeared 

for x=0.06 while for Fe doping, no secondary phase was observed. These results were 

evidenced by Raman spectroscopy and ATR-FTIR spectroscopy. For the three doping 

elements, the band gap energy of ZnO varied, as a function of TM molar ratio x depending on 

TM nature. For Co doping, the band gap energy of ZnCoO decreased from 3.45 eV, for 

x=0.00, to reach a minimal value of 2.67 eV for x=0.08. For Fe doping, the band gap energy 

of ZnFeO decreased to reach a minimum of 3.21 eV for x=0.04. Beyond this molar ratio, the 

band gap energy stabilized around 3.27 eV. However, for Mn doping, the band gap energy of 

ZnMnO increased to reach a maximum of 3.55 eV for x=0.06.  

The photoluminescence spectrum of ZnO presented two peaks: an ultraviolet emission 

peak around 375 nm and a near infrared emission peak around 754 nm. Photoluminescence 

properties of samples depend on the TM nature and the TM molar ratio x. For Fe doping, the 

intensity of these two peaks decreased as a function of Fe molar ratio. No other emission 

peaks were observed. For Co doping, the intensity of these two peaks decreased as a function 

of Co molar ratio, to completely disappear for x=0.10 leaving their place to a red emission 

peak attributed to Co based impurities. For Mn doping, the intensity of UV and NIR emission 

peaks decreased rapidly for x=0.02. for x=0.04 and x=0.06, these two emission peaks 

disappeared leaving their places for a violet, a blue, and a blue-green emissions attributed 

respectively to  Mn ions, Zni et VZn.                 
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                                                          Résumé              

   

 

Les changements induits dans le ZnO, déposé par spray pyrolyse, par dopage par les 

métaux de transition MT (Co, Fe et Mn) sur les propriétés structurales et optiques on été 

étudiés en utilisant la diffraction des rayons X (DRX), la spectroscopie Raman, la 

spectroscopie RTA-IRTF, la spectroscopie UV-visible, et la spectroscopie de 

Photoluminescence (PL) respectivement. En fonction du rapport molaire x du MT, les 

diffractogrammes révélaient le changement des paramètres cristallins du ZnO dépendant sur 

la nature du MT. Pour le dopage au Co, les deux phases secondaires  Co3O4 et Zn(OH)2 

apparaissent pour x=0.10. Pour le dopage au Mn, des phases secondaire comme  MnO2 et 

ZnMnO3 sont apparues pour x=0.06 tandis que pour le dopage au Fe, aucune phase secondaire 

n’a été observée. Ces résultats ont été mis en évidence par la spectroscopie Raman et la 

spectroscopie RTA-IRTF. Pour les trois éléments de dopage, l’énergie de la band interdite du 

ZnO varie, en fonction du rapport molaire x du MT, dépendant sur la nature du MT. Pour le 

dopage au Co, l’énergie de la band interdite du ZnCoO diminue de 3.45 eV, pour x=0.00, 

jusqu’à atteindre sa valeur minimale de 2.67 eV pour x=0.08. Pour le dopage au fer, l’énergie 

de la bande interdite du ZnFeO diminue jusqu’à atteindre un minimum de 3.21 eV pour 

x=0.04. Au delà de ce rapport, l’énergie de la bande interdite se stabilise autour de 3.27 eV. 

Cependant, pour le dopage au Mn, l’énergie de la bande interdite du ZnMnO augmente 

jusqu’à atteindre un maximum de 3.55 pour x=0.06. Le spectre de photoluminescence du ZnO 

pure présente deux pics: un pic d’émission ultraviolette autour de 375 nm et un pic d’émission 

infrarouge autour de 754 nm. les propriétés de photoluminescence des échantillons dépendent 

sur la nature du MT et le rapport molaire du MT. Pour le dopage au Fe, l’intensité de ces deux 

pics d’émission diminue en fonction du rapport molaire du Fe. Aucun autre pic d’émission 

n’a été observé. Pour le dopage au Co, l’intensité de ces deux pics d’émission diminue, en 

fonction du rapport molaire du Co, jusqu’à disparaitre complètement, pour x=0.10, laissant la 

place à un pic d’émission rouge attribué aux impuretés basées sur le Co. Pour le dopage au 

Mn, l’intensité des pics d’émission UV et NIR diminue rapidement pour x=0.02. Pour x=0.04 

et x=0.06, les deux pics d’émission dispersaient laissant la place aux pics d’émission violette, 

bleu et bleu-verte attribuées respectivement aux ions Mn, Zni et VZn.        
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photoluminescence   
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 cix 

The field of materials science is becoming increasingly essential in the development of 

new materials suitable for various applications in the technological and industrial sectors. The 

main challenge is to enhance the performance of these materials while minimizing their 

manufacturing costs. Zinc oxide (ZnO) continues to garner an extensive research interest 

owing to several of its promising applications. It has been the object of the renewed research 

for a wide range of applications such as light emitting diodes [1], laser diodes, gas sensor [2], 

thin film solar cells [3] and spintronics [4]. The interest of ZnO resides especially in its wide 

direct band gap (3.4 eV), high n-type conduc tivity, high thermal conductivity and its large 

exciton binding (60 meV) [5]. Nevertheless, during the design, the control of structural 

defects as well as sur face and interfacial structures is essential for optimizing the device 

performance [6]. In addition, it is noted that the growth conditions affect the band gap which 

is a key parameter in the design of optoelectronic devices. 

In order to improve its interesting properties, ZnO has been successfully doped with 

metals such as Al, for use as a transparent electrode in solar cells, with rare earth such as Er, 

for use in light emitting diodes, and with transition metals such as Co, for a use as a diluted 

magnetic semiconductor (DMS) also termed diluted magnetic oxide (DMO). A theoretical 

study predicted that ferromagnetism was stable for wide band gap semiconductors such as 

ZnO and the Curie temperature can be increased for p-type DMS. Another theoretical study 

demonstrated that doping ZnO with Ni, Fe, Co, Cr, and V exhibited ferromagnetism ordering 

while doping it with Ti and Cu exhibited paramagnetic state. In order to enhance its spintronic 

properties the ZnO is doped with transition metals (Fe, Co, Mn). Synthesis of ZnO thin films 

has been performed by several techniques, such as spray pyrolysis, sol-gel [7], pulsed laser 

deposition [8] RF magnetron sputtering [9] and Chemical Vapour Deposition [10]. The spray 

pyrolysis technique has been selected owing to its large deposition area, low cost process, and 

viable approach of producing good quality films. Thus, many works have been carried out and 
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 cx 

various parameters of the deposition of ZnO films such as, substrate temperature, carrier gas 

flow rate, solution flow rate, nozzle to substrate distance and film thickness have been 

optimized. 

Depending on the type and concentration of transition metal (TM) the structural, 

optical, and magnetic properties of materials are found to be greatly affected from the 

exchange interaction between s and p electrons of host ZnO and d electron of TM ions. 

Among different TM elements, Mn, Fe and Co get much interest due to their different 

electronic shell structure and similar ionic size with Zn. Hence, they could be considered as 

good candidates to modify the structural, optical, physical and chemical properties of ZnO 

[11]. The restricted, unpaired d-electrons hybridize with the host ZnO’s wandering sp-

electrons to generate magnetically coupled electrons that participate in exchange interactions, 

resulting in SDOS between the host charge transporters. Commonly referred to as solid 

solutions of TM doped semiconductors to be DMS materials sincen-type semiconductors also 

exhibit magnetic ordering. DMS oxides are useful in numerous optoelectronic devices, 

including as diodes with optical spin, spin driven random access memory, spin field effect 

transistors, and light emitting devices (LED), thanks to their functional properties. DMS 

oxides also have greater magnetic moments and high curie temperatures, which are essential 

characteristics for the perfect spintronics material [12] 

 This thesis is divided into three main chapters organized as follows:  

 The first chapter will presents general concepts on thin films, the different 

deposition techniques and deals with the properties and their applications of 

zinc oxide (ZnO). Previous studies of the main dopants used in this work are 

also presented. 

 In the second chapter, the method used in the present work for the preparation 

of films is introduced as well as the experimental characterization techniques 
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used. Thin films have been studied by X-ray diffraction (XRD), UV-Visible 

spectrophotometry, Raman spectroscopy, ATR-FTIR spectroscopy and PL 

spectroscopy. 

 The last chapter is dedicated to the thorough analysis and interpretation of the 

experimental results, elucidating the profound impact of Co, Fe, and Mn 

doping on the structural and optical properties of ZnO thin films. This section 

meticulously correlates the data obtained from XRD, Raman spectroscopy, 

UV-Vis spectroscopy, FTIR-ATR spectroscopy, and PL spectroscopy. The 

analysis reveals how the incorporation of these transition metal dopants 

disturbs the crystal lattice and chemical bonding, which in turn directly 

governs the optical behavior. The main results highlight significant 

modifications in the band gap energy, transmittance, and luminescence 

characteristics. 
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I.1. Thin films 

Thin films are film layers with thicknesses ranging from nanometers to a few 

micrometers that are deposited on substrates (Figure I.1) [1]. These films are engineered to 

exhibit unique properties tailored for specific application. The design process involves precise 

control over composition, structure, and thickness to achieve desired electrical, optical, 

magnetic, or mechanical properties.  

Applications of advanced thin films span multiple industries, including electronics, 

energy, healthcare, and optics. In electronics, they are crucial for the development of 

semiconductor devices, transistors, and flexible displays. In the energy sector, thin films 

enhance the efficiency of solar cells and battery technologies. Healthcare benefits from thin 

films in medical devices and diagnostic tools, while optics relies on them for anti-reflective 

coatings and optical filters. The ongoing advancements in thin film 

technology promise to drive further innovations, making them indispensable in the quest for 

miniaturized, high-performance, and energy-efficient devices across various fields [2]. 

 

Figure I.1. Schematic of a thin film deposited on a glass substrate [3]. 
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I.1.1. Mechanism of a thin film formation 

During the nucleation and growth stage of the film, there is a transition from the 

plasma (plume) phase to a crystalline (solid) phase on the substrate surface [4]. 

 

I.1.1.1. Nucleation  

The incident atoms are deposited on the surface of the substrate. These atoms being 

thermodynamically unstable on the surface, some will be re-evaporated, others ejected by 

back-sputtering. On the other hand those which bind weakly by transferring their kinetic 

energies to the substrate lattice. These will be diffused and trapped by other incident atoms 

adsorbed to form clusters also called nuclei (Figure I.2). Then, these clusters combine with 

other clusters to create islands. These islands will grow and coalesce to extend over the entire 

surface of the substrate [5]. 

 

Figure I.2. Schematic of the nucleation and growth process on a substrate [6]. 

 

I.1.1.2. Growth of thin films  

The study of growth mechanisms is critical for controlling material properties at the 

atomic level, optimizing fabrication processes, and reducing defects in advanced II-VI 

semiconductors [7]. Generally, there are three modes of thin film growth, namely island or the 
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Volmer–Weber mode, layer-by-layer or the Frank–van der Merwe mode and layer plus island 

or the Stranski–Krastanov mode [4]. 

 

 a) Volmer–Weber mode (or Island) 

An island growth occurs when the cohesion between the atoms of the target material is 

greater than the adhesion between the target atoms and the substrate. As a result, the adatoms 

(atoms deposited on the surface of the substrate) are more bound to each other than to the 

substrate, hence forming clusters. This mode of growth is characterized by three-dimensional 

(3D) islands (Figure I.3). 

 

 

Figure I.3. Schematic of the different thin film growth mechanisms: (i) island, (ii) layer-by-

layer, (iii) layer plus island [6]. 

 

b) Frank–van der Merwe mode (or Layer-by-layer) 

Layer-by-layer growth occurs when the adhesion between the adatoms and the 

substrate is greater than the cohesion between the adatoms. This mode of growth generally 

results in 2D growth with the adatoms forming smooth monolayers on the surface of the 

substrate (Figure I.3). 
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c) Stranski–Krastanov mode (or Layer plus island) 

Layer plus the island growth mode occurs when islands are formed after the formation 

of one or two monolayers on the surface of the substrate (Figure I.3). 

 

I.1.2. Thin films depositions methods 

Thin film deposition methods are classified commonly in two categories. The first one 

is physical deposition methods, and the second one is chemical deposition methods. It can be 

summarized as shown in figure I.4. 

 

Figure I.4. Summary of thin films deposition techniques. 

 

I.1.2.1. Physical deposition methods 

Physical deposition methods are usually referred as to physical vapor deposition 

methods (PVD) because the process entails the generation of vapor. PVD essentially consists 
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in removing growth species from a source or target material via evaporation, then this vapor is 

transported to the substrate surface, and eventually it solidifies in the surface, forming the 

film. The evaporation is generally carried out under a reduced pressure chamber to avoid 

impurities in the film formation which are produced due to collisions between vapor particles 

and residual gas particles in their displacement from the source to the substrate surface. PVD 

techniques are known to offer a number of advantages, including the deposition of almost any 

material, high reproducibility of film properties, the use of a large range of substrate 

materials, the possibility of tailoring the film properties through modification of deposition 

parameters in single element deposition, and obtaining films with high purity. On the other 

side, among the main disadvantages are the use of sophisticated and costly monitoring 

systems for the control of the deposition rate and film thickness, and the mismatch between 

the composition of the deposited film and the composition of the evaporant in the case of 

alloys and compounds. The most common PVD processes are vacuum evaporation, molecular 

beam epitaxy, pilsed laser deposition, and sputttering [8]. 

 

I.1.2.1.1. Vacuum evaporation  

Vacuum evaporation is a method for depositing thin films of metals, alloys, or 

compounds by vaporizing solid materials and then depositing them onto specific substrate in a 

vacuum environment. The substrate temperature varies from room temperature to elevated 

temperature.  

This technique is categorized into two groups based on the heating source: resistive 

heating and electronic-beam heating. In resistive heating, the source material is placed in a 

crucible and heated by a filament (Figure I.5). This method is particularly effective for 

materials with melting points below 1500°C.  
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Figure I.5. Schematic of the thermal evaporation method [10].  

 

On the other hand, e-beam evaporation is suitable for high-melting-point materials, 

such as refractory metals. In this process, electrons are accelerated at high voltage and 

directed toward the target material, where they bombard the surface, generating heat and 

causing the source material to evaporate (Figure I.6). Thin films prepared by electron beam 

evaporation are of good quality and purity. However, resistive heating or Joule heating 

remains the most used process for the target evaporation [9]. 

 

Figure I.6. Schematic of electron beam evaporator [9]. 
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I.1.2.1.2. Molecular Beam Epitaxy 

The Molecular beam epitaxy (MBE) is an ultrahigh vacuum technique for growing 

skinny epitaxial layers of semiconductor crystals. Because it is inherently a slow growth 

process, extreme dimensional control over both major compositional variations and impurity 

incorporation can be achieved. The basic principle is to spray atoms or molecules of 

material onto the target substrate with appropriate reaction temperature and lattice orientation 

in an ultra-high vacuum environment [11]. Atoms or molecules react on the substrate surface, 

forming high-quality thin crystal film as shown in Figure I.7. 

 

Figure I.7. The sketch map of molecular beam epitaxy technique [9]. 

 

I.1.2.1.3. Pulsed Laser Deposition 

The Pulsed Laser Deposition technique (PLD) has been extensively studied and optimized for 

various material systems, demonstrating its versatility and potential in numerous applications.  

The entire process takes place within a carefully controlled vacuum chamber to ensure the 

necessary conditions for successful deposition, shown in figure I.8. The process of PLD can 

be divided into four distinct steps. In the first step, the laser beam is absorbed by the target 

material, resulting in vaporization and ablation. In the second step, a plasma is formed 
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consisting of neutral atoms, molecules, ions, and energetic electrons in the presence of a low-

pressure oxygen atmosphere. In the third step, the plasma containing the material that has 

been removed from the target moves toward the substrate. In the fourth step, complex 

reactions take place between the plasma and the substrate, resulting in the deposition of the 

separated material onto the surface of the substrate [9]. 

 

 

Figure I.8. Schematic of the PLD process [12]. 

  

I.1.2.1.4. Sputtering 

Sputtering is one of the PVD techniques that involve depositing thin film coatings by 

bombarding a target material’s surface atoms with accelerated ions. The target material to be 

deposited is placed on the cathode, and the substrate is positioned at the anode (Figure I.9). 

The working gas inside the deposition chamber is usually argon gas. There are two types of 

the sputtering. We can cite direct current sputtering (DC) and radio frequency sputtering (RF). 

Each type is used for thin film deposition with specific characteristics. DC is utilized for 

depositing metallic materials, while a RF sputtering technique is employed for insulating 



Chapter I                ZnO thin films : Properties, elaboration techniques and applications 

   
 

 
 9 

target materials. For DC sputtering, a DC voltage is supplied between the cathode (target 

material) and anode (substrate) to sustain the glow discharge. The gaseous ions resulting from 

the sustained glow discharges are accelerated towards the target material, and sputtering takes 

place resulting in deposition of a thin film on the surface of the substrate material [13]. For 

RF sputtering, the cathode is bombarded by applying a high voltage at a fixed frequency of 

13.56 MHz in the vacuum chamber, which leads to high-energy ions that sputter atoms to 

become a thin film that coats the substrate [14]. For high quality thin films, the DC and RF 

sputtering techniques are equipped with a magnet that confines the plasma close to the 

substrates. 

 

 

Figure I.9. Schematics of the sputtering method [9]. 

 

I.1.2.2. Chemical deposition methods 

The chemical methods comprise gas phase and liquid phase deposition methods such 

as chemical vapor deposition (CVD), chemical bath deposition (CBD), spray pyrolysis, and 

sol-gel. 
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 I.1.2.2.1. Chemical Vapor Deposition  

  Chemical Vapor Deposition (CVD) is a widely used technique for depositing thin 

films through a series of chemical reactions. Unlike Physical Vapor Deposition (PVD), where 

thin films form via condensation of evaporated atoms or sputtered particles, CVD relies on 

complex chemical reactions occurring near or on the substrate surface under controlled 

conditions of temperature, pressure, and reactant flow (Figure I. 10). The quality of CVD 

films is influenced by process parameters such as temperature, pressure, chemical 

concentration, gas flow rates, and reactor design [15].  

 

 

Figure I.10. Schematic of general elementary steps of a typical CVD process [16]. 

   

Chemical vapor deposition has numerous other names and adjectives associated with it 

such as vapor phase epitaxy (VPE) when CVD is used to deposit single crystal films, 

metalorganic CVD (MOCVD) when the precursor gas is a metalorganic species, plasma-

enhanced CVD (PECVD) when a plasma is used to induce or enhance decomposition and 

reaction, and low pressure CVD (LPCVD) when the pressure is less than ambient [17]. 
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I.1.2.2.2. Chemical Bath Deposition  

Chemical Bath Deposition (CBD) is a well established and low temperature chemical method 

widely used for thin film deposition. The semiconducting thin films synthesized by CBD 

method have potential to compete with film by other sophisticated techniques. The CBD 

consists on the precipitation of the material atoms onto the substrate emrsed in a solution 

containing the material soluble salts (Figure I.11). CBD is found to be beneficial for 

deposition of ternary and quaternary compound. It provides better orientation of crystallites 

due to higher reaction time. Various factors affecting CBD such as bath temperature, pH of 

solution, complexing agent, concentration of cation and anion, deposition time and aging of 

the stock solution [18].    

 

 

 

 

 

 

Figure I.11. Schematic of the CBD method [19]. 

I.1.2.2.3. Sol gel 

The sol gel process is a wet chemistry technique in which a solution, or “sol”, undergoes a 

transition to form a rigid “gel”. It is one of the chemical methods used for the deposition of 

thin films of transparent and conductive oxides. This method offers inherent advantages, 

including high product purity and chemical homogeneity, while enabling low-temperature 
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processing compared to other techniques [20, 21]. The sol gel technique involves two 

methods for thin films deposition: the spin coating and the dip coating. In the spin coating 

process, the solution is spread by centrifugation onto a substrate that rotates at speeds of 

several thousand rounds per minute (Figure I. 12). In the dip coating process, thin films are 

often produced by dipping and withdrawing a substrate into a beaker as illustrated in figure 

I.13. The film forms as the solvent evaporates after the substrate is removed. Factors such as 

the withdrawal speed, the dispersion concentration, the viscosity, and the solvent's boiling 

point are critical in achieving a uniform coating [23].  

 

Figure I.12. Deposition of thin layers by spin coating [24]. 

 

Figure I.13. Schematic representation of the principle of deposition by dip coating [24]. 
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I.1.2.2.4. Spray pyrolysis 

The spray pyrolysis technique has lately attracted increasing attention due to some 

appealing features such as their low production cost, flexibility in the substrate choice, 

possibility of large area of deployment. This technique was initially proposed by Chamberlin 

and Skarman [25] in 1966 to prepare CdS thin films on glass substrates. It consistes on the 

spraying of an aqueous solution containing soluble salts of the constituent atoms of the 

desired compounds to heated substrates. The liquid droplets vaporize before reaching the 

substrate or react on it after splashing (Figure I.14). Doped and mixed films can be prepared 

very easily, simply by adding to the spray solution a soluble salt of the desired dopants or 

impurity [19].  

 

Figure I.14. The schematics of the experimental set up for spray pyrolysis [26]. 
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The process is particularly useful for the deposition of metal oxides, nanocomposites 

and perovskite thin films. Spray pyrolysis System has been designed for research in 

laboratories in thin films, especially for solar cell and gas sensor development [27]. 

In the spray pyrolysis method, thin film formation is based on a thermally stimulated 

chemical reaction between clusters of liquid or vapor atoms of different chemical species. In 

this process, the precursor solution is atomized through a nozzle (Figure I.14). The nozzle 

converts the solution into small droplets, known as aerosols. These aerosols are allowed to 

incident onto preheated substrates. The pyrolysis decomposition of the aerosols and formation 

of thin films with desired properties depends on the optimum substrate temperature. The 

properties of the film depend upon the anion to cation ratio, spray rate, substrate temperature, 

ambient atmosphere, carrier gas, droplet size and also the cooling rate after deposition. The 

film thickness depends upon the distance between the spray nozzle and substrate, the substrate 

temperature, the concentration of the precursor solution and the quantity of the sprayed 

precursor solution. The film formation depends on the process of droplet landing, reaction and 

solvent evaporation, which are related to droplet size and momentum. An ideal deposition 

condition is when the droplet approaches the substrate just as the solvent is completely 

removed. Lampkin [28] showed that, depending on droplet velocity and flow direction, a 

droplet will flatten, skip along the surface or hover motionless.  

Apart its simplicity, the advantages of the spray paralysis technique are [29]: 

 A low cost technique for the preparation of semiconductor thin films. 

 Extremely easy way to dope films with any elements in proportion by adding it to the 

spray solution. 

 Production of large area, high quality adherent films of uniform thickness. 

 No require to the high quality targets nor require vacuum at any stage which is great 

advantage if the technique is to be scaled up for industrial applications. 
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 Easy control of the deposition rate and thickness of the films over a wide range by 

changing spray parameters  

 

I.1.3. Application of thin films 

Thin films have an important impact on technologic development in many fields such 

as the energy field, the electronic field, the health field and the environmental field. Actually, 

the need of materials with adjestable properties is crucial to be used in industrial scale. 

Among these materials with specific properties we focus on transparent and conductive 

oxides (TOCs). These materials are very useful for transparent optoelectronics [30] because 

they have unique features of optical properties in the visible light region such as the 

transparency over ~ 85%, the optical band gap greater than 3 eV, and the controllable 

electrical conductivity (carrier concentrations of at least 10
20

 cm
-3 

and resistivity of about 10
-

4
Ω.cm). Due to their extraordinarily wide controllable conductivity range including that of 

semiconductors, TCO thin films have a wide range of applications including transparent 

heaters, heat mirrors, smart windows, and optoelectronic devices in particular the market for 

transparent electrodes used in touch panels, flat panel display or lamps, and thin film solar 

cells which is still expending linked to the increase of new emerging solar cells technologies 

and devices as organic and perovskite ones [30].  

The most widely studied TCO semiconductors are impurity-doped ZnO, In2O3, SnO2 

and CdO, as well as the ternary compounds Zn2SnO4, ZnSnO3, Zn2In2O5, Zn3In2O6, In2SnO4, 

CdSnO3, and multi-component oxides consisting of combinations of ZnO, In2O3 and SnO2 

[31]. These three oxides were repectively doped with Al, Sn, and Sb and the result was three 
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known semiconductors AZO, ITO, and ATO of improved electrical conductivity without 

degrading their optical transmission [32].  

Among many TCO materials, and with the huge increase of research in numerization 

and artificial intelligence (AI), transition metals-doped ZnO has taken its place as one of the 

most important candidates for next-generation electronic devices due to its high earth 

abundance, nontoxicity, biocompatibility, and affordability [33]. 

 

I.2. Zinc oxide  

Zinc oxide is an inorganic compound with of formula ZnO. It commonly appears as a white 

powder, almost insoluble in water. ZnO is present in the earth crust as a mineral zincite 

however, most ZnO used commercially is produced synthetically (Figure I.15). The basic 

physico-chemical properties of Zinc Oxide are tabulated in Table I.1. ZnO has attracted the 

attention of researchers because of its attractive properties and many applications [34]. In 

1960, zinc oxides were discovered to have solid piezoelectric properties, and zinc oxides were 

first applied as thin electron layers to surface acoustic wave devices [35].  

 

Figure I.15. ZnO presented in natural form (a) and (b) and synthesis powder form (c) [35]. 
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After extensive research in 50s and 70s, studies of zinc oxides as semiconductor materials 

resurfaced [35]. Since 1990, the number of ZnO periodicals has increased dramatically, and 

current ZnO reviews have been published in materials science journals [35] for use in devices 

utilizing nanowires/nanorods such as biosensors, gas sensors and solar cells [36]. 

 . 

Table I.1: Physico-chemical properties of ZnO at room temperature [20]. 

 

 

I.2.1. Structural properties 

According to theoretical and experimental works conducted on its crystallization 

modes, ZnO can be present in three phases [38] schematized in figure I.16: 

Molecular formula ZnO 

Appearance White solid 

Solubility in water (at 30°C) 0.16 mg/100 mL  

Molecular mass (g/mol) 81.408  

Density g/cm
3 5.606  

Melting point (°C) 1975 

Refractive index 2.0041 

Direct energy band gap (eV) 3.3 

Hole mobility (cm
2
V

-1
s

-1
) 200  

Electron effective mass (m0) 0.24 

Hole effective mass (m0) 0.59 
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 The "Wurtzite" phase (hexagonal structure): It is the most widespread phase in 

nature, observed during deposition under normal pressure and temperature conditions. 

 The "Zinc Blende" phase (cubic structure): This phase is observed during 

deposition on substrates with cubic symmetry. 

 The "Rocksalt" phase (NaCl cubic structure): This metastable structure is obtained 

under high pressure (around 10 to 15 GPa) applied to the hexagonal wurtzite phase 

and can persist at atmospheric pressure. 

 

Figure I.16. Crystallization modes of ZnO [38]. 

 

A cesium chloride (CsCl) cubic structure was predicted by theoretical calculations at 

extremely high temperatures; this phase has not yet been experimentally observed [29]. The 

phase diagram (Figure I.17) estabilished by Decremps et al. [39] revealed that zinc oxide can 

transit from the wurtzite phase to the rocksalt phase under the effect of pressure and 

temperature. We focuse on the wurtzite structure since it is the most stable form of ZnO. 

In the wurtzite structure, ZnO has a hexagonal unit cell with lattice parameters a=b= 

3.296 Å and c=5.206 Å [40]. In this structure, the oxygen anions and zinc cations form a 

tetrahedral unit and the entire structure lacks central symmetry, so it is composed of two 
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elements with different ion radii [20]. ZnO can be directly defined as a chain of alternating 

planes created by tetrahedrally coordinated O
2-

 and Zn
2+

, where each O (or Zn) atom is 

surrounded by four Zn (or O) atoms alternately stacked along the c-axis (Figure I.18).  

 

Figure I.17:  Phase diagram of ZnO [39]. 

The polar surface of ZnO is another important property. It has a polar (0001) surface 

terminated with either Zn or O. The Zn-type polarity is represented by the + c (0001) 

direction. Type O polarity is associated with direction -c (000 -1) [40].  

 

 

Figure I.18: ZnO wurtzite structure [41]. 
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The hexagonal lattice of the wurtzite ZnO is characterized by three lattice constants 

that determine the relative positions of the O anion and Zn cation sublattices are a (the side of 

a rhombus constituting the base), c (the side parallel to the oz axis) and u (the interior 

coordinate along the axis). The u coordinate is a dimensionless parameter and is defined by 

the following relationship [20]: 

 

                                                  
 

 
 

  

   
                                                                           (I.2) 

 

The particular positions of the four atoms in the wurtzite structure in each cell are (0, 0, 0) and 

(1/3, 2/3, 1/2) for Zn and (0, 0, u) and (1/ 3, 2/3, u+1/2) for O [20]. The stability of this 

structure is determined using the following relationship [20]: 

 

                                                         
  

  
                                                                          (I.4) 

 

where    and Rc are the radii of the anion and cation, respectively. The stacking in the 

wurtzite structure of ZnO is composed of two interpenetrating hc sublattices (Figure I.18), 

with alternate atomic planes stacking in the sequence ABAB along the [0001] direction [20]. 

 

I.2.2. Vibrational properties 

 Phonons result from the displacement of one or more atoms in the crystal lattice 

around their equilibrium position, generating series of vibrational waves that propagate 

through the lattice. These vibrations can be thought of as a collective excitation of the lattice, 

where the atoms or molecules oscillate in a coordinated manner. In solids, there are two types 
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of phonons: acoustic phonons, which correspond to sound waves in the crystal lattice, and 

optical phonons, which are easily excited by light waves in ionic crystals such as NaCl and 

ZnO. These optical phonons arise from a dipolar electric moment created by the approaching 

and distancing of positive and negative ions in adjacent lattice sites, producing longitudinal 

optical (LO) and transverse optical (TO) phonon (Figure I.19). In ZnO, there are four atoms in 

the primitive unit cell, resulting in twelve vibrational modes (phonons) [42]. These include 

three acoustic modes: one longitudinal (LA) and two transverse (TA). The remaining nine are 

optical modes: three longitudinal optical (LO) and six transverse optical (TO). 

 

 

Figure 1.19: Vibrational modes of ZnO [42]. 

In the wurtzite ZnO case, the number of atoms per unit cell is s=4 and there are a total 

of 12 phonons modes, namely, one longitudinal-acoustic (LA), two transverse-acoustic (TA), 

three longitudinal-optical (LO), and six transverse-optical (TO) branches. Infrared reflection 

and Raman spectroscopies have been commonly employed to derive zone-center and some 

zone-boundary phonon modes in ZnO. Because the space group     describes the crystalline 
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structure of the wurtzite ZnO compound with 2 f.u. in the primitive cell, the optical phonons 

at the Γ point of the Brillouin zone belong to the following irreducible representation of the 

lattice optical phonons: 

                                                                                                                   (I.5) 

A1 and E1 branches are both Raman and infrared active, the two nonpolar E2 branches are 

Raman active only, and the B1 branches are inactive (silent modes). The A1 and E1 modes are 

each split into LO and TO components with different frequencies due to the macroscopic 

electric fields associated with the LO phonons. Because the electrostatic forces dominate the 

anisotropy in the short-range forces, the TO-LO splitting is larger than the A1-E1 splitting. For 

the lattice vibrations with A1 and E1 symmetries, the atoms move parallel and perpendicular to 

the c axis, respectively. The low-frequency E2 mode is associated with the vibration of the 

heavy Zn sublattice, while the high-frequency E2 mode involves only the oxygen atoms. In 

the case of highly oriented ZnO films, if the incident light is exactly normal to the surface, 

only A1 (5LO) and E2 modes are observed, and the other modes are forbidden according to the 

Raman selection rules [43]. 

 

 I.2.3. Optical properties 

ZnO is a transparent material in the visible region, a consequence of its wide bandgap 

(Eg = 3.37 eV). It also exhibits strong absorption and scattering of ultraviolet (UV) radiation, 

with the fundamental absorption edge occurring at wavelengths below 360 nm. The refractive 

index of ZnO in thin film form ranges between 1.90 and 2.30, while for bulk ZnO, it is 

approximately 2.8. In general, both the refractive index and the absorption coefficient of ZnO 

vary depending on the fabrication conditions. Under the influence of a high-energy light beam 

(E > 3.37 eV) or electron bombardment, zinc oxide emits photons. This phenomenon 
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corresponds to luminescence. The visible luminescence arises from defects associated with 

deep-level emissions (virtual states between the conduction band and valence band), such as 

zinc interstitials, oxygen vacancies, and impurities introduced by doping. ZnO also exhibits a 

reflection region corresponding to reduced transmission for wavelengths λ > 1500 nm (Figure 

I.20). This transition, associated with a maximum absorption peak, is referred to the plasma 

wavelength (λp), where the light frequency matches the collective oscillation frequency of 

electrons in the material. When λ < λp, the wave function is oscillatory, allowing radiation to 

propagate and giving the material a transparent appearance. Conversely, when λ > λp, incident 

light is reflected by the material, imparting a metallic appearance. This phenomenon is 

described by the classical Drude free-electron theory. An example transmission, reflection, 

and absorption spectrum for a zinc oxide material is shown in figure I.20. 

 

Figure I.20: Transmission, reflection, and absorption spectra for ZnO [44]. 



Chapter I                ZnO thin films : Properties, elaboration techniques and applications 

   
 

 
 24 

The optical properties of ZnO are already being exploited in the industry with 

applications in photo-catalysis and in UV solar filters. The discovery of multifunctional 

properties in ZnO boosted the existing interest in this material. For any potential material for 

optoelectronics, it is crucial to investigate the origin of luminescent centres which are due to 

intrinsic or extrinsic defects inside the semiconductor. The optical properties can be tailored 

and controlled by modifying the distribution of these defects inside the grains. The emission 

from these defects can be studied by photoluminescence spectroscopy. The most prominent 

emissions, i.e. near band emissions, are attributed to donor and acceptor energy levels where 

as; deep level defects are responsible for visible emissions [45]. 

 

I.2.4. Electrical properties 

ZnO is an intrinsically n-type semiconductor due to the deviation from stoichiometry 

and the presence of intrinsic defects such as oxygen vacancies (VO), zinc interstitials (Zni), 

and zinc vacancy (VZn). Doping of ZnO provides a method for controlling its structure, and 

consequently optical, electrical, and magnetic properties, which leads to a range of changes, 

including band gap value, transparency, room-temperature ferromagnetism, piezoelectricity 

and magneto-optical properties. 

The n-type doping of ZnO with a donor state, achieved by replacing atoms with one or 

more electrons in the outer shell compared to the substituted element (Zn or O) in ZnO. 

Consequently, the substitution of group-III elements on Zn sites and group-VII elements on O 

sites, produces highly conductive n-type ZnO. These group VII elements, F, Cl, Br, and I are 

also donor dopants by substituting oxygen atoms. It has been reported that fluorine F doping 

can increase the conductivity of ZnO by chemical spray techniques [23]. The p-type doping of 

ZnO with an acceptor level is provided by substitution by group-I elements on Zn sites and 

group-V on O sites. Although, ZnO can be easily n-type doped, efforts to obtain reliable p-
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type doping are still a problem due to the low solubility, much higher ionization and 

formation energy of p-type dopants [45]. 

 

I.2.5. Electronic properties 

 The electronic properties of ZnO have been the subject of several studies, 

including those of its band structure [46]. The electronic structures of oxygen and zinc are as 

follows: 

O : 1S
2
 2S

2
 2P

4
  

Zn : 1S
2
 2S

2
 2P

6
 3S

2
 3P

6
 4S

2
 3d

10
 

 

The 2P states of oxygen form the valence band and the 4S states of zinc form the 

conduction band of the ZnO semiconductor. Therefore, to form an ionic bond, the zinc atom 

must give up two electrons from the 4S orbital to an oxygen atom, which subsequently has a 

plain 2P orbital with six electrons. The formation reaction of ZnO is given by [47]: 

     
 

 
     

                                                                                                              (I.6) 

 

The theoretical study represented in figure I.21 illustrates the appearance of the band 

structure, revealing that ZnO is in the reciprocal space at the Brillouin zone. In this structure, 

there are six Γ bands resulting from the 2P states of oxygen, and the lowest of the conduction 

bands have a strong contribution from the 4S states of zinc. This figure indicates that ZnO is a 

direct-gap semiconductor because the minimum of the conduction band and the maximum of 

the valence band are located on the same axis Γ (in the center of the Brillouin zone: point Γ 

where k = 0). 
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As for its conduction properties, stoichiometric ZnO is insulating but becomes n-type 

degenerate because of the presence of systematic defects, such as oxygen vacancies and zinc 

atoms in the interstitial position (native defects). At room temperature, bulk ZnO has a gap of 

3.37 eV, allows vertical transitions between the valence band and the conduction band (the 

gap corresponds to the energy required to move an electron from the BV to BC), and has 

radiative transitions. This value varied with temperature. When foreign atoms are introduced 

(doping), the nature and rate of doping vary according to the width of the forbidden band.  

On the other hand, the passage of electrons from the valence band to the conduction 

band creates an electron-hole pair linked by a Colombian interaction within the crystalline 

structure (called an exciton). The binding energy of the exciton is 60 meV, which is the 

largest in the II-VI family. At room temperature, the binding energy is greater than the energy 

of thermal agitation (23 meV), which means that the exciton created will not be thermally 

annihilated [47]. 

 

 

Figure I.21: Band structures of wurtzite ZnO [47]. 
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I.3. Intrinsic Defects in ZnO 

The understanding of both intrinsic and extrinsic defects in any semiconductor is crucial to 

utilize their properties in different semiconductor devices [48]. There are two types of 

intrinsic defects that occur in ZnO: the deep defects abd the shallow defects (Figure I.22). The 

shallow defects located a few tens of meV from VB and CB. These last defects are doping 

defects, will create the bound excitons. They will eventually induce discrete energy levels in the 

ZnO wurtzite gap, influencing significantly the optoelectronic properties of the material. The deep 

defects, whose energy levels are located a few hundred meV or a few eV from the valence 

band (VB) and conduction bands (CB), these defects are intrinsic in the ZnO film, such as 

zinc interstitials, zinc vacancies, oxygen interstitials, oxygen vacancies, and zinc antsites. 

 

 

Figure I.22. Implantation in the forbidden band of deep and shallow defects [49]. 

I.3.1. Zinc interstitials 

Zinc interstitials (Zni) consists of two different interstitial sites primarily in wurtzite 

ZnO, i.e. octahedral and tetrahedral sites. Octahedral sites are occupied by Zni due to their 
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stability where as tetrahedral sites are reported to be unfavourable [49] where as they are 

reported to be unstable by Sokol et al. [50]. In the tetrahedral site, the Zn-O bond length along 

the c-axis is approximatelly 0.833d0 and the octahedral have three Zn and O atoms with a 

distance of about 1.07do (do is the Zn-O bond length along the axis).  

Therefore, it can be expected that octahedral sites are more preferable due to fewer 

geometric constraints. In n-type ZnO, the formation energy of Zni is considered to be high 

while its concentration is considered to be low according to Kim et al. [51]. They 

recommended that in the presence of a high concentration of oxygen vacancies, Zni can be 

stabilized. But in the case of p-type ZnO, formation energy is very low and hence, holes in p-

type ZnO can be compensated by Zni [51]. 

 

I.3.2. Zinc vacancies 

When zinc is missing or removed from its native position to an interstitial site, it 

produces zinc vacancies (Vzn). Erhart et al. [52] has reported Vzn to be dominant defect in 

ZnO. These Vzn initiate partially occupied states in the band gap and is made up of four 

oxygen atoms with dangling bonds. Zinc vacancy exists in three states, VZn,    
   and    

   as 

these dangling bonds of oxygen combine by forming a doubly charged state which lies close 

to the valence band induce three partially occupied states.  

Even in zinc-rich conditions, the formation energy of Vzn is very high. It is up to 6.39 

eV whereas it is 3.7 eV in oxygen-rich conditions. Concerning formation energy, under O-

rich conditions for zinc vacancy is lowest as Vzn is related zinc deficiency. Kohan et al. [53] 

mentioned that due to acceptor defects and by exhibiting n-type conductivity green 

luminescence in photoluminescence spectra originates from Vzn levels. 
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I.3.3. Oxygen interstitials 

When an extra oxygen atom in a lattice is positioned at the interstitial position, it is 

referred to as oxygen interstitial (Oi). The formation energy of Oi is up to 6.83 eV with a 

migration barrier of about 0.9 eV. Erhat et al. [54] have reported few configurations in Oi 

such as octahedral and molecule of O2, like configuration dumbbell or split config uration. 

The formation energy of Oi in octahedral configuration was found to be higher than that of Zn 

vacancy [54]. Under n-type conditions, the formation energy of split configuration is low after 

a comparison with octahedral configuration. 

 

I.2.4. Oxygen vacancies 

Oxygen vacancies VO, refers to an O atom that is missing from its lattice site. Even 

under Zn-rich conditions, the formation energy of   
  is 0.81 eV which is very low compared 

to other defects, which suggests that the formation of VO, is easier and concentration under 

equilibrium conditions will be more. Electronically, VO has four bonds and two electrons and 

exists in three different states, VO,   
 , VO

+2
, where VO

2+
 is the least stable amongst VO and 

  
 . However, these oxygen vacancies are deep donors. There has been discussions about the 

origin of green luminescence on the basis of a few experimental results of electron param- 

agnetic resonance by Vanheusden et al. [55]. VO have been attributed to green luminescence 

by Leiter et al. [56] and Hofmann et al. [57]. 

The calculations done by Janotti et al. [58] on the formation energy of neutral VO, 

which suggest that it has low formation energy and the migration barrier in n-type ZnO is 2.04 

eV. For p-type ZnO, oxygen vacancies act as a potential source of compensation [58]. 
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I.3.5. Zinc antisite 

Zinc antisites refer to a Zn atoms placed at the wrong lattice or in place of O atoms. 

They are shallow donors and possess at high formation energy 4.98 eV. Kohan et al. [53] have 

also concluded that the formation energy in these defects is higher as compared to other 

defects. Even under Zn-rich conditions, they remain unstable due their high formation energy. 

Zn antisites are regarded as a complex of VO, and Zni, having very deep and shallow levels. 

The position of Zn antisites in the relaxed geometry is displaced by more than 1Å the O site. 

In n-type ZnO, the formation energy of these complexes is more than Zni [51]. 

 

I.4. Doping of ZnO  

  The last decade has witnessed an enormous growth of ZnO related research, largely 

because of the possibilities of new or improved types of electronic and photonic devices. One 

of the effective methods for manipulating the physical properties of semiconductors is doping 

the impurity ions. It has been proved that the physical and chemical properties are greatly 

influenced by doping of the foreign metals in ZnO lattice. The doping of ZnO is a research 

topic of considerable interest in its own right. It can be in the form of impurities or native 

defects in the lattice [59]. 

      The best doping candidate should have high solubility, be relatively stable within the 

crystal lattice, and have sufficiently low ionization energy. There are several studies and 

results in the literature showing that it is possible to dope the ZnO matrix with generally 

metallic elements according to the desired physical properties ; for example for optoelectronic 

properties, we can cite Aluminum (Al), magnesium (Mg) and indium (In) [60, 61], and for 

magnetic properties Cobalt (Co), Copper (Cu) and manganese (Mn) [62-64]. Doping in ZnO 

can be classified into two types, cationic and anionic doping. The cationic doping is the 
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process of doping a cation such as, Al, Sn, Ga, In, Cd, Cu, Fe, Co, Mn, and Ni. However, 

anionic doping is the doping of anions e.g. As, N, and S. For example, incorporation of Mn 

resulted in a decreased crystallite size, bandgap and transparency. Red-shift of absorption 

edge is observed clearly with Manganese doping [65]. 

 

I.4.1. Noble metals doped ZnO 

 Noble metal-doped zinc oxide nanostructures represent a cutting-edge class of 

hybrid materials that synergistically combine the semiconductor properties of ZnO with the 

unique characteristics of copper, silver, and gold [66]. These engineered materials exhibit 

remarkable enhancements in optical, electronic, and catalytic properties compared to pure 

ZnO, making them highly attractive for diverse technological applications.The incorporation 

of noble metals into the ZnO lattice induces profound modifications at the atomic level. 

Copper doping creates intermediate energy states within the bandgap, significantly improving 

visible light absorption [66, 67].  

 Silver introduces strong surface plasmon resonance effects, while gold combines 

both localized states and plasmonic behavior, extending light absorption into the near-infrared 

region. These electronic modifications enable precise bandgap engineering from 3.37 eV 

down to 3.0 eV, tailoring the materials for specific applications. The materials also show 

tremendous potential in sensing technologies. Copper-doped nanowires detect volatile organic 

compounds at parts-per-billion levels, silver-doped structures enable nanomolar biomolecule 

detection, and gold-doped photodetectors achieve responsivities exceeding 20 A/W. Their 

multifunctional capabilities extend to spintronic devices, where they exhibit room-

temperature ferromagnetic behavior and spin-polarized transport properties [68]. 
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I.4.1.1. Al-doped ZnO 

 Impurity-doped ZnO-based binary compounds, such as Al-doped ZnO are 

emerging as an alternative potential candidate to ITO since they are inexpensive, nontoxic and 

much abundant materials in Earth’s crust. Al-doped ZnO films are stable in reducing ambient 

hydrogen plasma and atmosphere and are used in the deposition of hydrogenated silicon thin 

films. It has been recognized that a small amount of Al doping in a ZnO matrix (Figure I.23) 

is known to enhance the charge carrier density and thereby reduce the resistivity of the 

material [69]. The Al
 3+ 

ions are incorporated in Zn 
2+

 tetrahedral sites of the ZnO matrix, 

donating charge carriers and forming a degenerate semiconductor with reduced resistivity. 

Optically, this blueshifts the absorption edge of the film in accordance with the Burstein–

Moss effect [69-71].   

 

Figure I.23. Wurtzite crystal structure of Aluminum-doped Zinc oxide [72]. 

       

AZO films are also wide band gap semiconductors, which show good optical transmittance in 

the visible and near-infrared regions. It was shown that the surface roughness decreases as the 

Al doping concentration increases. The surface would become smoother due to the enhanced 
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nucleation sites. Due to these unique properties, AZO films have been used as transparent 

conducting electrodes in solar cells [73].  

 

I.4.1.2. Cu-doped ZnO 

 Copper (Cu) has proven particularly intriguing due to its unique electronic 

configuration and ionic radius, which closely matches that of Zn
+2 

(0.074 nm for Zn
2+

 and 

0.073 nm for Cu
2+

) [74] allowing Cu
2+

 to readily enter the substitutional sites of the ZnO 

lattice (Figure I.24), consequently altering its emission and absorption spectra towards the 

visible range.  

 

Figure I.24. Wurtzite crystal structure of Copper -doped zinc oxide [75]. 

 

 Copper is considered an effective dopant material for ZnO due to the following 

reasons: (1) it possesses conspicuous luminescent activators that create localized trapping 

levels in the band gap, thus lowering the e 
−
-h 

+
 pair recombination rate, (2) Physico-chemical 

properties of Cu are comparable to Zn, microstructure character istics (particle size and form), 
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(3) it is feasible to modify the wavelength of absorbance towards the longer side by doping 

Cu into ZnO, thereby decreasing its optical band gap [76]. Cu is thought to be the most 

effective of them for enhancing ZnO’s photocatalytic performance. Cu doping in ZnO causes 

major changes in its electrical, optical, and magnetic characteristics. The visible spectrum 

absorbs light due to the lattice defects caused when Cu is added to ZnO, improving 

photocatalytic activity. The synthesis of Cu-doped ZnO microstructures was reported by 

Pawar et al. [73]. 

 

I.4.1.3. Ag-doped ZnO 

The silver ion (Ag
+
) has a larger ionic radius than the Zn

2+
 ion. Thus, substituting Ag

+
 

in the host ZnO increases the unit cell volume (Figure I.25). This results in shifting the XRD 

pattern towards a lower 2θ value. However, the solubility of Ag in the ZnO matrix is difficult 

due to its larger ionic radii. Thus, it forms separate crystals, or aggregates, as heterojunctions. 

Zyoud et al. [77] reported a small amount of Ag inclusion in the host ZnO based on the XRD 

peak shift. However, the dominance of heterojunctions (independent crystal formation) was 

confirmed. The Ag crystals form local contact with ZnO, facilitating the interface's in situ 

charge transfer process. This charge transfer was confirmed based on the Ag
+
 ion and Ag

0 
3d 

XPS peak shift compared to the single Ag. The Ag 3d5/2 and 3d3/2 peak shift towards lower 

binding energy were attributed to the change in electron density due to transfer. Besides, 

Wang et al. [78] also reported the dominance of independent Ag crystal formation instead of 

its inclusion in the host lattice. Here, the XPS Ag 3d peaks also shifted towards lower binding 

energy than their bulk counterparts. The shift also confirmed the presence of Ag/ZnO charge 

transfers [79]. The benefits of Ag doping are multifaceted. It not only improves the electrical 

properties but also enhances ZnO's luminescence, pivotal for optoelectronic devices. Ag is a 
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standout dopant, potentially inducing shallow acceptor levels in ZnO and demonstrating 

amphoteric doping behavior, which enhances luminescence efficiency and photocatalytic 

activity in ZnO nanostructures [80]. 

 

Figure I.25: Wurtzite crystal structure of Silver -doped zinc oxide [81]. 

 

I.4.2. Transition metals doping of ZnO  

Transition metal doping in the crystal structure of ZnO is a widely recognized 

approach to making zinc oxide active under visible light. Doping ZnO with transition metals 

can alter its shape, crystallite structure, and particle size. Doping enhances the 

photodegradation efficiency of ZnO by generating defects, specifically oxygen vacancies and 

trapped states within the photocatalyst. These defects and trapped states capture 

photogenerated electrons that effectively limit the e 
−
-h 

+
 pairs recombination rate [82]. After 

transition metal doping, ZnO’s optical absorption edge expands into the visual spectrum. The 

potential cause for this phenomenon is the electron interaction at the band edge of ZnO with 

the localized d-elec trons of the TM ion in the sp-d orbitals, where they exchange spin states 
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[83]. Thus, photo-catalysis can be stimulated using visible light on modified ZnO [84]. 

Transition metal doping can reduce the effective bandgap of ZnO, playing a vital role in the 

optical, electric, and magnetic properties.  

      The magnetic ions doped ZnO can have both magnetic (spin) and semiconducting (free 

charge carriers) properties, so such materials are generally called dilute magnetic 

semiconductors (DMSs) or semi-magnetic semiconductors. The DMS materials are promising 

candidates for spintronic applications such as spin field transistor, quantum computer and 

non-volatile magnetic devices [85].  

 

I.4.2.1. Mn-doped ZnO 

The manganese ion (Mn
2+

, 0.66 Å) has a slightly greater tetrahedral ionic radius than 

Zn
2+ 

(0.60 Å), and this ionic radius results in an XRD pattern peak shift towards a lower angle 

due to the lattice enlargement. In addition, doping with Mn
2+

 ions creates different intrinsic 

defects (especially Zni and Ov) that act as charge carrier traps. The trap centre occurring 

increases their relaxation time for redox reactions. Several reports show that the solubility of 

Mn is lower due to the stronger metal–oxygen bond for Mn–O than that of Zn–O. However, 

the magnetic (antiferromagnetic and ferromagnetic) properties of Mn–ZnO are much better 

than those of Cu–ZnO due to the presence of five unpaired electrons in d-orbitals. Sharma et 

al. [86] conducted detailed XPS and PL analyses to confirm the inclusion of Mn in the ZnO 

lattice without affecting the würtzite structure of the host ZnO. XPS analysis showed that the 

oxygen vacancy concentration could be controlled by calci nating the materials in vacuum and 

air. When the sample was calcinated under vacuum, the oxygen vacancy peak increased, and 

in air, it decreased. The increase in vacuum confirmed the creation of defects, and the 
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decrease in air showed the filling of oxygen defects by oxygen from the air. PL analysis 

showed a deep-level emissions peak in the visible region. The intensity increase for the green 

band with the dopant amount indicated an increase in oxygen vacancy concentration. In the 

same analysis, intense near-band-edge (NBE) shifeed towards a longer wavelength (red shift), 

signifying the incorporation of Mn in the ZnO host lattice. Besides, all doped materials with 

different Mn dopant concentrations showed ferromagnetic ordering proper ties. The 

ferromagnetic property was mainly due to the oxygen vacancies created during doping, which 

increased as the doping concentration increased. A slight low-angle XRD pattern shift was 

also confirmed for Mn-doped ZnO compared to ZnO. This shift resulted from slight unit cell 

expansion due to the greater ionic radii of Mn. 

     Ali et al. [84] also conducted a detailed theoretical and experi mental study on Mn-doped 

ZnO. The study confirmed the ferromagnetism properties of Mn–ZnO material to be due to 

zinc vacancy (VZn). The presence of defects in the doped mate rial was analyzed using XPS. 

The analysis used different concentrations of argon and oxygen atmospheres (20 Ar/80 O2 and 

80 Ar/20 O2 atmospheres). The shifting of Zn 2p3/2 and Zn 2p1/2 peaks towards higher binding 

energy for doped materials in the presence of a lower argon atmosphere confirmed the 

domination of VZn. In addition, the PL analysis showed a peak at 410 nm, mainly due to the 

electron transition from VZn levels to the ZnO host CB. Another peak at 570 nm was 

associated with the VO defect [83]. 

 

I.4.2.2. Co-doped ZnO 

Cobalt ion (Co
2+

, 0.58 Å) has comparable ionic radii with Zn
2+

 (0.60 Å) in tetrahedral 

coordination. Thus, incorpo rating Co
2+

 ions in the ZnOlattice also results in an XRD pattern 

with a higher angle shift. Besides, the solubility of Co
2+

 ions in the ZnO lattice is much better 

than that of other metal ions. Thus, Co doping with greater solubility creates new Co
2+

 3d 
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levels, or mid-edges. The doping also extends the visible light absorption capacity due to the 

s–d and p–d interactions. Once the Co
2+

 3d states are created, different charge transitions 

occur. The transfer includes VB–CB, donor-type transition (Co
2+/3+

, dopant to host CB), 

acceptor-type transition (Co2
+/+

, dopant to host VB), and dopant d–d transition (Figure I.26). 

 

Figure I.26. Scheme showing probable charge transfer within cobalt doped ZnO : valence to 

conduction band, cobalt (III) level to host conduction band, cobalt (III) to host valence band, 

and dopant d d transition [87]. 

 

This extrinsic inclusion of Co
2+

 ions in the ZnO lattice is due to the s–d or p–d 

exchange interaction between the host band electron and 3d localized dopant electrons, 

creating a new energy level. The study also reported that a host lattice strain was created with 

an increased Co amount, resulting in cluster formation, morphological change, and enhanced 

defect density. Chen et al. [87] obtained three absorption bands in the visible region attributed 

to Co
2+

 d–d electronic transitions, indicating the proper substitution of Zn by Co
2+

 ions 

without affecting the host ZnO structure. The band gap analysis using the Kubelka–Munk 

function confirmed the presence of two regions for UV and visible light absorption. 

The VB maxima, CB minima, Fermi tail, Fermi level, cut-off tail, and band gap were 

determined by ultraviolet photoelec tron spectroscopy. This confirmed the dominance of VB 
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maxima by the O-2p orbital and the increase of CB minima by Co atoms. The study also 

confirmed the formation of a mid state band gap to enhance visible light absorption. 

Chehhat et al. [88] used the sol–gel method to synthesize Co ZnO with a porous 

structure. The PL analysis showed a band edge shift towards a higher wavelength than single 

ZnO. This shift indicated the presence of s–d and p–d exchange interac tions due to the Co 

interchange by Zn. The PL analysis by Kaphle et al. [89] showed an intensity reduction with 

increased Co concentration. This intensity reduction indicated a reduction in electron–hole 

recombination due to the dopant acting as an electron sink. The PL spectra of ZnO showed a 

broad, small peak in the visible region due to intrinsic defect-related green emission. The 

intensity of the broad emission peak increased with Co concentration, indicating the formation 

of more defects. Chanda et al. [90] also reported an increase in defect related emission peak 

intensity with an increase in Co amount, indicating an increase in defects. The PL analysis by 

Kaphle et al. [88] also showed an increase in NBE emissions and a decrease in visible 

emissions. Besides, the calcination temperature affects both the formation of defects and 

crystal linity. An increase in temperature leads to an increase in EHR and crystallinity and a 

decrease in defect formation. However, high-temperature calcination in an oxygen-rich 

environment results in an oxidation process that increases oxygen content. 

       Doping with Co also tunes ZnO's magnetic properties due to cobalt's highest magnetic 

moments and positive magnetic exchange coupling constant. Kazmi et al. [91] confirmed the 

ferromagnetic properties of Co–ZnO 1D nanowires. The ferro magnetic properties were 

confirmed based on the density functional theory analysis. The Co 3d spin-polarised electrons 

and host O-2p electron exchange integration caused the magnetic property. The intrinsic 

defects and substitution occurred without secondary Co-metal or Co3O4 phase forma tion. 

Salameh et al. [92] confirmed the formation of defects (oxygen vacancies) by XPS. The 
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analysis showed a unique peak at 531.0 eV, indicating the presence of electrons in the oxygen 

vacancies. The intensity of this peak increased as the Co concentration increased [92]. 

 

I.4.2.3. Fe-doped ZnO 

      Iron (Fe) is regarded as the most influential metal dopant because of its exceptional 

chemical stability and ionic radii. The Fe
2+

 and Fe
3+

 have ionic radii of 0.78 and 0.64 Å, 

respectively, mirroring the ionic radius of Zn
2+

 (0.74 Å). Therefore, no significant changes to 

the lattice structure of the parent semi conductor are observed upon iron (Fe) incorporation 

into the ZnO lattice. The effectiveness of the catalyst is significantly enhanced at the modest 

doping concentration of Fe ions, which effectively separates the photogenerated holes and 

electrons [93].  

     Rajan et al. [93] studied the detailed local structural analysis of Fe
2+

/Fe
3+

–ZnO materials. 

Here, dopant solubility of up to 10% was reported. The UV-vis analysis shows a mid-

absorption band in the visible region. The band is mainly due to the doped Fe
3+

 high-spin 

crystal field transitions from the 6A1g ground state. The Tauc plots also showed redshift for 

Fe–ZnO due to the sp–d exchange interac tion. The peak edge position in the X-ray 

photoelectron spec troscopy (EXAFS) analysis is associated with Fe2O3 (Fe
3+

) states. The 

edge shows the inclusion of Fe
3+

 in the ZnO lattice. Besides, the XPS analysis showed the 

existence of the Fe
2+

 states in the lower dopant concentration, and they oxidized to the Fe
3+

 

state with increasing concentration. Srinivasulu et al. [94] prepared, iron-doped zinc oxide 

(FZO) thin films have been on glass substrates by using chemical spray pyrolysis technique at 

different substrate temperatures (300–450 °C) for a constant Fe-doping concentration of 2 

at.%. The obtained results indicated that an increase of substrate temperature (Ts) up to 400 
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°C led to an increase in the crystallinity, optical transmittance and ferromagnetic nature of the 

films. However, at higher substrate temperature (450 °C), the crystalline quality and phase 

purity of FZO thin film was degraded. The transmittance haze factor was evaluated from the 

total and diffused transmittance measurements and observed that a decrease in the haze with 

substrate temperature up to 400 °C indicated a lower scattering of the light in the films. The 

bandgap energy of FZO films was decreased from 3.44 eV to 3.20 eV with increase of 

substrate temperature up to 400 °C. 

Gonullu et al. [95] have Fe-doped ZnO films (1, 2, and 3 %) onto glass substrates by 

ultrasonic spray pyrolysis. The films were thermally treated at 500 °C for 2 h. Their findings 

revealed that both Fe doping and thermal treatment changed film properties. Films presented 

hexagonal wurtzite structures without any secondary phases for all films. The preferential 

orientation (002) changed to dominant growth directions (100) and (002) according to the 

doping concentration and thermal treatment. The grain size of the ZnO nanogranules 

decreased after Fe doping and also thermal treatment. The optical transparency was found 

maximum of 77 % in the visible region. 3 % Fe doping and thermal treatment caused the 

reduction in the optical band gap values to 3.18 eV. Fourier transform infrared spectroscopy 

analysis presented the Z-O stretching, C-H vibration, and O-H stretching bonds. Shifting in 

the peak position indicated the Fe
+2

 ion substitution. Photoluminescence analyses revealed the 

reduced emission intensity with the effect of thermal treatment. Photocatalytic performance 

tests showed improved degradation efficiency after the films were thermally treated. 

Especially among Fe-doped films, thermally treated 1 % Fe-doped ZnO film showed a 

significant increment after as-deposited ones. Consequently, it has been uncovered that 

thermal treatment and Fe doping significantly influence the investigated film properties. 
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Taha et al. [96] investigated motivated the development of single-phase Fe/ZnO 

nanostructures by a direct sol–gel method. The structural, morphology, optical properties, and 

magnetic properties of the samples were studied using X-ray diffraction (XRD), transmission 

electron microscopy, X-ray photoelectron spectroscopy, UV–Vis spectroscopy, and vibrating 

sample magnetometer. Rietveld refinement of XRD data demonstrated single-phase 

nanocrystalline of Fe-doped ZnO without any secondary phases and there is an expansion in 

lattice unit volume with increasing Fe concentration.  

The optical properties determined by UV–Vis spectroscopy showed decreasing in 

energy gap with dopant Fe. The magnetic measurements revealed that Fe-doped ZnO exhibits 

weak ferromagnetism at room temperature, with the value of magnetization increasing with 

Fe concentration. This room temperature ferromagnetism is caused by oxygen vacancy 

supported by bound magnetic polarons and probably grain boundaries. The dielectric 

measurements were carried out at 300 K and showed a decrease of both dielectric constant 

(ε1) and AC conductivity (σAC) with increasing the Fe content. 

 

I.5. Applications of Zinc oxide 

  ZnO continues to garner an extensive research interest owing to several of its 

promising applications. It has been the object of the renewed research for a wide range of 

applications such as light emitting diodes, laser diodes, gas sensor, thin film solar cells and 

spintronics [97]. These applications with high quality and reliable performance are related to 

preparation mode and post-treatment process of the sample in order to improve the chemical, 

electrical, optical, and morphological properties [97]. 



Chapter I                ZnO thin films : Properties, elaboration techniques and applications 

   
 

 
 43 

I.5.1. Solar cells 

Solar cells or photovoltaic cells convert solar energy into electricity. Large area p–n junction is 

the basic requirement of the most commonly known solar cells (Figure I.27). In p–n junction, the 

electron deficient p-type layered semiconductor attracts the electron from the electron rich n-type 

semiconductor layer therefore minimizing electron-hole pair recombination [98]. 

 

 

Figure I.27. Principle of operation of a photovoltaic cell with a pn heterojunction [99]. 

 

The desired properties of the charge transport materials for solar cells application are 

ideal energy levels that correspond to the high absorption efficiency of the solar spectrum, 

high carrier mobility, good conductivity, and efficient extraction of the excited carriers. Zinc 

oxide (ZnO) has been considered as one of the potential materials in solar cell applications, 

owing to its relatively high conductivity, electron mobility, stability against photo-corrosion 

and availability at low-cost [100].  
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I.5.2. Gas sensor  

Gas sensors have many important applications like environmental pollution control, 

fire detection, as an alcohol breath analyser, industrial process controller or for detection of 

harmful gas leaks in mines and other industries. Semiconducting oxide-based gas sensors are 

easy to fabricate, have low cost and their surfaces have good sensitivity to the adsorbed gases. 

For good sensitivity, the film surface should have high grain density with a porous surface. 

ZnO being physically and chemically stable can be a good choice for thin film gas sensors 

(Figure I.28). Doping ZnO with suitable elements in appropriate amounts increases the 

surface density of grains and porosity thereby improving the sensing selectivity and response 

time of the film. The sensitivity further improves at high temperature.  

 

Figure I.28. CO sensing mechanism of ZnO Gas sensor [101]. 

 

The conductivity of ZnO thin film surfaces will increase or decrease depending upon 

the nature of reaction (oxidation or reduction) of the adsorbed oxygen on the surface of the 

ZnO thin film and the gas under test [101]. ZnO nanostructures have excellent gas sensing 

characteristics because to their oxygen-deficient surface, which quickly oxidises in the 

environment at high temperatures to attain ZnO surface stoichiometry. The chemisorption and 
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dissociation of oxygen on defect sites make ZnO very sensitive to metal oxide semiconductor 

(MOS) gaseous target chemicals [101]. 

 

I.5.3. Light emitting diodes  

      In the past decade, light-emitting diodes (LEDs) based on wideband gap semiconductor 

have attracted considerable attention due to its potential optoelectronic applications in 

illumination, mobile appliances, automotive and displays. The wide bandgap and large 

exciton-binding energy at room temperature of ZnO make it a very promising candidate for 

fabrication of blue and UV LED, which requires that the junction devices provide high 

electron and hole concentration in the active region. ZnO is widely available and cheap, so it 

has an advantage over GaN from the cost point of view which also make the fabrication of 

ZnO-based optical devices an attractive prospect. The commercial success of GaN-based 

optoelectronic and electronic devices trig the interest in ZnO-based devices. In contrast, the 

lack of stable and reproducible p type ZnO become a limiting factor in realising ZnO based 

LED. n-type ZnO thin film which is grown on other p type materials like Si, GaN, zinc 

telluride, copper(I) oxide and GaAs was a suggested alternative approach. Various ZnO based 

heterojunction and homojunction light emitters in the UV and visible ranges (red, blue, green 

or white) have been reported [102]. 

 

I.5.4. Diluted magnetic semiconductors 

The diluted magnetic semiconductor systems are defined as being semiconductor 

matrices substituted with a fraction of magnetic impurities, which retain not only the 
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semiconductor properties owing to the electron charge but also receive magnetism via the 

electron spin. Spintronics is the field of electron technics, which focuses its attention on 

creating functional devices based on control of ferromagnetic ordering by electric field. In this 

regard, two criteria should be taken into account by DMS materials for successful applications 

in spintronic technologies. On the one hand, a ferromagnetic behavior with a Curie 

temperature (Tc) above room temperature (RT) must be produced; and on the other hand, a 

relatively high magnetization must be generated by substituting the host semiconductor with 

magnetic impurities. Interest to ZnO as a promising material for DMS arises as a result of 

several theoretical predictions that it could be ferromagnetic with high (Tc) at doping by 

transitional 3d-metals. Besides that ZnO is optically transparent therefore a transparent 

ferromagnetic could be created [103]. Spintronics is a new emerging field based on a 

combination of three conventional information carriers: an electron charge, an electron spin 

and a photon, as shown schematically in figure I.29. These carriers represent three major 

fields in information technology (IT); data processing with electron transport, data storage 

with an assembly of spins and data transfer via optical connections [103]. 

 

Figure I.29. Concept of spintronic device applications [103]. 
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I.6. Aim of the thesis 

According to it unic characteristics, as it was presented, TM-doped ZnO became one 

of the most used material as a DMS. Many research aimining to only improve its spinotronic 

properties gave promising results for the unic application as a DMS or DMO (for Deluted 

Magnetic Oxides). However, even doped with transition metals, optoelectronic properties or 

ZnO and the impact of TM doping on them remain of a great interest. This material is still 

demanded for other applications such as solar cell, gas sensor and LED.  

 

In the experimental work, we have used the spray pyrolysis technique for the preparation of 

our samples aiming to: 

Study of the effect of doping ZnO thin films by Mn, Co, and Fe on its structural 

and optical and luminescence properties.  

.   

 



 

 

 

Chapter II 
Deposition conditions and characterization 

techniques 

 



Chapter II                Deposition conditions and characterization techniques 

   

 

 

 48 

II.1. Deposition conditions 

II.1.1. Deposition technique 

In this work, thin films of ZnTMO (TM=Co, Fe, and Mn) were deposited using the 

spray pyrolysis technique. The films were prepared at the Laboratory of Research on Physico-

Chemistry of Surfaces and Interfaces (LRPCSI) of the University of Skikda. The apparatus 

used is a simple manual perfume sprayer in which the precursor solution is added. The 

precursor solution is sprayed from a distance of 20 cm from the substrate, with its nozzle 

oriented perpendicularly to the heated borosilicate glass substrate. The desired temperature of 

450°C is controlled using a thermocouple connected to a digital thermometer.  

 

II.1.2. Precursor solution 

For the three prepared sample series, 0.1 M Zn-rich solution is prepared by dissolving 

the appropriate weight of zinc (II) chloride (ZnCl2) in distilled water. For the doping 

elements, 0.1 M of Co-rich solution, 0.1 M of Fe-rich solution, and 0.1 M of Mn-rich solution 

were prepared by dissolving the appropriate weight of respectively cobalt (II) chloride 

(CoCl2), iron (II) chloride (FeCl2), and manganese (II) chloride (MnCl2) in distilled water.  

For the deposition of ZnTMO thin films, the sprayed precursor solutions are prepared 

by mixing a volume of Zn-rich solution VZn with a volume of the TM-rich solution VTM. The 

TM molar ratio X=0.00, 0.02, 0.04, 0.06, 0.08, and 0.10 (for TM=Co and Fe) and X=0.00, 

0.02, 0.04, and 0.06 (for TM=Mn) was calculated using the following relation: 

  
   

       
                                                                  (II.1) 

The deposition parameters were identical for the three samples series. The number of 

sprays is 160 sprays and the spray rate is 140 mm³ per spray. The spray frequency is one 
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spray per 30 seconds. The resulting thin films were uniform and exhibited the typical white-

transparent color associated with ZnO. 

              

II.2. Characterization techniques  

     When manufacturing or using fabricated thin-film materials and devices, it is important to 

illustrate the different properties or characteristics of the synthesized films and novel 

materials according to the characterization process. The latter includes the crystalline 

structure, morphological surface, compositional properties, optical properties, etc. This 

section describes the various techniques used to characterize the as deposited MT-doped ZnO 

thin films.  

 

II.2.1. X-Ray diffraction 

X-ray diffraction (XRD) technique is a powerful, non-destructive characterization tool 

with minimal sample preparation. XRD provides the first information about the materials 

phases, crystalline structure, average crystallite size, micro and macro strain, orientation 

parameter, texture coefficient, degree of crystallinity, crystal defects etc. XRD analysis 

provides information about the bulk, polycrystalline thin films, and multilayer structures, 

which is very important in various scientific and material engineering fields [104]. Bragg’s 

law is considered as the primary principle behind X-ray diffraction (Eq. II.2). When 

monochromatic X-rays affect upon the atoms in a crystal lattice, each atom acts like source of 

scattering. As shown in the schematic in figure II.1, the crystal lattice functions as group of 

parallel reflecting planes. The intensity of the reflected rays reaches the maximum at 

particular angles (constructive interference) when the path difference between two reflected 
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waves from two different planes in an integral multiple of the X-rays’ wavelength λ. This is 

known as Bragg’s law that is presented by the following relation [105]: 

                                                                                                                             (II.2) 

With d representing the inter-reticular distance of the crystal lattice, λ is the wavelength of the 

incident beam,n is an integer that represents the order of the reflection and θ represents the 

angle of incidence of the X-rays with respect to the surface of the sample. 

 

Figure II.1. Schematic description of Bragg’s Diffraction Law [105]. 

In the same compound, several plane families can be present. It is for this reason that a 

fairly wide angular sweep is performed. The variation of the angle makes it possible to 

determine the angles for which n is an integer in the Bragg equation. The angle being thus 

known and the wavelength being predetermined and constant, it is then possible to determine 

the reticular distance d. The determination of the relative intensity of the diffraction peaks 

involves the division of the absolute intensity of a given peak by the absolute intensity of the 

most prominent peak, followed by the conversion of this ratio into a percentage value. 

Absolute intensity values are generally not used because they vary with instrumental and 



Chapter II                Deposition conditions and characterization techniques 

   

 

 

 51 

experimental settings. The number of detected atoms that correspond to this peak plane and 

the density of the atoms electron cloud are directly related to the area beneath the peaks. The 

diffraction pattern is specific and unique to a single phase, even if phases have the same 

chemical composition. The position of the peaks, as well as their relative intensities, is used 

for comparisons in databases thus leading to the identification of the phase(s) present [106]. 

II.2.1.1 Determination of lattice parameters 

The physical and chemical properties of minerals are influenced by the arrangement of 

atoms in the crystal structure. Lattice parameters can significantly affect the properties of 

minerals.  These parameters are also known as unit cell parameters because they express the 

shape and size of unit cells and crystals. In the case of ZnO (hexagonal lattice), the 

relationship between interplanar spacings of the (hkl) planes and crystallographic parameters 

is as follows: 

      
 

  

 
               

  

  
  

                                                                                                  (II.3) 

 Comparing the obtained values for the parameters a and c with the theoretical values (a0 = 

3.249 Å and c0 = 5.206 Å in JCPDS No. 5-664 datasheet) provides information about the state 

of stress in the considered powder [107]. 

II.2.1.2 Determination of crystallite size 

Crystallite size is particularly significant for microstructural and physical features of 

any crystalline materials, since small crystallites are characterized by large surface areas, and 

vice versa. In crystalline solids, microstrain corresponds to the intrinsic stress of crystal 

planes, which might emerge as either compressive or tensile forces. As a consequence of 

microstrain, crystallite deformation occurs, giving conception to changes in the properties of 
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substances, notably in suitability. A constant variation in microstrain has emerged from the 

estimated data produced by applying the formula: 

  
 

     
                                                                                                             (II.4) 

Imperfection in crystalline materials is displayed because of several flaws such as 

point dislocation, line dislocation, and area dislocation, frequently known as dislocation. 

Dislocation density analyzes the number of dislocation lines per given surface area and is 

directly linked to the crystal size. However, the amount of line dislocation is computed using 

as follows: 

  
 

     
                                                                                                                            (II.5) 

Precise crystallite size estimation is essential for various applications. Several methods 

have been employed for this purpose such as Scherrer’s method, Monshi-Scherrer method and 

Williamson–Hall method. 

 

II.2.1.2.1 Scherrer’s method 

We could calculate the average crystal size and overlook the influence of the strain by 

using the Scherrer method with the following: 

   
  

     
                                                                                                       (II.6) 

Here, Dc indicates the crystallite size, K is the shape constant, wavelength (λ) of the 

Cu-radiation was 1.54056 Å for CuKα1 radiation, β is the full width of the reflection at half of 

the maximum intensity, and the diffraction angle is θ [108]. 



Chapter II                Deposition conditions and characterization techniques 

   

 

 

 53 

II.2.1.2.2 Monshi–Scherrer method 

The Scherrer equation reveals higher nanocrystalline size when d-spacing as well as 

2θ values drop. Modifying the equation may eliminate shortcomings or Σ(±Δln β)
2
 to offer a 

more accurate evaluation of crystal size from all or a part of unique peaks, enhancing the 

stability of βcosθ. The Monshi–Scherrer method is shown in described by Eq. II.7, with the 

dimension of the crystallite being indicated by DM-S. 

      
 

    
   

  

    
                                                                                                      (II.7) 

This model was examined by plotting lnβ and ln 1/cosθ on the Y-axis, and X-axis. The 

straight-line equation (y = mx + c) and equation (II.7) were compared with each other to find 

out the slope, which gives a checkpoint for verifying the correctness of the findings [108]. 

 

II.2.1.2.3 Williamson–Hall method 

The modified Scherrer’s Equation addresses crystallite size impact through XRD 

reflection, neglecting inherent strain in nanocrystals. However, intrinsic strain is crucial due 

to grain boundaries, point defects, dislocations, and stacking in nanocrystals. Consequently, 

the Williamson-Hall approach analyzes strain from XRD peak widening, following estimating 

intrinsic strain from crystallite size values [108]. This approach is more accurate for 

calculating crystallite size with several reflected peaks. Eventually, the overall broadening 

may be described as: 

                                                                                                                           (II.8) 

where βsize is the broadening due to its size and βstrain is connected to the strain broadening 

effect.The Uniform Stress Deformation Model (USDM) was validated by incorporating the 
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anisotropic character into lattice strain analysis. This modified model focuses on the lattice 

deformation stress for crystal plane directions with low microstrains uniformly, addressing the 

issue of sample uniformity and the potential anisotropic nature of actual crystals. Hooke’s law 

(Eq. II.9) relates stress (σ) and strain (ε), with higher accuracy for low-stress values. 

                                                                                                                                     (II.9) 

where Yhkl is Young’s modulus or modulus of elasticity, the mathematical expression is just 

an approximation that is reliable for a minimal strain. Furthermore, raising the strain produces 

a variation of particles from being linear in nature, respectively. By rearranging and replacing 

eq. II.9 with eq. II.10, we have eq. II.11. 

          
   

    
                                                                                                     (II.10)     

         
   

    
   

    

    
                                                                                                (II.11) 

 

II.2.1.3 Preferred orientation 

The crystallographic orientation in the nanostructured thin films is not always random 

and shows some preferred crystallographic orientations. Thus, a strong tendency for the 

crystallites to be oriented along a particular crystallographic direction is known as preferred 

orientation. Nanostructured thin films, grown on different substrates, tend to follow the 

crystallographic orientation of the substrate and thus, may get oriented. The intensities of the 

XRD peak in the preferred crystallographic orientation should be high as compared to other 

XRD peaks. In the partially preferred oriented thin film samples, some other XRD peaks may 

also be appear with relatively higher intensities. The texture coefficient (c) is used to calculate 
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the preferred orientation parameter by the method proposed by Harris et al. [109]. Later many 

other researchers are also used the texture coefficient value to find out the orientation 

parameter for thin films sample. Texture coefficient TC (c) for the thin films can be 

determined as follows: 

                                                            

    
     

 

 
 

    
     

 
 

                               (II.11)                                                                               

where Ihkl is the intensity measured from XRD pattern and Iohkl is standard intensity taken 

from ICDD data card for a particular (hkl) planes, and N is the number of diffraction peaks 

[104]. 

 

II.2.1.4. Used equipment 

In our work, we used a Rigaku-SmartLab type diffractmeter with θ-2θ geometry by the 

facility of IBTIKAR platform (Figure II.2). The X-rays were generated using a Cu α1 

radiation source which emitted X-rays with a wavelength of 1.54056 Å. The samples were 

analyzed under grazing incidence. The system feature a high-flux 9 kW rotating anode X-Ray 

coupled with a 2D detector. The system incorporates a five axis goniometer with an in-plane 

diffraction arm. In our experiments, the scanning range of the detector is chosen from 20 to 

60° (Bragg angle). 
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Figure II.2. Rigaku-SmartLab type diffractmeter. 

After recording diffractograms, they were confronted to the ZnO JCPDS data sheet 

(Figure II.3) from the International Centre for Diffraction Data (ICDD) in order to identify the 

nature of our deposited films by comparing the XRD peaks positions (or Diffraction angles).    

 

 

Figure II.3. JCPDS data sheet of ZnO. 
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II.2.2. Raman Spectroscopy 

Raman spectroscopy is a non-destructive analytical method based on light–matter 

interactions [110], is a fundamental aspect of materials research. Originally developed by C. 

V. Raman in 1928, this remarkable technique is developed from the essential principle of 

Raman effect, which describes the inelastic scattering of light. For monochromatic light, 

usually from a laser source, interacts with a sample, most of the photons are elastically 

scattered and maintain their energy and wavelength [111]. Raman spectroscopy provides a 

wide range of information. It can be used to characterize short-, medium- and long-range 

structural order, as well as a compound bond type and crystal structure. Its performance is 

particularly remarkable.  

 

II.2.2.1. Principle  

The principle of Raman spectroscopy is the illumination of a material with 

monochromatic light (laser) in the visible spectral range followed by the interaction of the 

incident photons with the molecular vibrations or crystal phonons which induces a slight shift 

in the wavelength of the scattered photons. Scattering can occur with a change in vibrational, 

rotational or electronic energy of a molecule. If the scattering is elastic and the incident 

photons have the same energy as the scattered photons, the process is called Rayleigh 

scattering and this is the dominant scattering interaction. If the scattering is inelastic (the 

scattered photons have a different energy to the incident photons) the process is called Raman 

scattering and the scattered photons exhibit a shift in energy called the Raman shift [112], In 

Raman scattering, an incident photon with energy E0 interacts with a molecule, leading to the 

temporary absorption of the photon and the simultaneous emission of a new photon. If the 
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emitted photon has lower energy, the molecule absorbs the energy difference and transitions 

to a higher vibrational state, known as Stokes scattering. On the other hand, assume that the 

molecule is already in a vibrational state of excitement, by going through the same process it 

will be interesting to find that anti-Stokes scattering, in which the molecule returns to a lower 

energy state, can occur when it transfers energy to the scattered photon, increasing its 

frequency. 

     In other words, monochromatic laser light with frequency νo interacts more or less with 

the oscillating dipoles. And the magnitude of these interactions is related to the degree of 

polarizability associated with those oscillations. Such oscillating dipoles cause the interacting 

photons to be scattered with three different frequencies: 

 A molecule with or without Raman-active modes (vibrations) will interact with a 

photon of frequency νo. The excited molecule returns back to the same basic 

vibrational state and scatters light with the same frequency νo as the excitation source 

(Figure II.4). This type of interaction is elastic Rayleigh scattering. 

 A photon with frequency νo interacts with a Raman-active molecule which at the time 

of interaction is in the basic vibrational state. Part of the photon’s energy is transferred 

to the Raman-active vibration with frequency νm and the resulting frequency of 

scattered light is reduced to νo – Δν (Figure II.4). This Raman frequency is called 

Stokes frequency, or just “Stokes” 

 A photon with frequency νo interacts with a Raman-active molecule, which, at the 

time of interaction, is already in the excited vibrational state. Excessive energy of the 

excited Raman-active mode is transferred to photon energy, the molecule returns to 

the basic vibrational state and the resulting frequency of scattered light goes up to νo – 

Δν (Figure II.4). This Raman frequency is called “Anti-Stokes” [112]. 
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Figure II.4. A schematic representation of Rayleigh and Raman scattering processes [113]. 

A typical Raman spectrum of bulk ZnO is presented in figure II.5. The difference 

between the scattered and incident light can be used to identify the sample in terms of the 

characteristic vibrational modes. Raman peaks of ZnO and the corresponding vibration modes 

are listed in Table II.1 

Table II.1. ZnO optical vibration modes and their corresponding Raman shift [112]. 

Optical phonon modes Raman shift (cm
-1

) 

E2(low) 99 

A1(TO) 378 

E1(TO) 410 

E2(high) 438 

A1(LO) 574 

E1(LO) 590 

E2(high)-E2(low) 330 
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Figure II.5. Micro Raman spectra of pure ZnO nanoparticles for 0.05 M zinc precursor [112]. 

 

II.2.2.2. Used equipment 

Raman measurements were performed, IPCMS (for: Institut de la Physique et de la 

Chimie des Materiaux de Strasbourg) in Strasbourg-France, using a Raman spectroscopy 

measurements were performed in a Horiba microRaman Microscope system (Figure II.6) 

employing the 632 nm excitation line. Raman spectra of the deposited samples were recorded 

in the wavenumber range 200–900 cm
-1

. 

 

Figure II.6. Image of Horiba microRaman Microscope. 
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II.2.3. Fourier Transform Infrared Spectrometry  

Fourier Transform Infrared Spectroscopy (FTIR) using attenuated total reflection 

(ATR) is an analytical technique used to identify organic (and in some cases inorganic) 

materials. This technique measures the absorption of infrared radiation by the sample material 

versus frequency. The infrared absorption bands identify molecular components and 

structures. When a material is irradiated with infrared radiation, absorbed IR radiation usually 

excites molecules into a higher vibrational state. The wavelength of light absorbed by a 

particular molecule is a function of the energy difference between the at-rest and excited 

vibrational states. The frequencies that are absorbed by the sample are characteristic of its 

molecular structure [114].  

 

II.2.3.1. Principle 

  The principles of IR spectroscopy are like the principles spectroscopic techniques as 

VIS/UV spectroscopy. The transitions of valence electrons are not induced by the energy of 

infrared light because it is insufficient but these radiations can be excited to vibrational and 

rotational motions in molecules [115]. 

The infrared beam is directed towards the Michelson interferometer, which modulates 

each beam wavelength at a different frequency (Figure II.7). In the latter, a separator separates 

the incident light beam in half. These two parts will reflect on mirrors, one fixed and the other 

mobile. When the two beams recombine, destructive or constructive interference appears 

depending on the position of the moving mirror.  

The modulated beam is then reflected from the two mirrors to the sample, where 

absorptions occur. The beam then arrives on the detector to be transformed into an electrical 
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signal [115]. The measured interferogram signal cannot be interpreted directly. A means of 

“decoding” the individual frequencies is required. This can be accomplished via a well-known 

mathematical technique called the Fourier transformation. This transformation is performed 

by the computer which then presents the user with the desired spectral information for 

analysis [115]. 

 

Figure II.7. Principle of infrared spectroscopy [115]. 

 

The information drawn from a FTIR spectrum are of two types: 

 Qualitative information: The frequencies in which the sample absorbs are 

characteristics of the chemical groups presented in the analyzed material. 

  Quantitative information: The intensity of absorption at the characteristic frequency 

is related to the concentration of the chemical group responsible for absorption by 

measuring the area of the characteristic signal, it is possible to estimate the chemical 

group concentration [115]. 
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II.2.3.2. Used equipment 

The FTIR spectra were recorded, in department of chemistry in Yildiz Technical 

University (Istanbul, Turkey), using a Perkin Elmer spectrometer in the range of 1300- 560 

cm
−1

 with a resolution of 2 cm
-1

. An image of this apparatus is presented in figure II.8. 

 

 

 

 

 

 

 

 

Figure II.8. Image of the used FTIR Spectrophotometer. 

 

II.2.4. UV- visible spectroscopy 

UV-visible spectroscopy is a non-destructive optical analysis technique that enables 

the measurement of the optical transmittance of a material, to measure the absorption, and to 

determine the band gap energy (Eg) of a thin film. It involves photons with wavelengths in 

the ultraviolet (200-400 nm), visible (400-800 nm), and near-infrared (800-1400 nm) ranges, 

which is based on the transition of electrons, atoms, or molecules from the ground state to the 

excited  state via the excitation of electromagnetic waves [116]. 
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II.2.4.1. Principle  

UV-visible spectroscopy is based on the interaction between light and matter. It 

involves techniques such as single-beam and double-beam spectrophotometries and finds 

applications in the quantitative and qualitative analysis of compounds, monitoring reaction 

kinetics, and material characterization [116].  

In particular, double-beam UV-visible spectrophotometers (Figure II.9) are 

simultaneous instruments that are typically faster, enable more precise analysis, and are more 

effective.  

 

Figure II.9. Schematic diagram for the experimental setup of a double-beam UV-Vis 

spectrophotometer [118]. 

The operation of a double-beam spectrometer begins with the emission of light from 

the light source, which passes through the monochromator where the desired wavelength is 

selected. The monochromatic light is then split into two beams by the beam splitter. One 

beam passes through the sample, and the other passes through the reference. Both the sample 

and reference beams are directed towards their respective detectors. The sample beam passes 

through the sample in the cuvette, where part of the light is absorbed based on the sample's 

properties and concentration. The reference beam passes through the reference holder. The 
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detectors measure the intensities of both the sample and reference beams. The readout device 

processes the electrical signals from the detectors, comparing the intensities of the sample and 

reference beams. This comparison compensates for any fluctuations in the light source 

intensity and other environmental factors, providing accurate and stable measurements of 

absorbance or transmittance [117].  

 

II.2.4.2. Optical constants determination 

II.2.4.2.1 Absorption coefficient 

The electronic transitions between the conduction band CB and the valence band VB 

in the materials begin at the absorption edge because it corresponds to the least energy 

variation between the highest maximum of the VB and the lowest minimum of the CB. The 

optical absorption of the materials and their coefficient of absorption, α, are directly related. 

Determining the absorption properties of glasses and thin films is essential, particularly when 

it comes to the optical material properties that are being explored for potential applications. 

Some of the energy of light that strikes thin films is reflected, some is absorbed, and the 

remainder is transmitted [117].  

From the transmittance T of a d thickness film, one can calculate the absorption 

coefficient α of the material which constitutes it, using the Bouguer Lambert-Beer relation or 

often simply called; the law of Beer given by: 

                                                                                                                                  (II.12) 

If one expresses the transmittance T, in (%), the absorption coefficient will be given by : 

                                                    
 

 
   

   

    
                                                                  (II.13) 
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Swanepoel model [119] is without a doubt the most well-known method to calculate 

the optical parameters such as dielectric constant and refractive index. The films thickness can 

be determined using the envelope method which explore the multiple reflections of light 

(interference fringes) occur between the lower surface in contact with the substrate and the 

free surface of the film. 

 

II.2.4.2.2 Band gap energy 

Several methods can be used to determine the energy gap of a semiconductor, 

depending on whether it is in the form of a thin film. The absorption spectrum of a sample is 

usually recorded in transmission mode. The optical band gap Eg for direct allowed transitions 

is determined by applying the Tauc model in the high-absorption region [120] given by: 

                                                                                                                       (II.14) 

 where h is Planck’s constant, ν is the frequency of the incident photons, α is the absorption 

coefficient  and A is a constant which depends on the electron-hole mobility. By extrapolating 

the curve to the energy axis (Figure II.10), the optical band gap Eg can be derived from the 

square curve of the product of the absorption coefficient and the photon energy (αhυ) as a 

function of the photon energy.  

 

Figure II.10. Tauc plot for the determination of Eg.. 
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When we extend the linear part of (αhν)² up to the x-axis (i.e. (αhν)² = 0), we obtain the value 

of Eg. 

 

II.2.4.3. Used equipment 

The transmittance spectra of the deposits films were recorded in the Laboratory on the 

Physico-Chemistry of Surfaces and Interfaces (LRPCSI) of the University of Skikda, using a 

Shimatzu 1700 double-beam UV-visible spectrophotometer (Figure II.11) in the wavelength range 

300-900 nm. 

 

Figure II.11. Image of a Shimatzu 1700 double-beam UV-Vis spectrophotometer. 

 

II.2.5. Photoluminescence spectroscopy 

Photoluminescence characterization is a nondestructive, a nonintrusive, a versatile and 

a sensitive technique to the presence of defects or impurities in materials. There have been 

many kinds of luminescence measurements. This method uses as an excitation source light, 

typically laser or monochromatic beam. The photoluminescence phenomena is a result of 
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incident-photon absorption that generates electron-hole pairs and produces  

emission of a photon of a different wavelength. The generated electron and hole tend to  

return to their ground state by giving up the excess energy through recombination. Before  

recombination, the generated carriers (electrons and holes) experience various processes such  

as diffusion, drift, scattering, exciton formation, and so on (Figure II.12). If the generated 

carriers give up their energy in the form of light, the recombination is called radiative 

recombination (Figure II.12). Otherwise, if the generated carriers lose the excess energy in the 

form of heat, the process is called nonradiative recombination. Luminescence measurement 

investigates radiative recombination in materials. This emitted light is detected as 

photoluminescence, and the spectral dependence of its intensity provides information about 

the properties of the material [121]. 

 

Figure II.12. Optical processes in a semiconductor nanostructure [121]. 

 

II.2.5.1. Principle 

The laser source launched a laser beam toward the optical mirror that directed the 

beam to the sample (Figure II.13). When the laser beam hit the sample, some electrons were 

excited to higher energy levels. Then, these electrons returned to their ground energy level 
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emitting radiation, which was detected by the PL spectrometer at specific wavelengths that 

reflected the energy difference between the energy levels. The PL spectrometer was used to 

separate the emitted light into its component wavelengths, and then to record the emission 

spectra intensity of the sample as a function of wavelength [121]. 

 

Figure II.13. Schematic representation of photoluminescence principle [121]. 

II.2.5.2. Used equipment 

PL spectra of samples were recorded, in IPCMS (Institut de la Physique et de la 

Chimie des Materiaux de Strasbourg), at room temperature using a frequency-tripled Nd-

YAG laser photometer under an excitation wavelength λ=335 nm and the emission spectra 

was recorded at the wave length range of 300- 900 nm.  

 

Figure II.14. Photoluminescence measurement setup. 
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III.1. Characterization results of ZnCoO thin films 

In this part, experimental results of the characterization of ZnCoO thin films by X-rays 

diffraction, Raman spectroscopy, ATR-FTIR spectroscopy, UV-visible spectroscopy, and 

photoluminescence spectroscopy will be presented and discussed as a function of Co molar 

ratio x (Eq. II.1). 

The whole of results was published in Micro and nanostructures. This journal is listed in 

category “A” according to the DGRSDT scientific journals ranking. This paper can be cited 

as:  

R. Nettour, A. Kabir, A. Erdoğmuş, Ö. D. Kutlu, G. Schmerber 

Structural, optical and luminescence characterization of Co-doped ZnO thin films 

Micro and nanostructures 

207 (2025) 208271 

 

III.1.1. X-rays diffraction 

X-rays diffraction patterns of films deposited by spraying mixtures, corresponding to Co 

molar ratios varied from x=0.00 to x=0.10, onto heated glass substrates are presented in 

Figure III.1-a. Except for the pattern corresponding to x=0.10, we can see the presence of five 

diffraction peaks in the remaining patterns. According to the JCPDS# 36-1451 data sheet, 

these peaks, located around 31.83°, 34.56°, 36.36°, 47.68° and 56.67° are attributed 

respectively to (100), (002), (101), (102), and (110) orientations of the hexagonal wurtzite 

structure of ZnO. We can see that all samples have the same preferential orientation along to 

(002) planes.  

For Co molar ratio x=0.10, we can see the disappearance of (100) and (110) corresponding 

peaks and the appearance of weak peaks corresponding to Zn(OH)2 and Co3O4 phases 
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according to the data sheets JCPDS#41-1359 and JCPDS#43-1003 respectively. The Co3O4 

secondary phase was also obtained by other researchers like Ivill et al. [122] and Sundararaj et 

al. [123]. They found that the increase of the Co ratio reduced gradually the crystalline quality 

of ZnO before the appearance of the Co3O4 secondary phase.  
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Figure III.1: a) XRD patterns of ZnO films as a function of Co molar ratio. b) Zoom of the 

(002) diffraction peak. 



Chapter III                Experimental results and discussion 

   

 

 

 72 

The decrease of the (002) peak intensity, with the increase of Co molar ratio from 

x=0.00 to x=0.08, observed in Figure 1-b is in good agreement with their results. The 

decrease of XRD peaks, for Co molar ratios from x=0.02 to x=0.08, and the simultaneous 

appearance of Co3O4 and Zn(OH)2 secondary phases, for Co molar ratio x=0.10, indicates that 

the progressive inclusion of Co also slowed down the reaction of the formation of ZnO phase.  

The shift of the (002) diffraction peak (Figure 1-b) confirms the substitution of Co 

ions into the ZnO host lattice. The substitution of Co ions into ZnO host may induce lattice 

distortion regarding the difference between the ionic radius of Zn
2+

 (0.06 nm) and Co
2+

 (0.058 

nm) [124, 125]. In figure III.2, is traced the variation of the lattice parameters a and c, 

determined using eq. II.3, as a function of Co molar ratio x. We can see that the lattice 

parameters values a=3.251 Å and c=5.204 Å of the sample elaborated without Co inclusion 

(i.e. x=0.00) are quite different from those of the bulk ZnO a0=3.249 Å and c0=5.206 Å. This 

difference may be due to residual stress induced by the substrate temperature and/or the 

substrate nature [126].  
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Figure III.2: Variation of lattice parameters as a function Co molar ratio. 



Chapter III                Experimental results and discussion 

   

 

 

 73 

One can see, in figure III.2, that Co inclusion in ZnO films with Co molar ratios 

x=0.02 and x=0.04 has no effect on lattice parameters and consequently, no effect on the 

directional strain. The Co inclusion takes effect from x=0.06 where both parameters a and c 

vary alternatively, as a function of Co molar ratio, between 3.273 and 3.232 Å for a parameter 

and between 5.192 and 5.209 Å for c parameter. This significant difference between these 

values and those of the sample corresponding to x=0.00 suggests, according to Yildiz et al. 

[127], that substitution is not the only mechanism for Co inclusion in ZnO despite the 

convergence between ionic radii of Zn
2+

 and Co
2+

. Co ions may also occupy interstitial sites 

in hexagonal ZnO. According to Arefi-Rad and Kafachan [128], the change of the sign of the 

directional strain (Δa/a0 and Δc/c0) for x=0.06 and x=0.08 may be due to asymmetric 

distortions along particular crystallographic directions caused by the inclusion of the Co ions 

in the ZnO host lattice. For x=0.10, both parameters a and c reach values of the sample 

deposited without Co inclusion (i.e. x=0.00) indicating stress relaxation. The stress relaxation 

phenomenon arose simultaneously with the appearance of Zn(OH)2 and Co3O4 secondary 

phases.   

For more accuracy in measuring the crystallite size regarding the faced difficulty of 

the attribution of the XRD peak broadening to the crystallite size or to the microstrain, we 

have used, in addition to Debye Scherrer method (Eq. II.6) which determine the crystallite 

size D from the dominant XRD peak, two other methods for crystallite size calculation: the 

Monshi-Scherrer (M-S) method (Eq. II.7) and the Williamson-Hall (W-H) method (Eq. II.9). 

These two methods are based on determining the crystallite size D from the diffraction angle 

θ(hkl) and the FWHM β(hkl) of all XDR peaks. For the Monshi-Scherrer method [129], the 

crystallite size DM-S is determined from a linear fit of the variation of lnβ(hkl) as a function of –

lncosθ(hkl) (Figure III.3).  
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Figure III.3: Monshi-Scherrer plots for all samples (Red lines are the linear fit). 

 

For the Williamson-Hall method [130], the crystallite size DW-H is determined from a 

linear fit of the variation of β(hkl)cosθ(hkl) as a function of 4sinθ(hkl) (Figure III.5). Resulting 

crystallite sizes DD-S, DM-S, and DW-H calculated for all Co molar ratios are regrouped in table 

III.1. We can see, in table III.1, that the obtained crystallite sizes using D-S, M-S, and W-H 

methods show the same trend. They decreased, for x=0.02 and x=0.04 and start increasing 

from x=0.06 to reach their highest values for x=0.10. We can see also that values of DD-S and 
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DM-S are close and less than that of DW-H which is in good agreement with results in [128, 131, 

132].  
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Figure III.4: Williamson-Hall plots for all samples (Red lines are the linear fit). 

 

According to [128], DW-H values of Mn-doped SnS nanoparticules are comparable to 

the crystallite size measured using TEM and this indicates that the W-H method is more 
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accurate compared with the other two methods due to the fact that it does not neglect the 

effect of microstarin.  

Table III.1: Crystallite size of the elaborated samples calculated using the Debye-Scherrer 

method DD-S, the Monshi-Scherrer method DM-S, and the Williamson-Hall method DW-H. 

Co molar ratio DD-S [nm] DM-S [nm] DW-H [nm] 

0.00 20.2 26.9 72.2 

0.02 28.7 26 33.1 

0.04 28.7 25.9 39.7 

0.06 31.0 27.3 56.7 

0.08 33.0 30.9 88.3 

0.10 37.2 38.2 158.9 

 

In figure III.5, the variation of the crystallite size DW-H is traced with the (002) peak 

intensity I(002) as a function of Co molar ratio. For x=0.00, the DW-H value (72.2 nm) is in good 

agreement with those in [133]. One can see, in figure III.5, a rapid decrease of DW-H for 

x=0.02 (33.1 nm) accompanied by a rapid decrease of I(002). If we consider a correlation 

between an XRD peak intensity and the crystallite number, the rapid decrease of I(002), for 

x=0.02, indicates that Co inclusion in ZnO influences the crystallites number and the 

crystallite size differently and this is confirmed by the other experimental points. We can also 

see in figure III.5 that, from x=0.04, I(002) continue decreasing while DW-H starts growing from 

39.7 nm to reach 88.3 nm for x=0.08. For x=0.10, the increase of DW-H (158.9 nm) is 

accompanied by an increase of I(002) which reached a value less than that for x=0.00 (Figure 

III.5). This increase coincides with the formation of Zn(OH)2 and Co3O4 secondary phases. 

The increase of I(002) and D(002), even for x=0.10, is accompanied with a pronounced decrease 

of (101) and (102) peaks intensity and a complete disappearance of (100) and (110) peaks 

(Figure 1). This may be related to stress induced by the inclusion of Co ions in ZnO. This 
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grain growth phenomenon was also found by Schoeppner et al. [134] in Au-doped ZnO. They 

attribute the grain growth induced by stress to grain rotation, grain boundary sliding, and 

diffusion according to previous studies on other materials [135-138]. 
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Figure III.5: Variation of the W-H crystallite size and the (002) peak intensity as a function 

of Co molar ratio. 

 

III.1.2. Raman spectroscopy 

Raman spectra of the elaborated samples, recorded in the wavenumber range 200-900 cm
-1

, 

are presented in figure III.6. According to the group theory, the zone center of optical 

phonons, in Wurtzite ZnO, is described by 1 1 2 12 2A E E B     where A1 and E1 are polar 

modes which can be divided to transverse optical component (A1T and E1T) and longitudinal 

optical component (A1L and E1L), E2 consists of two modes corresponding to high (E2H) and 

low (E2L) phonons frequencies and B1 is a silent mode [139].  

We can see, in figure III.6, that Raman spectra shape varies as a function of Co molar 

ratio. For x=0.00, the presence of four broad peaks can be seen. The first peak, located around 
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380 cm
-1

, corresponds to A1T vibration mode of ZnO [140], the second peak, around 450 cm
-1

 

corresponds to E2H vibration mode of ZnO [140] and the third peak, located around 580 cm
-1

, 

corresponds E1L vibration mode of ZnO [141]. The peak, located around 780 cm
-1

, may be 

related to low packing morphology as observed in porous  ZnO films [142].  
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Figure III.6: Raman spectra of ZnO films as a function of Co molar ratio. 

 

When x=0.06, the peak around 780 cm
-1

 disappears simultaneously with the narrowing 

of the E2H corresponding peak indicating an enhancement of the crystalline structure 

regarding the increase of the crystallites size (Figure III.5). The invariance of Raman spectra, 

for x<0.06, compared with that of x=0.00 indicates that there is no effect of Co inclusion on 

the ZnO crystalline structure in good agreement with results in figures 2 and 3. For x=0.10, 

we can see the appearance of two peaks around 228 and 278 cm
-1

. These peaks are attributed 

to Zn(OH)2 phase [143] in excellent agreement with results in Figure 1-a. The asymmetric of 

the peak around 580 cm
-1

 may be due to the presence of Eg (488 cm
-1

) and F2g (522 and 618 

cm
-1

) of Co3O4 [144] in addition of the E1L vibration mode of ZnO.    
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III.1.3. ATR-FTIR spectroscopy 

Figure III.7 shows ATR-FTIR spectra of the elaborated samples with different Co 

molar ratios. These absorption spectra were recorded in ambient air in the wavenumber range 

between 1300 and 550 cm
-1

. All spectra have the same shape with quite difference in some 

regions. They exhibit two asymmetric peaks that may contain, according to literature, a peak 

around 1150 cm
-1

 attributed to C-O-H [145], a peak around 1060 cm
-1

 attributed to Zn-O-Zn 

[146], a peak around 890 cm
-1

 attributed to -OH [147], a peak around 875 cm
-1

 attributed to 

O-C-O [148], a peak around 760 cm
-1

 attributed to Zn-O-H [54], a peak around 700 cm
-1

 

attributed to Zn-O-Zn [141] and a peak around 680 cm
-1

 attributed Co-O [149].  
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Figure III.7: ATR-FTIR spectra of ZnO films as a function of Co molar ratio. 

 

As can be seen, in figure III.7, the intensity of these two asymmetric absorption peaks 

increases as a function of Co molar ratio. To study the effect of Co inclusion on these bonds, 

we have made a deconvolution of each spectrum into 7 Gaussians basing on the above cited 
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bonds positions. An example of a deconvolution of an ATR-FTIR spectrum into 7 Gaussians 

is shown, in figure III.8, with a correlation coefficient R²=0.99918. 

1300 1200 1100 1000 900 800 700 600
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

R
2
=0.99918

 

 

A
b

s
o

rp
ti

o
n

 (
A

rb
. 

U
n

it
s

)

Wavenumber (cm
-1

)
 

Figure III.8: Example of a deconvolution of a ATR-FTIR spectrum. 

 

In figure III.9-a, is presented Gaussian peaks areas of Zn-O-Zn (1060 cm
-1

), Zn-O-Zn 

(700 cm
-1

), Zn-O-H and Co-O bonds as a function of Co molar ratio. Basing on the fact of the 

correlation between the absorption peak area and the corresponding bond density, one can 

evidence the degradation of deposited ZnO after Co inclusion from the decrease of both Zn-

O-Zn bonds density as a function of Co molar ratio which is in good agreement with XRD 

results. This decrease is accompanied by an increase of both Zn-O-H and Co-O bonds density. 

The increase of Zn-O-H bond density as a function of Co molar ratio x<0.10 may be due to 

the adsorption of water molecules on ZnO surface. For x=0.10, the significant increase of Zn-

O-H bond density may be explained by the formation of Zn(OH)2 secondary phase revealed 

by Raman spectroscopy and XRD. We can see also the correlation between Co-O bond 

density and Co molar ratios x<0.10 indicating a good insertion of Co in ZnO matrix. For 
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x=0.10, the rapid increase of Co-O bond density could be related to the formation of Co3O4 

secondary phase which correlates with results of XRD.  
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Figure III.9: Variation, as a function of Co molar ratio, of ATR-FTIR Gaussian area 

corresponding to a) Co-O, Zn-O-Zn (700 cm
-1

), Zn-O-H and Zn-O-Zn (1060 cm
-1

) and b) O-

C-O, -OH and C-O-H. 
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In figure III.9-b, is presented the variation of Gaussian peak area of O-C-O, -OH and 

C-O-H bonds as a function of Co molar ratio. We can see that all bonds density increases as a 

function of Co molar ratio reflecting the increase of CO2 and H2O adsorption on ZnO surface. 

This indicates that Co inclusion influences also the surface adsorption of ZnO.        

 

III.1.4. UV-visible spectroscopy 

Figure III.10 presents UV-Visible spectra, recorded in the wavelength range 300-900 

nm, of the deposited films with Co molar ratios from x=0.00 to x=0.10,. One can see that the 

shape of these spectra varies with the variation of Co molar ratio. For x=0.02 and x=0.04, the 

shape of UV-Visible spectra looks the same as that for x=0.00. The only difference is the 

decrease of the transmittance. For x=0.06 and x=0.08, in addition to the decrease of the 

optical transmittance, one can see weak absorption bands between 550 and 700 nm 

corresponding to the substitution of Zn ions by Co ions in hexagonal ZnO [150].  
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Figure III.10: UV-Visible spectra of ZnO films as a function of Co molar ratio x. 
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The significant decrease of the optical transmittance with the disappearance of Co 

corresponding absorption bands, observed for x=0.10, may be interpreted by the formation of 

Co3O4 and Zn(OH)2 secondary phases. The mean transmittance Tm in the visible region 

between 400 and 800 nm, decreases from 70.33%, for x=0.00, to reach its lowest value of 

23.25% for x=0.10 as can be seen in figure III.11. The decrease of the mean transmittance 

correlates with the increase of crystallite size observed in figure III.5. The inclusion of Co in 

ZnO increased the absorption of visible light and this may be explained by the increase of the 

s-d and p-d exchange interactions between electrons band in ZnO and localized d electrons in 

Co ions [151]. This result is in good agreement with those in [152-154].  
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Figure III.11: Variation of the band gap energy and the mean optical transmittance as a 

function of Co molar ratio (Inset: Plot of (αdhν)² vs. hν). 

 

The variation of the band gap energy Eg is also presented in figure III.11 as a function 

of Co molar ratio. The band gap energy is determined graphically from the extrapolation of 

the linear part of the curve (αdhν)², as a function of photon energy hν, up to the abscissa 
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corresponding to (αdhν)²=0 (Inset of figure III.11). This curve was traced using the Tauc’s 

law (Eq. II.14). The band gap energy value Eg= 3.45 eV corresponding to x=0.00 (Figure 

III.11) is greater than that of the bulk ZnO (3.37 eV) however, it is comparable to those of 

Giri et al. [155] and Slimani et al. [156]. The decrease of the band gap energy Eg to 2.67 eV, 

for x=0.08, is in good agreement with the results in [152] and [153]. This decrease may be 

due to sp-d exchange interactions between electrons band in ZnO and localized d electrons in 

substituted Co ions. According to Biradjar et al. [151], the s-d and p-d exchange interactions 

would lead to the narrowing of the band gap and would give rise of some corrections of the 

conduction band and the valence band energies. The increase of the band gap energy for 

x=0.10 (Eg=2.84 eV) may be interpreted by the decrease of sp-d exchange interactions caused 

by the formation of Co3O4 and Zn(OH)2 secondary phases which is in good agreement with 

results in [157] and [158]. 

 

III.1.5. Photoluminescence spectroscopy 

Figure III.12 presents photoluminescence (PL) spectra of ZnO films as a function of 

Co molar ratio. Except for the spectrum corresponding to x=0.10, all spectra have the same 

shape with two dominant emission peaks, ultraviolet (UV) emission around 375 nm and near 

infrared (NIR) emission around 754 nm. The UV emission is generally related to the creation, 

by photo stimulation, of excitons of energies near the ZnO band edge. A slight red shift could 

be observed, in figure III.12, in good agreement with UV-visible results. The decrease of this 

emission peak intensity may be explained by the decrease of the probability of excitons 

creation due to the reduction of the crystalline quality induced by the inclusion of Co in ZnO 

[159].  
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Figure III.12: PL spectra of ZnO films as a function of Co molar ratio x. 

 

One can see, in figure III.13, a correlation between the UV emission peak intensity 

and Co molar ratio after a sharp decrease (for x=0.02) indicating the efficiency of included Co 

ions in reducing exitons creation. The NIR emission peak was also found by Wang et al. [160] 

around 756 nm. They attributed this emission to the donor-acceptor transition between 

oxygen vacancies VO and zinc vacancies VZn and/or the radiative recombination of trapped 

electrons with trapped holes in oxygen interstitial Oi [160]. The variation of the NIR emission 

peak intensity as a function of Co molar ratio is also presented in figure III.13. As can be 

seen, the decrease of the NIR emission is directly related to the increase of included Co ions 

which decreases native defects in ZnO such as VO, VZn and Oi responsible for the NIR 

emission by donor-acceptor transition and/or by radiative recombination of trapped electrons 

with trapped holes. For x=0.10 (Figure III.12), a red emission peak appears around 697 nm 

simultaneously with the disappearance of both UV and NIR emissions. According to Xiao et 

al. [161], this emission peak is attributed to the d-d radiative transition of Co ions in a 
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tetrahedral crystal field. The red emission evidences the inclusion of Co in ZnO which could 

involve Co-based impurities and deep level defects [162].  
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Figure III.13: Variation of UV and NIR emission intensity as a function of Co molar 

ratio. 

The presence of the red emission peak is accompanied with the appearance of several 

peaks around 400 nm correspond to zinc vacancies VZn [163], 424 and 448 nm correspond to 

zinc interstitial Zni [163, 164], 478 nm correspond to oxygen vacancies with one trapped 

electron VO
+
 [163], 519 nm correspond to oxygen vacancies with two trapped electrons VO 

[164] and 562 nm correspond to oxygen vacancies without trapped electrons VO
++

 [164]. For 

x=0.10, the significant presence of Co defects related red emission compared with ZnO 

defects (VO, VO
+
, VO

++
, VZn and Zni) related emission peaks indicates the formation of Co 

agglomerations in excellent agreement with results of XRD (see figure III.1).  
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III.2. Characterization results of ZnFeO thin films 

In this part, ZnFeO thin films were characterized by X-rays diffraction, Raman spectroscopy, 

UV-visible spectroscopy, and photoluminescence spectroscopy. Experimental results will be 

presented and discussed as a function of Fe molar ratio x (Eq. II.1). 

The whole of results was published in Journal of Materials Science: Materials in 

Electronics. This journal is listed in category “A” according to the DGRSDT journals 

ranking. This paper can be cited as:  

R. Nettour and A. Kabir 

Structural and optical changes induced by the incorporation of Fe ions in ZnO matrix. 

Journal of Materials Science: Materials in Electronics 

36 (2025) 1218 

 

III.2.1. X-rays diffraction 

Figure III.14-a presents the XRD patterns of the resulting films from the spray, onto 

heated glass substrates, of the prepared mixture with Fe molar ratio x=0.00, 0.02, 0.04, 0.06, 

0.08 and 0.10. All XRD patterns exhibit five diffraction peaks located around 31.83°, 34.56°, 

36.36°, 47.68° and 56.67° attributed respectively to (100), (002), (101), (102) and (110) 

orientation in the hexagonal wurtzite structure of ZnO, according to the JCPDS# 36-1451 data 

sheet, with a preferential orientation along to (002) planes. In figure III.14-a, the intensity and 

the position of each diffraction peak vary from one pattern to another as a function of the Fe 

molar ratio. A zoom of the (002) diffraction peak is presented in figure III.14-b to exhibit this 

variation that may be linked to the incorporation of Fe ions in ZnO matrix, influencing the 

lattice parameters.  
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Figure III.14: a) XRD patterns of ZnO films as a function of the Fe-rich solution volume 

ratio x. b) Zoom of the (002) diffraction peak. 

 

The variation of lattice parameters a and c is presented in figure III.15, as a function of 

the Fe molar ratio x. The lattice parameters a and c were determined using eq. II.3. The lattice 

parameters values, in figure III.15, are close to those in [165]. We can see that the lattice 
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parameters, a=3.251 Å and c=5.204 Å, of the sample without incorporation of Fe ions (i.e., 

x=0.00) are close to those of the bulk ZnO a0=3.249 Å and c0=5.206 Å. The difference 

between these values may be due to residual stress caused by the substrate nature and/or the 

substrate temperature.  
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Figure III.15: Variation of lattice parameters as a function of the Fe molar ratio x. 

 

One can see, in figure III.15, that both lattice parameters a and c vary inversely as a 

function of the Fe molar ratio. When the lattice parameter a increases from 3.251 to 3.288 Å 

corresponding to x=0.04 and stabilizes after this volume ratio around 3.285 Å, the lattice 

parameter c decreases from 5.204 to 5.183 Å. The variation of lattice parameters may be due 

to the incorporation of Fe ions in the ZnO hexagonal structure because all samples were 

elaborated in the same conditions. The incorporation of Fe ions in ZnO matrix plays a major 

role in the variation of lattice parameters. This was expected because Fe ions can incorporate 

the ZnO matrix in two stable forms: F
2+

 with an ionic radius of 92 pm and F
3+

 with an ionic 
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radius of 78 pm [166]. If we compare these two radii to the radius of Zn
2+

 (88 pm [166]), we 

can conclude that the substitution of Zn
2+

 by Fe
2+

 will not affect the crystalline structure since 

they have close radii which is not the case for Fe
3+

. It radius is smaller than that of Zn
2+

. This 

suggests that the variation of lattice parameters (Figure III.15), as a function of Fe molar ratio, 

is attributed to the dominance of the Fe ions present in the ZnO matrix. In figure III.15, values 

corresponding to the Fe molar ratio x=0.02 have no significant changes compared with those 

corresponding to x>0.02. This indicates that the dominant form of Fe ions in ZnO matrix, for 

x=0.02, is Fe
2+

. For the other samples, it is Fe
3+

 that dominates the incorporated Fe ions, 

explaining the stabilization of different parameters after x=0.04. Wang et al. [167] found that 

incorporated Fe ions existed in ZnO in the form of Fe
2+

 while Baek et al. [168] found the 

existence of Fe
3+

 in ZnO. Kim and Park [169] found the coexistence of both Fe
2+

 and Fe
3+

 in 

ZnO matrix.     

For the determination of the crystallite size and because of the difficulty of the 

attribution of the XRD peak broadening, like that in figure III.14-b, to the crystallite size or to 

the microstrain, we have used the modified Williamson-Hall approach (Eq. II.11) in which, 

the isotropic microstrain ε is replaced by the anisotropic microstrain hkl

hklY


   where σ is the 

crystal stress and Yhkl is the Young’s modulus given, as a function of lattice parameters a and 

c and Miller indices h, k, and l, by [170] : 
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 (III.1) 
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where s11=7.858 ×10
-12

 N
-1

m², s13=-2.206 ×10
-12

 N
-1

m², s33=6.940 ×10
-12

 N
-1

m² and 

s44=23.570 ×10
-12

 N
-1

m² are the elastic compliances of ZnO. An example of a linear fit of the 

plot of coshkl hkl  as a function of 
4sin hkl

hklY


is presented in figure III.16. From this fit, both 

crystal stress σ and grain size D are determined.  
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Figure III.16: Linear fit (red line) of the variation of βhklcosθ as a function of 4Yhkl
-1

sinθ. 

 

Figure III.17 presents the variation of the crystal stress and the crystallite size as a 

function of the Fe molar ratio x. We can see that, before the incorporation of Fe ions in ZnO 

matrix, i.e. for x=0.00, the grain size is 72 nm, which is in good agreement with results in 

[171], and the stress is 272 MPa comparable to that in [172] and is linked to substrate 

temperature and/or nature. Since all samples were deposited onto glass substrate in the same 

conditions of solution molarity, number of spray and substrate temperature, the variation of 

both crystal stress and grain size in figure III.17 is due to the incorporation of iron in the 

matrix of zinc oxide.  
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Figure III.17: Variation of the crystallite size and the crystal stress as a function of the Fe 

molar ratio x. 

We can see that the Fe incorporation induces firstly, an increase of the crystallite size 

to reach a maximum of 150 nm accompanied by a decrease of the crystal stress to a minimum 

value of 33.12 MPa corresponding to a Fe molar ratio x=0.04 and secondly, a stabilization of 

both the crystallite size and the crystal stress around 115 nm and 50 MPa, respectively, after 

x=0.04 which indicates a no effect of Fe ions in ZnO matrix after this ratio.  

 

III.2.2. Raman spectroscopy 

Figure III.18 presents Raman spectra of films deposited with a Fe molar ratio x 

extending from x=0.02 to x=0.10 in the wavenumber range between 200 and 900 cm
-1

. The 

spectrum of the sample deposited without Fe molar ratio x=0.00 is also presented. As can be 

seen in figure III.18, the Raman spectra shape varies as a function of the Fe molar ratio x. For 

the sample corresponding to x=0.00, we can see the presence of only E1L vibration mode of 

ZnO located around 580 cm
-1

 [173]. The same remark could be made to the sample 
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corresponding to x=0.02 and this reflects that there is no effect of the corresponding amount 

of the incorporated iron ions on the ZnO matrix.  
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Figure III.18: Raman spectra of Fe ions incorporated ZnO. 

 

Beyond this volume ratio, i.e. from x=0.04, we can see the appearance of additional 

modes of ZnO such as 2E2M around 332 cm
-1

 (belongs to multi-phonons process [139]), A1T 

around 380 cm
-1

 [141], E2H around 435 cm
-1

 [141] and a broad peak containing two peaks 

around 646 and 690 cm
-1

 relatable to the vibrations of Fe-O according to [174] and we agree 

with this assumption since the intensity of these two peaks increase as a function of the Fe 

molar ratio x as can be seen in figure III.18. One can see that, from x=0.04, the peak related to 

the E2H mode, which correspond to the vibration of zinc sub-lattice [141], dominates the other 

ZnO related peaks without any shift which reflects that the incorporation of iron ions into 

ZnO matrix contributes to the enhancement of the quality of the crystalline structure, and it is 

confirmed by the correlation between the crystallite size and the E2H related peak area in 

figure III.19. Zuo et al. [140] reported that the Raman peaks broadening are mainly due to 



Chapter III                Experimental results and discussion 

   

 

 

 94 

crystallite size effect. The E2H peak area was determined after a decomposition of the Raman 

spectrum into Gaussian peaks by taking into consideration all present modes in this frequency 

range (Inset of figure III.19). 
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Figure III.19: Correlation between the crystallite size and the E2H related peak area (Red line 

to guide the eyes). (Inset: Example of a deconvolution of a Raman spectrum) 

 

III.2.3. UV-visible spectroscopy 

Figure III.20 presents the UV-visible spectra of the elaborated films using Fe molar 

ratios from x=0.00 to x=0.10. We can see, in figure III.20, that the shape of spectra changes as 

a function of the Fe molar ratio, which indicates that the incorporation of the Fe ions 

influences the optical transmittance and also the band gap energy of the elaborated ZnO 

samples. The band gap energy is determined graphically from the extrapolation of the linear 

part of the curve (α d hν)², as a function of hν, up to the abscissa corresponding to (α d hν)²=0 

(Figure III.21). The variation of both the band gap energy Eg and the mean transmittance in 

the visible region is traced in the inset of figure III.21 as a function of the Fe molar ratio. We 
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cans see that the mean transmittance in the visible spectral region, i.e. between 800 and 400 

nm rapidly decreases from 70.3% for x=0.00 to 39.4% for x=0.02 due to the d-d transition of 

Fe ions, according to Polyakov et al. [175].  
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Figure III.20: UV-visible spectra of Fe ions incorporated ZnO. 

 

Kafle et al. [176] found that the transmittance of Fe-doped ZnO decreased by 10% 

when Fe ion’s concentration reached 4 at. %. After x=0.02, one can see the proportionality 

between the decrease of the mean transmittance and the increase of the incorporated Fe ions 

in ZnO. In the inset of figure III.21, the band gap energy Eg = 3.45 eV corresponding to 

x=0.00 is greater than that of the bulk ZnO (3.37 eV) however, it is comparable to those in 

[176]. The variation of the band gap energy Eg, as a function of the Fe molar ratio x, 

correlates with that of the crystallite size (Figure III.17) in good agreement with results in 

[171]. We can see that the incorporation of Fe ions decreases the band gap energy of the 

prepared samples from 3.45 eV to the lowest value of 3.21 eV, corresponding to x=0.04. After 
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this ratio, we can see that the band gap energy Eg slightly increases and keeps invariant around 

3.27 eV.  
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Figure III.21: Plot of (αdhν)² vs. hν. (Inset: Variation of the mean transmittance and the 

band gap energy as a function of the Fe molar ratio x). 

 

According to Parra-palomino et al. [177], the band gap energy decrease is attributed to 

a change of the Fermi energy state by lowering the minimum of the conduction band and 

raising the maximum of the valence band, inducing band gap reduction.  

The change of the Fermi energy state is caused by the 3d transition of incorporated 

Fe
2+

 in ZnO [177]. If Fe
3+

 is the dominant form of incorporated Fe ions, they will provide free 

carriers, causing the Fermi level to bring closer to the conduction band, leading to the band 

gap enlargement [141]. This reinforces our suggestion concerning the dominance of Fe
2+

 in 

low ratios (x≤0.04) and the dominance of Fe
3+

 in high ratios (x>0.04).     
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III.2.4. Photoluminescence spectroscopy 

PL spectra of the zinc oxide film and zinc oxide films incorporated with different 

amounts of Fe ions are presented in figure III.22. All spectra have the same shape with two 

dominant emission peaks: ultraviolet (UV) emission in the wavelength range 350-420 nm and 

near infrared (NIR) emission in the wavelength range 720-800 nm.  
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Figure III.22: PL spectra of Fe ions incorporated ZnO. 

 

The ultraviolet (UV) emission is generally linked to the creation, by photostimulation, 

of excitons of energies near the ZnO band edge. The decrease of this emission peak may be 

explained by the decrease of the probability of excitons creation induced by the incorporation 

of Fe ions in ZnO matrix. The variation of the band gap energy deduced from the position of 

UV emission peaks PL-Eg is traced in figure III.23 as a function of the Fe molar ratio x. We 

can see that this variation is similar to that of the band gap energy determined from UV-

visible spectra (Inset of figure III.21). The quite difference of the PL-Eg values compared with 
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those determined from UV-visible spectra may be due to the presence of point defects, such 

as oxygen vacancies (VO) and zinc interstitials (Zni), detected by the PL technique [155]. The 

near infrared (NIR) emission peak was also found by Wang et al. [160] around 1.64 eV. They 

attributed this emission to the donor-acceptor transition between VO and zinc vacancies (VZn) 

and/or the radiative recombination of trapped electrons with trapped holes in oxygen 

interstitial (Oi) [160].  

0.00 0.02 0.04 0.06 0.08 0.10

3.297

3.300

3.303

3.306

3.309

3.312

3.315

 

 

 

P
L

-E
g
 (

e
V

)

Fe-rich solution volume ratio

0.2

0.4

0.6

0.8

1.0

1.2

 
 N

IR
 p

e
a

k
 i

n
te

n
s

it
y

 (
x

1
0

5
 A

rb
. 

U
n

it
s

)

 

Figure III.23: Variation of PL-Eg and NIR emission peak surface as a function of the Fe 

molar ratio x. 

 

The variation of the NIR emission peak intensity as a function of the Fe-rich solution 

volume ratio is presented in figure III.23. The decrease of the NIR emission peak is directly 

related to the incorporated Fe ions in the ZnO matrix. It has been reported that the 

incorporation of Fe ions in ZnO suppressed the green [178, 179] and the yellow-green [180] 

emissions.  
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III.3. Characterization results of ZnMnO thin films 

In this part, the characterization results of ZnMnO thin films will be presented and discussed 

as a function of Mn molar ratio x determined using eq. II.1. It is to notice that ZnMnO thin 

film was characterized by X-rays diffraction, ATR-FTIR spectroscopy, UV-visible 

spectroscopy, and photoluminescence spectroscopy.  

 

III.3.1. X-rays diffraction 

Figure III.24 shows XRD patterns of the samples prepared with Mn molar ratio x= 0.00, 0.02, 

0.04 and 0.06. For XRD pattern corresponding to x=0.00, five diffraction peaks located 

around 31.83°, 34.56°, 36.36°, 47.68° and 56.67° could be seen. These peaks correspond to 

the hexagonal wurtzite structure of ZnO, according to the JCPDS# 36-1451 data sheet, with a 

preferential orientation along to the (002) plane. We can see that the (002) peak is present in 

all patterns whatever the Mn molar ratio which is in good agreement with results in [181].  
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Figure III.24: XRD patterns of ZnO films as a function of Mn molar ratio. 
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According to figure III.24, the effect of the Mn ions incorporation into ZnO appears 

from the beginning i.e. from x=0.02 where some XRD peaks disappear and the other lose 

their intensity before the almost complete disappearing of the ZnO phase when x=0.06. For 

x=0.02, we can see that, the increase of the (002)-corresponding peak intensity is 

accompanied with a complete disappear of both (100) and (110)-corresponding peaks and a 

decrease of the (101)-corresponding peak intensity. This could be interpreted by crystallites 

rotation induced by the stress resulting from the incorporation of Mn ions in ZnO [134] 

knowing that the ionic radius of Mn
2+

 (0.08 nm) is greater than that of Zn
2+

 (0.06 nm). For 

x=0.04, the decrease of the (002)-corresponding peak intensity and the almost complete 

disappear of the other peaks indicates a degradation of ZnO structure induced by the 

incorporation of Mn ions evidenced before by Ruan et al. [182]. The (002)-corresponding 

peak intensity continue decreasing, for x=0.06, where we can see a decomposition of ZnO 

structure leading to the appearing of MnO2 phase (JCPDS# 44-0142 data sheet), ZnMnO3 

phase (JCPDS# 28-1468 data sheet), and ZnMn2O4 phase (JCPDS# 24-1133 data sheet). The 

presence of Mn-related phases in Mn-doped ZnO was evidenced by searchers as a Mn 

concentration depending phenomenon. For example, the MnO2 and ZnMn2O4 phases were 

obtained by Harsono et al. [183] for 0.1 Mn-doping ZnO while, for the same Mn 

concentration, Ramos et al. [184] found the presence of Mn3O4 phase. The ZnMnO3 phase 

was obtained by Toloman et al. [185] for a Mn concentration of 0.025.       

The variation of the lattice parameter c and the crystal stress σ is plotted, in figure 

III.25, as a function to Mn molar ratio x. The lattice parameters c was determined from eq. 

II.3 and the crystal stress σ was determined from the (002)-corresponding peak position using 

the following relation: 
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0
002 002

33 0

c-c1
σ=Y ε =

s c

 
 
 

         (III.2) 

where Y002 is the Young’s modulus, ε002 the lattice strain, s33=6.940 ×10
-12

 N
-1

m² is the elastic 

compliance of ZnO and c and c0 are respectively lattice parameters of the prepared samples 

and the lattice parameter of the bulk ZnO.  

0.00 0.01 0.02 0.03 0.04 0.05 0.06
5.182

5.184

5.186

5.188

5.190

5.192

5.194

5.196

5.198

5.200

5.202

5.204

5.206

 

Mn molar ratio, x

L
a

tt
ic

e
 p

a
ra

m
e

te
r,

 c
 (

Å
)

Å Å 

450

500

550

600

650

 C
ry

s
ta

l 
s

tr
e

s
s

,


 (
M

P
a

) 

 

Figure III.25: Variation of lattice parameter c and crystal stress as a function Mn molar ratio. 

 

The observed difference between the lattice parameter c of the pure ZnO (5.202 Å) 

and that of the bulk ZnO (5.206 Å) is due to residual stress induced by the substrate 

temperature and/or the substrate nature [126]. From x=0.02, the lattice parameter c decreases 

to reach its lowest value of 5.183 Å for x=0.04 caused by the incorporation of Mn ions in the 

ZnO structure. This decrease of the lattice parameter c indicates the presence of a compressive 

stress resulting from the fact that the ionic radius of Mn
2+

 is greater than that of Zn
2+

 [186]. 

The compressive stress reaches its maximum of 625 MPa for x=0.04. For x=0.06, the increase 
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of the lattice parameter c is accompanied with a stress relaxation may be due to the 

decomposition of the ZnO structure leading the appearance of other Mn-related phases.  

The crystallite size D, determined using the Williamson Hall method (Eq. II.10), and 

the (002)-corresponding peak intensity are plotted, in figure III.26, as a function of Mn molar 

ratio x. For x=0.00, the crystallite size (72 nm) is in good agreement with those in literature 

[173, 187]. The decrease of the crystallite size from 72 to 57 nm, for x=0.02 (Figure III.26), is 

accompanied by the increase of the (002)-corresponding peak intensity. For x=0.04, the 

(002)-oriented crystallite size remains almost invariant around 57 nm while the (002)-

corresponding peak intensity decreases reflecting a decrease of crystallites number which 

indicates a degradation of ZnO structure induced mainly by the incorporation of Mn ions.  
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Figure III.26: Variation of the crystallite size and the (002) peak intensity as a function of 

Mn molar ratio x. 

 

This structural behavior of ZnO was also observed by Yang et al. [188] and Shatnawi 

et al. [189]. For x=0.06, the decrease of both the (002)-oriented crystallite size and the (002)-
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corresponding peak intensity coincides with the appearance of Mn-related phases which 

indicates the ZnO decomposition.  

 

III.3.2. ATR-FTIR spectroscopy 

Figure III.27 presents ATR-FTIR spectra of the prepared samples, with Mn molar ratio 

x=0.00, 0.02, 0.04 and 0.06, recorded in ambient air. We can see that, the spectrum 

corresponding to x=0.00 exhibits two asymmetric peaks containing a peak around 1150 cm
-1

 

linked to C-O-H [145], a peak around 1060 cm
-1

 linked to Zn-O-Zn [146], a peak around 890 

cm
-1

 linked to -OH [147], a peak around 875 cm
-1

 linked to O-C-O [148], a peak around 760 

cm
-1

 linked to Zn-O-H [146] and a peak around 700 cm
-1

 linked to Zn-O-Zn [146].  
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Figure III.27: ATR-FTIR spectra of ZnO films as a function of Mn molar ratio x. 

 

For Mn molar ratios x=0.02 and x=0.04, we can see that these two spectra have the 

same shape as for the spectrum corresponding to x=0.00 with additional peaks between 740 
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and 710 cm
-1

 linked to Mn-O [190, 191] confirming the incorporation of Mn in the ZnO 

matrix. For x=0.06, we can see that the appearing of a peak around 620 cm
-1

 linked O-Mn-O 

[192] is accompanied by the disappearing of peaks related linked to Zn-O-Zn which indicates 

a degradation of the hexagonal ZnO structure in good agreement with results of XRD 

analysis.   

 

III.3.3. UV-visible spectroscopy 

Figure III.28 presents UV-Visible spectra of the prepared films, with Mn molar ratios 

from x=0.00 to x=0.06. We can see that the shape of spectra corresponding to x=0.02, 0.04 

and 0.06 is quite different from that corresponding to x=0.00. This difference may be directly 

related to the incorporation Mn in ZnO matrix.  
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Figure III.28: UV-Visible spectra of ZnO films as a function of Mn molar ratio x. 

We can see, for all spectra, that the transmittance in the visible region varies from a 

sample to another with the presence of an absorption band located around 490 nm may be due 
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to ZnO surface defects attributed to transition between oxygen vacancies VO and oxygen 

interstitials Oi [193].  

The variation of the mean transmittance Tm in the visible region between 400 and 800 

nm, as a function of Mn molar ratio x is presented in the inset of figure III.29. We can see that 

the decrease of the mean transmittance decreases from 80%, for x=0.00, to 60% for x=0.06 

correlates with the increase of the incorporated Mn amount. This indicates that the 

incorporation of Mn in ZnO increased the absorption of visible light which is in good 

agreement with results in [194].  
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Figure III.29: Plot of (αdhν)² vs. hν (Inset: Variation of the band gap energy and the mean 

optical transmittance as a function of Mn molar ratio x). 

 

The variation of the band gap energy Eg is also presented, in the inset of figure III.29, 

as a function of Mn molar ratio. The band gap energy is determined from the extrapolation of 

the linear part of the curve (αdhν)², as a function of photon energy hν, up to the abscissa 
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corresponding to (αdhν)²=0 (Figure III.29). The band gap energy value for x=0.00 (3.45 eV) 

is comparable to those in literature [195, 196]. For x=0.02 the band gap energy value keeps 

invariant indicating a no effect of this amount of incorporated Mn on the band gap energy of 

the pure ZnO. Beyond this Mn molar ratio, the band gap energy rapidly increases to reach 

3.53 eV for x=0.04 and 3.55 eV for x=0.06. The increase of the band gap energy with the 

increasing amount of incorporated Mn ions correlates with the decrease of the crystallite size 

(Figure III.26) and was evidenced before by Tan et al. [197], Wu et al. [198] and Kayani et al. 

[199]. The increase of the band gap energy, for x=0.04, could be interpreted by the decrease 

of sp-d exchange interactions caused by the increase of the amount of incorporated Mn in 

ZnO [151] or by the Burstein–Moss effect [200, 201]. For x=0.06, the reason of the increase 

of the band gap energy may be attributed to the contribution of MnO2, ZnMnO3 and ZnMn2O4 

phases (Figure III.24).  

 

III.3.4. Photoluminescence spectroscopy 

Figure III.30 presents photoluminescence PL spectra of elaborated samples using Mn 

molar ratio x=0.00, 0.02, 0.04 and 0.06. We can see that the shape of PL spectra changes as a 

function of Mn molar ratio. In addition to a broad red emission peak around 680 nm, two 

dominant emission peaks can be observed on the PL spectrum corresponding to x=0.00: an 

ultraviolet UV emission around 375 nm and a near infrared NIR emission around 759 nm. 

The UV emission is generally related to the creation, by photo stimulation, of excitons of 

energies near the ZnO band edge and in good agreement with the optical band gap energy 

values determined from UV-visible spectroscopy. The red emission peak around 680 nm is 

attributed to oxygen vacancies VO defects [202]. The NIR emission peak was also found by 

Wang et al. [160] around 756 nm. They attributed this emission to the donor-acceptor 
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transition between oxygen vacancies VO and zinc vacancies VZn and/or the radiative 

recombination of trapped electrons with trapped holes in oxygen interstitial Oi [160]. For 

x=0.02, the intensity of the UV emission peak and the NIR emission peak, without a change 

in the peaks position, may be due to the structural degradation induced by Mn ions 

incorporation. For x=0.04 and x=0.06, we can see that the shape of their corresponding 

spectra is similar and is different from that of x=0.00 and x=0.02 corresponding spectra.  
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Figure III.30: PL spectra of ZnO films as a function of Mn molar ratio x. 

 

One can see that both UV and NIR emission peaks disappear leading the place to a 

violet emission peak around 400 nm, two blue emission peaks, around 425 and 447 nm, and a 

blue-green emission peak around 475 nm. According to literature [202, 203], the violet 

emission around 400 nm is attributed to Mn
2+

 ions, the blue emissions around 425 and 447 nm 

are respectively attributed to VZn and Zn interstitial Zni while the blue-green emission around 

475 nm is attributed to VZn. The intensity of these emission peaks decrease, for x=0.06, 
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caused probably by the decomposition of ZnO and the formation of other phases like MnO2, 

ZnMnO3 and ZnMn2O4.       
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In this work, thin films of ZnTMO (TM=Co, Fe, and Mn) were deposited using, the 

spray pyrolysis technique, in order to study the effect of doping element on the structural, 

optical and photoluminescence properties of ZnO. For this rison, the as elaborated ZnTMO 

thin films have been subject of series of characterization by X-rays diffraction (XRD), Raman 

spectroscopy, ATR-FTIR spectroscopy, UV-visible spectroscopy, and photoluminescence 

spectroscopy. The whole characterization results showed that changes induced in ZnO differ 

from a doping element to another. 

For ZnCoO thin films, XRD patterns revealed a decrease of the crystalline quality of 

ZnO from Co molar ratio x=0.06. For x=0.10, two secondary phases Co3O4 and Zn(OH)2 

appeared suggesting that Co inclusion slowed down the formation of hexagonal ZnO phase. 

The presence of secondary phases was confirmed by Raman spectroscopy and ATR-FTIR 

spectroscopy. This last evidenced the enhancement of ZnO surface adsorption of CO2 and 

H2O induced by Co inclusion. According to UV-Visible spectroscopy, as a function of Co 

molar ratio, the mean transmittance in the visible region decreased from 70.33% to 23.25% 

and the band gap energy Eg decreased from 3.45 eV to reach its lowest value 2.67 eV for 

x=0.08. The increase of the band gap energy for x=0.10 (2.84 eV) may be interpreted by the 

decrease of sp-d exchange interactions caused by the formation of Co3O4 and Zn(OH)2 

secondary phases. All PL spectra, except for that corresponding to x=0.10, exhibited an UV 

emission peak around 375 nm and a NIR emission peak around 754 nm. The intensity of these 

two emission peaks decreased as a function of Co molar ratio. The complete disappearing of 

these two emissions, for x=0.10, was accompanied with the appearance of a red emission 

around 697 nm, attributed to Co-based impurities, and other peaks attributed to deep level 

defects in ZnO. 
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For ZnFeO thin films, the variation of the crystalline parameters as a function of the 

Fe molar ratio indicated an enhancement of the crystalline properties from x=0.02 to x=0.04 

followed by a stabilization after 0.04. Raman spectra showed the presence of optical phonon 

vibration modes of ZnO in addition to two other peaks located at 646 and 690 cm
-1

 attributed 

to Fe-O vibration modes. The correlation between the crystallite size and the E2H peak area 

indicated the same manner of action of incorporated Fe ions in enhancing ZnO structure. The 

mean transmittance in the visible region, determined from UV-visible spectra, decreased with 

the increasing Fe molar ratio and the band gap energy Eg decreased to reach a lowest value of 

3.21 eV for x=0.04 before stabilizing around 3.27 eV after this ratio. PL spectra exhibited two 

intense peaks corresponding to UV and NIR emissions. The variation of the band gap energy 

PL-Eg as a function of the Fe molar ratio is similar to that determined using UV-visible 

spectroscopy. The decrease of the NIR emission peak intensity was attributed to the 

incorporated Fe ions. The obtained results evidenced the structural and optical properties of 

ZnO dependence on the form and the amount of incorporated Fe ions.        

For ZnMnO thin films, the variation of the lattice parameter, for x=0.02 and x=0.04 

indicated the presence of compressive stress caused by the incorporation of Mn ions in ZnO. 

The stress relaxation, for x=0.06, was accompanied with the appearing of other phases such as 

MnO2 and ZnMnO3 resulting from the decomposition of ZnO. The crystallite size decreased 

from 72 to 36 nm as a function of Mn molar ratio confirming the degradation of ZnO 

structure. This structure degradation was also confirmed from ATR-FTIR spectra in which, 

Zn-O-Zn related absorption band disappeared for x=0.06. The mean transmittance in the 

visible region determined from UV-visible spectra, decreased from 80 to 60% while the band 

gap increased from 3.45 to 3.55 eV as a function of Mn molar ratio x. PL spectra revealed that 

UV and NIR emission peaks decreased rapidly for x=0.02 indicating a degradation of the ZnO 
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structure. For x=0.04 and x=0.06, Both emission peaks disappeared leaving their places to 

violet, blue and blue-green emission peaks attributed respectively to Mn
2+

 ions, Zni and VZn.  

Even Co, Fe, and Mn doping degraded some interesting characteristics of ZnO, it is 

still a serious candidate for use in multiple domains such as gas sensing, light emitting diodes 

(LED), and solar cells in addition to data storage.       
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ABSTRACT
In this work, Fe ions were incorporated in the ZnO matrix using a chemical 
method. This method consisted of the spray of a chemical solution onto glass 
substrates heated at 450 °C. The chemical solution was composed of a volume 
of Zn-rich solution in which Fe-rich solution was added with a volume ratio 
varied from x = 0.00 to x = 0.10. The resulting films were characterized for their 
structural and optical properties by, respectively, x-ray diffraction (XRD), Raman 
spectroscopy, UV–visible spectroscopy, and photoluminescence spectroscopy. 
XRD patterns showed that the incorporation of Fe ions in the ZnO matrix did not 
induce changes in the material’s wurtzite phase; however, it affected the structural 
parameters such as lattice parameters, grain size, and crystal stress. Raman spec-
tra confirmed the presence of the ZnO phase in addition to two peaks at 646 and 
690 cm−1 corresponding to the Fe–O vibration modes. The correlation between the 
E2H mode-related peak area and the grain size exhibited that the enhancement of 
the structural properties of ZnO depended on the incorporated Fe ions form and 
amount. The transmittance in the visible region decreased as a function of the Fe-
rich solution volume ratio. The incorporation of Fe ions decreased the band gap 
energy Eg from 3.45 eV for x = 0.00 to a minimum of 3.21 eV for x = 0.04. Beyond 
this ratio, the band gap energy stabilized around 3.27 eV. PL spectra showed the 
presence of ultraviolet (UV) emission and near-infrared (NIR) emission peaks. 
The variation of the band gap energy corresponding to the position of the UV 
emission peak is similar to that determined from UV–visible spectra. The decrease 
of the NIR emission peak intensity is attributed to the presence of Fe ions in the 
ZnO matrix. The optical properties of ZnO depended, like structural properties, 
on the incorporated Fe ion form and amount.
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1 Introduction

Zinc oxide (ZnO) is a well-known n-type semiconduc-
tor material with a wide band gap energy (3.37 eV [1]). 
It is known for its interesting physicochemical charac-
teristics such as piezoelectricity [2], high transparency 
in the visible light region [3], and ferromagnetism at 
ambient temperature [4]. It is extensively studied for 
possible application in several domains such as elec-
tronics [5–7], optoelectronics [8–10], gas sensing [11, 
12], solar cells [13, 14], photocatalysis [15–17], super 
capacitors [18, 19], and spintronics [20–23]. In this last, 
ZnO is doped with transition metals (Fe, Co, Mn,) to 
enhance its spintronic properties. In the literature, 
many techniques for the elaboration of ZnO have 
been described. Among them, thermal oxidation [24], 
pulsed laser deposition [25], sol gel [26], and spray 
pyrolysis [27].

Like the other transition metals, the incorporation 
of Fe in the ZnO matrix did not improve its spintronic 
properties only. It also induced changes in the behav-
ior of ZnO. Hiremath et al. [28] evidenced the enhance-
ment of NO2 sensing of ZnO after the incorporation of 
5 at. % Fe. Pawar et al. [29] showed that the incorpo-
ration of 5 at. % Fe in ZnO increased the photocata-
lytic degradation of Malashite green and antibacterial 
activity. The effect of Fe ions on the increase of the 
antibacterial activity was also observed on thermally 
treated TiO2–Fe2O3 nanocomposites [30] elaborated 
by a simultaneous incorporation of Fe2O3 and TiO2 
[31]. The incorporation of Fe in the ZnO matrix also 
improved the photocatalytic degradation of phenol, 
methylene blue, and chlorepiryfos [32]. A decrease of 
the band gap energy was found, by Alharchan et al. 
[33] when doping ZnO with low amounts of Fe. They 
suggested an sp-d exchange between the s-p electrons 
of the valence and the conduction bands and d-elec-
trons of Fe3+ [33]. Seidu et al. [34] revealed an increase 
in the band gap energy of transition metals doped ZnO 
confirmed by ab-initio simulations. A slight decrease 
of the band gap energy was also observed by Maibam 
et al. [35]. They did not observe any shift of photolumi-
nescence emission peaks in the visible region. Ma et al. 
[36] found that the Fe doping suppressed the green 
emission peak of ZnO due to the decrease of oxygen 
vacancies. A drop in the intensity of the green-yellow 
emission peak was attributed by Cernea et al. [37] to 
the decrease of oxygen vacancies and interstitial oxy-
gen. The same observation was done by Ovhal et al. 
[38] concerning the quenching of the green emission 

peak accompanied by the increase of the band gap 
energy for 6 wt. % Fe-doped ZnO.

In this work, the dependence of the ZnO structural 
and optical properties on the amount of the incorpo-
rated Fe will be investigated using x-ray diffraction, 
Raman spectroscopy, UV–visible spectroscopy, and 
photoluminescence spectroscopy. ZnO samples were 
elaborated using spray pyrolysis which is an inexpen-
sive and simple method for the preparation of thin lay-
ers, nanomaterials, materials oxide, and luminescent 
materials [39]. The aim of this work is to exhibit the 
effect of the incorporation of Fe ions on the structural 
parameters and the optical parameters. All the results 
will be discussed as a function of the Fe-rich solution 
volume ratio.

2 �Experimental procedure

In this work, 0.1 M Zn-rich solution and 0.1 M Fe-rich 
solution were prepared by dissolving the correspond-
ing weights of, respectively, zinc chloride (ZnCl2) and 
iron chloride (FeCl2) in a known volume of distilled 
water. For the incorporation of Fe ions in ZnO matrix, 
several volumes of Fe-rich solution vFe were added to 
volumes of Zn-rich solution vZn to obtain mixtures 
with a Fe-rich solution volume ratio x =

v
Fe

v
Zn

+ v
Fe

 = 0.00, 
0.02, 0.04, 0.06, 0.08 and 0.10. Each mixture was then, 
sprayed onto a heated glass substrate to form a film of 
a typical ZnO white transparent color. All samples 
were elaborated in the same conditions of substrate 
temperature (450 °C), spray number (160 spray), spray 
rate (140 mm3/spray), spray frequency (01 spray/30 s), 
nozzle-substrate distance (20 cm), and nozzle-sub-
strate angle (90°).

The effect of the incorporation of Fe ions on the 
structural and optical properties of the prepared 
ZnO samples was investigated using x-ray diffrac-
tion, Raman spectroscopy, UV–visible spectroscopy, 
and photoluminescence spectroscopy. The x-ray dif-
fractometer is a Rigaku-SmartLab equipped with a 
monochromatic source delivering a CuKα1 incident 
beam (9 kW, 1.54056 Å) in the symmetric θ–2θ geom-
etry ranging between 20 and 60°. Raman spectra were 
recorded in the wavenumber range 200–900 cm−1 using 
Horiba microRaman with 632 nm laser excitation. A 
Shimadzu 1700 double beam spectrophotometer was 
used for the recording of transmittance spectra in the 
wavelength range 300–900 nm. Photoluminescence 
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(PL) spectra were recorded in the wavelength range 
300–900 nm with an integration time of 500 ms, using 
a 355 nm excitation line of 60 mW power, given by a 
frequency-tripled Nd-YAG laser.

3 �Results and discussion

3.1 �X‑ray diffraction

Figure 1a presents the XRD patterns of the resulting 
films from the spray, onto heated glass substrates, 
of the prepared mixture with Fe-rich solution vol-
ume ratio x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10. All 
XRD patterns exhibit five diffraction peaks located 
around 31.83°, 34.56°, 36.36°, 47.68° and 56.67° attrib-
uted respectively to (100), (002), (101), (102) and (110) 
orientation in the hexagonal wurtzite structure of 
ZnO, according to the JCPDS# 36–1451 data sheet, 
with a preferential orientation along to (002) planes. 

In Fig. 1a, the intensity and the position of each dif-
fraction peak vary from one pattern to another as a 
function of the Fe-rich solution volume ratio. A zoom 
of the (002) diffraction peak is presented in Fig. 1b to 
exhibit this variation that may be linked to the incor-
poration of Fe ions in ZnO matrix, influencing the lat-
tice parameters. The variation of lattice parameters a 
and c is presented in Fig. 2, as a function of the Fe-rich 
solution volume ratio. The lattice parameters a and c 
were determined as a function of Miller indices h, k, 
and l, using the following relation [40]:

where dhkl is the spacing between planes (hkl) and is 
related to the x-ray wavelength λ, the diffraction angle 
θ, and the diffraction order n by the Bragg’s law given 
by [40]:

The lattice parameters values, in Fig. 2, are close to 
those in [14]. We can see that the lattice parameters, 
a = 3.266 Å and c = 5.202 Å, of the sample without 
incorporation of Fe ions (i.e., x = 0.00) are close to those 
of the bulk ZnO a0 = 3.249 Å and c0 = 5.206 Å. The dif-
ference between these values may be due to residual 
stress caused by the substrate nature and/or the sub-
strate temperature. One can see, in Fig. 2, that both 
lattice parameters a and c vary inversely as a function 
of the Fe-rich solution volume ratio. When the lattice 
parameter a increases from 3.266 to 3.288 Å corre-
sponding to x = 0.04 and stabilizes after this volume 
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ratio around 3.285 Å, the lattice parameter c decreases 
from 5.202 to 5.183 Å. The variation of lattice param-
eters may be due to the incorporation of Fe ions in 
the ZnO hexagonal structure because all samples were 
elaborated in the same conditions. The incorporation 
of Fe ions induces the substitution of Zn ions by Fe 
ions or the positioning of Fe ions in interstitial sites in 
ZnO matrix, and this correlates with the variation of 
both Zn–O bond length and dislocation density as a 
function of the Fe-rich solution volume ratio (Fig. 3). 
The Zn–O bond length L is given by [41]:

where u =
a
2

3c
2

+ 0.25 the positional parameter in 
the wurtzite structure. The dislocation density (δ) 
is related to the crystallite size D by the following 
expression [42]:

where β is the broadening of the diffraction line meas-
ured at half its maximum intensity of Gaussian fit (in 
radians). As can be seen in Fig. 3, both parameters, the 
Zn–O bond length and the dislocation density vary 

(3)L =

[(

a
2

3

+

(

1

2

− u
2

)

c
2
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1∕2

(4)� =
1

D
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(

� cos �
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2

in the same manner as a function of the Fe-rich solu-
tion volume ratio. The Zn–O bond length values in 
Fig. 3 agree with those in [43]. The incorporation of Fe 
ions in ZnO matrix plays a major role in the variation 
of these two parameters. This was expected because 
Fe ions can incorporate the ZnO matrix in two sta-
ble forms: F2+ with an ionic radius of 92 pm and F3+ 
with an ionic radius of 78 pm [44]. If we compare these 
two radii to the radius of Zn2+ (88 pm [44]), we can 
conclude that the substitution of Zn2+ by Fe2+ will not 
affect the crystalline structure since they have close 
radii which is not the case for Fe3+. It radius is smaller 
than that of Zn2+. This suggests that the variation of 
lattice parameters (Fig. 2) and both Zn–O bond length 
and dislocation density (Fig. 3), as a function of Fe-rich 
solution volume ratio, is attributed to the dominance 
of the Fe ions present in the ZnO matrix. In Figs. 2 and 
3, values corresponding to the Fe-rich solution volume 
ratio x = 0.02 have no significant changes compared 
with those corresponding to x > 0.02. This indicates 
that the dominant form of Fe ions in ZnO matrix, for 
x = 0.02, is Fe2+. For the other samples, it is Fe3+ that 
dominates the incorporated Fe ions, explaining the sta-
bilization of different parameters after x = 0.04. Wang 
et al. [45] found that incorporated Fe ions existed in 
ZnO in the form of Fe2+ while Baek et al. [46] found 
the existence of Fe3+ in ZnO. Kim and Park [47] found 
the coexistence of both Fe2+ and Fe3+ in ZnO matrix.

For the determination of the grain size and because 
of the difficulty of the attribution of the XRD peak 
broadening, like that in Fig. 1b, to the grain size or to 
the microstrain, we have used the modified William-
son-Hall approach given by [48]:

The Williamson-Hall approach is modified by 
replacing the isotropic microstrain ε by the anisotropic 
microstrain �

hkl
=

�

Y
hkl

 where σ is the crystal stress and 
Yhkl is the Young’s modulus given, as a function of 
lattice parameters a and c and Miller indices h, k, and 
l, by [49]:
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where s11 = 7.858 × 10–12 N−1m2, s13 = −  2.206 × 10–12 
N−1m2, s33 = 6.940 × 10–12 N−1m2 and s44 = 23.570 × 10–12 
N−1m2 are the elastic compliances of ZnO. An example 
of a linear fit of the plot of �

hkl
cos �

hkl
 as a function of 

4 sin �
hkl

Y
hkl

 is presented in Fig. 4. From this fit, both crystal 
stress σ and grain size D are determined. Figure 5 pre-
sents the variation of the crystal stress and the grain 
size as a function of the Fe-rich solution volume ratio. 
We can see that, before the incorporation of Fe ions in 
ZnO matrix, i.e. for x = 0.00, the grain size is 36.2 nm, 
which is in good agreement with results in [50], and 
the stress is 272 MPa comparable to that in [43] and is 
linked to substrate temperature and/or nature. Since 

all samples were deposited onto glass substrate in the 
same conditions of solution molarity, number of spray 
and substrate temperature, the variation of both crys-
tal stress and grain size in Fig. 5 is due to the incorpo-
ration of iron in the matrix of zinc oxide. We can see 
that the Fe incorporation induces firstly, an increase of 
the grain size to reach a maximum of 59.7 nm accom-
panied by a decrease of the crystal stress to a mini-
mum value of 33.12 MPa corresponding to a Fe-rich 
solution volume ratio x = 0.04 and secondly, a stabili-
zation of both the grain size and the crystal stress 
around 35 nm and 50 MPa, respectively, after x = 0.04 
which indicates a no effect of Fe ions in ZnO matrix 
after this ratio.

3.2 �Raman spectroscopy

Figure 6 presents Raman spectra of films deposited 
with a Fe-rich solution volume ratio extending from 
x = 0.02 to x = 0.10 in the wavelength range between 
200 and 900 cm−1. The spectrum of the sample depos-
ited without Fe-rich solution (x = 0.00) is also pre-
sented. According to the group theory, the zone center 
of optical phonons in Wurtzite ZnO is described by the 
following representation [51]:

where A1 and E1 are polar modes which can be divided 
to transverse optical component (A1T) and E1T)) and 
longitudinal optical component (A1L and E1L), E2 
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consists of two modes corresponding to high (E2H) and 
low (E2L) phonons frequencies and B1 is a silent mode.

As can be seen in Fig. 6, the Raman spectra shape 
varies as a function of the Fe-rich solution volume 
x. For the sample corresponding to x = 0.00, we can 
see the presence of only E1L vibration mode of ZnO 
located around 580 cm−1 [52]. The same remark could 
be made to the sample corresponding to x = 0.02 and 
this reflects that there is no effect of the correspond-
ing amount of the incorporated iron ions on the ZnO 
matrix. Beyond this volume ratio, i.e. from x = 0.04, we 
can see the appearance of additional modes of ZnO 
such as 2E2M around 332 cm−1 (belongs to multi-phon-
ons process [53]), A1T around 380 cm−1 [54], E2H around 
435 cm−1 [54] and a broad peak containing two peaks 
around 646 and 690 cm−1 relatable to the vibrations of 
Fe–O according to [55] and we agree with this assump-
tion since the intensity of these two peaks increase as 
a function of the Fe-rich solution volume ratio as cans 
be seen in Fig. 6. One can see that, from x = 0.04, the 
peak related to the E2H mode, which correspond to the 
vibration of zinc sub-lattice [54], dominates the other 
ZnO related peaks without any shift which reflects 
that the incorporation of iron ions into ZnO matrix 
contributes to the enhancement of the quality of the 
crystalline structure, and it is confirmed by the corre-
lation between the grain size and the E2H related peak 
area in Fig. 7. Zuo et al. [56] reported that the Raman 
peaks broadening are mainly due to grain size effect. 
The E2H peak area was determined after a decomposi-
tion of the Raman spectrum into Gaussian peaks by 

taking into consideration all present modes in this fre-
quency range (Inset of Fig. 7).

3.3 �UV–visible spectroscopy

Figure 8 presents the UV–visible spectra of the elabo-
rated films using Fe-rich solution volume ratios from 
x = 0.02 to x = 0.10. The spectrum of the sample with the 
ratio x = 0.00 is also presented. We can see, in Fig. 8, that 
the shape of spectra changes as a function of the Fe-rich 
solution volume ratio, which indicates that the incorpo-
ration of the Fe ions influences the optical transmittance 
and also the band gap energy of the elaborated ZnO 
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samples. The band gap energy is determined graphi-
cally from the extrapolation of the linear part of the 
curve (α d hν)2, as a function of hν, up to the abscissa 
corresponding to (α d hν)2 = 0 (Fig. 9). This curve was 
traced using the Tauc’s law, for allowed direct transi-
tions, given by [57]:

where � = −
1

d

ln

T

100

  is the absorption coefficient (in 
cm−1) expressed as a function of the thickness d and 
the transmittance T (in %). The variation of both the 
band gap energy Eg and the mean transmittance in 
the visible region is traced in the inset of Fig. 9 as a 
function of the Fe-rich solution volume ratio. We cans 
see that the mean transmittance in the visible spectral 
region, i.e. between 800 and 400 nm rapidly decreases 
from 70.3% for x = 0.00 to 39.4% for x = 0.02 due to the 
d-d transition of Fe ions, according to Polyakov et al. 
[58]. Kafle et al. [59] found that the transmittance of 
Fe-doped ZnO decreased by 10% when Fe ion’s con-
centration reached 4 at. %. After x = 0.02, one can see 
the proportionality between the decrease of the mean 
transmittance and the increase of the incorporated Fe 
ions in ZnO. In the inset of Fig. 9, the band gap energy 
Eg = 3.45 eV corresponding to x = 0.00 is greater than 
that of the bulk ZnO (3.37 eV) however, it is compa-
rable to those in [59]. The variation of the band gap 
energy Eg, as a function of the Fe-rich solution volume 
ratio, correlates with that of the grain size (Fig. 5) in 
good agreement with results in [50]. We can see that 
the incorporation of Fe ions decreases the band gap 
energy of the prepared samples from 3.45 eV to the 
lowest value of 3.21 eV, corresponding to x = 0.04. 
After this ratio, we can see that the band gap energy Eg 
slightly increases and keeps invariant around 3.27 eV. 
According to Parra-palomino et al. [60], the band gap 
energy decrease is attributed to a change of the Fermi 
energy state by lowering the minimum of the conduc-
tion band and raising the maximum of the valence 
band, inducing band gap reduction. The change of 
the Fermi energy state is caused by the 3d transition 
of incorporated Fe2+ in ZnO [60]. If Fe3+ is the domi-
nant form of incorporated Fe ions, they will provide 
free carriers, causing the Fermi level to bring closer to 
the conduction band, leading to the band gap enlarge-
ment [50]. This reinforces our suggestion concerning 
the dominance of Fe2+ in low ratios (x ≤ 0.04) and the 
dominance of Fe3+ in high ratios (x > 0.04).

(8)�h� = A(h� − E
g
)1∕2

3.4 �PL spectroscopy

PL spectra of the zinc oxide film and zinc oxide 
films incorporated with different amounts of Fe 
ions are presented in Fig. 10. All spectra have the 
same shape with two dominant emission peaks: 
Ultraviolet (UV) emission in the wavelength range 
350–420 nm and near infrared (NIR) emission in the 
wavelength range 720–800 nm. The ultraviolet (UV) 
emission is generally linked to the creation, by pho-
tostimulation, of excitons of energies near the ZnO 
band edge. The decrease of this emission peak may 
be explained by the decrease of the probability of 
excitons creation induced by the incorporation of Fe 
ions in ZnO matrix. The variation of the band gap 
energy deduced from the position of UV emission 
peaks PL-Eg is traced in Fig. 11 as a function of the 
Fe-rich solution volume ratio. We can see that this 
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variation is similar to that of the band gap energy 
determined from UV–visible spectra (Inset of Fig. 9). 
The quite difference of the PL-Eg values compared 
with those determined from UV–visible spectra 
may be due to the presence of point defects, such 
as oxygen vacancies (VO) and zinc interstitials (Zni), 
detected by the PL technique [61]. The near infrared 
(NIR) emission peak was also found by Wang et al. 
[62] around 1.64 eV. They attributed this emission 
to the donor–acceptor transition between VO and 
zinc vacancies (VZn) and/or the radiative recombi-
nation of trapped electrons with trapped holes in 
oxygen interstitial (Oi) [62]. The variation of the NIR 
emission peak intensity as a function of the Fe-rich 
solution volume ratio is presented in Fig. 11. The 
decrease of the NIR emission peak is directly related 
to the incorporated Fe ions in the ZnO matrix. It has 
been reported that the incorporation of Fe ions in 
ZnO suppressed the green [36, 38] and the yellow-
green [37] emissions.

4 �Conclusion

The effect of the incorporation of Fe ions in the struc-
tural and optical properties of ZnO was investigated 
using XRD, Raman spectroscopy, UV–visible spec-
troscopy, and PL spectroscopy. The incorporation 
of Fe ions in ZnO matrix was done by spraying onto 
heated glass substrates a Zn-rich solution in which 
is added a Fe-rich solution with volume ratios from 
x = 0.00 to x = 0.10. XRD revealed the presence of the 
wurtsite hexagonal structure of ZnO. The variation of 
the crystalline parameters as a function of the Fe-rich 
solution volume ratio indicated an enhancement of the 
crystalline properties from x = 0.02 to x = 0.04 followed 
by a stabilization after 0.04. Raman spectra showed 
the presence of optical phonon vibration modes of 
ZnO in addition to two other peaks located at 646 
and 690 cm−1 attributed to Fe–O vibration modes. The 
correlation between the grain size and the E2H peak 
area indicated the same manner of action of incorpo-
rated Fe ions in enhancing ZnO structure. The mean 
transmittance in the visible region, determined from 
UV–visible spectra, decreased with the increasing Fe-
rich solution volume ratio and the band gap energy Eg 
decreased to reach a lowest value of 3.21 eV for x = 0.04 
before stabilizing around 3.27 eV after this ratio. PL 
spectra exhibited two intense peaks corresponding to 

UV and NIR emissions. The variation of the band gap 
energy PL-Eg as a function of the Fe-rich solution vol-
ume ratio is similar to that determined using UV–vis-
ible spectroscopy. The decrease of the NIR emission 
peak intensity was attributed to the incorporated Fe 
ions. The obtained results evidenced the structural and 
optical properties of ZnO dependence on the form and 
the amount of incorporated Fe ions.  
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