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Abstract 

The present work deals with the deposition of CuO thin films on substrates of zinc oxide by a 

simple and cheap technique such as chemical bath (CB). In first, a set of ZnO thin film was 

prepared using optimized spray pyrolysis conditions in order to devote the films for ions 

copper adsorption from aqueous solution. Two sources (zinc acetate and zinc chloride ) are 

considered as deposition parameters. LaCl3 7H2O was used with different rate of doping.The 

Structural, morphological and optical results confirm that the films are ZnO hexagonal 

wurtzite structure with a strong orientation along (002) with excellent optical properties. 

Further, the application of thin films as adsorbent was studied by Cu(II) adsorption from 

aqueous solution 0.2M. The obtained ZnO:La 1wt .% films are an effective adsorbent for 

removing Cu(II) with high adsorption capacity (87%). Thin films of copper oxide were 

obtained after annealing the ZnO:La substrates at temperature ranging between 200 - 350 °C. 

Structural, morphological, and optical characterizations were performed on the CuO films. 

The structural analysis of the later shows that the obtained films are polycrystalline, they 

exhibit a monoclinic structure. The preferential orientation is strongly related to the 

experimental parameters studies. From the optical characterization, it was inferred that the 

deposited films have suitable optoelectronic properties for the photovoltaic applications since 

they present a good absorption in the visible range . 

 

Keywords: Zinc, thin films, XRD, UV-Visible, spray pyrolysis, oxide, copper, heavy metal, 

chemical bath. 

 



 

 الملخص:

 

( باستعمال تقنية سهلة وبسيطة و التي CuOموضوع الرسالة يتناول تحضير ودراسة الشرائح الرقيقة أكسيد النحاس )

 من بتحضير سلسلة قمنا العمل هذا من الاول الجزء . فىBath Chemical BC) تتمثل في تقنية الحمام الكيميائي )

 التجريبية الشروط بتغيير Spray pyrolysis SP) بطريقة الرش الحراري )( و المحضرة ZnOالعينات  أكسيد الزنك )

استعمالها في امتصاص أيونات  يمكن جيدة حيث ذات خصائص شرائح إلى تؤدى التي أفضل الشروط إيجاد اجل من

الأولي . تؤكد نتائج  الملح نوعية: نسبة التطعيم و  التوالي على كانت بدراستها قمنا التي الوسائط .النحاس في محلول الماء

 قوي تفضيلي نمو مع Wurtzite( له بنية سداسية ZnOأن أكسيد الزنك ) ضوئيةالخصائص الهيكلية والمورفولوجية وال

 شرائحوكذلك جودة بلورية عالية مع خاصية بصرية ممتازة . علاوة على ذلك ، تمت دراسة تطبيق ال (002)في الاتجاه 

٪ عبارة عن ممتز فعال لإزالة .ZnO: La1wt ( من المحلول المائي. إن ركيزة Cu IIمتزاز)الرقيقة كممتز بواسطة ا

(Cu IIبسعة امتصاص عالية. بعد تلدين ا )درجة مئوية. حصلنا على  350إلى  200عند درجة حرارة تتراوح بين  مساند

.  CuO شرائحعلى ضؤية لوجية والرقيقة من أكسيد النحاس . تم إجراء ودراسة الخصائص البنيوية, المورفو شرائح

 متعددة التبلور بينما(monoclinique) تركيبة أحادية  ذو كان للشرائح البلوري التركيب أن وضحت الخصائص البنيوية

المودعة لها شرائح ، استنتجنا أن ال لضوئيمن نتائج التوصيف ا .التحضير بشروط يتعلق البلوري المفضل الاتجاه

 مناسبة للتطبيقات الكهروضوئية لأنها تتميز بامتصاص جيد في النطاق المرئي. خصائص الكتروضوئية

 الكلمات المفتاحية:

، الرش الحراري ، أكسيد ، نحاس ، معدن  مرئي للأشعة فوق البنفسجية،  زنك ، شريحة رقيقة ، انعراج الأشعة السينية

  ثقيل ، حمام كيميائي
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  INTRODUCTION 
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Chapter 1 

INTRODUCTION  
 

The two majors and the most problems in our daily life is the pollution of the environment 

and increasing demand for energy and reduction of hydrocarbons resources that have gone 

from abundance to depletion ending by environmental problems, economic crises and wars 

for the simple reason that supply no longer follows demand. 

Many research groups have explored several nanoparticles based on semiconductors oxides 

for heavy metals removal because of the ease of modifying their surface functionality and 

their high surface area to volume ratio for increased adsorption capacity and efficiency and 

with the same nanoparticles, the renewable energy production is another ultimate target to 

achieve with high efficiency and cost effectiveness.  

Recently, release of pollutants such as heavy metal ions to the environment becomes one of 

the most important problems for soil and water. Fishing, electro plating, pigments, mining are 

different sources for release of heavy metal ions to the environment [1-8]. Different methods 

were developed to remove the heavy metal ions from aqueous medium such as precipitation, 

reverse osmosis and ion exchange. The disadvantage of precipitation method is production of 

sludge that needs further processing after precipitation which is an expensive method [7-11]. 

The application of nano-structured materials [12,13] as adsorbent is one of the best methods 

reported for removing of pollutant for increased adsorption capacity and efficiency. 

Renewable energies also have emerged as an alternative solution to this problem, and solar 

energy more precisely remains an excellent solution because the sun is an impressive source 

of energy, which supplies the earth with 8,000 times more energy than she does not need it. It 

will therefore become ever more important in the future as an alternative energy source. 

In the actual thin film solar cells achieve high efficiencies using very expensive rare earth 

minerals or contain toxic elements, respectively [1 ]. Alternatively, the development of earth-

abundant inorganic absorbers has received great interest [2-5]. Most of these based 

compounds are Cu-,Fe-,Zn or Sn which are low-cost. Among them, oxide semiconductors are 

very attractive because they are chemically and environmentally stable and their synthesis 

process is relatively easy. However, it is well known that many problems are facing oxide 

semiconductors is the inability to produce stable p-type oxides. 
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Goals and objectives 

Finding a new and highly efficient nano-material or crystalline thin film technologies that 

promise a bright future for photovoltaic energy and for the adsorption of heavy metals from 

waste water is the main objective of this work. 

The various semiconductor materials used are ZnO, TiO2, and SnO2. However, zinc oxide 

(ZnO) is a favorite semiconductor among researchers for the possibility of utilizing it in 

different applications like gas sensors, light emitting diodes, lasers, thin film transistors, solar 

cells and photo catalytic degradation [19-24]. Besides, ZnO is a unique material that can be 

synthesized in several forms of nanostructures such as rods, wires, belts, flowers, hexagons, 

towers, spheres, tubes and pyramids with extraordinary physical properties by using 

appropriate physical or chemical techniques [25-27]. Thus, the special characteristics of ZnO 

motivated us to work on it. Further, though the thin film form of ZnO can be obtained by 

several fabrication techniques (sputtering, thermal evaporation, sol-gel, spray pyrolysis, laser 

ablation, etc.), we picked spray pyrolysis since it offers numerous advantages: simple 

exploratory setup, reproducibility, cost and time effective [28-31]. 

We are also interested in the new trend that is nanotechnology and the formation of nano 

crystals  from the two of the most used Zn precursors to obtain ZnO films by spray pyrolysis 

are zinc acetate and zinc chloride undoped and doped lanthanum where used to grow zinc 

oxide(ZnO).  

We found that even though the final product of different Zn precursors is ZnO, but the 

properties of the sprayed films were different and have a strong impact on the final properties. 

The combination of high electrical conductivity and transparency is not always possible in 

intrinsic stoichiometric oxides; however, it is investigated by producing them with a non-

stoichiometric composition or by adding appropriate dopants [32] 

 

In this work, we discuss the importance and the impact of the type of zinc precursor and the 

molar level of the solution for the deposition of ZnO thin films by spray pyrolysis, on their 

structural, morphological, optical and photocatalytic characteristics. X-ray diffraction, UV-

Vis absorption and FT-IR spectroscopy, scanning electron microscopy (SEM), were used for 

physical and chemical characterizations.  

The final purpose of our present work is to utilize the prepared thin films of micro-structured 

zinc oxide doped lanthum for the adsorption of copper ions from aqueous solution and to 

produce stable p-type CuO oxides after annealing treatment .In order to optimize the 
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adsorption process, we studied also the effect of the temperature and time on the removal of 

heavy metal ions (copper ions ). 

This thesis is organized as follows: 

 The first chapter “Introduction“: we present general introduction about this workt . 

 The second chapter ”Background and Literature Review”: we present a 

bibliographic search exclusively directed to the study of the properties (structural, 

electrical and optical) of ZnO and CuO in all its forms and some applications. 

 The third chapter “Elaboration and Physico-Chemical Characterization of ZnO 

Substrates”: we present firstly the description utilize the prepared thin films of zinc 

oxide doped lanthum(0 to 5 wt.%) at different precursor .Secondly, the different 

characterization techniques X-ray diffraction, scanning electron microscope (SEM), 

UV-Visible spectro photometry, IR, will be used. Thirdly , results and discussions on 

the impact of non-doped ZnO and doped with lanthanum (0 to 5 wt.%) upon the 

adsorption process of the copper ions will be presented in next chapter. 

 The fourth chapter “Characterization Of CuO Thin Films Prepared by Chemical 

Bath“: we present, firstly the adsorption of copper ions from aqueous solution by zinc 

oxide substrate and to produce stable p-type CuO oxides after annealing treatment. 

Secondly for this, we have characterized the microstructure and optics of our layers by 

different techniques: scanning electron microscopy (SEM), and X-ray diffraction 

(DRX) to obtain information on the directions of crystallographic growth and a 

spectrophotometer (UV-Visible) to obtain information on the transmittance, the 

energy of gap and the disorder of the deposited layers. 

 The fifth chapter ”Conclusion and Future Works“: we present general conclusion 

about this work. 
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Chapter 2  

Background and Literature Review  

 

The present chapter is a brief survey on structural, optical and electrical properties of ZnO, 

CuO thin films and their most important applications in various technological areas.  

 

2.1 Metal oxide thin films 

Metal oxides are an important class of materials: from both scientific and technological point 

of view. They found huge interesting applications in different technological fields. 

Oxide semiconductors are gaining interest as new materials that may challenge the supremacy 

of silicon. Metal oxide thin films are known for many years ago due to the industrial interest 

on their unique properties [1]. 

The physicochemical properties of metal oxide thin layers are closely related to preparation 

processes and operating conditions. Indeed, it is possible to obtain thin films having an 

amorphous or crystalline structure. Thereafter, films structural, electrical and optical 

properties can be tailored by varying the condition and the deposition process. Control of film 

properties is therefore key parameters of metal oxide films preparation to be used in wide 

applications such as: fabrication of microelectronic circuits, sensors, piezoelectric devices, 

fuel cells, coatings against corrosion, and as catalysts. Some metal oxides, their electronic 

band gap, and conducting nature are listed in table 2. 1. 

Earlier, research in the field has been devoted to bulk metal oxides before interest in their thin 

films aspect. These oxides are zinc oxide (ZnO), tin oxide (SnO2), titan oxide (TiO2), tungsten 

oxide (WO3), cuprous oxide (Cu2O) and cadmium oxide (CdO). Recently, several metallic 

oxide thin films have emerged such as vanadium oxide (V2O5), nickel oxide (NiO) 

molybdenum oxide (MoO2) and cupric oxide (CuO). Among these oxides, cupric oxide (CuO) 

thin films exhibit an interesting combination of multifunctional proprieties including: optical,  

semiconducting, magnetic, electronic, and optoelectronic. CuO thin films find many 

applications in electronic devices such as: gas sensors, solar cells, catalysts and Li batteries 

[2]. 
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Table 2. 1 Some metal oxides, their position in the periodic table, band gap, and conducting 

nature [3]. 

 

Name Position of the metal in the periodic table and 

nature 

Band Gap (eV) Classification 

WO3 Group 6 (VI); Transition metal 2.6-3.1 Semiconductor (n-type) 

MnO Group 7 (IV); Transition metal 4.1 Semiconductor (n-type) 

MnO3 Group 7 (IV); Transition metal β   0.26 

γ  0.58-0.7 

Semiconductor (n-type) 

Fe3O4 Group 8 (IV); Transition metal 0.1 Metallic 

FeO Group 8 (IV); Transition metal 2.4-2.5 Semiconductor (p-type) 

NiO Group 10 (IV); Transition metal 2.4-2.5 Semiconductor (p-type) 

CuO Group 11 (IV); Transition metal 1.2-1.8 Semiconductor (p-type) 

Cu2O Group 11 (IV); Transition metal 2.1-2.8 Semiconductor (p-type) 

ZnO Group 12 (IV); Transition metal 3.3-3.4 Semiconductor (n-type) 

Al2O3              Group 13 (III); Poor metal 6.0-8.8 Insulator 
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Zinc oxide  ZnO 
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2.2 Zinc Oxide (ZnO) 

Zinc oxide  has been featured as subject of thousands of research papers, it can be traced the 

history back as early as 1935 [4]. ZnO has many distinct properties such as high ultra violet 

absorbance, wide chemistry, large piezoelectricity and strong luminescence at high 

temperatures. All these unique properties make ZnO being popular in industrial applications. 

It can be found in paints, cosmetics, plastic and rubber manufacturing, electronics and 

pharmaceuticals, and so on. ZnO is one of the transparent conductive oxides (TCOs) which 

are indispensable materials used as electrodes for optoelectronic devices such as flat panel 

displays and solar cells [5] . 

2.3 Film Deposition Techniques 

The physical properties of ZnO do not depend solely on its composition chemical, but also of 

the method used for its preparation The thin layers of ZnO are made using a wide variety of 

techniques due to the diversity of applications of these materials. They can be obtained by 

operating in the liquid phase or in the vapor phase and by physical or chemical methods. 

 Reactive evaporation [6]. 

 Laser ablation [7]. 

 Magnetron sputtering [8]. 

 Radio frequency [9]. 

 Reactive sputtering [10]. 

 Sol gel [11]. 

 Chemical Vapor Deposition CVD [12]. 

 Spray [13]. 

 Hydrothermal   

 

2.4 Fundamental Properties of ZnO 

2.4.1 Physical and chemical proprieties  

Zinc oxide in mineral form is called “ Zincite ”. It is usually colored red or orange by 

manganese impurities. The density of zinc oxide is 5.675 g/ cm3 and insoluble in water. It is 

melts above 1975 °C with some loss of oxygen. Table 2. 2 regroups some physical and 

chemical properties of zinc. 
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Table 2.2 Different properties of ZnO 

 

Zinc Oxide  ‘’ZnO ’’ 

Chemical names  Zinc Oxide  

Mineral Zincite  

Molecular Formula  ZnO 

Appearance  White powder  

Solubility in water Insoluble  

Molecular Mass 81.38 ± 0.02 g / mol 

Density ρ' = 5.675 g / cm3 

Relative permittivity 10.8 

Melting point  1800 °C 

Boiling point  1975 °C 

 

2.4.2 Crystal Structure 

ZnO is a II–VI compound semiconductor, which crystallizes into three different structures 

viz, würtzite (B4), zinc blende (B3), and rocksalt (B1) under different growth conditions. 

Where B1, B3, and B4 denote strukturbericht designations for the three phases [14]. Among 

these structures, the würtzite structure is thermodynamically most stable phase under ambient 

conditions. The zinc blende structure can be stabilized by growing on cubic substrates like 

MgO and Pt/SiO2/Si [15]. However, the rocksalt (NaCl) structure can be realized only by 

applying very high 

 

 

 
 

Fig. 2. 1. a) Würtzite crystal structure of ZnO showing the tetrahedral coordination of the Zn and O atoms. b) 

Unit cell of würtzite structure. 

 

pressures [16]. When compared with zinc blende and rocksalt structures, würtzite ZnO has 

shown intriguing optical, electrical, and optoelectronic properties in thin film and 
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nanostructured form. Hence, a lot of research work has been mainly focused on the study of 

doped and undoped würtzite ZnO thin films and nanostructures. 

The würtzite ZnO belongs to the space group of C6v
4  in the Schoen flies notation and P63mc in 

Hermann-Mauguin notation [17]. Figure 2. 1 shows the crystal structure and unit cell of the 

würtzite ZnO. The structure is composed of two interpenetrating hexagonal close packed 

(hcp) sublattices, each of which consists of one type of atom displaced with respect to each 

other along the three fold c-axis by the amount u = 3/8 = 0.375, where the parameter u is 

defined as the anion-cation bond length parallel to the c-axis. The measured lattice parameters 

of the hexagonal würtzite ZnO are a= 3.249Å and c= 5.206Å. In the würtzite ZnO, each 

sublattice consists of four atoms per unit cell and each atom of one kind is surrounded by four 

atoms of the other kind. In other words, both Zn and O atoms are tetrahedrally coordinated to 

each other. This tetrahedral coordination gives rise to polar symmetry along the c-axis.[18] 

The polar nature of the ZnO is responsible for many interesting properties viz, 

piezoelectricity, spontaneous polarization, crystal growth, etching, and defect generation. In 

ZnO, both Zn terminated (0001) and O terminated (0001̅) faces are polar in nature. The other 

important faces in the würtzite ZnO structure are nonpolar (112̅0) and (101̅0). Figure 2. 2 

gives the important planes and orientations that are commonly seen in würtzite structure .[18] 

 

 

 

Fig. 2. 2. a, b Various polar and nonpolar planes in ZnO hexagonal würtzite structure [18] 

 

Indeed, the orientation along axis (c) is predominant in many works [19-20] whatever the 

method of development used while respecting well-defined experimental conditions. 

The crystal structure and physical properties of the thin layers of ZnO are sensitive to the 

deposition method and conditions. In Table 2. 3 we have summarized the structure, the grain 

size and the preferential orientation reported in the literature for ZnO deposited by different 

deposition techniques. 
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Table 2. 3 Structure, grain size and preferential orientation of the thin films of ZnO elaborated by different 

techniques. 

 

Technical Parameters studied Structure D (nm) (hkl) 

Electron bean evaporation 

[21]  

before annealing 

annealing 250 °C 

                350 °C 

                450 °C 

                550 °C 

Amorphous 

Hexagonal 

Hexagonal 

Hexagonal 

Hexagonal 

 

22.5 

22.8 

35.3 

26.1 

 

(002) 

(002) 

(002) 

(002) 

PLD [22] oxygen pressure variation    

0.02-0.1 Pa 

 

Wrützite 31- 26 (002) 

RF magnetron sputtering [23] Doped with F  

Annealing with different 

temperature  

Hexagonal 

Wrützite 

18- 24 (002) 

Spray pyrolysis [24] Change in concentration Wrützite 75-95 (002) (101) 

(110) 

Sol Gel [25] Change in Thickness 

Doped with Cd 

 

Hexagonal  

2.7909 

2.5899 

2.4654 

(100) 

(002) 

(101) 

2.4.3 Electronic Band Structure 

ZnO is composed of Zinc and Oxygen atoms belonging to II and VI groups of the periodic 

table. The electronic band structures of oxygen and zinc are: 

O:  1S2 2 S 2 2P4 

Zn:  1S22 S22 P6 3 S2 3 P6 3 d104S2. 

Numerous theoretical calculations have been employed to calculate the band structure of ZnO 

by a number of groups [26]. Figure 2. 3 shows the calculated band structure of würtzite 

crystal of ZnO. Location of the Zn 3d levels was unambiguously determined using the local 

density approximation (LDA) and incorporating atomic self-interaction corrected pseudo-

potentials (SIC-PP). In ZnO, both the valence band maxima and the conduction band minima 

occur at the Γ point k= 0 indicating that ZnO is a direct band gap semiconductor. The bottom 

10 bands, occurring around -9eV (not shown in figure), correspond to Zn 3d levels [17]. 

The next six bands, from -5 to 0eV, correspond to O 2p levels. The first two conduction band 

states are strongly Zn localized and correspond to empty Zn 3s states. The O 2s bands, 

associated with core-like energy states, occur around -20 eV. Using the above calculation, the 
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band gap was determined as 3.77eV. In addition to theoretical calculations, the electronic 

band structure was experimentally carried out [27], at the surface of würtzite ZnO, using the 

data obtained from electron energy loss spectroscopy (EELS) and ultraviolet photoelectron 

spectroscopy (UPS). It was observed that the Zn face possesses more covalent character, 

arising from the Zn 4s–O 2p states, while the O face is more ionic. 

 

 

 

Fig. 2. 3. Local density approximation of the band structure of bulk ZnO.[18] 

 

2.4.4 Electrical properties 

The electrical properties of ZnO thin films such as resistivity electrical energy, the 

concentration of charge carriers and the mobility are determined usually by Hall effect 

measurements. Resistivity ρ is a physical quantity of interest according to the targeted fields 

of application. For devices optoelectronic devices like photovoltaic cells, low resistivity is 

preferable in order to facilitate the transport of the current. For applications of 

electromechanical transduction, we will favor a greater value of ρ to avoid that the free 

electrons mask the electric field created by piezoelectric effect.[28] 

Table 2. 4 presents the different electrical properties of the thin layers of ZnO performed by 

different methods of the deposit. We notice that the properties ZnO is depend on the deposit 

method and the conditions of the preparations (precursor, type of substrate, deposition 

temperature, environment ...). 
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The resistivity of ZnO extends over several orders of magnitude, with values ranging from 

(10-4 Ω.cm to 1012 Ω.cm) [29,30]. According to the methods of elaborations, we will have 

films very conductive (ρ= 10-4 Ω.cm) or little conductors (ρ= 103 Ω.cm). In the case of ZnO, 

the electrical conductivity is n-type of the theoretical studies have shown that oxygen 

deficiency and interstitial zinc are shallow donor defects generating n-type electrical 

conductivity [31,32]. Other authors argue that interstitial hydrogen is also a donor defect may 

be responsible for the presence of free electrons [33]. The electrical conductivity of n-type 

TCO thin film depends on density of electrons (n) in the conduction band and their mobility 

(μ): 

             𝝈 = 𝒆𝒏𝝁𝒏 =
𝟏

𝝆
             (2. 1) 

Mobility μ is a characteristic of conductive and semiconductor media. It is expressed in(cm2 

V-1 s-1). Mobility μ varies according to the process and the conditions of growth and post-

treatment (Table 2. 4). The spray method has shown that it is able to give thin layers of ZnO 

with electrical properties of same order of magnitude as those obtained using more 

sophisticated and after heat treatments . 

Table 2. 4 Electrical properties of zinc oxide (ZnO). [33,34….35] 

Deposit methods Deposition 

temperature(C°) 

ρ (Ω.cm) nV (cm-3) μ (cm2.V-1s-1) 

Spray  350 2.7×10-3 2.4×1015 0.34 

450 2.4×10-2 - - 

420 1.35×10-2 - - 

350 47.1×10-3 1.5×1019 4.82 

Sputtering - 2.75×10−7  2.5×1017 - 

150 2.04×10−7 - 3 

CVD 300 1.25×10-1 6.4×1018 7.86 

500 3.07×10-3 7.4×1020 1.47 

640 7.31×10-4 - - 

Sol gel 500 2.4×102 - - 

PLD 400 10–4  1.6×1017 12.3 

 

2.4.5 Optical properties 

The optical properties of ZnO thin films depend on the conditions preparation and method of 

preparation. Table 2. 5 shows the transmission and gap energy of ZnO thin films obtained by 
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different deposit techniques. ZnO has high optical transparency in the visible and near-

infrared; this is due to the wide band gap. In addition to the possibility to emit in the near UV 

(375nm), the ZnO attracts the interest of the community scientific because it has very robust 

excitons whose emission persists beyond ambient temperature (binding energy of 60meV). 

The refractive index of zinc oxide in the massive form is equal to 2.0 [36]. Usually the oxide 

of Zinc is used in the form of thin films and having a refractive index, which varies between 

1.7 and 2.20 depending on the conditions of preparation [37, 38]. 

Table 2. 5 Optical properties of ZnO [39,40]. 

deposit methods deposition 

temperature(C°) 

Thickness 

(nm) 

Transmission 

(%) 

Eg(eV) 

Spray 350 335 85 3.31 

350 - 85 3.32 

420 210 ̴ 95 3.31 

350 440 ̴̴ 80 3.18 

Sputtering 200 - 80 3.1 

- 120 ̴ 80 3.25 

200 - 93 3.33 

CVD 320 460 85 3.28 

500 - 100 3.44 

Sol gel 400 - 87 3.24 

500 - 92 3.26 

PLD 400 - 99.8 3.17 

 

2.4.6 ZnO doping 

As we pointed out before, the doping of ZnO is necessary for its applications in optoelectronic 

devices like screens displays, gas detectors and photovoltaic solar cells. Oxide zinc is a 

würtzite structure wide gap semiconductor (P63mc). However, the ZnO compound can 

exhibit relatively high conductivity either by existence intrinsic defects (gaps or interstitial 

atoms), either by the introduction of ions dopants in substitution of zinc or oxygen [37]. The 

presence of these defect intrinsic leads to n-type conduction .To improve its transparent 

conductive oxide properties, ZnO must be doped with a group III element (B, Al, In, Ga) and / 

or a group IV element(Pb, Sn) replacing the zinc or a mono valent element replacing the 

oxygen. The dopants, the most common, are aluminum, tin, indium and fluorine [38, 39]. So, 

intrinsic n-type conduction is enhanced by extrinsic doping of the same type. As part of this 
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study, research focused on diapers Thin zinc oxide doped with tin and aluminum (synthesis 

routes, dopant level introduced ...). These elements are incorporated into the ZnO network by 

forming shallow donor levels that contribute to the electrical conduction of ZnO. Paraguay et 

al. [24] studied the effect of different dopants (Al, Cu, Fe, In and Sn) on the microstructure of 

ZnO thin films deposited by the spray technique pyrolysis. High electrical conductivity of 

ZnO thin films with high free electron concentration of about 1020cm-3 was obtained for doped 

ZnO Al and Sn doped ZnO [40,41]. N-type ZnO was also realized using Co-dopage by the 

elements of group 3A and group 4A (Al, Sn). Few works on the ZnO co-doped Al-Sn are 

reported in the literature. However, lanthanum is considered as one of the most promising of 

these dopants because it can easily be substitute for Zn because of their similar ionic radii 

(0.074 nm for Zn 2+ and 0.069 nm for Sn 4+), resulting in a small distortion of the grating [27]. 

The substitution of Zn results in a large increase in electrical conductivity due to presence of 

additional free electrons. Doping also plays a role important and Paraguay et al. show that the 

doping of tin holds the largest sensitivity compared to doping Al, In [27]. Other studies 

optimize the concentration of tin to increase the sensitivity of ZnO thin films to detect NO2 

[28]. In the literature, the doped ZnO thin films are obtained by solid route [29] or by 

chemical route sol-gel [29,30] hydrothermal [31,32]. Determining the amount of dopant 

introduced into the ZnO matrix is carried out either by phase analysis (X-ray diffraction, 

analyzes EDAX chemicals ...) by indirect methods that consist in measuring . 

2.5 Applications of ZnO 

The applications of zinc oxide are multiple. For many years they are located in the chemical 

and pharmaceutical industry. Currently new optoelectronics and spin electronics research 

routes are of great interest for this material. It can be considered that zinc oxide is one of the 

few materials multifunctional that can be found today. 

2.5.1 Solar cell 

Solar cells are systems made of semiconductor materials that have the ability to transform 

solar energy into electrical energy. This transformation is due to the photovoltaic effect of the 

material used, which makes it possible to capture the energy of the photons received to release 

charge carriers from the valence band to the conduction band. 
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Currently, most solar cells are made from silicon. In this application, zinc oxide can be used 

as a transparent electrode on the upper "front contact" layer to allow the passage of electric 

current through the component while letting the light pass through (see Figure 2.4) 

 

 

Fig. 2. 4. Schema of the structure of a solar cell [42]. 

 

A recent study [43] has shown that the use of ZnO on the surface and under a certain 

condition can also improve the efficiency of the solar cell. The authors show that depending 

on the method of production, ZnO can reveal a more or less rough surface. The roughness is 

an important element for the realization of solar cells. The rougher the surface of the cell, the 

more light can diffuse into the material (Figure 2. 5). This has the effect of lengthening the 

path of photons and increasing the chances of absorbing light to free charge carriers. The 

roughness of ZnO depends on its technological deposition parameters and in this case it is 

important to control them . 

 

Fig. 2. 5. Influence of the roughness of the layer surface on the absorption of light [43]. 
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2.5.2 Gas sensors 

With the development of the industry, and new environmental and safety recommendations, 

gas sensors have been the subject of research for several years. The semiconductor sensors 

consist of a layer sensitive to the gas to be detected. The measured parameter is generally the 

electrical resistance of the sensor, which depends on the composition of the atmosphere 

around it [44]. 

 

Fig. 2. 6. Examples of ZnO nanostructures [45]. 

 

Depending on the preparation method, ZnO can reveal different nanostructures (nanoparticles, 

nanotubes, nanowires) (Figure 2. 6), and thus offer a morphology adapted to the gas to be 

detected at the surface. This makes zinc oxide a good candidate for detection applications. We 

show in Figure 2. 7 the example of a gas sensor consisting of a layer of ZnO on the surface of 

an alumina tube. The platinum wires are bonded to the Au electrodes to measure the change in 

sensor voltage. Nickel-chromium alloy heating wires change the temperature of the gas 

atmosphere to improve the sensitivity of the sensor. 

 

Fig. 2. 7.  Photo of a gas sensor: (a) Ni-Cr alloy for heating, (b) Pt wire, (c) Alumina tube,  

(d) Au electrodes, (e) Hollow ZnO spheres covering the tube and (f) SEM image of the 

sensor section view [46]. 
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2.5.3 Light emitting diodes 

Unlike the solar cell, the principle of the light-emitting diode (LED) is to convert electrical 

energy into light energy. Like gallium nitride and thanks to its wide forbidden band (3.37 eV), 

zinc oxide also finds its place in the production of light emitting diodes emitting in particular 

in blue. These two materials have similar properties, but ZnO has some advantages over GaN. 

We can cite for example its high exciton binding energy (60 meV against 21 meV for GaN), 

potentially giving it good light emission capacities at room temperature. 

However, unlike GaN, ZnO presents difficulties for the production of stable p-type layers, 

which are necessary for the production of LEDs. Thus studies are currently focusing on  ZnO 

/ GaN heterostructures to take advantage of the advantages of ZnO and GaN. 

We show in figure 2. 8 such a heterostructure developed by J.Y. Lee et al. [47]. The authors 

studied the impact of structure annealing on the light-emitting performance of this diode. 

They show for example that no light emission could be observed without treatment. On the 

other hand when the structure is annealed under nitrogen, blue and violet light emissions 

appear. In contrast, when the structure is annealed in air, there is an emission of yellow light. 

 

 

 

Fig. 2. 8. Schema of an LED cell based on a ZnO layer [47]. 

These results show us the significant impact of post-deposition treatments of the material on 

its optical properties. 

 

2.5.4 Other applications 

Thanks to the other properties: piezoelectric, ferroelectric, magneto electric and 

physicochemical, we can also cite other applications of zinc oxide under development in other 

emerging fields: 
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1) Surface Acoustic Wave Devices (SAW) [48,49] 

Surface acoustic wave devices, based on the piezoelectric effect of the material, are widely 

used in electronic filters, delay lines and resonators in communication systems. SAWs devices 

are used not only in the telecommunications sector, but also in the automotive (pressure), 

medical (biosensor) and industrial (steam, gas, humidity) sectors. 

Zinc oxide has a piezoelectric coefficient d33 of the order of 5.81pm/V to 28.7pm/V [50], 

which is higher than that of quartz, d11=2.31pm/V [51]. This effect is closely linked to its 

crystal structure. When an external electric field is applied to the material, the ions of the 

elementary meshes of the crystal move by electrostatic forces, which causes the mechanical 

deformation of the crystal [52]. This property makes ZnO a good candidate for generating 

acoustic waves. 

2) Photocatalysts [53.54] 

Photocatalysis is generally used for air purification and water treatment. It is also used in the 

discoloration of colored aqueous effluents (textile industries), the elimination of odors and the 

self-cleaning coating of surfaces (glass, metals, concretes, cements). 

Photocatalysis is based on an electronic process that occurs on the surface of a catalyst. Its 

principle includes three stages [55]: 

 Production of electron-pairs / positive gap. When the photocatalyst is subjected to 

photon radiation with an energy at least equal to that of the forbidden band, an 

electron can pass from the valence band to a vacant orbital of the conduction band. 

There is then the creation of a hole in the valence band and the release of an electron 

in the conduction band. 

 Separation of electrons and vacancies. The lifetime of the electron-electron pairs is 

short and their recombination is accompanied by the generation of heat. For 

photocatalysis to be effective, recombination must be avoided. This is made possible 

by transferring and trapping free charges to intermediate energy levels. 

 Oxidation and reduction reactions. The charges created migrate to the surface of the 

catalyst and react with adsorbed substances capable of accepting or donating electrons. 

These are the oxidation or reduction reactions which are interesting for depollution. 

Photocatalysis is at the heart of the process. Several semiconductors have a width of the 

forbidden band sufficient to allow photocatalysis, for example TiO2, ZnO, ZnS and SnO2. 
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2.6. Cupric oxide (CuO) 

Copper have two oxidation states +1 and +2, while under special circumstances some 

compounds of trivalent are also reported. It was shown that this trivalent copper survives not 

more than few seconds. Consequently, cuprous oxide (Cu2O) and cupric oxide (CuO) are the 

two stable forms of copper oxide. However, only cupric oxide (CuO) phase is reported as a 

gas-sensitive material and exhibits a number of interesting properties. 

CuO has attracted particular attention because it is the simplest member of the family of 

copper compounds and exhibits a range of potentially useful physical properties, such as high 

temperature superconductivity, electron correlation effects, and spin dynamics .This led to a 

rapid research expansion in theoretical studies, fabrication, characterization and applications 

of CuO based devices in the latter half of the 20th century [56]. 

Cupric oxide can be obtained easily by heating cuprous oxide (Cu2O) or copper in air at 1273-

1373K nearly, cupric oxide is formed as follows: 

 

Cu2O  + 1 2⁄ O2                                2CuO 

2 Cu  + 2O                                   2CuO 

 

But in industrial method it is prepared by heating malachite ore, CuO is produced according 

the reaction below: 

 

CuCO3.Cu(OH)2                    2CuO + CO2 + H2O + O2 

 

CuO had been studied extensively for a number of decades, with electrical and optical 

properties reviews, available as early since the 1960’s. The first period of notable growth in 

CuO research interest occurred in the mid of 1980’s with a series of highly-cited research 

works [57]. CuO thin films have been successfully deposited by several deposition techniques 

including thermal evaporation [58,59], spray pyrolysis (SP) [60], plasma evaporation [61], 

DC magnetron sputtering [62], electro deposition [63], sol-gel [64] .Work in the early part of 

the 2000s were mainly focused on growth mechanisms and parameters influence. Several 

review articles dealing with the state-of the-art of CuO have been published with extensive 

discussion on band structure, thermal, magnetic, optical and electrical properties, doping, 

growth and devices. 
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2.7 Fundamental Properties of cupric oxide  

2.7.1 Physical and chemical proprieties  

Cupric oxide in mineral form is called “tenorite”. Pure cupric oxide is black solid with a 

density of 6.32g/cm3
 and insoluble in water. It is melts above 1134 °C with some loss of 

oxygen. Table 2.6 regroups some physical and chemical properties of cupric oxide.[2] 

Table 2.6 Different properties of CuO 

 

Cupric Oxide  ‘’CuO ’’ 

Chemical names  Copper (II) oxide 

Cupric oxide 

Copper monoxide 

Copper oxide (CuO) 

 

Mineral tenorite  

Molecular Formula  CuO 

Appearance  Black powder 

Solubility in water Insoluble  

Molecular Mass 79.55 g / mol 

Density ρ'= 6.32 g / cm3 

Relative permittivity 12 

Melting point  1134 °C 

Boiling point  2000 °C 

 

2.7.2 Crystal Structure 

CuO which has a black colour belongs to the monoclinic crystal system, with a crystallographic 

space group for the unit cell of C2/c. The crystallographic properties of CuO are tabulated in 

Table 2.7.[65,66] The copper atom is coordinated to four coplanar oxygen atoms situated at the 

corners of a rectangular parallelogram, which form chains by sharing edges. The oxygen atom is 

coordinated to four copper atoms situated at the corners of a distorted tetrahedron. The chains 

traverse the structure in the [110] and [1̅10] directions. The two types of chains alternate in the 

[001] direction and each type is stacked in the [010] direction with a separation between the 

chains of about 2.7Å.[65,67,68]. Figure 2.9 demonstrates the crystal structure of CuO. 
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Fig. 2. 9. Crystal structure of CuO shown by four unit cells. The big blue and the small red spheres denote Cu 

and O atoms respectively. 

 

 

Table 2. 7 Crystallographic properties of CuO.[2] 

 

CuO 

 

 

Unit Cell  

Monoclinic 

a =4.6837  Å  

b =3.4226  Å  

c =5.1288  Å 

β =99.54° 

α =γ=99.54° 

Shortest  inter-atomic distance  

Cu-O 

O-O 

Cu-Cu 

1.95  Å 

2.62  Å 

2.90  Å 

Cell volume 81.08  Å3 

Cell content 4 [CuO] 

 

2.7.3 Electronic Band Structure 

A schematic representation of the band structure and Brillouin zones of cupric  oxide for the 

monoclinic structure is given in Figure 2. 10.It is recalled that the structures Oxygen and 

copper band electronics are : 

O :  1S2 2 S 2 2P4 

Cu :  1S22 S22 P6 3 S2 3 P6 3 d104S1. 
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The reported band gap (Eg) values for CuO, which is a p-type semiconductor, are generally in 

the range of 1.2 to 2.16eV.[69,70] This wide range is attributed to two factors: interpretation 

of the nature of the gap (i.e. direct or indirect) and annealing treatment.[71,72,73] According 

to the Tauc relationship, for photon energies (E) greater than the band gap energy, the light 

absorption can be approximated using:[74] 

 

           𝜶 𝑬 = 𝜶𝟎(𝑬 − 𝑬𝒈)
𝜼

          (𝟐. 𝟐)              

 

where α is the absorption coefficient, α0  is a constant, Eg is the band gap energy and η  is an 

exponent that depends on the type of transition involved. The value of η is 1 2⁄  or 2 for direct 

or indirect transitions, respectively. Rakhshani et al. have reported detailed studies of band 

gap determination of RF sputtered CuO films.[69] 

They found that their CuO films exhibited an indirect transition with a band gap of 1.21 eV. 

In contrast, Pierson et al. while reporting the same deposition technique (RF sputtering), 

determined their CuO films exhibited a direct band gap with a value of 1.71eV.[75] The 

different values of Eg were due to different models (αE)2 or (αE)
1

2⁄  being used to determine 

the band gap value. The other significant factor that contributes to the variation of band gap 

values of CuO films is related to the heat treatment of the films.[73,76] Izaki et al. 

demonstrated that annealing electrodeposited CuO films altered the Eg value.[76] They 

reported a reduction of 7.5% in Eg after annealing the as-deposited CuO at 773K. They 

suggested that the changes in the composition and lattice constant were induced by the 

annealing process, altering the CuO band gap. [76] 
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Fig 2. 10. (a) Electronic band structure and density of states from hybrid functional DFT 

calculations and (b) Brillouin zones with special high symmetry k points of cupric oxide Reprinted with 

permission from ref [68]. 

 

2.7.4 Electrical properties  

The electrical conductivity and hole density of p-type Cu2O films vary with copper vacancy 

density, which act as shallow acceptors.[66] Similarly in CuO, copper deficiencies account for 

the intrinsic p type semiconducting behaviour.[77] Suda et al. and Young et al. have studied 

the effect of temperature on electrical conductivity of CuO and Cu2O films, respectively 

(Figure 2. 11 a,b).[78,79] They have shown that an increase in temperature increases the 

conductivity of CuO and Cu2O due to an increase in hole concentration.[78] It is possible to 

tune the electrical properties (resistivity, carrier concentration and mobility) of CuxO by 

changing the stoichiometry and crystallinity of the CuxO films during the deposition process. 

Deposition parameters, such as pH of the solution in electro-deposition and hydrothermal 

methods and ion pressure and concentration in RF sputtering techniques, significantly 

contribute to changes in stoichiometry and crystallinity.[80,81] 

Table 2.8 presents the different electrical properties of the thin layers of CuO performed by 

different methods of the deposit.  
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Fig 2. 11. (a) Temperature dependence for electrical conductivity and Seebeck coefficient of CuO in oxygen (●), 

in air (Δ) and in 3% O2–Ar (□), (b) Electrical conductivity of Cu2O 

single crystal vs 1/T. Reprinted with permission from (a) ref [79] copyright (1992) by The Japan Society of 

Applied Physics, (b ) ref [78] copyright (1969) by Elsevier. 

  

Table 2. 8 Electrical properties of copper oxide (CuO) 

 

Deposit methods Parameters ρ (Ω.cm) nV (cm-3) μ (cm2.V-1s-1) 

Spray  250°C 101.5×102 0.9×1012 0.34 

300°C 7.3×102 1.27×1012 - 

350°C 0.5×102 3.92×1012 - 

Sputtering Oxygen percentage 

(%)  

   

10 

20 

30 

0.001×103 

0.130×103 

0.700×103 

- 

- 

- 

- 

- 

- 

Sol gel 400-650 °C 127-371 - - 

Bath Chemical 300°C 

400°C 

500°C 

2.7×105 

2×105 

6.8×105 

- 

- 

- 

- 

- 

- 

 

2.7.5 Optical properties 

The optical properties are a crucial parameter for thin films dedicated to optoelectronic 

devices. The importance of CuO optical proprieties originated from it is useful applications as 

an absorber layer in solar cells. This application requires the fulfillment of a high absorption 

in the visible range of solar spectrum. 

Since the deposition technique and the experimental parameters affects the structural 

properties, the film surface morphology, the optical properties are also altered by the 
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preparation conditions [82,83,84]. Regardless the deposition technique, CuO thin films have a 

transparency ranged from 0 to 80%. In figure 2. 12 we have reported transmission spectra of 

CuO thin films deposited by different methods. 

 

 

Fig 2. 12. Transmittance spectra reported in CuO thin films prepared by different techniques: (a) sol- gel [64], 

(b) sputtering [62] (c) spray pyrolysis [60], (d) SILAR method [79]. 

 

The optical band gap (Eg) is generally deduced from the optical transmittance. Bulk cupric 

oxides (CuO) have a direct narrow band gap of 1.2eV. However in CuO thin films the optical 

band gap can vary in a wide range from 1 to 1.8eV depending on the deposition techniques 

and parameters. 

Numerous experimental studies emphasized that the band gap variation can be due to various 

factors such as: grain size, substrates temperature, thickness, doping concentration, lattice 

strain, structural parameters and disorder. 

The refractive index of bulk CuO is equal to 2.63. The later is deduced from the ellipsometric 

measurements. For CuO thin films, the refractive index changes in the range of 1.5 to 3.5 

according to the deposition conditions [85,86]. 

The optical band structure and optical transitions are affected by the presence of localized 

states in the band gap characterized by a band tail. This tail width is commonly known as 

Urbach tail or disorder in films network (E00). Basically, Urbach energy depends on the static 

and induced disorder and deposition temperature . 
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2.8 Applications of CuxO 

CuO is a promising material for various applications due to the abundance of its components 

in nature, low-cost production, good thermal stability, and electrochemical properties. This 

combined property enables CuO thin films to be a serious candidate for several applications 

namely: high-temperature superconductors [82], solar cells [82,83], gas sensors [62], 

magnetic storage media [64], varistors [1] and catalysis [83], antimicrobial activity [62], 

photoelectron chemical cell [84] and Li batteries [58]. 

 

2.8.1 Solar cells and light emitting diodes 

CuxO films are possible candidates for developing different types of optical devices, including 

solar cells based on dye-sensitized and heterojunction architectures as well as organic light 

emitting diodes. 

The quest and need for a clean and economical energy source have increased interest in the 

development of solar applications. Amongst various metal oxide materials for solar energy 

applications, CuxO has attracted increasing interest due to its theoretical power conversion 

efficiency (PCE) of 18% and an absorption coefficient higher than single crystalline Si.[87] 

As described previously CuxO is an intrinsically p-type material. However, self-compensation 

problems and dopant solubility have inhibited the synthesis of n-type CuxO to produce 

efficient homojunctions for photovoltaic applications.[88,89,90] Therefore, heterojunction 

architectures have been employed with other n-type semiconductors such as ZnO [91,92], 

CdO [93], TiO2 [94,95], Ga2O3 [96] and GaN. [66] Amongst the aforementioned n-type 

semiconductors, ZnO has been found to be the most stable and exhibit relatively low lattice 

mismatch of 7.6% between the (002) ZnO and (111) Cu2O phase.[91,97,88] Despite the 

predicted PCE value of 18%, in practice the ZnO-Cu2O solar systems have yet to reach high 

efficiencies [88,92,98]. To date, the highest efficiency ever reported for bilayer ZnO-CuO 

heterojunction solar cells has been 3.83% [99]. This is due to the fact that theoretically their 

intrinsic electronic band structures do not permit an open circuit voltages larger than 0.7 V 

[98]. J–V characteristic of this solar cells, in dark and under illumination together with a cross 

section are reported in figure 2. 13. 
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Fig 2. 13. (a) J-V characteristic under dark and illumination and (b) cross section of 

glass/ITO/ZnO/CuO thin film solar cells. 

 

CuxO has also been used in organic light emitting diodes (OLEDs).[99,100] In order to 

construct efficient OLEDs, it is important to optimize the carrier injection ability at the 

interface of the active layer and anode materials. The CuxO films are commonly used as hole 

injection layers (HILs) to lower the hole injection barrier.[99,101,102] Kim et al. have 

reported the advantage of using a mixed stoichiometry of CuO and Cu2O for increasing the 

performance of OLEDs.[99] Mixed stoichiometry of CuxO contains high density of defects 

such as oxygen vacancies or unbonded oxygen atoms, which act as an extra energy state 

within the energy gap of the CuxO layer. Interestingly, when the energy levels of these gap 

states are aligned with the highest occupied molecular orbital (HOMO) level of the hole 

transporting layer, no potential barrier is produced at the anode interfaces ,which can lead to 

an increase in the hole injection efficiency.[99] 

2.8.2 Gas sensor 

CuxO offers great potential for the development of highly sensitive, yet low cost sensors. This 

includes optical, gas and bio sensors. Photodetectors are important devices that can be used in 

various applications, including thermal imaging systems, free-space communications, 

navigator aids and ozone-layer monitoring.[102,103] Among the semiconductor materials, 

CuxO has proven an attractive material for making photodetectors due to its relatively low 

band gap and remarkable optoelectronics properties.[103,104] 

CuxO also offers a great possibility for developing highly sensitive semiconductor-based gas 

sensors. The sensing properties of CuxO can be improved by decreasing its size to nanoscale 

dimensions (comparable to twice of the Debye length) and by adding appropriate 
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dopants.[105] Catalytic nanoparticles such as Pd, [106] Pt,[107], Ag[108], and Au 

[107,109,110] attached to the CuxO surface, further increases its sensitivity, mainly due to 

spill-over effects.[109] CuxO thin films have been demonstrated to be highly sensitive 

towards various gas species including C2H5OH [110,103], CO[108], NO2 [110], and 

H2S[111]. Additionally, they have been also tested for organic vapor sensors including: 

ethanol, methanol and acetone vapor. The performances of CuO-based gas sensor fabricated 

by various deposition techniques and for various gas, are summarized in table 2.9. 

 

Table 2. 9. CuO-based gas sensor performance fabricated by various deposition techniques 

and for various gas sensing [112,113]. 

 

Sensor and fabrication method Gas detection Operation 

temperature ( °C) 

Sensitivity 

     y(%) 

Response 

time (s) 

 

 

Spray pyrolysis CuO  

Ethanol 

2500ppm 

 

350 

 

29 

 

247 

Methanol 

2500ppm 

 

400 

 

15 

 

235 

H2S 

100ppm 

 

200 

 

80 

 

2 

Sol-Gel 

CuO/ZnO 

H2 

3000ppm 

 

200 

 

60 

 

250 

RF magnetron sputtering  

CuO-CuxFe3O4 

CO 

500ppm 

 

400 

 

90 

 

1260 

 

 

Bath Chemical  

CuO 

H2 

1000 ppm 

 

90 

 

16 

 

- 

Gasoline 

1000ppm 

 

90 

 

28 

 

- 

CO 

1000pmm 

 

90 

 

2 

 

- 

Sol-Gel CuO 

 

H2S 

200ppm 

 

200 

 

24 

 

25 

 

2.8.3 Photo-catalytic  

CuxO is a promising photo–catalyst that is used in many chemical processes, such as organic 

contamination degradation and water splitting under visible–light irradiation owing to their 

small band gap and low cost.[114,115] Under illumination, CuxO produces electron/hole pairs 

that can generate hydroxyl radicals (•HO) from water. This radical is capable of mineralizing 

most organic molecules.[116] For water splitting applications, the majority charge carriers of 

the CuxO (holes) oxidize water to oxygen gas (O2), while the photo-generated minority charge 
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carriers (electrons) reduce water to hydrogen gas (H2).[116,117,118] Significantly, the CuxO 

conduction band is more negative than the redox potential of H+/H2, which allows sunlight to 

produce H2 from water. [119] 

2.8.4 Electrochromic devices 

Nanostructured Cu2O electrochromic based systems, such as smart windows and optical 

displays, have been studied since the 1990s.[110] It has been found that Cu2O exhibits 

cathodic electrochromism, being transparent under visible illumination in their oxidized state 

and almost black when switched to their reduced state in the presence of an electrolyte 

containing positive ions such as H+, Li+ and Na+.[83,106,111] Generally, it has been found 

that the electrochromic process corresponds to the conversion of Cu2O (transparent) to CuO 

(black) in a reversible reduction-oxidation process (redox).[106,111] To date, the best 

coloration efficiency obtained by Cu2O nanostructures has been up to 37cm2C–1, which is 

only one–fourth of the best of those made from WO3 nanoporous structures (141.5cm2C–1) 

.[118,119] Unfortunately, nanostructured Cu2O requires high coloration voltage and shows 

poor stability[112], and further work should be carried out to solve such important issues. 

2.8.5 Field emission  

The field emission (FE) properties of nanostructured CuxO are far less reported than other 

oxides materials such as ZnO, SnO2 and In2O3. Due to its relatively narrow band gap, CuxO 

offers an attractive alternative to serve as a FE emitter.[120,121] In a FE system the emitting 

capability is believed to be highly dependent on both the properties of the material and 

configuration of the cathode [23]. It is known that materials with higher aspect ratios and 

sharp edges generally produce higher FE currents.[120,121,122] Zhu et al. have reported FE 

measurements of CuO nanowire films with a low turn-on field of 3.5-4.5Vμm−1. They 

obtained a large current density of 0.45 mA cm−2 at an applied electric field of 7Vμm−1.[123] 

Nanostructured Cu2O also exhibits relatively high FE performance. Shi et al. have 

demonstrated Cu2O micro-porous cubes with a low turn’on field of 3.1Vμm−1. 

They showed a high current density of 1mAcm−2 at an applied electric field of 11Vμm−1.[122] 

It has also been reported that Cu2O can be coupled with other metal oxides such as ZnO or 

TiO2 to enhance its FE performance (Figure 2. 14).[121,124,125] This enhanced FE is 

attributed to the alteration in electron affinity of CuxO by the other metal oxides forming a 

nano-heterojunction.[125] Additionally, the presence of the heterojunctions promotes charge 

separation, where the electrons move to ZnO or TiO2 and the holes move to Cu2O, which 

reduces the recombination of electron-hole pairs.[125] 
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Fig 2. 14. (a) Field emission J−E curves, (b) corresponding F-N plots of the samples. (c)-(e) Electron emission 

images of the pure Cu2O nanopines, Cu2O-TiO2-ZnO composite samples, respectively. [124] 

2.8.6 Other Applications 

Nanostructured CuxO has also been reported for many applications other than those presented 

in sections 4.1 to 4.8. Of note, nanostructured CuO has been used in ceramic resistors[126] 

and super capacitors.[127,128] Nanostructured Cu2O has also been incorporated in 

memristors,[125,127] heterogeneous catalysis,[129,130] anti-fouling [131,132] and thin-film 

transistors.[133] Of course, there are other applications for which CuxO has been used, but 

these are beyond the scope of this research. 
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Chapter 3  

 

 Elaboration and Physico-Chemical Characterization 

of ZnO Substrates 

 

In this chapter, the conditions for the preparation of thin layers of ZnO by spray pyrolysis and 

the doping effect on their physico-chemical properties are presented. 

ZnO thin layers of with different precursors were deposited on glass substrates by spray 

pyrolysis. Firstly, the principle briefly will be recall. 

In order to obtain the desired characteristics of the developed layers, it is essential beforehand 

to control and optimize the deposition parameters. For this, we have characterized the 

microstructure and optics of our layers by different techniques such as scanning electron 

microscopy (SEM) for the observation of the texture and the surface of the layers. X-ray 

diffraction (DRX) and a spectrophotometer (UV-Visible) to obtain information on the 

directions of crystallographic growth and transmittance, energy of gap and disorder of the 

deposited layers. In the follow we will represent the techniques used in this study, elaboration 

of the films at optimized conditions and characterization with their formulas. Then discussion 

of the results will be take plays in this chapter. 

3.1 Spray pyrolysis technique 

Spray pyrolysis is a processing technique being considered in research to prepare thin and 

thick films, ceramic coatings, and powders. Unlike many other film deposition techniques,  

spray pyrolysis represents a very simple and relatively cost-effective processing method 

(especially with regard to equipment costs). It offers an extremely easy technique for 

preparing films of any composition. Spray pyrolysis does not require high-quality substrates 

or chemicals. The method has been employed for the deposition of dense films, porous films, 

and for powder production. Even multilayered films can be easily prepared using this versatile 

technique. Spray pyrolysis has been used for several decades in the glass industry and in solar 

cell production. Typical spray pyrolysis equipment consists of an atomizer, precursor 
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solution, substrate heater, and temperature controller. The following atomizers are usually 

used in spray pyrolysis technique: air blast (the liquid is exposed to a stream of air), ultrasonic 

(ultrasonic frequencies produce the short wavelengths necessary for fine atomization) and 

electrostatic (the liquid is exposed to a high electric field).  

Many studies have been done over about three decades on chemical spray pyrolysis (SP) 

processing and preparation of thin films, since the pioneering work by Chamberlin and 

Skarman [1] in 1966 on cadmium sulphide (CdS) films for solar cells. Thereafter, due to the 

simplicity of the apparatus and good productivity of this technique on a large scale it offered a 

most attractive way for the formation of thin films of noble metals, metal oxides, spinel 

oxides, chalcogenides and superconducting compounds. Despite its simplicity, SP has a 

number of advantages:  

 It offers an extremely easy way to dope films with virtually any element in any 

proportion by merely adding it in some form to the spray solution. 

  Unlike closed vapor deposition methods, SP does not require high quality targets 

and/or substrates nor does it require vacuum at any stage, which is a great advantage if 

the technique is to be scaled up for industrial applications. 

  The deposition rate and the thickness of the films can be easily controlled over a wide 

range by changing the spray parameters, thus eliminating the major drawbacks of 

chemical methods such as sol-gel which produces films of limited thickness. 

  Operating at moderate temperatures (100±500°C), SP can produce films on less 

robust materials. 

  Unlike high-power methods such as radio frequency magnetron sputtering (RFMS), it 

does not causes local overheating that can be detrimental for materials to be deposited. 

There are virtually no restrictions on substrate material, dimension or its surface 

profile. 

  By changing composition of the spray solution during the spray process, it can be 

used to make layered films and films having composition gradients throughout the 

thickness. 

  It is believed that reliable fundamental kinetic data are more likely to be obtained on 

particularly well characterized film surfaces, provided the films are quiet compact, 

uniform and that no side effects from the substrate occur. SP offers such an 

opportunity. 
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3.2 Thin film elaboration by spray pyrolysis technique 

In the spray deposition process, a precursor solution is pulverized by means of a neutral gas 

(e.g. nitrogen) so that it arrives at the substrate in the form of very fine droplets. The 

constituents react to form a chemical compound onto the substrate. The chemical reactants are 

selected such that the products other than the desired compound are volatile at the temperature 

of deposition. Figure 3. 1 shows a typical spraying system. It mainly consists of spray nozzle, 

precursor solution, substrate heater, temperature controller and air compressor or gas 

propellant. To measure flow of precursor solution and air, liquid and gas flow meters are 

used. Vertical and slanted spray deposition arrangements with stationary or linearly moving 

spray nozzle are frequently used in this technique. To achieve uniform deposition the moving 

arrangements (either nozzle or substrates or both) have been used. Sometimes the spray 

assembly is mounted on a moving table and is rastered across the substrates using stepping 

motors. 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 temperature, the concentration of the precursor solution and the quantity of the 

precursor solution sprayed. 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. 

 

Fig. 3. 1. Schematic set-up for spray pyrolysis technique. 
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3.3 ZnO thin films preparation 

The goal of the present study is the deposition and characterization of ZnO thin films by spray  

pyrolysis technique. Effect of lanthanum doped and importance of precursor type in 

fabricating ZnO thin films. Experimental details of films preparation by this techniques and 

the various characterization techniques used in this thesis will be presented. 

In the contrary to the other deposition technique, spray pyrolysis has widely parameters to 

study. The most important parameters have been investigated in this study namely: different 

precursor and percentage of lanthanum chloride heptahydrate (LaCl3 7H2O) doped .two sets of 

samples were prepared. In each set only one parameter is varied while the rest of parameters 

were fixed. For the prepared sets the distance between atomizer and substrate is fixed at 10 

cm. substrate temperature 375°C, molarity of the solution 0.5 M . the temperature solution is 

fixed at room temperature (25°C). The dissolvent used for dissolved the salt source of zinc is 

(1:1 doble distillate water and methanol) and few drop of acitic acid . The choice of double 

distilled water is due to this abundance and the low cost. The total volume of the precursor 

solution is fixed to 20 ml. All the deposited ZnO films are deposited at cleaned glass 

substrates [2]. The glass substrates are cleaned following these steps: 

1. The glass substrate were firstly cleaned ultrasonically in methanol to remove any 

impurity (grease o dust) stickled in the surface of the substrate three time several and 

for 10 min. 

2. The glass substrates were secondly cleaned ultrasonically in distilled water to remove 

any trace of the methanol three several times and for 10 min. 

3. The cleaned glass substrates are dried with dryer. 

In tables 2. 1 (a-b) we have summarized the deposition parameters of each set. we have varied 

the zinc salt used as source of zinc . The deposition system of spray pyrolysis used for this 

study is shown in figure 3. 2. 

Table 3.1-a Deposition parameters of the first series of ZnO samples. 

Sample Precursor salt Molarity 

(M) 

Time deposition 

(min) 

Substrate 

temperature (°C) 

Lanthanum (LaCl3 

7H2O )doping(w.t %) 

A  

Zinc acetate 

C4H6O4.H2O 

 

0.5 

 

12 

 

375 

0 

B 1 

C 4 

D 5 
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Table 3.1-b Deposition parameters of the secondly series of ZnO samples. 

Sample Precursor salt Molarity 

(M) 

Time deposition 

(min) 

Substrate 

temperature (°C) 

Lanthanum (LaCl3 

7H2O )doping(w.t %) 

A  

Zinc chloride 

Zn.Cl2 

 

0.5 

 

12 

 

375 

0 

B 1 

C 4 

D 5 

 

 

 

Fig. 3. 2. The deposition system of spray pyrolysis. 

3.4 Films characterization 

Several techniques were used for the structural, morphological, and optical  characterization 

of the films, these techniques are described below: 

3.4.1 X-ray diffraction 

The structural properties of the films were studied by X-Ray Diffraction (XRD), using 

Miniflex 600 with Cu-kα radiation of wavelength λ =1.5418 Å. The diffractometer reflections 

were taken at room temperature and the 2θ value were varied from 20 to 80°. The structural 

parameters of the all deposited ZnO films are estimated from the XRDML pattern. The 

crystallites size, lattice strain, dislocation density, texture coefficient and number of 

crystallites is calculated by the formulas given below: 



55 

 

The principle of the method is based on Bragg's law [3] which interprets the process of 

diffraction of electromagnetic waves on a crystal 

𝒏𝝀 = 𝟐𝒅 𝒔𝒊𝒏𝜽                     (3. 1) 

n: is an integer called the order of reflection. 

λ: the wavelength of X-rays. 

d: the characteristic spacing between the crystal planes of a given specimen . 

θ: the angle the incident beam and the normal to the reflecting lattice plane. 

 The crystallites size was calculated from two formulas the Scherer’s and Hall– 

Williamson equation formula [4] respectively: 

𝑫 = 𝒌𝝀 𝜷𝒄𝒐𝒔𝜽⁄              (3. 2) 

(𝜷𝒄𝒐𝒔𝜽)
𝝀

⁄  = 𝟏
𝑫⁄ +

(𝜺𝒔𝒊𝒏𝜽)
𝝀

⁄            (3. 3) 

where β is the FWHM (full width at half maximum) of diffraction peaks, θ is the Bragg angle, 

λ is the wavelength of the used X rays, D is the crystallite size and ε is the internal strain. D is 

estimated from the last square fit of β cos (θ) / λ vs. sin (θ) / λ of different peaks. The intercept 

of the equation plot with the y axis yields to the crystallite size. 

 The texture coefficient (Tc) was calculated, which is defined [5,6]: 

 

𝑻𝒄(𝒉𝒌𝒍) =
𝑰(𝒉𝒌𝒍)/𝑰𝟎(𝒉𝒌𝒍)

𝑵−𝟏 ∑ 𝑰𝒏(𝒉𝒌𝒍)/𝑰𝟎𝒏(𝒉𝒌𝒍)𝑵
𝒏

        (3. 4) 

 

where I(hkl) and I0(hkl) are the measured intensity and the standard intensity of the same (hkl) 

plane according to the JCPDS data whereas N and n are the reflection and the diffraction 

peaks number, respectively 

 The lattice strain is calculated from two fowling equation [4] : 

 

𝜺 = 𝜷 𝟒𝒕𝒂𝒏𝜽⁄           (3. 5) 

 

(𝜷𝒄𝒐𝒔𝜽)
𝝀

⁄  = 𝟏
𝑫⁄ +

(𝜺𝒔𝒊𝒏𝜽)
𝝀

⁄           (3. 6) 
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where β is the FWHM (full width at half maximum) of diffraction peaks, θ is the Bragg angle, 

λ is the wavelength of the used X rays, D is the crystallite size and ε is the internal strain. The 

strain is equal to the slope of the plot of β cos (θ) / λ vs. sin (θ) / λ of different peaks. 

 the lattice parameters were determined from XRD results using the following equation 

[7]: 

 

𝟏
𝒅𝒉𝒌𝒍

𝟐⁄ =
𝟒

𝟑
(

𝒉𝟐+𝒉𝒌+𝒌𝟐

𝒂𝟐 ) +
𝒍𝟐

𝒄𝟐                      (3. 7) 

 

where dhkl, (hkl), (a) and (c) are the inter-planar space, Miller indices, and the lattice 

parameters, respectively. 

 The dislocation density (ξ) is calculated using this equation [4]: 

 

             𝝃 = 𝟏
𝑫𝟐⁄                           (3. 8) 

 

where ξ is the dislocation density and D is the crystallite size. 

 

3.4.2 Films morphology 

Films morphology was analyzed using scanning electron microscope TESCAN VEGA3 SEM 

microscope. The grains size is estimated are also used to view the samples in profile and to 

measure the thickness of the deposited layers by SEM image. 

3.4.3 Optical properties 

The optical properties of the obtained films were studied using UV Visible transmittance 

spectroscopy by means of Shimadzu 3101PC double beam spectrophotometer. The optical 

band gap, disorder (Urbach energy) and absorption coefficient was also measured using the 

giving expression: 

 The absorption coefficient (α): in the spectral region of the light’s absorption, was 

deduced from the Beer-Lambert law using the following expression [8]: 

 

𝜶 = −(𝟏
𝒅⁄ ) 𝒍𝒏(𝟏𝟎𝟎

𝑻⁄ )                  (3. 9) 
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where α is absorption coefficient, d is the film thickness and T is the transmittance. 

 The optical band gap (Eg) : The study of the spectrum of the absorption coefficient α 

of a semiconductor in the fundamental region and near the fundamental edge provides 

us with valuable information about the energy band structure of the material [8]. 

 

(𝜶𝒉𝝊)𝟐 = 𝑨(𝒉𝝂 − 𝑬𝒈)               (3. 10) 

 

where α, Eg, and hν are the absorption coefficient, the optical band gap of the thin film and the 

photon energy where as A is a constant independent on hν., Eg values were deduced by 

extrapolating (αhʋ)2 = 0 

 The disorder (E00): the low absorption coefficient α region. The absorption coefficient 

of films shows a tail for sub-band gap photon energy. This tail is called the Urbach 

tail. The latter, which is closely related to the disorder in the film network, is 

expressed as [9]: 

𝜶 = 𝜶𝟎𝒆
(𝒉𝝂

𝑬𝟎𝟎
⁄ )

                 (3. 11) 

 

where αο is a constant and Ε00 is interpreted as the width of the tails of localized states 

in the gap region. To evaluate the values of αο and Ε00, one have to plot the variation 

of absorption coefficient α in logarithmic scale as a function of photon energy hν . The 

Urbach tail was determined from the slope of the variation of log (α) with the incident 

photon energy hν [10]. Ε00 can be estimated from the inverse slope of the linear plot of 

ln(α) versus hν. 

 

3.4.4 Fourier transform infrared spectroscopy 

FTIR is a technique based on the absorption of infrared radiation by the material analyzed, 

which is used to obtain information on the chemical bond in a material and to determine the 

purity and nature of the materials [11]. 
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3.5 Results and discussion 

In this section, we present the results of ZnO films prepared with two different precursors 

namely: zinc acetate( C4H6O4.H2O) , and zinc chloride (ZnCl2.) at various lanthanum doping 

in order to investigate the effect of this parameter. 

 Influence of lanthanum doping  

3.5.1 Zinc Acetate 

Zinc acetate is used as zinc source with molarity equal to 0.5 M and constant substrates 

temperature equal 375°C. The samples were deposited with various lanthanum chloride 

heptahydrate (LaCl3 7H2O) doping ranged from: (0-5wt.%) as named in table 3. 1-a. 

3.5.1.1 Deposition rate 

In figure 3.3 we have reported the variation of growth rate as function of the different 

concentration of lanthanum. It was seen that the growth rate is very sensitive to the 

concentration of dopant and the nature of the starting solution. The difference between the 

behavior of the solutions is due to that of the dissociation enthalpy and the chemical nature of 

each precursor. It should be remembered that the enthalpy of dissociation of Zinc acetate is 

equal to 0.1Kcal / mol (0.043eV) [12]. As can be seen, the film thicknesses decrease with the 

increase in concentration of lanthanum. The films deposition rate starts with 29.07nm/min at 

the beginning for the undoped and decrease with increase the concentration of the dopant to 

reach 17.65 nm/min for ZnO films deposited at constant temperature (375°C). The decrease in 

the growth rate is due to the phenomenon of evaporation which takes place in the boundary 

layer in the vicinity of the heated substrate. During spray growth, the boundary layer in the 

vicinity of the substrate plays a very important role, this boundary layer influences the 

composition of the droplet even before reaching the substrate. The dynamics that are taking 

place in this region and the exchanges taking place are very complex and difficult to study. To 

our knowledge, this kind of study is non-existent or at least on an experimental level. The 

greater the temperature gradient between the substrate and the surrounding medium, the 

higher the temperature of the substrate. This gradient generates a natural convection, a 

thermophoretic force resulting which delays the landing of the droplets coming from the 

nozzle and especially the lighter ones, which cause their dissociation and evaporation before 

reaching the substrate. For these two reasons, the quantity of solution reaching the substrate is 

reduced; which explains the reduction in the growth rate in this temperature. This leads to the 
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reduction of the reactive species quantity on the growing surface. Biglin et al [12] have 

deposited CdS thin films by spray pyrolysis at different substrate temperature. They observed 

the same behavior where the evaporation phenomenon was found to cause CdS thin films 

thickness reduction. 

 

Fig 3. 3. Variation of deposition rate as a function of lanthanum concentration. 

3.5.1.2 Structural properties 

Shows the XRD patterns of the La-doped ZnO sprayed thin films. The diffraction peaks in the 

patterns can be assigned to ZnO hexagonal Wurtzite structure according to JCPDS 036-1451 

card. The presence of well defined peaks of (100), (002) and (101) orientations which indicate 

that the films are of polycrystalline nature [13]; Irrespective of the concentration of doping 

used all the films show (002) plane orientation, corresponding to ZnO hexagonal wurtzite 

structure indicates that the structures of doped ZnO are not altered by the incorporation of La. 

It is also worth noting that no peaks related to lanthanum are found in these spectra, which 

may be due to the low La content and to the limit of XRD detection. 
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Fig3. 4. X-ray diffraction pattern of La-doped ZnO thin films. 

 

As can perceive from the XRD spectra, the intensity of those peaks are affected by (0-5 wt.%) 

La doping. The inter planar spacing dhkl values of ZnO:La thin films is calculated via Bragg 

equation (Eq. 3. 1). Both lattice parameters (a) and (c) for hexagonal phase are calculated with 

the help of (002) and (101) orientation using (Eq. 3. 7) relation.  

Table 3. 2 summarizes the positions of both (002) and (101) peaks and the calculated values 

of dhkl as well as the lattice parameters (a) and (c). In comparison with undoped ZnO thin 

film, it can be seen that a little decrease of the lattice parameters (a) and (c) related to La 

incorporation in ZnO matrix. This result is consistent with that reported by Suwanboon et al. 

[14], who attributed this decrease in crystal size to the presence of amorphous phase of La2O3 

due to the solubility limit of La ions in ZnO structure. Thus, small La2O3 clusters were 

dispersed on the surface and compressed the lattice crystal of ZnO depending on a decrease in 

the lattice parameters. In the same conception, Anandan et al.[15] retained the same 

explanation and connected this to the difficulty in substituting Zn2+ ions by La3+ ions because 

of the great difference between the ionic radius (1.15 Å for La3+, 0.74 Å for Zn2+). 
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In contrast to results carried out by Zamiri et al. [16] where they have doped ZnO by rare-

earth ions (Er3+, La3+ and Yb3+) and found that La3+ ion cannot be incorporated into ZnO 

matrix. 

Nevertheless, the existence of lanthanum among the grain boundaries and on the surface of 

ZnO particles retards usually the crystal growth, and then leading a depressed crystallinity. 

Also, it is noted that c/a ratio is different from the hexagonal wurtzite phase. This difference 

may be due to the presence of some defects in the deposited films. 

 
Table 3. 2 Peak positions, inter planar spacing dhkl and lattice parameters calculated from (002) peaks. 

 

(wt.%) 2θ(002) (°) 2θ(101) (°) d002 (Å) d101 (Å) a (Å) c (Å) c/a Cell Volume 

(Å3) 

ZnO 34.512 36.292 2.5960 2.4737 3.230 5.1870 1.6058 47.40 

ZnO:La 1 34.525 36.303 2.5959 2.4730 3.233 5.1934 1.6063 47.38 

ZnO:La 4 34.527 36.314 2.5938 2.4719 3.229 5.1847 1.6056 47.34 

ZnO:La 5 34.555 36.353 2.5932 2.4686 3.233 5.1932 1.6063 47.24 

 

Moreover, the texture coefficient (TC), which indicates the maximum preferred orientation of 

the films along the diffraction plane, means that the increase in the preferred orientation is 

associated with the increase of the number of grains along that plane. TC(hkl) values were 

calculated from X-ray data, using the formula (Eq. 3. 4). It is clear that if TC > 1, this implies 

that the film growth occurs in certain preferred orientation figure (3. 5). These results confirm 

that (002) plane orientation, corresponding to ZnO hexagonal wurtzite structure, is the 

preferred orientation as seen in the above section. 

 

Fig. 3. 5 Variation of texture coefficient as of La-doped ZnO thin layers. 
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In the following, the structural defects in our samples will be interpreted in terms of crystallite 

size, micro strain and stress. The full width at half-maximum (FWHM) can be used to 

estimate the crystallite size along c axis growth. The average crystallite size D of all ZnO:La 

thin films is evaluated using Debye Scherer's formula (Eq. 3. 2). Table 3. 3 shows the 

evolution of crystallite size with La doping concentration. 

The crystallite size of undoped and La-doped ZnO thin films is lying in 54.02-45.12nm 

domain. One decade as appreciable change is observed in crystallite size. The sleazy decrease 

in crystallite size is probably related to the presence of the secondary phase (La2O3),which can 

be considered as a barrier preventing movement of grain boundaries and limits the growth of 

crystals. 

 

Table 3. 3 Estimation of crystallite size ,micro strain ,dislocation and stress of ZnO thin films. 

(wt.%) D (nm) 𝜀 x 10-4 ξ x1014 (line/m2) σ(GPa) 

ZnO 54.02 2.42 3.42 -1.10 

ZnO:La 1 48.06 3.09 4.32 -1.086 

ZnO:La 4 45.22 3.64 4.91 -1.836 

ZnO:La 5 49.8 2.45 4.15 -1.1005 

 

The micro stain (𝜀), which is considered as an interesting structural parameter of ZnO:La 

sprayed thin films, is calculated using the following relation (Eq.3. 5). 

The dislocation density (ξ) values of films are calculated using the expression (Eq.3. 8): 

Figure (3. 6) shows a well correlation between micro strain ,dislocation and crystallite size. 

Their changes, depending on the La concentration, can be explained, as provided by the 

existence of lanthanum oxide among the grain boundaries and on the surface of ZnO particles 

which retards the crystal growth and increases the strain. As seen from Table 3. 3, undoped 

ZnO thin film has the smallest values of micro strain and dislocation density which indicates 

that La doping deteriorates ZnO crystal structure. 

The estimation of stress was performed using the following formulae: 

 

𝝈 = [𝟐𝑪𝟏𝟑 −  
𝑪𝟑𝟑(𝑪𝟏𝟏+𝑪𝟏𝟐)

𝑪𝟏𝟑
] 𝜺             (3. 14) 

and  

𝜺 =  
(𝑪𝟎 −  𝑪)

𝑪𝟎
⁄                        (3. 15) 
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where,𝜀 is strain, C13 (1.05×1011N/m2), C33(2.1×1011N/m2), C11(2.1×1011N/m2), and 

C12(1.2×1011N/m2), are the elastic stiffness constants. 

The negative values of the stress indicate the presence of compressive stress [17]. This 

compressive stress occurs usually if there are native defects and distortions in the lattice. It is 

worth to note that, ZnO:La 1 (wt.%) resulted in less stress. Also, T. P. Rao et al. [18] observed 

a compressive stress in sprayed ZnO thin films. 

 

Fig. 3. 6 Correlation between crystallite size, micro strain and dislocation. 

 

3.5.1.3 Surface morphology and composition 

 SEM analysis 

The growth mechanism, shape and size of the particles as well as topography study of the 

prepared samples were performed by using scanning electron microscopy (SEM). Figure. 3. 7 

shows low-magnification SEM images of the La-doped ZnO thin films microstructure. In all 

films, grains with regular shape and porosity are visible in the surface. The averaged grain 

size visualized by SEM is higher than the crystallite size deduced with the help of FWHM. As 

well know SEM visualization allows only seeing grains, which are constituted of more or less 

disordered atoms and crystallites, while in the XRD method, what is measured is the extent of 

the crystalline region that diffract X-ray coherently. This is a more stringent criterion and 

leads to smaller grain size [19]. 
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Fig. 3. 7 SEM images of ZnO films and their cross section: a) ZnO, b) ZnO: La 1%, and c) ZnO: La 4%). 

The incorporation of lanthanum did not affect the general microstructure and did not 

significantly affect the grain growth of these materials. This strongly suggests that the ZnO 
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lattice was not severely disrupted by the La ions. The formation of La2O3 may be inferred 

from the SEM micrograph in the case localized EDAX with absence of Zn but that shows 

different morphology clusters adhered to the grains, probably consisting of La2O3. 

 Film thickness measurement using SEM 

Thickness can be measured by breaking the samples and coating with gold for nonconductive 

substrates. SEM micrographs of the cross-section for ZnO:La films were obtained at a tilt 

angle of 80 degrees. 

The SEM image in cross section made for the ZnO doped and undoped thin layers is 

illustrated in figure 3. 7, from which an estimated thickness of thin films are around 210-

350nm. 

 EDAX analysis 

The chemical composition of the ZnO thin film was determined by the energy dispersive 

analysis X-ray spectra. Figure 3. 8 shows the EDAX spectra obtained for two samples of ZnO 

and ZnO doped with 1% lanthanum. 

For the sample (a) The elements identified in the thin layer of ZnO are zinc and oxygen. The 

EDAX analysis does not reveal the presence of the other peaks which are at the origin of the 

impurities. This proves the purity of the synthesized ZnO. While in sample (b) the elements 

identified in ZnO: La 1% the thin layer, It was noted that lanthanum peak in addition to the 

peaks of mentioned in the previous sample appears. 

A peak of carbon is present in EDAX of the whole samples may be come from air as seen in 

the figure (3. 8 b). 
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Fig. 3. 8 Typical EDAX spectra for the deposited film ZnO: a) ZnO:La 0%, b) ZnO:La 1%.  

 

3.5.1.4 Optical properties 

The optical transmission spectra of ZnO:La films in the wavelength 250-900nm region are 

shown in figure 3. 9. These spectra show that the prepared films exhibit a high transparency 

around 95 % in the visible domain. The transmission is found to be maximal for undoped and 

ZnO 5wt.% La doped film with a little decreased with La content increasing. This may be 
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attributed to the increased scattering of photons by increase in dislocation at the surface and a 

structure disorder which dislocation and Urbach energy. 

 

 

Fig. 3. 9 Transmittance spectra of ZnO:La thin films. 

 

 Band gap energy calculation 

 

To calculate the optical band-gap energy (Eg) of the thin films, the absorption coefficient can 

be estimated as using the following equation (Eq. 3. 9)  

Here, the deposited films are considered as a material having direct band gap energy. For the 

direct transition, the optical band gap energy of film was determined using the equation (Eq. 

3. 10). Therefore, the optical band gap is obtained using Tauc's plot: (αhν)2 versus (hν) and 

extrapolating the linear portion to find the intercept with energy axis (Figure. 3. 10). 

Calculated values of doped ZnO optical band gap are summarized in Table 3. 4. It can be seen 

that an increase in optical band gap occurring with doping as it was carried out by Suwanboon 

at al [5] where they reported that the Eg values of La doped ZnO altered depending on many 

parameters, for example, imperfection in ZnO crystal, particle shape and particle size. 

 

Table 3. 4 The calculated band gap and Urbach energy values. 
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 ZnO:La 0% ZnO:La 1% ZnO:La 4% ZnO:La 5% 

Eg (eV) 3.24 3.25 3.256 3.27 

E00 (meV) 84.85 80.02 76.35 56.25 

 

The doping at lower values than 5wt.% results in the rise of additional band tail states, leading 

to shrinkage of the band gap. Wherase the increase in Eg with 5wt.% La doping as 

phenomenon may be related in generally to Burstein Moss shift, which phenomenon induces 

an increase in the band gap with the doping concentration [20,21]. 

 

 

Fig. 3. 10. Plot of (αhν)2 versus photon energy of ZnO:La thin films .Inset shows the Urbach energy plot of  

ln(α) versus(hν). 

 Urbach energy 

The incorporation of impurity into the semiconductor often reveals the formation of band 

tailing in the band gap. The optical transitions between occupied states in the valence band 

tail to unoccupied states of the conduction band edge induce an exponential dependence of the 

absorption coefficient (α) on photon energy near the band edge. 

The band tail energy or Urbach energy (E00), which characterizes the local defects, follows 

the empirical Urbach law (Eq. 3. 11) [22-25] 

E00 values are calculated from the inverse of slop of ln(α) versus (hν) as depicted in the insert 

in figure. 3. 10. The obtained values are shown in Table 3. 4. 
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Fig. 3. 11. Variation of E00 and Еg with La doping. 

 

Urbach energy of undoped samples is greater than the doped ones. Since this energy is 

associated to the micro structural lattice disorder, it can be suggested that the incorporation of 

La ions causes a decrease in disorder and defects in the ZnO:La films. The presence of a band 

tail for crystalline films indicates that the non homogeneity structural and disorder are 

significant. On the other hand, Figure 3. 11 giving E00 and Eg as a function of La 

concentration shows that the variations of both Eg and E00 correlate very well: It is clear that 

the optical band gap is inverted to the disorder. As mentioned above, doping at certain level 

produce localized states in the energy band. As a result, both a broadening of the optical gap 

and a of stenosis the Urbach tail occurred.  

3.5.1.5 FTIR spectroscopy analysis 

Vibration modes were determined by Fourier transform infrared (FTIR) spectroscopy. The 

FTIR spectra were recorded on a PerkinElmer RX spectrometer with KBr as a diluting agent 

and operated in the wave number range of 400-4000cm-1 with 4cm-1 resolution. 

The products were diluted with potassium bromide in the ratio of 1:100 for FTIR analysis. 

Figure 3.12 shows FTIR spectra of 0-5 wt.% La-doped ZnO products. A strong absorption 

bands at 426 and 565cm-1 are attributed to the Zn-O stretching vibration of wurtzite hexagonal 

type ZnO crystal [26,27], belonging to the oxygen sublattice (E2H) vibration and oxygen 
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vacancies of wurtzite ZnO crystal, respectively [28]. The band at 1629 cm-1 is specified as 

hydrogen-related defects on surface of ZnO [29]. The broad absorption bands at 3013-

3633cm-1 are the O-H stretching vibration of adsorbed water on ZnO surface [26-28]. 

 

Fig. 3. 12 FTIR spectra of pure ZnO and La-doped ZnO synthesized by spray pyrolysis method. 
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3.5.2 Zinc chloride 

Undoped ZnO thin films were prepared on glass substrates at 375°C, using 0.5M aqueous 

solution of zinc chloride (ZnCl2). Consecutively, and under similar experimental conditions, 

lanthanum-doped ZnO thin films solution have been prepared by adding lanthanum chloride 

heptahydrate (LaCl3,7H2O) to the precursor solution as dopant. The La-to-Zn molar ratios 

([La]/[Zn]) were 0%, 1%, 4% and 5%. 

 

3.5.2.1 Growth rate 

In figure 3. 13, deposition rate variation was reported as function of 0-5 wt.% La-doped ZnO. 

The growth rate is estimated from the ratio of film thickness on the deposition time fixed at 12 

min. As can be seen, the deposition rate increase considerably and varied non linearly with the 

doping concentration.  

Generally, in the whole commonly used deposition techniques, film growth steps along 

nucleation, condensation and subsequent growth, which are mainly controlled by two major 

parameters: the substrate temperature and arriving species flux on the substrate; the first 

controls the species energy and motion onto the substrate and the second may be influence the 

nucleation only. In the case of spray pyrolysis, arriving species rate is controlled by the flow 

rate of the solution feeding the nozzle. It is worth noting that the substrate temperature is 

extensively studied in the literature, while, to our knowledge, the flow rate influence is less 

studied. 

 

Fig 3. 13 Variation of growth rate as a function pure ZnO and La-doped ZnO. 
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3.5.2.2 Structural properties 

In figure 3. 14, XRD patterns of prepared ZnO thin films at a constant substrate temperature 

of 375°C for 0-5 wt.%. La concentrations have been reported. For all samples, two important 

peaks which were observed at 34.5° and 36.29° corresponding to (002) and (101) diffraction 

planes. With increasing the lanthanum concentration, the dominant peak assigned to (002) 

became less intense. The crystallite size (D) of the ZnO was calculated using Scherrer's 

formula D = 0.9λ/βcosθ [30], where λ is the wavelength (1.54 Å), β is the full-width at half 

maximum (FWHM), and θ is the angle at which (002) peak was observed. Further, the peak 

position deviation from the reference data of bulk ZnO (JCPDS 036-1451 card) was observed 

which confirms the presence of stress in the films.  

 

Fig. 3. 14. Evolution of the X-ray diffraction spectra of ZnO thin film for the chloride solution. 

Based on the above XRD result it was remarked that the preferred orientation in the deposited 

ZnO thin films is effected by the variation of the lanthanum concentration as seen in figure 3. 

16. The preferred growth of the (hkl) planes has been expressed in terms of the texture 

coefficient Tc(hkl) [5]. Quantitative information concerning the preferential crystallite 

orientation can been obtained from the texture coefficient Tc. Since two diffraction peaks 

were used (002) and(101), the maximum possible value Tc(hkl) is one. In our case, this value 

means 100% of the crystallites grew with a c-orientation perpendicular to the substrate plane. 
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The c-orientation as well know results from the minimum energy of the growth along the c-

axis due to the highest atomic density found along the (002) plane being higher [31,32]. As 

the (002) ZnO plane has the lowest surface energy and is the most densely packed, continuous 

thin films tend to change into the (002) oriented films in order to lead to c-textured films. But 

in less compact films, crystallites may grow undisturbed along less densely packed (101) 

planes, leading to mixed crystallite orientations which was seen in the case of non doped 

sample. It has been proposed [33] that other growth processes depend on the initial substrate 

conditions.

 

Fig. 3. 15 Variation of the texture coefficient for ZnO films elaborated with different :La (wt.%). 

The estimated values of 2θ, FWHM, crystallite size, lattice parameter, strain and stress are 

given in Table 3. 5 

The crystallite size of undoped and La-doped ZnO thin films is lying in 60.9-73.3nm domain, 

no extra phases involving chloride or lanthanum compounds were observed at the limit of 

detection. 
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Table 3. 5 . Estimation of structural parameters of ZnO thin films 

 

Sample name 2θ (deg) FWHM (deg) D (nm) Lattice parameter (Å) Strain (×10-4) Stress (GPa) 

[La]/[Zn] 0% 34.512 0.1181 73.3 5.1932 4.29 -1.10 

[La]/[Zn] 1% 34.48 0.1427 60.91 5.1911 5.19 -1.28 

[La]/[Zn] 4% 34.47 0.1227 70.83 5.1915 4.46 -1.25 

[La]/[Zn] 5% 34.54 0.1245 69.82 5.1869 4.24 -1.64 

 

In the case of comparison between the non doped films elaborated by this method and the 

bulk of ZnO, the negative values of the stress indicate the presence of compressive stress [17]. 

This compressive stress occurs usually if there are native defects and distortions in the lattice. 

Whereas if one compares the doped samples to the non one it reveal that a decrease in the 

lattice parameters with an increase in the stress. Such decrease in (c) means a decrease in the 

inter planer distance which may be originated a from substitution of Zn +2 by La +3  where the 

later has less radii. Figure (3. 16) shows a well variation between grain size , strain and 

dislocation .This is due to what was previously mentioned in the explanation regarding zinc 

acetate and the presence of lanthanum chloride on the surface of ZnO particles and granules 

boundaries. 

 

Fig. 3. 16. Variation of D,𝜀 and ξ with La doping. 
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3.5.2.3 Surface morphology and composition 

 SEM analysis 

Figure 3. 17 shows the SEM images of doped ZnO with different concentrations of La3+ ions. 

As can be seen, there are no obvious differences in films morphology. This indicates that a 

doping with La3+ ions in ZnO does not affect the crystal morphology at the same temperature 

.The nucleation density of the micro crystallites increased in ZnO: La3+ thin films. Nucleation 

and growth rates were influenced by the presence of impurities, lowering the potential barrier 

for the formation of nuclei and slowing the growth velocities ,which were likely to be 

responsible for the decrease in grain size. 

To get idea about the thickness of each samples, SEM images in cross section were made for 

the ZnO doped and undoped thin layers are exhibited in figure 3. 17, the estimated thickness 

of all samples is around 384-476nm. 
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Fig. 3. 17 SEM images of ZnO films at 375 ˚C, (Left: front view and right: cross section): 

a) [Zn]:[la] 0%, b) [Zn]:[la] 1%, and c) [Zn]:[la] 5%). 

 

 EDAX analysis of as-synthesized La-doped ZnO 

To evaluate the elemental composition of synthesized pure and doped ZnO thin films meanly 

La element, EDAX was recorded arbitrarily from the samples surfaces. In the preparation of 

La-doped ZnO, the successful doping of lanthanum ions into ZnO lattice was supported by 

EDAX spectra indicating the presences of La. Results of elements composition are shown in 

figure 3. 18 (a and b). In EDAX spectrum, numerous well-defined peaks were evident related 

to Zn, O and La which clearly support the synthesized products are made of Zn, O and La. No 

other peak related to impurities was detected in the spectrum which further confirms the 

purity of the thin layers. For instance the 5wt.% La doped sample, the atomic % of Zn, O and 
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La is 60.80, 38.72 and 0.48 respectively, which reveals deficiency of oxygen, such oxygen 

deficient materials useful for the photocatalysis which possesses more active centers. 

 

 

(a) EDAX spectra of pure ZnO. 

 

(b) EDAX spectra of 5 wt.% La-doped ZnO. 

 

Fig. 3. 18. (a) EDAX spectra of ZnO and (b) La-doped ZnO thin layers. 
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3.5.2.4 Optical properties 

The optical transmission T(λ) spectra of ZnO:La films in the wavelength region of 250-

900nm are shown in figure 3. 19. Those spectra show that the prepared films exhibit a high 

transparency between 78 and 90 % with interference fringes in the visible domain revealing 

the smooth of the samples. The transmission is found to be maximal for ZnO :La 0% film and 

decreased with an increase in La content. This may be attributed to the increased scattering of 

photons by increase in roughness of surface morphology(see dislocation values of each 

samples in Table 3. 5). Those fringes are due to the multiple reflection on the two film 

interfaces. 

 

Fig. 3. 19 Transmittance spectra of 0-5wt.% La-doped ZnO thin films. 

 

 Band gap energy  

Estimated values of optical band gap of lanthanum doped ZnO are summarized in Table 3. 6. 

It can be seen a decrease in optical band gap occurring with La doping. 

Table 3. 6 Estimated band gap and Urbach energy values. 

 

 ZnO:La 0% ZnO:La 1% ZnO:La 4% ZnO:La 5% 

Eg (eV) 3.281 3.269 3.276 3.271 

E00 (meV) 78.6 106.5 105.3 105.9 
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The decrease in Eg values may be due to the increase in the concentration of defects in the 

crystals with doping. Such decrease originated from localized states under the conduction 

band as revealed by Urbach energy (see section below). The doping results in the rise of 

additional band tail states, leading to shrinkage of the band gap. 

 

Fig. 3. 20: Band gap (Eg) estimation from Tauc relation of 0-5 wt. % La doped ZnO thin films Inset shows 

estimated (E00) for doped and undoped ZnO. 

 Urbach energy 

The disorder or Urbach energy (E00), which characterizes the local defects under the band 

conduction. E00 values are deduced from the inverse of slop of ln(α) versus (hν) as depicted in 

the insert in figure 3. 20. The obtained values of Urbach energy are shown in Table 3. 6. 

Based on that Urbach energy is associated to the micro structural lattice disorder, it can be 

suggested that the incorporation of La ions causes an increase in disorder and defects in the 

ZnO:La films since Urbach energy is greater for samples doped than the undoped one. Indeed, 

Figure 3. 21 shows a good correlation between the dislocation density and the Urbach energy.  
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Fig.3.21: Variation of E00 and ξ with La doping. 

The presence of a band tail for crystalline films indicates that the structural is inhomogeneous 

and disorder is significant. On the other hand, Figure 3. 22, giving E00 and Eg as a function of 

La concentration, shows that the variations of both Eg and E00 correlate very well: It is clear 

that the optical band gap is inverted to the disorder. As mentioned above, doping produce 

localized states in the energy band. As a result, both a decrease in the optical gap and a 

broadening of the Urbach tail occurred. This behavior indicates that the obtained optical band 

gap is governed with the disorder variation in the ZnO:La films. 

 

Fig. 3. 22. Correlation between Urbach energy and band gap with La doping. 
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3.6 Conclusions 

In this chapter, the process of ZnO layers elaboration was described. Obtained morphological, 

structural and optical properties of the samples was shown.  

ZnO thin films were prepared using zinc acetate and zinc chloride precursors by spray 

pyrolysis with moving nozzle technique on glass substrates at 375°C. Regardless of 

precursors, ZnO thin films are all in hexagonal structure. All deposited films have a preferred 

growth orientation along the c-axis (002) perpendicular to the plane of the substrate. SEM 

images show homogenous surface and no obvious differences in films morphology for the 

ZnO thin films whereas thickness of the films are around 210-350 and 384-476nm when zinc 

acetate and zinc chloride precursors were used, respectively. The optical measurements reveal 

that all films have an average 78-95% transmittance and the estimated optical band gap values 

ranged in 3.24-3.28eV for ZnO for different precursors which are very close to the band gap 

values of intrinsic ZnO crystal. 
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Chapter 4  

Characterization Of CuO Thin Films Prepared By 

Chemical Bath 

   

4.1 Introduction 

Copper ion (Cu2+) is one of the heavy metal ions causing environmental pollution specifically  

in water. Different methods have been used to remove Cu2+ from water such as adsorption. 

For this purpose different adsorbents were used [1-3]. One of the good adsorbents for removal 

of heavy metal ions is zinc oxide powder [4,5]. However, the powdered adsorbents are 

difficult to be separated from solution. Thus, these systems need extra processing after 

adsorption, including long time centrifugation or fine filtration [6]. 

The purpose of the present work is to removal of copper ions from aqueous solution by thin 

films of zinc oxide prepared on glass using spray pyrolysis. The advantages of the prepared 

adsorbents in the present work are high adsorption capacity for Cu2+ and also ease of 

separation from the reaction medium. After annealing the slides at different temperatures (200 

to 350°C) for 1hour. We see that both blades are covered with black and brown (CuO / Cu2O) 

colored layers . 

For this, we have characterized the microstructure and optics of our layers by different 

techniques: scanning electron microscopy (SEM), and X-ray diffraction (DRX) to obtain 

information on the directions of crystallographic growth and a spectrophotometer (UV-

Visible) to obtain information on the transmittance, the energy of gap and the disorder of the 

deposited layers. 

4.2. Experimental methods  

4.2.1. Preparation of standard copper solutions 

The aqueous solution of copper is prepared by the dissolution mass of (CuCl2 ) copper 

chloride in a volume of distilled water in order to obtain concentration of C=0.05mol /L, for 

the purpose of using them in the dilutions successive steps required to establish the calibration 
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curve (see Figure. 4. 1)From this mother solution, the derived solutions are prepared a 

concentrations listed on the following table: 

Table 4. 1 The derived concentrations from mother solution of copper metal ions . 

Samples S0 

 

S1 

 

S2 

 

S3 

 

S4 

 

S5 

 

S6 

 

Concentration 

10-3 mol/L 

C0=50 

 

C1=25 C2=16.6 C3=12.5 C4=10 C5=8.33 C6=7.14 

4.2.2 The adsorption experiment 

The prepared slides of La-doped ZnO/glass slides were used for adsorption of copper ion 

(CuCl2) in aqueous solution with a concentration of 20molml−1. The concentration of Cu2+ 

was determined using UV/visible spectrophotometer (Shimadzu 3101PC double beam) in the 

range of wavelength 200-900 nm. 

The adsorption experiments were carried out from equilibrium . Each film was immersed in 

15 ml of the copper ion solution under the natural sunlight for 4 hours at ambient temperature 

.After four hours the residual concentration of Cu2+ in solution (Ce) was determined by 

spectroscopic method in each sample . The removal percentage of copper ion in the aqueous 

solution was calculated by (Eq. 4. 1): 

𝑹(%) = (
𝑪𝟎−𝑪𝒆

𝑪𝟎
) × 𝟏𝟎𝟎        (4. 1) 

where C0 and Ce are the initial and the equilibrium concentration of Cu2+ after 4 hours. of 

copper ion (mol/L) and V is the solution volume (L)  
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4.3  Results and discussion 

4.3.1. Absorption of standard copper solutions 

UV-Visible absorption spectroscopy plays a very important role to investigate the optical 

properties of aqueous solution [7]. The optical property of copper ions solution  was analyzed 

by the cited technique, which is Shimadzu apparatus (Shimadzu-1800 working in the 

wavelength range 200-900nm). The analysis was performed in a quartz cell, using distilled 

water as a reference solvent.  

Before starting the removal of copper ions, a calibration of different synthetic solutions 

current was proceed and curve of which is obtained by plotting the absorbance peaks of 

absorption spectroscopy versus fixed standard concentrations of copper chloride. The UV-Vis 

spectra of copper metal ions at different concentrations in aqueous solution shown in (figure. 

4. 1). As can be seen from this figure, one peak of maximum absorption are exhibited. this 

peak is strong at about 505nm , which are attributed to the formation of copper metal ions. A 

decrease in the intensity of the peaks with the concentration decrease is observed. This may 

be due to the decreasing number of copper ions in aqueous solution [8]. 

 

Fig. 4. 1. Absorption spectra of copper metal ions at different concentrations in aqueous solution . 
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4.3.2 Adsorption studies 

The performance of the prepared ZnO/glass slides for removal copper ion from aqueous 

solution was tested by adsorption experiments. Figure 4. 2, shows the photograph of 

ZnO/glass slide before and after adsorption of copper ions. Change of slide color from white 

to blue clearly indicates the potential of ZnO thin films for removal of Cu2+ from aqueous 

solution.  

 

Fig. 4. 2. Photogragh of ZnO/glass slide: (a) before and (b) after adsorption of copper ions . 

4.3.2.1 Adsorption of copper ions from a solution under natural sunlight by 

ZnO:La thin films 

 Zinc Acetate 

The calibration curve of the absorbance , versus the standard concentrations of copper, is 

shown in figure 4. 3. In order to determine the residual unknown concentration of copper in 

solution after each sheet immersion, absorption spectroscopy was also preceded and recorded 

in the wavelength range 480 to 530nm. 
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Fig. 4.3. Calibration curve of absorbance of Cu2+ versus standard concentrations of copper and absorbance 

of residual solutions upon 0-5wt.% La doped ZnO immersed. 

Figure.4.4 shows the recorded absorption spectroscopy before and after each immersion. 

Before immersion , as can be seen one peaks more intense was observed approximately at 

505nm. After immersion ,a decrease in the intensity of the peaks with the concentration 

decrease is observed. This may be due to the decreasing number of copper ions in aqueous 

solution because is absorbed by the substrate of ZnO/glass slide. 

 

Fig. 4. 4. Absorption spectra of copper ions in aqueous solution at 0.02M, for 0-5 wt.% La doped ZnO sheets 

before and after each 4 hours of immersion. 
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The absorbance of the initial Cu2+ ions in a solution containing 0.02 mol/ml of CuCl2 is 0.201 

before immersion and decreases until 0.018 after having immersed 1wt% La doped sample for 

4 hours. Absorbance values, before and after immersion, are listed in Table 4.2. Residual 

concentrations of Cu+2 ions (it means CuCl2), in solution, were obtained by intercepting its 

absorbance the concentration axis in mol/ml via the calibration curve as plotted in figure 4.3 

Table 4.2. Measured absorbance, concentrations ,mass and removal percentages of copper Cu+2 ions from 

aqueous solution with La level doped ZnO. 

 

Samples 

(wt.%)° 

Absorbance (a.u) Concentration 

(mol/ml) 

Mass (mg) Percentage of removal (%) 

Before immersion           0.201                             20                           40.33                                  // 

After immersion             (20 mol/ml) in aqueous solution of copper ions for 4 hours  

ZnO:La 0 0.134 16.6 33.471 17 

ZnO:La 1 0.018 2.5 5.041 87 

ZnO:La 4 0.076 9.6 19.36 52 

ZnO:La 5 0.124 15 30.25 25 

 

Percentage removal of copper as a histogram and the grain size are drawn in figure. 4. 5. 

Based on removal equation of Cu+2 ions and its associated histogram, it becomes clear that, in 

general, adsorption of copper on sheets (or removal efficiency) of La-doped ZnO thin films 

has higher removal than undoped ZnO. The removal efficiency of ZnO increases from 17.% 

to 87% after La doping exhibiting the higher percentage removal of copper ions at 1wt.% La 

doping than undoped and the others La-doped ZnO thin films. Beyond 1wt. % La doping, 

removal of copper ions decreases to arrive at the minimum value of about 25.% with 5wt.% 

La doping level. Removal values were illustrated in Table 4. 2. Correlating the adsorption 

results with the crystallite size corresponding to 1wt.% La doped ZnO, it reveals that a link, 

between the removal and the surface area of samples, exists: the smallest grain size, as it was 

revealed in XRD study, provides great surface area (i.e decrease in grain size leads to 

sensitive nanostructure on the surface), yielding to more Cu+2adsorption on the surface of the 

samples. This behavior may be credited to the presence of more active adsorption sites on the 

La-doped ZnO thin film surface [9]or also to the substitution of Zn+2cation by La+3 hence 5 

wt.% La doped sample has big crystallite size compared to the undoped one but it exhibits 

more Cu+2removal, as seen in figure. 4. 5. This further removal may be attributed to the 

increase in the permanent dipole toward c direction in the ZnO matrix attracting Cu+2 from the 

solution.  
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Fig. 4. 5. Drawn of a histogram in with the grain size of La doped ZnO on the removal of Cu+2 ions from 

aqueous solution. 

 

Both of the tow conceptions improving the removal of Cu+2 ions may be explained as follow:  

The first one is the effect of the littleness in grain size mainly at lower level of doping (0-4 

wt.% La) where the removal follows the decrease in grain size as seen in figure. 4.5. As it is 

well known that the ZnO is polar material along c direction; the second conception is the 

effect of La doping in intensifying the permanent dipole along c direction. At 5 wt. % La 

doping, it is very important to mentioned that even though the grain size increases, the 

removal increases too. This means that the insertion of La in Zn site increases the permanent 

dipole toward the c direction as shown in figure 4. 6. The insertion is confirmed by XRD 

studies where the shift of the peak towards the lower angles is more significant in the case 5  

wt.% la doped sample. The permanent dipole intensification may be understood as follow: the 

insertion of La in ZnO matrix augmentains the lattice parameter (ć=c+Δc) and the local ionic 

charge yielding to an augmentation in the local permanent dipole (μ+Δμ) as illustrated in 

figure 4. 6; the augmentation in the local permanent dipole lets the sample surface more 

attractive (adsorptive) toward Cu+2. As results, the adsorptive ability of thin films increases 

after La doping. Those results are in good agreement with similar results reported in the 

literature [9-11]which were obtained with Silver, Lanthanum and Gallium doped ZnO. 
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Fig. 4. 6. Effect of La in intensifying the permanent dipole toward the c direction: 

a) μ before doping, b) (μ+Δμ) after doping. 

 

 Zinc chloride 

To see the effect of the nature of the substrate which may be involved in the phenomenon of 

copper adsorption in solutions of water synthesized by lanthanum-doped ZnO, we prepared a 

series of solutions at a concentration of 0.02M ions of copper by dissolving CuCl2 in 15mL of 

double distilled water in the same way as the case of the zinc acetate substrate. Each ZnO 

sample was immersed for 4 hours under natural sunlight and then removed from the solution. 

Figure. 4. 7 shows the recorded absorption spectroscopy before and after each immersion. 

Before immersion , as can be seen one peaks more intense was observed approximately at 505 

nm .After immersion ,a decrease in the intensity of the peaks with the concentration decrease 

is observed. 

The absorbance of the initial Cu2+ ions in a solution containing 0.02mol/ml of CuCl2 is 0.201 

before immersion and decreases until 0.056 after having immersed 1wt% La doped sample for 

4 hours. Absorbance values, before and after immersion, are listed in Table 4. 3. Residual 

concentrations of Cu+2 ions (it means CuCl2), in solution, were obtained by intercepting its 

absorbance the concentration axis in mol/ml via the calibration curve as plotted in figure 4.8 
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Fig. 4. 7. Absorption spectra of copper ions in aqueous solution at 0.02M, for 0-5 wt.% La doped ZnO sheets 

before and after each 4 hours of immersion. 

 

The calibration curve of the absorbance , versus the standard concentrations of copper, is 

shown in figure 4. 8. In order to determine the residual unknown concentration of copper in 

solution after each sheet immersion, absorption spectroscopy was also preceded and recorded 

in the wavelength range 480 to 530nm. 

 

Fig. 4. 8. Calibration curve of absorbance of Cu2+ versus standard concentrations of copper and absorbance 

of residual solutions upon 0-5wt.% La doped ZnO immersed. 
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The efficiency of elimination of Cu+ 2 by ZnO increases from 20% to 65% after doping with 

lanthanum by 1.% by weight La / Zn showing the doping effect on the elimination of copper 

ions compared with undoped ZnO and the other lanthanum-doped ZnO (1, 4, 5% weight) (See 

figure. 4. 9). Beyond 1.% by weight of lanthanum doping, the elimination of copper ions 

decreases to reach a value of approximately 35.% With 5.% by weight La/Zn; an illustration 

of these values has been given in the table 4. 3. If the adsorption results are compared with the 

size of the crystallites corresponding to 1.% of ZnO doped with lanthanum, a correlation was 

observed between the percentage of copper removal from the solution and the surface, 

moreover small grain size, as revealed in the DRX study, which has a larger active surface, 

which leads to more adsorption on surface of ZnO doped with lanthanum (1weight.%). This 

behavior can be attributed to the presence of more adsorption sites more active on the surface 

of the thin film ZnO doped with lanthanum. 

 

Fig. 4. 9. Drawn of a histogram in with the grain size of La doped ZnO on the removal of Cu+2 ions from 

aqueous solution. 
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Table 4.3. Measured absorbance , concentrations ,mass and removal percentages of copper Cu+2 ions from 

aqueous solution with La level doped ZnO. 

 

Samples 

(wt.%)° 

Absorbance (a.u) Concentration 

(mol/ml) 

Mass (mg) Percentage of removal (%) 

Before immersion          0.201                                20                         40.33                                   // 

After immersion         (20 mol/ml) in aqueous solution of copper ions for 4 hours  

ZnO:La 0 0.133 16 32.26 20 

ZnO:La 1 0.056 7.00 14.11 65 

ZnO:La 4 0.101 12.2 24.66 39 

ZnO:La 5 0.105 13.0 26.21 35 

 

The adsorbent results confirm that the precursor type and the molarity play an important role 

in the physicochemical and adsorbent properties of ZnO films. The type of precursor, the 

solvent and their molar concentration resulted in changes in crystallinity, stress, porosity, 

types of nanostructures morphology and particle size. 

In addition, varying the molar level of precursors acetate, ZnO/La wt. 1% showed better 

adsorbent activity than 0, 4 and 5 wt.%. We can attribute this higher activity to the non-

uniform morphology created and to the lowest band-to-band recombination, indicating that a 

higher number of photo-generated electrons are able to interact with the surrounding 

molecules. In this film, hexagonal plates are randomly oriented. Similarly, zinc chloride 

precursors, ZnO/La 1wt.% showed better adsorbent behavior than the other respective molar 

levels, coinciding in that both have the smallest particle size of each set. 

4.3.3 Copper oxide thin films  

In this section, we present the results of CuO films prepared on substrate of ZnO:La 1wt.% 

with tow precursors namely: copper chloride (CuCl2..2H2O) and copper acetate 

Cu(CH3COO)2 at various substrate temperatures in order to investigate the effect of this 

parameter 

4.3.3.1.Chopper chloride  

Copper chloride is used as copper source with molarity equal to 0.02 M. The samples were 

deposited with various substrates temperature ranged from: 200-350°C. 
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4.3.3.1.1 Growth rate 

In figure 4. 10 the growth rate variation was reported as function of the substrate temperature. 

As can be seen, the film thicknesses decrease with the increase in substrates temperature. The 

films deposition rate starts with 47.11nm/min at the beginning for the lower substrates 

temperature (200 °C) and decrease when substrate temperature rise to reach 16.65nm/min for 

CuO films deposited at higher temperature (350 °C). It is well known, that the increase of the 

substrate temperature improves the surface kinetic reaction of the substrate, which lead to 

thicker thin films. However, for CuO deposited thin films the thicknesses turn to reduce with 

increasing substrate temperature. In fact the deposition rate depends on the quantity of 

adsorbed copper ions as reactive species reaching the top of surface substrate. The increases 

in the substrate temperature enhance the evaporation of incoming species causing thin films 

thickness reduction. [12] 

 

Fig. 4. 10 Variation of deposition rate as a function of substrates temperature. 

 

4.3.3.1.2 Structural properties 

The X-ray diffraction (XRD) patterns of copper oxide thin films annealed at different 

temperatures are illustrated in figure 4. 11. The observed XRD patterns match well with 

monoclinic phase of CuO (JCPDS 45-0937 and JCPDS 80-0076) [13,14]. No peaks 

corresponding to metallic Cu or Cu2O phases were detected in the XRD patterns. Annealing 

the CuO films in air at various temperatures shows an improvement in crystallinity.  
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Fig. 4. 11. X-ray diffraction patterns of CuO thin films annealed at different temperatures  

The films crystallites size was estimated from the most intense peak namely ( 1̅11) and (200) 

by using the Scherer equation. In figure 4. 12 we have reported the variation of crystallite size 

as a function of substrates temperature. It is evident from the figure that the films crystallites 

size is reduced with increasing the substrate temperature. This variation can be explained in 

terms of the decrease in film thickness. Akaltun [15] have investigated the effect of thickness 

on the structural proprieties of CuO thin films prepared by bath chemical and he found 

increase of crystallite size from 8 to 18 nm for film thicknesses varied from 932 to 332nm. 
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Fig. 4. 12. Plot of grain size versus annealing temperature of CuO thin films. 

 

As can perceive from the XRD spectra, the intensity of this peaks are affected by the change 

in substrate temperatures. To describe the structure and preferred orientation of the deposited 

CuO thin films in detail, the texture coefficient (TC) . In figure 4. 13 we have reported the 

variation of the texture coefficient estimated for the two prominent peaks namely (1̅11) and 

(200) as function of substrate temperatures. As can be seen, the texture coefficient of the two 

atomic plans increase with increasing in substrate temperature to 300°C. Above this 

temperature the texture coefficient is reduced considerably. The decrease in the Tc value with 

substrate temperature shows that films obtained have more randomly oriented grains. The TC 

of the (200) plan is higher than the TC of the (1̅11) plan in the investigated temperature, this 

indicated that all sample have preferred (200) orientation. Thus, it was clear from the 

calculated TC that CuO films deposited at 300°C have best crystallization level and preferred 

(200) orientation. 

We emphasize that no peak corresponding to Cu2O has been appeared in the XRD pattern of 

films deposited at various substrate temperature. While some authors have reported the 

presence of both CuO and Cu2O phase for spray deposited CuO films [16,17]. Maruyama [18] 

has observed a mixture of Cu2O and CuO phase in CVD grown copper oxide films prepared at 

a substrate temperature of 300°C. Yoon et al. have observed a dominant CuO phase in copper 

oxide thin films prepared using ion beam sputtering at a substrate temperature varied from 25 

to 400 °C. It is important to note that films deposited with bath chemical technique, copper 
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oxide thin films with a predominant CuO phase has been successfully grown with substrates 

temperature of 200-350°C. 

 

 

Fig. 4. 13. Variation of texture coefficient as various substrate temperatures. 

 

In table 4. 4. we have regrouped the values of strain (ε) for CuO deposited films at various 

substrate temperatures. This structural parameter was also calculated from Hall–Williamson 

equation. The strain values varied from 0.0215 to 0.0593 in the studied temperature range . As 

can be seen, the maximum strain value found for the films deposited at 250°C. This can be 

explain by the appearance of all (hkl) plans characteristics of CuO phase in the same time 

which create a competition in the growth between this atomic plans and involve an  

augmentation of the strain in thin layer. Therefore, at higher substrate temperature the strain is 

found to decrease. This can be explained also by the disappearance of the (hkl) peaks as 

shown in XRD diffraction patterns. 

A positive slope has been observed in the Hall equation plot for CuO films deposited at 200, 

300°C, which confirms the presence of tensile strain in the crystal lattice. However, for CuO 

thin films deposited at higher temperature (350°C) a negative slope has been noticed 
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indicating the presence of compressive strain in the crystal lattice. As can be seen, variation of 

the substrate temperature leads also to change in the type of strain. 

 
Table 4. 4 Values of strain of the as-prepared CuO thin films with different substrate temperature. 

 

Substrate temperature 

(°C) 

Strain 

200 0.0421 

250 0.0593 

300 0.0215 

350 -0.0219 

 

4.3.3.1.3 Surface morphology and composition 

 SEM analysis 

The films surfaces were studied by scanning electron microscopy. The observations by SEM 

indicate the film surface homogeneity, the shape of the grains and aggregates of grains 

boundaries. SEM micrographs were taken for CuO films deposited with substrate temperature 

equal to 200 and 300 °C are embedded in figure 4. 14. The SEM micrographs show that 

deposited films are homogenous, dense and compact. However, the films deposited with 

higher temperature are smoother than the films deposited with lower temperature. This can be 

related to the decrease in film thicknesses. This confirms the extinction of interference fringes 

in transmittance spectra. 
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Fig.4 .14. SEM images of CuO thin films and their cross sections on substrate of ZnO:La 1wt.% .(a: 200°C, b: 

300 °C). 

 Film thickness measured using SEM 

The SEM image in cross section made for the cupric oxide thin layer is illustrated in figure 

4.14, the estimated thickness of which is around 1200-600nm. 

 EDAX analysis 

The chemical composition of the CuO thin film was determined by the energy dispersive 

analysis X-ray spectra. Figure 4. 15 shows the EDAX spectra obtained for sample of CuO on 

substrate of ZnO doped with 1% lanthanum. 

For this sample ,the elements identified in the thin layer of CuO are copper and oxygen also 

the presence of other elements in the spectrum originated from the substrate glass. The EDAX 

analysis does not reveal the presence of the other peaks which are at the origin of the 

impurities. This proves that the synthesized CuO is pure. Do not take into account the peak of 

carbon present in the air . 
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Fig. 4. 15. EDAX spectrum of CuO thin layers on substrate of La-doped ZnO 1wt.%. 

 

4.3.3.1.4 Optical properties 

The optical properties of the films were studied by measuring the transmission in the visible 

region. Figure 4. 16 shows the transmission spectra of CuO thin films annealed at various 

temperatures for a duration of one hour. It is clear that the deposited films exhibit a relatively 

high absorption ranged from 40 to 60 % for wavelengths greater than 600nm. The reduction 

of the transparency in this range with the substrates temperature is due to film thickness 

increasing. 

 

Fig. 4. 16. Optical transmission spectra of bath chemical CuO thin films annealed at different temperatures. 
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 Band gap energy calculation 

The optical energy band gaps (Eg) of CuO thin films can be estimated using Tauc equation . 

The allowed direct band gap of CuO is found from the Tauc plot (Figure. 4. 17) [19].  

The straight line intercept on energy axis at (αhν)2 equal to zero in the (αhν)2 versus hν plot 

will give the direct band gap of CuO films. The direct band gap of CuO films are observed to 

increase with annealing temperature 

                    

Fig. 4. 17 (a) The Tauc plots (αhν)2 versus hν showing direct band gap, (b) Plot shows band gap energy versus 

grain size of CuO thin films. 

from the table 4.5, it is observed that as the annealing temperature increases the grain size as  

well as the film thickness decrease.  

Table 4.5. The calculated band gap and Urbach energy values. 

 

Samples Thickness (nm) Band gap energy (eV) Urbach energy (meV) 

200°C 1200 2.115 95 

250°C 890 2.146 87 

300°C 784 2.187 74 

350°C 600 2.241 65 

 

The increase in the values of band gap energy with decrease in grain size is attributed to the 

increase in crystallinity of CuO phase in the films [20]. 

The estimated band gap values of CuO thin films for direct transitions in the present study are 

consistent with the reported Eg values of copper oxide thin films [20-22]. 
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4.3.3.1.5 FTIR spectroscopy analysis 

The FTIR spectra were recorded on a PerkinElmer RX spectrometer with KBr as a diluting 

agent and operated in the wave number range of 400-1800cm-1 with 4cm-1 resolution .The 

products were diluted with potassium bromide in the ratio of 1:100 for FTIR analysis. 

 

 

Fig. 4. 18 FTIR spectra of CuO synthesized by bath chemical method on substrate of ZnO doped La . 

Figure 4. 18 shows FTIR spectra of CuO thin films at different temperature on substrate of  

La-doped ZnO products. Figure 4. 18 shows FTIR spectra of CuO thin films at different 

temperature on substrate of 1wt.% La-doped ZnO products. The absorption bands at 500 and 

618cm-1 correspond to the stretching vibration of Cu-O bond in monoclinic CuO [23] as seen 

in the inset of figure 4.18. It is worth noting that the absorption band of Cu-O becomes greater 

than those obtained from the as synthesized  of copper oxide films revealing that the 

annealing treatment ameliorates the oxide copper thin layers .but other absorption bands 

correspond to the stretching vibration of Zn-O bond wurtzite hexagonal type ZnO crystal 

[24,25]. 
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4.3.4.2 Copper acetate 

In this part, copper acetate is used as copper source with molarity equal to 0.02 M. the used 

samples study are deposited with various substrates temperature ranged from : 200- 350°C. 

4.3.4.2.1 Growth rate 

In figure 4. 19, Also the growth rate variation was reported as function of substrate 

temperature. As can be seen, the deposition rate diminish from 14 to 10nm/min in the 

investigate temperature range. Increasing in substrate temperatures causes to reduce of the 

quantity of reactive species and deteriorate the surface kinetic reaction of the substrate, which 

lead to decrease film thicknesses. We noted that films thickness condense with increasing in 

substrate temperature for the deposited CuO films with the two precursor salt namely: copper 

acetate and chloride. As result this behavior is mostly and particularly attributed to the films 

deposited by bath chemical deposition and annealing at higher substrate temperature which 

may be affected by the presence anions salts (Cl- or CH3COO-) and incoming pieces with 

adsorbed Cu++. 

 

 

Fig. 4. 19. Variation of growth rate as function of substrate temperatures. 
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4.3.4.2.2 Structural properties 

The XRD spectra of different films are reported in figure 4. 20. The influence of the 

deposition temperature on films structure can be divided as following: 

 For substrate temperature varied from 200 to 300°C: Two most prominent peaks can 

be clearly seen at 2θ value 35.54° and 38.72° corresponding to atomic planes (1̅11) 

and (111), respectively of CuO phase. No peak corresponding to Cu2O phase of 

copper oxide has appeared in the XRD pattern indicating the formation of pure CuO 

films. However the intensity of these two important peaks changed with the variation 

of the substrate temperature. 

 For the films deposited at 350°C: The DRX shows the presence of single (111) atomic 

planes located at 38.73° and the peak (1̅11) disappears. 

 

Fig. 4. 20. XRD diffraction patterns of CuO films prepared with different substrate temperatures. 

 

To determine the preferential orientation in CuO films from the XRD data, the texture 

coefficient was calculated. The texture coefficient (Tc) for the (1̅11) and (111) atomic planes 

at various substrate temperature is showing in figure 4. 21. As can be seen, the Tc of the two 

atomic plans have the same behavior, it is maximum for substrate temperature equal to 250°C 
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For the films prepared at 200°C, the samples show a (111) preferred orientation. With 

increasing substrate temperature the Tc of the two atomic plans equalized indicates a random 

distribution of grains in the film. At substrate temperature equal to 300°C, the preferred 

orientation of the CuO films change from (111) to (1̅11). As result, for lower substrate 

temperature, the films showed a (111) preferred orientation and a (1̅11)  preferred orientation 

for the sample deposited at higher substrate temperature. All films are polycrystalline and the 

calculated texture coefficient shows that the CuO films elaborated at 250°C have the best 

crystallinity. 

It is remarkable to note from the comparison of our observed and their reported from the XRD 

analysis that, the nature of salt solution used as Cu source for deposition CuO film by bath 

chemical technique might be responsible in change of copper oxide phases and the variation 

of structural proprieties of single phase CuO. 

 

Fig. 4. 21. Variation of texture coefficient as function of substrate temperatures. 

 

The films crystallites size was estimated from the most intense peak namely (1̅11) and (111) 

by using Debye Scherrer formula (see chapter 3). In figure 4. 22 we have represented the 

variation of the crystallites size as function of the substrate temperature. It is clear from this 

figure that crystallites size increase with increasing substrate temperature. The calculated 
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crystallites size enlarges from 11 to 35 nm in the investigated temperature range. It is well 

know that the increase in substrate temperature improve the crystallinity and leads to the 

formation of bigger crystallites size. The nucleation step is highly sensitive to the substrate 

temperature. At hot surface substrate, atoms have larger kinetic energy which leads to wide 

nucleation and higher condensation of atoms in consequence growth of bigger crystallites 

size. Therefore, at low substrate temperature the nucleation center are fewer with less kinetic 

energy this leads to the growth of small crystallites size. In the same figure 4. 22 we have 

represented the variation of strain with various substrate temperatures. It is evident from this 

figure that the strain is reduced with increasing the substrate temperature. As can be noted the 

increase in substrate temperature improves the crystallinity and so the amount of the defects 

in the films. On other hand the increase in the crystallites size correlates well with the strain 

reduction in films. This indicates clearly that the obtained strain film is controlled by the 

value of the calculated crystallites size. In additional, the growth of lager crystallite size leads 

to grain boundaries reduction and consequently the reduction of defects in the structure. Grain 

boundaries are 2D defect in the crystal structure; it tends to decrease the film crystallinity. So, 

the reducing in crystallite size is a common way to improve the strain in films, as described 

by the Hall–Petch relation. It can be deduced an increase in the crystallite size causes the 

reduction in the strain. 

 

Fig. 4. 22. Variation of crystallites size and strain as function of substrate temperature. 
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4.3.4.2.3 Optical properties 

In figure 4. 23 we have represented the diverse spectrum of transmittance in the UV-VIS-NIR 

range with different substrate temperatures. The films transparency varied wildly, in the 

investigated temperature range. It is seen that the films become more transparent with the 

increase in substrate temperatures. For wavelength above 800nm the transmittance of the 

whole films is ranged from 30 to 65%. This variation is in same rage reported in the literature 

[25]. CuO thin films are used as an absorber layers in solar cells. The high absorption of this 

layer in visible range is one of the required proprieties devices. The film transparency 

increases with increasing substrate temperature. This behavior is due to the decrease in films 

thicknesses. 

 

Fig. 4. 23. Transmittance spectrum in UV-VIS-NIR range of CuO films deposited with 

various substrate temperature. 

 

The optical band of films is deduced from the transmittance spectra (as mentioned in chapter 

3). The obtained results are shown in figure 4. 24. As can be seen, the optical band gap 

enlarges with increasing substrate temperature. It is varied from 1.23 to 1.46eV for substrate 

temperature ranging from 200 to 350°C. In figure 4. 24 we have represented the variation of 

the disorder (E00) as function of substrate temperatures. As mentioned above the variation of 

optical band gap is related to the variation of disorder. The increase in optical band gap 

corroborates well the disorder reduction in films network. This confirms also the increase in 
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optical band gap with substrate temperature increasing. The increase in the gap energy 

indicates that the disorder in films is reduced with substrate temperature. This is consistent 

with the decrease is the values of the defects of the strain calculated from XRD patterns. In 

this case, the variation of the optical gap is governed by the film disorder . 

 

 

Fig. 4. 24. Variation of optical band gap and Urabch enery as function of substrate 

temperature. 
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Chapter 5  

Conclusion and Future Works  

 

CuO thin films were deposited on substrate of zinc oxide by bath chemical. The CuO films 

are deposited with different deposition conditions in order to optimize these parameters for 

elaborate a CuO films with good quality which can be used in several applications such as: 

solar cells and gas sensor. The investigated parameters in this study were nature of substrate; 

substrate temperature, molarity and nature of salt. These layers have been characterized by 

different methods; X-ray diffraction (XRD) and scanning electron microscopy (SEM) for the 

observation of the microstructure, and UV-visible-IR spectroscopy for the study of optical 

properties. 

The aim of the research is to elaborated and characterized they substrates of undoped and 

doped lanthanum zinc oxide and thin films of copper oxides. This study was therefore carried 

out in three parts. 

In the first part of this work we have elaborated a series of deposition of ZnO thin films were 

deposited on substrate a glass by spray pyrolysis with moving nozzle at constant temperature 

375°C with different parameters to study the effect of the lanthanum doping and the nature of 

the precursor, (in this case Zinc acetate and Zinc chloride) on structural and optical  

properties. 

From the X-ray diffraction analysis we have concluded that the thin films of ZnO obtained are 

crystallized in a hexagonal wurtzite structure indicates that the structures of doped ZnO are 

not altered by the incorporation of La. It is also worth noting that no peaks related to 

lanthanum oxide are found in these spectra, which may be due to the low La content, with a 

preferential orientation (002) along a c axis perpendicular to the substrate for the precursors 

zinc acetate and chloride of zinc respectively. The crystallite size decreases from 54 to 45nm 

in the investigated a different lanthanum doping rates for the precursors zinc acetate. But for 

zinc chloride the crystallite size of undoped and La-doped ZnO thin films is lying in 73 to 

60nm domain, no extra phases involving chloride or lanthanum compounds were observed . 
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A good correlation between the results obtained by scanning electron microscope (SEM) and 

the spectra obtained by X-ray diffraction was observed and made it possible to demonstrate 

the good quality of the thin layers prepared. 

For zinc acetate precursor the optical transmission spectra of ZnO:La films were prepared 

films exhibit a high transparency lying around 95 % in the visible domain. The optical band 

gap increases with the doping concentration from 3.24 to 3.27eV, these are related to the 

decrease in the film disorder from 56 to 84meV. But for zinc chloride the optical transmission 

spectra of the films exhibit a high transparency lying between 78 and 90 % and interference 

fringes in the visible domain. The transmission is found to be maximal for ZnO :La 0% film 

and decreased with an increase in La content. These fringes are due to the multiple reflection 

on the two film interfaces which indicates that the films prepared with these conditions are 

smooth . The decrease of Eg value may be due to the increase in the concentration of defects 

in the crystals with doping. The doping results in the rise of additional band tail states, leading 

to shrinkage of the band gap. This phenomenon, which causes the decrease in Eg, is generally 

in competition with another called: the Burstein Moss shift. 

The existence of functional groups and the Zn-O chemical bond are confirmed by Fourier 

transform infrared spectroscopy (FTIR), where it has been observed in particular the Zn-O 

stretching vibration bonds in the ZnO lattice; the wavelengths of vibration are located at 

≈445.42cm-1, we also observed the presence of the vibrations of elongation O-H, C-O, C-H, 

and a symmetrical bond C-H, of bending O-H, the vibration of elongation asymmetric of the 

carboxyl group have been assigned. 

 

In the second part of this work is to removal of copper ions from aqueous solution by thin 

films of zinc oxide prepared on glass using spray pyrolysis with moving nozzle. The 

advantages of the prepared adsorbents in the present work are high adsorption capacity for 

Cu2+ and also ease of separation from the reaction medium. the elimination rate is 87 and 65% 

to 1.% by weight (La/Zn) under natural sunlight for the precursors acetate and zinc chloride 

respectively. Lanthanum is a good quality dopant to increase the adsorption capacity of ZnO 

thin films by increasing the active surface of the sample. After annealing the slides at different 

temperatures (200 to 350C °) for 1hour. We see that blades are covered with black and brown 

(CuO/Cu2O) colored layers. 
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In the third part of this work have been characterized the layers after annealing by different 

techniques. From the investigation of substrate temperatures using copper chloride as 

precursor, the deposition rate decrease with increasing the substrate temperature; this is due to 

the evaporation of reactive species droplets and the thermal convection. The films structure 

reveals that all deposited films crystallize in monoclinic structure. The calculated texture 

coefficient reveals that CuO films deposited at 200 to 350°C have best crystallization level 

along preferred orientation (200). The crystallite size decreases from 18 to 8nm in the 

investigated substrate temperature. The SEM micrographs show that deposited films are 

homogenous, dense and compact. However, the films deposited with higher temperature are 

smoother than the films deposited with lower temperature. This can be related to the decrease 

in film thicknesses . the estimated thickness of which is around 1200-600nm. 

The chemical composition of the CuO thin film was determined by the energy dispersive 

analysis X-ray spectra ,the elements identified in the thin layer of CuO are copper and oxygen 

also the presence of other elements in the spectrum originated from the substrate glass. The 

EDAX analysis does not reveal the presence of the other peaks which are at the origin of the 

impurities. This proves that the synthesized CuO is pure. 

The transmission spectra of CuO thin films  is clear that the deposited films exhibit a 

relatively high absorption ranged from 40 to 60 % for wavelengths greater than 600 nm. 

The optical band gap increases with substrate temperature from 2.11 to 2.24eV, this is related 

to the decrease in the film disorder from 65 to 95 meV. The FTIR spectra of CuO thin films at 

different temperature on substrate of 1wt.% La-doped ZnO products .The absorption bands at 

500 and 618cm-1 correspond to the stretching vibration of Cu-O bond in monoclinic CuO . It 

is worth noting that the absorption band of Cu-O becomes greater than those obtained from 

the as synthesized of copper oxide films revealing that the annealing treatment ameliorates the 

oxide copper thin layers .but other absorption bands correspond to the stretching vibration of 

Zn-O bond wurtzite hexagonal type ZnO crystal . 

the films deposited with copper acetate at higher substrate temperature films grows with low 

deposition rate. The XRD analysis indicates that the obtained films have a monoclinic 

structure. The calculated texture coefficient shows that at lower substrate temperature, the 

films growth along (111) preferred orientation, contrary to preferred orientation (1̅11) found 

for that deposited at higher substrate temperature. The best crystallinity is found for films 

prepared at 250°C. The increase of crystallite size and the decrease in strain confirms the 

crystallinity improvement of films deposited with increasing the substrate temperature. 



116 
 

The films transparency varied wildly, in the investigated temperature range. It is seen that the 

films become more transparent with the increase in substrate temperatures. For wavelength 

above 800 nm the transmittance of the whole films is ranged from 30 to 65 %. 

The increase in optical band gap corroborates well the disorder reduction in films lattice .This 

confirms also the increase in optical band gap with substrate temperature increasing. The 

increase in the gap energy indicates that the disorder in films is reduced with substrate 

temperature. 

 

Recommendations for Future Work 

As there are still numerous opportunities for expending the research in alignment with the 

outcomes presented in this thesis, the author presents the following as the future outlook of 

this dissertation: 

 

 It will be beneficial to investigate the films characterization of the different materials 

used for fabricated the heterojunctions such as: zinc oxide (ZnO) and cupric oxide 

(CuO) and the IV characteristic of the solar cells. 

 

 For the measurement of the current-voltage characteristic of the fabricated p-CuO/n-

ZnO heterojunctions as well as their performance. 

 

 The result  in this PhD thesis of CuO films characterization  . It is possible application 

as sensitive layer and ,  the gas sensing performance of CuO based sensor towards 

organic vapor. 

 

 CuO is a promising photo-catalyst that is used in many chemical processes, such as 

organic contamination degradation and water splitting under visible–light irradiation 

owing to their small band gap and low cost. 
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Abstract. In this study, Zinc oxide (ZnO) undoped and Lanthanum doped (ZnO: La) thin films were 
deposited on 400°C heated glass using spray pyrolysis technique with moving nozzle. The 
components (Zn (CH3COO)2, 2H2O) and (LaCl3, 7H2O) were used as sources to produce ZnO thin 
film and doped Lanthanum, respectively. Effects of dopant on the optical and structural properties 
of undoped and 0, 2 and 4 wt. % Lanthanum doped ZnO thin films were studied. Optical 
transmittance spectra of the films showed high transparency of about 98% in the visible region. The 
optical gap for ZnO and 0, 2 and 4 wt. % La doped ZnO thin films were found to be in 3.25- 
3.28 [eV] range. The X-ray diffraction showed that the thin films have hexagonal wurtzite structure 
with a strong (002) as preferred orientation, whereas the crystalline size was ranged in 15.89- 
33.45 nm. The ZnO thin films are promising to be used a light emitting diodes, gas sensor and UV 
detectors applications. 

Introduction 

Recently, thin films and especially the transparent semiconductor oxides (TSOs) have been 
widely invested by the scientific community and applied by the industry for different optoelectronic 
devices, the most used TSO’s such as In2O3, ZnO, and ITO show considerable interest due to their 
unique optical, electronic and piezoelectric properties. ZnO offers a wide range of applications such 
as solar cells [1], diluted magnetic semiconductors [2] nanopiezotronics [3], UV detectors [4], gas 
sensors [5], light emitting diodes [6], etc. ZnO is a direct band gap semiconductor (Eg = 3.37 eV at 
room temperature) and has a large exciton binding energy (60 meV) [7]. ZnO is an n-type II-VI 
semiconductor most stable when crystallized in wurtzite structure. ZnO has the richest range of 
morphologies. Additionally, it has been found to display good photoconductivity and high 
transparency in the visible region. Various physical and chemical routes were used to synthesize 
RE+3-doped nanostructure material: electrochemical deposition [8], hydrothermal method [2, 4, 6], 
chemical vapor deposition (CVD) [3], sol-gel method [5, 10, 11], precipitation [9], solution 
combustion [12], and magnetron sputtering [13]. In this research, a facile route of spray pyrolysis of 
La-doped ZnO thin films at low temperature was created. A possible mechanism on the growth of 
La-doped ZnO thin films was explained. In the end, the photocatalytic performance of pure ZnO and 
La-doped ZnO was investigated. It was found that La-doped ZnO showed better photocatalytic 
performance than pure ZnO. 
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Experimental Methods 

Solutions and thin films preparation  

ZnO thin films were deposited on 400°C heated glass substrates using a spray pyrolysis method. 
By dissolving (1M) zinc acetate dihydrate (Zn (CH3COO)2, 2H2O) in the solvent containing equal 
volumes of double distilled water and absolute methanol solution (purity: 99.995%), undoped ZnO 
thin films solution was ready. Few drops of the concentrated acetic acid solution were added to the 
prepared solution as a stabilizer. The mixture solution was stirred at 50°C for 2 hours to have a clear 
and transparent solution. For Lanthanum doping, (LaCl3, 7H2O) with the appropriated ratio of La/Zn 
(0, 2 and 4wt. %) was added to the precedent solution. Each solution, with the appropriated ratio of 
La/Zn, became homogeneous and clear after stirring for 2 hours too. For non-doped and La-doped 
ZnO thin films, the resulting solutions were sprayed on the heated substrates. The deposition of ZnO 
thin films was performed for 10 min with keeping the moving nozzle-substrate distance equal to 
7cm. The substrates are microscope glass with compressed air.  

Characterization  

Optical transmittance spectra were carried out using a UV-Visible spectrophotometer (Shimadzu, 
Model 1800) operating in the range of 200-900 nm. Structural characterizations are implemented 
using X-Ray diffractometer (BRUKER - AXS type D8) under Cu Kα (λ = 1.5405 A˚) radiation 
while the full scanning range of (2θ) was between 10° and 80°. Fourier transforms infrared (FTIR) 
spectra of the powders (were recorded using a Fourier transform infrared spectrometer (Perkin 
Elmer) in the range of 4000–400 cm−1 with a resolution of 1 cm−1. 

Results and Discussion 

Optical properties 

All the ZnO thin films were n-type and films have an optical transmission of about 95% in the 
visible region Fig. 1 shows the transmission spectrum of a ZnO thin film with a different dopant.  

 

 
Fig. 1 Optical transmission spectra of spray pyrolysis doped and undoped La- ZnO thin films at 

400C°. 
 

The optical energy band gap (Eg) of ZnO thin films was 3.25-3.28 [eV] (inset of Fig. 2) as 
estimated from Tauc plot (Eq. (1)). 

( ) ( )gEhAh −= υυα 2                                                                         (1) 
where α is absorption coefficient,hν is the photon energy, A is a constant, Eg is the optical band 

gap. For Eg values were deduced from the transmission by extrapolating (αhν)2= 0. The optical band 
gap values as in Table I.  
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Fig. 2 The optical band gap of doped and undoped La- ZnO thin films. 

 

Fig. 2 shows a plot of the variation in band gap energy with a different dopant and it is observed 
increases the band gap energy of ZnO after doping. The increase in the values of band gap energy 
with different dopant is attributed to the decrease in crystallinity and grain size of ZnO films [14]. 

 

 
Fig. 3 Plot of grain size and band gap versus La- concentration of ZnO thin films. 

 

 
Fig. 4 Urbach energy (Eg) of La doped ZnO thin films. 
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Table 1 Optical parameters of 0-4wt % La-ZnO thin films: optical transmittance, band gap and 
Urbach energy. 

Material Transmittance 
T (%) Eg [eV] EUrbach [meV] 

ZnO: La (0 wt.%) 
ZnO: La (2 wt.%) 
ZnO: La (4 wt.%) 

96 
97 
97 

3.251 
3.262 
3.281 

84.85 
80.42 
76.35 

 
As Fig. 4 displays, Urbach energy (Eu) of ZnO thin films with different La doping levels, the Eu 

reflects the disorder in the thin film network; it is related to the absorption coefficient by the 
following relation (Eq. (3)) [15]: 

( )uEhaa /exp0 ν=                                                                      (2) 

where 0a  is a constant; Eu is the Urbach energy. The values of Urbach energy in these thin films 
varies from 76.35 to 84.85 meV. 

Structural properties 

The XRD patterns of ZnO thin films with different dopant are shown in Fig. 5. The diffraction 
peaks correspond to the wurtzite ZnO having a hexagonal structure (JCPDS No. 36-1451) [16]. The 
crystallinity of the films decreases after doping. The average crystallite size as calculated from XRD 
by Scherer equation (Eq. (3)) [17] is found to increase doping (Fig. 5). 

 

θβ
λ

cos
KD =                                                                           (3) 

 
where D is the crystallite size, K is the shape factor lying between 0.95 and 1.15 depending on the 
shape of the crystals and in the present study the value is assumed to be 1, β is the full width at half 
maximum (FWHM) of the diffraction peak in radians, θ is the Bragg angle of the diffraction peak 
and λ is the wavelength of X-rays [18]. The average crystallite size was found to be 33, 17 and  
15 nm respectively for the La-ZnO films at 0, 2 and 4 wt%. 
 The texture coefficients TC(hkl) have been based on the following formula [19]: 

 

∑−
= N

n
hklIhklIN

hklIhklIhklTC
)(/)(

)(/)()(
0

1
0                                                              (4) 

 
where TC(hkl) is the texture coefficient of the plane (hkl), I(hkl) is the measured intensity, I0(hkl) is 
the standard intensity, N is the reflection number and n is the number of diffraction peaks. The 
preferred crystallographic orientation of the undoped and La-doped thin films was along (002). For 
the calculation of lattice parameter c and the inter-planer spacing dhkl, we have used the following 
formulas [13]:  
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
++

=
                                                          (5) 

 
where dhkl is the distance between two adjacent parallel planes of the family hkl, (hkl) are the Miller 
indexes and ‘a’, ‘b’ and ‘c’ are the lattice parameters. The standard and calculated lattice parameters 
have been summarized in Table II. The increase in lattice parameter c of La-doped ZnO may be due 
to the large difference between the substitute ionic radius of La+3 (1.15 Å) with Zn+2 (0.74 Å) into 
the ZnO lattice and its decrease may be attributed to the loss in the substitutional position of La+3 
ion in the ZnO lattice [20].  
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Fig. 5 XRD patterns of 0,2 and 4 wt. % La doped ZnO films. 

Table 2 Lattice parameters a, c, of 0, 2 and 4 wt. % La doped ZnO. 
 

ZnO: La LATTICE PARAMETERS 
a=b[A°] c[A°] D[nm] Stress[109 Pa] 

0 wt. % 
2 wt. % 
4 wt. % 

3.246 
3.262 
3.268 

5.202 
5.213 
5.244 

33.12 
17.43 
15.21 

-0.28 
-1.32 
-1.57 

 

 
Fig. 6 FTIR spectra of pure ZnO and La-doped ZnO thin films by spray pyrolysis. 

 

Fig. 6 shows FTIR spectra of 0 wt%,2.0 wt%  and 4wt% La-doped ZnO products. The strong 
absorption bands at 426 and 565 cm-1 are attributed to the Zn–O stretching vibration of wurtzite 
hexagonal type ZnO crystal [21, 22], belonging to the oxygen sublattice (E2H) vibration and oxygen 
vacancies of wurtzite ZnO crystal, respectively [23]. The broad absorption bands at 3013–3633 cm-1 
are the O–H stretching vibration of adsorbed water on the ZnO surface [24]. 

Summary 

La-doped ZnO thin films with different dopant rates were deposit by spray pyrolysis on heated 
glass substrates. Effects of dopant on the structural, optical of 0, 2 and 4 wt. % lanthanum doped 
ZnO  thin films were studied. The optical transmittance in the visible region was more than 96% for 
all thin films. The optical band gap for undoped ZnO and La-doped ZnO thin films increases from 
3.25eV to 3.28 eV. The X-ray diffraction appeared that all the thin films the wurtzite ZnO having a 
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hexagonal structure. The preferential orientations of undoped and doped ZnO was along (200) 
planes. The crystalline sizes for undoped and La-doped ZnO thin films were in the range between 
33.63 nm and 15 nm. La-doped ZnO has an excellent photocatalytic activity than pure ZnO for 
degradation of MB under UV irradiation. This research may provide guidance for the treatment of 
organic pollutants.  
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