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INTRODUCTION 

In order to realize high-performance electronic devices such as light-emitting diodes 

(LEDs), transparent pn-junctions, transparent electronics, and thin-film transistors (TFTs), 

highly effective p-type TCOs are required. Relatively few p-type TCOs have been identified, 

and when compared to their n-type counterparts, they exhibit relatively inferior 

characteristics, such Poor conduction. The poor hole mobility of p-type TCOs is mostly 

caused by the shape of their valence band (VB) due to the strong localization of holes at 

oxygen 2p levels, resulting in the formation of a deep acceptor level. However, incorporating 

appropriate cations with energy levels close to or higher than the O 2p level can disrupt this 

localization. This leads to the dispersion of the valence band by hybridizing the cation outer 

shell orbital with the anion 2p orbital, reducing the hole’s effective mass, which in turn 

augments the hole's mobility. This improves the p-type electrical conductivity in the material. 

Along with that, the optimization of deposition parameters plays a vital role in improving the 

optical and electrical properties. 

Our job in this research work was to synthesize efficient p-type TCO thin-film by 

pneumatic spray system (SP) technique. Chromium oxide Cr2O3 was selected as our candidate 

material. Cr2O3 is a highly versatile material and its films have been used in a variety of 

applications, such as organic solar cells hole-transporting layer [1], Photodetector and Solar 

Cell [2], electronics [3], gas sensors [4] and corrosion [5]. There are many different thin film 

deposition methods that have been used to create Cr2O3 thin films, including  dc magnetron 

sputtering [6], CVD [7], pulsed laser deposition (PLD) [8], sol gel method [9] and spray 

pyrolysis [10]. Among of these methods, spray pyrolysis has a lot of benefits, such as 

simplicity and low cost, moderate temperature operation, control of thickness, and solution 

flow rate control. 

 Hence, this work is aimed to demonstrating the appropriate conditions for synthesizing 

thin films for various applications by varying the concentration of precursor, substrate 

temperature, and effect of Indium and copper doped Cr2O3 thin films to improve the optical 

and electrical properties of chromium oxide thin films. This research is done at the University 

of Biskra’s Physics of Thin Films and Applications laboratory (LPCMA). 

We have characterized our films by different analysis techniques. X-ray Diffraction analysis 

(XRD) was used to measure structural properties such as the crystalline quality and nature of 

the layers, the size of the crystallites, the lattice parameters, and the evaluation of the stresses. 

Scanning electron microscopy (SEM) made it possible to analyze the surfaces and their 
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morphology and chemical composition by X-ray energy dispersive spectroscopy (EDX). UV-

visible spectrophotometer made it possible to discuss the optical characteristics such as: the 

spectrum of the transmittance, the optical gap energy, the Urbach energy. Finally, the four-

point technique was used to measure electrical characteristics such as electrical resistivity. 

This thesis is organized into five chapters: 

 The first chapter gives a definition of P-type transparent conducting oxides (TCOs) and 

a bibliographic overview of chromium oxide by introducing its structural, optical, and 

electrical properties and its multiple applications.  Summarized some of the various methods 

used for depositing Cr2O3 films in the literature, such as physical vapor deposition (PVD), 

chemical vapor deposition (CVD), sol gel, and spray pyrolysis. It also contains 

characterization methods that have been used for optical, electrical, morphological, and 

crystallographic measurements. 

 The second chapter presents in the first part a description of the experimental 

homemade pneumatic spray system (SP) technique employed in this work. The preparation 

and characterization of chromium oxide (Cr2O3) films deposited by pneumatic spray 

technique on glass substrates with different precursor concentrations using chromium chloride 

and chromium nitrate ranging from 0.02 to 0.08 M is presented in the second part. 

 In the third chapter, we studied the effect of substrate temperature on the structural, 

morphological, optical, and electrical properties of chromium oxide films by carrying out a 

series from 350 to 550 °C. 

 Chapter four deals with the influence of indium-doped chromium oxide films prepared 

by pneumatic spray on glass substrates with different concentrations of indium (0, 2, 4, 6, and 

8 wt.%). 

 Chapter five presents the effects of doping by copper with various concentrations (0, 2, 

4, 6, and 8 wt.%) on the structural, morphological, optical, and electrical properties of Cr2O3 

thin films. 

 Finally, we provide a general conclusion including the essential results of the 

characterization of chromium oxide thin films with future outlooks about the results obtained 

in this thesis. 
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Introduction 

 The subsequent chapter gives a definition of P-type transparent conducting oxides 

(TCOs) and a bibliographic overview of chromium oxide. We will focus on chromium oxide 

(Cr2O3) by introducing its structural, optical, and electrical properties. And present 

applications of Cr2O3. 

 Various methods have been used in the literature for depositing Cr2O3 films, such as 

physical vapor deposition (PVD), chemical vapor deposition (CVD), sol gel, and spray 

pyrolysis. In order to determine the optical, electrical, morphological, , and crystallographical 

characteristics of chromium oxide films, characterization methods, which include X-ray 

diffraction (XRD), scanning electron microscopy (SEM), spectrophotometry UV -visible, and 

four-point are used. 

I.1. P-type transparent conducting oxides (TCOs) 

 Transparent conductive oxides, also known as TCOs, exhibit an unusual combination of 

two characteristics. They have high conductivities and are transparent in the visible spectrum. 

Research on p-type transparent conductive oxides has considerably increased interest in these 

materials in order to manufacture transparent electronics based on the production of p-n 

hetero-junctions. They are needed for a wide range of applications, including solar cells, flat 

panel displays, touch screening, light-emitting diodes, and transparent electronics[1,2]. But 

compared to n-type TCOs, p-type TCOs still suffer greatly from lower conductivities and 

transparencies. In 1993, Sato et al.[3] published the first study on the deposition of p-type 

TCOs via the synthesis of  NiO. The P-type conductivity of the delafossite CuAlO2 was first 

investigated in 1997 by Kawazoe et al.[4] .The synthesis of highly conductive p-type TCOs is 

challenging due to their valence band (VB) structure and is shown schematically in Figure 

I.1. Because oxygen has a high electronegativity in p-type semiconductor oxides, oxygen 2p 

levels produce a strongly confined valence band edge that has a strong ionic character. The 

high ionicity of these compounds is attributed to the energetic position of the oxygen level, 

which is situated at energy lower than the valence orbital of the metallic cations. This will 

result in a large effective mass of the holes, i.e., a flat valence band structure[5–7]. Another 

factor is the low formation energy of intrinsic donor defects such as cation interstitials or 

anion vacancies, which act as hole killers [1]. This will result in reduced holes’ mobility and, 

finally, low electrical conductivity. Here, Chromium (III) oxide (Cr2O3) is regarded as a 

potential p-type TCO. Cr2O3 has a hexagonal structure with the chromium cations filling up 

2/3 of the octahedral sites. Tetrahedrally coordinated oxide ions inside the lattice are helpful 
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for p-type conductivity because they help minimize the localization of the O 2p electrons to 

the oxide ions [5, 8, 9]. The conductivity and the optical properties of Cr2O3 can be improved 

dramatically by doping. 

 

 

 

Figure I.1: Chemical bond between a metal cation and an oxygen anion. The top 

of the valence band has mixed character consisting of the oxygen 2p6 and the metal 

d10. The cation has a closed d10 shell, to prevent d-d transitions, and thus coloration 

(visible light absorption) of the material[5]. 

I.2. Main chromium oxides 

 Some of the most important chromium oxides' qualities will be recognized in this 

chapter. Chromium has a variety of oxidation states and oxides, such as CrO, CrO2, CrO3, and 

Cr2O3 [10]. As shown in the table I.1. The review will be focused on chromium oxide 

(Cr2O3), the material of interest for this work, because it is a very stable phase of chromium 

oxide. 

Table I.1: Oxidation state of chromium oxide[10]. 

Oxidation state +3 +4 +6 Intermediate 

Cr Cr2O3 CrO2 CrO3 Cr3O8, Cr2O5, Cr5O12, etc. 
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I.2.1. Chromium (IV) dioxide (CrO2)  

 Chromium dioxide is a highly interesting compound that is metastable at atmospheric 

pressure, decomposing into Cr2O3 when heated and exposed to ambient air [11,12]. It has 

metallic conductivity and its ferromagnetic properties; (CrO2) is an important material for 

applications in magnetic and magnetoelectronic devices. Is the only stoichiometric binary 

oxide with a Curie temperature of  ~ 390 °K that is a ferromagnetic (FM) half metal (spin-

polarization, Pn, of ~ 100%) [13]. It exhibits half-metallic behavior with relatively low 

electrical resistance. Compared to the other half-metal possibilities, it is likewise 

ferromagnetic at room temperature. These properties of CrO2 make this material a perfect 

substance for developing spintronic devices [14]. The first band-structure calculation that 

identified CrO2 as a half-metallic ferromagnet was performed by Irkhin and Katsnelson [15]. 

 The structural characterization of chromium oxide was first presented by Michel and 

Benard in 1943, it has a tetragonal unit cell with a rutile-type structure having the space group 

P4'/rnnm. Cr⁴⁺ is bonded to six equivalent O²⁻ atoms to form a mixture of corner and edge-

sharing CrO₆ octahedral [11]. The corner-sharing octahedral tilt angles are 50°. The 

chromium atoms are octahedrally coordinated by oxygen atoms with a small distortion to 

orthorhombic symmetry. Rutile-type structure of chromium oxide is shown in figure I.2. The 

refined tetragonal cell parameters are a=4.421Å, c=2.916 Å with c/a = 0.6596, and volume = 

56.99 Å3.  

 

 

Figure I.2: scheme of the CrO2 rutile crystal structure detailing the "CrO6" octahedral 

arrangement (left panel) and unit cell (right panel) with dark balls representing 

chromium atoms[11]. 
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 CrO2 is a metastable phase and easily decomposes to Cr2O3 even at room temperature. It 

must often be produced at high oxygen pressures. Therefore, precise tuning and knowledge of 

the synthesis conditions are required. Under normal growing circumstances, it has been 

difficult to fabricate high-quality thin films of CrO2. Therefore, they have utilized a CVD, 

PVD and molecular beam epitaxy (MBE) techniques to grow high-quality thin films of CrO2. 

I.2.2. Chromium (VI) oxide, CrO3  

 CrO3 is one of the many oxidation states of chromium oxide. It is a powerful oxidizing 

agent and a strong acid as well when dissolved in water, with a melting point of 197 °C. It 

decomposes into lower oxidation state chromium oxides like Cr8O21, Cr2O5, CrO2, and Cr2O3 

once it reaches the boiling point (250 °C) [10,11]. It has been reported that CrO3 complexes 

exhibit antibacterial activity against Pseudomonas Eruginosa Bacteria. CrO3 is used in various 

pharmaceutical and chemical industries [16]. Chromium (CrO3) is important as heterogeneous 

catalyst, coating material, wear resistance, advanced colorant, pigment and solar energy 

collector [17]. 

 Bystrom and Wilhelmi (1950), who gathered two-dimensional photographic data, made 

the first determination of the crystal structure of chromium trioxide.CrO3 crystal structure is 

made up of chains of CrO4 tetrahedral that are linked at the corners by oxygen. The refined 

Orthorhombic cell parameters are a=4.789 Å, b=8.557 Å, c=5-743 Å with volume = 235.4 Å3 

and Space group: C2cm [18]. 

I.2.3. Chromium (III) oxide, Cr2O3  

 Louis Nicolas Vauquelin discovered chromium in 1797. He isolated chromium (III) 

oxide (Cr2O3) by treating the mineral crocoite (PbCrO4) with hydrochloric acid. He chose the 

name chromium, from the Greek term chroma meaning color, since all compounds containing 

chromium are colored. The first applications of chromium compounds were as pigments for 

dyeing (e.g. wallpaper or wool). Common examples are chrome red (PbCrO4·PbO), green 

chromium oxide (Cr2O3) and chrome yellow (PbCrO4) [19]. Chromium oxide (chromia, 

Cr2O3) is a p-type metal oxide semiconductor (MOS) and the most stable of several oxides of 

chromium in the under standard conditions (i.e. a temperature below 1600°C and oxygen 

pressures below 1 atm) [20, 21]. 

 The chromium oxide (Cr2O3) contains elemental composition:  68.43% of chromium 

and 31.57% of oxygen, the theoretical density of Cr2O3 is 5.23 g/cm3 and the molecular 

weight of 151.99 g/mol. The electronic distribution of the elements is [Ar] 3d5 4s1 for the 

chromium atom [22, 23]. 
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Chromium oxide has many uses due to its physical and chemical properties. With a néel 

temperature (TN) of 307°K, Cr2O3 is antiferromagnetic. Nevertheless, chromia nanoparticles 

can modify this behavior to weak ferromagnetism and even superparamagnetism [11, 24]. 

Due to its high melting and boiling points (2330 °C and 3000 °C, respectively), it can be used 

as a refractory material and because of its extreme hardness of 29.5 GPa, it can be added to 

materials to make them more resistant to chemicals and heat [23, 25]. 

I.2.3.1. Structure of chromium oxide Cr2O3 

 According to Kouvo and Vuorelainen, eskolaite (Cr2O3) is a naturally occurring mineral 

that forms iodomorphic crystals, is isostructurally related to corundum and hematite, and 

occurs naturally in the mineral eskolaite [26]. Chromium (III) oxide has a rhombohedral or 

hexagonal structure, being the corundum-type crystal structure with space group R3-C [11]. 

Chromium (III) oxide (Cr2O3) consists of a slightly distorted hexagonally packed lattice of 

oxygen anions, with the chromium cations filling up 2/3 of the octahedral sites. The oxide 

ions within the lattice are tetrahedrally coordinated [5]. Figure I.3 represents the conventional 

hexagonal unit cell, which contains six formula units. The oxygen anions form a pseudo-

hexagonal, close-packed structure, with Cr3+ cations occupying two-thirds of the octahedral 

interstices. The structure contains oxygen layers alternated with chromium bilayers along the 

c-axis of the hexagonal lattice. Each bilayer consists of two perfectly planar triangular lattices 

whose combined projections build an ideal honeycomb structure with one atom from each 

sublayer as the two-basis element. A close look at the local environment of Cr3+ cations 

shows that CrO6 is not a perfect octahedron. The Cr3+ cation is displaced (upward in Figure 

I.3b) along the C3 axis relative to the octahedral center, making two equilateral triangles 

formed by three oxygen ions each. Due to a slight rotation of the upper and lower oxygen ion 

triangles (dotted lines in Figure I.3c), the exact symmetry of the Cr3+ cations in Cr2O3 is C3 

[27]. The lattice parameters of Cr2O3 are a = 4.958 Å and c = 13.594 Å and table I.2 

summarizes some of the structural properties of Cr2O3. 
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Figure I.3 : (a) Close-packed hexagonal unit cell of Cr2O3, where trivalent Cr cations (green) 

bonded to six oxygen anions (red) form trigonal distorted octahedra. (b) The Cr3+ ions lie 

along the threefold axis with Cr-O bond lengths of 0.197 nm and 0.202 nm, and O–Cr–O 

angles of 81°24’ and 99°00’. (c) A rotation angle of 2°57’ is observed between the upper and 

lower oxygen triangles (depicted in black dotted lines) [27]. 

 

Table I.2: structural properties of Cr2O3 eskolaite phase. 

Structural Data Ref. 

Colour Green  

Space group R3-C  

Lattice type Rhombohedral  

z 6 [11] 

a0 (nm) 0.495876  

c0 (nm) 1.359420  

Molecular mass, M (g mol-1) 151.99  

Density, ρ (g cm-3) 5.231  
 

I.2.3.2. Optical and Electrical properties of Cr2O3: 

 Cr2O3 is optically transparent due to its large band gap. The energy separating the 

valence band from the conduction band is known as the band gap (Eg). The solid's chemical 

make-up and crystalline structure have a significant impact on this gap's value. The Cr2O3 
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band gap is reported to be 3.4 eV. T. Ivanova et al. [28] deposited the chromium films using 

CVD, and they obtained an optical band gap energy of 2.95 eV for the chromium oxide thin 

film annealed at 400 °C and 3.2 eV for the film treated at a temperature of 500 °C. Y. PARSA 

[29] summarized the band gap values for chromium oxide (Cr2O3) reported in the literature. 

The band gap energy was estimated using models or measured using various techniques, as 

shown in Figure I.4. He found that the values of the chromium gap were between 2.6 and 3.8 

eV, both for the measured values and for the values estimated by modeling (DFT). 

  

 

 

 

                Figure I.4: Summary of chromiun band gap energy values available in the literature 

[29]. 

 Due to the octahedral field, the Cr 3d states are split into two sub-bands: the triple 

degenerate t2g and the double degenerate Eg. To fully comprehend the optical and electrical 

properties of this material, it is imperative to comprehend the energy positions of these two 

bands and their respective contributions to the valence band maximum and conduction band 

minimum. 

 McClure (1963) [30] examined the optical absorption spectra of Cr2O3. These spectra 

are connected to electronic changes in Cr3+-ions' 3d3 states [31]. The electronic configuration 



Chapter I CHROMIUM OXIDE, PREPARATION, AND CHARACTERIZATION TECHNIQUES 

12 
 

of Cr3+ ions is [Ar] 3d3. In absorption measurements, only two broad absorptions are typically 

observed, located at 455 and 600 nm, as shown in Figure I.5 , which are brought about by the 

d-d transition of Cr3+ ions in octahedral sites and are assigned to 4A2g →4T1g at the higher 

energy region and 4A2g →
4T2g at the lower energy region, respectively [19, 32, 33]. 

The octahedral coordination of the Cr ions (with 3d3 configuration) splits these d levels into 

the t2g and Eg levels, with the t2g being occupied and the Eg unoccupied. This gives rise to 

transitions that are dipole forbidden but quadruple allowed at the typical energies of 2.1 and 

2.7 eV, respectively. Even though these weak transitions give the material a slight green 

color, it remains highly transparent throughout the visible spectrum in thin film form [5]. 

 

 

 

Figure I.5: Energy level diagram for chromium(III) complexes, where IC stands for internal 

conversion and ISC for intersystem crossing. 

 

 From an electrical point of view, chromium oxide is an insulator in its stoichiometric 

form, often reported to show native yet very poor p-type conductivity [5, 29]. 

Chromium oxide (Cr2O3) has attracted a lot of attention as a p-type TCO. However, its poor 

conductivity led to the use of dopants like Li, Ca, Zn, and Mg to enhance its electrical 

characteristics. Li and Ca doping only results in insulating properties [1]. On the other hand, 
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doping with magnesium has been dramatically improved the conductivity of Cr2O3 to values 

approaching 0.1 S cm−1 [34]. 

 Chromium oxide's electrical conductivity and thermoelectric power were measured by 

Young et al. [35] between 1000 and 1800 °K. According to the measurements, Cr2O3 is an n-

type semiconductor at low oxygen partial pressures and changes to a p-type semiconductor at 

high oxygen partial pressures. At temperatures exceeding 1200 °K, the change from n- to p-

type occurs rather quickly and at a significant pace. Surprisingly, the change from p- to n-type 

does not occur with a continuously decreasing oxygen partial pressure. Only at temperatures 

above 1770 °K is the reverse p-to-n shift visible. The authors proposed that point defects of 

the interstitial type of chromium, which explain why the oxide has an n-type character at low 

partial pressure, and point defects of the lacuna type of chromium, which explain why the 

oxide has a p-type character at high partial pressure, are present in the oxide [36]. 

I.3. Applications of Cr2O3 films  

 There are many current and potential uses for chromium oxide, making it an intriguing 

oxide. In various areas of science, technology, and industry, it has been stated that Cr2O3 film 

is frequently employed, such as the fields of corrosion protection, wear resistance [37, 38], 

gas sensor [39], rechargeable lithium ion batteries [40] and optical applications which include 

electrochromic coatings and infrared (IR) transmitting coatings [41]. 

I.3.1. Gas Sensors applications 

 Continuous attempts are being made to create gas sensors in response to growing 

worries about chemical control and environmental pollution. Applications of chromium oxide 

in gas sensors have attracted much attention. Gases of interest include CO, H2S, NH3, and 

Cl2.Various research reports on Cr2O3 thin film-based gas sensors have been reported. 

Investigations on the conductometric gas sensing properties of Cr2O3 thin films for a variety 

of gases (CH4, CO, NO2, Cl2, NH3, and H2S) as a function of operating temperature (between 

30 and 300 ◦C) and gas concentration (1–30 ppm).  At an operational temperature of 100 °C, 

we have discovered that Cr2O3 films are particularly sensitive to H2S, while at a temperature 

of 220 °C, the films become selective to Cl2 [39]. 

 Thin films of Cr2O3:Al nanostructures have been created using the radio frequency (RF) 

magnetron sputtering process as a gas sensor for nitric oxide (NO2). The best sample had a 

sensitivity of 32% at 200 °C, response times of under 15 s, and recovery times of 77 S [42]. 

 The as-grown Cr2O3 structure is a suitable material for a hydrogen gas sensor. Gas 

sensor measurement of chromium oxide thin film grown with the magnetron RF sputter 
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technique was made separately before and after annealing. while the as-grown Cr2O3 structure 

in gas sensor measurements reacted to hydrogen gas at 200 °C and 300 °C [43]. 

 The gas sensing properties of Cr2O3 thin films deposited by the ultrasonic nebulized 

spray pyrolysis are investigated in the temperature range of 200–375 °C for ethanol. The gas 

sensing studies reveal that the films show p-type conductivity and exhibit a fairly good sensor 

response when exposed to reducing gases like ethanol, n-hexane, benzene, ammonia and 

acetone; however the films were found to show a high relative response towards ethanol at 

350 °C [44]. 

I.3.2. Solar cell applications 

 There have been many works done by others in the literature that describe the role of 

chromium oxide thin film on the performance of solar cells. Jae-Kwan Sim et al.[45], reported 

an reveals that the Cr2O3 layer formed on the surface of STS substrate by thermal oxidation 

process for 1 min at 600 ◦C in oxygen atmosphere plays an important role in increasing the 

performance of CIGS solar cells. It was found that the Cr2O3 thin layer was an effective 

diffusion barrier to reduce impurity diffusion into the CIGS layer. A device efficiency of 

10.6% enhanced about 81% was achieved for flexible CIGS solar cell with the nanoscale 

Cr2O3 diffusion barrier layer. 

 Pingli Qin et al. reported organic solar cells with a p-type amorphous chromium oxide 

thin film as the hole-transporting layer. They demonstrate that 473 °K deposition temperature, 

f(O2) = 40%, and 10 nm thickness of the amorphous chromium oxide (ACO) layer are the 

best parameters for cell performance, and power conversion efficiency up to 3.28% on FTO 

has been achieved. Amorphous chromium oxide (ACO) layers are a great opportunity for 

large-area OSC fabrication [46]. 
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I.4. Doped Cr2O3 thin films 

Doping is a very important approach for Cr2O3 thin films to improve their properties. 

Numerous studies on the effect of doping on chromium oxide thin films utilized in a variety 

of applications have been published by numerous thin film deposition methods. As 

summarized in table I.3. 

Table I.3: Different types of dopant in chromium oxide thin films. 

Doping Technique Substrate  

ST (°C) 

Thickness Transmittance 

Eg (eV) 

Applications Year / 

Ref 

Cu spray 

pyrolysis 

soda lime 

glass  

 

400°C 

/ / antibacterial 

activity in dark-

UV light 

2023 

[47] 

Ni pulsed laser 

deposition 

sapphire 

substrate 

500°C 

/ 2.9-3.1 eV photoresponse 2021 

[48] 

Zn PLD glass 

substrate 

/ Transmission 

decreased 

2.78 to 2.50 

NH3 Gas 

Sensor 

2021 

[49] 

Ti PLD glass 

substrates 

at room 

temperature 

200nm 2.68 to 2.55 eV NO2 Gas 

Sensor 

2020 

[50]  

Ni pulsed laser 

deposition 

(PLD) 

sapphire 

substrates 

500°C 

74 ± 2 nm 77–81% 

3.64 to 3.48 eV 

p-type TCO 2020 

[1] 

Al or Ir radiofreque

ncy (RF) 

magnetron 

sputtering 

system 

a substrate 

temperature 

of 773 °K 

/ / the 

antiferromagnet

ic anisotropy 

KAF 

2020 

[51] 

Cu sol–gel dip-

coating 

glass 

substrate 

400°C 

/ 98% to 90% 

2.94-2.51 eV 

/ 2019 

[52] 
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Ni sol–gel dip-

coating 

glass 

substrate 

400°C 

/ more than90% 

2.94-2.51 eV 

/ 2018 

[53] 

Cs spray 

pyrolysis  

glass 

substrate at 

temperature 

of 350°C 

/ 3.38-2.98 eV Photocatalytic 

Degradation of 

Methylene Blue 

Dye under UV-

Sunlight 

Irradiation 

2017  

[54] 

Mg electron-

beam 

evaporation 

c-plane 

sapphire 

20 to 150 

nm 

/ / 2015 

[34] 

I chemical 

spray 

pyrolysis 

substrate 

temperature

s(773°K) on 

glass 

substrate 

2000 +20A˚ 3.3-3.14 eV / 2012 

[55] 

Mg-N spray 

pyrolysis 

glass 

substrates 

150 nm up to 65% / 2011 

[56] 

 

I.5. Some methods of depositing Cr2O3 thin films  

I.5.1. Physical vapor deposition (PVD)  

 The atomistic deposition technique known as PVD involves the physical discharge of 

atoms or molecules, followed by their condensation and nucleation onto a substrate in a 

vacuum, low pressure gaseous, or plasma environment. Sputtering, vacuum or thermal 

evaporation and PLD are the fundamental PVD processes. 

I.5.1.1. Sputtering  

 Many researchers have studied the chromium oxide thin films using the RF reactive 

magnetron sputtering technique. A.M. Oje et al. [57] reported that RF powers have played a 

vital role in the formation of Cr2O3 rich films. The results show that the thin films are 

hydrophilic and optical transmittance decreases with an increase in RF power. The resistivity 

values varied from 0.061 Ω cm to 0.152 Ω cm. In addition, Cr2O3 films are formed after it 

anneals at 500 °C for 4 hours. The average roughness decreased from 8.22 nm to 6.97 nm, 
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and the grain sizes decreased from 131.78 nm to 95.63 nm, according to AFM data. After 

annealing, the Urbach energy drops from 1 eV to 666 meV [58].  

 K. Khojier et al. [59] addressed the structural, mechanical, and tribological properties of 

chromium oxide thin films annealed at different temperatures (200–600 C) by DC magnetron 

sputtering technique and then post-annealed at different temperatures (200–600 C). When the 

samples were annealed at 200°C and 300°C, the XRD patterns revealed Cr3O structure, and 

when the samples were annealed at 500°C and 600 °C, they revealed Cr2O3 structure. 

According to the findings, this approach was effective for creating Cr3O phases with higher 

hardness, lower scratch volumes, and higher values for friction coefficients, not Cr2O3. 

Chromium oxide thin films (Cr203) deposited by magnetron sputtering an optimal operating 

point is at temperatures above 300 °C, where the films consist of pure Cr203 [60]. 

I.5.1.2. Thermal (or vacuum) evaporation 

 Lanping Zhang et al. [61] have prepared chromium oxide films by Cr vapor deposition 

on Pt (111) with different thicknesses. Structure observed of metastable Cr2O3. At higher 

coverage, formation of the stable Cr203 phase occurs. 

Jul karnain et al. [62] have studied the effect of temperature on chromium oxide (Cr2O3) thin 

films using thermal evaporation. Amorphous Cr2O3 thin films have been discovered through 

X-ray diffraction (XRD) research, and the electrical conductivity shows a semiconducting 

behavior and a positive sign exhibiting P-type carriers. 

        Chromium oxide films were prepared on MgO (001) substrate at 300°C with different 

thicknesses. The XPS measurement suggests that the surfaces of all samples contain Cr2O3 

and the transmittance ranges from 5% to 40%; this difference has been attributed to the 

different thickness [63]. 

I.5.1.3. PLD 

  A thin Cr2O3 deposit on a glass substrate was created using pulsed laser deposition with 

annealing temperatures of 300, 400, and 500 ᴼC and the thickness was 160 nm. The NO2 gas 

sensitivity of Cr2O3 films is low at room temperature and increases with temperature. All of 

the films are P type, according to the Hall measurement [64]. 

 A Cr2O3 thin film with a preferred orientation along the (006) plane has been obtained 

by using the pulsed laser deposition technique on a sapphire substrate. The transmittance was 

recorded at 70% in the range of 200–800 nm with optical band gap energy of 3.24 eV, and the 

electrical resistivity was found to be 11.52 kΩ-cm [65]. 

 S. Punugupati et al. report on the ferromagnetism of Cr2O3 thin films using pulsed laser 

deposition. The films are epitaxially grown on sapphire substrates, and there is no secondary 
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phase formation in the films, according to the XRD and TEM data. As-deposited films exhibit 

ferromagnetic behavior up to 400 K; however, ferromagnetism almost completely disappears 

following oxygen annealing [66]. 

 A few-layer graphene (FLG) on nickel (Ni) substrate was coated with a Cr2O3 

nanostructured thin film using a pulsed laser deposition process for usage as an anode 

material for lithium-ion batteries. The Cr2O3 deposit on FLG enhanced the electrochemical 

property, and the initial discharge capacity was improved to 1234.5 mA h g-1. The reversible 

lithium storage capacity of the as-grown material is 692.2 mA h g-1 after 100 cycles [67]. 

I.5.2. Chemical Vapor Deposition (CVD)  

 The CVD process creates materials in the form of thin layers by using gaseous 

precursors that chemically react to generate these layers on a heated substrate. The different 

activation methods use heat, plasma, or light, and their respective CVD processes are denoted 

as HFCVD (or TACVD), PECVD, and LACVD [68, 69].  

 Electrical energy is employed in the PECVD method to start homogenous reactions in 

the gas phase. Weixin Yu et al. [70] reported that Chromium oxide coating is applied to 

alumina ceramics using atmospheric-pressure plasma enhanced chemical vapor deposition 

(AP-PECVD) to increase its flashover voltage in vacuum. The experimental results show that 

the surface flashover voltages are increased by 20% and 26% after the PECVD at atmospheric 

and subatmospheric pressures, respectively. Therefore, the deposition of chromium oxide 

films can effectively inhibit the surface charge accumulation and improve the surface 

flashover voltage in vacuum by reducing the trap energy level and its density.  The results 

obtained by Jing Liang et al. [71] indicate that Cr2O3, can be easily prepared by PSE-CVD 

and is an active catalyst in the oxidation of C3H6. Jinwen Wang et al.[72], made a deposit of 

chromium oxide (Cr2O3) thin films by plasma-enhanced chemical vapor deposition on c-cut 

sapphire (Al2O3). 

      A concentrated laser beam will directly activate the source gas in the LACVD process. 

Sousa et al. [38] have reported on the growth of Cr2O3 onto sapphire substrates by low-

pressure photolytic LCVD, using UV laser radiation and Cr(CO)6 as well Ruihua Cheng et al. 

[73] obtained both Cr2O3 and CrO2 in the film by using laser-initiated chemical vapor 

deposition through the oxidation of Cr(CO)6 in an oxygen environment. 

 Or change the nature of the precursors by using the MOCVD process, which produces 

films from metal-organic precursors. Metal-organic MOCVD was used to develop thin 

chromium (Cr2O3) films for anti-wear protection on AISI 304 stainless steel, soda-lime glass, 

and (001) silicon substrates. All three substrates and all three precursors were crystalline films 
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with hexagonal Cr2O3 eskalonite structures. Carta et al. [74]. Yuneng Chang et al. [75] 

discussed the polycrystalline or amorphous chromium oxide (Cr2O3) thin films deposit 

MOCVD, where Oxygen concentration in gas phase is the key factor determining chromia 

film structure.  

I.5.3. Sol gel  

 The sol-gel process is to the production of homogeneous materials in the form of thin 

layers. Which involves gel formation as one of its stages of processing. A network of oxides 

called "the gel" is created during a sol-gel synthesis by the molecular precursors present in the 

starting solution, or "the sol," through a variety of methods. Thin-film deposition can be 

achieved by different sol gel methods, namely dip-coating and spin-coating [73–75]. 

 M.G. Tsegay et al. [79] have reported that Cr2O3 spectrally selective solar absorber 

nanocoatings were deposited by using drop and spin coatings at different rotational speeds on 

polished copper (Cu) substrates. The crystal structure showed a Cr2O3 crystalline phase. The 

existence of Cr2O3 on Cu substrates was demonstrated by EDS, Raman, and XPS 

spectroscopy. For the samples that were drop-coated and spin-coated at 600 rpm, the optical 

properties of the Cr2O3 showed a high solar absorptance value of 0.93 and a high thermal 

emittance of 0.23. These properties indicate that Cr2O3 nanocoatings are a potential candidate 

for selective solar absorber applications. 

 A. Zekaik et al. [80] discussed the effect of Cu doping on chromium oxide (Cr2O3) 

deposited by sol-gel dip coating method on glass substrates. According to XRD 

measurements, the crystallite size decreases as the amount of Cu doping increases, and the 

phase was Cr2O3. The UV-Vis spectra of the films showed improvement of transparency in 

the visible region with optical band gap shift from 2.94 to 2.51 eV. 

 H. R. Abedi et al. [81], studied the effect of surface roughness and the Cr2O3 oxide layer 

created by dip caoting on the absorptivity and formability of the samples in the laser-forming 

(LF) process with a ytterbium fiber laser beam. By increasing the surface roughness from Ra 

= 0.04 µm to Ra = 1.9 µm, light absorption was nearly doubled, the laser beam absorption 

coefficient was enhanced from 38% to 90%, and the created bending angle was increased 

from 3.43 to 7.43. In addition, the Cr2O3 layer up to 6 um led to an increase in the laser beam 

absorption from 38% to 70%, and the bending angle was increased from 3.43 to 5.1°. The 

optimal parameters include those that could enhance laser light absorption and bending angle 

for a surface roughness of 1.9 µm and an oxide layer thickness of about 1.7 µm. 

 A Cr2O3 electron-selective material for high-effective perovskite solar cells is 

synthesized by spin-coating on FTO substrates. The spin-coating speed is optimized for high 
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optical transmittance and superb electron extraction and carrier transport properties. The 

planar hybrid PSC based on the optimal Cr2O3 ESL achieves a power conversion efficiency of 

16.23%  [82]. 

I.5.4. Spray pyrolysis system 

 Chamberlin and Skarman first introduced the spray technique in 1963 [83]. Spray 

pyrolysis is a very simple and relatively cost-effective method to prepare dense and porous 

oxide films. The term "pyrolysis" refers to the breakdown of chemical compounds or 

solutions caused by extremely high temperatures acting on them. The word "pyrolysis"  

actually derives from "pyro" for "heat" and "lysis" for "breaking". In this method, a precursor 

solution is atomized and thrown over the heated substrate where the film will be created [81, 

82]. 

 An atomizer, a solution precursor, a heated substrate, and a temperature controller are 

the typical pieces of equipment utilized in the pyrolysis spray. Figure I.6 shows the schematic 

of spray pyrolysis process. In general, some atomizers used for thin film preparations to 

produce a spray jet fall are given below [86]: 

a) Ultrasonic nebulized atomization 

 The precursor solution is converted into uniformly distributed micrometer and 

submicrometer-sized droplets by the ultrasonic nebulizer (the ultrasonic power of the mist 

generator is about 100 W), which is operated at a frequency of 2.56 MHz. The vapor 

generated is transported by the carrier gas, air, through a pipe to the heated substrate, leading 

to the formation of thin solid films. 

b) pneumatic spray atomization 

  In this case, it is the effect of the pressure of the carrier gas which causes the liquid to 

be sprayed into fine droplets. 
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Figure I.6: Illustration of the spray system [87]. 

 

 The spray pyrolysis method makes use of a variety of solvents. As metal-oxide 

precursors, typically, nitrates, chlorides, and acetates, which may be dissolved in aqueous and 

alcoholic solvents, are utilized. Depending on the nature, cost-effectiveness, and solubility of 

the solution precursors, transforming liquid precursor or solution of precursor in to micro 

sized droplets. Making solvent to evaporate is based on the type of atomizers employed in the 

system. The atomization technique frequently affects the size of the aerosol droplet. There are 

three main atomization methods: electrostatic, air blast, and ultrasonic, which are called 

electrostatic spray deposition, pressurized spray pyrolysis, and ultrasonic or normal spray 

pyrolysis (SP), respectively.  The spray of the precursor solution is sprayed  onto a heated 

substrate. When the spray collides with a surface, the atoms lose energy. After the impact, the 

atoms spread on the surface, interacting with other adsorbed atoms. A fraction of the atoms 

can initiate the formation of an island that can grow in size and coalesce, forming a 

continuous film [85, 86]. 

 Vinayak B. Kamble et al. [90], deposited Cr2O3 thin film-based chemiresistive-type gas 

sensors by ultrasonic nebulized spray pyrolysis. The films deposited on glass were 

polycrystalline with nano-sized grains and highly porous. The films exhibit strong ethanol 
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sensitivity and a nearly linear response at temperatures that are approximately 75 °C below 

the typical chromium oxide ethanol-detecting temperature. 

 Spray pyrolysis was used to develop Cr2O3 thin films onto a glass substrate at a 

temperature of 450°C.The as-prepared film was annealed at a temperature 550 °C.  

Transmittance  demonstrate that as the annealing temperature is raised to 550 °C, the optical 

constants of Cr2O3 films increase and the absorption edge experiences a red shift. The optical 

energy gap decreased from 3.08 to 2.95 eV [91] . 

 Amir F. Dawood et al. [92], used a chemical spray pyrolysis process at 400 °C to create 

chrome oxide (Cr2O3) thin films of varying thickness. The optical properties such as 

transmission, reflectance, refractive index, extinction coefficient, energy gap (5.862, 3.75 eV 

for 1350 and 1600, respectively), and dielectric constant in real and imagery parts, all as a 

function of the wavelength, decrease with increasing thickness except the absorbance. 

 Thin films Cu-doped Cr2O3 thin films were prepared using the spray pyrolysis 

technique on a pre-heated (400 °C) soda lime glass substrate. The films' polycrystalline nature 

and rhombohedral structure were confirmed by XRD investigation. The crystallite size 

decreases while lattice strain increases with an increase in the Cu/Cr ratio. The films' ability to 

inhibit the growth of two gram-positive (Bacillus subtilus and Bacillus meurellus) and two 

gram-negative (Escherichia coli and Acetobacter rhizopherensis) bacteria was examined. 

Antibacterial activity was significantly enhanced with the increase in the Cu/Cr ratio. 

Interestingly, the UVA light further enhanced the antibacterial effect against both types of 

bacteria [47]. 

I.6. Characterization techniques  

I.6.1. Thickness measurements  

 The thickness of the deposited films was calculated with the help of a weight difference 

method using an electronic high-precision balance. Measure the mass of the film before and 

after the deposition process; the difference will give the mass of the film (m), and the film 

thickness d is determined as follows: 

t= 
𝒎

𝝆𝑨
                 (I.1) 

𝝆: is the density of the film material. 

A:  is the area of the film. 

 

I.6.2. X-ray diffraction (XRD)       

 The crystal structure of the obtained thin films was investigated by a Rigaku-Type 

MiniFlex600 diffractometer (LPCMA-University of Biskra) in the 2θ range of 20-80° with a 
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CuK radiation, which has a wavelength of 1.541838 °A, with an accelerating voltage of 40 

kV, and a current of 30 mA. 

 X-ray diffraction is a powerful technique for material characterization in order to 

examine and characterize the placement of atoms, their arrangement within each unit cell, and 

the distance between the atomic planes. The X-ray diffraction by periodic atomic planes and 

the angle- or energy-resolved detection of the diffracted signal are the foundation of the 

approaches. W.L. Bragg (Bragg, 1913) provided a geometrical explanation for the XRD 

phenomena (constructive interferences). Details about the geometrical prerequisites for 

diffraction are provided in Figure I.7 [90, 91]. 

 

 

Figure I.7: Geometrical condition for diffraction from lattice planes [93]. 

 

The reflection according to the following Bragg’s law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆          (I.2) 

Where,  

 d: the distance between crystal planes. 

 θ: the incident angle of X-ray 

 λ: the wavelength of the X-ray  

 n: a positive integer. 

 X-ray diffraction having wide applications within major domains such as phase 

identification, crystal structure and size, crystallographic orientation, dislocation density, 

residual stress/strain. 
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 Crystallite Size and Microstrain 

The diffraction spectra were used to determine the size of the crystallites in each 

sample the crystallite size of the Cr2O3 films were calculated from the peaks with the highest 

intensity by using Debye Scherrer’s formula [95]: 

𝑫 =
𝟎,𝟗𝛌

𝛃𝐜𝐨𝐬𝛉
          (I.3) 

Where: 

 λ: the applied X-ray wavelength (0.15418 nm for Cu Kα radiation). 

 θ:the diffraction peak angle. 

 β:the full-width at half-maximum (FWHM) in radian. 

 The strain is a macroscopic measure of deformation. The micro strain (ε) is calculated 

using the relation: 

ε  =
𝛃𝐜𝐨𝐬𝛉

𝟒
          (I.4) 

 

I.6.3. Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 

 The morphology and compositional observations of the surfaces of the material, 

elemental analysis of specimen can be studied with a scanning electron microscope (SEM). 

 There are many signals that can be employed to provide details about properties at and 

near a specimen's surface through the interaction of the electrons with the specimens. 

The specimen's atoms will be affected by elastic and inelastic scattering when the incident 

electron beam strikes the surface of the specimen. Incident electron undergoes elastic 

scattering. After the interaction, the electron continues on its course without losing kinetic 

energy (or the energy loss is insignificant) is called a "backscattered electron."  Help to 

resolve topographical contrast and atomic number contrast with a resolution of >1 micron. 

The electrons scattered under angles larger than 90° are very useful. Secondary electrons are a 

result of the inelastic collision and scattering of incident electrons with specimen electrons, 

where the incident electron loses part of its kinetic energy and can activate other electrons or 

excite atoms of the specimen. They are generally characterized by possessing energies of less 

than 50 eV. They are used to reveal the surface structure of a material with a resolution of ~10 

nm or better [93, 94]. A few interactions are shown in Figure I.8. 
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Figure I.8: The electron interaction with the sample [96]. 

 EDS represented is the one of extensively employed approach to examine the elemental 

analysis and chemical characterization in the sample by considering the consideration of 

interaction between X-ray excitation and the sample [98]. Its characterization capabilities are 

due in large part to the fundamental principle that each element has a unique atomic structure 

allowing x-rays that are characteristic of an element's atomic structure to be identified 

uniquely from each other [99]. The peak positions are predicted by the Moseley's law with 

higher accuracy than experimental resolution of a typical EDS instrument. To stimulate the 

emission of characteristic X-rays from a sample, the electrons beam is focused into the 

sample being analyzed. In the ground state of an atom within the sample, an electron in an 

inner shell may excited by the he incident beam, ejecting it from the shell while creating an 

electron hole where the electron was. The hole was filled by an outer, higher-energy shell then 

fills the hole, and X-ray will be able to produce by the difference in energy between the 

higher-energy shell and the lower energy. The number and energy of the X-rays emitted from 

a sample will be measured by an energy dispersive spectrometer. Since the X-rays energies 

are characteristic of the difference in energy between the two shells and of the atomic 

structure of the emitting element, EDS allows the elemental composition of the sample to be 

measured [100]. 
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I.6.4. UV-Visible spectroscopy  

 Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement of the 

attenuation of a beam of light after it passes through a sample or after reflection from a 

sample surface [101]. 

 When radiation interacts with matter, a number of processes can occur, including 

reflection, scattering, absorbance, fluorescence/phosphorescence (absorption and reemission), 

and photochemical reaction (absorbance and bond breaking) [102]. 

 Optical transmission measurements are used to evaluate and test certain optical 

constants of materials that are critical for system fabrication and analysis. Among these 

optical constants: the absorption coefficients, the band gap energy, dielectric index, refractive 

index and and Urbach energy, it can also provide information on the thickness of the sample. 

The most common type of spectrophotometer is a double beam one as shown in Figure I.9. A 

spectrum of monochromatic wavelengths is continuously shone into a sample during a 

transmission measurement, and the emitted light is regularly measured as a function of the 

incident wavelength. A transmission spectrum is generated by plotting the relative intensity of 

the transmitted light to the incident light as a function of the wavelength, y application of the 

Beer-Lambert law [103]. 

𝐓 = 𝐓𝟎𝐞
−𝛂𝐭       (I.5) 

 

Figure I.9: Basic Double-beam UV-Vis spectrophotometer set-up [103]. 
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a) Optical band gap (Eg) 

 The band gap energy corresponds to the excitation of an electron from the valance band 

to the conduction band. The optical gap energy of thin films is determined according to Tauc 

formula [95]: 

(𝜶𝒉𝝑)𝟐 = 𝑨(𝒉𝝑− 𝑬𝒈)        (I.6) 

α: the absorption coefficient. 

A: a constant (independent of photon energy (ℎ𝝑)). 

h: the Planck constant. 

Eg: the optical band gap. 

Eg are determined by plotting (𝛼hʋ)2 versus (hʋ) and extrapolating of the linear region of the 

plot to zero absorption ((hʋ)2= 0) as shown in Figure I.10. 

 

 

 

Figure I.10:  Determination of the band gap (Eg) for the film Cr2O3. 

 

b) Urbach energy (Eu) 

 Urbach energy (Eu) is used to determine the level of structural disorder existing in the 

film, which can be obtained using: 

𝜶 = 𝜶𝟎𝐞𝐱𝐩(
𝒉𝝑

𝑬𝑼
)       (I.7) 

The Urbach energy (Eu) can be estimated from the inverse slope of the linear plot between 

ln(α) and hʋ as shown in Figure I.11. 
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Figure I.11: Determination of Urbach energy (Eu). 

I.6.5. Four point probe method 

 Four point probe method is used to check a material's electric properties. Due to the four 

points equally spaced that touched the sample surface, it is known as a four-point probe. 

 A constant electric current is streamed along the sample through two outermost probes. The 

voltage change is measured through two inner probes. These values of sourced current and 

measured voltage are used to determine the sample resistivity [101–103], as shown in figure 

I.12. 

 

figure I.12: Schematic diagram of test circuit for measuring bar specimen resistivity with the 

four-point probe method [107]. 
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 A DC current is delivered through the outer probes to compute the sheet resistance (Rs), 

which causes a voltage to appear across the two inner probes. The sheet resistance can be 

calculated using Equation  [108]: 

 

𝑹𝑺 =
𝝅

𝐥𝐧(𝟐)

∆𝑽

𝑰
        (I.8)     

Rs: the sheet resistance.  

∆V: the voltage drop measured across the inner probes. 

I: the current applied at the outer probes 

 The sheet resistivity of the thin film sheet is given by: 

𝝆𝒔 =
𝝅𝒕

𝐥𝐧(𝟐)

∆𝑽

𝑰
        (I.9) 

t: the thickness of the film. 

The conductivity is:                          𝝈 = 𝟏/𝝆𝒔             (I.10) 

I.7.Figure of merit 

 Transparent thin films are gaining importance, which makes them a suitable material for 

a set of performance requirements that are significantly influenced by their optical and 

electrical properties. A crucial variable for applications involving optoelectronic devices is the 

figure of merit. The optical and electrical characteristics have a crucial influence in 

determining the film's quality, where it requires both high conductivity and high transparency 

over the visible light region. 

TCOs are often assessed using the optical transmission and the sheet resistance known as the 

figure of merit, calculated from a formula by Haacke [109]. 

 

 

𝚽 =
𝑻𝟏𝟎

𝑹𝒔𝒉
            (I.11) 
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Introduction 

 The properties of the deposited Cr2O3 thin films are dependent on solvents, the nature of used 

precursors, and the processing conditions. Therefore in the present investigation, Cr2O3 thin films 

were obtained using spray pneumatic and the main purpose of this work is to study the influence of 

nature and the concentration of the precursor, on the structural, morphological, optical and electrical 

properties of the prepared films.  In this work the spray solutions; hydrated chromium nitrate 

Cr(NO3)3·9H2O and hydrated chromium chloride CrCl3·6H2O, dissolved in distilled water after that 

were sprayed via atomization processes then condensed onto the heated substrates. The solutions 

are prepared with 0.02, 0.04, 0.06 and 0.08 mol/l as molar concentrations. 

 

Part one: Experimental details 

 

II.1. Experimental details 

II.1.1 Experimental setup used (the spray pneumatic) 

The simple and low-cost homemade pneumatic spray system (SP) technique is used to 

deposit the chromium oxide (Cr2O3) thin films, which have the shape and components shown in 

figure II.1. 

 

 

Figure II.1: The experimental setup for pneumatic spray (SP) deposition method. 
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 A pneumatic spray system (SP) technique is used for depositing a wide variety of thin films. 

Compared to other deposition techniques, this method has a lot of benefits, such as simplicity and 

low cost with regard to equipment costs and energy needs, moderate temperature operation (100–

550 °C), control of thickness, and solution flow rate control because it is quick and easy to execute, 

and good control over the material's chemical makeup. 

Description of pneumatic spray system (SP) equipment 

 From Figure 1, the pneumatic spray technique involves mainly: 

 Compressor: (in our case, it is air), which compresses the carrier gas under a controllable 

pressure (1 bar). This ensures the push of the solution to the spout and the transformation of 

the spray solution into a spray of fine droplets. 

 Atomizer: With the application of pressure (1 bar), the starting solution is transformed 

through a nozzle. The nozzle converts the solution into small droplets, known as aerosols. 

 Substrate holder: This is a plate (made of iron) with a diameter of 20 cm, supported on the 

electric heater, heated by the Joule effect. The temperature of which can be monitored using 

a temperature regulator that is connected to a thermocouple is fixed at the center of the iron 

plate. 

 Resistance: To heat the substrate. 

 Solution holder: is a burette in which the precursor solution is placed. The solution holder 

has a hole. This hole allows the solution to pass into an atomizer with a low flow rate that 

can be controlled by the compressor. 

 Control thermocouple: It gives us the opportunity to detect the substrate's temperature 

while spraying in a relative manner by a thermocouple, placed on the heating plate and 

connected to a temperature regulator, allowing a direct reading of the temperature. 

II.1.2. Preparation of the substrate 

 The investigated films were deposited on glass substrates (see Figure II.2) with dimensions 

of 2.5 cm in length and 2 cm in width; glass was chosen as the depot substrate for the following 

reasons: 

• Cr2O3's thermal compatibility helps to reduce stress in the interface film/substrate.  

After deposition, the sample (substrate and layer) will cool from the deposition temperature above 

500°C to ambient temperature ( 25 °C), causing the two materials that make up the sample to 

become compressible. Since their expansion coefficients are similar, the stresses are kept to a 

minimum: 

(α glass = 8.5 × 10
-6

 °K
-1

 , α Cr2O3 = 9.0 × 10
−6

 °K
−1

) [1]. 

• For their transparency, this responds well to the optical characterisation of films in the visible. 

•The conductivity measurement won't be impacted by it because it is an insulator. 
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• For economic reasons. 

 

 

 

 

Figure II.2: Glass Substrates. 

 To guarantee that the layers prepared on the glass substrate adhere well. In our work, the 

substrates were cleaned of contaminants and degreased, which is one of the most important steps, as 

follows: 

The substrates are cut using a pen with a diamond point. 

 Washing with distilled water to clean any dust or attachments. 

 Washing with acetone for 5 minutes. 

 Rinsing with distilled water again 

 Washing with ethanol for 5 minutes at ambient temperature 

 Cleaning in a water-distilled bath 

 The substrates were then left to dry in the air. 

II.1.3. Preparation of the solution 

 For the preparation of thin films of chromium oxide Cr2O3, the spray solutions were obtained 

by dissolving hydrated chromium chloride CrCl3·6H2O in 50 ml of distilled water. A few drops of 

HCl acid have been added to the mixture. The solution was stirred at 50 ° C for 2 hours, resulting in 

the formation of a light green homogenous solution. The different properties of the elements used in 

the preparation of our samples are summarized in the table (II.1). 

The calculation of mass as a function of concentration is given by using the following formulas 

 

𝑪 =
𝒏

𝑽
         (II.1) 

With : 
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C: the concentration of the solution (mol/l). 

n: The number of moles (mole). 

V: the volume of the solvent (ml). 

𝒏 =
𝒎

𝑴
        (II.2) 

m: the mass (g). 

M: the molar mass (g/mole). 

Combining the two equations we find that: 

M = C*V*M        (II.3) 

 

Table II.1: Some properties of chromium chloride hexahydrate. 

Synonym(s) Chromium trichloride hexahydrate, Hexaaquachromium (III) chloride 

Linear Formula CrCl3.6H2O 

Description Green to dark green crystals / crystalline powder  

Molecular Weight 266.45 

Density (g/cm
3
) 5.231 

 

 

II.1.4. Depositing of thin films 

 Following the production of the substrates and precursor solutions, the deposition process for 

chromium oxide Cr2O3 thin films is described using the following steps: 

To prevent thermal shock of the substrates, it is necessary to lay the substrate on the substrate 

holder and gradually raise the temperature from ambient to the deposit temperature. Setting of The 

distance between the atomizer and the substrate holder 30 cm. the applied Pressure on the solution 

to create droplets was adjusted through the compressor at 1 bar. Those droplets are then transported 

to the heated substrate for 3 minutes and, ultimately, result in the production of the thin layer. 

These parameters (time, pressure, and distance atomizer-substrate) are optimized in our previous 

work [2].  

 The following chemical equation describes the thin layer formed by the pyrolysis reaction 

between the precursor solution and air in the heated medium [3]: 

2CrCl3 + 2H2O    
𝐻𝑒𝑎𝑡
       Cr2O3 + 6HCl 

We performed numerous series of samples in an effort to find the conditions for the development of 

the deposited films. Table (II.2)  lists the conditions for film preparation : 

 Concentration of different chemical precursors: 0.02, 0.04, 0.06 and 0.08 mol/l. 

 Substrate temperature: 350 - 550 C°. 
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 Indium doped Cr2O3: 0, 2, 4, 6 and 8 wt. %. 

 Copper doped Cr2O3: 0, 2, 4, 6 and 8 wt. %. 

 

Table II.2: Summary Table of the Experimental Conditions of the Four Series of Deposits Carried Out. 

Sample 
concentration of different 

chemical precursors (mol/l) 

Substrate 

temperature 

doping 

(wt. %) 

Time 

deposit 

(minute) 

Pressure 

of air 

(bar) 

Series 

1 

chromium 

chloride 

chromium 

nitrate 

450°C / 3 min 1 bar 
0.02 0.02 

0.04 0.04 

0.06 0.06 

0.08 0.08 

Series 

2 
0.04 mol/l 

350°C 

/ 3 min 1 bar 

400°C 

450°C 

500°C 

550°C 

Series 

3 

0.04 mol/l 

chromium chloride 
500°C 

Indium 

(In) 

3 min 1 bar 
0.02 

0.04 

0.06 

0.08 

Series 

4 

0.04 mol/l 

chromium chloride 
500°C 

Copper 

(Cu) 

3 min 1 bar 
0.02 

0.04 

0.06 

0.08 
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Part Two: Influence of precursors on Cr2O3 thin films properties 

 

II.2. Results and discussion 

II.2.1. Thickness measurement and film formation mechanism  

 Under the above -stated conditions Cr2O3 films were elaborated from chromium chloride and 

chromium nitrate solutions. A thermal decomposition occurs to the fine droplets of the solutions 

after their falling over the hot substrate surface. resulting in the formation of uniform and well-

adherent (hardly peeled with scotch tape test) thin films. The thickness of the deposited films was 

calculated with the help of a weight difference method using an electronic high-precision balance. 

Knowing the area of film and the density of Cr2O3 (5.22 g/cm3) [4], the film thickness t is 

determined as shown in equation (I.1) [5].  

 From table (II.3), we can notice that the thickness have a similar trend of variation with the 

rise in molar concentration. The continuous increase in thickness with precursor concentration 

indicates that the later may be governed by the Cr-containing species. It is difficult to control the 

incorporation of O
2-

 into the film during the growth process using the spray pyrolysis technique. 

The atmospheric conditions where the film growth takes place can't control accurately and hence 

the stoichiometry is only controlled by the Cr species.  

The sample obtained by the nitrate solution is thinner than that deposited by the chloride solution, 

this is certainly due to the contribution of several physico-chemical factors entering into the film's 

growth mechanisms, such as the type of the solution (viscosity, density, surface tension, 

reactivity...), the aerodynamic effect and the volatility of the solution on the one hand and, with 

equal molarities, the chrome concentration in nitrate solution is lower than that in chloride solution 

on the other hand. The Chromium concentrations in the two solutions used are: 

a (Chromium Chloride)   {CCr(a) = M(Cr)/ M(CrCl3.6H2O) = 51,996/266,44 = 0,20}. 

b (Chromium Nitrate)     {CCr(b)= M(Cr)/ M(Cr(NO3)3.6H2O)= 51,996/400,15 = 0,13}. 

Which agree well with the atomic percentage of elements given by EDS analysis shown in table 2. 
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Table II.3: Values of Crystallites size and strain (ε) of Cr2O3 thin films. 

 

Chromium Chloride Chromium nitrate 

M (hkl) Crystallites strain Thickness  (hkl) Crystallites strain Thickness 

(mol/L)  size (nm) 
∗10

–3

 
(nm)   size (nm) 

∗10
–3

 
(nm) 

0.02 110 33.20 1.044 274  116 / / 270 

0.04  56.69 0.611 334   / / 307 

0.06  47.24 0.734 513   37.97 0.913 455 

0.08  35.42 0.979 666   18.99 1.826 632 

 

 

II.2.2.Structural properties 

In the field of material characterization, X-ray diffraction is a vital technique for extracting 

atomic-scale data from both crystalline and non-crystalline (amorphous) materials.In this study the 

X-ray diffraction traces of thin films deposited with different precursor solutions molarities with 

chromium chloride and chromium nitrate as precursors were taken at room temperature. 

Figure II.3, shows the X-ray diffraction pattern of Cr2O3 thin films deposited with different 

precursor solutions molarities with (a) Cr chloride and (b) Cr nitrate as precursors. The XRD 

patterns show that all the films are polycrystalline, with Rhombohedral structure (using JCPDS 00-

001-1294   as reference).  
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Figure II.3: XRD diffraction patterns of Cr2O3 thin film with different concentrations for (a) 

Chromium chloride and (b) Chromium nitrate precursors. 

 

 

It is seen from figure II.3. (a), that the films exhibit a strong orientation along (110) at 36°. 

The increase in concentrations results in a continuous increase in (110) peak intensity, and also 

observed other peaks such as (104), (113) and (116). figure II.3. (b), shows the X-ray diffraction 

patterns of chromium nitrate films. For low concentrations (0.02M and 0.04M) we can see the poor 

crystallinity of the structure by increasing the molarity, peak appears at 55°, which is attributed to 

the (116) diffraction peak, other peaks assigned as (012), (104), (110) and (113) were also observed, 

which confirms the improvement of the film crystallinity [6]. 

However, we noticed the presence of a broad peak located between 10 and 30° for low 

concentrations (0.02M and 0.04M) for films prepared with chloride precursor and for all samples 

obtained by using nitrate precursors. This is an indication of the presence of an amorphous phase in 
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the film network. From this we inferred that films deposited with nitrate are composed of small 

crystallites embedded in an amorphous phase. 

As can be seen there is a different behaviors between samples obtained by using chloride and those 

obtained using nitrate precursors, the chloride crystallization is better than nitrate, and of course this 

is due to the nature of each source.  

The difference in the precursor properties alters the films growth mechanism which originates the 

difference in the pyrolytic reaction on the surface of the substrate produces the formation of the 

films with different thickness. The high Cr-containing species in chloride solution leads to the 

nucleation along the plane (110) since the latter requires less formation energy. However, when 

using the chromium nitrate as starting solution, decomposition may proceed through a series of 

oxide nitrates [6, 7]; this explains the obtained poor crystalline film structure. 

 The crystallite sizes of the Cr2O3 films were calculated from the peaks with the highest 

intensity. Since the intensity along the (110) plane for chromium chloride and (116) for chromium 

nitrate increases sharply as the precursor concentration increases, using the well-known Scherer 

formula (see eq. I.3). 

The strain (ε) for an orientation of Cr2O3 thin films deposited at different molarities can be 

estimated using the formula given previously (eq. I.4); their estimated values are represented in 

Table (II.3). 
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Figure II.4: Evolution of the grain size  of Cr2O3 films with molarity. 

 

It was observed from the figure II.4, that the crystallite size of the films decreases with the increase 

in concentration for both precursors which is probably due to the increased nucleation centers. We 

note that there is an inverse relationship between the crystal size and microstrain. Similar results 
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have been reported by T. Larbi et al. [9] and slightly greater than those obtained by Wang et al. 

[10]. 

It is clear from table1that the film deposited at 0.04 M with Chromium chloride has the larger 

crystallite size, which is probably due to the crystallites packed dominantly along the (110) plane 

thereby improving the crystallinity of the film. Nevertheless the later is less dense than those 

deposited at higher concentrations as suggested by the broad pick at the beginning of DRX diagram. 

 

II.2.3. Elemental analysis and morphological study  

The EDS spectrum and SEM surface images of Cr2O3 thin films deposited with the tow 

studied salts at different concentrations are shown in Figure II.5, II.6, respectively. 

To confirm the composition of Cr2O3 films, EDS compositional analysis was employed. Figure 

II.5,  shows an EDS spectrum of Cr2O3thin film deposited at various concentration. This spectrum 

confirms the presence of Cr and O elements. The presence of silicon peak may be due the glass 

substrate, this peak gets smaller and the Cr peak becomes more prominent as the molar 

concentration in both of chloride and nitrate precursors increases. This is due to increase in film 

growth on the glass substrate which suggests an increase in the quantity of the elements in the films, 

table (II.4) shows the atomic percentage of elements. 
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Figure II.5: EDS spectra of Cr2O3 films (a) Chrome chloride, (b) Chromium nitrate precursors. 

 

 

Table II.4: Atomic percentage of chemical composition in Cr2O3 films. 
 

                        Chrome chloride [at. %] Chromium nitrate [at. %] 

 0.02M 0.04M 0.06M 0.08M  0.02M 0.04M 0.06M 0.08M 

O 85.22 82.66 73.09 68.81  84.92 81.71 80.06 78.45 

Cr 14.78 17.24 26.91 31.19  15.08 18.29 19.94 21.55 

 

 

As Figure II.6, shows the top view SEM images of the Cr2O3 taken using magnifications of 

about 2,000 indicate the polycrystalline nature. These images show that the surface morphology 

depends clearly on the nature of the used precursor. 
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Figure II.6: SEM surface images of the Cr2O3 thin films deposited at various concentration for (a) 

Chrome chloride, (b) Chromium nitrate precursors. 

 

 The surface morphologies of the Cr2O3 films prepared with chromium nitrate as starting 

solution figure 3b have approximately the same density and smooth surface morphology at low 

concentrations. When the concentrations got higher, the film got rougher and more sintered 

structure can be found.  

The micrographs of the films deposited with chromium chloride solution, clearly illustrate the 

formation of sub-micrometer crystallites distributed in a uniform manner over the surface.  

Although the films are well recovered and no cracks could be detected. The amount of solute 

increases in the solution as the concentration increases and therefore the electrostatic interaction 

between the solute particles becomes larger. As a result an increasing in the probability of gathering 

more solute to form more and denser grains leading to a rougher surface of the grown films; which 

is in good concordance with the above XRD analysis. 

 

II.2.4. Optical properties 

The optical measurement results include relations of the transmittance  with wavelength for 

chromium oxide (Cr2O3) thin films with different molarities (0.02, 0.04,0.06 and 0.08 M) and 

computing some optical parameters like  optical energy gap and Urbach energy  by using UV–Vis 

spectrophotometer. 

a-0.02M a-0.04M a-0.06M a-0.08M 

b-0.02M b-0.04M b-0.06M b-0.08M 
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Figure II.7, shows the optical transmission of Cr2O3 thin films prepared with chromium 

chloride and chromium nitrate precursors as a function of the wavelength in the 290–1500 nm range 

for different concentrations.  
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Figure II.7: Transmission spectra of Cr2O3 films prepared by different molar concentration (a) 

Chrome chloride, (b) Chromium nitrate precursors. 

 

 As observed, the average transmittance of these films overall decreased gradually versus the 

increase in the precursor concentration. The prepared film with Chrome chloride has a transparency 

of 75% to 15%, it is higher than that prepared with chromium nitrate 60% to 15%.The reduction of 

transmittance at higher molar concentration is due to the increase in the thickness of the films, and 

roughness of thin film can also affect its optical properties, i.e., more roughness causes the light 

scattering at the surface and degrade its transparency, which consistent with SEM images. 

The 0.01M thin film shows sufficient transparency for applications in thin film solar cells and 

electro chromic windows.  

Also, it can be seen in Fig.II.7, a fall in T% for wavelengths around 350 nm which is the absorption 

edge in the Cr2O3 films due to the transition electronic between the valence and the conduction 

bands. In addition to the absorption edge, two broad peaks are also observed at 455 and 600 nm, 

depicting two regions of d-d optical transitions. Absorption bands are assigned to the charge 

transfer of 
4
A2g →

4
T1g at higher energy region and 

4
A2g →

4
T2g at lower energy region of Cr

3+
 ions 

[10, 11]. The absorption edge of Cr2O3 thin films shifted towards a higher wavelength region (red 

shift) with the increase in the precursor concentration. 

 The optical energy gap (Eg) was calculated with the presumption that direct transitions 

between the edges of the valence and conduction bands were possible. 
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Equation (I.6) was used to calculate the energy gap, and by drawing a straight line between (hv)
2
 

and (hv) in eV, one may determine the direct band gap's value as shown in figure II.8. 

 

 

Figure II.8:  Determination of the band gap (Eg) for the film Cr2O3 at 450°C. 

 

The optical band gaps (Eg) of the films based on Tauc formula for direct band gap semiconductors 

and Urbach energy EU (see eq I.7), which  characterizes the disorder in the film, are presented in 

figure II.9. 
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Figure II.9 Variation of band gap and band tail width versus solution concentration for films 

prepared with (a) Chrome chloride and (b) Chromium nitrate. 
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From table (II.5), we can see that the calculated optical band gap energy of Cr2O3 films prepared 

with chloride is larger than those prepared with nitrate. A slight decrease in optical band gap for 

both of them was observed with the increase of solution concentration.  

This narrowing effect in band gap is referred to the increase in the band tail width (Urbach energy). 

Which is due to the formation of crystal defects which create lattice strain in the film due to their 

preparation conditions (as discussed in XRD analysis); this leads to the formation of allowed states 

between the forbidden gap [12, 13].  

Analogous results of Eg values are reported by Jarnail Singh [11] (3.49-3.64 eV), T. Larbi [15] 

(3.38 eV). The values of  Urbach energy (table II.5) for the films elaborated with chromium 

chloride is lower than the value for the films prepared with chromium nitrate; this is due to the poor 

crystallinity of the latter (presence of amorphous phase), as deduced from the XRD analysis. Our 

values of Eu are higher than the value obtained by Jarnail Singh [16] (0.28 eV) for the epitaxial 

Cr2O3 thin film prepared by PLD. 

 

Table II.5: The electrical and optical parameters values of the deposited Cr2O3 thin films. 

 

II.2.5. Electrical properties 

            The sheet resistance (Rsh) of Cr2O3 thin films was measured by four-point probe method in 

dark and at room temperature. The conductivity (σ) of films can be estimated using the formula 

given previously (eq. I.10) [17].  

 

 

M 

(mol/L) 

Chrome chloride Chromium nitrate 

Thickness 

(nm) 

Eg 

(eV) 

E U 

(eV) 

Rsh*

10
2

 

(Ω) 

σ 

(Ω.cm)
-1

 

Thickness 

(nm) 

Eg 

(eV) 

E U 

(eV) 

Rsh*

10
2
 

(Ω) 

σ 

(Ω.cm)
-1

 

0.02 274 3.53 0.51 73 4.99 270 3.48 0.68 67 5.53 

0.04 334 3.49 0.54 58 5.16 307 3.47 0.86 66 4.94 

0.06 513 3.42 0.58 65 2.99 455 3.40 0.90 65 3.38 

0.08 666 3.40 0.67 64 2.35 632 3.38 0.97 59 2.68 
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Figure II.10: Electrical conductivity variations of Cr2O3 thin films as a function of precursor 

molarity (a) Chrome chloride and (b) Chromium nitrate. 

 

 The electrical conductivity (σ) shows a decreases behavior with the increase of concentration 

from 0.02 M to 0.08 M.  It is decreased from 4.99 (Ω.cm)
-1 

to 2.35(Ω.cm)
-1 

for Chromium chloride 

and from 5.53 (Ω.cm)
-1 

to 2.68 (Ω.cm)
-1 

for chromium nitrate. We believe that the decrease of 

conductivity is attributed to the decrease of carrier’s mobility. The XRD and SEM analyses shown a 

decrease of crystallite size, this leads to an increase in the trapping states at grain boundaries and in 

the other hand the increase in band tail width (Urbach energy) which characterize the disorder in the 

film. For sheet resistance values in Table 3 we can see that the values are decreasing but the values 

are near to each other.  

However, the obtained values of conductivity are much higher than those reported in the literature 

[11] where the work of Jarnail Singh (the order of 10
-2

(Ω.cm)
-1

) deals with Cr2O3 thin film prepared 

using the PLD technique and Elisabetta Arca [18] (the order of 10
-3

(Ω.cm)
-1

) for Cr2O3 thin film 

deposited by spray-pyrolysis. 
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Conclusion  

In this study Cr2O3 thin films were grown on glass substrates using chromium chloride and 

chromium nitrate with different concentrations of precursor (0.02, 0.04, 0.06 and 0.08 mol/L) using 

home-made pneumatic spray pyrolysis system (SPT).  

The sample obtained from the nitrate solution is thinner than that deposited using the chloride 

solution; this is certainly due to the contribution of several physico-chemical factors entering into 

the film's growth mechanisms. X-ray diffraction reveals a polycrystalline nature for all films 

prepared with chromium chloride with a preferred grain orientation along to (110) plane, whereas 

those prepared with low concentration of chromium nitrate have a poor crystallinity. Crystallites 

sizes of the films have been found to be decreasing from 56 to 33 nm and from 38 to 19 nm for 

chromium chloride and chromium nitrate respectively.  SEM images revealed that the films were 

well adherent, uniform, pore and crack –free. The films prepared with chromium nitrate as starting 

solution have approximately the same density and smooth surface morphology at low 

concentrations. Whereas films obtained from chromium chloride were rough and consist sub-

micrometer crystallites distributed in a uniform manner over the surface. The optical study confirms 

that the transmittance of Cr2O3films decreases with the increase of precursor concentration and are 

strongly affected by the nature of the starting solution. The average transmittance of the films 

deposited from chromium nitrate is in the range of 60 % (Eg varies from 3.38 to 3.48 eV) and for 

the films deposited from chromium chloride, it attains 75 % in the visible region (Eg varies from 

3.40 to 3.53 eV).The electrical conductivity of the films found in the order of 5 (Ω.cm)
 −1

. 

Finally, the present contribution clearly indicated that the molarity and nature of the starting 

solution are important parameters and affects significantly the physical properties of Cr2O3 films. 

The combination of high visible transmittance, high conductivity, and good structural and 

morphological properties makes that the Cr2O3 films which are deposited especially using 

chromium chloride at 0.04mol/l are a suitable p-type transparent conducting oxide for usage in 

many optoelectronic devices and solar cells applications. 
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Introduction 

The property of the film depends upon several factors such as the molar 

concentrations, the thickness, the doping agent, the annealing temperature and even the 

measurement conditions. 

In this chapter, the effect of substrate temperature on the structural, morphological, optical 

and electrical properties of chromium oxide films is studied. Cr2O3 solution was prepared by 

dissolving 0.04M of chromium chloride hexahydrate (CrCl3•6H2O) dissolved in distilled 

water. The solution was sprayed on heated glass substrates at various substrate temperatures 

(350 - 550 °C) by spray pyrolysis method.  

III. Results and discussion 

III.1. Adhesion and Thickness measurement 

The ribbon (scotch) tape test is the quickest qualitative measure of film adhesion, and 

it has shown that our films have good adhesion and uniformity. Except for the film deposited 

at 350 °C, which had a rough surface and poor adhesion, which is due to the insufficient 

temperature to complete the chemical reaction and decompose the sprayed droplets of Cr ions 

from the solution. 

Cr2O3 is produced as a result of the fine droplets of aqueous chromium chloride 

solution thermally decomposing on the glass substrate. The possible chemical reaction is as 

follows: 

2CrCl3·6H2O → Cr2O3 + 6HCl ↑ + 9H2O ↑ 

The thicknesses of the films can be estimated using the formula given previously (eq. 

I.1) which is listed in Table 2. It is clear from the figure III.1 that the thicknesses of the 

Cr2O3 thin films decreases with increasing the substrate temperature. This decrease may be 

attributed to re-evaporation of film material after deposition at higher substrate temperatures 

which results to removal of the secondary volatile products or to thermal convection of the 

sprayed droplet during the deposition process [1]. In addition, Water loss or interlayer water 

removal with subsequent formation of the compact Cr2O3 film is another factor that may 

explain the thickness decrease [2].  
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Figure III.1: Variation of the thickness of the Cr2O3 thin films as a function of the substrate 

temperature. 

III.2. Structural properties 

Figure III.2 shows the X-ray diffraction (XRD) patterns of Cr2O3 thin films at various 

substrate temperatures 350, 400, 450,500 and 550°C. 
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Fig III.2: XRD diffraction patterns of Cr2O3 thin film with different substrate temperature. 
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As observed, the film at 350˚C shows that the film is amorphous. As reported by J. 

Liang et al [3]. This shows that low temperature is not enough for the formation of the 

crystallization process, which limits the crystal's ability to grow because of the limited atomic 

mobility [4]. Whereas at high substrate temperature from 400 to 550 °C the films are 

crystalline. The patterns display diffraction peak at a value of 36°, which corresponds to the 

(110) crystalline plane of the Cr2O3 with a rhombohedral structure. This means that the Cr2O3 

films showed a preferred orientation to the substrate surface (using JCPDS 00-001-1294 as 

reference). It can be noticed that the (110) peak becomes more intense and sharper with 

increasing substrate temperature from 400 °C to 500 °C, indicating film crystallinity 

improvement. At high substrate temperature (550 °C) the intensity of the peak (110) decreases 

this results from the atom’s disintegrated and re-evaporated at high temperatures [5]. 

      The crystallite size and strain of the Cr2O3 films were calculated from the intense peak 

(110).  

 

 

Figure III.3: Variation of the crystallite size and strain of the Cr2O3 thin films as a function 

of the substrate temperature. 

It was observed from the Figure III.3 that the crystallite size of the films increases 

with the increase in substrate temperature from 400 to 500°C then the crystallite size 

decreases at temperature 550°C. We note that there is an inverse relationship between the 

crystal size and microstrain. The increase in crystallite size (film crystallinity improvement) 
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may be due to the atoms' diffusion activation energy being sufficient for them to occupy the 

energetically ideal location in the crystal lattice. 

III.3. Elemental analysis and morphological study 

Figure III.4 shows the scanning electron micrographs of Cr2O3 films at different 

substrate temperatures using spray pyrolysis. The surface morphologies show that the growth 

mechanism of the thin film depends clearly on substrate temperatures. 

The film prepared under 400 °C is inhomogeneous and has a rougher surface and forms 

degraded agglomerations. The more roughness is probably due to temperature witch is not 

sufficient to make complete diffusion, when most microdroplets arrive at the substrate surface 

in a wet state; the low deposition temperature is insufficient to evaporate the droplets. Higher 

temperatures result in a smoother and more homogeneous surface. The atoms absorb more 

energy from the substrate and then undergo a pyrolytic process on the substrate's surface. 

Where the rate of evaporation is high enough to create a more complete and evenly distributed 

film. It was determined that the surface homogeneity of the films improves with increasing 

substrate temperature[6].  

In addition, EDX spectra revealed the presence of Cr and O atoms in the synthesized films. 

The Si element may have resulted from the glass substrates. It was clearly seen from the table 

(III.1) that the atomic percentage of Cr element decreased and Si increased with increasing 

substrate temperature, which may be due to the decrease in the film thickness. 
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 Figure III.4: SEM surface images of the Cr2O3 thin films deposited with different substrate 

temperature. 

 

 

Table III.1: Atomic percentage of chemical composition in Cr2O3 films. 

[at. %] 

 400°C 450°C 500°C 550°C 

Cr 24.38 17.24 27.82 16.24 

O 75.62 82.66 72.18 83.76 

 

III.4. Optical properties 

Figure III.5 represents  the optical transmission of Cr2O3 thin films in the wavelength 

range of 290 to 1500 nm for different substrate temperature (350–550°C).The transmission 

spectra can be roughly divided into three regions : transparent region (600–1500 nm) the 

average transmittance value within the region was found  for the films prepared at 400 °C, 
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450 °C, 500 °C and 550 °C reaches to 48%, 55%,68% and 76%, respectively,  medium 

absorption region (400–600 nm) and strong absorption region (300–400 nm). The spectra 

exhibit a shift in the fundamental absorption edge towards low wavelengths due to the 

variation of substrate temperature. We note a low transmittance value and disappearing the 

absorption edge at temperature 350°C due to the surface roughness and a large thickness of 

the film. It can be seen that the optical transmittance increases with increasing temperature, 

the same behavior is reported by Pingli Qin et al [6, 7,8]. This increase in transmittance of the 

films is related to improvement of crystallinity and surface homogeneity of the films may be 

due to the decreased in optical scattering and defects. 
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Figure III.5: The transmittance of Cr2O3 thin films for different substrate temperatures. 

Figure III.6 shows the reflectance spectra of Cr2O3 thin layers at different 

temperature.  It was observed that the reflectance of films increased with increasing substrate 

temperature and decreases with an increase in wavelength. It was seen that the reflection 

values are low in the visible and near IR region may be due to some optical transitions at the 

band gap. 
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Figure III.6: The reflectance of Cr2O3 thin films for different substrate temperatures. 

 

Table III.2: The electrical and optical parameters values of the deposited Cr2O3 thin films. 

 

 

 

 

 

 

 The optical gap energy of thin films is determined according to Tauc formula (equation 

I.6), Eg are determined by plotting (hʋ)
2
 versus (hʋ) and extrapolating of the linear region of 

the plot to zero absorption((hʋ)
2
= 0). The Urbach energy (EU) can be estimated from the 

inverse slope of the linear plot between ln() and hʋ.  

The optical band gap energy (Eg) and the Urbach energy EU of the Cr2O3 thin film are shown 

in Figure III.7 as a function of the substrate temperature. 

 

T(°C) 

Chrome chloride 

Thickness 

(nm) 

Eg 

(eV) 

E U 

(eV) 

Rsh 

(Ω) 

σ  

(Ω.cm)
-1

 

350 540 / / / / 

400 475 3.46 0.62 6100 3.45 

450 334 3.49 0.54 5800 5.16 

500 298 3.52 0.23 2020 16.61 

550 250 3.58 0.21 3225 12.40 
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Figure III.7: Variation of band gap and band tail width for different substrate temperatures. 

The estimated values of the optical band gap and Urbach energy are plotted in figure 

III.7 as a function of substrate temperature.  It was observed that the band gap increases from 

3.46 to 3.58 eV with increase in substrate temperature, the same variation was observed in 

literature [7][10]. This widening of band gap leading to a blue shift of the optical 

transmittance may be accused by populating states within the valence band with holes as the 

oxygen concentration increases, the Fermi level is pushed to a lower energy, which increases 

the band gap calculated from the start of inter-band absorption. Which was in good agreement 

with  report[11]. 

The Urbach energy is related to the disorder in the film network. We can see that 

Urbach energy decreases with increase in substrate temperature, where the decrease in Urbach 

energy is attributed to the decrease of the defects, which is attributed to the improvement in 

the crystal structures. 

 

III.5. Electrical properties 

 Table (III.2) shows the sheet resistance (Rsh) and conductivity of Cr2O3 thin films 

measured at different substrate temperatures. Here, Rsh values decrease with substrate 

temperature up to 500 °C and then increase for the film deposited at 550 °C. As the electrical 

conductivity is inversely proportional to the sheet resistance.  
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Figure III.11 shows the variation of electrical conductivity of Cr2O3 thin films as a function 

of the substrate temperature. From this figure, we observe that the conductivity increases with 

substrate temperature. The increase in conductivity is probably caused by an increase in free 

charge carriers (holes) in the layers, which can be explained by an increase of oxygen 

absorption from air[11]. 

However, the structural and surface qualities of the films improved with rising substrate 

temperature, as seen by XRD patterns and SEM micrographs.The increase of the grain size 

gives rise to a reduced concentration of structural defects such as dislocations and grain 

boundaries. It is possible to explain the increase in conductivity by the increase in free charge 

carriers (holes) and/or by the increase of carrier’s mobility in the layers as a result of the 

decreased stress. As can be seen, The maximum recorded value was 16 (Ω.cm)
−1

 for the film 

deposited  at 500°C. 
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Figure III.8: Variation of electrical conductivity and sheet resistance of Cr2O3 thin films for different 

substrate temperatures. 
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Conclusion 

 In the present work, Chromium oxide thin films have been successfully deposited onto 

glass substrates using a pneumatic spray pyrolysis system (SPT)  at various substrate 

temperatures (350-550 °C). All films have a rhombohedral structure with preferred orientation 

along the (110) plane at 2𝜃 = 36° except for the film deposed at 350 °C, which has poor 

crystallinity. The crystallite size of the films has been found from 33 to 58 nm. The surface 

homogeneity of the films improves with increasing substrate temperature. The optical study 

confirms that the transmittance of Cr2O3 films increases with increasing substrate temperature 

and the energy gap increases from 3.46 to 3.58 eV. Electrical measurements showed that 

substrate temperatures increase the electrical conductivity from 3.45 to 16.61 (Ω.cm)
-1 

and 

sheet resistance decreases with substrate temperature increase. 
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Introduction 

 Doping is an important approach for enhancing the optical and electrical properties of Cr2O3 

thin films. For instance, Zn-doped chromium oxide (Cr2O3) and Ti-doped chromium oxide (Cr2O3) 

provided high sensitivity and rapid presence times for NH3 and NO2 gases, respectively [4,5]. 

Kamble et al. [6] reported that Pt-doped Cr2O3 leads to the enhancement of sensor response, as well 

as, an improvement in its kinetics. Arca et al. [8] reported that the Co-doping of Cr2O3 thin films 

with magnesium and nitrogen produces a p-type oxide with low resistivity and high transparency in 

the visible region. The results obtained by Larbi et al. [9] state that Cs-doped Cr2O3 promotes good 

photocatalytic activity under sunlight for methylene blue degradation. Zihao Fan et al. [10] revealed 

that the Ni-doped Cr2O3 films have remarkable photoelectric response during the infrared, visible 

and ultraviolet light range. Also, many researchers have studied the effect of Cu and Mg-doped 

Cr2O3 on the structural, electrical, and optical transmission properties[11,12]. In the literature, there 

is no study on In-doped Cr2O3. Indium (In) is a potential dopant thanks to its considerable chemical 

stability, high electrical conductivity, and high transparency. Furthermore, we expect that Cr2O3 

doping with indium should improve its optical and electrical properties to produce efficiency-

enhanced electronic devices for optoelectronic applications. 

Pneumatic spray pyrolysis is a simple and low-cost method. To improve the properties of 

chromium oxide thin films, In-doped Cr2O3 thin films were prepared by using the spray pyrolysis 

technique. The effects of indium concentrations (wt. %) on the structural, morphological, optical, 

and electrical properties were investigated and discussed. 

IV.1. Experimental details 

 Indium-doped Cr2O3 thin films were prepared onto a glass substrate of the type (TLC Silica 

gel 60 F254), with different Indium concentrations (0, 2, 4, 6, and 8 wt. %) by using a homemade 

spray pyrolysis experimental setup[13]. The spray solution was prepared by dissolving 0.04 M 

Chromium(III) chloride hexahydrate CrCl3·6H2O into distilled water, then indium chloride (InCl3) 

was added into the solution as a dopant whose content was varied from 0 to 8wt. %.The sprayed 

solution was magnetically stirred to obtain a homogenous solution. The solution was sprayed on 

heated substrates at 500°C for 3min. The nozzle was located at a distance of 30 cm above the 

substrate. After deposition, the In-doped Cr2O3 thin films were allowed to cool to room 

temperature. 

IV.2. Results and discussion 

IV.2.1. Thickness measurements 
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A thermal decomposition occurs to the fine droplets of the solutions after their falling over the hot 

substrate surface resulting in the formation of uniform and well adherent (hardly peeled with scotch 

tape test) thin films. The film thickness (t) of Cr2O3 thin film is measured with the help of weight 

difference method using an electronic high-accuracy balance as shown in equation (I.1).  

As listed in Table1, It can be seen that the thickness increases slightly from 298 to 362 nm with the 

increase of Indium doping concentration. For high values of In, there will be more Indium in the 

pulverized solution which leads to an increase in the mass transfer and solute atoms from the 

atomizer to the substrate; as a result, the reaction kinetics is accelerated, making a faster growth 

rate and thicker films.  

IV.2.2.Structural properties 

Figure IV.1 shows XRD patterns of In-doped Cr2O3 thin films which are polycrystalline and 

exhibit a strong orientation along (110) at 36°( ICDD n°: 00-038-1479). All the peaks corresponded 

to the pure rhombohedral structure of Cr2O3 thin films deposited at 500 °C with no other 

crystallographic phases related to In or impurity phase found in any of the thin films. It is observed 

that doping by 2, 4, and 8 wt. % of indium led to an obvious reduction in the intensity of the peak 

corresponding to the lattice plane (110), implying the deteriorated crystallinity. The decreasing peak 

intensity of Cr2O3 may be caused by a restrained quantity of indium atoms exists as interstitials 

sharing the oxygen with Cr atoms. A similar result has been reported for Ti and Cu doped 

Cr2O3[5,15], or by the formation of stress due to the difference in ionic radius between In3+ ions 

(0.80 A°) [16] and Cr3+ ions (0.63 A°)[17]. While 6 wt. % In-doped film shows enhancement in 

intensities of the peak caused by relaxed strain, which means that it has better crystallization. 
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Figure IV.1: XRD pattern of In-doped Cr2O3 thin films. 

The crystallite size (D) and the microstrain (ε) were calculated using (110) peak at angle θ=36 

degrees by using the following formulas [18] (eq. I.4).  The calculated values are given in table 

IV.1. 

 

Table IV.1. Values of Crystallites size and strain (ε) of In-doped Cr2O3 thin films. 
 

 

 

 

 

 

Figure IV.2 shows the crystallite size and the microstrain at different percentages of indium 

doping. The crystallite size decreases from 57 nm of the un-doped to 23 nm at 2 wt. % of indium 

In concentration 

(wt. %) 

Thickness 

(nm) 

Crystallite 

size [nm] 

Microstrain 

(ε) × 10−3 

Cr2O3 298 56.69 0.611 

2 308 23.23 1.49 

4 314 29.04 1.19 

6 321 35.40 0.979 

8 362 47.22 0.734 
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doped and it increases thereafter. This shows that, for the sample doped with 2%, indium could acts 

as a growth inhibitor of crystallites and then leads to a depressed crystallinity phenomenon, which 

may be due to the larger ionic radius of In+3 ions than Cr3+ ions. On the other hand, the microstrain 

increases up to 2% with the increase of In element and then it decreases. This behavior may be due 

to the formation of more structural disorders for the sample doped with 2% indium arising from In 

incorporation in the chromium oxide matrix during the chemical crystal growth process and leading 

to internal stress in the host lattice. Thereafter, the increase of crystallite size with the increase of 

dopant concentration is due to the strain relaxation process in the films. Similar results of estimated 

crystallite size have been reported by T. Larbi et al. [9] for Cs-doped Cr2O3 thin films that  are 

greater than those obtained by Zekaik et al. [19] for Ni-doped Cr2O3 thin films. 
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Figure IV. 2: The Variation of the crystallite size and strain versus indium concentrations. 

IV.2.3.Elemental analysis and morphological study 

 The elemental analysis of un-doped and In-doped Cr2O3 thin films was determined by EDS. 

The atomic percentages of chemical composition are summarized in Table IV.2. 
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Table IV.2: Atomic percentage of chemical composition of un-doped and In-doped Cr2O3 thin films. 

Chemical 

element 

Atomic percentage 

0% 2% 4% 6% 8% 

Cr 27.82 15.38 15.25 20.21 19.03 

In 0 0.73 0.74 1.06 1.17 

O 72.18 83.89 84.01 78.83 79.80 

 

 The EDS spectra of films shown in Figure IV.3 confirm the presence of Cr2O3, and indium in the 

films. The presence of Si element in films is probably from the glass substrate. The atomic 

percentage of indium in the doped films increased as the doping ratio, was increased while the Cr 

element decreases for 2 and 4 wt. %. As remarked, the variation of Cr percentage has the same 

tendency with grain size which may be the cause of the remarked behavior for chromium presence 

in the films. These results agree well with the XRD study, which very well supports the substitution 

of indium in the Cr sites as well, demonstrating that the indium is effectively doped in the Cr2O3 

film. 

  
 

Figure IV.3: EDS spectra of: (a) intrinsic Cr2O3 and (b) 6 wt.% In-doped Cr2O3. 

 Figure IV.4 shows the SEM images of the indium-doped Cr2O3 films deposited with various 

concentrations of In (0–8 wt. %). Surface morphology analysis indicates that the substrates are well 

covered by all the films without cracks. The In-doped Cr2O3 films consist of grains that increase 

with the increase of In doping concentration. This is due to the large radius of In3+ ions with 

Cr3+ions, which results in the appearance of defects and distortions at the level of the crystal lattice, 

which directly affects the surfaces of the films. 
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Figure IV.4:  SEM images of In-doped Cr2O3: (a) Pure Cr2O3, (b) 2 wt.%, (c) 4 wt.%, (d) 6 wt.%, 

and (e) 8 wt.%. 
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IV.2.4. Optical properties 

Optical transmission spectra of the pure and In-doped chromium oxide films in the wavelength 

region of 290–1500 nm are shown in Fig IV.5. The transmittance of un-doped Cr2O3 thin film is 

about 65%. It has been observed that the indium-doped chromium oxide improved the optical 

transmittance. A similar result has been reported for In-doped CdO [20]. The transparency increases 

from 65 to 94% with the increase of indium concentration up to 4wt. % in Cr2O3 films and then it 

decreases. The decrease in transmittance above 4 wt. % of In-doping may be due to the 

incorporation of more indium in the lattice sites and the interstitial positions, thus leading to an 

increase in the absorption, or the increase in the thickness of the films, as the density of the atoms 

leads to more optical scattering phenomenon in Cr2O3. The enhanced optical transmittance of Cr2O3 

films may be due to the change in the grain size on In-doping up to 4 wt. % as the result of the 

incorporation of In3+ ions with a difference ionic radius to that of Cr3+ ions or this may be due to the 

systematic difference in the surface roughness leading to large scattering loss and the increasing 

bandgap. The indium doping at 4 wt. % has maximum average transmittance compared to other 

films. However, the obtained values of transmittance are much higher than those reported in the 

literature, [5,21] where the optical transmittance decreases with the increase of dopes concentration. 
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Figure IV.5: The transmittance of un-doped and In-doped Cr2O3 thin films. 
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 The optical band gap energy (Eg) and Urbach energy (Eu), that characterize the disorder in 

the film, were evaluated from Tauc's formula; calculation details are given elsewhere (equation I.6) 

[14]. Figure IV.6 shows the variation of band gap and Urbach energy at various concentrations of 

Indium. The optical band gap values are determined as 3.52, 3.60, 3.93, 3.49, and 3.46 eV at 0, 2, 4, 

6, and 8 wt. % of indium content, respectively. We can observe that Eg increases to 3.93 eV with 

the increase of indium concentration to 4 wt. %, while the Urbach energy decreases to 183 meV. On 

one hand, the increase of Eg may be due to a reduction in crystallite sizes as the result of the 

incorporation of In3+ ions with a different ionic radius to that of Cr3+ ions. The blue shift of the band 

edge and reduction of crystallite size confirms the substitution of Cr by indium ions within the 

Cr2O3 lattice, and hence, supports XRD results. On the other hand, as the oxygen content increases 

(Table II), holes populate states within the valence band, which pushes the Fermi level to lower 

energy. Consequently, the measured band gap determined from the onset of interband absorption 

moves to  higher energy (i.e. suffers “a blue shift”) [15,19,22]. The Increase of In concentration 

beyond 4 wt. % led to the formation of new donor levels located inside the bandgap, which in turn, 

displaced the valence band edge to higher energies, leading to a decrease in the energy gap values.  

It is clear that, Urbach energy changes inversely with the optical band gap. These results support 

our interpretation of the increase of band gap with doping concentration as mentioned before since 

the increase of EU with doping concentration is an indication of the higher density of localized 

states. This also means that, as the doping concentration increases, the influence of tailing on the 

bandgap energy becomes significant[22,23].  
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Figure IV.6: Variation of optical band gap and Urbach energies versus indium concentrations. 
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IV.2.5.Electrical properties 

The sheet resistance (Rsh); in the linear four-point probe technique, the current (I) is applied 

between the outer two leads and the potential difference (V) is measured across the inner two 

probes. Since negligible contact and spreading resistance are associated with the voltage probes, 

one can obtain a fairly accurate estimation of Rsh using the equation (I.8). 
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Figure IV.7: Variation of electrical conductivity, band tail width and sheet resistance of In-doped 

Cr2O3 thin films. 

 

Figure IV.7, presents the conductivities, band tail width, and sheet resistance of un-doped and In-

doped Cr2O3 thin films as a function of the indium content, and their values are summarized in 

Table III. The pure Cr2O3 film has the highest value of sheet resistance which is 2020 Ω. The sheet 

resistance decreases with the increase in the doping content and reaches the lower value of 403 Ω 

for a doping content of 4 wt. %. On the other hand, the conductivities of thin films increase with the 

increase of indium concentration up to 4 wt. %. We can observe that, the highest conductivity was 

achieved with the 4 wt. % of indium corresponding to 79 (Ω.cm)-1. This value is higher than those 

reported in literature[8] for Cr2O3 doped with magnesium and nitrogen and [10] for Ni-doped Cr2O3. 

The reason for such an increase in the electrical conductivity can be explained by the decrease in 

the band tail width (Urbach energy) which contributes to increasing the mobility of the charge 

carriers. However, when the indium doping ratio exceeds 4 wt. %, the electrical conductivity 

rapidly decreases. This is due to the concentration of free carriers in p-type Cr2O3 films that are 
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compensated with indium incorporation because indium acts as a donor atom, i.e., when the free 

electron concentration in the conduction band increases with indium incorporation, the free hole 

concentration in the valence band decreases to provide charge valence[24].  

IV.2.6. Figure of merit 

The figure of merit is an important parameter for optoelectronic device applications. The 

optical and electrical characteristics have a crucial influence in determining the film's quality, where 

it requires both high conductivity and high transparency over the visible light region. The figure of 

merit values was calculated using Haacke’s formula as shown in equation (I.11) [14]  

 

Table IV.3: The optical and electrical parameters values of the deposited In-doped Cr2O3 thin films. 

In concentration 

(wt. %) 
Eg 

(eV) 
E U 

(eV) 
Rsh 

(Ω) 

σ 

(Ω.cm)
-1 

Figure of merit x10-4 

(Ω)
-1

  

0  3.52 0.235 2020 16.61 0.0021 

2  3.60 0.239 658 49.27 0.568 

4  3.93 0.183 403 79.02 12 

6  3.49 0.278 1386 21.52 0.031 

8  3.46 0.269 1447 19.93 0.093 

 

The figure of merit values for un-doped and indium-doped Cr2O3 thin films are presented in Table 

3. We observed that, it increases with the increase of indium concentration to 4 wt. % and then 

decreases. The highest value of the figure of merit obtained is 1.2×10−3 (Ω-1) for 4 wt. % (Table 

IV.3). This is possibly due to the formation of a good-quality film in terms of conductivity and 

transmittance. The best-obtained value is higher than those reported in the literature (7.2x 10-6 (Ω-1) 

for Cr2O3 co-doped with Mg and N [8], and (6.7x 10-6 (Ω-1) for Mg-doped Cr2O3 [12].  
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 Conclusion 

Thin films of un-doped and In-doped Cr2O3 were deposited on glass substrates at 500°C with 

various concentrations of indium (0, 2, 4, 6, and 8 wt. %) using a home-made pneumatic spray 

pyrolysis instrument. The X-ray diffraction shows that the films are polycrystalline with a 

rhombohedral structure oriented along the (110) plane. Doping with indium did not change the 

structure of Cr2O3. The crystallite size decreases from 57 nm of the un-doped to 23 nm at 2 wt. % 

of indium doped and increases thereafter. SEM images revealed that the films were well-adherent, 

uniform, pore, and crack–free. The optical results confirmed that the transmittance of thin films 

was affected by indium dopant and improved on the optical transmittance. A higher transmittance 

was present in an indium concentration of 4 wt. % (94%). The optical band gap varied between 

3.93 and 3.46 eV. The indium-doped Cr2O3 films pose low sheet resistance and an increase in 

conductivity. The greatest figure of merit value 1.2× 10−3 (Ω-1) is obtained for Cr2O3 thin film In-

doped with 4 wt. %. The best value of the figure of merit achieved in the present study is found to 

be the highest among the reported values for Cr2O3 films doped with different elements. 

So it can be concluded from the present contribution that favorable structural, electrical, and optical 

properties of In-doped Cr2O3 thin films, especially those doped with 4 wt. % indium, are a 

convenient p-type transparent conducting oxide for usage in many optoelectronic devices and solar 

cell applications. 
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Introduction 

To enhance the properties of Cr2O3 thin films, doping is a very important approach to 

influencing the material properties. Chromium oxide doped  has been used for applications 

such as gas sensors (Ti and Zn doped Cr2O3 thin film) [1-2] and photocatalytic degradation 

(Cs doped Cr2O3) [3]. In this study, an attempt was made to deposit Cu-doped Cr2O3 thin 

films to influence their structural, optical, and electrical properties by using the spray 

pyrolysis technique. 

 

V.1. Experimental details 

Undoped Cr2O3 and Cu doped Cr2O3 thin films were deposited on glass substrates by 

using a home-made spray pyrolysis experimental setup at a deposition temperature of 500 ◦C 

with different copper concentrations (0, 2, 4, 6 and 8 wt. %).The precursor solution was 

prepared by dissolving 0.04 M of Chromium (III) chloride hexahydrate CrCl3•6H2O into 

distilled water, then copper chloride dihydrate (CuCl2•2H2O) was added into the solution as 

dopant in content varied from 0 to 8 wt. %. 

V.2. Results and discussion 

V.2.1. Thickness measurements 

The films had good adherence to the substrate and the thicknesses of the deposited films 

were measured by using a weight difference method using an electronic high-precision 

balance. The film thicknesses of un-doped and copper doped Cr2O3 thin films with various Cu 

of 0, 2, 4, 6 and 8 wt.% were determined to be about 298, 302, 309, 316 and 321 nm. There is 

a small variability variation in the film thickness, it has no direct correlation with Cu doping. 

V.2.2. Structural properties 

X-ray Diffraction (XRD) was used to categorize the crystalline quality and phases that 

occur in the crystal structure during structural analyses of deposited thin films. The XRD 

patterns of non-doped and Cu-doped Cr2O3 films on glass substrates with varying Cu 

concentrations (2–8 wt%) are shown in Figure V.1, which reveals the polycrystalline 

structure of Cr2O3 thin films with a rhombohedral phase and exhibit a strong orientation along 

(110) at 36° (JCPDS n°: 00-001-1294), other peaks with low intensity assigned as (104), 

(113) and (116) were also observed. As the Cu doping level increased, the (110) peak 

intensity tended to decrease. Due to the fact that Cu
2+

 ions (0.73 Å)[4], entering in the Cr2O3 

structure, have a larger radius compared with the Cr
3+

 ions (0.63 A°)[5], leading to its crystal 

structure deterioration. The crystallinity is visibly lowered when copper is used as a dopant, 
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which is in agreement with the report [6]. Moreover, no other phase has been observed in 

samples corresponding to either Cu. This indicates that copper has not altered the structure of 

the rhombohedral chromium (III) oxide and that the Cr2O3 sites have been replaced by the 

Cu
+ 2 

ions, which proves that the phases that have developed are stable and that the amount of 

copper does not affect how they form[7]. 
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Figure V.1: XRD pattern of Cu-doped Cr2O3 thin films. 

 

The calculated crystallite size, the microstrain and full width at half maximum of the peak  

(FWHM) from the most intense peak (110) for undoped and Cu-doped Cr2O3 at different 

concentrations are tabulated in Table V.1. 

 

Table V.1: Values of FWHM, Crystallites size and microstrain (ε) of Cu-doped Cr2O3 thin films. 

 

 

 

 

 

 

In concentration 

(wt. %) 

FWHM 
(°) 

Crystallite size 

[nm] 

Microstrain 

(ε) × 10
−3

 

Cr2O3 0.147 56.69 0.611 

2 0.157 53.15 0.652 

4 0.236 35.28 0.970 

6 0.255 32.70 1.060 

8 0.269 31.03 1.170 
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Figure V.2: Variation of the crystallite size and strain versus Cu concentrations. 

 

The crystallite size and the microstrain at different percentages of copper doping are 

represented in Figure V.2. It was found that the crystallite size decrease with the increase in 

doping percentage. The decrease in X-ray peak intensity leads to an increase in full width at 

half maximum (FWHM), indicating deterioration in crystallinity and a decrease in crystallite 

size, a similar behavior has been reported [7]. The decrease in crystallite size could be due to 

the internal stress adversely affecting the structural properties, which is caused by the 

difference in ionic radius between Cr
3+

 and Cu
2+

.These stresses may result in the formation of 

microstrains in the films, indicating that Cu
+2

 substitute into the Cr
+3

 or incorporate into 

interstitial sites in the lattice of Cr2O3. 

 

V.2.3. Elemental analysis and morphological study 

From scanning electron microscopy coupled with X-ray microanalysis, we verified the 

surface morphology and chemical composition of the deposited layers. 

The atomic percentages of chemical composition of un-doped and Cu-doped Cr2O3 

thin films are summarized in Table V.2. The EDS analysis results for Cu-doped Cr2O3 thin 

films are shown in Figure V.3. The EDS data confirm the presence of elemental peaks of Cr, 

O and Cu (dopant) in the films. The atomic percentages of Cu and Cr increased for 2 and 4 

wt. %. and then decreased with the increase in Cu concentration. These results agree well with 
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the XRD study, demonstrating that the copper is effectively doped in the Cr2O3 film. The 

presence of Si element in films might be probably from the glass substrate. In addition, the 

oxygen content in the doped thin films was higher than that in the undoped thin film. 

 

Table V.2: Atomic percentage of chemical composition of un-doped and Cu-doped Cr2O3 thin films. 

Chemical 

element 

Atomic percentage 

0% 2% 4% 6% 8% 

Cr 27.82 23.96 35.63 24.48 20.02 

Cu 0 0.68 1.34 1.06 0.65 

O 72.18 75.36 63.03 74.45 79.33 

 

Figure V.3, shows the surface morphologies of the copper-doped Cr2O3 films 

deposited with various concentrations of Cu (0 – 8 wt. %). It is observed that the surface 

morphology of the films is affected by copper doping and the substrates are well covered by 

all the films without cracks. For the Cu doping concentration 2 and 4 wt. %. films have large 

grains with polyhedron like shape and agglomerations with random orientations .The grains 

were agglomerated and are non-uniform  shapes, this is due to the increase of atomic 

percentages of  Cu in the film (Cu
3+

 ions radius is larger than Cr
3+

 ions), where Cu could be 

found as clusters on the grain boundaries. With the increase of Cu concentration (6-8 wt. %), 

these structures have begun to disappear.  
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Figure V.3: SEM images and EDS spectra of Cu-doped Cr2O3: (a) 0 wt.%, (b) 2 wt.%, (c) 4 wt.%, (d) 

6 wt.% and (e) 8 wt.%.  

a 

b 

c 

d 

e 
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V.2.4. Optical properties 

The optical transmittance curves as a function of wavelength were investigated using a 

UV-Vis-NIR spectrophotometer. 

Figure V.4, shows the optical transmittance of different concentrations of Cu-doped 

Cr2O3 thin film (0, 2, 4, 6 and 8 Wt. %) in the 290–1500 nm spectral range. It was found that 

the undoped chromium oxide films exhibit a transmittance in the range of 65%. It is seen that 

the transmittance of Cr2O3 films is strongly affected by the Cu doping concentration, where 

the transmittance decreases from 65% to 45% as the Cu doping concentration increases from 

2% to 8 %. Furthermore, the absorption edge shifts toward a longer wavelength as doping 

concentration increases. This drop in transmittance is attributed to a rise in photon scattering 

generated by doping-induced crystal defects, a similar result has been reported in literature [2-

5].   
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Figure V.4: Transmittance of un-doped and Cu-doped Cr2O3 thin films. 

  

In order to calculate the band gap energy, which corresponds to the excitation of an 

electron from the valance band to the conduction band, we used Tauc's equation by plotting 

(hʋ)
2
 versus (hʋ) and extrapolating of the linear region of the plot to zero absorption((hʋ)

2
= 

0) the optical band gap of all thin films was determined. 
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Figure V.5: Variation of optical band gap and Urbach energy versus Cu concentrations. 

 

Figure V.5, displays the optical band gap (Eg) and Urbach energy (Eu) of thin films of Cu-

doped Cr2O3 films. The optical band gap values are determined as 3.52, 3.49, 3.06, 3.05 eV 

and 2.98 eV at 0, 2, 4, 6 and 8 wt. % of Cu content respectively. The band gap energy of the 

pure chromium oxide thin film is 3.52 eV this value is very close to value reported by D. 

Zuili[10]. With the incorporation of Cu into Cr2O3 thin films, a reduction in optical band gap 

value was noted. Due to the formation of acceptors between the forbidden gap when Cu
2+

 

cations replace Cr
3+

 lattice sites, which causes the optical band gap energy to narrow. Such 

behavior was also reported by Singh et al [11]. New donor levels that are formed inside the 

band gap cause the valence band edge to be moved to higher energies, decreasing the energy 

gap values. 

The display of situational positions' tails within the optical range gap is made by Urbach (Eu). 

Eu is a measure of the high concentration of defect states in a material that perturbs the band 

structure. With increasing Cu doping content, the Eu values were found to range from 235 to 

261 meV. It is clear that the Eu increases if the ratio of Cu-doping rises. Deterioration in 

crystallinity and a decrease in crystallite size are crystalline defects that can contribute to the 

establishment of local cases within the forbidden band gap, which confirms the increased 

disorderliness of these films. 
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V.2.5. Electrical properties: 

The sheet resistance of un-doped and Cu-doped Cr2O3 thin films was measured by the 

four-point method. The values of the conductivity are calculated according to equation (I.10). 

Figure V.6, shows the conductivity and the sheet resistance of un-doped and Cu-doped Cr2O3 

thin films deposited on glass substrates by the spray method.  
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Figure V.6: Variation of electrical conductivity and sheet resistance of Cu-doped Cr2O3 thin films. 

 

We observe that the sheet resistance increases with doping content and reaches a 

maximum of  18,538.10
3
 (W) for a doping content of 4 wt. %. On the other hand, the variation 

of electrical conductivity is inversely of the sheet resistance and decreases with Cu doping 

due to the poor crystallinity, Cu doping induced defect states, and stress generation. With the 

dopant concentration increase (6 and 8. Wt. %), the electrical conductivity increased. The 

increase in conductivity may be attributed to the increase in acceptor states associated with 

the integration of Cu impurities into the Cr sites of the Cr2O3 lattice. The incorporation of Cu 

into the Cr2O3 host matrix by replacing Cr
3+

 sites with Cu
2+

 results in an increased 

concentration of free charge carriers (holes) in the layers, which can be explained by an 

increase in oxygen. 
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V.2.6. Figure of merit 

A crucial variable for applications involving optoelectronic devices is the figure of 

merit. The quality of the film is significantly influenced by its optical and electrical 

properties, when there is a need for high transparency over the visible light domain as well as 

good conductivity. Haacke's formula was used to calculate the figure of merit values, as 

shown in equation (I.11). 

 

Table V.3: The optical and electrical parameters values of the deposited Cu-doped Cr2O3 thin films. 

In concentration 

(wt. %) 
Eg 

(eV) 
E U 

(eV) 
Rsh 

(Ω) 

σ 

(Ω.cm)
-1 

Figure of merit x10
-7

 

(Ω)
-1

  

0  3.52 0.235 2020 16.61 2.1 

2  3.49 0.240 14706 2.24 0.658 

4  3.06 0.250 18538 1.74 0.015 

6  3.05 0.252 2995 10.56 0.255 

8  2.98 0.261 1696 18.36 0.438 

 

The figure of merit values for un-doped and copper-doped Cr2O3 thin films are presented in 

Table V.3. We observed that it decreased with the increase in copper concentration to 4 wt. % 

while it was increased over that value. These values are less than those of indium-doped 

Cr2O3 thin films. The highest value of the figure of merit obtained is 2.1× 10
−7

 (Ω
-1

) for un-

doped Cr2O3 thin film. This is possibly due to a decrease in conductivity and transmittance. 

These values are close to those of co-doped Mg and N Cr2O3 thin film [12] and Mg-doped 

Cr2O3 thin film [13]. 
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Conclusion 

 In this chapter, a study was done on how doping copper affected the structural, 

morphological, optical, and electrical properties of Cr2O3 thin films. Thin films of un-doped 

and Cu-doped Cr2O3 were deposited on a glass substrate at 500°C with various concentrations 

of copper (0, 2, 4, 6, and 8 wt.%) by using a home-made pneumatic spray pyrolysis 

instrument. The EDS analysis of films confirms the presence of elemental peaks of Cr, O, and 

Cu in the films. The X-ray diffraction shows that the films are polycrystalline with 

Rhombohedral structure oriented along the (110) plane. The (110) peak intensity tended to 

decrease as the Cu doping concentration increased. The crystallite sizes of the films have been 

found in the range of 58, 53, 35, 32, and 31 nm for 0, 2, 4, 6, and 8 wt.%, respectively. SEM 

images revealed that the films were well adherent, uniform, pore and crack–free. The optical 

results confirmed that the transmittance decreases from 65% to 45% as the Cu doping 

concentration increases from 2% to 8%. The optical band gap varied between 3.52 and 2.98 

eV. The copper-doped Cr2O3 films have low conductivities and increase sheet resistance. 
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Conclusion and perspectives 

 

This study focuses on the deposition and characterization of p-type semiconductor 

oxide (Cr2O3) thin films elaborated successfully by the pneumatic spray pyrolysis system 

(SPT) on glass substrates. 

Our work will focus on studying the effect of the deposition parameters (concentration 

of different chemical precursors and substrate temperature) and the influence of In and Cu 

doping concentrations on the structural, morphological, optical, and electrical properties of 

chromium oxide films to obtain good-quality films for photovoltaic applications. 

For this purpose, the crystallographic properties, surface morphology, chemical composition, 

optical properties (transmittance, gap energy, and Urbach energy), and electrical conductivity 

of the elaborated films were investigated using X-Ray diffraction (XRD), TESCAN VEGA3 

SEM, energy dispersive spectroscopy (EDS), UV-Vis-NIR spectrophotometer, and four-point 

probe techniques, respectively. 

From the results obtained from the present work, the most important findings are as follows: 

 At first, we studied the effect of concentration using chromium chloride and chromium 

nitrate (0.02-0.08 mol/l) on Cr2O3 thin films properties. XRD analysis confirms a 

polycrystalline nature for all films prepared with chromium chloride with a preferred grain 

orientation along (110) plane, whereas those prepared with chromium nitrate have a poor 

crystallinity. Crystallites sizes of the films have been found to be decreasing from 56 to 33 nm 

and from 38 to 19 nm for chromium chloride and chromium nitrate respectively. SEM images 

revealed that the films were well adherent, uniform, pore and crack – free. The sample 

obtained from the nitrate solution is thinner and have approximately the same density and 

smooth surface morphology than that deposited using the chloride solution. The optical study 



confirms that the transmittance of Cr2O3 films decreases with the increase of precursor 

concentration. The average transmittance of the films deposited from chromium nitrate is in 

the range of 60 % (Eg varies from 3.38 to 3.48 eV) and for the films deposited from 

chromium chloride, it attains 75 % in the visible region (Eg varies from 3.40 to 3.53 eV).The 

electrical conductivity of the films found in the order of 5 (Ω.cm) 
−1

. The Cr2O3 film 

deposited using chromium chloride at 0.04 mol/l is a suitable p-type transparent conducting 

oxide because it has a combination of high visible transmittance, high conductivity, and good 

structural and morphological properties. 

 The impact of substrate temperature on Cr2O3 thin films grown on glass substrates has 

been studied. The optimal orientation for all films is along the (110) plane at 2 = 36° with a 

rhombohedral structure. The crystallite size of the films varies from 33 to 58 nm. SEM images 

showed that the surface homogeneity of the films improved with increasing substrate 

temperature. Analysis of UV-VIS spectra confirms that the transmittance of Cr2O3 films 

increases with increasing substrate temperature, and the energy gap increases from 3.46 to 

3.58 eV. Electrical measurements showed that substrate temperatures increase the electrical 

conductivity from 3.45 to 16.61 (Ω.cm)
-1

. 

 The effect of Indium doped Cr2O3 thin films on structural, morphological, optical and 

electrical properties with different concentrations of indium (0, 2, 4, 6, and 8 wt. %) has been 

discussed. The X-ray diffraction shows that the films are polycrystalline with a rhombohedral 

structure preferentially oriented along the (110) direction. The crystallite size is in the range 

of 47–58 nm. SEM images revealed that the films were well adherent and crack – free. The 

optical transmittance of films increased up to 94% for 4 wt. % In-doped Cr2O3 films and then 

decreased at 6 and 8 wt. %. The optical band gap varied between 3.93 and 3.46 eV.  The 

highest conductivity value of 79 (Ω.cm)
-1

 is obtained for the 4 wt. % In-doped Cr2O3 films. 



 The effects of doping copper with various concentrations (0, 2, 4, 6, and 8 wt. %)  on 

the structural, morphological, optical, and electrical properties of Cr2O3 thin films were 

investigated. XRD analysis indicates that the undoped and copper-doped Cr2O3 thin films 

showed a preferential orientation along the (110) plane with rhombohedral structure, and the 

(110) peak intensity tended to decrease as the Cu doping concentration increased. The 

crystallite size decreased with the increase in doping percentage from 58 to 31 nm. The 

optical band gap values are determined as 3.52, 3.49, 3.06, 3.05 eV, and 2.98 eV at 0, 2, 4, 6, 

and 8 wt. % of Cu content, respectively. The electrical conductivity decreases with Cu 

doping. 

So it can be concluded from the present contribution that favorable structural, 

electrical, and optical properties of In-doped Cr2O3 thin films, especially those doped with 4 

wt. % indium, are a convenient p-type transparent conducting oxide for usage in many 

optoelectronic devices and solar cell applications. 

Finally, the different perspectives that can be considered for the continuation of this work 

are: 

- Analyzing the deposited films' photocatalytic and self-cleaning characteristics to 

verify the findings of this research. 

- Integrating Cr2O3 thin films optimized in transparent pn-junctions. 

 



Abstract 

 Chromium oxide (Cr2O3) thin films have been deposited by the pneumatic spray method 

on glass substrates to obtain good optoelectric properties for use in photovoltaics. We studied 

the effect of the molar concentration of chromium chloride and chromium nitrate, substrate 

temperature, indium doping and copper doping on the structural, morphological, optical, and 

electrical properties (by various techniques XRD, SEM, EDS, UV-Visible, and the four probe 

technique) to improve the quality of Cr2O3 thin films. X-ray diffraction (XRD) study shows 

that the chromium chloride crystallization is better than that of nitrate, with a (110) preferred 

orientation in rhombohedral structure. SEM images revealed that the films were well 

adherent, uniform, pore and crack – free. The optimal temperature of the substrate is 500 °C, 

the average transmittance of the films is in the range of 60% (Eg varies from 3.46 to 3.58 eV), 

and the electrical conductivity is 16.61(Ω.cm)-1. 

The In and Cu doped chromium oxide films with percentages of dopant (0, 2, 4, 6, and 8 

wt.%) were examined. The films doped with indium revealed improvements in their optical 

and electrical properties. Contrary to films doped with Cu. 

The highest transmittance value of 94% and a better conductivity value of 79 (Ω.cm)-1 with 

the greatest figure of merit value 1.2× 10−3 (Ω-1) are obtained for the 4 wt.% In doped Cr2O3 

films, making it a convenient p-type transparent conducting oxide for use in many 

optoelectronic devices and solar cell applications. 

Résume 

 Des films minces d'oxyde de chrome (Cr2O3) ont été déposés par la méthode de spray 

pneumatique sur des substrats en verre afin d'obtenir de bonnes propriétés optoélectriques 

pour une utilisation dans le domaine photovoltaïque. Nous avons étudié l'effet de la 

concentration molaire du chlorure de chrome et du nitrate de chrome, de la température du 

substrat, du dopage à l'indium et du dopage au cuivre sur les propriétés structurelles, 

morphologiques, optiques et électriques (par diverses techniques DRX, MEB, EDS, UV-

Visible et la technique des quatre sondes) afin d'améliorer la qualité des films minces de 

Cr2O3. La caractérisation par diffraction des rayons X (DRX) montre que la cristallisation du 

chlorure de chrome est meilleure que celle du nitrate, avec une orientation préférentielle (110) 

dans la structure rhomboédrique. Les images MEB ont révélé que les films étaient bien 

adhérents, uniformes, sans pores ni fissures. La température optimale du substrat est de 500 

°C, la transmittance moyenne des films est de l'ordre de 60 % (Eg varie de 3,46 à 3,58 eV), et 

la conductivité électrique est de 16,61(Ω.cm)-1. 



Les films dopés à l'In et au Cu avec des pourcentages de dopant (0, 2, 4, 6, et 8 wt. %) ont été 

examinés. Les films dopés à l'indium ont révélé des améliorations de leurs propriétés optiques 

et électriques. Contrairement aux films dopés au Cu. 

Les films de Cr2O3 dopés à l'indium à 4 % en poids présentent la plus grande valeur de 

transmission (94 %) et une meilleure valeur de conductivité (79 Ω.cm)-1 avec le plus grand 

facteur de mérite (1,2× 10-3 (Ω-1)), ce qui en fait de lui un oxyde conducteur transparent de 

type p utilisable dans de nombreux dispositifs optoélectroniques et dans les systèmes 

photovoltaïques. 

 

 


