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Zinc-cobalt oxide (Zn1−xCoxO) thin films refer to a semiconductor material based on zinc oxide (ZnO) doped with cobalt (Co). This 
material is studied mainly for its modified magnetic, electronic and optical properties, particularly in the context of diluted magnetic 
semiconductors (DMS). This study analyzes the effect of cobalt doping on the structural optical, and magnetic properties of ZnO thin 
films, fabricated using alow-cost, scalable ultrasonic spray technique. Zinc-cobalt oxide (Zn1−xCoxO) thin films were successfully 
deposited on glass substrates using the ultrasonic spray pyrolysis technique at a substrate tem- perature of 450 ◦C, with cobalt doping 
concentrations of x = 0%, 1%, 3%, and 5%. X-ray diffraction (XRD) analysis revealed a hexagonal wurtzite structure for all samples, 
with no secondary phases, indicating effective incorporation of Co2+ ions into the ZnO lattice. Raman spectroscopy indicated the 
emergence of structural disorder and defect-related modes, consistent with the increase in Urbach energy. Scanning electron 
microscopy (SEM) showed granular surface morphologies, and a non-homogeneous surface pattern is visible on all samples. Atomic 
Force Microscopy (AFM) showed an increase in surface roughness and grain size with increasing doping concentration. Optical 
measurements confirmed high transmittance in the visible range and a gradual de- crease in optical band gap from 3.21 eV to 2.95 eV 
with increasing Co content. The spectroscopy, and vibrating sample magnetometer (VSM) revealed that all films are intrinsically 
ferromagnetic. The origin of the ferromagnetism was found to be an intrinsic property of the Co-doped ZnO thin films. 
Keywords: Spray Technique, ZnO Thin Films, Cobalt doping, RAMAN, Diluted Magnetic Semiconductors (DMS) 
PACS: 73.50.-h, 73.50.Pz 

1. INTRODUCTION
Semiconductors play a fundamental role in modern technology due to their ability to control the flow of electricity, 

thus enabling the manufacture of components such as transistors and integrated circuits that are the basis of computers, 
smartphones and other electronic devices [1,2]. They are also used in solar panels for the conversion of solar energy into 
electricity [3-5]. Zinc oxide (ZnO) is one of the most competitive transparent semiconductors. It can crystallize under 
normal conditions of temperature and pressure in the wurtzite structure which is the most stable and preferred [6,7]. This 
structure formed by the stacking of planes of atoms (O2-) and (Zn2+) in tetrahedral coordinates does not have a center of 
symmetry, which generates a spontaneous polarization field along the c axis [8]. This polarity as well as the piezoelectric 
polarity thermodynamically favor the preferential growth of ZnO along the (002) direction and improve their mechanical 
and optoelectronic properties [9]. In recent years, many researchers have discovered some extraordinary elements with 
better chemical, electronic, optical and especially magnetic qualities [10,11]. Doping is the most commonly used strategy 
to improve the quality of semiconductors [12,13]. Due to the excellent characteristics (optical, electrical and magnetic) 
of transition metals, especially cobalt, Co-doped ZnO (Zn1-xCoxO) thin films are widely used in industry for applications 
such as optoelectronics, spintronics, sensors, …etc. [14,15]. 

Several methods have been used to synthesize thin films, including: Sol-gel processes [16], metal-organic chemical 
vapor deposition (MOCVD) [17], Micro-ondes-Cyclotron Résonance Électronique (MW-ECR) [18],  Plasma-Enhanced 
Chemical Vapor Deposition (PECVD) [19] chemical bath deposition (CBD) [20], sputtering [21], and spray 
technique [22]. The latter is one of the most used techniques among them, because of the potent technique for creating a 
variety of powdered materials, including metals, metal oxides, superconducting materials, and nanophase materials, is 
spray pyrolysis. It also offers several advantages over alternative powder synthesis methods, including superior control 
over chemical uniformity, stoichiometry in multi-component systems, and high powder purity. 

It should be remembered that cobalt is clearly capable of modifying the various properties of ZnO. Indeed, much 
research has been done to study the effect of cobalt doping on the optical, structural, and morphological properties of ZnO 
thin films. However, little effort has been devoted to explaining the effect of cobalt doping on the ferromagnetic properties 
of the ZnO thin films. Our work consists in developing thin films of Zn1-xCoxO, deposited on glass substrates by spray 
technique. Our objective is to consider a correlation between the Co doping effect and the structural, morphological, 
optical and magnetic properties of the thin films obtained. To achieve this objective, the structure, morphology as well as 
the optical and magnetic properties of the layers produced were studied using different techniques: X-ray diffraction 
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(XRD) and Raman spectroscopy, scanning electron microscopy and atomic force microscopy (SEM and AFM), 
UV-Visible, the spectrophotometry, spectroscopy, and vibrating sample magnetometer (VSM). 

 
2. EXPREMENTAL PROCEDURE 

Spray ultrasonics was used to deposit the Zn1−xCoxO thin films (where x = 0, 0.01, 0.03, and 0.05) on glass substrates. 
Precursors included cobalt acetate tetrahydrate [Co(CH3COO)2·4H2O] and zinc acetate dihydrate [Zn(CH3COO)2·2H2O]. 
The spray solution was made by dissolving the powders in methanol at the appropriate molar ratios, keeping the molarity 
at 0.1 mol L−1. An ultrasonic nebuliser, which transforms liquid into a consistent stream of small droplets with an average 
diameter of 40 µm (as defined by the manufacturer), was then used to spray the solution onto heated glass substrates. The 
thin films were deposited for 2 min at a temperature of 450 ◦C. 

 
3. RESULTS AND DISCUSSION 

3.1 The XRD Analysis of Co-doped ZnO Thin Films 
The X-ray diffraction (XRD) patterns of Co-doped ZnO thin films at different doping concentrations (0%, 1%, 3%, 

and 5%) are presented in Fig. (1.a). 

  
Figure 1. X-ray diffraction spectra of ZnO thin films doped with cobalt at different concentrations, (a) XRD pattern, (b) Zoomed-

in view of the (101) diffraction peak 

The diffraction peaks appear at 2θ = 31.92◦, 34.56◦, 36.39◦, 47.62◦, 56.72◦, 62.95◦, 67.97◦, and 69.19◦ corresponding 
to the (100), (002), (101) ,(102), (110),(103), (112), and (201) crystallographic planes, respectively, in the undoped ZnO 
sample. This confirms that the samples possess a hexagonal wurtzite structure and belong to the space group P 63mc, as 
reported in JCPDS card No. 36–1451 [23]. Fig. (1.b) shows an enlarged view of the (101) peak, where a slight shift in the 
peak position is observed compared to pure ZnO, indicating the successful incorporation of Co2+ ions into the ZnO crystal 
lattice [24]. Furthermore, no secondary phases or structural changes are detected due to Co doping, which confirms the 
high phase purity of the samples and suggests that Co2+ ions substitute Zn2+ ions at the lattice sites rather than occupying 
interstitial positions [25]. The sharp and narrow diffraction peaks reflect the crystalline nature of the synthesized 
nanoparticles. The substitution of Zn2+ ions (ionic radius = 0.60 ˚A) by Co2+ ions (ionic radius = 0.58 ˚A) induces crystal 
defects due to the difference in ionic radii, leading to a reduction in crystallinity, an increase in lattice parameters, and an 
increase in unit cell volume. The changes observed in peak intensity and full width at half maximum (FWHM) can be 
attributed to increases in crystallite size and the presence of micro-strain within the crystal structure. 

The relation 

 ଵௗ೓ೖ೗మ = ସଷ ௛మା௛௞ା௞మ௔మ + ௟మ௖మ (1) 

can be used to determine the spacing between planes d in a hexagonal construction. Here, a and c are lattice constants, 
and dhkl is the interplanar distance that corresponds to its Miller indices of the h, k, and l planes. 

This formula is used to get the lattice constant a for the (100) plane: 

 𝑎 = ఒ√ଷ ୱ୧୬ఏభబబ. (2) 

For the (002) plane, the lattice constant c is computed using the formula: The lattice constant c for the (002) plane 
is calculated by, 

 ∁= 𝝀ୱ୧୬ఏబబమ (3) 
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Strain, ionic radii, crystal structure flaws, and dopant concentration all affect the lattice parameters. Additionally, 
the substitution of Co in the ZnO lattice is confirmed by the changes in the d-value, cell characteristics, volume, bond 
length, average crystallite size, shift in peak position, and peak intensity. Co doping has no effect on ZnO’s hexagonal 
wurtzite structure. 

The relationship that determines a unit cell’s volume is: 

 𝑉 =  √ଷଶ 𝑎ଶ𝑐 (4) 

Lattice parameters are a and c. As the amount of Co doping grows, as seen in Table 1, the unit cell’s volume (v) also 
increases. Vegard’s law states that changes in the lattice constant, a rise in the unit cell’s volume, and the reduced ionic 
radius of the Co ion relative to Zn ions [26] are indicators of the incorporation of Co2+ ions into the ZnO lattice. According 
to [27], the tetrahedral coordination of Zn2+ is not entirely filled by Co2+. Co2+ in octahedral coordination with low spin 
r = 0.065 nm and high spin 0.075 nm [28]. 

The Debye-Scherrer equation: 

  𝐷 =  ௄ఒఉ ୡ୭ୱఏ (5) 

was used to determine the crystalline size, where λ is the X-ray wavelength (1.5406˚A), β is the full width at half maximum 
(FWHM) in radians of the X-ray diffraction peak, θ is the Bragg’s angle, and D is the mean size of crystallites (nm). 

Table 1 lists all of the estimated lattice parameters (a and c), interplanar spacing (d), crystallite size (D) including 
the average crystallite size (Dmoy), unit cell volume, as well as the peak positions given by 2θ, Miller indices (hkl), peak 
intensities, full width at half maximum (FWHM), and the calculated strain (ε) and stress (σ) values for each individual 
peak of ZnO samples with different doping percentages. 
Table 1. Structural properties of ZnO samples with different doping percentages, listed by individual peaks 

Sample 
2θ 

(deg) (hkl) 
Intensity 

(u.a.) 
FWHM 

(deg) 
D 

(nm) 
Dmoy 
(nm) d(˚A) a(˚A) c(˚A) 

Strain 
ε (%) 

Stress 
σ (GPa) 

Volume 
(˚A3) 

ZnO 
31.92 

34.56 

36.39 

(100) 

(002) 

(101) 

1442.35 

3486.06 

1810.56 

0.3988 

0.3676 

0.3975 

20.7191 

22.6327 

21.0375 

 
21.4631 

2.7995 

2.6023 

— 

3.2325 

— 

— 

— 5.2046 
— 

 
-0.0077 

 
0.0179 

 
47.089 

ZC1 
31.91 

34.54 

36.36 

(100) 

(002) 

(101) 

1171.25 

535.81 

860.9 

0.4108 

0.3666 

0.3656 

20.1133 

22.6932 

22.8711 

 
21.8926 

2.8013 

2.6041 

— 

3.2344 

— 

— 

— 5.2082 
— 

 
0.0615 

 
-0.1432 

 
47.225 

ZC3 
31.80 

34.50 

36.28 

(100) 

(002) 

(101) 

109.05 

1299.408 

170.29 

0.4199 

0.3063 

0.2931 

19.6721 

27.1578 

28.52 

 
25.1173 

2.8093 

2.6078 

— 

3.2426 

— 

— 

 
5.2156 

— 

 
0.2037 

 
-0.4748 

 
47.522 

ZC5 
31.87 

34.49 

36.26 

(100) 

(002) 

(101) 

361.78 

228.05 

246.57 

0.3752 

0.3068 

0.3628 

22.0196 

27.1128 

23.0410 

 
24.9678 

2.8061 

2.6086 

— 

3.2395 

— 

— 

— 5.2172 
— 

 
0.2345 

 
-0.5482 

 
47.476 

Fig. 2 displays the graphical representation of the lattice parameters a and c for the ZnO, ZC1, ZC3, and ZC5 thin 
films. 

 

Figure 2. Variation of lattice parameters and of ZnO thin films with Co concentration 
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3.2. Raman Characterization 
The micro-Raman spectroscopy analysis of our samples will allow us to better visualize the doping effect and also 

confirm the results of the X-ray diffraction study. The Raman scattering spectra of Zn1-xCoxO thin films with different 
Cobalt contents (x = 0; 1; 3; and 5%) recorded between 50-1500 cm-1 are shown in Fig. 3. As shown in this figure, the 
Raman spectra only present: 

Two predominant peaks: one at 560-570 cm-1 and the other peak at about 1100 cm-1 corresponding to the two 
longitudinal optical modes A1(LO) and A1(2LO) in all samples (pure and doped). The presence of a Raman 𝐸2 High peak 
near 431 cm-1 (infinitely small, whose intensity decreases with doping) reveals the generation of new defects during 
doping following the substitution of zinc sites by cobalt ions (The ionic radius of Co²⁺ is slightly smaller than that of 
Zn²⁺). In other words, the ionic radius of Co²⁺ is about 0.58 Å (0.058 nm) while that of Zn²⁺ is about 0.60 Å (0.060 nm).) 
[29], which confirms the DRX results that have been discussed previously. A peak at 800 cm− 1 emitted by the glass 
substrate, due to good transmittance in the visible [30]. 

 
Figure 3. Micro Raman spectra for undoped and Co doped ZnO thin films 

A significant perturbation of the intensities of the two predominant peaks is also observed depending on the doping 
element content. Electron-phonon coupling is very important to explain the optoelectronic properties of crystalline 
semiconductors and to translate the appearance of these two longitudinal modes A1(LO) and A1(2LO) as well as their 
intensities. This coupling strength between electrons and longitudinal phonons (LO) in polar semiconductors is 
determined by the intensity ratio (A1(2LO)/A1(LO)), between the second and first order Raman vibration of the 
longitudinal A1 mode [31]. 

Two contributing mechanisms can explain this phenomenon: 
1. The long-range interaction present inside the nanocrystal, mainly due to the macroscopic electric field linked to 

longitudinal phonons (LO) and called the “Fröhlich mechanism”. It strongly expresses the polarity of the semiconductor 
which serves to increase the electron-phonon coupling and implicitly the size of the crystallites [32]. 

2. The deformation potential which is a mechanism that relates the change in the energy of the electronic distribution 
to the stress in the solid, it is then sensitive to external surface defects (lattice deformation) [33] which serves to 
compensate for the large drop in the Fröhlich mechanism in the deformed solid, by increasing the electron-phonon 
coupling for infinitely small crystallite sizes. The characteristics of the A1(LO) and A1(2LO) modes are calculated and 
grouped in Table.2. 
Table 2. Frequencies of different vibration modes of pure and doped ZnO films 

Doping (% Co) A1 (LO) A1 (2LO) 𝑰𝑨𝟏(𝟐𝑳𝑶) 𝑰𝑨𝟏(𝑳𝑶)൘  Center (cm-1) Intensity (u.a) Center (cm-1) Intensity (u.a) 
0 567.76 637.18 1099.93 851.47 1.33 
1 569.64 936.42 1096.17 998.06 1.06 
3 566.19 1186.23 1098.056 1300.50 1.09 
5 560.55 1433.81 1094.29 1371.27 0.95 

It is observed that the deformation of pure ZnO (σ = 0.0179 GPa, see Table. 1) results in a ratio of the 
IA1(2LO)/IA1(LO) intensities of 1.33. This is an important value to express the electron-phonon coupling and then shows 
a large polarity of the produced layers, which was translated by a large preferential orientation of the crystallites along 
the (002) direction as already shown in the DRX diffractograms. As the doping level increases (at 5% Co), the lattice 
deformation, accompanied by a slight increase in crystallite size, is the origin of the decrease in the electron-phonon 
coupling (from 1.33 to 0.95), while the small perturbation of the electron-phonon coupling value (from 1.06 to 1.09) is 
the cause of a slight improvement of the Fröhlich mechanism for the 3% Co doped ZnO layers. Beyond this dopant 
amount, the electron-phonon coupling value will decrease rapidly to reach 0.95. This can be explained by the quantum 
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confinement effect governed by the strain potential and caused by the migration of cobalt (Co2+) ions towards the grain 
boundaries. This has the effect of limiting the substitution of Zn2+ sites by Co2+ ions in the ZnO lattice as previously 
suggested. 

 
3.3. Morphological Characterization 

The surface condition of a sample is a very important factor in understanding certain properties such as morphology, 
roughness, and grain size. It is in this context that we used scanning electron microscopy (SEM) and atomic force 
microscopy (AFM). 

 
3.3.1. Scanning Electron Microscopy 

Fig. 4 shows SEM images taken on pure and Co-doped ZnO samples (1%, 3%, and 5%). These images show granular 
surface morphologies, and a non-homogeneous surface pattern is visible on all samples. 

 

Figure 4. SEM images of the ZnO thin films at different Co doping concentrations (a): 0%, (b): 1%, (c): 3%, and (d): 5% Co 

It is plausible that the smooth nature of the glass substrate hinders the perfect development of ZnO thin films. In 
addition, some holes, due to hydrogen bubbles released on the surface of the deposits, are observed; thus inhibiting the 
rate of deposition of the alloy in certain surface sites, which leads to the appearance of holes observed in the images. It is 
clear that they are distributed over the entire substrate for the pure ZnO sample. But for the 1% Co (Fig.4.a) doped layer, 
these microstructures are developed, their average diameter has increased and their density has decreased and we also 
notice the presence of very small particles, of clear contrast, on the surface of the grains. For the 3% Co doped layer, these 
bright spherical particles, more numerous than in the 1% Co doped layer. These particles are less adherent to the substrate, 
but have an average diameter which tends to increase. The last sample in Fig.4.c (5% Co doped layer) prepared shows 
good adhesion to the substrate and good coalescence of bright spherical particles. The formation of such structures in thin 
films obtained by spray pyrolysis is due to the relaxation of stresses resulting from the conditions of elaboration, namely: 
the nature of the substrate [34], the concentration of the solution [35], the nature of the solvent [36], the temperature as 
well as the heating rate, the drying process [37, 38] and the thickness of the layers [39, 40]. Two contributing causes are 
at the origin of these instabilities: 
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1. The desorption of the hydroxyl group containing in the solvent during annealing of the ZnO layer causes a 
deformation of the sample involved [41]. Consequently, a network consisting of mixed phases of liquid and solid has 
been constructed. Doping effect (Co) on the properties of ZnO thin films As the thermal expansion coefficients of the 
glass and the deposited layer are approximately equal, the annealing process does not generate any compressive stress so 
the grain size does not change. This explanation remains useless in our case, as our samples are produced under the same 
conditions and using the same protocol. 

2. The second explanation is related to the internal deposition stress. When this stress exceeds a certain limit value, 
the flat surface becomes unstable and the average grain diameter changes. This assumption is more favorable in our case, 
given that our samples are produced in the same way, except for the dopant percentage that changes. As a result, spherical 
grains form on the surface of the thin films during production due to the cobalt doping effect.  
 

3.3.2. Atomic force microscopy (AFM) characterization 
To clearly visualize the doping effect on the topology of the obtained layers, a series of AFM images is presented in 

Fig.5. 

 

Figure 5. AFM images of the ZnO thin films at different Co doping concentrations (a) : 0%, (b): 1%, (c): 3%, and (d): 5% Co 

The roughness values of the produced surfaces were estimated from the RMS (Root-Mean-Square) values. The 
images show the particular wrinkling structure. As these images represent the topology of the pure and doped (1% to 5% 
Co) ZnO layers, we note that our layers are very preferentially oriented. As observed in Fig. 5 (a, 2D and 3D), the surface 
of the pure ZnO layers consists of grains distributed in a mixed wavy structure, containing valleys and ridges, with an 
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RMS value of 37.26 nm. When the cobalt (Co) doping rate increases and reaches 1% Co, the morphology of the formed 
surface changes abruptly into a coalescent structure of folds (wrinkles) (Fig.5 b, 2D and 3D), probably due to the effects 
of internal stresses. This phenomenon can be explained by the substitution of Zn2+ ions by Co2+ ions at the deposition 
surface. This substitution is the origin of a compressive stress caused by the difference in the ionic radii of the two ions 
(Co2+ and Zn2+). For a concentration of 3% (Fig. 5.c, 2D and 3D), the peaks become free of all types of constraints and 
this transformation can be due to the decrease in internal stress as previously shown in the XRD section. A good, 
homogeneous, and highly adherent wavy layer forms. The grains were forced to orient themselves along the (002) axis 
by the effect of large dipolar interactions, but when the doping value 5% Co (Fig.5 d, 2D and 3D) corresponding to the 
cobalt substitution limit in the ZnO matrix, the (Co2+) ions tend to move towards the grain boundaries, which results in a 
retardation of grain growth along the c axis. Under these conditions, stress relaxation has been induced and valleys and 
peaks begin to disappear [42]. In addition, some holes, due to hydrogen bubbles released on the surface of the deposits, 
are observed; thereby inhibiting the deposition rate of the alloy in some surface sites, which leads to the appearance of 
holes observed on the images. To clarify this explanation more, we drew the graph that represents the crystallite size and 
RMN roughness deduced from AFM as a function of the % cobalt concentration in Fig. 6. 

 

Figure 6. Crystallite size and RMN roughness deduced from AFM as a function of the % cobalt doping concentrations  
 

3.4. Optical properties 
3.4.1. UV-Visible Spectroscopy 

Fig. 7 shows the optical transmission spectra of thin films of ZnO, ZC1, ZC3 and ZC5, deposited on glass substrates 
at 450 °C. The measurements were carried out over a wavelength range of 300–800 nm. The results indicate oscillations 
in all the doped films (ZC1, ZC2 and ZC3). These oscillations result from the interference between the light reflected 
from the film surface and the interface between the film and the substrate [43]. These oscillations were recorded by Shakit 
et al [44] and Aboud et al. [45]. After doping, the pure, transparent film turns green. It is evident that the transmission 
decreases with increasing Co concentration in the deposited films. This decrease could be attributed to the increase in the 
absorption of the film after doping, resulting from the contribution of Co2+ to the absorption process. Three absorption 
bands are represented in the transmission spectra at 546 nm, 598 nm and 636 nm, related to the d-d transitions of Co2+ 
ions. According to the literatures [46,47] these absorptions result from d-d transitions of high-spin Co2+ ions , which could 
be attributed to the 4A2 → 2E(G), 4A2 → 4T1(P) and 4A2 → 2A1(G) transitions, respectively [47–50]. This result indicates 
the successful substitution of Co2+ into Zn2+ sites, where no CoO or Co3O4 phase was indicated by XRD results. 

 
Figure 7. Optical Transmittance spectra of pure ZnO and Co doped ZnO thin films 
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3.4.2. Calculation of the optical gap 

According to the Ridley model [51], based on the absorption band threshold, the gap energy values are estimated 
from the position of the predominant peak. Fig. 8 shows the first derivatives of the optical transmission as a function of 
the photon energy (hυ): (dT/dE). It can be seen that the band gap values decreased progressively with increasing cobalt 
doping concentration, with values of 3.21 eV for ZnO, 3.06 eV for ZC1, 3.01 eV for ZC3 and 2.95 eV for ZC5. However, 
these values are lower than those of bulk ZnO (3.27 eV). In our case, the deformation of the crystal lattice, the modification 
of the electronic structure, slight increase in the average grain size are mainly the origins of a decrease in the optical gap 
value [52]. This broadening is a direct consequence of quantum mechanics: electronic levels are confined in a potential 
well whose size is close to the typical wavelengths of electrons. By sufficiently increasing the size of semiconductor 
particles, the absorption threshold is shifted towards lower energies, the gap becomes wider and the electronic structure 
is affected [53]. 

 
Figure 8. The first derivative of transmittance (dT/dE) as a function of energy (hν) for ZnO, ZC1, ZC3, and ZC5 thin films 

The Urbach energy is a characteristic parameter of energetic disorder in the band edges. It was calculated based on 
the following equation: 

 ln(𝛼) = ln (𝛼଴) + ௛జாೆ (6) 

where 𝛼଴ is a constant, hν is the photon energy, and EU is the Urbach energy. 
The results of the band gap and Urbach energy calculations are represented in Fig. 9. The Urbach energy was found 

to increase with increasing Co content, indicating a rise in the energetic disorder within the films, which is directly related 
to structural defects. This result correlates well with the increase in the intensity of the A1(low)/E1(low) peaks as a 
function of Co doping, as observed in the Raman spectra.  

 
Figure 9. The evolution of both the optical gap energy (Eg), the Urbach energy (Eu) as a function of Co doping 

 
3.5. Magnetic properties 

Cobalt-doped ZnO (Zn₁₋ₓCoₓO) thin films exhibit interesting magnetic properties, particularly in the context of 
diluted magnetic semiconductors (DMS). These materials are attracting attention for potential applications in spintronics, 
which exploits both charge and spin of electrons [54,55]. In this section, we will study the magnetic properties of (1, 3, 
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and 5 Co) doped ZnO thin films. Fig. 10 (a,b) shows the hysteresis loops taken from the Co-doped ZnO samples (1%, 
3%, and 5%) in room temperature. The magnetic parameters, namely saturation field (Hs), coercivity (HC), saturation 
magnetization and remanent magnetization (MR), estimated from the M-H curves at room temperature, are presented in 
Table 3.  

 
Figure 10. hysteresis loops taken from the Co-doped ZnO samples (1%, 3%, and 5%) in room temperature 

Table 3. Values of different magnetic properties 

Doping (% Co) Saturation field (Hs) Coercive field (Hc) Saturation magnetization Ms Remanence Mr 
1 7000 78.92 0.08543 0.00511 
3 7500 143.82 0.13242 0.01702 
5 8250 151.45 0.14033 0.01983 

The curves show a hysteresis or remanence indicating the presence of ferromagnetism but at a concentration of 1% 
Cobalt and present a weak ferromagnetism. Moreover, the saturation field Hs is increased with increasing cobalt 
concentration (Fig.8, a)) and the low field region of hysteresis loops (Fig. 8(b)) shows that the coercive field Hc values 
are in the range of 78.92 to 151.45 Oe. Studies [56-58] show that cobalt-doped ZnO can exhibit ferromagnetism at room 
temperature, which is of interest for spintronics, but the origin of this ferromagnetism is still controversial this behavior 
depends on several experimental factors are: 

• Co concentration: Low doping (<5%) sometimes promotes ferromagnetism, but at higher concentrations, the 
behavior often becomes paramagnetic or antiferromagnetic. 

• Presence of free carriers (electrons): Ferromagnetism can be induced by the presence of free carriers (Zener model), 
and the presence of oxygen vacancies can promote it. 

• The Synthesis method strongly influences magnetic properties. Ferromagnetism is sometimes observed in 
inhomogeneous thin films. This ferromagnetic signal was observed by Mamani et al. [59] on thin films of 
cobalt-doped ZnO prepared by EB-PVD at room temperature and on thin films of Co and N doped ZnO prepared 
by two distinct methods Sol-gel and PLD by Ramasubramanian et al. [60] and by Dhruvashi et al [61]. 

These results, however, seem to contradict the ferromagnetic character of thin films produced by magnetron 
sputtering [62,63] and by other production methods [64-68]. The origin of this inconsistency is still not clear, but there 
are hypotheses according to which ferromagnetism would be sensitive to the methods and conditions of production of Co 
doped ZnO [69]. 

 
5. CONCLUSION 

In this work, we conducted a study focused on zinc oxide in the form of cobalt-doped thin films, with the objective 
of developing and then investigating the doping effect on the structural, morphological, optical, and magnetic properties 
of ZnO thin films developed by spray technique. This configuration is the ultimate key to the potential applications of 
ZnxCo1-xO thin films. This is why we fabricated a series of samples by varying the doping level. To fully understand the 
impact of this factor on the properties of ZnO, we used a range of characterization techniques, including X-ray diffraction, 
Raman spectrophotometry, scanning electron microscopy (SEM), atomic force microscopy (AFM), UV-visible 
spectrophotometry, and spectroscopy, and vibrating sample magnetometer (VSM).  

Structural XRD studies of the films reveal that our films are polycrystalline with a hexagonal wurtzite structure and 
a preferential unidirectional orientation, along the [002] direction. XRD analysis clearly indicates that the dopant is 
incorporated into the ZnO lattice without any phase segregation occurring in these films. Raman spectroscopic analyses 
demonstrated the very good texturization of the films, by the presence of two intense, dominant peaks corresponding to 
the longitudinal A1(LO) and its 2nd order A1(2LO) vibration modes. SEM images reveal granular surface morphologies, 
their densities and diameters increasing with increasing doping levels, and a non-homogeneous surface pattern is visible 
on all samples. However, the AFM images confirmed the XRD results, showing a vertical and preferential growth of the 
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grains along the (002) direction, and also that the layers consist of grains distributed in a mixed wavy structure, containing 
valleys and ridges, with an RMS value between 37.25 nm and 54.4 nm. The optical characterization of the developed 
layers revealed oscillations in all the doped films. These oscillations result from the interference between the light 
reflected by the film surface and the interface between the film and the substrate. It is evident that the transmission 
decreases with the increase in Co concentration in the deposited films. This decrease is attributed to the increase in the 
absorption of the film after doping, resulting from the contribution of Co2+ to the absorption process. This result indicates 
the successful substitution of Co2+ in the Zn2+ sites. The doping effect on the gap energy of ZnO films is manifested by a 
decrease (from 3.212 eV to 2.95 eV) as a function of the dopant concentration, which may be due to quantum confinement 
in the ZnO matrix. The VSM revealed that all films are intrinsically ferromagnetic. The substantial enhancement of 
ferromagnetism has been observed upon increase Co doping. Hence the effect of Co doping on ZnO thin films is highly 
enhanced ferromagnetism and proper Co substituted ZnO films. Overall, these results demonstrate that cobalt doping 
significantly affects the physical properties of ZnO, offering the potential to tailor them for future electronic or 
optoelectronic applications. 

Finally, due to the vast complexity of the effect of cobalt doping on the ferromagnetic properties of the ZnO thin 
films, several issues are still open for future investigation in order to fully understand the abilities and limitations of 
influence cobalt doping on the ferromagnetic properties of the ZnO thin films. Hopefully, the results presented in this 
work gives a contribution to this understanding 
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ВПЛИВ ЛЕГУВАННЯ КОБАЛЬТОМ НА СТРУКТУРНІ, МОРФОЛОГІЧНІ, ОПТИЧНІ ТА МАГНІТНІ 
ВЛАСТИВОСТІ ТОНКИХ ПЛІВОК ZnO, ВИГОТОВЛЕНИХ ТЕХНІКОЮ УЛЬТРАЗВУКОВОГО НАПИЛЕННЯ 

З. Даасa, А. Буабеллуa, К. Даасb, Д. Бельфеннашеc, К. Бензуаїa, М. Махталіa, Р. Єхлефc 
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Тонкі плівки оксиду цинку-кобальту (Zn1−xCoxO) відносяться до напівпровідникового матеріалу на основі оксиду цинку 
(ZnO), легованого кобальтом (Co). Цей матеріал вивчається головним чином через його модифіковані магнітні, електронні та 
оптичні властивості, зокрема в контексті розбавлених магнітних напівпровідників (РМП). У цьому дослідженні аналізується 
вплив легування кобальтом на структурні оптичні та магнітні властивості тонких плівок ZnO, виготовлених за допомогою 
недорогого, масштабованого методу ультразвукового напилення. Тонкі плівки оксиду цинку-кобальту (Zn1−xCoxO) були 
успішно нанесені на скляні підкладки за допомогою методу ультразвукового напилення при температурі підкладки 450 ◦C, з 
концентраціями легування кобальтом x = 0%, 1%, 3% та 5%. Рентгенівський дифракційний (XRD) аналіз виявив гексагональну 
структуру вюрциту для всіх зразків без вторинних фаз, що свідчить про ефективне включення іонів Co2+ у решітку ZnO. 
Раманівська спектроскопія вказала на появу структурного безладу та дефектних мод, що узгоджується зі збільшенням енергії 
Урбаха. Скануюча електронна мікроскопія (СЕМ) показала зернисту морфологію поверхні, а на всіх зразках видно 
неоднорідний малюнок поверхні. Атомно-силова мікроскопія (АСМ) показала збільшення шорсткості поверхні та розміру 
зерен зі збільшенням концентрації легування. Оптичні вимірювання підтвердили високий коефіцієнт пропускання у 
видимому діапазоні та поступове зменшення ширини оптичної забороненої зони від 3,21 еВ до 2,95 еВ зі збільшенням вмісту 
Co. Спектроскопія та вібраційний магнітометр (VSM) показали, що всі плівки є внутрішньо феромагнітними. Було виявлено, 
що походження феромагнетизму є внутрішньою властивістю тонких плівок ZnO, легованих кобальтом. 
Ключові слова: техніка напилення; тонкі плівки ZnO; легування кобальтом; раманівська спектроскопія; розбавлені магнітні 
напівпровідники (РМН) 


