286

EasTt EUROPEAN JOURNAL OF PHYSICS. 3. 286-297 (2025)
DOI:10.26565/2312-4334-2025-3-26 ISSN 2312-4334

EFFECT OF COBALT DOPING ON THE STRUCTURAL, MORPHOLOGICAL, OPTICAL,
AND MAGNETIC PROPERTIES OF ZnO THIN FILMS PREPARED BY ULTRASONIC
SPRAY TECHNIQUE

Z. Daas?®, ©®A. Bouabellou?®, K. Daas®, ©®D. Belfennache**, K. Benzouai®, M. Mahtali®, R. Yekhlef®

“Thin Films and Interfaces Laboratory, Constantine 1- Fréres Mentouri University, 25017 Constantine, Algeria
bLaboratory of Mathematics and Their Interactions, Boussouf Abdelhafid University Center, Mila, Algeria
“Research Center in Industrial Technologies CRTI, P.O. Box 64, Cheraga, 16014 Algiers, Algeria
*Corresponding Author E-mail: belfennachedjamel@gmail.com
Received June 1, 2025; revised July 29, 2025; accepted August 5, 2025

Zinc-cobalt oxide (Zni-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 (Zni—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 Co?* 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.
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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 (O%) and (Zn?") 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 (Zn;.xCoxO) thin films are widely used in industry for applications
such as optoelectronics, spintronics, sensors, ...ctc. [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 Electronique (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 Zn;<CoxO, 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 Zn;-«CoxO thin films (where x =0, 0.01, 0.03, and 0.05) on glass substrates.
Precursors included cobalt acetate tetrahydrate [Co(CH3COO), 4H,0] and zinc acetate dihydrate [Zn(CH3COO),:2H,0].
The spray solution was made by dissolving the powders in methanol at the appropriate molar ratios, keeping the molarity
at 0.1 mol L™!. An ultrasonic nebuliser, which transforms liquid into a consistent stream of small droplets with an average
diameter of 40 pm (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).
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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 20 =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 Co?* 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 Co?" ions substitute Zn*" 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 Zn?" ions (ionic radius = 0.60 °A) by Co?" 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

1 4h2+hk+k? | 12
Zo"3 @ Ta M

can be used to determine the spacing between planes d in a hexagonal construction. Here, a and c are lattice constants,
and dhy is the interplanar distance that corresponds to its Miller indices of the h, k, and I planes.
This formula is used to get the lattice constant a for the (100) plane:

A
= Feinbuo @)

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

)
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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="Laz 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 Co*" ions into the ZnO lattice. According
to [27], the tetrahedral coordination of Zn?* is not entirely filled by Co?*. Co?" in octahedral coordination with low spin
r=0.065 nm and high spin 0.075 nm [28§].
The Debye-Scherrer equation:

KA
b= B cos@ (5)

was used to determine the crystalline size, where A is the X-ray wavelength (1.5406°A), B is the full width at half maximum
(FWHM) in radians of the X-ray diffraction peak, 0 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 20, Miller indices (hkl), peak
intensities, full width at half maximum (FWHM), and the calculated strain (€) and stress (o) 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

260 Intensity | FWHM D Dmoy . . . Strain| Stress | Volume
Sample | (deg) | KD | (wa) | (deg) | (m) | @m) | 9CA) | aCA) | (A | o) | o(GPa) | (AY
31.92 | (100) 1442.35 0.3988 | 20.7191 2.7995 | 3.2325
ZnO 34.56 | (002) | 3486.06 0.3676 | 22.6327 2.6023 _ o206
21.4631 — -0.0077| 0.0179 47.089
36.39 | (101) 1810.56 0.3975 |21.0375 — —
31.91 | (100) 1171.25 0.4108 |20.1133 2.8013 | 3.2344
ZC1 34.54 | (002) 535.81 0.3666 | 22.6932 2.6041 B
21.8926 — 0.0615| -0.1432 | 47.225
36.36 | (101) 860.9 0.3656 | 22.8711 — —
31.80 | (100) 109.05 0.4199 | 19.6721 2.8093 | 3.2426
ZC3 34.50 | (002) | 1299.408 0.3063 | 27.1578 2.6078 — 5.2156
25.1173 0.2037| -0.4748 | 47.522
36.28 | (101) 170.29 0.2931 28.52 — — —
31.87 | (100) 361.78 0.3752 | 22.0196 2.8061 | 3.2395
zCs 34.49 | (002) 228.05 0.3068 | 27.1128 2.6086 R
24.9678 — 0.2345| -0.5482 | 47.476
36.26 | (101) 246.57 0.3628 | 23.0410 — —

Fig. 2 displays the graphical representation of the lattice parameters a and c for the ZnO, ZC1, ZC3, and ZC5 thin
films.
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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 Zn;.xCoxO thin films with different
Cobalt contents (x = 0; 1; 3; and 5%) recorded between 50-1500 cm™! are shown in Fig. 3. As shown in this figure, the
Raman spectra only present:

Two predominant peaks: one at 560-570 cm™!' and the other peak at about 1100 cm™ corresponding to the two
longitudinal optical modes A(LO) and A;(2LO) in all samples (pure and doped). The presence of a Raman E, High peak
near 431 cm! (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 Co?* is slightly smaller than that of
Zn?"). In other words, the ionic radius of Co?* is about 0.58 A (0.058 nm) while that of Zn2* is about 0.60 A (0.060 nm).)
[29], which confirms the DRX results that have been discussed previously. A peak at 800 cm™ ' emitted by the glass
substrate, due to good transmittance in the visible [30].
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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 A(LO) and A (2LO) as well as their
intensities. This coupling strength between electrons and longitudinal phonons (LO) in polar semiconductors is
determined by the intensity ratio (Ai(2LO)/A(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 “Fréhlich 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 Frohlich 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) IAl(ZLO)/
Center (cm™) Intensity (u.a) Center (cm™) Intensity (u.a) Ta110

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 (o =0.0179 GPa, see Table. 1) results in a ratio of the
IA1(2LO)/TA(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 Frohlich 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 (Co?") ions towards the grain
boundaries. This has the effect of limiting the substitution of Zn?" sites by Co?* 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.
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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 Zn?* ions by Co?" 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
(Co*" and Zn?"). 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 (Co*") 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.
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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 ZCS5, 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 Co?" 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 Co?"
ions. According to the literatures [46,47] these absorptions result from d-d transitions of high-spin Co?" ions , which could
be attributed to the *A, — 2E(G), *A; — *T1(P) and *A, — 2A(G) transitions, respectively [47-50]. This result indicates
the successful substitution of Co?" into Zn?" sites, where no CoO or Co3;O;4 phase was indicated by XRD results.
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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 (hv): (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].
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Figure 8. The first derivative of transmittance (dT/dE) as a function of energy (hv) for ZnO, ZC1, ZC3, and ZCS5 thin films

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

In(a) = In (&) + ;—Z (6)

where & is a constant, hv is the photon energy, and Ey 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 Al(low)/El(low) peaks as a

function of Co doping, as observed in the Raman spectra.
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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 (Zni—Co,O) 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.
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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
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
Zn,Co;O 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 A;(LO) and its 2nd order A;(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



295
Effect of Cobalt Doping on the Structural, Morphological, Optical, and Magnetic Properties... EEJP. 3 (2025)

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 Co?" to the absorption process. This result indicates
the successful substitution of Co*" in the Zn?" sites. The doping effect on the gap energy of ZnO films is manifested by a
decrease (from 3.212 eV to0 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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BILIUB JIETYBAHHSI KOBAJIbTOM HA CTPYKTYPHI, MOP®OJIOI'TYHI, OIITUYHI TA MATHITHI
BJIACTHUBOCTI TOHKHUX IIIBOK ZnO, BUTOTOBJIEHUX TEXHIKOIO YJIbTPA3BYKOBOI'O HATIMJIEHHSI
3. Haac®, A. Bya6emny?, K. Jlaac’, /. Beabdenname®, K. Bensyai?, M. Maxraui®, P. €xsed*
4J/labopamopis monkux niieok ma inmepeiicis, Yuisepcumem Kocmaumuna 1-®@pep Menumypi, 25017 Kocmaumun, Anxcup
bJlabopamopis mamemamuxu ma ix e3acmodit, Yuisepcumemcvuii yenmp Byccygpa A6denvxapioa, Mina, Anxcup
“Hayxoso-0ocnionuil yenmp npomuciosux mexnonoeiti CRTI, P.O. Box 64, Yepaza, 16014 Anocup, Anscup
ToHKI TUIBKH OKCHIY LIUHKY-K00anbTy (Zni—xCoxO) BiIHOCATBCSA IO HAIMIBIPOBITHUKOBOTO Marepially Ha OCHOBI OKCHIy IUHKY
(Zn0O), neroanoro kobansToM (Co). et MaTepian BUBYa€THCS TOJIOBHUM YHHOM 4epe3 Horo Mo ikoBaHi MarHiTHI, eIEKTPOHHI Ta
OIITHYHI BJIACTHBOCTI, 30KpeMa B KOHTEKCTi p030aBieHNX MarHiTHUX HaniBipoBigHukis (PMII). V mipoMy nociikeHHI aHali3y€eThCs
BIUTHB JIETYBaHHS KOOAIbTOM Ha CTPYKTYpPHI ONTHYHI Ta MarHiTHi BJIaCTHBOCTI TOHKHUX IUTIBOK ZnO, BUTOTOBJICHUX 3@ JOMOMOIO0
HEeIOpOroro, MacmraboBaHOTO METOIY YJIbTPa3ByKOBOro HamuieHHs. TOHKI IUTIBKM OKcHAY HUHKY-K0OanbTy (Znl—xCoxO) Oynu
YCIIIIHO HAaHECEH1 Ha CKIISHI MiAKIAAKH 32 JOTIOMOTOI0 METOAY YJIBTPa3ByKOBOTO HAMWJICHHS MPU TeMmeparypi miakiaagka 450 <C, 3
KOHI[CHTpaLisIMH JIeryBaHHs KoOanbToM X = 0%, 1%, 3% T1a 5%. PentreniBcpkuii mudpakmiianii (XRD) anaii3 BUSBUB IeKCarOHANbHY
CTPYKTYpPY BIOPLHUTY JJIsI BCiX 3pa3kiB 0e3 BTOpUHHHX (a3, MO CBIAYHUTH NMpo edeKkTuBHE BKIroUeHHs ioHIB Co2+ y pemriTky ZnO.
PamaHiBCchKa CIIEKTPOCKOMISI BKa3ajia Ha MOSBY CTPYKTYPHOro Oe3nany Ta IedeKTHUX MO/, IO Y3TOKYETHCS 31 301IbIICHHSIM eHepril
Vpbaxa. Ckanyroua enekrpoHHa Mikpockomisi (CEM) mokasana 3epHucty Mopdoiorito HMOBepXHi, a Ha BCIX 3pa3kax BHUIHO
HEOHOPIAHUH MaTIOHOK IOBEPXHi. ATOMHO-cmiioBa Mikpockorisi (ACM) nokasana 301bIICHHS] IIOPCTKOCTI MOBEPXHI Ta PO3Mipy
3epeH 3i 30UIbLICHHSM KOHIEHTpawil JieryBanHs. ONTHYHI BUMIPIOBaHHS MiJATBEPANWIM BHCOKHH KOE(ILIEHT MPOIYCKaHHSI Yy
BUIMMOMY Jialia30Hi Ta HOCTYMOBE 3MEHUICHHS IIMPUHH ONTHYHOT 3a00poHeHOoi 30HH Bif 3,21 eB 10 2,95 ¢B 3i 30i1bIIeHHSIM BMICTY
Co. Cnexrpockoris Ta Biopauiitauii maraitomeTp (VSM) mokasanm, 1o BCi IUTIBKH € BHYTPIIIHBO epomMarHiTHUMU. Byio BusiBIIEeHO,

110 TIOXOKEHHS (DepOMarHeTH3MY € BHYTPIIIHBOIO BIACTHBICTIO TOHKUX IUTIBOK ZnO, IeTOBaHMX KOOAIBTOM.
Kuniouosi ciioBa: mexuixa nanunenns,; monxi niisku ZnO; ne2yganhs Kobaibmom,; pamaniecbka CReKmpocKonis, po36asneni mazHimui
Hanienposionuxu (PMH)



