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Transition metal-doped diluted semiconductor materials have attracted significant 

interest in spintronic applications. In order to investigate the structural, optical, 

electrochemical, and magnetic properties of these diluted magnetic semiconductors, 

transition metal-doped ZnO thin films were successfully produced at room 

temperature using a low-cost sol-gel spin coating technique with the same molar 

ratios. XRD analyses revealed that all samples adopted the crystal structure of ZnO. 

Optical measurements indicated high transparency in the visible region for all 

samples, while electrical measurements confirmed that all samples were n-type 

semiconductors. Finally, magnetic measurements showed that pure ZnO and Al-

doped ZnO exhibited diamagnetic behavior, while Ni and Co doped ZnO displayed 

magnetic behavior. These results show that Co and Ni-doped ZnO films can be used 

as diluted magnetic semiconductor materials in spintronic applications. 

 
1. Introduction 

 

Zinc oxide (ZnO) is an n-type semiconductor 

with a bandgap of 3.37 eV. Its high transparency, 

electron mobility, stability, and biocompatibility 

make ZnO suitable for electronic and photonic 

applications [1-12].  

 

ZnO can be doped with transition metals to 

enhance its structural, morphological, magnetic, 

electrical, and optical properties [4,13-16]. For 

example, doping with elements such as Na, Mg, 

Fe, Cd, and Mn can alter its optical and structural 

properties [1, 17-21]. Transition metal doping 

enhances these properties of ZnO, enabling the 

production of higher-performance and more 

durable devices [22]. Under normal conditions, 

ZnO is diamagnetic, but when doped with Co, it 

exhibits room temperature ferromagnetism 

(RTFM) behavior, showing diluted magnetic 

semiconductor (DMS) characteristics [23]. The 

presence of RTFM in DMS was first predicted by 

Dietl et al. [24]. Among all DMS materials, ZnO-

based compounds have gained the most attention 

due to their inherent properties and wide range of 

applications, especially because they become 

ferromagnetic when doped with most transition 

metal elements [12, 25-28].  

 

Additionally, DMS materials are a suitable class 

of materials for the production of spintronic 

devices such as spin valve transistors and spin 

organic light-emitting diodes [29, 30]. Transition 

metal-doped ZnO thin films have attracted 

significant interest due to their magnetic 

properties and performance in spintronic 

applications. These films offer ideal materials 

that combine semiconductor and magnetic 

properties, making them suitable for use in 

magnetic RAM (MRAM), spintronic devices, 

sensors, and quantum information processing 

systems. For example, when transition metals 

like Fe, Co, and Ni are doped into the ZnO 

matrix, they enhance the material's room 
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temperature ferromagnetic properties, making it 

suitable for such applications [31, 32].  

 

Samanta et al. recorded weak DMS behavior at 

room temperature in Co and Al-doped ZnO 

prepared by pulsed laser deposition [33]. 

Nallusamy and Nammalvar reported that the 

saturation magnetization of ZnO films increased 

when Ni was added to ZnO [34]. Hadimani and 

colleagues observed that ZnO gained 

ferromagnetic properties when doped with Fe, 

and as the Fe content increased from 0 M to 0.2 

M, the magnetic moment rose from 0.01 emu/g 

to 1.1 emu/g [35]. Qi et al. observed room 

temperature ferromagnetism in Al-doped ZnO 

films deposited on glass substrates after 

annealing in an air atmosphere [36]. 

 

Several methods can be used to synthesize ZnO 

films, including molecular beam epitaxy, RF 

magnetron sputtering, pulsed laser deposition, 

spray pyrolysis, chemical vapor deposition, and 

sol-gel spin coating [37-44]. Among these 

techniques, the sol-gel spin coating method has 

been preferred due to its low cost and ease of 

application [45, 46]. Spin coating is a widely 

preferred technique for preparing ZnO thin films 

and offers several advantages over other thin-

film production methods. First, spin coating 

provides a low-cost, rapid production process 

and allows precise control over film thickness 

and uniformity. These features are especially 

advantageous for thin-film transistors and other 

microelectronic applications. Spin coating is also 

superior in terms of energy efficiency, as it does 

not require complex equipment and can be 

performed at room temperature [47, 48]. 

 

Other coating methods are generally performed 

at high temperatures and under vacuum, which 

increases energy consumption and production 

costs. Additionally, these methods can negatively 

affect the surface roughness and uniformity of 

the films. Spin coating minimizes such 

disadvantages and enables high-quality film 

production at low temperatures [48]. In this 

study, Al, Ni, and Co-doped ZnO thin films were 

coated on glass substrates using sol-gel and spin 

coating methods. These coatings were performed 

using a spin coating device that we produced 

ourselves [49]. Al doping improves the electrical 

conductivity of ZnO by increasing its electron 

density. This feature is important for 

optoelectronic applications such as transparent 

conductive oxides (TCOs).  

 

Additionally, Al doping optimizes ZnO's use in 

thin-film transistors and microelectronic devices 

by reducing surface roughness and improving 

crystalline structure properties [32]. Ni doping 

imparts magnetic properties to ZnO, resulting in 

materials that exhibit room temperature 

ferromagnetic behavior. This is critical for 

spintronic applications. Ni also increases the 

magnetic anisotropy of ZnO, thereby enhancing 

its potential use in magnetic data storage and 

sensor technologies. Furthermore, adding Ni to 

ZnO allows for the modification of the material's 

optical and magnetic properties, enabling the 

development of multifunctional devices [31]. Co 

is preferred to impart high Curie temperature and 

stabilized ferromagnetism to ZnO. Co-doped 

ZnO exhibits room temperature ferromagnetic 

properties, making it an ideal material for 

spintronic devices. Additionally, Co enhances 

the electronic band structure of ZnO, further 

improving its optical and magnetic properties, 

thus increasing its usability in optoelectronic 

applications [48]. 

 

2. General Methods 

 

For the synthesis of transition metal-doped ZnO 

films, methoxyethanol was used as the solvent, 

monoethanolamine (MEA) as the stabilizer, and 

Zn(CH3CO2)2.2H2O (zinc acetate dihydrate) as 

the Zn source. Initially, 4.40 g of 

Zn(CH3CO2)2.2H2O was dissolved in 50 ml of 

methoxyethanol at a temperature range of 50-

60°C, and stirred at 1000 rpm for 15 minutes. 

Subsequently, 1.22 g of MEA was added to this 

mixture and stirred for an additional 20 minutes. 

 

To produce Co-doped ZnO (Co-ZnO), Ni-doped 

ZnO (Ni-ZnO), and Al-doped ZnO (Al-ZnO), 

ZnO films were doped with 0.01, 0.02, 0.03, 

0.04, 0.05, and 0.1 M of cobalt acetate 

tetrahydrate (CH3COO)2Co.4H2O), nickel 

acetate tetrahydrate (Ni(CH3COO)2.4H2O), and 

aluminum nitrate nonahydrate (Al(NO3)3.9H2O). 
The mixture was then stirred for an additional 15 

minutes. A total of 12 different sol-gel solutions 

were obtained. These solutions were allowed to 

age for one day before use. After this process, 
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glass substrates, which were subjected to the 

cleaning procedure described in Figure 1, were 

coated with these solutions using spin coating. 

The coating process was carried out at a speed of 

2000 rpm for a duration of 20 seconds. All 

obtained films were subjected to thermal 

annealing at 300°C. According to the 

examinations, the most efficient results were 

obtained with a doping concentration of 0.03 M. 

 

 
Figure 1. Steps of glass substrate cleaning and sol-

gel spin coating process 

 

3. Results and Discussion 

 

The X-ray diffraction (XRD) patterns of ZnO, 

Co-ZnO, Ni-ZnO, and Al-ZnO thin films are 

shown in Figure 2. It can be observed that all 

diffraction peaks exhibit the dominant hexagonal 

wurtzite structure of ZnO. The diffraction peaks 

observed at approximately 31°, 33°, 36°, 57°, and 

61° correspond to the (100), (002), (101), (102), 

(110), and (103) planes of ZnO, respectively. The 

observed diffraction patterns are consistent with 

the results reported in JCPDS card no: 36-1451 

and [1]. The three main peaks corresponding to 

the (100), (002), and (101) planes of the 

hexagonal wurtzite structure of ZnO appear more 

prominent than the other peaks. No additional 

peaks corresponding to Co, Ni, or Al were 

observed in the XRD patterns. This result 

confirms that Co²⁺, Ni²⁺, and Al³⁺ are fully 

incorporated into the ZnO crystal lattice. Similar 

results have also been reported in [50].  

 

Additionally, the peak position of the (002) plane 

of ZnO shifted to lower angles after metal doping 

(this was observed for all three doping metals). 

This indicates that the lattice dimensions expand 

with doping, increasing the interplanar distance 

(d). Larger d-values correspond to smaller 2θ 

angles. The reason for this is the substitution of 

Zn atoms in the crystal structure of undoped ZnO 

with atoms of other elements (in this case, Al, Ni, 

and Co). The ionic radius of Zn+2 is 

approximately 74 pm, while the ionic radii of 

Ni+2, Al+3 ve Co+3 are 69 pm, 53.5 pm, and 61 

pm, respectively. These differences lead to 

changes in the unit cell volume, causing angle 

shifts. 

 

 
Figure 2. XRD images of uncoated glass and Co, Ni 

and Al doped ZnO thin films 

 

The average crystallite sizes of the samples were 

calculated using the Debye-Scherrer formula (1) 

[1] based on the full width at half maximum 

(FWHM) of the peaks in the XRD patterns 

(Table 1).  

 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

    (1) 

 

where D is the crystallites size, λ is the X-ray 

wavelength, θ is the Bragg diffraction angle and 

β is the full width at half maximum. 

 

A micro strain (ε) of films are calculated from 

Equation (2) [51, 52]. 

 

𝜀 =
𝛽 cos 𝜃

4
 

(2) 

The dislocation density (δ) has been evaluated 

from Williamson and Smallman’s formula (3) 

[53]. 

 

𝛿 =
1

𝐷2
 

(3) 
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The volume of the hexagonal unit cell (V) was 

calculated using Equation (4) [53]. 

 

𝑉 = 0.866𝑎2𝑐 (4) 

Furthermore, for a given plane with Miller 

indices (hkl) and interplanar spacing (d(hkl)), the 

lattice parameters a=b and c were calculated 

using Equation (5) [53]. 

 

1

𝑑2ℎ𝑘𝑙
=
4

3
(
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
 

  (5) 

 
Table 1. Results calculated from XRD data 

Material Lattice Parameters D 

(nm) 

V  

(Å3) 

ɛ 

 (10-4) 

δ 

(1014) 

a=b (nm) c (nm)    (m2) 

ZnO 0.327 0.506 68 46.86 5.1 2.2 

Co-ZnO 0.327 0.514 55 47.14 6.3 3.3 

Ni-ZnO 0.327 0.509 58 47.32 6.0 3.0 

Al-ZnO 0.327 0.511 45 47.60 7.7 4.9 

 

SEM analysis was conducted to gain a detailed 

understanding of the surface morphology.   

Figure 3 shows the SEM images of ZnO and Co, 

Ni, and Al-doped ZnO thin films. The SEM 

image of pure ZnO (a) exhibits a quite smooth 

and homogeneous surface structure. The grain 

boundaries are distinct, and it is evident that the 

ZnO crystals have grown in a well-ordered 

manner. The grain sizes are relatively uniform 

and similar in shape and size, reflecting the 

typical orderly crystal structure of ZnO. The 

SEM image (b) of Al-doped ZnO reveals a 

significantly more homogeneous and smoother 

structure compared to undoped ZnO. This doping 

process appears to have reduced the granular 

features on the surface, resulting in a more 

compact surface formation.  

 

The integration of aluminum atoms into the ZnO 

crystal lattice has led to a decrease in surface 

roughness, creating a more orderly structure at 

the microscopic level. This homogeneous surface 

morphology is particularly important for 

optoelectronic applications, as a smoother 

surface can enhance light propagation and 

improve device efficiency. The SEM image of 

Ni-doped ZnO (c) features a very fine and 

homogeneous surface structure. The grain 

boundaries are not as distinct as those in pure 

ZnO, but the surface appears smoother and finer. 

The addition of Ni has reduced the grain size of 

ZnO, leading to the formation of a finer and more 

uniform structure. The SEM image of Co-doped 

ZnO (d) has a much finer surface structure 

compared to ZnO and other doped films. The 

surface is quite smooth, and the grain boundaries 

are not distinct. The lack of distinct grain 

boundaries indicates the presence of very small-

sized crystals. This suggests that Co has 

integrated well into the ZnO structure without 

creating significant crystal defects. 

 

The grain sizes obtained from the SEM images 

were added to Table 2. Overall, the results are 

consistent with the crystallite sizes obtained from 

the XRD patterns. 

 

Figure 4 shows the contact angle (CA) plots of 

ZnO and Co, Ni and Al-ZnO films. These values 

are recorded in Table 2. Besides SEM analysis, 

surface morphology (roughness) can also be 

indirectly determined from surface contact angle 

measurements [54]. The variation in contact 

angle is greatly influenced by the morphology of 

the film surface, particularly its roughness [55, 

56]. A contact angle of less than 90° between a 

liquid droplet and a solid surface indicates that 

the surface is hydrophilic.   

 

When a water droplet contacts a film surface, 

micro- and nanoscale roughnesses and valleys on 

the surface play an important role. These valleys 

can trap air molecules and prevent the water 

droplet from directly contacting the surface, 

creating an air barrier on the surface and the 

surface becomes more hydrophobic [57]. ZnO 

film exhibits weak hydrophilic character with a 

surface contact angle value of 74°, while Co, Ni 

and Al doped ZnO films exhibit stronger 

hydrophilic characters with contact angle values 

of 17.5°, 10° and 22°, respectively. The increase 

or decrease in the contact angle is due to the 
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increase or decrease in the surface roughness of 

the film, respectively [58]. The results are 

consistent with the SEM images. 

 

Figure 3. SEM images of thin films. a,b,c and d 

represent ZnO, Al-ZnO, Ni-ZnO and Co-ZnO, 

respectively. 

 

Figure 4. Contact angles of ZnO and Co, Ni and Al 

doped ZnO thin films 
 

Additionally, the total surface free energies (γs) of 

all films were calculated and added to Table 2. A 

surface with high surface free energy enables 

better adhesion of the coating material and 

facilitates the formation of a more homogeneous 

coating layer. The surface free energies of Co, 

Ni, and Al-doped ZnO films are higher than that 

of undoped ZnO. 
 

Table 2. Results from SEM and contact angle 
Material Grain Size 

(nm) 

CA (o) γs (mN/m) 

ZnO ~60 74 59 

Co-ZnO <45 18 143 

Ni-ZnO <45 10 139 

Al-ZnO <45 22 135 

 

 

The I-V characteristics of ZnO and Co, Ni, and 

Al-doped ZnO films at room temperature are 

illustrated in Figure 5. The linearity of the I-V 

graphs for all samples indicates that the films 

exhibit ohmic behavior. The resistivities of the 

films were determined using Equation (6) [51]. 

 

𝜌 =
𝜋𝑡

ln 2
(
𝑉

𝐼
) 

(6) 

  

Figure 5. I-V graph of ZnO and Co, Ni and Al 

doped ZnO thin films 

 

Here, t is the thickness of the thin film, and (π/ln 

2)×(V/I) represents the sheet resistance (Rsh). 

The calculated resistivity values (ρ) are listed in 

Table 3. After doping with Co, Al, and especially 

Ni, the conductivity increased compared to 

undoped ZnO. This can be attributed to the 

reduced presence of cracks and agglomerations 

on the film surfaces, which could otherwise 

impede electron flow. This is compatible with 

SEM measurements. Additionally, the increased 

conductivity indicates better crystallization in the 

doped films. The increase in carrier 

concentration (Ns) due to doping also contributes 

to the enhanced conductivity (Table 3). 

 

Figure 6 shows the optical transmittance spectra 

of ZnO and Co, Ni, and Al-doped ZnO films. The 

optical properties of ZnO and ZnO films 

modified with dopants are closely related to the 

material's microstructural and crystallographic 

structure, which can be elucidated through XRD 

(X-ray diffraction) and SEM (scanning electron 

microscopy) analyses. Optical transmittance is a 

significant parameter that emerges during the 

interaction of a material with light. This property 

is especially critical in semiconductors like ZnO 

with a wide bandgap, as it determines the 

material's potential applications. 
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ZnO's wide bandgap (approximately 3.41 eV) 

provides high transparency in the optical 

transmittance spectrum, particularly in the 

visible light region. The XRD pattern shows that 

the crystal structure of ZnO is well-defined, with 

distinct diffraction peaks. This crystal structure 

maintains a wide optical bandgap, resulting in 

high optical transmittance. The sharp and narrow 

peaks observed in the XRD pattern of ZnO 

indicate minimal crystal defects, which allow for 

orderly optical transitions. 

 

The addition of dopants such as Ni, Al, and Co to 

ZnO significantly alters its optical properties. In 

Ni-ZnO and Al-ZnO films, shifts and broadening 

of the peaks in the XRD patterns suggest that 

dopants integrate into the crystal structure, 

leading to phase mixtures and crystal distortions. 

These distortions cause the bandgap energy to 

narrow, resulting in red shifts in the optical 

spectrum. Consequently, the lower optical 

transmittance observed in these materials, 

especially in the UV region, can be attributed to 

increased absorption. SEM images support this 

observation; the irregularities and morphological 

disruptions seen on the surfaces of Ni-ZnO and 

Al-ZnO films cause increased scattering of light 

on the surface, reducing optical transmittance. 

 

On the other hand, Co-ZnO films exhibit 

relatively sharp and well-defined peaks in XRD 

patterns, indicating that the crystal structure is 

not significantly disturbed by Co dopants, 

allowing ZnO to maintain its wide bandgap. 

SEM images of Co-ZnO films show a 

homogeneous and smooth surface structure, 

which minimizes light scattering and results in 

high optical transmittance. The stabilization of 

ZnO's crystal structure by Co dopants enables the 

optical bandgap to remain wide, thereby 

achieving high transmittance across a broad 

wavelength range. 

 

Figure 6. Optical transmittance spectrum of ZnO 

and Co, Ni and Al doped ZnO thin films 

 

Table 3. Carrier density (Ns), flat band potential 

(Vfb), bandgap and resistivity of materials 

Materia

l 

Ns (m-3) Vfb (V) Band 

gap 

(eV) 

ρ 

(Ω.c

m) 

ZnO 1.93x1018 0.38 3.41 1716 

Co-ZnO 5.41x1018 0.30 3.26 1320 

Ni-ZnO 5.17x1018 0.33 3.11 46 

Al-ZnO 4.95x1018 0.31 3.19 394 

 

The optical energy range Eg of Co, Ni and Al-

ZnO thin films was found using the absorption 

spectra defined by equation (7) and recorded 

Table 3: 

 

𝛼ℎ𝜐 = 𝐵(ℎ𝜐 − 𝐸𝑔)
𝑛

 (7) 

 

α is the absorption coefficient, ν is the frequency 

of the incident photon, B is a constant and h is 

Planck's constant [23]. Figure 7 summarizes the 

band gap obtained for ZnO and Co, Ni and Al 

doped ZnO thin films. It can be seen from the 

figure that the ZnO compound has a very large 

energy range, consistent with the literature [59-

61]. Semiconductors like ZnO with bandgaps of 

this magnitude are optically transparent in the 

visible region, making them suitable for 

applications involving short-wavelength light 

[62].  

 

Transition metals disrupt the structural integrity 

of the host ZnO cell/crystal, causing band 

narrowing. When the host ZnO compound is 

doped with transition metals, the dopant ions 

replace the Zn ions, changing the ZnO lattice 

structure. This change in the lattice structure is 

due to the radius difference of the dopant ions. 

The change of the graphs is due to the change of 

these lattice parameters. In the same graph, the x-

axis intersection points of the slopes give the 
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values of the optical energy range of ZnO thin 

films. The energy ranges of these three ZnO films 

doped with transition metals correspond to the 

ultraviolet region. 

 

Figure 8 shows the Mott-Schottky plots for ZnO 

and Co, Ni, and Al-doped ZnO films. In Mott-

Schottky analysis, the slope of the plots provides 

insights into the carrier density of the films. A 

positive slope typically signifies that the films 

behave as n-type semiconductors, where 

electrons are the majority carriers. 

 

Figure 7. Band gap of ZnO and Co, Ni and Al 

doped ZnO thin films 

 

Moreover, the intersection points of the Mott-

Schottky curves with the x-axis yield the flat 

band potential (Vfb). The carrier densities and flat 

band potentials obtained from the plots were 

recorded in Table 3. 

   

Figure 8. Mott-Schottky graph of ZnO and Co, Ni 

and Al doped ZnO thin films 

 

The magnetic properties of Co, Ni, and Al-doped 

ZnO thin films were investigated at room 

temperature using a vibrating sample 

magnetometer (VSM). Figure 9 shows the VSM 

results of ZnO semiconductors doped with Al, 

Ni, and Co metals. The ZnO sample (inner part 

in Figure 9) exhibits diamagnetic properties. The 

figure shows that the Al-doped ZnO 

semiconductor film behaves diamagnetically 

similar to ZnO, whereas Ni and Co-doped ZnO 

semiconductors acquire magnetic properties. 

Particularly, a rapid increase in the magnetic 

moment at small magnetic field values (< ±100 

Oe) indicates that Ni and especially Co doped 

ZnO materials exhibit superparamagnetic 

behaviour [63]. Superparamagnetism is the 

condition where magnetic particles at the 

nanoscale exhibit random orientations without 

interacting with each other.  
 

Figure 9. VSM graph of ZnO and Co, Ni and Al doped 

ZnO thin films 
 

The behavior of DMS is based on the magnetic, 

optical, and structural changes resulting from the 

modification of ZnO with magnetic dopants such 

as Ni, Al, and Co. XRD data indicate that the 

ZnO matrix retains its wurtzite structure, though 

the dopants cause slight modifications in the 

crystal structure. This crystal structure provides a 

suitable environment for strong ferromagnetic 

interactions, such as RKKY (Ruderman-Kittel-

Kasuya-Yosida) or Zener-type interactions. The 

highest magnetic moment observed in Co-ZnO 

on the Figure 9 suggests strong ferromagnetic 

interaction between dopant ions, attributed to 

spin alignment between Co ions.  

 

Grain size and defects also contribute to this 

ferromagnetic behavior; smaller grain sizes and 

defects can enhance ferromagnetism by 

increasing the localization of free carriers. The 

formation of secondary phases (e.g., CoO or 

NiO) can also support ferromagnetic behavior, as 

these phases increase the carrier density within 

the ZnO matrix (Table 3), thereby enhancing 

ferromagnetic interactions. These findings 

indicate that ZnO-based DMS materials hold 



Sakarya University Journal of Science, 28(5) 2024, 1047-1058 

1054 
 

potential for spintronic applications, with 

ferromagnetism in these materials being closely 

related to the type of dopant, carrier density, 

grain size, and defects. 
 

4. Conclusion 
 

The spin coating technique involves the uniform 

deposition and production of thin films by 

spinning the substrate and thin film solution at a 

certain angular speed. Using this technique, Ni, 

Al, and Co-doped ZnO films were produced in 

our laboratory. Our structural analyses revealed 

that all doped films adopted the crystal structure 

of ZnO, with no external crystalline phase 

observed. Optical measurements indicated that 

each sample exhibited high transparency in the 

visible region, with band gaps ranging from 3.11 

to 3.41 eV. Electrical analysis demonstrated that 

each semiconductor was of n-type, with carrier 

concentrations in the range of 1018 m-3. 

Magnetic measurements showed that pure ZnO 

and Al-doped ZnO exhibited diamagnetic 

properties, while Ni and Co-doped ZnO 

displayed superparamagnetic behaviour. Our 

results were generally consistent with previous 

studies reported in the literature. Ni and Co 

doped ZnO materials produced in our study could 

be utilized as diluted magnetic semiconductors in 

spintronic applications. 
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