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This work is the first study of the Mn and Co dopants effect on the physical properties of ZnO thin films 
electrodeposited on aluminum substrate.In order to synthesize these samples, electroplated Zn thin layers were 
thermally oxidized in atmospheric air for 2 h at 500 °C. The elaborated films were analyzedby X-ray diffraction 
(XRD), Raman spectroscopy, and scanning electron microscopy (FEG-SEM) equipped with energy dispersive X-ray 
analysis (EDX). The contact angle between the surface of the films and a deposited water drop (WCA) is measured to 
evaluate the wettability properties of the synthesized films.Mn and Co-doped ZnO thin films were studied and 
compared in order to better understand the effects of the dopant element on the physical properties of the host crystal, 
and to improve their hydrophobic properties.XRD analyses of a prepared mico/nanostructured material confirm the 
incorporation of substitutional transition metal ions on cation sites, and no secondary phase linked to Mnor Co is 
detected. This result was checked with EDX analysis. However, with increasing Mnor Co concentration, new modes 
appear in the Raman spectroscopy.The FEG-SEM images show that the surface morphologies change with dopant 
nature. The Mn-doped sample shows flower-like microstructures with an average size of 9μm, which are covered 
with spherical ZnO nanostructures with a size around 28 nm. This can lead to an improvement of the hydrophobicity 
of the ZnO coating compared to Co-doped films. 
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1 Introduction
Zinc oxide (ZnO) is a versatile semiconductor 

material with unique properties and wide-ranging 
applications, attracting significant research interest, 
with a direct wide bandgap of 3.37 eV and a large 
exciton binding energy of 60 meV at room 
temperature1, ZnO offers excellent potential for 
optoelectronic devices, such as light-emitting diodes2, 
laser diodes3, and photodetector4. Additionally, ZnO 
has found applications in photocatalysis5, gas 
sensing6, and energy harvesting devices owing to its 
chemical and thermal stability, non-toxicity, and low 
cost. ZnO finds its role in the field of hydrophobicity7-

9, it has further uses on metallic surfaces; due to its 
strong self-cleaning features10,and the low surface 
free energy of the (002) planes in the Wurtzite 
structure11, resistance to adhesion to snow or ice12, 
oil-water separation13, and anti-corrosion14, etc.15–17.In 
our recent study, it’s found that the hydrophobicity of 
the ZnO thin films can be improved by the 
dopingwith low amount of manganese (Mn)18or cobalt 

(Co)19. It is known that manganese (Mn) and cobalt 
(Co) have shown promising results in modifying the 
structural, optical20, and magnetic21,22 properties of 
ZnO. The similarity in ionic radius of Mn and Zn 
atoms leads to a higher solubility of Mn in the ZnO 
crystal lattice, and helps to improve the ZnO 
proprieties by tuning its size and band gap23,24.The 
Mn-doped ZnO thin films show higher optical and 
electrical conductivity in UV region, and their band 
gap decreases with Mn doping25.Recent results show 
that the decrease of the optical band gap energy from 
3.24 eV to 3.05 eVlinked to the doping by Co in ZnO 
which gives rise to band gap bowing in studied 
thin films26. The same authors affirm that the M-H 
curve of ZnO:Co thin films confirms the good 
ferromagnetism in the studied sample26.Co doped 
samples reveal good ferromagnetic properties, which 
is used in the field of optoelectronic and spintronics 
applications, and show good sensing behavior at room 
temperature due to the defects like oxygen 
vacancies26. In addition to ferromagnetism, Cobalt as 
a dopant in ZnO is advantageous for improving 
photocatalytic performance of ZnO because it reduces 
charge carrier recombination27. 

—————— 
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In this context, the present study aims to investigate 
the effect of Mn and Co doping with different 
concentration on the structural, morphological, and 
especially the wetting properties of ZnO thin films 
deposited on aluminum substrates using a low-cost and 
simple electroplating technique. By employing a  
range of characterization techniques, including  
X-ray diffraction (XRD), Raman spectroscopy, scanning 
electron microscopy (SEM), and contact angle 
measurements, this work provides valuable insights into 
the influence of doping on the properties of ZnO thin 
films. Understanding the impact of Mn and Co doping 
on the hydrophobic characteristic of ZnO thin films on 
aluminum substrate is crucial for tailoring and 
optimizing these materials for specific applications. The 
findings of this study contribute to the growing body of 
knowledge in the field of doped ZnO materials and pave 
the way for the development of novel functional 
materials with improved properties for various 
technological applications. 

 
2 Experimental 
 
2.1 Substrate Preparation 

Aluminum is chosen as substrate in this work due to 
its advantageous properties for various industrial 
applications. Before deposition, the substrates were 
mechanically polished with abrasive papers until the 
desired surface shape and thickness of 1 mm was 
obtained. The substrates were then cleaned ultrasonically 
in a sequence of methanol and distilled water baths, each 
for 15 minutes. 

 
2.2 Materials  

Zinc acetate dehydrate (Zn (CH3COO)2-2H2O, 
99%, Sigma-Aldrich, Germany) is taken as precursor 
for zinc. Cobalt acetate (Co (CH3COO), 4H2O, 
98.5%, Lobachimie, India) and manganese acetate 
(Mn(CH3COO)2, 98%, Sigma-Aldrich, Germany) as 
the precursors for Co and Mn, respectively. Acetic 
acid (CH3COOH) was used as the complexing agent 
and distilled water as solvent in order to prepare a 
clear solution.  

 
2.3 Thin films preparation 

A 0.2 M solution of zinc acetate dihydrate(Zn 
(CH3COO)2-2H2O) precursor was prepared by 
dissolving it in 40 mL of distilled water. For doped 
films, appropriate amounts (0.1, 0.5, 2, 4, and 6 %) of 
cobalt acetate (Co (CH3COO), 4H2O) or manganese 
acetate (Mn(CH3COO)2,) were added to the base 

solution. Undoped ZnO, Co-doped ZnO(CZnO), and 
Mn-doped ZnO(MZnO) thin films on the aluminum 
substrates were prepared using thermal oxidation of 
electroplated Zn layers. The electrochemical deposition 
was performed at -10 V for 15 minutes with an electrode 
separation distance of 1.5 cm. Following deposition of 
zinc metal, the films were subjected to thermal oxidation 
at 500 °C for 2 hours to obtain ZnO thin films. 

 
2.4 Characterizations 

PANALYTICAL empyrean diffractometer (XRD, 
Cu Kα radiation, λ = 1.540 Å, in the range from 10° to 
80°) is used to examine the present phases and their 
orientations. XRD data were used to calculate the 
crystallites size using Scherrer formula, Eq. 128: 

 

𝐷 ൌ
௄ఒ

ఉ௖௢௦ఏಳ
                                                           …(1) 

 
Where: 
 
K: is a constant known as shape factor (k=0, 94) 
λ: is the X-ray wavelength of 1.5406 Å 
𝜃𝐵: is the Bragg diffraction angle 
𝛽∶is the FWHM (full width at half maximum) of 𝜃𝐵. 

The specific values of the lattice parameters a and c 
were calculated using the established formulas for the 
hexagonal crystal structure, as detailed in the relevant 
literature, Eq. 2 &329,30.  
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Where: 
λ :is the wavelength of X-rays (0,1540nm) 
θ: is diffraction angle of (100) a parameter and the 
peak (002)for c parameter. 

The dislocation density (δ) and microstrain (ε) 
values provide insights into the defect states and 
strain within the doped ZnO thin films. These 
parameters are calculated from the XRD data using 
the Williamson-Smallman (Eq. 4) and Williamson-
Hall equations (Eq. 5)31. 
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The biaxial stress 𝑒zz along the c axis perpendicular 
to the substrate plane is calculated from the lattice 
parameter c, Eq. 632: 
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Where: 
c :is the lattice parameter of the elaborated ZnO films,  
c0 : is the unstrained ZnO lattice parameter (0.5207 
nm).  
The residual stress σ parallel to the layer surface is 
expressed as33: 
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                               …(7) 
 

Here 𝐶𝑖𝑗 are the elastic stiffness constans for single 
crystal ZnO (𝐶11 =208.8GPa, 𝐶33=213.8GPa, 
𝐶12=119.7GPa ,13 = 114.2GPa). 
𝜎 ൌ െ233 ൈ 𝜀௭ (8) 
Raman spectra are recorded using HORIBA 

LabRAM HR Evolution type spectrometer at room 
temperature with a monochromatic radiation source of 
473 nm. The morphological and elemental analyses 
are performed using a Field Emission Gun Scanning 
Electron Microscope (SEM, Jeol FEG JSM-7100 F) 
equipped with energy dispersive X-ray spectrometer 

(EDX). The contact angle measurements are carried 
out 5 seconds after the deposit of a water drop with a 
volume of 5 µL on the elaborated thin films using a 
LEYBOLD type light source (6 V, 30 W) and a 
projection lens, which allows the static image of the 
drop displayed on a 30×30 cm2 screen to be enlarged. 

 

3. Results and discussions 
 

3.1 Structural properties 
X-ray diffraction (XRD) patterns have provided 

valuable insights into the structural properties and 
crystalline nature of undoped and doped ZnO thin 
films. (Figs. 1 (a) and 1(b)) show the diffraction 
patterns obtained of elaborated samples. The XRD 
patterns revealed that the undoped, Mn-doped, and 
Co-doped ZnO thin films exhibited a polycrystalline 
wurtzite structure, with diffraction peaks 
corresponding to the (100), (002), (101), (102), (110), 
(103), (112), (201), and (202) planes (referred to 
ICDD No. 01-070-2551). The predominant peak 
located around 36.298° corresponds to the (101) 
plane, indicating preferential orientation along this 

 
 

Fig. 1 — XRD patterns of (a) Mn-doped ZnO and (b) Co-doped ZnO thin films 
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direction of the deposited films. No peaks from Mn or 
Co oxides were observed, confirming successful 
substitution of dopant element. 

 

3.1.1 Crystallites Size  
The (101) peak intensity decreased with increasing 

Mn or Co doping concentration (≤ 4% Mn), then 
increased at 6% doping concentration. The decrease 
in (101) peaks intensity wen the concentration 
increase can be explained by crystallites size. At 
lower Mn or Co concentrations (≤ 4%) , the decrease 
in crystallites size due to strain caused by 
incorporation of manganese ions into zinc ion sites 
(Table 1) accompanying decreased of diffraction 
peaks intensity more than that of pure films this effect 
is also observed in other previous studies31. But it can 
be seen that at 6% concentration the opposite 
occurred. This variation in peak intensity shows the 
effect of doping concentration on surface texture of 
the films. 

 

3.1.2 Lattice Parameters and Strain 
Both Mn and Co doping lead to minor variations in 

the individual lattice parameters a and c, and the 
values of FWHM changed compared to undoped 
ZnO. These observed variations can be attributed to 
the intricate interplay between two competing effects: 
the lattice contraction resulting from the substitution 
of the smaller dopant ions (𝑀𝑛ଶାor 𝐶𝑜ଶା) into the 
𝑍𝑛ଶା sites, and the lattice expansion arising from the 
insertion of the dopant atoms within the ZnO crystal 
structure.  

For Mn-doped ZnO (MZnO) films, the c/a ratio 
remains very close to the ideal hexagonal value of 
1.60 for ZnO, even at different Mn concentrations 
(values ranging from 1.601 to 1.602 in Table 1). This 
indicates that the wurtzite structure of ZnO is largely 
preserved with Mn doping. In contrast, for Co-doped 
ZnO (CZnO) films, the c/a ratio deviates significantly 

from the ideal value of 1.60, remaining constant at 
1.732 in the (Table 1) for all Co concentrations. This 
constant deviation suggests a distortion of the wurtzite 
structure in the Co-doped films. 

The observed preservation of the wurtzite structure 
in MZnO films and its distortion in CZnO films can 
be attributed to the difference in ionic size mismatch 
between the dopants and Zn2+. The smaller mismatch 
between Mn2+ (0.067 nm) and Zn2+ (0.074 nm) allows 
for better accommodation of Mn ions within the ZnO 
lattice, maintaining the overall crystal structure. 
However, the larger mismatch between Co2+ (0.058 
nm) and Zn2+ leads to a more significant distortion of 
the wurtzite structure in the CZnO films. 
 

3.1.3 Dislocation Density and Microstrain 
The dislocation density (δ) and microstrain (ε) 

values provide insights into the defect states and 
strain within the doped ZnO thin films. For both Mn-
doped ZnO (MZnO) and Co-doped ZnO (CZnO) 
films, the dislocation density and microstrain values 
increase at lower doping concentrations (up to 4%) 
compared with pure sample (Table 2).This increase is 
attributed to the decrease in crystallites size (D) 
associated with an increase in grain boundaries caused 
by the incorporation of dopant ions (𝑀𝑛ଶାor𝐶𝑜ଶା) 
into the ZnO lattice31. However, at the highest doping 
concentration (6 % Mn or 6 % Co), the dislocation 
density and microstrain values decrease for both 
films; MZnO (0.444 x 1015ligne/m2and 0.7629 x10-3, 
respectively) and CZnO (0.694 x 1015 lines/m2 and 
3.8142 x 10-3, respectively). In order to stabilize the 
crystal structure, the size of the crystals is decreased 
to release the internal strain34. 

 

3.1.4 Biaxial Stress and Residual Stress  
The stress state in the prepared layers can be 

determined using XRD spectra. The biaxial stress 𝑒𝑧 
along the c axis perpendicular to the substrate plane is 

Table 1 — Lattice parameters and crystallites size of undoped, Mn-doped and Co-doped ZnO thin 

Samples 2θ101(°) FWHM(°) D(nm) 𝐜𝟎 c(Å) a(Å) c/a 

UndopedZnO 36,299 0,225 39 5,207 5,2062 3,2501 1,602 
MZnO 0.01% 36,263 0,315 28 5,207 5,2055 3,2507 1,601 
MZnO0.5% 36,240 0,257 34 5,207 5,2069 3,2504 1,602 
MZnO2% 36,319 0,324 27 5,207 5,1955 3,2440 1,602 
MZnO4% 36,278 0,297 29 5,207 5,1973 3,2450 1,602 
MZnO6% 36,280 0,184 47 5,207 5,1987 3,2472 1,601 

CZnO0.01% 36,142 0,281 31 5,207 5,2226 3,0153 1,732 
CZnO0.5% 36,250 0,301 29 5,207 5,2053 3,0053 1,732 
CZnO2% 36,324 0,284 31 5,207 5,1974 3,0072 1,732 
CZnO4% 36,321 0,264 33 5,207 5,1952 2,9995 1,732 
CZnO6% 36,327 0,23 38 5,207 5,1938 2,9986 1,732 
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calculated from the lattice parameter c29. It is worth 
noting that the Co-doped ZnO films exhibit higher 
microstrain values compared to the Mn-doped films at 
all doping concentrations, suggesting a greater degree 
of lattice distortion in the CZnO films. This 
observation is consistent with the analysis of the c/a 
ratio, which showed a deviation from the ideal value 
for CZnO films, indicating a distortion of the wurtzite 
structure. 

The biaxial stress (ezz) along the c-axis and the 
residual stress (σ) parallel to the layer surface are 
interrelated. They exhibit opposite directions in the 
interface plane between the layer and the substrate. 
This highlights the importance of measuring the 
lattice parameter c, as it allows determining the stress 
state in different directions within the thermally 
oxidized layer. The strain can be either positive 
(tensile) or negative (compressive). 

Table 2 presents the stress values for ZnO  
films doped with manganese and cobalt at  
various concentrations. A negative value of ezz 
indicates compressive stress along the c-axis, 
accompanied by positive values of residual stress  
σ. This positive σ suggests that the films experience 
an attractive force parallel to the substrate  
surface. The stress in the films arises from impurities 
(doping elements), defects (reduction in vacancies), 
and lattice distortions (grain growth) within the 
crystal structure. However, for the 0.01% Co 
concentration, the positive value of ezz corresponds to 
tensile stress. 

A comparison of the obtained results reveals that 
the thermally oxidized Mn-doped ZnO thin films 
exhibit preferential growth along the (101) axis, a low 
dislocation density, and minimal deformation. This 
indicates that these films are of higher quality 
compared to the Co-doped ZnO thin films. 

Raman spectroscopy is highly sensitive for 
detecting crystallinity, structural disorders, and 
defects in micro and nanostructures. In this work, the 
vibration properties of Co and Mn-doped ZnO thin 
films were investigated using Raman scattering 
technique. The Raman spectra of undopedZnO thin 
films and those doped with Mn (0.01%, 0.5%, 2%, 
4%, and 6%) after annealing at 500°C for 2h are 
presented in (Fig. 2). For 0.01% and 0.5% Mn 
concentrations, five peaks corresponding to E2

(low), 
E2

(high)-E2
(low), A1(TO), E2

(high) and A1(LO)/E1(LO) 
modes of hexagonal ZnO phonons were observed, 
compared to the purchased ZnO powder reference 
(Fig. 3). 

The high intensity of the E2
(high) peak, arising from 

vibrations of the oxygen sublattice in the ZnO 
crystal35,36, reflects the good crystallization quality of 
the hexagonal wurtziteZnO thin films37. This 
corroborates the XRD results. The shifts of this peak 
to lower or higher wavenumbers are attributed to 

Table 2 — Dislocation density, microstrain, and Stress values of ZnO thin films 

Samples 2θ101 (°) FWHT (°) D (nm) Dislocation density  
δx 1015 (ligne/m2) 

Lattice Deformation 
(εx10-3) 

𝑒zz% 𝜎(GPa) 

UndopedZnO 36,299 0,225 39 0,664 0,9329 -0,04004 0,09329 
0.01%Mn 36,263 0,315 28 1,302 1,3062 -0,07596 0,17699 
0.5%Mn  36,240 0,257 34 0,866 1,0658 -0,00557 0,01297 
2%Mn  36,319 0,324 27 1,377 1,3433 -0,55227 1,28680 
4% Mn 36,278 0,297 29 1,157 1,2315 -0,48653 1,13362 
6%Mn  36,280 0,184 47 0,444 0,7629 -0,41345 0,96333 

0.01%Co  36,142 0,281 31 1,037 4,6625 0,78395 -1,82662 
0.5%Co  36,250 0,301 29 1,189 4,9928 -0,08402 0,19578 
2%Co  36,324 0,284 31 1,058 4,7098 -0,47922 1,11660 
4%Co  36,321 0,264 33 0,914 4,3781 -0,58878 1,37186 
6%Co 36,327 0,230 38 0,694 3,8142 -0,66176 1,54191 

 

 
 

Fig. 2 — Raman spectra of undoped and Mn-doped ZnO thin films 
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changes in chemical bonds and atomic symmetry38. 
Hence, variations in chemical bond lengths due to Mn 
doping into the ZnO lattice lead to wavenumber 
shifts. Moreover, the E2

(high) peak position is highly 
sensitive to the intrinsic residual stress39,40. The 
calculated residual stress values show the Mn-doped 
ZnO films experience an attractive force (σ>0) 
parallel to the substrate, so the E2

(high) peak shifts to 
higher wavenumbers with increasing Mn content. 

At high Mn doping levels (2%, 4%, 6%), the main 
undopedZnO peaks are still visible, although the 
overall Raman spectrum shape changes, indicating 
slight degradation of structural quality. A new 
vibration mode called the B1

(high) silent mode appears 
between 500-740 cm-1 near the A1(LO)/E1(LO) modes 
of hexagonal ZnO41,42. 

Figure4 shows the Raman spectra of Co-doped 
ZnO compared to undoped ZnO and Co3O4 thin films 
(Fig. 5). Two main effects are evident with increasing 
Co doping: first, the ZnO phonon modes weaken and 
broaden considerably with higher Co content. 
However, the E2

(high) mode is still retained for 6% Co, 
albeit with low intensity. This peak shifts to higher 
wavenumbers with increasing Co concentration due to 
residual stress effects in Co-doped ZnO films. The 
broadening of phonon modes reflects deterioration of 
the host ZnO lattice caused by distortions in the local 
atomic arrangement around impurities (attributed to 
Co incorporation into the ZnO lattice). Additional 
sharp Raman bands appear at 493 cm-1, 532 cm-1 and 
719 cm-1 for the 6% Co-doped sample, accompanying 
the weakening of ZnO host phonon modes. These new 
sharp peaks resemble the Eg, F2g, and A1g phonon 
modes of Co3O4

42. 
The Raman spectrum indicates there is grain 

segregation of the Co3O4 phase in the 6% Co-doped 

ZnO thin film. Comparison with the pure Co3O4 thin 
film spectrum (Fig. 5) shows the Eg, F2g, and A1g 
phonon modes of the doped film shift up to 10 cm-1 
higher, which can be explained by stresses 
experienced by the Co-doped ZnO grains. Based on 
these Raman results, the absence of secondary phases 
related to Mn or Co in the XRD spectra can be 
attributed to their low concentrations being 
undetectable by XRD, as the diffraction peaks may 
not be strong enough to distinguish from the 
background. Thus, from the XRD and Raman data, it 
can be deduced that while Co incorporation into ZnO 
decreases the crystal quality of the ZnO thin layer, 
there is no change in the wurtzite crystal structure at 
low Co doping concentrations. 

 

Fig. 3 — Raman spectra of purchased ZnO powder as reference
(Purchased from Fluka Analytical Company) 
  

 
Fig. 4 — Raman spectra of undoped and Co doped ZnO thin films 
 

 
Fig. 5 — Raman spectra of pure Co3O4 thin film prepared as 
reference 
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3.2 Morphological properties  
The surface morphologies of the undoped, Mn-

doped ZnO, and Co-doped ZnO thin films deposited 
on the aluminum substrates were investigated using 
Field Emission Scanning Electron Microscopy  
(Fig. 6(a-f)) & Fig. 7 (a-c) are the corresponding Energy 
Dispersive X-ray Spectroscopy (EDS) patterns. 

As shown in Fig. 6 (a), the undoped ZnO film 
exhibits a compact morphology, however, the surface 
morphology changed upon the introduction of Mn or 
Co dopants. FEG-SEM images of the 0.01% Mn-

doped ZnO thin film (Fig. 6(b)) reveal the formation 
of slightly deformed, flower-shaped structures with a 
conical or pyramidal shape. These deformed flowers 
are covered with a large number of spherical ZnO 
nanostructures (Fig. 6 (e)), which roughen the surface 
of the elaborated thin layers.  

In contrast, the FEG-SEM images of the Co-doped 
ZnO thin films (Fig. 6(c)) shows a more uniform  
and compact morphology with homogeneously 
dispersed ZnO nanostructure.EDXanalysis (Fig. 7(a-
c)) confirms the presence of zinc and oxygen in the 

 
 

Fig. 6 — FEG-SEM images of (a) undoped ZnO thin film, (b) 0,01% Mn-doped ZnO, (c) 0,01% Co-doped ZnO. Right column (image
(d), (e) and (f)) are the larger magnification images of the same films. 
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ZnO thin films, but no Mn or Co elements were 
detected along with zinc and oxygen in the doped 
samples, which can be attributed to their low doping 
concentrations. 

 
3.3 Hydrophobic properties  

The wetting properties of the thermally oxidized 
undoped ZnO layer and Mn-doped ZnO layers on the 
Al substrate were analyzed by measuring the water 
contact angle of these films, as shown in Fig. 8 (a-f) 
and Fig. 9 (a-f). The measurements reveal that the 
undoped ZnO film exhibits an inherently hydrophobic 

nature, with a contact angle of 120.91° (Fig. 8 (a)). 
The droplet shape on the surface of the undoped ZnO 
film was highly specific, indicating the hydrophobic 
character of this structure. The increase in water 
contact angle observed for the Mn-doped ZnO 
coatings can be attributed to their morphological 
features. The samples doped with low Mn 
concentrations (0.01% and 0.5%) exhibited deformed 
flower-like structures covered with spherical ZnO 
nanostructures (Fig. 6 (b)). This surface roughness 
traps air on the substrate, preventing water from 
adhering to the ZnO film and leading to the 

 
 

Fig. 7 — EDS analysis of (a) undoped ZnO thin film, (b) 0,01% Mn-doped ZnO, (c) 0,01%Co-doped ZnO with suitable indexing. 
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hydrophobicity of these coatings.However, as the Mn 
doping concentration is increased, the contact angle 
decreases, and the surface becomes hydrophilic at Mn 

concentrations of 4% (Fig. 8(e)) and above. A similar 
trend is observed for the Co-doped ZnO thin films, 
where the surface transitions from hydrophobic to 
hydrophilic at Co concentrations from 2% to 6%  
(Fig. 9(a-e)). This change in wettability may be 
associated with the reduced surface roughness and 
increased porosity in the ZnO film structure at higher 
dopant concentrations. 

 

4 Conclusion 
The main objective of this work was to prepare and 

characterize undoped and doped ZnO thin films 
deposited on aluminum substrates, with a focus on 
understanding the influence of doping on the physical 
properties and hydrophobic behavior of the elaborated 
thin films. 

The structural analysis by XRD confirm the 
formation of a hexagonal Wurtzite ZnO nanostructure 
structure in the all pepared thin films, regardless of 
the dopant type and concentration. The decrease in 
peak intensity and shift in the preferred orientation 
(101) peak position were attributed to the 
incorporation of the dopant ions into the ZnO lattice, 
leading to changes in the crystallite size and internal 
stresses. Raman spectroscopy provided further 
insights into the structural quality of the films. For 
low Mn doping concentrations, the characteristic of 
ZnO phonon modes were retained, indicating minimal 
degradation of the crystal structure. However, at 
higher Mn and Co concentrations, the broadening and 
weakening of the ZnO modes, along with the 
emergence of new peaks, suggested increased 
structural disorder due to the incorporation of the 
dopants. 

The surface morphology of the preperd films, 
observed by scanning electron microscopy, showed a 
strong correlation with the hydrophobic properties. 
The formation of deformed flower-like structures 
covered with spherical ZnO nanoparticles at low Mn 
doping concentrations resulted in trapping of air 
pockets on the surface, leading to enhanced 
hydrophobicity. Increasing the dopant concentration, 
on the other hand, led to a more uniform and compact 
surface morphology, reducing the hydrophobic 
character of the films.Overall, the results indicate that 
the incorporation of low concentrations (0.01% and 
0.5%) of Mn into the ZnO lattice is more effective in 
improving the structural quality and hydrophobic 
behavior of the studied thin films compared to Co 
doping under the same deposition conditions. These 
findings provide valuable insights into the design and 

 

Fig. 8 — Contact angle of (a) undoped ZnO and Mn-doped ZnO 
thin films (Mn concentrations are indicated on pictures) 

 

 

Fig. 9 — Water contact angle of (a) pure ZnO and Co doped ZnO
thin films (Co concentrations are indicated on pictures) 
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development of hydrophobic coatings with tailored 
properties using ZnO-based materials. 
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