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ABSTRACT
A simple chemical pneumatic spray pyrolysis technique was employed to prepare 
thin films of pure ZnO, 1%Mg-doped ZnO, and co-doped 1%Sn/x%Mg (x = 1 and 
2) ZnO on ordinary glass substrates at a deposition temperature of 450 °C. The 
influence of doping and co-doping on the physical properties of the deposited 
films was systematically investigated. Structural analysis using X-ray diffraction 
(XRD) and Raman spectroscopy revealed that all samples exhibit a hexagonal 
crystalline structure with a preferred orientation along the (002) direction, per-
pendicular to the substrate, with no secondary phases detected. The crystalline 
quality improved for both doped and co-doped films compared to the undoped 
ZnO film. Atomic Force Microscopy (AFM) micrographs indicated an increase 
in surface roughness with doping while co-doping with 1% Sn/1% Mg led to a 
reduction in roughness compared to pure ZnO. Static contact angle (CA) meas-
urements correlated well with the AFM analysis, showing hydrophobic behavior 
(CA > 90°) for all elaborated films. This hydrophobic nature is a critical feature for 
mitigating humidity-induced degradation, thereby enhancing the durability and 
efficiency of thin-film solar cell layers. Optical analysis demonstrated improved 
transparency, with average values increasing from 86 to 91%, alongside a widen-
ing of the optical bandgap from 3.27 eV to 3.39 eV. The Urbach energy decreased 
from 329 to 320 meV upon the incorporation of Mg and/or Sn into ZnO. The 
electrical properties of the ZnO thin films also improved significantly due to the 
effective incorporation of Sn/Mg, resulting in a low resistivity of 5.44 × 10−3 Ω.cm 
and a high figure of merit (FOM) of 3.68 × 10−3 Ω−1 for the (1%Sn/1%Mg)-ZnO 
film. Based on the findings of this study, the ZnO:1%Sn:1%Mg film represents 
the optimal condition for use as a transparent conducting electrode in thin-film 
solar cells.
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1 Introduction

In response to the growing demand for renewable 
energy, particularly solar cells, the development of 
efficient storage technologies, such as batteries [1–3] 
and supercapacitors [4], along with effective conver-
sion solutions based on solar cells, is crucial to ensur-
ing a stable energy supply. Among the metal oxides 
widely used in photovoltaic cells to enhance light 
transmission and charge transport are transparent 
conductive thin films like CdO, SnO2:F (FTO), 
In2O3:Sn (ITO), and ZnO:Al (AZO). ITO is currently 
the most commonly used transparent conductive 
oxide (TCO) in photovoltaic applications, primarily 
due to its excellent properties, including low resistiv-
ity and high transmittance [5, 6]. However, ITO has 
significant limitations, such as its high toxicity and 
the limited availability of indium, which is a rare ele-
ment in nature. These challenges have driven 
researchers to explore alternative materials. Zinc 
oxide (ZnO) has garnered considerable attention as a 
potential replacement for ITO due to its numerous 
advantages. ZnO is non-toxic, abundant, and features 
a straightforward deposition process, along with 
superior durability, making it highly suitable for 
photovoltaic applications. Furthermore, ZnO exhibits 
exceptional intrinsic properties, including a wide 
bandgap of 3.37 eV at room temperature, a high exci-
ton binding energy of 60 meV, and remarkable sur-
face stability [7]. Pure ZnO is frequently utilized as a 
buffer layer in thin-film solar cells, where it prevents 
charge recombination by acting as a barrier between 
the transparent conductive oxide electrode and the 
absorber layer. However, the intrinsic carriers in 
undoped ZnO films, predominantly oxygen vacan-
cies (VO) and zinc interstitials (InZn) result in low car-
rier concentrations and high resistivity [8]. These 
characteristics limit its effectiveness as a transparent 
conductive layer. To address these limitations, 
researchers have extensively studied the effects of 
doping ZnO with various elements. Doping plays a 
crucial role in optimizing material properties by not 
only significantly reducing electrical resistivity but 
also enhancing optical transparency and expanding 
the optical band gap. These improvements work syn-
ergistically to increase the material overall perfor-
mance as a transparent conducting oxide. For exam-
ple, Benramache et al. [9] elaborated ZnO thin films 
doped with 2 wt.% cobalt using the ultrasonic spray 
technique, achieving a resistivity of 1.20 × 10–1 Ω.cm. 

Singh et al. [10] employed DC reactive magnetron 
sputtering to prepare ZnO films doped with 3.2 at.% 
indium, achieving an exceptionally low resistivity of 
3.60 × 10–4 Ω.cm. Additionally, Kuo et al. [11] devel-
oped ZnO:x% Al films (x = 0–5) using the sol–gel 
method. These films exhibited excellent optical trans-
parency ranging from 80 to 95% in the visible wave-
length range. Similarly, Guermat et al. [12] reported 
high transparency levels of up to 93% for ZnO films 
doped with 3% nickel, which were fabricated using 
the spray pyrolysis technique. Achieving such a bal-
ance requires careful selection of dopants, as well as 
precise control over their type and concentration, 
which can significantly influence the physical proper-
ties of ZnO and make it a versatile material for opto-
electronic applications. Our research is motivated by 
the challenge of addressing the solubility limitations 
of individual dopants in the ZnO lattice. Exceeding 
specific concentration thresholds often leads to unde-
sirable effects such as structural distortions, defect 
formation, and degradations in the material’s physi-
cal properties. For instance, magnesium doping 
should not exceed 3%, cobalt should be limited to 1%, 
and nickel to 3%. Motivated by this challenge, our 
research investigates cation-cation co-doping to 
address the solubility limits of individual dopants. 
This approach aims to enhance the electrical and 
optical properties of ZnO while minimizing the risks 
associated with excessive doping. Through this work, 
we seek to provide a deeper understanding of the 
interplay between dopant interactions, solubility, and 
the resulting physics properties of ZnO thin films. In 
our recent investigations, we explored the effects of 
tin (Sn) doping and tin-cobalt (Sn/Co) co-doping on 
ZnO thin films deposited using the pneumatic spray 
pyrolysis method [13]. Results revealed that doping 
with 1%Sn reduced the resistivity to 3.18 × 10−2 Ω.cm 
while co-doping with 1%Sn/0.5%Co further reduced 
resistivity to 1.95 × 10−2 Ω.cm, albeit with a minor 
decrease in transparency from 74 to 71%. These find-
ings underscore the effectiveness of Sn doping in 
enhancing electrical conductivity, making Sn a prom-
ising primary dopant for several reasons. The ionic 
radius of Sn+4 (0.069 nm) is smaller than that of Zn+2 
(0.074 nm), allowing for efficient substitution within 
the ZnO crystal lattice. This substitution introduces 
two additional free electrons by Sn atom, signifi-
cantly enhancing electrical conductivity [13]. Addi-
tionally, tin’s abundance and non-toxic nature make 
it an attractive dopant. Furthermore, Sn doping 
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improves the thermal and chemical stability of ZnO, 
further reinforcing its suitability for optoelectronic 
applications. Building on the success of Sn doping, 
magnesium (Mg) was introduced as a secondary 
dopant to further improve transparency and extend 
the bandgap of ZnO. This extension enhances the 
absorption of a broader solar spectrum, particularly 
when ZnO is employed as a carrier transport layer in 
solar cells. Magnesium was chosen for several rea-
sons: (i) Mg enhances the optical properties of ZnO, 
ensuring high-quality crystallinity [14]. (ii) The ionic 
radius of Mg+2 (0.066 nm) closely matches that of 
Zn+2, facilitating its incorporation into the ZnO lattice 
without significant structural disruption [14]. (iii) Mg 
is widely available, cost-effective, and non-toxic, 
aligning with sustainable material development 
goals. (iv) With an electronegativity value of 1.31, Mg 
promotes stable crystal structures [15]. For example, 
Darenfad et al. [14] demonstrated that Zn0.97Mg0.03O 
film prepared via spray pyrolysis achieved enhanced 
transmittance of 91% and a bandgap shift to 3.31 eV, 
making them highly suitable for optoelectronic appli-
cations. In this study, the Mg concentration is limited 
to 2% to avoid exceeding solubility limits, reducing 
electrical conductivity and causing atomic segrega-
tion at grain boundaries. While the individual bene-
fits of Sn and Mg doping are well-documented, there 
is a lack of comprehensive research on their com-
bined effects in Sn/Mg co-doping. This gap motivated 
our current study, which seeks to explore the syner-
gistic effects of these dopants on the electrical, opti-
cal, and structural properties of ZnO thin films. 
Among the various physical and chemical methods 
available for fabricating doped and co-doped ZnO 
thin films, we employed pneumatic spray pyrolysis 
due to its simplicity, cost-effectiveness, and capabil-
ity to produce homogeneous films. This method also 
facilitates the efficient incorporation of dopants, 
ensuring the desired modifications in physical prop-
erties for diverse applications [14]. Surface wettability 
is another critical aspect of thin films, especially for 
optoelectronic applications. Surfaces can be classified 
as hydrophilic (contact angle < 90°, [16]) or hydro-
phobic (contact angle > 90°, [17]). Prior studies by 
Guermat et al. [16], Darenfad et al. [17], and Darenfad 
et al. [18] demonstrated that hydrophobic, n-type 
doped oxides, such as SnO₂:12%F, ZnO:6%F:1%Mg, 
and SnO₂:3%Ni:1%Co, exhibit improved transpar-
ency and conductivity. Additionally, hydrophobic 

surfaces are particularly valuable in reducing humid-
ity-related degradation, enhancing the durability and 
efficiency of thin-film layers in solar cells. Hydropho-
bicity ensures optimal sunlight transmission through 
the transparent layers, improving solar energy con-
version efficiency. These compelling results inspired 
us to explore hydrophobic properties in greater 
depth.

This study aims to enhance electrical conductiv-
ity and achieve excellent transmittance in ZnO thin 
films co-doped with Sn/Mg. Using a simple and 
cost-effective pneumatic spray pyrolysis method, 
we developed hydrophobic ZnO thin films. To our 
knowledge, this is the first study investigating the 
wettability of Sn/Mg co-doped ZnO thin films pre-
pared by spray pyrolysis, highlighting the original-
ity of this work. Thus, we seek to explore the effects 
of Mg doping and Sn/Mg co-doping on ZnO films’ 
structural, topographical, wettability, optical, and 
electrical properties for use as transparent conduc-
tive layers in optoelectronic applications.

2 �Experimental Procedure

2.1 �Deposition conditions

In our study, thin films were deposited onto ordi-
nary glass substrates using the pneumatic spray 
technique (Fig. 1). Before the deposition process, 
the glass substrates underwent a rigorous clean-
ing procedure to ensure optimal surface prepa-
ration and adhesion of the films. The substrates 
were immersed in acetone, followed by a thorough 
cleaning with ethanol, and subsequently rinsed 
with distilled water using ultrasonic cleaning for 
15 min, concluding with air drying. The spray solu-
tion was produced by dissolving zinc acetate dihy-
drate [(CH3COO)2Zn·2H2O] in methanol [CH3OH], 
obtaining a 0.1 M solution. This solution was con-
tinuously stirred at room temperature for one hour. 
The parameters were consistent for the Mg and Sn/
Mg co-doped ZnO thin films. Magnesium acetate 
[Mg(CH3CO2)2⋅4H2O] and tin chloride [SnCl2] were 
utilized as the precursors for magnesium and tin 
dopants, respectively. The weight percent ratio of 
Sn:Mg dopants relative to Zn was measured at 0:0, 
0:1, 1:1, and 1:2. The film deposition was conducted 
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under defined parameters: a nozzle-substrate dis-
tance of 20  cm and a deposition temperature of 
450 °C. Subsequently, the samples will be set up for 
diverse characterizations.

2.2 �Characterization techniques

After the deposition phase, the samples undergo com-
prehensive analysis to investigate the characteristics of 
the deposited layers. The crystalline structure of sam-
ples was characterized using (PANALYTICAL Empy-
rean X-ray) diffractometer, employing CuKα radia-
tion (λ = 0.15406 nm). Raman spectra were acquired 
via (HORIBA LabRAM HR Evolution) spectrometer at 
ambient temperature, with a laser source of 473 nm. A 
DECTAK3 profilometer was employed to measure the 
films thickness. The topographic characterization was 
conducted via atomic force microscopy (AFM, MFP-3D 
Oxford Instruments Asylum Research), with pictures 
captured in contact mode at ambient temperature in air 
and examined via AR software. The static contact angle 
(CA) is measured using a 5 μl droplet at room tempera-
ture, with the sample illuminated by a LEYBOLD light 
source (6 V, 30 W) and recording the CA after 5 s. This 
measurement assesses the wettability of the thin films. 
The optical transmittance was measured in the 300 to 
800 nm wavelength range by a Shimadzu UV-3101PC 
UV–Vis-NIR spectrophotometer. The Van der Pauw 
method was utilized to determine the electrical proper-
ties through Hall effect measurements using the Ecopia 
HMS-3000 device.

3 �Results and discussion

3.1 �Structural characterizations

3.1.1 �X‑ray diffraction (XRD) study

To compare the structural properties of different dop-
ing concentrations, we conducted X-ray measurements 
on thin f i lms of  100% ZnO, ZnO:1%Mg, 
ZnO:1%Mg:1%Sn, and ZnO:2%Mg:1%Sn. The X-ray 
diffraction spectra of the obtained films are presented 
in Fig. 2. It is clearly observed that all samples exhibit 
a sharp and narrow (002) peak, indicating good crys-
tallinity, located at 34.21°. Two additional weak peaks 

Fig. 1   Schematic diagram 
of the pneumatic spray 
technique

Fig. 2   X-ray diffraction spectra of prepared thin films
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at 2θ = 35.85° and 73.54° are also observed, corre-
sponding to the (101) and (004) planes, respectively. 
According to ASTM files, JCPDS 36–1451 [13], all films 
are polycrystalline with a hexagonal Wurtzite struc-
ture (space group P63mc). No traces of impurities cor-
responding to MgO, SnO, or SnO2 are found in the 
XRD spectra, confirming the purity of the ZnO phase 
in the prepared films. This behavior aligns well with 
previous reports in the literature [13, 14]. Furthermore, 
the hexagonal structure remains unchanged by the 
doping with Mg and the co-doping with Mg/Sn. To 
assess the impact of adding Mg and/or Sn dopants to 
ZnO on the intensity and position of the most intense 
(002) peak, a zoomed-in view of this peak for 2θ values 
between 33.7° and 35° is shown in Fig. 3. As Mg and/
or Sn are doped into ZnO, the intensity of the (002) 
peak increases progressively compared to the 
undoped film, reaching its highest value for the co-
doping of 1%Mg:2%Sn. This behavior has also been 
observed by Darenfad et al. [14] and Zeng et al. [19] 
for Zn0.97Mg0.03O and ZnO:Mg:Sn films compared to 

undoped ZnO films prepared by spray pyrolysis and 
thermal oxidation techniques. The increase in the 
intensity of the (002) peak is likely due to the enhance-
ment of film crystallinity, suggesting that Sn+4 and 
Mg+2 ions are efficiently incorporated into the ZnO 
matrix and occupy Zn+2 sites, leading to a better peri-
odic arrangement of atoms within the lattice. The 
improved periodicity of the ZnO matrix results in an 
increase in the diffraction peak intensity. Conse-
quently, the crystallites exhibit a high degree of orien-
tation, with their c-axis perpendicular to the surface. 
Other researchers have also observed the growth of 
highly c-axis oriented ZnO films (002) [7, 20]. Addi-
tionally, Fig. 3 shows that the position of the peak 
shifts to higher 2θ values with the addition of Mg and/
or Sn dopants compared to 100% ZnO. This shift can 
be attributed to the decrease in lattice spacing with the 
increase in Mg concentration. Furthermore, the 
increase in Mg concentration generates internal strains 
within the crystal lattice (see Table 1) due to the size 
difference between Zn+2 and Mg+2 ions. This size dis-
crepancy creates local distortions in the lattice, affect-
ing the overall crystal geometry. These strains can 
further reduce the spacing between crystal planes, 
resulting in an additional decrease in interplanar spac-
ing and, thus, a shift toward higher 2θ values. The 
same observation was obtained in the study by Daren-
fad et al. [14], who developed pure ZnO, Zn0.97Mg0.03O 
and Zn0.96Mg0.03Mn0.01O films. The d-spacing equation 
for the hexagonal crystal structure was used to calcu-
late the lattice parameter c. This equation can be sim-
plified to c = �

sin �(002)
 . The stress (σ) has been calcu-

lated using the equation [13]:

where c0 = 0.52066 nm, and σ is in GPa, c and � val-
ues are provided in Table 1. All the films exhibit a 

(1)� =
−233

(

c − c
0

)

c
0

Fig. 3   Enlargement of the XRD spectra near the (002) peak for 
the films analyzed

Table 1   Structural parameters of obtained films

Samples (002) peak posi-
tion, 2θ (°)

Lattice param-
eter, c (nm)

FWHM, β (◦) Crystallite size, 
D (nm)

Stress, σ (GPa) Dislocation 
density, δ 
(× 10−3 nm−2)

ZnO 34.45 0.5202 0.2269 38 0.1987 0.68
1%Mg-ZnO 34.49 0.5197 0.2420 36 0.4144 0.78
1%Sn/1%Mg-ZnO 34.50 0.5196 0.2652 33 0.4797 0.92
1%Sn/2%Mg-ZnO 34.50 0.5195 0.2598 33 0.5093 0.90
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reduction in the c-axis lattice parameter, as shown in 
Table 1. This reduction indicates the presence of struc-
tural stresses across all the films. Compared to pure 
ZnO, the observed decrease in the c-parameter and the 
corresponding increase in stress values can be attrib-
uted to two primary factors.

The primary explanation is that the ionic radii of 
Sn+4 (0.069 nm) and Mg+2 (0.066 nm) are less than 
those of Zn+2 (0.074 nm) [20, 21]. The second prob-
able reason is the considerable difference in elec-
tronegativity between the Zn+2 (1.65) and Mg+2 (1.31) 
ions, resulting in a significant attraction among the 
Mg+2 and O−2 ions, which may have reduced the 
c-axis. Comparable behavior was likewise noted 
by El Hamidi et al. [22] and Aslan et al. [23]. Both 
instances provide compelling evidence for the suita-
ble integration of Sn+4/Mg+2 ions into the ZnO lattice. 
Furthermore, the observed increase in strain can be 
explained by the combined effects of doping and co-
doping, which promote the appearance of intrinsic 
defects in the material. One of the main mechanisms 
is the creation of oxygen vacancies resulting from the 
substitution of Zn+2 ions by Mg+2 ions. These vacan-
cies arise due to the smaller ionic radius of Mg+2 ions, 
which causes a local disruption of the crystal lattice. 
Furthermore, the addition of Sn+4 ions causes signifi-
cant deformation in the crystal lattice due to their 
higher charge compared to Zn+2 ions. The average 
crystallite size (D) and dislocation density (δ) of the 
films were determined using the equations [24, 25]:

where λ stands for the X-ray’s wavelength, β per-
tains to the full width at half maximum (FWHM) of 
the diffraction peak, θ indicates the diffraction angle. 
Regarding the values presented in Table 1, the crystal-
lite sizes of Mg-doped and Sn/Mg co-doped ZnO films 
are smaller compared to undoped ZnO. This reduction 
in crystallite size is attributed to the incorporation of 
dopants into the ZnO crystal lattice, which disrupts 
the natural growth process by increasing the density 
of nucleation sites, ultimately resulting in smaller crys-
tallites. These findings are consistent with existing lit-
erature [12, 18]. Furthermore, this decrease in crystal-
lite size can be explained by an increase in dislocation 

(2)D =
0.9�

� cos �

(3)� =
1

D
2

density (see Table 1), as higher nucleation rates during 
the early stages of film growth tend to generate more 
defects in the crystal structure, contributing to smaller 
crystallites.  

3.1.2 �Raman spectroscopy study

Raman spectroscopy is a powerful, non-destructive 
characterization technique that provides information 
concerning the structural characteristics, electronic 
properties, and level of disorder in a crystal result-
ing from dopant inclusion. The structural irregularity 
is evident in the line shape, including line intensity, 
width, and frequency.

Figure 4 illustrates the Raman spectra of the syn-
thesized thin films within the wavenumber range of 
80–700 cm−1. For the undoped ZnO thin-film, char-
acteristic vibrational modes are observed at 98 cm−1, 
435 cm−1, and 554 cm−1, corresponding to the E2(low), 
E2(high), and A1(LO) modes, respectively. These 
dominant Raman modes serve as key indicators of 
the hexagonal wurtzite crystal structure of ZnO, con-
firming its structural integrity [26]. The Raman spec-
tra of the co-doped ZnO films reveal additional peaks 
at 223 cm−1 and 274 cm−1, attributed to the 2E2(low) 
and B1 vibrational modes, respectively. These sup-
plementary peaks are associated with the presence of 
Sn impurities incorporated into the ZnO crystalline 
lattice, as reported in similar studies [13, 27]. Relative 
to pure ZnO spectra, E2(low) and E2(high) intensities 
diminish with doping and co-doping. This is attributed 
to the alteration in lattice compression along the c-axis 

Fig. 4   Raman spectra of obtained thin films
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due to the substitution of Sn+4 and Mg+2 ions, which 
possess smaller ionic radii (0.069 nm and 0.066 nm, 
respectively) in place of Zn+2 (0.074 nm) in the ZnO 
matrix. Furthermore, the significant disparity in elec-
tronegativity between Zn+2 (1.65) and Mg+2 (1.31) ions 
reduces the Zn–O bond. A rise in A1(LO) intensity is 
evident with Mg-doping. An even more pronounced 
increase occurs with (1%Sn/1%Mg) co-doping (Fig. 4). 
The amplification of the A1(LO) mode, prompted by 
oxygen vacancies or Zn interstitials caused by dop-
ing and co-doping, thereby increasing the carrier 
density that interacts with the macroscopic electric 
field generated by (LO) phonons, known as Frohlich 
interaction [28, 29]. The elevation of Mg concentration 
in (1%Sn/2%Mg)-ZnO film resulted in a decrease in 
A1(LO) intensity. This decrease can be attributed to 
the compensatory effects arising from increased Mg 
content, which constrains the effectiveness of co-dop-
ing. The rectification of defects may lead to a decrease 
in the total defect density within the material. Con-
sequently, the electron–phonon coupling associated 
with the A1(LO) mode may be less affected, resulting 
in a reduction in their intensity [30].

3.2 �Surface topography

The surface topography of our thin films was exam-
ined by AFM micrographs taken on the 20 µm × 20 µm 
area. The two-dimensional (2D) and three-dimensional 
(3D) AFM images of undoped ZnO, 1%Mg-doped, 
and (1%Sn/1%Mg) co-doped ZnO films are illustrated 
in Fig. 5. It is evident that the undoped ZnO film 
(Fig. 5(a)) has a low density, uniformly and inhomo-
geneous grains distributed over the surface of the sub-
strate. The surface morphology is strongly affected by 
Mg doping and Sn/Mg co-doping, as shown in the 2D 
image Fig. 5(b); the surface of the 1%Mg-ZnO sample 
had a homogeneous granular nature with agglomer-
ated grains while the (1%Sn/1%Mg)-ZnO film Fig. 5(c) 
have a smaller grains size, a more homogeneous and 
compact densely packed surface. According to the 3D 
micrographs, the (1%Mg) doped and (1%Sn/1%Mg) 
co-doped ZnO films exhibit columnar growth charac-
teristics in the form of cones, with uniformly distrib-
uted grains on the surface of the samples (Figs. 5(b) 
and (c)).also, the (1%Sn/1%Mg)-ZnO film has a rela-
tively smoother surface, with a decrease in the grains 
roughness. The columnar structure of the films is due 
to the crystallites growth along c-axis direction per-
pendicular to the surface. This agrees with the XRD 

results indicating the crystallite’s preferential orienta-
tion along the (002) plane.

The mean square roughness (RMS) is one of the 
important parameters of ZnO thin films since a 
smooth surface can reduce the scattering of incident 
light, improving the surface’s optical quality [31] and 
also contributes to reducing its resistivity. As evident 
from Fig. 5, the RMS of the undoped and (1%Mg)-ZnO 
films are found to be 4.75 and 10.13 nm, respectively. 
The increase in surface roughness is likely the con-
sequence of an agglomeration of grains. The minor 
roughness is obtained for sample (1%Sn/1%Mg)-ZnO 
with a value (RMS = 3.53 nm) due to its smallest crys-
tallite size (D = 33 nm), exhibiting the highest quality 
surface morphology for TCO use.

3.3 �Wettability study

Figure 6 illustrates static contact angle (CA) images 
for various films elaborated using pneumatic spray 
deposition. Specifically, Fig. 6(a) shows a contact angle 
of 91° for the undoped ZnO, Fig. 6(b) reveals a CA 
of 125° for the ZnO:1%Mg, Fig. 6(c) presents a CA of 
107° for ZnO:1%Sn:1%Mg, and Fig. 6(d) displays a 
CA of 112° for ZnO:1%Sn:2%Mg. These results indi-
cate a hydrophobic nature (CA > 90°) for all the films 
studied. A similar trend in hydrophobic behavior was 
observed and reported by Darenfad et al. [17] during 
their study of thin films of pure ZnO, ZnO:1%Mg, and 
ZnO:6%F:1%Mg deposited by spray pyrolysis. Accord-
ing to Darenfad et al. [17], this hydrophobic character 
arises from the surface morphology of the films when 
interacting with water droplets. These results can be 
further understood through the Cassie-Baxter model 
[32], which posits that air pockets trapped between the 
water droplet and the textured surface contribute to 
an increased contact angle. In this study, Mg-doping 
introduced surface roughness to the ZnO films, pro-
moting greater air entrapment and thereby enhancing 
their hydrophobic properties. Furthermore, co-doping 
with Sn and Mg also led to preferred crystallographic 
orientations, resulting in surface structures with coni-
cal elongations. These elongated features elevate water 
droplets, causing them to rest on the peaks of the sur-
face ridges and minimizing adhesion. The enhanced 
surface morphology resulting from Mg and/or Sn 
doping not only improved hydrophobicity but also 
provided functional advantages in practical applica-
tions, particularly in the development of transparent 
electrodes for solar cells [17].
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Hydrophobic surfaces not only facilitate the dep-
osition and adhesion of subsequent layers but also 
enhance the overall fabrication process by ensuring 
uniform coatings. Furthermore, such surfaces exhibit 

superior chemical and electrical stability, which 
reduces the risk of degradation due to exposure to 
moisture or environmental contaminants. These find-
ings align with the AFM analysis shown in Fig. 5, 

Fig. 5   Surface topography images of prepared thin films
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further confirming the correlation between surface 
morphology and the hydrophobic properties of the 
films.

3.4 �Optical study

Optical transmittance is a crucial parameter in trans-
parent conducting oxides. Figure 7 displays the trans-
mittance spectra recorded in the wavelength range 
from 330 to 800 nm of our spray-deposited layers. All 
samples exhibit high transparency in the visible spec-
trum, indicating the films’ smooth surfaces [14]. This 
further corroborates the prior AFM microscopy find-
ings. The plots illustrate interference fringes at differ-
ent wavelengths. The persistent oscillation of maxima 

and minima at varying wavelengths, attributable to 
layer thickness (Table 2), confirms the optical homo-
geneity of the deposited thin films. Furthermore, the 
transmittance is enhanced with doping and co-doping 
relative to that of pure ZnO. The average transmission 
value for undoped ZnO was roughly 86%, whereas the 
(1%Sn/2%Mg) co-doped ZnO film achieved an aver-
age of 91% (Table 2). The increase may occur from the 
successful incorporation of Mg and Sn within the ZnO 
structure, which improves the crystallinity of films, 
as revealed by X-ray diffraction data. Furthermore, 
this behavior can be attributed to the hydrophobic 
nature of the doped and co-doped films, as illustrated 
in Fig. 6. The inherent hydrophobicity of these films 
promotes better interaction with their environment, 
leading to a positive impact on their optical proper-
ties. This phenomenon is consistent with observa-
tions reported in other studies, particularly those 
focusing on the optoelectronic characteristics of ZnO 
thin films doped with magnesium or co-doped with 
magnesium and fluorine elaborated by spray pyrol-
ysis [17]. It is also noticed that all the films display 
a sharp absorption edge, corresponding to funda-
mental absorption attributed to inter-band electronic 
transitions, observed around 375–379 nm, indicating 
significant UV light absorption, which suggests the 
potential application of (Sn/Mg) co-doped ZnO in UV 
detection. The sharp absorption edge, indicative of a 
direct bandgap material, demonstrates blue shifts with 
doping and co-doping, signifying an expansion in the 
bandgap energy. The films optical band gap (Eg) may 
be determined utilizing the Tauc relation [33]:

Where α is the absorption coefficient, hν is the 
photon energy, and A is a constant. The band gap 

(4)(�hv)
2
= A(hv − E

g
)

Fig. 6   Contact angles of a undoped ZnO, b ZnO:1%Mg, c 
ZnO:1%Sn:1%Mg, and d ZnO:1%Sn:2%Mg elaborated thin films

Fig. 7   Optical transmittance spectra of obtained films

Table 2   Thickness, transmittance, optical gap, and Urbach 
energy values of prepared films

Samples Thick-
ness, d 
(nm)

Transmit-
tance, T 
(%)

Optical 
gap, Eg 
(eV)

Urbach 
energy, EU 
(meV)

ZnO 544 86 3.27 329
1%Mg-ZnO 548 88 3.31 327
1%Sn/1% Mg-

ZnO
638 89 3.35 325

1%Sn/2%Mg-
ZnO

657 91 3.39 320
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represents the intersection between the linear part of 
the Tauc plots and the photon energy axis, as shown 
in Fig. 8. The band gap values (Table 3) ranged from 
3.27 to 3.39 eV, influenced by variations in dopants 
concentrations. The expansion in the ZnO band 
gap through the incorporation of Mg and Sn can be 
ascribed to various mechanisms: Initially, metal pre-
cursors were added at Zn sites. Due to the difference 
in electronegativity between Zn/Mg and the ionic 
radius between Mg/Sn and Zn induces a reduction 
in the lattice parameter, hence widening the optical 
band gap [22]. This increase can be explained by the 
inherently high optical bandgaps of MgO and SnO2, 
which are 7.7 eV and 4 eV, respectively. These val-
ues significantly influence the bandgap of ZnO when 
Mg+2 and Sn+4 ions are incorporated into its crys-
talline structure. The increase in Eg is attributed to 
the reduction in D (Table 1), which can be explained 
by the effects of quantum confinement, crystal lat-
tice strain, the reduction of defect states, and the 
Moss-Burstein effect [34]. Introducing Sn+4 and Mg+2 
ions into the ZnO crystal lattice creates supplemen-
tary energy levels and electrons, altering the fermi 
level and resulting in a blue shift due to enhanced 
radiative recombination of excitons. This band gap 
expansion has been referenced in numerous other 
researches [34, 35].

The Urbach tail energy (EU) is an important meas-
ure for characterizing a material’s disorder. The EU 
values were obtained from the slant of the ln (αhv) 
graph vs photon energy (Fig. 9) by applying the for-
mula [14].

Where α0 denotes a constant, h represents Planck’s 
constant, EU pertains to Urbach energy, and ʋ indi-
cates the frequency. The Urbach energy values for 
prepared  films are regrouped in Table  2. Accord-
ing to Table 2, the Urbach energy ranges between 
320 and 329 meV, depending on the specific doping 
and co-doping levels, and demonstrates a significant 
reduction compared to the undoped ZnO film. This 
reduction is closely linked to the improvement in 
the crystalline quality of the material, as evidenced 
in Fig. 2. Moreover, this decrease in EU is primarily 
attributed to the widening of the optical band gap, 
which plays a pivotal role in reducing the density of 
localized electronic states within Eg. A broader opti-
cal band gap reflects an enhanced structural organiza-
tion and reduced structural disorder in the material, 

(5)� = �
0
exp

(

h�

E
u

)

Fig. 8   Plot of (αhʋ)2 against (hʋ) for obtained films

Table 3   Carrier concentration, Hall mobility, and resistivity of 
elaborated samples

Samples Carrier concentra-
tion, × 1018 (cm−3)

Mobil-
ity, (cm2 
V−1 s−1)

Resistiv-
ity,  × 10–2 
(Ω.cm)

ZnO 3.97 11.01 14.27
1% Mg-ZnO 20.84 1.17 18.78
1%Sn/1%Mg-ZnO 745.80 1.54 0.54
1%Sn/2%Mg-ZnO 53.54 3.74 3.12

Fig. 9   Variation of ln(α) with photon energy (hʋ) for obtained 
films
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indicating a more ordered and coherent crystal net-
work. Moreover, the observed reduction in localized 
states correlates with a significant decrease in surface 
roughness, as illustrated in Fig. 5. A smoother surface 
promotes better uniformity and homogeneity at the 
nanoscale level, which enhances both the optical and 
electronic properties of the material. As the structure 
becomes more ordered, several benefits arise, includ-
ing improved transparency and enhanced charge con-
duction. These improvements are particularly advan-
tageous for applications where the material functions 
as a transparent electrode in solar cells.

3.5 �Electrical properties

The influence of Mg and (Sn/Mg) content on carrier 
concentration (n), Hall mobility (μ), and electrical resis-
tivity (ρ) of our samples were analyzed utilizing Hall 
effect measurements by van der Pauw’s method. The 
electrical characteristics were measured at room tem-
perature and are summarised in Table 3. All the films 
exhibit n-type conductivity. From Table 3, it is evident 
that the electrical resistivity of ZnO films is significantly 
influenced by both the type and concentration of the 
dopants introduced. Specifically, the addition of Mg to 
the ZnO matrix led to an increase in the resistivity of the 
thin films. This observation is consistent with previous 
reports in the literature [14, 36]. The increase in the resis-
tivity of the thin films by Mg-doping can be explained 
by the reduction in carrier mobility. This reduction is 
strongly influenced by the surface morphology of the 
thin-film, ultimately leading to an increase in the resis-
tivity of the ZnO:Mg film. AFM analyses further sup-
port this observation, revealing that the ZnO/Mg film 
exhibits the highest roughness value among the sam-
ples studied, with an RMS of 10.13 nm. The resistivity 
of the thin ZnO:Mg film (ρ = 1.878 × 10–1 Ω.cm) obtained 
in this study using the pneumatic spray was found to 
be significantly lower compared to similar films doped 
with Mg and elaborated by the sol–gel, which exhibit a 
resistivity on the order of 2.5 × 10+6 Ω.cm [36]. Accord-
ing to the same figure, the addition of Mg at concen-
trations of x% (x = 1 and 2) to ZnO:1%Sn significantly 
improves the electrical conductivity and increases the 
charge carrier concentration compared to 100% ZnO 
films and Mg-doped ZnO films. Among these, the 
ZnO:1%Sn:1%Mg film exhibits the lowest electrical 
resistivity of 5.44 × 10–3 Ω.cm and the highest charge 
carrier concentration, measured at 7.458 × 10+20 cm−3. 
A similar trend of improved electrical conductivity in 

co-doped ZnO films has been observed by Lee et al. [37] 
in Sn/Al co-doped ZnO thin films, by Tiwari and Sahay 
[38] in Sn/Ga co-doped ZnO films, by Tiwari et al. [39] 
in Sn/Ni co-doped ZnO thin films, by Ma et al. [40] in 
Na/Mg co-doped ZnO thin films, and by Guermat et al. 
[12] in Co/Ni co-doped ZnO thin films. This enhance-
ment in conductivity can be attributed to two main fac-
tors: (i) The cations (Sn+4, Mg+2) act as donors and are 
incorporated into the substitutional or interstitial sites 
of Zn+2, which increases the free electron concentra-
tion and facilitates electrical conduction. For instance, 
the substitution of each Sn+4 ion on the Zn+2 site gener-
ates two additional free carriers. On the other hand, the 
incorporation of Mg+2 ions into the ZnO lattice results in 
an increase in electron density due to the lower electron 
affinity of MgO compared to ZnO. (ii) The second fac-
tor is the co-doping process (1%Sn/1%Mg-ZnO), which 
induces the formation of intrinsic defects such as oxygen 
vacancies (Vo) and interstitial zinc atoms (Zni). Oxygen 
vacancies act as donor sites, increasing the density of 
free carriers (Table 3). This enhanced carrier density 
effectively reduces the resistivity of the ZnO thin-film. 
The interaction between these defects and the dopant 
ions is consistent with Raman spectroscopy results 
and optical studies, confirming their essential role in 
improving conductivity. Furthermore, the denser and 
more homogeneous surface of the (1%Sn/1%Mg)-ZnO 
thin-film is beneficial in reducing resistivity [18], which 
is in good agreement with the AFM analysis (Fig. 5). 
However, when the Mg concentration was increased to 
2% in the ZnO:1%Sn film, a gradual decrease in carrier 
concentration was observed, leading to a correspond-
ing increase in resistivity (see Table 3). Similar trends 
have been reported in ZnO co-doped films by Darenfad 
et al. [14], Zhang et al. [41], and Yılmaz et al. [42]. The 
increase in resistivity observed in the ZnO:1%Sn:2%Mg 
film is primarily due to the inherently resistive nature 
of MgO, which becomes more pronounced when the 
Mg concentration exceeds an optimal threshold. Addi-
tionally, the increase in resistivity is also attributed to a 
reduction in donor defects, such as oxygen vacancies, 
which are essential for maintaining high carrier concen-
trations. A detailed comparison of the optical and elec-
trical properties of the ZnO:1%Mg:1%Sn thin-film with 
those reported in the literature, produced using various 
deposition methods, is presented in Table 4. This table 
highlights the significant improvement in the electrical 
performance of the ZnO:1%Mg:1%Sn film obtained by 
incorporating 1%Mg as a dopant into the ZnO:1%Sn 
lattice.
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In order to evaluate the performance of films doped 
with Mg and co-doped with (Sn/Mg) for optoelectronic 
applications, it is essential to determine the figure of 
merit (FOM) utilizing Haacke’s formula [13]:

Where T represents the average transmittance 
within the wavelength range of 400 to 800 nm, while 
Rs denotes the sheet resistance of the film, these 

(6)FOM =
T
10

R
s

parameters are crucial for evaluating the optoelec-
tronic performance of thin films. Figure 10 provides 
a comparative overview of the FOM values for our 
films. A higher FOM value indicates superior film 
quality, reflecting an optimal balance between high 
optical transparency and low electrical resistance. The 
FOM initially diminished with Mg doping, ascribed to 
its high electrical resistivity relative to undoped ZnO. 
All (Sn/Mg) co-doped films exhibited elevated figures 
of merit, indicating enhanced optoelectronic features, 
particularly the (1%Sn/1%Mg)-ZnO film, which dem-
onstrates an optimal FOM value of 3.68 × 10−3 Ω−1, sig-
nifying its superior optoelectronic performance. Inter-
estingly, this FOM value is more significant than other 
films synthesized using other deposition techniques, 
as demonstrated in Table 5.

4 �Conclusions

In summary, we successfully synthesized nanocrys-
talline thin films of pure ZnO, ZnO:1%Mg, 
ZnO:1%Sn:1%Mg, and ZnO:1%Sn:2%Mg using a 
simple pneumatic spray pyrolysis technique. The 
effects of Mg and/or Sn doping on the physical 
properties of the films were thoroughly investi-
gated. X-ray diffraction (XRD) analysis confirmed the 

Table 4   A comparison of 
transmittance and electrical 
properties of (Mg/Sn) 
co-doped ZnO thin-film with 
previous reports

TCO Material Technique of fabrication Transmit-
tance, (%)

Resistivity, (Ω.cm) Ref

Zn0.97Mg0.03O Spray pyrolysis 91.06 1.8 × 10+2 [14]
Zn0.96Mg0.04O Sol–gel 85 2.5 × 10+6 [36]
ZnO:1%Sn Pneumatic spray 77 3.18 × 10–2 [13]
ZnO:1%Sn:0.5%Co Pneumatic spray 73 1.95 × 10–2 [13]
Zn0.91Mg0.03F0.06O Spray pyrolysis 80 1.11 × 10+2 [17]
Zn0.96Mg0.03 Mn0.01O Spray pyrolysis 84.01 3.24 × 10−1 [14]
ZnO: 5at Mg:2 at%Ga RF magnetron sputterin 85 5.76 × 10–3 [43]
ZnO:1at%Sn:1at%Mg Sol–gel  ~ 95 7.24 × 10–3 [44]
ZnO:1%Sn:1%Mg Pneumatic spray pyrolysis 89.05 5.44 × 10−3 Present work

Fig. 10   Alteration of the FOM for obtained thin films

Table 5   A comparative 
analysis of the FOM of 
(1% Sn/1% Mg) co-doped 
ZnO thin-film with earlier 
researches

TCO thin-film Deposition Technique FOM, (Ω−1) Ref

ZnO:3 at.% Sn Spin-coating 8 × 10−9 [45]
ZnO:6 at.% Sn Spin-coating 8.5 × 10−4 [46]
1.16 at.% Ga-ZnO Atomic layer deposition 3.5 10−3 [47]
(1%Sn/0.5%Co)-ZnO Spray pyrolysis 1.41 × 10−4 [13]
ZnO:1wt.% Al/1wt.% Sn Spray pyrolysis 1.69 10−4 [27]
ZnO:1%Sn:1%Mg Pneumatic spray pyrolysis 3.68 × 10−3 This work
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hexagonal wurtzite structure of ZnO, characterized 
by a dominant (002) diffraction peak. The increased 
intensity of this peak with the incorporation of Mg 
and/or Sn indicates an enhancement in the crystal-
line quality of the films. Additionally, the absence 
of secondary phases confirms the high purity of the 
synthesized samples. Raman spectroscopy further 
validated the formation of the wurtzite structure 
across all deposited films. Atomic force micros-
copy (AFM) analysis revealed the influence of the 
dopants on surface morphology. Among the synthe-
sized films, ZnO:1%Sn:1%Mg exhibited the lowest 
surface roughness, indicating a smoother surface 
compared to other films. Static contact angle (CA) 
measurements demonstrated values exceeding 90°, 
highlighting the hydrophobic nature of the films, an 
essential property for thin-film solar cell applica-
tions. Optical transmittance measurements showed 
a significant increase in transparency with the intro-
duction of Mg and/or Sn dopants compared to pure 
ZnO. Notably, the hydrophobic nature (CA > 100°) 
of ZnO:1%Sn:1%Mg and ZnO:1%Sn:2%Mg films 
enhanced their optical transmission to 89% and 91%, 
respectively, compared to 88% for Mg-doped films 
in the wavelength range of 400–800 nm. Doping and 
co-doping also resulted in a notable widening of the 
ZnO bandgap, from 3.27 eV to 3.39 eV, along with 
a reduction in Urbach energy from 329 to 320 meV 
relative to pure ZnO films. Electrical measurements 
of the co-doped films revealed significant improve-
ments in conductivity. The ZnO:1%Sn:1%Mg film 
exhibited a low resistivity of 5.44 × 10–3 Ω.cm, a 
high carrier concentration of 7.458 × 10+20 cm−3, and 
an impressive figure of merit of 3.68 × 10–3 Ω−1. In 
conclusion, the incorporation of Mg and/or Sn as 
dopants in ZnO films improves the crystal structure 
of the films, improves their hydrophobicity, contrib-
utes to a smoother surface morphology, and elevates 
their optical and electrical performance. Among the 
different samples studied, the nanocrystalline film 
of ZnO co-doped with 1% Sn and 1% Mg appears 
particularly remarkable. It presents exceptional 
transparency, a widened optical band gap, a low 
resistivity, a high concentration of carriers charge 
and a high figure of merit. These exceptional opto-
electronic characteristics position this material as an 
ideal candidate for advanced applications in thin-
film solar cells, particularly as a transparent conduc-
tive electrode.  
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