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Abstract. The collection and transport of charges at the electrodes are the main factors limiting the efficiency of organic solar cells. Zinc oxide (ZnO) 
in nanostructured form helps to overcome this problem by introducing a ZnO buffer layer between the photoanode and the donor material. To achieve 
this, the ZnO thin film must exhibit good crystallinity, along with good electrical conductivity and high optical transparency in the visible range. The 
aim of this work is to investigate the effect of precursor sources and precursor concentrations on the structural, morphological, and optical properties 
of ZnO thin films. Three different precursor sources have been used: zinc acetate, zinc chloride and zinc nitrate. In each deposition solution, the 
precursor concentration varied from 0.1 M to 0.3 M.  The ZnO films were deposited on glass substrates and all the films were annealed at 400°C for 
3 hours. The structural, morphological and optical properties of deposited films were investigated using X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and UV-visible spectroscopy respectively. XRD results showed that, regardless of the precursor source, all the ZnO films are 
polycrystalline with a hexagonal wurtzite structure. ZnO films obtained from acetate and nitrate sources crystallize preferentially along (002) and the 
peak intensity increases as the precursor concentration increases. SEM images showed that all the ZnO films are homogeneous, but films deposited 
from zinc acetate and zinc nitrate looked more compact and smoother than those obtained with zinc chloride which looked porous. UV-visible 
spectroscopy results revealed that the films transmittance depends both on precursor source and concentration. ZnO thin films deposited from zinc 
acetate at 0.3M concentration exhibit the best transmittance of 95% due to their smooth and uniform surfaces. The band gap of ZnO obtained from 
the zinc acetate precursor decreases with increasing solution concentration. It is found to be 3.29 eV, 3.26 eV, and 3.22 eV for concentrations of 0.1 
M, 0.2 M, and 0.3 M, respectively. It therefore appears that ZnO films obtained from zinc acetate can be used as an electron transport layer for solar 
cells as they exhibit the best crystallinity and the highest transmittance. 
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1. Introduction 

In recent years, climate change, energy and fuel sourcing 
and cost have been one of the world's major concerns. Thus, 
there is a critical need for sustainable energy resources. 
Photovoltaic technology has emerged as one of the best 
alternatives to fossil fuels (Ekmekci et al., 2019). Today, over 
95% of the photovoltaic cell market is dominated by silicon 
solar cells. However, silicon solar cell manufacturing 
technologies are expensive, and the product is out of reach of 
the public in most countries. For this reason, new solar cell 
technologies such as organic solar cells are being studied as 
alternatives to silicon-based solar cells. These studies are being 
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carried out using new organic materials. They generally consist 
of a photo-active layer sandwiched between two electrodes. 
The first organic solar cell was discovered in 1959 by H. 
Kallmann (Hatem et al., 2023), who reported a photovoltaic 
effect when he placed an anthracene single crystal between two 
silver electrodes. However, the performance obtained with 
such a structure was very low. Since then, significant progress 
has been made in this field to improve the efficiency of organic 
solar cells. Considerable efforts have been devoted to studying 
solution-based photovoltaic systems with both organic and 
inorganic compositions. These systems explore a wide variety 
of materials, including polymers (J. Chen et al., 2015; Fu et al., 
2021; He et al., 2015; Sun et al., 2018), small molecules (H. Chen 
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et al., 2019; Zhou et al., 2019), quantum dots, and perovskite 
photovoltaic cells. Polymer solar cells (PSC) began as single 
active layers, followed by donor-acceptor bilayers, then planar 
heterojunctions. The bulk heterojunction breakthrough 
significantly improved the charge separation mechanism 
(Abdulrazzaq et al., 2013; Krebs, 2009; G. Li et al., 2012; Y. Lin 
et al., 2019). The bulk heterojunction architecture was 
introduced  to address the issue of limited exciton diffusion 
length, which was previously a challenge in organic solar cells 
(Halls et al., 1995; G. Yu et al., 1995). Organic solar cells often 
contain elements such as a transparent conductive anode, 
indium or fluorine tin oxide (ITO or FTO), a Hole Transport 
Layer (HTL) made of poly(3,4-ethylenedioxythiophene)/poly 
(styrene sulfonate) acid (PEDOT: PSS), a low-work-function 
metallic cathode such as aluminum (Al) or calcium (Ca), and a 
photoactive layer composed of a blend of a bulk heterojunction 
conjugated polymer and a fullerene derivative. The use of low 
work function metals like Al or Ca in the cathode, which are 
sensitive to atmospheric oxygen and water (Jørgensen et al., 
2008; Krebs et al., 2007; Salsberg et al., 2019) limits device long-
term stability. This must be overcome through encapsulation to 
prevent degradation due to moisture and oxygen (Osorio et al., 
2017). Additionally, the high acidity, corrosive properties, and 
hygroscopic nature of PEDOT:PSS further reduce device 
lifetime (De Jong et al., 2000; Wong et al., 2002), as degradation 
occurs at ITO/PEDOT:PSS interface. To address this latter 
issue and prevent corrosion between ITO and PEDOT: PSS, 
researchers have developed inverted polymer solar cells (iPSC), 
in which the Electron Transport Layer (ETL) is in contact with 
the ITO instead. In this approach, the iPSC achieve better  
performance (Balderrama et al., 2018; He et al., 2012). In iPSCs, 
the type of electron transport layer is one of the important 
factors in limiting device performance. The commonly used 
ETLs in iPSCs include titanium dioxide (TiO2), zinc oxide (ZnO), 
cesium carbonate (Cs2CO3), and poly [(9,9- bis(3-(N,N-
dimethylamino) propyl) - 2,7-fluorene) – alt - 2,7 - (9,9 
dioctylfluorene)] (PFN) ( Li et al., 2020; Osorio et al., 2017).  

ZnO thin films have been considered as one of the most 
promising oxide materials due to their high chemical stability 
and electrical properties. It is often regarded as an ideal 
material for roll-to-roll manufacturing, particularly when 
applied to flexible substrates (Cho et al., 2019). Various 
methods, such as the sol-gel method (Arifin et al., 2024; Foo et 
al., 2014),spin coating (Arifin et al., 2024; Mishra et al., 2024), 
hydrothermal growth (Akir et al., 2017; Podlogar et al., 2012; 
Shrisha et al., 2016), vapor-phase deposition (Zhang et al., 2013), 
have been explored for preparing various ZnO nanostructures. 
However, few studies have been conducted on iPSCs using 
ZnO ETLs films obtained from spray pyrolysis technique 
(Moustafa et al., 2021). This technique offers numerous 
advantages such as its cost-effectiveness, ease of use, ability to 
produce uniform coatings over large areas, control over film 
characteristics, low processing temperatures, and 
reproducibility (Dakhsi et al., 2014; Ravichandran et al., 2016). 
In this work, ZnO thin films were synthesized using the spray 
pyrolysis technique. The effects of the concentration of three 
different precursors (zinc acetate, zinc chloride and zinc nitrate) 
on the structural, morphological and optical properties of ZnO 
have been studied. 

2. Experimental details and characterization 

2.1 Materials and reagents 

Microscope glass slides were used as substrates to deposit 
different ZnO thin films. All the chemicals, such as zinc acetate 
dihydrate (𝐶𝐻3𝐶𝑂𝑂)2𝑍𝑛 , 2𝐻2𝑂), zinc chloride (𝑍𝑛𝐶𝑙2) and 
zinc nitrate hexahydrate (𝑍𝑛(𝑁𝑂3)2. 6𝐻2𝑂), were purchased 

from Sigma-Aldrich. All analytical grade (AR) chemicals 
(Ethanol (𝐶2𝐻6𝑂), acetone [(𝐶𝐻3)2𝐶𝑂], nitric acid (𝐻𝑁𝑂3) and 
distilled water) have purity above 99 % and were utilized 
without further treatment. A mixed solvent composed of 
distilled water and ethanol in 2:3 ratio was used. This alcoholic 
solvent was chosen because its surface tension and viscosity 
have been shown to be low (Kärber et al., 2011). This results in 
a small droplet size, enabling homogeneous distribution on the 
substrate. In addition, the high volatility of the alcoholic solvent 
is likely to reduce the cooling rate of the substrate. 

2.2 Substrate cleaning 

Glass substrates with dimensions of 2.5 cm × 2.0 cm were used. 
First, the substrates were immersed in an aqueous solution of 
nitric acid for a few minutes to remove contamination such as 
airborne dust. Next, the substrates were rinsed in distilled water 
then successively cleaned using an ultrasonic bath in, acetone, 
ethanol, and distilled water for 15 minutes each to eliminate all 
organic and inorganic contaminants. Finally, the substrates 
were dried under a stream of hot air using a consumer grade 
hair dryer. 

2.3 Formation of ZnO nanostructured thin films 

The ZnO nanorods were deposited on glass substrates at 350°C 
using a spray pyrolysis deposition system (HOLMARC, HO-
TH-64). To study the effect of the precursor solution and its 
concentration, three separate zinc precursor solutions were 
prepared from zinc acetate dihydrate, zinc chloride and zinc 
nitrate hexahydrate, respectively. For each solution, a weighted 
quantity of precursor was dissolved in the 2:3 deionized water 
and ethanol mixture. A few drops of hydrochloric acid were 
added to the solutions to avoid the precipitation of zinc 
hydroxide. After 15 minutes of magnetic stirring, the solution 
became clear and transparent, ready to be deposited using the 
spray pyrolysis device. The concentration of each precursor 
solution was varied from 0.1 M to 0.3 M with a step of 0.1 M. A 
volume of 20 mL of solution was sprayed onto the glass 
substrate initially heated to 350°C. The same procedure was 
repeated for each precursor. After deposition, the films were 
annealed in air at a temperature of 400°C for 3 hours. The 
chemical reactions that occur during the anneals are described 
below. 

2.3.1 Case of zinc acetate precursor 

According to reported works (C.-C. Lin et al., 2009), the 
formation of ZnO nanostructures using zinc acetate precursor 
and a mixed solvent (water and ethanol) results in several 
pyrolytic reactions. Initially, when the zinc acetate solution is 
sprayed as an aerosol onto the substrate, a dehydration reaction 
occurs transforming hydrated zinc acetate into anhydrous zinc 
acetate (eq.1). Then, the sublimation of the latter leads to basic 
zinc acetate as described by equation (2). Finally, a pyrolysis 
and decarboxylation reaction (eq.3) of basic zinc acetate results 
in the formation of ZnO. 

 

 𝑍𝑛(𝐶𝐻3 − 𝐶𝑂𝑂)2,  2𝐻2𝑂
 ℎ𝑒𝑎𝑡    
→     𝑍𝑛(𝐶𝐻3 − 𝐶𝑂𝑂)2

+  2𝐻2𝑂 
(1) 

 

 4𝑍𝑛(𝐶𝐻3 − 𝐶𝑂𝑂)2 +  2𝐻2𝑂
  ℎ𝑒𝑎𝑡   
→     𝑍𝑛4𝑂(𝐶𝐻3

− 𝐶𝑂𝑂)6 +  2𝐶𝐻3 − 𝐶𝑂𝑂𝐻
↑ 

(2) 

 

 𝑍𝑛4𝑂(𝐶𝐻3 − 𝐶𝑂𝑂)6
    ℎ𝑒𝑎𝑡    
→      4𝑍𝑛𝑂

+ 3𝐶𝐻3 − 𝐶𝑂𝐶𝐻3
↑ + 3𝐶𝑂2

↑ 
(3) 
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In summary, the production of ZnO involves a series of 
pyrolytic decomposition reactions resulting in the production of 
three volatile molecules such as acetone, acetic acid, and 
carbon dioxide (eq.4), while zinc ions react with oxygen from 
water to form the corresponding oxide (eq.5) (Arca et al., 2009). 

 

 𝑍𝑛(𝐶𝐻3 − 𝐶𝑂𝑂)2 ,  2𝐻2𝑂
ℎ𝑒𝑎𝑡      
→      𝑍𝑛𝑂 , 𝐶𝐻3

− 𝐶𝑂𝐶𝐻3
↑, 𝐶𝐻3 − 𝐶𝑂𝑂𝐻

↑, 𝐶𝑂2
↑ 

(4) 

   

 𝑍𝑛2+ + 𝑂2−
                   
→        𝑍𝑛𝑂(𝑠𝑜𝑙𝑖𝑑𝑒) (5) 

 
2.3.2 Case of zinc chloride precursor 

Zinc oxide nanostructures are obtained by dissolving zinc 
chloride precursor in deionized water and ethanol in a ratio of 
2:3. Although it is soluble in this mixture, Raman studies have 
shown that ZnCl2 exists in the solvated state complex 
(𝑍𝑛𝑂(𝐻2𝑂)6

++ and  𝑍𝑛𝐶𝑙4(𝐻2𝑂)2
−)  instead of 𝑍𝑛2+et 𝐶𝑙−ions 

(Irish et al., 1963) equation (6). The pyrolytic decomposition of 
hydrated zinc chloride on the heated substrate in presence of 
water following the reaction (𝑍𝑛𝐶𝑙2 + 𝐻2𝑂 → 𝑍𝑛𝑂 + 2𝐻𝐶𝑙) 
(Mani et al., 2014) is not the only one. Other reactions involving 
the formation of ZnO are also at play. When the zinc complexes 
in solution are sprayed onto the heated substrate, they form 
𝑍𝑛𝐶𝑙2(𝐻2𝑂)4 according to equation (7) (Thankalekshmi et al., 
2012). Then the latter, through an immediate thermal 
decomposition reaction, produces zinc hydroxychloride 
𝑍𝑛(𝑂𝐻)𝐶𝑙 (eq. 8). Finally, ZnO thin films are obtained by 
hydrolysis of zinc hydroxychloride, which may be partial or 
total (eq.9) (Kozawa et al., 2011). The main chemical reactions 
describing the growth of ZnO NRs are as follows: 

 
𝑍𝑛𝐶𝑙2 + 8𝐻2𝑂 

 𝑠𝑡𝑖𝑟𝑟𝑖𝑛𝑔  
→       𝑍𝑛𝑂(𝐻2𝑂)6(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)

++

+  𝑍𝑛𝐶𝑙4(𝐻2𝑂)2(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
−

 
(6) 

 

 
𝑍𝑛𝑂(𝐻2𝑂)6(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)

++

+ 𝑍𝑛𝐶𝑙4(𝐻2𝑂)2(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
− 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛

→           2𝑍𝑛𝐶𝑙2(𝐻2𝑂)4 
(7) 

 2𝑍𝑛𝐶𝑙2(𝐻2𝑂)
𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
→           𝑍𝑛(𝑂𝐻)𝐶𝑙 + 2𝐻𝐶𝑙↑

+ 6𝐻2𝑂
↑ 

(8) 

   
 

 𝑍𝑛(𝑂𝐻)𝐶𝑙 
    ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒    
→                2𝑍𝑛𝑂(𝑓𝑖𝑙𝑚) + 2𝐻𝐶𝑙

↑ (9) 

 

2.3.3 Case of zinc nitrate precursor  

The thermal decomposition of 𝑍𝑛(𝑁𝑂3)2. 6𝐻2𝑂 leads to the 
formation of nitrogen oxides according to the equation (10), 
(Maneva et al., 1989). 
 

 (𝑍𝑛(𝑁𝑂3)2. 6𝐻2𝑂  
ℎ𝑒𝑎𝑡 
→      𝑍𝑛𝑂 +  𝑁𝑂2 +𝑁𝑂
+ 𝑂2 + 6𝐻2𝑂 

(10) 

  
2.4 Characterization of ZnO nanostructured thin films 

To study the properties of the elaborated samples, various 
characterization techniques were used. The X-ray 
diffractometer model EMPYREAN, using Cu-Kα wavelength 
(λ=1.5406 Å), was used to identify the phases present in the 
samples and their crystalline structure. The surface morphology 
was characterized using ZEISS-EVO 18 scanning electron 
microscopy operating at an accelerating voltage of 15 kV. The 
detection of the presence of functional groups and bonds was 
carried out using Fourier-transform infrared spectroscopy 
(Perkin-Elmer Spectrum 3). UV-visible spectrophotometry 
(JASCO V-670 Model) was used to measure the optical 
transmittance of the elaborated thin films. 
 

3. Results and discussion 

3.1 Structural properties 

Figure 1 shows the XRD spectra of ZnO thin films grown on 
glass substrates at 350°C, using zinc acetate (Fig. 1a), zinc 
chloride (Fig.1b) and zinc nitrate (Fig.1c) as precursors with 
different concentrations. It can be seen from the XRD spectra 
that precursor sources and precursor concentrations influence 
the ZnO thin films growth. The ZnO thin films obtained with 0.1 
M grow randomly. However, by increasing the precursor 
concentration, films start to grow preferentially along the (002) 
axis. Furthermore, the films obtained from zinc chloride and 
zinc nitrate (Fig.1b and Fig.1c, respectively) grow also 
preferentially along the (002) axis as the precursor 
concentration increases. However, in the case of zinc chloride, 
the films start to grow randomly beyond 0.2 M, indicating the 
deterioration of the film’s crystallinity. This phenomenon can 
be attributed to several factors: i) solutions with higher 
concentrations of zinc chloride tend to have higher viscosity 
and surface tension compared to those with lower 
concentrations or other precursors like zinc acetate. This 
increased viscosity can hinder the uniform spreading of 
droplets on the substrate surface, leading to a less uniform film 

 

Fig. 1. XRD patterns of ZnO thin films using different precursors: (a) zinc acetate, (b) zinc chloride and (c) zinc nitrate, with varying different 
precursors: (a1, b1, c1) for 0.1M (a2, b2, c2) for 0.2M and (a3, b3, c3) for 0.3M. 
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morphology (Al-Rasheedi et al., 2022a); ii) higher viscosity 
solutions may result in larger droplets that do not spread as 
evenly, contributing to a more random or rough surface pattern 
(Lehraki et al., 2012). 

It is reported that, using spray pyrolysis technique, ZnO 
usually grows along the (002) orientation due to the low surface 
free energy of the (002) plane (Morinaga et al., 1997).To confirm 
the degree of preferential orientation of crystallites along the 
(002) axis, the texture coefficient 𝑇𝐶(ℎ𝑘𝑙) for each peak was 

calculated using equation (11): 
 

 𝑇𝐶(ℎ𝑘𝑙) =

[
𝐼(ℎ𝑘𝑙)
𝐼𝑟(ℎ𝑘𝑙)

]

1
𝑛
[∑ (

𝐼(ℎ𝑘𝑙)
𝐼𝑟(ℎ𝑘𝑙)

)𝑛 ]

 (11) 

where 𝑇𝐶(ℎ𝑘𝑙) is the texture coefficient, 𝐼(ℎ𝑘𝑙) are the XRD 

intensities obtained from the thin films and n the number of 
diffraction peaks considered. 𝐼𝑟(ℎ𝑘𝑙) is the intensity of the XRD 

reference (JCPDS file 36-1451) of randomly oriented grains.  
The obtained 𝑇𝐶(ℎ𝑘𝑙) are reported in table 1.  If 𝑇𝐶(ℎ𝑘𝑙) ≃1 for all 

ℎ𝑘𝑙 planes considered, then the films have a randomly oriented 
crystallite. While 𝑇𝐶(ℎ𝑘𝑙) values greater than 1, indicate an 

abundance of grains in the given (ℎ𝑘𝑙) direction. Values 0 ˂ 
𝑇𝐶(ℎ𝑘𝑙) ˂ 1, indicate the absence of grains oriented in that 

direction. In Table 1, for samples obtained from acetate 
precursors, the texture coefficient along (002) peak increases 
from 1.14 to 2.94 as the solution concentration increases. 
Similarly, for samples obtained from zinc chloride and zinc 
nitrate, the texture coefficient increases with increasing solution 
concentration up to 0.2 M. However, for them, beyond 0.2 M, 
the 𝑇𝐶(ℎ𝑘𝑙) values decrease, revealing a random growth of 

crystallites. The obtained 𝑇𝐶(ℎ𝑘𝑙) values of each sample are in 

good agreement with the XRD patterns. It is worth mentioning 
that, the increase in 𝑇𝐶(ℎ𝑘𝑙) values indicates good crystallinity 

but this leads to an increase in grain boundary imbalance and 
introduces additional porosity into the thin film (Soylu et al., 
2018). 

The lattice parameters a and c, and the interplanar 
distance 𝑑ℎ𝑘𝑙 of the hexagonal wurtzite structure of all the ZnO 
samples elaborated are calculated from the relationships (12-
14) (Kherchachi et al., 2016) and are shown in Tables 2. 

 𝑎2 =
λ2(𝐴1𝐵2 − 𝐴2𝐵1)

3(𝐵2 sin
2 𝜃1 − 𝐵1 sin

2 𝜃2)
 (12) 

   

 𝑐2 =
λ2(𝐴1𝐵2 − 𝐴2𝐵1)

4(𝐴1 sin
2 𝜃2 − 𝐴2 sin

2 𝜃1)
 (13) 

   

Table 1 
Texture coefficient of ZnO thin films along the dominant peaks (100), (002) and (101) for different concentration values using (a) zinc acetate, (b) 
zinc chloride and (c) zinc nitrate as precursors. 

(a): zinc acetate 

Precursors 
concentration  

𝑇𝐶(ℎ𝑘𝑙) 

(100) (002) (101) 

0.1M 1.62 1.14 0.34 

0.2M 0.56 2.07 0.36 

0.3M 0.05 2.94 0.08 
 

(b): zinc chloride 

Precursors 
concentration 

𝑇𝐶(ℎ𝑘𝑙) 

(100) (002) (101) 

0.1M 0.66 2.05 0.28 

0.2M 0.39 2.32 0.28 

0.3M 1.09 2.27 0.59 
 

(c): zinc nitrate 

Precursors 
concentration 

𝑇𝐶(ℎ𝑘𝑙) 

(100) (002) (101) 

0.1M 0.65 2.00 0.33 

0.2M 0.31 2.27 0.39 

0.3M 0.54 2.11 0.33 
 

 

Table 2  
Lattice parameters and structural properties of ZnO nanostructures obtained along the (002) plane with different precursor concentrations for 
(a) zinc acetate, (b) zinc chloride and (c) zinc nitrate 

a) zinc acetate 

Precursors 
concentration 

2𝜃(°) 
FWHM 

(°) 
D(nm) d(Å) 

δ 
(x1014lines /𝑚2) 

Lattice parameters 
L(Å) 𝑉(Å3) 

a (Å) c(Å) c /a 

0.1M 34.364 0.229 36.201 2.611 7.631 3.259 5.210 1.598 1.982 47.927 

0.2M 34.310 0.194 42.687 2.612 5.488 3.266 5.213 1.596 1.984 48.114 

0.3M 34.364 0.204 40.628 2.612 6.056 3.267 5.199 1.591 1.984 48.062 

JCPDS no. 36-
1451 

34.422 - - 2.603 - 3.250 5.207 1.602 - 47.622 

b) zinc chloride 

Precursors 
concentration 

2𝜃(°) 
FWHM 

(°) 
D(nm) d(Å) 

δ 
(x1014lines /𝑚3) 

Lattice parameters 
L(Å) 𝑉(Å3) 

a (Å) c(Å) c / a 

0.1M 34.364 0.183 45.484 2,608 4.834 3.259 5.210 1.596 1.982 47.927 
0.2M 34.310 0.186 44.590 2.612 5.029 3.259 5.210 1.596 1.982 47.927 
0.3M 34.416 0.195 42.709 2.608 5.482 3.254 5.210 1.601 1.982 47.927 

JCPDS no. 36-
1451 

34.422 - - 2.603 - 3.250 5.207 1.602 - 47.622 

c) zinc nitrate 

Precursors 
concentration 

2𝜃(°) FWHM (°) D(nm) d(Å) 
δ 

(x1014 lines/𝑚2) 
Lattice parameters 

L(Å) 𝑉(Å3) 
a (Å) c(Å) c / a 

0.1M 34.310 0.279 29.749 2.612 0.112 3.262 5.197 1.593 1.982 47.876 

0.2M 34.310 0.256 32.477 2.612 9.480 3.265 5.213 1.596 1.985 48.114 
0.3M 34.310 0.247 33.661 2.612 8.825 3.265 5.213 1.596 1.985 48.114 

JCPDS no. 36-
1451 

34.422 - - 2.603 - 3.250 5.207 1.602 - 47.622 
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1

𝑑ℎ𝑘𝑙
2 =

4

3
(
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
 (14) 

where λ is wavelength of X-rays (1.540Å), θ is the diffraction 
angle, h,k,l are the Miller indices, 𝑑ℎ𝑘𝑙 is the interplanar 
distance, coefficients. A1, A2, B1 and B2 are determined for a pair 
of planes (ℎ1𝑘1𝑘1) and (ℎ2𝑘2𝑙2) corresponding respectively to 
angles 𝜃1 and 𝜃2 such that:  

{
𝐴1 = ℎ1

2 + ℎ1𝑘1 + 𝑘1
2

𝐴2 = ℎ2
2 + ℎ2𝑘2 + 𝑘2

2  ;    {
𝐵1 = 𝑙1

2

𝐵2 = 𝑙2
2 . 

As it can be seen in Table 2, the calculated parameters a and c 
are roughly equal to the standard reference values (a = 3.249 Å 
and c = 5.206 Å) in JCPDS file no. 36-1451. No significant 
change in the parameters values is observed either for 
precursor sources nor for solution concentration. The c/a ratio 
value of ≃ 1.60 obtained for all the samples indicates that all the 
deposited ZnO thin films have a well compacted hexagonal 
structure. No variation of the 𝑑ℎ𝑘𝑙 value is observed for zinc 
acetate and zinc nitrate regardless of the solution 
concentration. The slight change observed for zinc chloride can 
be attributed to atom position shifting (Bindu et al., 2014).   

The influence of precursor concentration on crystallite 
size (Fig. 2a), bond length (Fig. 2b), cell volume (Fig. 2c) and 
dislocation density (Fig. 2d) has been studied. The crystallite 
size (D) was calculated using the Debye Scherrer formula 
(eq.15) (Gaikwad et al., 2014) : 

 𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 (15) 

where k is a constant which is taken to be 0.9, λ the wavelength 
of the source considered, β the full width at half maximum of 
the peak (FWHM) and θ the Bragg diffraction angle. 

The dislocation density (δ), which represents the number 
of defects arising from internal deformation and the offset 
between substrate and crystal growth, was calculated 
according to equation (AL-Arique et al., 2024) (16): 

 𝛿 =
1

𝐷2
 (16) 

 
where D is the crystallite size. 
The volume of the hexagonal cell (𝑣) was evaluated using 
equation (17): 

 𝑣 = (
√3

2
)𝑎2𝑐 (17) 

where a and c are the lattice parameters. 
The bond length of ZnO was calculated from equation (18) 
(Abbas et al., 2024): 

 𝐿 = √
𝑎2

3
+ (
1

2
− 𝑢)

2

. 𝑐2 (18) 

 
where u, a parameter related to the c/a ratio, is a measurement 
of the amount each atom is displaced with respect to the next 
one along the c-axis, and is given by equation (19) (Amroun et 
al., 2020) 

 𝑢 =
𝑎2

3𝑐2
+ 0.25 (19) 

It can be seen from Fig. 2a that, for the sample obtained from 
zinc nitrate, the crystallite size increases from 29.749 nm to 
33.661 nm with increase in precursor concentration. In the case 
of zinc chloride, we observed the opposite behavior: crystallite 
size decreases from 45.484 nm to 42.709 nm with increase in 
precursor concentration. For zinc acetate, crystallite size 
increases from 36.201 nm to 42.687 nm with increasing 
precursor concentration up to 0.2 M and then decreases to 
40.628 nm with further increase in precursor concentration. 
From these results, we conclude that, for zinc nitrate, high 
concentration leads to large crystallite size while for zinc 
chloride, high concentration leads to small crystallite size. With 
zinc acetate, ZnO crystallite size is not linear to precursor 
concentration. In our case, the saturation is reached at 0.2 M 
precursor concentration and as a consequence we observed the 
decrease in crystallite size. 

Fig. 2b shows the dislocation density of the elaborated ZnO 
thin films. It can be seen that, for films obtained from zinc 
chloride, dislocation density increases with increasing 
precursor concentration. In the case of samples elaborated from 
zinc nitrate, the dislocation density increases with increase in 
precursor concentration up to 0.2 M and then decreases with 
further increase. On other hand, for samples elaborated from 
zinc acetate the dislocation density decreases with increase in 
precursor concentration up to 0.2 M then increases with further 
increase in precursor concentration. It should be mentioned 
that the variations observed in dislocation density values can be 

 
Fig. 2. Effect of different concentrations on the ZnO thin films (a) FWHM and crystalline sizes, (b) dislocation density 
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attributed to the film growth mechanisms. The growth 
mechanism that occurs using zinc chloride may be related to 
Stranski-Krastanov growth (Kaiser, 2002). This mechanism 
involves an initial layer-by-layer growth followed by island 
formation. The transition from layer growth to islanding can 
lead to increased misfit dislocations due to lattice mismatch 
between the film and substrate. As the film thickness increases 
beyond a critical point, both misfit and threading dislocations 
are generated, significantly raising the dislocation density. 
Using zinc acetate and zinc nitrate, the growth mechanism may 
be related to Volmer-Weber growth (Kaiser, 2002). It leads to 
three-dimensional island formation from the onset. This 
mechanism tends to produce higher dislocation densities 
compared to layer-by-layer mechanism because islands can 
coalesce, resulting in increased strain and subsequent 
dislocation generation. 

3.2 Morphological properties 

Surface morphology of ZnO samples deposited at growth 
temperature of 350°C with different molarities and different 
zinc precursors are presented in Fig. 3. As can be seen, the 
film’s morphology depends strongly on the nature of the 
precursors. Films obtained from zinc nitrate (Fig. 3c) looked 
dense and compact while zinc chloride (Fig. 3b) and zinc 
acetate (Fig. 3a) gave uniform and homogeneous films with 
well-formed and distinguished grains. Regardless of the source 
of the precursor, it can be observed that grain size increases as 
concentration of precursors increases. We note that zinc 
chloride film exhibited highest grain size. 

The difference in morphology is induced by the growth 
mechanism, since all the precursors don’t have the same 
properties (surface tension, viscosity) (Al-Rasheedi et al., 
2022b). It is well known that, using spray pyrolysis technique, 
film formation passes three steps (Znaidi et al., 2003): (i) solution 
atomization to generate droplet’s (ii) droplets spraying on 
heated surface (iii) surface reaction. By spraying the solution on 
the substrate, the droplet’s dynamics is controlled by the 
solution properties. Hence, each step may have an influence on 
the film deposited. It is reported that among the three 
precursors, zinc chloride has the largest surface tension and 

viscosity (Bacaksiz et al., 2008). So, the incoming droplets 
cannot easily move on the substrate surface. As a consequence, 
the ZnO film grows along the c axis with a large spherical grain 
shape (Fig. 3b). By increasing precursor concentration up to 0.2 
M, film starts to grow randomly leading to increased roughness 
in film surface. This is consistent with the XRD results. The 
same trend is observed for zinc acetate film.  

However, in the case of zinc acetate small grains are 
formed leading to a smooth and uniform film surface (Fig. 3a) 
aggregated at high (0.3 M) precursor molarity (Fig. 3a).  As the 
zinc nitrate has low surface tension and viscosity, the droplets 
easily spread on the substrate limiting vertical film growth. 
Moreover, as zinc nitrate atoms present more affinity when 
increasing precursor concentration, highly compact and rough 
films are formed (Fig. 3c). 

Overall, it can be seen that ZnO films from zinc acetate 
and nitrate exhibit smoother surfaces compared to zinc chloride 
because they tend to form more uniform and stable sols, which 
lead to smoother film surfaces. In particular, zinc acetate is 
known for producing ZnO nanoparticles with reduced 
crystalline size and high surface area, which can contribute to 
smoother films (Gatou et al., 2023). Moreover, zinc chloride 
often gives rise to ZnO rods or microrods, which can lead to a 
more textured surface morphology. The rod-like structures can 
increase the surface roughness compared to films derived from 
acetate or nitrate precursors (Bacaksiz et al., 2008) 

3.3 Optical properties 

Fig. 4 shows the optical spectra of ZnO thin films 
deposited from different precursors: zinc acetate (Fig. 4a), zinc 
chloride (Fig. 4b) and zinc nitrate (Fig. 4c) with varied precursor 
concentrations. The optical transmission was measured in the 
380 to 800nm wavelength range. As it can be seen, the film 
transmittance strongly depends on the used precursor and 
precursor concentration: zinc acetate (80-95%), zinc chloride 
(50-94%) and zinc nitrate (35-65%). 

The difference observed in film transmittance is related to 
surface morphology and grain size. The films deposited from 
zinc acetate exhibit the highest transmittance (Fig. 4a). This can 

 

Fig. 3. SEM images of ZnO thin films for (a) zinc acetate, (b) zinc chloride and (c) zinc nitrate 
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be explained by the fact that Zinc acetate films have smooth 
and uniform film surfaces. Moreover, it is observed that 
transmittance increases with increase in precursor 
concentration. This can be due in the case of zinc acetate, to 
film crystallinity increases with increasing precursor 
concentration as shown in XRD results. Zinc chloride films 
exhibit high transmittance for films deposited from 0.1 M 
solution. By increasing precursor concentration, transmittance 
decreases drastically (Fig. 4b). This can be explained by the 
formation of large grains which increase surface roughness. It 
is well known that rough surfaces cause light scattering to 
reduce the films’ transmittance. For zinc nitrate, although films 
exhibit good crystallinity, the transmittance is the lowest 
compared to the other precursors. The low transmittance 
observed for zinc nitrate (Fig. 4c) films is due to the highly 
compact and rough surface morphology.  

Among the three precursors studied, zinc acetate exhibits 
the best morphological and optical properties. The band gap of 
the samples prepared with zinc acetate was determined by 
calculating the derivative of the transmittance with respect to 
the light wavelength (dT/dλ) and plotting the (dT/dλ)  curve as 
a function of photon energy (Xu et al., 2020), as shown in Fig. 
4d. The band gap of ZnO obtained from the zinc acetate 
precursor decreases with increasing solution concentration. It 
is found to be 3.29 eV, 3.26 eV, and 3.22 eV for concentrations 
of 0.1M, 0.2M, and 0.3M, respectively. The decrease in the band 
gap of ZnO thin films with increasing precursor concentration 
can be attributed to several factors related to the structural and 
optical properties of the films: i) Higher precursor 
concentrations often lead to thicker films with larger grain sizes 
or more defects. Larger grains can reduce the band gap due to 
the decrease in quantum confinement effects, which typically 
increase the band gap in smaller grains. In addition, increased 
defects can introduce mid-gap states which can lead to reduced 
band gap by providing additional paths for electron transitions 

(Nagayasamy et al., 2013). ii) Higher precursor concentrations 
can result in films with increased strain due to differences in 
thermal expansion between the film and the substrate. Strain 
can alter the band structure, potentially reducing the band gap 
(Rama Denny et al., 2020). iii) Higher precursor concentrations 
can lead to larger grain size, which might enhance optical 
scattering and affect the measured band gap. (Amananti et al., 
2022) 

3.4 FTIR analysis  

In order to identify the functional groups, present in ZnO 
elaborated films, all the samples were characterized by FTIR 
spectroscopy within the range of 4000 - 400 cm-1 using Gladi-
ATR (Attenuated Total Reflectance) method. Fig. 5 shows the 
FTIR spectra of ZnO thin films grown using zinc acetate (Fig. 
5a), zinc chloride (Fig. 5b) and zinc nitrate (Fig. 5c) as 
precursors. 

All the samples exhibit almost the same absorption peaks. 
The peaks observed between 2850 cm-1 and 2930 cm-1, 
correspond to the C-H stretching vibration of alkane groups 
(Gopikrishnan et al., 2010), which may come from the 
precursors used. The peaks observed around 2150 cm-1 are 
associated with the O=C=O stretching mode of carbon dioxide 
(Gatou et al., 2023). An absorption peak is also observed at 1590 
cm-1, attributed to the symmetric C=O stretching (Ibrahim et al., 
2018). The peaks located between 700 cm-1 and 1200 cm-1 are 
related to the H-O-H bending vibration, due to the presence of 
crystallization water from the solvent used (D. Yu et al., 2015). 
The peak observed at 883 cm-1 is also attributed to the 
deformation vibration of water molecules. For the sample 
obtained with zinc nitrate, a strong absorption peak at 883 cm-

1 is observed, which intensity decreases until it completely 
disappears as the concentration increases. O-H vibration peaks 
observed between 3500 cm-1 and 4000 cm-1, for samples 

 
Fig. 4. Optical transmissions spectra of ZnO thin films for (a) zinc acetate, (b) zinc chloride and (c) zinc nitrate precursors, and (d) the band gaps 
of ZnO prepared with zinc acetate precursor 
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obtained from zinc acetate may be originated from ethanol used 
as solvent (Bulcha et al., 2021). Finally, the band between 400 
cm-1 and 600 cm-1, present in all samples, corresponds to the 
Zn-O vibration, as confirmed by previous studies (Abdelghani 
et al., 2022). 

4. Conclusion 

ZnO thin films were prepared using zinc acetate, zinc 
chloride and zinc nitrate precursors by spray pyrolysis methods 
on glass substrates at 350°C and annealed at 400°C for 3 hours. 
The effects of different precursors with different concentrations 
have been studied. The concentration of each precursor varied 
from 0.1 M to 0.3 M. The results of the XRD characterization 
show that whatever the precursor used, the ZnO thin films are 
polycrystalline and crystallize in the hexagonal wurtzite 
structure. The films obtained from the zinc acetate and zinc 
nitrate precursors show a preferential orientation along (002) as 
the concentration increases, while the film obtained from zinc 
chloride shows a random orientation beyond 0.2 M. SEM 
images show that surface morphology strongly depends on the 
source of the precursor. The UV-visible spectrophotometer 
analysis indicated that ZnO films obtained from zinc chloride 
precursors with 0.1M concentration are highly transparent (94 
%) in the visible region. However, films’ transmittance 
decreases drastically (50 %) by increasing precursor 
concentration. The transmittance value was 80 – 95 % for the 
zinc acetate precursor with a maximum value of 95 % obtained 
for the concentration of 0.3 M. The ZnO films elaborated from 
zinc nitrate exhibited the lowest optical transmittance (35 – 65 
%). ZnO films obtained from zinc acetate are more suitable for 
photovoltaic applications as they exhibit the best crystallinity 
and the highest transmittance.  
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