
Extended Wide Band Gap Amorphous ZnO Thin Films Deposited by Spray Pyrolysis 

Noubeil Guermat1*, Warda Daranfed2, Kamel Mirouh2 

1 Department of Electronics, Faculty of Technology, University of M’sila, M’sila 28000, Algeria
2 CMI Laboratory, Department of Physics, Exact Faculty of Science, University of Constantine 1, Constantine 25000, Algeria 

Corresponding Author Email: noubeil.guermat@univ-msila.dz

https://doi.org/10.18280/acsm.440507 ABSTRACT 

Received: 25 May 2020 

Accepted: 10 September 2020 

In this work, the ZnO thin films were deposited on substrates heated in a temperature 

varied between 250 to 400℃ with a step of 50℃. The solution used for this deposition 

is composed of methanol and Zinc acetate. The XRD analysis confirmed that the 

deposited ZnO thin layers have a hexagonal wurtzite high quality with a preferential 

orientation (100) a-axis perpendicular to the substrate. The crystallite size is calculated 

using the Debye-Scherrer formula, the latter varies between 32-61 nm. Analysis by UV-

Visible spectrophotometer is an important characteristic to assess the quality of the 

deposited layers. The prepared samples showed a high transmission which is higher than 

82% in the UV-Vis region and also observed the presence of two phases leading to two 

different optical band gaps for substrate temperature at 250 and 300℃. The direct optical 

band gap energy calculated from the transmittance spectra was decreased with 

augmentation of substrate temperature. The minimum value of Urbach energy of ZnO 

thin film was achieved with 400℃. The measured contact angles are less than 90° for all 

the prepared samples confirming the hydrophilic character of all the films. The 

conductivity was ranged from 0.025 to 1.033 (Ωcm)-1 with increasing Ts. 
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1. INTRODUCTION

In the middle of 20th century, thin films experienced

significant industrial growth because of their various potential 

applications. The non-toxicity of zinc oxide (ZnO) and its 

abundance on the earth make it an ideal candidate in the 

development of thin films [1-3]. Moreover, zinc oxide is 

considered a transparent compound semiconductor of II-VI 

type, with natural n-type conductivity, characterized by a 

wurtzite type hexagonal structure. The notable properties of 

ZnO are its direct gap of 3.37 eV at 27℃ which corresponds 

to a transition in the near ultraviolet (UV) and high exciton 

binding energy (60 meV) [3-5]. The ZnO thin films are used 

in the implementation of several components and devices, 

such as, gas detectors, solar cells, UV photodetectors, the 

transparent electrodes, the piezoelectric transducers and the 

waveguides [5-7]. The quality of the thin films must be 

adapted to the desired application, which is a fundamental 

requirement. This quality can be obtained either by the 

deposition conditions, the doping or the production technique. 

Several techniques are used for the preparation of ZnO layers, 

such as sol-gel, sputtering and pyrolysis spray [8]. This last 

has been used by several researchers for the development of 

films based on ZnO [9]. The interest of the spray method is its 

speed, ease of implementation and low cost as well as good 

control of deposition conditions. The aim of this work is the 

preparation, elaboration and characterization of films based on 

ZnO for different deposition temperatures. One interpretation 

of our results is comparable with those found in the literature. 

2. EXPERIMENTAL PROCEDURE

ZnO films were prepared on ordinary glass substrates by

spray pyrolysis technique at different substrate temperatures 

(Figure 1 (a)). Spray pyrolysis is a technique of thin-film 

deposition based upon the solution deposition. Basically, in 

spray pyrolysis thin film is deposited by spraying a precursor 

solution on a heated surface, where the constituents react to 

form a chemical compound (Figure 1 (b)). So, the choice of 

the precursor solution, substrate, and flashpoint of the solvent 

need to be considered. In the first step, we use zinc acetate 

dehydrate (Zn (CH3COO)2.2H2O) as the source of Zn which 

we dissolved in methanol (CH3OH) with a volume of 80 ml 

and a few drops of concentrated acetic acid to prepare our 

spray solution. A transparent and homogeneous solution of our 

mixture was obtained by stirring for 1 h and a temperature of 

30°C. The possible chemical reaction that takes place on the 

heated substrate as follows: 
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In the second, the substrates temperature varied as a 

condition for producing of ZnO films with a molarity of 0.1 

mol/litre and a deposition time was fixed at 10 minutes. The 

considered temperatures range between 250°C and 400°C with 

a step of 50℃ for each sample. The properties of films made 

from zinc oxide is based on the experimental conditions 

chosen. These conditions are as follows: a solution flow rate 

is fixed at 2 ml/min, an atomizer-substart distance equal to 17 

cm with a diameter nozzle = 0.1 mm. After each deposition, 

the ordinary glass substrates are left to cool to room 

temperature, then the various characterizations are made. 

Using the XRD apparatus Philips X 'Pert type  with Cu Kα 

radiation (λCuKα = 1.5418Å) to determine the structural 
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properties. A spectrophotometer of the Shimadzu UV - 3101 

PC model in the UV - visible range (300–800 nm) was used to 

determine the optical properties. The electrical properties were 

measured in dark with a coplanar structure with two 

evaporated evaporated gold stripes attached to the films 

surface, we made are mainly current-voltage (I (V)) 

characteristics. By varying the bias voltage from 0-30 V the 

current flowing in the sample is measured using a pico-

ammeter (Keithley 617) which can measure currents up to 10-

12 A. The measurements of the contact angle is carried out in 

the ambient temperature using an optical system composed of 

a lamp delivering white light for lighting and projecting the 

image of the drop deposited on the sample (LEYBOLD type 

light source (6 V, 30 W)) and a projection lens allowing the 

enlargement of the image of the drop projected on a 

translucent screen of dimension (30*30 cm2). In order to avoid 

any effect of the evaporation of the water liquid, all the 

measurements of the contact angle are carried out 5 seconds 

after the deposit of a drop of water with a volume equal to 5 μl 

on the elaborate films. 

 
 

 

Figure 1. (a) Schematic of a spray pyrolysis deposition 

process and (b) Schematic diagram of synthetic thin films 

using spray pyrolysis 

3. RESULTS AND DISCUSSION 

 
In Figure 2, we have represented the XRD images of ZnO 

layers for different substrate temperatures (Ts). For higher 

temperatures to 300℃ shows the peaks at 2θ = 31.8°, 34.5°, 

36.4° and 56.55° corresponding to (100) planes, (002), (101) 

and (112) respectively. Following the JCPD standard files 

(JPPDS no. 36-1451), the Xpert powder diffractometer of the 

Wurtzite ZnO structure [10]. This result follows from the fact 

that the plane (100) perpendicular to the surface of the 

observed substrate author of 31° is the plane which requires 

the lowest formation energy. We can distinguish that the 

intensity and the refinement of the peak (100) increases with 

the growth of TS. This orientation (100) has already been 

observed by other authors [10-12]. In other words, a steep 

transition in the microstructure of ZnO appears at about 350℃, 

passing from an amorphous structure to a crystalline structure 

along the axis a which correspond to the plane (100). The 

substrate temperature is the main element that provides energy 

to the deposition process of ZnO layers. When we raise Ts, we 

therefore provide more energy to the deposit system. This 

could therefore explain why at low temperature, so when little 

energy is supplied to the system, one does not get peaks that 

appear the amorphous structure; then, when more energy is 

supplied to the system, the ZnO is able to grow according to 

the (100), (002), (101) and (112) planes which require a little 

more formation energy. 

 

 
 

Figure 2. XRD images of ZnO films deposited at different TS 

 

The analysis of the line (100) of our films made it possible 

to estimate the crystallite size (D), calculated using the 

formula of Debye Sherrer [13]: 

 





cos

9.0
=D  (2) 

 

where, λ is the wavelength of the X-ray beam, θ is the 

diffraction angle and β is the half-height width of the peak 

considered in radian. 

The variation of crystallite size and FWHM size with 

substrate temperature are given in Table 1. 

From Table 1, the growth of the substrate temperature from 

300°C to 400℃ leads to an increase in the crystallite size from 

32 nm to 61 nm, respectively. This behavior is in good 

agreement with the literature [14-17]. This growth in 

crystallites size as a function of TS is a transformation of the 

improvement in the crystal structure of the films deposited.  
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Table 1. Structure parameters of ZnO layers 

 
Sample type Crystallite size, (nm) FWHM Max. Transmission, (%) Thickness, (nm) 

250℃  

300℃ 

350℃ 

400℃ 

- 

32 

47 

61 

- 

0.347 

0.307 

0.255 

65 

74 

77 

82 

423 

401 

378 

315 

This result is in coherence with what we reported in XRD 

(Figure 2). It should be noted that the width at half height 

(FWHM) presents an inverse variation to that of the crystallite 

size. The decrease in FHWM values with the growth of TS of 

the ZnO thin films leads to better crystallinity [17-19]. 

The transmittance curves as a function of the wavelength of 

the ZnO thin films for different Ts are shown in Figure 3. We 

observe the transmittance values of these films in the visible 

improves with of Ts. It is about 70% for films deposited at low 

TS and exceeds 80% for temperatures above 350°C, the 

measured values proved the good transparency of the ZnO film. 

We also note that the deposited temperature has the effect of 

reducing the optical window (optical gap) for transmitting to 

the long wavelength. This value, reported by several authors 

[10, 14], gives ZnO thin films the transparency character in the 

visible.  

 

 
 

Figure 3. Optical transmission spectra of the layers deposited 

with different Ts 

 

In other words, the increase in transmittance is probably due 

to the reduction in the thickness which varies between 423 nm 

- 315 nm (Table 1). This behavior is similar to the results 

observed by Zahedi et al. [14] who have observed the same 

evolution of ZnO-based films deposited for a temperature 

range between 200°C and 500℃. According to Khalfallah et 

al. [20], the porosity increases the proportion of transmitted 

light. Therefore, the values of transmittance and porosity are 

compatible. In addition, still in the same figure, we also note 

that the zinc oxide films were composed of two phases for 

temperatures 250 and 300℃. The crystalline phase presented 

the main transition and the amorphous phase presented the tail 

transition [21]. Chou et al. [22] found the same result, ie the 

presence of two phases of ZnO thin films cooped by Al-Sn. A 

reduction in the transmittance was also observed for 

Aluminum-doped amorphous ZnO (α-AZO) [22] and for the 

coating of glass with ZnO [23]. In addition, the dependence of 

the photon energy and the optical absorption coefficient (α) for 

the direct transition is expressed by the following relationship 

[24, 25]: 

( ) ( ) 2
1

gEhAh −=   (3) 

 

where, A is constant, Eg is the optical band gap energy and hν 

is the photon energy (hʋ (eV) = 12400/λ(nm)). The graphical 

representation of (αhυ)2 as a function of the hυ (Figure 4), 

represents a linear part, whose intersection with the axis of the 

energies gives the optical gap. 

 

 
 

Figure 4. Width of the band gap depending on the substrate 

temperature  

 

According to the Figure 4, the substrate temperature equal 

250 and 300℃ an important factor is that the films show 

distinct two band gaps. In addition, the values of ZnO coatings 

are varied in the wide diapason 3.6 – 3.4 eV these values are 

significantly higher than the band gap of macroscopic zinc 

oxide (3.37 eV) [1]. These increases explain to the appearance 

of the amorphous phase. In addition, large band gap values 

were observed in our thin coatings can be explained by the low 

crystallinity and the metastability of the material structure. 

This result is in good agreement with the results of XRD at 

substrate temperature has been varied in the range 250℃-

300℃. So, the increase of the substrate temperature at 350℃ 

and 400℃ leads to a disappearance of the amorphous phase 

with the subsistence only of the crystalline phase. In our case, 

the evolution of the optical gap as a function of the substrate 

temperature is confined by the variation of the spectrum of the 

transmittance (Figure 3). Optical gap (Eg) values varied in the 

diapason 3.26 to 3.21 eV which is close to the Eg value of bulk 

ZnO [5] and significantly lower than the band gap values of 

our coatings. 

The variation of the band gap of layers made from ZnO as 

a function of TS is illustrated in Figure 5. According to Figure 

5, Eg values obtained from ZnO for the substrate temperatures 

ranging from 250 to 400℃ decrease. The same behavior has 

been observed by several authors [14, 26]. The reduction of Eg 

is probably in the increase of D (Table 1) and the improvement 

of the crystalline structure. Belkhalfa et al. [26] reported that 

the values of the optical gap shifted towards the lower energy 

due to the increase in annealing temperature in air. This 

decrease of Eg with the temperature is attributed to the 
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increase of the structural homogeneity [26]. In addition, this 

improvement with Ts is a consequence of the stoichiometry of 

the film lattice. This suggests that defects and impurities from 

the interstitial zinc atom disappear when the temperature rises. 

It is possible to deduce the disorder from the variation of the 

absorption coefficients (α). The absorption coefficient is 

linked to the disorder by the following law [27, 28]: 

 

UE

h
 exp0=  

(4) 

 

where, EU is corresponds to the band tail width which 

characterizes the disorder and α0 is a constant. 

 

 
 

Figure 5. Change of the Eg vs. TS for ZnO thin films 

 

 

 

Figure 6. Determination of disorder by extrapolation from the 

variation of ln(α) vs. hν 

 

The variation of disorder (Urbach energy) as a function of 

Ts is represented in the Figure 6. To determine the disorder 

(EU) thin layers of ZnO, tracing ln(α) according to hν. The 

values obtained from EU at 250, 300, 350 and 400℃ are 0.452, 

0.431, 0.338 and 0.303 eV, respectively. We notice a decrease 

of disorder at the interval with the temperature increase Ts. 

With the increased temperature, this results in a better 

organization of the film because the grain size increases and 

this cause translates into a decrease in the disappearance of the 

defects and impurities coming from interstitial Zinc atom, that 

is to say our layers become homogeneous and well crystallized. 

In addition, Zhang et al. studying ZnO:Fe films elaborated by 

magnetron sputtering [29] shows that the decrease in Urbach 

energy leads to an improvement in film quality. So, the 

decrease in EU as a function of TS confirms the results found 

by the DRX and the transmittance of our ZnO films produced 

by the spray pyrolysis technique. 

Figure 7 shows the variation of the water contact angles for 

different deposited temperature. We notice that the contact 

angle decreases from 82.20° to 63.26° with 250°C to 400°C, 

respectively. The experimentally measured contact angle 

values of our films are less than 90° writes the hydrophilicity. 

The variation of the contact angle as a function TS is probably 

due to the size of the available pores, to the radius of the pores 

and/or to their distribution [30-32]. In addition, this behavior 

could be attributed to the effect of the density of the layers, 

method of thin films preparation [33] and the size of the 

crystallite. The small value of water contact angle for 400℃ is 

due to the high value of the crystallite size (Table 1) and/or to 

the radius of the pores.  

 

 
 

Figure 7. Variation of the water contact angles of ZnO thin 

films for different deposited temperature 

 

Figure 8 shows the change in the electrical conductivity (σ) 

of ZnO films vs. TS. It is found that the conductivity increases 

with the increase of the substrate temperature. The 

conductivity of ZnO films prepared at 250℃, 300℃, 350℃ 

and 400℃ substrate temperature are 0.025 (Ω.cm)-1, 0.062 

(Ω.cm)-1, 0.425 (Ω.cm)-1 and 1.033 (Ω.cm)-1, respectively. 

This augmentation in conductivity may be due to the 

appearance of zinc atoms in the interstitial site or the oxygen 

vacancies. This phenomenon has been found by other works 

in the literature [11, 17, 34]. 

The minimum value of conductivity (σ = 0.025 (Ω.cm)-1) 

for the film deposited at a substrate temperature of 250°C was 

mainly caused by the amorphous film structure (Figure 2). It 

is well known that these defects behave like donors, which 

induces an increase in the concentration of free carriers mainly 

electrons. With the increase of the substrate temperature, the 

film network is reorganized, which is accompanied by the 

reduction of structural defects. These results are strongly 

confirmed by the Urbache energy (Figure 6), which indicates 

that the disorder decreases with the increase of the substrate 

temperature that is the reorganization of the atoms in the films. 

Furthermore, the increase of the electrical conductivity with 

the substrate temperature can be due to the increase of the size 

crystallites in the films and consequently to the mobility of the 
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carriers. So, the conductivity increases by the growth of the 

mobility of the electrons [35]. Minami et al. [36] attributed the 

increase in conductivity with increasing substrate temperature 

is due to the improvement in film crystallinity. It is interesting 

to note that the best value of the electrical conductivity 

obtained in this work (σ = 1.033 (Ω.cm)-1) is high than that 

obtained by the spray pyrolysis technique (σ = 0.390(Ω.cm)-1) 

[14] for the TS = 400℃. 

 

 
 

Figure 8. Evolution of the electrical conductivity of the 

ZnO thin films as a function of TS 

 

 

4. CONCLUSIONS 

 

The study of structural, optical and electrical properties by 

varying the substrate temperature. DRX analysis indicates that 

our films have a wurtzite structure, with a preferential 

orientation (100) for TS = 300℃ to 400℃. In addition, a steep 

transition in the microstructure of ZnO passing from an 

amorphous structure to a crystalline structure for a temperature 

equal to 300℃. D increase with increasing of the substrate 

temperature. An improvement in the transmittance of 65% to 

82% with a decrease of Eg (3.34 to 3.21 eV) depending to TS 

according to the increase of D. The decrease in EU vs. TS 

indicating a decrease in defects. The measured contact angles 

are less than 90° for all the prepared samples confirming the 

hydrophilic character of all the films. An improvement in 

electrical conductivity by increasing these values as a function 

of deposited temperature. According to these results, the layer 

deposited at 400℃ exhibits better crystalline quality with 

excellent optical and electrical properties can be used as 

promising candidates in opto-electronic device applications. 
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