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Abstract   

This paper aims to investigate the effect of annealing on the structural and optical properties of 

ZnO/ITO and AZO/ITO thin films. In the preparation of ZnO and AZO films, zinc acetate dehydrate 

(Zn(CH3COO)2.2H2O), ethanol, diethanolamine (DEA), and AlCl3 were used as a starting material, solvent, 

stabilizer, and dopant sources, respectively. Both ZnO and AZO films were fabricated on ITO (indium tin 

oxide) substrates using the spin coating technique at room temperature with a rotating speed of 3,000 rpm 

in 30 s. The films were heated at various temperatures in the temperature range of 400 - 600 °C for 60 min. 

The crystallite size of the film is calculated using Debye-Scherrer and Williamson-Hall Methods. Based on 

the UDM results, the crystallite size of ZnO/ITO and AZO/ITO films increases after annealing in 

comparison with the films before annealing.  From the optical UV-Vis measurements, there was an increase 

in the transmittance value of the samples after annealing. The transmittance value of ZnO/ITO and 

AZO/ITO films increases from 40 % before annealing to approximately 80 and 90 %, respectively after 

annealing. The increase in the transmittance valued in both ZnO/ITO and AZO/ITO after annealing is 

mainly due to an improvement in the crystalline phase of these films. The band gap energy of ZnO and 

AZO films is reduced with increasing annealing temperatures, from 3.26 eV before annealing to 3.19 eV 

for ZnO and 3.23 eV for AZO films after annealing at 600 °C.  
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Abbreviations 

AlCl3 Aluminum trichloride 

AZO  Aluminum zinc oxide 

GaN  Gallium nitride 

ITO  Indium tin oxide 

JCPDS Joint Committee on Powder Diffraction Standards 

LED  Light-emitting diode 

UDM Uniform deformation method 

UV-Vis Ultraviolet-visible 

ZnO  Zinc oxide 

 

Introduction   

 Zinc oxide (ZnO) is one of the most important groups II-VI semiconductors and has been received 

considerable attention from many researchers to investigate it due to its electrical and optical properties.  

At room temperature, ZnO has a band gap energy of 3.3 eV [1-3], and it has a large exciton binding energy 

of 60 meV [4,5]. These features make ZnO applicable in LED [6], photovoltaic devices [7], and 

electrochemical sensors [8]. In addition, the visible region of a ZnO thin film used as a solar window has a 

high optical transmittance [9]. Moreover, ZnO has band gap energy and optical properties identical to GaN 

materials, which is good for fabricating optical devices such as laser diodes (LDs) [10]. 

 Various methods have been applied to fabricate ZnO thin film, such as; RF magnetron sputtering [11], 

molecular beam epitaxy (MBE) [12], spray pyrolysis [13], pulsed laser deposition (PLD) [14], 

electrodeposition [15], and sol-gel spin coating method [16-18]. Among other techniques, the sol-gel spin 

coating is one of the attractive techniques to fabricate thin films due to its simplicity, the inexpensive cost 
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to characterize the structural and optical properties, and the ease of controlling chemical compounds. Many 

researchers have extensively reported the fabrication of the ZnO films on different substrates such as glass, 

silicon, and quartz [19-22]. However, to the best of our knowledge, the deposition of ZnO films on ITO 

substrate using spin coating approach has not received much attention for researchers to investigate it [23]. 

The growth of ZnO films on ITO substrates can increase the films’ resistance, thereby improving the 

electrical and optical properties of the films and improving the device performance [24,25]. 

 In this present study, we investigate the effect of annealing on the structural and optical properties of 

ZnO/ITO and AZO/ITO films using the sol-gel spin coating method. The use of the aluminum atom as a 

dopant in this work is motivated by the higher value of conductivity and better transparency than other 

dopants such as Fe, Ga, and Sn [26]. For these purposes, ZnO and AZO films were coated by sol-gel spin 

coating technique on ITO substrates, and they were annealed at different temperatures from 400 - 600 °C 

for 60 min. 

 

Materials and methods 

 The ZnO and AZO thin films were prepared by zinc acetate dehydrate (Zn(CH3COO)2.2H2O) 

dissolved in 25 mL ethanol and 2.5 mL diethanolamine (DEA) as a solvent and stabilizer, respectively.  

6.67 g of AlCl3 solution was used as a dopant material dissolved in 100 mL of H2O. The dopant solution 

was added to the mixture with the ratio of dopant 1 % to Zn. The mixture solution was stirred at the magnetic 

hotplate for 30 min at the temperature of 80 °C. Before the fabrication of ZnO and AZO films, the ITO 

substrates were cleaned in methanol and acetone for 10 min each by an ultrasonic cleaner, washed with de-

ionized water, and dried. The sol-gel solutions were deposited on the ITO substrates using a spin coating 

method with a rotation speed of 3,000 rpm in 30 s. After fabrications, the films were heated at 100 °C for 

15 min at a rapid thermal processor (RTP) to evaporate the solvent and remove the unwanted organic 

residuals. Next, the films were inserted into the tube furnace and annealed at different temperatures at 400 

- 600 °C for 60 min. Figure 1 displays the procedure for fabricating the ZnO and AZO thin films on ITO 

substrates. 

 

 

Figure 1 The flowchart scheme of the sol-gel spin coating process for the preparation of ZnO and AZO 

thin films on the ITO substrates. 

 

 The structural properties of the films were characterized by X-ray diffraction (XRD) measurements 

(Shimadzu 700) using Cu Kα radiation (λ = 1.5406 Å) with the scanning diffraction angle range of 20 - 

70 °. During the measurements, the current and the voltage of X-RD were constant at 30 mA and 40 kV, 

respectively, with the scan speed of XRD being 2 °/min. From the X-RD results, the Debye-Scherrer 

equation and Williamson-Hall method were used to estimate the crystallite size of the films. The UV-Vis 

Optical transmittance measurement was carried out to characterize the optical properties using a single 

beam UV-Vis spectrophotometer (Shimadzu UV-Vis Spectrophotometer 1800) with a wavelength range of 

250 - 800 nm. 
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Results and discussion 

 Figure 2(a) displays the X-ray diffraction curves of the ITO substrates before ZnO, and AZO films 

were deposited on it. The XRD spectra appeared at diffraction angles of 44.4 and 65.8 ° that corresponded 

to (102) and (200) planes, respectively (JCPDS card no: 96-900-8571 and 96-101-0943). Figure 1(b) shows 

the XRD curves of ZnO/ITO films before and after annealing at various temperatures ranging from 400 - 

600 °C for 60 min. As shown in Figure 2(b), the XRD curves of ZnO films were not observed before 

annealing the films. The XRD peaks that emerged in this film originated from the ITO substrates (see 

Figure 1(a)). This result was probably due to amorphous ZnO films, which could not provide an adequate 

diffracted intensity. However, the additional peaks were observed in the XRD curves after annealing the 

films at 400 °C, corresponding to ZnO films. In addition to this, more peaks of ZnO films were detected 

after annealing the films at 500 and 600 °C. Interestingly, the (002) plane was not seen in ZnO films after 

annealing at 400 °C. However, this plane was observed after annealing at 500 and 600 °C. Previous studies 

confirmed our results where the peak intensity of ZnO films increased significantly after annealing at high 

temperatures compared with low annealing temperatures. The increase of the peak intensity was due to the 

improvement in the crystallinity of the films after annealing [26]. Also, it is demonstrated in Figure 1(b) 

that after annealing the films at 500 and 600 °C, ZnO films showed polycrystalline with hexagonal wurtzite 

crystal structures, which have the preferential orientation of (100) plane.    

 The XRD curves of the AZO/ITO films before and after annealing at various temperatures ranging 

from 400 - 600 °C for 60 min are depicted in Figure 3. As shown in this figure, there was no peak 

corresponding to the AZO films detected before annealing. However, the XRD curves of the AZO films 

were seen after annealing the films at 400, 500 and 600 °C, respectively. As shown in the Figure 2, no peak 

was detected for (002) plane in AZO films after annealing. Also, after annealing the films, the intensity of 

(100) peak was relatively higher than that of other peaks. It means that the preferential orientation plane of 

AZO films was in (100) reflection plane. Previous studies reported that the XRD peak intensity of (001) 

reflection plane of AZO films was higher than that of other planes indicating that the preferential orientation 

of AZO was in (100) plane [27].  From the XRD results, the crystallite size (D) of both ZnO and AZO thin 

films can be calculated using the Debye-Scherrer formulation [28]. 
 

 

 

Figure 2 (a) XRD curves of ITO substrates (b) XRD curves of ZnO/ITO films before and after annealing 

at various temperatures from 400 - 600 °C for 60 min. 
 
 

 

Figure 3 XRD curves of AZO/ITO films before and after annealing at various temperatures from 400 - 600 

°C for 60 min. 
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𝐷 =
𝑘𝜆

𝛽𝐷𝑐𝑜𝑠𝜃
                            (1) 

 

where k is a constant equal 0.9, λ is the X-ray wavelength (λ = 1.5406 Å),  βD is the full width at half-

maximum (FWHM), and θ is the Bragg angle, respectively. From Eq. (1), after annealing at 400 °C, the 

average crystallite size of ZnO films was around 38.75 nm, and it increased to 52.02 nm after annealing at 

600 °C. For the case of AZO films, the average crystallite size of this film increased from 33.35 nm after 

annealing at 400 °C - 35.58 nm at 500 °C annealing (see Table 1(a) - 1(b)). The average crystallite size of 

the films was determined based on Figures 2 and 3, which have a high intensity in the plane structures of 

XRD curves. It means that the plane structures with small intensity were not considered in determining the 

films’ average crystallite size. Also, the Williamson-Hall method (Uniform Deformation Method=UDM) 

was used to calculate the crystallite size and the strain of both ZnO and AZO films. In this method, the 

crystallite size and the strain are 2 components that contributed to the peak broadening. Taking the Scherrer 

equation and the strain ε=βs/4tan result in the following equation [29,30]. 

 

𝛽ℎ𝑘𝑙 = 𝛽𝐷 + 𝐵𝑆                        (2) 

 

𝛽ℎ𝑘𝑙 =
𝑘𝜆

𝐷 𝑐𝑜𝑠𝜃
+ 4𝜀𝑡𝑎𝑛𝜃                       (3) 

 

Rearranging Eq. (2) gives: 

 

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =
𝑘𝛼

𝐷 
+ (4𝜀 𝑠𝑖𝑛𝜃)                       (4) 

 

 The Eq. (4) represents UDM, where it is assumed that the strain is uniform in all crystalline directions, 

in which the properties of the materials are independent [29,30]. The term βhkl cosθ, when plotted against 

4sinθ would give the slope and y-intercept of the fitted line representing the strain and the crystallite size 

of the samples, respectively. Figures 4 and 5 depict the Williamson-Hall method of analyzing ZnO/ITO 

and AZO/ITO films. Based on these figures, the strain was negative in both ZnO/ITO and AZO/ITO, 

indicating that the strain of the films might be due to the shrinkage of the lattice parameters of the films. 

The crystallite size of the ZnO increased from 29.58 nm after annealing at 400 °C - 41.41 nm annealing at 

600 °C. The crystallite size rises from 34.31 nm (400 °C) to 36.19 nm (600 °C) for AZO films. The 

crystallite size of AZO/ITO films derived from UDM is almost similar to Debye Scherrer, it is 

approximately 1.019 times larger than Debye-Sherrer. In addition, both the Debye-Scherrer and 

Williamson-Hall method (UDM) showed an increase in the crystallite size of ZnO and AZO films after 

annealing at high temperatures compared to low-temperature annealing. A previous study has reported that 

the crystallite size of ZnO and AZO films increased with the annealing temperatures. They revealed that as 

the annealing increased, the crystallite size increased, followed by increasing the intensity indicating the 

improvement of the crystalline of the films during the annealing [31].  

 

 

Table 1 (a) The structure parameters of ZnO/ITO films after annealing at various temperatures in the range 

of 400 - 600 °C for 60 min and (b) The structure parameters of AZO/ITO films after annealing at various 

temperatures in the range of 400 - 600 °C for 60 min. 

Annealed samples 2θ (hkl) 
Scherer method [28] 

Williamson hall plot method [29,30] 

Uniform deformation method (UDM) 

Size (nm) Average size (nm) Size (nm) Strain (×10−3) 

 

 

400 °C 

30.11 

34.79 

35.01 

50.02 

61.34 

(100) 

(002) 

(101) 

(110) 

(103) 

37.39 

62.16 

40.11 

65.45 

74.27 

 

 

38.75 

 

 

29.58 

 

 

 

 

1.50 

 

 

500 °C 

30.27 

34.56 

35.17 

50.63 

61.87 

(100) 

(002) 

(101) 

(110) 

(103) 

46.33 

86.97 

36.30 

45.90 

69.10 

 

 

41.31 

 

 

39.17 

 

 

 

 

0.63 
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Annealed samples 2θ (hkl) 
Scherer method [28] 

Williamson hall plot method [29,30] 

Uniform deformation method (UDM) 

Size (nm) Average size (nm) Size (nm) Strain (×10−3) 

 

 

600 °C 

30.58 

35.02 

36.23 

50.50 

61.69 

(100) 

(002) 

(101) 

(110) 

(103) 

46.79 

60.08 

49.19 

73.23 

58.02 

 

 

52.02 

 

 

41.41 

 

 

0.12 

 

 

400oC 

30.19 

34.58 

35.11 

50.46 

60.56 

(100) 

(002) 

(101) 

(110) 

(103) 

31.86 

62.12 

34.84 

34.00 

48.08 

 

 

33.35 

 

 

34.31 

 

 

0.52 

 

 

500oC 

30.46 

34.43 

35.40 

50.93 

60.70 

(100) 

(002) 

(101) 

(110) 

(103) 

33.45 

79.03 

37.09 

38.12 

60.14 

 

 

35.27 

 

 

35.62 

 

 

0.18 

 

 

600oC 

30.55 

34.27 

35.47 

50.87 

60.43 

(100) 

(002) 

(101) 

(110) 

(103) 

35.32 

96.55 

35.83 

26.27 

45.76 

 

 

35.58 

 

 

36.19 

 

 

0.12 

 

 

 

Figure 4 The Williamson-Hall analysis of undoped ZnO after annealing at various temperatures of 400, 

500 and 600 °C, respectively assuming UDM. The crystallite size and the strain are extracted from the y-

intercept and the fit slope, respectively. 
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Figure 5 The Williamson-Hall analysis of AZO thin films after annealing at various temperatures of 400, 

500 and 600 °C, respectively assuming UDM. The crystallite size and the strain are extracted from the y-

intercept and the fit slope, respectively.  

 

 

 Figure 6(a) presents the optical transmittance and reflectance spectra (inset figure 5(a)) of ZnO/ITO 

thin films before and after annealing at various temperatures ranging from 400 - 600 °C for 60 min.  As 

shown in this figure, the transmittance value was significantly affected by the annealing temperature. The 

annealing temperature increases the transmittance value from around 40 % (before annealing) to 

approximately 80 % after annealing at 600 °C. The rise in the transmittance value is attributed to the good 

crystalline, as shown in the X-RD results. Also, the transmittance spectra of ZnO/ITO reveal some excitonic 

absorption features depending on the annealing temperatures. No excitonic absorption was observed before 

annealing the ZnO films. However, annealing the films at 400, 500 and 600 °C shows the excitonic 

absorption peak at 361, 365 and 368 nm.  These absorption peaks are very close to the excitonic bulk of the 

ZnO, which is located at 373 nm [32]. 

 Figure 6(b) depicts the optical transmittance and reflectance spectra (inset Figure 5(b)) of AZO/ITO 

films before and after annealing at various temperatures ranging from 400 - 600 °C for 60 min. Similar 

optical characteristics of ZnO/ITO were observed in AZO/ITO thin films after annealing, in which 

transmittance value is influenced by annealing. Before annealing, the transmittance value of AZO/ITO thin 

films was around 40 %. After annealing, the transmittance value increased to approximately 90 % in the 

400 - 700 nm wavelength range. Also, similar excitonic absorption features of ZnO/ITO were observed in 

AZO/ITO. The excitonic absorption of AZO/ITO appears at 356, 359 and 362 nm after annealing at 400, 

500, and 600 °C. The excitonic absorption is usually associated with the quality and the crystal structures 

of the thin films in which a low density and small strain might indicate the quality of the film [33]. 
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Figure 6 (a) The optical transmittance and reflectance spectra (inset figure) of ZnO/ITO film before and 

after annealing at various temperatures ranging from 400 - 600 °C for 60 min. (b) The optical transmittance 

and reflectance spectra (inset figure) of AZO/ITO film before and after annealing at various temperatures 

ranging from 400 - 600 °C for 60 min. Note: An oval symbol indicates excitonic absorption. 

 

 

 The corresponding optical band gap energy of ZnO/ITO and AZO/ITO films was estimated by 

extrapolating the linear relationship between (αhυ)2 and hυ according to the equation [34]. 

 

(𝛼ℎ𝜐)2 = 𝐴(ℎ𝜐 − 𝐸𝑔)                                    (5) 

 

where α is the absorption coefficient, hυ is the photon energy, Eg is the optical band gap, and A is a constant. 

The optical band gap value of ZnO/ITO and AZO/ITO film is determined using this equation. Figure 7 

depicts the plot of (αhυ)2 as a function of photon energy (hυ) for ZnO/ITO and AZO/ITO thin films after 

annealing at different annealing temperatures ranging from 400 - 600 °C in 60 min. The optical band gap 

of ZnO/ITO and AZO/ITO films was estimated by extrapolating the linear portion of (αhυ)2 against (hυ). 

Before annealing, the value of the band gap energy of the ZnO/ITO films was estimated to be 3.41 eV. 

After annealing the samples at 400, 500 and 600 °C, the band gap energy was 3.26, 3.22 and 3.19 eV, 

respectively. In the case of AZO/ITO films, before annealing, the estimation of the band gap energy was 

3.29 eV and it was slightly reduced after annealing to 3.26, 3.24 and 3.23 eV, respectively. These results 

showed that the optical band gap slightly decreased with the annealing temperature in both ZnO/ITO and 

AZO/ITO films. Previous studies well confirm these results. Earlier studies on ZnO and AZO films 

confirmed our results that the band gap energy reduced with an increase in the annealing temperatures.  

Saleem et al. reported the narrowing of the band gap energy after annealing the films. The band gap energy 

decreases from 3.31 eV after annealing at 350 °C to 3.29 eV after annealing at 600 °C [35]. They showed 

that the reduction of the band gap energy of ZnO thin film as the temperatures increased was due to the 

increase in the crystallite size and decrease in the amorphous phase amount of the ZnO thin films.  Also, 

Sabee et al. demonstrated that the band gap energy decreased with increasing the annealing temperatures. 

The shift of the band gap energy is probably due to reducing defects of the films with the annealing 

temperatures [31]. In our case, the results indicate that increasing the crystallite size and reducing the film’s 

strain might be attributed to decreasing the film’s band gap energy, as confirmed from the X-RD results. 

Furthermore, increasing the annealing temperature will reduce the amorphous phase since more power is 

supplied for crystallite growth, as a result, the improvement of the crystallinity of the films was observed 

as shown in UV-Vis optical transmittance. Therefore it is believed that reducing the amorphous phase and 

the increase of the crystallite size of the films are the main reason for narrowing the band gap energy of the 

films. 
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Figure 7 A plot of (αhυ)2 vs. photon energy (hυ) of undoped and aluminum-doped ZnO thin film before 

annealing (A) and after annealing at various temperatures (B) 400 °C, (C) 500 °C, and (D) 600 °C. 

 

 

 The refractive index (n) of ZnO/ITO and AZO/ITO films were determined using the equation below 

[36]: 

 

𝑛 = (
1+√𝑅

1−√𝑅
)                 (6) 

 

where R is the reflectance of ZnO and AZO films, the value of the reflectance is derived from the 

transmittance as, R=1 - (T exp(αt)2), where T is the transmittance, α is absorption coefficient, and t is the 

thickness of ZnO and AZO films.  The refractive index (n) as a function of energy is displayed in the Figure 

8. As shown in Figure 8(a), the refractive index of ZnO films before annealing was around 1.25 in the 

energy range of 2.4 - 3.2 eV, and when the energy is up to 3.2 eV, the refractive index increased gradually. 

Annealing the films at 600 °C, ZnO’s refractive index was around 1.75 in the range of the visible energy. 

The results showed that the refractive index of ZnO increased with an increase in the annealing 

temperatures. As a comparison in the previous study, the refractive index of ZnO film was in the range of 

1.22 - 1.90. The index value of 2.0 at the photon energy of 1.96 eV was the refractive index of the ZnO 

single crystal. After annealing the films, the refractive index increased gradually and reached 2.35 at a 

photon energy of 3.2 eV [37]. In the case of the AZO films as shown in the figure.8b, before annealing, the 

refractive index of AZO film was larger than that of ZnO thin film, and it increased significantly. However, 

the refractive index of AZO films reduced in comparison to ZnO film before annealing. This value tended 

to be constant in the photon energy range of 2.2 - 3.0 eV, and when it was up to 3.0 eV, it increased again. 
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Figure 8 Refractive index of (a) ZnO/ITO, (b) AZO/ITO thin films before and after annealing at various 

temperatures ranging from 400 - 600 °C for 60 min. 

 

 

Conclusions 

  The effect of annealing on the structural and optical properties of ZnO/ITO and AZO/ITO thin films 

has been studied using the spin coating method. Several experiments were used, such as; X-ray diffraction, 

scanning electron microscopy, and UV-Vis measurement. X-ray diffraction results revealed that the 

crystallite size of ZnO/ITO and AZO/ITO films increased with the annealing temperatures. From UV-Vis 

results, the transmittance value of the films was higher after annealing compared to the value before 

annealing. The results indicated that there was an enhancement in the crystalline phase of the films after 

annealing. The annealing temperatures reduced the band gap energy in both ZnO/ITO and AZO/ITO films. 

Reducing the band gap energy of the films after annealing is mainly due to the increase in the crystallite 

size of the films due to lowering the amorphous phase in the crystalline. In addition to this, the results show 

that the optical band gap value of AZO/ITO film was larger than that of ZnO/ITO film after annealing. 
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