The effect of thermal treatment conditions employed in sol-gel method on the structure of ZnO thin films
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We have prepared ZnO thin films by the sol-gel method from a 2-methoxyethanol solution of zinc acetate dihydrate stabilized by 2-aminoethanol on SiO2 substrates. The structure of the films showed a significant dependency on thermal treatment temperature, not only in the final thermal-annealing process at several hundreds of degrees, but also in the heat-treatment after spin coating at lower temperature which is performed to evaporate the organic solvent in the films. The intensity of the (0002) peak in X-ray diffraction showed significant dependence on the heat treatment conditions after spin coating, which ranged from 100ºC to 300ºC. The temperature employed in the initial 10 min of the heat treatment was found to be important in determining the structure of the film. The results indicate that the elimination condition of the organic components is important for achieving high crystallinity

Introduction
ZnO has attracted great interest as an oxide semiconductive material with a wide band gap (Eg = 3.37) and a high exciton binding energy of 60 meV [1,2]. By virtue of these preferable properties for optical devices, ZnO thin films have been applied to optical devices such as laser diodes [3], field emissive displays [4,5] and light emission diodes [6]. ZnO thin film has also been recognized as a promising transparent conductive oxide (TCO) material for replacing indium tin oxide (ITO), in consideration of cost, raw material resources, and toxicity [7,8]. ZnO thin films have been prepared by various methods, including sputtering [9], chemical vapor deposition [10], molecular beam epitaxy [11], and the sol-gel method [12-23]. Among these methods, the sol-gel process has the advantage of low equipment cost. 

The sol-gel method can be broadly divided into two phases. The first phase is formation of precursor films by spin coating, dip coating, or cast coating, followed by evaporation of the solvent by treating samples at relatively low temperature. The second phase is thermal annealing at higher temperature to let the precursor films form the ZnO films. The dependency of the structure of the ZnO films on annealing temperature in the latter phase has already been studied [12,14-16,19,21]. In contrast, the effect of the temperature of the post spin coating heat treatment has not been studied thoroughly and systematically. 

Various heat treatment conditions for solvent evaporation have been used in previous studies. For example, heating the samples at a specific temperature [12-15], using two heat treatment processes in turn at different temperatures [16-18], and raising the temperature gradually [19] have been reported. However, comparison of these results is difficult, because the subsequent thermal treatment conditions differ from each other. 

Experimental

In the present study, we describe the effect of thermal conditions of the post spin coating heat treatment on the structural properties of the films. In order to isolate the effect of the solvent evaporation process, we used the same annealing temperature.

ZnO thin films have been prepared on SiO2 substrates using the sol-gel method. Synthesized SiO2 substrates with thicknesses of 0.5 mm were first degreased ultrasonically in ethanol before spin coating. The starting material, solvent, and stabilizer were zinc acetate dihydrate, 2-methoxyetanol, and 2-aminoethanol, respectively. Zinc acetate dehydrate was dissolved in a mixture of 2-methoxyethanol and 2-aminoethanol at room temperature. The molar ratio of 2-aminoethanol and zinc acetate dihydrate was 1.0, and the concentration of zinc acetate was 0.45 M. After stirring the solution for 1 hour at room temperature, a homogeneous and transparent solution was obtained. In the present study, room temperature denotes 28ºC. 

The precursor films were formed by spin coating the starting material solution on the substrate at 3000 rpm for 10 s. After the spin coating, the samples were subjected to initial heat treatment at a temperature T1 (100 - 300ºC) for 10 min, then heat-treated again at higher temperature T2 (200 -500ºC) for 20 min. Both heat treatment processes were performed by hot-plate-type heating devices. This procedure was repeated five times in order to attain desired thickness. The heat treatment temperatures T1 and T2 will be described in detail later. The samples were finally thermally annealed in air in a furnace. The annealing temperature was gradually increased from room temperature to 700ºC at a rate of 233 degrees per hour over 3 h, then maintained at 700ºC for 1 h, and finally lowered to room temperature over more than 6 h. Films thickness was about 100 -120 nm. The structural properties of the samples were studied by X-ray diffraction (XRD) using Cu-Kα radiation. XRD was measured using RAD-3 (Rigaku). In order to study the effect of heat treatment, IR absorption spectra were also measured by a Fourier-transform infrared spectrophotometer (FTIR-8400S, Shimadzu). In the IR measurements, crystalline Si substrates were used instead of SiO2, with only one procedure of spin coating and only the heat treatment at T1 for 10 min being carried out.

Results and discussion

Figure 1 shows the XRD patterns of the samples prepared using various post spin coating heat treatment temperatures T1 followed by the next heat treatment at T2 of 500ºC, and final annealing at 700ºC as described before. In this case, the T2 temperature, 500ºC is sufficiently high to eliminate the organic solvent, and lower than the annealing temperature of 700ºC. In all samples, (0002) peak was observed. In addition, in all samples other than the one where T1 is 200ºC, peaks of (10EQ \* jc2 \* "Font:Times New Roman" \* hps12 \o\ad(\s\up 11(-),1)0) and (10EQ \* jc2 \* "Font:Times New Roman" \* hps12 \o\ad(\s\up 11(-),1)1) were also observed. This result indicates the formation of ZnO crystalline in all the films. The intensity of the (0002) peak increases with T1 until 200ºC, and thereafter decreases with increasing temperature. The sample where T1 is 200ºC shows the highest intensity, which is one order higher in intensity than the other samples. The dependency of the XRD peak on T1 shown here is comparable to the dependency on the annealing condition described previously [12,14-16,19,21]. 

Figure 2 shows the IR absorption spectra of the samples heat treated at various values of T1. In the as-coated sample, a few absorption peaks due to the organic components are observed. We can rule out the contribution of 2-aminoethanol to IR absorption spectra, because the 2-aminoethanol-free films showed almost the same spectrum. The very broad peak at 3290 cm-1 is thought to indicate the stretching of O-H. The peak broadening is thought to be due to the interaction with other solvent molecules and Zn metal atoms. Two peaks at 1560 cm-1, 1420 cm-1 are thought to be the asymmetric and symmetric C-O vibrations in the acetate group, respectively. The spectrum is very similar to that found in the previous work in which ethyl acetate and ethanol were used as solvents [20]. The intensity of the peaks decreased with increasing T1 temperature, with all the peaks almost disappearing at 200ºC, which corresponds to the temperature with the highest (0002) peak intensity in Fig. 1. The result indicates that the cause of the low peak intensity at T1 temperatures lower than 200ºC is residual solvent in the films. We can surmise that the rapid evaporation of the organic components from the film makes the formation of the ZnO crystalline difficult. Formation of vacant space, pillar structure, or porous surface in the precursor sol-gel film caused by rapid removal of the solvent might be the cause of low crystalline volume ratio of the films. Thus, in the sample with T1 temperature lower than 200ºC, the solvent remains in the film during the treatment at T1, then is rapidly evaporated in the T2 (500ºC) heat treatment phase. In the case of the samples with T1 temperature higher than 200ºC, solvent evaporates rapidly during the T1 treatment. As a result, the intensity of the XRD peak shows the dependency on T1 temperature described in Fig. 1. 

Figure 3 shows the XRD patterns of the samples prepared using an initial heat treatment temperature T1 of 200ºC followed by the next heat treatment at various values of T2 temperature, and finally annealed at 700ºC. The T1 temperature of 200ºC corresponds to the condition that showed the highest intensity in the Fig. 1. In all the samples, the XRD peak of (0002) is dominant. Peak intensity increased with decrease in T2 temperature, although the dependency observed here is less significant than that observed in Fig. 1. The dependency of the XRD peak intensity observed here can be explained as follows. Even after the heat treatment at 200ºC for 10 min, a small amount of organic components still remains in the films. The organic molecules evaporate rapidly from the precursor films when the T2 temperature is high. However, the effect is less significant, because the amount of solvent is small. This is consistent with the assumption written in Fig. 1.

Figure 4(a) shows the T1 temperature dependence of full width half maximum (FWHM) of the (0002) peaks. FWHM decreases with T1 temperature until 200ºC, the temperature at which the (0002) peak showed highest intensity, then becomes almost constant. This result suggests that the formation of the ZnO crystalline proceeds not only in the annealing process at 700ºC but also in the heat treatment process at T2 or even in the heating at T1. When the T1 temperature is higher than 200ºC, most of the thermal energy the samples accept during the heat treatment at T2 of 500ºC can be used for crystalline growth of the ZnO. Many authors have reported that the temperature of 500ºC is sufficiently high to form crystalline ZnO [12, 14, 16, 19, 21]. In contrast, if T1 is lower than 200ºC, during the heat treatment at T2 temperature of 500ºC the thermal energy was used to evaporate the solvent from the films; thus, the ZnO crystalline were not well formed. Figure 4 (b) shows the FWHM of the (0002) peaks of the samples prepared under the thermal treatment conditions where T1 is 200ºC and T2 was set to various values. The FWHM of the (0002) peak monotonically decreases with increase in T2 temperature. This result corresponds to the increase in crystallite size of ZnO crystalline grains in the films with T2 temperature. As shown in both Figs. 4(a) and 4(b), the crystallite size of ZnO shows different dependencies on T1 or T2 as compared with the dependency of the intensity of XRD peak that corresponds to the crystalline fraction volume ratio.

In summary, ZnO thin films were prepared by the sol-gel method using various post spin coating thermal conditions. The XRD peak intensity showed significant dependence on the post spin coating thermal treatment conditions; above all, the heating conditions of the initial 10 min are a very important factor that determines the structure. The observed results suggest that the rapid evaporation of solvent from the films makes formation of the ZnO crystalline in the films difficult. Vacant space, pillar structure, or porous surface generated by rapid evaporation might be the cause of the decrease in crystalline volume ratio in the films. In the present work, we found that the post spin coating heat treatment condition at low temperature is as important as the thermal annealing condition at high temperature. The results suggest that the detailed study of the spin coating condition and the solvent evaporation process would be required to prepare the high crystalline volume ratio films by the sol-gel method.
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Figure captions

Figure 1: X-ray diffraction patterns of ZnO thin films prepared using various post spin coating heat treatment temperatures T1.

Figure 2: Infrared absorption spectra of sol-gel precursor films after the various post spin coating heat treatments at various values of T1.

Figure 3: X-ray diffraction patterns of ZnO thin films prepared using various post spin coating heat treatment temperatures T2.

Figure 4 Dependency of the full width half maximum of the XRD (0002) peak on the post spin coating thermal conditions. (a) Various values of T1, and T2 of 500ºC, (b) T1 of 200ºC, and various values of T2.
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Figure 3 
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Figure 4(a)
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Figure 4(b)

PAGE  
15

