Effect of temperature on the morphological and optical properties of ZnO thin films produced by reactive R.F. magnetron sputtering
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Abstract
In this study, ZnO thin films were prepared on glass substrates using a radio frequency (RF) magnetron sputtering system with a pure metallic zinc target. The evolution of the surface morphology and the optical properties of the ZnO thin films were studied as a function of substrate temperature which was varied from 50 to 250 °C. The surface topography of the samples was examined by atomic force microscopy (AFM), and their optical properties were determined via UV-Vis-NIR spectra. Inspection of the AFM images showed that the surface morphology was strongly influenced by the substrate temperature. For example, at 50 °C, small grains were formed while at 250 °C, the grains had irregular shapes and were non-homogeneous. The energy gap remained constant ~ 3.3 eV for all the films. In the visible region, the average optical transmittance was 80 %. From these results, it is clear that the morphological properties of the ZnO thin films were more greatly affected by the substrate temperature than were the optical properties.
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1.Introduction
Zinc oxide (ZnO), which has gained much attention due to its versatile nature, is an n-type semiconductor that belongs to the binary compounds II-VI, which have a wide direct band gap of 3.3 eV at room temperature and a large exciton binding energy of ~ 60 meV(1). Moreover, ZnO has attractive features such as infrared region reflectivity, good chemical stability and ZnO films with doping have high transparency in the visible region(2). These features make ZnO well-suited for the realization of many optoelectronic and piezoelectric applications such as in solar cells, flat displays, chemical sensors and optical wave guides(3). Owing mainly to its low cost, non-toxicity and the abundance of the chemical elements Zn and O in nature(3-5), ZnO is a promising alternative to indium tin oxide (ITO) in transparent conducting oxide (TCO) applications. 

ZnO thin films have been synthesized by a wide variety of techniques including chemical and physical routes, such as pulsed laser deposition(6), thermal evaporation(7), chemical vapor deposition(8), and magnetron sputtering on a variety of substrates(9-12). Among these techniques its associated , the sputtering process is the most promising process for depositing ZnO films due to high deposition rate, low substrate temperature, relative simplicity, and to the good adhesion of the film to the substrate(13).

The characteristics of ZnO films are usually affected by intrinsic and extrinsic factors such as the pressure during deposition, the type of substrates, the films thickness, substrate temperature and the deposition method(13). In this paper, ZnO films were deposited on glass substrates by reactive R.F. magnetron sputtering using a zinc metallic target. In particular, the effects of substrate temperature on the morphological and optical properties of ZnO films have been studied.
2. Experimental Procedures
ZnO films were deposited on rectangular glass substrates (10 x 30 mm2) by reactive RF magnetron sputtering technique. A metallic zinc target of 76.2 mm diameter and 99.99% purity was used as the zinc source. The target to substrate distance was 40 mm. Gas flows were controlled using needle valves (Edwards, model LV-10K) and a mass flow controller. Pressure was monitored using a Pirani gauge. The background pressure was 1.0 mTorr. The plasma was activated by a 13.56 MHz RF power of 70 W at an argon pressure of 1.0 x 10-2 Torr and an oxygen flow rate of 0.08 sccm. Before each deposition, the target was sputtered with argon and oxygen for 10 min to remove the native oxide layer. The depositions were carried out in the temperature range of 50 to 250 °C with variation within ± 5 °C. The deposition time for each sample was 60 min.
The surface topography of the samples was measured using atomic force microscopy (AFM, XE-100, Park Systems) operating in non-contact mode. Silicon cantilevers were employed (nominal radius of 10 nm). The scan area was 2 μm x 2 μm with a resolution of 512 x 512 pixels. From the AFM images, the surface roughness was quantified by the root mean square (rms) roughness, σ, and the lateral correlation length, ξ (average lateral grain size). The optical transmittance of the films was determined employing a UV-Vis-NIR spectrometer (Lambda 750, Perkin Elmer). Transmittance spectra were used to estimate the film thickness, optical energy gap (Eg) and the average optical transmittance. The crystalline and crystal orientation of ZnO films were measured using an X-ray diffractometer system (D/MAX-2100/PC, Rigaku), which employs the Cu Kα radiation at grazing incidence. Energy-dispersive X-ray spectroscopy (EDS) was used to find the chemical composition of the films.
3. Results and Discussion 
3.1 Film composition
Tab. 1 shows the deposition rate of ZnO films produced at different substrate temperatures. The growth rate decreases as the substrate temperature increases. This behavior is expected since the diffusion of particles deposited on the substrate surface increases with increasing substrate temperature, resulting in a lower film growth rate and thus influencing the film properties(14).

Table 1. Growth rate and composition of ZnO films as a function of the substrate temperature.

	Substrate temperature (°C)
	Growth rate (nm/min)
	Zn (at.%)
	O (at.%)
	O/Zn

	50
	12.5
	47.31
	52.69
	1.11

	100
	12.5
	46.81
	53.19
	1.14

	150
	11.2
	47.11
	52.89
	1.12

	200
	9.9
	47.02
	52.98
	1.13

	250
	9.5
	47.26
	52.74
	1.12


The composition of ZnO films was determined by EDS. The O atomic composition was greater than the Zn atomic composition irrespective of substrate temperature. This behavior can be explained by the difference between the melting point of Zn (420 °C) and that of ZnO (1,975 °C)(5). Thus, the greater the temperature, the smaller the number of Zn atoms in the film owing to the greater rate of reemission of Zn atoms, which results in a film richer in oxygen.
3.2 Structural studies

Fig. 1 displays the X-ray diffraction pattern for ZnO films produced at different substrate temperatures. In Fig. 1, according to JCPDS 65-3411, all characteristics peaks of hexagonal ZnO wurtzite are present. Furthermore, the peaks indicate that the ZnO films are polycrystalline. From Fig. 1, (002) diffraction peaks are observed in all films and they have a greater intensity than the other peaks. These features indicate that the textured structure of these ZnO films grows with a preferential orientation along c axis perpendicular to the substrate surface(1). 
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Figure 1. XRD patterns of ZnO films deposited at different substrate temperatures.

The FWHM of the strongest (002) peak in Fig. 1 was used to estimate the crystallite size along the growth direction by employing Scherrer’s relation(12). Fig. 2 shows the variation of the crystallite size with substrate temperature. It can be observed that in the films deposited at up to 100 °C, the crystallite size along c axis increases from 9 to ~ 12 nm. A brief decline is seen in crystallite size for films deposited in the temperature range of 150 to 250 °C, which exhibited a decrease in the (002) peaks. In this temperature range, the crystalline size remains almost unchanged at ~ 10 nm. 
3.3 Surface morphology 

The surface morphology of the ZnO films grown was investigated using the AFM images shown in Fig. 3. Fig. 3(a)-(f) show two-dimensional AFM images of the glass substrate and ZnO films grown at substrate temperatures of 50 to 250 °C, respectively. 
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Figure 2. Grain size along c-axis (growth direction) plotted as a function of the substrate temperature.
From the AFM images in Fig. 3, all ZnO films have a polycrystalline structure in which the lateral correlation ξ increases with increasing substrate temperature as shown in Fig. 4(a). In Figure 3(b) and (c), which correspond to substrate temperatures of 50 and 100 °C, respectively, the surface features are formed by small grains of regular shapes with lateral correlation ξ in the range of 60 to 70 nm. In contrast, as the of temperature substrates increases, there is the formation of distinct surface structures as can be seen in Figure 3(e)-(f). The film deposited at 150 °C (Figure 3(e)) shows the textured morphology formed by irregular sized grains with ξ of 70 nm. The films deposited at 200 and 250 °C have similar surface features which are formed of irregular size large grains with ξ of 85 to 95 nm.
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Figure 3. 2 μm x 2 μm AFM images of glass substrate and ZnO films deposited at different substrate temperatures. (a) Glass substrate, (b) 50 °C, (c) 100 °C, (d) 150 °C, (e) 200 °C and (f) 250 °C.

Fig. 4(b) shows the evolution of the rms surface roughness σ of the ZnO films with increasing substrate temperature. The roughness σ increases from 12 to 31.5 nm almost linearly with increasing substrate temperature. Similar behavior was reported by Lin et al.(13) for ZnO films grown at different substrate temperature. Thus, the grain grows continuously in lateral size and height.
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Figure 4. (a) Lateral correlation length ξ calculated from the AFM images of ZnO films, which correspond to the average lateral grain size. (b) The surface roughness σ as a function of the substrate temperature as determined from 2 μm x 2 μm AFM images. The dashed line is the surface roughness of the glass substrate (~ 0.5 nm).

3.4 Optical properties 
The wavelength dependence of the optical transmittance of the ZnO films at different substrate temperature is shown in Fig. 5(a). All the films exhibit high transmittance with an average transmittance of 80 % in the visible region (~ 400-700 nm). Singh et al.(10) studied the influence of substrate temperature on the optical property of ZnO thin films, obtaining similar results. Ondo-Ndong et al.(9) analyzed the influence of RF power on sputtered ZnO films, founding an average transmittance of 88 % in the visible region. The sharp fall in transmittance below 400 nm is resulted to the onset of fundamental absorption in ZnO(10).

An important parameter for optoelectronic applications is the band gap(5). Paraguay et al.(15) indicated that ZnO films have a direct band gap. Thus, the absorption edge for direct interband transitions is given by Eq. (A): 
	αhν = C (hν – Eg)1/2,
	(A)


where C is a constant for a direct transition and α is the optical absorption coefficient(13). The optical band gap energy can be obtained from extrapolation to the intercept graphs of αE2 vs. hν as shown in Fig. 5(b). Fig. 5(b) shows the plots of αE2 vs. hν for the ZnO films deposited at different substrate temperature. Thus, for all the films, the band gaps found were ~ 3.3 eV. This value is in agreement with the results reported in the literature(9-13). 
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Figure 5. (a) The optical transmittance spectra of the ZnO films deposited on glass substrates as a function of the substrate temperature. (b) The energy gap of the ZnO films estimated by the extrapolation of the linear part of the αE2 vs. hν plots. 

4. Conclusions
The effect of substrate temperature on the morphological and optical properties of ZnO thin films deposited by reactive R.F. magnetron sputtering to glass substrates was investigated. The films are polycrystalline and exhibit a strong oriented growth along the (002) plane perpendicular to the substrate surface. In the temperature range studied, ZnO films are non-stoichiometric due to higher rate of reemission of Zn atoms, resulting in films nearly rich in O2. ZnO films showed different surface morphologies as a function of the substrate temperature, resulting in grains with irregular shapes and non-homogeneity. These grains increase continuously in lateral size and height as the substrate temperature increases. All the films exhibit an average transmittance of 80 % in the visible region and present band gaps of ~ 3.3 eV. The morphological properties of the ZnO films are more greatly affected by the substrate temperature than are the optical properties.
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