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Abstract

:

In this study, Cu-doped ZnO (CZO) thin films were grown on glass substrates by using the radio frequency magnetron sputtering technique. The effects of Cu doping on the structural, surface morphological, optical properties, and wettability behaviors of CZO thin films were investigated by X-ray diffraction (XRD), atomic force microscopy (AFM), UV-Visible spectroscopy, and contact angle measurement, respectively. The XRD results indicated that all CZO thin films were textured, having a preferential crystallographic orientation along the hexagonal wurtzite (002) axis. The average transmittance in the visible wavelength region was above 80% for all CZO thin films. The optical band gap of the CZO films decreased from 3.18 to 2.85 eV when the Cu-doping was increased from 2% to 10%. In addition, the water contact angle measurements were carried out to delineate the Cu-doping effects on the changes in the surface energy and wettability of the films.
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1. Introduction


ZnO is a II-VI semiconductor with a direct wide band gap (3.37 eV) and the large exciton binding energy (60 meV) at room temperature, which has been extensively investigated in a variety of applications for optoelectronics, solar cells, transparent thin film transistors, and biosensors [1,2,3,4,5]. Using the doping technique, the physical properties of ZnO can be significantly enhanced. However, ZnO usually behaves as a native n-type semiconductor and is known to be difficult to make it a p-type. Therefore, extensive research has been devoted to fabricating p-type ZnO thin films without much success.



The p-type doping in ZnO with various ions have been reported by either Group IA elements (substitute for Zn sites) or Group V elements (substitute for O sites) [6]. Since the ionic radii of Group IA elements are usually much smaller than that of Zn, it is difficult to produce p-type materials [7]. In the face of these issues of reliability and reproducibility [8], the Group V elements are not an appropriate candidate because the origin of p-type may not be a direct substitution of them on the O sites. Considering the limitations of the elements of Group IA and Group V, transition metals have been used as dopants in ZnO [9,10,11,12,13,14] to enhance the optical properties and electrical conductivity, and to modify the energy band of ZnO thin films. Among them, the Cu element has an almost equal ionic radius to Zn2+ (0.74 Å) [15], and the similar electronic shell structure between Cu and Zn is a further advantage for it to be the most suitable doping material. Previous X-ray photoelectron spectroscopy (XPS) study has also indicated that Cu ions are oxidized in the ZnO structure and substitute into the ZnO lattice at the Zn2+ site [11].



On the other hand, the performance of the surface is of the same importance since it is a critical characteristic for determining the practicability in outdoor applications of ZnO-based devices. A surface with a low free energy can reduce the adhesion of airborne contaminants and then be effectively removed by the rolling drops due to the hydrophobic behaviors [16], therefore, improving the environmental durability of thin films. Unfortunately, to date, only limited literature is available that explores the wettability properties of Cu-doped ZnO (CZO) thin films [17]. In addition, the hydrophobic surface has been one of the critical, necessitated factors in many optoelectronic device applications [18,19,20]. Consequently, the hydrophobic or hydrophilic behavior of the CZO films’ surface is also of great importance in realizing the designed functionality for device applications.



To date, several methods for preparing CZO thin films have been developed, such as the sol-gel method [21], molecular beam epitaxy [22], pulsed laser deposition [23], atomic layer deposition [24], and radio frequency magnetron sputtering [25]. Among them, the radio frequency magnetron sputtering method has been widely used for fabricating oxide thin films because of its advantages of relatively high deposition rates, low cost, easy control, and high efficiency for growing thin films of a good quality.



In this study, the effects of Cu-doping concentration on the structures, surface morphological features, and optical properties of CZO films deposited on glass substrates by radio frequency magnetron sputtering were investigated using X-ray diffraction (XRD), atomic force microscopy (AFM), and UV-Visible spectroscopy, respectively. In addition, the wettability characteristics and surface energy of CZO thin films are also discussed.




2. Materials and Methods


The CZO thin films used in this study were deposited on Coring 1737 glass substrates by radio frequency magnetron sputtering at 200 °C for 30 min. Three CuO doped ZnO targets, namely 2%, 6%, and 10%, respectively, were used. The base pressure of the sputtering chamber was less than 6.66 × 10−4 Pa. The working pressure was fixed at 6.66 × 10−1 Pa, with the sputtering power being kept at 100 W during film growth. The thickness of CZO thin films was about 200 nm.



The crystal structure of CZO thin films was analyzed by X-ray diffraction (Panalytical X’Pert XRD, Cu Kα, λ = 0.154 nm, PANalytical, Almelo, the Netherlands) by the grazing incidence technique at an incident angle of 1°. The compositions of the CZO films were confirmed by X-ray photoelectron spectroscopy (XPS, JEOL JAMP-9500F, JEOL, Tokyo, Japan). The measured compositions of CZO films were very close to those designed for the targets, as shown in Table 1. Therefore, we quote the doping concentration in each film with the original Cu doping concentration designed for CZO targets used. The surface morphologies and the root-mean-square of average surface roughness (Rrms) of CZO thin films were examined by using an atomic force microscopy (AFM, Topometrix-Accures-II, TopoMetrix Crop., Santa Clara, CA, USA). The optical transmittance properties of CZO thin films were measured by using a Shimadzu UV-2450 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan). In addition, the wettability of CZO thin films’ surface under ambient conditions was monitored using a Ramehart Model 200 contact angle goniometer (Ramé-hart, Succasunna, NJ, USA) with deionized water as the liquid at room temperature.




3. Results


The XRD patterns of CZO thin films with various Cu-doping concentrations of 2%, 6%, and 10% are shown in Figure 1. The XRD results reveal that all CZO thin films have a wurtzite structured crystalline ZnO (JCPDS 36-1451) and have a significant (002) preferred orientation, which has been confirmed by a previous study [17]. No other phases corresponding to metal copper, oxides, or binary zinc copper were observed, indicating that Cu-doping is uniform and does not alter the hexagonal wurtzite structure of ZnO films. It is noted that the intensity of (002)-peak was enhanced dramatically when the Cu-doping concentration was increased from 2% to 6%. However, further increasing of the Cu-doping concentration up to 10% reduced the intensity of the (002)-peak, suggesting that excessive Cu-doping can degrade the (002) preferential orientation of CZO thin films. The crystalline size of CZO thin films was evaluated using the full-width at half-maximum (FWHM) of the (002)-peak according to Scherrer’s equation [26]:


   D = 0.9  λ  β cos θ     



(1)




where D is the crystalline size, λ is the wavelength of the X-ray radiation (Cu Kα, λ = 1.5406 Å), θ is the Bragg angle, and β is the line width of the (002) diffraction peak, respectively. Since broadening of diffraction lines may arise from the instrumental broadening and from the crystal size, structural defects, and residual strain of materials. The measured instrumental broadening of about 0.152°, by a Si standard sample, was then subtracted from the raw data while performing the crystallite size calculation. The derived crystalline size indicated that it increases from 20 to 50 nm and then decreases to 29 nm with the Cu-doping concentration of 2%, 6%, and 10%, respectively.



Moreover, in Figure 1, the diffraction angle of the (002) diffraction peak is found to shift to a higher angle with increasing Cu-doping concentrations, which suggests that the lattice constant (c) of CZO thin films is decreased according to the Bragg’s formula:


   2 d sin θ = n λ   and    d 2  =    [    4  (   h 2  +  k 2  + h k  )    3  a 2    +    l 2     c 2     ]    − 1       



(2)




where d denotes the crystalline plane distance of indices (h, k, l). Since the Cu2+ ionic radius (0.73 Å) is smaller than that of the Zn2+ ion (0.74 Å) [15], it is expected that substitutional doping of Cu should slightly shrink the ZnO lattice and cause the (002)-peak to shift to a higher angle. From the obtained results, one may further estimate the induced stress in the CZO thin films using the following formula:


   σ = − 233    (  c −  c 0   )     c 0      



(3)




where c0 (=0.5205 nm) is the lattice constant of ZnO film without defects. The obtained stresses were 0.2238, 0.3581, and 0.5819 GPa for Cu-2%, Cu-6%, and Cu-10% doping in CZO thin films, respectively. Since the size of Cu2+ is smaller than that of the Zn2+, the resultant stresses are tensile.



The surface morphologies of CZO thin films revealed by AFM observations are shown in Figure 2. It can be seen that the CZO thin films all exhibit dense and homogenous microstructures. The AFM analysis of the CZO thin films showed that the Rrms of films increased from Cu-2% to Cu-6% because of the increase in crystalline size. As a result, the film surface of the Cu-6% sample was also rougher. The Rrms of each respective CZO thin film is also displayed in Figure 2.



The wettability behavior of the surface is strongly related to the surface morphology of the sample surface [27]. The results of wettability tests are shown in the inset of Figure 2a–c. With an increasing Rrms, a larger amount of air is expected to be trapped in the gap of the nanoislands [28], which, in turn, would greatly increase the contact area of the air-water interface (i.e., preventing the water droplets from penetrating into the air pockets), resulting in a larger contact angle (θCA), as displayed in the rougher sample (see the Cu-6% doping CZO thin film in Figure 2b). It is noted that similar phenomena were reported by Dave et al. [29].



In general, the surface wettability is a measure of the surface energy and is most commonly quantified by θCA [18]. The surface energy for CZO thin films was calculated using the Fowkes-Girifalco-Good (FGG) theory [30]. According to the analysis of the FGG method, the considered critical interaction is the dispersive force or the van der Waals force across the interface existing between the water droplet and the solid surface. The FGG equation is given as:


    γ  l s   =  γ s  +  γ l  − 2    γ s d     γ l d      



(4)




where    γ l d    and    γ s d    are the dispersive portions of the surface tension for the liquid and solid surfaces, respectively. Using the Young’s equation [18] combined with Equation (4) and employing nonpolar liquid deionized water (72.8 mJ·m−2) as a testing liquid,    γ l d    is equal to    γ l   , and the Girifalco-Good-Fowkes-Young equation becomes:


    γ s d  =  1 4     γ l     (  cos  θ  C A   + 1  )      



(5)




where    γ s d    is the surface energy of the calculated materials. Hence, by straightforward analyses, the values of the surface energy obtained for CZO thin film were 12.3, 10.8, and 17.5 mJ·m−2, respectively, for 2%, 6%, and 10% Cu-doping concentrations. Previous studies have indicated that the surface roughness is directly proportional to the contact angle and thereby inversely proportional to the surface energy of ZnO films [31,32]. Our results, nevertheless, are similar to that reported by Sapkal et al. [33]. In their work, the intensity of the (002) peak was significantly improved by an optimal Ag-doping concentration of ~3% in ZnO films, which evidently led to a larger θCA value. Based on these observations, it appears that the surface roughness and crystallinity of CZO thin films are the two main factors governing the surface wettability. In our case, an optimal doping concentration of Cu (~6%), seems to result in similar behaviors observed by Sapkal et al. [33]. Namely, the surface becomes much more hydrophobic (i.e., much lower surface energy) when the ZnO films are properly doped with Cu.



The optical transmittance spectra of CZO thin films with various Cu-doping concentrations of 2%, 6%, and 10% are displayed in Figure 3. As can be seen, the transmittance values are varied between 70% to 90% in the visible region (400–800 nm). It is clear from the transmittance spectra that the transparency has decreased with an increasing Cu-doping concentration, which is consistent with previous studies [34,35].



The influence of Cu-doping concentrations on the optical band gap (Eg) of CZO thin films can be further estimated from Figure 3. The Eg is calculated from transmittance data by using the Tauc equation:


  α   h v = A  (  h v −  E g   )    n   



(6)




where α is the absorption coefficient, hv is the photon energy, A is the constant, and n is an index. The index, n, can be 0.5 or 2 depending on whether it is a direct or indirect transition. Figure 4 shows a plot of the (αhv)2 versus the photon energy, which is linear at the absorption edge, confirming that the CZO films have a direct band gap. The value of the band gap is estimated by extrapolation of the straight line to the linear part to intersect the photon energy axis at Eg values. In the inset of Figure 4, it can be observed that the Eg of Cu-2% CZO film is 3.18 eV, while increasing the Cu concentration to 6% and 10% caused it to decrease to 3.02 and 2.85 eV, respectively. This is consistent with the XRD results because the tensile stress causes a red shift in the Eg values by increasing the Cu-doping concentration in CZO thin films [36]. According to a previous study [37], the Cu 3d orbital is much shallower than the Zn 3d orbital. The strong d-p coupling between Cu and O moves the O 2p up, while a Cu atom occupies a Zn site in ZnO, resulting in the narrowed direct band gap being exhibited. These facts may be related to the red shift of Eg values by Cu-doping in ZnO thin films.




4. Conclusions


In summary, we report the structural, surface morphological, optical, and wetting properties of CZO thin films with various Cu-doping concentrations grown by radio frequency magnetron sputtering technique. XRD results indicated that CZO thin films had a hexagonal wurtzite structure and exhibited a (002)-preferred orientation. AFM observations showed that the surface morphological properties were changed via Cu doping and a larger crystalline size (28 nm) was presented in Cu-6% doping of CZO films. All CZO thin films exhibited a transmittance of over 80% in the visible wavelength range. Moreover, the optical energy band gap of CZO thin films shifted from 3.18 to 2.85 eV with increasing Cu-doping concentrations from 2% to 10%. Combined with the contact angle measurement and theory calculation, all CZO thin films exhibited a low surface energy, resulting in hydrophobic behaviors.
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Figure 1. X-ray diffraction (XRD) patterns of CZO thin films deposited on glass substrates with various Cu-doping concentrations. 
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Figure 2. atomic force microscopy (AFM) surface micrographs (5 × 5 µm2) of CZO thin films with various Cu-doping concentrations (a) 2%, (b) 6%, and (c) 10%. Inset: The corresponding water contact angles. 
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Figure 3. UV-Vis transmittance spectra of CZO thin films with various Cu-doping concentrations. 
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Figure 4. Plots of (αhv)2 versus photon energy of CZO thin films with various Cu-doping concentrations. Inset: The evaluated optical band gap of CZO thin films. 
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Table 1. The composition of CZO thin films measured by X-ray photoelectron spectroscopy (XPS).
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	Sample
	Cu (at %)
	Zn (at %)
	O (at %)
	Stoichiometry of Cu





	2%
	1.1
	47.96
	50.94
	0.022



	6%
	3.31
	46.32
	50.37
	0.067



	10%
	5.48
	43.24
	51.28
	0.112











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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