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Abstract

:

We unveiled the effect of doping on the morpho-structural and opto/electrical properties of Ca-doped ZnO:Al thin films obtained by RF magnetron sputtering. Scanning electron microscopy (SEM) was performed to reveal the surface morphology, while the composition and crystal structure were investigated by energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). The correlation between the microstructure and the electrical conductivity identifies an increase in electrical conductivity up to 145 × 10−3 Ω−1·m−1 at 5 wt.% Ca doping level with the decrease in the grain size. Furthermore, the presence of Ca dopant triggers the occurrence of the emission peak at 430 nm and an increase of the green emission peak in PL spectra. Corroborating the electrical measurements with X-ray diffraction and optical measurements, one can infer that the electrical conductivity is dominated by intrinsic defects developed during deposition and by the existence of dopants.
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1. Introduction


Zinc oxide (ZnO) thin films prepared by physical methods such as radio frequency magnetron sputtering continue to be of high interest due to their low cost and low absorption of visible light, triggering an enhanced UV photoresponse of the photodetector, transparent conductive electrodes in solar cells, and fluorescence imaging performance [1,2,3].



In addition to good absorptivity, high conductivity is the prerequisite for their applications in electro-optic devices. An effective method to achieve these properties is doping with metals, especially elements of group III (Al, Ga), which have been shown to substitute Zn or O in the ZnO structure to enable n-type doping [4,5,6,7,8,9,10]. Employing a physical deposition approach, Sun et al. [11] studied (Al, Co)–ZnO films cosputtered on glass substrate to reveal that (Co, Al) doping affects the carrier mobility due to the reduce crystallinity in the deposited films. Wang et al. [12] investigated Al and F co-doped zinc oxide (AFZO) thin films on glass substrates by radio frequency magnetron sputtering, when the co-doping induces a significant decrease of the film resistivity in comparison with either Al or F doping, revealing the effectiveness of Al and F co-doping on electrical properties of ZnO thin films.



Besides these intensively investigated ZnO-based alloys, II–VI compounds with a rock salt structure and a band-gap above 7 eV (7.2 eV in the case of calcium oxide and 7.8 in the case of MgO) are known for enhancing the transmittance of the ZnO film [13]. Doped/co-doped ZnO films proved to be suitable materials for both gas sensing and as the constituent of a layered transparent conductive oxide electrode for organic electronics. An efficient transparent conductive gas diffusion barrier, with improved optical, electrical, and moisture/oxygen barrier properties, was developed when periodical dopant layers (Mg- and Al-) were inserted in the ZnO film [14].



Thus, codoping with Al and Ca is an effective way to widen the application field of ZnO-based transparent conductive oxides (TCO) materials [15]. From this perspective, several studies on ZnO:(Ca, Al) co-doped films prepared by sol-gel methods, have shown their potential as sensitive material for CO2 sensors [16], whereas discrete photoluminescence (PL) emission certified the great potential for optical devices applications [17].



Therefore, exploring the physical nature behind, it may provide some effective strategies for optimizing optical and electrical performance of ZnO-based TCO material. Studies on ZnO thin film prepared by atomic layer deposition [18], sol-gel [19], spray pyrolysis [20], chemical vapor deposition [21] and sputtering [22] strongly support the relationship between the deposition technique and the quality of the film. Amongst them, sputtering is the most efficient method of producing high quality and low cost ZnO-based thin films. However, the majority of researchers that have developed ZnO thin films by sputtering have used expensive ceramic targets, which are very fragile, causing cracking problems when raising the temperature. While RF magnetron sputtering is a technology that can provide optimum coating uniformity, and high deposition rate at large scale [23], 99.9% of the CaO sputtering target is a material that quickly breaks down and returns to powder. To circumvent aforesaid issues, an alternative could be represented by the chemical diffusion which is a relatively simply, low-cost and reproducible process. The chemical diffusion is generally involved in the growth of materials to control the shape of particles [24].



In this paper, we synthesized thin Ca doped ZnO: Al 2 wt.% films with Ca concentrations that varies between 1 wt.%, 3 wt.% and 5 wt.%, to show the doping effect to the morpho-structural and opto/electrical properties of the ZnO: Al thin films synthesized by RF magnetron sputtering.




2. Materials and Methods


2.1. Ca-Doped ZnO:Al Thin Film Synthesis


The substrates used for deposition were silicon substrates with (100) crystallographic orientation, 1–10 Ωcm resistivity and 100 nm thermally grown SiO2. Before deposition, the substrates were cleaned in an ultrasound bath with Extran (Merck KGaA, Darmstadt, Germany) and after that in a piranha solution (H2SO4:H2O = 3:1). The flowchart of Ca doped ZnO:Al thin film preparation is presented in Figure 1. Calcium-doped ZnO:Al thin films were prepared in two steps: (1) RF Sputtering process. In order to deposit 2 wt.% Al:ZnO thin films on SiO2/Si substrates, ZnO:Al-2 wt.% target with a 154 mm diameter and 99.99% purity (Tesbourne Ltd.) was used, with a balanced magnetron. In order to deposit stoichiometric films, it is necessary to optimize sufficient amount of oxygen with argon in the sputtering system. Accordingly, the obtained films were deposited with argon (Ar) at a flow rate of 30 sccm and oxygen (O2) at 99.999 purity and 0.5 sccm as sputtering and reactive gases to suppress the oxygen vacancies that act as annihilators of holes during film deposition according to Otieno et al. [25]. The RF power used was 200 W. The depositions were performed with a RF magnetron sputtering PlasmalabSystem400 (Oxford Instruments, Abingdon, UK). The thickness of the 2 wt.% Al:ZnO thin films was 130 nm. (2) Chemical Diffusion. Calcium hydroxide, (99.995% trace metals basis, Sigma-Aldrich, Saint Louis, MO, USA) used as the Ca source, was ultrasonicated in deionized water for 2 h at 40 °C in order to achieve different concentrations of calcium in the solution: 1, 3 and 5 wt.%. The obtained solutions were deposited in a single layer at 3000 rpm/30 s on the ZnO:Al 2% thin films followed by a first thermal treatment at 100 °C = 5 h in order to obtain a partial dehydration and a second thermal treatment at 900 °C = 2 h in air for decomposition of Ca(OH)2.




2.2. Characterization of the Thin Films


The films’ morphology and the thickness were explored by Nova NanoSEM 630 Scanning Electron Microscope (FEI Company, Hillsboro, OR, USA) employing an ultra-high resolution detector at an acceleration voltage of 10 kV. The recognition of Ca concentration and its assigning within the ZnO:Al 2% films surface were achieved with the element energy dispersive spectroscopy (EDS) system (Smart Insight AMETEK, Mahwah, NJ),USA. The energy dispersive X-ray spectroscopy (EDX) was acquired at an acceleration voltage of 10 kV, with a working distance of 5 mm and 30k × magnification. XRD analyses were performed on a Rigaku SmartLab X Ray Diffractometer (Rigaku Corporation, Tokyo, Japan) using CuKα radiation (λ = 1.5406 Å) in grazing incident (GI-XRD) mode with an incident angle of 0.5°. A sampling step of 0.01° and a speed of 4°/min were used. The phase recognition was made using the International Center for Diffraction Data (ICDD) database. The photoluminescence (PL) emission spectra of the films were recorded with an Edinburgh FL920 fluorimeter, at 300 nm excitation wavelength. An EP6/Suss MicroTec microprober and a 4200-SCS/C/Keithley system (Keithley Instruments, Cleveland, OH, USA; Suss MicroTec, Garching bei München, Germany) were used to measure the electrical characteristics of the films. For this purpose, the bottom electrode was defined using e-beam by deposition of a thin film of 10/100 nm Ti/Pt on the SiO2/Si substrate before the Ca dopedZnO:Al layers. Then, a mask (pad size = 0.64 mm2) was used to deposit the Ti/Au (10/100 nm) upper electrodes using the DC Sputtering system—AUTO 500 (BOC Edwards, West Sussex, UK) on the film surface. The sputtering was carried out in a 3 sccm Ar atmosphere, using a power of 45 W and an ultimate vacuum of 1.26 × 10−3 mbar.





3. Results and Discussions


3.1. The Morphology Features and Chemical Composition


One can observe from top-view SEM micrographs, the surface of the synthesized ZnO:Al films consists from grains uniformly distributed with dimensions raging between 30 and 60 nm. As the Ca content increased, the grain size became smaller, as shown in Figure 2a–d. At the same time, the cross-sectional SEM (inset in Figure 2a–d) indicates that the thickness increased from 130 nm (ZnO:Al 2%) to 160 nm as the doping level reached 5 wt.%. As can be seen, the film shows an obvious vertical columnar microstructure. From the EDX spectra one can identify the presence of Zn, O, Al and Ca, which are the dominant elements in all samples. The determination of the elemental concentration was achieved with EDX analysis of the surface. The weight percentages of these elements for our thin films are presented in the inset table of each EDX spectra.




3.2. Structural Analysis


Grazing incidence XRD (GI-XRD) was used to identify the constituent phases. In Figure 3a are presented the GI-XRD patterns recorded for our four samples.



Each pattern presents multiple diffraction peaks, further assigned according to the International Crystallography for Diffraction Data (ICDD) database. Accordingly, we identified a phase combination between cubic ZnAl2O4 (gahnite phase), pure wurtzite ZnO and Al2O3H2O (diaspore phase). It could be observed that the calcium incorporation did not lead to additional phases based on calcium oxide. After a careful investigation of the diffraction peaks, one can remark a slight shift to smaller 2θ of ZnO, up to 0.4°. According to the Bragg’s law, a shift of the diffraction peaks to smaller angles reflects an increase of the interplanar distance. Moreover, the shift could be due to the difference in the atomic radius between zinc (1.42 Å) and calcium (1.94 Å), leading to a local distortion of the wurtzite lattice due to some residual stress inside the thin films. In order to attest the crystal quality, the Scherrer equation was used [26]. This gives the correlation between the width of the diffraction peak to the size of the crystalline domains in this way:


τ = kλ/(βcosθ)



(1)




where k is a shape factor taken usually equal as 0.9, θ is the peak angular position, λ is the wavelength and β is the full width at half maximum. We found that the mean crystallite sizes decreased from 30.2 nm (ZnO:Al) to 20.1 nm (ZnO:1Ca,2Al) and 19.1 nm (ZnO:3Ca,2Al), reaching 18.7 nm for the last sample with increasing calcium loading varying in the range 30.2–18.7 nm. Meanwhile, the unit cell parameters of ZnO lattice increases. For instance, a increased from 3.24 to 3.28 Å, while c from 5.20 to 5.25 Å. The values of the mean crystallite size for ZnAl2O4 and its lattice constant, as well as the lattice parameters of ZnO are tabulated in Table 1.



The unit cell parameters were calculated from the interplanar distances,  d  was calculated using the Bragg’s law,   2  d  hkl    sin θ  = λ  , where   2 θ   is the angular position of the diffraction peak. Further, standard relations for cubic and hexagonal lattice were used to get the unit cell parameters [27]. For cubic crystals, the interplanar distance is related to the unit cell parameter  a  thus:


   d  h k l   =  a     h 2  +  k 2  +  l 2       



(2)







The   a   and  c  lattice parameters of the hexagonal crystal were calculated thus:


   1   d 2    =   4  (   h 2  +  k 2  +  l 2   )    3  a 2    +    l 2     c 2     



(3)







The out-of-plane lattice parameter  c  was determined from the symmetric ( h  =  k  = 0) reflection, and used further to obtain the in-plane lattice parameter  a , which is determined from the asymmetric    (  h , k , l  )    reflection.



It is clear that the doping affects the lattice parameter of ZnO, giving rise to a tensile strain of 1.2% and 0.9% on the a- and c-axis, respectively. At the same time, the lattice constant of cubic ZnAl2O4 remains constant during Ca doping. Moreover, the doping is related to a worse crystal quality, since the mean crystallite size decreased. In this view, the results suggest that the Ca dopant has different effects. One the one hand, in the case of ZnO, where the lattice constant is subjected to an expansion, it seems that the Ca dopant acts as an interstitial defect [28]. Moreover, the crystal quality is not altered at different Ca doping stages. On the other hand, in the case of ZnAl2O4, the dopant has another effect. Although the lattice constant remains unmodified, the mean crystallite size decreases. In this regard, the Ca dopant most probably substituted an atom from ZnAl2O4 host lattice. Further, the dislocation density was estimated as the inverse of the mean crystallite size square: 1/τ2. Accordingly, the dislocation density increases from 1.1 × 1011 cm−2 to 28.2 × 1011 cm−2 for 5% Ca. Our structural findings clearly indicate that the Ca dopant affects the mean crystallite size and therefore the dislocation density in ZnAl2O4 lattice.




3.3. Photoluminescence Emission Studies


Photoluminescence spectroscopy was performed to measure and analyze the optical properties of Ca-doped ZnO:Al films, and the characteristic PL spectra are reported in Figure 4. The spectrum of ZnO:Al thin film has two main components: a narrow ultraviolet (UV) emission band (around 378 nm) and a broad visible emission band (at 545 nm) both obtained for 300 nm excitation wavelength, tabulated in Table 2. The first PL peak, situated in the UV range, corresponds to near-band-edge emission of ZnO and can be considered as excitonic emission, whereas the broad green emission indicates the presence of defects such as oxygen interstitial defects. Interestingly, the Ca-doped films display a modified green emission band compared to the reference (ZnO:Al 2%). In fact, the intensity of the green emission band is increased up to almost two times and the excitonic peak is increased also, which is another indicator for the modification of the crystal quality. In the present study, the green emission peak shifted from 545 nm (ZnO:Al 2%) to 580 nm (5% Ca-doped ZnO:Al 2%) which can be attributed to the influence of many factors such as addition of 1–5% concentration of Ca dopant and thermal treatment at 900 °C used for complete decomposition of Ca(OH)2. The broad and green PL emission band of the Ca doped films reveals that besides the direct band-to-band excitation, another emissive process takes place which is related to the localized states in the energy bandgap induced by Ca incorporation. A possible mechanism for this emission could be donor-acceptor recombination at the localized Ca-induced states [29]. Thus, certain energy states emerge during films deposition when the Ca content is increased. This increase in the electron concentration may be due to donor-like states, such as the [Zni] and [Vo+] states in the films [30]. Additionally, a new band appears around 430 nm for 1% Ca, 432 nm for 3% Ca and 433 for 5%. These results could be related to surface defects into the ZnO lattices. A new band group, centered at about 437 nm has been reported by Dhahri et al. [16] for the case of codoped ZnO:(Ca,Al) with 1 at.% of Al and different Ca (1–5 at.%) content synthesized by the sol-gel method and annealed at 400 °C for 2 h in air.




3.4. Electrical Characterization


The effect of Ca doping on the electrical properties of ZnO:Al films, was studied by the electrical characterization of pure and doped ZnO:Al thin films at room temperature with a setup depicted in Figure 5a. The electrical conductivity (Figure 5b) was determined from I–V characteristic using the formula:


1\σ = R × (A\l)



(4)




where σ is conductivity, R is electrical resistance, A is top electrode area and l is the thickness of thin film.



We obtained a value of electrical conductivity of 52 × 10−3 Ω−1·m−1 for the Ca-doped ZnO:Al sample with a concentration of 1% Ca, that is slightly increased compared to the value of electrical conductivity for the undoped ZnO: Al sample (39 × 10−3 Ω−1·m−1). An electrical conductivity value of 75 × 10−3 Ω−1·m−1 cm was obtained for 3% Ca concentration and 145 × 10−3 Ω−1·m−1 for 5% Ca concentration. In general, the electrical conductivity of ZnO at room temperature is due to the presence of intrinsic defects produced by oxygen vacancies. The electrical conductivity is determined by two factors: mobility and carrier concentration. The same electrical conductivity can come from the many electrons with a lower mobility or fewer electrons with a high level of mobility. On the other hand, a low level of doping concentration can lead to a reduction in mobility by the presence of defects which are responsible for the scattering [31]. In the case of doped ZnO systems it can be said that electrical conductivity is dominated by the presence of dopants and by the intrinsic defects induced during deposition. In this study, the doping concentration is low (≤5% Ca), and doping with Ca increases the density of defects, which can lead to a decrease in electrical conductivity. On the other hand, the presence of Al in a proportion of 2%, induces an increase in the number of free electrons in the system. In conclusion, it can be said that the electrical conductivity in the (Ca, Al) doped ZnO system is dependent on the proportion between the two dopants, Al and Ca.





4. Conclusions


Doped ZnO thin films with Al concentration fixed at 2 wt.% and varying Ca (1%, 3% and 5 wt.%) were successfully synthesized using RF magnetron sputtering followed by chemical diffusion. According to morpho-structural and optical investigations of our doped ZnO:Al thin films it was pointed that the concentration of Ca is a pivotal aspect in the determination of the main structural parameters and optical properties. For instance, different Ca concentration induces different dislocation density. Further, an increasing of the Ca concentration led to different PL emission spectra, affecting the broad green emission. At the same time, electrical properties are related to the doping and the microstructural parameters. Corroborating the electrical measurements with X-ray diffraction and optical measurements, one can infer that the electrical conductivity is dominated by intrinsic defects developed during deposition and by the existence of dopants. The possibility to tune the opto-electrical properties from doping/co-doping opens new pathways for designing of various optoelectronic devices.
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Figure 1. Flowchart of Ca-doped ZnO:Al 2% thin film preparation. 
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Figure 2. Surface morphology (inset: cross-sectional image) and EDX spectra of ZnO:Al 2% (a) and Ca-doped ZnO:Al 2% thin films with: 1, 3 and 5% Ca: (b–d). 
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Figure 3. (a) GI-XRD patterns of ZnO:Al 2% and Ca-doped ZnO:Al 2% thin films with: 1, 3 and 5% Ca, (b) the mean crystallite size and (c) dislocation density of investigated thin films as a function of calcium concentration of the doped ZnO:Al thin films. 
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Figure 4. PL Emission spectra of ZnO:Al 2% and Ca-doped ZnO:Al 2% thin films with: 1, 3 and 5% Ca. 
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Figure 5. (a) The set-up for the I–V measurements; (b) electrical conductivity and excitonic energy values as a function of calcium concentration of Ca doped ZnO: Althin films. 
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Table 1. Mean crystallite size (nm)—ZnAl2O4, the lattice constant (Å)—ZnAl2O4 and the lattice constant (Å) ZnO.
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	Film
	Mean Crystallite Size (nm)—ZnAl2O4
	Lattice Constant (Å)

ZnAl2O4
	Lattice Constant (Å)

ZnO





	ZnO:2Al
	30.2
	a = b = c = 8.08
	a = b = 3.24; c = 5.20



	ZnO:1Ca,2Al
	20.1
	a = b = c = 8.08
	a = b = 3.28; c = 5.25



	ZnO:3Ca,2Al
	19.1
	a = b = c = 8.08
	a = b =3.28; c = 5.25



	ZnO:5Ca,2Al
	18.7
	a = b = c = 8.08
	a = b = 3.28; c = 5.25
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Table 2. PL Emission peaks and the excitonic energy (E0) of ZnO:Al 2% and Ca-doped ZnO:Al 2% thin films with: 1, 3 and 5% Ca.






Table 2. PL Emission peaks and the excitonic energy (E0) of ZnO:Al 2% and Ca-doped ZnO:Al 2% thin films with: 1, 3 and 5% Ca.





	
Film

	
λPeak (nm)

	
E0 (eV)






	
ZnO:2Al

	
378

	
-

	
545

	
3.28




	
ZnO:1Ca,2Al

	
378

	
430

	
570

	
3.28




	
ZnO:3Ca,2Al

	
379

	
432

	
570

	
3.27




	
ZnO:5Ca,2Al

	
380

	
433

	
580

	
3.26
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