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Abstract: 

In this work, polycrystalline transparent conductive aluminum doped zinc oxide (ZnO:Al) films, have been 

successfully grown on glass and silicon substrates by rf magnetron sputtering technique at room temperature. The effect of 

oxygen content in plasma on the structural, optical and electrical properties of the films was systematically studied. The 

growth rate was fond to decrease with the increase in O2 content. The crystal structure of ZnO:Al films deposited  on glass 

is hexagonal with C-axis preferential orientation, while for film deposited on silicon substrate, the preferred orientation of 

crystallite shifts from (002) to (100) direction with the increase in O2 content. Intrinsic stress increases with an increase of 

oxygen content, and near stress-free film was obtained at 0 % O2 content. Low resistivity (ρ= 1.25x10-3 Ωcm) associated to 

high transmittance (T>92 %) in the visible regions, were obtained for ZnO:Al film deposited at room temperature without 

oxygen content in the deposition chamber. From the optical characterization, we deduced that the band gap shifts towards 

lower energy with an increase of oxygen content. 
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1. Introduction: 

II-VI compound semiconductor zinc oxide (ZnO) has attracted much attention because of its interesting 
properties and its unique combination of electrical, optical, piezoelectric and acoustical properties. ZnO thin 
films have found many applications namely solar cells, energy windows, varistors, gas sensors [1-3], short 
wavelength light emitting diodes [4] and transparent electrodes [5].This is due to their important properties 
characterized by a high transparency, and conductivity, a good thermal stability against the hydrogen plasma, 
non toxic and easy fabrication [6].  

The physical properties of ZnO films prepared by rf magnetron sputtering depend mainly on the 
sputtering parameters such as sputtering power, argon gas pressure, substrate temperature and the target-
substrate distance. In this paper, thin films of ZnO:Al are prepared by magnetron sputtering system. The mutual 
dependence of structural, optical and electrical properties of the samples as function of oxygen gas content is 
investigated. 

 
2. Experimental procedure: 

ZnO:Al films were deposited in magnetron sputtering system using a ZnO target (diameter 7.5 cm) 
mixed with 2 wt.% Al2O3. Prior the deposition, the base pressure in the chamber was 5x10-7 mbar. The target-
substrate spacing, the sputtering power, and argon gas pressure were kept constant at 2.6 cm, 200 W and 2x10-3 
mBar respectively. All the films were deposited at room temperature on glass and monocrystalline silicon (100) 
substrates. In order to investigate the influence of oxygen content in plasma on the ZnO:Al properties, the 
oxygen gas content in the deposition  was varied from 0 % to 40 %.  

Film thickness and substrate curvatures were measured with a stylus profilometer DEKTAK 3030. As 
most commonly used, the stress in our films has been calculated by the bend-bending method, where the radius 
of the coated substrate curvature is determined and used to calculate the residual stress. The internal stress in the 
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deposited film is calculated from the change in the substrate curvature from 1/R0 for the uncoated substrate to 
1/Re after film deposition, with the following Stoney’s formula [9]: 

σ = [(Eses
2) / (6(1-νs)e)][(1/Re)-(1/R0)] 

where R0 is the radius of curvature of the Si substrate, Re is the curvature radius after film deposition, Es and νs 
are, respectively, the Young’s modulus and Poisson ratio of the substrate, es and e are the thickness of the 
substrate and the film, respectively. The crystal structure of the films was studied by x-ray diffraction technique 
using a Siemens D 5000 system with Cu Kα  (λ= 0,15406 nm). The structural investigation was also performed 
using high-resolution Transmission Electron Microscopy (HRTEM), a HF2000-FEG having 0.23 nm resolution 
and Jeol 6400 Scanning Electron Microscope (SEM). EDS (Energy Dispersive Spectroscopy associated to Jeol 
5400 SEM) was used to determine the chemical composition of the films. A CARRY UV-Vis-NIR scanning 
spectrophotometer was used to record the optical transmittance.   
The dc electrical resistivity measurement is achieved at room temperature with four-point probe, with the 
appropriate correction factors. 
 
3. Results and discussions 

ZnO:Al films deposited on glass and silicon substrates, were physically stable and had a good adherence 
to the substrates. The deposition rate was estimated from the film thickness and the corresponding time. The 
higher oxygen content resulted in lower growth rate of ZnO:Al films, as shown in figure 1. With a fixed total gas 
pressure, an increase in oxygen content in the gas chamber reduces the number of incident argon ions; the later 
are responsible for the target sputtering. Therefore, the growth rate decreases with increasing oxygen content. A 
high rates (114 nm/min on silicon and 106 nm/min on glass) are obtained at 0 % oxygen concentration, in some 
cases, this value is higher than the existing bibliographical references [10,11]. 

In EDS typical spectra shown in figure 2, peaks were appeared at 518, 1109 and 1496 eV, they are 
assigned to O-Kα , Zn-Lα and Al-Kα respectively. The estimated concentration of zinc, oxygen and aluminium 
was 50.5 at.%; 47.5 at.% and 2at.%, respectively. A clear variation of the concentration of the elements upon the 
oxygen content in plasma was not found. Due to the limitations of EDS technique, it must be considered that 
these results giving only an idea of the composition of the films.  

XRD patterns of the ZnO:Al films deposited at different oxygen concentration on glass substrates are 
shown in figure 3(a). For all films, only the (002) diffraction peak at about 34 (°) appears in the spectra, which 
indicates the ZnO:Al films are of hexagonal wurtzite crystal structure and that film growth is achieved along the 
C axis perpendicular to the substrate surface. It is noted that no diffraction peak from other phase is detected. At 
0 % oxygen content, the diffraction intensity of the (002) direction is very high and the FWHM corresponding is 
0.21(°). With a further increase of the oxygen content, the diffraction intensity of the (002) direction decreases 
and the FWHM increased as can be seen in figure 4. The highest intensity and the smallest FWHM value of 
0.21(°) for the film deposited at 0 % oxygen content, indicate that the crystallinity of the resulting films is 
improved when prepared with low O2 content. This behaviour can be understood, by the decrease in the kinetic 
energy of the reactive particles in the plasma when oxygen concentration in the chamber is increased, which 
limits the surface diffusion of the growing atoms. This yields to the decrease in the films thickness and thus 
degrades the films quality. 
By considering the (002) peak position in the  standard data as reference position, we found  that the peak 
position shifts towards lower angle value, this indicates the clear evidence  of the existence of compressive stress 
in the film network, especially in the films deposited at high oxygen content. Figure4 shows the stress versus the 
oxygen content, the stress is compressive and varies from 1.1 (GPa) to nearly free of stress when the oxygen 
concentration decreases from 40 % to 0 %. This is attributed to the improvement in crystallinity. A similar value 
of stress was reported in the literature [12, 13]. The increase in the film stress with increasing oxygen can be due 
to the fact that, the oxygen atoms in excess will occupy interstitial sites which cause network distortion. 

Figure 3(b) displays XRD patterns of ZnO:Al films deposited on silicon substrate at different O2 
concentration. It can be seen that with the increase in oxygen content, the intensity of (100) plane increases. 
However, the intensity of (002) plane shows a decreasing trend and disappears completely for high O2 content. 
Furthermore, with increasing oxygen content, the FWHM of (100) plane becomes narrower which indicates an 
improvement in the structural order of ZnO:Al films.  The most attractive feature is that by increasing the 
oxygen concentration, the preferred orientation of crystallite shifts from (002) to (100) directions. However, as 
reported above, in the case of glass substrate the growth plane remains preferentially (002).  This discrepancy in 
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the preferential orientation with the nature of the used substrate may originate from the growth process involved 
during film growth, especially at the earlier stage of growth, i.e the nucleation step. Further study is necessary to 
elucidate this difference. Regardless the deposition technique, it is generally reported that ZnO thin films grow 
with the (002) direction [14-17] which correspond to the growth along the direction c normal to the substrate 
surface.  This preferential orientation is believed to be due to the low energy of this plane [18]. With increasing 
the deposition temperature or film doping, the preferential growth direction disappear and other plane emerge in 
the diffraction pattern, namely (100) and (101) [19-21].  
The influence of the deposition condition on the occurrence or not of a privileged direction can be linked to the 
films growth mechanism and the role played by the deposition conditions. 

Despite the numerous works on ZnO thin films there are no much publications describing the growth 
mechanism. Indeed, the deposition mechanism of ZnO thin films passes through the nucleation and the 
subsequent growth. The growth direction is governed by the «survival of the fastest» as proposed by Drift [22]. 
The nucleation with various orientations can be formed at the initial stage of the deposition and each nucleus 
competes to grown. It was reported in sputtered ZnO that at high deposition rate the less density packed atomic 
planes are preferentially oriented [23]. The less densely packed orientation (100) (5.91 1014 atm/cm2) rather than 
the plane (002) (10.93 1014 atm/cm2), this can be explain the shift of the preferred orientation of crystallite from 
(002) to (100) directions.  

The films surfaces were analysed by SEM, figure 5 presents a typical surface and cross-sectional SEM 
image of the film deposited with oxygen content 0 %. The film displays a granular surface, uniform grain size 
and void free. From the cross-sectional image, it is seen that the film is composed with columnar structures, 
which is consistent with the highly (002) texture growth evidenced by XRD analysis. The columnar morphology 
of our films is confirmed by the micrograph of TEM shown in figure 6. 

In figure 7 we have reported the optical transmittance spectra for ZnO:Al films deposited at various 
oxygen content, the fluctuation in the spectra is principally due to the interface effect owing the reflexion at 
interfaces. Sharp fundamental absorption edges are observed in all the spectra corresponding to the ZnO:Al 
films. These films have a high transmittance (>92%) in visible regions and high absorption (near 100%) in 
ultraviolet regions. As the oxygen content is above to 0 %, the average transmittance of the films reduces 
slightly. It would be noted that the film deposited at 0 % oxygen content becomes nearly opaque to near infrared 
region. This is due to the highest carrier concentration, which absorb photons [24]. Figure 8 shows the variation 
of band gap and Urbach tail as a function of oxygen concentration. The blue shift of the absorption edge with 
decreasing oxygen content is mainly attributed to the Burstein-Moss effect [25,26], since the absorption edge of 
degenerate semiconductor is shifted to shorter wavelength with increasing carrier concentration [27]. This 
decrease in the band gap energy with increasing oxygen content is confirmed by the decrease in band tail width. 
The variations of Eg and EU can be explained by the decrease in growth rate with the increase in oxygen 
concentration. The value of EU obtained for undoped ZnO prepared by sol-gel [28] and CVD techniques [29] is 
reported to be in the range of  0.07 – 0.10 eV. The larger values of EU (0.15 – 0.18 eV) obtained in the present 
study indicates the presence of a large concentration of localised donor states in the band gap. 
 Low films resistivity (~1.25x10-3 Ωcm) can be achieved without oxygen in the deposition chamber. Also 
the resistivity increases significantly with increase in oxygen content. This variation of resistivity is ascribed to 
the change in carrier concentration and/or mobility which are the characteristic parameters reflecting the films 
structure. It can be seen that at the position of the stress minimum corresponds the minimum in the measured 
resistivity. This indicates the clear evidence of the correlation between intrinsic stress and electrical parameters 
of ZnO:Al films. Low mechanical stress, i.e., a low concentration of crystallographic defects leads to better 
electrical properties. 
 
4. Conclusion: 

In summary, highly transparent and lower resistive ZnO:Al films were deposited at room temperature on 
silicon and glass substrates using rf magnetron sputtering technique. A systematic study was made on the 
influence of oxygen content in plasma, on the structural, optical and electrical properties of our films. 

X-ray diffraction studies indicated that the films deposited on glass were polycrystalline in nature with 
(002) orientation axis perpendicular to the substrate surface. The FWHM of the films decreased to 21° with 
increasing oxygen content. For ZnO:Al films deposited on silicon we have found that by increasing the oxygen 
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concentration, the preferred orientation of crystallite shifts from (002) to (100) directions, this could be due to 
the  nucleation process during film formation. 

The film stress is compressive, it decreases from 1.1 (GPa) to nearly stress free with reducing oxygen 
content in the deposition chamber. The decrease in the intrinsic stress is probably the raison for the observed 
improvement of film crystallinity. 

All films have a high transmission greater than 90% in visible region > However, the film deposited 
without oxygen in the deposition chamber is nearly opaque in near infrared region. This is due to photons 
absorption by the large concentration of free electron present in film network; this is consistent with the low 
measured electrical resistivity (~1.25x10-3 Ωcm) in film deposited without adding oxygen in the chamber. The 
optical band gap shifts towards lower energy with an increase of oxygen content. 
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Figures Caption 
Figure 1: Variation of deposition rate versus oxygen content.  
Figure 2: EDS spectrum for ZnO:Al film deposited at  10 % O2 content. 
Figure 3: X- ray diffraction patterns of ZnO:Al films prepared at different oxygen content (a) on glass and (b) on 
silicon. 
Figure 4:  Variation of FWHM and intrinsic stress with oxygen content in the deposition chamber. 
Figure 5: SEM images showing the (a) cross-sectional and (b) surface of ZnO:Al film grown at 10 % oxygen 
content. 
Figure 6: TEM Micrograph of ZnO:Al film.  
Figure 7:  Optical transmittance of ZnO:Al films deposited at various oxygen composition in the deposition gas. 
Figure 8: Variation of band gap and band tail width on oxygen content in the deposition chamber. 
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