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ABSTRACT 

Reactive direct current sputtering of Al-doped ZnO films faces a serious drawback of lateral 

heterogeneity of the electrical properties of the films due to bombardment of the film by 

negative oxygen ions.  By adopting appropriately large target-substrate distance and tuning 

the oxygen flow rate, Al-doped ZnO (AZO) films were reactively sputtered on a glass 

substrate from Zn0.98 Al0.02 alloyed target. The properties of the films were investigated as a 

function of the position of the substrate with respect to the magnetron axis, using X-ray 

diffractometer, UV-Vis-NIR spectrophotometer and four-point probe. Results indicated that, 

both resistivity and optical transmittance were homogeneous across the substrate positions, 

irrespective of the oxygen gas flow rate (OFR); due to reduced bombardment by negative 

oxygen ions and uniformity in the film composition, respectively. There was a transition in 

the film properties from absorbent and highly conducting to transparent and more resistive, 

with the increase of the OFR from 3.5 to 6 sccm, which is related to a transition from sub-to-

over stoichiometry. With an optimum OFR of 4 sccm, transparent AZO films with a 

homogeneous minimum resistivity of the order 10-3 Ω cm were obtained across the substrate 

positions. The film thickness was quite homogeneous, with values between 182 and 218 nm. 

The optimized films also crystalized in a homogeneous wurtzite structure and (002) preferred 

orientation along the c-axis. But crystallinity and optical band gap were heterogeneous. The 

former improved monotonically with increase in substrate position due to relaxation of stress 

at higher substrate positions, while the latter increased steadily with the increase in the 

substrate positions due to Burstein-Moss effect. Therefore, the experimental results showed 

that by adopting appropriately large target-substrate distance and tuning the oxygen gas flow 

rate, homogeneous transparent conductive AZO films was deposited by reactive direct 

current sputtering on a glass substrate from Zn0.98Al0.02 alloyed target.   

 

Keywords: AZO films, Homogeneous resistivity, Reactive d.c magnetron sputtering, substrate 

position, Transparent conducting oxide.  

 

1.0 INTRODUCTION 

Transparent conducting Al-doped ZnO (AZO) thin films are potential candidates for 

application as transparent electrode in photovoltaics and flat panel displays (Mickan et al., 

2016).  For these applications a low resistivity of the AZO films of the order of 10-3 -10-4 Ω 

cm is required (Gupta et al., 2013; Kumar and Rao, 2012). In practical device production 
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large area substrates are often used and lateral homogeneity of the electrical and optical 

properties of the film is crucial (Horwat et al., 2010). A common technique to deposit AZO 

films is reactive direct current (DC) magnetron sputtering because of its scalability to large 

area substrates, up to 20 m2  (Abduev et al., 2007; Cornelius et al., 2009; Ginley, 2011). 

Nevertheless, the reactive sputtering technique has a serious drawback of heterogeneity of 

the electrical properties (Ou et al., 2016). The resistivity of the deposited AZO films is 

reported to increase by several orders of magnitude in front of the magnetron or target (Ellmer 

and Welzel, 2012; Horwat and Billard, 2007; Mickan et al., 2016). This has been related to 

bombardment of the film surface with negative oxygen ions originating from the target, 

which is high in front of the magnetron. The bombardment introduces point defects such as 

Zn vacancies and O2 interstitials that can compensate the donors (Bikowski et al., 2013; 

Janotti and Walle, 2009). To circumvent the problem, Jullien et al. (2011) proposed fine-

tuning oxygen gas flow rate to achieve a good compromise between optical transparency and 

electrical homogeneity of AZO films. Furthermore, Horwat and Billard (2007) reported 

significant reduction in the heterogeneity of  conductivity of AZO films with increase of 

target-substrate distance from 6 to 10 cm.  

 

In this study a large target-substrate distance of 11 cm and tuning of the oxygen gas flow rate 

are adopted in the deposition of AZO films. Electrical, optical and structural properties of the 

films have been investigated as a function of the sample position relative to the magnetron 

axis, in order to evaluate the homogeneity of the properties.   

 

2.0 MATERIALS AND METHODS 

Thin films of AZO were deposited on unheated glass substrates by sputtering from an alloyed 

Zn0.98Al0.02 target in the presence of argon-oxygen reactive gas mixture. A schematic drawing 

of the sputtering chamber is shown in figure 1. The target had a diameter of 5 cm and was 

fixed on a magnetron powered by direct current (DC) supply. The substrate was fixed on a 

rotating substrate holder using a polyimide tape and parallel to the target surface. There were 

nine sample positions on the substrate surface at various lateral distances from the magnetron 

axis (0-8 cm) as indicated in figure 1. The vertical distance between the target and the 

substrate was fixed at 11 cm.  The sputtering chamber was pumped down via a rotary vane 

pump and a turbo-molecular pump allowing a base pressure of 10-3 Pa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic representation of the sputtering chamber. 
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The argon gas flow rate was fixed at 50 standard cubic centimeters per minute (sccm) and 

the oxygen flow rate (OFR) was varied in the range 3 -7 sccm giving a final working pressure 

of about 0.6 Pa.  The surface of the substrate was cleaned by plasma etching using 

radiofrequency (60W, 2 minutes) in the reactive ambiance before deposition. The discharge 

current was fixed at 0.12 A and deposited time was 60 minutes. The optical transmittance of 

the AZO films was measured in the ultraviolet and visible range using a Cary 5000 UV-Vis-

NIR spectrometer. The sheet resistance and resistivity were measured using a 4-point probe 

setup.  Film thickness was determined with alpha-step IQ surface profiler and the structural 

properties were measured using θ/2θ X-ray diffraction (XRD) with an AXS Bruker D8 

Advance diffractometer with a Cu anode (Cu Kα = 0.154 nm). 

 

3.0 RESULTS AND DISCUSSION 

3.1 Electrical and Optical Properties 

All the AZO films exhibited n-type conductivity. Figure 2 shows the dependence of electrical 

resistivity on both oxygen gas flow rate (OFR) and substrate position.  

 

Figure 2: Resistivity of AZO films for different oxygen gas flow rates (OFR). 

 

No matter the OFR, film resistivity is homogeneous in the order of magnitude across the 

substrate positions but a slight increase in size towards the magnetron axis can be observed. 

The order of magnitude is 10-3 Ω cm for OFR 3.5, 4 and 5 sccm and 10-2 Ω cm for OFR 6 

sccm. The homogeneous order of magnitude suggested less bombardment of the AZO film 

surface in front of the magnetron by negative oxygen ions (Ellmer and Welzel, 2012).  

Furthermore, there is a transition in the film resistivity from low to high with increase of OFR 

from 3.5 to 6 sccm, across all the substrate positions. The transition is ascribed to 

chemisorption of excess oxygen on the film surface at higher OFR which gets bonded at the 

defects causing an increase in resistivity (Sundaram and Khan, 1997). Additionally, increase 

in OFR causes a transition from sub-to over stoichiometry of the AZO  films leading to 

transparent but more electrically resistive films (Chamorro et al., 2013; Ginley, 2011; Horwat 

and Billard, 2007).  Figure 3 (a-d) confirms a transition from dark to transparent films with 

increase of the OFR from 3.5 to 6 sccm. The average visible transmittance (wavelength 380-

780 nm) across the substrate positions is in the range 68-70, 82-83, 85-87 and 89-90 % for 

OFRs 3.5, 4, 5 and 6 sccm, respectively. 
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Figure 3: Variation of transmittance of AZO films with substrate positions for different 

oxygen flow rates (a) OFR 3.5 (b) OFR 4 (c) OFR 5 and (d) OFR 6 sccm. 

 

Comparing resistivity and transmittance results of figures 2 and 3, respectively shows that 

OFR 4 sccm represents the best compromise between good transmittance and low resistivity 

of films. Thus, optimized AZO films are obtained with OFR 4 sccm as the optimum. From 

figure 2, it can be observed that the optimized AZO films exhibited maximum resistivity of 

7.45 x 10-3 Ω cm at the magnetron axis which steadily decreased to a minimum of 3.47 x 10-

3 Ω cm off the axis, with the same order of magnitude. The trend relates to the improvement 

in crystallinity shown by small values of FWHM in figure 5 (b) and the increase in charge 

carrier concentration indicated by widening of optical band gap shown in figure 4. It is known 

that higher crystallinity lowers the resistivity of Al-doped ZnO films (Barreau and Kessler, 

2008), while widening of the optical band gap is linked to an increase in the carrier 

concentration based on Burstein-Moss effect (Mickan et al., 2016;  Sernelius et al., 1988).  

 

The observed transparency of the AZO films at different OFR is also linked to the size of the 

optical bad gap of the films (Kumar and Rao, 2012). The band gap of the optimized AZO 

films (obtained with the optimum OFR of 4 sccm) have been investigated. Tauc’s method 

was used to determine the band gap values in the UV and visible region using the 

transmittance data (Tauc, Grigorovici and Vancu, 1966). The absorption coefficient α and 

the band gap Eg are related according to equation 1. 

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)
1 2⁄

                                                                                   (1) 

where A is a constant, ℎ𝑣 is the photon energy and α is calculated using Lambert’s laws using 

equation 2 (Kumar et al., 2013). 

           𝛼 =
1

𝑡
𝑙𝑛 (

1

𝑇
)                                                                                                  (2) 
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where T is the transmittance and t is thickness of the film 

The inset graph in figure 4 shows Tauc’s plot of (αhν)2 versus hν from which band gap values 

were determined. The linearity of the plots confirmed the direct band gap of AZO films. 

Figure 4 shows evolution of the band gap with substrate position. It steadily increased from 

a minimum of 3.396 eV at the magnetron-axis to a high of 3.483 eV at the farthest substrate 

position of 8 cm. The band gap values are within the reported range of 3.25 – 3.55 eV for Al-

doped ZnO films (Horwat and Billard, 2007). The evolution is related to Burstein-Moss effect 

that links an increase of the band gap to an increase in the charge carrier concentration ( 

Mickan et al., 2016; Kumar and Rao, 2012; Sernelius et al., 1988).    

 

Figure 4: Evolution of band gap with substrate position for optimized AZO films 

obtained with the optimum OFR of 4 sccm. Inset is Tauc’s plot of (αhν)2 versus hν 

used to determine the band gap. 

 

3.2 Structural Properties  

The structural properties were examined for the optimized AZO films obtained with the 

optimum OFR of 4 sccm. Figure 5 (a) shows the X-ray diffraction (XRD) spectra of AZO 

films as a function of substrate position. All the films consistently exhibited a dominant (002) 

peak and weak (100), (101), (110), (103) peaks that are characteristic of planes of ZnO 

wurtzite structure (Wu et al., 2014). The result indicated formation of wurtzite structure with 

preferred c-axis orientation normal to the substrate position for all substrate positions. The 

absence of impurity phases or compounds of Zn and Al detected showed all films were highly 

polycrystalline (Baek et al., 2012).   

 

Figure 5 (b) shows variation of full width at half maximum (FWHM) and 2θ of the (002) 

peak and film thickness with substrate position.  FWHM decreased monotonically with 

increase of the substrate position, indicating improvement of crystallinity at higher substrate 

positions. This can be attributed to relaxation of film stress with increase of the substrate 

position, as indicated by a shift in 2θ towards the standard value of 34.45o  for stress free bulk 

ZnO, as shown in figure 5 (b) (Ali et al., 2013) . The stress originates from both the mismatch  

in the ionic radii of Al3+ (0.054 nm) and Zn2+ (0.074 nm) in the ZnO lattice and the difference 

in the thermal  expansion coefficients of AZO film and the glass substrate (Kumar and Rao, 

2011; Muchuweni et al., 2017; Park, 2014). The film thickness exhibited a minimal variation 
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with substrate position, fluctuating within the range 182-218 nm. The nearly homogeneous 

thickness is attributed to rotation of the substrate during sputtering. (Horwat and Billard, 

2007).  

 

Figure 5: (a) X-ray diffraction spectra (b) FWHM, 2θ (of the (002) peak) and film 

thickness of AZO films as a function of substrate position for the optimum OFR of 4 

sccm. 

 

4.0 CONCLUSION 

AZO films were prepared by reactive DC magnetron sputtering on a glass substrate using 

Zn0.98 Al0.02 alloyed target and investigated for lateral homogeneity of electrical, optical and 

structural properties over nine sample positions on the substrate surface located at different 

lateral distances from the magnetron axis (0-8 cm). The investigation adopted a large target-

substrate distance of 11 cm and optimized oxygen gas flow rate (OFR) to obtain transparent 

conductive AZO films with minimum resistivity.  The results showed that, regardless of the 

OFR, there was lateral homogeneity of both resistivity (in the order of magnitude) and optical 

transmittance due to reduced bombardment of the film surface in front of the magnetron by 

negative oxygen ions and uniformity in the film composition, respectively. With an optimum 

OFR of 4 sccm, transparent conductive AZO films with minimum resistivity in the order of 

magnitude 10-3 Ω cm were obtained for both on axis and off axis substrate positions. 
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Although there was a slight increase in size towards the magnetron axis at most by a factor 

of 2, from a minimum of 3.47 x 10-3 Ω cm off the axis to a maximum of 7.45 x 10-3 Ω cm at 

the axis.  The film thickness was quite homogeneous, with values between 182 and 218 nm, 

attributed to rotation of the substrate during deposition. The optimized films also crystalized 

in a homogeneous wurtzite structure with preferred (002) orientation along the c-axis normal 

to the substrate surface. However, both crystallinity and optical band gap were 

heterogeneous. The former improved monotonically with increase in substrate position due 

to relaxation of stress at higher substrate positions, while the latter increased steadily with 

the increase in the substrate position due to Burstein-Moss effect. The findings showed that 

by adopting appropriately large target-substrate distance and tuning the oxygen gas flow rate, 

homogeneous transparent conductive AZO films can be obtained on a glass substrate by 

reactive DC magnetron sputtering from Zn0.98Al0.02 alloyed target.  
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