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In the present work Zinc Aluminum Oxide (ZAO) thin films were deposited on glass 
substrate using DC reactive magnetron sputtering method. The thin films were post 
annealed at 200 oC after deposition for 15 min, 30 min, 45 min, 60 min and 90 min. The 
grain size obtained from SEM images of ZAO thin films are found to be in the range of 20 
– 26 nm. The resistivities of annealed ZAO films are found to be in the range of              
8.8 X 10-4 Ω.cm to 3.2 X 10-4 Ω.cm. All films exhibit an average transmittance of >85% in 
visible region.  The optical band gap of nanostructured ZAO thin films increased from 
3.49 to 3.60 eV with increase of annealing time due to Burstein-Moss effect.  
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1. Introduction 
 
Transparent conducting oxide (TCO) films have been widely used in optoelectronic 

applications such as flat panel displays and transparent electrode in solar cells. Recently Al doped 
zinc oxide films have attracted much attention as transparent and conductive film materials 
because they exhibit a wide band gap, high transparency and low resistivity. ZAO has a lot of 
advantages such as non-toxicity, low cost and high stability against hydrogen plasma [1-6]. ZAO 
thin films have been prepared by several techniques such as RF sputtering process [7], sol-gel 
method [8], pulsed laser deposition (CVD) [10]. Among these processes, the sputtering process is 
one of the best methods for preparation of Zinc Aluminum Oxide (ZAO) films because it has a lot 
of advantages such as low substrate temperature, good surface roughness, and low cost [11-14]. In 
the present study the effect of post annealing time on surface morphology, electrical and optical 
properties of ZAO films were investigated. This paper reports the first observation of ZAO thin 
films sputtered by taking two individual metal targets of Zn and Al. 

 
2. Experimental details 
 
Zinc oxide thin films were prepared by DC reactive magnetron sputtering technique. High 

purity metal targets of Zn (99.999%) and Al (99.99%) with 2 inch diameter and 4 mm thickness 
are used for deposition on glass substrates. The base pressure in chamber was       3.5 - 4.5 X 10-6 
Torr and the distance between target and substrate was set at 60 mm. The glass substrates were 
ultrasonically cleaned in acetone and ethanol, rinsed in an ultrasonic bath in deionized water for 15 
min, with subsequent drying in an oven before deposition. High purity (99.99%) Ar and O2 gas 
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was introduced into the chamber and was metered by mass flow controllers (Model GFC 17, 
Aalborg, Germany) for a total flow rate fixed at 30 sccm. Deposition was carried out at a working 
pressure of 2 mTorr after pre-sputtering with argon for 10 min. The O2 flow rate is fixed at 2 sccm 
and the deposition time is 25 min. The sputtering power of Zn was ~ 105 W and sputtering power 
of Al was maintained at 40 W during deposition. The films were post annealed at 200oC after 
deposition for 15 min, 30 min, 45 min, 60 min and 90 min. Film thickness was measured by 
Talysurf thickness profilometer. The resulting thickness of all the films is about ~300 nm. Optical 
transmittance of the films was recorded as a function of wavelength in the range of            300 – 
1200 nm using JASCO Model V-670 UV-Vis-NIR spectrophotometer (Japan). Surface 
morphology of the samples has been studied using HITACHI S-3400 Scanning Electron 
Microscope (SEM). The elementary composition of the films was determined from results 
obtained from Energy Dispersive X-ray Spectroscopy (EDS, Horiba EMAX, 137 eV). 

 
3. Results and discussion 
 
Fig. 1 shows the SEM images of ZAO films post annealed at 200 oC for 15 min, 30 min, 

60 min and 90 min. The grains in the SEM probably are the domains formed by aggregation of 
nanoscale crystallites. The nanocrystalline surface of ZAO thin films exhibits coalescence of the 
grains. The grain size obtained from SEM images of ZAO thin films are found to be in the range 
of 20 – 26 nm.  This surface morphology can enhance light trapping for solar cells. The 
compositional elementary data determined from EDS is shown in Fig. 2 for the ZAO film annealed 
at 200 oC for 30 min. 

 
 

 
Fig. 1 SEM images of ZAO thin films post annealed at 200 oC for (a) 15 min (b) 30 min          

    (c) 60 min and (d) 90 min. 
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 Fig. 2 EDS plot for ZAO thin film post annealed at 200 oC for 30 min. 
 

The electrical properties of ZAO films were analyzed because of the strong influence they 
exert on the final performance of the optoelectronic devices such as solar cells. The electrical 
resistivity of the ZAO films was investigated by four-point probe method at room temperature. 
Fig. 3 shows the variation of the resistivity of ZAO films deposited on glass substrates at different 
annealing times. The electrical resistivity is in the range of 8.87 X 10-4 Ω.cm – 3.2 X10-4 Ω.cm. 
The lowest resistivity of 1.74X 10-4 Ω.cm is obtained for the thin film post annealed at 200oC for 
30 min. 

The sheet resistance of the film (Rs) was calculated using the equation  
 

                                                      R	ୱ 	ൌ 	
஡

୲
	Ω/sq                                                       (1) 

	
where t is the film thickness. The sheet resistance values for the films annealed for    15 min, 30 
min, 60 min and 90 min are 25.3, 5, 6.6 and 9.1 Ω/sq respectively.  
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Fig. 3 Electrical resistivity of ZAO thin films as function of post annealing time 

 
          Fig. 4(a) shows the optical transmission spectra of ZAO thin films post annealed at   200 oC 
from 15 min to 90 min. All films exhibit an average optical transmittance of > 85% in the visible 
range and a sharp fundamental absorption edge. The maximum average optical transmittance of 
92% and a minimum resistivity is obtained for the ZAO film deposited post annealed for 30 min 
which can be used in photovoltaic devices either as front electrode or back side reflector. 
The absorption coefficient α is calculated using Lambert’s law 
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                                                 α = ln (1/T) / t                                                   (2)  
 

where T is the transmittance and t is the film thickness.  
Absorption coefficient (α) decreases with increase of wavelength (λ). The absorption 

coefficient (α) is found to be in order of 106 cm-1 at shorter wavelength regions. For higher values 
of photon energy, the energy dependence of absorption coefficient (α > 104 cm-1) suggests the 
occurrence of direct electron transitions.  

Optical band gap, Eg is determined from the dependence of absorption coefficient values 
(α) on the photon energy, using Tauc’s relation [15]  
 

                                               (αhν)  = B (hν - Eg) 
n                                            (3) 

                            
where B is a parameter that depends on the transition probability, Eg is the optical band gap energy 
of the material, hν is the photon energy and n is an index that characterizes the optical absorption 
process and is theoretically equal to 2 and ½ for indirect and direct allowed transitions 
respectively. The optical band gap is determined from the Tauc’s plot (αhν)2 versus (hν) shown in 
Fig. 4(b).  
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Fig. 4 (a) Optical transmission spectra and (b) Tauc’s plot for post annealed ZAO thin films  
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The optical band gap values for the thin films post annealed at 200 oC for 15 min, 30 min, 
60 min and 90 min are obtained as 3.49 eV, 3.51 eV, 3.56 eV and 3.60 eV respectively. The 
increase of band gap with annealing time is mainly due to the Burstein-Moss effect, which implies 
an increase in the Fermi level in the conduction band of semiconductors due to increase carriers, 
leading to widening of optical band-gap. The energy band gap widening ΔEg is related to carrier 
concentration through the following equation [16] 
 

                                                ΔE୥ ൌ ቀ	 ୦
మ

଼୫∗	ቁ ሺ
ଷ୒

஠
ሻ
య
మ                                               (4) 

 
where h is the Planck constant, m* is the electron effective mass in conduction band, and n is the 
carrier concentration. From equation (4) it can be found that the energy band gap widening 
increases with increases of carrier concentration of ZAO thin films. The carrier concentration of 
ZAO thin films are determined from equation (4) and its is found to be in the range of 7 X 1020 cm-

3 – 1.38 X 1021 cm-3. The carrier concentration increases with increase of annealing time.  
            Figure of merit (Φ) is the quantity to judge the quality of the transparent conducting oxide 
films. The figure of merit of the films was evaluated from the optical transmittance and sheet 
resistance (Rs) using the Haacke’s relation [17].  
 

                            Φ	ሺΩିଵሻ 	ൌ 	 ୘
భబ		

ୖ౩
																	                                 (5)	

 
where T10 is the average optical transmittance and Rs is the sheet resistance. The best figure of 
merit with 8.7 X 10-2 Ω-1 and sheet resistance of 5 Ω/sq is obtained for the film post annealed for 
30 min.   
 

4. Conclusions 
 
Zinc Aluminum Oxide thin films have been deposited on glass substrates at 200 oC by DC 

reactive magnetron sputtering technique by varying post annealing time from 15 min to       60 
min. The minimum resistivity of 1.74 X 10-4 Ω.cm and an average transmittance of 92% is 
obtained for the thin film post annealed at 200 oC for 30 min, which can be used for photovoltaic 
devices either as front electrode or back side reflector. The properties of films produced at 
optimum condition are suitable for optical and electrical applications owing to their low resistivity, 
high optical transmittance in the visible range. 
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