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Zinc Aluminum Oxide (ZAO) thin films were prepared by DC reactive magnetron 
sputtering on glass substrates and the effect of substrate temperature (from 303K-623K) on 
the structural and optical properties were studied. XRD patterns of ZAO thin films 
deposited at different substrate temperatures exhibit (0 0 2) preferential orientation with 
the c-axis perpendicular to the substrate. SEM images of Zinc Aluminum Oxide thin films 
shows the grains are spherical in shape with an average grain size of ~0.4-1μm. Optical 
parameters such as absorption coefficient (α), extinction coefficient (k) and optical band 
gap (Eg) were determined from the transmission data. The absorption coefficient values are 
in order of 106cm-1.  The extinction coefficient value of the films varies from 0.02 to 0.08. 
The direct optical band gap (Eg) value of ZAO thin films are found to be in the range of 
3.17-3.43eV. 
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1.  Introduction 
 
Zinc oxide and doped zinc oxide films have extensive attention in recent years due to their 

excellent optical and electrical properties [1-3]. Group III metal-doped ZnO materials, particularly 
the Al-doped ZnO have attracted the intense interest for its great potential applications in the 
optically transparent conducting layers as the electrode for thin-film solar cells [4-7]. When ZnO 
films are doped with the appropriate metal atoms such as Al,Sn, Cd, Ga, In, etc., their conductivity 
can be changed from values as low as 10-10 (Ω cm)-1 to values as high as 104(Ω cm)-1.  The wide 
range of conductivities and conductivity changes upon different environmental conditions make 
ZnO films suitable materials for oxidant gas sensing layers [8-10]. Zinc Aluminum Oxide (ZAO) 
films have been studied as a window layer for silicon thin films solar cells owning to its easily 
textured surface for efficient light trapping [11-13]. ZAO films are also wide band gap 
semiconductors             (Eg=3.4-3.9eV), which show optical transmission in the visible and near-
infrared (IR) regions [14-17]. 

         ZAO thin films can be produced by various deposition techniques, including pulsed laser 
deposition [18], chemical vapor deposition [19], sol-gel process [20], spray pyrolysis [21], 
evaporation [22], and magnetron sputtering [23]. Among the methods, magnetron sputtering has 
several advantages, such as low processing temperature, good adhesion of films on substrates, very 
good thickness uniformly, high deposition rate and high density of the films with relative ease of 
scaling to large areas. It is also a simple process, and the process parameters are easy to control. In 
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the present work, we report a study of structural and optical properties of ZAO thin films deposited 
on glass substrates by dc magnetron sputtering from 303K to 623K. 

 
 

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

technique. High purity metal targets of Zinc (99.999%) and Al (99.99%) with 2 inch diameter and 
4mm thickness are used for deposition on glass substrates. The base pressure in chamber was 
5X10-4Pa 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 (99.999%) Ar and O2 

gas was introduced into the chamber and was metered by mass flow controllers for a total flow rate 
fixed at 30sccm. Deposition was carried out at a working pressure of 1Pa after pre-sputtering with 
argon for 10min. For the Zinc Aluminum Oxide thin films deposition, O2 flow rate is 2 sccm and 
the deposition time is     30 min. The sputtering power was maintained at 110W during deposition. 
The depositions were carried out with substrate temperatures from 303K to 623K. Film thickness 
was measured by Talysurf thickness profilometer. The resulting thickness of all the films is about 
400nm. The optical transmittance measurements were carried out using Cary 5E UV-VIS-NIR 
spectrophotometer. Surface morphology of the samples has been studied using Hitachi SU6600 
Variable Pressure Field Emission Scanning Electron Microscope (FESEM) with Energy 
Dispersive Spectroscopy (Horiba, EMAX, 137ev). EDS is carried out for the elemental analysis of 
prepared thin film samples. 

 
3. Results and discussion 
 
 Fig. 1 shows X-ray diffraction(XRD) plots of ZAO films deposited on glass substrates 

from 303K-623K, it exhibits peaks at ~34.36o- 34.6 o correspond to (0 0 2) phases.  The (0 0 2) 
preferred orientation is due to the minimal surface which the hexagonal structure, c-plane of ZnO 
crystallites, corresponds to the densest packed plane [24]. In the present case of ZAO films 
deposited on glass substrates, the internal stresses were predominantly compressive. The internal 
compressive stresses in the films deposited by using sputtering method are thought due to the 
“atomistic peening” effect by the bombardment of energetic species during deposition [25]. It can 
be seen that the peak intensities are very weak and almost same. Because the glass substrate is 
amorphous, the ZAO films deposited on glass also show poor crystallinity. Therefore, the 
atomistic peening phenomenon is considered to occur weakly, so the stress difference due to the 
pressure variation is very small. 
 

 
 

Fig 1.  XRD patterns of ZAO thin films deposited on glass substrates at different substrate                
temperatures. 
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         Fig. 2(a)-(e) shows Scanning electron microscopy (SEM) images of ZAO thin films 
deposited on glass substrate at different substrate temperatures. SEM images have clear spherical 
grains with an average grain size of ~ 0.4-1μm.  Energy Dispersive Spectrum (EDS) with 
compositional elemental data is shown in figure 3(a)-(e). From EDS data the atomic percentage of 
Aluminum(Al) is more than 10% which causes the crystallinity of the films to deteriorate, which 
may be due to the formation of the stresses by the difference in ion size between zinc and the 
dopant of impurity atoms(Al) [26,27]. 

 
 
Fig 2.  Scanning Electron Microscopy (SEM) image of ZAO thin films deposited on glass substrates at   

       temperatures (a) 303K (b) 373K (c) 473K (d) 573K and (e)623K 
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Fig 3.  EDS plots of ZAO thin films deposited on glass substrates at temperatures (a) 303K (b) 373K (c) 

473K  (d) 573K and (e) 623K 
 
 
           The optical transmittance spectra of Zinc Aluminum Oxide (ZAO) films deposited on glass 
substrates from room temperature (303K) to 623K is shown in figure 4. ZAO film deposited at 
room temperature has a relatively low transmittance. The film deposited at 373K had a 
transmittance of nearly 85% in visible spectra region. The optical transmittance is decreased with 
increase of substrate temperature from 303K to 623K. For the films prepared at higher substrate 
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temperatures, transmittance shows a consistent decrement at higher wavelengths due to more 
aluminum content.  
           The absorption edge of the transmittance shifted to the shorter wavelength region upto the 
substrate temperature of 373K. This result is believed to be due to the Burstein-Moss effect 
hypothesis, which predicts that the fermi level inside the conduction band moves upward with 
increasing donor concentration due to the filling of the conduction band by the increase of electron 
carriers. It is known that the optical band gap is proportional to the carrier concentration.  
 

 
 

Fig  4.  Optical transmittance spectra of ZAO films at different substrate temperatures 
 

 
         Optical parameters such as absorption coefficient (α), extinction coefficient (k) and optical 
band gap (Eg) were determined from the transmission data. The extinction coefficient (k) can be 
calculated by using the relation [28]. 
 

                                                                                                               (1) 

 
where α is the absorption coefficient and is calculated from the relation  
 

                                                                                                      (2) 

 
where d is the thickness of the film and T is the transmittance [29]. 
                Figure 5 shows the variation of the absorption coefficient (α) as a function of wavelength 
(λ) for the films deposited on glass substrate at different substrate temperatures. Absorption 
coefficient (α) decreases with increase of wavelength (λ). The maximum absorption coefficient is 
obtained for the thin film deposited at 473K. 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. The extinction coefficient increases with the increase in energy of the incident beam. 
The values of extinction coefficient (k) with wavelength (λ) are found to be in the range of 0.02-
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0.08. Optical absorption edge of Zinc Aluminum oxide films has a significant blue shift to the 
region of higher photon energy. 
 

 
 

Fig  5. Plot of absorption coefficient (α) as a function of photon energy (hυ) for ZAO thin films 
at different substrate temperatures 

 
     The optical band gap, Eg is determined from the dependence of absorption coefficient values 
(α) on the photon energy, using Tauc’s relation [30] 
 

                                                                                                (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 of the films was evaluated from the Tauc’s plot of (αhν)2 
versus hν shown in figure 6.                   

 
 

Fig  6.  Variation of (αhυ)2 with hυ as a function of substrate temperature 
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           The estimated values of band gap from Tauc’s plots are given in table 1. The increase of 
band gap with increase of substrate temperature is mainly related to the increase of carrier density. 
The maximum band gap is obtained for 623K.  The change in optical band gap can be explain in 
terms of Burstein-Moss band gap widening and band gap narrowing due to the electron-electron 
and electron-impurity scattering [31-33].  
 

Table 1: Optical band gap values of ZAO thin films deposited at various substrate temperatures 
 

S.No Substrate 
temperature,(K) 

Optical band gap 
          Eg (eV) 

   1 303 3.30 

2 323 3.37 

3 373 3.43 

4 473 3.25 

5 573 3.17 

6 623 3.42 

 
 
            The absorption coefficient near the fundamental absorption edge is exponentially dependent 
on the incident photon energy and obeys the empirical Urbach relation [34], where ln α varies as a 
function of hν.  
 

                                                                                                                (4) 

 
    where αo is a constant and Eu is Urbach energy, which is the width of the tails of localized state 
associated with the amorphous state in forbidden band. Thus, a plot of ln (α) vs. hν should be 
linear whose slope gives Urbach energy and is given in table 2. The Urbach’s plots of the films are 
shown in figure 7.  
 

 
 

Fig  7.  Urbach’s plot for ZAO thin films deposited at different substrate temperatures 
 



122 
 
       The dependence of the optical absorption coefficient with photon energy may arise from 
electronic transitions between localized states. The density of these states falls off exponentially 
with energy which is consistent the theory of Tauc [30, 35]. Equation (4) can be rewritten as,  
 

                                                                                (5) 

where β is a called steepness parameter, which characterizes the broadening of the absorption edge 
due to the electron-phonon interaction or excition–phonon interaction. If the width of the edge is 
related to the slope of equation (4), the β parameter is found as β = kT/EU, where k is Boltzmann 
constant and T is temperature in Kelvin. The β values calculated using this relationship and are 
given in table 2.  EU energy values change inversely with the optical band gap. Some defects 
during formation of film are formed. These defects produce localized states in the films.    
 

Table 2: Urbach’s energy (EU) and Steepness parameter (β) values of ZAO thin films 
 

S.No Substrate 
Temperature, (K) 

Urbach’s energy 
          EU (eV) 

Steepness 
parameter(β) 

   1 303 2.20 0.012 

2 423 2.02 0.018 

3 473 1.77 0.023 

4 523 1.43 0.031 

 
 

4. Conclusions 
 
Thin films of Zinc Aluminum Oxide were prepared by DC magnetron sputtering technique 

on glass substrates from 303K to 623K. From XRD patterns, ZAO thin films deposited on glass 
with substrate temperature from 303K-623K were preferentially oriented along the (0 0 2) 
direction. SEM images of ZAO have clear spherical grains of an average diameter of ~0.4-1μm. 
The optical absorption spectra of the films show that the absorption spectra mechanism is due to 
direct transitions.  The change in optical band gap (Eg) is due to electron-electron and electron-
impurity scattering.  Optical band gap of ZAO thin films varies from 3.17-3.43eV. The Urbach 
energies (EU) and steepness parameters (β) of the thin films are also reported.  
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