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ABSTRACT 
 

ZnO doped Al with atomic ratios 5, 7.5 and 10% prepared by mechanical milling method from elemental 
elements Al and ZnO. The prepared samples contain two phases ZnO (wurtzite) and Al (cubic). The energy gap 
for the prepared samples increases with increasing Al concentration. The electrical conductivity increases with 
increasing temperature and increasing Al ratio up to 5% and then decrease with high ratios. 
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Introduction 
 

The most interesting research on zinc oxide as a semiconductor material is its prospective use as a wide 
band gap semiconductor for light emitting devices and for transparent or high temperature electronics (K. 
Nomura ,et al.,2003) 

ZnO has been recognized as a promising photonic material in the UV region due to its wide band gap of 
3.37eV at room temperatures (W.Water et al., 2002, T. Shimomura et al., 2005, M.J.H. Henseler et al., 2006, K. 
Haga et al., 2003, S.H.Jeong et al., 2003, J.D.Ye  et al.2004, H.S.Kang et al., 2003) 

Recently, it becomes an outstandingly promising oxide material as a high temperature thermoelectric 
material above 700˚C because of its high melting temperature (1800˚C), good chemical stability, high electrical 
conductivity and high seebeck coefficient (M. Kazeoka et al., 1998, H.Maeda et al., 1998). 

The addition of impurities into a wide gap semiconductor can induce changes in the optical, electrical and 
magnetic properties (B.B. Lia et al., 2006, G.Sanon et al.1991). 

Aluminum, doped ZnO has become one of the transparent conductive oxide materials and a good 
replacement of indium tin oxide which is an expensive one.  The semiconducting properties are affected by the 
content of dissolved Al into ZnO lattice and this form a substitutional solid solution because the ionic radius of 
Al3+ is smaller than that of Zn2+( H.Yanagida,1993). 

The aim of the present work, it throws more light on the effect of doping Al metal into ZnO for enhancing 
and controlling its structure, optical and electrical properties. 
 
2. Experimental details: 

 
Al doped ZnO powder were prepared by mechanical milling. Stoichiometric quantities were weighted to 

obtain mixtures of ZnO and Al with different ratio (5 at%, 7.5 Al and 10 at% Al). 
The milling was performed in agent mortar in air; it was increasing time from (5to16 hrs).  The final 

composition samples were determined by energy dispersive X-ray analysis (EDAX). 
The obtained powder were characterized by X-ray diffractometer (Philips pw1373) with kα radiation λ= 

1.54A˚ in the scanning angle range 10-80˚. 
The diffuse reflectance spectra were done in the wave length range from 300-800nm using Jasco (V-570) 

spectrophotometer. 
The powders were pressed under pressure 60 MPa to prepare pellets of 0.3 cm thickness and 1 cm diameter. 

The compact samples were heated at 1000˚C for 2hrs in air and then the furnace cooled gradually to room 
temperature. 

The a.c. conductivity was measured using a computerized LCR circuit type (Hioki 3532-50 LCR Hi-Tester, 
Japan) with frequency range 40Hz-5MHz and over the temperature range from room temperature to 300˚C for 
the sintered compact samples with silver paste electrode. 
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Results and Discussion 
 
3.1. Structural Properties: 

 
Fig. 1 shows representative X-ray diffraction patterns for ZnO doped with10% Al milled at (5, 10 and 16 

h). Characteristic peaks from elemental cubic Al and zincite ZnO are clearly seen for all milled samples. 
The powder X-ray diffraction analysis was carried out to identify the phases and to determine the lattice 

parameters of the compounds. The diffraction data was refined using the FULLPROF program of the Rietveld 
method ( J. Rodriguez-Carvajal, 2005, H.M. Rietveld, 1969). The wurtzite ZnO structure and Al were selected 
as the starting model structures.  From Rietveld analysis, the crystallite size, lattice parameters and bond lengths 
were evaluated.                                                                                                                

The results of Rietveld analysis indicate that the samples mainly belong to the hexagonal ZnO phase with 
the P63mc space group and the cubic Al phase with space group Fm-3m (225). Fig.2. shows the observed, 
calculated and difference profile of ZnO doped with 10% Al as a representative one. 

The lattice parameters (a and c), bond length and crystallite size of ZnO doped with Al are summarized in 
Tables (1-3). It can be seen that the lattice parameters a and c decrease with increasing the Al content and then 
increase at 10% Al.  

The value of c/a ratio varies between 1.602and 1.6022,these values are smaller than 1.633 which 
correspond to a closed- packed hexagonal (wurtzite) structure indicating some strains in crystals( E.M.Seftel et 
al., 2008). 

Fig. 3. shows X-ray diffraction patterns for ZnO doped (5,7.5 and10% Al) milled 10h and sintered at 
1000˚C for 2h. It indicates that the ZnAl2O4 phase is formed. The X-ray diffraction shows that the amount of 
ZnAl2O4 increases with an increase in Al content. 

 
3.2. Optical Properties: 

 
The diffuse reflectance (R) was measured as a function of wavelength λ ranged from 300 to 800 nm. The 

optical diffuse reflection spectra of Al-doped ZnO samples (5%, 7.5% and 10%Al) powder milled 10h are 
displayed in Fig.4. 

The energy band gap Eg can be determined from the onset of the linear increase in the diffuse reflectance 
(P.D. Fochs, 1956). 

The energy band gap increases with increasing Al concentration as shown in Fig.5. The increase of the 
energy gap may be due to the increase of electron concentration. The relation between optical band gap and 
electron concentration is given as Eg= 0.09077 ln (ne) – 0.938 (E. Burstein, 1954).  

The increase of the electron concentration with increasing dopant (Al) concentration is explained in 
electrical conductivity. Hence more incorporation of Al+3 ions releases more electrons as Al concentration 
increases (K.P. Bhuvana et al., 2009).  
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Fig. 1: Representative example of X-ray diffraction pattern for ZnO doped with 10% Al at various milling  
             times. 
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3.3. Electrical Conductivity: 
 
The electrical conductivity σa.c was measured over the temperature range of (30-300˚C). The temperature 

dependence of the conductivity for three compact samples is shown in Fig.6. The electrical conductivity 
depends on the concentration of charge carriers and their mobility and both vary with temperature. 
 

 
  
Fig. 2: Final Rietveld refinement for ZnO doped 10% Al sample as representative one. 
 

 
 
Fig. 3: X-ray diffraction pattern for ZnO doped with (5%, 7.5% and10%Al) sintered at 1000˚C for 2h. 
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Fig. 4: The diffuse reflectance (R) versus the wavelength λ for ZnO doped with (5, 7.5 and 10%Al) milled 10h. 
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Fig. 5: The optical energy band gap as a function of Al. 
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Fig. 6: ac conductivity versus the temperature for ZnO doped with (5, 7.5 and 10%Al) milled 10h measured at  
            40kHz. 
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Table 1: The refined unit cell parameters and agreement factors of ZnO doped with 10%Al milled 10h. 
 wt% Cell parameters (Å) Bond length (Å) Crystal-size (nm) 
Zincite 97.02±0.05 a = 3.2505±0.0001 

c = 5.2079±0.0002 
Zn-O1=1.985 
Zn-O2=1.976 

80±13 

Aluminum 2.97±0.05 a = 4.0507±0.0002 Al-Al=2.8643 205±18 
 
Table 2: The refined unit cell parameters and agreement factors of ZnO doped with 7.5%Al milled 10h. 

 wt% Cell parameters (Å) Bond length (Å) Crystal-size (nm) 
Zincite 98.08±0.06 a = 3.2501±0.0001 

c = 5.2069±0.0002 
Zn-O1=1.985 
Zn-O2=1.976 

63±10 

Aluminum 1.92±0.06 a = 4.0500±0.0001 Al-Al=2.8638 194±5 
 
Table 3:The refined unit cell parameters and agreement factors of ZnO doped with 5%Al milled 10h. 

 wt% Cell parameters (Å) Bond length (Å) Crystal-size (nm) 
Zincite 98.6±0.05 a = 3.2506±0.0001 

c = 5.2079±0.0001 
Zn-O1=1.985 
Zn-O2=1.976 

79±13 

Aluminum 1.4±0.05 a = 4.0510±0.0001 Al-Al=2.8645 203±5 

 
It is clear from the figure that the electrical conductivity increased with increasing temperature indicating 

semiconducting behavior.   
As the temperature rises, the carrier concentration increased results in a rapidly increasing conductivity. At 

high temperature the conductivity curves of (5% and 7.5% Al) tend to join each other at 140˚C which may 
indicate that either intrinsic or ionic conduction is approached. The other sample shows a flat maximum at about 
200˚C. 

The addition of small amount Al to ZnO leads to an increase in the conductivity. This is mainly attributed to 
the fact the substitution of trivalent Al3+ for divalent Zn2+ increases the electron concentration. 

It is well known that the solubility of Al2O3 in ZnO is small, so the addition of more than 5% Al to the 
samples (7.5% and 10%) decreases the conductivity. The decrease of the conductivity may be explained that the 
amount of ZnAl2O4 increased with increasing of Al content. It has been reported that ZnAl2O4 phase has very 
low electrical conductivity (M. Ohtaki et al., 1996). 
 
Conclusion: 

 
Al-doped ZnO powders were prepared by mechanical milling from elemental Al and ZnO. The structure of 

the compounds has been determined using Rietveld full-profile analysis method. The lattice parameters a and c 
decreased with increasing Al content and then increased at 10% Al. 

The energy gap calculated from the optical measurements was found to increase with the increase of Al 
content. The electrical conductivity σ increased with increasing temperature indicating semiconducting 
behavior.  The electrical conductivity increased up to 5% Al and decreased with increasing Al content more than 
5%. 
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