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Abstract: Structural, optical and dielectrical properties of ZnO and aluminum doped ZnO 

(Al:ZnO) powder synthesized by simple and convenient chemical precipitation method have 

been reported.. The powders were characterized by variety of experimental techniques such as 

X-ray diffraction (XRD), thermal analysis TG-DTA, dielectrical measurements and so on. It was 

observed that annealing removes the impurities and enhances the purity of ZnO nanoparticles. To 

understand the conduction mechanism, complex impedance measurements were carried out as a 

function of applied frequency. The complex impedance spectra show that as Al doping increases 

the total impedance (Z΄ and Z΄΄) decreases. Room temperature dielectric properties viz. relative 

dielectric permittivity (ε΄) and dielectric loss (tan δ) for the samples were studied as a function of 

frequency (20 Hz to 1 MHz). These studies indicate that dielectric permittivity goes on 

increasing with increase of Al doping.  

Keywords : Al:ZnO, XRD, complex impedance and dielectric properties etc. 

Introduction : Nanomaterials have great importance because of their small particle size and 

large surface area. Due to such remarkable properties these materials are used in optoelectronic 

and electronic nanodevice.[1] Among the various semiconductor nanomaterials  ZnO is the best 

promising candidate  because of its wide band gap 3.37eV and  high exciton binding energy 

60meV at room temperature [2]. ZnO is the II-IV group semiconductor and usually it adopts 

hexagonal wurtzite crystal structure. It has crystal structure similar to the gallium nitride (GaN), 

whose band gap is 3.3eV at 300k[3] another wide gap semiconductor material. Due  to such wide 

gap this type of materials are used in optoelectronic applications[4] .But ZnO has some 

advantages over GaN such as high band gap and high exciton binding energy as mentioned 

above. 

 There are many advantages of zinc oxide such as, abundance in earth crust, non toxicity, 

low material cost, chemically stability, and high transparency in the visible and near infrared 

region.[5]  ZnO get customary attention because of its special properties such as its chemical 

activity, and novel optical , mechanical , electromagnetic, thermodynamic, and electrodynamic  

properties which gives wide range of applications.[6] such as photocatalysis [7], gas sensor[8], 

visible blind or solar blind photodetector[9] etc. The physical and chemical properties of ZnO 

nanoscale particle are different when compare with the bulk materials. ZnO nanopowder when 
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controlled to nanosize show atom like behavior which results from higher surface energy. It is 

due to large surface area and wider band gap between the conduction and valance band[10] 

  There are many method which had reported for the synthesis of ZnO nanopowder such 

as decomposition [11], sol gel method[12] , precipitation method[13], hydrothermal method[14], 

combustion method[15],molten salt method[16] and so on. This study is carried out by using the 

precipitation method for the preparation of ZnO powder by using zinc chloride as precursor 

solution, and addition of aqueous ammonia to adjust the pH of the solution. The crystalline size 

and morphology of ZnO powder depends on the synthesis method. They have the main influence 

on the properties of ZnO powder [17]. In this report chemically precipitated ZnO powder is 

discussed for various thermal and morphological characterizations. 

2. Experimental: Pure and aluminium doped ZnO powder can be prepared by precipitation 

method. In this study AR grade equimolar zinc chloride hexahydrate, aluminium nitrate and 

ammonium hydroxide solution is used. The preparation conditions were carefully controlled. 

Double distilled water was used for solution preparation. Solution pH, considered using the 

relation between pH and concentrations of both the solutions was adjusted to neutral by adding 

aqueous ammonia to preserve the hydroxide phases of Zn. 0.1M zinc chloride was dissolved in 

double distilled water and stirring the solution vigorously by adding drop wise aqueous ammonia 

to adjust the pH of the solution equal to 7.Then white gelatinous precipitate formed, was filtered 

using Whatmann filter paper No.17. The precipitate was washed thoroughly. It was further dried 

at ambient temperature and sintered at different temperatures within 400-1000
o
C for 5 hr in air 

atmosphere. These compositions were further mixed with polyvinyl alcohol as a binder and 

pressed into pellets of 10mm diameter and 2–4mm thickness using a hydraulic press. The flow 

chart for synthesis of material is given in Fig.1.  

 

Fig. 1 Material synthesis of flow chart 

           The powders were characterized by X-ray diffractometer (Brukar D2 phaser) using Cu K 

radiation ( = 1.54056 Å) for structural analysis. The frequency dependence of dielectric 

permittivity (), dissipation factor (tan) and complex impedance in the range from 20Hz to 

1MHz were studied using a precision LCR meter bridge (HP 4284 A). 
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3. Result and discussion: 

 3.1 XRD analysis: 

 

Fig. 2 . X-ray diffraction patterns of ZnO powder synthesized by precipitation technique at 

various Al doping    concentration. 

 Fig.2 shows the shows the X-ray diffraction patterns of ZnO powder synthesized by 

precipitation technique at various Al doping concentration. The samples are polycrystalline in 

nature and shows hexagonal crystal structure (JCPDS card no. - 01-079-0206). The XRD pattern 

shows lattice planes (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 3 2), (0 0 4). The highest 

intensity of lattice plane (1 0 1) . The crystallite size (D) was calculated from XRD pattern by 

using Scherrer’s formula [18], 

                       
   

     
             (1)                                  

Where β the broadening of diffraction line measured at half of its maximum intensity (rad) 

FWHM and  is the X-ray wavelength (1.5406 A˚).  

The preferential orientation of the films is studied by calculating the texture coefficient 

TC (hkl) for all the planes using the equation,  

         
       

               
           (2)                                            

Where TC (hkl) is the texture coefficient of the (hkl) plane, I the measured intensity, Io is the 

standard intensity. And N is the number of planes observed in the X-ray diffraction pattern. The 

deviation of the texture coefficient from unity implies the preferred orientation of the growth of 

the films. The TC for (1 0 0), (0 0 2) and (1 0 1) planes shown in table 1. 
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                   The standard deviation (σ) is calculated to explain the growth mechanism, by using 

the equation                                                                                                                         
     

         
   

 
               (3)                                       

Where, I stand for relative intensity of the (hkl) plane. It is seen that (Table 1) the substrate 

temperature has made a small change in σ values, which reflects the onset of homogenous 

nucleation. 

X-ray diffractograms shows no appreciable effect of solution concentration on the crystal 

structure of ZnO, but it is observed in pattern that there is shift in after Al doping in ZnO 

powder. The intensities of (1 0 1) diffraction peak relative to (1 0 0) and (0 0 2) declines as 

doping concentration increase from 0% to 5%. ZnO grows along the (1 0 1) direction. The values 

of crystallite size, texture coefficient and slandered deviation shown in Table 1.  

Table:1 XRD parameters for Al doped ZnO powder 

The  crystallite size of ZnO powder increase with increase in Al doping concentration. 

The texture coefficient and standard deviation of ZnO powder decrease for 3% Al doping and 

decrease for further increase in doping concentration.  

3.2 TG-DTA analysis: To know the decomposition and phase formation that occurs during the 

heating treatment of the as prepared compound, the thermal analysis is carried out in the 

temperature range of 30˚C to 1000˚C. The TGA-DTA curve for the typical precursor is as shown 

in Fig.3 

 

Fig. 3 TG-DTA curve of the precursor: According to TG curve the precursor loses its weight in 

two major steps. The first major step is in the temperature below the 100˚C and indicated a loss 
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of 16.93% revealing the hydrogenation process of surface adsorbed water molecules [19]. The 

second step of weight loss 84.08% appeared in the temperature range 100˚C-250˚C.Above the 

temperature 310˚C the TG curve remains constant. The total weight loss in the entire thermal 

study is indicating the major amount of ZnO formation during the synthesis. 

           The DTA curve of the precursor obtained during thermal treatment exhibits two 

endothermic peaks which corresponds to two major weight loss steps of the TGA curve, and one 

exothermic peak. The first endothermic peak between 50˚C-100˚C can be associated with the 

removal of surface water of the sample with weight loss of 16.93%. The weight loss 84.08% 

corresponding to one endothermic and one exothermic peaks in the temperature range 220˚C-

350˚C.  

3.3 Surface morphological study: 

 

Fig. 4 scanning electron micrograph of pure ZnO powder 

 Figure 4 shows the SEM micrograph of ZnO powder pillet. This ZnO powder can be 

prepared by precipitation method and then transferred into the pillets by using hydraulic press. 

As shown in figure SEM showed a close packed morphology uniform for ZnO powder. The 

grain like dense structure is observed in the SEM of ZnO powder. This type of morphology is 

used for many applications of ZnO powder like gas sensor [20] and so on. 

3.4 Elemental and chemical composition analysis: Figure 5 shows the EDAX spectrum of 0%, 

3% and 5% Al doped ZnO powder. EDAX spectrum reveals the presence of Zn, O and Al 

element in the sample. From the spectrum it can be seen that the amount of Al element in the 

sample goes on increasing as doping concentration increased in the ZnO powder 
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Fig. 5(a) EDX for pure ZnO thin films 

Fig. 5 (b) EDX for 3%  

Al doped ZnO thin films. 

 

Fig. 5(c) EDX for 5% Al doped ZnO thin films 

 The elemental analysis for each element Zn, O and Al for each sample (O%, 3% and 5% 

doping) is as shown in table 2. Except Zn, O and Al, no other peak from any element found in 

the spectrum which confirmed that the formation of pure Al doped ZnO powder. 

 

 

 

 

Table: 2 Mass % of O, Al, and Zn as determined by EDX analysis 

Element 

 

Mass % 

0% 3% 5% 

O 1.93 1.67 1.01 

Al 0.02 0.66 1.44 

Zn 98.06 97.67 97.55 
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3.5 Dielectrical Properties: The frequency dependence of the Dielectric permittivity (ɛˈ) for all 

the samples was studied at room temperature.  

 
Fig. 6 Variation of room temperature dielectric constant with frequency   

The fig.6 shows the variation of dielectric permittivity with frequency. The dielectric permittivity 

decreases with increase in frequency from 20Hz to 1MHz showing usual dielectric dispersion 

behavior at low frequencies the dispersion of dielectric permittivity is large while it is 

independent of frequency beyond 100 kHz. As frequency increase, ionic and orientation sources 

of polarizability decreases and finally disappear due to the inertia of molecules and ions. In 

practice there is a relaxation time for charge transport and therefore the dielectric permittivity 

depends on the applied frequency. The observed variation in dielectric permittivity can be 

explained on the basis of space charge polarization [21] and is governed by no. of space charge 

carried and resistivity of the samples. The charge carries, which take part in ion exchange, can be 

produced during the sintering process. Similar results were observed for other samples. The 

permittivity is directly proportion to the square root of conductivity. The permittivity is high at 

low frequencies and decrease as frequency increases. The decrease in permittivity takes place 

when the jumping frequency of electric charge carriers con not follow the attention of the applied 

AC electric field beyond a certain critical frequency.    

 

3.6 AC Conductivity: 

 
Fig. 7 Variation of dc electrical resistivity with temperature 
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                       The variation of AC conductivity as function of frequency is represented in fig 7. 

It is observed that ac conductivity at room temperature reveals increasing trend of AC 

conductivity with frequency. The reason for this increasing trend should be searched in the 

frequency dependence of small polaron hopping conduction. It should be recalled that the 

conduction at lower temperature is due to impurities and defects while at higher temperature it is 

intrinsic property of the material. For ionic and low energy band solids, the conduction is better 

explained in terms of small polaron [22]. The excess electrons in a narrow conduction band (or 

excess holes in a narrow valence band) due to their interaction with lattice ions distort the 

surrounding in such a way that the potential well thereby generated is deep enough to introduce 

localization leading to the formation of polaron. Polarons are divided into two categories: (i) 

large polarons and (ii) small polaron. If the conduction is due to large polarons, it can be 

explained on the basis of band mechanism at all temperatures. 

3.7 Impedance spectroscopy:  

Fig. 8 Impedance spectra of Al doped ZnO powder 

 Complex impedance spectroscopy method is widely used to measure the electrical 

properties of the materials and their interface with electrically conducting electrodes. This 

spectroscopic technique separates the resistive (real) and reactive (imaginary) components of the 

electrical parameters. The complex impedance spectroscopy is measured by the relation. [23] 
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The  electrical  phenomenon  (due  to  

bulk  material,  grain  boundary)  and  interfacial  phenomenon  appears  in  the  form  of  arc  of  

a semicircle,  when  real verses imaginary part of  impedance  are  plotted  called Nyquist  plots 

as shown in fig. 8. The impedance spectrum is analyzed by the change in the diameter of the 

semicircle but not its shape. Intersect of the semicircle with the real axis at lower frequency side 

is attributed to the total resistance (the sum of the resistance of grains and grain boundaries) 

while at higher frequency it is due to the grain impedance response (resistance of grains only) 

[23]. The grain boundary resistance decreases with increase in Al doping concentration in ZnO. 

Also the value of Z’ decreases with increase in Al doping concentration indicating that grain size 

increases with increases in doping concentration and ultimately grain boundary resistance 
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becomes decreases. This has helped to lowering the barrier to the motion of charge carriers 

causing increased electrical transport.   

Conclusions: In this study, the effect of Al doping concentration on structural, dielectric and 

impedance properties of ZnO powder have been studied. The XRD peaks shifts towards higher 

2θ values prove that incorporated impurity Al atoms enters in ZnO lattice at Zn sites. Both 

dielectric constant and dielectric loss increases with increases of Al doping concentration.  The 

complex impedance spectra suggest a grain boundary contribution in the conduction process. 

The total impedance (Z’, the real axis intercept at low frequency side) and imaginary part of 

complex impedance (Z”) of all samples is decreased with increase in concentration. 
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