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Abstract 

Zinc oxide is one of the most important n-type semi-conductor intensively utilized in solar cells, transparent 

conducting electrodes and opto-electronic devices. Zinc oxide (ZnO) and Aluminum- doped Zinc oxide (AZO) 

thin films have been deposited by the spin-coating method. Their structural, optical and electrical proprieties were 

investigated. The X-Ray diffraction shows the polycrystalline hexagonal wurtzite structure exhibiting degradation 

in crystallinity of elaborated films with increasing Al doping concentration. This effect is reflected on optical and 

electrical proprieties of films. Indeed, the samples present a low optical transmittance level and the band gap 

values between 3.17 eV and 3.20 eV. Concerning the electrical properties, a decrease in the concentration of free 

charges carriers is observed as well as a decrease in resistivity. 
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1. Introduction 

Zinc oxide thin films have attracted more attention due to their broad range of applications such as transparent 

electrodes in solar cells and flat panel displays, view their dual properties, a good electrical conductivity and high 

optical transparency in the visible range [1, 2, 3]. ZnO is a direct wide band gap (3,37 eV) semiconductor with 

high excitonic binding energy (60 meV) at room temperature [4, 5, 6]. Undoped and doped ZnO films have been 

deposited by different methods such us sputtering [7], CVD deposition [8], electro-deposition process [9], spray 

pyrolysis [10, 11, 12] and sol gel deposition [13, 14, 15]. The sol gel technique is one of attractive method 

because it allows to easily obtaining good thin films at low cost.  In this work we have deposited the Al-doped 

ZnO thin films on glass substrate at different Al content (of 1% to 5%) by spin-coating method. Our aim is to 

study the effect of aluminum concentration on the structural, optical and electrical properties. 

 

2. Experimental 

The thin films were deposited by spin-coating technique on the glass substrate. Zinc acetate dehydrate 

(Zn(CH3COO)2,2H2O) was used as precursor, ethanol and monoethanolamine (MEA) were used as a solvent and 

stabilizer respectively. Zinc acetate was firstly dissolved in ethanol, then the stabilizer was added to obtain a 
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transparent and homogeneous solution. The molar ratio of MEA to zinc acetate was maintained at 1.0 and the 

concentration of zinc acetate was 0.5 M. For Al:ZnO we are used the aluminum nitrate hexahydrate 

(Al(NO3)2,6H2O) in molar ratio [Al/Zn] varying between 1 to 5%.  

To elaborate our thin films, we’ve used the spin coater model (LAURELL WS-650MZ 23NPP /OND / UD3 

/UD3B) equipped with three injection syringes. The all system is controlled by software called Spin 3000. 

All films were elaborated at 48 hours sol aging time. The glass substrates were rotated at 2000 rpm for 10s after 

be cleaned in ethanol, acetone and rinsed in distilled water, and subsequently dried. The films were preheated at 

100 °C for 5 min, then at 300 °C for 5 min to evaporate the solvent and remove organic residuals. The procedure 

from coating to preheating was repeated 10 times. Then the films were annealed at 500 °C for 2 hours. Figure 1 

shows a schematic of the deposition process. 

 
Figure 1: Process flow chart showing the procedure of thin films deposition. 

The crystalline structure was analyzed by X-ray diffractometer (Philips X’Pert MPD). The optical properties were 

obtained by UV–Vis-NIR double beam spectrophotometer (UV- 3101PC-SHIMADZU). The electrical 

measurements were measured by a four-point probe method and Hall Effect (HMS5000 system). 

 

3. Results and discussion 

3.1. Structural properties of the ZnO thin films 

The XRD spectra of films at different Aluminum doping concentration (from 1% to 5%) are shown in Figure 2. It 

indicated that the three pronounced peaks (100), (002) and (101) characterize a polycrystalline ZnO hexagonal 

wurtzite structure [15]. The first remark is the enhancement in crystallinity of films for 1% Al-doped ZnO thin 

films, with a preferential orientation along (002) direction, Moreover, beyond the 1%, the peak intensities 

decreased with increasing doping concentrations which indicates a deterioration in the crystallinity of films, with 
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not preferred growth orientation. This suggests that Al atoms in the ZnO structure may restrict the grain growth of 

ZnO films due to the lowest ionic radius of Al
3+

 than Zn
2+

 as observed in others reports like M. Yilmaz et al [16], 

S. Ilican et al [17],  Chien-Yie Tsay et al [18] and Z.Q. Xu, H. Deng [19]. 
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Figure 2: The XRD pattern of the undoped and doped ZnO thin films at different Al concentration. 

The lattice constants can be calculated by using the following formula: 

1

dhkl
2 =  

4

3
 
h2 + hk + k2

a2
 +

l2

c2
 

Where a and c are the lattice constants and dhkl is the crystalline plane distance for indices (hkl). 

                                        a =
λ

   3 .  sin θhkl
                                                 c =

λ

  sin θhkl
 

The lattice parameters a and c are listed in the Table 1, and distinctly show that for 1% the c parameter decrease 

while the a parameter increase, meaning the good insertion of Al atoms in the substitutionnal Zn sites, seen the 

difference of electronegativity between Aluminum and Zinc ions [20]. When the dopant concentration increase, 

the lattice parameters a and c increase. This effect can be due to incorporation of Al atoms in the interstitial 

positions of host lattice [21].  

The crystallite size D and the strain Ɛ were calculated by using the Williamson’s and Hall’s formula as indicated 

below [22]: 

βhkl =
0,9 ∗ λ

D . cosθhkl
+ 4. ε. tan θhkl  

βhkl . cosθhkl =
0,9 ∗ λ

D
+ 4. ε. sin θhkl  

Where βhkl  is the full width at half- maximum of the XRD peak, λ is the X-ray wavelength, θhkl  is the Bragg 

diffraction angle and Ɛ is the strain. By tracing (βhkl .cosθhkl ) versus (4.sinθhkl ), we can determine the slope 

which defines the strain Ɛ, and the crystallite size D can be calculated by using an extrapolation of the linear 

portion of [βhkl .cosθhkl = f (4.sinθhkl )] as shown in Figure 3. 
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Figure 3: The W-H analysis for undoped and doped ZnO thin films at different Al concentrations. 

 

The calculated results are listed in Table 1. 

As shown in Table 1, when the Al dopant concentration increase from 0% to 5%, the crystallite size decrease 

from 248 to 122 Å, this result is agree with the crystalline degradation observed in the DRX spectra, this may be 

due to an increase in size of grain boundaries as is suggested above. Mehmet et al [16] and Shankar et al [23] 

have also faced with the same situation. 

Other components affecting the crystal growth include the formation of strain in the lattice due to the 

incorporation of dopant. The positive and negative strain values represent the tensile strain when the film is 

stretched and the compressive strain when the film is compressed, respectively. 
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As illustrated in Table 1, all the values of the strain are negative, which means that there are compressive stresses 

in the films due to a small aluminum ionic radius than zinc ionic radius. The strains increase while increasing the 

Aluminum doping level [19]. 

 

Table 1: Structural parameters of pure ZnO and AZO films. 

% [Al] FWHM β (rad) D ( ) a ( ) c ( ) Ɛ 

0% 0.00515 248.484 3.2366 5.1971 -5.616 x 10
-4 

1% 0.00571 223.997 3.2396 5.1953 -6.209 x 10
-4

 

2% 0.06860 186.865 3.2416 5.2040 -7.376  10
-4

 

3% 0.00733 173.752 3.2428 5.2082 -7.908 x 10
-4

 

4% 0.00838 152.703 3.2616 5.2248 -9.149 x 10
-4

 

5% 0.01047 122.270 3.2748 5.2248 -11.3 x 10
-4

 

 

3.2. Optical properties of the ZnO thin films 

The effect of Al doping on optical properties of ZnO films has been studied. The transmission spectra of Al-

doped ZnO films in the range of 300-2000 nm with various doping concentrations are plotted in Figure 4.  
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Figure 4: Variation of transmission and absorption coefficient versus the wavelength for undoped and doped ZnO 

thin films. 

 

The evolution of the transmission T (λ) seen in Figure 4 shows that the 1% Al-doped ZnO thin films exhibit a 

good optical transmission in the visible range which can reach 85% compared to undoped ZnO. As long as, the 

dopant concentration increased from 2% to 5%, the optical transmission decreases [24]. This result is in good 

agreement with the crystalline degradation observed in the structural properties. Insight Figure 4 we represent the 

coefficient absorption α which is calculated using the formula below: 
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Where T is the transmittance and e is the thickness of the thin films.  

All the films have a strong absorption region corresponding to the wavelengths lower than 400 nm, this 

absorption declines subsequently in the visible range. 

 

To estimate the optical band-gap energy, we have used the Tauc’s equation [25]: 

 
Where β is an energy-independent constant, hυ is the photon energy, Eg is the optical band gap and α is the 

absorption coefficient. The optical band gap Eg was estimated by using an extrapolation of the linear portion of 

(αhν)
2
 versus hν as shown in Figure 5. 

The fact that all films had a similar thickness enabled the direct comparison of obtained optical band gap. As 

shown insight Figure 5, the optical band gap Eg value increased to a maximum (3.206eV) with increasing Al 

concentrations. The increase of the Eg with increasing the Al-concentration is may be attributed to the Moss–

Burstein effect [26, 27]. The electrons may occupy the doping level which is relatively higher than the lowest 

level of the conduction band. Mridra and Basak [28] also reported that the optical band gap values of sol-gel spin 

coated ZnO thin films increased from 3.33 eV to 3.70 eV with Al doping concentration. 
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Figure 5: (αhν)

2
 versus hν and variation of the optical band gap as a function of aluminum concentration. 

 

The Urbach energy Eu represents the states located at the tail of the valence and conduction bands and can be 

determined by the following relation [29]: 

 
Where α0 is the pre–exponential factor.  
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The Urbach energy Eu is obtained from the inverse of the slope acquired by fitting the linear part of lnα versus hυ. 

In Table 2, we listed the values of Eg, Eu and 1/D representing the disorder in the films where D is the crystallite 

size. 

 

Table 2: Values of Eg, Eu and 1/D for different Aluminum dopant concentrations. 

% Al Eg (eV) Eu (eV) 1/D (Å
-1

) 

0 3.174 0.1399 0.00402 

1 3.176 0.1790 0.00446 

2 3.180 0.2360 0.00535 

3 3.190 0.2510 0.00576 

4 3.193 0.2590 0.00655 

5 3.206 0.2610 0.00818 

 

As observed in Table 2, we obtained an increment of Urbach energy with the dopant concentration, and in the 

same time an increase of the disorder in the films. This disorder, is in perfect agreement with the structural 

degradation already observed, and creates localized states in the bandgap inducing an increase in the Urbach 

energy. This result was already found by B. N. Pawar [30] and F. Chouikh [24]. 

 

3.3. Electrical properties of the ZnO thin films 

Figure 6 presents the variation of the samples resistivity as a function of the Aluminum dopant concentration. The 

electrical resistivity was measured by a four-point probe method. 
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Figure 6: Variation of the resistivity of ZnO:Al films as a function of aluminum concentration. 

 

A minimum resistivity is obtained for undoped ZnO thin films. While increasing the Aluminum concentration 

from 1% to 5%, the resistivity slightly increases from 2,95 .10
-1

 Ω.cm to 3,84 .10
-1

 Ω.cm. 

It is strange that the aluminum atoms don't act as donors and therefore not improve the electrical conductivity of 

our films. This is probably due to the incorporation of aluminum in the inappropriate sites inducing an 

amorphization of the films as observed by M.Yilmaz et al. [16] R. H Kimet al [31]. 

There are two types of interactions: 
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- Interactions between the charge carriers and the grain boundaries. 

- And interactions between charge carriers electron-electron which reduce the mobility. 

In our case the mobility of free electrons in the films was improved while increasing the doping, this is due to a 

reduction of collisions between the charge carriers following a reduction in their density. Which suggests that the 

interaction between the charge carriers and the grain boundaries that increases in size for our case, was the 

dominance responsable for the decrease in films conductivity. 

Figure 7 presents the variation of the carriers density and mobility as a function of the Aluminum dopant 

concentration. The carriers density and mobility are performed by Hall effect measurements, and exhibit with 

increasing the doping Aluminum content, a decrease in the carriers density in the same time an increase in 

mobility. This decrease in the density of charge carriers is due to an incorporation of aluminum atoms in the 

interstitial sites of the crystal, also the presence of grain boundaries has played a major role in trapping the charge 

carriers and subsequently decrease their number. For cons, the mobility of free electrons in the films has 

improved while increasing the doping, this is probably due to a reduction of collisions between the charge carriers 

following a reduction in their number as reported by F. Z Ghomrani et al [26] and  Ü Özgür et al [27]. 
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Figure 7: Variation of the mobility and carriers density of ZnO:Al films as a function of aluminum concentration. 

 
Conclusions 

The aim of our work was the study of Al-doping concentration on the characteristics of undoped and aluminum 

doped ZnO films deposited using spin coating method. In this work, we have noted a bad insertion of Aluminum 

doping in our films, inducing degradation of their structural, optical and electrical properties. Our future 

investigations will be the study of the effect of other precursors to obtain ZnO thin films perfectly transparent and 

less resistive, necessary for photo-voltaic modules. 
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