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Abstract: Aluminum doped zinc oxide (AZO) thin films were deposited on glass substrates at 350 °C by spray 
pyrolysis technique. X-ray diffraction patterns show that the undoped and AZO films exhibit the hexagonal 
würtzite crystal structure with a preferential orientation along [002] direction. AFM images showed that AZO 
film with 3 % of Al has a uniform grain sizes with a surface roughness of about 24 nm. All films present a high 
transmittance in the visible range. Both undoped and AZO films were n-type degenerate semiconductor and the 
best electrical resistivity value was around 8.0 10-2 Ω.cm obtained for 3 % Al content. Copyright © 2014 IFSA 
Publishing, S. L. 
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1. Introduction 
 

Doped ZnO thin films received extensive 
attention due to their excellent optical and electrical 
properties [1-5]. It is widely used in various 
technological applications, such as in solar cells and 
flat panel display [6]. It is also used in sensors 
devices for gases detection, such as NO2, NH3 and 
CO [7, 8]. 

Different deposition techniques were used to 
prepare doped ZnO thin films such as sol gel [9, 10], 
magnetron sputtering [11, 12], chemical vapor 
deposition [13] and spray pyrolysis [14, 15]. It has 
been already shown that doping with rare earth 
element is very interesting to improve the optical 
properties of the ZnO host matrix [16, 17]. In the 
other hand doping with magnetic transition metals 
like Co can induce ferromagnetism at room 

temperature, which is very interesting for spintronic 
devices [18-20]. Finally, ZnO is also an interesting 
candidate as transparent conducting oxide. For this 
purpose doping with metallic transition metal is 
indicated to improve its transport properties, in 
particular Al was shown to be the most interesting 
candidate [21, 22]. 

In this work, we report on the doping effect of 
aluminum on structural, electrical and optical 
properties of ZnO. Spray pyrolysis method was used 
to prepare the films because of its simplicity and 
mass production capability of uniform large area 
coatings in industrial applications.  
 
 

2. Experimental 
 

Aluminum doped ZnO (AZO) thin films were 
deposited on glass substrate by spray pyrolysis 
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technique. A homogeneous solution was prepared by 
dissolving zinc chloride (ZnCl2) [0.1 M] and 
aluminum nitrate (Al (NO3)3) in distilled water at 
room temperature. Different solutions were prepared 
with different Al content. More details on processing 
doped zinc oxide were reported elsewhere [14, 23]. 
X'Pert Pro diffractometer was used to determine the 
X-Ray Diffraction (XRD) patterns with Cu Kα 1 
radiation (λ = 1.54056 Å). Surface morphology of 
AZO thin films was performed by Atomic Force 
Microscopy (AFM, Dimension 3100). 
Photoluminescence (PL) measurements were 
performed at room temperature in the visible range 
using a 355 nm line of a frequency-tripled 
neodymium-doped yttrium aluminum  
garnet-Nd-YAG-laser. The optical properties were 
checked by using a U-Perkin-Elmer Lambda 950 
spectrophotometer. Electrical measurements were 
measured at room temperature using an ECOPIA 
Hall Effect Measurement System.  
 
 
3. Results and Discussion  
 

Fig. 1 shows the X-ray diffraction patterns  
of AZO thin films with different Al concentration. 
Both undoped and doped films have present a 
polycrystalline single phase and all peaks correspond 
to ZnO würtzite structure with a preferential 
orientation along the [002] direction. The lattice 
parameters, a and c, seem constant about 0.318 nm 
and 0.520 nm for a and c respectively.  
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Fig. 1. XRD patterns of AZO sprayed thin films. 
 
 
From the XRD results we have determined the 

texture coefficient (TC), which represents the texture 
of particular plane, whose deviation from unity 
implies the preferred growth. The texture factor of 
particular plan is defined by relation [24]: 
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where I(hkl) is the measured relative intensity of a 
plane (hkl), I0(hkl) is the standard intensity of the 
plane (hkl) taken from JCPDS data [89-1397], n the 
number of diffraction peaks. The results are 
summarized in Table 1. One can note that all the 
films present a preferential orientation along the 
[002] direction and the higher TC value for (002) 
plane was observed for thin film doped with 3 % of 
Al. The increase in preferred orientation along (002) 
plane is associated to the increase in the number of 
grains along that plane. The average crystallites size 
of AZO thin films was estimated using the Scherrer’s 
formula along the c-axis [25]: 
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where θ is the Bragg’s diffraction angle of (002) 
plane, B is the broadening of diffraction line at half 
its maximum intensity and λ the wavelength of X-
rays. D values, which give the coherence length 
perpendicularly to the substrate, are also listed in 
Table 1. We can note that the higher value was 
obtained for 3 % Al content in agreement with the 
above TC values. This indicates that 3% of Al 
corresponds to the optimal value. Above this value, 
defects can be created, which can decrease both the 
texture and the grains size. 
 
 

Table 1. Various structural parameters of AZO sprayed 
thin films. x: Al doping, d: thickness, D: crystallite size, 
TC: texture coefficient, N: number of crystallites per unit 

surface area, ε: strain. 
 

x 
(%)

d 
(nm)

D 
(nm)

TC 
(002) 

N 
(1014/m2) 

ε 
(10-4)

0 410 67 2.30 14 5.4 
1 250 57 2.26 13 4.6 
3 455 94 3.01 5.4 4.6 
5 455 73 2.72 12 5.0 

 
 
To support the last hypothesis, we have tried  
to extract some information’s on the evolution upon 
doping of dislocations in our films. Using the size  
of crystallites D and the thickness d, the number  
of crystallites N per unit volume and the strain ε are 
calculated using the following formula [26] and 
reported in Table 1: 
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In accordance with the TC variation and d values, 

the small values of the strain and the dislocation 
density were observed for ZnO doped with 3 % of Al. 
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Hence, this sample presents the best crystalline 
quality. 

Fig. 2 shows the AFM images of undoped and 
ZnO doped with 3 % of Al deposited on glass 
substrates. From the surface morphology images, it 
can be seen that the in-plane grain size does not 
change much and only a small part of the grains 
increased. The surface roughness of the films 
depends on the aluminum doping content. We 
observed that AZO with 3 % of Al showed a uniform 
grain size with the lowest root mean square (rms) 
value of about 24 nm, less than rms for undoped ZnO 
which was around 38 nm.  

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 2. AFM images of the surface of AZO sprayed  
thin films. (a) ZnO:0 % Al, (b) ZnO:3 % Al. 

 
 

AZO thin films exhibit a high transmittance 
between 75 % and 80 % in the visible range. 
Absorption coefficient α has been computed and 
(αhν)2 versus (hν) for undoped and AZO films is 
presented in Fig. 3. In the lower energy range α 
varies exponentially with photon energy and follows 
the Urbach formula [27]: 

 

 
 0 exp( / )uh Eα α ν= , (5) 

 

where α0 is the constant and Eu is the Urbach energy 
width, which is believed to be a function of the 
structural disorder. The variation of lnα versus 
photon energy for the film are displayed in the inset 

of Fig. 3. The Urbach energy Eu is calculated from 
the slope of the linear plot. It can be seen that doping 
with 1 % or 3 % of Al produces an Urbach band tail 
width around 760 meV which is higher than the value 
of about 620 meV observed for undoped ZnO films, 
which indicate an increase of defects level in the 
band gap. This result seems to be contradictory with 
the results obtained by the structural analysis where 
the film with 3 % Al was shown to present the best 
crystalline quality. However, this cannot be directly 
correlated since some defects have no optical activity 
and therefore no influence on the obtained results. 
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Fig. 3. (αhν)2 versus hν and Lnα versus hν of AZO 
sprayed thin films. 

 
 

Fig. 4 shows the photoluminescence spectra at 
room temperature of undoped and Al-doped ZnO thin 
films. Lines at 355 nm and its second order at 710 nm 
are due to the laser source, while peak at 379 nm 
corresponds to the recombination of electron and hole 
across the gap of AZO thin films. The wide PL band 
centered at 510 and 697 nm characteristic of deep 
levels of oxygen vacancies in the ZnO matrix, and 
zinc or oxygen atoms in interstitial position, as it was 
previously reported for ZnO thin films [28]. One can 
note that the intensity of this wide PL band decreases 
at 3 % Al content, which can be attributed to the 
decrease of defects in this sample. 
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Fig. 4. Photoluminescence at room temperature of AZO 
sprayed thin films. 
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All AZO films were n-type semiconductors. The 
minimum of electrical resistivity was around  
8.0 10-2 Ω.cm-1 for 3 % Al content which is limited 
by the low mobility values attributed to the various 
carriers scattering mechanisms. In Table 2, we report 
ρ values obtained for AZO films prepared by various 
techniques. 
 
 

Table 2. Comparison of electrical resistivity  
values of AZO thin films prepared by various techniques. 

 

Technique 
Thickness 

(nm) 
Al 

(%) 
ρ (10-2 
Ω.cm) 

Ref. 

RF magnetron 
sputtering 

450 - 0.14 [21] 

Atomic layer 
deposition 

130 2.1 0.06 [22] 

Ultrasonic 
Spray Pyrolysis 

1100-
1700 

3 4 [15] 

Sol–gel 659 3 8000 [29] 

Spray Pyrolysis 455 3 8 
This 
work 

 
 

It is interesting to note that the best electrical 
resistivity value obtained in this work using spray 
pyrolysis is comparable to the values obtained with 
using much more sophisticated techniques like 
sputtering.  
 
 

4. Conclusions 
 

Aluminum doped ZnO thin films (AZO) were 
deposited on glass substrates by spray pyrolysis 
technique. Undoped and Al-doped ZnO thin films 
were polycrystalline with a preferential orientation 
(002) along c-axis. The films were highly transparent 
in the visible zone. Atomic force microscopy study 
showed that AZO films with 3 % of Al had a uniform 
grain sizes with the root mean square around 24 nm. 
The best cristallinity and the lowest electrical 
resistivity were found for AZO films with 3 % of Al. 
These AZO films prepared by this alternative 
technique, can be used in various applications as in 
solar cells and sensor devices. 
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