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The aim of this study was to obtain  Al-doped ZnO (AZO) thin films by RF magnetron sputtering deposition with controllable 
structural, optical and electrical properties by adjusting the preparation process with a H2 post-annealing treatment. The 
XRD pattern indicates a the presence of single phase with hexagonal crystalline structure of ZnO. The AZO thin film 
obtained by 6 hours deposition process at a power density of ~7.5 W/cm2 exhibited the best transparent conductive oxide 
(TCO) electrical and optical properties, reaching electrical resistivity of 2.74·10-3 Ω·cm, and an 80% transparency in the 
visible range. 
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1. Introduction 
 

Transparent conductive oxides (TCO) are widely used 

in a wide range of applications, from electronic devices 

that are currently used extensively in everyday life, to 

displays with special applications (nanomedicine), and to 

the classic solar cells [1]. In order to be used in new 

generation devices, the properties of TCO materials need 

to be improved by controllable methods. Doping ZnO with 

group III elements (aluminum [2], gallium [3] and indium 

[4]) results in controllable optical and electrical properties, 

in the sense of higher optical transmittance and better 

electrical conductivity (lower resistivity). Aluminum is the 

best candidate for doping ZnO due to its low price, non-

toxicity and abundance. Studies carried out so far to obtain 

thin films of aluminum-doped ZnO have resulted in AZO 

films with good optical properties (T >80%), but in terms 

of electrical properties they have only reached resistivity 

in 10-3 cm domain. To improve the electrical 

conductivity, heat treatments were performed at different 

temperatures in a H2 atmosphere [2]. 

In our study we developed a process for obtaining 

AZO thin films by RF magnetron sputtering method, 

followed by post-annealing treatment for controlling 

particles size, and corresponding structural, optical and 

electrical properties. 

 

 
 
 
 

2. Experimental 
 
2.1. AZO thin films depositions 

 

AZO deposition target. Sintered ceramic target 

ZnO:Al2O3 (90:10 wt.%) with 2 inch diameter was 

prepared by a traditional ceramic process (1350°C), using 

ZnO and Al2O3 high purity powders (≥ 99.995%). 

AZO thin films depositions. AZO thin films were 

deposited by RF magnetron sputtering method, using 

ZnO:Al2O3 (90:10 wt.%) target on SGG DIAMOND flat 

glass substrate with 4 mm thickness and 4 cm x 5 cm 

surface. Prior to use, the substrates were cleaned in 

Piranha bath followed by reactive ion etching with RF 

plasma for 5 min, 10 W/cm2, in argon (Ar), pressure 

4x10−3 mbar using AJA model A320-XP system. The 

sputtering chamber was evacuated to less than 5x10-6 mbar 

before films depositions, performed in Ar gas with 5x10-3 

mbar working pressure and 7.5 W/cm2 RF power for 

different deposition times 2 h, 4 h and 6 h respectively. 

After deposition AZO thin films were subjected to a 

treatment in H2 atmosphere at 300°C for 1 hour. 

The obtained thin films, by RF magnetron sputtering 

deposition for 2 hour (AZO2h), 4 hour (AZO4h) and 6 hour 

(AZO6h), were annealed in H2 atmosphere. The heat 

treatment was carried out according to the diagram 

represented in the Fig. 1, with a heating rate of 10°C/min 

until it reaches 300°C, maintained at this temperature for 1 

hour and finally cooling freely down to room temperature. 



Influence of hydrogen annealing on the properties of AZO thin films                                                    257 

 

  

 
 

Fig. 1. Thermal treatment diagram for AZO thin films 

in H2 atmosphere 

 
 
2.2. Characterization 

 

Film thickness was determined by surface 

profilometry with VEECO NT1100 system. Thin films 

were chemical acid etched to obtain a step profile that 

allows determining the film thickness. The 10X 

magnification lens and a 0.5X field of view (FOV) lens 

were used on 191 µm x 255 µm surface. 

Structural characterization of AZO thin films was 

achieved by X-ray diffraction in Bragg-Brentano θ-θ 

geometry, at room temperature with Bruker-AXS X-ray 

diffractometer type D8 Discover system. Analysis 

parameter X-ray tube with Cu anode, 40 kV/40 mA, 1D 

LynxEye detector, angular increment: 0.04°, angular 

measuring range 2θ=10°÷100°. 

Morphological characterization was performed with 

FESEM-FIB Scanning Electron Microscope (Workstation 

Auriga) equipped with a dispersive X-ray spectroscope 

detector (Oxford Instruments).The images were recorded 

at 100kx magnification. 

Optical characterization was realized with Jasco UV-

VIS 570 Spectrophotometer, with double beam system 

(Czenry-Turner mount) that allows transmittance 

measurements in the UV/VIS/NIR range. 

Electrical characterization was made using a Cascade 

C4S-64/50 with four-point probes placed at equal 

distances using a constant current source, Keithley 

2400/2400-C SourceMeter; 200 V, 1 A, 20 W, for 

measuring electrical resistivity and surface resistance. 

Measurements were performed according to the method 

described in ASTM F 84-99 [5]. 

 
 
3. Results and discussion 

 

AZO thin films for TCO applications must fulfill a 

number of criteria: uniform film with crystalline structure, 

controlled defects (by doping), high optical transparency 

and low electrical resistivity. These properties can be 

achieved by several methods: doping with group III 

elements and/or by heat treatments in the reducing 

atmosphere (hydrogen). The annealing temperature in H2 

at 300oC was chosen because of several reasons. First of 

all, it is known that this is a temperature considered 

somehow the maximum allowed for the typical processing 

of an optelectronic device on a glass support. In fact, we 

choose for a annealing treatment at the lowest possible 

temperature. It was also expected that this annealing 

temperature would not be high enough to cause a 

significant recrystallization of the films allowing us to 

investigate only the effect of hydrogen treatment [ 6, 7, 

14]. Secondly, the H2 annealed AZO thin films were 

obtained targeting optoelectronic applications where these 

depositions were made on the glass substrates type SGG 

Diamond extra float [8]. Higher annealing temperature 

than 300oC also may damage the glass substrate and the 

structures of designed devices. Thirdly, it is known that 

increasing time for H2 annealing over 120 min. may lead 

to the increase in surface roughness which may cause 

deterioration of the electrical and optical properties [9, 

10]. 

The obtained AZO thin films were analyzed by 

profilometry to determinate the average thickness of the 

deposited thin films. The film thickness increase with 

deposition time as follow AZO2h = 240nm, AZO4h = 

480nm and AZO6h = 720nm.  

All the samples were subjected to X-ray diffraction 

analysis. From XRD pattern recorded for all samples keep 

the same characteristic:  34o peak assigned to the (002) 

crystallographic plane (PDF 01-075-0576 ICDD [11]), 

with hexagonal structure and preferential orientation on 

the c-axis, perpendicular on substrate. 

This is due to the change in crystal structure and is 

associated to film stress. No other peaks for Al2O3 or other 

related phases can be observed, which means that 

aluminum was incorporated in ZnO structure, by 

successfully replaced zinc in the hexagonal structure [12].  

 

 
 

Fig. 2. The XRD pattern of AZO thin films (AZO2h, AZO4h  

and AZO6h) (color online) 

 

 

The crystallite size (D) are evaluated using Debye-

Scherrer [13] mathematical model: 
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where λ is wavelength (1.5406 Å) of incident X-ray, β is 

the observed FWHM, and θ is the Bragg angle of 

diffraction peak. The crystallite size decrease from 19.5 

nm for 2 hour deposition to 15.3 nm for 4 hour deposition 

and to a minimum of 11.9 nm for 6 hour deposition. This 

decrease, atypical for increasing deposition time, is due to 

post-annealed in H2 [13]. During the magnetron sputtering 

process, bombardment with energetic oxygen ions takes 

place, which facilitates to obtain structures with a large 

number of oxygen-related defects (interstitial oxygen, 

oxygen at grain boundaries and oxygen vacancies). The 

annealing of AZO film in H2 atmosphere at 300°C 

temperature, it can effectively remove defects based on 

oxygen, interstitial oxygen and oxygen at grain 

boundaries, as well as convert oxygen vacancies into HO 

groups [14]. As a result, these factors should be the main 

reasons for the decrease in particle size. Also, the removal 

of oxygen defects results in an increase in AZO film stress 

as well as dislocation density (Table 1). 

 
Table 1. X-ray diffraction data 

 

Sample  
2 

(degree) 

d 

(Å) 

c 

(nm) 

 

FWHM 

Grain 

size 

(nm) 

Dislocation 

density 

(x1016 

lines/m2) 

Film 

Stress  

(x10-9 

N/m2) 

AZO2h 34.038 2.6318 5.2456 0.426 19.5 0.26 -3.3 

AZO4h 34.041 2.6315 5.2513 0.542 15.3 0.42 -3.8 

AZO6h 34.041 2.6315 5.2631 0.699 11.9 0.70 -4.5 

 

 

The amount of defects can be estimated by calculating 

dislocation density (δ) defined as length of dislocation 

lines per unit volume [15]: 

 

2

2

1
 /lines m

D
                           (2) 

 

Dislocations density (Table 1) for obtained films are 

slowly increases with film thickness from 0.26x10-16 

lines/m2  for AZO2h up to 0.70x10-16 lines/m2 for AZO6h, 

confirming that the AZO films  presents a crystal structure 

with small amount of defects (10-16 lines/m2) and with a 

good crystallinity. 

From the XRD spectrum analysis it can be seen that 

the plane (002) peak shifts to lower angles than the 

standard data (2θ = 34.502o), which manifests itself by the 

elongation of the c-axis lattice constant. In the case of 

hexagonal structures with a preferential orientation on the 

c-axis, the film stress can be calculated based on the 

biaxial deformation model [16]: 

 

          0
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           (3) 

 
where, c is the lattice constant for AZO film, c0 is the 

corresponding bulk value (0.5206 nm), the values of 

elastic constants of single crystal ZnO used for cij are: c11 

= 2.1 x 1011 N/m2, c33 = 2.1 x 1011 N/m2, c12 = 1.2 x 1011 

N/m2, c13 =1.05 x 1011 N/m2 [16]. Finally, the film stress 

can be expressed as: 
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c c
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                          (4) 

 
From Table 1 can be seen the lattice constants for 

AZO films are changed comparative to bulk ZnO, which 

clearly suggests that the film grains are under stress due to 

changes in the concentration and nature of defects. These 

changes cause the elongation or compressions of lattice 

constants. In general internal stress of AZO films has the 

negative values, indicating compressive stress [17]. In 

general, thin film stress consists of two components: 

intrinsic stress due to the presence of impurities, 

characterized by defects and deformations in the crystal 

and extrinsic stress due to network thermal expansion and 

lattice mismatches between the film and the substrate. In 

the case of film with high thicknesses, the extrinsic stress 

is considerably diminished and the predominant is the 

intrinsic stress. From calculated values, it was observed 

that film intrinsic stress is increasing with film thickness, 

due to the decreasing of particle size and by the 

deformation of the crystal lattice. 

The morphology of the surface was analyzed by 

scanning electron microscopy, the images obtained, Figs. 

3-5, at 100kx magnifications, show that all samples consist 

of continuous and homogeneous films and present 

microcrystal regularly arranged on the substrate with a 

dimensional uniformity. Also, the increase of deposition 

time leads to elongated surface grains. 
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Fig. 3. SEM micrograph of AZO2h thin film (100kx) 

 

 
 

Fig. 4. SEM micrograph of AZO4h thin film (100kx) 
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Fig. 5. SEM micrograph of AZO6h thin film (100kx) 

 

Fig. 6 shows the variation of the optical transmission 

as a function of the wavelength for the UV-VIS domain 

(200-800 nm) for the SGG DIAMANT support glass and 

for AZO2h, AZO4h and AZO6h films. In the case of 

support glass, an exponential increase in UV range (200-

400 nm) up to 90% can be observed, reaching an average 

value of 91.2% in the visible range. 

AZO thin films show the same exponential increase in 

UV region, all samples reaching a maximum values about 

84%. In the visible range (400-800 nm), interference 

fringes can be seen due to the different thicknesses of the 

samples, but at the same time the uniformity of the thin 

films is confirmed. The decrease in average optical 

transmission with the increasing of film thickness may be 

caused by the adsorption of free carriers, which in the case 

of thick films have a higher concentration [23], which 

leads to higher absorption. 
 

 
 

Fig. 6. The variation of transmittance with the wavelength in 

visible domain for AZO2h, AZO4h and AZO6h (color online) 

The thin films deposited for duration of 2 hours have 

an average transmission value of 84%, AZO4h film an 

average optical transmission of 83% and the thickest film 

deposited 6 hours has an average transmission value of 

80.2%. All analyzed samples show an average value of the 

optical transmission in the visible range higher than 80%, 

with good optical transparency. 

The optical band gap, Ego, was calculated according to 

Tauc relationship [24]: 

 

   
1/n

goh A h E                             (5) 

 

where α is absorption coefficient, h is Planck's constant , ν 

is the frequency of incident photons and A is a constant. 

For materials with direct transition, in Tauc relations, n = 

1/2 and for those with indirect transition n = 2 [20].  

It has been found that the absorption coefficient of 

TCO films, such as AZO films, follows the relationship 

[21, 22]: 

 

goh A h E      (6) 

 

The AZO thin films are materials with direct 

transition, and the optical band gap is calculated using 

above Tauc equation. 

The dependence  
2

2

2 ( )

cm

eV
h 

 
 
 

, on the energy of 

the photons   eVh , shows that these materials are with 

direct band (direct transitions allowed). The optical band 

gap is obtained by extrapolating the linear portion of the 

absorption spectrum to  
2

0h   . Graphs for TCO film 

show a linear portion that intercepts the energy axis at 
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certain values, Ego (eV), indicating a direct band material 

(direct permissible transitions). 

To determine the optical bandgap, the linear portion 

from the graph (αhν)2 = f (hν) was extrapolated to the x-

axis of the (αhν)2 vs. hν plot and thus the optical band gap 

was obtained (Fig. 7). 

 

 
 

Fig. 7. Optical bandgap for AZO2h, AZO4h and  

AZO6h thin film (color online) 

 

The band gap decreases from 3.43 eV for AZO2h, 

3.34 eV for AZO4h and 3.31 eV for AZO6h (Table 2). The 

band gap energy of AZO films decreases with increasing 

thickness. In general, the variations of the band gap energy 

in ZnO-based thin films are related to changes in the 

average crystallite size and internal stress as well as 

electrical properties. 

 
Table 2. Bandgap and resistivity of AZO thin films 

 

Sample  

(x 10-3 cm) 

Eg 

(eV) 

AZO2h 7.86 3.43 

AZO4h 3.57 3.34 

AZO6h 2.74 3.31 

 

The electrical resistivity (Table 2) of the AZO thin 

films is influenced by the H2 annealing treatment. Oxygen-

based defects have a negative influence on electrical 

properties. Thus, interstitial oxygen traps free electrons 

and induces electric field distortions within the lattice [18], 

oxygen at grain boundaries can also trap free electrons in 

an electric field at the grain boundary, and oxygen 

vacancies behave as a neutral impurity. Another 

explanation may be related to annealing process at 300oC 

in H2, this temperature is close to Zn melting point, which 

leads to bonds partial breaking in the material [18,19], 

facilitating the replacement of Zn2+ ions with Al3+ which 

results in a free electron  and a structural change by 

reducing crystallite size [25] all this resulting in decreased 

resistivity. 

Measurements have revealed that after H2 annealed, 

resistivity decreases with 40-50% comparative with as-

deposited samples. Our measurements are consistent with  

the results obtained by a number of researchers in recent 

years [26, 27]. 

 

 
4. Conclusions 

 

In this work, AZO thin films with structural, optical 

and electrical properties suitable for optoelectronic 

applications were successfully obtained. The AZO films 

obtaining process have RF magnetron sputtering 

deposition and H2-annealing. The H2-annealing process 

influences the crystallite structure, decreasing the particle 

size and leads to a lattice modification and implicitly to 

film stress. This behaviour is more pronounced for the 

film with the highest thickness. This decrease in crystallite 

size is due to the removal of oxygen-based defects 

introduced in the film during magnetron sputtering 

depositions. The reduction of these defects also leads to a 

decrease in film electrical resistivity. 

In this study was developed a process for preparation 

of AZO thin films with controllable structural, optical and 

electrical properties by using H2 post-annealing treatment. 
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