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Al-doped ZnO (AZO) thin films were obtained by RF magnetron sputtering deposition on the glass substrate, using a 
ceramic target (not sintered) ZnO:Al2O3 (98:2 wt. %) and RF powers between 100 W and 200 W, with a step of 50 W. The 
AZO films were characterized by structural, optical and electrical investigations. The XRD pattern indicates the presence of 
single phase with hexagonal crystalline structure of ZnO. The AZO thin film obtained by using 200 W deposition power 
exhibited the best TCO electrical and optical properties, reaching electrical resistivity of 1.20·10-3 Ω·cm, charge mobility of 
12.6 cm2/Vs and 85% transparency in visible range. 
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1. Introduction 

 
The development of the world electronics industry it 

was made considering the areas characteristic of modern 

man. A large part of the world's population uses 

equipments and devices that have in their composition 

transparent conductive oxide materials (TCO): portable 

electronics (smart phones, notebooks), monitors, flexible 

electronics, photovoltaic cells. In recent years, the TCO 

market has grown, reaching USD 4.5 billion in 2020 and is 

expected to maintain this trend in the coming years, and 

reach USD 10.2 billion in 2028 [1]. 
Special attention to TCO materials has led to an 

intense scientific activity, carried out in recent years, 

having as main object these materials. Due to intensive 

research were resulted new n-type materials [2, 3], 

synthesis of p-type materials [4, 5], TCO based on 

carbonic materials [6 - 8], composites materials [9, 10] and 

hybrid ZnO/3D graphene structures [11], but also 

increasing of the knowledge amount and estimating the 

behavior of these materials. 
Thin films TCO materials are deposited by a variety 

of methods, of which can be mentioned: physical  methods 

(sputtering [12], thermal evaporation [13], pulse laser 

deposition [14], magnetron sputtering [15, 16]) and 

chemical methods (plasma enhanced chemical vapor 

deposition - PECVD [17], low pressure chemical vapor 

deposition - LPCVD [17], metal organic chemical vapor 

deposition - MOCVD [18]). In addition to these 

conventional techniques, have been developed 

chemical solution based methods (printing [19], spin 

coating [20], spray pyrolysis [21]).  
In recent years, ZnO-based TCO materials [22-25] 

have aroused the interest of researchers due to its 

remarkable property for applications in optoelectronics. 

Due to this attention, studies and researches have been 

carried out to obtain thin films with optimal electrical and 

optical properties for TCO applications. By doping with 

elements from group III (Al [26], Ga [27] and In [28]) was 

observed the enhancement of these properties and 

improvement of thermal stability at higher temperatures. 
Aluminium-doped ZnO (AZO) films are a good 

candidate for TCO thin films, due to their high optical 

transmission, relatively low resistivity, cheap materials, 

non-toxicity and good stability in hydrogen plasma, 

compared to SnO2-doped In2O3 (ITO) films [29] and SnO2 

doped with F (FTO) films [30]. 
The major problem for AZO material is the high 

temperature (100oC) required for deposition process, in 

order to obtain high quality films, characterized by low 

electrical resistivity, high optical transmission and 

homogeneity. As the deposition temperature decreases, the 

quality of thin films decreases too. Understanding the 

relationship between the deposition process parameters 

and thin film properties is very important for optimizing 

AZO thin films, in order to use in TCO high tech 

applications. 
This paper aims to highlight the influence of 

deposition parameters (RF power) on the structural, 

electrical and optical properties of AZO thin films for their 

performances improvement for TCO applications.  
 
 
2. Experimental 
 
A. AZO Thin film deposition 

 

AZO thin films were obtained by RF (radio frequency) 

magnetron sputtering method, using glass as a substrate. 

Glass substrates were prepared for deposition by 

ultrasonically cleaning with acetone, methanol and 

deionised water. After cleaning process, the glass 

substrates were dried by blowing nitrogen over them. The 

sputtering depositions were performed using ZnO doped 
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with Al2O3 (98:2 wt. %) target with 2-inch diameter, 15 

cm distance between target and substrate, working gas Ar 

(15 sccm), 2·10-3 Torr working pressure and different 

power ranging from 100 to 200 W, in step of 50 W.  
 

B.  Characterization  

 

Structural analysis of films was performed by grazing 

incident X-ray diffraction employing an X-ray 

diffractometer (PANalytical's X'Pert PRO MRD). Optical 

analysis was performed using a double beam UV-Vis-NIR 

spectrophotometer [Shimadzu UV-3101 PC] for 

transmission spectra in the wavelength range of  300 – 

2500 nm. Electrical proprieties (resistivity, mobility and 

carrier concentration) were determinate by Hall effect 

[Hall Effect System HL5500PC]. Films thickness was 

verified using the profillometer [XP-Plus Stylus]. 

3. Results and discussion 
 

Structural properties of n-type semiconducting AZO 

films, deposited by RF magnetron sputtering technique, 

were investigated by X-ray diffraction. Fig. 1(a, b, c) 

shows the X-ray diffraction spectra for AZO thin films as 

functions of RF power (100 W, 150 W and 200 W). For all 

samples was obtained 2θ peak at 34.2o, corresponding to 

(002) plane, which implies the existence of hexagonal 

structures of ZnO with high crystallinity and preferential 

orientation on the c-axis. Also, peaks for Al2O3 or related 

phases cannot be observed in the spectra, which means 

that the aluminum replaced by substitution zinc in the 

hexagonal structure or segregated in a non-crystalline area 

on the edge of the particles [31]. 
 

 

 
(a)                                                                        (b) 

 
(c) 

Fig. 1. The XRD pattern of AZO thin films deposited with 100 W (a), 150 W(b) and 200 W (c) RF power 

 
In the case of the AZO thin film deposited with 200 

W, a 2θ peak at 72.3o with low intensity can be observed, 

corresponding to (004) plane. The appearance of this peak 

can be explained through the power deposition increase; in 

this case, for films with the same thickness (100 nm), the 

deposition rate also increases, the deposition time 

decreases and a small part of the atoms (0.96%) do not 

have enough time to develop along the (002) plane, 

presenting orientation on (004). However, these not 

influence the properties of the obtained films. 
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Table 1. X-ray diffraction data 

 

Work 

power 
(W) 

2 
(degree) 

d 
(Å) 

Cell parameter 
Grain 

size 
(nm) 

Dislocation 

density 
(x1016 

lines/m2) 
a c 

100 34.2506 2.6159 0.3269 0.5231 20.64 0.23 
150 34.2723 2.6143 0.3267 0.5228 25.05 0.16 
200 34.2892 2.6130 0.3266 0.5226 25.15 0.15 
 

From XRD pattern and according to the equation (1), 

the lattice parameters of the unit cell were determined 

[32]: 
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where d is the interplanar spacing,  h, k, l are Miller 

indices and a, c cell parameters. The determinate values 

for the lattice parameters are also given in Table 1 

(supra).  
For determination of grain size (D) was used Scherrer 

relation (2) [33]:   
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where λ (0.154 nm) is the wavelength of incident X-ray 

from XRD, β is the observed FWHM, measured in radians 

and θ is the Bragg angle of diffraction peak.  

By increasing of the RF power, the kinetic energy of 

the bombarding ions will also increase, due to the 

momentum transfer, leading to a more efficient sputtering 

and thus the number of particles extracted from target will 

be bigger. Due to this intense bombardment, the particle 

size (D) increases from 20.64 nm for 100 W to 25.05 nm 

for 150 W and 25.15 nm for 200 W. This particle size 

increasing leads to a reduction in grain boundary area, 

considerably reducing both strain and stress in the 

deposited films and also the corresponding dislocation 

density. 
The amount of defects in AZO thin films was 

estimated through dislocation density (δ), calculated  using 

the relation  (3) [34]: 

 

2

1

D
                                      (3) 

The small calculated values for dislocation density 

between 0.23·10-16 lines/m2 for 100 W, 0.16·10-16 lines/m2 

for 150 W, with a minimum of  0.15·10-16  lines/m2 for 200 

W demonstrate that AZO films present a good crystallinity 

with very small amount of defects in the crystal structure.  
AZO thin films optical transmission spectra were 

shown in Fig. 2. In ultraviolet domain (300 – 400 nm), all 

AZO films show a linear increase. This sudden transition is 

related to the ZnO band gap, around 3.4 eV [36], if the 

energy of the incident light is higher than energy of the 

band gap of ZnO, it is absorbed quickly, otherwise it is 

transmitted through the AZO film. As the concentration of 

charge carriers in the AZO increases, the absorption is 

shifted to longer wavelengths [35, 36]. In visible range 

(400-800 nm), samples show a high transmission,  84.22% 

for 100 W, 84.77 for 150 W and 85.33% for 200 W. 

 

 
 

Fig. 2. The transmission variation with RF power  

deposition for AZO thin films 

 
In near infrared, (800-1000 nm) the optical 

transmission for all samples begins to decrease due to 

increased photon absorption by charge carriers. This 

decrease is continued in the infrared domain (1000-2500 

nm). This decrease in optical transmission in the IR range 

is caused by a stronger absorption of photons, due to high 

concentrations of charge carriers, which is confirmed by 

electrical measurements [37]. From the obtained results we 

can say that the deposition parameters influence the 

structural and the optical properties, the increase of RF 

power used for deposition improving these properties. 
The electrical resistivity (ρ), mobility (µ) and carrier 

concentration (n) as function of RF power for AZO films 

are shown in Fig. 3. The AZO films show a decrease in 

resistivity with increasing of RF power: 2.85·10-3 cm 

for 100 W, 1.45·10-3 cm for 150 W and 1.2·10-3 cm 

for 200 W. The resistivity of films depends on the RF 

power, this can be associated with changes in the ZnO 

crystalline structure, results confirmed by X-ray 

diffraction analysis. The intensity of the peak related to the 

(002) plane increases with RF power, while its shape does 

not change significantly, indicating o good crystallinity. 

Also, a reduction in grain boundary area induced by 

deposition parameters results in decreased resistivity and 

increased load carrier mobility [38]. 
Mobility and carrier concentration show an increase 

with the increase of the RF power (Fig. 3). According to 

optical and electrical properties, it was confirmed that 

AZO films deposited with highest power present the 

highest absorption in the IR domain.  
According to study, the AZO film that fulfills the 

requirements for TCO (in agreement with literature) was 

the one deposited with highest RF power, 200W with good 

crystallinity, optical transmission in the visible range of 
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85.33%, resistivity 1.2·10-3 cm, mobility 12.6 cm2/Vs 

and carrier concentration value 4.34·1020 cm-3. 
 

 

 
 

Fig. 3. The AZO films electrical resistivity (), mobility (µ) and carrier concentration (n) as a function of RF power deposition 

 
 For the use of AZO thin films in photovoltaic cells, 

they must have a high optical transmission in the visible 

range and a low electrical resistance. These parameters are 

correlated in the figure of merit (FOM), [39] which 

represents performance of TCO materials: 
 

FOM  = − 1/ (ρ ln(T))                         (4) 
 

where ρ is the resistivity and T is the average transmission 

in the wavelength range of 400 − 800 nm. The FOM 

values of the AZO sputtered at 100 W, 150 W and 200 W 

are 2110 Ω−1cm−1, 4144 Ω−1cm−1 and 4680 Ω−1cm−1, 

respectively. 
 

 

4. Conclusions 
 

The AZO films were deposited by RF magnetron 

sputtering technique with a ceramic (not sintered) target, 

type ZnO doped with Al2O3 (98:2 wt. %). Thin films were 

deposited onto glass substrates using RF power (100 W, 

150 W and 200 W).  
The influence of RF power deposition on structural, 

optical and electrical AZO films were confirmed. All the 

samples present a single-phase hexagonal structure with a 

good optical transparency in visible domain up to 85%, a 

resistivity lower that 1.4·10-3
 Ω·cm and a carrier mobility 

up to 12.6 cm2/Vs. 
Our study shows that by adjusting the deposition 

process parameters of AZO films, can be controlled the 

structural properties that are strong related to the electrical 

and optical properties The optoelectronic properties of the 

AZO films deposited with 200 W are better in comparison 

with those deposited with lower power, exhibiting the 

bigger values of FOM - 4680 Ω−1cm−1. 
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