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ABSTRACT: Aluminum-doped zinc oxide (AZO) thin films were prepared by dc magnetron sputtering at room temperature and the 

effect of heat treatment on the structural, electrical and optical properties of the films were examined. As the annealing temperature and

time increased, the resistivity decreased and the transmittance improved. All AZO films had c-axis oriented (002) plane of ZnO, 

regardless of the annealing process employed. As the annealing temperature and time increased, the crystallinity of AZO thin films 

increased due to the formation of a new ZnO phase in which Al was substituted for Zn. However, at the high annealing temperature of

400°C, the resistivity of the films increased via separation of Zn and Al from ZnO phase due to their low melting points. X-ray diffraction,

field emission scanning electron micrograph and Hall effect measurement confirmed the formation of uniformly distributed new grains 

of ZnO substituted with Al. The variation of Al contents in AZO films was shown to be the primary factor for the changes in resistivity

and carrier concentration of the films.
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1. Introduction 

Transparent conducting oxide (TCO) thin films have been 

widely employed in various electro-optical devices such as flat 

panel displays and solar cells because these films have a wide 

band gap (> 3.2 eV), low resistivity (10-3-10-4 Ω·cm) and a very 

good optical transmittance across the visible region (80-90%). 

Indium tin oxide (ITO) thin films have attracted the most 

attention among TCO materials due to their high transmittance 

in the visible range (90%), low resistivity, high infrared 

reflectance and absorbance in the microwave region. However, 

one of the obstacles to their use is the high cost of indium1-5).

ZnO thin films have recently drawn a great deal of attention 

as an alternative TCO material due to their cost effectiveness. 

ZnO thin films are n-type II-VI compound semiconductors with 

a wide and direct band gap (3.3 eV) at room temperature that 

have the desirable properties of being nontoxic and high 

chemical stability against the environment. These films are also 

inexpensive because they consist of low cost abundant elements. 

To improve the electrical and optical properties of ZnO, group-III 

donor elements such as Al, B, In and Ga are usually doped. 

Aluminum-doped ZnO (AZO) is one of the prospective materials 

for use in TCO thin films owing to its suitable properties for 

electro-optical applications4-7).

AZO thin films are prepared by various techniques including 

magnetron sputtering, sol-gel process, pulsed laser deposition, 

and chemical vapor deposition. Magnetron sputtering is generally 

considered the best technique for preparation of large-area ZnO 

thin films because of the many advantages it provides, which 

includes a high deposition rate, process stability, good endurance 

of deposited films, and reliability2,6-10). Deposition of AZO thin 

films has been extensively studied by many researchers to 

achieve optimization of the deposition process. The effects of 

deposition parameters such as dc power, pressure and substrate 

temperature on film properties have been reported1,8,10,11-14). 

However, few studies of the effects of the annealing process on 

the structural, electrical and optical properties of the films have 

been conducted. In this study, AZO thin films were prepared by 

dc magnetron sputtering followed by heat-treatment using 

various annealing temperatures and times. The relationship 

among micro-structural, electrical and optical properties of 
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Fig. 1. Electrical properties resistivity (a) and carrier concentration

and mobility (b) of AZO thin films annealed at different 

temperatures for 20 min

AZO films was then explored as a function of the annealing 

conditions.

2. Experimental Details

AZO thin films were deposited at room temperature by dc 

magnetron sputtering. An AZO target of 3 in diameter, mixed 

with 2 w% Al2O3 (99.99%), was used in this study. Soda lime 

glasses of 15 × 30 × 2 mm3 were used as the substrates.

The glass substrates were cleaned by sonication in acetone, 

ethanol, and DI water. The dc power was 180 W and the distance 

between the substrate and target was fixed at 7.5 cm. To ensure 

uniform deposition, the substrate was rotated at 10 rpm, and the 

thickness of all films was fixed to 2,500 Å. After the deposition 

chamber was evacuated to 0.93-1.2 × 10-4 Pa, sputtering was 

performed using pure Ar gas at 0.67 Pa. Prior to the deposition 

process, pre-sputtering was carried out for 15 min to remove the 

contaminants on the target surface. To improve the film properties, 

an annealing process was employed in an Ar atmosphere after 

deposition. The annealing temperature and annealing time were 

varied from 100oC to 400oC and from 10 to 30 min, respectively. 

Ar gas was introduced at a flow rate of 5 l/min in a three-zone 

tube furnace.

The thickness of AZO thin films was measured using a surface 

profiler (Tencor-P1) and the resistivity was measured with a 

4-point probe. An UV-Vis spectrometer (Cary 300, Varian) was 

used to measure the transmittance of the films and X-ray 

diffraction (XRD) (Philips X’Pert PRO MRD) was employed to 

examine their crystallinity. The microstructure and surface 

morphology of the deposited AZO thin films were observed by 

field emission scanning electron microscopy (FESEM) (HITACHI 

S-4300) and Energy Dispersive X-ray Spectroscopy (Inca Energy) 

(EDX) was used to examine the composition of the films. The 

carrier concentration and resistivity of the CIGS films were measured 

using the Van der Pauw method through a Hall effect measurement 

system (HMS-3000) in a 0.55T magnetic field at room temperature. 

In soldering was applied onto the surface as the ohmic contact.

3. Results and Discussion

AZO thin films of 2,500 Å were deposited by dc magnetron 

sputtering at room temperature. The films were then heat-treated 

at various annealing temperatures and annealing times to examine 

the effects of annealing conditions on their structural, optical 

and electrical properties. The changes in resistivity of AZO thin 

films in response to variation of the annealing temperature are 

presented in Fig. 1(a). As the annealing temperature increased 

from 100oC to 300oC while maintaining the annealing time for 

20 min, the resistivity of the AZO films gradually decreased 

from 5.0 × 10-3 Ω·cm to 1.8 × 10-3 Ω·cm. However, the resistivity 

increased again at an annealing temperature of 400oC. This 

change in resistivity is closely related to variation in the carrier 

concentration. Fig. 1(b) shows the carrier concentration and 

mobility of AZO films as a function of annealing temperature. 

The carrier concentration was highest at an annealing temperature 

of 300oC and then decreased at 400oC. The mobility of the films 

showed the opposite change when compared to that of carrier 

concentration. These results indicated that there must be a critical 

annealing temperature for reducing the resistivity in AZO thin 

films. 

Fig. 2 shows the transmittance of AZO thin films heat-treated 

at different annealing temperatures. The transmittance of the 

films increased as the annealing temperature increased.



S. H. Jung et al. / Current Photovoltaic Research 1(2) 97-102 (2013) 99

Fig. 2. Transmittance of AZO thin films annealed at different 

annealing temperatures for 20 min

Fig. 3. X-ray diffraction patterns of AZO thin films annealed at 

different annealing temperatures for 20 min; (a) as- 

deposited, (b) 100°C, (c) 200°C, (d) 300°C, and (e) 400°C

Fig. 4. FESEM micrographs of AZO thin films annealed at 

different annealing temperatures for 20 min; (a) as- 

deposited, (b) 100°C, (c) 200°C, (d) 300°C, and (e) 400°C

Fig. 2 shows the transmittance of AZO thin films heat-treated 

at different annealing temperatures. The transmittance of the 

films increased as the annealing temperature increased. Specifically, 

as the annealing temperature was varied from 100oC to 400oC, 

the root mean square (RMS) values decreased from 4.368 to 

3.812 and the RMS value of the as-deposited AZO film was 

8.728. This was caused by the enhanced surface morphology of 

the films at high annealing temperature. Since the film surface 

became smooth, less scattering on the film surface occurred, 

resulting in high transmittance of the films.

The effect of annealing temperature on the microstructure of 

AZO thin films was investigated by XRD analysis. Fig. 3 shows 

the XRD patterns of AZO thin films annealed at different 

temperatures. The XRD patterns revealed that all of the AZO 

thin films had a strong c-axis oriented (002) plane of ZnO.

In general, thin films preferentially grow to minimize the 

surface free energy. It is known that the (002) plane had the 

lowest surface free energy in AZO films13). As-deposited AZO 

thin films at room temperature showed a (002) peak of ZnO with 

good intensity. ZnO thin films were well ordered to the c-axis 

orientation and the doped Al atoms were expected to primarily 

exist as other phases separated from the ZnO phase of (002). 

After AZO films were heat-treated at an annealing temperature 

of 100oC for 20 min, the (002) peak of the ZnO phase decreased 

greatly. These findings imply the evolution of a new ZnO 

crystalline phase in which Al atoms are substituted for Zn and/or 

the formation of AZO solid solution. As the annealing temperature 

increased from 100oC to 300oC, the (002) peak of ZnO increased. 

This was attributed to the greater involvement of Al atoms in the 

ZnO structure as a result of substitution of Al for Zn atoms 

and/or the formation of AZO solid solution. However, the (002) 

peak of the AZO thin film annealed at 400oC decreased again. 

Under these annealing conditions, Al and Zn atoms appeared to 

be separated from the crystalline phase of ZnO due to their low 

melting points6). As the annealing temperature increased from 

100oC to 300oC, the crystallinity of the films increased and the 

doped Al was electrically activated and substituted to the Zn 

site. As a result, the resistivity of the films decreased due to the 

increased carrier concentration (Fig. 1)7).

Fig. 4 shows the FESEM micrographs of AZO thin films 

annealed at different temperatures. The micrographs were taken 

at uniform brightness and contrast to enable precise comparison. 
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Fig. 5. EDX analysis of the surface of AZO thin films annealed 

at different annealing temperatures for 20 min

   

Fig. 6. (a) Resistivity and (b) transmittance of AZO thin films 

annealed at different annealing times

The micrograph (Fig. 4(a)) of the as-deposited AZO film 

revealed relatively small grains that primarily consisted of ZnO 

crystals. As shown in Fig. 4(b), after the AZO thin film was 

heat-treated at 100oC, the grains had coalesced to form a new 

ZnO phase with Al involvement so that the crystallinity of the 

new ZnO phase was reduced. As the annealing temperature increased 

from 100oC to 300oC, new ZnO grains started to grow and these 

grains were uniformly distributed with bright and circular shapes 

due to the Al. The micrograph (Fig. 4(c)) of the AZO films 

annealed at 200oC revealed that the grains were not fully grown 

and Al involvement in the crystalline structure was not complete. 

The grains of AZO films annealed at 300oC had a circular shape 

and bright color (Fig. 4(d)). These findings were attributed to 

the substitution of Al to the Zn site and/or the formation of AZO 

solid solution. As a result, the resistivity of AZO films decreased 

as the annealing temperature increased to 300oC. These results 

coincide with those of the XRD analysis and measurement of the 

electrical properties (Figs. 1 and 3). AZO thin films annealed at 

400oC contained well developed and much brighter grains than 

those annealed at 300oC. Since the FESEM observation shows 

only the surface morphology of the film, it cannot explain the 

decrease in the (002) peak of the ZnO phase. However, the 

decreased crystallinity of the ZnO phase at 400oC can be 

explained by the fact that Al and/or Zn atoms were separated 

from the ZnO phase at high temperature, maintaining bright 

grains.

EDX analysis of the surface of the AZO films was performed. 

Fig. 5 shows the Al and Zn contents of the films annealed at 

different temperatures. The AZO films deposited at room temperature 

had a high Zn content and very low Al content, indicating that 

the as-deposited films have a ZnO structure with little Al 

involvement. The abrupt decrease of Zn at an annealing 

temperature of 100oC was attributed to the formation of a new 

ZnO phase with Al involvement. As the annealing temperature 

increased from 100oC to 300oC, the Al and Zn contents gradually 

increased, showing the growth of Al-doped ZnO grains. However, 

AZO films annealed at 400oC showed a simultaneous decrease 

in Al and Zn as a result of disintegration of the AZO structure 

due to the low melting point of Zn. The variation of the Al and 

Zn contents in the films annealed at different temperatures was 

responsible for the change in the resistivity and carrier 

concentration of the AZO films. 

The effects of annealing time on the properties of the films 

were also examined at a constant annealing temperature of 

250oC. The resistivity and transmittance of the AZO thin films 

annealed for various annealing times are shown in Fig. 6. As the 

annealing time increased, the resistivity of the films decreased 

slightly and the transmittance improved. This decrease in 

resistivity was likely related to the crystalline structure and 

stoichiometry of the AZO films, while the transmittance was 

mainly affected by the surface morphology of the films.

Fig. 7 shows the XRD patterns of AZO thin films annealed 
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Fig. 7. X-ray diffraction patterns of AZO thin films annealed at 

250°C for different annealing times; (a) as-deposited, 

(b) 10 min, (c) 20 min and (d) 30 min

Fig. 8. FESEM micrographs of AZO thin films annealed annealed

at 250°C for different annealing times; (a) as-deposited, 

(b) 10 min, (c) 20 min and (d) 30 min

for different annealing times. All of the AZO films had a 

dominant c-axis oriented (002) peak of ZnO. As-deposited AZO 

thin film had an intense (002) peak of ZnO. After annealing for 

10 min at 250oC, the (002) peak of ZnO decreased greatly, 

which was in accordance with the result of XRD analysis of the 

film annealed for 20 min at 100oC shown in Fig. 2(b). These 

results can be attributed to the formation of an AZO solid 

solution phase involved with Al. As the annealing time increased 

from 20 min to 30 min, the (002) peak increased slightly due to 

greater substitution of Al to the Zn site and/or greater formation 

of AZO solid solution phase. The slight decrease in the resistivity 

of the AZO thin films with increasing annealing time was 

explained by the increase in the (002) peak observed upon XRD 

analysis, which indicated an increase in the carrier concentration 

by the substitution of Al for Zn.

Fig. 8 shows SEM micrographs of AZO thin films annealed 

for different annealing times. The AZO thin film annealed for 10 

min at 250oC had newly formed grains composed of a new ZnO 

phase involved with Al. As shown in Figs. 8(c) and 8(d), as the 

annealing time increased to 30 min, the grains of AZO films 

grew uniformly with a circular shape and became bright. 

This was caused by the growth of grains with the substitution 

of Al for Zn and the formation of AZO solid solution. The 

change in grain size and grain shape in response to the variation 

of annealing time coincides with the results of XRD analysis. 

4. Conclusions

AZO thin films were deposited on soda lime glass by dc 

magnetron sputtering at room temperature. The effects of 

annealing temperature and annealing time were then explored in 

terms of the electrical, optical and structural properties of the 

films. As the annealing temperature and annealing time increased, 

the resistivity decreased and the transmittance improved. AZO 

thin films were dominantly ordered to the c-axis oriented (002) 

plane of ZnO. Before annealing, the as-deposited AZO films 

appeared to consist of a ZnO phase with little involvement of Al 

to the Zn site. As the annealing temperature and time increased, 

the crystallinity of the AZO thin films increased due to the 

formation of a new ZnO phase with the substitution of Al for Zn 

and/or the formation of AZO solid solution, resulting in decreased 

resistivity of the films. However, AZO films annealed at 400oC 

showed increased resistivity because Zn and/or Al atoms started 

to be separated from the ZnO phase owing to their low melting 

points. These findings confirmed that new ZnO grains in which 

Al was substituted for Zn were created by the annealing process. 

In addition, evolution of the grain formation in Al-doped zinc 

oxide thin films was disclosed through this study. The variation 

of Al contents in AZO films was found to be the primary factor 

responsible for the changes in resistivity and carrier concentration 

of the films.
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