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Abstract: Al-doped ZnO thin films were prepared on glass substrate using an ultra-high density target by RF magnetron sputtering at 

room temperature. The microstructure, surface morphology, optical and electrical properties of AZO thin films were investigated by 

X-ray diffractometer, scanning electron microscope, UV-visible spectrophotometer, four-point probe method, and Hall-effect 

measurement system. The results showed that all the films obtained were polycrystalline with a hexagonal structure and average 

optical transmittance of AZO thin films was over 85 % at different sputtering powers. The sputtering power had a great effect on 

optoelectronic properties of the AZO thin films, especially on the resistivity. The lowest resistivity of 4.5×10−4 Ω·cm combined with 

the transmittance of 87.1% was obtained at sputtering power of 200 W. The optical band gap varied between 3.48 and 3.68 eV. 
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1 Introduction 
 

The transparent conducting oxide (TCO) thin films 

are widely used in a variety of promising applications, 

such as flat-panel displays, organic light-emitting devices 

and solar cells, due to their excellent photoelectric 

properties. The typical TCO is indium tin oxide (ITO), 

which offers commercially acceptable performance in 

terms of high conductivity, work function and 

transparency [1]. However, the chemical instability and 

toxic nature of indium and high cost due to the 

insufficient indium have led researchers to seek 

alternative candidates for ITO [2,3]. ZnO-based TCO 

films, especially Al-doped ZnO thin films, have attracted 

considerable interest due to its low cost, abundance 

material, high thermal stability and non-toxicity [4,5]. At 

the same time, there are various deposition techniques 

such as sputtering, chemical vapor deposition, pulse laser 

deposition and sol−gel method for Al-doped ZnO thin 

films preparation. Owing to many advantages, such as 

simple fabrication step, low production cost, low process 

temperature and high reproducibility, the RF magnetron 

sputtering method is generally used for the deposition of 

AZO thin films in commercial application. In the case of 

using a ceramic target in RF magnetron sputtering, the 

thin films can yield a good quality and accurate 

composition whereas delivering a low deposition    

rate [6]. 

To optimize performance of AZO films, such as 

resistivity, transmittance and texture surface, a plenty of 

experiments [7−11] were focused on the influences of 

sputtering parameters like doping concentration, growth 

temperature, sputtering pressure and sputtering power. 

KUO et al [12] used a disk of ZnO mixed with 2% Al2O3 

as a target to prepare AZO films on corning glass by RF 

magnetron sputtering with various sputtering powers 

from 75 to 150 W at room temperature. The lowest 

resistivity of 1.02×10−3 Ω·cm and the highest optical 

transmittance of 86.7% for AZO thin films were obtained 

at 75 W. It was deemed by them that the collision 

between sputter species and surface morphology played 

an important role in photoelectric properties of AZO 

films. In another study, SAAD and KASSIS [13] 

researched the structural, optoelectronic properties of 

AZO thin films with changing RF sputtering power from 

50 to 500 W at room temperature. The films with the 

largest crystallite size exhibited the highest optical 

transmission at 300 W, but not the lowest electrical 

resistivity. This result was related with the amount of Al  
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atoms incorporated into the films and the places they 

occupied, which depended on RF power. The properties 

of the AZO thin films were investigated at different 

substrate temperatures (from 27 to 150 °C) and 

sputtering power (from 150 to 250 W) by WU et al [14], 

the optical transmittance is about 78% (at 415 nm)− 

92.5% (at 630 nm) in the visible range and the resistivity 

of 7×10−4 Ω·cm was obtained at sputtering power of  

250 W. However, although many experiments like these 

were carried out to research on optoelectronic properties 

of thin films, the experiments with high density targets 

are rarely reported. And then taking into account its 

manufacturing costs and lower temperature process, the 

preparation of AZO thin films at lower deposition 

temperature was regarded as a significant issue. 

Thus, in this work, an AZO target with ultra-high 

density and containing 2% Al2O3 was used to prepare 

AZO thin films at room temperature by RF magnetron 

sputtering with various sputtering powers ranging from 

200 to 500 W. The microstructure, surface morphology 

and photoelectric properties of the AZO thin films were 

detailedly analyzed. 

 

2 Experimental 
 

Al-doped ZnO transparent conducting films were 

deposited on glass substrates by using RF magnetron 

sputtering system (JPG−560, China) in an argon gas 

(purity, 99.99 %) atmosphere and the gas supply was  

20 mL/min. The glass substrates were ultrasonically 

washed with acetone, ethanol absolute and distilled water 

and then dried before loading in the deposition chamber. 

A rounded sintered ceramic target (d60 mm × 5 mm) 

containing 2% Al2O3 with 99.5% density was used. 

Chamber vacuum was evacuated to a base pressure of 

2.3×10−3 Pa and the target to substrate distance was kept 

at 55 mm. Before deposition, a pre-sputtering of 10 min 

was performed to remove the contamination on the target 

surface. During deposition process, the sputtering 

pressure was maintained at 0.5 Pa. In this study, the 

sputtering power was varied from 200 to 500 W and the 

substrate was unheated. To unify the thin film thickness 

at 500 nm, the deposition duration was changed from 7 

to 20 min depending on sputtering rate. 

The crystal structure and crystallographic 

orientation of the films were detected by X-ray 

diffraction analysis (XRD, Ultima IV, Japan) with a Cu 

Kα radiation (λ=0.15405 nm). The surface morphology 

was observed by scanning electron microscope (SEM, 

JSM−7500F, Japan). The transmittance spectra of the 

films were recorded using a UV-spectrophotometer 

(UV−2550, China) in the wavelength range from 200 to 

800 nm. Electrical resistivity was measured by the 

four-point probe method (RTS−9, China) and Hall 

measurement system (Accent HL−5500PC, England). 

The film thickness was measured using surface 

profilemeter (Mahr Perthometer S2, Germany). 

 

3 Results and discussion 
 

3.1 Structure and characterization 

The XRD patterns of AZO films deposited on glass 

substrate with different sputtering powers at room 

temperature by RF magnetron sputtering are shown in 

Fig. 1. All the diffraction peaks identified in the AZO 

thin films were consistent with the diffraction planes of 

hexagonal wurtzite structure of ZnO with the same 

diffraction peaks (1 0 0), (0 0 2) and (1 1 0). The AZO 

thin films preferred to growing along the (0 0 2) plane, 

indicating that the c-axis is predominantly preferred 

growth orientation perpendicular to the substrate. The  

(0 0 2) peak exhibited the strongest intensity at 200 W. 

Generally, the intensity of (0 0 2) peak would increase 

within limits as the sputtering power increased, as 

reported by YANG et al [15] and FLICKYNGEROVA  

et al [16]. However, in this work, the (0 0 2) peak 

exhibited weaker intensity as the sputtering power 

increased, which is similar with the result by ZHANG et 

al [8], while the intensities of (1 0 0) and (1 1 0) peaks 

tend to increase. This might be caused by over-speed 

atoms that probably disordered the interface layer at 

AZO/substrate interface and destroyed the preformed 

particles [6], which would lead to the thin films growing 

along different orientations in spite of (0 0 2) with lowest 

surface free energy. Although traces of (1 0 0) and (1 1 0) 

peaks were observed, no secondary phases and clusters 

were found, such as Al2O3 and ZnAl2O4, which implied 

that Al atoms substituted Zn in the hexagonal lattice and 

Al3+ might occupy the interstitial sites of ZnO or 

probably Al segregated to the non-crystalline region   

in grain boundaries and formed Al—O bond [15]. In  

 

 

Fig. 1 XRD patterns of AZO films deposited with various 

sputtering powers at room temperature 
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addition, according to the paper reported by    

ELLMER [17], AZO thin films with (0 0 2) orientation 

structure would have better conductivity, which agreed 

with electrical properties in this work. 

In order to further investigate the crystal structure of 

thin films growth, the degrees of orientation in the 

different films can be calculated from their XRD patterns 

using the formula proposed by LOTGERING [18]. The 

degree of (h k l) preferred orientation f(hkl) can be 

written as 
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where I0(hkl) is the (h k l) peak intensity and  )(0 hklI  

is the sum of intensities of all peaks recorded in the 

powder diffraction data of ZnO powder [19]. I(hkl) is the 

(h k l) peak intensity and  )(hklI  is the sum of the 

intensities of all the peaks in the diffraction data of AZO 

films. The patterns of deposition rate and degree of 

orientation of (0 0 2) peak as functions of sputtering 

powers are given in Fig. 2. The degree of orientation of 

thin films oriented to (0 0 2) peak decreased from 0.5262 

to the lowest of 0.1208 at 400 W and then increased as 

the sputtering power increased. This tendency was 

accorded well with that of the diffraction peak intensity 

in Fig. 1. The degree of orientation of thin films was 

influenced by many factors such as thermal stress, 

growth temperature and deposition rate. As the sputtering 

power increased, the substrate temperature would 

increase partly owing to the particle collision, which  

 

 

Fig. 2 Deposition rate and degree of orientation of thin films 

oriented to (0 0 2) peak with various sputtering powers 

might benefit the crystallization. Whereas, to grow the 

same thickness of thin films, the deposition time will 

decrease greatly as the deposition rate increased sharply, 

so the atoms have not enough time to grow along the   

(0 0 2) orientation and the over-speed atoms might 

probably destroy the preformed particles as the 

sputtering power increased, leading to the thin films 

growing along different orientations. Moreover, the 

thermal stress would not be neglected also for the films 

growth. Thus, it can be seen that the thin films growth 

was influenced by many factors. 

In order to examine the quality of the AZO films, 

the 2θ of (0 0 2) diffraction peak, the full width at 

half-maximum (FWHM) of (0 0 2) peak and the grain 

size (g) were detected and shown in Fig. 3. It is worth 

noticing that the 2θ values of (0 0 2) peak prepared with 

sputtering power of 200, 400 and 500 W tended to be 

larger than the standard ZnO crystal (JCPDS card    

No. 05−644, 34.44°), which was in accordance with the 

solid solution principle [20]. Nevertheless, the 2θ value 

of (0 0 2) peak prepared at 300 W was smaller than that 

of standard ZnO, which might be caused by the  

existence of compressive stress in the films [6]. The 

FWHM values for AZO thin films varied from 0.93° to 

1.53° and the films exhibited a better crystallinity with 

the lowest FWHM of 0.93° at 200 W. The average grain 

size of the films evaluated according to Scherrer  

formula [14] was in the range of 5.7−9.4 nm. The highest 

value of 9.4 nm was also reached at the power of 200 W. 

However, the XRD peak can be widened by     

internal stress and defects, so the average grain size 

calculated by XRD method was normally smaller than 

the grain size in SEM micrographs [20], which can be 

seen in Fig. 6. 

For hexagonal crystals, the calculation of c-axis 

film stress is based on biaxial strain model [21] 
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Fig. 3 2θ, FWHM of (0 0 2) peak and grain size (g) of AZO 

films as functions of sputtering power 
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where Cij are the elastic stiffness constants, C11=   

208.8 GPa, C33=213.8 GPa, C12=119.7 GPa, C13=104.2 

GPa which are obtained by single crystalline ZnO. Cfilm 

is the lattice parameter of thin films calculated from 

X-ray diffraction data and Cbulk (0.5206 nm) is the 

unstrained lattice parameter of ZnO. At the same time, 

the crystalline surface distance of d002 could be 

calculated using the following formula 
 

2

2

2

22
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where a and c are the lattice parameters. dhkl is the 

crystalline surface distance for (hkl) index. Then, 

according to these formulae and the XRD data, the 

crystalline surface distance (d), the length of c-axis (c) 

and the stress (σ) of AZO films prepared at various 

sputtering powers are shown in Fig. 4. 

 

 

Fig. 4 Crystalline surface distance (d), length of c-axis (c) and 

stress (σ) of AZO films as functions of sputtering power 

 

In fact, the highly incorporated Al3+ is not only in 

the substitutional sites but also in the interstitial sites. If 

Al3+ only substitutes Zn2+ , the lattice parameter of AZO 

crystals would decrease and the (0 0 2) peak would shift 

to high angle due to the smaller radius of Al3+ (0.054 nm) 

compared with Zn2+ (0.074 nm). On the other hand, the 

lattice parameter of AZO crystals would increase and the 

(0 0 2) peak would shift to small angle while Al3+ ions 

are only in the interstitial sites [22]. As can be seen in  

Figs. 3 and 4, the films display larger 2θ value, smaller 

length of c-axis and shorter crystalline surface distance at 

200, 400 and 500 W than those of standard ZnO crystal 

(2θ=34.44°, c=0.5206 nm, d=0.2603 nm), indicating that 

Al atoms might be even more in the substitutional sites. 

Inversely, at 300 W, the films display smaller 2θ value, 

larger length of c-axis and longer crystalline surface 

distance than standard ZnO, due to the Al atoms in the 

interstitial sites mostly. In addition, the orientation of 

grain growth of AZO films changed significantly after 

300 W. And then thin films suffered tensile stress at 200, 

400 and 500 W while suffered compressive stress at  

300 W, which might be due to different sites of Al atoms 

in thin films and crystallographic orientation. The cases 

of thin films displayed compressive stress (negative) and 

tensile stress (positive) are shown in Fig. 5. 

 

 

Fig. 5 Cases of thin films with compressive stress (a) and 

tensile stress (b) 

 

3.2 Morphology and characterization 

In this study, some chippings of thin films were 

observed peeling off the glass substrate only at 200 W 

after a period of time, but this case could not be observed 

in other samples. The samples and SEM micrographs of 

AZO films deposited at 200 and 400 W are shown in  

Fig. 6. The crack and delamination can be observed 

obviously in Fig. 6(a), but not at 400 W. However, the 

thin films still exhibit a well structural morphology at 

200 W in spite of some chippings of thin films peeling 

off the glass substrate. As can be seen in Figs. 6(b) and 

(c), the thin films exhibited smooth and uniform surface 

at 200 W, but exhibited rough and granular surface at  

400 W. It was accorded with the data in Fig. 1 and Fig. 2 

that a preferred c-axis growth orientation and a better 

degree of orientation are exhibited at 200 W relatively. 

One possible explanation about the cracks of thin 

films at 200 W is that the lower sputtering power and the 

substrate without being heated result in the atoms 

nucleating and migrating without enough energy. 

Considering no cracks occurring at higher sputtering 

powers, the AZO thin film deposited on glass substrate 

by 200 W at 100 °C was carried out to comfirm this 

explanation. The result showed that chipping and 

delamination did not occur as shown in Fig. 6(d). The 

films exhibited dense surface micrograph and better 

crystallinity that means the quality of thin films was 

improved indeed as the substrate was heated. However, 

the thin films peeling off the glass substrate might be 

influenced by many other factors. The underlying 

reasons on thin films peeling off the glass substrate and 

how to improve the adhesion of thin films without glass 

substrate heated would need a further research. 

 

3.3 Optical properties 

The optical transmittances in the wavelength range 

of 300−800 nm for AZO thin films deposited with 

different sputtering powers at room temperature (RT) are  
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Fig. 6 Samples and SEM images of AZO films deposited at RT, 200 W (a, b), RT, 400 W (c) and 100 °C, 200 W (d) 

 

shown in Fig. 7. It shows that the average optical 

transmittance in the visible light range (400−800 nm) 

was over 85% for all the AZO thin films and reached the 

highest of 89% at 400 W. An obvious absorption edge 

and interference phenomenon could be observed in the 

transmission spectra for all AZO thin films except at  

200 W, which indicated that the smooth and 

homogeneous surface of AZO thin films was obtained. 

Additionally, in the case of 200 W, as the substrate was 

heated to 100 °C, an obvious absorption edge and 

interference phenomenon could also be observed, and the 

average optical transmittance was improved from 87% to 

89% as shown in Fig. 8. According to the paper reported 

by YANG et al [15] and LI et al [23], the discontinuity of 

films would affect the transparency of the films in the 

visible light range. So, it might be due to chipping and 

delamination of the thin films deposited at RT that an 

obvious absorption edge and enhanced interference 

phenomenon was not observed at 200 W, the quality of 

the thin films was deteriorated. 

For the direct transition in a semiconductor, the 

relation between the absorption coefficient (α) and the 

incident photon energy (hν) can be given as [24] 
 

)()( g
2 EhvAhv                            (6) 

 

where A is a constant and Eg is the optical band gap. At 

the same time, α can be calculated from the transmittance 

(T) by the following formula: 
 

d

T )/1ln(
                                  (7) 

 
where d is the film thickness. The plots of (αhν)2 vs hν 

are shown in Fig. 7. From the intercepts on the hν axis, 

the optical band gaps of thin films deposited at different 
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Fig. 7 Transmittance spectra for AZO thin films deposited at different sputtering powers 

 

 

Fig. 8 Transmittance spectra for AZO thin films deposited at 

room temperature and 100 °C 
 

sputtering powers are 3.68, 3.62, 3.57 and 3.48 eV, 

respectively. Higher band gap of the present AZO thin 

films compared with the pure ZnO film (3.37 eV) was 

attributed to the Burstein Moss effect [25], which was 

caused by the increased free electron concentration after 

Al3+ doping and then the increase of electron 

concentration in degenerate semiconductor would result 

in the increase of Fermi level, leading to the band gap 

widening. As the carrier concentration decreased with 

sputtering power increasing, the widening of the optical 

band gap was moderated, and the values of the optical 

band gap were decreased. 

 

3.4 Electrical properties 

The Hall mobility (μ), carrier concentration (n) and 

the resistivity (ρ) of AZO thin films as functions of 

sputtering power are shown in Fig. 9. As the sputtering 

power increased, the resistivity increased, the Hall 

mobility and carrier concentration both tended to 

decrease. It might be attributed to that the worse crystal 

orientation results in the increase of lattice scattering. 

The lowest resistivity of 4.5×10−4 Ω·cm, the highest 

carrier concentration of 1.35 × 1020 cm−3 and Hall 

mobility of 34.25 cm2/(V·s) were obtained at 200 W, 

while the highest optical transmittance of 89% was 

obtained at 400 W. The thin film exhibited the lowest 

resistivity but not the highest optical transmittance at 200 

W, which might be caused by the thin films crystallized 

without enough energy and further lead to the films 

chipping and delamination. In the case of the glass 

substrate heated to 100 °C, not only the optical 

transmittance was  improved to 89%, but also the 

resistivity decreased to 3×10−4 Ω·cm. 
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Fig. 9 Hall mobility, carrier concentration and resistivity of 

AZO thin films as functions of sputtering powers 

 

4 Conclusions 
 

1) AZO thin films were prepared on glass using an 

ultra-high density target by RF magnetron sputtering 

with various sputtering powers at room temperature. The 

sputtering power had a great effect on the stress and 

optoelectronic properties of the AZO thin films, 

especially on the resistivity. 

2) The average optical transmittance of all thin 

films in the visible light was over 85% and reached the 

highest of 89% at 400 W. The lowest resistivity of 

4.5×10−4 Ω·cm combined with optical transmittance of 

87.1%, the highest carrier concentration of 1.35×1020 

cm−3 and Hall mobility of 34.25 cm2/(V·s) were obtained 

at 200 W. 

3) The optical band gap of the AZO thin films 

varied from 3.48 to 3.68 eV. The underlying reasons why 

thin films peel off the glass substrate and how to improve 

the thin films adhesion at room temperature would need 

a further research. 
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摘  要：采用高致密度靶材在室温条件下玻璃衬底上 RF 磁控溅射制备铝掺杂氧化锌(AZO)薄膜。用 X 射线衍射

仪、冷场发射扫描电子显微镜、紫外可见光分光光度计、四探针测试仪和霍尔测试仪分析表征薄膜的显微组织、

表面形貌和光电学性能。结果表明，所制备的薄膜均为多晶六方纤锌矿结构，溅射功率对 AZO 薄膜的光电学性

能，尤其是电学性能有重要影响。不同溅射功率下薄膜可见光平均透过率均大于 85%，当溅射功率为 200 W 时，

获得最小电阻率 4.5×10−4 Ω·cm 和 87.1%的透过率。AZO 薄膜禁带宽度随溅射功率不同在 3.48~3.68 eV 范围内变

化。 

关键词：AZO 薄膜；显微组织；光电学性能；RF 磁控溅射 
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